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Abstract

A wide range of industrial and anthropogenic systems involve multi-phase pro-

cesses, which lead to generation of liquid aerosols and mists. These small liquid

aerosols impose a risk to workers health and environment which need to be elim-

inated properly or even captured and re-used. Filtration is one of the most com-

mon treatment methods which is significantly employed in different industries for

treating oil-mists and known as coalescing filtration.

The majority of previous research in aerosol removal is mainly focused on

solid dust filtration which is different from coalescence filtration. Liquid aerosol

filtration is much more complex compared to solid filtration, and studies in this

field are mostly experimental which have resulted in some empirical models for

predicting wet pressure drop, saturation profile, and efficiency in coalescing fil-

tration. It is found that these models have a narrow applications and validity

which is only applicable on the similar filter geometries and operating conditions.

More importantly, majority of the studies, and all the empirical models are only

developed based on fibrous filters which are only one type among different filter

structures used for treating liquid-gas flows. In the present study, in addition to

fibrous filter, two other types of filters such as knitted and open-cell foam media

are considered in order to evaluate their performance under similar physical and

operating conditions.

For the purpose of evaluating different filter performance, information about

their residual saturation and pressure drop profile is required which with exist-

ing empirical models and experimental data is not possible to conduct such an

investigation. Moreover, there are no studies in regard to other types of filters

from performance evaluation point of view. In the present study, a methodology

is developed for the systematic study of different types of filters with different

structures under equivalent operating conditions. To achieve this in practice, we
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need to look beyond purely experimental approaches which are limited by the

filters available. This may be achieved through a numerical approach such as

computational fluid dynamics (CFD), where any possible combination of filter

parameters and operating conditions may be explored. It is such an approach

taken in this work, with of course the requisite use of experimental data to con-

firm the accuracy and validity of the models used.

First, three types of coalescing filters; fibrous, knitted and open-cell foam fil-

ter media were generated virtually. The accuracy of each structural design was

verified against experimental data obtained during this study, as well as estab-

lished theoretical models. After confirming the validity of the filter generation

methodology and accuracy of the filter media produced, initial studies on the

single-phase (dry filters) were conducted as further validation and to ensure the

appropriate level of mesh refinement.

In this study, the inlet velocity variation is in a higher range (compared to the

literature) due to major industrial applications and contact angle variation in dif-

ferent types of filter media is investigated numerically. The simulation results are

validated against the experimental data obtained during this study, experimental

data from the literature, and empirical models. The information acquired from

the CFD study provides beneficial information about the behaviour of different fil-

ter structures in different operating conditions which leads to sets of performance

data for comparison. The investigations on the final stage of the filtration suggest

a possible local optimum region in the pressure drop curve which has not been

reported before. This local optimum in the pressure drop profile is qualitatively

validated by sets of experiments in the present study. Based on this observation

and the influence of the operating and physical properties on the pressure drop

curve, a qualitative hypothesis is presented describing this local optimum and the

influence of the filter and operating parameters on its development and location.

The presence of this local optimum in pressure drop curve has a significant po-

tential to reducing the operating and manufacturing costs of the coalescing filters.

In summary this work has:

• Developed a methodology for a systematic study of different types of coa-

lescing filters;

• Generated different types of coalescing filter media virtually and validated
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the accuracy of these compared to real filter media through rigorous exper-

iments;

• Demonstrated a methodology for generating a quality mesh for CFD study

and mesh polishing techniques in complex geometries;

• Investigated the saturation and pressure drop in different filters with differ-

ent structures to evaluate the quality factors and validate the CFD results

by sets of multi-phase experimental tests and existing empirical models;

• Proposed a qualitative hypothesis for estimating the local optimum in pres-

sure drop curve.

This thesis developed a methodology in order to compare the performance

of different types of filters (fibrous, knitted, and foam media) which has not

been reported in literature. Moreover, the local optimum in pressure drop

curve which identified in this work is a novel contribution to the field of

interfacial science and gas-liquid separation which can significantly affect

the coalescence filters design in future.
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Chapter 1

Introduction

An aerosol can be defined as a solid or liquid particle which is suspended in a

gas. Among different types of aerosols; dust, smoke, haze, mist, and fog can be

mentioned as the most common types that we encounter. Based on the nature of

the aerosol it may be considered desirable like its application in pharmaceutical

products for delivering a medicine to the patient lungs (Rudolph et al. (2004)), or

it can be detrimental like its deposition in heat exchangers (Siegel and Nazaroff

(2003), Nishio et al. (1974)) by reducing the efficiency.

One of the most common types of aerosols is oil-mist. This liquid aerosol

consists of oil droplets in a gas; often air. There are various processes recognised

for generation and dispersion of oil-mists into environment which metal cutting,

engine crankcase, and air compressors are a few to be mentioned.

Presence of oil-mists in different environments, and their adverse impacts on

human health have been the topic of numerous studies. It has been shown that

oil-mists have an detrimental impacts on human’s skin and respiratory system

(Lacent (1990)). Furthermore, investigations have proven that the presence of

oil-mists in working atmosphere can be the underlying reason for lung cancers

(Hendy et al. (2016), Goldstein et al. (1970)). Therefore, due to the detrimental

oil-mists’ serious risks to human health, many countries including Australia im-

posed an exposure limit of 5 mg/m3 (Pohanish (2011)).

Apart from all the adverse health impacts of oil-mists on our life, no one is

oblivious to the fact that the lubricating oil is an integral part of industry, and

oil-mist are the common by-products of different processes. Oil is widely used

in various industries in order to improve the functioning of various machinery

or efficiencies. In metal cutting process, oil as a lubricant plays a vital role not

only by its cooling properties which prevents the temperature of the tool from
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rising, it also prevents the abrasion (Williams (1977)). In this process, lubricant

oil usually aerosolised, and Thornburg and Leith (2000) reported that the oil mist

droplets median diameters were 2.1 µm. Another main application of lubricating

oil is in automotive industry, especially engine crankcases where oil reduces the

friction of moving parts significantly. When an engine operates, combustion gases

which are known as blow-by gases flow in the gap between the cylinder sleeves

and piston rings into the crankcase (Heywood (1988)). The combustion gases are

composed of various aerosols such as oil aerosol particles (0.1 to >10 µm), soot

particles ( 0.3 to 0.5 µm), gases; CO, CO2, NOx, O2, H2O, gaseous hydrocarbons

(HC), water vapour and aldehydes (Clark et al. (2006)).

Therefore, it is important that suitable methods to treat oil mists are devel-

oped and used. Common approaches include using cyclones, membranes, scrub-

bers and filters. However, due to the small size of the oil-mist droplets, many

researchers believe that cyclones are not the best choice since their performance

reduces significantly when dp<0.1 mm (Run et al. (2015),Sauter et al. (2003)).

Golkarfard et al. (2018) investigated different types of crank case filters and sepa-

rators, and it was found that filters have better performance compared to cyclones

significantly.

Filters with different shapes, size and properties are usually the most efficient

method to remove aerosol particles from air stream since this method is compar-

atively low cost in addition to have high separation efficiency. Current filters are

able to remove the complete size range of aerosol particles with up to 99.993%

efficiency (HEPA – High Efficiency Particulate Air) (Ahn et al. (2006)), although

filter efficiency is characteristically reduced for particles of the size between ap-

proximately 100 to 500 nm.

When it comes to filtration, there are two distinct subjects in this area: filtra-

tion of solid particles and filtration of liquid particles (termed as “mist” or “coa-

lescing” filtration Mead-Hunter et al. (2014)). Although there are many studies

focused on the mechanisms of dust filtration (Thomas et al. (2001), Saleem and

Krammer (2007), Novick et al. (1992), Rice et al. (2006), Cheng and Tsai (1998)),

there are relatively low number of studied in gas/liquid filtration and also sat-

urated fluid filtration and associated transport mechanisms. One of the main

difference between the filtration of solid particles versus liquid particles is the

ability of the captured liquid droplets to coalesce into larger droplets and move

through the filter by gas flow which makes the mechanisms by far more complex

(Abishek et al. (2019)). Therefore, the majority of the research works conducted

in this area are experimental, or based on empirical, and semi-empirical approach.
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This work aims to evaluate and compare the performance of oil-mist coalesc-

ing filters with different structures. In order to achieve this, computational tools

and procedures will be developed to virtually generate three types of realistic

filter media (fibrous, knitted, and foam). These techniques will reduce the costs

and time required for filter development in future research, and provide an op-

portunity to evaluate the filters before production. Also, the virtual filter design

will be 3-D which enable the researchers to capture the pore-scale flow physics of

different filtration problems usually studied in 2-D due to complexity of the filter

structure. The validity of the filter generation methodology and generated filters

in this study will be validated against experimental data and theoretical models.

Moreover, Computational Fluid Dynamics (CFD) techniques by the open source

modeling software (OpenFOAM) will be employed in order to model interstitial

saturation and entrainment in the generated media. By analysing the virtual

filters saturation and pressure drop, their performance and quality factors will

be assessed in details. Another advantage of the offered simulation is that all

variables such as: packing density, fibre diameter, air flow rate and saturation

except the one being studied may be held constant. This idealised approach can

be difficult to implement for experimental investigations. However, there is no

doubt that experimental results will be used for validating the simulation results

in this research.
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Chapter 2

Literature Review

In this chapter, a literature review is presented on the concepts, models, tech-

niques, and available data related to the aims of this work mentioned in Chapter

1. In the end, the gaps between the published research are identified and a series

of research strategies is outlined to address them.

2.1 Aerosol Characteristics

Atmospheric aerosols are typically an air-suspended mixture of solids and liquid

droplets (Hinds (1999a)) which have natural sources or are produced based on

human activities. Figure 2.1 presents the most common types of particles and

their size.

In 2018, the World Health Organization (WHO) reported that outdoor air

pollution in both rural regions and cities was estimated to be responsible for 4.2

million premature deaths worldwide. It is revealed by WHO that 91 % of people

globally live in an unsafe condition due to air pollution. Moreover, a research

by WHO in 2016 found that 29 % of lung cancer deaths, 24 % of strokes, and

25 % of heart diseases were caused by air pollution (WHO (2016)). Therefore,

it can be concluded that controlling and eliminating particulate matters is a must.

Although, the necessity of protecting our environment and public health is an

undeniable mission, but industries still need to remain economically lucrative and

viable. One of the main substances that extensively used in various industries is

lubricant oil which is attributable to forming oil mists in working environments.

Oil mists are defined as fine particles formed due to splashing, frictional forces,

fluid shear or thermal processes. These fine droplets impose a serious risk to

workers health (Decoufle (1978)).
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Figure 2.1: Common Types and sizes of Particulate Matter (after Hinds (1999a))

Based on different physical properties of particles and consequently differ-

ent governing forces various technologies have emerged to capture and control

them. Spurny (1998) grouped them into six categories: solid plate impaction

(e.g. impactor), centrifugal impaction (e.g., cyclones), virtual impaction, liquid

impingement (e.g., scrubbers), using external force field (e.g., electrical precipi-

tators), and filters. Among all the mentioned categories, filtration is considered

as the most economical and high efficiency method for removing fine solid and/or

liquid particles from streams (Hinds (1999a)). The aim of this research is to ad-

vance our knowledge in gas-liquid filtration due to its significant role in different

industries. Accordingly, filtration category will be presented in more details in

the following.

2.2 Filtration

Different types of filters are applied in various industries such as food, oil and

gas, health and pharmaceutical (Hinds (1999a)). Whatever the application, all

filtration processes involve a medium which is permeable for one of the compo-

nents of the mixture, and allow to capture of the other. Filter performance can

be evaluated based on two parameters, capture efficiency (or hold-up saturation

capability) and pressure drop. Ideally a filter will have a high capture efficiency
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and low flow resistance. It should be mentioned that in comparison to alternative

methods, filters provide sufficient capture efficiency in a wider range of particle

size and flow rates. However, the main disadvantage of the filters is their periodic

requirements for cleaning and the costs of replacing due to clogging and subse-

quent excess pressure drops (Leung et al. (2010); Podgorski et al. (2006)). This

excess pressure drop leads to a critical pressure which is known as an indicator

for replacing the filter. Therefore, understanding filtration mechanism, and af-

fecting parameters on filtration behavior help us to develop high efficient filters

with longer lifetime.

An increasing number of research have focused on solid particle filtration,

while liquid aerosol filtration in air streams, so far, have been the subject of fewer

studies. However, liquid aerosols form a considerable amount of air pollution in

various industries (Frising et al. (2005); Amin et al. (2017); Hoover (2019); Gallou

et al. (2011); Perry (1986)). The focus of the research presented in this thesis will

be on liquid filtration in different types of filter media which will be presented in

the next section.

2.2.1 Types of Filters

Due to vast variety of materials and diverse forms are used to make a filter media,

different types of classifications have been presented by several authors (Purchas,

D.B. (2002), Hutten (2007), Sutherland (2008), Dickenson (1995)). Generally,

filters media can be classified into surface and depth media types. Surface type

media are recognised by the fact that aerosols in suspension are mostly captured

on the surface of the medium, with little penetration into the pores. Examples

of this type are filter paper, filter cloths and wire mesh. Depth type media,

used mainly for liquid filtration, are distinguished by the fact that the aerosols

penetrate into the voids, where they are retained. The voids of such media are

considerably larger than the sizes of the aerosols in suspension, whose concentra-

tion is generally not high enough to promote aerosol bridging across the pores;

the aerosols may be captured mechanically. It should be mentioned that some

media function simultaneously as depth and surface filter types and do not fit

readily into this mode of classification. In liquid filtration, the most common

filter types are woven filter, non-woven filter and open-cell foam filter.

In the case of woven filters, although a wide range of materials for manufac-

turing the fibers themselves are used, the construction and filtration characteris-

tics of a filter are determined by the type of yarn, the weave or fabric construction

and properties. The main application of woven media is in cleanable/regenerable
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filter systems where the integrity of the filter plays an important role (Brown

and Cox (2017)). Knitted filters which are special class of this category and

known for their significant mechanical strength are mainly used in mist separa-

tion process (Brunazzi and Paglianti (2000), Choi and Lo (2003)). It is worth

mentioning that knitted filters are generally highly extensible and anisotropic

when it comes to filtration, so their applications is mainly limited to mist separa-

tion in specific industries like fume hoods, metalworking fluid mist collectors and

petrochemical process mist eliminators (Brown and Cox (2017)). There has been

relatively little previous study on this type of filters and most of the research

focused on the physical properties (Yuksekkaya et al. (2010),Ka Fai Choi and

Tin Yee Lo (2006),Anand and Lawton (1991)) and pressure drop and efficiency

(Mullins et al. (2011),Dehkordi et al. (2017),Mullins et al. (2017)) of such filters.

Figure 2.2 shows a knitted media.

Figure 2.2: Knitted filter media (single layer)

There has been some research into developing knitted filter virtually in re-

gards to conduct numerical studies. Anand and Lawton (1991) presented the

mathematical structure of knitted fabrics based on the several years of research

on textiles. A mathematical model to describe plain knitted fabric accounting for

deformation was proposed by Ka Fai Choi and Tin Yee Lo (2006); Choi and Lo

(2003). Recently, Mullins et al. (2017) reported a methodology for the generation

and validation of a knitted media for filtration applications.

Non-Woven filters are typically composed of (near) randomly packed arrays

of fibres, which may be composed of molten plastic, stainless steel, glass fibre, or
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various polymers, and typically have very low packing densities. They are flat

or tufted porous sheets and they are not made by weaving or knitting and do

not require converting the fibres to yarn. Generally they are called fibrous filters

(Abishek et al. (2017), Mead-Hunter et al. (2014)), and Figure 2.3 shows a typical

fibrous filter.

Figure 2.3: A Scanning Electron Microscope (SEM) image of a fibrous filter

(Curtin University Electron Microscopy Facility )

Fibrous filters have diverse application in air, gas and liquid filtration. Air

and gas filtration consume approximately 65% of the non-woven filtration me-

dia, and the rest of 35% belongs to liquid filtration (Gregor (2009)). There are

different industries that use non-woven filters such as pharmaceutical, medical,

water purification, oil and gas industry as oil-mist eliminators in gas stream and

automative industry for eliminating oil-mists from crank case (Golkarfard et al.

(2018)).

Open-cell Foam filters are a class of porous media that contains voids in the

range from 10µm to 5 mm. The cell edges are named struts, and this combination

forms an interconnected structure (open-cell foam). These filters have numer-

ous industrial applications due to their special structure which are of high stiff-

ness, high permeability and low density (Gibson and Ashby (1989); Aitken et al.

(1993)), and reported has an acceptable efficiency (Ray et al. (2005), Ardekhani

and Raiszadeh (2012)). Figure 2.4 shows an open-cell foam media.

Since the advent of open-cell foam filters, there has been extensive research

conducting into various aspects of these filter geometries such as heat transfer

9



Figure 2.4: Open-cell foam filter media (SEM) image of a foam filter (Curtin

University Electron Microscopy Facility )

(De Schampheleire et al. (2016); Billiet et al. (2015); Diani et al. (2015)) which

mainly used MRI, CT scan or other imaging techniques to produce the filter me-

dia for the studies.

2.2.2 Properties of Filter Media

Filter media are characterised by many different mechanical properties. Re-

searchers divide these properties into two main categories detailed in this section:

mechanical properties and application oriented properties.

Mechanical Properties

These properties are rigidity, packing density, strength, resistance to creep/stretch,

stability of edges, resistance to abrasion, stability to vibration, dimensions of

available supplies, ability to be fabricated, sealing/gasketing function.

Due to importance and extensive application of packing density in the re-

search, this characteristic will be explained in more details.

Packing density or solidity of a filter is the ratio of the fibre volume (Vfibre)

to filter volume (Vfilter).
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α =
Vfibre
Vfilter

(2.1)

where in Equation 2.1, Vfilter = Vfibre + Vvoids. Vvoids is the volume inside the

filter not occupied by fibres.

Application-Orientated Properties

These properties are related to the compatibility of a medium with the process

environment. These properties are: chemical and thermal stability, dynamic

stability, adsorptive characteristics, wettability, health and safety aspects, static

characteristics, and disposability. Since the surface wettability characteristics

plays an important role in liquid filtration and scope of this research, in the fol-

lowing this will be explained in more details.

Wettability

One of the main characteristics of a fibre surface is its properties against a liquid

which divides it into philic (wettable), or phobic (non-wettable) category. When

a liquid aerosol is captured by a philic filter fibre, due to the physical properties

of the fibre surface it can spread out to ”wet” the fibre. This phenomena has been

the subject of numerous studies (Degennes (1987), Semal et al. (1999), Seveno

et al. (2009)). It should be mentioned that the majority of previous works focused

on flat surfaces rather than a cylindrical shape like in filter fibre.

The contact angle of a droplet on a flat surface is defined by Young’s Equation

(McHale et al. (2001)):

cosθ =
(σSV − σSL)

σLV
(2.2)

where in Equation 2.2, θ is the equilibrium contact angle, θSG is the solid-gas in-

terfacial tension, σSL is the solid-liquid interfacial tension and σLG is the liquid-gas

interfacial tension (2.5). As it can be deduced from Equation 2.2, this Equation

is not applicable for the case in which droplet forms a thin layer on the surface

or in other word, it is valid where θ > 0.
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Figure 2.5: Schematic illustration of an oil-mist droplet on a solid surface as

described by Young’s equation (after Soleimani-Gorgani and Karami (2016)).

Fibre Wetting

Roe (1975) indicated that collected droplets on the fibres are categorised into two

groups (based on their shape) which mainly depends on fibre surface properties

and collected liquid droplet properties. One group named Clamshell having con-

tact angle ≥ 90◦ and the other is barrel droplet which the contact angle is < 90◦.

In wettable fibres, the liquid spread out along the fibre and wet the fibre which

leads to a thin film around the fibre (Mead-Hunter et al. (2014)), then due to

the Plateau-Rayleigh instability the droplets divide into separate barrel shapes

on the fibre (Mullins and Kasper, 2006). On the other hand, in non-wettable

fibre the droplets do not wet the fibre and remain as a clamshell shaped on the

fibres. These droplets growths by coalescing with other near droplets and can

be detached by the velocity of air stream. Figure 2.6 shows the diagrammatic

presentation of the clamshell and barrel shaped droplets on the oleophobic (non-

wettable) and oleophilic (wettable) fibre.

Super-phobic and super-philic which are the extreme wetting behavior of a

fibre have applications in various industry fields such as oil-water separation (Guo

et al. (2014)), corrosion resistance property (Kang et al. (2011)), and self-cleaning

surface applications (Zhou et al. (2015)).
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Figure 2.6: Diagrammatic presentation of clamshell and barrel shaped droplets

on non-wettable (phobic) and wettable (philic) fibres.

2.2.3 Filtration Theory

The underlying objective of filtration is to surely remove one compound from

another. In particle filtration, the aim is to capture suspended aerosol deposited

on a unit length of a fibre depending on flow velocity (which mostly expressed

in the non-dimensional form of Reynolds number), fibre diameter, filter packing

density, and filter thickness. In the following, filter Reynolds number and aerosol

capture mechanisms as the principals of filtration will be explained.

Reynolds Number

Reynolds number (Re) is an important dimensionless quantity which indicates

the ratio between inertial and viscous forces. The flow pattern in the system

mainly depends on the value of Reynolds number. In the case of filtration, Ref
is known as filter Reynolds number which can be calculated by Equation 2.3.

Ref =
ρudf
µ

(2.3)

where ρ is the density of the gas in our study, u is the gas flow face velocity in

the filter, µ is dynamic viscosity of the carrier fluid, and df is diameter (of strut
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for open-cell foam media) of the filter element (Abishek et al. (2017, 2018).

Aerosol Droplet/Particle Capture Mechanisms

When it comes to filtration of aerosol droplet/particles, understanding aerosols

capture mechanism is important. According to Hinds (1999a), there are five dif-

ferent capture mechanisms as: interception, impaction, diffusion, gravitational

settling and electrostatic attraction which are presented by Figure 2.7.

Figure 2.7: Diagrammatic presentation of aerosol droplet/particle capture mech-

anisms (after Mead-Hunter et al., 2014).

Interception occurs when a particle/droplet is following a streamline which

has a particle/droplet radius distance from the fibre. In this circumstance, the

particle/droplet will touch the fibre and be captured (Hinds (1999a)), so in other

words, based on particle/droplet size there is specific streamline which leads to

deposition on the fibre. It is worth mentioning that particle/droplet does not

have enough inertia to deviate from the streamline and it is large enough to not

to be affected by diffusion (Hutten (2007)). In general, particles/droplets rang-

ing from 0.1 to 1 µm can be captured by interception mechanism (Zhang et al.

(2018)).

Impaction occurs when a particle/droplet is not able to follow the streamline

(which changes near in vicinity of the fibre ) due to its inertia and deviate from

the streamline and finally hits the fibre then captured (Hinds (1999a)). This type

of capture mechanism is more predominant in high velocity gas filtration or in

high packing density filters. This mechanism plays a significant role in capturing
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particles/droplets larger than 0.3-1 µm (Zhang et al. (2018)).

In order to describe diffusion mechanism first the kinetic theory of gases should

be reviewed. According to Kennard (1938), gas molecules travels in a straight

line while not bumping to each other which resulted in a random or zigzag path

motion of gas molecules (molecules act as a rigid sphere). This random motion

of gas molecules is known as Brownian motion which was observed by Brown

in 1827. The diffusion mechanism of capture in particle/droplet occurs due to

the Brownian motion of gas molecules which hit the droplet/particle and causes

random motion of it. According to Bagheri et al. (2012) diffusion will be effec-

tive for droplet/particles smaller than 10nm. Therefore, this mechanism is more

predominant in low velocity gas filtration and small particle/droplet size.

Gravitational settling occurs due to the mass of a droplet/particle. This

mechanism is more predominant for droplet/particles greater than 10µm (Bagheri

et al. (2012)). According to Hinds (1999a), this mechanism is less significant than

impaction or interception. It is also notable that gravitational settling mainly de-

pends on filter orientation and face velocity (Mead-Hunter et al. (2014)).

Electrostatic Attraction occur when electrical charges are present on the filter

medium or on the droplet/particles. The capture may occur due to the attrac-

tive forces between different charges on the filter and the droplet/particle (Hinds

(1999a)). It is note worthy that this mechanism is not usual in oil-mist filters

since the filter is often wet and oils are poor conductors (Mead-Hunter et al.

(2014)).

Figure 2.8 presents all the filtration mechanisms discussed above and their

influence on filter capture efficiency by particle size. In Figure 2.8, MPPS stands

for the maximum penetrating particle size.

Recently, Abishek et al. (2019) have identified some new capture mechanisms.

They studied the effects of dynamic contact angle on fibre capturing efficiency

in both philic and phobic media in their research. It was found that advancing

contact angle, the capillary stage, advancing and receding contact angles are the

key factors in collision regimes. Their findings indicate that there are at least four

regimes which are : likely capture in philic media, likely droplet re-entrainment

with minimal or no capture in phobic media, partial or full capture with receding

contact angle assisted in sticky-phobic mechanism, partial or full re-entrainment

with advancing contact angle in roll-off-philic mechanism.
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Figure 2.8: Capture efficiency for particles with different diameter size (after

Hinds (1999b)).

2.3 Liquid Aerosol Filtration

As mentioned in previous sections, the main difference between liquid aerosol and

solid particles filtration is the fact that liquid aerosols coalesce into larger droplets

(Yarin et al. (2006)) after being collected by filter. This results in wetting of the

fibres and formation of a liquid film on the surface of the fibres (Mullins et al.

(2004)). The film and larger droplets form a liquid bridge at fibre intersections

and between fibers (Liew and Conder (1985)). These bridges remain equalised

under capillary forces (Kampa et al. (2009)). Finally the drainage rate or re-

entrainment equals the accumulation (Contal et al. (2004)). In opposite, solid

particles remain stationary after hitting the fibre in filtration process (Spielman

(1977)).

2.3.1 Mist Filter Loading

Loading of oil-mist filters has been characterised to different stages by some re-

searchers (Charvet et al. (2010); Contal et al. (2004)), but it is worth mentioning

that all theses stages are valid while the flow velocity is not changing over time.

Stage 1: Charvet et al. (2010) named this stage as ‘static’ stage as it is as-

sumed that the captured oil in the filter remain stationary. Contal et al. (2004)

showed that deposition of captured droplets on the fibers lead to increase in fric-
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tional area and consequently increase in pressure drop. Furthermore, collected

droplets occupy the fiber, so reduces the collection surface resulted in droplets

penetration through the filter.

Stage 2: In this stage, a change occurs in pressure profile and filter penetra-

tion increases. Contal et al. (2004) justified it by reduction in collecting area and

re-distribution of collected liquid within the filter.

Stage 3: In this stage, the captured liquid droplets increase the flow resistance

which lead to increase the pressure drop exponentially. Furthermore, increased

flow resistance causes an increase in interstitial velocity which consequently de-

crease the penetration through the filter (Contal et al. (2004)). Charvet et al.

(2010) named this stage (combination of stages 2 and 3) as ‘dynamic’ stage which

assumes that collected droplets do not remain stationary and form liquid bridges.

Stage 4: This stage is the final stage and known as “pseudo”-steady state

which means collection and drainage rate are the same. In this stage, the pres-

sure drop and penetration remain constant.

To have a better understanding of discussed stages, Figure 2.9 shows these

stages for philic (four stages are separated with vertical solid lines and labeled

accordingly) and phobic filter media.

Figure 2.9: Pressure drop and penetration versus time for philic and phobic media

(after Mead-Hunter et al., 2014).
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As it can be seen from Figure 2.9, phobic media dose not have stage 1 in

comparison with philic media. So, it can be concluded that there are three stages

for phobic media, while 4 stages for philic.

2.3.2 Efficiency, Penetration, and Quality Factor in Coa-

lescence Filters

The interaction between the filter structure and the droplet in the flow stream

results in different capture mechanisms explained in 2.2.3. Each of these mech-

anisms associated to an individual efficiency which can be resulted in the global

collection efficiency of the filter Mead-Hunter et al. (2014). Due to the complex-

ity of the filter structure, it is very difficult to develop a comprehensive model

for calculating the filter efficiency. Therefore, many authors (Chen (1955); Hinds

(1999b); Lee and Liu (1982); Liu and Rubow (1990); Stechkina et al. (1969); Yeh

and Liu (1974)) considered a single fibre perpendicular to the flow stream and

developed the efficiency model (semi-empirical equations) based on that which

is known as Single Fibre Efficiency (SFE) theory. It has bee documented that

these models have very limited applications due to their empirical origins, and the

influence of trapped particles on flow stream in the filters which cause deviation

from these models predictions.

In regard to total efficiency calculation in filters, some authors conducted a se-

ries of research on this, and developed some models to predict the total efficiency

of a filter which will be presented in the following. Raynor and Leith (2000) de-

veloped an efficiency model based on assuming constant saturation ratio through

the filter. The proposed model can be defined by Equation 2.4:

ET = 1− exp
[

−4αEF lf

π(1− α)(1− S)df

]
(2.4)

where α is packing density, EF is the single fibre efficiency, l is the thickness of

the filter, S is the saturation in the filter and df is the fibre diameter. f is the

proportion of the fibre surface which is not covered by liquid, and can be defined

as following:

f = 1− dd
xd

(2.5)

dd is the droplet diameter and can be calculated by:
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dd =

[
3S(1− α)d2

fxd

2α

] 1
3

(2.6)

xd is the distance between the centroids on the collected droplets which calculated

by:

xd = 5

[
S(1− α)

α
+ 1

]
(2.7)

Another assumption that Raynor and Leith (2000) considered for developing their

model was that the coalesced droplets’ diameter is significantly larger than the

fibre diameter, and no further coalescence happening in the filter Raynor and

Leith (2000). The other point about this model is that this model is only ap-

plicable in steady state regime, where no further change occurs in filter pressure

drop. It seems this model is wrong at least for diffusional collection as the single

fibre efficiency term used in Equation 2.4. It is reported by Mead-Hunter et al.

(2014) that this model has a poor agreement with microfibre media where the

saturation in the filter is high, and captured droplets affect the aerosol in flow

stream. Another drawback of the Raynor and Leith (2000)’s model is assuming

equal saturation with distance in the filter which is not realistic, and more impor-

tantly it may not be available for efficiency measurement. Hinds (1999b) tired to

tackle this issue by presenting a model without any saturation term. This model

is defined as:

ET = 1− exp
[
−4αEF l

πdf

]
(2.8)

In regard to the Hinds (1999b) model, it should first be noted that this model is

based on the dust filtration data, therefore dose not deal with mist filters. More-

over, it is seen that this model still has the single efficiency term, which should

be calculated based on the predominating mechanisms in the specific application.

Zhang et al. (2017) proposed an efficiency model for entire filtration process

based on a set of experiments. Their model is defined by the Equation 2.9:

ET = 1− exp
[
− 4Efα(1− Se(µ/µ′(1− α))l)

π
[
1− α(1− Se(µ/µ′(1− α))

]
df

]
(2.9)

where Se is the saturation of the pure liquid, µ is the dynamic viscosity of the

oil mist, µ′ is the viscosity of the pure liquid. The relationship between the two

viscosities can be defined as (Murshed et al. (2008)):
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µ′ = µ

(
1− φ

0.64

)−1.6

(2.10)

where φ is the particle volume fraction. It is assumed that all fibres throughout

the filter thickness operated as a unified layer. Moreover their model is based on

the fibrous filter with only horizontal and vertical fibres in the filter for simplify-

ing the calculation. Their model underestimate the efficiency values for particle

sizes less than 700 nm, and overestimate the efficiency in larger particles.

Another important parameter in coalescence filters is penetration which can

be defined as the number of particles passing through a filter over the total number

of particles introduced to the filter. In other word, penetration can be presented

as the following equation (Sanchez et al. (1997); Mead-Hunter et al. (2014)):

Pe = 1− ET (2.11)

where ET is the total (global) filter efficiency. There are different semi-empirical

models (Raynor and Leith (2000); Liew and Conder (1985); Payet et al. (1992);

Gougeon et al. (1994)) for predicting the penetration of a filter (all developed for

fibrous media), but all of them have application limitations (limited to specific

packing density range), and mainly applicable to the same filter range that the

experiments were conducted. These models are fully reviewed and explained in

the research of Mead-Hunter et al. (2014).

A parameter which describes filter performance based on the most important

criteria is called quality factor or index criteria (Sanchez et al. (1997); Mead-

Hunter et al. (2014)). This parameter originally introduced by Chen (1955), and

also called filtration index by McFee and Sedlet (1968). The two important filter

variables which quality factor is defined based on them are penetration (Pe) and

pressure drop. Therefore, the quality factor is defined by (Hinds (1999b); Sanchez

et al. (1997); Mead-Hunter et al. (2014)):

QF =
−ln(Pe)

∆P
(2.12)

Quality factor is the parameter which has been established by several authors

(Mead-Hunter et al. (2014); Chen (1955); Hinds (1999a); Pich (2017); Matteson

and Ward (2018)) in order to compare filters. The higher the quality factor, the

better the filter performs. It is worth mentioning that for comparing filters per-

formance based on quality factor, the measurements should be taken at the same

inlet velocity.
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2.3.3 Pressure Drop Models in Coalescence Filters

There are number of models for predicting pressure drop through the filter, but

they are mostly based on empirical or semi-empirical approach which extensively

depends on experimental condition and applies to very limited applications. The-

oretical models mostly developed from cell model proposed by Kuwabara (1959)

or semi-empirical by Davies (1953). It is worth mentioning that these theories

are only applicable for dry (clean) fibrous filters. In the following these theories

will be discussed.

Davies Equation (Davies (1953)) for calculating pressure drop is:

4P0 =
µQl

df
2Af

[64α1.5(1 + 56α3)] (2.13)

where 4P0 is clean pressure drop of the filter, df is fibre diameter, Af is cross-

sectional area of the filter, µ is dynamic viscosity of the gas, Q is volumetric

flow rate, l is filter thickness and α is packing density of the filter. It should be

mentioned that the term in square bracket is known as f(α) which is an empirical

correction to account for non-perpendicular fibres. This correlation is valid for

fibrous filters with packing density ranging 0.006 ≤ α ≤ 0.3.

In regards to saturated filter in steady state, Liew and Conder (1985) Equa-

tion is applicable:

4Ps = 4P
[
1.09

(
α
l

df

)−0.561(
uµ

σLV cos θ

)−0.477]
(2.14)

where 4Ps is steady state pressure drop, 4P is dry (clean) pressure drop,α is

clean packing density, l is filter thickness, df is fibre diameter, u is filtration ve-

locity, µ is dynamic viscosity, σLV is liquid surface tension and θ is contact angle.

It should be emphasised that this correlation applies only to fibrous filters with

packing density ranging 0.075 ≤ α ≤ 0.142.

Davies (1953) modified his original pressure drop model, and it has been shown

that it provides satisfactory results for early loading filtration stage (Frising et al.

(2005)). In the modified model, Davies considered the effects of retained liquid

in the filter and replaced the fibre diameter df and filter packing density α with

wet fibre diameter dfwet and wet filter packing density αwet, respectively. So, the

model becomes:
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4P = uµl
64α2

wet(1 + 56α3)

dfwet
2 , (2.15)

αwet = α +
mliq

Af lρl
, (2.16)

dfwet = df

√
1 +

mliq

Af lρlαf
(2.17)

where u is face velocity. In Equations 2.16 and 2.17, mliq is the mass of retained

liquid in the filter and Af is cross sectional area of the filter. Frising et al. (2005)

reported that this model is accurate when the liquid wet the fibres perfectly and

distributed uniformly throughout the filter.

Spielman and Goren (1968) developed a theoretical model based on the pro-

posed Brinkman (1949) flow model. The essence of the Spielman and Goren

(1968) model is to considering damping force proportional to the velocity in ad-

dition to pressure and viscous forces. The Equation of motion becomes:

∇P = µ∇2~u− µk.~u (2.18)

where P is the average pressure field, ~u is average velocity field, and k is consid-

ered as a tensor giving the damping coefficients. The coefficient k is taken to be

the Darcy resistance coefficient (Spielman and Goren (1968)). They calculated

k theoretically based on different geometries by relating the selected geometry

(circular elements) to Darcy coefficient. The model covers four orientation dis-

tribution which are:

(1) Fibres randomly distributed with various angels in planes which are all

perpendicular to the superficial velocity.

(2) Fibers are in parallel direction to the superficial velocity.

(3) Fibres with random and various angle in planes in parallel to the superficial

velocity direction.

(4) Fibers are all oriented randomly in different directions.

Figure 2.10 presents the calculated non-dimensional pressure drop versus filter

packing density based on Spielman and Goren (1968) proposed model.

In Figure 2.10, Φ is dimensionless pressure drop which is calculated as below:

Φ =
4Pr2

4αµul
(2.19)
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Figure 2.10: Theoretical non-dimensional pressure drop versus packing density

(after Spielman and Goren (1968))

where r is fibre radius.

Mead-Hunter et al. (2014) reviewed Spielman and Goren (1968) results in

their work and compared them against several experimental results. Their re-

search results show that this theoretical model like empirical ones has applica-

tion limitations due to considering limited parameters. It was found that the best

agreement occur in Kn values for the experimental works range from 0.0049 to

0.2129.

Kn is Knudsen number and defined as:

Kn =
2λ

df
(2.20)

where in Equation 2.20, λ is the molecular mean free path in the air.

Schweers and Löffler (1994) applied Kuwabara (1959) model (for calculating

permeability) to develop a theoretical pressure model which covered angle be-

tween fibers, slip flow and directional permeability. Andan et al. (2008) used

Brown (1993) modified pressure Equations (which were based on some empirical

coefficients extracted from experiments) for kn < 0.25 and combined them with a

linear saturation profile. So, the application of the model is limited to the original

experiments conducted by Brown (1993).
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Kampa et al. (2014) proposed a phenomenological model named ‘jump and

channel’. They conducted an experimental study on phobic and philic media to

investigate the pressure drop increase inside the filter in liquid filtration prob-

lems. The results indicated two distinct features in both philic and phobic media

pressure drop curves which called 4P jump and channel 4P .

4P jump : is defined as the equivalent to the capillary entry or exit pressure,

which drives liquid in to phobic media or push out liquid from a philic media filter.

channel 4P : is defined as the pressure of the airflow which moves captured liq-

uid droplets through distinct parallel channels inside or between layers of filters.

In philic media, the film on the back of the filter is fed by these channels, while

in phobic media droplet formation occurs at the end of these channels.

All the proposed models are either theoretical or empirical which all have

application limits such as certain range of packing density, or a valid range of

Knudsen number. In the following, a comprehensive review on the coalescing

filtration will be presented. Likewise most of the research fields which studies

divided into experimental and theoretical (numerical), there are extensive studies

in coalescence filtration as well, but only the most related studies to this research

will be presented and discussed here.

2.3.4 Saturation Models in Coalescence Filters

In regards to saturation model for oil-mist filters, there are number of researchers

who proposed some equations and models, but two of them have reliable outcome.

In the following a brief review of these models will be presented.

Liew and Conder (1985) developed a simple power law expression for calcu-

lating the saturation in mist filters. In their work, they considered filters with

packing density, α, ranging from 0.076 to 0.142, filter thickness, l, between 7.1

and 7.8 mm and fibre diameter equal to 4, 8, 12, and 22 µm. Equations 2.21 and

2.22 show the expression.

S = 0.0829

(
αl

df

)−0.321

Ca−0.431
n (2.21)

where Can is capillary number and calculated by;
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Can =

(
Qµ

Afσ cos θ

)(
4Pw
4P0

)
(2.22)

θ is contact angle which Liew and Conder (1985) assumed zero, Q is the volumet-

ric flow rate,4Pw is wet (saturate) pressure drop, and4P0 is dry (clean) pressure

drop. Mead-Hunter et al. (2014) investigated the accuracy of this model, and it

was shown it predicts acceptable saturation values if the ratio of αl
df

is similar for

selected filters to ones used in Liew and Conder (1985) research. Furthermore, it

should be noted this model is only applicable for fibrous type filters.

Raynor and Leith (2000) combined Bond number (Bo), capillary number(Ca)

and drainage rate (Dr) to develop an expression for predicting saturation in mist

filters.Bond number (Bo) is a ratio of gravitational forces to surface tension forces.

While the gravitational forces pull the captured liquid down, the surface tension

resists deformation of the drop that may cause movement. So, Bond number is

used to describe the liquid transport through the filter and is calculated by:

Bo =

(
ρgd2

f

σ

)
× 105 (2.23)

where ρ is fluid density, g is the acceleration due to gravity, df is fibre diameter,

σ is liquid surface tension, and 105 is a multiplier used to drive Bo to a value

close to one for empirical model construction.

Raynor and Leith (2000) employed capillary number to explain the re-entrainment

mathematically from a filter which compares air drag forces to surface tension

forces. The expression is given by:

Ca =

(
µu

σ

)
× 105 (2.24)

where µ is liquid dynamic viscosity, u is face velocity, σ is liquid surface ten-

sion, and a multiplier of 105 is used as in Equation 2.23. As it can be seen from

comparison of capillary equations 2.24 (proposed by Raynor and Leith (2000) )

and 2.22 (proposed by Liew and Conder (1985)) there is a difference between

expressions. In this case, if the θ assumed to be zero and neglect the wet to

clean pressure drop ratio, the two expressions come to similar equation except

for the 105-multiplier. It should be mentioned that 105-multiplier is used in both

Equations 2.24 and 2.23 in order to aid the construction of empirical expressions

(Raynor and Leith (2000)).

Raynor and Leith (2000) define their drainage rate term (Dr) as:
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Dr =
µD

σlW
(2.25)

where µ is liquid dynamic viscosity, D is drainage rate, σ is liquid surface tension,

l is filter thickness, and W is the width of the filter in perpendicular direction to

the flow and gravity. The equilibrium saturation ratio developed by Raynor and

Leith (2000) is as below:

Se =
α0.39±0.09

Bo[(0.47±0.06)+(0.24±0.07) ln(Bo)]Ca0.11±0.04
×exp

[(
0.04±0.06

)
+
(
6.6±1.5

)
×105Dr

]
(2.26)

Raynor and Leith (2000) used diethyl-hexyl sebacte (DEHS) as the liquid in their

experiment in order to develop the model. The physical properties of the filters

for developing the model are given as: thickness equal to 88mm, fibre diameter

ranging from 2.9 to 8.5 µm, and packing density between 0.026 and 0.035.

Mead-Hunter et al. (2013) developed a capillary based model. In their re-

search, based on the filter face velocity, some empirical relationships between

pressure drop and saturation proposed. Then, they developed a theoretical model

based on modified Washburn (Reed and Wilson (1993)) by incorporating pressure

drop term into capillary rise expression:

x∞ =
−4Pcrc + 2σ cos θ

rcρg
(2.27)

where x∞ is capillary rise height, 4Pc is the pressure drop between top and

bottom of the theoretical capillary which can be calculated by:

4Pc =
(π + 1)

π

r

rc
(2.28)

In equation 2.28, r is fibre radius, and rc is capillary radius. rc is calculated based

on the expression given by Mullins et al. (2007) as:

rc =

(
− A loge

( α
rf

)
−B

)
cf (2.29)

where A and B are material specific constants, and cf is a correction factor. After

calculating capillary rise height, filter saturation may be determined based on a

simple geometric relation (Mead-Hunter et al. (2013)). One of the main limi-

tations of the capillary based model is depending on input pressure drop which

means the value of pressure drop needs to be measured experimentally in order

to use the model for predicting the saturation.
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In summary, choosing the saturation models depends on the availability of

the pressure drop values and also the physical properties information of the fil-

ters. In the case the the pressure drop is available, the Liew and Conder (1985)

model can be used, but there is still some limitations based on the αl
df

ratios.

In the absence of the pressure drop values, capillary number can be calculated

by 2.24, but it causes an over prediction on the saturation level (Mead-Hunter

et al. (2014)). Given the empirical nature of the models, there is a possibility

that the saturation in a certain filter-liquid combination may not be able to be

approximated accurately. Moreover, it worth mentioning that all the discussed

saturation models are applicable to fibrous filters only, and there is no investiga-

tions on their accuracy on saturation level prediction in other types of filter media.

2.4 Experimental Studies on Operating Condi-

tion and Optimising Coalescing Filters

Coalescence filters operating condition has been the subject of some research so

far (Kolb et al. (2017); Frising et al. (2005); Penner et al. (2019); Contal et al.

(2004); Chen et al. (2018); Charvet et al. (2008)). Operating condition of a fil-

ter is a decisive factor in order to improve the filter efficiency and reduce the

pressure drop to the system. It is reported by Nassif (2012) that 1 Pa increase

in filter pressure drop will resulted in 1.8-3.2 kWh power consumption enhance-

ment. Therefore, reducing the pressure drop through the filters and keeping or

even increasing the filter efficiency of the filters is the ultimate goal of many

researchers in this field. A number of research have examined the whole filters

experimentally in order to evaluate filter behaviour. Their tests generally involve

loading the filters with oil-mists and measuring the pressure drop, saturation,

drainage, and efficiency of the filter. In the following, the most related works to

this study (gas-liquid (oil-mist) coalescence filters with different structures and

evaluating their performance) are divided into three sections: studies focused on

pressure drop and saturation profile in filters, studies focused on quality factor

and performance of filters, and studies focused on the effects of wettability on

filtration . For better comparison, the experimental case information related to

each study are summarised in Table 2.1.
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2.4.1 Experimental Studies on Pressure Drop and Satu-

ration

Studies in Nonwoven Fibrous Media

Fairs (1958) indicated that captured liquid in filter media causes 80-85 % of the

total pressure drop in the system. Raynor and Leith (2000) developed a set of

equations for describing the filtration, drainage, evaporation, and re-entrainment

from a philic fibrous filter. A pressure drop correlation was developed based on

the experimental tests which predicts the pressure drop based on packing density

and the final steady saturation level. The drawback of the proposed model was

its application limit where the thickness of the filter should be 0.88 mm, other-

wise the prediction is not accurate. Frising et al. (2005) investigated the effect

of interruption in oil-mist loading to the fibrous filters on pressure drop. Their

findings showed 20 % increase in the filter pressure drop when the aerosol loading

interrupted, but it did not have any influence on the filter penetration. Frising

et al. (2005) studied the influence of inlet velocity on fibrous filter pressure drop

and penetration. It was shown that higher velocity resulted in lower penetration

of liquid in the filter. They presented a phenomenological model for pressure drop

in fibrous filters based on their experimental results. Their model is applicable

to all filtration stages explained before, although some discrepancies can be seen

for the jump pressure drop modeling results.

Charvet et al. (2008) studied filtration efficiency and pressure drop in liquid

capture mechanisms using fibrous coalescence filter. Their results demonstrated

the advantage of operating coalescence fibrous filters at high velocities. Moreover,

there was no effect of aerosol concentration variation on pressure drop increase

in the system. Charvet et al. (2011) employed synchrotron X-ray holotomogra-

phy in order to determine the behaviour of fibrous filters during filtration. They

used the resulted images for analysis of droplet formation in filters to calculate

local packing density and consequently a pressure drop model for the filter. They

addressed the point that their results probably do not provide actual distribu-

tion of the liquid in filters due to re-distribution may occurred during stopping

the tests for imaging. Mead-Hunter et al. (2013) investigated the relationship

between pressure drop and saturation in coalescence filters by conducting set of

experiments. They proposed a capillary-based saturation model by a data fitting

technique. Their model is able to predict the saturation in the filter for similar

filter properties, although for applying that to a new media, some experiments

required in order to calibrate the model coefficients.

Zhang et al. (2017) developed a model to access the oil content influence on

pressure drop in filters. It was shown that the oil content increase attributed
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to pressure drop decrease and efficiency improvement. The proposed model was

able to explain the relationship between the oil content level and filter efficiency,

but it should be emphasized that their model was developed based on one filter

only, which cannot be generalised. Kolb et al. (2017) investigated the dependence

of pressure drop in oleophilic fibrous media and saturation on air flow velocity

experimentally. Their results indicated that (in the filters studied) the difference

between filter wet and dry pressure drops is independent of inlet air velocity.

They reasoned that increase in inlet velocity was compensated for by a down-

ward adjustment in saturation, instead of causing an increase in pressure drop.

Chang et al. (2018) studied the influence of a drainage layer on saturation pro-

file and liquid distribution of phobic coalescence filters. The results showed that

total wetting regions enlarged and the saturation level increased by assembling a

drainage layer in the filter.

Studies in Woven Knitted Media

Most studies in knitted media focused on physical properties and generation of

these media (Anand and Lawton (1991); Jeddi and Dabiryan (2008); Yip and

Ng (2008); Yuksekkaya et al. (2010); Rakhimov et al. (2018); Ince and Yildirim

(2019)), and there have been relatively very limited number of studied in knitted

media pressure drop or efficiency evaluation. Helsor et al. (2005) investigated

knitted media characteristics on pressure drop in this media. They have tested 4

different packed knitted filter with packing densities 0.02 < α < 0.46. It should

be mentioned that their results were not sufficient enough to present a practical

model for pressure drop in knitted media.

Mullins et al. (2017) stated that knitted media follow the classical pressure

drop and efficiency theory approximately, although a deviation from those theo-

ries is reported. Lorimier et al. (2008) reported that the knitted media produced

77 % higher pressure drop compared to a nonwoven filter, while the efficiency of

the knitted media was 18.5 % lower. Mullins et al. (2011) found 47 % higher pres-

sure drop produced by knitted media against Davies equation (Davies (1953)) and

37 % higher in efficiency calculation compared to Sing Fibre Efficiency (S.F.E)

theory (Mead-Hunter et al. (2014)). Diedericks et al. (1998) proposed a model

for predicting the pressure drop in knitted media, but it required large number of

parameters and dimensionless terms in order to predict a reasonable value. Zhu

et al. (2015) conducted research on wire-mesh mist eliminators. Their results

indicated that pressure drop raised by increasing in filter packing density, inlet

velocity and filter thickness. They found the optimum layer spacing in demister

varies from 1-1.15 mm under experimental conditions.
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Studies in Open-cell Foam Media

Several authors studied the clean pressure drop in open-cell foam media (Diet-

rich et al. (2009); Inayat et al. (2011); Bonnet et al. (2008); Liu et al. (2006);

Topin et al. (2006); Dukhan (2006); Madani et al. (2007)) just by measuring the

difference between the inlet and outlet pressure. Skibinski et al. (2015) studied

the effect of pore size variation on pressure drop in foam media. The results

revealed a strong correlation between the distribution of the pore volume and

pressure drop in the filter. In the case of pressure drop correlation models in

open-cell foam media, many researchers (Incera Garrido et al. (2008); Kumar and

Topin (2014); Lacroix et al. (2007); Innocentini et al. (1999); Richardson et al.

(2000)) proposed their models based on Ergun and Orning (1949). The point

about all the mentioned studies and models is that they are all only applicable

to single-phase condition. The other problem with open-cell foam media theo-

retical models is that they cannot be used on every arbitrary selected open-cell

foam media. Furthermore, oversimplification of strut shape and sizing, definition

of Reynolds number discrepancies for measuring morphological properties causes

more limitations to validity of these models (Xu et al. (2008)).

Lammermann et al. (2016) studied the liquid distribution in a 100 mm diam-

eter column filled with periodic open-cell foam filters. Their results confirmed

that there is a potential in foam media to have a higher performance compared

to random particle beds.

2.4.2 Experimental Studies on Quality Factor and filter

Performance

In the following, some of the research works similar to this study which used

quality factor for comparing the performance of the filter are presented.

Studies in Nonwoven Fibrous Media

Hajra et al. (2003) evaluated the effects of humidity, temperature, and adding

polymer layer in a coalescence fibrous filter. The quality factor improved signifi-

cantly by adding the polymer layer to the filter. Moreover, their results indicated

a performance enhancement by increasing temperature. Vasudevan and Chase

(2004) employed quality factor analysis to verify the performance of combining

two types of glass media. Their results indicated an improvement in quality fac-

tor parameter. Jankowski (2009) studied the effect of structural filter parameters

on fibrous coalescence filtration performance. They found that thickness, packing

density, and aerosol flow rate play an important role in filtration performance.
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Their results indicated that an increase in the aerosol flow rate through the fi-

brous filter has a significant impact on changes in flow resistance and efficiency.

Bredin and Mullins (2012) investigated the effect of flow interruption on the

performance of two different fibrous filters. Their results suggested that discon-

tinuous aerosol loading causes increase in saturation and pressure drop in both

types of filters. Patel et al. (2013) studied the effects of nonwoven polypropylene

fabrics as drainage sheet in a glass fibre filter media. Their results showed an

improvement in quality factor of the tested filters by increasing the capture effi-

ciency and decrease in the filter pressure drop. Liu et al. (2015) applied quality

factor parameter in order to compare the performance of the fibrous filter car-

tridge. According to their quality factor analysis, they found out that an excess

layers had no influence on improving the filtration performance.

Manzo et al. (2016) studied the influence of fibre material properties on filtra-

tion performance. They compared stainless steel fibrous filter against glass fibre.

The quality factor results showed that stainless steel media has an higher quality

factor compared to glass fibre filter. Wei et al. (2019) has indicated by their

research that a fibrous filter after super-phobic treatment shows a significant im-

provement in the efficiency without increasing in pressure drop. Liu et al. (2020)

conducted an experimental research on the super-phobic filters. An oil-guiding

fibrous later was placed at the front face of the filter, which results indicated 20

% reduction in pressure drop.

Studies in Woven Knitted Media

Carpenter and Othmer (1955) experimentally measured the efficiency of wire-

mesh separators. Their results indicated a low efficiency for lower velocities,

while the efficiency improved for high velocities (5 m/s). They presented a model

based on the experimental results and theory, which later evaluated by Brunazzi

and Paglianti (1998). It was shown that the Carpenter and Othmer (1955) model

have a good estimation for filters with thickness higher than 65 mm, while for

thinner knitted filters it predicts lower value. Brunazzi and Paglianti (1998, 2000)

proposed models for thinner knitted media, but it should be mentioned that these

models are highly empirical.

El-Dessouky et al. (2000) conducted a set of experiments in industrial scale

on knitted media. Their results indicated that the filter efficiency improved by

increasing the face velocity and decreasing the knitted diameter. Recently, Sheng

et al. (2020) investigated a three-dimensional knitted media used in cooking venti-

lation systems, and compared to a nonwoven fibrous media. Their results revealed
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that the knitted media produced 1/4 of the pressure drop imposed by nonwoven

to the system at velocity 2.5 m/s. Moreover, it was shown that the quality factor

of knitted media is higher in all velocities tested , but the difference decreased

by in increase in face velocity. In the case of this test, it is worth mentioning

that the filters that have been compared in this experiment did not have any

physical similarities, or in other word, the tested fibrous and knitted media were

not equivalent for comparison.

Studies in Open-cell Foam Media

Belforte et al. (2011) compared the efficiency and quality factor of three cartridge

filters with adding open-cell foam layer. The results indicated that polyurethane

foam had a distinct improvement in filter efficiency. It should be mentioned that

their research was conducted only in one face velocity of 0.4 m/s.

2.4.3 Experimental Studies on Philic and Phobic Filters

Studies in Nonwoven Fibrous Media

Agranovski et al. (2001) studied combination of philic and phobic media in a

system. They found that the best arrangement is where the carrier gas passes

the philic media first and then through the phobic media. They shown that philic

fibrous filters are very efficient at capturing small liquid droplets, although they

identified that the major drawback associated with philic media is relatively large

droplets re-entrainment from the end face of the filter. Their results indicated

that phobic media are more appropriate for collecting large oil droplets. Letts

et al. (2003) researched on the fibre materials used in different fibrous filters in

order to improve mist filtration. Their results suggested that using phobic media

may result in lower levels of liquid retention in filters and consequently reduces

the pressure drop in the system. Mullins et al. (2014) examined the combined

philic and phobic media versus the philic media in their study. Another fac-

tor that they study was adding a mesh layer between phobic and philic media,

which improved the drainage from the system, and consequently decreased the

re-entrainment from the last filter layer. They reported that the optimum config-

uration is phobic media in the front, philic media in the rear, and a mesh between

them.

Wurster et al. (2015) conducted a comparative research on philic an phobic

coalescence media to investigate the mechanisms of liquid entrainment. The re-

sults showed that oil droplet re-entrainment from both filter media were formed
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by bubble formation first and then bursting, instead of blow-off. Chen et al.

(2018) evaluated the influence of wettability and pore size on the performance

of fibrous filters. They experimentally studied three phobic glass-fibre filters and

four philic media which the summary of the experiment conditions is listed in Ta-

ble 2.1. They used Kampa et al. (2014) pressure drop model in order to explain

their results. It was shown that excess channel pressure drop was not changed in

phobic media by decreasing the pore size, while it showed a inverse proportional

to the pore size in philic media. Chen et al. (2019a) investigated the influence of

different liquid surface tension on wet pressure drop, saturation, liquid distribu-

tion and efficiency in philic and phobic fibrous filters. Their results revealed that

liquid surface tension had a significant effect on jump pressure drop, however no

influence observed on channel pressure. Moreover, they observed higher satura-

tion decrease with increase in surface tension, especially in phobic media. Finally,

the results concluded that super-phobic filters had the best overall performance

among all studied filters which was attributed to lack of liquid hold-up in phobic

media. Chen et al. (2019b) studied the effect of wettability on coalescence filtra-

tion performance. Their findings suggested that phobic media has a better overall

performance in compare to philic media at the steady state stage of filtration.

Furthermore, it was shown that the saturation level in phobic media was about

the half of philic media in the final stage. It should be mentioned that their study

only conducted at one face velocity and the filter properties are listed in Table 2.1.

2.5 Computational Approach to Filtration

In this thesis, numerical approach is used in order to study saturation and pres-

sure drop profile in different types of oil-mist filters, therefor the application of

computational methods in filtration will be presented in the following. In chapter

4, Computational Fluid Dynamics (CFD) will be explained in more details.

2.5.1 Application of CFD to Oil-mist Filtration

The majority of CFD simulations in filtration research area have focused on

capturing solid particles (Deuschle et al. (2008); Qian et al. (2009); Hosseini and

Tafreshi (2012); Yue et al. (2016); Saleh et al. (2013); Huang et al. (2016); Hosseini

and Tafreshi (2010a); Bensaid et al. (2010); Maddineni et al. (2018)). There are

some research conducted on fluid flow through the filters (Tafreshi et al. (2009),

Fotovati et al. (2010)), focused on the structure of filters (Nakamura et al. (2018),

Abishek et al. (2017), Soltani et al. (2014), Moghadam et al. (2019), Sozumert

et al. (2020)), or evaluating the pressure drop in the clean filters (Chaudhuri et al.
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(2019), Liu et al. (2019), Rozy et al. (2020)). There are some studies mainly car-

ried on CFD simulations on solid-liquid particle removal by filters (Frising et al.

(2005), Mead-Hunter et al. (2012), Bredin et al. (2012), Mullins et al. (2014),

Mullins et al. (2004)). Moreover, CFD has been employed for single fibre geome-

tries which are used mostly for validation, or potentially developing new models

(Gac and Gradon (2012), Mead-Hunter et al. (2012), Khalili et al. (2016), Abishek

et al. (2019)).

As mentioned before, all these works focused either on air flow through fi-

brous filters, capturing the solid particles, evaluating the mechanical structure or

generating a filter, or solid-liquid particle removal. The aim of this work is to

conduct a comprehensive research on liquid (oil-mist) filtration in different me-

dia type by using CFD, therefore a literature review and investigation in liquid

aerosol filtration will be presented in the following separately.

CFD Application in Fibrous Filters

Jaganathan et al. (2008) applied CFD to model the permeability in fibrous filters.

In their research, they used Digital Volumetric Imaging (DVI) technique to create

fibrous filter and conduct simulations. Palakurthi et al. (2015) studied unidirec-

tional capillary in fibrous media. They generated the fibrous geometry filter by

using GeoDict commercial software (www.geodict.com). CFD techniques were

applied in order to simulate the liquid penetration in a fibrous filter. Although

their study presented some validation for the VOF solver used, the generated

filter geometry was not verified against any experimental study to how if it is

a true representative of the media. Palakurthi et al. (2018) employed CFD for

determining the quasi-static capillary pressure-saturation relationship. In their

study, VOF was used and verified against analytical solution. They indicated in

their work that VOF is a robust method for solving porescale problems in com-

pare to reduced-order modeling approach such as pore-network models.

Mead-Hunter et al. (2012) studied the Plateau-Rayleigh instability by ap-

plying CFD techniques. Their results indicated that CFD is able to resolve re-

entrainment of liquid droplets from fibers and mist filters. Mead-Hunter et al.

(2013) used CFD to develop a model by coupling VOF and Lagrangian particle

tracking algorithms to capture liquid (oil-mist) coalescence and drainage from

fibrous filters. In their work, they showed that CFD is applicable to simulate

aerosol dynamics which occur in coalescing/mist filters. In their research, only

fibrous filter were considered and the main focus of the investigation was on the

developed model and its validation by theoretical and analytical models.
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CFD Application in Knitted Filters

Similar to fibrous filter studies, there are some research applying CFD to inves-

tigate the fluid flow and permeability through knitted media (Tung et al. (2002),

Mezarcioz et al. (2014), Dehkordi et al. (2017), Rief et al. (2011), Puszkarz and

Krucińska (2018), Okolo et al. (2019)), simulating gas-solid filtration process

(Nazarboland et al. (2008)), evaluating the pressure drop (Wang et al. (2007),

Rahimi and Abbaspour (2008), Luan and Sun (2010), Yoshida et al. (2015), Gur-

reri et al. (2016)).

Mullins et al. (2011) developed a geometric model by using Strophoid Equa-

tion. They applied CFD to evaluate the particle capture efficiency and pressure

drop of knitted filters with different packing densities. To the best of our knowl-

edge, there is no study in knitted media to cover liquid-gas separation by using

CFD.

CFD Application in Open-cell Foam Filters

Xu et al. (2008) applied CFD to propose a theoretical model to predict fluid flow

characteristics and permeability of the three-dimensional foam filter. They used

CFD results to calculate various parameters such as permeability, inertial and

friction coefficients. Their geometry was a tetrakaidecahedron structure com-

posed of six squares and eight hexagons and only visually compared against SEM

image. It is worth mentioning that although they results indicates a good agree-

ment with experimental acquired data from SiC foam filters, but it cannot be

generalised to other foam media.

Tabor et al. (2008) applied CFD to validate their novice technique of image-

meshing from a realistic plastic open-cell foam media. They compared the micro

structure of the foam filter with SEM image of the media, and finally evaluate the

pressure drop CFD results against existing experimental data, and good agree-

ment were achieved. It should be mentioned that they did not investigate the

filtration. Diani et al. (2014) validated their micro CT scan method by com-

paring clean pressure drop of simulations against experimental results. In their

work, they selected four metal foam with different pores per inch (PPI) and after

scanning import them to another software (ScanFE module in Simpleware) for

generating computational meshes. It has been stated that this method is ex-

tremely costly as it requires huge memory resource during the process, so they

just modeled a very small part of their real filters. Their final results show a

good agreement between numerical and experimental results, although they did

not conduct any research on filtration characteristics of these media.
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Della Torre et al. (2014) employed CFD in order to investigate the underly-

ing physical phenomena which affect the pressure drop in open-cell foams. In

the case of geometry creating, they used micro CT and imaged based modeling

techniques for modeling foam filters. The research focused only on clean pressure

drop through foam filters, and the results indicated that reduction in pore size

causes an increase in pressure drop through the filter. Skibinski et al. (2015) pro-

duced virtual foam filter with Laguerre–Voronoi tessellations (LVT) algorithm

and conduct CFD analysis on the domain to investigate the relation between

the pore size variation and pressure drop. They only modeled single phase flow

through the filters then validate their results by conducting experiments on the

foam filter media created by laser melting techniques. It was found that there is

a strong relation between pore volume variation coefficient and permeability, but

driving an exact correlation between them was not achievable due to differences

in porosity of the designed structures.

Nie et al. (2018) carried out CFD simulations on gas-liquid separation in open-

cell foam media. They used filters with packing density of 0.25, 0.15, and 0.05 at

a velocity of 5 - 50 m/s. It should be noted that these authors utilised a Discrete

Phase Model (DPM) instead of VOF (as per the current work). This means that

deformation of liquid droplet and also accumulation of liquid was ignored in the

Nie et al. (2018) study. The rational for this simplification was that VOF was

claimed to be time consuming and/or computationally expensive.

Recently, Abishek et al. (2018) studied the effects of filter (non-woven and

foam) representative domain size on the accuracy of the results. In the research,

both two-phase flow and single phase flow were investigated by using CFD tech-

niques. The results indicated that two-phase flow is more dependent on mesh

resolution and the structure of the filter than the domain size. Furthermore, they

found that the uncertainties can be reduced 10% when increasing the domain size

from 50df to 100df .

2.6 Summary

Although there has been much attention toward oil-mist filtration, still significant

gaps in liquid-gas filtration remained to be filled by further investigations. As it

was discussed in section 2.3, all proposed models are based on experimental data

which are only applicable to limited conditions, so further study is required in

this field.
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Based on the presented review, the key gaps in literature are:

• Most of the previous research resulted in empirical and semi-empirical cor-

relations which are limited to specific geometries and operating conditions;

• There is no study to provide comparison of different types of filters such as

fibrous, knitted and foam media;

• Very limited studies on contact angle effects (research mostly focused on

single fibre analysis);

• Wet pressure drop models are based on experimental data fitting which have

application limitation. Moreover, there are limited models which work on

single-phase condition and only works for fibrous filter media;

• The majority of the works focused on fibrous media (both numerical and

experimental). Further research required in other types of filters such

as:Open-cell foam and knitted media;

• The comparison between different coalescence filter structure performance

is rare and significant portion of the published research is limited to on

type of media, and evaluating the effect of some operating parameters on

the performance;

• In experimental studies, the comparison for evaluating the parameters con-

ducted in filter media which are not ideally equivalent;

• Majority of the published research focused in the global efficiency or per-

formance enhancement, while there is no study in local optimising of the

coalescence filters;

• There have been fewer studies on phobic media;

• The majority of CFD studies are limited to narrow range of inlet velocities;

• In numerical studies, there are no significant research on evaluating the vir-

tual filter generation and evaluating the geometry.

This work aims to fill these gaps by:

• Generating different types of filter media virtually and evaluating the gen-

eration methodology and filter geometry against theory and experiments;

• Developing and applying CFD methods to model gas/liquid interaction in

a typical filter media;
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• Evaluating the performance and pressure drop in different types of filter by

using CFD techniques;

• Analysing other types of filter media such as open-cell foam and knitted

filters;

• Provide an equivalent condition in order to compare different filters by

applying CFD;

• Validating the applied CFD model against experimental data;

• Investigating other parameters affecting filtration such as inlet velocity, and

contact angle in liquid/gas systems;

• Analysing the contact angle effect on filters performance, and investigate

its effects with combination of different filter structure and face velocities;

• Investigating pressure drop profile in order to locate the local optimum

working condition in different filters;

• Building a model for studying coalescence filtration which is less expensive

compared to experiments.
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Chapter 3

Research Case

In the previous chapter, the key gaps in the literature were identified. It was

found that the majority of previous works were focused on the theoretical or em-

pirical models which are limited to a narrow range specific operating conditions.

Moreover, most of previous studies focus on fibrous filters, while other filter types

such as knitted and open-cell foams have received comparatively less attention.

Furthermore, the lack of comprehensive comparison study of different filter media

is evident.

Therefore, this research project aims to add a greater understanding to liq-

uid filtration by creating different types of realistic filter media and conducting

numerical and experimental studies. In particular, the effects of filter structure,

wettability and inlet velocity will be assessed during simulations. The investiga-

tions will focus on the final filtration stage, in which filters attain steady state

condition. It should be mentioned that this stage is crucial to understand as fil-

ters spend majority of their lifetime at this stage. This thesis will also study the

effect of retained liquid in filter media on the pressure drop profile. The finding

will be compared against experimental results. A research plan was developed to

address these aims and objectives. In this chapter, an overview over the original

research contained in this thesis has been provided, which can be categorised by

the following:

• Creating representative filter geometries virtually (fibrous filters, knitted

filters and open-cell foam filters) and validating the accuracy of the simu-

lated filters against experimental study and theoretical models.

• Applying advanced CFD techniques (mesh generation for complex geome-

tries, applying and validating multi-phase flow model) to simulate phobic

filters and investigating the effect of filter structure and inlet velocity on
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saturation, pressure drop and transport of residual oil through the filters.

• Applying advanced CFD methods for philic simulations and studying the

effects of inlet velocity and filter structure.

• Investigating the effect of contact angle on residual saturation, pressure

drop, and performance of different filters.

Chapter 4 provides a methodology description applied in this thesis for cre-

ating fibrous, knitted and open-cell foam filters in order to conduct numerical

simulations. Moreover, this chapter explains the numerical techniques and ex-

perimental methodology utilised in this study.

Chapter 5 verifies the accuracy of the created virtual filter media against

experimental results and theoretical models. After validating the single-phase

results, the multi-phase simulation results are validated against previous experi-

mental and numerical studies.

Chapter 6 examines phobic filters with different structures. The saturation,

pressure drop, and quality factor are presented versus Reynolds number in fi-

brous, knitted and open-cell foam filter media.

Chapter 7 compares philic fibrous, knitted an open-cell foam filter media.

The saturation profile, multi-phase pressure drop, and quality factor are calcu-

lated and presented. Furthermore, the inlet velocity variation was considered to

evaluate its effects on saturation and multi-phase pressure drop.

Chapter 8 compares phobic and philic filters in order to investigate the effects

of wettability (Contact angle) on saturation profile and multi-phase pressure drop

in fibrous, knitted and open-cell foam filters at different inlet velocity. Moreover,

the influence of contact angle on different filters’ performance is identified.

Chapter 9 explores a local optimum region observed in experimental and simu-

lated pressure drop curves. A working hypothesis is presented to allow estimation

of this local optimum.

Chapter 10 presents a recap on all findings during the numerical and experi-

mental study . Furthermore, a series of research topics are proposed for further

research works.
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Chapter 4

Methodology

In this chapter the methods adopted generating realistic virtual filter media for

use in simulations are discussed. As will be detailed in the following, two different

approaches numerical and experimental are employed in this research. In the case

of numerical method, three types of different filter media (firbous, knitted and

open-cell foam) are generated by using a combination of different software such as

Python, Gmsh, Blender, and Matlab. In the next step, CFD techniques are ap-

plied by using Open Field Operation And Manipulation (OpenFOAM) software

to model single-phase and multi-phase flows through generated filters with differ-

ent structures. Single-phase simulations are carried out to validate the accuracy

of the generated filters. Multi-phase modeling are employed to study the satu-

ration, liquid transport, and pressure drop in the filters. Moreover, multi-phase

simulations provide an insight to compare the performance of different generated

filters.

In order to validate both single-phase and multi-phase numerical simulations,

series of experiments are conducted. In the first step, initial sample filter measure-

ments, preparation (phobic media), and experimental rig design are completed.

Next, a number of clean pressure drop tests of different types of filters with dif-

ferent physical properties are conducted. Finally, two fibrous filters with specific

physical properties are selected carefully for conducting multi-phase flow exper-

iments. The final (equilibrium) saturation and pressure drop of these filters are

measured in multi-phase tests.

4.1 Generation of Virtual Filter Media

In order to generate different filter media structure for this study, different ap-

proaches have been applied which will be explained separately for each filter type

45



in the following.

4.1.1 Fibrous Filter Generation

Non-woven fibrous filter is created by combination of Python code and Blender

software. This methodology was developed by supervisors of this research, but the

application and evaluation of these geometries conducted during this PhD study.

In the initial stage, the primary inputs such as target packing density, fibre diam-

eter, target filter dimensions (3-D), length of fibre elements, filter cross-section

resolution, and orthogonality-index (for specifying the level of generating fibre

elements in parallel planes and perpendicular to the flow direction) are provided

to the Python script. In the next stage, statistical von Mises distribution is used

to generate successive fibres with specified angle between the fibre element and

the flow direction (Z axis in this study). Next step is to randomly rotate fibre

elements through a specified angle, then translate them along Z axis. In the next

step, the fibre elements lines transform to cylindrical fibre elements according to

specified diameter by user. The script starts to estimate the resulted packing

density in the given domain size, and compares it with the target packing density

value. Iterative scheme will be used in the code until the target packing density

reaches with no fibre element overlap, if the packing density estimation does not

meet the target value. Finally, the Python output is modified to exact domain

size in Blender software in stl format. Figure 4.1 presents all the explained stages.

As it is shown by the flowchart, the final file format will be in stl which is

suitable for geometry meshing in OpenFOAM and conducting CFD simulations.

Figure 4.2 compares the virtually generated fibrous filter to a realistic stainless

steel fibrous media (SEM image).

As it can be seen from Figure 4.2, the generated filter using presented method-

ology is in good qualitative agreement with SEM of a real filter media.

4.1.2 Open-cell Foam Filter Generation

To generate an Open-cell foam filter geometry, free source packages including

Gmsh, OpenFOAM, and Blender are used. In the first step, a bounding box is

generated by meshing software Gmsh. In the next step, a tetrahedral cells are

generated and exported as .vtk mesh file. This file is imported to OpenFOAM

software, and the mesh is converted to a polyhedral mesh and exported as an obj

file for modifying in Blender software. In Blender, the created foam skeleton in
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(a) Generated Fibrous Media

(b) SEM: Stainless Steel Fibrous

Figure 4.2: Comparison of a generated fibrous filter with SEM of a real filter

media
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previous step is transformed to an open-cell foam filter by creating cross-section

for the elements (strut). The next step is to evaluate the resulted packing density

and redoing the process if it does not meet the target packing density. Figure 4.3

represents the stages and methodology employed for generation of an open-cell

foam filter.

Generated foam filter with the current method is compared against CT scan

results of Diani et al. (2014), and it is presented by Figure 4.4.

An important point that should be discussed is the cross-sectional shape of the

open-cell foam filters. As explained in the research by Abishek et al. (2017), the

cross-sectional shape of foam filters’ strut mainly depends on the packing density

and material of the filters. In higher density foam filters the cross-sectional shape

is circular, while relatively low density polymer foams resulted in circular-horn

triangular shape. Moreover, Schmierer and Razani (2006) showed that circularity

of the cross-sectional shape of a foam filter strut is a function of filter packing

density where by increasing the packing density from 2 to 12 %, the circularity

of the strut shape decreases linearly. In this research, a circular cross-sectional

shape is considered and df denotes the strut diameter in foam filter discussions.

It can be seen from Figure 4.4 that the generated foam filter with using the pre-

sented methodology is in good qualitative agreement with the CT Scan of a real

media.

4.1.3 Knitted Filter Generation

For generating a knitted filter media, a combination of MATLAB software and

Blender has been used. In the initial step, the user-controlled parameters such

as: height and width of the loops, number of loops in each row, number of rows,

thickness of the filter, spacing between layers, and packing density are entered

to the MATLAB code. A single loop is generated in the next stage based on

the given control parameters. In the following step, a row of the knitted loops is

created along X axis. In the same plane, loops added above the previous created

knitted row to from a knitted sheet. Based on the given knitted sheet gap, the

knitted planes duplicates along the Z axis. In the next step, the packing density

is estimated and compared to the target value. This process repeated until the

target packing density is achieved. The generated knitted skeleton is imported to

Blender software in order to generate the knitted faceted according to the target

element diameter. Finally, the geometry in stl format is created and exported

from Blender software. Figure 4.5 shows the flowchart of a knitted filter genera-

tion.

49



F
igu

re
4.3:

M
eth

o
d
ology

for
gen

eration
of

an
op

en
-cell

foam
fi
lter

50



(a) Generated Open-cell Foam Media

(b) CT Scan

Figure 4.4: Comparison of generated foam filter with CT scan of a real filter

media ( Diani et al. (2014))
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Figure 4.6 indicates a good qualitative agreement between the generated knit-

ted filter and a schematic (Ceken et al. (2012)) of the knitted structure.

4.2 Computational Methodology

Navier-Stokes equations govern the fluid mechanics part of systems like mist fil-

ters. These equations are partial differential and due to their non-linear nature,

analytical solutions are only available for a limited number of highly simplified

cases. Therefore, a numerical approach is required. Computational Fluid Dynam-

ics (CFD) provides a solution to these equations for a given system by discretising

the model equations, applying proper boundary conditions, initial conditions and

solving the derived equations iteratively.

A number of well tried options are available to researchers, for the implemen-

tation of CFD techniques, these include commercial CFD packages (e.g. Visual-

CFD, SimScale, FLUENT, ANSYS-CFX), open source CFD packages like Open-

FOAM, or developing their own code. Each of these options has its advantages

and disadvantages. In regard to commercial packages, the main advantages are

technical support, graphical user interface (GUI), and easy to pre-processing and

post-processing the CFD problem. On the other hand, their notable disadvantage

is that they are expensive (license fees involved), particularly if the simulations

are complex and require parallel simulations. In the case of an open source soft-

ware like OpenFOAM which is developed by OpenCFD Ltd, the simulations are

cost effective (no license required), easy to simulate parallel cases, free to alter the

software, has large user/developer base, and it is reliable and accurate. However,

there are some drawbacks associated with that like limited user support, and the

need for additional software for post-processing.

The CFD package choice criteria is mainly depends on the available resources,

size, complexity and goals of the simulations. Due to the mentioned advantages

of OpenFOAM software, it is used in this work.

4.2.1 Case Study for the Research

As discussed in Chapter 3, the research has been conducted on different filter

structures both numerically and experimentally. Based on the methodology ex-

plained in section 4.1, three types of fibrous, knitted and open-cell foam filters

have been generated and studied in this research. Figure 4.7 presents all three
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(a) Generated knitted Media

(b) Schematic

Figure 4.6: Comparison of generated knitted filter with a schematic (Ceken et al.

(2012)) of the knitted structure.
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generated filters used in this study.

After evaluating the generated filter geometries, the aim of this study is to

compare the liquid progress, pressure drop, and performance of pre-saturated oil-

mist filters in different geometric configuration, different air flow condition, and

different contact angle. All the cases are pre-saturated since the simulations are

time-consuming, and it would be computationally too expensive to conduct all

the simulations with unloaded filter. In order to produce comparable media with

different structures, all filter media have packing density of 2% with fibre element

diameter of 8.5µm. The filter dimensions for all the cases (both multi-phase and

single-phase) are : 0.5mm(x), 0.5mm(y), and 2mm(z). Figure 4.8 shows the

dimensions on the fibrous filter as an example. It should be noted that the aim

of this study is to evaluate the virtual filter generation, CFD modeling of oil-mist

filtration and re-entrainment, and comparing performance of different filter struc-

tures. Therefore, similar physical properties are considered for fibrous, knitted

and foam filters. Table 4.1 summarised the generated filters physical properties.

Table 4.1: Properties of the filters used for numerical study in this research.

Filter α (%) l (mm) w (mm) df (µm)

Fibrous 2 2 0.5 8.5

Foam 2 2 0.5 8.5

Knitted 2 2 0.5 8.5

In regard to CFD simulations, the computational domain was extended by 1

mm from both inlet and outlet planes to be placed far from any strong gradients.

The dimensions considered is w = 58 × df and l = 200 × df . Selecting larger

dimensions for these simulations is impractical due to the significant increase in

computation costs and time. It was found by Abishek et al. (2018) that the

minimum size required for simulating the flow in filter media and capturing the

largest relevant scale characteristics and structures is the size between 50 × df
and 100× df . The same work also showed that multi-phase flows are more sensi-

tive to mesh resolution than the domain size in comparison to single-phase flows.

Since the main purpose of this research is to investigate the last filtration stage,

and in order to minimize the computational efforts, all the simulations were com-

menced by 30% of filter media as initial saturation with Di-Ethyl-Hexyl-Sebacate

(DEHS). It is a mono-component, non-soluble, odourless and colourless liquid

which is suitable for producing stable oil aerosol. Moreover, DEHS is a common

laboratory oil with very low vapour pressure, therefore evaporation can be ig-

nored. Also, DEHS has similar properties (at room temperature) to many oils
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(a) Fibrous filter

(b) Knitted filter

(c) Foam filter

Figure 4.7: Filter geometries generated for implementing CFD calculations.
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Figure 4.8: Filter dimensions for single-phase and multi-phase studies (Fibrous

type as an example)

utilised industrially (Heim et al. (2008)), as typical (elevated) operating tempera-

tures. The physical properties of DEHS and air (fluids employed in this research)

are summarised in Table 4.2.The value of surface tension, σ, is between air and

DEHS.

Table 4.2: Physical properties of DEHS and air employed in this study.

ρ(kg/m3) µ(Pa.s) σ(N/m)

DEHS 914 0.025 0.0324

Air 1.1845 1.557× 10−5 −

Figure 4.9 shows the initial position of droplets in an open-cell foam case with

30% initial saturation as a representative.

There are number of reasons that the filters are loaded with discrete droplets

instead of partially filled region by oil. First of all, there are different filters with

distinct structure of elements. Therefore, presence of a big bulk of oil droplet in

the center of each filter does not provide an ideal condition for comparison. By

spreading the droplets (oil-mists) throughout the filters, a comparable condition

is achieved as all the filters have the initial saturation throughout their domain

equally and the possibility of holding droplets in the intersections of elements will

be decreased. Moreover, some simulation tests have conducted on fibrous filter

(as an example) to evaluate the initial droplet distribution effect on the final sat-
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Figure 4.9: Initial position of distributed droplets

uration results. In these simulations, two inlet velocity cases (2 and 5 m/s) are

selected and compared to initial zero velocity condition. In initial zero condition

simulations, an initial sufficient time (30 units of dimensionless time) is given to

the droplets for coalescence, then the velocity set to 2 or 5 m/s for different cases.

The results of these tests are shown by the Figure 4.10. S is saturation volume

fraction (saturation) which can be calculated by Equation 4.1:

S =
Vl
Vvoid

(4.1)

Where S is saturation volume fraction (saturation), Vl is the volume of liquid

phase (DEHS) in the filter domain, and Vvoid is the summation liquid phase and

gas volume (volume inside the filter not occupied by fibres). In Figure 4.10, τ is

dimensionless time described by Equation 4.2:

τ =
t× u
l

(4.2)

Where t is time, u is inlet velocity, and l is the filter thickness.

It is evident from Figure 4.10 that the difference in final saturation in both test

cases is marginal which confirms that the initial droplet distribution employed
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(a) 2 m/s case

(b) 5 m/s case

Figure 4.10: Comparison of 2 and 5 m/s test cases against initial zero velocity

condition.
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in this study is an acceptable condition. It is worth mentioning that preliminary

studies were conducted to determine the minimum saturation required for the

simulation to converge to the true solution (saturation level). It was found that

30 % of the simulated filter volume filled with DEHS is needed.

There are two static contact angles considered in this study. The contact an-

gle between fibre and liquid (oil) is considered θ = 120◦ for phobic (oleophobic)

simulations and θ = 20◦ for philic (oleophilic) cases. Due to the differences of

phobic and philic filters in retaining liquid ability, two ranges of inlet face veloc-

ities are prescribed at inlet boundary. For phobic simulations, 0.05, 0.1, 0.5, 1

and 2 m/s inlet face velocities are considered. In regard to philic media study,

0.1, 0.5, 1, 2, 3, and 5 m/s inlet velocities are considered. These face velocities

resulted in 0.0065 ≤ Ref ≤ 3.23. Face velocities ranging from 0.05 to 1 m/s

are common in the majority of filtration applications (Mead-Hunter et al. (2013);

Kampa et al. (2014)) and higher velocities (2-5 m/s) can be seen in industrial fil-

ters (Poon and Liu (1999)), explosive trace detection technologies (Klouda et al.

(2011)), or aerosol instrumentation abroad aircraft (McMurry (2000)) which are

normally between 2 and 10 m/s.

4.2.2 Governing Equations

In this section, the numerical assumptions, mathematical formulations, initial and

boundary conditions, and solution techniques for both single-phase and multi-

phase models will be explained.

4.2.3 Mathematical Model for Single-phase Flow

Assumptions

The general assumptions for the mathematical model developed are as follows:

• Steady state

• The working fluid, air, is incompressible and isothermal with constant prop-

erties.

• Laminar flow is assumed to prevail inside the solution domain for the face

velocities considered in this study (Ref < 15).
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Mathematical Formulation of Single-phase flow

Based on the given assumptions, the continuity and conservation of momentum

equations will be expressed as the following:

∇ · U = 0 (4.3)

The conservation of momentum will be simplified to:

∇ · (UU) = −∇P +∇ · (ν∇U) (4.4)

Boundary Conditions of single-phase flow

In order to solve partial differential equations of continuity and conservation of

momentum, the following boundary conditions are implemented:

• Inlet: for the velocity field, the fixedValue boundary condition is imposed.

In this boundary condition, it is assumed that the velocity is constant at

the inlet plane. In regard to pressure field, fixedFluxPressure is considered.

In single-phase study, this boundary condition imposes a zero gradient con-

dition, although its effect in multi-phase flows is different which will be

explained in the related section.

• Outlet: for the velocity and pressure fields at outlet, pressureInletOutletVe-

locity and totalPressure boundary conditions are considered, respectively.

pressureInletOutletVelocity specifies zero gradient at all times, except on the

tangential velocity which is set to 0. The totalPressure condition specifies

according to the following equation:

P =

P0 for outflow

P0 − 1
2
|u2| for inflow

(4.5)

• Surrounding sides: In this research, Symmetry boundary condition is

used for the surrounding sides of the computational box, even though there

is no plane of symmetry in a disordered fibrous structure. This boundary

condition is considered for the simulations because the flow is mainly in the

through-plane direction, and lateral flows are negligible (Jaganathan et al.

(2008); Hosseini and Tafreshi (2010b)).
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• Fibers: No Slip boundary condition is considered for fibers which means

the flow velocity at the stationary solid wall (fibres in this case) is equal

to zero. Furthermore, according to the diameter of fibers(8.5µm) and inlet

velocities lead to 0.01 < Knf < 0.05 which is outside of slip flow regime

(Pich (1971)). For implementing this condition in OpenFOAM, fixedValue

boundary condition with 0 value is set for the velocity field. For the pres-

sure field fixedFluxPressure is considered which is described earlier.

Solution Techniques of the Single-phase Flow

After discretising the computational domain using unstructured meshes, simple-

FOAM solver is used to solve incompressible single-phase flow. OpenFOAM is

used in this research for conducting CFD techniques. This package uses a cell

centred finite volume method in order to solve partial differential equations of

continuity (4.3) and momentum(4.4) equations. In this method, all equations

integrated over each control volumes (cells) on the mesh, and Gauss’s theorem

applies to convert surface integrals which contain divergence term to volume in-

tegrals. This approach lead to conserve the mass and momentum quantities at

the discrete level. Furthermore, equations are solved in a fixed coordinate and

mesh structure does not change over time even for transient simulations.

By solving momentum equation for velocity, the result should satisfy continu-

ity as well. In order to achieve this goal, a divergence of the momentum equation

should be taken and substitute in to continuity equation which resulted in Poisson

equation for the pressure. In order to solve this complicated equation, simple-

Foam apply the SIMPLE (Semi-Implicit Method for Pressure Linked Equations)

algorithm (Patankar and Spalding (1972)). Momentum and pressure equations

should be solved iteratively which the procedure is as below:

• Step 1, the momentum equation is solved to calculate intermediate velocity

field.

• Step 2, a correction to pressure field is achieved by solving pressure equation.

• Step 3, velocities from step 1 are updated based on new pressure from

pressure correction.

• Step 4, the fluxes at the cell faces and boundary are updated.

• Step 5, this process is repeated until the convergence is achieved. The

convergence criteria was set to 10−6.
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To maintain the stability of the mentioned procedure some techniques should

be employed. The stability is improved by using under relaxation factors between

0 and 1. For all the equations under relaxation factor is considered 0.7, while for

the pressure equation it is set to 0.3. In regard to the numerical schemes, second

order Gaussian finite volume integration using linear interpolation is employed

for gradients of pressure and velocity fields. Gaussian finite volume integration

interpolates the values from cell centers to face centers, and it is the most com-

mon scheme (Greenshields (2011)). Linear-upwind divergence scheme is used for

diversion terms. This scheme is second order which is derived from upwind and

returns upwind weighting factors and also uses a gradient-based explicit correc-

tion.

4.2.4 Mathematical Model for Multi-phase Flow

Assumptions

The general assumptions for the mathematical model developed are as follows:

• The carrier fluid, air, is incompressible and isothermal with constant prop-

erties.

• The liquid phase considered is DEHS with constant properties (given by

Table 4.2).

• Laminar flow is assumed to prevail inside the solution domain for the face

velocities considered in this study (Ref < 15).

• Contact angle between the liquid phase and solids in the study assumed to

be static in both philic and phobic media.

Mathematical Formulation of the Multi-phase Flow

Multi-phase flows where two immiscible fluids present, additional algorithm com-

pared to single-phase will be required to capture the interfaces between them.

There are two computational methods for calculating the interfaces named sur-

face methods and volume methods.
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Surface Methods

There are different ways to mark the interface which are: particles on interface

developed by Daly (1967), Height functions developed by Nichols and Hirt (1973),

Level set method presented by Osher and Sethian (1988), and Surface fitted meth-

ods which developed and modified by many researchers (Dervieux and Thomasset

(1980); Takizawa et al. (1992) and Clarke and Issa (1997)). The extensive review

of all these methods are discussed in Ubbink and Issa (1999) work.

Volume Methods

In volume methods, the fluid on the both sides of the interface will be marked.

So, as it can be deduced the exact location of the interface is not explicitly de-

fined, therefore special technique required. The majority of these methods use

the calculation of the surface tension forces presented by Brackbill et al. (1992)

which is known as continuum surface force (CSF). Volume of fluid is a volume

method which uses a scaler indicator function between 0 and 1 for each fluid.

Every cell occupied by fluid 1 assigned 0 and each cell filled with fluid 2 assigned

indicator 1, and cells with value between 0 and 1 means contain the interface. For

a better demonstration, Figure 4.11 shows volume fraction on a discrete mesh.

This method has some advantages in compare to particle marker method like less

computations needed because it only store a scaler number for each cell and solve

only one extra transport equation (for the indicator) to calculate its propagation

through the domain. However, there is a drawback associated with this method

like smearing the step profile of interface over several cells in convective differ-

encing schemes (Ubbink (1997)).

Figure 4.11: Volume fractions on a discrete mesh

VOF is the most widely used method in modeling multi-phase flows and cat-
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egorised into two variants:

(1) Geometric VOF methods, which uses geometric operations to a sub-cell

representation of the interface and then compute the volume fluxes by a La-

grangian sense. There are some disadvantages associated with this approach

such as increased computational expenses and difficulty to be implemented in

higher dimensions (Xiao et al. (2011)).

(2) Algebraic VOF methods, which eliminates the reconstruction step and in-

stead combines first and higher order schemes in order to preserve the sharpness

of the interface (Ubbink and Issa (1999)).

When it comes to comparison of these two methods, it should be noted that

geometric VOF schemes have more accurate results, although at an extensive

cost of computations. Moreover, geometric VOF is restricted to be used in spe-

cific mesh type, like hexahedral meshes, and it is substantially complicated to

implement. On the other hand, algebraic VOF schemes are faster, although less

accurate. Furthermore, they can be easily implement and developed for different

general mesh types (Deshpande and Anumolu (2012)).

In this work, the algebraic approach is used to simulate multi-phase flow.

Among different numerical methods, the open source VOF methodology (pro-

posed by Ubbink and Issa (1999)) named interFoam which was implemented in

OpenFOAM CFD package as reported by Deshpande and Anumolu (2012). Sev-

eral works have used interFOAM in their research, and it is well documented

(Abishek et al. (2017); Monfared et al. (2016); Hasan and Raisul (2016); Paik

and Shin (2015); Oggiano et al. (2017); Basha (2016); Mead-Hunter et al. (2017);

Orlov et al. (2015)).

Three-dimensional simulation of multi-phase flow is performed by using Vol-

ume of Fluid (VOF) method. In VOF a volume fraction parameter, γ, is used

to indicate the presence of each phase in different locations of the computational

domain. In this study for the phase 1 (air) the γ = 0 and for phase 2 (oil) γ = 1.

Based on the given assumptions the governing equations are continuity , momen-

tum , and phase fraction equation which are:

∇ · U = 0 (4.6)

∂ρbU

∂t
+∇ · (ρbUU) = −∇P +∇ · (µb∇U) + ρbg + fσ (4.7)
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∂γ

∂t
+∇ · (γU) = 0 (4.8)

In equations 4.6 - 4.7, U is the velocity vector field, P is the pressure field, and

g is gravitational acceleration. Parameters ρb and µb are bulk density and bulk

dynamic viscosity calculated based on weighted of phase distribution as below:

µb = γµg + (1− γ)µl (4.9)

ρb = γρg + (1− γ)ρl (4.10)

Where in Equations 4.9 and 4.10, g and l stand for gas (air) and liquid (oil)

phases, respectively. The last term on the right-hand side of the Equation 4.7, fσ
is the interfacial surface tension force density known as continuum surface tension

force (CSF) presented by Brackbill et al. (1992). This force term defined as:

fσ = −σk(∇γ) (4.11)

Where in Equation 4.11, σ is the surface tension of the liquid-air interface,

and k is curvature (k = ∇ · ( ∇γ|∇γ|)). It should be noted that this force is only

presents just at the interface (where 0 < γl < 1), and it is zero elsewhere in the

domain. The main purpose of adding this term to the momentum equation (4.7)

is to alleviate the computational issues associated with a sharp pressure jump

that exists cross the liquid-gas interface.

Initial and Boundary Conditions of Multi-phase Flow

The boundary conditions applied in multi-phase simulations are the same as con-

ditions presented in single phase boundary conditions with extra initial condition

and volume fraction boundary condition as below:

• Initial condition: The computational domain is loaded with 30 % of the

filter void volume. The embedded utility called setFields is used for spec-

ifying the regions inside the computational domain filled with DEHS. The

oil droplets distributed through the filter with zero initial velocity.

• Volume fraction: The contact angle between fibre and liquid (oil) is im-

posed by using constantContactAngle condition which allows to consider a
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constant angle at the corresponding boundary. θ = 120◦ is set for phobic

simulations and θ = 20◦ for philic cases as static. At the inlet boundary,

fixed value equal to zero is assigned for the volume fraction. At the outlet

boundary, the inletOutlet boundary condition is employed. This is a con-

dition which assumes a zero gradient condition for outflow and a constant

value of 0, representing air, for inflow. Symmetry condition is used for sur-

rounding sides boundaries.

fixedFluxPressure, the pressure field boundary condition, is imposed to inlet

and outlet boundaries in multi-phase flow (similar to single-phase flow simu-

lations). The main difference of this boundary condition in multi-phase flows

compared to single-phase flows is the effect of body forces like surface tension

which is present in multi-phase simulations. This condition adjusts the pressure

gradient according to this body force.

Solution Techniques of Multi-phase Flow

In VOF method, volume fraction equation in conjunction with momentum and

continuity is solved simultaneously. For solving the coupled equations of momen-

tum and continuity, a combination of PISO and SIMPLE algorithms known as

PIMPLE is used. The principle of this algorithm is as follow: within one time

step, a steady state solution with under relaxation is searched. After finding the

solution, the calculations proceed on time. In this algorithm an outer correction

loop is used to ensure that the explicit parts of the equations are converged. In

the next step, the answers evaluated against pre-defined convergence criteria, and

if meets, the calculation move on in time. This procedure continues until the so-

lution reaches the final time. Once the velocity field is found, the Equation 4.8 is

solved to acquire the volume fraction. Although the velocity and volume fraction

gained by solving Equations 4.6 - 4.8 at every cell in the domain, the location of

the interface still need to be identified with high resolution. To achieve this, two

fluid formulation technique is employed where the contribution of each phase in

velocity can be calculated:

∂γ

∂t
+∇ · (γUg) = 0 (4.12)

∂(1− γ)

∂t
+∇ · ((1− γ)Ul) = 0 (4.13)

Where Ug and Ul are velocity vector fields of gas and liquid phase, respectively.

To proceed the methodology, it is assumed that the both phases have contribution
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to the convection of interface in the domain according to their volume fraction,

therefore:

U = γUg + (1− γ)Ul (4.14)

The equation 4.8 can be rearranged to the following equation:

∂γ

∂t
+∇ · (γU)−∇ · (γ(1− γ)Uc) = 0 (4.15)

Where Uc = Ug−Ul is compression velocity (Deshpande and Anumolu (2012)).

By comparing equations 4.8 and 4.15, it can be seen that a convection term is

added to Equation 4.15. By close attention, it can be deduced that this term

is only nonzero at the interface, and it will be zero in both pure phases(gas or

liquid), as the γ is either 0 or 1. The main advantage of the compression velocity

is to compress the interface and make it thinner, so it ensures to have a sharp

interface. The compression velocity is give by:

Uc = nf min
[
Cγ

∣∣∣∣ ϕSf
∣∣∣∣,max( | ϕ || Sf |

)]
(4.16)

nf is the interface normal vector, ϕ and Sf are the cell face volume flux

and surface area, respectively.
( |ϕ|
|Sf |

)
is the magnitude of velocity. Cγ is the

compression factor specified by user, and it can be between 0 to 4. The higher

compression factor resulted in thinner interface, but it causes errors in interfacial

curvature and interfacial smearing (Deshpande and Anumolu (2012)). In all the

simulations, Cγ = 1 is considered which has shown to achieve the most reliable

solution (Deshpande and Anumolu (2012)).

There are two main concerns associated with free surface which are diffusion

and spurious currents. As explained before, using compression velocity technique

is the main way to overcome false and artificial diffusion through the domain. In

regard to spurious currents it should be noted that these are unphysical flows in

vicinity of interface due to numerical errors (Deshpande and Anumolu (2012)).

There are two mechanisms responsible for development of the spurious currents

which are:

• Inaccurate Interface Capture: when the interface captured approximately in

a numerical mesh with a step-shape rather than smooth, this discontinuity

results in spurious currents. Therefore, the spurious currents increase by

decreasing local cell size (Deshpande and Anumolu (2012)).
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• Neglecting viscosity in momentum equation (4.7): this leads to failure in

achieving force balance between pressure gradient and surface tension force

on the right hand side of the momentum equation which causes the accel-

eration of flow velocity and development of spurious currents.

Deshpande and Anumolu (2012) proposed a max time step as a constraint to

control the solution and prevents from spurious currents development.

∆t =
1

2

[
C2τµ +

√
(C2τµ)2 + 4C1τ 2

ρ

]
(4.17)

Where;

τµ =
µ∆x

σ
(4.18)

τρ =

√
ρ∆x3

σ
(4.19)

In Equation 4.17, C1 and C2 are user specified constants which based on the

investigations of Deshpande and Anumolu (2012) should be set to C1 = 0.01 and

C2 = 10 to achieve a stable solution.

Furthermore, in order to improve the stability of the solution, an adaptive

time step has been used. The adaptive time step works based on calculation of

Courant number (4.20). A brief description of Courant number will be provided

in the following.

Courant–Friedrichs–Lewy (CFL) is a condition that states for solving certain

partial differential equations, the time step should be less than certain time, oth-

erwise the simulation results are not valid (Courant et al. (1928)). The general

CFL condition form is:

C = 4t
n∑
i=1

uxi
4xi

≤ Cmax (4.20)

for the three dimensional case it becomes:

C =
u4t
4x

+
v4t
4y

+
w4t
4z

≤ Cmax (4.21)

Where the dimensionless number,C, is called the Courant number, u, v and

w are the magnitude of the velocity in x, y and z directions, respectively. 4t is

the time step, and 4x, y, z are the the length interval. The Courant number ba-

sically indicates the number of meshes advanced during the time-step. According
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to equation 4.20, Cmax = 1 is the stability criteria for 1-D problems, while in 2-D

and 3-D cases, Courant number should not be greater than 0.5 and 0.3, respec-

tively. As it can be deduced form Courant number equation (equation 4.20), the

mesh size and time-step size are dependent on each other, and they should be

considered before starting the simulations to achieve a stable and valid results.

Therefore, based on specified Courant number, a new time step size is calculated

to maintain the limit imposed by Courant number.

To implement all the CFD techniques, interFOAM solver from OpenFOAM

package is used for this study. It is worth mentioning that the boundedness of

the volume fraction parameter is preserved by using Total Variation Diminishing

(TVD) method implemented in OpenFOAM called MULES, Multidimensional

Universal Limiter with Explicit Solution, (Deshpande and Anumolu (2012)).

All computational simulations are carried out using 96 cores on supercomput-

ing facility Magnus, at Pawsey Supercomputer Centre, Perth, Australia. Magnus

is a petascale supercomputer with 1.097 TeraFLOPS computing power, 93 Ter-

abytes memory with 35712 processor cores. This facility provides an oportunity

for all researchers across Australia to tackle large simulations which previously

was not possible.

4.3 Experimental Methodology and Design Ap-

proach

The general approach used for designing of the tests are as following:

(i) Identification of the desired experimental variables and governing condition

to acquire them.

(ii) Identification of proper devices and instruments for measuring the identified

variables.

(iii) Designing the flow loop to meet the test goal and variable measurements.

(iv) Procurement of materials for experiments.

(v) Fabrication of all devices and instrument and integration into experimental

apparatus.

In this study, both Single-phase and multi-phase experiments carried out to

verify virtually generated filters, validation of numerical schemes, equilibrium
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saturation of filter and evaluating dry and wet pressure drop. The experimental

facilities used for both single phase and multi-phase tests are predominantly the

same with some minor changes.

4.3.1 Single-phase Experiments for Evaluating Virtual Fil-

ters and CFD Solver

In order to evaluate the simulated different filter media and simpleFOAM solver,

sets of experiments conducted in this study. The Figure 4.12 indicates the desir-

able variables, measuring systems and devices used in these tests.

Figure 4.12: Identification of desirable variables, measuring systems and used

devices in single-phase tests (after Abishek (2013))

In the following sections different aspects of experimental studies for single-

phase flow will be explained.
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Experimental Apparatus and Flow Loop

In order to conduct single-phase experimental study, an apparatus was designed

to enable us for holding the filters and measuring the pressure drop across the

filters. Figure 4.13 shows the designed apparatus. The material chosen for this

filter holder was acrylic since it was clear for visual checks and also resistant to

oil which used in multi-phase tests.

Figure 4.13: Designed apparatus for holding filters

The flow loop that designed based on the information provided from Figure

4.12 is presented by the Figure 4.14.

Figure 4.14: Flow Loop for Single Phase Experiments
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Description of Experimental Facility

As it can be seen from Figure 4.14, there are five devices that have been used for

conducting single-phase experiments which will be explained in more detail.

• Manometer (TSI,9555-P) provided on-line measurements of pressure drop

across the filter. As indicated in the apparatus, the probes were located two

sides of filters (front and back). The test results were saved on the device

and transfered to the PC by a USB cable.

• High Efficiency Particulate Air (HEPA) filter was used in front of flow meter

in order to protect the flow meter from any possible particles in the flow

stream.

• Digital mass flow meter (TSI, 4045) was used to monitor and measure the

system flow rate in-line. This device was used in order to improve the

accuracy of the measurements, and ensure that the flow rate was correctly

set.

• A critical orifice was applied at the pump suction in order to control and

adjust the flow rate through the filters and maintain the steady state con-

ditions.

• A vacuum pump (Sogevac, SV40 B) was employed to run air through the

system.

Characterisation of Filter Media

Three types of filter structure fibrous, foam and knitted have been selected and

prepared for experimental tests. The properties of filter media used are shown

in Table 4.3. With regard to the filter selection criteria for validating the single-

phase study, it should be mentioned that for every filter structure type (fibrous,

knitted, and foam), two experimental sample filters with similar structures were

considered. For validating the virtual generation filter methodology and the filter

structures used in this research, experimental sample filters were selected with

different physical characteristics in order to prove the generality of the filter gen-

eration approach which was utilised in this research (further detailed in Abishek

et al. (2017)). In the validation process, all the physical properties of different

filters were non-dimensionalised by Eu number which includes the effects of di-

ameter, material properties, and thickness. Moreover, the diversity and variation

of the filters with different structures are countless in the market. As the main

objective of this research was to conduct numerical studies on virtually generated
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filters, the main focus was on optimising the physical properties of the numer-

ically generated filters for computation purposes. Therefore, filters structurally

similar to the numerical validation cases were used for the experimental valida-

tion. In table 4.3, α is packing density, l is filter thickness, and df is fibre diameter.

Table 4.3: properties of the filters examined for the single-phase experimental

study

Filter Materials α (%) l (mm) df (µm)

Fibrous-E1 Stainless steel 1± 0.04 3.3± 0.2 7.8± 0.5

Fibrous-E2 Polyester 20± 0.07 1.65± 0.17 15.4± 0.7

Foam-E1 Polyurethane 2.05± 0.05 4.48± 0.2 71.07± 0.67

Foam-E2 Polyurethane 1.9± 0.08 4.6± 0.25 102± 3.15

Knitted-E1 Stainless steel 1.9± 0.07 19.46± 0.24 137.3± 0.6

Knitted-E2 Copper 6.2± 0.08 24± 0.15 283± 4

Single-Phase Experimental Procedure

In the first step all samples (except knitted filters which were folded) were cut in

a circular shape with a size of 60 mm diameter. All the filter samples dimensions

were measured by digital vernier caliper and weighted by a scale. In order to

calculate packing density of filters, Equation 2.1 was used. Each measurement

wa repeated 20 times to confirm repeatability of the measurements and decrease

uncertainty in the results.

A critical orifice was used to control the flow rate, which ranged from 0 LPM

to 150 LPM producing face velocities ranging between 0−2m/s. Before conduct-

ing tests with different filters, a test was carried out with all setup, but without

a filter to measure the effect of apparatus on pressure drop. This apparatus head

loss was deducted from filter pressure drop measurements which eliminated any

affect of apparatus head loss from final results. The apparatus pressure drop

results showed to be ∆p < 10% of ∆P with filter for the same range of flow rate

tested.

Scanning Electron Microscopy (SEM) was employed to evaluate the pore

structure of filters and measuring filter diameters and pore diameter (for foam

filter). For the nonmetallic fibrous and foam media, platinum particles were

used to coat the filters with a thin layer (< 50nm) to enhance the electrical

conductivity required for SEM. All the images from SEM were analysed digitally
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by ImageJ software (Rueden et al. (2017)) to measure the fibre element diameter.

As it can be seen from filter holder (4.14), all the filters were oriented ver-

tically with the air flowing horizontally. A minimum of 3 replicate experiments

were performed for the face velocity ranging 0 − 2m/s. At each flow rate the

pressure drop across the filter were stored in the TSI manometer and waited for

3 minuets to make sure the trend shows steady state condition.

4.3.2 Multi-phase Experiments for Measuring Multi-phase

Pressure Drop and Saturation

The same apparatus and flow loop were used to perform multi-phase tests. The

only extra variable were measured was initial and equilibrium saturation which

have been measured by scale and it will be explained in more details in experi-

mental procedure section.

Characterisation of Filter Media

Two phobic and philic media were used for multi-phase experimental tests. The

following table shows these filters properties.

Table 4.4: Filter properties examined for multi-phase experiments

Filter Materials Contact Angle α (%) l (mm) df (µm)

Fibrous-ME1 Polyester 109◦ ± 2◦ 20± 0.07 1.65± 0.17 15.4± 0.7

Fibrous-ME2 Stainless steel < 1◦ 1± 0.04 3.3± 0.25 7.9± 0.5

Preparation of Phobic Media

For preparation of phobic media, a procedure have been employed to convert an

philic media to phobic. To achieve this, Polytetrauoroethylene (PTFE) was used

to coat the surface of philic media. After fully saturating the philic filter with

5% of PTFE, the filter were removed from the solution and placed in an oven

for polymerization with 100◦ for 35 minutes. It is to be noted that single-phase

pressure drop examination was conducted after treating the filter surface. The

results showed a small difference (less than 8% increase in pressure drop), which

suggests that the fibre diameters and subsequently the filter’s packing density was

increased slightly. On the other hand, the contact angle increased significantly
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as it was expected which the Figure 4.15 shows the sample treated filter.

Figure 4.15: Droplet on media rendered phobic through procedure described

above

As it can be seen from Figure 4.15, oil droplet (DEHS) makes a clamshell

shape droplet which by digital measurement technique shows a contact angle

equal to 109◦ ± 2◦.

Pre-Saturation

In order to carry out the multi-phase experiments, DEHS was used in this re-

search. The properties of this oil is summarised in table 4.2. The main purpose

of the multi-phase experiments are to measure the equilibrium saturation and

corresponding pressure drop at different face velocities. There are two ways to

reach this equilibrium. One is to generate oil mist droplets and load the inlet

air. The filter will collect the droplets and gain the equilibrium slowly. It was

found that it is much quicker to over saturate the filter in DEHS container, and

drain the excess oil (Bredin (2012)). This method not only saves experimental

time significantly, it also provided more consistent results over repetition of tests.

Therefore, in this research all the filters were dipped in a DEHS container for 30

minutes to become supersaturated and then allowed 5 minutes for dripping the

excess oil. In regard to phobic filter, it is not possible to pre-saturate it with

dipping in DEHS container as the contact angle between the oil and treated fibre

surface do not allow the oil to penetrate into the filter. To overcome this issue,

a vacuum pressure chamber with −94 kpa below atmospheric pressure was used.
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The Figure 4.16 shows the vacuum chamber employed in this study.

Figure 4.16: Vacuum chamber for saturating phobic media where A: The cham-

ber, B: Vacuum line, C: Digital manometer

The saturation level was calculated before each test in order to ensure that

the filter is fully saturated.

Multi-Phase Experimental Procedure

In the first step, similarly to single phase tests, all the filter properties such

as weight, dimensions, packing density and contact angle measurements were

carried out before conducting the experimental tests. Since the main objective

of multi-phase experimental tests were to measure equilibrium saturation and

corresponding wet pressure drop, a further calculations added to the procedure

compared to the single-phase tests.

At the beginning, the filters were saturated by DEHS (according to the de-

scribed methods earlier). Filter saturation were measured by the following equa-

tion:

S =
(ml

ρl
)

Vvoid
(4.22)

77



Where ml and ρl are mass and density of liquid (DEHS), respectively. Vvoid is

the volume not occupied by fibre which is air in our test, and it can be calculated

by the following equation:

Vvoid = (
ml

ρf
)× (

1− α
α

) (4.23)

After saturating filters and confirming the initial saturation level by given

equations (4.22 and 4.23), different face velocities ranging 0.05 to 2.1 m/s were

employed in experiments. At each velocity, sufficient amount of time was given for

the test to reach steady state and monitoring pressure drop curve confirmed that.

Then the test was stopped and the filter was weighed for equilibrium saturation

calculation. This process repeated until that last velocity point. To provide a

better demonstration, Figure 4.17 shows a pressure drop versus time for the fully

saturated philic media at velocity equal to 1.3 m/s.

Figure 4.17: Pressure drop versus velocity in experimental philic media at U=

1.3 m/s.

4.3.3 Data Extraction, Calibration and Uncertainty Anal-

ysis

Using the experimental methodology described in the proceeding sections, single-

phase pressure drop, multi-phase (wet) pressure drop, equilibrium saturation at

different velocities, and filter physical properties were measured. In the case of

pressure drop results, as they were used for validation and comparing with other
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theoretical results, the data extraction was different. The effect of apparatus

should be considered in the pressure drop results, so a polynomial curve was fit-

ted to both measured and apparatus pressure drop in order to acquire the net

pressure drop across the filter. Figure 4.18 shows the result for one of the sample

filters as an example.

Figure 4.18: Data extraction and curve fit for an experimental fibrous filter case.

The flow meter and manometer used in this research were both factory cali-

brated in the range of research conducted. In regards to uncertainty calculations,

Bell (2001) methodology was followed for the measured parameters. The reported

expanded uncertainty was based on a standard uncertainty multiplied by a cov-

erage factor k = 2, providing a level of confidence of approximately 95 %. The

reported diameters were the mean of 40 repeated measurements of horizontal,

vertical, and inclined elements in the fibrous, knitted and foam filters from SEM

images. The ImageJ software was used for extracting the data from SEM images.

The results were corrected for the estimated effect of possible mistake in picking

measurement points, and effects of deviation from 90 degrees angle (between fibre

element wall and drawing line as diameter by ImageJ software) when measured.

The uncertainty of the measured contact angles, packing density, thickness and

diameters were determined based on errors in predicted slope, error in distance

(or geometry). In the case of flow rates and pressure drops, the precision errors

were included in uncertainty calculations as well.
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Chapter 5

Mesh Generation Techniques,

Virtual Filter Media and

Simulation Validations

5.1 Introduction

As mentioned in the proceeding sections, the aim of this work is to compare

the performance and investigate the pressure drop profile of three different filter

media structures (fibrous, knitted, and foam) with equivalent physical properties

such as packing density, cross section area, fibre element diameter, contact angle,

and thickness. Therefore, rigorous validation of the media generated against clas-

sical single-phase permeability relationships, and multi-phase pressure drop and

saturation profile are crucial. This chapter discusses the computational mesh gen-

eration and improvement techniques, reliability of the computational simulations

using the generated virtual media in the current research (explained in Section

4.1), and also validation of the solver used for single-phase and multi-phase sim-

ulations (explained in Sections 4.2.3 and 4.2.4, respectively).

In order to achieve this, the mesh generation techniques used in this research

by applying in-built functions in OpenFOAM are presented and a procedure for

reducing poor quality cells is explained. In the next step, the mesh sensitiv-

ity analysis is conducted to verify the independency of the pressure drop results

from mesh size in single-phase flows as the results will be used for validating the

accuracy of the generated filter media. As such, sets of numerical simulations

have been conducted to compare dimensionless pressure drop across different fil-

ter media to the conducted experiments (explained in section 4.3.1) and results in

literature. It is worth mentioning that a collaborative study on validation of the
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methodology of generating different realistic virtual filters (Abishek et al. (2017))

was done which the experimental research and validation conducted as a part of

this PhD research. As stated before, the aim of this research is not validating

the methodology of filter generation, but validating the accuracy of the designed

filters for this particular study, and demonstrating that the filters are equivalent

and realistic. In addition to CFD simulations conducted in this study, some of

the numerical results from (Abishek et al. (2017)) is presented here in order to

re-enforce the validations. Accordingly, the experimental cases considered for this

part are listed in the Table 4.3.

There are two factors that should be evaluated to ensure the virtual filter

media is a valid representative of a realistic media. The first one is the effect

of packing density on pressure drop, and the second is the effect of Reynolds

number (Rf ) on the pressure drop. In the following sections both factors will be

evaluated and discussed for the generated filters in this work and the research by

Abishek et al. (2017).

In this chapter, the mesh sensitivity analysis is conducted on multi-phase sim-

ulations as well. It is shown that the multi-phase results are more sensitive to

mesh resolution compared to single-phase (Abishek et al. (2017)). Furthermore,

the influence of computational box size (distance from the filter geometry end to

the end of computational box) is investigated by comparing the saturation result

at one specific inlet velocity in different computational geometry length sizes. Fi-

nally, the saturation and multi-phase pressure drop results are validated against

experimental data in literature and in current research for both phobic and philic

media.

5.2 Mesh Generation

5.2.1 Meshing Technique and Mesh Quality Improvement

Due to the complexity of different filter structures, the generation of sufficiently

refined computational meshes suitable for CFD calculations is a challenging task.

In this thesis, a procedure has been employed based on available functions and

tools in OpenFOAM along with an iterative refinement approach to produce a

mesh meeting predefined mesh quality criteria. Figure 5.1 shows the work flow

for the mesh generation process.

For better demonstration, the open-cell foam meshing process is presented in

Figure 5.1. As it is seen from the meshing flow chart (different background colours
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Figure 5.1: Methodology for generation of computational mesh (only surface mesh

has been shown for clarity)
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in the flow chart is only for better demonstration purpose), the first step is creat-

ing a simple background hexahedral mesh around the filter by using blockMesh

utility in OpenFOAM. These hexahedral meshes with aspect ratio of 1 provide the

base for applying the advanced and fully customizable utility, snappyHexMesh,

in three main stages: (1) initial castellation in which cell splitting is performed

by intersection of filter elements and background mesh. (2) snapping to surface

involves moving cell vertex points to the filter element in order to remove jagged

castellated surface form the mesh. (3) mesh layers is an optional stage which adds

hexahedral cells aligned to the filter element. Applying this procedure provide

the user with ability of creating any mesh with fully customizable size based on

the CFD calculations needs.

Some authors (Lehmann et al. (2016); Gervais et al. (2012); Tafreshi et al.

(2009)) have applied a voxelized grid algorithm in order to produce the compu-

tational meshes, however, this has a number of limitations. The approach used

in this work has considerable advantages over such an approach, for the follow-

ing reasons; first, in the present technique the mesh resolution can be increased

locally rather than globally in regions where gradients are expected to be high

during CFD calculations, as a result of decreasing the cubic relationship in cell

size with mesh resolution. Second, voxel meshes do not contain information on

local fibre surface orientations, so the contact angle cannot be studied, while in

the current technique cell intersections are fitted to the filter element, and the

influence of wetting can be studied for filter design.

The generated base-mesh should be checked against various quality parame-

ters such as skewness, orthogonality, twist, under determined cells, short edges,

aspect ratio and etc. Due to the nature and complexity of filter micro-structures,

producing small fraction of poor quality cells (some poor cells in red colour high-

lighted by circles in Figure 5.1 for an open-cell foam media as a representative)

are inevitable during meshing generation process. To provide a better demon-

stration, Figure 5.2 shows the poor quality cell in the computational domain after

initial mesh.

In order to improve the accuracy of CFD results this issue should be rectified.

This is carried out by using in-built function in OpenFOAM (topoSet) where all

the poor quality cells are improved or ultimately removed from domain itera-

tively, and in each iteration a quality control performed. Figure 5.3 shows the

cumulative statistics of the poor quality cell reduction by applying the present

mesh-correction iterative method for fibrous, knitted and open-cell foam filter.

In Figure 5.3, Nf is the total number of initial meshes, α is the packing den-

sity of the filter, ∆α is the fraction change in the packing density of the filter, w
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Figure 5.2: Poor quality computational cells (indicated by red colour) after gen-

eration of initial mesh (only surface mesh has been shown for better clarification).

is the width of the filter, and df is the diameter of a the fibre element in the filter.

Figure 5.3: Poor quality cell reduction in various filters

It can be seen from Figure 5.3 that fractional change in packing density (∆α)

after cleaning all poor quality cells is less than 0.5 % in all geometries which

confirms the suitability of the applied technique. Figure 5.4 presents the final

computational meshes for fibrous, knitted and open-cell foam filter media.
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(a) fibrous

(b) knitted

(c) foam

Figure 5.4: Representative computational mesh for fibrous, knitted and foam

filter media (only surface mesh presented for clarity)
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5.2.2 Filter Geometry Meshing and Packing Density Re-

lationship

It is a standard procedure to conduct a mesh study in order to confirm the ac-

curacy of CFD results, but it is different in filter numerical simulations as by

decreasing the cell size, the packing density of the filter will change since the

greater fraction of the filter element can be resolved during meshing process.

Therefore, a mesh study is carried out to find the influence of mesh size on pack-

ing density, and the results are shown by Figure 5.5.

Figure 5.5: Influence of mesh refinement on packing density of virtually generated

fibrous, knitted and foam media

In Figure 5.5, l is the length (thickness) of the filter, w is the width of the

filter, and df is the packing density of the filter. It can be deduced from Figure

5.5 that the packing density becomes independent of the cell size (< 5%) at about

1.6× 106 computational cells for the presented filter media.

The meshing and quality improvement techniques presented in this research

are general for any filter structure. For creating a suitable mesh, knowing the

actual packing density value would be helpful as by refining the mesh, the com-

putational packing density approaches to the actual value (as shown in Figure

5.5). After checking for low quality cells and using the proposed methodology for

improving the computational mesh quality, a systematic mesh study should be

conducted to ensure the results are independent from the mesh size.
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5.3 Single-phase Flow Mesh Independency veri-

fication and Virtual Filter Media Validation

5.3.1 Mesh Sensitivity Analysis in Single-phase Simula-

tions

For the purpose of mesh sensitivity analysis in single-phase flow (air flow through

filter media), the pressure drop results by using the methodology explained in

Section 4.2.3 is examined at 2 m/s inlet velocity in all filter media. The mesh

resolution influence on dry pressure drop value in all filter media is depicted by

Figure 5.6. It is worth mentioning that the single-phase pressure drop results

(dry pressure drop) will be used in the next section for evaluating the accuracy

of the generated filter media. Therefore, the single-phase pressure drop results

are monitored carefully and the mesh independency testes by 5% variation limit

is considered for achieving more precise results.

Figure 5.6: Influence of mesh refinement on dry pressure drop results in fibrous,

knitted, and foam media.

It can be seen from Figure 5.6 that all filters are producing accurate pressure

drop values for mesh resolutions above 2×106. Therefore, this mesh resolution is

considered for all filter media for dry pressure drop results in order to ensure the

accuracy of the results for the generated filter media verification study in next

stage.
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5.3.2 Virtually Generated Filter Media Validation

Verifying the Effect of Packing Density on Pressure Drop

In order to verify the effect of packing density on pressure drop, set of simula-

tions conducted on the generated filter media (fibrous, knitted, and foam) with

equal physical properties described in Section 4.2.1. Furthermore, some numerical

results from Abishek et al. (2017) employed in this section for a better demon-

stration. Table 5.1 presents the numerical cases considered.

Table 5.1: properties of the virtual filters considered for validation of computa-

tional methodology.

Filter α (%) l (mm) df (µm) Source

Fibrous-N1 2 2 8.5 Present

Fibrous-N2 20.3 1.65 15 Present

Foam-N1 2 2 8.5 Present

Foam-N2 5 2 20 Abishek et al. (2017)

Foam-N3 1.9 4.6 102 Abishek et al. (2017)

Knitted-N1 2 2 8.5 Present

Knitted-N2 5 4.3 70 Abishek et al. (2017)

Knitted-N3 7 23 283 Abishek et al. (2017)

Figure 5.7 depicts the dimensionless pressure drop obtained from present simu-

lations and numerical data from Abishek et al. (2017) against the classical models

from Spielman and Goren (1968) where fully explained in Section 2.3.3. Accord-

ing to the methodology explained in the Section 4.2.3, the governing equations

for single-phase (air) flows are solved with a constant inlet velocity of 0.6m/s

resulting in 0.38 < Ref < 12.91 . The acquired pressure drop results from these

simulations used in the Equation 2.19 in order to calculate the dimensionless

pressure drop.

It can be seen from Figure 5.7 that fibrous filter agrees perfectly with the

case when all fibers are normal to the flow, with showing marginally deviation

toward the case with three dimensional random. This can be justified by a closer

look at the fibrous geometry (Figure 4.7- (a)) generated where some of the fibre

elements have an angle < 90 with flow direction vector (3-D fibre elements). It is

also seen that Fibrous-N2 case, with high packing density, agrees well with 3-D

random theoretical results as generated with lower orthogonality. Open-cell foam

filters are consist of partially aligned and partially perpendicular struts to the
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Figure 5.7: Comparison of predicted dimensionless pressure drop from different

virtual filter media against Spielman and Goren (1968) research.

flow direction. It can be seen that their dimensionless pressure drop lies between

theoretical predictions of Spielman and Goren (1968) where fibres are 3-D ran-

dom and all fibres normal to flow. Knitted filters have an interlocking structure

which some of its elements are not perpendicular to the mean flow. Furthermore,

knitted filters have some void areas which reduces the resistance against the flow

and causes lower pressure drop compared to fibrous filters. In spite of the differ-

ent structures of the foam and knitted media compared to fibrous media, there is

still a good agreement with theory of Spielman and Goren (1968), and the results

show a consistent trend with increasing packing density for any considered filter

geometry.

Verifying the Effect of Reynolds Number on Pressure Drop

In this section the predicted pressure drop across the generated virtual filters will

be validated against a semi-empirical model and experiments. The numerical

simulations conducted in the range of stokes flow where 0.1 < Ref < 10.

It was shown in section 2.5.1 that there have been more attention toward fi-

brous filters from the past compared to other types of filter media (Mead-Hunter

et al. (2014)). Therefore, virtually generated fibrous media can be compared

against experimental and semi-empirical correlation. Figure 5.8 presents the

comparison of predicted dimensionless pressure drop (represented in terms of
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Eu) with theoretical models and experimental data.

As explained in section 2.3.3, semi-empirical by Davies (1953) which is valid

for the range of packing density 0.006 ≤ α ≤ 0.3 and presented by Equation 2.13

will be re-arranged as the following:

4P =
µQl

df
2Af

[64α1.5(1 + 56α3)] =⇒ Eu =
64

Ref
× [α1.5(1 + 56α3)] (5.1)

Where Eu =
∆Pdf
ρu2l

is the Euler number. The main purpose of this re-arrangement

of the equation is to extract Euler number values for the specific filter properties

(α = 0.021) in this study according to Davies equation. Therefore, the generated

fibrous filter (Fibrous-N1) in this study can be compared to Davies semi-empirical

result.

It is seen form Figure 5.8 (a) that the simulation results have a perfect agree-

ment with slope and magnitude of the dimensionless pressure drop predicted by

Davies (1953). The other correlation that can be used for validating the fibrous

filter is the theory of Spielman and Goren (1968). As it was explained before, this

correlation is valid for 0.003 ≤ α ≤ 0.3, therefore the generated virtual fibrous

filter media with packing density equal to 2.1 % is valid to be verified by this

theoretical model. For plotting Figure 5.8 (b), the corresponding Euler number

is extracted at α = 0.021 from Equation 2.19 and the results indicate a good

agreement with the theory of Spielman and Goren (1968).

Another important point which can be seen in the Figure 5.8 (b) is the devia-

tion from Spielman and Goren (1968) theory for higher velocity cases which leads

to Ref > 1. To investigate the underlying reason for this occurrence, one should

consider the governing laws in fluid pressure drop through a porous media. Darcy

(1856) presented a fundamental law which links velocity and pressure drop of a

fluid through a porous media. This law is quite general and applicable for liquids,

gases, and even the mixtures. Darcy’s law can be presented by the Equation 5.2

(Spielman and Goren (1968)):

∆P = − 1

K
µul (5.2)

Where ∆P is pressure drop, K is permeability, µ is gas dynamic viscosity, u is

face velocity, and l is the length of the media. It is widely accepted that for

Ref < 1 the Darcy regime occurs and capable to correctly describe the pressure

drop of a flow (Della Torre et al. (2014)). However, by increase in flow velocity,
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(a) Present CFD simulation (Fibrous-N1) against Davies

(1953)

(b) Present CFD simulation (Fibrous-N1) against Spielman

and Goren (1968)
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(c) Present CFD simulation (Fibrous-N2) against experimen-

tal data (Fibrous-E2).

Figure 5.8: Comparison of predicted dimensionless pressure drop for generated

fibrous filter media against experimental data and theoretical model.

a discrepancy between experimental results and Darcy’s law prediction develops.

Forchheimer (1901) related this phenomena to inertial effects and suggested a

modified version of Darcy’s law with additional term which represents kinetic

energy (Andrade et al. (1999); Whitaker (1996)). The Darcy-Forchheimer regime

forms in 1 − 10 < Ref < 150 which the flow is dominated by inertial forces and

the relationship between pressure drop and velocity is non-linear. The Equation

5.3 presents the Forchheimer equation (Andrade et al. (1999)):

∆P = − 1

K
µul + β × (ρ× u2) (5.3)

Where β is non-Darcy coefficient and ρ is fluid density. It is worth mentioning

that this non-linearity develops still within laminar flow regime, and it is not re-

lated to turbulence (Scheidegger (1974); Noman and Kalam (1990); Hlushkou and

Tallarek (2006); Della Torre et al. (2014)). Majority of the researchers assume

that 1 < Ref < 10 is the upper limit for Darcy’s law (Chapman (1981); Della

Torre et al. (2014)). As can be seen from the Figure 5.8 (b), the dimensionless

pressure drop results from the present simulations adhere perfectly to the pro-

posed equation by Darcy (which is the basis of the model presented by Spielman
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and Goren (1968)) for low velocity cases (where Ref < 1), while the deviation

is occurred for higher velocity cases due to non-linearity of Darcy-Forchheimer

regime.

Figure 5.8 (c) depicts the simulation results for a high packing density vir-

tually generated fibrous filter (Firbous-N2) against experimental pressure drop

(Fibrous-E2). This filter is generated for validation purpose, and verify the effects

of Reynolds number variation in high packing density media. It is evident from

Figure 5.8 (c) that the CFD results acquired in this study have a great agreement

with the experimental data.

For examining the accuracy of generated foam filter media and validity of

single phase simulations in foam geometry, two numerical cases (Foam-N1 and

Foam-N3 which are summarised in Table 5.1) and two experimental cases (Foam-

E1 and Foam-E2 which are summarised in Table 4.3) are considered in order to

investigate the effects of Reynolds number on pressure drop prediction of gen-

erated foam media in this study. Figure 5.9 represents comparison of predicted

dimensionless pressure drop of generated foam filter media in this study against

experimental data and theoretical model.

Figure 5.9 (a) presents the simulation data of the generated virtual foam me-

dia (Foam-N1) in this study compared to experimental dimensionless pressure

drop results of the case Foam-E1. It is seen that the predicted dimensionless

pressure drop from the virtually generated foam media is in a good agreement

with experimental data. Figure 5.9 (b) shows the CFD results of Abishek et al.

(2017) work (Foam-N3) against a set of experimental pressure drop data acquired

in this research (Foam-E2). A good agreement between CFD results (foam filter

generated based on the methodology explained in section 4.1) and experimental

data (Foam-E2) is evident from the graph which re-iterate the validity of the

generated foam filter media.

Apart from experimental validation of the results, the CFD simulation results

(dimensionless pressure drop) can be compared to the results from the theory

of Spielman and Goren (1968). Although the origin of the Spielman and Goren

(1968) is based on fibrous filters with different orientations, still it can be used

to evaluate the relationship between pressure drop and Reynolds number. As ex-

plained before, the corresponding Euler number is extracted from Spielman and

Goren (1968) at α = 0.021 (generated foam filter packing density) and plotted

against filter Reynolds number (Ref ). Figure 5.9 (c) indicates that the CFD re-

sults from this study (Foam-N1) follows the Spielman and Goren (1968) theory.

It is clear that the generated foam filter results are similar to the case with three
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(a) Present CFD simulation (Foam-N1) against experimental

data (Foam-E1).

(b) Abishek et al. (2017) CFD simulation (Foam-N3) against

experimental data (Foam-E2).
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(c) Present CFD simulation (Foam-N1) against theoretical

model of Spielman and Goren (1968).

Figure 5.9: Comparison of predicted dimensionless pressure drop for generated

foam filter media against experimental data and theoretical model.

dimensional random fibre orientation and the case where all fibres are normal to

the flow. This can be justified by the structure of foam filter elements which is

different from a fibrous filter and has been addressed in detail during the packing

density effect study.

In order to investigate the accuracy of the generated knitted media and com-

putational CFD method employed in this study, two sets of numerical cases

(Knitted-N1 and Knitted-N3 cases listed in Table 5.1) and two experimental

cases (Knitted-E1 and Knitted-E2 listed in Table 4.3) are considered. It should

be mentioned that knitted media is one of the most well defined structures which

has several different structures and mathematical equations for defining the knit-

ted loops. The knitted media used in this research (Knitted-N1 case) is developed

based on the classical strophoid equation which has been extended by Jeddi and

Dabiryan (2008). Figure 5.10 demonstrate the comparison of predicted dimen-

sionless pressure drop for generated knitted filter media against experimental data

and theoretical model.

It is seen from Figure 5.10 (a) that a good agreement between the predicted

dimensionless pressure drop and experimental results exists. Figure 5.10 (b) eval-

uates the accuracy of the CFD simulations and generated knitted filter media
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(a) Present CFD simulation (Kitted-N1) against experimen-

tal data (Knitted-E1).

(b) Present CFD simulation (Knitted-N1) against theoretical

model of Spielman and Goren (1968).

Figure 5.10: Comparison of predicted dimensionless pressure drop for generated

knitted filter media against experimental data and theoretical model.
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against theoretical model by Spielman and Goren (1968). It can be seen that the

slope as well as the magnitude of the dimensionless pressure drop acquired from

present CFD simulations are in a good agreement with the theory of Spielman

and Goren (1968) which re-iterate the accuracy of the methodology employed for

generating knitted filters and also CFD techniques in this study.

The knitted media generated and tested in the research work by Abishek

et al. (2017) (Knitted-N3 case) was applied a different mathematical equation for

defining the knitted loop (Choi and Lo (2003)) which sets of experiments were

conducted for validation of this structure. The comparison results against exper-

iments are presented in Appendix B.

5.4 Multi-phase Flow Mesh Independency and

Computational Box Length verification

5.4.1 Mesh Sensitivity Analysis in Multi-phase Simula-

tions

In order to evaluate the influence of the mesh refinement on multi-phase flow

results, the transient VOF simulations (explained in Section 4.2.4) of air flow

through a pre-saturated filter with 30% of DEHS is used. The final steady state

residual saturation value at 1m/s inlet velocity in all filter media are tested by

different mesh resolution.

It is visible from Figure 5.11 that unlike the mesh refinement influence on

packing density and single-phase pressure drop, the multi-phase saturation re-

sults show a greater scatter rather converging to an asymptotic limit with mesh

refinement. This occurrence indicates that unlike the single-phase flow through

a filter media, contact-line in dynamics at the oil-filter interface is more sensi-

tive to small variations in mesh configuration which can be resulted in a higher

variations in steady state results. It is seen from Figure 5.11 that all filter media

with mesh configuration greater than 2× 106 exhibits an acceptable variation in

steady state value which is in the range of ±10% and presented by the shaded

regions.

It should be emphasised that applying the finest mesh for multi-phase sim-

ulations does not necessarily improve the solution or final results (Deshpande

and Anumolu (2012)). As explained in Section 4.2.4, the adaptive time step is

employed for VOF simulations which is controlled by Courant number (Equa-
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(a) Fibrous filter

(b) Knitted filter
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(c) Foam filter

Figure 5.11: Influence of mesh refinement on residual saturation results in phobic

foam media.

tion 4.20). From the Courant number definition, it can be deduced that refining

the mesh is resulted in decreasing the solution time step, which can resulted in

spurious currents in the solution and also instability (Deshpande and Anumolu

(2012)). Therefore, a careful mesh study should be conducted in order to prevent

the mentioned problems.

5.4.2 Investigating the Effect of Computational Box Length

The other important factor which can affect the simulations is the length of the

computational box compared to the thickness of the filter. Fo this purpose, Fig-

ure 5.12 presents the normalised saturation versus the fraction of computational

box (Z) over the thickness of the filter (l).

It is clearly seen from Figure 5.12 that the results are independent of the

computational length when the computational box is twice or larger than the

filter thickness. It was seen during the simulations that in smaller dimensions,

the re-entrainment droplets’ diameter (especially in phobic media) can be larger

than the distance between the filter rear face and computational end face which

caused the stronger pressure gradient forming and extracting the oil droplet faster.

Therefor, the computational box of 4 mm is considered for this research as the

filter thickness is 2 mm.
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Figure 5.12: Influence of computational box length on the residual saturation

results in phobic fibrous media.

5.5 Multi-phase Flow Simulations Validation

A rigorous validation for multi-phase flow simulations is carried out to make sure

that the CFD methodology used, simulation setups, mesh quality and boundary

conditions imposed are accurately capable of delivering reliable results. In this

section, the CFD results are compared to experimental results in this research

and experimental results from the literature. As the main outcome from this

research is gained from pressure drop and saturation results, it is these values

which are validated. It should be noted that since the present experimental tests

in this work and majority of all previous experimental studies are based on fi-

brous media, only CFD results of fibrous case is considered for validation as a

representative.

5.5.1 Multi-phase (wet) Pressure Drop Validation

In the first step, the steady state multi-phase (wet) pressure drop values of CFD

from this research are compared against different published experimental studies

in literature which considered phobic or philic media in their work. The list of

these studies are summarised in Table 2.1. The results acquired for steady state
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(equilibrium) pressure drop for both phobic and philic media are depicted in Fig-

ure 5.13.

In order to plot different pressure drop results from various authors in the

same figure, the results are plotted in terms of ∆P
u.l

versus α
d2f

. These two pa-

rameter sets are gained from Davies Equation (Eq. 2.13) assuming the constant

dynamic viscosity (µ) of the carrier fluid (air) in all studies. Accordingly, only

experimental works which provided sufficient information such as: packing den-

sity, fibre diameter, face velocity, and filter thickness could be plotted. In the

case of filter thickness, some studies used multiple layers of the same filter were

used during the experiments in these cases the filter thickness is multiplied by

the number of layers used.

It can be seen from Figure 5.13-(a) that the majority of the wet pressure drop

results from different experimental research in phobic media fall about a single

line which is a power law fit to all experimental data (except the CFD results

from this work). This regression can be explained by the following equation:

∆P

u.l
= 2.70× 10−6

(
α

d2
f

)1.2495

(5.4)

and the value of R2 is 0.8324.

As it can be seen from the Figure 5.13-(a), there is a good agreement between

the CFD results from this work (all CFD cases are considered in this part) with

the experimental results published in phobic media, which verify that the pres-

sure drop values of this work are in the range. It can be seen from the Figure

5.13-(a) that experimental wet pressure drop from this research (Fibrous-ME1

case) and Chang et al. (2018) are higher than the power law fit across all the

data from previous works. This can be attributed to the packing density in the-

ses two cases which is around 20% in both cases, and also large fibre diameter

(> 16µm). In order to verify this claim, the wet pressure drop from the experi-

ments of this work (Fibrous-ME1) and fibrous-CFD pressure results are presented

in non-dimensional form (Eu =
∆Pdf
ρu2l

) and divided by packing density function

(f(α) = α1.5.(1 + 56α3)) and plotted versus Reynolds number which is shown by

Figure 5.14. A good agreement is shown in Figure 5.14 reinforcing the validity of

the present computational methods and multi-phase (wet) pressure drop results

in phobic media.

Figure 5.13-(b) illustrates the experiments and CFD simulation results con-

ducted in this research work compared to previous studies with philic media.

Similar to phobic media, it is seen that approximately all the studies fall about

102



(a) Phobic media studies

(b) Philic media studies

Figure 5.13: Comparison of multi-phase (wet) CFD pressure drop results against

pressure drop values from all studies found which considered phobic and philic

media with sufficient data.

103



Figure 5.14: Comparison of non-dimensional multi-phase (wet) pressure drop of

experimental versus CFD in phobic media.

the power law fitted line where its equation is:

∆P

u.l
= 2.36× 10−5

(
α

d2
f

)1.159

(5.5)

It is seen from Figure 5.13-(b) that the present CFD multi-phase (wet) pres-

sure drop results (for all filter media type studied) and experimental tests (Fibrous-

ME2) carried out in this research work has a good agreement with the trend of

pressure drop slope from previous works. It is note worthy that it is not clear

why the pressure drop results from Liew and Conder (1985) has this significant

deviation from the trend line, but it should be mentioned that it is the only work

that used geraniol aerosol for loading the filters studied. Furthermore, it can be

seen that the wet pressure drop CFD results in this work has a good agreement

with experimental test (Fibrous-ME2) and the experimental study of Agranovski

et al. (2001). For a better demonstration, Figure 5.15 presents the dimensionless

pressure drop (Eu) divided by packing density function versus Reynolds number.

A good agreement exists between the CFD wet pressure drop results and the

data from experiments which confirms the accuracy of the predicted pressure

drops in this study. In summary, both wet pressure drop results of phobic and

philic media shows a good agreement with experimental results in literature and

also experiments conducted in this research. This reinforce the validity of the

simulations conducted in this research work.
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Figure 5.15: Comparison of non-dimensional multi-phase (wet) pressure drop of

experimental versus CFD in philic media.

5.5.2 Residual Saturation Validation

For verifying the validity of the saturation results, two different approaches can

be considered. The first approach is to use experimental test, and the second ap-

proach is applying an empirical saturation model. The validation of the residual

saturation is already done by a fully detailed study of Abishek et al. (2019) which

was a part of the overall research project of which this PhD forms a part. Figure

5.16 demonstrates the equilibrium saturation results against experiments.

It should be mentioned that only philic media was considered in the research

work of Abishek et al. (2019) and due to difficulty of capturing the exact fibre

contact angle, two low equilibrium contact angles θ = 5◦ and θ = 10◦ were con-

sidered to ensure the computational stability. It can be deduced form the Figure

5.16 that the solver is perfectly capable of predicting residual saturation com-

pared to the experimental test.

In the case of empirical models for predicting saturation level in coalescence

filters, due to applicability limitations associated with these models, it is not pos-

sible to use any of them for validating the current simulations. As explained in

Section 2.3.4, empirical models are limited to a narrow range of inlet velocities

and also specific filter physical properties such as packing density, fibre diameter,
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Figure 5.16: Comparison of the CFD residual saturation results against experi-

ments (Abishek et al. (2018)).

filter thickness.

5.6 Conclusion

In this chapter, mesh generation techniques, filter media structure accuracy, mesh

sensitivity analysis, single-phase and multi-phase simulation validations were pre-

sented.

It was shown that the procedure applied for reducing the poor quality mesh

improved the mesh quality. After verifying the independency of the single-phase

pressure drop results from the mesh resolution, accuracy of the virtually gener-

ated filter media with different structures were verified. It was shown that the

virtually generated filters in this study were capable to predict the pressure drop

accurately. This was verified by comparing dimensionless pressure drop results

from generated filters with experimental and theoretical models. It was found

that the methodology for generating virtual filter media explained in section 4.1

is corroborated by the good agreement between the predicted and theoretical

or experimental results. The CFD methodology explained in section 4.2.3 was

validated by comparing the CFD simulation results from this study with sets

of different experimental data and theoretical results. The perfect agreement

between the results assured the accuracy of the simpleFOAM solver, meshing
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techniques, and also employed boundary conditions in this study. The reliability

of the single-phase results is significantly important as these data will be used in

future chapters in order to measure the net pressure drop caused by presence of

droplets in all three media.

The mesh sensitivity analysis of multi-phase simulations indicated that the

multi-phase results are more sensitive to the mesh resolution compared to the

single-phase simulations. The mesh study showed that the number of cells con-

sidered in this research is sufficient in order to produce reliable results. Moreover,

the influence of computational box length on the multi-phase results were studied,

and it was found that the selected computational box size is capable of predicting

accurate results.

Finally, the multi-phase results (pressure drop and residual saturation) were

validated against experimental results from current research work and in litera-

ture. It was shown that wet pressure drop results from CFD simulations in both

phobic and philic media agrees well with experimental tests which demonstrates

the validity of the current multi-phase results. The validations of both wet pres-

sure drop and saturation indicated the accuracy of the CFD methodology used

(explained in Section 4.2.4) and also the numerical conditions imposed to the

boundaries of the computational domain.
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Chapter 6

Comparison of Equilibrium

Pressure Drop, Residual

Saturation, and Quality Factor in

Phobic Fibrous, Knitted, and

Foam Filters

6.1 Introduction

In this chapter, the performance of oil-mist coalescing filters with different struc-

tures is investigated. In order to achieve this, three different filter media (fibrous,

knitted, and foam) are generated virtually, and their accuracy in resembling real-

istic filter media were verified in Chapter 5. As discussed in preceding Chapters ,

Computational Fluid Dynamics (CFD) is applied in order to carry out the inves-

tigations. The basic principles of CFD were presented in section 4.2. In terms of

liquid filtration, CFD offers filter behaviour modeling which does not suffer from

the drawbacks and limitations of empirical models explained in Chapter 2. It

is obvious that conducting simulations are computational intensive compared to

empirical modelings, but if CFD applied correctly, it will present more accurate

results. To achieve accurate results, a CFD solver should be able to model the

physics of the problem realistically such as pressure drop, coalescence and break

up of droplets. As explained in Chapter 4, OpenFOAM software was used in

this research. All the cases considered in this research, methodology applied for

conducting simulations such as boundary conditions, solver settings and meshing

procedures were all fully detailed in Chapter 4.
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For evaluating different filter performance, the quality factor is used for com-

parison which was explained in Chapter 2. For the purpose of quality factor

calculations, saturation and pressure drop values of the filter are required. As ex-

plained before, in this research the final stage of the filtration is considered which

steady state values of pressure drop and saturation are calculated by CFD. The

simulations presented are transient, and the numerical calculations were contin-

ued until the final saturation state for the given velocity was attained. This can

be confirmed by observing the plateau trend in pressure drop, saturation profile,

and centre of mass of oil in the filter region. This can be shown by viewing the

sample results for the 2 m/s (inlet velocity) case in Figure 6.1.

As the aim of this chapter is to compare the filters in steady state, only final

stage values of pressure drop, saturation, and centre of mass of retained oil are

presented. The transient results can be found in Appendix A. In the beginning

of this chapter, every filter is studied separately and the influence of inlet veloc-

ity variation on the saturation level, pressure drop profile, and centre of mass of

retained oil in the filter, and quality factor is investigated. In the next step, all

filters are compared against each other in a similar condition.

6.2 Investigating the Effect of Inlet Velocity Vari-

ation on Residual Saturation, Pressure Drop

Profile, and Quality Factor of Different Pho-

bic Media

In order to calculate the equilibrium saturation, the saturation of the filters were

calculated by Equation 4.22 at every time step. To achieve this, a utility has

been used to extract the saturation data from the simulations. In this section,

the steady state saturation value in each velocity is normalised by the initial sat-

uration value (30% of the void volume), and it is plotted against corresponding

Reynolds number. The transient values of residual saturation and dimensionless

time (calculated by Equation 4.2) for all filter media and at all velocities can be

found in Appendix A.

Similarly, the pressure drop profile is plotted by using the in-built utility in

OpenFOAM software to extract the pressure drop data between two inlet and

outlet faces of the computational domain. The transient pressure drop values

and dimensionless time are plotted and presented in Appendix A.
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(a) Saturation profile

(b) Liquid Centre of Mass Vector

111



(c) Pressure Drop Profile

Figure 6.1: Transient variation in the saturation, liquid centre of mass, and pres-

sure drop in three phobic media at 2 m/s.

Moreover, the total centre of mass of droplets are presented against dimen-

sionless time which can be found in Appendix A. These trends are used to confirm

reaching the steady condition. A utility has been employed to calculate and ex-

tract all the droplets positions in the computational domain. Summation of all

these vectors were non-dimensionalaised by the filter thickness, so it shows the

movement of all droplets toward the rear face of the filters, and their final steady

position. It should be mentioned that in this section only the final steady position

of the droplets are presented which can be helpful for understanding the trapped

oil behaviour and movement inside the filter media.

In the case of performance evaluation and comparison, the quality factor is

calculated base on the final steady state values of residual saturation and wet

pressure drop by applying Equation 2.12 for every filter media. The quality fac-

tor results are depicted against Reynolds number to evaluate the effects of velocity

change on filters performance.

6.2.1 Fibrous Filter

The dimensionless residual saturation against Reynolds number is shown by Fig-

ure 6.2. It is seen that the general trend shows a reduction in saturation by

increasing in Reynolds number (due to increasing in inlet velocity as the other pa-
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rameters kept constant). This occurrence has been reported by many researchers

(Mead-Hunter et al. (2014); Frising et al. (2005); Contal et al. (2004)), and it can

be explained by the fact that with increasing inlet velocity of filtration, the drag

force on the retained oil drops within the filter enhances (Mullins et al. (2005)),

which pushes them toward the downstream and resulted in a lower saturation

inside the filter.

Figure 6.2: Effect of Reynolds number on equilibrium saturation in phobic fibrous

filter.

By a close look at Figure 6.2, a step shape is seen in the trend line. There

are two reasons for this shape: First, the number of sample points for saturation

study is limited to 5 points (due to computational costs), and at the first three

inlet velocities no drainage occurred which indicates that the flow was not able

to provide the sufficient force to move droplets toward the rear face of the filter.

Second, the intervals between the sample points is high (especially between the

last three velocities). These two reasons lead to the step looking shape of the

saturation graph which steady state behaviour cannot be shown completely.

The typical equilibrium distribution of retained oil droplets (their final steady

state positions) are plotted by Figure 6.3 for better visualisation of saturation

profile and comparison purpose. To achieve this, the snapshot of the phase γ = 1

at the final time step of each velocity case is presented.

The residual saturation reduction can be seen by comparing different velocity

cases in Figure 6.3, which confirms the saturation profile in Figure 6.2. Further-
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(a) 0.05 m/s

(b) 0.1 m/s

(c) 0.5 m/s
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(d) 1 m/s

(e) 2 m/s

Figure 6.3: Retained oil droplets in phobic fibrous filter at the final steady state

position.
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more, it can be seen from Figure 6.3 that there is a significant difference between

re-distribution of retained droplets in high Reynolds number case (2 m/s) and

other cases. It is seen that at higher velocity the fluid distribution are more dis-

perse. Charvet et al. (2008) and Contal et al. (2004) found in their experiments

that filtering liquid at higher velocities causes higher re-distribution of captured

liquids, reduces the penetration and ultimately will decrease the flow resistance.

Figure 6.4: Retained oil final steady state centre of mass position at different

Reynolds numbers in phobic fibrous media.

Figure 6.4 shows the final steady state position of the retained oil in the pho-

bic fibrous filter in all study cases. This graph indicates three regions in the

centre of mass graph. The first region indicates no change in centre of mass vec-

tor which suggests that with low inlet velocity flows (Ref < 0.1) the residual oil

does not move forward and reformation occurs. The second region in the graph

which belongs to the flow rates with 0.1 < Ref < 1 indicates an increase in

centre of mass vector. This suggests that with increasing Reynolds number (inlet

velocity) the retained oil moves towards the rear face of the filter. It can be seen

from Figure 6.4 that for the flow rate with Ref > 1 the centre of mass of the

retain oil decreases. This occurrence can be explained by two events. First, the

oil droplets which are re-entrained from the back of the filter are not involved

in centre of mass vector calculation. Second, higher inlet velocity reduces the

penetration of the captured oil inside the filter as a result of higher dispersion

rate (Charvet et al. (2008)) lead to decrease in a residual oil centre of mass vector.
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The other important parameter which should be studied in filtration is the

pressure distribution in the filter media. It is note worthy that the pressure drop

in coalescence filters is attributed to two factors. First is the influence of the

retained liquid inside the filter (oil residual saturation level) which Frising et al.

(2005) found that captured liquid inside the filter media causes 80-85 % of the

total pressure drop. Second, is the effect of filter structure (effect of passing flow

in porous media). Figure 6.5 presents the comparison of dry and wet pressure

drop in fibrous media at different Reynolds numbers.

Figure 6.5: Effect of Reynolds number on multi-phase (wet) and single-phase

(dry) pressure drop profile in phobic fibrous filter media.

It can be deduced form Figure 6.5 that both wet and dry pressure drop in-

creases by increasing Reynolds number (due to increase in inlet velocity). It can

be seen that dry pressure drop increases linearly in all study cases, while wet

pressure drop indicates a non-linear increase in pressure drop, specially at lower

Reynolds numbers. It is evident that the difference between wet and dry pressure

drop values is larger at low Reynolds numbers, while the difference reduces at

higher inlet velocity case. It can be calculated form the results that residual oil

saturation can produce up to 88% of the total pressure drop in low Reynolds

number case and reduces to 31% of total pressure drop in the highest Reynolds

number. It is associated to the residual oil saturation level which reduces by in-

creasing Reynolds number (Figure 6.2), and also decrease in flow resistance due

to re-distribution of captured oil in the filter (Charvet et al. (2008); Contal et al.

(2004)). The opposing effects of saturation reduction and dry filter pressure drop

increase against increasing the inlet velocity suggests a possibility of having an
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optimum flow velocity which results in lower pressure drop. In the case of the

transient pressure drop graph presented in Figure 6.5, some oscillations are obvi-

ous in initial time steps at higher velocity cases. These correspond to events when

re-distribution of captured oil in the media, partial blockage of the filter, and also

detaching droplets occur which were visually observed during simulations.

In order to evaluate the performance of the fibrous filter in different Reynolds

numbers, the Quality factor is calculated and presented by Figure 6.6.

Figure 6.6: Effect of Reynolds number on quality factor in phobic fibrous filter

media.

As it is seen from Figure 6.6, the quality factor decreases by increasing in

Reynolds number (increasing in inlet velocity). It is worth mentioning that op-

erating filters at higher velocities increase filter efficiency (specially in solid/gas

separation), but evaluating a filter based on efficiency cannot give a proper mea-

sure to determine the filter performance. It is seen in Figure 6.6 that the quality

factor is higher in lower velocities, although it has been suggested for operating

coalescence filters at higher velocity to decrease the flow resistance. It can be

explained by high retaining ability of fibrous filter in lower Reynolds numbers.

Similar trend was found in a research on industrial crank case ventilators (Golka-

rfard et al. (2018)) where fibrous filters showed reduction in quality factor with

increase in the gas flow rate.
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6.2.2 Knitted Filter

With regard to analysing knitted filter media, the influence of Reynolds number

on residual oil saturation is investigated and presented by Figure 6.7.

Figure 6.7: Effect of Reynolds number on equilibrium saturation in phobic knitted

filter.

It is seen that similar trend to fibrous filter presents in knitted media as well

which shows reduction in saturation by increasing in Reynolds number (increase

in inlet flow velocity). Figure 6.7 demonstrates a gradual decreases in saturation

until Reynolds 0.5 (1 m/s inlet velocity case) which the results show only 10

% reduction in residual oil saturation, and a steep decrease for higher Reynolds

numbers which indicates re-entrainment of 97 % of the oil from the filter media.

The results suggest that knitted media has a good self cleaning ability for inlet

velocities higher than 1 m/s, which helps to reduce the flow resistance. For better

demonstration, Figure 6.8 shows the final steady position of the captured oil in

the phobic knitted media.

It is deduced form the Figure 6.8 that the low inlet velocity cases do not pro-

vide enough sheer forces for pushing the residual oil out of the filter. Moreover,

up to inlet velocity of 1 m/s, the residual oil coalescence and form a big droplet

which causes the forward progress of the oil in direction of carrier flow. It can be

seen that high velocity (2 m/s) reduces the penetration of oil inside the knitted

filter. It can be confirmed by holding some oil in the inlet section of the filter,

although the majority of captured oil portion is pushed out by flow drag force
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(a) 0.05 m/s

(b) 0.1 m/s

(c) 0.5 m/s
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(d) 1 m/s

(e) 2 m/s

Figure 6.8: Retained oil droplets in phobic knitted filter at the final steady state

position.
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(Mullins et al. (2005, 2007)). This events can be confirmed by evaluating the final

steady position of retained oil in different Reynolds number. Figure 6.9 indicates

the final steady oil position vector values in knitted media.

Figure 6.9: Retained oil final steady state centre of mass position at different

Reynolds numbers in phobic knitted media.

A similar trend to the phobic fibrous filter can be seen in knitted media,

which shows the position vector initially increases by increasing in inlet velocity

(shows the progress of residual oil toward the rear face), and then decreases due

to re-entrainment from the rear face of the filter and also distribution of trapped

oil into smaller fluid distributions. This causes lower resistance to the flow and

consequently resulted in less pressure drop to the system, and require larger drag

force to be removed from the filter (Frising et al. (2005)).

Figure 6.10 presents the pressure drop across phobic knitted media against

Reynolds number. As discussed earlier in this chapter, both single-phase and

multi-phase pressure drop profiles are normalised and presented.

The first point that can be seen in Figure 6.10 is the increasing multi-phase

(wet) pressure drop by increasing in Reynolds number. It is deduced that this

enhancement is almost linear similar to the single-phase pressure drop which the

presence of the residual oil in the filter attributed to 54 % in low velocity inlet

case up to 65 % at higher velocity (1 m/s case). This shows that the pressure drop

trend deviate gradually from the single-phase pressure drop trend. Moreover, it

is seen that at the highest Reynolds number (2 m/s), the wet pressure drop value
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Figure 6.10: Effect of Reynolds number on multi-phase (wet) and single-phase

(dry) pressure drop profile in phobic knitted filter media.

approaches the the dry pressure drop value which is mainly due to low amount

of residual oil saturation (only 3 %) in the filter, and also lower wet pressure

drop in higher Reynolds number case compared to lower Reynolds number. This

suggests again that there is a possibility for having an optimum region in the

pressure drop profile in phobic knitted media.

For the purposes of examining the performance of the phobic knitted media,

its quality factor against Reynolds number is calculated according to its oil re-

tention ability and imposing pressure drop to the system. Figure 6.11 depicts the

influence of Reynolds number on quality factor in phobic knitted media.

It is noticeable from Figure 6.11 that similar to phobic fibrous media, the knit-

ted media quality factor reduces by increasing in Reynolds number (increasing

in inlet velocity). Although from the residual saturation profile it was seen that

knitted media holds the captured oil for higher velocities, but it imposes higher

pressure drop to the system which reduces the quality of the filtration.

6.2.3 Open-cell Foam Filter

Figure 6.12 shows the residual oil saturation profile against Reynolds number of

phobic foam media to investigate this filter type in different velocity inlet condi-

tions. From the first observations, the similar trend of the saturation reduction
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Figure 6.11: Effect of Reynolds number on quality factor in phobic knitted filter

media.

with Reynolds number (which discussed earlier in other two filter media struc-

tures) presents in foam filter as well. More importantly, it can be deduced from

the saturation graph for phobic foam filters that re-entrainment starts at low

values of Ref . This suggests that media structure plays a key role here with the

pores in the foam filter being more connected resulting in the formation of larger

droplets within the media. These droplets can cover the width of the filter and

therefore impose a higher pressure drop on the system. This pressure drop acts

as a strong driving force sufficient to move the residual oil to the rear face of the

filter even at low inlet velocities. This is further illustrated in Figure 6.13 plotting

where the final steady state position of the residual oil in the phobic foam filter

is shown.

As in Figure 6.13 can be seen from the snapshots of the residual oil saturation

in phobic foam media, at low Reynolds number the residual oil inside the foam

filter forms a larger droplet which covers the width of the filter and gradually

moves toward the rear face in the higher velocity case (0.1 m/s). By increasing

in inlet flow velocity, the dispersion of the oil occurs inside the foam filter which

resulted in some oil residual close to the inlet section of the filter. This event is

presented in Figure 6.14 by showing the residual oil final steady centre of mass

position vector value against Reynolds number.

It is evident from the Figure 6.14 that the centre of mass vector increases in
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Figure 6.12: Effect of Reynolds number on equilibrium saturation in phobic foam

filter.

low inlet flow velocity cases(Ref < 0.3) . This suggests that the residual satura-

tion moves towards the rear face of the foam filter. In higher inlet velocity cases

where Ref > 0.3, the centre of mass graph shows a sharp decline which is mainly

due to significant re-entrainment occurring in foam media (Figure 6.12). This

portion of the saturation which left the domain is not considered in the centre

of mass vector calculation. Moreover, some oil saturation are retained close to

the inlet face due to higher velocity effect and dispersion effect (which was fully

discussed earlier). These two events causes the sharp decline in the residual sat-

uration centre of mass position.

For the purposes of reviewing the pressure drop in foam media, Figure 6.15

demonstrates the influence of Reynolds number on multi-phase and single-phase

pressured drop values.

It is clear from Figure 6.15 that in low Ref number cases, the multi-phase

pressure drop contributes to 70 to 77 % of the total pressure drop in the system,

while an increase in inlet velocity reduces this to almost 5 to 8 % of the total

pressure drop. Similar to other filter structures studied so far, the opposing ef-

fects of residual oil (saturation) and pressure drop in the system suggests that

an optimum region may be present. Closer examination of Figure 6.15, reveals

that the last two study cases the multi-phase pressure drop deviates from the

single-phase pressure drop trend. This result suggests that even low saturation

level in higher inlet velocity plays a key role. This phenomena will be discussed
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(a) 0.05 m/s

(b) 0.1 m/s

(c) 0.5 m/s
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(d) 1 m/s

(e) 2 m/s

Figure 6.13: Retained oil droplets in phobic foam filter at the final steady state

position.
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Figure 6.14: Retained oil final steady state centre of mass position at different

Reynolds numbers in phobic foam media.

Figure 6.15: Effect of Reynolds number on multi-phase (wet) and single-phase

(dry) pressure drop profile in phobic foam filter media.
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in more details in Chapter 9.

Figure 6.16: Effect of Reynolds number on quality factor in phobic foam filter

media.

Figure 6.16 presents the quality factor of phobic foam media at different

Reynolds number to help for verifying its performance. Similar to other stud-

ied filters, the investigation of quality factor in phobic foam media indicates that

by increasing the Reynolds number (due to increase in inlet velocity), the per-

formance of the phobic filter reduces significantly which can be explained by its

poor retaining ability.

6.2.4 Comparison of Performance of Three Phobic Media

With Different Structures

In this section, the quality factor calculations of all studied filter media are re-

presented again in order to provide a better insight for comparison. At the

beginning, the saturation profile of the mentioned filter media are depicted in

Figure 6.17 to provide a better comparison view.

It is seen from Figure 6.17 that all filters hold the filter oil content at low

Reynolds number flows (inlet velocity <0.1 m/s). Furthermore, it is clearly ob-

servable that foam filter has the lowest retaining ability among all studied phobic

media filters, which its re-entrainment starts at lower Reynolds number (0.5 m/s

129



Figure 6.17: Effect of Reynolds number on residual saturation in phobic fibrous,

knitted, and foam media filters.

inlet velocity). Fibrous and knitted media shows a better liquid holding ability

at higher velocities, especially fibrous filter media indicates higher residual satu-

ration level in the highest inlet velocity test case. This event can be explained by

the structure of fibrous filter which the intersections of the fibre elements provides

larger contact area to an oil droplet inside the filter and improves its retaining

ability (Contal et al. (2004)), while in knitted media such an intersections dose

not present. Moreover, it was shown that higher velocity disperse the residual oil

in fibrous filter media significantly compared to other media which consequently

decreases the flow resistance (Frising et al. (2005)) and resulted in lower drag force

to the residual oil. On the other hand, foam media has significant pores with void

space which all connected and allows residual oil to form a larger droplet (due

to phobicity of the media), which causes higher pressure drop and consequently

higher drag force on the droplet in the domain.

Figure 6.18 compares the multi-phase (wet) pressure drop in all studied filter

media. It is worth mentioning that all pressure drop values are non-dimensionalised

by the maximum pressure drop (in fibrous filter)in order to be comparable.

It is visible in Figure 6.18 that fibrous filter media produces the highest pres-

sure drop in all Reynolds numbers. In low Reynolds number case studies (first

two inlet velocity cases) which all filter media hold the oil inside the filter, knit-

ted media imposes the least pressure drop to the system. From the pressure drop

values, it can be calculated that fibrous filter produces 2.5 and 5 times higher
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Figure 6.18: Effect of Reynolds number on multi-phase pressure drop profile in

phobic fibrous, knitted, and foam media filters.

pressure drop compared to knitted media in 0.05 and 0.1 m/s inlet velocities,

respectively. It is worth mentioning that the study filters produces different dry

pressure drop values, but in low Reynolds numbers their difference is marginal.

This can be confirmed by viewing the Figure 6.19.

An interesting point which can be seen in comparing the single and multi-

phase pressure drop graphs (Figures 6.18 and 6.19) is the fact that in the first

two inlet velocities, the single-phase pressure drop in all filter media is very sim-

ilar (16 % difference for the lowest to the highest values), while the multi-phase

pressure drop graph shows a significant difference among filters (250 % between

the lowest and the highest pressure drop values). This event can be attributed to

the residual oil coalesce difference in these different structures. As shown earlier,

the retained oil forms larger droplets in fibrous filters covering the width of the

filter and as a result of capillary and shear forces results in higher flow resistance

compared to knitted media. This occurrence was also observed by Sheng et al.

(2020), where comparisons between knitted and fibrous filters were made. Their

results indicated that knitted media produces 1/4 of the pressure drop compared

to fibrous filter at similar inlet velocities. As mentioned before, foam filter pro-

duces pressure drop close to its dry filter pressure drop values in higher Reynolds

number due to re-entrainment of the oil, but fibrous and knitted filter media devi-

ate from their dry pressure drop profile due to presence of residual oil saturation

in these filters.

131



Figure 6.19: Effect of Reynolds number on single-phase pressure drop profile in

fibrous, knitted, and foam media filters.

Figure 6.20 illustrates the quality factor comparison of all filter media against

Reynolds number. Here in the first two low Reynolds number cases, all filers

have high quality factors compared to the higher Reynolds number cases due to

increasing re-entrainment at higher velocities. As can be seen, knitted media

shows the best performance in the majority of flow rates mainly due to its high

oil retaining ability and lower pressure drop.

These results agree well with Sheng et al. (2020) which showed that knitted

media performs better than fibrous media over the range of parameters studied.

It is clear that at the highest velocity, the fibrous filter performs better than other

filters owing to its ability to better distribute residual oil thereby reducing the

flow resistance. It is apparent that knitted media is not a proper choice for higher

Reynolds number flows. Finally, it can be seen that foam media has the lowest

quality factor at higher Reynolds number which is related to its comparatively

poor oil retaining capability.

6.3 Conclusion

In this chapter, an extensive numerical study was conducted on multi-phase flow

modeling in three different phobic filter structures (fibrous, knitted, and foam)

with contact angle equal to 120◦ at various inlet velocities (0.05, 0.1, 0.5, 1, and
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Figure 6.20: Effect of Reynolds number on quality factor in phobic fibrous, knit-

ted, and foam media filters.

2 m/s) and equivalent pre-saturation. All filters had similar physical properties

such as packing density, fibre element diameter, filter thickness, and filter cross

section area. Therefore, it provides a consistent evaluation and comparison of

their performance.

CFD results indicated that residual oil saturation decreases with increase in

inlet velocity (due to increase in flow forces) as the general trend in all filter

media. It was found that foam media has the lowest retaining capability among

all phobic filters (where the onset of the re-entrainment was 0.5 m/s), while the

knitted media showed higher retaining ability up to 1 m/s. It was shown that

fibrous filter has the best holding ability for higher velocities due to its structure

difference which causes more distribution of residual oil inside the filter and re-

duces the flow resistance and pressure drop.

Reviewing the multi-phase (wet) pressure drop results showed that residual

oil saturation has a significant impact in low inlet velocity cases (0.05 and 0.1

m/s) and causes a strong deviation form the dry pressure drop trend, while its

effect decreases by increasing in inlet flow velocity due to reduction in residual oil

and also flow resistance. CFD results demonstrated that fibrous filter imposed

the highest pressure drop among all studied filter media, while knitted media had

the lowest pressure drop due to its interlocking with large void space structure.

Furthermore, it was found that by increasing the flow velocity, the flow resistance

reduces, while the filter structure imposes higher resistance and pressure drop
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to the system. It was discussed that these opposing effects may resulted in an

optimum region in pressure drop profile.

Finally, the quality factor analysis of three phobic media revealed that knitted

media performed the best for the majority of the inlet velocities (0.05, 0.1, 0.5

and 1 m/s) due to its high liquid holding capability, while foam media showed

the worst performance. It was found that fibrous filter has the highest quality

factor compared to the other two media types for the highest inlet velocity (2

m/s) where the residual oil distribution occurred and reduced the flow resistance

in this media.
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Chapter 7

Comparison of Equilibrium

Pressure Drop, Residual

Saturation, and Quality Factor in

Philic Fibrous, Knitted, and

Foam Filters

7.1 Introduction

In this chapter, three philic media with different structure of fibrous, knitted and

foam will be studied numerically by using CFD techniques described in chapter

4.2. As mentioned earlier in Boundary Conditions section (4.2.4), the contact

angle in philic filters is considered as θ = 20◦. The rest of conditions such as

packing density, fibre diameter, filter size, initial saturation, and CFD solvers are

the same as used in phobic simulations. It should be noted that inlet velocity in

philic media should be increased to higher range compared to phobic filters as

stronger force is required for detachment of droplets in philic filters (Hotz et al.;

Mullins et al.). Therefore, inlet velocity range is extended to 5 m/s which resulted

in Ref = 2.78.

In the following sections, the CFD results of philic filters will be presented

and discussed in detail. The steady state saturation and pressure drop results

are employed in order to evaluate filters performance by calculating their quality

factor (Eq. 2.12). As discussed in Chapter 6, the transient graphs are used for

confirming steady state of the filters at different velocity and only the steady

state graphs are presented for analysis. All the transient simulation results are
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in Appendix A, and in the following only 1 m/s test case is illustrated by Figure

7.1 for an example.

Initially in this chapter, every filter is studied separately and the effect of

inlet velocity variation on residual saturation, pressure drop, and centre of mass

of residual oil in the filter, and quality factor is investigated. In the next step, all

filters are compared against each other in similar condition.

7.1.1 Investigating the Effect of Inlet Velocity Variation

on Residual Saturation, Pressure Drop Profile, and

Quality Factor of Different Philic Media

7.1.2 Fibrous Filter

The dimensionless saturation profile against Reynolds number for philic fibrous

media is depicted by Figure 7.2.

As expected, with increasing Reynolds number (increasing velocity as other

parameters kept constant) the saturation reduces. The simulations indicate a

general decreasing trend in residual saturation as has been reported in the lit-

erature (Contal et al. (2004); Mullins et al. (2014); Mead-Hunter (2013)). The

numerical results indicate that up to Ref = 1.67, initial saturation reduces only

by 8%, while in the last inlet velocity case which resulted in Ref = 2.78, the

re-entrainment increases to 35%.

The other important factor which should be considered in philic media is at-

tached droplets to the rear face of the filter which is shown in Figure 7.3 for a

better demonstration. The droplets are attached to the rear face of the filters in

different velocities. A similar phenomenon was observed during the experimental

study of Bredin and Mullins (2012), where it was found even these droplets can

return to the filter by capillary force when the inlet flow is discontinued. This

liquid volume is considered in saturation calculations (although they are out of

the filter region itself) the oil is still on the filter and therefore impacts pressure

drop. It is observed that in low inlet velocity cases, the residual oil forms a

contiguous liquid structures through the filter, while in higher velocity cases the

residual oil disperse inside the filter which ultimately reduces the flow resistance

(Contal et al. (2004); Charvet et al. (2008)). It is visible from Figure 7.3 that

by increasing in face velocity, the droplets move progressively through the filter

which is confirmed by calculating residual oil centre of mass position for all ve-

locities. This event is illustrated in Figure 7.4, where the the final steady state
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(a) Saturation profile

(b) Liquid Centre of Mass Vector

(c) Pressure Drop Profile

Figure 7.1: Comparison of saturation, liquid centre of mass, and pressure drop

in three oleophilic media at 1 m/s.
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Figure 7.2: Effect of Reynolds number on equilibrium saturation in Philic fibrous

filter.

position of residual oil is observable.

It is evident from Figure 7.4 that the residual oil centre of mass moves towards

the rear face of the filter by increasing with Reynolds number (inlet face velocity).

This can be explained by the effect of capillary and air flow forces which pushes

the residual oil toward the rear face of the filter (Mullins et al. (2007)).

The other parameter evaluated in fibrous media is multi-phase (wet) pres-

sure drop which is presented by Figure 7.5 along the dry pressure drop values

in corresponding Reynolds numbers in order to isolate the effects of residual oil

saturation on the wet pressure drop profile.

It can be concluded form the Figure 7.5 that both multi-phase and single-

phase pressure drop rises by increasing in Reynolds number (increasing inlet ve-

locity). It is visible from the graph that the difference between multi-phase and

single-phase pressure drop values decreases by increasing in Reynolds number.

The CFD results indicate that the residual oil saturation contributed to 84% of

the total pressure drop at the lowest Reynolds number and drops to 62% for the

highest Reynolds number. This event can be explained by reduction in residual

oil saturation due to increase in Reynolds number (Figure 7.2). Moreover, re-

duction in flow resistance due to residual oil dispersion inside the filter media is

another reason for declining the influence of residual oil on the pressure drop pro-

file (Charvet et al. (2008); Contal et al. (2004)). Similar to phobic media which

138



(a) 0.1 m/s

(b) 0.5 m/s

(c) 1 m/s
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(d) 2 m/s

(e) 3 m/s

(f) 5 m/s

Figure 7.3: Retained oil droplets in philic fibrous filter at final time step.
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Figure 7.4: Retained oil final steady state centre of mass position at different

Reynolds numbers in philic fibrous media.

Figure 7.5: Effect of Reynolds number on multi-phase (wet) and single-phase

(dry) pressure drop in philic fibrous filter media.
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was discussed earlier, it is possible an optimum working condition from pressure

drop perspective is present in philic media due to contrary effects of saturation

reduction against dry pressure drop caused by increasing velocity.

For evaluating the influence of Reynolds number on performance of the philic

fibrous filter, the Quality factor is calculated and illustrated by Figure 7.6.

Figure 7.6: Effect of Reynolds number on quality factor in philic fibrous filter

media.

It is evident form Figure 7.6 that the quality factor reduces by increasing

in Reynolds number (inlet velocity rise). The quality factor values suggest that

there is a 99% reduction in the performance from the lowest inlet velocity to the

highest. It was shown earlier that the residual saturation drops by 35%, which

reduces the wet pressure drop by 22%. On the other hand, the filter structure

(dry pressure drop) enhances by 99% from the lowest to the highest inlet veloc-

ity. Investigating the quality factor results in fibrous filter proves the negative

effect of pressure drop growth on performance which is significantly increases by

climbing the inlet velocity.

7.1.3 Knitted Filter

The saturation profile against Reynolds number in philic knitted media is pre-

sented by Figure 7.7.
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Figure 7.7: Effect of Reynolds number on equilibrium saturation in philic knitted

filter.

It can be seen that the re-entrainment from the philic knitted filter starts in

Rf > 0.56 (velocities above 1 m/s). The numerical results show that approx-

imately 40 and 46 % saturation reduction take place in cases with Rf = 1.11

and 1.67 (2 and 3 m/s), respectively, while 68% residual oil saturation reduction

occurs at the highest Reynolds number case (5 m/s inlet velocity). This profile

can be better demonstrated by the final snapshots of the philic knitted media

presented in Figure 7.8.

By comparing final position of droplets in knitted media presented in Figure

7.8, it is seen that at lower velocity cases (≤ 1m/s) the residual oil saturation form

a continuous and stretched oil channel along the filter thickness, while higher inlet

velocities causes higher sparse residual oil distribution which create more small

dispersed fluid distribution. This is the same event that was explained in research

work by Contal et al. (2004) which higher velocity reduces the flow resistance.

Similar to fibrous media simulations, all the attached liquids in the rear face of

the filter is included in the saturation profile calculations. It is also evident from

Figure 7.8 that the residual saturation moves towards the rear face of the filter

with increase in velocity. This can be confirmed by Figure 7.9 which the final

steady state position of the residual oil centre of mass against Reynolds number

in philic knitted media is presented.

It is evident from this graph that by increasing in Reynolds number (inlet

velocity), the residual oil transfer toward the rear face of the filter. This condi-
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(a) 0.1 m/s

(b) 0.5 m/s

(c) 1 m/s
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(d) 2 m/s

(e) 3 m/s

(f) 5 m/s

Figure 7.8: Retained oil droplets in philic knitted filter at final time step.
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Figure 7.9: Reynolds number effect on retained oil final steady state centre of

mass position in philic knitted media.

tion is already explained and attributed to the higher sheer forces in higher inlet

velocities which are able to push the residual oil through the filter.

The influence of Reynolds number on multi-phase (wet) pressure drop profile

in philic knitted media is shown by Figure 7.10. It is observable that multi-

phase (wet) pressure drop soars by increasing in Reynolds number. The CFD

results reveal that the wet pressure drop deviates from the linear dry pressure

drop profile by increasing from 64%, which is the portion of wet pressure drop in

total pressure drop at the lowest inlet velocity, to 77% in Ref = 1.11 (2 m/s) case.

In higher Reynolds number cases (3 and 5 m/s inlet velocity) two important

events occur which should be explored further. First, the wet pressure drop por-

tion from total pressure drop in the domain declines from 52% to 47% which

shows a shift compared to lower Reynolds numbers discussed earlier. This can

be reasoned by reduction of residual oil saturation and also flow resistance (dis-

persing residual oil in the domain). The second point from Figure 7.10 is the

reduction in the multi-phase pressure drop evolution profile in higher Reynolds

numbers (between 2 and 3 m/s). This can be explained by looking at the final

steady position of the residual oil (Figure 7.8) in those two cases. As discussed

before, higher velocity causes more dispersion of residual oil in the domain, so the

carrier flow has more ways for passing through the filter which reduces the pres-

sure drop. Moreover, the saturation is decreasing as shown by Figure 7.7 which

helps in pressure drop reduction. This local optimum region will be discussed in
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Figure 7.10: Effect of Reynolds number on multi-phase (wet) and single-phase

(dry) pressure drop in philic knitted filter media.

more detain in Chapter 9.

For the purposes of performance evaluation, the quality factor of the philic

knitted media is presented by Figure 7.11. Similar to fibrous filter media, the

quality factor in philic knitted media drops by increasing in Reynolds number.

This can be justified by knitted media’s capability in holding oil in low velocities,

while the re-entrainment occurs in higher velocities associated with higher pres-

sure drop, consequently affects the quality factor adversely.

7.1.4 Open-cell Foam Filter

The saturation profile of the philic foam filter media is represented by the Figure

7.12. Similar general reduction in residual saturation with Reynolds number takes

place in philic foam media as well. It is visible from the graph that re-entrainment

starts in flows with Rf > 0.5. Moreover, CFD results shows a reduction of resid-

ual saturation at Reynolds numbers 1.11 and 1.67 (2 and 3 m/s cases) by 40 and

52%, respectively. The major saturation drop appears at the highest Reynolds

number where 76% of the residual oil are pushed out from the filter media. The

mentioned events can be visually confirmed by the final time step snapshots of

the simulations presented by Figure 7.13.
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Figure 7.11: Effect of Reynolds number on quality factor in philic knitted filter

media.

Figure 7.12: Effect of Reynolds number on equilibrium saturation in philic foam

filter.
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(a) 0.1 m/s

(b) 0.5 m/s

(c) 1 m/s
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(d) 2 m/s

(e) 3 m/s

(f) 5 m/s

Figure 7.13: Retained oil droplets in philic foam filter at final time step.
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As seen in initial low velocity cases in Figure 7.13, the residual oil coalesce

which forms a contiguous shape along the filter thickness. This condition can be

explained by low shear forces at low velocity cases which provides the residual oil

with higher residence time. It is noticeable by increasing in inlet flow velocity,

the residual oil becomes more disperse as expected and transport the saturation

towards the rear face of the filter. The other point that should be discussed here

is the position of the residual oil in 2 and 3 m/s cases. It is seen that the final

position of the residual oil center of mass in 3 m/s case is closer to the inlet face

compered to lower velocity case. This event can be justified by larger dispersion

of residual oil in higher velocity which produces smaller droplets attached to the

fibre elements, reduces the overall flow resistance and consequently the pressure

drop which decreases the shear force on the droplets. It means that air flow has

enough space in the filter domain to flow pass through. The other reason is the

re-entrainment from the rear face of the filter which are not considered in centre

of mass calculation when they leave the computation domain. The mentioned

occurrence is shown by Figure 7.14 for a better demonstration.

Figure 7.14: Effect of Reynolds number on retained oil final steady state centre

of mass position in philic foam media.

Figure 7.14 illustrates that the overall residual centre of mass is moving to-

ward the rear face of the filter. The explanation given in the preceding paragraph

can be confirmed visually in Figure 7.14 where a decline in residual oil centre of

mass can be seen at Ref > 1, and increase in centre of mass vector for highest

inlet velocity case as a result of higher shear force.
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The multi-phase pressure drop profile in foam media is presented by the Fig-

ure 7.15.

Figure 7.15: Effect of Reynolds number on multi-phase (wet) and single-phase

(dry) pressure drop in philic foam filter media.

Similar to the knitted media discussed earlier, in philic foam media the wet

pressure drop portion is 77% which increases by the growth in carrier flow Reynolds

number to 80% in Reynolds with 1.11 (2 m/s) case. After this point, due to reduc-

tion in residual oil saturation the wet pressure drop share from the total pressure

drop (wet+dry) drops to 69 and then 60%. An important point in this graph is

the pressure drop difference between the case with Ref = 1.11 and 1.67 (2 and 3

m/s) which shows only a marginal pressure drop increase fro the lower velocity to

the higher. This event reiterates the presence of an optimum working condition

from a pressure drop perspective due to opposing effects of residual oil saturation

reduction and increase of pressure drop due to filter structure.

Figure 7.16 illustrates the performance of the philic foam media at differ-

ent Reynolds numbers by plotting the corresponding quality number. Similar to

other filter media investigated earlier, it is clearly observed that the quality factor

declines by increasing in Reynolds number (increasing inlet flow velocity). This

can be explained based on the poor capability of philic foam filter in holding the

residual saturation and also imposing higher pressure drop to the system. The

quality factor results show that the performance of the foam media drops by 80%
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Figure 7.16: Effect of Reynolds number on quality factor in philic foam filter

media.

for the second Reynolds number inlet flow case, and almost 99% for the highest

Reynolds number.

7.1.5 Comparison of Performance of Three Philic Media

With Different Structures

In this section, the quality factor calculations of all studied filter media are re-

presented again in order to provide a better perspective for evaluation. Initially,

the saturation profile of the fibrous, knitted and foam filter media are plotted

in Figure 7.17 in order to compare these filters from saturation view point with

similar initial conditions.

It is seen from the Figure 6.17 that all filters hold the initial oil saturation at

low Reynolds number flows (inlet velocity ≤1 m/s). By viewing the saturation

graph, it is visible that fibrous filter has the best holding capability among stud-

ied filter media. Foam and knitted media shows similar trend, although knitted

media has higher retaining ability compared to foam media at higher Reynolds

numbers. As explained in Chapter 6, this condition can be explained due to the

differences in the structure of these media. As Contal et al. (2004) indicated that

at filters with more intersections and also lower void spaces the residual oil can be

trapped between fibers with narrower distance due to capillary force and also the
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Figure 7.17: Effect of Reynolds number on equilibrium saturation in philic fibrous,

knitted, and foam media filters.

effect of lower energy surface in philic media. As explained before, this narrow

spaces are not present in knitted and foam filter media which causes lower holding

ability in their saturation profile. Moreover, fibrous media showed less penetra-

tion through filter thickness due to better dispersion of the residual saturation in

the domain. CFD results revealed that at the highest Reynolds number, fibrous

filter hold 65% of the initial oil content inside the filter, while this value drops to

30 and 21% for knitted and foam media, respectively.

Figure 7.18 compares the multi-phase (wet) pressure drop profile in all stud-

ied filter media. It is worth mentioning that all pressure drop values are non-

dimensionalised by the maximum wet pressure drop value (in fibrous filter) in

order to be comparable.

It is observable from Figure 7.18 that the fibrous filter media produces the

highest wet pressure drop in the studied systems, while knitted media shows the

lowest value in all Reynolds numbers. The effects of structure pressure drop

in different filters was discussed in Section 6.2.4, but the dry filter pressure drop

depicted here again since the study carried out in higher velocities in philic media.

Figure 7.19 demonstrates the single-phase pressure drop profile in all three

media at different Reynolds numbers. CFD results show that at the lowest

Reynolds number, the filters with different structures almost produces similar

pressure drop which the maximum difference is 15%. The differentiation between

154



Figure 7.18: Effect of Reynolds number on multi-phase pressure drop in philic

fibrous, knitted, and foam media filters.

Figure 7.19: Effect of Reynolds number on single-phase pressure drop in fibrous,

knitted, and foam media filters at higher Reynolds numbers.
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different structures dry pressure drop at the highest Reynolds number is 35%.

By reviewing the numerical wet pressure drop simulation results, it is found that

the initial wet pressure drop difference between the highest pressure drop value

(in fibrous media) and the lowest pressure drop value (in knitted media) is 61%,

while it was shown earlier that the dry pressure drop difference in these filters

when they operate dry is only 15%. This confirms the influence of the residual

saturation and how they modify the packing density of the philic filters. It is

found that by increasing in Reynolds number the difference reduces to 46% (was

35% when operated dry) which shows the influence of retained droplets in higher

velocity is lower. These results corroborate the other researchers (Contal et al.

(2004); Charvet et al. (2008)) findings which higher inlet velocities reduce the

flow resistance and adverse effects of residual saturation in coalescing filters.

Figure 7.20 compares the quality factor with Reynolds number in all filter

media studied . It is noticeable that in low Reynolds number case where Rf ≤
1 which resembles the inlet velocity up to 2 m/s, knitted media has the best

performance among all studied filter media which support the finding of Sheng

et al. (2020)’s recent research. It should be mentioned that in that study carried

out in velocity ranges from 1 to 2 m/s, and there is no discussion about the wet-

tability of the filter media, therefore it is not clear if the filters are philic or phobic.

Figure 7.20: Effect of Reynolds number on quality factor in philic fibrous, knitted,

and foam media filters.

The crucial point that should be addressed in Figure 7.20 is the change in qual-

ity factor graph trend which occurs at higher Reynolds numbers (inlet velocities
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> 2 m/s). This phenomenon has not been explored in any previous research. It is

evident from the graph the fibrous filter shows a higher performance capability in

higher inlet velocities which is mainly due to its higher residual saturation hold-

ing compared to other filters studied in this research. The calculations show that

the difference between fibrous and knitted media quality factor is 3 and 29% in

the last two Reynolds numbers, respectively while it is 70% for philic foam media.

7.2 Conclusion

In this chapter, CFD approach was applied to carry out multi-phase flow mod-

eling in three different philic filter structures (fibrous, knitted, and foam) with

contact angle equal to 20◦ at various inlet velocities (0.1, 0.5, 1, 2, 3 and 5 m/s)

which were equally pre-saturated with 30 % of their void spaces by DEHS oil. The

physical properties of all filters such as packing density, fibre element diameter,

filter thickness, and filter cross section area were identical. Therefore it provided

a perfect equivalent basis in order to investigate their performance against each

other.

Numerical simulations showed that residual oil saturation reduces with in-

crease in inlet velocity (due to increase in flow forces) as the general trend in

all philic filter media. It was found that foam media has the lowest saturation

holding capability among all philic filters, while it was found that fibrous filter

has the best holding ability for higher velocities due to its structure difference

which causes more distribution of residual oil inside the filter and reduces the

flow resistance and pressure drop.

Multi-phase (wet) pressure drop results showed that residual oil saturation

has a major influence on pressure drop profile in low Reynolds number cases and

contributed to a strong deviation form the dry pressure drop trend, while its effect

declines by increasing in inlet flow velocity due to reduction in residual oil and

also flow resistance. Numerical modeling results showed that fibrous filter causes

the highest pressure drop in all Reynolds number study cases, while the knitted

media imposed the lowest pressure drop to the system. The results indicated

that by increasing in inlet flow velocity, the influence of the residual saturation

declines which suggested a possibility in presence of a local optimum region in

pressure drop profile in all studied filter media.

Finally, the performance analysis of three philic media with different struc-

tures suggested that knitted media performed the best among all filters in lower

Reynolds range (0.05 ≤ Ref ≤ 1.1), while a turning point occurred in higher
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Reynolds number which showed fibrous filter to have higher quality factor com-

pared to other filter media studied.
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Chapter 8

Effects of Contact Angle on

Saturation, Pressure Drop and

Quality Factor in Different Filter

Structures

As mentioned in Chapters 1 and 2, the aim of this research project is to in-

vestigate coalescence filtration in different types of filter media. In this regard,

three filters with different structures such as fibrous, knitted, and foam media

with equivalent physical properties such as packing density, fibre diameter, filter

thickness, and cross section area are considered. These filters are pre-saturated

equally with DEHS oil and tested for a range of different velocities. Moreover,

the effects of contact angle are considered by conducting separate simulations on

two different contact angles ( θ = 20◦ (philic media) and 120◦ (phobic media) )

for evaluation. The validity and accuracy of the generated filters and the method-

ology applied are verified in Chapter 5. The influence of inlet velocity variation

on residual saturation, multi-phase pressure drop profile, and quality factor on

different filter structures are studied in Chapters 6 and 7 for phobic and philic

media, respectively.

In this chapter, the results from Chapters 6 and 7 are compared in order to

evaluate the effect of contact angle on saturation, pressure drop profile, and qual-

ity factor in three filters with different structures.
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8.1 Effect of Contact Angle on Saturation in Fi-

brous, Knitted and Foam Media

For the purpose of examining the influence of contact angle on saturation profile,

the saturation results from phobic and philic media are re-presented in Figure

8.1. It is evident that reducing contact angle increases the saturation retaining

ability of all the filters with different structures. It is seen from the graph that

at low Ref no change in saturation level takes place which literally shows both

philic and phobic media holds the saturation level equally. This event can be

seen in the lowest Reynolds number (0.1 m/s inlet velocity) for the foam filter

media, and Ref ≤ 0.55 (inlet velocities ≤ 1 m/s) for knitted and fibrous filters.

It can be seen that reducing the contact angle has the most effect on foam me-

dia which increased its holding capability by almost 100%. It is visible that by

increasing in Reynolds number, the influence of contact angle on the foam filter

holding capability reduces which is expected as more re-entrainment occurs by

increasing in inlet velocity in both philic and phobic media (Manzo et al. (2016)).

From Figure 8.1 it can be deduced that similar trend presents in both fibrous

and knitted media, but at higher Reynolds numbers as their holding capability is

higher than foam media which is discussed and verified in previous chapters. It

is noticeable that reducing contact angle enhances the saturation level in fibrous

media by 50% which was observed in Chen et al. (2019b) study as well.

Figure 8.1: Effect of contact angle on saturation level and onset of re-entrainment

in fibrous, knitted, and foam filter media.
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Overall, it can be deduced that reducing contact angle (surface energy of the

filter media) increases the saturation level in coalescence filters with equal initial

and operating conditions (Patel et al. (2013); Chen et al. (2019b)). This event ws

found in Mullins et al. (2014) work, as they tested different combination of philic

and phobic fibrous media. The results suggested that there is more saturation

in the philic layers in their filter combinations, while the saturation decreased in

filters with using phobic media at the last layer. In another research conducted

by Letts et al. (2003), it was found that fibrous filters with lower contact angle

(glass fibres) contain 60% more liquid compared to fibrous filters with higher

contact angle (polyaramid fibres) in similar operating condition. The underlying

reason for this effect is the weaker droplet fibre adhesion forces associated with

clamshell droplets (Minor et al. (1959); Mead-Hunter et al. (2014)) which formed

in phobic media (Mead-Hunter et al. (2012); Mullins et al. (2014)), therefore

re-entrainment occurs in phobic media with higher rate and at lower velocities

as the hydro-static forces required for moving these droplets are lower (Mullins

et al. (2014)). In order to investigate the influence of contact angle on the onset

of re-entrainment in different filter structures, Figure 8.1 presents the saturation

profiles in all filters with different contact angle.

It is observable in Figure 8.1 that in both foam and fibrous media the onset

of re-entrainment take place at higher Reynolds with decreasing contact angle

(Agranovski et al. (2001); Mullins et al. (2014)), while in the knitted media it is

not very significant. It is seen that for knitted media, the saturation reduction

occurs at Ref = 1.1 (2 m/s inlet velocity) with higher reduction ratio (steep

decline) in phobic case compared to philic knitted media which suggests that the

start of re-entrainment is happening at higher velocity in philic media.

8.2 Effect of Contact Angle on Multi-phase Pres-

sure Drop in Fibrous, Knitted and Foam

Media

For investigating the effect of contact angle on multi-phase pressure drop, the wet

pressure drop results from Chapters 6 and 7 are employed. In order to isolate the

influence of contact angle, the parameter ∆Pθ is used to calculate the pressure

drop difference between philic and phobic media, and is defined by the following

equation:

∆Pθ = ∆PPhilic −∆PPhobic (8.1)
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Where in Equation 8.1, ∆PPhilic and ∆PPhobic are the final steady state multi-

phase pressure drop values in philic and phobic media, respectively. From Equa-

tion 8.1, it can be concluded that when ∆Pθ > 0, reducing contact angle increases

the wet pressure drop and vice versa. It should be re-stated again that the com-

parison is conducted only on common velocities between philic and phobic sim-

ulations. To provide a better demonstration, the ∆Pθ is normalised by pressure

drop in phobic media and illustrated by Figure 8.2.

Figure 8.2: Effect of contact angle on multi-phase pressure drop in fibrous, knit-

ted, and foam filter media.

It is obvious from Figure 8.2 that reducing the contact angle (shifting from

phobic to philic) increases the wet pressure drop in all filter media. It is in

clear view that foam filter produces almost 200% pressure drop increase at higher

Reynolds number. It is seen that in low Reynolds number, the difference between

philic and phobic media is marginal, while by increasing in Reynolds number the

difference rises. It can be explained by the fact that lower surface energy fibre has

higher droplet-fibre adhesion force (Mead-Hunter et al. (2012); Hotz et al. (2015))

which resulted in a higher saturation level (Letts et al. (2003)) and consequently

increases the flow resistance and pressure drop inside the filter (Contal et al.

(2004); Kampa et al. (2014); Liu et al. (2019)). Moreover, residual oil in phobic

media form larger droplets (was visually observed from snapshots) which trans-

port easier through the filter and reduce the flow resistance (Manzo et al. (2016)).

It is seen that the pressure drop difference curve is flattening in both foam and

fibrous filters which is due to saturation reduction at higher Reynolds numbers.
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In the case of knitted media, similar to foam and fibrous filters, the effect of re-

ducing contact angle is obviously enhancing the wet pressure drop. It is seen that

the pressure drop difference soars in knitted media at higher Reynolds number

which can explained by the difference in saturation level and also higher velocity

related pressure loss. It was shown previously that phobic knitted media’s hold-

ing capability reduced significantly after Ref = 1.1, but by reducing the contact

angle the saturation level increased by 40% which caused higher pressure drop

due to drag force on residual oil droplets.

8.3 Effect of Contact Angle on Quality Factor

in Fibrous, Knitted and Foam Media

Gas-liquid coalescence filtration is a complex process in which the filter perfor-

mance is influenced by a range of parameters including liquid properties, filter

structure, liquid-fibre contact angle, and operating conditions. The effect of veloc-

ity variation on the performance of filters with different structure was discovered

in Chapters 6 and 7. In this section, the effect of contact angle on quality factor

in the mentioned filter structures is investigated by re-presenting quality factor

results. Figure 8.3 compares the quality factor for both philic and phobic media

results at common inlet velocity cases.

Figure 8.3: Effect of contact angle on quality factor in fibrous, knitted, and foam

filter media.
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It is clearly observed from Figure 8.3 that phobic filters have the highest

quality factor compared to philic media in low Reynolds numbers. This results

suggest that increasing contact angle improves the performance of the coalescence

filters in low inlet velocity cases which has been reported by researchers previ-

ously (Manzo et al. (2016); Letts et al. (2003); Chen et al. (2019a,b)). Reviewing

the present CFD results suggest that phobic knitted media has the highest qual-

ity factor among all phobic media with different structures and also outperform

philic filters up to flow rate Ref < 1 (u< 2 m/s). It can be associated with the

structure difference in knitted media which produces the lowest pressure drop

among all studied filter media in the range of Ref ≤ 1. Moreover, its hold-on

capability is comparable or higher than other filters in that inlet velocity range

as well.

The knitted media was only tested in research work by Sheng et al. (2020)

which was only compared to fibrous filter at a range of velocities between 1 to

2.5 m/s with no information in regard to wettability of the media. The results

showed that knitted media performs better than fibrous filter in all tested veloc-

ities. In the literature survey which is conducted in this research (Section 2.4.2),

it is found that all the studies which found high energy surface filters (phobic me-

dia) has higher quality factor compared to low surface energy filters were carried

out only in a low single or a limited range of inlet velocity.

The important point which is found in the present study is the turning point in

quality factor graph which demonstrate that philic fibrous filter performs better

(even compared to its phobic counterparts) at higher Reynolds numbers (inlet ve-

locities). This event can be explained due to saturation retaining ability of fibrous

filter at higher velocities. It was shown that at higher velocities phobic media

affects by shear flow forces which causes transport of residual saturation toward

the rear face of the filter and re-entrainment happens (Mullins et al. (2014)). This

reduces the efficiency of the phobic media at higher velocities, while it was shown

in Section 8.1 that decreasing the contact angle improves the hold-on capability

of all studied filters including fibrous media significantly. It was discussed ear-

lier that presence of the saturation inside the filter media attribute to 80% of

the pressure drop in the system (Charvet et al. (2008)), but it should be men-

tioned that higher velocity in fibrous media causes more dispertion of the residual

oil which helps to decline the flow resistance inside the filter (Contal et al. (2004)).
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8.4 Conclusion

The objective of this chapter was to evaluate the effect of contact angle on resid-

ual saturation, multi-phase pressure drop profile, and the performance of different

filters with different structures. Equivalent initial and operating conditions are

considered for fibrous, knitted , and foam filter media for conducting numerical

simulations.

The CFD results indicate that contact angle has a significant effect on the

residual saturation level in coalescence filters with different structure. It is found

that the major influence occurs in foam filter media which reducing the contact

angle from 120◦ (phobic media) to 20◦ (philic media) increases its saturation level

up to 100%. It is sown that both knitted and fibrous media affected by reducing

contact angle by holding higher level of saturation. CFD results suggests that

increasing in flow Reynolds number will reduce the difference between that satu-

ration level of filters with high and low energy surface due to stronger shear flow

forces at higher inlet velocities. Moreover, it is revealed that reducing contact

angle lead to occurring the re-entrainment at higher inlet velocities in all filter

media.

Reviewing the numerical results indicate that reducing contact angle enhances

the wet pressure drop profile extensively in all filter media studied. It is shown

that all filter media develops higher pressure drop by increasing in Reynolds

number, although it is found that this influence will be declined ultimately as the

saturation level decreases.

The performance analysis shows that phobic media has a better quality factor

in low Reynolds numbers. It is revealed that phobic knitted media outperform

all the phobic and philic counterparts by flow rate Ref < 1. The investigations

suggest that at higher Reynolds numbers, low surface energy filters (philic) has

higher quality factor which is a turning point in quality factor graph.
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Chapter 9

Investigating the Presence of

Local Optimum in the pressure

drop Profile in Different Filter

Media

As explained in Chapter 1 and 2, the principal of this research is to develop

a methodology for a rigorous evaluation and comparison of different filter media

with different structures. As such, fibrous, knitted, and foam filters are generated

virtually and the accuracy and validity of them are verified in Chapter 5. CFD

method is employed, which is fully explained in Chapter 4, in this research in or-

der to calculate the quality factor in different filters. To achieve this, all filters are

loaded with 30% DEHS initially and has equivalent physical properties (packing

density, thickness, fibre diameter, and cross section area). Simulations are carried

out with different inlet velocities and contact angles to calculate residual satura-

tion and pressure drop profile inside filters for evaluating the filters performance.

During the analysis of the wet pressure drop profiles, it was revealed that

filters at certain inlet velocities deviate from the original pressure drop curve. By

further research it is found that it is due to opposing effects of saturation reduc-

tion and dry pressure drop (due to filter structure) increase by rising filtration

Reynolds number (inlet velocity enhancement in our research). This phenomena

was suggested by Charvet et al. (2008) and Contal et al. (2004) that reduction

in saturation at higher velocities may resulted in forming optimum working con-

dition for filters as the flow resistance declines by increasing in inlet velocity. In

order to investigate this possibility, multi-phase and single-phase pressure drop

difference is calculated by the following equation:
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∆Pe = ∆Pmulti−phase −∆Psingle−phase (9.1)

∆Pe is normalised by the maximum pressure difference and plotted versus Reynolds

number. Moreover, the saturation profile versus ∆Pe is presented in all study

cases. For verifying the accuracy of numerical results, sets of experiments are

conducted and the results are qualitatively validated.

It should be mentioned that previous research (Gac (2015); Chen et al. (2009);

Payen et al. (2012); Lamb and Costanza (1979); Naim and Ismail (2013)) have

indicated that fibre diameter, packing density, filter structure and wettability in

addition to liquid aerosol physiochemical (viscosity, surface tension) significantly

influence the filter behaviour. In this section, initially the possibility of optimum

region presence in the pressure drop profile is examined in phobic and philic me-

dia separately. In the next step, the effect of contact angle is investigated, and

finally a qualitative hypothesis is proposed for explaining the new findings in this

research.

9.1 Local Optimum Pressure Drop Region in

Phobic Media

In order to investigate the local optimum pressure drop in different phobic filters,

Figures 9.1 to 9.4 present the normalised pressure drop difference, ∆Pe, against

Reynolds number and also pressure drop difference, ∆Pe, versus residual satura-

tion.

It is observed from Figure 9.1 (a) that a local optimum region presents be-

tween 0.5 ≤ Ref ≤ 1 (1 to 2 m/s) in the pressure drop profile of the phobic

fibrous filter. Figure 9.1 (b) provides a better demonstration of the affecting pa-

rameters. As can be seen, in the higher Reynolds number cases (0.5 to 2 m/s)

the saturation decreases by increasing Reynolds number (was discussed in Sec-

tion 6.2.1) which resulted in a less obstruction against the airflow (decrease in

flow resistance). On the other hand, the single phase pressure drop increases by

increasing in inlet velocity (Figure 6.19). The optimum which is happening in

this case causes the curve in Figure 9.1 (b) to shift toward the left (lower pres-

sure) although velocity is increasing. In other words, the amount of residual oil

saturation in Ref = 0.55 (1 m/s) case and Ref = 1.11 (2 m/s) case are very close

values, but causes further pressure drop at the higher flow Reynolds number cases.
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(a)

(b)

Figure 9.1: Numerical simulation results for phobic fibrous media: (a) Pressure

drop difference versus Reynolds number, (b) Residual saturation versus pressure

drop difference.
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Figure 9.2 demonstrates the pressure drop difference versus Reynolds number

and saturation in phobic knitted media. It is seen that the local optimum region

in the pressure drop profile takes place at higher flow Reynolds number compared

to fibrous media in phobic knitted filter. The underlying reason is similar to the

phobic fibrous filter explained before, and the trend in 9.2 (b) is similar as well

which shows reduction in saturation and decrease in the pressure drop difference

while increasing the inlet flow Reynolds number.

It should be mentioned that in phobic knitted media case, the simulations

continued to higher inlet velocity (3 m/s) since it was found that this media has

a higher saturation hold-up capacity compared to other filters (explained in Sec-

tion 6.2.2). The final saturation level is compared against 2 m/s case, and it is

presented by Figure 9.3.

It can be deduced from Figure 9.3 that there is a marginal reduction in sat-

uration in 3 m/s case in knitted media, but higher velocity case produces higher

pressure drop in similar saturation level. Furthermore, lower velocity in this case

(1 m/s) retained more liquid which resulted in high flow resistance and conse-

quently higher pressure drop. Therefore, it is the main reason that the optimum

occurs between 1 < Ref < 1.5 (1 to 3 m/s) in knitted media.

Figure 9.4 presents the pressure drop difference versus Reynolds number and

saturation in phobic foam media in order to investigate for presence of possi-

ble optimum region in the pressure drop profile. It is visible form the Figure

9.4 (a) that the local optimum in the pressure drop profile is present in phobic

foam media (similar to knitted and fibrous filters) as well, but at lower Reynolds

number Ref , 0.5. It can be explained due to lower residual hold-up capacity of

phobic foam media which was discussed in Chapter 6. By viewing at Figure

9.4 (b) it is seen that the saturation reduces by increasing in Reynolds number

which decreases the flow resistance in phobic foam media. On the contrary, the

dry pressure drop (filter structure effect) is increasing by growing flow Reynolds

number which two opposing events causes this optimum formation in the pressure

drop profile.

In order to verify the optimum occurrence experimentally, a set of experiments

conducted according to the methodology explained in section 4.3 on the Fibrous-

ME1 filter from the Table 4.4. Figure 9.5 presents the pressure drop difference

versus Reynolds number and residual saturation in Fibrous-ME1 experimental

case. It is visible in Figure 9.5 (a) that the optimum region found in numerical

results is present in the experiment as well. It is clearly seen that this region

takes place in 0.5 < Ref < 1 (between 1 and 1.5 m/s inlet velocity) which is
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(a)

(b)

Figure 9.2: Numerical simulation results of phobic knitted media: (a) Pressure

drop difference versus Reynolds number, (b) Residual saturation versus pressure

drop difference.

171



(a)

(b)

Figure 9.3: Residual oil saturation in phobic knitted filter at final steady state:

(a) 2 m/s inlet velocity, (b) 3 m/s inlet velocity.
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(a)

(b)

Figure 9.4: Numerical simulation results for phobic foam media: (a) Pressure

drop difference versus Reynolds number, (b) Residual saturation versus pressure

drop difference.
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happening at higher Reynolds number range compared to numerical fibrous case

in the present study. Since these two filters are not identical, it is very hard to

identify the underlying reason for this difference, although most probably it can

be attributed to the higher packing density in phobic fibrous experimental case

(Fibrous-ME1). Moreover, the residual saturation trend is similar specially when

a close attention goes toward Figure 9.5 (b). It is observed that the trend in

captured liquid saturation is decreasing by increasing in flow Reynolds number,

and a reduction in the pressure drop at higher Reynolds number.

In contrary to solid particle filtration, all numerical simulations and experi-

mental studies suggest to operate liquid filtration at higher velocities as higher

velocity causes more distribution of droplets through the filters and reduces the

flow resistance (Contal et al. (2004); Frising et al. (2005); Charvet et al. (2008)).

On the other hand, by increasing the inlet velocity in the filters the single phase

pressure drop (mainly depends on the filter structure) increases which these two

opposing phenomena form an optimum region in phobic filters. It is expected by

increasing the inlet flow velocity, the multi-phase pressure drop and single-phase

pressure drop difference tends to zero by expelling all the residual saturation.

Figure 9.6 presents all the experimental and numerical results. It should be

mentioned that all the results have been normolised by the maximum pressure

drop (in each case) to provide a condition for comparison.

It can be seen in Figure 9.6 that all the filter media which were studied numer-

ically and experimentally has an optimum region due to combination of different

parameters such as packing density, inlet flow velocity, surface energy and liquid

properties. The region occurs at different Reynolds numbers in different filters,

and it is mainly related to structural differences in the media. This is the case

especially in numerical cases which they all have similar physical properties such

as fibre diameter, packing density, thickness, and they all loaded with the same

liquid particle droplets initially.

The interesting point in the graph is experimental and CFD results of fibrous

case which have a similar trend as both have similar structures. It can be seen

that the optimum region is happening at higher Reynolds number in the ex-

perimental test which can be reasoned by the fact that packing density in the

experimental case is higher than the CFD simulations in this research, although

another significant factor is contact angle which will be evaluated in this research

by conducting numerical studies on philic filters. In this research, the experi-

mental filters were selected carefully in order to cover a wider range of study. As

such, the packing density of the selected experimental filter has a higher packing

174



(a)

(b)

Figure 9.5: Experimental results in phobic fibrous media (Fibrous-ME1): (a)

Pressure drop difference versus Reynolds number, (b) Residual saturation versus

pressure drop.

175



Figure 9.6: Non-dimensional pressure drop versus Reynolds number in phobic

experimental case (Fibrous-ME1) and phobic CFD cases

density in phobic case, while in the next stage (philic media) a filter with lower

packing density is considered for experimental study.

This optimum region has not been reported in previous works which stud-

ied phobic media (Chen et al. (2018); Chang et al. (2018); Chen et al. (2019a);

Wurster et al. (2015); Chen et al. (2019b)). Likely due to the fact that most of the

previous research focused on the filter efficiency and accordingly did not conduct

study on pressure drop and saturation at higher velocities. More importantly,

majority of studies in coalescing filtration mainly evaluate the filters from satu-

ration hold-up, pressure drop, efficiency, quality factor globally. Therefore, there

is no study to investigate different stages of filtration locally. Furthermore, many

studies carried out based on operation velocities in industry which is based on

the process constraints, where a high pressure drop in the system is not desirable,

consequently mostly the operating velocities never go higher to prevent significant

pressure drop. For instance, it can be seen from Figure 9.6 that in experimental

case the pressure drop rises by increasing velocity, but after 1.3 m/s the pressure

drop declines. In the industry operation, increasing velocity will be stopped as it

is deduced that by improving velocity only the pressure drop increases, which is

shown that it is not true. To provide a better demonstration on comparing the

previous studies in phobic media and their operating conditions with the present

study, Figure 9.7 indicates the non-dimensional pressure drop (in form of Eu)

which is divided by packing density function to provide an equivalent basis for

comparing the results.
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It is observable from Figure 9.7 that all studies in phobic media filtration are

conducted at low velocities which it can be seen that the gap between research

-with respect to Reynolds numbers or inlet velocity- is filled by the current study.

It is worth mentioning that only studies which provided enough information is

considered and the details of their cases are listed in the Table 2.1.

9.2 Local Optimum Pressure Drop Region in

Philic Media

In this section, the possibility of presence of an optimum region in the pressure

drop profile in three types of philic filter media is investigated by plotting the

pressure drop difference (∆Pe) versus Reynolds number, and also residual satu-

ration versus pressure drop difference which is presented by Figures 9.8 to 9.10.

Figure 9.8 illustrates the pressure drop difference against Reynolds number,

and residual saturation versus pressure drop difference in philic fibrous media. As

it can be seen in Figure 9.8 (a), an optimum region in the pressure drop profile is

present in fibrous media when 1 < Ref < 3 (around 3m/s) in this study. It should

be stated that the optimum is not very significant (compared to phobic media)

which can be associated to the inlet velocities selected for the philic media sim-

ulations which intervals were higher to capture the actual region. Figure 9.8 (b)

shows the residual saturation, and it indicates that with decreasing the saturation

level, the pressure drop is still increasing which is mainly due to strong adhesion

forces between the residual saturation (which spreads on the fibres in philic me-

dia) and the effect of dry pressure drop. By having an overall view at Figure 9.8

(a), it can be deduced that the pressure drop curve is flattening which is showing

the effect of re-entrainment and reduction of residual saturation level inside the

filter (explained in Chapter 7). Therefore, the opposing effect of saturation re-

duction and increase of pressure drop by rising flow Reynolds number resulted in

forming of a local optimum in the pressure drop profile of the philic fibrous media.

Figure 9.9 presents the pressure drop difference versus Reynolds number and

the residual saturation against pressure drop difference in the philic knitted me-

dia. It is visible from Figure 9.9 (a) that the local optimum pressure drop presents

in philic media which occurs in 1 < Ref < 3 (inlet velocity between 2 and 5 m/s).

It can be seen from 9.9 (b) that residual saturation reduces and the local optimum

appears when the saturation decreased between the last two simulation cases with

highest Reynolds number.
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(a)

(b)

Figure 9.7: Numerical simulation results for all phobic filter media compared to

previous studies: (a) All previous studies similar to this research based on flow

velocities, (b) All previous studies similar to this research based on fibre Reynolds

number.
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(a)

(b)

Figure 9.8: Numerical simulation results for philic fibrous media: (a) Pressure

drop difference versus Reynolds number, (b) Residual saturation versus pressure

drop difference.
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Figure 9.10 indicates the pressure drop difference versus Reynolds number

and residual saturation against pressure drop difference in philic foam filter. It is

clearly observable from Figure 9.10 (a) that the trend is similar to philic knitted

media, and the local optimum presents in 1 < Ref < 3 (inlet velocity between 2

and 5 m/s). Similar to all previous cases, the saturation decreases (by increasing

in flow Reynolds number) which reduces the flow resistance in the foam media,

and on contrary, the dry pressure drop soars by increasing in Reynolds number.

For the purpose of qualitative validation of the optimum region in the pres-

sure drop profile of a philic media, sets of experiments conducted based on the

methodology explained in section 4.3 on the Fibrous-ME2 which is a philic fibrous

media, and its physical properties are listed in Table 4.4. Figure 9.11 presents the

pressure drop difference versus Reynolds number and saturation against pressure

drop difference in the Fibrous-ME2 case.

It can be deduced from this graph that the local optimum region in the pres-

sure drop profile found in numerical studies philic filters is present in experimental

investigation on a philic fibrous media as well. As it was discussed before, due to

the combination of some contrary effects in liquid filtration (saturation reduction

by increasing velocity and dry pressure drop increase by increasing velocity), a

local optimum region from pressure drop prospective is possible which in this

research has investigated.

Figure 9.12 presents the non-dimensional pressure drop across all numerical

simulations for philic filter media plus the experimental study in one graph. It

can be seen that all the case studies show an optimum region in their pressure

drop profile. It is seen from this graph that the optimum region in the pressure

drop profile is happening similarly in all CFD cases while in experimental case it

occurs at lower velocities probably due to the low packing density of the tested

filter compared to numerical cases.

In the following, the evaluation of the current investigations versus the previ-

ous studies in the literature (Zhang et al. (2017); Chen et al. (2018); Chang et al.

(2018); Chen et al. (2019a); Wurster et al. (2015); Chen et al. (2019b); Letts et al.

(2003); Jankowski (2009); Frising et al. (2005); Agranovski and Shapiro (2001);

Agranovski and Braddock (1998b); Agranovski et al. (2002)) which conducted

their research on philic media is presented. Figure 9.13 presents the comparison

of the numerical and experimental studies in this research versus previous inves-

tigations in this field. It should be noted that all these studies used fibrous filter

and investigated philic filters.
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(a)

(b)

Figure 9.9: Numerical simulation results for philic knitted media: (a) Pressure

drop difference versus Reynolds number, (b) Residual saturation versus pressure

drop.
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(a)

(b)

Figure 9.10: Numerical simulation results for philic foam media: (a) Pressure

drop difference versus Reynolds number, (b) Residual saturation versus pressure

drop.
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(a)

(b)

Figure 9.11: Experimental results in phobic fibrous media (Fibrous-ME1): (a)

Pressure drop difference versus Reynolds number, (b) Residual saturation versus

pressure drop.
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Figure 9.12: Non-dimensional Pressure Drop Versus Velocity in Experimental

and CFD Cases for philic Media

Figures 9.13-(a) and (b) compare studies in philic filtration field against the

experimental and numerical results carried out in this research. To provide an

equivalent condition for comparing the results, the effect of packing density is

normolaised with a packing density function (Eu/f(α)).

It can be seen in Figure 9.13 that there is a lack of studies at higher veloc-

ity in philic media. As it is visible in the both graphs, there is only one study

that experimented a fibrous media at high velocity, but they applied water as

the liquid in their filtration tests, and Agranovski and Braddock (1998a) did not

report any optimum in the pressure drop profile. Recent research by Chen et al.

(2019a) indicated that pressure drop profile and also efficiency in coalescing fil-

ters are greatly affected by liquid surface tension, therefore it is concluded that

using water with very different surface tension (compared to DEHS employed in

experiments and CFD) in Agranovski and Braddock (1998a)’s study is the reason

for not seeing any optimum in the pressure drop profile. Moreover, as mentioned

earlier, majority of the research in coalescence field mainly focused on global

filtration and pressure drop which seems to be the case in Agranovski and Brad-

dock (1998a)’s work as well. It should be noted that Mead-Hunter et al. (2013)’s

research results supports the findings in this research, although the objective of

their research was to present a capillary based saturation model. Mead-Hunter

et al. (2013) reported the ”dip” in the pressure drop was possibly regarded in

experimental variation.
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(a)

(b)

Figure 9.13: Numerical simulation results for all philic filter media compared to

previous studies: (a) All previous studies similar to this research based on flow

velocities, (b) All previous studies similar to this research based on fibre Reynolds

number.
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9.3 Effect of Contact Angle on the Local Op-

timum Pressure Drop Region in Coalescing

Filter Media

It was shown in Chapter 8 that contact angle affect the coalescing filtration signif-

icantly by changing the residual saturation, wet pressure drop profile, and quality

factor in different filter media. The results indicate that reducing contact angle

resulted in improving coalescing filters saturation hold-up capability and increases

the wet pressure drop in all filter media studied with different structures. In this

section, the influence of changing contact angle on the discovered local optimum

region is examined by comparing the results in previous sections in all CFD and

experimental cases. In order to provide a comparable situation, the pressure drop

curves are non-dimensionalised by the maximum pressure drop value in the graph.

Figure 9.14 demonstrates the effect of reducing contact angle on the local op-

timum region in the pressure drop profile in different filter media. It is clearly

seen that reducing contact angle (from 120◦ to 20◦ in present study) affected the

emerging region of local optimum in the pressure drop profile by shifting that to

the higher Reynolds numbers in all CFD study cases. As it was shown before, all

the physical properties of these different filters such as packing density, fibre di-

ameter, thickness, and cross section area are identical, therefore, the investigated

effect is merely the influence of contact angle which is one of the great advantages

of employing CFD in this study as such an ideal comparison is not achievable by

conducting experiments.

Analysing the results from contact angle effect suggests that decreasing con-

tact angle improves all filters saturation retaining ability which is mainly due

to improving the droplet-fibre adhesion forces (Mullins et al. (2014)). There-

fore, transporting residual liquid throughout the filter require higher shear forces

which is happening at higher Reynolds number. By reducing the residual satura-

tion (which is happening at higher Reynolds number by reducing contact angle)

the flow resistance declines and the opposing influence of dry pressure drop (due

to filter structure) acts against each other and forms this local optimum at higher

Reynolds number.

Figure 9.15 shows the effect of changing contact angle on the local optimum in

the pressure drop profile of experiential fibrous cases. It is visible from the graph
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(a) Fibrous-CFD

(b) Knitted-CFD

(c) Foam-CFD

Figure 9.14: Effect of contact angle on local optimum in the pressure drop profile

region presence in different filter media.
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Figure 9.15: Effect of contact angle on local optimum in the pressure drop profile

region presence in experimental cases.

that the local optimum shifting direction is opposite of the CFD results discussed

earlier. It should be mentioned that the two experimental cases Fibrous-ME1

and Fibrous-ME2 (details are listed in Table 4.4) has different physical proper-

ties which make understanding of the underlying reason harder compared to ideal

situation of CFD cases. By further look at different data (comparing Fibrous-

ME2 with phobic Fibrous-CFD in Figure 9.6) it suggests that increasing packing

density can shift the local optimum occurring at higher Reynolds numbers. It

should be mentioned that the phobic fibrous CFD case and Fibrous-ME1 are

not identical for a solid conclusion, but further analysis will be done in the next

section where the hypothesis is proposed.

9.4 Qualitative Hypothesis in Forming a Local

Optimum in the Pressure Drop Profile of

Coalescing Filters

The numerical and experimental studies conducted during this research suggest

that there are two main factors which play a significant role in forming of the

local optimum region in the pressure drop curve. These two factors are contact

angle and packing density which following Figures 9.16 and 9.17 presents their

effects on possible optimum, respectively.
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Figure 9.16: The proposed hypothesis of increasing contact angle effect on opti-

mum pressure drop profile.

It can be deduced from Figure 9.16 that by increasing the contact angle in filter

media, the single phase pressure drop remain constant, although the holding-up

capability of a filter will reduce which resulted in saturation reduction (Contal

et al. (2004); Charvet et al. (2008); Mead-Hunter et al. (2014)). These effects can

be confirmed by the CFD results presented in Chapter 8 as well. The effect of

contact angle is evaluated in this research by studying philic and phobic media

by keeping all other parameters (fibre diameter, packing density, filter thickness,

and cross section area) constant, therefore it provides an equivalent condition to

isolate only the contact angle effects for the evaluation.

As discussed earlier in this chapter, the opposing effects of saturation reduc-

tion and rising the dry pressure drop (due to filter structure) by increasing in

inlet flow velocity form a local optimum in the pressure drop profile. As shown

by Figure 9.16, the reference line for the single-phase pressure drop is not af-

fected by changing in contact angle, and it increases with inlet velocity because

of higher flow resistance at higher flow velocities (Davies (1953)). On the other

hand, growing the inlet velocity reduces the saturation level inside the filter and

consequently decreases the wet pressure drop and also flow resistance (Contal
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et al. (2004)). It means the opposing events are happening at lower velocity by

increasing contact angle, therefore the local optimum in the pressure drop curve

occurs at lower inlet velocities.

The other parameter mentioned before is packing density which the hypothesis

of its effects in the filters is presented by Figure 9.17. It is observable from Figure

9.17 that single-phase pressure drop increases with increasing in inlet velocity and

also packing density which was expected as it rises the flow resistance (Davies

(1953); Spielman and Goren (1968)). It is seen that the saturation expected to

increase compared to the lower packing density. This can be concluded from the

research of Contal et al. (2004) who shows higher packing density filters tend to

have a higher hold-up ability due to higher fibres intersections inside the filter.

It was shown by Hotz et al. (2015) that trapped droplets on intersections in a

filter require 77% and 32% higher forces to detach the droplets in philic an phobic

media, respectively. Consequently, holding more saturation increase the flow re-

sistance and increase the wet pressure drop which is considered in the Figure 9.17.

Figure 9.17: The proposed hypothesis of increasing packing density effect on

optimum pressure drop profile.

According to Figure 9.17, it is suggested that the local optimum in the pressure

drop profile shifts to occur at higher velocities by increasing in packing density.
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This phenomena is observed when compared the CFD results in phobic fibrous

with experimental phobic case (Fibrous-ME1). It is shown in Figure 9.6 that the

local optimum presents at higher velocity for the experimental case with about

10 times higher packing density. It should be noted that the other difference

between the CFD case and experimental one is the fibre diameter which is about

two times larger in experimental case. In regard to effect of fibre diameter on

detachment from filters and also pressure drop profile, although this effect is not

studied in this research, but the Hotz et al. (2015)’s research shows that increase

in fibre diameter resulted in increase in required detachment force which is ex-

plained by the fact that increase in fibre diameter rises the contact line length

between droplet and fibre element. In order to provide a better demonstration

of the proposed hypothesis, the Ref where the local optimum has occurred in

fibrous CFD cases and also two experimental ones are depicted by Figure 9.18.

Figure 9.18: Comparison of local optimum pressure drop occurrence Ref in fi-

brous CFD and experimental cases.

By comparing ”Fibrous CFD-Philic” case to ”Experimental (Fibrous-ME2)-

Philic” case, it is seen that the values of df are similar, but packing density value

is greater in ”Fibrous CFD-Philic” (although the contact angle is higher in CFD

case and has an opposite effect), and it has shifted the optimum pressure drop

to higher Reynolds number. This shows that the effect of packing density can

be higher than contact angle. Moreover, by comparing ”Fibrous CFD-Phobic”

case to ”Experimental (Fibrous-ME2)-Philic”, it is seen that the optimum is still
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taking place at a higher Reynolds number, although the contact angle in phobic

CFD case is much higher, therefore it corroborate the previous finding. In the

case of contact angle effect, as discussed earlier, it has its effects and shift the

occurrence of optimum pressure drop to a lower Reynolds number. This can be

confirmed clearly by comparing two CFD cases which ideally isolate the influence

of contact angle. It is seen that increasing in contact angle shifts the optimum

pressure drop to a lower Reynolds number.

Comparison between ”Experimental (Fibrous-ME1)-phobic” case and ”Ex-

perimental (Fibrous-ME2)-philic” confirms the aforementioned hypothesis. It is

visible from Figure 9.18 that there is a great difference between the contact angle

in these two experimental cases, but the higher packing density (and also larger

df ) has shifted the local optimum in the pressure drop curve to happen at a

higher Reynolds number.

There are other parameters which has a potential influence on the local opti-

mum in the pressure drop curve which require further study. These factors are

fibre diameter, filter thickness, filter cross section area, operating temperature,

liquid surface tension, flow direction, flow viscosity, and filter pore size.

9.5 The Importance of the Local optimum in

the pressure drop Curve

Higher efficiency and lower pressure drop have always been the main goal of co-

alescing filters with high performance. Pressure drop in filters which defined as

the difference in total pressure between the feed and rear face of a filter during

the filtration process is a principal index parameter directly related to the life-

time and energy consumption of a filter (Zaatari et al. (2014); Liu et al. (2003)).

It is reported that higher pressure drop in the system is associated with higher

energy consumption. Nassif (2012) calculated that 1 Pa increase in the pressure

drop of a filter in the system can be resulted in 1.8 to 3.2 KWh higher power

consumption. Moreover, filters operating under high pressure drop condition apt

to damage, resulting in fault of filtration.

Apart from all the disadvantages of the high pressure drop in the system, re-

ducing pressure drop can be beneficial for filter design and filter sizing. In regard

to filter sizing criteria, generally if a coalescing filter equipment is sized in stan-

dard cubic feet per minute (SCFM), filter is selected for a particular application

based on the airflow and allowable pressure drop. Process design engineers size
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the filters according to allowable pressure drop in the system. This means that

if the calculated pressure drop according to a filter dimension is high, the flow

should be reduced, and if it is not practical, larger filters are required which in-

crease the cost. Moreover, in some cases it is not possible to go to a higher surface

area in filter for reducing the flow rate and consequently decreasing the pressure

drop in the system. From this, it can be concluded that reducing pressure drop

in filters is an important factor which can resulted in a better performance.

To provide a better demonstration of local optimum in the pressure drop curve

application, Figure 9.19 indicates the net pressure drop with the optimum in the

pressure drop curve for the experimental case from present study (Fibrous-ME1)

versus the inlet velocity to the filter.

Figure 9.19: Applying the optimum in the pressure drop curve in sizing the filters.

If the maximum allowable pressure drop to a system assumed to be 1300 Pa,

it is seen from the Figure 9.19 that there are two velocities which can produce

such a pressure drop. At first, the flow can be calculated to be 0.3 m/s which

require a filter with surface area of A1. After locating the optimum in the pres-

sure drop curve, it is seen that the similar pressure drop can be produced at a

higher velocity which can be measured from the graph as 1.1 m/s which needs

a filter with A2 cross section area. By comparing the size A2 against A1, it can

be calculated that the filter with A2 size can be 3.6 times smaller which can

save on the manufacturing and maintenance costs. All these simple calculations

conducted in this example are only for demonstration of a bench scale filter and

advantage of finding the optimum in the pressure drop curve.
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9.6 Conclusion

In this chapter, the possibility of presence of a local optimum region in the pres-

sure drop curve in different coalescing filter media with different structures was

investigated numerically and experimentally. In order to achieve this, the dif-

ference between multi-phase and single-phase pressure drop was calculated and

plotted against Reynolds number and also saturation profile. It was found that

the saturation reduction by increasing Reynolds number and enhancing the dry

pressure drop (accosted with the filter structure) acts as opposing parameters

which can form a local optimum in the pressure drop profile.

The investigations revealed that this local optimum was present in all filter

media with different structures in both philic and phobic cases. The CFD results

were verified by a qualitative validation of two fibrous experimental cases. The

results from experiments confirmed the presence of a local optimum in the pres-

sure drop curve. In the next stage, the effect of contact angle was examined by

comparing the results from phobic and philic media CFD simulations which was

found that contact angle can affect the occurring flow rate of the optimum in the

pressure drop curve.

According to the conducted investigations in both CFD and experimental

cases, a qualitative hypothesis was proposed which provided an understanding

on the presence of the local optimum in the pressure drop curve. It was indicated

that contact angle and packing density had a significant influence on the forming

of the optimum in local pressure drop curve. It was found that increasing contact

angle tends to shift the occurring of the local optimum in the pressure drop curve

at lower Reynolds numbers, while increasing in packing density of the filter had

an opposite effect.

It was shown that finding the local optimum region in the pressure drop curve

had significant advantages to reduce the energy consumption cost and improved

the flexibility with filter sizing and design, and also reduced the manufacturing

and maintenance cost of the coalescing filters.
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Chapter 10

Conclusions

This work has presented a general approach for comparing the performance of dif-

ferent coalescing filters such as fibrous, knitted, and foam structures with equiv-

alent physical and initial conditions; packing density, fibre element diameter,

thickness, cross section area, contact angle, initial saturation level, and inlet ve-

locities. The effects of velocity and contact angle on different filter structures

performance have studied which was not possible to be done systematically and

ideally by conducting experiments. In the end, a qualitative hypothesis has pro-

posed in regard to forming a local optimum in the pressure drop curve.

In Chapter 4, the methodology employed for generating different coalescing

filters with different structures was described. In the present study, CFD method

was applied for investigations and single-phase, multi-phase solution techniques,

and their setup in OpenFOAM software were explained. Moreover, the experi-

mental approach and apparatus design for conducting single and multi-phase were

elaborated. The validation of generated filter media, single-phase and multi-phase

CFD solver, mesh generation techniques, and mesh sensitivity study were con-

ducted in Chapter 5. After presenting the mesh generation techniques and mesh

quality improving procedure, it was found that filter geometry packing density

was independent from mesh refining process (±5%) for ’number of cells > 1.8×
106’ in the given geometry size. The mesh sensitivity analysis for single-phase

flows indicated that all geometries produced independent pressure drop value for

’number of cells >2 × 106’. The single-phase (dry) pressure drop results were

used for evaluating the accuracy of the generated virtual filter media. It was

shown that the dry pressure drop results in all generated filter media (fibrous,

knitted, and foam) had a good agreement with established theoretical models

and experimental data which could be concluded that all generated filters with

different structures are suitable and accurate for further investigations. It was

shown in the literature review (Chapter 2) that the majority of the research
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works in filtration focused on fibrous filters and used various imaging techniques

for the fibrous geometry with a very limited geometry validation discussion. It

was demonstrated that this study could fill this gap by applying rigorous tech-

niques in order to generate realistic virtual filters with different structures. This

study extended the filter investigation to other structures such as knitted and

foam media which have been subject of fewer studies.

The mesh sensitivity analysis for multi-phase simulations was conducted, and the

results suggested that ‘number of cells > 2× 106’ resulted in accurate equilibrium

saturation results (±10%) in all filter media considered in this research. The

validity of the multi-phase simulations were demonstrated in Chapter 5 by com-

paring the numerical results with experimental data from this research and from

literature. It was shown that the equilibrium saturation and wet (multi-phase)

pressure drop results agreed well with experimental data which corroborate the

validity of the applied numerical techniques. It was discussed that empirical mod-

els were only applicable to a narrow range of fibrous filters which reinforced the

necessity of the current research. From Chapters 4 and 5, it could be concluded

that the methodology presented in this research could provide an equivalent ba-

sis for further filtration investigations and be able to isolate a specific parameter

effect which was not possible by only conducting experiments.

In Chapter 6, the quality factor in three phobic filter media (fibrous, knitted,

and foam) with contact angle of θ = 120◦ was investigated. The saturation and

pressure drop of these filters at different inlet velocities were measured by using

CFD. The results indicated that the saturation decreased by increasing in inlet

velocity which was attributed to higher shear forces at higher velocities. It was

found that phobic foam filter media had the lowest saturation retaining capability

which its re-entrainment started at 0.1 to 0.5 m/s velocity range. On the other

hand, phobic knitted media had the highest saturation hold-up capacity which its

re-entrainment started at u>1 m/s. The results suggested that fibrous filter had

a higher saturation retaining capability at higher velocities compared to other

filters. Analysis of the pressure drop results revealed that residual saturation

had a significant influence on the wet pressure drop in the filters which its effect

declined by increasing in inlet velocity. Pressure drop results showed that fibrous

filter had the highest value compared to other filters which produced 5 times

higher than knitted media at low velocities. The performance analysis showed

that phobic knitted media had the highest quality factor among all filter media in

0.05 ≤ u ≤ 1 m/s, but fibrous had the best performance for velocity above 2 m/s

which was reasoned due to its high hold-up ability at higher velocities. Quality

factor results indicated that phobic foam media had the lowest value among all

studied filters. It was shown in literature review (Chapter 2) that phobic me-
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dia is the subject of fewer studies which the current research aimed to fill this

gap especially by extending the research to the filter media structures including

knitted media. The performance analysis results corroborate the necessity of this

research as it was shown that knitted media had the best quality factor among all

filter structures studied. Moreover, due to empirical models limitation to fibrous

filter and specific filter physical conditions, CFD investigations in this research

provided a better understanding of other filter structures filtration and perfor-

mance.

In Chapter 7, the performance of philic fibrous, knitted, and foam filters at

different inlet velocities were evaluated. It was discussed that the higher velocity

range was considered for philic filters as greater forces are required for detaching

droplets from low energy surfaces. The initial condition was set similar to phobic

media, but the contact angle was considered as θ = 20◦. The CFD saturation re-

sults demonstrated a decreasing trend by increasing in inlet flow velocity. It was

found that foam filter had the lowest residual saturation compared to other filters

at all velocities above 1 m/s, while fibrous filter indicated the highest retaining

ability in all inlet velocity cases. It was shown that high dispersion ability of

the residual oil saturation in fibrous filter reduced the flow resistance and caused

higher saturation level in this filter. The CFD pressure drop values indicated that

fibrous filter imposed up to 61 % more pressure drop to the system compared to

the knitted media which had the lowest wet pressure drop among philic filters.

It was shown that this difference declined to 46 % by increasing in inlet velocity

which was reasoned due to lower saturation level at higher inlet velocities. Inves-

tigating the quality factor results showed that philic knitted media outperformed

all other philic filters in the range of 0.1 ≤ u ≤ 2 m/s, while philic fibrous filter

had higher quality factor value at u > 3 m/s as a result of its high oil retaining

capability at higher inlet velocities.

Reviewing the numerical results in Chapters 6 and 7 showed that studying higher

inlet velocity range in filtration is necessary as benefits of liquid filtration at higher

velocities for fibrous filters were observed. Moreover, this research filled the gap

in literature by an ideal quality factor comparison of different filter media struc-

tures by applying CFD techniques which was not possible through experiment.

Analysis of the contact angle results indicated that reducing contact angle

had the most influence on foam media saturation hold-up which was improved

by 100 % in some velocities. This caused the onset of its re-entrainment shifted

from u < 0.5 m/s in media with θ = 120◦ to u >1 m/s in media with con-

tact angle of θ = 20◦. In general, it was found that reducing the contact angle

improved the residual saturation level significantly in all filter media, and the re-
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entrainment occurred at higher velocities. In terms of wet pressure drop all filter

media imposed higher pressure drop to the system which was attributed to en-

hanced adhesion force between oil droplets and fibre elements by reducing contact

angle. The quality factor results from all the filter media suggested that phobic

filters had a better performance at low inlet velocity cases (u ≤ 2 m/s), while

philic filters had higher quality factor values at u > 2 m/s. In summary, phobic

knitted media outperformed all its counterparts and philic fibrous at higher in-

let velocities. By reviewing the Chapter 8 results, it can be concluded that the

current research study has successfully investigated the effect of contact angle in

different filter structures. Furthermore, the combination effects of contact angle

and inlet flow velocity provided a better insight of the coalescence filtration in

different filter media which has not been reported in literature. It can be con-

cluded that the developed methodology for evaluating different filter media in

the present research produced reliable results, and effect of a single parameter on

performance has been isolated and investigated perfectly.

In Chapter 9, investigation was conducted to evaluate the possibility of a local

optimum in the pressure drop curve. By deducting the dry pressure drop results

(due to filters structure) from the wet pressure drop values, it was revealed that an

optimum region in the pressure drop curve existed. Further analysis of the results

indicated that the residual saturation reduction inside the filter by increasing in

inlet velocity and growing the dry pressure drop acted as opposing factors which

resulted in forming the local optimum in pressure drop trend. This occurrence

was observed in both philic and phobic media which was validated qualitatively

by sets of experiments with different contact angles. Based on the numerical and

experimental observations, a qualitative hypothesis was suggested. It was shown

that packing density and contact angle had the most influence on the location

of the optimum in the pressure drop curve. It was deduced that the effect of

packing density was higher than the contact angle in the location of the optimum

in the pressure drop curve. It was suggested that increasing the contact angle

was resulted in forming the optimum at lower inlet velocities, while increasing

packing density had the opposite influence. Reviewing the quality factor results

from Chapters 6 and 7 suggested that operating coalescence filters at lower inlet

velocities mainly due to lower pressure drop in these flow rates. In high volumet-

ric flow rate processes, this means a larger cross section area for the filter in order

to reduce the inlet velocity. The local optimum in the pressure drop curve can

be significantly helpful as indicated the possibility of a region with lower pressure

drop at higher velocities. This can lead to the need for smaller cross section area

of a filter which reduces the manufacturing and operating costs markedly. This

phenomena has not been reported previously for two reasons. First, the major-

ity of the research in coalescence filtration were limited to narrow inlet velocity
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ranges as it was believed lower velocities reduce re-entrainment and increase the

quality factor of the filter. Second, all the studies focused on the global efficiency

or pressure drop in coalescence filters which considered all the filtration stages.

In this research, an intensive research on the last filtration stage (steady state

and also the stage where the filters typically operate the longest) with higher

inlet velocity range resulted in finding the possibility of an local optimum in the

pressure drop curve.

In conclusion, this work was used an approach for studying coalescing filters in

micro-scale which could compare different filters with different structures. In this

study, the effects of inlet velocity variation and contact angle were investigated in

details by CFD. The numerical results were validated against experimental tests

conducted in this study, experimental data in literature, and empirical models.

Finally, a qualitative hypothesis was proposed in order to evaluate the location

of a local optimum region in the pressure drop curve.

10.1 Recommendations For Further Work:

• Applying the methodology developed and used in the present study to con-

duct a systematic study isolating further parameters which potentially affect

coalescing filtration such as fibre diameter, packing density, cross section

area of the filter, temperature, and surface tension;

• Further studies of knitted media to develop a correlation for estimating the

dry pressure drop by conducting a systematic numerical study on virtual

knitted media;

• Carrying out further numerical and experimental studies on forming the

local optimum in the pressure drop curve by investigating the effect of

other parameters such as fibre diameter, filter thickness, filter cross section

area, humidity, temperature, and surface tension;

• Using CFD to develop a saturation model for predicting the equilibrium sat-

uration level related to identified key parameters in each virtually generated

filter type;

• Using CFD to develop a wet pressure drop model to predict the multi-phase

pressure drop in the coalescing filter according to inlet velocity, contact

angle, saturation level and other identified key parameters in each virtually

generated filter type;
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• Developing quality factor estimation correlation based on the equilibrium

saturation and pressure drop results by using CFD in different filter struc-

tures.
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Appendix A

Transient Simulation Results in

Phobic and Philic Filter Media
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(a) Saturation

(b) Pressure Drop
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(c) Centre of Mass

Figure A.1: Transient variation in the saturation, pressure drop, and liquid centre

of mass at different inlet velocities in phobic fibrous media.
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(a) Saturation

(b) Pressure Drop
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(c) Centre of Mass

Figure A.2: Transient variation in the saturation, pressure drop, and liquid centre

of mass at different inlet velocities in philic fibrous media.
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(a) Saturation

(b) Pressure Drop
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(c) Centre of Mass

Figure A.3: Transient variation in the saturation, pressure drop, and liquid centre

of mass at different inlet velocities in phobic knitted media.
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(a) Saturation

(b) Pressure Drop
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(c) Centre of Mass

Figure A.4: Transient variation in the saturation, pressure drop, and liquid centre

of mass at different inlet velocities in philic knitted media.
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(a) Saturation

(b) Pressure Drop
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(c) Centre of Mass

Figure A.5: Transient variation in the saturation, pressure drop, and liquid centre

of mass at different inlet velocities in phobic foam media.
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(a) Saturation

(b) Pressure Drop
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(c) Centre of Mass

Figure A.6: Transient variation in the saturation, pressure drop, and liquid centre

of mass at different inlet velocities in philic foam media.
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Appendix B

Knitted Media Validation
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Figure B.1: Abishek et al. (2017) CFD simulation (Kitted-N3) against experi-

mental data (Knitted-E1).
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