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Abstract 

This thesis examines the particle capture, fibre wetting and droplet flow processes 

within wet filters collecting solid and liquid aerosols and within filters collecting only 

liquid aerosols.  The processes involved in this type of filtration were examined 

through a series of experiments and models developed to describe the behaviour of 

fibre/liquid systems.   

 

This work can be summarized in 4 categories:   

(1) The bounce and immediate re-entrainment of liquid and solid monodisperse 

aerosols under a stable filtration regime (pre cake formation) by wet and dry fibrous 

filters.  In this work it was found that the solid particles generally exhibited a lower 

fractional filtration efficiency than liquid particles (of the same size), although this 

difference decreased in the smaller size fractions.  However, for the wet filtration 

regime (each fibre of the filter was coated by a film of water), no significant 

difference in filtration efficiency was detectable between solid and liquid aerosols.  

Either the bounce effect of the particles is inhibited by the liquid film, or the filtration 

conditions in the wet filter are so different that the aerosol properties are less 

significant with respect to capture. 

(2) A microscopic study of the effect of fibre orientation on the fibre wetting process 

and flow of liquid droplets along filter fibres when subjected to airflow and gravity 

forces was conducted. The flow of the liquid collected by the fibres was observed and 

measured using a specially developed micro-cell, detailed in the thesis.  The 

experimental results were compared to a theoretical model developed to describe the 

flow of droplets on fibres.  The theory and experimental results showed a good 

agreement.  A sensitivity analysis of the model was performed which showed the 
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droplet radius to be the most significant parameter.  The model has the potential to 

improve filter self-cleaning and minimise water use.  

(3) An experimental study of the capture of solid and liquid (oil) aerosols on fibrous 

filters wetted with water. Variable quantities of liquid irrigation were used, and the 

possibility for subsequent fibre regeneration after clogging or drying was also studied. 

It was found that self-cleaning (removal of solid aerosols by water) occurred even 

under heavily dust-laden conditions, and post evaporation of water.  With the 

collection of oil aerosols on fibres wetted with water, a predominance of the barrel 

shaped droplet on the fibre was observed, with oil droplets displacing water droplets 

(if the oil and fibre combination created a barrel shaped droplet), creating various 

compound droplets of oil and water not previously reported in literature.   

(4)  An extensive experimental investigation of the wetting processes of fibre/liquid 

systems during air filtration (when drag and gravitational forces are acting) has shown 

many important features, including droplet extension, oscillatory motion, and 

detachment from fibres as airflow velocity increases.  The droplet oscillation is 

believed to be induced by the onset of the transition from laminar to turbulent flow as 

droplet size increases.  To model such oscillation it was necessary to create a new 

conceptual model to account for the forces both inducing and preventing such 

oscillation.  The agreement between the model and experimental results is satisfactory  

for both the radial and transverse oscillations.
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1 Introduction 

 

There are currently a range of technologies used to remove particulate matter from air 

streams.  They include settling chambers, cyclones, electrostatic precipitators and 

venturi scrubbers.  However, fibrous filtration is by far the most efficient means of 

removing contaminant particles from air streams, particularly in the smaller size 

ranges.  Devices such as electrostatic precipitators and venturi scrubbers, although 

approaching the efficiency of filters for particles in some size ranges, are overall less 

efficient.  Current filtration technologies are capable of the complete or near complete 

removal of particulates, although the efficiency is characteristically reduced in the 

smaller size regions (between 0.1 and 1.0 µm).  Unfortunately, this particle size range 

coincides with the region most easily inspired into human lungs.  This is undesirable 

since it means the particles passing a filter are therefore the most harmful to humans 

due to their ability to deeply penetrate the lung and those least likely to settle out of 

the air column or atmosphere readily.  Although it is possible to build filters capable 

of 99.99999% efficiency, (by mass) which is near complete removal of contaminants 

from the air stream, a significant number of particles in the above size range are able 

to pass the filter.  Furthermore, the pressure drop across such HEPA and ULPA filters 

and frequent cleaning/replacement requirements make them uneconomical for most 

industrial applications, unless such a high efficiency is required to meet regulatory 

requirements.  The most significant disadvantages of fibrous filters are the 

requirement for frequent filter cleaning, the change in efficiency and pressure drop in 

the filter between pre and post cleaning situations (induced by the collected filter 

cake).  Most filter cleaning mechanisms significantly add to the cost of filter systems 

and many can shorten the life of filter material either by inducing wear or holes in the 
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filter fabric or inadequate cleaning, leading to irreversible clogging. Furthermore, 

studies of the use of filters on sticky or highly viscous aerosols have shown that no 

conventional cleaning method is able to prevent rapid clogging of the filter fabric. 

 

Removing contaminant particles from air streams is vitally important 

environmentally, and to protect human health.  Fine particles which are inspirable 

deep into human lungs can have a significant health effect.  Furthermore, particles can 

impact health based on their chemical or biological properties.  Air pollution is a 

significant problem in many countries, and strict regulations governing air emissions 

have been put in place to protect the environment and humans.  For many 

applications, filtration is the only technology which can remove sufficient quantities 

of particulate matter to enable industries to comply with environmental regulations. 

 

The properties and nature of the particles being captured by a filter are vitally 

important to the filtration process, yet such properties are rarely considered in 

filtration theory or models.  The properties of aerosols can have a dramatic effect on 

filtration efficiency, the working life of filters (or time between cleaning cycles), and 

the re-entrainment of captured aerosols into the downstream air.  The most obvious 

distinction which can be made between different aerosols, is their state – solid or 

liquid.  Liquid aerosols are better able to deform to absorb fibre/particle impact forces 

during aerosol capture by filters.  Once captured, liquid aerosols will not continue to 

exist as separate particles, rather they will coalesce into large droplets which may 

spread across multiple fibres.  This of course, will have a marked effect on the airflow 

and subsequent particle capture within the filter.  The unique feature of the 

coalescence of liquid droplets on filter fibres led to the development of the wet 
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filtration process.  The wet filtration process involves the coating of filter fibres with 

liquid which subsequently becomes the substrate for the collection of solid aerosols.  

The main advantages of the technology are increased filtration efficiency, including in 

the inspirable particle size range, and the filters become continually self cleaning and 

thus able to collect sticky or viscous aerosols without clogging.   The process relating 

to wet filtration will be discussed in much greater detail in the following sections.   

Whilst there is an immense body of research on conventional filtration of solid 

particles on dry filters, there is a dearth of literature on the filtration of liquid aerosols, 

and wet filtration.  However, the work that does exist covers a reasonable amount of 

relevant research and practical applications of the technology, although generally at a 

macroscopic or overall filter scale. 

 

There is a significant body of work relating to the wetting of solid surfaces and a 

lesser amount relating to the wetting of fibres with relevance to other fields.  Wetting 

processes are important in such fields as surface lubrication, the textile industry, 

composite manufacture, wire coating and nanotechnology. 

 

It is evident that a more detailed study of fibre wetting processes in wet filtration and 

liquid aerosol filtration would be beneficial.  This body of work aims to add a greater 

understanding to the processes occurring inside wet filters and filters collecting liquid 

aerosols.  In particular, this study investigates the nature of the droplets or films of 

liquid which remain on the fibres under filtration conditions, and how these droplets 

may affect particle capture and or bounce within filters.  The self cleaning or flow of 

collected liquid/aerosols along filter fibres is an important issue which requires further 

study, and particularly on how the orientation of the fibre effects this process.  Other 
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important issues which require further study are the collection of solid aerosols and 

oil aerosols on fibres wetted with water.   
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2 Literature Review 

2.1 Filtration 

 

Filtration is the most efficient method for the removal of solid or liquid aerosols.  

Electrostatic precipitators or venturi scrubbers can approach the removal efficiency of 

filters in some size ranges, however, they are far less efficient overall.  Current 

filtration technology is capable of the removal of particulates from gas streams with 

an efficiency of greater than 99.99999% by mass. However as stated this still allows a 

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

 

2.2 Types of filters 

 

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

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

surface filters and depth filters.  As the name suggests, 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 filters.  Membrane filters (Chan et al. 1997) 

are filters with relatively small pore sizes which operate by sieving the particles from 

the air.  While such filters are common in aerosol sampling equipment, they are 

seldom 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 categorised as non-fibrous 
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depth filters.  They are constructed from porous foam,  and appear as a matrix of 

bubbles within a constituent material.  The interesting feature of this type of filter is 

that the packing density (c – which is the relative proportion of void space to 

constituent material) of the filter does not vary much between classes.  However, the 

mean bubble size can increase by a factor of 10, with filters of larger bubble size 

generally possessing a lower filtration efficiency (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 here, are usually made from fine 

textile fibres (fibre diameter <100µm). The fibres are usually manufactured from 

materials such as polyester, polypropylene, Teflon, glassfibre, 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, and further influent particles are captured by the ‘cake’ of collected 

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

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

however at the cost of increased pressure drop across the filter.  Eventually, as the 

filter begins to clog, the pressure drop will increase exponentially as does the energy 

requirement to force air through the filter. 
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Microscopically, most fibre filters are random arrangements of fibres that have no 

particular orientation, having varying lengths, and, usually a distribution of fibre 

thicknesses.  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 fibres (Igwe 1987).  

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

substance with sufficient tensile strength (caused by intertwined fibres) 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) and, together with certain classes of fibrous filters, are suitable 

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

air (ULPA - 99.9995%).  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 fibres were previously utilised.  Another option for such 

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

or fibres (Li 1997).   

 

2.3  Filtration Theory 

 

A great portion of the fundamentals of filtration and filtration theory has been 

described and developed by Fuchs (1964), Kirsch and Stechkina (1995), Brown 

(1993), Spurny (1998), Davies (1973), and Hinds (1999).  It is stated by Kirsch and 

Stechkina (1995) that the lack of fundamental hydrodynamic work on three 
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dimensional flow fields and in polydisperse fibre systems restricts the further 

development of aerosol filtration theory.  However, with recent computational 

advances, numerical modelling of such flows with 3D numerical fluid dynamics 

packages is now possible.  

 

The fundamental equations for flow through a filter are the Navier-Stokes equations 

(Fuchs 1964), which are a fundamental series of nonlinear partial differential 

equations which relate the forces acting on a fluid to the rate of change of momentum.  

They are of the form, 

 

1 2
3
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i ij

i j

Du pF e
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ν δ
ρ
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ij ije ⎤⎞

⎟⎥ ,     (2.1) 

 

where i, j = 1, 2, 3 for three-dimensional flow,  δij  is the Kronecker delta tensor, Fi is 

the external force and ∂p/∂xi are the pressure gradient components. Also, 

 

i
D u
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∂
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∂
,         (2.2) 

 

so the acceleration of a fluid element may be written as Dui/Dt where ui(xi, t).  The 

viscous stress tensor is of the form, 
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Two dimensional steady state flow can be described by the stream function, ψ, which 

can be defined by its x and y component vectors, 

 

x
U

y
U yx ∂

∂
−=

∂
∂

=
ψψ       ; ,        (2.4) 

  

in cartesian co-ordinates.  Furthermore, for any flow that can be described in terms of 

equation (2.4), the air velocity obeys the continuity equation, 
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U∂
⎟⎟ ,    (2.5) 

 

in the polar coordinates ra and θp.  The equations were first termed the Navier-Stokes 

equations by Lamb, who attributed the equations to Navier, Poisson, Saint-Venant and 

Stokes, who dropped the molecular action component (Zdravkovich 1997). 

 

Due to the complexity of flow through filters, most work has used two dimensional 

representations of filters consisting of cylindrical fibres, either uniformly or randomly 

arranged, and occasionally with differing fibre diameter.  Most air filters operate 

within the laminar regime, and are usually considered to be in the Stokes flow regime 

(where the Reynolds number (Re) is close to zero so inertia can be neglected) (Brown, 

1993).  The Reynolds number for the flow through a filter is represented by,  

 

µ
ρ Ua g2

Re = ,         (2.6) 
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and which is defined as a ratio of inertial and viscous forces of flow.  In equation 

(2.6), a is the fibre radius (2 fibre diameters is considered to be the greatest flow 

obstruction), U is the flow velocity, ρg is the gas density and µ is the dynamic 

viscosity of the gas.  The laminar region is usually regarded as less than Re = 1.0, and 

the turbulent region corresponds to Re = 1000 or greater.  The region in between is 

regarded as the transition region, which possesses some elements of turbulent flow; 

however, complete turbulence has not developed (Brown, 1993). 

        

The drag force Fd on a particle is described by, 

 

3
8d p DF Ud C g
ππµ= = ρ ,  for Re < 1,     (2.7) 

 

where U is the fluid velocity, dp is the particle diameter and CD is the drag coefficient 

(Hinds 1999), and is given by, 

 

Re
2424

==
pg

D Ud
C

ρ
µ

.        (2.8) 

 

The most commonly used model for filtration efficiency calculations is the single 

fibre efficiency model.  This model views the void space inside the filter as so great 

compared to the fibre volume, that the only interactions that need be considered are 

those between the particle and a single fibre.  From the single fibre efficiency, the 

total filter efficiency can be derived.  This is given as, 
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where ET is the filter efficiency, η is the single fibre efficiency, c is the packing 

density of the filter, L is the filter thickness, and rp is the particle radius (Hinds 1999). 

 

It has been determined that a number of factors can cause removal of a particle by a 

filter.  They include interception (ηR), inertial impaction (ηI), diffusion (ηD), 

combined diffusion/interception (ηDR) and gravitational settling (ηG) (Hinds 1999).  

Thus the overall single fibre efficiency is the sum of these terms,   

 

GDRDRI ηηηηηη ++++= ,        (2.10) 

 

which can be defined as, 

 

2

.
2I
Stk J
Ku

η = ,         (2.11) 

 

2(1 )
(1 )R
c X

Ku X
η −

=
−

,        (2.12) 

 

2 /32D Peη −= ,         (2.13) 

 

2/3

1/ 2

1.24
( . )DR

X
Ku Pe

η = ,        (2.14) 

 

 - 11 -



(1 ),
,

(1 ),

G

G

G X
or

G X

η

η

≈ +

≈ − +
        (2.15) 

 

where, Stk is Stokes number, J is the diffusion flux, Ku is the Kuwabara 

hydrodynamic factor, X is the dimensionless ratio of the particle diameter to the fibre 

diameter, df, (X = dp/df), Pe is the Peclet number, and G is the dimensionless 

gravitational settling parameter.  The choice of sign in equation (2.15) depends on 

whether settling is in the same direction as the airflow or an opposing direction, 

respectively.  The individual equations for the above parameters are presented in 

Hinds (1999) and Agranovski (1995). 

 

An equation for the determination of pressure drop in a clean filter (operating in depth 

filtration mode) has also been developed (Brown, 1993), and is, 
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,      (2.16) 

 

For most filtration applications, flow is in the laminar region, therefore the equations 

pertaining specifically to this region are important.  The application of Darcy's law is 

the standard method of describing single phase fluid flow in disordered porous media.  

Darcy's law is of the form: 

 

k PU
Lµ

∆
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where: k is the global permeability, It is stated  that Darcy's equation should only 

really be used to describe viscous flow conditions, as other factors tend to dominate 

the flow at higher values of Re (Costa et al. 1999).  It is further stated that 

experimental studies have found that the transition from the linear (Darcy) regime to 

the nonlinear does not happen at a defined value of Re, however is very gradual 

(Dullien 1992).  It is argued that inertial (convective) forces should be incorporated 

into calculations in the upper end of the laminar regime.  Costa et al. (1999) have 

produced numerical approximations for the 2D Navier-Stokes equations and 

continuity equations for low porosity structures in order to determine and quantify the 

deviation from Darcy's law.  They have shown that the nonlinear deviation at high 

velocities can be explained in terms of the inertial contribution to laminar fluid flow, 

meaning that the system can be successfully described or modelled without 

considering turbulence.  It is also stated that nonlinear changes to the streamlines 

orthogonal to the flow direction can be described by the Forchheimer equation:  

 

2UU
L
P βραµ +=

∆
− ,       (2.18) 

 

where: α is the reciprocal permeability of the porous material and β is termed an 

"inertial parameter".  The Forchheimer equation can be re-arranged into the form: 
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and 
αµ
βρV

≡Re' .        (2.21) 

 

Costa et al. (1999) term Re’ as a "friction factor Reynolds number" which is stated to 

be universal and has been tested under a wide range of conditions.  They report that 

the point of departure from linear (Darcy's law) to nonlinear flow is in the range 10-2 

< Re' < 10-1.  Thus, the authors state that real flows can be successfully modelled 

under laminar conditions, using the nonlinearity corrections, regardless of whether 

real turbulence has been detected or not.  Further work, (Andrade et al. 1999) 

however has determined that the Forchheimer equation generally overestimates the 

computed values of the friction factor in the region 6.2 x 10-2 < Re' < 1.8, which limits 

the applicability of the modelling methodology.  

 

2.4 Classification of Aerosols 

 

Atmospheric aerosols can be classified into 3 modes: nuclei, accumulation and coarse 

particles (Hinds 1999).  The nuclei mode (0.001 - 0.1µm) are mainly composed of 

combustion particles emitted directly into the atmosphere.  These begin to accumulate 

other particles (hence the accumulation mode  (0.01 - 6µm)) either through collisions 

or as a result of chemical interactions.  Finally, course particles (0.5-100µm), are 

derived either from anthropogenic sources such as industry or mining operations, or in 

the form of wind blown dust or sea salt.  It is obvious that there is some overlap 

between the modes, as all conform to a lognormal distribution.  It is often the case that 
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atmospheric aerosols will possess a bimodal distribution, due to the peaks of two 

modes being present (Hinds 1999). 

 

Industrially, aerosols can be separated into two classes:  disperse aerosols and 

condensation aerosols.  Disperse aerosols are formed through mechanical means 

(grinding, etc), aerosolisation of powders, and the atomisation of liquids.  

Condensation aerosols are formed, as the name suggests by the condensation of 

vapours.  Smokes are an example of an aerosol source which contains both disperse 

aerosols and condensation aerosols.  Disperse aerosols are normally coarser due to the 

nature of the generation mechanism. The common industrial sources for particulate 

matter include power generation, cement manufacturing, petroleum refining, all 

industries involving manufacturing, fabrication and welding of metal, quarrying, 

earthmoving, painting and other surface coating industries – including galvanising.   

Most industrial sources tend to generate a combination of disperse and condensation 

aerosols, rather than one type alone.  For instance, galvanising generally generates 

zinc condensate particulates from the hot-dip galvanising tanks of molten zinc, and 

liquid (usually acidic – e.g. H2SO4) disperse aerosols from acid-cleaning and fluxing 

processes. 

 

There are three generally defined classes used for aerosols: ultrafine particles 

(<0.1µm), fine particles (0.1 - 2.5µm) and coarse particles (>2.5µm).  Most sources of 

aerosols produce polydisperse, monomodal size distributions. However monodisperse 

aerosols are produced by a variety of scientific instruments for the purposes of 

research or analysis, as these are convenient for such purposes.   
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2.5 Particle Bounce 

 

Currently, most filtration models assume complete capture of all particles contacting a 

fibre.  However this is not necessarily the case.  It is possible for particles to be re-

entrained after capture, or strike the fibre but immediately bounce off again.  

 

When a particle strikes a fibre, there is a complex system of plastic and elastic 

deformation as the fibre absorbs the force imparted by the particle.  The principles 

which govern the mechanics of particle bounce are quite complex.  Many of the 

previous attempts to quantify and describe particle bounce have focused on aerosols 

contacting flat plates rather than fibres.  Gillespie and Rideal (1955) examined the 

impact and bounce of liquid (di-octylphthallate – DOP) particles on glass slides and 

attempted to quantify the bounce effect by examining the traces left on the impact 

slide, and the droplets which fell onto another slide.  Other experiments have been 

conducted using more advanced techniques such as laser Doppler velocimetry to 

measure the bounce of polystyrene latex (PSL) particles on polished quartz and 

stainless steel surfaces (Dahneke 1973, 1975; Li et al. 1999).  Techniques involving 

impaction of aerosols on flat plates to compare bounce properties have also been 

developed (Wang and Walter 1987; Xu and Willeke 1993).  Other work has examined 

the effect of particle deformation on adhesion to a flat surface (Tsai et al. 1991; Rimai 

et al. 1994).  If particles are able to deform to absorb the impact force, they will be 

less likely to bounce. 

 

While such work is crucial for understanding the general principles involved, and 

very useful for impactor design where the particles are collected on flat surfaces, it is 
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not as useful in the fibrous filtration field. Many of the above authors have 

emphasised that the impaction surface has a significant effect on particle bounce, then 

impact on cylindrical fibres (which may be able to deform to absorb impact) will be 

different from that on a solid surface.  Also, the flow field around a filter fibre will be 

completely different to the flow field across a flat plate.  

 

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

critical velocity Vc, above which bounce will occur.  Equation (2.22) is a combination 

of two equations for Vc given by Cheng and Yeh (1979), and Brown (1993), 

 

2 1/ 2

2 2

(1 )1
(6 )

pls
c

p p pl s pl p

e AV
d d e x p
β

π ρ
−

= = 1/ 2  ,     (2.22) 

 

where βs 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, ρp is the particle density, and xs is the separation distance 

of the particle and surface.   Hamaker constants are given in the literature for a limited 

number of elements and compounds, including PSL  

(6.37 x 10-13 ergs) (Tsai et al. 1991).  However values for liquid aerosols such as 

DEHS are not available.  

 

The other method involves the kinetic energy (KEb) required for bounce to occur 

when a particle (dp) collides with a surface (Dahneke 1971), 
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where e is the coefficient of restitution (plastic and elastic deformation), which is 

equal to the ratio of the rebound velocity to the approach velocity.  The value of e is 

reported to range from 0.73 to 0.81, although these values were typically derived 

using hard impaction surfaces such as glass and metal (Wall et al. 1990).  The values 

of A and e depend only on the material of the particle and the surface.  It is reported 

that these constants must be determined experimentally, as it is very difficult to 

determine them theoretically.   

 

By detailed experimental studies and kinetic energy calculations, it is possible to 

determine the probability of bounce of aerosols.  Some experimental results for 

irregularly shaped fly ash particles (mean diameter 0.14µm) give the probability of 

bounce as (Ellenbecker et al. 1980), 

 

233.0)(000224.01 −−= KEPb ,        (2.24) 

 

where KE is expressed in Joules.  These values, however, may not be representative 

since it is reported that spherical particles are much more likely to bounce than 

irregular particles (Brown 1993).  One of the main factors governing adhesion of 

particles to fibres is the particle surface area.  Thus flakes are the most likely to 

adhere, and hence are least likely to bounce (Mullins et al. 1992). 

 

For liquid particles, the most significant force governing the bounce effect is the 

surface tension acting on the liquid droplet.  As particle size diminishes, the surface 

tension force increases to the point where the particle becomes so rigid its behaviour 

can be assumed to be identical to that of solid particles.  Liquid particles are better 
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able to absorb energy than solid particles, principally through deformation (Brown 

1993).  It is reported that liquid particles are far more likely to break up on impact 

than are solid particles.  This is principally through shear forces when the particle 

impact is not normal to the fibre (Gillespie and Rideal 1955). 

 

The continuing work of researchers such as Dahneke (1995) shows that there is still 

work to accomplish in describing simple aerosol/plate collision processes, which have 

yet to be adapted to the complex processes inside air filters.  To this end, there has 

been very little work which has examined the practical effects of particle bounce in 

real filter systems, principally due to the complex particle and fibre interactions 

involved, making theoretical calculations difficult.  Maus and Umhauer (1997) have, 

however examined the fractional filtration efficiencies of biological aerosols and 

compared these to non-biological particles with equivalent aerodynamic diameter, 

such as PSL and limestone dust.  Bounce of the non-biological aerosol was reported 

during filtration tests. 

    

There has been some previous research into the effect that coating filter fibres with a 

liquid has on particle adhesion/bounce.  (Walkenhorst 1974) examined the effect of 

coating model wire filters with vegetable oils, mineral oils and Vaseline, and reported 

that the former two substances increased filtration efficiency (particle adhesion) while 

the latter did not.  Although oil coated filters are suitable for laboratory scale 

processes, using such liquids in industry would usually not be advantageous due to the 

cost involved and difficulty in cleaning contaminated waste oils.   
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2.6  Filtration of Liquids. 

 

It is evident from the previous sections that some aerosols will be present as liquid 

droplets, while other will be solid, or most often a combination of the two.  There is a 

small body of research, which has examined the filtration of liquid aerosols on filters, 

often where the liquid is either an undesirable contaminant, a condensate or an 

experimentally generated test aerosol.  However liquid aerosols are often present in  

industrial exhaust streams either as oil mists, condensed H2O or other hydrocarbon or 

aqueous based solutions.  The fundamental difference between liquid aerosols and 

solid aerosols is the ability of liquid aerosols to coalesce into larger particles or 

droplets.   

 

Some of the early work related to mist filtration has been done by Kirsch (1978), who 

used a single (2D) array of 4.45 µm diameter gold wires arranged in a vertical, 

parallel orientation. Each wire was spaced 66µm apart, with the total array having an 

area of 0.53cm2.  Two arrays were used, spaced 100 µm apart.  Kirsch found that 

when the ‘filter’ was operated in a stream of dibutylphthalate (DBP) particles (liquid 

particles generated on an NaCl condensation nucleus), they would form unduloids 

(droplets) on the fibre, rather than uniformly coating it.  This type of relationship has 

been classified as a non-wettable (Agranovski and Braddock 1998a) and in fibre 

wetting literature (to be discussed in following sections) as ‘barrel’ shaped droplets.   

 

The main problem of calculation of liquids coalescing on the fibre is based on the 

difficulty of accurate determination of the number, shape and surface profile of 

droplets present on the fibre.  Consequently it is not possible to accurately calculate 

 - 20 -



the air drag on the droplet or the flow fields around it (Kirsch 1978), principally due 

to the fact that the flow fields must be determined in three dimensions, (due to the 

shape of the droplet).  To approximate the drag on a droplet, Kirsch (1978) used 

Stokes' law with Faxen’s correction for a sphere of radius b, moving in a planar-

parallel channel with semi width lc = 2hc – a, which can be written as, 
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Although this is a relatively close approximation, Kirsch (1978), reported that ∆P 

calculated using this formula will be underestimated.  It was then decided to predict 

the pressure drop by increasing the overall fibre thickness to account for the 

unduloids.  Using this method produced relatively good agreement with experimental 

results (Kirsch 1978). 

 

Fairs (1958) studied the filtration of sulphuric acid mists on glassfibre filters, 

polyvinyl alcohol fibres (PVA) and garnetted terylene polyester filters.  The glassfibre 

filters had a fibre size ranging between 5-30µm and some glassfibre filters were 

treated with silicone (but the same type were tested with and without silicone 

coating).  The author described the untreated glassfibres as hydrophilic, and reported 

that water ran along it readily but formed into beads or ovoids (termed barrel shaped 

droplets in modern literature).  PVA fibres and silicone treated glass wool fibres 

collected droplets which only appeared to coat one side of the fibres (and in later 

literature these were classified as clamshell droplets – see later sections).  The 
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siliconed glassfibre was reported as having the greatest removal efficiency (Fairs 

1958).   

 

Mohrmann (1970) has studied the filtration of di-octyl pthallate (DOP) and paraffin 

oil particles, and developed a model for the penetration of such particles through 

filters as a function of filtration time and rate, and particle size.  Roe (1975) has 

extensively studied the nature of liquid collection and wetting of fibres, using 

numerically solved equations to describe the process.  Although this work is 

extensive, it does not account for the situation found on wettable fibres (Agranovski 

and Braddock 1998b), where there is a thin, uniform liquid film present.  Roe (1975) 

states that a thin film joining barrel shaped droplets is probably present, however the 

film would be infinitesimally thin.  Eriksson et al. (1992) have studied the adhesive 

forces on two hydrophilic cellulose fibres due to capillary condensation of water 

vapour, which has been found to be relatively independent of vapour pressure.  

 

Some other researchers, including Raynor and Leith (2000), Payet et al. (1992) and 

Conder and Liew (1989), have studied and modelled filtration processes that collect 

and accumulate liquid drops (excluding the work to be discussed in the next section).  

However, all of the authors have mainly studied the effect of filtering viscous liquid 

particles (such as DOP, and di-ethyl hexyl sebacate (DEHS)) on nonwettable filters, 

with generally unfavourable results.  The results indicated either rapid blockage of the 

filter (usually accompanied by a lack of drainage from the filter), or re-entrainment of 

aerosols from the filter.  The work by Payet et al. (1992) was conducted using low 

flow velocities and very small aerosols such that diffusion was the main filtration 

mechanism.  Since the aerosol coalescing on the fibre was too viscous to readily drain 
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from the filter, this understandably induce a partial liquid blockage of the filter which 

increased velocity through the void space of the filter, reducing the efficiency of 

filtration.  This reduction in efficiency occurs since the filtration regime changed from 

being dominated by diffusion, to the region where all the filtration mechanisms are 

least effective.  Raynor and Leith (2000) attempted to quantify filter drainage using 

the bond number, Bo, in the form, 
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where: ρ is the fluid density, g is acceleration due to gravity, and σ is the surface 

tension of the liquid.  Experimental work conducted as part of the study used various 

glassfibre filters, with DEHS or hexadecane as the irrigating liquid.  It was found that 

the collected liquid was drawn through the filter to the back face, however no 

reentrainment or ejection of the liquid was detected.  The work of Raynor and Leith 

(2000) and Conder and Liew (1989) showed increases in filtration efficiency of the 

wet filter over the dry one.  
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2.7 Wet Filtration 

 

One of the greatest problems with dry filtration, is the filter cake that is deposited on 

the surface of the filter during operation under dust loaded conditions (refer to the 

previous sections).  Although it has been shown that dust cakes increase the filtration 

efficiency (by effectively increasing the packing density and thickness of the filter), a 

side effect of the efficiency increase is an accompanying increase in pressure drop 

(Endo et al. 1998).  Eventually, after the dust cake is well established, the pressure 

drop (∆P) will exponentially increase until the filter can be considered blocked.  

Therefore, in practice, it is necessary to periodically remove the collected particulate 

cake before the pressure drop across the filter becomes unacceptable.  There are 

numerous methods of undertaking this process (shaking, sonic cleaners, reverse air 

flow, high pressure compressed air pulses, etc.), however all the above methods are 

complex processes that require expensive additional equipment to be installed. Also, 

some processes involve moving parts that can easily break down in the hostile 

environments present inside the filter baghouses, and many processes require the 

filtration process to be stopped for the period while cleaning is conducted.  

Furthermore, in environments where the influent aerosol load consists of particles 

with advanced adhesive properties (e.g. galvanising plants (Agranovski and 

Whitcombe 2001)), traditional filtration systems would become readily blocked and 

commonly used regeneration methods would be ineffective for removal of such 

particles.  On this basis traditional filters would not be considered for such 

applications and wet collection devices, such as scrubbers, would be used instead 

(albeit with lower collection efficiency). 
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A process has been developed (Agranovski et al. 1999; Agranovski et al. 2001) in 

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

the water film rather than directly on to the fibre.  It has been stated (Agranovski and 

Braddock 1998b) that such liquid films coating the fibres will reduce the likelihood of 

particle bounce, although this has yet to be proven experimentally.  These 

technologies are industrially applicable as quantities of water for filter irrigation are 

more readily available and recyclable in industry than are suitable oils.  A trial plant 

using such technology has been successfully implemented in industry for particulate 

removal in a steel galvanising plant (Agranovski and Whitcombe 2001).  The 

technology has proved to be able to collect sticky, viscous particles for which 

traditional filtration would not normally be possible as a conventional filter would 

become rapidly clogged (Agranovski and Whitcombe 2001).     

 

The initial wet filtration work conducted by Agranovski and Braddock (1998b) used 

glassfibre filters with 7µm diameter parallel fibres.  It was determined experimentally 

that the equilibrium film thickness on the fibres was approximately 2.75µm, with a 

substantial increase to 15.75µm at the bottom of the filter (1x106µm distance) due to 

drainage of liquid from top to bottom along the fibre.  By applying the work of Levich 

(1962), Agranovski and Braddock (1998b) were able to describe the thickness of the 

liquid film at any point along the fibre, of the form: 
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where δ(z) is the thickness of the film at the vertical distance z along the fibre (z = 0 at 

the top of the fibre),  ν is the kinematic viscosity of the liquid, and ρL is the density of 

the liquid.  The function G(z) is the steady state flow through a cross section of the 

filter at height z, which is given as, 
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zGzG =)( ,        (2.28) 

 

where: GF is the mass of water droplets per unit volume of the carrier gas in unit time 

and LF is the length of the fibre.  Complete removal of water droplets and uniform 

distribution in the carrier gas stream were assumed.    

 

The above equation assumes that the water film on the fibre is provided by the 

influent gas stream, as was the case in initial studies (Agranovski and Whitcombe 

2000).  Some later work, and practical applications (Agranovski and Whitcombe 

2001) used special nozzles to irrigate the filters, changing the characteristics of the 

liquid layer.  However the fundamentals, such as the equilibrium liquid film thickness  

was found to be the same. 

 

As the liquid film increases the effective diameter of the fibre, it also increases the 

effective packing density of the filter.  Thus Agranovski and Whitcombe (2000) were 

able to apply the traditional equations for the pressure drop (equation (2.16)) and 

filtration efficiency (equation (2.9)) of a dry filter to the wet filter, simply by using the 

new overall diameter of the fibre coated by the film.  It was found that the effective 

overall diameter of the wet fibre linearly increased with the distance down the fibre, 
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producing a corresponding increase in filtration efficiency and pressure drop across 

the lower sections of the filter.  Overall the agreement between the experiments and 

the single fibre efficiency theory was within 10%. 

 

Experimental work with filters inclined at an angle other than perpendicular to the 

airflow has also been conducted (Agranovski et al. 2002).  In order to describe the 

liquid film under such conditions, it was necessary to include an inclination angle 

correction to equation (2.27), which becomes,  
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where θw is the angle of inclination of the filter from the vertical plane.  The filter was 

tilted in two directions from the vertical, clockwise and anticlockwise, termed 

negative and positive θw respectively (flow through the filter was always from left to 

right), although equation (2.29) cannot account for negative θw values so they are 

considered to be the same.  However, it was reported (Agranovski et al. 2002) that a 

difference exists between the two directions.  It was stated that for θw > 0 the 

efficiency was always greater (compared to the opposing θw), since the flow of the 

film under gravity directly opposes the airflow and thus a greater equilibrium film can 

be supported.  It would be advantageous to modify equation (2.29) to take this into 

account.  Corrections for the filtration efficiency would also be accounted for by such 

a modification. 
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It was stated that for the average vertical wetted filter, the increase in pressure drop 

over the dry regime is a factor of 1.7, which is consistent with the increase in packing 

density.  However, for filters inclined at θw = 30o the pressure drop increases by 

approximately a factor of 2 with a further increase for greater values of θw.  This 

effect is not accounted for by the theoretical single fibre efficiency equation.  It was 

also discovered, that to retain the same liquid film around the fibre the water 

requirement for inclined filters was much less compared to the vertical filters.  This 

was explained by the reduced effect of gravity acting on the fibre.   

 

2.7.1 Clogging and Drying of Wet Filters 

 

Another important aspect of wet filter operation, the possibility of their clogging by 

dust particles, was studied by Agranovski and Shapiro (2001a).  They, also considered 

clogging as a result of liquid evaporation from the fibre surface (Agranovski and 

Shapiro 2001b).  Experiments were conducted using 0.09m2 filters irrigated only by 

nozzle systems, and receiving varying influent concentrations (4.22 - 40.53 g/hr) of 

dry solid aerosols (quartz), with a size distribution of 1 - 6µm.  The pressure drop of 

two filters (wettable and nonwettable) were then measured as a function of influent 

dust load, irrigation rate, air flow rate and time.  It was determined that nonwettable 

filters operate almost independently of the fluid flow and block as rapidly, or even 

more so, as they would if operated under a dry regime.  Wettable filters, on the other 

hand, can self-clean the dust particles provided the irrigation rate is sufficient, and 

thus operate indefinitely at a constant pressure drop.  When operating at irrigation 

rates lower than that required for self cleaning (for the given dust load) the pressure 

drop across the filter would still only increase slowly, since partial self cleaning was 
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occurring.  However the pressure drop would fail to stabilise.  There was some 

concern expressed that if the process was scaled up to industrial size, the collected 

dust flowing in liquid suspension down the filter may tend to cause partial clogging of 

the lower regions of the fibre.  Thus it was stated that the length to width ratio of the 

filter should be minimised to prevent this occurrence (Agranovski and Shapiro 

2001b).  For the wettable filter, an irrigation rate of 55kg water per hour was required 

(per 1 m2 of filter) to prevent 4.4kg/hr of dust blocking the filter.  When this was 

increased to 44.5kg/hr of dust the water requirement was 111kg/hr.  This rate is 

relevant only to the specific filter (or other filters with similar structure and packing 

density) and does not take into account other effects such as evaporation of water 

from the filter, which is an important consideration since many industrial processes 

are operated in hot, dry environments.   

 

Therefore the logical extension of this work was to study filter evaporation rates to 

determine how this would affect filter irrigation.  The evaporation rates of 3 filters 

were studied experimentally (Agranovski and Shapiro 2001a) and equations were 

derived to describe the process.  The mass transfer coefficient between the liquid and 

vapour phases of the irrigating water is given in the form, 
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where βd is the mass transfer coefficient per unit area of the filter (which is dependent 

on the filter properties and the operating conditions of the filter), φs is the current 

volume water vapour content,  φ*
s is the equilibrium volume water vapour content, Tw 

is the average of the inlet and outlet temperature for water, Gw is the average of the 
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input and output fluxes for water and   Go
w, Gi

w are the output and input fluxes for 

water respectively.  The following equation is then used to determine βd based on 

theoretical '^' and experimental '-' determination of the fluxes and temperatures, by 

minimising EI(βd),  
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The mass transfer rate βd can also be determined by calculating the Nusselt number, 
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where, NuAB is the Nusselt number, D is the representative linear size of the filter 

element and co and DAB represent the concentration and diffusivity of substance A in 

substance B respectively (Agranovski and Shapiro 2001a; Bird et al. 1960). 

 

Values for βd were estimated (using equation (2.31)) for the three filters for all the 

operational conditions included in the study.  The evaporation rates were measured 

under those same conditions (after the irrigation was discontinued) and compared 

with the theoretical calculations.  The agreement between the theory and the 

experimental work was excellent, and reported not to have exceeded a difference of 

9% between the two methods.  From this work it was possible to determine additive 

irrigation rates for filters.  For instance, the previous example where 55kg of water 

was required to irrigate 1m2 of filter removing 4.4kg/hr of dust, increases to a 

requirement of 65kg/hr of water when the temperature is 80oC and the water content 
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of the air is 10g/kg (Agranovski and Shapiro 2001a).  The advancement of this work, 

so that irrigation rates for filters can be determined, given the filter characteristics and 

operational conditions would be beneficial.  This would be a logical next step in 

allowing the processes to be used commercially, since it would enable easier design of 

filter system parameters. 

 

2.8 Fibre Wetting 

 

From the above sections, it is evident that there is a general lack of literature 

concerning the filtration of liquid aerosols, and only a relatively small body of 

literature on wet filtration, owing to the recent development of the technology.  From 

fields other than filtration and aerosol science, there exists however a larger body of 

literature on wetting processes.  This literature predominantly concerns the wetting of 

flat plates, however there is also a significant body of work on fibre wetting 

processes. 

 

Fibre wetting processes are important in a diverse range of industries, including, 

composite manufacture, textile manufacture and cleaning, wire coating, and other 

areas.  However, in such cases there are rarely any forces, besides gravity, acting on 

the fibre droplet system.  In much of the theoretical work even gravitational forces are 

neglected, with only the interfacial three phase forces (solid/liquid liquid/gas 

interfacial tension) being considered.  The earliest work in the field of fibre wetting 

(which could be found by the authors) was with reference to the textile industry 

(Wenzel 1936).  The work was important as the drying, cleaning and long term 

durability of fabrics was an important issue for textile manufacturers.  Such studies 
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were mainly focused on a study of the nature of cleaning by surfactants, and the 

ability of substances to waterproof fabrics (Wenzel 1936; Adam 1937).  Fibre wetting 

processes have since become important in wire/fibre coating processes, fibre 

composite systems, and more recently, nanotechnology (Bauer and Dietrich 2000).  

 

 
Figure 2. 3 - Example of the spectrum of fibre wetting: (a) film flow 

(axisymmetric) along a fibre with no droplets present; (b) barrel shaped droplets 

( generally axisymmetric) with connecting film; (c) clamshell shape droplets of 

various sizes (radially asymmetric) with no connecting film.  The grey area 

represents the fibre and the film thickness has been exaggerated for reasons of 

visibility.  

 

There are three distinct cases or shapes that occur when a droplet contacts a fibre: (a) 

film flow (not very common, as the flow is usually broken into distinct droplets by 

Raleigh instability); (b) a series of usually axisymmetric ‘barrel’ shaped droplets, 
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commonly connected by a film (in the order of nm); and (c) axially asymmetric 

‘clamshell’ shaped droplets. (Wenzel 1936; Levich 1962; Carroll 1976; Brochard 

1986; Carroll 1986; Carroll 1991; Leger and Joanny 1992; McHale et al. 2001).   

Figure 2.1, gives examples of the three distinct cases.  

 

The stability of droplet shapes and their ability to retain their configuration 

(barrel/clamshell) has been examined in reasonable depth in the literature.  The 

stability of asymmetric (usually clamshell) shaped droplets to retain their profile is 

given by (Carroll 1986), such that the droplet will only be stable if the droplet is large 

compared with the fibre diameter and the contact angle is comparatively small.  

Metastability to the 'roll-up' process (changing from barrel to clamshell) is reported to 

occur when the droplet volume decreases or the contact angle increases.  It is further 

reported that for large drops with contact angles <90o, the axisymmetric barrel shape 

will be stable for any fibre radius (McHale et al. 2001). 

 

The force which maintains a droplet at its location on a fibre has been reported in the 

literature as surface tension, interfacial tension, and more recently line tension (Bauer 

and Dietrich 2000).   

 

Factors such as surface chemistry and surface roughness of the fibres can have a 

significant effect on wetting and wettability.  Even the existence of local surface 

anomalies can mean that two completely different droplet profiles can exist on the 

same fibre.  Most models assume a homogeneous fibre substrate, since this is the least 

complex case (McHale et al. 2001). 
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As is evident, the bulk of previous fibre wetting and droplet research has been largely 

limited to static droplets on fibres (without any droplet flow or motion processes), 

usually without considering the effects of gravity or other external forces.  Much of 

the past experimental work has utilised horizontal fibres coated with oil, in a water 

solution, as such a case is most relevant to the textile field.  Some important work has 

been accomplished previously, with respect to gravitational distortion of barrel shaped 

droplets on vertical fibres (Kumar and Hartland 1987; Kumar and Hartland 1990).  It 

was found that different contact angles and surface profiles existed at the top and 

bottom of droplets due to the gravitational effects.  However the droplets remained 

axisymmetric. 

 

Where droplets exist on a wettable fibre, the equilibrium film joining the droplets will 

be very thin (usually of the order of nanometres).  However, for the film flow case 

where droplets do not form, the equilibrium film will usually be larger.  The droplet 

shape and properties, such as wettability, are reported to be dependent on the droplet 

volume, the contact angle, the cylinder radius, the surface tension (σ) of the 

liquid/vapour interface, Young's contact angle (θ - hereafter referred to as contact 

angle), and the interface potential (ω) (Bauer and Dietrich 2000; Carroll 1991).  Film 

flow is defined to have no contact angle, and the dominant stabilising force retaining 

the film is reported to be van der Waals interactions, whereas the more common 

droplet formation is induced by Raleigh Instability (Brochard 1986). 

 

The key difference between the wetting of flat plates or surfaces, and the wetting of 

fibres, is that in the former case only one droplet shape is present on wetted surfaces.  

A comprehensive review of published work on the wetting of solids is given by  
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Leger and Joanny (1992), and de Gennes (1985), and it is obvious that significantly 

more work has been accomplished in the area of flat plate/surface wetting than has 

been published in the fibre wetting field.  Further work in this field has included the 

study of the motion of liquids on nonwettable flat plates, where the droplets are 

reported to roll down the plate at a velocity inversely proportional to their size 

(Richard and Quere 1999).  Most relevant to the present work is a study of droplet 

detachment from flat surfaces by drag/airflow forces (Hartland and Kumar 1994).  It 

was found that if the drop contact angle and airflow conditions are known, droplet 

volume at the point of detachment from a surface can be accurately determined.  

Unfortunately, it is difficult to expand this work to fibres, due to the different drop 

types, more complicated geometry  and the more complex nature of drop 

attachment/detachment. 

 

With the recent interest in nanotechnology, a further application for the fibre wetting 

research has been in the use of fibres as tweezers for nanometre sized liquid drops 

(Bauer and Dietrich 2000).  However, the most common direction for recent fibre 

wetting research has been focused on description and evaluation of the line tensions, 

and excess free energy of droplets, and examination of the 'metastability' of barrel 

droplets, against 'roll-up' to the clamshell configuration.  Important droplet 

parameters, related to this work, are given in Figure 2.2.  These parameters are used in 

the following equations. 
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Figure 2. 4 - Important parameters for unduloids and films on fibres: For 

reference purposes the centre of the fibre is located around an axis, z, a is the 

fibre radius, h(z) is the liquid-vapour interface profile, the liquid layer thickness, 

j(z)=h(z)-a, and θ is the contact angle.  At a significant distance from the droplet, 

only a thin film will be present, defined as j0=h0-a.  After (Bauer and Dietrich 

2000).   

 

It is noted by Dietrich (1988) that the shape of the liquid vapour interface is 

attributable to the Laplace pressure 2σH, where H is the mean curvature of the 

interface.  Equally important factors are the capillary pressure of the droplet and the 

effective interface potential (ω) acting on the liquid-vapour interface (Rowlinson and 

Widom 1982). 

 

The contact angle θ of the droplet to the fibre, can be determined as (Bauer and 

Dietrich 2000). 
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where a0 is the radius of curvature, defined as, 

 

2 3/ 2

0
{1 [ '(0)] } 1

"(0) "(0)
ha
h h

+
= ≈ .       (2.34) 

 

Another important definition used in the literature is the excess volume Vex, which is 

defined as the volume of the droplet in excess of that required for an unduloid to 

form.  This corresponds to an excess free energy Fex, which can be written as (Bauer 

and Dietrich 2000), 
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where κ is the Lagrange multiplier.  A corresponding equation in Euler-Lagrange 

notation is also given by Bauer and Dietrich (2000).  The equation describes the 

balance between Laplace pressure (left hand side) and the capillary and disjoining 

pressure (right hand side), thus, 
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It is reported that for any barrel shaped droplet, κ will be <0, however for very large 

barrel shaped droplets κ→0 (Bauer and Dietrich 2000). 

 

The stability of droplet shapes and their ability to retain their configuration has been 

examined in reasonable depth in the literature.  Axially asymmetric (usually 

clamshell) shaped droplets will remain stable and retain their profile if the following 

condition is satisfied (Carroll 1986), 
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Some analysis of equation (2.37) shows that the “stability” condition is satisfied when 

the droplet is large compared to the fibre diameter and the contact angle is 

comparatively small.  Metastability to the 'roll-up' process is reported to occur when 

the droplet volume decreases or the contact angle increases.  It is further reported that 

for large drops with contact angles <90o, the axisymmetric barrel shape will be stable 

for any value of a. 

 

Another parameter which has been considered in research work is the line tension, LT, 

of a droplet.  Line tensions are associated with the three-phase contact lines at the 

ends of each droplet, and are expressed as an excess free energy per unit of droplet 

length.  The line tension is a method of evaluating the tension retaining the droplet on 

the fibre, at the upper and lower droplet extremities.  The line tension relates to the 

droplet size and is consequently dependent on the free energy.  For barrel shaped 

droplets the line tension is a constant proportion of the free energy with respect to 
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droplet size.  However for clamshell droplets, the length of the three phase contact 

line depends on the droplet size so the line tension will influence the droplet shape 

(Bauer and Dietrich 2000).Thus it becomes a less ambiguous term for describing the 

droplet energy.  Obviously, the line tension is a function of Fex, of the form, 
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where, Ab is the surface area of the ‘barrel’, which is equal to, 
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The  pref term is a reference configuration denoted by the dotted line in Figure 2.2.  It 

consists of a homogeneous layer and a curve of uniform radius. 

 

There have been a number of attempts to increase the accuracy of observation of 

droplet measurements and to develop equations for estimation of difficult to measure 

parameters by correlation with more easily measured parameters (McHale et al. 2001; 

Bauer and Dietrich 2000).  Also, there have been attempts to use finite element 

analysis to evaluate the shape and free energy of clamshell droplets (as these are far 
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more difficult than the barrel shape to determine analytically), and to determine which 

shape is energetically favoured (McHale and Newton 2002).  This work, however, is 

still in its early stages and more work needs to be completed before useful conclusions 

can be drawn.  

 

A comprehensive review of all available literature on detergency (effect of surfactants 

on droplets attached to fibres), as it relates to wetting on fibres and flat plates has been 

completed by Carroll (1991).  However most of the reviewed publications, concern 

fibres with attached oil droplets  placed into water, with surfactants then added to 

induce the rollup process.  This is not particularly relevant to the air pollution field.  

There have been, however, some useful results presented on the apportioning of 

droplets between different diameter fibres intersecting at right angles.  Experiments 

conducted using a thick fibre and a thinner fibre, intersecting at right angles, found 

that the droplet favoured the larger fibre, and due to the fibre contact angle was 

shaped as a four pointed star.   

 

Most of the literature disregards gravitational effects on the droplets (even 

macroscopic cases), although some briefly state that gravity is negligibly small, with 

no further evidence provided.  One reason for this is most wetting studies have 

considered horizontally oriented fibres, where gravitational effects are less evident.  It 

was also reported that the Laplace excess pressure is usually much higher than the 

hydrostatic pressure, thus gravitational effects can be neglected (Quere 1999).  

However, some studies have reported gravity induced distortions for droplets on 

vertical fibres (Kumar and Hartland 1987; Kumar and Hartland 1990). 
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The effect of other forces, such as drag force, has not been considered as all research 

examined a near static case, with the only dynamic process being the wetting of a 

single drop contacting a fibre or the drop roll-up process.  It is likely that the drop 

roll-up process and other drop parameters could be significantly altered by the 

addition of an external (drag) force or by the impact of aerosols (of the same or 

foreign material). 

 

2.9 Summary 

 
It is evident, that the literature relating to the filtration of liquid aerosols on fibres is 

relatively incomplete when compared to other areas of filtration.  The nature of 

particle capture and flow processes have received relatively little examination, 

however these are vitally important for understanding of the processes of liquid 

aerosol filtration and wetted filters (wet filtration).  Although the efficiency of wet 

filters for the removal of a wide range of particles has been studied previously 

(Agranovski et al. 2001), as has the clogging of filters by particles (Agranovski and 

Shapiro 2001b), and liquid evaporation rates (Agranovski and Shapiro 2001a), all 

these studies have been on a macroscopic scale, evaluating the performance of the 

entire filter, without examining the actual processes occurring inside the filter.  One of 

the reported advantages of wet filters is their ability to capture viscous, sticky or oily 

particles, which would normally clog a conventional air filter (Agranovski and 

Whitcombe 2001).  However, the capture of oily particles by wet filters has not been 

studied previously on a microscopic scale.  
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Whilst the studies of fibre wetting in other fields are useful, much of the work is not 

applicable to air filtration due to the lack of consideration of external forces involved, 

such as gravity and drag. 

 

Further to this, the reported reduced particle bounce effect inside wet filters when 

compared to conventional fibre filters has not been quantified. 

 

Therefore, this thesis aims to add a greater understanding to the processes occurring 

inside wet filters and filters collecting liquid aerosols.  In particular, a detailed 

investigation will be made of the bounce effect of particles on fibres, and how particle 

properties, and liquid coating of the fibres (wet filtration) effects this phenomenon.  

The self cleaning or flow of collected liquid/aerosols along filter fibres is also an 

important issue which requires further study, particularly how the orientation of the 

fibre effects this process.  The orientation of entire filters has been studied, however 

there remains a need for a greater understanding of the process on a smaller scale.  

Other important issues which require further study are the collection of solid aerosols 

and oil aerosols on fibres wetted with water.  Again this area has been subject to a 

significant quantity of research on a macroscopic scale, however the actual capture 

mechanisms and interaction between aerosols and wetting liquid/droplets is vitally 

important to the process.  All these issues will be examined in this thesis.
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3 Research Proposal  

 
 
The literature review chapter identified the gaps in the filtration and fibre wetting 

literature which are relevant to wet filtration and the filtration of liquid aerosols.  The 

aims and objectives of this thesis were given at the end of section one and reiterated 

with reference to the gaps in the literature at the end of section 2.  These aims arise 

from the state of knowledge in filtration and the effect of aerosols on human health.  

A program of research was developed to address the aims and objectives. This chapter 

gives an overview of the research program which will attempt to examine the 

filtration processes mentioned both on a macroscopic and microscopic scale and 

address some of the gaps in knowledge.  This will be accomplished through a 

combination of experimental observation and modelling.   

 

3.1 Study of the Particle Bounce Effect in Wet and Dry Filtration 

Processes. 

  

Chapter 4 examines the differential capture of liquid and solid aerosols and the 

subsequent difference in bounce properties between the two phases of aerosols.  The 

research examines an actual difference that exists in the collection efficiency of solid 

and liquid aerosols which possess the same aerodynamic size and kinetic energy.  The 

research also examines if this same difference exists in wet filters, where the ability of 

the fibres to absorb particle impact forces is significantly altered.   
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3.2 Flow of Droplets on Angled Fibres.  

 

Chapter 5 examines one of the most fundamental features of the collection of liquid 

aerosols during wet or liquid filtration, the flow of collected liquid along the fibres.  

This work is an extension of the work reported in the literature on the filtration of 

particles with wet filters at varying angles of the entire filter.  The current research 

examines flow of liquid down the individual fibres as a function of fibre angle and 

considers the differential gravity and drag forces acting on a droplet on the fibre.  The 

research seeks to determine if an optimum angle for fibres in a wet or liquid aerosol 

filter exist.  Determination of the existence of an optimum fibre angle will possibly 

allow maximisation of liquid flow down the fibre.  A specially developed 

experimental cell to image the filtration process in real-time on individual filter fibres 

has been developed and used in the investigation.  An image of the cell is shown in 

Figure 3.1 and then with the cell in place in a microscope in Figure 3.2.  Full details 

of the cell and the methodology will be given in Chapter 5.  

 

 

Figure 3.1 – Experimental cell developed to allow imaging of liquid aerosol 

collection on filter fibres in real time.  
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Figure 3.2 – Experimental cell in place in microscope.  

 

3.3 Capture of Solid and Liquid (Oil) Aerosols On Wet Fibres 

 

Chapter 6 extends the research in the previous chapter to the collection and flow of 

water on fibres with additional aerosol particles present.  This case utilised a similar 

experimental apparatus and methodology.  However the aerosol generation equipment 

was altered to allow generation and simultaneous capture of both oil and water 

particles, and solid and water particles.  Such aerosol mixtures are frequently found in 

industrial aerosol streams so some investigation of their behaviour will be beneficial 

for future industrial implementation.  The effect of the solid and oil aerosol additives 

on the droplet profiles and shapes and on fibres, together with the efficiency of the 

fibre cleaning process under these conditions  are vitally important for evaluation of 

the performance and service life of filters. 

 

 - 45 -



3.4 Observation and Modelling of Clamshell and Barrel Droplets on 

Filter Fibres. 

 

Chapter 7 details the development of a model for the motion of clamshell droplets on 

fibres in the Reynolds transition flow region.  Again, the experimental methodology 

and apparatus used for the investigation is similar to the previous two chapters.  The 

accurate study of droplet motion in this flow region is important since most droplets 

remain on the fibres until the flow around them reaches this region.  The motion of 

such droplets can have a significant effect on the flow and particle capture inside a 

filter.  Chapter 8 uses the same methods to examine features relating to barrel shaped 

droplets, however the oscillation of barrel droplets was not modelled.    
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4 Particle Bounce During Filtration of Particles on Wet and 

Dry Filters. 

 

4.1 Introduction 

 

One of the aims presented in the previous sections, was to conduct a detailed 

investigation of the bounce effect of particles on fibres, and how particle properties, 

and liquid coating of the fibres (wet filtration) affects this phenomenon.   This aim 

was devised due to the relatively small amount of research on particle bounce within 

filters (refer chapter 2.5), and the reported reduced particle bounce effect inside wet 

filters when compared to conventional fibre filters; this effect has not been quantified 

previously. 

 

This current chapter aims to examine the effect of particle bounce in fibrous filter 

systems, by comparing the filtration efficiencies of a solid particle (PSL) with a liquid 

particle (di-ethyl hexyl sebacate – DEHS) of the same size and shape factor under 

identical filtration conditions.  These two particle types have been chosen since they 

are readily obtained in precise monodisperse sizes, they are both completely spherical 

and the density of DEHS is negligibly less than that of PSL (910/1060 kg/m3 

respectively).  The experiments were initially conducted in dry filter systems, then in 

wet systems to determine if the particle bounce is reduced when water is used to coat 

the filter.   
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4.2 Methods 

4.2.1 Experimental Setup 

 

 

Figure 4. 1 - Experimental Apparatus used to examine filtration efficiencies for 

liquid and solid particles on dry filters and filters coated with H2O. 

 

 

Figure 4.1 shows the experimental apparatus, which consisted of:  

• a HEPA filter to remove all extraneous aerosols entering the system and thus 

ensure clean incoming air;  

• flow meters to measure incoming air flow rates;  

• a filter chamber;  

• a Condensation Monodisperse Aerosol Generator (CMAG - TSI, USA) and a 

collison nebuliser to generate the test aerosol;  

• a Process Aerosol Monitor (PAM – TSI, USA) and  Malvern Mastersizer 

(Malvern Instruments, UK) to monitor parameters of test aerosols;  
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• a DustTrak (TSI, USA) was to measure aerosol concentrations upstream and 

downstream of the test filter.   

The equipment was verified to be working before each experimental run, with no 

detectable aerosols passing the HEPA filter. The aerosol (either DEHS or PSL) was 

injected into the centre of the air stream, downstream from the HEPA filter.  The 

DEHS aerosols were generated using a Condensation Monodisperse Aerosol 

Generator (CMAG - TSI, USA) whilst a three-jet Collison type nebuliser was 

employed to aerosolise PSL particles.    

 

The cylindrical filter chamber held circular needle felt fibrous filters with a useable 

diameter of 14.5cm.  The pipework upstream and downstream of the filter contained 

isokinetic sampling points.  The filters were aligned horizontally and clamped 

between two rings, with the airflow passing vertically upwards through the filter.  The 

experimental chamber and all pipework was grounded, so as to minimise the effect of 

any electrical charges. 

 

4.2.2 Filters 

 

Three filters with a range of fibre size and packing density (Figure 4.2 a-c) were used 

for the experiments.  The filters were selected as representatives of low, medium and 

high efficiency types commonly used in industries such as mentioned previously 

(Agranovski and Whitcombe 2001).  The Scanning Electron Microscope (SEM) 

images show the structure of the filters, fibre orientation and relative packing density.  

The parameters of the three filters are given in Table 4.1.  It will be noted that the 

SEM image of filter L (Figure 4.2c) is not representative of the overall packing 
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density.  This image was of the outer extremity of the non sintered side of the filter, 

where the packing density is lower than the average packing density. 

 

 

 

Figure 4.2 a - SEM image of filter H (highest efficiency - polyester)  

 

Figure 4.2 b - SEM image of filter M (medium efficiency - polypropylene) 
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Figure 4.2 c - SEM image of filter L (lowest efficiency – polypropylene – image 

not representative of packing density) 

 

 

Table 4.1 - Filter Parameters 

Fibre size Thickness Packing Density Filter 
(mean±SD) (µm) (mm) (mean±SD) (%) 

Material 

High (H) 16±1.0 2.0 25.2±1.7 polyester 
Med (M) 20±1.2 2.5 16.2±1.3 polypropylene 
Low (L) 60±3.1 3.0 12.5±2.2 polypropylene 
Note: all filters were needle felts (filter H woven) all sintered one side 
 

Parameters of the filters were determined analytically.  Sample filters of known 

dimensions (10 for each type – H, M, L), were weighed on an A&D (Japan) balance, 

accurate to five significant figures, to determine the overall density of the filter.  Fibre 

sizes were determined by examining a number (100 per filter) of randomly sampled 

fibres using a Zeiss (Germany) Standard 25 polarising microscope with a ×10 

objective lens and a graduated eyepiece.  Acid digestion of 1 sample of each filter 

type was undertaken to determine the chemical composition of the fibres.  
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4.2.3 Particles 

 

The PSL particles were obtained in 4 precisely monodisperse sizes in aqueous 

suspension.  The sizes were 0.52, 0.83, 1.50 and 3.00µm.  Liquid DEHS particles 

were generated in aerodynamic sizes exactly corresponding to the above sizes using 

the CMAG.  Although PSL sizes are geometric and DEHS were aerodynamic, since 

both particle types were completely spherical (and the density of PSL is very close to 

1g/cm3), the difference was considered to be insignificant. The PSL particle sizes and 

lack of agglomeration were verified using a microscope (Zeiss std. 25 – as previously) 

with a graduated eyepiece, with an aqueous PSL sample placed on a slide.  Table 4.2 

shows the size distributions of the DEHS and PSL particles and their standard 

deviations. 

 

 

Table 4.2 - Particle Sizes (NMD) and Std. Dev. (GSD) for the Aerosols 

Considered 

 NMD ± GSD for each particle size class of each aerosol type used
DEHS 0.52±0.06 0.83±0.07 1.50±0.08 3.00±0.08 
PSL 0.52±0.01 0.83±0.016 1.50±0.025 3.00±0.04 
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4.2.4 Procedures 

 

For the liquid aerosols, the sizes generated by the CMAG were verified to correspond 

to the PSL sizes using a Malvern Mastersizer prior to commencement of the 

measurement process (to ensure that the particle size/oven temperature calibration 

data supplied in the CMAG manual was accurate) .  During measurement, the input 

size and concentration of both liquid and solid aerosols were monitored continually 

using a Process Aerosol Monitor (PAM – TSI, USA).  For the PSL, clean, dry 

compressed air was also injected to dry any water film on the particles, and the 

procedure for this was carefully developed to ensure that the particles would be 

completely dry before reaching the sampling points or the filter.  This entailed adding 

compressed air until the aerosol size and number measured by the PAM did not 

change, then adding a small amount of surplus air.  The system was operating at low 

relative humidity (<40%). 

  

The first stage of the research utilised dry filters for the removal of liquid DEHS 

particles and solid PSL. Three different face velocities - 0.57, 0.45 and 0.30m/s, were 

used for each size of liquid and solid particles, for all three filters.  The face velocities 

were representative of the range used for such filters in industry.  Also, with lower 

velocities it is less likely for bounce to occur, and with higher velocities it is more 

likely that the water will be removed from the wet filter.  The filters were only 

operated for short periods of time during experimental runs for each particle size (less 

than 5 minutes per aerosol size per filter for each of the three flow rates).  The filters 

were replaced frequently (multiples of each filter were cut from the same sheet of 

filter material before experimentation commenced).  For each particle size and flow 
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velocity in each filtration regime a new filter was used (i.e. 12 identical filters of each 

type for the dry regime and the same number for the wet regime).  The influent 

aerosol mass concentration was kept approximately the same  (0.5mg/m3) for all 

particle sizes.  This was necessary to ensure that the filters were not coated with a 

cake (for industrial use such filters may receive hundreds of mg/m3) to avoid possible 

alterations of their physical characteristics.  The equipment thus attains a pseudo 

steady state, since time scales for clogging are large and thus can be neglected due to 

the short time and low aerosol concentration used in the experiment.  To ensure that 

no alterations to the filter characteristic or clogging occurred, the difference in 

pressure drop across each filter before and after the experiment was measured and did 

not exceed 2Pa. 

 

To determine the filtration efficiency, the mass based aerosol concentration was 

measured before and after the filter using isokinetic sampling points, with 

measurements taken using a DustTrak (TSI, USA).  The DustTrak is capable of 

measuring the total mass based concentration of 0.1-10µm aerosols with an accuracy 

of ±0.1% of the measured value or ±0.001mg/m3, whichever is greater (TSI 2000).  A 

calibration of the DustTrak was performed against the gravimetric method to ensure 

the accuracy of the instrument.  The measurements were in agreement to ±5%.  The 

pipelines connecting the DustTrak to the sampling points were of equal minimal 

length to decrease particle losses, which can be assumed to be minimal, and the same 

for both sampling points.  Upon commencement of each experimental measurement, 

and before the reading was taken, the process stabilised within 10 seconds, at which 

point a measurement was taken.  At least 3 runs were taken for each particle 
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size/type/filter/velocity combination to ensure the consistency of results.  The 

efficiency of the filter (ET) was calculated using the classic equation, (Brown 1993), 

 

(1 ) 100A
T

B

CE
C

= − × ,                  (4.1) 

 

where CB and CA are the mass based particle concentrations before and after 

(upstream/downstream) the filter respectively. 

 

The next stage of the research was the operation of the filters in a wet regime for the 

same sizes of solid and liquid aerosols.  The horizontal filter was irrigated with 

distilled water in an amount sufficient to just coat the fibres.  Due to the short 

sampling time it was not necessary to continually irrigate the filter.  The filter was 

irrigated with water and the fibres examined using a confocal microscope (Zeiss, 

Germany), and a polarising microscope (as previously) to ensure sufficient coverage.  

The filter was then operated at the maximum face velocity necessary for a period of 

time sufficient to take aerosol measurements under normal circumstances.  The filter 

was then removed and examined again to ensure that a sufficient coating remained on 

the fibres.  The liquid on the fibres forms into droplets attached to the fibre (usually 

with a film between the droplets along the fibre).  The wet filter then behaves as a 

filter with ‘thicker’ fibres.  A simple approximation of this structure would be to 

consider a wet filter as a filter with fibres possessing a large standard deviation of 

fibre sizes, and a higher than typical mean fibre diameter.  The same face velocities as 

for the dry regime were used (0.57, 0.45, 0.30m/s), and the upstream and downstream 

aerosol concentrations were measured as for the dry filters.  The filter was initially 

operated in the wet regime before aerosol injection and the amount of aerosolised 
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water measured (usually 0.002mg/m3 or less).  This concentration of water aerosol 

was again verified after aerosol measurements.  The mean of the before and after 

sampling measurements of aerosolised water was taken and subtracted from 

downstream aerosol measurements (note that there were no detectable aerosols 

passing the HEPA filter (therefore upstream aerosol counts were always zero when 

the aerosol injection was not running) so any aerosol measured downstream from the 

filter prior to commencement of PSL/DEHS injection could only be aerosolised water 

(although the amount was negligible as is evident from the above value). 

 

4.3 Results and Discussion 

 

Figures 4.3 – 4.5 show the filtration efficiency for the filters H, M and L.  The ‘a’ and 

‘b’ figures show the results for the dry and wet regimes respectively.  All data points 

on the figures are the average of 3 or more experiments.  Error bars are shown (giving 

the mean ± standard deviation (SD) for the data).  However the SD was generally 

quite low, therefore most error bars are not visible in the figures.  The lines with the 

same symbol in each figure represent the DEHS and PSL efficiencies for the same 

velocity.  The curves through the data points were fitted through the mean values 

using MS Excel. 

 

  

 

 

 

 

 56



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3

Particle size (µm)

Fi
ltr

at
io

n 
ef

fic
ie

nc
y 

(%
)

.5

PSL 0.57m/s

DEHS 0.57m/s

PSL 0.45m/s

DEHS 0.45m/s

PSL 0.30m/s

DEHS 0.30m/s

Figure 4.3 a – Filter H - measured efficiencies for solid (PSL) and liquid (DEHS) 

aerosols for the dry regime (conventional filtration). 

 

 

 

 57



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3

Particle size (µm)

Fi
ltr

at
io

n 
ef

fic
ie

nc
y 

(%
)

.5

PSL 0.57m/s

DEHS 0.57m/s

PSL 0.45m/s

DEHS 0.45m/s

PSL 0.30m/s

DEHS 0.30m/s

Figure 4.3 b – Filter H - measured efficiencies for solid (PSL) and liquid (DEHS) 

aerosols for the wet regime (H2O coating filter fibres). 

 

 58



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3

Particle size (µm)

Fi
ltr

at
io

n 
ef

fic
ie

nc
y 

(%
)

.5

PSL 0.57m/s

DEHS 0.57m/s

PSL 0.45m/s

DEHS 0.45m/s

PSL 0.30m/s

DEHS 0.30m/s

Figure 4.4 a – Filter M - measured efficiencies for solid (PSL) and liquid (DEHS) 

aerosols for the dry regime (conventional filtration). 

 

 59



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3

Particle size (µm)

Fi
ltr

at
io

n 
ef

fic
ie

nc
y 

(%
)

.5

PSL 0.57m/s

DEHS 0.57m/s

PSL 0.45m/s

DEHS 0.45m/s

PSL 0.30m/s

DEHS 0.30m/s

Figure 4.4 b – Filter M - measured efficiencies for solid (PSL) and liquid (DEHS) 

aerosols for the wet regime (H2O coating filter fibres). 

 

 

 

 

 60



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3

Particle size (µm)

Fi
ltr

at
io

n 
ef

fic
ie

nc
y 

(%
)

.5

PSL 0.57m/s

DEHS 0.57m/s

PSL 0.45m/s

DEHS 0.45m/s

PSL 0.30m/s

DEHS 0.30m/s

Figure 4.5 a – Filter L – measured efficiencies for solid (PSL) and liquid (DEHS) 

aerosols for the dry regime (conventional filtration). 

 61



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3

Particle size (µm)

Fi
ltr

at
io

n 
ef

fic
ie

nc
y 

(%
)

.5

PSL 0.57m/s

DEHS 0.57m/s

PSL 0.45m/s

DEHS 0.45m/s

PSL 0.30m/s

DEHS 0.30m/s

Figure 4.5 b – Filter L – measured efficiencies for solid (PSL) and liquid (DEHS) 

aerosols for the wet regime (H2O coating filter fibres). 

 

For the conventional ‘dry’ filtration regime, it can be observed that there is a 

significant difference in filtration efficiency between the solid and liquid particles, 

which is greatest for the 1.5µm size range.  The difference between solid and liquid 

aerosols generally decreases with decreasing face velocity, as does the overall 

filtration efficiency for both aerosols.  The overall efficiency generally decreases with 

decreasing particle size, due to the lessening effect of inertial capture forces.  A 

decreasing difference (between solid and liquid efficiency) is evident for the 3.0µm 

particles, which is unusual as larger particles have greater inertia and are thus more 

likely to bounce.  This, however must be countered by the far greater number of 
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fibre/particle collisions which could be predicted for a 3.0µm particle over a 1.5µm 

particle, when traversing a filter.  The number and nature of particle/fibre interactions 

in a filter are complex, and further research would be needed to determine the exact 

cause of this behaviour.    There is a visible difference between the means of the 

PSL/DEHS efficiencies for each particle size/velocity/filter combination, although the 

difference is not always significant.  All means for the 1.5µm size were significantly 

different (between DEHS and PSL for each particle size/velocity/filter combination), 

with decreasing numbers of significantly different means for the 0.83, 3.00, and 

0.52µm sizes respectively.  The error bars for most of the results are quite low, and do 

not exceed 20%.  

 

The negligible difference between the ‘solid’ and ‘liquid’ efficiencies was observed 

for the wet regime (b figures).  All differences between solid/liquid means are not 

statistically significant.  The efficiencies for the wet filters were far greater than that 

for the same filter operated in the dry regime.  The dry results show a greater ‘drop 

off’ of efficiency in the 0.5µm and 1.0µm ranges than do the wet.  Since the liquid 

coating on a wet filter will increase the flow velocity within the filter (over the dry 

case) this is likely to affect the dominant filtration mechanism(s) inducing particle 

capture at a given flow rate.   

 

The results in Figures 4.3a, 4.4a, and 4.5a were compared to the classical single fibre 

efficiency theory calculations (Hinds 1999) for particles with the same size and 

density as those used in the experiments under the same conditions, and found to 

approximately correlate (usually to within ± 15% or better) as would be expected.  

Since the single fibre efficiency calculations do not account for the occurrence of 
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particle bounce or some properties of particle type (e.g. solid/liquid, hardness, 

elasticity), the theory cannot be expected to give a completely accurate correlation.  

However, Figure 4.6 shows the correlation between the single fibre efficiency 

(calculated using the equations in Hinds (1999)) and corresponding experimental 

results for the filter H (at V=0.57m/s).  Figure 4.6 is an acceptable agreement and is  

relatively typical of the correlation between theory and experiment for the dry filters.   

The single fibre efficiency model cannot be accurately applied to wet filters without 

determining the new ‘effective fibre diameter’ and ‘effective packing density’ induced 

by the liquid coating on the filter.  Therefore the wet filtration results are not shown in 

Figure 4.6.  
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For the dry filters only, Table 4.3 shows the additional number of PSL particles 

(compared to DEHS) of each size passing through a particular filter (ExPSL).  The 

number results have been obtained using, 

 

PSL PSL DEHSEx N N= − ,                            (4.2) 

 

where ExPSL is the number of additional PSL particles passing the filter per normal 

cubic metre of air, and NPSL and NDEHS are the total numbers of PSL and DEHS 

particles passing completely through the filter respectively.  The percentage results 

(PEX) are the percentage of PSL aerosols passing the filter compared to the number of 

DEHS particles passing completely through the filter: 

 

100PSL
EX

DEHS

ExP
N

⎛ ⎞
= ×⎜ ⎟

⎝ ⎠
.                            (4.3) 

 

These results show the differential efficiencies for solid and liquid aerosols in terms 

of the number of actual particles bouncing completely through the filter.  The percent 

values are the percentage of extra PSL particles passing the filter compared to the 

total percentage of DEHS particles passing the filter.  It will be noted that there is a 

general trend (especially in the larger size fractions) for the percentage of PSL 

particles bouncing to reduce with reducing face velocity.  This would be expected, 

since the particle kinetic energy is also decreasing as velocity decreases.  

Furthermore, a trend will be noticed for the percentage bounce to reduce with 

reducing filter efficiency/type (H, M, L).  This feature can be accounted for by the 

fact that this corresponds to a decrease in packing density, meaning that the average 
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velocity inside the filter will be decreasing with filters of decreasing efficiency (for 

the same face velocity). 

 

Table 4.3 – Comparison of differential bounce effect between solid and liquid 

aerosols for dry filter only: refer to equations 4.2 and 4.3 for method of calculation 

of parameters. 

Particle Size 

0.52µm 0.83µm 1.50µm 3.00µm 

 V 
(m/s) 

ExPSL 
(/Nm3) 

PEX 
(%) 

ExPSL 
(/Nm3) 

PEX 
(%) 

ExPSL 
(/Nm3) 

PEX 
(%) 

ExPSL 
(/Nm3) 

PEX 
(%) 

0.57 5.3x108 18.3 3.8x107 8.1 3.7x107 419.5 2.9x106 662.9 
0.45 1.8x107 0.47 4.2x107 6.5 3.6x107 214.6 1.9x106 210.1 

 
H 

0.30 -1.1x108 -2.6 -8.6 x107 -9.6 4.1x107 81.5 2.3x106 153.4 
0.57 8.8x107 2.0 -1.5x107 -1.4 4.6x107 97.5 2.9x106 402.1 
0.45 -2.6x108 -4.8 -3.4x107 -2.7 6.2x107 76.65 2.8x106 186.9 

 
M 

0.30 2.7x108 5.6 2.8 x107 2.3 8.5x107 84.1 1.2x106 25.5 
0.57 1.5x108 2.7 1.5x108 12.1 5.1x107 30.7 2.6x106 30.1 
0.45 5.3x108 10.0 6.7x107 5.1 2.7x107 13.4 -4.4x105 -3.0 

 
L 

0.30 7.8x107 1.4 1.5 x107 1.0 2.3x107 11.0 4.9x104 0.30 
 

 

The results for the dry regime clearly show that the efficiencies for DEHS are 

significantly greater than those for PSL, and since the fibres with which the aerosols 

are impacting are of the same type, this implies that the DEHS is better able to absorb 

the collision force than the PSL.  This differential efficiency between the two particle 

types decreases with decreasing particle size and face velocity.  However, this 

decreasing difference could be expected, since both decreasing particle size and 

decreasing face velocity will reduce the kinetic energy which must be dissipated by 

the particle/fibre on contact. 
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Figure 4.7a – Plot of efficiency vs. kinetic energy for filter H in the dry regime. 
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Figure 4.7b – Plot of efficiency vs. kinetic energy for filter M in the dry regime. 
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Figure 4.7c – Plot of efficiency vs. kinetic energy for filter L in the dry regime. 
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 Figure 4.7d – Plot of efficiency vs. kinetic energy for filter H in the wet regime. 
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Figure 4.7e – Plot of efficiency vs. kinetic energy for filter M in the wet regime. 
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Figure 4.7f – Plot of efficiency vs. kinetic energy for filter L in the wet regime. 
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Figure 4.7 shows the efficiency vs. particle size results converted to efficiency vs. 

kinetic energy (KE) .  KE values were calculated incorporating the packing density (c) 

of each filter to determine an approximate void space and thus an approximate 

average velocity of air flow through the filter.  The assumptions for this calculation 

were that the void space and velocity within each filter were relatively uniformly 

distributed.  These graphs combine the four particle sizes and three velocities from 

each filter into one curve for each filter for each particle type (for dry and wet regimes 

separately). 

 

For the dry regime Figures 4.7(a-c) it is evident that the liquid particles exhibit greater 

efficiency for the same KE.  This difference decreases with decreasing KE as would 

be expected.  For the wet regime Figures 4.7(d-f) there is no difference in efficiency 

between solid and liquid particles of the same KE.  

 

For the analysis of bounce of aerosols on filter fibres, equations (2.22) and (2.23) are 

at this stage of little use, since values of the Hamaker constant (A) for liquids are not 

reported in literature.  Further the e values are not reported in literature for common 

fibre substances such as polyester and polypropylene.  In addition to this, e  values for 

plates of the aforementioned polymers may differ from those of fibres of the same 

substances.   

 

Note that equation (2.24) in Section 2 indicates that an increase in KE leads to an 

increase in probability of bounce by flakes.  Note also that equations (2.22) and (2.23) 

suggest minimum KE levels for bounce to occur, and support the concept of 

increasing KE leading to greater probability of bounce.  However, in Figure 4.7, 
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increasing KE gives greater capture, due to the increased inertial forces, thus a bounce 

probability equation cannot be determined.  If it was possible to determine how many 

particles of each size were not contacting fibres, then it would be possible to 

determine the probability of bounce along the lines of equation (2.24), if the filters 

were modelled as a uniform fibre spacing and orientation. 

 

For the wet filtration regime (Figures 4.3b, 4.4b, 4.5b, 4.7d-f) the efficiencies do not 

significantly differ with changing particle type.  Any discrepancy present is most 

likely due to experimental error or the expected lower efficiency of DEHS due to its 

lower particle density.  This lack of, or greatly reduced bounce in such wet filter 

systems is significant as it implies that the water film must act to inhibit bounce either 

by aiding energy dissipation or by preventing the particle from being repelled from 

the fibre.  The significantly improved efficiency is also an important factor of the wet 

filtration technology.  It is possible that the greatly increased efficiency of the wet 

filtration process is masking the detection of aerosol bounce.  Although this is 

possible, it is unlikely, since a general trend of the PSL particles to bounce more than 

the DEHS should be noticeable in the results (even if not large enough to be 

significant).  
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4.4 Conclusion 

 

It is evident from the above work that the filtration efficiency in dry fibrous filters can 

be significantly altered by the ability of the particle to absorb the impact forces when 

contacting a fibre.  Although PSL is reported to be a “soft” particle and thus able to 

deform more than other solid particles, the DEHS is evidently able to deform to a 

greater degree to limit the bounce/re-entrainment effect.   Therefore liquid DEHS 

particles must be better able to dissipate the energy involved in the impaction process 

than solid PSL particles (Mullins et al. 2003b).   

 

It has also been shown, however, that in wet filter systems this effect is completely 

removed or at least significantly reduced, most likely by the influence of the water 

coating in dissipating the impact energy.  This points to the further applicability for 

the technology, not only due to its self cleaning nature, and high efficiency, but also 

for the ability to efficiently remove aerosols with advanced bounce properties 

(Mullins et al. 2003b). 

 

Future work examining the bounce of individual aerosols on filter fibres using a 

model filter at microscopic scale would be advantageous.  This would allow 

adaptation of the theories developed for flat plates to be used to determine and predict 

the bounce properties of aerosols on filter fibres. 
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5 Effect of Fibre Orientation on Fibre Wetting Processes. 

5.1 Introduction 

 

It was identified in Chapter 2 that the liquid flow along fibres was vital to the self cleaning 

process in wet filtration.  The self cleaning process continuously removes contaminant 

particles, allowing the wet filter to operate in a stable filtration regime, where the pressure 

drop across the filter remains relatively constant.  As mentioned previously, besides the self 

cleaning ability, the other advantages of wet filters are increased filtration efficiency, and the 

ability to capture sticky or viscous liquid aerosols.  The self cleaning or flow of collected 

liquid/aerosols along filter fibres is also an important issue which requires further study, and 

particularly how the orientation of the fibre effects this process.  The orientation of entire 

filters has been studied, as discussed in Chapter 2.7, however there remains a need for a 

greater understanding of the process on a smaller scale.   

 

This Chapter expands on previous work presented in Chapter 2 which examined the angling 

of entire wet filters.  This study aims to examine the fibre wetting process with respect to its 

application to the field of wet filtration, for the removal of airborne contaminants.  Therefore, 

static studies (conducted in other fields of fibre wetting) are of no use to this field.  Both 

airflow and gravitational forces must be considered.  The main aim of this study is to 

examine the effect of fibre angle (in relation to airflow and gravity directions) on the fibre 

wetting process. The forces acting on the fibres which help to induce droplet flow (and thus 

wet filter self cleaning) will be considered both theoretically and experimentally.  This will 

be achieved by tilting fibres in a 2D plane defined by the airflow (horizontal) direction and 

the vertical direction.  Only barrel shaped droplets will be considered.  
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5.2 Development of Theory 

 

The most important forces involved in droplet motion and flow on fibres are the air drag 

force, the gravitational force, and the total change in surface tension induced by the change in 

droplet profile as the fibre is angled.  To determine the drag force (Fd) acting on a droplet on 

a fibre or array of fibres in a parallel sided channel, Stokes’ drag equation with Faxen’s 

correction can be used (Kirsch 1978), 
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c c c c
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l l l l

π µ
5 −
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⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

,  (5.1) 

 

where , and  a is the fibre radius, 2h2c cl h= − a c is the distance between adjoining fibre axes 

or the distance between the fibre axis and the edge of the channel (Figure 2.1), 2lc is the 

channel width surrounding each fibre, b is the droplet radius (perpendicular to the fibre at the 

widest point), U is the face velocity, and µ is the viscosity of the gas (see Figure 5.1).  It will 

be noted that Faxen’s correction applies only to the velocity in the channel and assumes that 

the droplet remains spherical in shape.  We assume that a<<b and therefore that the fibre 

volume inside the droplet is negligible. 

 

The gravitational force (Fg) acting on the droplet is 

 

gbmgFg ρπ 3

3
4

== ,                  (5.2) 
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where m is the mass of the droplet, g is acceleration due to gravity (9.81ms-2), and ρ is the 

droplet density. 

 

 

Figure 5. 1 - Diagram of forces acting on fibre/droplet and angles.  Drag force (Fd) is 

parallel to the x axis, gravitational force (Fg) is parallel to the z axis.  θf, θg, and θd relate 

to the fibre, gravity and drag respectively. 

 

 

The adhesion force (FA) of the droplet to the fibre can be given by, 

 

( cos cos )2 0A R AF T T ra mgθ θ π= − − = ,                (5.3) 
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at the point where the droplet flows down the fibre.  Here, T is the tension per unit length of 

the contact line, and θR and θA are the contact angles on retreat and advance, respectively (see 

Figure 2.1 for graphical representation of  θR and θA parameters).   Unfortunately, the 

variation in interfacial tension with changing droplet profiles (thus changing θR and θA) on 

differently angled fibres is far more difficult to quantify, as the only suitable equations are in 

2D, not 3D (necessary due to the forces acting along the cylindrical fibre), and cannot readily 

be converted into spherical co-ordinates.  Then if we are only considering the magnitude and 

direction of these forces (and can assume that the change in interfacial tension is small) we 

can neglect the interfacial tension acting on the fibre/droplet.  Since it will not effect the 

angle at which the vector sum of the gravitational and drag forces along the fibre are 

maximised.  

 

We consider the droplet on the fibre (see Figure 5.1), where gravity is acting along the z axis, 

airflow (hence drag) is applied along the x axis, and the fibre is inclined at θf.  Then, the 

combined gravitational and drag forces along the fibre (FQ), will be the sum of the 

component vectors of Fg and Fd, 

 

 

( ) ( ) ddggQ FFF θθ coscos += .                  (5.4) 

 

This can be then maximised for FQ, to determine the fibre angle (θMAX) where droplet flow 

will be maximised, and thus, 
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with Fd and Fg as given in equation (5.1) and equation (5.2), and where the variables are: 

θMAX; ρ; b; U; µ; and lc.  Thus equation (5.5) will be compared to experimental results and a 

sensitivity analysis of equation (5.5) will be conducted to determine the effect of each of the 

parameters. 
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5.3 Methods 

5.3.1 Experimental setup 

 

 

Microscope 

Aerosol 

 Pump 

Flow 
meter  

Fibre Cell

Control 
Valve  

HEPA 
Filter 

CCD Camera 

Collison 
Nebulizer 

Figure 5. 2 - Experimental setup. 

 

The experimental setup is shown in Figure 5.2.  Clean dry compressed air was used to 

aerosolise distilled H2O from a ‘Collison’ type nebuliser.  The compressed air supply 

provided sufficient air volume and appropriate aerosol loading, so no dilution was required.  

The compressed air inlet volume was kept constant, therefore the aerosol mass concentration 

generated remained constant throughout the experiments.  This was periodically verified 

using a Process Aerosol Monitor (PAM – TSI, USA).  The nebuliser generated a polydisperse 

aerosol, 2.8±0.8µm in size. 
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The water aerosol was fed into the cell placed in a Zeiss Standard 25 light polarising 

microscope, with a x10 objective lens, and a CCD camera (Panasonic, Japan) attached.  All 

cells used in the experiments were identical and both the inlet and outlet were designed so as 

to make the air flow field within the cell of maximum uniformity.  The flow uniformity 

through the cell was confirmed during the cell’s design stage by passing smoke from a smoke 

tube (Drager, Germany) through the cell and observing the flow streamlines.  

 

5.3.2 Fibres and cell configurations 

 

Nine configurations of fibres were used in the experiments.  Each configuration consisted of 

4 fibres, with all fibres being 7±0.1µm diameter glass.  These fibres are wettable with water, 

thus producing barrel shaped droplets.  Fibre diameters were determined by microscopy 

before placement in the cells.  Cell configurations are given in Table 5.1, where the angle θf 

given are according to the co-ordinate system in Figure 5.1.  The last two columns refer to the 

experiments which contained two sets of two parallel fibres each.  The sets of fibres 

intersected with each other in the centre of the cell (to be discussed later – see Figure 5.7).  

Figure 5.3 shows an example of the fibre placement in the cell.  Since the fibres were placed 

manually (using tweezers and latex gloves to ensure no possible surface contamination), it 

was impossible to produce completely exact fibre spacings and angles, however they were 

relatively uniform, as shown in the figure.  The fibres were secured at the top and bottom by 

double sided adhesive tape, then clamped in place by the two halves of the cell (the cell 

halves are fixed by screws and sealed by a neoprene seal).  It was initially found that the 

fibres had attained some surface contamination while being stored prior to experiments (to be 

discussed later in Section 5.5).  Therefore, all fibres were cleaned prior to use by washing in 
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acetone, followed by flushing of the acetone with distilled water, and drying in an oven at 

100oC. 

 

Table 5. 1 - Mean fibre angles and fibre spacing for each cell configuration – all cells 

contained 4 glassfibres, 7µm diameter each.  The 270/290 and 270/250 cells contained 2 

fibres at each angle.  The angles are according to the co-ordinate system in Figure 5.2. 

Angle (θf) 246 258 270 283 284 287 294 270/290 270/250 

Fibre spacing (µm) 123 130 142 193 121 172 123 15/30 15/30 

 

 

5.3.3 Experimental Procedure 

 

At the beginning of each experiment, a cell with newly installed, clean fibres was placed in 

the microscope and connected to the air/aerosol supply.  The airflow was commenced at the 

same time as the aerosol flow.  The airflow and aerosol loading were kept constant 

throughout all experiments.  The average air velocity through the cell was 1.0m/s during all 

experiments.  Images were recorded using the CCD camera and microscope objective lens for 

8 minutes at 25frames per second (fps) from commencement of the airflow through the cell.  

During this time, all droplets located on the fibres were imaged, and the flow direction of the 

droplets were recorded.  After each experimental run, the tubing between the nebuliser and 

the cell was dried by compressed air to ensure no collected H2O present on the walls, so as 

not to affect the results for the following cell. 
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5.3.4 Image Analysis 

 

The real time images for each cell (8mins at 25fps – a total of 84 000 images)were initially 

examined visually to determine the number of droplets which left the fibre by flowing down.  

Droplets which ‘blew off’ or flowed up the fibre were not included in the analysis as they do 

not contribute to the cleaning of the fibre.  The 367 frames showing such droplets 

immediately before flowing down the fibres were then analysed in the MATLAB Image 

Analysis Toolbox (Mathworks, USA).  After cropping the image to remove all stationary 

droplets (except droplets which were subsequently removed by the falling droplet), the 

droplet edge profile was determined using the ‘canny’ edge detection method incorporated in 

the toolbox.  The droplet cross sectional area, and diameter in both the x and y direction, was 

then determined in pixels and converted to a size in µm2 using the known resolution of the 

microscope/camera lenses (1 pixel = 0.9x0.9µm).  The time code of each ‘flow’ incident was 

recorded along with the droplet size data.  There were instances when multiple droplets on 

separate fibres flowed down during the same frame.  Obviously, if a droplet from the top of 

the fibre flowed down it removed all lower droplets, all such droplets were then recorded.  

The droplets were assumed to be spherical, although this is not exactly the case, this 

approximation is sufficiently accurate and has been used previously (Kirsch 1978).  A typical 

barrel shaped droplet at rest (on a vertical fibre) would have dimensions of 200 µm and 

210 µm in the x and z directions respectively.  In the images, droplets which are attached to 

more than one fibre appear far from spherical, however this is due to the small volume of 

water forming the contact line or meniscus with each fibre, and does no account for a large 

volume of liquid (see Figure 5.4 for example). 
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5.3.5 Sensitivity Analysis 

 

An analysis of the sensitivity of the variable θMAX to the input variables in equation (5.5), was 

performed using the New Morris Method (first and second order screening methods) 

(Campolongo and Braddock 1999).  The methods construct sets of paths through parameter 

space, to provide points in parameter space to sample the model output.  The first order 

method provides mean and standard deviation values for each factor, where the values are 

taken across the parameter space.  The first order effects are approximations of the first 

derivatives of the output.  Likewise the second order method provides mean and standard 

deviation values for each pairwise interaction between the factors, with the second order 

effects being approximations to the second derivatives of the output.  Both methods are based 

on graph theory, and use the optimal number of model evaluations to reduce computation 

time for a given accuracy (Campolongo and Braddock 1999). 

 

The software used to perform the sensitivity analysis was a MATLAB based program 

developed by Cropp and Braddock (2002).  The program required the model equation (5.5) to 

be coded in a separate MATLAB function as an input, together with the upper and lower 

bounds of each factor (variable) in the model.  These are given in Table 5.2.  It was found 

that 5 runs at a resolution of 10 was sufficient to give an accurate sensitivity analysis. 

 

Table 5. 2  Bounds for factors in New Morris Method sensitivity analysis. 

Factor Name Lower Bound Upper Bound Units 
U (velocity) 0.05 10.0 m/s 
µ (air viscosity) 1.72x105 2.16 x105 Pa.s 
b (droplet radius) 0.001 x10-3 1.0 x10-3 m 
lc (channel width) 0.005 x10-3 2.0 x10-3 m 
ρ (droplet density) 700 1300 kg/m3
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5.4 Results 

 

Some images of the process (from the 84 000 images examined) are presented in Figures 5.3-

5.9. In all images, airflow is from left to right at a velocity of 1.0 m/s.  Figure 5.3 shows a 

typical image of the captured liquid on the fibres, showing the predominantly barrel 

formation.  Many of the smaller droplets located on the upstream face of the fibres are not yet 

large enough to form full barrel shaped structures.  Note that the barrels (even those on one 

fibre) are not completely axisymmetric, and the shape of the droplets between two fibres is 

different again (although remaining very close to a sphere).  

 

 

Figure 5. 3 - Sample image showing droplets on fibres - θf  = 246o – note barrel shape of 

droplets, which was the preferred shape (V=1m/s, b=3.5µm and airflow is left-right for 

this and all following images). 
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Figure 5.4 shows a droplet spread across 3 fibres, and due to the angle appears to be 

hexagonal in outline due to the fibre contact regions.  This is approximately the largest 

droplet size reached during experiments.    

 

 

Figure 5. 4 - Large droplet spread across 3 fibres - θf  = 294o. 

 

Figures 5.5 and 5.6 show droplets flowing down, and up fibres, respectively.  It can be 

observed that the smaller droplets coalesce into the main droplet as the main droplet moves 

along the fibre.  For all θf  ≥270o, the flow was always down the fibre (as in Figure 5.5 – 

although some droplets occasionally blew off), while  for θf  <270o the droplets 

predominantly flowed up the fibre or blew off.   
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(a)  

(b)  

Figure 5. 5 (a) and (b) - Droplet flow down fibres - θf  = 294o – (a) initial image, (b) 

image 0.08 seconds later (note large droplet flowing down has absorbed previous 

droplets). Note the imperfection in the fibre, indicated by the arrow. 

 

 85



(a)  

(b)

 

 

(c)  

Figure 5. 6 (a), (b) and (c) - Droplet flow upwards on fibres - θf  = 246o – (a) initial 

image, (b) image 1/25 sec later (note large droplet (on left) flowing up has absorbed 

previous droplets), (c) droplet has continued upwards.  Fibre surface contaminated – all 

other images show cleaned fibres. 
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Figure 5.7 shows the ability of the liquid’s tension/adhesion forces to pull fibres together 

(even though they were initially placed in the cell under slight tension).  Figure 5.7a shows 

the fibres close to their original position, which can then be observed pulling progressively 

together as more aerosol collects and more droplets form.   

 

(b)   

(b)   

Figure 5. 7 - (a) and (b).  Fibres pulling together under surface tension - θf  = 270/290o – 

(a) initial image (0 secs), (b) 4 secs.   
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Figures 5.8 and 5.9 show the fibres pulled together completely, so it appears that there are 

only two fibres in the cell.  Once the collected liquid was allowed to evaporate, the fibres 

returned to their original position.  This phenomenon was observed with the cells containing 

all parallel fibres, although to a much lesser extent, and only when fibres were already quite 

close.   

(a)  

(b)   

(c)  

Figure 5. 8 (a-c) - Formation of new droplets by film flow along upper fibres - θf  = 

270/290o – (a) initial image (0 secs), (b) 4 secs, (c) 8 secs. 
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Figures 5.8 and 5.9 show the creation of new droplets from film flow on the sets of twin 

parallel fibres.  In both cases, the film flowed down the join between the sets of two fibres 

until the intersection of all four fibres, at which point it transferred to a droplet.  It was 

impossible for this droplet to grow in the time period shown, purely from collected aerosols, 

which supports the observation of film flow.  Due to the nature of the droplet motion with 

respect to the fibre angle shown in Figures 5.5 and 5.6, the droplets formed in Figure 5.8 

were on the lower side of the intersection, while the droplets in Figure 5.9 were on the upper 

side.  The droplets would then flow down/up (or blow off) in the θf  =270/290o and θf  

=250/270o cases respectively.  Note that the film flowed in the same direction regardless of 

fibre the angle. 
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(a)  

(b)  

 (c)  

Figure 5. 9 (a-c) -  Formation of new droplets by film flow along upper fibres - θf  = 

250/270o – (a) initial image (0 secs), (b) 2 secs, (c) 6 secs. 
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Figure 5.10 approximates the measured droplet flow to an equivalent film depth to allow 

comparison between fibre angles.  The film flow thickness is obtained by averaging the total 

droplet volume over the sampling time (8mins) and dividing by the fibre surface area.  Each 

cell (in Figure 5.10a) contained 4 fibres in parallel at the given angle, while in Figure 5.10b 

there were two fibres at the first angle, which intersected with two fibres at the 2nd angle 

(refer Figures 5.6-5.9). In Figure 5.10a, a parabola has been fitted to θf ≥ 270o.  A parabola 

was used for the fit as it was believed this shape most closely matched the data, and also 

corresponded with the theory that there would be a maxima, at which point the greatest 

downward flow occurred.  All cells containing fibres with θf  <270o had the lowest film 

thickness (Figure 5.10a), including cell θf  = 270 o/250o, which had 2 vertical fibres (Figure 

5.10b).  It was noted during the experiments that for cells with all fibres θf  ≥ 270 o, the 

droplet flow was more even and uniform than for the cells with fibres θf  <270 o.  Much of the 

flow in the latter cells was predominantly up the fibre, or the droplets simply grew in size 

until they blew off the fibre.  
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Figure 5. 10 (a) and (b) - Equivalent film flow thickness down each individual fibre in 

each cell as a function of θf.  In (a) a parabola has been fitted to θf ≥ 270o R2 = 0.8276. 

(b) shows results for the cells with 2 pairs of parallel fibres. 
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Figure 5.11 shows the mean volume of each droplet flowing down a fibre, and error bars 

giving the standard deviation (SD).  It is evident that the volume of the droplets for θf  <270o 

have a higher mean and a much larger SD.  The mean droplet volumes for θf  ≥270o was 

relatively close and fairly low.  In Figure 5.11b there was a little difference between the 

droplet volumes for the two configurations.  The data in Figure 5.11 were analysed using a 

Generalised Log-Linear Model  to perform an ANOVA and a  t-test, using the SAS package 

(SAS Institute Inc., USA) to compare the significance at a level of 0.05.  This test was used 

as it can account for the different size of each group within the data.  The data in Figure 5.11a 

and 5.11b were tested separately. For 5.11a the test showed that the two configurations at     

θf  <270o were not significantly different from each other yet were significantly different 

from all other angles.  There were no significant differences found between the other angles 

except for θf  = 294o, which was significantly different from θf  =283o and θf  =284o.  There 

were no significant differences in the data presented in Figure 5.11b. 
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Figure 5. 11 (a) and (b) - Mean droplet volume ±SD for all droplets. Only droplets 

flowing down the fibres were considered. 
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The time period between each captured ‘flow incident’ was recorded along with the images, 

this is the time between each droplet or group of droplets flowing down the fibre. For Figure 

5.12a, there is a general trend for the angles θf  <270o to have much higher time periods and 

SD’s than the other angles.  An anomaly to this trend is the θf  = 287o configuration.  This cell 

generally had multiple droplets falling at one time, which were captured as one event.  The 

results in Figure 5.12a and b were analysed using the same method as for Figure 5.11.  The 

means for θf  =246o and θf  = 287o were not significantly different from each other yet 

significantly different from all others. The θf  =258o result was significantly different from all 

others. There were no other significant differences apart from θf  =294o being significantly 

different from θf  =284o and θf  =287o.  For Figure 5.12b, there were no statistically 

significant differences, although there is a clear visual difference between the two means. 

 

The data for angles θf  ≥270 o was fitted to a parabola, which is shown in Figure 5.10. 

Although the magnitude of the peak appears too low (induced by the seemingly low θf  = 

287o value), the curve is a good fit, demonstrated by R2=0.8726.  The parabola gives a 

maximum at θf  = 279.5o which should be equal to θMAX.  The mean droplet volumes for all 

angles θf  ≥270 o were averaged, and this value was then converted to a radii and used as the 

droplet radius (b) input to the model given in equation (5.5), which determined that FQMAX  

was reached at θMAX =277.3o. 
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Figure 5. 12 (a) and (b) - Time interval between droplet ‘flow’ incidents ±SD.  Note that 

multiple droplets could flow down in the same second, which were regarded as one flow 

incident, rather than multiple with zero second spacing. 

 

Table 5.3 and Figure 5.13 show the results of the sensitivity analysis procedure.  The mean 

and SD of the first order and second order effects are given, as is the mean and SD rank.  A 

rank of 1 shows the parameter with the greatest effect.  From Figure 5.13, it can be observed 
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that the only significant first order effect is for b, which is the droplet radius, while significant 

second order effects were found for the interactions of U and b, b and l, U and ρ, and l and ρ. 

 

 

Table 5. 3 - Results for factors in New Morris Method sensitivity analysis – the mean 

and SD for each effect is shown, along with the ranking of the mean and SD (lower 

numbers denote greater sensitivity). 

First Order Effects 
Factor Mean Rank SD Rank 

U 0.147831 2 0.10261 2 
µ  0.024191 5 0.023021 5 
b 1.143021 1 1.383862 1 
lc 0.085989 3 0.06292 3 
ρ  0.058812 4 0.046367 4 

 
Second Order Effects 

Factor Mean Rank SD Rank 
U and µ 0.033209 10 0.026271 10 
U and b 3.195807 1 1.442035 1 
U and lc 0.150259 9 0.109813 9 
U and ρ 1.219032 3 1.026343 3 
µ and b 0.520005 6 0.274734 7 
µ and lc 0.442109 7 0.728215 6 
µ and ρ 0.367881 8 0.329154 8 
b and lc 1.615657 2 1.082838 2 
b and ρ 0.705451 5 0.880695 5 
lc and ρ 1.204147 4 1.041786 4 
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(a)       (b) 

 

Figure 5. 13 (a) and (b) - New Morris Method sensitivity analysis results – SD vs. Mean 

of first order (a) and second order (b) effects.  Points considered significant have been 

labelled. 

 

 

 

 98



5.5 Discussion 

 

Figure 5.5 shows that the droplet flow/self cleaning effect is rapid and effective, although this 

is without the presence of solid particles.  Droplets travel down the fibre, removing all other 

droplets in their path (and in a real filter, any collected particulates).  The reason for the gap 

without droplets in Figure 5.5a (3rd fibre from left) is that a flow event has occurred already 

on that fibre from the middle of the fibre downward (as shown by arrow).  There is also an 

obvious anomaly in the structure of that fibre, although it does not appear to have affected the 

wetting process significantly. For θf  <270 o, even though a significant gravity component 

existed down the fibre, the droplets still flowed up the fibres (as shown in Figure 5.6).  The 

images in Figure 5.6 were not used as part of the experiment as there was surface 

contamination of the fibres with an organic chemical (observable through the presence of 

predominantly barrel shaped droplets, not clamshell shapes, as is preferable for clean 

glassfibres).  These images were taken before the realisation of the need to clean the fibres 

before use (refer Section 5.3.2) – all other images show cleaned fibres. The fibres were 

subsequently cleaned upon which barrel shaped droplets were then present (as shown by 

Figure 5.3 – post cleaning).  These cleaned fibres were then used for all experiments.  This 

image was used as it shows that the flow process still occurs successfully with chemically 

contaminated fibres, and that the chemical properties of the fibre surface can alter its 

wettability. 

 

The occurrence of film flow on the fibres is interesting but not unexpected.  As stated 

previously, film flow can occur on fibres.  However, it is usually broken up by Rayleigh 

instability on fibres so is usually more common on flat surfaces.  Thus, when two fibres are 

drawn together, they behave more as a surface than a fibre, and the collected water flows, 
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seemingly down the ‘v’ shaped channel formed by the two fibres.  It is highly interesting that 

the film flow always flowed downwards on the fibres, even when the droplets flowed up 

(refer Figures 5.8 and 5.9).  This can be explained by the fact that the air drag on a thin film is 

insignificant compared to the air drag on a droplet, which in these experiments were up to 

0.5mm in size.  Therefore the dominant force on such a film will be gravity.  Since the 

volume/rate of the film flow could not be measured, it is possible that the flow in the θf  

=270/290 o) case (Figure 5.8) was underestimated.  However, in the θf  =250/270 o case, 

(Figure 5.9), almost all droplets formed from the film flow flowed upwards, so an 

underestimation of the flow could not have occurred.  Another feature, of the intersecting 

cases, however, was that a droplet which can stably adhere to four fibres at the intersection 

point, finds it difficult to adhere to only two as it flows up/down the rearmost fibres.  

Therefore, it was more common for droplets to blow off the fibres in the intersecting 

configurations. 

 

It will be noted that all the barrel shaped droplets shown in Figures 5.3-5.9 are not 

axisymmetric, as reported in almost all the literature mentioned in the introduction.  Since 

most studies do not consider external forces acting on the fibres, they consider the barrel case 

without the effects of gravity and drag, which is axisymmetric.  Even in the work of Kumar 

and Hartland (1990), which examined droplet distortion under gravity (one of the few papers 

which examined the effects of external forces), the droplets remained axisymmetric since the 

distortion was from top to bottom on vertical fibres.  It was found during all of the above 

experiments that the droplets were axisymmetric without airflow (ignoring distortion due to 

gravity on angled fibres which was quite small).  However, when the airflow was acting there 

was a significant (and readily observable) pull back of the droplets in the direction of airflow. 

 

 100



It is clear that fibres with θf  ≥270 o produce better fibre flow and thus better self cleaning (in 

the case of wet filters) than θf  <270 o.  The flow is far more uniform and frequent (time 

between droplets is smaller) and the droplets are generally smaller.  Even fibre configurations 

which only contain some fibres with angles θf  <270 o appear to have the overall flow 

detrimentally affected i.e. θf  =250/270 o.  Although the fibre spacings used here were much 

greater than those found in most filters, the results should be comparable.  In the current 

study, some droplets were large enough to bridge 2-3 fibres, and these droplets flowed as 

well as smaller droplets on individual fibres, as would occur in a real filter.  However, the 

conversion of the results from multiple fibres to single fibres appeared to work without a 

problem, and produce a good correlation with the theory, as will be shown below. 

 

The correlation between the theoretical and the experimental determinations of θMAX  appears 

to be quite good.  The difference of 2.2 o between the two could be due to the effect of surface 

tension forces or, more likely, experimental error/variation or imperfections in the parabolic 

fit.  Also, the fact that the experiment, which used 4 fibres (with droplets spreading across 1-3 

fibres) was then converted to equivalent single fibre flow to allow comparison with equation 

(5.5) could have induced a small discrepancy between the theoretical and experimental 

results. 

 

The New Morris Method sensitivity analysis showed that the most important first order effect 

was the droplet size (b), although this is also the most difficult factor to predict/control.  For 

practical applications of the model, it would be necessary to conduct initial experiments to 

determine the mean droplet size on a particular filter, then to calculate the optimum fibre 

angle.  This effect was expected, as it was found when using the model that if the droplet size 

was increased (and all other variables remained constant) then θMAX  would decrease until it 
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became exactly 270o.  The second order interaction of b and U was also expected, as U 

affects the drag on the droplet and thus has implications on θMAX.  Likewise the relationship 

between b and lc affects the correction to Stokes’ drag on the droplet.  U and ρ have 

counteracting effects on Fd and Fg respectively, so this relationship could also be expected.  

The final significant effect of lc and ρ is more difficult to explain, however there is a 

counteracting effect of these two variables on Fd and Fg, similar to the relationship between 

U, and ρ .  Thus, by far the most significant factor effecting θMAX  will be the droplet size (b), 

with secondary effects produced by the flow velocity (U), the fibre spacing (l), and the 

density of the irrigating liquid (ρ).  It will be noted that the fibre size was not considered in 

the model, however fibre size will only affect the maximum droplet size (b) at the point when 

flow occurs, and the channel width (lc).  Therefore, the model, equation (5.5), is capable of 

calculating θMAX  for all possible ranges of input parameters, filter types and fibre sizes 

(Mullins et al. 2003a; Mullins et al. 2003c). 
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5.6 Conclusion 

 

By determining the forces acting on a droplet on a fibre, it is possible to determine an 

optimum angle such that flow of droplets down the fibre will be maximised.  The equation 

presented in this chapter can thus enable optimisation of the wet filtration process, to ensure 

maximal filter self cleaning (Mullins et al. 2003a; Mullins et al. 2003c).  If filters are 

manufactured with the optimum fibre orientation for the application then self cleaning will be 

maximised, reducing water consumption, and possibly prolonging filter life, all of which are 

an important consideration industry. 
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6 Particle Capture Processes and Evaporation on a Microscopic 

Scale in Wet Filters.        

 

6.1 Introduction 

 

Another of the important issues identified in Chapter 2 which was deemed to require further 

study was the collection of solid aerosols and oil aerosols on fibres wetted with water.  Again 

this area has been subject to a significant quantity of research on a macroscopic scale.  

However the actual capture mechanisms and interaction between aerosols and wetting 

liquid/droplets are not well understood and are vitally important to the process. The effect of 

the solid and oil aerosols on the droplet profiles and shapes and on fibres, together with the 

efficiency of the fibre cleaning process under these conditions  are vitally important for 

evaluation of the performance and service life of filters.  Such aerosol mixtures are frequently 

found in industrial aerosol streams, so investigation of their behaviour could be beneficial for 

future industrial implementation.  This work is also a logical extension of the work in Chapter 

5 which examined droplet flow processes without the presence of additional aerosols.  This 

chapter aims to examine the capture of both solid and liquid aerosols at a microscopic scale, 

by filter fibres wetted with water.  The study will also consider the dynamic effects of water 

build up on the fibre, and the subsequent flow down the fibre.  This dynamic effect leads to 

the self cleaning properties of the filter.  This cleaning action, which was shown in detail in 

Chapter 5, is possibly the most important and beneficial feature of wet filters.  A further aim 

of the study is to examine fibre rewetting and ‘cake’ removal after evaporative drying.     
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6.2 Methods 

6.2.1 Experimental setup 
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Figure 6. 1.  Experimental setup. 

 

The experimental setup is shown in Figure 6.1.  Clean dry compressed air was used to 

generate  aerosols from two identical three-jet Collison nebulisers, one containing distilled 

water, the other containing either light white mineral oil (Sigma Chemicals M-3516), sieved 

zeolite catalyst dust (standard fresh FCCU catalyst), or an aqueous suspension of poly-

styrene latex particles (PSL – Bangs Laboratories).  The parameters for the aerosols used are 

given in Table 6.1.  The compressed air supply provided sufficient air volume and 

appropriate aerosol loading, so no dilution was required.  The airflow to each nebuliser could 

be adjusted, as could the flow from each nebuliser into the mixing chamber, and the aerosols 

were injected into the centre of the airstream.  The air flow velocity through the cell could be 

varied between 0 and 9.0 m/s, although 5.0m/s was the highest velocity used during the 

experiments.  Variations in the flow rate through each nebuliser did produce small changes in 



the mean diameter of the aerosol being generated; this change did not exceed ±10% over the 

range of flow rates used.  The average air velocity through the cell was 1-2m/s during all 

experiments, although this was altered periodically to observe specific features of the process, 

which will be detailed later.   

 

Table 6. 1 - Aerosols used in experiments – all generated using a 3-jet collison nebuliser. 

Note particle concentrations measured immediately post nebuliser. 

Aerosol Type Aerodynamic Size (µm±SD) Avg. Conc. (number/cm3) 
Water 2.8±0.8 5.5x105

Light White Mineral Oil 2.0±0.7 9.5x106

Zeolite Dust 6.1±1.7  1.4x105

PSL (Bangs, USA) 1.50±0.025 1.0x105

 

 

A diagram of the experimental microscopic fibre cell is given in Figure 6.2.  The air and 

aerosols were fed into the cell inlet, then through the cell being studied.  The inlet and outlet 

were designed so as to make the flow field and velocity within the cell as uniform as possible 

(this was verified by passing a smoke through the chamber during the design stage). The cells 

were placed in a Zeiss Standard 25 light polarising microscope (Zeiss, Germany) with a x10 

objective lens, and a high speed CCD camera (Basler, Germany) attached.  
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Figure 6. 2 - Experimental cell. 

 
 
6.2.2 Fibres and cell configurations 
 

Details of the fibres used in the experiments are given in Table 6.2.  Fibre diameters were 

determined by microscopy before placement in the cells, using a Zeiss Standard 25 light 

polarising microscope (100 fibres of each type were measured).  Fibres were placed in the 

cells manually (with tweezers and latex gloves to ensure no possible surface contamination).  

All fibres used in the experiments were cleaned prior to use (with the exception of one set of 

stainless steel fibres) by washing the individual fibres in acetone, followed by flushing of 

acetone with distilled water, and then drying in an oven at 100oC (60oC for polypropylene).  

One experiment used stainless steel fibres (termed ‘stainless steel coated’ hereafter) which 

were coated with acetone then allowed to air dry – this made the fibres wettable to water – 
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thus producing barrel shaped droplets. The fibres were located in the cell using double sided 

adhesive tape during placement, then clamped between the two halves of the cell, and the cell 

sealed with a neoprene gasket. 

 

Table 6. 2 - Fibres used in experiments. 

Fibre Type Fibre Diameter (µm±SD) Droplet Type with H2O 
Glass 7.0±0.1 Barrel 
Stainless Steel (coated) 28.0±0.2 Barrel 
Stainless Steel (cleaned) 28.0±0.2 Clamshell 
Polypropylene 40.0±2.4 Clamshell 
Both the glassfibre and stainless steel have a very uniform size distribution, the Polypropylene less so. 

 

6.2.3 Experimental Procedure 
 

At the beginning of each experiment, a cell with newly installed, clean fibres was placed in 

the microscope and connected to the air and aerosol supply.  Each fibre was used in two 

scenarios, (a) wetted by water initially, then subjected to solid catalyst dust as the solid 

aerosol, and (b) wetted by water, then subjected to white oil aerosol particles.  Images were 

recorded using the CCD camera and microscope objective lens at 30-60 frames per second 

(fps) - depending on the process being studied.  After each cell was examined in an 

experimental run, it was replaced with the next cell, again containing a fresh fibre.  The 

tubing between the nebuliser and the cell was replaced, and the mixing chamber cleaned and 

dried using compressed air to ensure no collected particulates, water or white oil was present 

on the walls to affect the results for the following cell. 
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6.2.3.1 Capture of solid particles on fibres wetted with water, and the evaporation process 

 

For each fibre, the flow of aerosolised water was commenced and an equilibrium film or bead 

of droplets was established on the fibre.  Then the solid aerosol (zeolite dust) flow was also 

commenced.  Images of the capture of particles under full water and solid aerosol flow were 

then captured by the CCD camera.  After a period of time (usually 3 minutes), the water flow 

was discontinued (however the air and dust flow continued).  Images of the process of droplet 

flow and particle capture under evaporation conditions were also captured by the CCD 

camera.  This was continued until complete evaporation had taken place, at which point, dust 

flow was discontinued.  The water aerosol flow was then restarted to examine the re-

establishment of the liquid film and subsequent regeneration of the fibre.  Evaporation left a 

“cake” of aerosol particles on the fibre, and this was removed by the self cleaning property, 

as the regeneration proceeded.  The fibre was also imaged when evaporation was complete, 

and the fibre was then imaged periodically during and after the regeneration process.  This 

imaging process allowed fibre regeneration abilities to be determined.  The capture, 

evaporation and imaging process was conducted 3 times for each fibre type, each time using a 

new fibre. 

 

The capture of PSL particles was also studied in a similar manner (under steady state –non 

evaporation- conditions only).  The PSL was dispersed in water and supplied by the same 

nebuliser that was supplying the water for wetting purposes.  The number or experimental 

runs for each fibre and experiment combination is given in Table 6.3. 
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Table 6. 3 - Number of experimental runs with each fibre type and experimental 

method. Each experimental run had a duration of 5-30 minutes. 

Fibre Type  
Experiment SS Coated SS Cleaned Glass Polypropylene

PSL - 3 3 - 
Zeolite 3 3 3 3 

Solid aerosols  

Zeolite – 
evap./regen. 

3 3 3 3 

Liquid white oil aerosol 3 3 3 3 
 

 

6.2.3.2 Capture of liquid (oil) aerosols on fibres wetted with water. 

 

The fibres were initially wetted with aerosolised water until an equilibrium film or droplets 

had been established, following the same procedure as for the solid aerosol experiments.  At 

this point the flow of aerosolised light white oil was commenced, and images were captured 

while both aerosols were being collected on the fibre.  Either or both aerosol flows was 

discontinued periodically to observe particular behaviour (some droplets could only be 

imaged accurately with the aerosol flow stopped).  Due to the very efficient generation of oil 

aerosol by the Collison nebuliser (Table 6.1), which is significantly greater than that for 

water, full flow could not be passed through the cell (for any length of time), otherwise all 

parts of the cell would become coated in oil.  This severely inhibited the capture of images by 

the CCD camera and reduced the quality of the images. Therefore, the oil-nebuliser was often 

operated either intermittently, or using an adjustable “bleed” valve to dilute the flow (Figure 

6.1).  The number of experimental runs for each configuration is given in Table 6.3.   
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6.2.4 Image Analysis 
 

A preliminary visual examination of the process and the individual frames captured by the 

CCD camera (approximately 3x106 frames) was undertaken to provide a qualitative 

description of the process and determine frames suitable for use in quantitative analysis.   

Analysis (of 163 frames) was conducted using the MATLAB Image Analysis Toolbox 

(Mathworks, USA).  The toolbox allowed edge profiles of droplets and fibres to be 

determined using the ‘canny’ edge detection method incorporated in the toolbox.  The 

droplet/fibre cross sectional areas were then determined in pixels and converted to an area in 

µm2 using the known resolution of the microscope and camera lens system 

(1pixel=0.7x0.7µm).  Fibres were assumed to be cylindrical (both when clean and when dust 

laden), and the droplets were assumed to be spherical.   
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6.3 Results and Discussion 

 

The Results and Discussion have been divided into two main sections, (a) dealing with the 

capture of solid aerosols on fibres wetted with water, and (b) the capture of liquid (oil) 

aerosols on fibres wetted with water.  It was found that regardless of the fibre type, the fibres 

all showed similar general characteristics under these two cases.  Unfortunately, the image 

quality was not as good as desired, even though high resolution, high speed equipment was 

used.  The solid and oil aerosols tended to coat the optical glass, significantly reducing 

visibility.  The images are, however, of sufficiently high resolution to observe the processes 

being investigated.  The length scale of the images can be determined from images using the 

fibre diameters, given in Table 6.2.  All images were taken from the same position with 

reference to airflow and gravity.  In all images, the airflow, is from the left to the right of the 

image (parallel to the top and bottom of the image) and gravity is from the top to the bottom 

of the image (90 degrees separated from the airflow direction).  All images are of the same 

resolution.  The images taken at the 60fps frame rate tend to be “patchy”, however the reason 

for this is unknown.   

 

6.3.1 Capture of solid aerosols on wet fibres 
 

As shown in Table 6.1 and Table 6.3, two solid aerosols were used in the experiments, PSL 

and zeolite dust.  PSL was only used in conjunction with two fibre types (cleaned SS and 

glass), while zeolite dust was used with all 4 fibre types. 
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(a)  (b)  

(c) (d)

(e)  (f)  

Figure 6. 3 - Rotation of barrel droplet (and captured particles) around fibre. Fibre is 

stainless steel (coated), particles are zeolite dust, liquid droplet is water, Vair = 0.2 ms-1.  

Each image (a-f) is 0.033 seconds apart.  Note that the captured particles adhering to 

the fibre   remain stationary within the drop while the particles in the liquid rotate with 

the liquid drop in a clockwise direction when viewed from above.  Representative 

particles have been highlighted to show rotation.   
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 6. 4 - Rotation of clamshell droplet (and captured particles) around the centre of 

the droplet (in the plane of the image).  Fibre is stainless steel (cleaned), particles are 

zeolite dust, liquid droplet is water, Vair = 3.0 ms-1.  Each image (a-f) is 0.016 seconds 

apart.  Note that the particles in the liquid rotate with the liquid drop in a clockwise 

direction (shown by arrow).   
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(a)

(b)

(c)  
 

Figure 6. 5 -Captured particles within barrel droplet falling under gravity (Vair=0ms-1). 

A single clump of particles is highlighted (arrow).  Particles are zeolite dust, droplet is 

water, fibre is SS (coated), and airflow is switched off.  Figure (b) is 2 seconds after 

Figure (a), and Figure (c) 5 seconds after Figure (a).  
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Figure 6. 6 - Counter rotation of twin barrel droplets – not discernible due to resolution, 

direction of rotation shown by arrow.  Droplet is water, fibre is glass, particles (not 

individually visible) are PSL. Vair=0.2 ms-1. 

 
Figures 6.3-6.6 show the solid particle experiments under equilibrium (non evaporation) 

conditions.  In all of Figures 6.3-6.6, the rate of influent water droplets was great enough so 

as to allow the filter to operate indefinitely and be continually self cleaning (although 

possibly not for the clamshell case (Figure 6.4)).  Figures 6.3-6.5 are of  droplets capturing 

zeolite particles, while Figure 6.6 details the capture of PSL (although individual particles are 

not visible – the particles create a general haziness within the droplet).  Figure 6.3 shows a 

barrel shaped droplet of water on a coated SS fibre which has been collecting zeolite dust. 

Figure 6.4 shows zeolite particles at the centre of a barrel shaped droplet (non axisymmetric) 

– on a cleaned SS fibre, again with a water droplet collecting zeolite dust.  Fibre types are 

given in the figure caption.   

 
 

 116



Since the PSL particles were generated at the same time and in the same nebuliser as the 

water, they tended to be distributed evenly throughout each droplet, with little of no clumping 

evident.  The particles also maintained their respective position within droplets when the 

airflow was discontinued and the droplets were stationary, which is understandable since the 

density of PSL is very close to that of water (1060kgm-3).  For the zeolite particles, which 

were generated independently of the water aerosol, it was found that as the particles strike the 

surface of the droplet, they usually remain on or near the surface.  However, some particles 

appear to migrate to the centre of the droplet, and others appear to move outwards, the most 

common case is for the particle clumps to remain at relatively the same radial distance from 

the fibre or droplet centre.  In the case of zeolite the particles tended to clump together, which 

differed markedly from the PSL case.  Zeolite particles which had been captured on a fibre 

(without the presence of a droplet but possibly by a film) appeared to adhere relatively 

strongly to the fibre, even when a droplet subsequently became attached at the same location.  

This clumping of particles around the fibre for a barrel shaped droplet is evident in Figure 

6.3.  In clamshell shaped droplets (Figure 6.4) some particles were observed to concentrate at 

the centre of the droplet, however the quantity of such particles is relatively small compared 

to the total amount of particles captured by the droplet.  

   

The most interesting feature of the droplets on fibres, which was only discovered in the 

presence of particles to allow a point of reference, is the rotation of the entire droplet and any 

particles suspended within.  All droplets above approximately b=30µm radius were observed 

to rotate, and the rotation rate varied with the air flow rate and fibre size.  It was found that 

barrel shaped droplets tended to rotate in a plane perpendicular to the fibre.  This is 

observable in Figure 6.3 through the movement of the suspended particles (circled in the 

figure).  The particles (and entire droplet) are rotating clockwise in a plane perpendicular to 
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the fibre.  This is the initial rotation, as airflow is commenced (Vair ≈ 0.2m/s), captured at 

30fps (0.033 seconds).  The rotation rate (Ω) at this point is approximately 4 

revolutions/second (Hz).  The rotation is observed to commence almost instantaneously in 

conjunction with the start of the airflow, and Ω  becomes larger as the airflow velocity is 

increased, yet stops almost immediately when the air flow is discontinued.  When the airflow 

is discontinued and droplet rotation stops, the particles (in the case of the zeolite dust) drift 

slowly downwards within the droplet under gravity.  This is observable in Figure 6.5, where a 

clump of zeolite particles (shown by arrow) is drifting downwards (in the direction of 

gravity) at a rate of approximately 20µm.sec-1.  The particle clump is approximately 10 µm in 

diameter.  The density of zeolite is approximately 2500kgm-3, however the bulk density of the 

clump will be significantly lower.  Another important consideration which can be ascertained 

from Figure 6.3, is that although the entire droplet and suspended particles are rotating, it is 

clearly observable that the particles connected to the fibre at the centre of the droplet remain 

stationary – these are particles which have adhered to the fibre before the droplet was present.  

It was observed during experiments that zeolite clumps rotating near the stationary particles 

on the fibre, would occasionally become attached and then remain stationary.  However, 

shortly later these particles would usually become re-entrained into the rotating droplet. 

 

A similar process was observed in barrel shaped droplets (Figure 6.4), however the rotation 

of the droplet was predominantly in a plane formed by the fibre and the airflow direction (90 

degrees apart from the rotation of barrel droplets).  This is evident in Figure 6.4, although is 

more difficult to determine the exact rotation as there are a greater number of particle clumps, 

and the images have been captured during rapid droplet rotation (Vair ≈ 3.0m/s) at 60fps 

(0.016 seconds).  Although the droplet rotation is not in phase with the camera speed, it is 

evident that the droplet is covering approximately ½ a revolution during each frame, which 
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corresponds with Ω ≈ 30Hz. In this case the main clump of particles at the centre of the 

droplet is also rotating, and the particle clumps are not remaining in precisely the same spatial 

relation to each other.  The imaging of the process is exacerbated by the body oscillation of 

the droplet in a plane perpendicular to the fibre (this oscillation is discussed elsewhere 

(Mullins et al. 2003c)) – note the position of the droplet with reference to the fibre in each 

frame.  A further effect was also noticed when two droplets are relatively close together on 

the fibre (Figure 6.6).  Single isolated barrel droplets predominantly rotate in a plane 

perpendicular to the fibre, and clamshell droplets predominantly rotate in a plane formed by 

the fibre and the airflow direction.  However, when two large droplets (of either type) were 

very close to each other on a fibre, the upper droplet would always rotate clockwise and the 

lower would rotate counter-clockwise. This rotation effect can be explained by the airflow 

predominantly passing above and below the pair of droplets, thus inducing the rotation.  This 

produces evidence pointing to the air drag force causing the droplet rotation.  For the case of 

the pair of droplets, the air flow between the droplets is slightly restricted, thus leading to less 

air drag on the droplet surface in this area.  This slight imbalance in the air flow field, and the 

drag force, is sufficient to affect the direction of rotation.  The directions of rotation of each 

isolated drop is then likely to be influenced by any asymmetry of the air flow into the cell, at 

a microscopic level.  A smoke test was used to visualise the air flow through the experimental 

cell.  This test indicated a symmetric and uniform air flow at a microscopic level, and did not 

show any micro-level effects.  However, the smoke test was not precise enough to indicate 

any micro flow structure and was not performed with droplets on the fibre.  Therefore, all 

droplet rotation is induced by unevenness in the airflow in the cell and around the droplet, 

although this conclusion requires further study.  The implications of this droplet rotation 

mean that the area of the droplet collecting the bulk of the solid aerosols is constantly 
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changing, with a new “face” of the droplet continually exposed to the upstream side.  Thus 

the droplet is continually cleaning its collection surface.  

 

All barrel and clamshell droplets showed the same behaviour as above, dependent on the 

droplet type, rather than the fibre type to which they were attached.  The barrel shaped 

droplets on the glass fibres behaved in the same way as the barrel shaped droplets on the 

coated SS fibres, and the clamshell shaped droplets on the polypropylene fibres behaved in 

the same manner as the clamshell droplets on the cleaned SS fibres. 

 

There is some theory relating to rotating fluids (usually relatively large columns or cylinders) 

which supports these findings (Greenspan 1969).  The dimensionless Ekman number (E), is 

the ratio of the viscous forces to the Coriolis force (essentially an “inverse” Reynolds 

number) and is given as,  

2E
b

ν
=

Ω
,          (6.1) 

 

where b is a typical length scale such as the radius of the droplet, and ν is the kinematic 

viscosity of water ( 1.004x10-6 m2s-1 for pure H2O at 20OC).  The spin up time (ts) of a 

volume of fluid from rest is given by (Greenspan 1969), 

 

2

s
bt

ν
=

Ω
.          (6.2) 

 

A plot of the spin up time ts for the droplets in Figures 6.3 and 6.4, is shown in Figure 6.7.  A 

range of Ω values are given as this varies with the air flow velocity, however the rates in the 

previous images were Ω ≈ 4 Hz for the barrel shaped droplet and Ω ≈ 30 Hz for the 
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clamshell.  It is evident that the spin up times even for relatively slowly rotating droplets is a 

fraction of a second, which supports experimental observations that spin up and spin down is 

rapid.  The E values (Figure 6.8) are important because they relate to the thickness of the 

boundary layer between the rotating and non-rotating portions of the droplet.  E values > 1 

(and certainly values > 10) would mean that the entire droplet is rotating as one solid body, in 

effect almost a rigid body rotation.  It is reported  that for larger (than the scales we are 

dealing with here) columns of rotating fluid E<<1 is usually the case where rotation (of outer 

layers) is observed (Greenspan 1969).  In the case of the clamshell droplet (Figure 6.4), the 

droplet size is larger (beginning to approach the rotating columns mentioned previously) and 

it is evident that E is approaching such values (E=0.29 at  Ω = 30).  Therefore, the larger 

droplets would be expected to behave less like a rigid body, demonstrated by the particle 

clumps in Figure 6.4 changing their respective positions (to one another) within the droplet as 

it rotates.  However, the behaviour of the particles in Figure 6.3, is indicative of a solid body 

rotation, with the particle velocity reducing to zero near the fibre. 
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Figure 6. 7 - Plot of spin up time (ts) against rotation rate (Ω), for the barrel and 

clamshell droplet sizes in Figures 3 and 4 respectively.  A range of Ω values is given as 

the final  Ω is dependent on the air flow velocity. 
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Figure 6. 8 - Plot of Ekman number (E) against rotation rate (Ω), for the barrel and 

clamshell droplet sizes in Figures 3 and 4 respectively.  A range of Ω values is given as 

the final  Ω is dependent on the air flow velocity. 
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In the case of barrel shaped droplets, with the water and zeolite loadings given in Table 6.2, 

the fibres were self cleaning, even though the particle loading was quite high compared to the 

water aerosol loading.  The droplets laden with particles frequently flowed down the fibres, 

as found previously on fibres with barrel shaped water droplets uncontaminated by particles 

(Mullins et al. 2003a). 

 

For the clamshell shaped droplets, no significant flow down the fibre occurred.  However the 

large droplets showed a significant capacity to contain particulates, and frequently blew off 

the fibre (rather than flowing down).  This case is not advantageous to self cleaning as it is 

likely to lead to re-entrainment of the particles back into the airstream.  Since clamshell 

droplets do not have a film connecting the droplets, there was an increased likelihood for 

particles building up in the area of fibre between droplets.  This supports previous work  

which found that wet filters composed of ‘nonwettable’ fibres (fibres which form clamshell 

droplets with water) were not effective at self cleaning compared to wettable filters (filters 

composed of fibres which form barrel shaped droplets or films with water) (Agranovski and 

Shapiro 2001). 

 

 

6.3.2 Particle capture and droplet flow under evaporation conditions 
 

The work in Section 3.1 related to particle capture under equilibrium conditions – where 

particle loading is not sufficiently high or irrigation not sufficiently low that the fibre (at least 

in the case of fibres producing barrel droplets) will remain self cleaning indefinitely.  The 

following phase of the experiment relates to operating conditions where the irrigation or 

water aerosol flow, was reduced or even discontinued, and induces evaporation, leading to 

‘cake’ deposition on the fibre.  In a real filter the severity of the cake deposition would be 
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sufficient to significantly block the filter.  Figure 6.9 shows a typical example of the capture 

and droplet flow process during evaporation conditions.   

• Figure 6.9(a) shows a large droplet on the fibre shortly after discontinuation of the 

water flow (t=0seconds).  Note that water aerosol flow is stopped, however, air and 

solid aerosol flow is continuing.  It is evident from the images that the droplet is very 

cloudy from captured particles.  The airflow had been temporarily stopped to improve 

image quality (normally 1-3m/s) for other images.   

• Figure 6.9(b) shows the droplet seconds later (air and solid aerosol flow only 

continuing).   At this stage a significant evaporation of liquid from the droplet is 

evident, and the droplet is now completely opaque from captured particles.  Solid 

aerosol flow is still continuing, with the two particle removal processes evident, direct 

capture of aerosols by droplets, and entrainment of dry particles as the droplets move 

down the fibre.   

• This is evident from close observation of Figure 6.9(c) and Figure 6.9(d) (shown by 

arrow), as the droplet moves down some particles are observably entrained from the 

fibre into the droplet.   

• Figure 6.9(e) shows the point at which the droplet first stops flowing down the fibre, 

over one minute after the flow of aerosolised water was stopped.    

• Figure 6.9(g) shows the clump of particles remaining on the fibre after complete 

evaporation of the droplet has occurred.  At this point the aerosol flow was stopped and 

clean, dry air passed through the cell to ensure that complete evaporation had occurred.  

After ensuring complete evaporation, the aerosolised water flow was re-commenced. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

(g) (h)
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(i) 

 
(j) 

 
(k) 

 
(l) 

 

Figure 6. 9 - Particle capture processes during barrel droplet evaporation. Vair=1-3ms-1  

Figure (a) droplet heavily laden with captured particles shortly after water flow 

discontinued – (all times cumulative from t=0 at (a)). (b) Air and solid aerosol flow only 

continuing (t=30seconds) – flow down fibre still continuing. (c) Demonstration of 

particle entrainment from fibre into droplet (t=30.5s)  - demonstrated by comparison 

with (d) Note that the droplet has moved slightly down the fibre and ‘cleaned’ a section 

of fibre (t=30.533s). (e) Droplet motion down fibre has completely stopped (t=60s) – 

droplet is now heavily laden with particles. (f) Significant drying of the droplet has 

occurred (t=135s). (g) All moisture now evaporated (t=160 seconds). (h) Liquid aerosol 

flow recommenced (t=280s (2 minutes allowed to ensure complete evaporation)). (i) 

Particulate mass still attached to fibre, in upper half of droplet (t=315s). (j) Droplet has 
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just flowed down removing majority of particulate mass (was located where thinnest 

fibre portion now is)(t=340s). (k) t=485s, note the decrease in fibre thickness, droplets 

still cleaning particles. (l) t=22mins 35 secs). 

 
 

• Figure 6.9(h) shows the first droplet to reach the ‘clump’ of particles once the water 

aerosol flow has been restarted.   

• Although difficult to determine from the image, Figure 6.9(i) shows the droplet 

completely encompassing the ‘clump’ of particles left by the dried barrel shaped 

droplet, which is contained in the upper half of the new droplet.   

• Figure 6.9(j) shows the fibre at t=340seconds (1 minute after Figure 6.9(h)), 

immediately after the first droplet has flowed down the fibre.  It is evident that the 

passage of one droplet has almost completely removed the clump of particles.  

• Figure 6.9(k and l) show the continuation of the regeneration process, and that, 

although significant regeneration occurred, it was not complete, as much of the directly 

deposited particles could not be removed. 

  

 

An interesting finding, which was observed throughout all evaporation experiments, was that 

particles deposited as part of evaporating droplets were much more readily removed than 

particles deposited directly on to the fibre.  This is easily explained in terms of the forces 

involved.  A particle which impacts a liquid droplet and subsequently is dried onto a fibre 

will possess a much weaker adhesion to the fibre than a particle which has directly struck and 

adhered to a dry fibre.  This is because of the significant ability of the droplets to absorb the 
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collision forces which was found in previous (macroscopic scale) work (Mullins et al. 

2003b).    

The images of each fibre from each experiment were analysed in the MATLAB Image 

Processing Toolbox (a total of 120 images).  An initial series of images was analysed when 

the fibres were coated with a cake of particles.  A second series of images was analysed after 

sufficient operating time under water flow, when the cake removal process was no longer 

progressing.  For each of the two cases the fibre cross sectional area was determined, and 

converted into a cylindrical measure of the cake volume (the fibre volume was subtracted).  

The difference between the ‘cake’ and ‘clean’ volumes of the collected particle mass was 

used to determine the percentage regeneration values, according to, 
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× ,        (6.3) 

 

where Rg is the percent regeneration, VCA is the cake volume and VCL is the cake volume after 

‘cleaning’ (when no further particle removal from the fibre was occurring).  A quantitative 

study of the regeneration process is given in Table 6.4.  Although the total bulk of collected 

solid particulates was not the same between different fibres, the comparison is examining the 

percentage values of the collected particles which could be removed, thereby allowing a 

comparison in the regenerative abilities of different fibres.   
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Table 6. 4 - Fibre regeneration ability for zeolite dust. 

Fibre Type Droplet shape (H2O) Rg (%±SD) Approx. Regen. Time (mins) 
Glass Barrel 96±2 2 
Stainless Steel 
(coated) 

Barrel 87±3 3 

Stainless Steel 
(cleaned) 

Clamshell 69±5 4 

Polypropylene Clamshell 72±4 4 
 

 

The fibres with barrel droplets showed a significantly greater ability to regenerate fibres than 

those with clamshell droplets (see Table 6.4).  It is likely that the main reason for this is the 

far greater droplet and film coverage of the fibre in the barrel case, making it less likely that a 

particle will strike a ‘dry’ section of fibre (devoid of droplets or film).  Hitting a dry fibre 

leads to stronger adhesion, than arises from a particle hitting a wet fibre, since the wet fibre is 

more able to absorb the forces involved in the collision.  A second reason is that in the barrel 

case, there is a greater portion of each droplet on the upstream side of the fibre, allowing 

more effective absorption of the impact forces before a particle can contact the fibre.  Both of 

these reasons will mean that any cake which forms on a fibre containing clamshell droplets is 

likely to be denser, have greater adhesion to the fibre, and thus more difficult to remove.  Of 

the fibres which form barrel shaped droplets (with water), the glass fibre was the most 

effective at regeneration, possibly due to the more frequent flow down the fibre.  The 

regeneration times are given as approximate values (to the nearest minute) since it was 

difficult to determine the actual time at which all regeneration that was possible to occur, had 

taken place.  However, the barrel shape droplets provide fibres which regenerate quickly and 

more fully due to the presence of film, which minimises adhesion forces during particle 

capture. 
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6.3.3 Capture of oil aerosols on wet fibres 
 

When droplets of a pure liquid collect on the surface of a fibre, they form either into a 

clamshell or barrel shape, with a smooth, defined surface.  It has been found in the previous 

section that the presence of solid particles in the liquid does not significantly alter the shape 

of the droplet.  However, in the case of the capture of oil droplets on fibres wetted with water, 

several ‘compound’ droplet shapes were found to occur, often as irregular, non-uniform 

droplets.  It would be incorrect to term these as emulsions, as the water and oil components 

remained relatively separate, not completely mixed, which is the usual definition for an 

emulsion. 

  

The observations from the oil and water experiments are shown in Figures 6.10-6.13.  The 

colour shown in the images is false colour provided by the phase contrast of the microscope.  

The water shows as slightly green in the majority of the figures.  All fibres were wetted with 

water initially, forming either clamshell or barrel droplets, depending on the type of fibre 

(Table 6.2).  There were marked differences between the compound droplet shapes (created 

between the oil and water aerosols) on the four different fibres used.  However, there was one 

significant finding which was common to all fibre types - whichever droplet shape was 

initially on the fibre, the ultimate overall droplet shape would be a barrel, as this appeared to 

be the most preferential shape which allowed the droplet to adhere most strongly to the fibre.  

Therefore, if a fibre was wetted initially by a liquid (oil or water) which created clamshell 

droplets with the particular fibre, then addition of the alternate liquid (i.e. if water was used 

initially then oil would be the alternate liquid (which normally created barrel shaped 

droplets)), the barrel shaped droplets would displace the clamshell (if the clamshell volume 

was large) and the clamshell droplet would be attached to the outside of the barrel droplet, or 

be shed from the fibre.  If the clamshell volumes were small then the barrels would tend to 
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encompass them.  Emulsion-like combination droplets were also sometimes observed, 

however these generally separated into their component liquids.  This phenomenon of barrel 

shaped droplets displacing clamshell droplets is most clearly shown by Figure 6.10.  Figure 

6.10(a) shows a water-clamshell droplet on a polypropylene fibre.  As oil aerosol contacts the 

fibre, it can be observed that the contact angle decreases ( Figure 6.10(b)), until eventually, 

when enough oil is coating the fibre, (Figure 6.10(c)), the droplet has “rolled out” from a 

clamshell into a barrel shape.  However, the droplet is now a “compound” droplet of oil and 

water.  In the main droplet of Figure 6.10(c), a crescent shape is discernible on the droplet.  

The water exists as an almost spherical “ball” from the crescent shape to the right hand side 

of the droplet, while the remainder of the droplet is oil, including the portions creating the 

contact angle with the fibre.  If the water flow was reduced relative to the oil flow, or the 

velocity increased, the water droplets would be evaporated or shed from the fibre – either by 

being blown off or flowing down the outside of the oil droplets.  

 

Figure 6.11, of a coated SS fibre demonstrates the largest and most unusual droplets 

observed.  The images have been thoroughly analysed using the MATLAB Image Analysis 

Toolbox, and unfortunately they are of the lowest image quality.  This experiment used the 

highest loading rates of oil and water aerosol, and there were problems with oil-coating of the 

optical glass sides of the cell and these problems were more severe than in the other 

experiments.  The fibre initially had barrel shaped water droplets on its surface. 
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(a) (b)

(c) (d)  
 

Figure 6. 10 - Polypropylene fibre – oil and water. (a) clamshell shaped water droplet, 

(b-c) increasing oil decreasing water), (d) oil only – water partly shed partly evaporated,  

note oil droplets with water droplet on right hand side in (c) (shown by arrows).   

 

As oil aerosols landed on the water droplet, they were observed to “skate” across the surface 

of the water droplet (not discernible from the image), until they coalesced into clamshell 

droplets.  These clamshell oil droplets often existed in the middle of barrel shaped water 

droplets (Figure 6.11(c)).  In Figure 6.11(b) and Figure 6.11(c) it is difficult to determine the 

difference between clamshell and barrel shaped droplets, as the droplets are pulled off the 

fibre in the direction of airflow, making them all axisymmetric (although some have been 

highlighted). 
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(a)

(b)

(c)  

Figure 6. 11 - Water and oil particulates captured simultaneously on the same fibre 

(shown by arrows).  Fibre is stainless steel. (a) multiple clamshell/barrel droplets 

(oil/water respectively) connected together (Vair=1.5m/s). (b) barrel shaped water 

droplet and clamshell shaped oil droplet at the same location (V=0m/s). (c) large 

combination droplet (Vair=1.0m/s). MATLAB edge detected profiles have been overlaid 

on images to improve clarity.  
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In the case of the cleaned SS fibres (Figure 6.12), the initial clamshell shaped water droplets 

(Figure 6.12(a)) were again ‘rolled back’ (as in Figure 6.10) to create barrel shaped oil 

droplets (Figure 6.12(d)).  However, rather than the water droplets being pushed to the 

outside of the newly formed oil droplet (as in Figure 6.10 with the polypropylene fibre), 

small clamshell shaped water droplets remained contacting the fibre, and are discernable in 

Figure 6.12(c).  Most of the water droplets, either blew off the fibre or flowed down.  It will 

be noted that in this case, the compound droplets are an irregular shape, unlike the droplets in 

the previous images.  This case was rather different to the others, as the water or oil was less 

likely to coalesce into separate liquids.  Therefore, this case produced droplets closest to 

emulsions – with multiple droplets of oil or water existing inside a droplet of water or oil 

respectively.  This behaviour was responsible for producing the irregular droplet shapes 

found.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 134



 
(a) 

 
(b) 

 
(c) (d) 
 

Figure 6. 12 - Cleaned SS fibre with oil and water.  (a) predominantly water (b) upper 

droplet is mainly oil (with some small water droplets), lower is mainly water (with some 

small oil droplets) – droplets close to “emulsions”.  (c) predominantly oil  – note small 

clamshell shaped water droplets adhering to fibre in the middle of large (main) oil 

droplet (some water droplets shown by arrow). (d) completely oil – all water evaporated 

or shed from oil droplet. 

 

In the case of the glass fibre (Figure 6.13), the water remained on the fibre in small barrel 

shaped droplets, with the oil collecting as separate barrel shaped droplets that appeared to be 

located outside of the usual water film joining the barrel shaped water droplets. 
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Figure 6. 13 - Glass fibre – oil and water.  The oil is contained within the barrel shaped 

water droplets, and is not individually discernible. 

 

 

It is evident that the barrel shaped droplet is a preferential case for oil and water on fibres, 

with oil displacing clamshell shaped water droplets and vice versa.  This droplet displacement 

did not occur on the glass and coated SS fibres for which water formed a barrel shape, which 

supports the theory.  Some work in other fields areas of fibre wetting (given in Chapter 2), 

was to determine preferential formations or energetic states for droplets, and drop ‘rollup’ 

from barrel to clamshell shapes (Carroll 1991; Bauer and Dietrich 2000; McHale et al. 2001).  

The barrel shaped droplet has a greater adhesion force to the fibre, and has a greater 

“preference” (i.e. is more ‘philic’ – hydrophilic or lipophilic) to adhere to the fibre than does 

a clamshell droplet.  The barrel shape droplet thus has the ability to displace clamshell shaped 

droplets.
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6.4 Conclusion 

 

There are a number of conclusions useful to wet filtration, which can be drawn from this 

work.  The mechanisms of solid particle capture and fibre cleaning by water droplets, both 

directly capturing particles and entraining and cleaning particles from the fibre is important to 

the understanding of the process.  The motion of captured particles within droplets is also 

relevant, as well as the persistent flow of droplets when saturated with particles while the 

droplet is evaporating (Mullins et al. 2004a). 

 

If wet filters are allowed to dry (and ultimately clog), then particles deposited by evaporating 

droplets appear easier to remove, than dust deposited directly onto fibres.  This is due to the 

greater ability of the water droplets (compared to the bare fibre) to absorb the particle impact 

forces, making the resulting adhesion weaker.  Fibres with barrel shaped droplets are also 

better able to regenerate than those with clamshell droplets.  As stated previously the reason 

for this is undoubtedly due to the usual lack of a film joining clamshell droplets.  Which 

allows a greater number of particles (than for the barrel case) to be captured directly by the 

fibre, rather than by droplets.  This direct fibre capture means the particles will have greater 

adherence than particles captured by a film or droplet (Mullins et al. 2004a). 

 

There is significant evidence that the barrel shaped droplet is preferential on fibres where 

both oil and water are used, and will form regardless of the fluid which was initially wetting 

the fibre.  This has implications for the collection of viscous oily aerosols on fibres which 

form barrel or clamshell shaped droplets with water.  In the former case, the oil particles 
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would be easily removed, whilst in the latter they would tend to form clamshell droplets, 

clogging the filter (Mullins et al. 2004a).  
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7 Observation and Modelling of Clamshell Droplets on Vertical 

Fibres Subjected to Gravitational and Drag Forces. 

7.1 Introduction 

 
 

In the previous microscopic scale work detailed in Chapters 5 and 6, many important features 

were observed, relating to droplet formation (coalescence from aerosols), motion and flow 

along the fibre.  One of the key features observed, which is vital to quantifying the flow field 

around filter fibres, is the oscillation of droplets as Reynolds number increases.  Chapter 7 

details the development of a model for the motion of clamshell droplets on fibres in the 

Reynolds transition flow region.  The accurate study of droplet motion in this flow region is 

important since most droplets remain present on the fibres until the flow around them reaches 

this region.  The motion of such droplets can be expected to have a significant effect on the 

flow and particle capture inside a filter.   

 

This chapter will experimentally examine the unique and interesting features related to the 

motion of clamshell droplets on filter fibres, and compare experimentally imaged oscillations 

with the model developed.  As stated previously, clamshell droplets are defined by a contact 

angle greater than 90o and usually do not have a film connecting the droplets.  Although the 

clamshell case is not usually advantageous in filtration applications there are some wet 

filtration technologies where this case can be of benefit (Agranovski and Braddock 1998b).  
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7.1.1 Preliminary Observations 

 

Qualitatively, the processes that occur when clamshell particles are captured on a fibre 

consist of: 

  

(1) the polydisperse liquid aerosols are initially captured on the upstream face of the fibre, 

existing as a ‘cap’ or ‘pre clamshell’ shaped droplet, the initial droplet size being only as 

large as one or two aerosol particles;  

 

(2) as more aerosols are captured in the same location, they coalesce into a larger cap shaped 

droplet;  

 

(3) once the droplet reached a certain size, the droplet reaches a point where it rotates from 

the upstream to the downstream surface of the fibre (approx 180o around the fibre);  

 

(4) the droplets continue to grow by absorbing aerosol particles impinging onto the droplet 

surface;  

 

(5) eventually, the droplet will reach a critical size at which it begins to oscillate. Once a 

droplet commenced oscillation, the water flow could be stopped and the air flow velocity 

reduced, with the droplet continuing to oscillate until finally stopping at a lower velocity than 

which it started;  

 

(6) The droplets continue to grow (by capturing aerosols or coalescence with other droplets 

immediately above or below them on the fibre) and continue to oscillate, until they leave the 
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fibre, either by being blown off or sliding down the fibre. There is also some slight random 

motion up and down the fibre, which can bring two droplets immediately below/above each 

other close enough to coalesce.  Uniform flow down the fibres did not occur; any flow of 

droplets down the fibre was erratic and intermittent.   
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7.2 Model Development 

 

Figure 7.1 shows the components of the droplet oscillation. This oscillation is believed to be 

induced by a transition of the flow field around the droplet from the laminar to the turbulent 

regime.  This is supported by the Reynolds number at which such oscillations occur.  Flow in 

this region is usually modelled by the use of the two-dimensional Karman vortex street.  This 

models flow behind cylinders, and is essentially two-dimensional.  However, there is no 3D 

equivalent known analytical flow field, and another method must be devised.  A model for 

the droplet oscillation has thus been developed (Mullins et al. 2003b) by considering the 

forces acting on the droplet, and taking the tension force at the line of contact between 

droplet and fibre (T ) as a restoring force counteracting drag.  

  

Figure 7. 1 - Motion of clamshell droplet relative to fibre during oscillation.  0.016 

seconds between images.  From (Mullins et al. 2004a). 
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Figure 7. 2 – Force diagram of droplet oscillation in a plane perpendicular to the fibre.  

Fd  is drag force, T is the tension force, M is the droplet mass centre, θο  is the angle of 

the droplet with respect to its at rest location, l is the displacement of the mass centre of 

the droplet from the centre of the fibre to the rest location, and r is the increase in 

droplet displacement due to drag or oscillatory forces.  Airflow is in the same direction 

as the θo= 0 vector shown. 

 

Figure 7.2 gives a graphical representation of the terms used in the model, where M is the 

droplet mass centre, r is the displacement of M from the at rest position, l is the displacement 

of the rest position from M, T is the tension (restoring force), Fd is the air drag force on the 

droplet (equation 5.1), and θο is the angle of the droplet relative to the airflow direction. The 

equations governing the droplet oscillation, can be written in radial and transverse co-

ordinates, as (Fowles and Cassidy 1999), 
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and the oscillation forcing terms αocos(ωot+φ), and αocos(ωot+φ) represent the drag effects of 

the transition zone air stream.  The model assumes the droplet is essentially rigid.  The 

droplet rigidity with respect to droplet rotation was discussed in Chapter 6.  Although large 

droplets (which oscillate) usually would possess lower Ekman numbers (E) than smaller 

droplets, the values (Chapter 6) are still high enough that the rigid body assumption is valid.  

 

Observations (Figure 7.1) show the natural location of the drop down stream of the fibre (l).  

Turning on the air displaces the droplet further downstream (r).  The restoring tension, T 

which uses the spring-like restoring constant λ is assumed to be linear.  These equations (7.1-

7.3) can then be transformed to vector form, 
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using  ,1 ru = ,
.

2 ru = ,3 ou θ= and .  These equations form a 4ou
.

4 θ= th order system of 

ordinary differential equations (ODE) and are readily solved numerically using suitable 

software, i.e. the MATLAB suite of ODE solvers.  This model will be compared to droplet 

oscillation data.  The Fd term used is as given in equation (5.1). 
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7.3 Methods 

7.3.1 Experimental Equipment 

 

The laboratory apparatus and microscopic cells similar to those shown in the previous two 

chapters (Mullins et al. 2003a; Mullins et al. 2004a), were used in the experiments.  Clean, 

dry compressed air was used to aerosolise distilled H2O from a ‘Collison’ type nebuliser.  

Another air stream was available, to provide increased air flow or aerosol dilution, if needed.  

The flow of air was varied throughout the experiments to generate a range aerosol loading 

rates through the cell, as required to observe specific droplet behaviour on the fibre.  The 

flow rate through the cell was continuously monitored and controlled using a flow meter 

(Cole Palmer, USA).  The undiluted aerosol stream generated by the nebuliser had a particle 

concentration of 5.5x105 /cm3 at a mean size of 2.8±0.8µm.  This stream was diluted as 

required by the additional air stream mentioned.  

 

The aerosol stream was fed into the cell inlet, then through the cell being studied.  There were 

two different cells used in the experiments.  One, identical to that shown in the previous work 

(Mullins et al. 2003a) was used for all experiments except the experiments requiring 

measurement of the droplet oscillation.  A second cell of the same dimensions as previously 

(Figure 7.3), was designed so that the droplet oscillation could be properly observed, in a 

plane perpendicular to the fibre.  This was achieved by micro-drilling of the optical glass 

faces of the previous cell type, so that a fibre could be mounted between the glass faces.  

Diagrams of the two cells and cell configurations are given in Figure 7.3.    

 

Images of the process were recorded using a Basler high speed CCD camera (Germany) 

connected to a Zeiss Standard 25 light polarising microscope with a x10 objective lens.   
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Figure 7. 3 - Cell configurations used in experiments. 

 

 

7.3.2 Fibres and cell configurations 

 

All fibres used in the experiments were 28±0.1µm diameter stainless steel.  Fibre diameters 

were verified before placement in the cells, by microscopy (Zeiss Standard 25 light polarising 

microscope, Germany).  All fibres were mounted vertically in the cells.  There were two cell 

configurations (Figure 7.3). Configuration (1) enabled observation of the fibre in a plane 

tilted 15o rearward from a plane perpendicular to the fibre.  In this case, the microscope was 

tilted by 15o in the opposing direction to ensure that the fibre remained vertical.  Both ends of 

the fibre were mounted in the optical glass which formed the sides of the cell.  Configuration 

(2) used a cell of similar dimensions, however the fibre was rotated 90o in the cell (refer 

Figure 7.3), with the cell and the microscope orientation changed so the fibre remained 

vertical with respect to gravity.  
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7.3.3 Experimental Procedure 

 

Prior to the experiments, the fibres were cleaned by flushing with acetone, followed by 

rinsing in distilled water and then drying in an oven to ensure that they were free from 

contamination. A cell with newly installed clean fibres was placed in the microscope and 

connected to the air/aerosol supply.  Images were recorded using the aforementioned CCD 

camera and microscope objective lens at 25-60 frames per second (fps) from commencement 

of the airflow through the cell.  As mentioned, airflow rates were periodically altered, or 

stopped and restarted, or aerosol flow was discontinued with only air flow remaining, in order 

to observe specific features of the processes occurring.   

   

7.3.4 Image Analysis 

 

Visual examination of the frames (approximately 1x106 frames in total for all experiments in 

this chapter) was used to determine important features/events which required further analysis.  

Some 464 of the previously mentioned Frames were analysed in the MATLAB Image 

Processing Toolbox (Mathworks, USA).  Droplet edge profiles were determined using the 

‘Canny’ edge detection method incorporated in the toolbox.  Droplet centre positions were 

determined using the "centroid" feature to examine droplet oscillation.  Cross sectional areas 

of droplets were determined by calculating the number of pixels constituting the droplet 

image and converting to a size in µm2 using the known pixel size (1pixel = 0.7µm×0.7µm).  

The droplets were assumed to be spherical, although this is not exactly the case, this 

approximation is sufficiently accurate and has been used previously (Kirsch 1978).   
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7.3.5 Data Analysis and Modelling 

 
To fully analyse the experimental oscillation data it was necessary to both filter the data and 

apply a Fourier transform.  Both of these techniques were to determine the oscillation 

frequencies and patterns present in the data.  A high pass filter was applied to the oscillation 

data to remove the peaks and smooth the data.  The aim of this smoothing was to determine 

the existence of a fundamental oscillation within the data.  It was found that the most 

effective high pass filter was of the form, 
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where Ys
f is the filtered Ys

o value, and the -1 and +1 s suffixes denote preceding and 

succeeding values in the data set respectively. 

 

To perform the Fourier transform, on the experimental data, the MATLAB fft (fast fourier 

transform) function was used.  The fft function determines the oscillation frequencies present 

in the data, then provides a plot of power vs. frequency – the power being the significance of 

each frequency in the data.  Since the Fourier transform gives only frequency information, 

and not the amplitude or lag, it was necessary to use the frequencies obtained as an input to a 

curve fitting function, to obtain more complete information about the oscillation in the 

experimental data.   The MATLAB fminsearch function was used to fit curves to the 

experimental data, using the frequency from the fft function as an input. The fminsearch 

function optimises a function fit so as to minimise the sum of squares given an initial starting 

point for the variables in the fitting function. 
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The oscillation activation (OA) and deactivation (OD) data (detailed later, refer Figure 7.5) 

were analysed using a t-test to determine if statistically significant differences existed in the 

data.  Discriminant analysis was used to compare the DF and DD data (detailed later, refer 

Figure 7.6 for significance).  The discriminant analysis test for the equality of means (Wilks 

Lambda), was used to compare the x (R) and y (Re) values of the two groups (DF and DD).  

The covariance was assumed to be homoscedastic (McLachlan 1992). 

 

To ensure the best possible correlation between the model and experimental data, the model 

was fitted using a Genetic Algorithm (GA) (Holland 1975). The GA input used a file 

containing the possible ranges for each model input parameter (including any known 

experimental error) and provided the best fit between model and experiment within these 

ranges. 
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7.4 Results and Discussion 

 

Figure 7.4 shows the point at which the droplets rotate from the upstream to the downstream 

face of the fibre.  An exceptionally good correlation with the linear fit is evident, denoted by 

the very high correlation coefficient (R2) value of 0.97.  This suggests that the process of the 

droplets rotating around the fibre is purely dependent on the drag/flow forces acting on the 

fibre.  This suggests that larger droplets require an increasingly greater force to rotate them 

because of their greater fibre/droplet contact area and mass.  Any slight instabilities or 

unevenness in the air flow will assist in the rotation of the droplet.  The relationship between 

b and Re can be empirically derived as, 

 

Re 3011.3 0.2461,R b= +         (7.6) 

 

where ReR is the Reynolds number where drop rotation will occur.  The values of the 

constants would be expected to change with differing fibre diameter. 
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Figure 7. 4 - Rotation of droplet from upstream to downstream fibre surface.  b is the 

droplet radius as used previously. A linear fit has been added to data, R2 = 0.97. 

 

Figure 7.5 details the points at which oscillation commences (OA), and ceases (OD). This 

figure consists of a number of 'pairs' of activation/deactivation values for each droplet 

examined.  The oscillation activation (OA) is clearly greater, but of similar slope to the 

deactivation point (OD).  It should be noted that there was no measurable difference between 

the size of each droplet pair, so evaporation can be neglected since for these experiments the 

system was operating at 100% humidity.  It will be noted that the R2 values are quite low (OA 

= 0.19, OD = 0.49) however this can be accounted for by the difficulty of capturing the exact 

flow velocity where oscillation commenced or ceased.  A t-test was used to determine if the 
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two data sets were significantly different.  The t-test showed an extremely high level of 

significance (p = 4.7x10-7) in the difference between the two data sets on a 95% confidence 

interval.  This droplet oscillation is believed to be induced by the commencement of a 

transition of the flow regime between laminar and turbulent, which is supported by the Re 

values.  As can be observed from Figure 7.5, the oscillation generally only commences at Re 

values of 100 or greater.  The oscillation will be further discussed later in the paper.  
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Figure 7. 5 - Activation (OA) and Deactivation (OD) of droplet oscillation as a function of 

Re.  A straight line has been fitted to each data set using linear regression. R2(OA) = 

0.19, R2(OD) = 0.49.  The two datasets were shown to be significantly different (p = 

4.7x10-7) using a t-test (t = -7.03, df = 22). 

 

 153



Figure 7.6 shows the velocity at which a droplet of radius b leaves the fibre.  DD indicates 

droplets blown from the fibre by drag forces, while DF indicates droplets flowing down the 

fibre. At the intersection between the two data sets the flow down the fibre is erratic and 

unpredictable, with the droplets of similar size under identical flow conditions leaving the 

fibre via different methods.  The points located on the lower right hand side of the DF line 

relate to much lower air velocities, leading to much larger droplet sizes.  They also 

correspond to a greater fibre/droplet contact area and reduced drag force allowing the 

droplets to flow down the fibre much more readily.  The gravitational forces are far more 

significant than drag forces for these droplet sizes.  No droplets were observed to be blown 

from the fibre in this flow regime, thus the droplet flows down the fibre before drag forces 

can break the interfacial tension holding the droplet on the fibre. It is clearly not preferable 

for the droplets to be blown from the fibres (compared to flowing down), as it would not 

enhance the self cleaning process (in wet/liquid filtration) and could lead to re-suspension of 

any captured contaminant aerosols.   
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Figure 7. 6 - Droplet detachment from the fibre and re-entrainment into the air stream 

(DD) and droplet flow down the fibre (DF) as a function of Re.  A straight line has been 

fitted to each data set using linear regression.  R2(DD) = 0.91, R2(DF) = 0.95.  The two 

datasets were shown to be significantly different (p = 0.0001) using discriminant analysis 

(df1 = 2, df2 = 20, f = 22.73). 

 

The two data sets (DF and DD) in Figure 7.6 were analysed using discriminant analysis.   

They were found to be significantly different, (p = 1.0x10-4).  The lines fitted to DD and DF 

showed a good fit, with R2 values of  0.91 and 0.95 respectively, although is should be noted 

that the value correlation coefficient is related to the amount of data to which the fit is 

compared, so direct comparison between the two fits may not be valid.  However, since the 
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data sets differ in size only by 3 values, such a comparison can be considered acceptable.  It 

was difficult to obtain the same number of data points in each group since the method by 

which the droplets left the fibre at the transition point was not predictable.  As is seen in 

Figure 7.6, there is a transition point in the droplet dynamics, where gravitational forces 

become dominant over drag forces, at which point the droplet flow down the fibre begins to 

occur (at the intersection between the two sets of data).  This agrees with previous work 

concerning barrel droplets on angled fibres discussed in Chapter 5 (Mullins et al. 2003a).    

 

Another feature noted was the displacement of the mass centre of the clamshell drop from its 

rest position as airflow velocity (and hence drag and Re) increased.  Figure 7.7 shows the 

displacement of the mass centre of the droplet downstream of the fibre as a function of 

increasing Re (or equivalently air flow velocity or FD). Measurements of the mass centre 

positions of 10 droplets between b=100 and 250µm were taken at velocities from 0 to the 

point at which each droplet began to oscillate, and the means of the results (± one SD) are 

shown in Figure 7.7.  An exponential function could be best fitted to the entire data as shown 

in Figure 7.7.  The correlation is the form, 

 

91.37 Re1018.1 −×=r  .           (7.7) 

 

A linear fit has been added to all the data except the rightmost point, which is, 

 

0.089 Re 1.70r = − .         (7.8) 
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The linear fit was added since this portion of the graph appears near linear (justified by the R2 

for the fit of 0.9188), and r is related to the restoring constant λ in equation (7.3) which is in a 

linear form.  Therefore this linear r relationship will allow λ to be determined. 
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Figure 7. 7 - Clamshell droplet displacement under increasing velocity prior to the 

commencement of oscillation.  b=100- 250µm.  Error bars show SD of at least 10 

measurements.  An exponential fit has been added to the entire data (shown by the 

thicker continuous line), and a linear fit has been added to all but the last datum (shown 

by the thinner continuous line).   

 

 157



There is an initial small displacement of the droplet relative to the increase in Re, which 

becomes increasingly more rapid as the droplet approaches the point at which oscillation 

commences. 

 

In order to observe the droplet oscillation most accurately, a Basler high speed CCD camera 

was used to image the oscillation of a droplet at 60 fps, at an angle 15 degrees from a plane 

perpendicular to the fibre.  Figures 7.8 and 7.9 show the raw and filtered (refer Section 2.5) 

position data for the oscillation in r and θo respectively of an b=158µm (captured at 60 fps) 

droplet in a plane perpendicular to the fibre.  Note that r is in µm and θ is in radians.  The 

flow velocity around the droplet was 8.0 ms-1.  The MATLAB fft and fminsearch functions 

were used to fit curves to both the raw and filtered sets of r and θo data.  The fft function 

performs a Fourier transform and was used to determine the fundamental oscillations in the 

data.  The fminsearch function works to fit a function to a data set such that the sum of 

squares for error between the data and the fitted function are minimised.  The important 

(highest power) oscillation periods discovered using the fft were used as a starting point for 

the fminsearch fit.  For the r data (Figure 7.8), it was found that there were 3 oscillations 

which had a far greater power than the others.  For the highest power oscillation (lowest 

frequency) fit, it was found that an almost identical sine function was fitted to either the raw 

or filtered data.  However the fminsearch function proved less sensitive to the initial 

conditions when using filtered data.  The θo data (Figure 7.9), contained 5 high power 

oscillations, therefore the data was more difficult to fit.  However, there was an oscillation of 

similar frequency to the r data, and this was fitted to the raw and filtered data.  It was found 

that the raw and filtered fits were almost identical, just the sensitivity of the fit changed.  The 

raw and filtered r and θo  data are given in Figures 7.8 and 7.9 respectively.  The sine curve 

fitted to Figure 7.8 was, 
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),64.144.13sin(67.11 += trS          (7.9) 

  

while a cosine curve of similar period was fitted to Figure 7.9, of the form,  

 

),72.221.14cos(11.0 += tSθ           (7.10) 

 

where t is the time in seconds. 
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Figure 7. 8 - Simple oscillation of r as a function of time.  R2 between sin fit and filtered 

data is 0.83.  
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Figure 7. 9 - Simple oscillation of θo as a function of time.  R2 between sin fit and filtered 

data is 0.45.   

 

The very close periods of the oscillation fitted to the data suggests some important underlying 

system dynamics forcing the oscillation, possibly due to the onset of turbulent flow 

characteristics, such as recirculation eddies.  This conclusion is supported by the Reynolds 

numbers obtained for such oscillation, as shown in Figure 7.5.  The oscillation is definitely 

occurring within the transition region between laminar and turbulent flow, therefore some 

turbulent effects or characteristics would be expected.  Another interesting feature of the two 

oscillation curves is that they are out of phase with each other by almost exactly one half 

period.   The correlation (R2 = 0.83) of rS to the filtered r data is quite good, however the 

correlation between  θS and the filtered θo is poor.  
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Interestingly, the raw data shows a second frequency of the droplet oscillation of the data i.e. 

the fundamental oscillation (to which the rS and θS curves were fitted) and the secondary 

oscillation, either side of the main oscillation - which is not exceptionally clear because the 

camera’s frame rate is not synchronous to the droplet oscillation.  In order to better account 

for this secondary oscillation, the difference between the raw data and the first oscillations 

(equations (7.9 and 7.10)) were taken, and a secondary oscillation fit performed using the 2nd 

highest power (r) and highest power (θo) oscillations from the fft.  The second droplet 

oscillation fits are, 

 

),77.586.173sin(66.9 += trD                 (7.11) 

  

and, 

 

).59.192.129cos(24.0 += tDθ                  (7.12) 

 

These fits shown in Figures 7.10 and 7.11 are rS+rD and θS+θD respectively.  It will be noted 

that the R2 fits to the raw data (the R2 values given in Figures 7.8 and 7.9 were the fit to the 

filtered data – the raw data fits for these figures was below R2 = 0.2)  is now quite good, for 

the double oscillation, especially for r.  The complexity of the oscillation of the θo data can be 

explained by the greater possibility for small irregularities in the flow field to effect this data.  

A third oscillation was fitted, this time to the filtered data, using the third highest powers 

found in the fft fits for both r and θo.  Figures 7.12 and 7.13 compare the filtered data only to 

the double oscillation for r and θo respectively.  The additional curves fitted to the filtered 

data were, 
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),7.74.30sin(93.5 += trF                   (7.13) 

 

and,  

 

0.05cos(57.25 3.96).F tθ = +                   (7.14) 
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Figure 7. 10 - Full oscillation of r as a function of time.  The raw data is shown together 

with a double oscillating sine curve fitted to both the major and minor oscillations.  R2 = 

0.61 
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Figure 7. 11 - Full oscillation of θo as a function of time.  The raw data is shown together 

with a double oscillating sine curve fitted to both the major and minor oscillations.  R2 = 

0.41 
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Figure 7. 12 - Full oscillation of filtered r as a function of time.  The filtered data is 

shown together with a double oscillating sine curve fitted to both the major and minor 

oscillations.  R2 = 0.91 
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Figure 7. 13 - Full oscillation of filtered θo as a function of time.  The filtered data is 

shown together with a double oscillating sine curve fitted to both the major and minor 

oscillations.  R2 = 0.55 

 

Figures 7.12 and 7.13 show the comparison between the filtered data and the double 

oscillation fits to the filtered data, given by rS+rF and θS+θF  respectively.  It will be noted 

that for Figure 7.12 the correlation between the double oscillation fitted and the filtered data 

is exceptionally good, reinforced by the R2 of 0.91.  For Figure 7.13, the correlation has 

improved (R2 = 0.55) however is still less than ideal.  The imperfection of this fit can, 

however be explained by the fact that the transverse oscillation θo would be far more 

susceptible to any unevenness in the flow field compared to the radial oscillation r. 
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To model the raw oscillation of r and θo in Figures 7.8 and 7.9, initial approximations for the 

model input parameters (m, Fd r, λ, αο βο, ωο, φ), were calculated for the droplet which was 

examined during the oscillation experiment.  The parameters αο, βο, ωο, and φ are, as 

mentioned, forcing terms to ‘force’ the model to the drag effects of the transition zone air 

stream.  So therefore, the value of these parameters was largely unknown, however the 

amplitude, period and lag of equations (7.9-7.12) served as an initial approximation for these 

parameters. The model oscillation was fitted to the experimental oscillation data using a 

Genetic Algorithm (GA).  The possible range of input parameters (with measurement 

tolerances) was used as the input bounds around which the model would perform the fit. The 

value of λ was obtained from equation (7.8) as the droplet displacement under drag force (r) 

pre oscillation gives a good measure of the tension force retaining the droplet on the fibre.  

This is because the displacement is a balance between the air drag on the droplet and the 

tension force, allowing λ to be determined.   

 

It was found during the model fitting that if the GA was executed to fit for one particular 

oscillation only (r or θo) then it would produce a better fit, using slightly differing model 

input parameters.  It was noted however, that when fitting to r only, the fit to θo was 

reasonable, however while fitting to θo only, the fit to r was poor.  This shows an interesting 

relationship in the nature of the oscillation and the model.  It is possible that due to the nature 

of the flow field, the forces acting in the r and θo directions have a differing effect on or 

significance to the nature of the respective oscillations.  The best model fit to r and θo (when 

fitted individually using the GA), were obtained from the parameter sets given in Table 7.1 

(all units are in cgs and radians).  It will be noted that most of the values for each 

corresponding parameter in the r and θo fit are extremely close, with only the magnitudes of 

the forcing terms differing.  All of the m, Fd, r, λ values are extremely close to those obtained 
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from experiments (and within experimental error) except for the value of Fd which is 

approximately a factor of 2x the experimental value.  However, this can easily be accounted 

for by the difficulty of acurately calculating drag in the transition flow region, therefore this 

value is acceptable.    

 

Table 7. 1 - Input parameters used in the model.  Units are in cgs and radians. 

Fit m Fd r  λ αo βo ωo φ 
r 1.27x10-5 0.20 0.0026 0.47 0.12 0.0 13.28 1.62 
θo 1.30x10-5 0.28 0.0027 0.43 0.15x10-3 7.25x10-5 9.76 0.40 
 

 

The model output for the r parameter set in Table 7.1 is shown for both r and θo in Figures 

7.14 and 7.15 respectively.  The model gives a relatively good fit to r (R2 of 0.46) with an 

average fit to θo  (R2 of 0.17).  It will be noted that the values of the forcing terms for the r fit 

(αo, ωo and φo) correspond very closely with the values of the coefficients in equation (7.9) 

(when the amplitude is converted from µm to centimetres).  Figure 7.16 shows the far better 

fit of the oscillation model to the θo data when it is fitted on it’s own.  As mentioned, the 

parameter difference to produce this fit only varies significantly for the forcing terms, 

suggesting a completely different narure of some of the oscillations in the flow forcing the 

motion of the droplet on the fibre. 
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Figure 7. 14 - Model output for oscillation of r as a function of time.  R2 between the 

experimental data and the modelled data is 0.46. 
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Figure 7. 15 - Modelled oscillation of θo as a function of time using the same model input 

parameters as used for Figure 7.13.  R2 between the experimental data and the modelled 

data is 0.17. 
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Figure 7. 16 - Optimised modelled oscillation of θo as a function of time.  R2 between the 

experimental data and the modelled data is 0.35. 
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7.5 Conclusion 

 
The behaviour of clamshell droplets on fibres during filtration processes presents many  

features which are important to airflow and particle capture in wet filters and filters collecting 

liquid aerosols.  The droplet oscillation shown could greatly influence the aerosol capture 

characteristics inside the filter, and the air and aerosol flow paths within the filter.  The 

mathematical model which has been developed for the application, appears to be able to 

predict the oscillation of the droplet in the r direction with quite good accuracy and the 

oscillation in the θo direction with slightly reduced but acceptable accuracy, providing a 

different set of forcing terms are used in the input parameters.  This difference in the nature 

of the oscillation in both directions suggests some features of the transition region flow which 

have a differential effect on the radial and transverse flow forces (Mullins et al. 2004b; 

Mullins et al. 2003c).     
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8 Observation of Barrel Droplets on Vertical Fibres Subjected to 

Gravitational and Drag Forces. 

8.1 Introduction 

 

The droplets formed on fibres can be classified as clamshell or barrel shaped (see Chapter 2).  

As stated previously, barrel droplets are usually defined by a contact angle of 0o with a film 

connecting the droplets.  In the previous chapter, many important features were observed, 

quantified and modelled, relating to clamshell droplet formation, motion and flow along the 

fibre.  The formation, motion and flow of barrel droplets also needs to be observed and 

quantified.  The previous chapters have shown that barrel droplets have very good self 

cleaning properties, and further study of the nature of their collection and flow along fibres 

would be of benefit to the further development of wet filtration technology.  

 

8.1.1 Preliminary Observations 

 

Qualitatively, the processes that occur when particles are captured on a fibre (which forms 

barrel droplets) consist of: 

  

(1) the polydisperse aerosols captured on the upstream face of the fibre, almost immediately 

spread along the fibre. This is different to the situation in Chapter 7 where the aerosols 

remain on the stainless steel fibre for a period of time before a quantity of aerosol collects in 

the one location;  
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(2) the captured aerosol rapidly coalesces on the fibre, forming a string of uniform, 

axisymmetric (under low or no airflow), relatively evenly spaced droplets. These form due to 

the Rayleigh instability of the film flow;  

 

(3) the droplets continue to grow by absorbing aerosol particles impinging onto their surface;  

 

(4) eventually the barrel droplet reaches a critical size at which it begins to oscillate. Once a 

droplet commences oscillation, the water flow can be stopped and the air flow velocity 

reduced, with the droplet continuing to oscillate until finally stopping at a lower velocity than 

which it commenced;  

 

(6) The barrel droplets continue to grow (by capturing aerosols or coalescence with other 

droplets immediately above or below them on the fibre) and continue to oscillate, until they 

leave the fibre, almost always by sliding down the fibre. Note that barrel droplets almost 

never blow off the fibre, except when placed at unfavourable angles as in Chapter 5 where 

gravitational and drag forces are opposing each other.  Because of the presence of a film 

connecting the barrel droplets, coalescence of droplets occurs above or below each other on  

the fibre frequently.                                                             
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8.2 Methods 

8.2.1 Experimental Equipment 

 

Laboratory apparatus and microscopic cells similar to those shown in the previous three 

chapters, were used in the experiments on the barrel droplets.  Clean, dry compressed air was 

used to aerosolise distilled H2O from a ‘Collison’ type nebuliser.  Another air stream was 

available to provide increased air flow or aerosol dilution, if needed.  The flow of air was 

varied throughout the experiments to generate a range of aerosol loading rates through the 

cell; this was required to observe specific barrel droplet behaviour on the fibre.  The flow rate 

through the cell was continuously monitored and controlled using a flow meter (Cole Palmer, 

USA).  The undiluted aerosol stream generated by the nebuliser had a particle concentration 

of 5.5x105 /cm3 at a mean size of 2.8±0.8µm.  This stream was diluted as required by the 

additional air stream mentioned.  

 

The aerosol stream was fed into the cell inlet, then through the cell being studied. The cell 

configuration used was identical to Figure 7.3(2).  Images of the process were recorded using 

a Basler high speed CCD camera (Germany) connected to a Zeiss Standard 25 light 

polarising microscope with a x10 objective lens.   

 

8.2.2 Fibres and cell configurations 

 

All fibres used in the experiments were 7±0.1µm diameter glassfibre.  Fibre diameters were 

verified before placement in the cells, using microscopy (Zeiss Standard 25 light polarising 

microscope, Germany).  All fibres were mounted vertically in the cells.   
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8.2.3 Experimental Procedure 

 

Prior to the experiments, fibres were cleaned by flushing with acetone, followed by rinsing in 

distilled water and then drying in an oven to ensure that they were free from contamination. 

A cell with newly installed clean fibres was placed in the microscope and connected to the 

air/aerosol supply.  Images were recorded using the aforementioned CCD camera and 

microscope objective lens at 25-60 frames per second (fps) from commencement of the 

airflow through the cell.  As mentioned, airflow rates were periodically altered, or stopped 

and restarted, or aerosol flow was discontinued with only air flow remaining, in order to 

observe specific features of the processes occurring.   

   

8.2.4 Image Analysis 

 

Visual examination of the frames (approximately 0.5x106 frames in total for all experiments 

in this chapter) was used to determine important features/events which required further 

analysis.  152 of the previously mentioned frames were analysed in the MATLAB Image 

Processing Toolbox.  Droplet edge profiles were determined using the ‘Canny’ edge 

detection method incorporated in the toolbox.  Droplet centre positions were determined 

using the "centroid" feature to examine droplet oscillation.  Cross sectional areas of droplets 

were determined by calculating the number of pixels constituting the droplet image and 

converting to a size in µm2 using the known pixel size (1pixel = 0.7µm×0.7µm).  The 

droplets were assumed to be spherical, although this is not exactly the case.  However, given 

the high surface tension of water, the droplets are generally spherical except near the points 

of contact with the fibre.  This approximation is sufficiently accurate and has been used 
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previously (Kirsch 1978).  Three dimensional droplet measurements have shown that for a 

given droplet there is no greater than 5% variation in droplet diameters measured along each 

of the three axes (disregarding contact points).   

 

8.2.5 Data Analysis 

 
 

As in the previous chapter, the oscillation activation (OA) and deactivation (OD) data (refer 

Figure 7.5) were analysed using a t-test to determine if statistically significant differences 

existed in the data.  The Reynolds number (Re) for the air flow past the spherical droplet, was 

also calculated.   
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8.3 Results and Discussion 

 

Figure 8.1 details the points at which the oscillation commences (OA) as the air flow rate is 

increased, and ceases (OD) as the air flow rate is decreased again. This figure consists of a 

number of 'pairs' of activation/deactivation values for each droplet being examined.  The 

oscillation activation (OA) is clearly greater, but of similar slope to the deactivation point 

(OD).  It should be noted that there was no measurable difference between the size of each 

droplet pair, so evaporation can be neglected since for these experiments the system was 

operating at 100% humidity.  It will be noted that the R2 values are quite low (OA = 0.25, OD 

= 0.27) however this can be accounted for by the difficulty of capturing the exact flow 

velocity where oscillation commenced or ceased.  A t-test was used to determine if the two 

data sets were significantly different.  The t-test showed an extremely strong significant 

difference (p = 5.2x10-7) between the two data sets on a 95% confidence interval.  This 

droplet oscillation is believed to be induced by the commencement of a transition of the flow 

regime between laminar and turbulent, which is supported by the Re values.  As can be 

observed from Figure 8.1, the oscillation generally only commences at Re values of 100 or 

greater.   
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Figure 8. 1 - Activation (OA) and Deactivation (OD) of droplet oscillation as a function of 

Re.  A straight line has been fitted to each data set using linear regression. R2(OA) = 

0.25, R2(OD) = 0.27.  The two datasets were shown to be significantly different (p = 

5.2x10-7) using a t-test (t = 7.28, df = 20). 

 

When Figure 8.1 is compared to Figure 7.5 (an equivalent figure for clamshell droplets), it 

will be noted that the slope of the linear fits to OA and OD is slightly steeper for Figure 7.5 

and the droplet radii are much larger.  It will also be noted that the vertical distance (Re) 

between the linear fits to OA and OD in both figures is approximately 60 Re.  One of the 

reasons for the differences noted is due to the fibres used in Chapters 7 and 8 having quite 

different diameters, with the stainless steel fibres in Chapter 7 having 4x the diameter of the 
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glass fibres used in Chapter 8.  This difference means that the available contact area of fibre 

is reduced on the thinner fibre for a droplet of the same volume.  However, clamshell droplets 

of the same volume as a barrel droplet on the same diameter fibre will have a smaller contact 

area due to the nature of the attachment of clamshell droplets to fibres.  If the fitted lines in 

Figure 8.1 and 7.5 extended until they covered the same region of b there would only be an 

approximate vertical difference of their positions of 20Re at b=0.01cm, with the linear fits in 

Figure 7.5 being lower than the fits in Figure 8.1.  Therefore this implies that for clamshell 

droplets, a lower airflow velocity is required to commence oscillation, especially since the 

greater fibre contact area for the fibres used in Chapter 7 should give the droplets better 

adherence to the fibre and more resistance to oscillation.  Another factor may be the natural 

position of clamshell droplets  on the downstream surface of the fibre, making it easier for it 

to oscillate, at least in the transverse direction.     

 

Figure 8.2 shows the air velocity at which a droplet of radius b starts to flow down the fibre.  

All droplets imaged flowed down the fibre, none were observed to be blown off during the 

experiment.  Thus the droplet flows down the fibre before drag forces can break the 

interfacial tension holding the droplet on the fibre. It is clearly not preferable for the droplets 

to be blown from the fibres (compared to flowing down), as it would not enhance the self 

cleaning process (in wet/liquid filtration) and could lead to re-suspension of any captured 

contaminant aerosols.   
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Figure 8. 2 - Droplet flow down the fibre as a function of Re.  A straight line has been 

fitted to the data set using linear regression.  R2= 0.91.  

 

On comparison with Figure 7.6, it will be noted that there is only a single line in Figure 8.2, 

due to the fact that, no droplets were observed to be blown from the fibre in Figure 8.2.  

Therefore all data in Figure 8.2 corresponds with DF in Figure 7.6.  The slope of the line 

fitted to Figure 8.2 is much steeper than the slope of the line fitted to Figure 7.6(DF).  This 

demonstrates both, the greatly improved drainage of barrel droplets down the fibre (due to the 

connecting film between droplets), compared to clamshell droplets, but also the fibre 

diameter difference again will have some effect since the barrel droplets will be unable to 

remain on the fibre as long.   
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Figure 8. 3 - Barrel droplet displacement under increasing velocity prior to the 

commencement of oscillation.  b=50- 100µm.  Error bars show SD of at least 10 

measurements.  An exponential fit has been added to the entire data (shown by the 

longer continuous line), and a linear fit has been added to all but the last two data 

points.   

 

Another feature noted was the displacement of the mass centre of the clamshell drop from its 

rest position as airflow velocity (and hence drag and Re) increased.  Figure 8.3 shows the 

displacement of the mass centre of the droplet downstream of the fibre as a function of 

increasing Re (or equivalently air flow velocity or Fd). Measurements of the mass centre 

positions of 10 droplets between b=50 and 100µm were taken at velocities from 0 to the point 
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at which each droplet began to oscillate, and the means of the results (± one SD) are shown in 

Figure 8.3.  It will be noted that there is an initial small displacement of the droplet relative to 

the increase in Re, which becomes increasingly more rapid as the droplet approaches the 

point at which oscillation commences. 

 

An exponential function could be best fitted to the entire data as shown in Figure 8.3.  The 

correlation is the form, 

 

7 4.51.19 10 Rer −= × 1  .           (8.1) 

 

A linear fit has been added to all the data except the rightmost two points, and this linear fit 

is, 

 

0.253Re 1.263r = − .         (8.2) 

 

The linear fit was added since this portion of the graph appears near linear (justified by the R2 

for the fit of 0.87).  Due to the difficulty in determining the exact point at which oscillation 

commences, it may be possible that the last 2 data points in Figure 8.3 and the last data point 

in Figure 7.7 are at the commencement of droplet oscillation, which would make the linear fit 

to the main portion of the data more valid. 

 

It will be noted that the slope of equation (8.2) is significantly steeper than equation (7.8),  

and the power term in equation (8.1) is greater than the power term in equation (7.7).  This is 

most likely due to the greater ability of the barrel droplet to be extended in r before 

detachment from the fibre.  Since the barrel droplet is axisymmetric at rest, it appears to 
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allow itself to be displaced from the at rest position more easily than an equivalent clamshell 

droplet, however unlike the clamshell droplet, it can be displaced almost the radius of the 

droplet without detachment.  Therefore, clamshell droplets are not able to be displaced as far 

without fibre detachment.  Again the fibre contact area may have an effect, since a greater 

fibre/droplet contact surface will allow the clamshell droplets to have a greater resistance to 

displacement from the fibre. 

 

 183



8.4 Conclusion 

 
The behaviour of barrel droplets on fibres during filtration processes presents many  features 

which are important to airflow and particle capture in wet filters and filters collecting liquid 

aerosols.  The droplet oscillation shown could greatly influence the aerosol capture 

characteristics inside the filter, and the air and aerosol flow paths within the filter.  This work 

adds to the work in the previous chapter on clamshell droplets, allowing a useful comparison 

between the features of the two droplet types. 
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9 Conclusions and Recommendations  

 
Chapter 4 detailed the reduced propensity for particle bounce in wet filters compared 

with conventional dry air filters.  This was accompanied by the characteristic increase 

in filtration efficiency seen in wet filters.  The specific findings were: 

• Particle bounce occurs more frequently in solid aerosols than liquid aerosols of 

the same size, due to the better ability of the liquid aerosols to deform during 

capture and dissipate the capture forces. 

• This bounce or differential capture effect either does not occur or is greatly 

reduced in wet filters so as to make it imperceptible.  This is obviously due in 

the most part to the liquid coating on the wetted fibre being able to sufficiently 

dissipate the forces imparted to it by the impinging aerosol particle. 

The comparison of particle kinetic energy with filtration efficiency was an important 

addition, which further reinforced the statements regarding the differential capture of 

solid and liquid particles possessing the same kinetic energy.  The extension of this 

work to examine the bounce effect at a microscopic scale, would be beneficial.   

However, it did not prove to be possible, using the Basler CCD camera available for 

this research, which has a maximum frame rate of 80fps.  More sophisticated 

equipment is required for this work to be extended.  Assuming that the minimum 

effective velocity at which bounce would occur is 15 cm/s, means that an aerosol 

particle travels approximately 0.2 cm or 2mm per frame.  The largest frame size 

which can be attained while still retaining sufficient resolution is approximately 720 

pixels long at a resolution of 2.1µm per pixel.  This means that a total frame length of 

1512µm or 1.5mm, which is obviously insufficient to capture particle bounce.  

Decreased microscope magnification would give the camera a larger frame/image size 
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at the expense of resolution.  Therefore it would be necessary to use a camera capable 

of at least 300fps at the same resolution to adequately observe particle bounce at a 

microscopic scale.  So while it was hoped to examine particle bounce on a 

microscopic scale, this was not possible with the equipment available in most aerosol 

laboratories.   

 

The work of Chapter 5 discovered that an optimum internal fibre angle to maximise 

droplet flow or drainage, exists in wet filters.  A model was produced to describe the 

relationship between fibre angle and the force down the fibre which induces droplet 

flow.  By far the most significant factor in the model for determining the optimum 

angle was the droplet radius (b), followed by air drag and gravitational forces acting 

on the droplet.  This work is important to the design of wet filters so that flow down 

the filter can be maximised and/or water use minimised, and has the potential to 

greatly improve the design and operation of wet and liquid aerosol filtration 

equipment.  The occurrence of film flow in the valleys between two connected 

parallel fibres is important as it suggests that an irregular shape is required to break 

the Raleigh instability which usually causes barrel shaped droplets to occur rather 

than film flow.  It is possible that the film flow observed in early wet filtration 

research was on two fibres rather than one – as glass fibres often clump together – and 

this was not able to be observed with the apparatus available at the time. 

 

Chapter 6 detailed the processes that occur inside a wet filter collecting solid or oil 

particles.  The important conclusions, which not been previously reported in previous 

literature, were: 
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• Rotation of the entire droplet in the flow field (observed with the presence of 

particles in the droplet) occurs even for small droplets and rapidly commences 

then stops as airflow is started or stopped respectively.  Such rotation was likely 

induced by non-uniformities in the flow field around the droplet.   

• Flow or self cleaning of droplets on fibres occurs even when they are heavily 

laden with dust particles was observed. 

• Particles which have been deposited on fibres as a result of droplet evaporation, 

as opposed to direct impaction on the fibre, are more easily cleaned from the 

fibre.  This further supports the conclusions in Chapter 4 that the liquid layer on 

a wet fibre is able to dissipate the impaction forces better than a dry fibre.    

• Fibres which form clamshell droplets with water are more difficult to regenerate 

than fibres which form barrel shaped droplets.  The quantification of the fibre 

regeneration processes after drying of the wetting liquid gives important 

information about the suitability of various fibre types to for use in wet 

filtration. 

• Barrel droplets are able to displace clamshell droplets on fibres due to their 

preferential adherence.  The existence of preferential barrel shaped droplets on 

the filter fibres collecting two types of liquid aerosols has vital ramifications on 

the effectiveness of wet filters, or filters collecting liquid aerosols if such filters 

receive unexpected contaminant aerosols.  Such contaminant aerosols have the 

potential to displace the original wetting liquid and could thus induce clogging 

of the filter or re-entrainment of collected aerosols. 
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The quantification of the droplet formation process and following motion of such 

droplets (Chapter 7 and Chapter 8) identified some features previously unreported in 

the literature.  The important features are: 

• Both barrel and clamshell droplets have distinct, statistically different points at 

which oscillation activation and deactivation occurs as a function of Re. 

• Clamshell droplets tend to be blown from fibres when they reach a certain 

(velocity dependent) size, unlike barrel droplets which flow down the fibre 

frequently and are difficult to detach from fibres.  Quantification of the size and 

velocity dependent departure of barrel and clamshell droplets from the fibre, 

and the mode of departure from the fibre for clamshell droplets was an 

important finding in these chapters. 

• Displacement of droplets of both types from the fibre as air drag increases.  It 

was further found that barrel droplets are more readily displaced, however they 

are able to be displaced much further than clamshell droplets without 

detachment. 

Empirical equations have been developed for many of the above processes. 

 

The droplet oscillation in the Reynolds transition flow field is a feature which has not 

been previously shown in literature or modelled.  The important findings were: 

• The oscillation is induced by unevenness of the flow field surrounding the 

droplet in the Reynolds transition region. 

• The model developed is able to predict the oscillation with an acceptable 

accuracy. 

• The droplet motion that is predicted by the model would be expected to have a 

significant effect on the airflow and aerosol capture inside the filter. 
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Although this thesis explains a significant proportion of the processes occurring inside 

the filter during wet or liquid filtration, there a large body of further work which 

should be completed so as to gain an even better understanding of the system.  The 

recommendations for further work are given below.    

 

(1) Examination of particle bounce at a microscopic scale on wet and dry filter 

fibres with an ultra high speed CCD camera. 

 

(2) Development of trial, laboratory scale model filters with the optimum internal 

fibre angle determined in Chapter 5 for further development of the theory and 

mathematical model. 

 

(3) Extension of the work in Chapter 8 to include application of the model 

developed in Chapter 7 to predict the droplet oscillation of barrel droplets.  

Also, adaptation of the model to use the exponential droplet extension shown 

in Chapters 7 and 8 to determine if this has an effect on the model accuracy. 

 

(4) Further examination of the capture of solid and oil aerosols on model filters 

with multiple, intersecting fibres to determine the fibre regeneration ability 

and droplet flow on fibres at intersection points. 

 

(5) Extension of the oscillation modelling work to barrel droplets, and further 

validation of the model with a wider range of data. 
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(6) Evaluation of the change in the upper and lower droplet/fibre contact angle 

during oscillation and droplet flow/detachment processes.  At the moment 

observation of these features are at the outer bounds of the available camera 

resolution and/or speed. 

 

(7) Attempting to produce fibres or fibre combinations which induce film flow 

reliably, and testing of whether film flow or barrel droplets are the most 

desirable configuration in wet filters. 
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