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Abstract

Fuel-water filters are a promising solution for the removal of water from diesel fuel and
frequently rely on a depth coalescing nonwoven medium and a barrier mesh. Water is a fuel
contaminant that can cause severe damage to engine injectors by promoting corrosion and
microbial growth. Coalescing water out of diesel fuel has become challenging because of the
increasing amount of bio-diesel and performance enhancing additives that are present to meet
emission control regulations. High water content and the reduction in interfacial tension (IFT)
between the water and diesel are associated with formation of more stable emulsions and the
generation of smaller water droplets that are harder to remove. This research systematically
investigates the characteristics of bio-diesel and surfactant (monoolein) blends with standard
diesel fuel, and exploresthe factors affecting the efficient removal of water from fuel by means

of depth coal escing media composed of poly(butylene terephthalate) (PBT) meltblown fabrics.

It was established that bio-diesel and monoolein do not influence the IFT of water in fuel ina
comparable manner and the resulting water droplet size distributions (DSD) are substantially
different, which hasimplications in terms of the interpretation of results from commonly used
SO and SAE standard test methods. Fuels blended with bio-diesel exhibited higher viscosity
and water content than fuel freshly blended with monoolein. Online measurement of water
droplet sizes revealed substantially smaller water droplets in bio-diesel blends compared to

monoolien blends at the same IFT measured using offline tensiometry.

The surface wetting characteristics of PBT meltblown media were modified by akaline
hydrolysis independently of fabric geometric configuration and treated fabrics exhibited
greater coaescence efficiencies (up to a 150% increase) but a lower quality factor than

untreated samples due to a higher pressure drop attributed to increased water retention. The

v



optimal wetting behaviour of fibres for achieving maximal coal escence efficiency was not the
same for reference diesel and fuel containing surfactant, i.e. monoolein. A universal filter
medium with a high coal escence performance cannot therefore be readily achieved if based
solely on tuning fibre wetting properties. It was found that the fundamental trade-off between
coal escence efficiency and pressure drop could be addressed by dynamic modification of fabric
porosity (from 93% to 98%). By enabling fabric dimensions and geometric configuration to be
modified in forced flow conditions, improvements in both coalescence efficiency (up to a
150% increase) and quality factor (up to 99 times greater) compared to the control flat sheet

filter samples were achieved for both bio-diesel and monoolein-blended fuels.
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CHAPTER 1

I ntroduction



In a compression-ignition diesel engine, fuel is combusted asit isinjected into compressed air
within the combustion chamber of the system [1, 2]. The main concern associated with diesel
fuel combustion is the emission of hazardous air pollutants such as sulphur oxides (SOx),
nitrogen oxides (NOx), carbon monoxide (CO), carbon dioxide (CO,), unburned polycyclic
aromatic hydrocarbons (PAH), and particulate matter (PM), because of the potential human
and environmental health risks [3-9]. As aresult, the United States Environmental Protection
Agency (EPA) and the council of the European Union have established stringent emission
control regulations. Theseinclude Tier 4 [3], Euro 6 [5], and Euro VI [4] regulations that have
resulted in major technol ogical advancementsin engine design aswell asimprovementsin fuel

quality.

A high-pressure common-rail injection system (HPCR) is state of the art in modern high
efficiency diesel engines because it enables complete and clean combustion. In HPCR injection
systems, the clearances for fuel injection have reduced to micro-scale dimensions. The
clearance can be as small as 5um and the spray hole diameter within the injector may only be
150 um. During operation, many microlitres of fuel are injected, multiple times in every
combustion cycle of the engine at very high pressures of about 2500 bar [10-13]. Moreover, in
accordance with the regulations, fuel suppliersare obliged to provide standard grade diesel fuel
with areduced sulphur content. The current EN 590 fuel is a standard grade diesel fuel whose
composition and specifications are regulated based on BS EN 590:2013 [14]. The EN 590
diesel fuel is composed of Ultra-Low Sulphur Diesel (ULSD), with a sulphur content of 10
ppm (m/m), up to 7% (v/v) bio-diesel, and a variety of fuel performance enhancement

additives.



The high operating pressure and small tolerances of a modern HPCR injection system make it
vulnerable to damage or malfunction if fuel contaminants such aswater are present [10-13, 15-
17]. The presence of water in afuel system can cause serious damage to fuel lines, pumps, and
theinjection systemitself [1, 2, 12, 13, 15-19]. It can serve as an el ectrol yte causing corrosion,
which may be exacerbated by the dissolution of other chemicals in the fuel. Water aso
promotes bacterial growth at its interface with the fuel leading to the formation of biological
sludge and sediments. Moreover, if water istrapped in small cracks in the engine components
and then expands rapidly on heating, wear and equipment failure can ensue. Water is present
in diesel fuel asaremnant of fuel refining or it can enter the vehicle fuel tank from the outside
environment, for example during re-fuelling of the vehicle, or through humidity and
condensation. A threshold of 200 ppm (v/v) total water content in diesel fuel is defined by
the EN 590 standard as an acceptable level by the Original Equipment Manufacturers (OEMS)
in both Europe and North America [11, 20]. However, in practice the total water content of
diesel measured in the tank of a vehicle can substantially exceed this threshold, with values as
high as 5000 (v/v) ppm being reported [11, 21]. It also known that the presence of bio-diesel
in standard fuel increases the overall water content of the fuel because it is more hygroscopic
than mineral diesel, with a greater affinity to water [20, 22-27]. Therefore, to avoid the
possibility of damage, water separation is required in the fuel circuit to reduce the maximum
total water content to a value below 200 ppm, before it reaches the injection system of the

engine.

1.1 Fud filtration systemsin diesel engines

From the late 1990's, water separation systems in diesel engines have developed rapidly,

achieving high efficiencies of >95%, in accordance with the pressing needs of the Original



Equipment Manufacturers (OEMs) to minimise the total water content reaching the injection
system by maintaining the water content below 200 ppm [11, 20]. A typical HPCR fuelling
system of adiesel engine comprises fuel lines, a transfer pump that moves fuel from the fuel
tank to the lines, fuel filters, ahigh pressure pump to feed the high pressure fuel lines and the
injection system. The rail system connects to the fuel injectors. Simple schematics of
commercialy employed systems found in heavy-duty and light-duty vehicles are shown in

Figure 1-1 and Figure 1-2 respectively [28, 29].

Injection
system

Contaminant
filter

(.

Pre-filter

Tank Transfer High pressure
pump pump

Figure 1-1: Typical fueling system in heavy-duty vehicles[28, 29]

Heavy-duty engines used in for example, buses and trucks, usually have two filters. A water
separator is placed at the suction side of the fuel pump (pre-filter or primary filter), and a
contaminant filter is placed on the pressure side of the pump to separate hard particulate
contaminants. By contrast, in light-duty engines, a single filter is employed to separate both

water and particles at the pressure side of the fuel pump, which isknown as a secondary filter.
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Figure 1-2: Typical fueling system in light-duty vehicles [28, 29]

Water separator filters commonly adopt one of two main separation mechanisms and

nonwoven fabrics are commonly encountered in both [29-34]:

(a) Single stage separation — shown in Figure 1-3, thisinvolves a hydrophobic barrier medium

to separate water droplets by surface filtration or,

(b) Double stage water separation — shown in Figure 1-4, thisinvolves atwo-step processin
which water droplets are first captured and coalesced in a depth coal escing medium and then a

hydrophobic barrier medium is used on the downstream side of the coaescer to separate

enlarged water droplets from the fuel stream.
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Figure 1-3: Simple schematic of atypical single-stage separation fuel filter [29-34]
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Figure 1-4: Simple schematic of atypical double-stage separation fuel filter [29-34]

In the single stage system, hard particulate matter present in the fuel is removed by the barrier

medium, which can affect its performance, whilst in the double stage system the particles are



captured by the coaescer before they reach the barrier medium. In some other filter
configurations, another pleated medium may be placed upstream of the barrier and coal escer

mediato function as a hard particle separator (Figure 1-5).
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Figure 1-5: Simple schematic of a secondary fud filter consisting of particle separator, coal escer,
and barrier media [29-34]

Commercialy, the double/three stage water separation configuration has become more
attractive because of the superior coa escence performance resulting from the 3D structure and

the higher solid surface areathat is provided by the thickness of the depth medium [28, 29].

1.2 Nonwoven fud filter media

Nonwoven filter mediaare extensively used in liquid and fuel filtration [34]. Nonwoven fabrics
are highly porous and are composed of directionaly or randomly oriented fibres, which
depending on their diameter, can provide a high solid surface area for capturing impurities

from afluid stream [16, 17, 34-46]. Production of nonwoven fabrics consists of two main steps

7



[45]: web formation in which uniform assemblies of fibres or filaments are manufactured in
sheet form, followed by mechanical, thermal or chemical bonding. One of the attractive aspects
of nonwoven fabricsistheir ability to be structurally modified during manufacture to modul ate
porosity, fibre dimensions, fibre orientation, pore size distribution and intrinsic permeability.
Nonwoven fabrics used as barrier media in pre-filters commonly have a higher porosity than
do secondary filter fabrics. This is because of the pre-filter is closest to the fudl tank and is
exposed to a greater quantity of contaminants compared to secondary filters. The higher
porosity therefore hel psto promote alonger operational lifetime and also avoidsahigh pressure
drop in the system by minimising flow resistance. The pre-filter is traditionally made of a
pleated cellulosic wetlaid nonwoven with a silicon-based hydrophobic surface treatment [34].
Secondary filters responsible for removing water, are usually exposed to a higher temperature,
pressure and also finer water droplets compared to the pre-filters, because by this stage the
contaminated fuel has passed the transfer pump in which it is subjected to shear stress. These
filters contain nonwoven fabrics whose role is specifically to capture and coalesce free water
in the fuel by exploiting the thickness or ‘depth’ of the fabric to provide multiple surfaces to
remove the contaminant. These filters typically comprise multiple layers of meltblown
nonwoven fabric to remove small water droplets and are composed of synthetic polymers
comprising of poly(amide) (PA); poly(butylene terephthalate) (PBT), or poly(ethylene

terephthalate) (PET).[34].

1.3 Challengesin the separation of water from standard diesel fuel

The nonwoven coal escing medium in the water separation filter may be considered as the heart
of the filter. Its function is to capture small (millimetre and micron-scale) diameter water

droplets from the main fuel stream and facilitate their coalescence to form larger droplets that



are easier to separate by the barrier medium of the filter. This functionality can be challenging
to maintain if the water content of the fuel is high and water droplets are either very small or
stabilised in the fuel as an emulsion. This challenging situation increasingly exists in the red
world dueto presence of bio-diesel and fuel additivesin standard diesel fuel composition. Bio-
diesel molecules typically have R-C-O polymeric backbones which makes them amphiphilic
and capabl e of absorbing humidity in ambient air. Their presence reducestheinterfacial tension
(IFT) of water and bio-diesel in the same way as a surface active agent (surfactant) [12, 13, 15-
17, 47-50]. The presence of bio-diesel therefore results in a higher water content and the
stabilisation of much smaller diameter water droplets compared to those present in mineral
diesel fuel. Moreover, the presence of bio-diesel can affect the surface tension of the fibresin
the filter, which can potentially adversely affect the performance of the coaescing medium
[12]. Therefore, improved methods capable of enhancing the coalescence efficiency of
nonwoven filters are urgently required to ensure water-free fuel can continue to be delivered

to high sensitive fuel injection systems in modern diesel engines.

1.4 Aimsand objectives

Themain aim of thisresearch isto systematically understand underlying rel ationships between
coalescing fuel filter performance and fabric properties using fuel blends containing bio-diesel

and/or surfactants. The specific objectives are:

a) To characterise modern fuels blended with bio-diesel and surfactants to develop an
understanding of how bio-diesel and surfactant content affects fuel properties.

b) To characterise emulsions containing water and fuels blended with bio-diesel and
surfactantsin terms of water droplet size and resistance to coal escence, to develop an

understanding of how bio-diesel and surfactants affect the emulsion properties.



c) Todesign, build, and develop alab scale coal escence test rig to measure coa escence
performance of a flat sheet nonwoven fabric in water-in-fuel emulsions containing
bio-diesel and surfactants in conditions that simulate real world conditions.

d) To evauate depth coadescing fue filter media composed of poly(butylene
terephthalate) (PBT) meltblown fabrics to study their coalescing performance and

pressure drop, using the purpose-built coalescing test rig.

1.5 Dissertation layout

This thesis is divided into chapters, which focus on understanding the behaviour of the fuel
and water blends, as well as the study of the factors affecting coalescence performance in

meltblown fabrics relevant to industrial use.

Chapter 1 explainstheimportance of water separation in modern HPCR diesel engines,
the role of nonwoven coalescing filtersin water separation and the aims and objectives
of the research.

- Chapter 2 provides acritical review of literature on the coal escence process, nonwoven
coaescing filters as well as the instrumenta methods employed to study the
coal escence performance of filters.

- Chapter 3 details the experimental methodology and results of the fuel characterisation
study.

- Chapter 4 details the experimental approaches and results of water-in-fuel emulsion

characterisations, in terms of water droplet sizes and their resistance to coalescencein

diesal fuel blended with bio-diesd/surfactant.
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Chapter 5 explains the design and construction of a lab scale coalescence test rig to
enable analysis of the separation/coalescence behaviour of flat sheet nonwoven filter
media

Chapter 6 details the characterisation of nonwoven coalescence depth filter media as
part of a benchmark study.

Chapter 7 discusses experimental methodologies and results regarding the
enhancement of coalescing performance in nonwoven mediain relation to wettability
and fabric geometry.

Chapter 8 summarises the main findings and provides recommendations for further

work.
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CHAPTER 2

Literature Review
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2.1 Introduction

The purpose of this chapter is to critically review the relevant science and technology in the
area of fuel-water separation and coal escence relevant to the experimental work that follows.
To provide a contextual background, this includes a review of parameters known to affect

separation of water from diesel fuel using coaescing filter media.

2.2 Diesda and bio-diesel fuels

In compression-ignition engines such as diesel engines, fuel combustion occurs due to the
injection of diesel fuel into compressed air in the combustion chamber [1, 2]. In diesel systems,
compared to petrol powered engines, a greater volume of air is introduced to the fuel as
combustion occurs and consequently high thermal efficiency is achieved. Specifically, this
means the ratio of power output at the flywheel of the engine to the theoretical power available
from the combustion of the fuel is greater [1]. Understanding the characteristics of diesel fuel
is also important because it affects the ability to coaesce water that may be contained within

it. For thisreason, it isinstructive to briefly review its composition.

2.2.1 Resourcesand compositions

Diesdl fuel is one of the refinery products of crude oil produced via fractional distillation and
cracking processesin which heavy and long hydrocarbon molecules are broken down to lighter
and shorter ones [51]. Diesdl fuel is composed of a mixture of straight-chain saturated alkanes,
branched alkanes, aromatics and sulphur- and nitrogen-containing compounds [1, 22-24, 51,
52]. Moreover, diesel can contain contaminants such as dirt and water picked up during

transportation and storage [18]. The ignition quality of diesel is graded by the cetane number
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(CN). For instance, afuel having CN=50 has the same ignition quality as a mixture of apha-
methyl-naphthal ene (C11H10) having the poorest ignition quality (CN=0) with a 50% (v/v) of
cetane (CieHss) with the highest initiation quality (CN=100) [51]. The required fuel CN for
high speed enginesisin the range of 45-50, i.e. equivalent to the ignition of amixture of C11H1o0
with 45%-50% cetane (v/v), and for railway vehiclesitisabout 30[1, 51]. Production of diesel
fuel iseasier than petrol fuel and it can provide higher energy than petrol (35.86 MJ/L vs. 32.18

MJ/L) and it islessvolatile [53].

Bio-diesal isthe term given to Fatty Acid Methyl Esters (FAMES), which yield CNs of = 50,
and possess sufficient lubricity to be used in diesel engines [22-27]. Bio-diesel is typically
produced by trans-esterification of ethanol and oilseed crops (vegetable oils), both of which
usually originate from edible feedstock [22-27]. Concerns about the food-fuel conflict in bio-
diesel production have led to development of “renewable” fuels which are mostly based on
ethanol and lipids from inedible feedstock produced by processes such as fermentation, fisher-
tropsch, or hydrotreatment [22-24]. Bio-diesel and renewable fuels have been very successful
in controlling emissions, however, there are still concerns about bio-diesel in terms of its
viscosity, low-temperature behaviour, degradability in storage and compatibility with

infrastructure and after-treatment devices [22-27].

The typical composition of bio-diesel fuels is methyl palmitate (C17Hz402), methyl stearate
(C19H3802), methyl oleate (Ci9Hz602), methyl linoleate (Ci9H3402), and methyl linolenate
(C17H3202) [54]. The proportions by mass of these components depends on the origin of the
bio-fuel. For instance, soybean bio-diesel contains 20-30% methyl ol eate, whilst rapeseed bio-

diesel (RME) contains up to 60%.
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2.2.2 Emission problems

Air pollution emissions are one of main concerns relating to use of mineral diesel fuel in
engines. Emissions of sulphur oxides (SOy), nitrogen oxides (NOy), carbon monoxide (CO),
carbon dioxide (CO), hydrocarbons (HC), and particulate matter (PM) in diesel exhausts is
known to lead to serious human and environmental risks via creation of smog, acidic rain and

haze[3].

Diesel fuel does not evolve lead emissions like petrol and it emitslower greenhouse gases such
asCO, CO, (137-178 g /kg vs. 158-269 g /kg) and NOy (0.28-0.46 g /kg vs. 0.10-0.22 g /kg)
compared to petrol [55]. However, emission of fine particles, including those with a diameter
lessthan 2.5 micron (PM25), in the diesel exhaustsis much higher than in petrol (0.015 - 0.049
g/kg vs. 0.003 — 0.004 g/kg). Such small particles can penetrate deep into the lungs and
cause serious health problems[55]. Particul ate matter (soot) in diesel exhaust includes aerosols
formed via reactions between sulphur dioxide and nitrogen oxides containing compounds,
combustion particles aswell as re-condensed organic and metallic vapours. The advent of bio-
diesel isthe result of adesire to overcome the mineral diesel risks to ambient air quality [22-
27]. Compared to mineral diesel, bio-diesel molecules have extra oxygen atoms such that
carbon atoms have a higher oxidised rate and therefore there is alower carbon monoxide (CO)

content in bio-diesel exhaust fumes[54].

2.2.3 Fud gpecifications

BSEN 590:2013 and ASTM D975-16A arethe European and American standards respectively
that specify diesel fuel requirements. The EN590 standard was introduced in 1993 (EN590) to
ensure standard diesel fuel (EN590) for on-road diesel engine vehiclesisfree of ash aswell as

heavy hydrocarbon fractions. The specifications of EN590 are regularly reviewed [14]. The
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latest version of the standard, EN590:2013, suggests using Ultra-Low Sulphur Diesel (sulphur
content of 10 ppm (m/m) ), upto 7% (v/v) bio-diesel, and variety of performance enhancer
additives as the main components [14]. ASTM D975 was also introduced in 1993 and defines
different diesel fuel grades for both off-road and on-road applications. This standard classifies
diesel as “diesel No.1” with sulphur contents of 15 ppm (m/m) (grade No. 1-D S15),
500 ppm (m/m) (grade No. 1-D S500), or 5000 ppm (m/m) (grade No. 1-D S5000); “ diesel
No.2” with sulphur contents of 15 ppm (m/m) (grade No. 2-D S15), 500 ppm (m/m), (grade
No. 2-D S500), or 5000 ppm (m/m) (grade No. 2-D S5000) and “diesel No.4” (Grade No. 4-

D).

Grade 2-D diesdl is generally less volatile, denser and of higher viscosity than grade 1-D, and
is more commonly used in both off-road and on-road applications. Diesel 2-D S15 (maximum
15 ppm (m/m) sulphur) is known as the ultra-low sulphur diesel (ULSD) while diesel 2-D

S500 (maximum 500 ppm (m/m) sulphur) isreferred to as low sulphur diesel fuel.

Hydrodesul phurisation is the process used to reduce sulphur content of the fuel from 2000
ppm (m/m) to 10 ppm (m/m) according to the EN590 specification in order to produce
ULSD fuel. This process results in the removal of some of the oxygen and nitrogen containing
compounds which negatively affect the fuel lubricity [14]. Based on EN590 standards, other
additivesin addition to bio-diesel are being added to the ULSD fuel to improve fuel properties
such as lubricity, compressibility, cold flow and oxidation stability, etc. [14]. Improving the
lubricity of the fuel is another advantage of blending bio-diesel as arenewable compound [22-

27].

Bio-diesel which is blended with EN590 diesel has to meet minimum requirements provided

by BS EN 14214.:2012+A1:2014 or ASTM D6751 - 15CE1 as standard specifications for bio-
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diesel fuel blend stock (B100). Table 2-1 shows key general specifications of mineral diesel

and bio-diesel based on the BS EN 590:2013 and BS EN 14214:2012 respectively.

Table 2-1: General requirements for automotive diesel and bio-diesel fuels[14]

Mineral diesel Bio-diesel
Property Unit (BS EN 590:2013) (BSEN 14214:2012) Test method

Minimum Maximum  Minimum  Maximum

Cetane number (CN) 51.0 - 51.0 - EN ISO 5165
Density at 15 °C kg/m3 820.0 845.0 860.0 900.0 EN 1SO 3675
Sulphur content mg/kg - 10 - 10 EN 1SO 20846

Water content mg/kg - 200 - 500 EN ISO 12937
Viscosity at 40 °C mma2 /s 20 45 35 5.0 EN 1SO 3104
FAMEscontent % (v/v) - 7 9.5 - EN 14078

Fuel additivesin EN590 fuel are known to act as surface active agents (surfactants) which are
amphiphilic and ableto lower theinterfacial tension, IFT, of oil/water emulsion phases as well
as form aggregates such as micelles or liquid crystals in the high concentration [12, 56-59].
Bio-diesel molecules typically have R-C-O polymeric backbones which make them
amphiphilic molecules capable of absorbing humidity from the ambient air aswell aslowering
the interfacial tension (IFT) of the water-bio-diesel, in the same way as a surfactant [12, 13,

15-17, 47-50]. This resultsin a higher water content in bio-diesel compared to mineral diesdl.

2.3 Water-in-diesdl emulsion

Water can contaminate diesel and must be separated before it reaches the injection system of

the engine to avoid wear, corrosion of the engine components as well as filter plugging
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resulting from bacterial growth [1, 2, 12, 13, 15-19]. This section discusses the challenge posed

by water in the engine and the impact on water separator filter el ements.
2.3.1 Formation of water-in-fuel emulsion in afuelling system
Figure 2-1 shows a simple schematic of afuelling system in a diesel engine equipped with a

high-pressure common-rail fuelling system (HPCR).

Eiel Tank Fuel Transfer
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Temperature: up to 100 °C
Pressure: up to 5 bar

Figure 2-1: Simple schematic of a high-pressure common rail (HPCR) fueling system: orange
arrows show the fuel feeding direction and red arrows shows return of excess fud to the tank

The system is composed of a fuel tank, low pressure fuel pump, fud filter, high-pressure
injection pump, and high pressure common rail injection parts including injectors[12, 13, 15-
17]. Water in the fuelling system can take three forms (Figure 2-2): dissolved water, free

(settled) water, or emulsified water, depending on circumstances [12, 30, 58-60].

2.3.1.1 Dissolved water in fud

A water molecule is a polar molecule due to an uneven distribution of electrons, whilst diesel
fuel is composed of nonpolar molecules which do not have charged regions. Hence, mineral
diesel fuel dissolves only very slightly in water such that the two liquids are immiscible [32,
58, 61, 62]. Bio-diesel is more hygroscopic than mineral diesel and has affinity to water dueto
the presence of akyl-esters and its unsaturated molecular structure [20, 22-27, 54]. This

increases the water content of the fuel such that BS EN 14214:2012 has defined a higher
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threshold of 500 ppm (v/v) for the water content of pure bio-diesel (B100, Table 2-1). The
capability of B100 to dissolve water can be even more than 1300 ppm (v/v) while it is

continuously in contact for more than 24 h, i.e. water saturation contents of >1300 ppm [20,

28, 29].

2.3.1.2 Freewater in fud

Once the water content of the fuel exceeds its saturation level, free water is formed and can
settle at the bottom of the vehicle fuel tank where agitation isminimal (thermodynamically low
energy state). Consequently, water and diesel form asingle interface, with the diesel on top of

the free water, where the interfacial tension (IFT) is measured.

The surface tension at the interface of two immiscible liquids is called the interfacial tension
(IFT) (N/m) and is measured based on the Fowkes equation (Equation 2-1) [63, 64]. A higher
interfacial tension is indicative of weaker intermolecular bonding between the two surfaces.
The surface tension (N /m), or the surface free energy (//m?) of aliquid is aforce (energy)
required to increase the surface area of the liquid by one unit [63, 64]. This tension originates
from theimbalanced intermolecular forces on the surface of the liquid where the molecules are

not completely surrounded by othersto be pulled in all directions.
-2 -2 _ _
viz=v1+v2=201v)) "= 2(rivz) T 20 fPvEN) T - 20vy)
Equation 2-1: Fowkes equation for interfacial tension [63]

Where:
v12- Interfacial tension of the liquid 1 and 2 (N /m);
Yior2: Surfacetension of liquid 1 or 2 (N /m);
p: Dipole-dipoleinteractions (N /m);
h: Hydrogen bonding (N /m);
ab: Lewis acid-base interactions (N /m);
19



w: Van de Waals interactions (N /m).

2.3.1.3 Emulsified water in fue

Water can be dragged into the engine pipe lines by the fuel circulation from the fuel tank. Such
that, the free water in the tank is disturbed when it is exposed to the shear stress of the fuel
moving through the fuel pump, such that it forms a spherical interface in the form of an

emulsified water droplet in the fuel (Figure 2-2).
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Figure 2-2: Change of water from the free (settled) state to the emulsified state in the fueling
system

The conservation of energy during the emulsion generation process can be explained by
Bernoulli's equation (Equation 2-2) [65, 66]. The equation is the sum of pressure energy per
unit volume (Pv), kinetic energy per unit volume (v?/2), and the potential energy per unit

volume (gZ) of theliquid is always constant.

2

%4
gZ + Pv + -5 = constant

Equation 2-2: Bernoulli's Equation [65, 66]

Where:
Z: Elevation of the point above areference plane (m);
P: Static pressure at the chosen point (Pa);
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V. Fluid flow speed at a point on a streamline (m/s);

g: Acceleration due to gravity (m/s?);

v: Specific volume of the liquid (m®/kg).

Considering the emulsification of two immiscible liquids and taking the input mixing energy
(W) and heat (Q) into account in the Bernoulli's equation, Equation 2-3 demonstrates how the
input energy can change the fluid internal energy (U) as well as its pressure, kinetic, and

potential energiesin the emulsified state (denoted by subscript 2).

2 2

V, %
ng+P1v+%+U1+W+Q=gZZ+P2v+%+U2

Equation 2-3: Bernoulli's Equation including input mixing work and heat [65, 66]

Assuming aconstant potential and kinetic energy of the system before and after emulsification,
Equation 2-3 can be expressed as Equation 2-4, showing that the mixing energy is equal to the

difference of changesin the enthalpy of the system (§H = v8P + §U) and the input heat.

W =udP + 68U — Q

Equation 2-4: Mixing energy of the emulsification process[65, 66]

Assuming adiabatic conditions (Q = 0) and constant pressure (6P = 0) in Equation 2-4, the
input mixing energy affects the internal energy of the emulsion, which is equal to the total
interfacial energy of the emulsified phase in the bulk medium (Equation 2-5) [12, 30, 58, 59].
Based on this, lowering the interfacial tension of the emulsion phases resultsin an increasein
the interfacial area of the phases by formation of a finer emulsion containing a greater number

of dispersed droplets of smaller sizes[12, 30, 58, 59].
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W=6U=y50,(a=§x<p)
Equation 2-5: Available energy in the emulsion [12, 30, 58, 59]

Where:

o Specific surface area (m™1);

y: Interfacial tensionN.m™1 ();

A: Surface area of adroplet (m?);

V: Volume of the droplet (m3);

¢: Volume fraction of the emulsion (dispersed phase/ continuous phase).

Equation 2-4 is equivalent to the Gibbs free energy equation (Equation 2-6) showing the
available energy of the system to do work. When applied to a process, the Gibbs free energy
indicates whether the process is able to proceed spontaneously or not. There are three
possibilities: 1) if the available energy of the system is decreasing during the process (6G < 0),
then it proceeds spontaneoudly; 2) if the energy is not changing (6G = 0) then it is at an
equilibrium state; and 3) if changes in the available energy of the system are positive (6G >
0), then the process requires external energy to initiate. Based on this, the positive change in
the energy of the mixture during the emulsification of water in diesel (Equation 2-5) indicates

that the emulsification process is not spontaneous, and external energy (W) is required to

initiate it [12, 30, 58].

6G =6H —Té6S = 68U +véP —TéS
Equation 2-6: General equation for Gibbs free energy [12, 30, 58]

Where:

6G: Changesin Gibbs free energy (//kg);

6H: Changesin total energy of enthalpy (J/kg);
T: Temperature (k — kelvin);
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6S: Changesin entropy of the system (J/(kg. k));
Sdu: Changesininternal energy of the system (J/kg);
§P: Changesin the pressure of the system (N /m?);
v: Specific volume of the mixture (m3 /kg).

2.3.2 Effective parameterson water droplet sizein the emulsion

The input work of mixing changes the single interface between the fuel and free water to a
spherical interface. This takes the form of an emulsified water droplet in the fuel leading to a
larger water and fuel interfacia area (Equation 2-5). Theinitial water droplet size distribution
(DSD) depends on the shear stress of the fuel (Equation 2-7), which is influenced by the flow
rate aswell asthe Laplace pressure (pressure across the surface of aspherical droplet - Equation

2-8) of the droplets, which influences their ability to rupture (Figure 2-2) [13, 58, 59, 67].

du

T=UXW, a):E

Equation 2-7: Shear stressin the fluid [13, 58, 59, 67]

Where:
T : Shear stress (Pa);
U - Dynamic viscosity of the continuous phase (Pa. s);

W (%) : Velocity gradient of the fluid layers divided along its thickness (s ~1).

Equation 2-8: Laplace pressure across the surface of aspherical droplet [13, 58, 59, 67]

Where:
P, : Laplace pressure of a spherical droplet (N /m?);
y : Surfacetension (N /m);
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r : Droplet radius (m).

The Laplace pressure of a droplet is derived from its surface tension, which maintains its
integrity, and the fluid shear stress depends on the fluid viscosity and flow rate. Depending on
whether the ratio of the shear stress to the Laplace pressure of the droplet, known as Weber
number (We), ishigh enough, it may be split into smaller droplets. Therefore, the initial water
droplet sizein the fuel-water emulsion isafunction of the mixing energy (shear stress — 1),

the viscosity of the fuel (u) aswell asthe IFT of the water and fuel (y).

Oncethe emulsionisformed, however, dispersed droplets which have acquired kinetic energy,
start to move around in the bulk fuel and collide into each other. Depending on how well
stabilised the emulsion is (see Section 2.3.4), this can lead to coalescence of droplets and

destruction of the emulsion via phase separation.

2.3.3 Destruction of the emulsion and phase separation

Asexplained in Section 2.3.1, an emulsion acquires an unfavourabl e thermodynamic state due
to the positive changes in its available energy resulting from unfavourable molecular
interaction between the immiscible phases [62]. Therefore, dispersed droplets tend to return to
the form of free water to decrease their total surface energy and reach a favourable
thermodynamic state. This happens by droplets merging together (droplet coal escence) to form
bigger drops, and then by settlement such that they become separated from the bulk liquid, i.e.
thediesel fuel [12, 30, 59, 61, 67, 68]. Thus, destruction of an emulsion happens viatwo steps:

droplet coalescence followed by droplet settlement.
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2.3.3.1 Droplet coalescence

A film drainage model has been devel oped to explain the coal escence of two dropletsin athree
step process consisting of droplet collision, film drain-out and film rupture [58, 61]. In this
model, two dispersed droplets are assumed to move towards each other and collide while a
volume of the bulk liquid is trapped between the droplets and forms a thin film between. The
kinetic energy as well as intermolecular forces of the droplets (van der Waals forces) pull the
droplets towards each other such that the trapped film of the bulk liquid is drained out. As a
result, the film becomes thinned down to its critical thickness where it is unable to keep the
droplets apart anymore resulting in film rupture and coal escence of the droplets. This model
emphasises the effect of intermolecular forces and the need for a sufficient residence time of

the droplets adjacent to each other [58, 61].

Howarth (1964) and Lehr et a. (2002), however, claimed that the molecular forces between
two droplets are not so strong to solely initiate the coalescence of the droplets, and the kinetics
of the droplets play the main role [58, 69]. They believe that the main factor for successful
coaescence is a sufficient “approach velocity” of the droplets as they collide [58, 69].
Following this critical approach velocity model, Lio et a., 2010, suggested the five main
sources of relative motion between droplets, which can lead to their coalescence [58] as: “(i)
motion induced by turbulent fluctuations in the surrounding continuous phase; (ii) motion
induced by mean velocity gradientsin the flow; (iii) different bubble rise vel ocities induced by
buoyancy or body forces; (iv) bubble capture in an eddy; (v) wake interactions or helical/zigzag

traectories.”
According to existing models, successful coalescenceis more likely to occur if (Figure 2-3):

1- Proper control of the movement of droplets exists by which droplets are able to get

close to each other (Figure 2-3 A).
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2- Proper control of the velocity of droplets exists to create a sufficient approach velocity
(Figure 2-3 B).

3- Sufficient force exists to overcome any resistance to coaescence, to drain the bulk
liquid film out and to rupture off the droplet surface (Figure 2-3 C).

4- Sufficient contact time between dropl etsto maximise the effect of intermolecular forces
aswell asthe sudden IFT gradient (Figure 2-3 C).

5- Control of coalesced droplets to avoid droplet rupture/ re-emulsification.
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Figure 2-3: Schematic summary of the factors controlling successful coaescence: A) control of the
movement of droplets; B) control of the velocity of droplets, C) Sufficient collision and residence
time

2.3.3.2 Droplet settlement

Stokes' |aw describesthe settling velocity, V, of aparticlein afluid medium based on Equation
2-9[70]. The settling velocity of a particle depends on its size, density difference with the bulk
medium as well as the medium viscosity. Stokes' Law clearly shows that size of the dispersed
droplet is an important factor in its settling velocity and that the settling vel ocity increases by
an order of 2 by increasing the droplet size. This highlights the importance of the coalescence
process in the formation of bigger droplets for the rapid separation of the dispersed phase from

the bulk phase.
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Equation 2-9: Settling velocity of awater droplet dispersed in fuel [70]

Where:

pp: Density of the settling particle (kg/m?);

pm. Density of the fluid medium (bulk liquid) (kg /m?3);
g: Acceleration due to gravity (m/s?);

r: Radius of the settling particle (m);

u: Viscosity of the fluid medium (bulk liquid) (Pa. s).

2.3.4 Surfactantsin the emulsion

Destruction of an emulsion is favourable from thermodynamic point of view, however, thisis
not always the goal in some applications found in the chemica and food industries, where a
stabilised emulsion is targeted. To achieve this, surfactants are blended with the emulsion to
stabilise it and keep the discontinuous phase of the emulsion dispersed in the medium [59, 61,

67, 68, 71].

Surfactant molecular chains have heads and tails with different chemical properties. In an
emulsion, one side of the molecular chain has affinity for the medium (continuous phase) and
is lyophilic and the other side has no affinity (lyophobic), and is therefore adsorbed on the
surface of the dispersed droplets [12, 30]. Some surfactants are amphiphilic with both
hydrophilic and hydrophobic groups. In water-in-oil emulsion, they are adsorbed at the
interface with their hydrophilic ends bonding to water and their hydrophobic ends bonding to
theoil [12, 56-59]. Consequently, they consume energy at the interface resulting in areduction

inthe IFT [58, 61, 69].
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Surfactants function as stabilisers in emulsions and al so influence the coal escence of dispersed
droplets by either electrostatic or steric forces once they are generated [12, 30, 59]. He et a.
categorise surfactants molecules as either simple molecul es or polymeric macromolecules[61].
In this division, small molecule surfactants usually function via electrostatic stabilisation in
which PH and ionic strength of the mixture have the greatest effect [61]. Polymeric surfactants,
however, function via steric stabilisation by which dispersed droplets are prevented from close

proximity, restricting the likelihood of coalescence [61].

Asexplained in Section 2.2.3 EN590 diesel contains fuel additivesincluding bio-diesel, which
tend to act as surfactants and bond with both oil and water, thus reducing the fuel-water IFT
(Equation 2-1). Therefore, in water-in-EN590 emulsions, the presence of small stable water
droplets (< 100um) isto be expected (see Section 2.3.2)[12, 13, 15-17, 32, 35-38, 47-50, 59,
61, 67, 68, 71-74]. In real vehicle situations, 50% of the water droplets after the fuel pump can
be smaller than 25um (D50< 25um) [28], such that the breakdown of the emulsion solely by
sedimentation under the influence of gravitational force requires sufficient time, which can be

of the order of hours (see Section 2.3.3) [12, 17, 30, 32, 58, 59, 61, 67, 69, 74].

2.3.4.1 Influence of surfactantson new droplets

Once the droplets are generated and start moving in the emulsion, the surfactant molecules are
also absorbed on to the surface of droplets astime passes. At the beginning of droplet formation
if two new droplets approach each other for coalescence, the layer of the fuel phase containing
surfactants between them gets thinner. As the layer become thinner, the surfactant content of
the layer is lowered and less surfactant molecules are available in this region for droplets to
adsorb compared to the surfactant content of the bulk fuel. Consequently, the IFT of the droplet

in the region adjacent to the film locally increases while the rest of the surface hasalower IFT.
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Thisimbalance on the surface of the dropl ets creates a surface tension gradient (highest tension
where the film is thinnest), which causes movement of the bulk liquid containing more
surfactant molecul es towards the film between two droplets. This phenomenon is known asthe
Gibbs-Marangoni effect which causes the surfactants being transferred into the area between

two droplets which results in creating resistance to coalescence of the droplets[59, 67].

2.3.4.2 Influence of surfactantson droplet stability

When dispersed droplets reach a steady state in which they are surrounded by surfactants, they
also interact with each other as they move in the flow. However, due to the electrostatic or
steric stabilisation, collision between droplets can initiate film drainage and film rupture. The
stability of water droplets in fuel can be evaluated via a test procedure detailed in ASTM D
1401. In this test an emulsion, in which dispersed droplets require more time to sediment, is

characterised as the one having the lower “ separability”.

However, the equilibrium conditions governing the interaction of the surfactant with the
droplet surface can be disturbed, resulting in coalescence due to van der Waals forces and a
surface tension gradient [59, 61, 67]. A decrease in surfactant concentration on an aspheric-
shaped droplet is most likely to happen when the droplet interacts with another surface, such
asfibrein afilter, or indeed another droplet. Once this happens, an interfacial tension gradient
occurs and the inherent surface tension value of water is locally measurable on the specific
area of the surface that islacking surfactant [67]. Therefore, the dispersed droplet will be less
stable in the emulsion and more ready to initiate coalescence [59, 61, 67, 68] [12, 30, 59, 61,

67, 68].
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2.4 Separation of water from diesel fuel

The presence of small, stable water droplets in diesel fuel containing surfactants and those
containing bio-diesel mitigates against their efficient separation by sedimentation because
remova depends on gravity. Small size droplets therefore possess low settling velocity (see
Section 2.3.3) and consequently coalescing media are required to enhance coalescence and

provide continuous separation of emulsified water from fuel in diesel engines.

Fuel-water separators conventionally employ barrier and coalescing nonwoven media to
mechanically separate unwanted free water from diesel fuel in diesel engines. The coalescing
medium is designed to enhance droplet coal escence leading to the formation of larger droplets,
which can then be removed more easily by a barrier mesh [12, 30-34, 61]. The water at the
barrier mesh is then removed by settlement and drainage on upstream side, either manually or

automatically depending on the design of the filter housing.

24.1 Separation mechanisms: filtration and sedimentation

The mechanical separation of fluid flows is performed by either filtration using filters or
sedimentation using sedimenters [34, 75]. INDA, the Association of the Nonwovens Fabrics
Industry defines filtration as “a mechanism or device for separating one substance from
another.” [76]. Sedimentation, however, is defined as “separation of liquid droplets or solid
particles from a suspending fluid, by allowing them to settle out of suspension under the
influence of gravity or of centrifugal force.”[75]. Based on these definitions, filtration ismainly
about capturing and holding the dispersed particles on the surface or in depth of a porous
medium such that shape and size of the particles/droplets are important factors. In contrast,
sedimentation is mainly concerned with the density differences of the emulsion components

and particle/droplets sizes, following Stokes law (Equation 2-9).
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In filtration, dispersed particles/droplets are separated by the filter via either straining
mechanism when size of the particles are greater than pore sizes of the filter, or filtration
mechanism when size of the particles/droplets are smaller than pore sizes of the filter and they
can be captured by the filter structure through one of the capturing mechanisms of impaction,

interception, diffusion, or electrostatic attraction (Figure 2-4) [34, 77, 78].

Particle Capture mechanisms
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Figure 2-4: Filtration mechanism [34, 77, 78]

The capturing mechanisms are well studied in the air filtration field and it has been reported
that the dominant mechanism depends on the particle size [ 34, 79-82]. Inertial impaction isthe
dominant capture mechanism for relatively large (e.g. >1um) and heavy particles. These
particles possess sufficient momentum to escape from the flow and impact the fibres of the
medium. By decreasing the fluid flow rate as well as increasing the fibre diameter, particle
diameter and its density, particle capture efficiency by this mechanism increases. On the other
hand, very small particles (<0.1 um) have a zig zag motion pattern (Brownian motion) in the
flow and this random movement is very likely to cause diffusion and particle delivery to the
fibres. By decreasing the flow rate and the particle size aswell asincreasing fibre diameter and

inter-fibre distance particle capture by this mechanism increases. Particles with relative
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intermediate sizes (0.1 um < particle diameter <1 um), are the most difficult to capture and are
denoted as the most penetrating particle size, MPPS. These particles are mostly attached to the
fibre by the interception mechanism. This mechanism refers to the particle adsorption on the
fibre surface by the intermolecular forces as it becomes very close to the fibre, i.e. distance to
fibre should be less than the particle radius. Unlike other two mechanisms, the capturing
efficiency through interception is independent of the velocity of the fluid, however, as the
particle radiusincreases or the fibre diameter and the inter-fibre distance decreases, the capture

increases.

Nonwoven media are widely used in surface and depth filtration, however, to obtain more
uniform pore size woven fabrics, screens and membranes are also associated with surface
straining [34]. Nonwoven filter media with very small pore sizes composed of sub-micron

diameter nanofibres are also used as membranes for micro- and ultra-filtration [34].

2.4.2 Nonwoven water separator media

Nonwoven media are used in the fuelling system of diesel engines as both filters, operating as
barrier type media or as sedimenters, operating as coalescing type media. The configurations
and product formats vary in line with the demands of each Origina Equipment Manufacturer
(OEMSs), but the overall objective is to maintain the total water content of the fuel within the

vehicle below 200 ppm.

24.2.1 Barrier type nonwoven water separator media

Conventional barrier type water separators consist of siliconetreated cellulose fabrics made by
the wetlaid process and they are designed to function by the surface straining filtration
mechanism [34, 83]. Such barrier media possess a hydrophobic upstream surface, such that

water droplets will not wet the surface, promoting droplet formation, while the fuel is flowing
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through. Thistogether with the small pore or aperture size, preventslarge droplets from passing
through, aiding separation from the fuel. As more droplets are rejected by the filter and beads
coaesceinto larger droplets the water drains out of thefilter housing. Since such barrier media
function using afiltration rather than a sedimentation mechanism, the pore sizes must be small
enough to separate dispersed water droplets from the fuel stream and the fabrics being wetlaid
have relatively low porosities. Unfortunately, this can lead to a high pressure drop, especially
if the medium becomes plugged, which in the worst case can interrupt fuel flow to the engine.
The fabrics are assembled in to cartridge filters and are pleated to increase the surface area and

reduce the face velocity during operation [34].

2.4.2.2 Transmissive coalescing type nonwoven water separator media

Coalescence fuel filters as considered as sedimenter media with a high surface area for
capturing emulsified water droplets from diesel fuel and enhancing their coalescence [16, 17,
34-45]. Incoming water droplets in the diesel fuel stream enlarge already captured droplets
held on fibre surfaces by a coaescence mechanism, eventually enabling their gravitational
separation [12, 30-34, 61]. Nonwoven coalescing media are porous fabrics that traditionally

take one of threeforms[12, 16, 17, 34, 43, 44]:

1) Single layer resin bonded wet-laid nonwovens of short fibres consisting of blends of

cellulose (wood pulp) and polyester and/or glass microfibre.

2) Composite nonwovens, consisting of PET, PA or PBT meltblown fabrics that are laminated

to or formed on a cellulosic wetlaid medium [16].
3) Multiple layered nonwovens primarily consisting of PET or PBT meltblowns [12, 34].

Meltblown technology is the most widely employed technique mainly because of the ability to
produce fibres of micron and sub-micron diameters in a one-step, cost-effective process [34-

33



38, 45]. Although fibre diameter can range between 0.1 and 30 micrometres, the majority have
a mean diameter of 2 to 7 microns, and are formed by attenuation of liquid thermoplastic
polymer streamsin a heated high velocity airstream at typically just below Mach 1 velocity. A
coherent web isformed due to mechanica entanglement and self-bonding of the fibres [34-38,
45]. Such fabricsare highly efficient in the separation of particles bigger than 100 microns[34-
38, 45] adthough in many liquid filtration applications they are employed to remove particles
whose dimensions are <10 micrometres by exploiting depth filtration. Utilisation of micro-
scale fibres started from the 1960’ s using asbestos and glass microfibres but today, polymeric
fabrics dominate [84, 85]. Meltblowing is also capable of producing sub-micron fibres,
enabling an associated increase in the solid surface area, which is highly relevant to the

development of advanced water/diesel separation filters [35-38].

Similar to barrier type media, single layer and composite nonwoven coalescing media are
frequently pleated during their conversion in to afina filter element, aided by the cellulosic
support layer. The media in these elements are constructed with either a constant or gradient
density through their thickness, while the multilayer media are wrapped over a plastic support
[34, 39-42]. Unlike the barrier type media, depth coalescing nonwoven media do not
necessarily have to have a high density structure with pore sizes smaller than the size of
dispersed water droplets, therefore, pressure drop across such filter elements can be controlled

effectively (see Section 2.4.3.2) [30-33].

A nonwoven coalescing medium in fuel-water separation promotes the collection, growth and
removal of thedispersed water such that it isableto drain out of thefuel [34, 75, 83]. According
to the newest generation of filtration systems used in diesel engines, coal escing water separator
media are used either as primary or secondary filters and in both cases, their performance

characteristics have been industrially accepted [2, 14, 86-89].
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Operating principles

The operating principle of acoalescing medium isbased on three steps: droplet capture, droplet
coalescence, and release of the coalesced droplets [12, 30, 32, 34, 47, 90]. Depending on
droplet size, the capture mechanisms rely upon inertial impaction, interception, diffusion, and
electrostatic attraction, however, the dominant droplet capture mechanism is the interception
on the surface or in the depth of medium (see Section 2.4.1) [34, 75, 90]. The captured droplets
can coalesce with adjacent droplets as well as incoming droplets in the flow. The coal esced
droplets then move or “transmit” within the medium with the flow, leaving the downstream
side as they become large enough to be separated from the flow by gravity. Figure 2-5
simplifies the key functions of a coalescing media operating as a secondary filter element

alongside a particulate filter and barrier medium (see Section 1.1).
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Figure 2-5: Simple schematic of a coalescing fuel filter: A) particul ate separator compartment; B)
water separator compartment

In conventional diesel fuelling systems, the most penetrating droplet size (MPDS) in terms of
fuel-water separation is in the range of 25 um to 100 um (see Section 2.3.4), but today the
challengeiseven greater. In new generation HPCR injection systemsworking with ULSD fuel,
droplet sizes can be even lower (see Section 2.3.4) with the MPDS range dropping to between
3 um and 25 um depending on the fuel and system specifications [12, 13, 16, 28]. Some
coalescing water separators are made of hydrophilic cellulose/glass microfibre blends to

35



improve water/fibre interactions for a high efficiency droplet capture [30-34, 75, 83]. The
fundamentals of fibre surface wettability can be explained with reference to the Y oung-Dupre
equation (Equation 2-10) [63, 91]. The equation describes the equilibrium state of surface
tensions of the solid, liquid, and vapour (air) when a droplet is placed on a perfect surface of
the solid and an equilibrium contact angle, 6, is built [91]. If the IFT between the solid and
droplet, y4;, islow, i.e. thereis high intermolecular attraction between the solid and liquid (see
Section 2.3.1.2), the dropl et can wet the surface and consequently create a contact angle lower

than 90° [63, 91].
Ysv = Vst + Yw cos O
Equation 2-10: Y oung-Dupre equation [63, 91]

Interaction between awater droplet and the surface of afibre immersed in diesel fuel depends
on the magnitude of available work of adhesion, W, (Equation 2-11), as well as work of
spreading, Ws (Equation 2-12) [63, 91]. Water droplets are inclined to be adsorbed on the
surface of afibre when the droplet thermodynamically reaches a lower energy state by sitting
on the fibre and the work of adhesion is positive (W, > 0). Likewise, the droplet starts to
spread on the surface of the fibre when the total energy of the droplet (y,,4) and the wetted

surface (yry) islower than that of solid surfaceitself (y,), i.e. thework of spreadingis positive

(Ws > 0).
Wa =Ywa +Vra —Yrw 01 Wi =yua(l+ cosb)

Equation 2-11: Available work of adhesion [63, 91]
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WS =¥fa — Ywa — Vfw Or Ws =yy4(cos 6 — 1)

Equation 2-12: Available work of spreading [63, 91]

Where:
Ywa: Interfacial tensions (IFT) between water drop and diesdl;
Yra: Interfacia tensions (IFT) between fibre and diesel;

Yrw: Interfacial tensions (IFT) between fibre and water.

Such that, a droplet approaching a fibre with the flow either: 1) cannot wet the surface and
because of the fluid energy at the upstream stagnation point of the surface (Figure 2-6 (a) —
point A), it moves along the periphery and detaches at an angle on which fluid drag force can
affect its stability (Figure 2-6 () — point C); or 2) can completely wet the surface and create a
film over thefibre asit isfed by theincoming dropl ets (Figure 2-6 (b); or 3) has an intermediate
wettability towards the surface such that moves on the surface and depends on its dynamic

contact angle it can reach to the downstream stagnation point and gets coalesced with the

incoming droplets until it is detached (Figure 2-6 (c)) [92].

(c)

Figure 2-6: Three anticipated modes of droplet coalescence upon afibre surface [92]

The deposition and detachment of a droplet from the fibre depends on the drag energy of the
fluid as well as the adhesion and spreading forces between the droplet and surface. As the

droplet completely wets the surface (Figure 2-6 (b)), the drag force can cause re-emulsification
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of the water due to alower Laplace pressure (Equation 2-8 — see Section 2.3.2) of the droplet

when it spreadsto alarger curvature [93].

Fibrous networks such as nonwovens are also able to control droplet movement within the
structure, by wicking and providing capillary channels and accordingly capillary pressure, P,
(Equation 2-13) for droplets [63, 94, 95]. High capillary pressure provides a mechanism for
transporting a liquid within the capillary channel. The Lucas-Washburn equation (Equation
2-14) measures the vertical diffusion of the liquid through capillary spaces (wicking

phenomenon regardless of the gravitational forces) as afunction of time [63, 94].

2V, cos 8
Pc — Vlvr a
e

Equation 2-13: Capillary Pressure [63, 94, 95]

B = TV, CO0S O, t
27%n

Equation 2-14: Lucas-Washburn Equation [63, 94]

Where:

h: Nominal distance travelled by the liquid from the reservoir;
ht: Actua distance travelled;

T: Appropriate tortuosity factor;

n: Liquid viscosity;

p: Liquid density;

6,: Dynamic advancing contact angle;

vy Liquid surface tension.
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2.4.3 Filtration/Coalescing perfor mance of nonwoven fuel-water separators

Water separators are usualy evaluated by measuring their water separation efficiency and

quality factor, which are detailed further in this section.

24.3.1 Separation efficiency

One of the fundamental performance measurements to evaluate the performance of a filter

element isitsfiltration efficiency (Equation 2-15) [12, 30, 31, 34, 47].

Mgy — Mgp
E=——x100
Mgy

Equation 2-15: Calculation of instantaneous water separation efficiency [12, 30, 31, 34, 47]

Where:
Mgy Upstream particle count/amount for particles of diameter d or greater;
M, Downstream particle count/amount for particles of diameter d or greater.

Evaluation of the water separation performance depends on the specific end use of the filter
medium, and isfrequently dictated by industrial standards. These are essentially |aboratory test
methods are conducted using a base reference grade diesel fuel that is free of solid
contaminants or bio-diesel, but is blended with a specified surfactant, which altersthe fuel IFT
and water separation characteristics. The approach is based on the theory that low IFT will
result in small droplet sizes and thereby smulate more challenging fuels such as those
containing bio-diesel or surfactant additives, e.g. EN590 diesel. 1S016332:2006 sets out the
standard procedure for evaluating fuel-water separation efficiency and defines the efficiency

asin Equation 2-16 [48].
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Equation 2-16: calculation of water separation efficiency [48]

Where:

1. Water separation efficiency, in %;

c,. Water concentration at upstream side of the filter element, in ppm by volume;
c;: Water concentration at downstream side of the filter element, in ppm by volume.

For this measurement, water concentrations both upstream and downstream of the element are

measured using a Karl Fischer titrator, which is explained in detail in Chapter 3.

2.4.3.2 Quality factor

Another fundamenta performance measurements of afilter element isits quality factor (QF)
(Equation 2-17) which takes the pressure drop into the account along with the efficiency of the

filter influencing the overall performance of the element [12, 30, 31, 34, 47, 96, 97]:

_ —In(1 - E/100)

F
¢ AP

Equation 2-17: Quality Factor [12, 30, 31, 34, 47, 96, 97]

Where:
E: Filtration efficiency of the element (%);
AP: Differential pressure across the filter medium (Pa);
Pressure drop between two points in a fluid flowing through a streamline results from

resistance to the flow in that region [66]. Pressure drop in afluid system can be experimentally

measured using differential pressure gauges.
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The total head or energy of afluid at a point in the flow (Equation 2-18) can be calculated
using Bernoulli's equation (Equation 2-2), and head loss (loss of energy) due to the friction in
a region is calculated via the Darcy-Weisbach equation (Equation 2-19), which can be

converted to pressure drop via Equation 2-20 [66].

N _ pv?
H—Z+y+2g or pgH =pgZ +P + 5
Equation 2-18: Total head of afluid [66]

Where:

H: Total head or total energy at the point (normalized constant from Bernouli’ s equation);
Z: Elevation of the point above areference plane;

P: Static pressure at the chosen point;

v . Specific weight of the fluid at all pointsin the fluid (ﬁ);
p: The density of thefluid (5);
V: Fuid flow speed at a point on a streamline;
g: Acceleration dueto gravity.
VZ

L
Hf—fXBXE

Equation 2-19: Darcy-Weisbach Equation [66]

Where:
H f Head L oss between two nodes (m);

f . Darcy friction factor which can be found from Moody Chart based on Relative Roughness
and Reynold Number of the system (dimensionless);

L : Length of the tube between the two nodes (m);
D : Diameter of the tube (m);

V : Velocity of thefluid at the second node (m/s);
g : Acceleration due to gravity (m/s%);
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AP =p.g.H f
Equation 2-20: Pressure drop cal culation [66]

Where:

Hp: The head loss due to friction (m);

AP: Pressure loss due to friction (Pa );

p: The density of the fluid (kg /m?3);

g: Acceleration due to gravity (m/s?).

Mathematically calculation of the pressure drop across a permeable filter medium requires
simulation of the flow through the medium. Channel and cell model theories explain fluid
dynamics through nonwoven porous materials [34]. The channel theory is usually applied for
a compact structure with a high packing density, while the cell model is applied to open
structures. For instance, the channel theory considers the fibrous structure as an assembly of
cylindrical tubes stretched from one side to the other side of the medium aong its thickness.

In this model, Darcy’s law, Equation 2-21 is a fundamental equation and explains the flow

through a porous medium in which the flow is perpendicular to the medium thickness.

AP
L

TI=

q:

Equation 2-21: Simplified Darcy's law [34]

Where:
q: face velocity of thefluid (m/s);

k: Intrinsic permeability of the medium (m?), (k = Cd?, C is the pore shape factor and d is
mean pore diameter);

p: Fluid dynamic viscosity (Pa/s);
AP: Pressure drop across the thickness (Pa);
L: Medium thickness (m).

42



The intrinsic permeability of a medium, k, in Darcy’s law is defined by the Kozeny-Carman
equation (Equation 2-22) in a specific condition in which the fluid flows through a flat porous
mediumwithasolidity of y > 0.2 and y < 0.8 (y = 1 — porosity(¢)), eliptical pore shapes,
and capillary channels oriented at 45° to the medium surface.

83

5522

Equation 2-22: Intrinsic permeability of a medium based on K ozeny-Carman equation [34]

Where:

. Permeable porosity or void volume expressed as a decimal fraction of the total volume of
the medium (m?3/m?3);

x: Solidity or packing density expressed as a decimal fraction of the total solidity of the
medium (m3/m3);

S Specific surface area per unit volume solid material (m?/m3).

Darcy’s law clearly shows that more compact media lead to a greater flow resistance and
therefore pressure drop at a constant fluid face velocity. Practically, this also occur as water or
particles are accumulated by the filter leading to plugging of the void volume in the porous
structure. Classically, the pressure drop and separation efficiency are interrelated and one is
generally sacrificed to improve the other. For instance, modifying the surface chemistry of a
nonwoven coalescing media to render it more hydrophilic is a strategy that has been used to
improve water removal efficiency, but at the expense of an increased pressure drop, which

decreases overall quality factor of the filter element (see Section 2.6.2.2).

2.4.3.3 Coalescence efficiency

Coalescence, which is the state of combining two or more droplets (see Section 2.3.3.1), can

be aresult of droplet collision among other possible collision consequences such as bouncing
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apart [98]. Therefore, the coalescence efficiency, &, can be defined by the fraction of collisions
that results in the coalescence of droplets (Equation 2-23) [99, 100]. This calculation requires
numerical modelsto measure collection, C. ¢, and collision, E, efficiencieswhich respectively
refer to the fraction of droplets approaching a surface that actually deposit upon that and the

fraction of moving droplets that actually make surface contact [99, 100].

Cerr
E

E =

Equation 2-23: Droplet coa escence efficiency [99, 100]

Where:

&: Coalescence efficiency;

Cess: Collection efficiency;

E: Collision efficiency.

In the present research, the term coal escence efficiency of afilter medium refersto the volume

fraction of the dispersed droplets passing through the medium that are coal esced and become

large and heavy enough to be settled and collected downstream of the medium (see Chapter 5).

2.5 Existing filtration test procedures

Thereare number of SAE and 1SO standard water separation test procedures that are commonly
being used worldwide such as SAE J1829, SAE J1488, SO 4020, and ISO 16332. In al these
methods, there is atest circuit in which water is continuously injected into a fuel stream such
that a water-in-fuel emulsion is created using an emulsifier device that passes through a filter
housing holding afilter. The housing possesses a drainage container for collecting separated
water. The main difference between the test stands in these methods is the emulsifier device

used to generate the water droplets and their resultant sizes.
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The 1SO 4020 and SAE J1839 are usually employed to test primary filters (Section 1.1) for
which generation of a coarse droplet size distribution (DSD) is intended. The 1SO 16332 test
rig however, is capable of generating a range of droplet size distributions from fine to coarse.
SO 16332 also uses a fuel with alower IFT of about 15+3 mN /m while the original IFT of

the test diesel is maintained in the ISO 4020 and SAE J1839 around 30 mN /m.

The SAE J1488 test rig is designed to generate fine droplet sizesin fuel with arelatively low
IFT of 15-19 mN /m. In contrast to the ISO 16332, this method does not define the average
water droplet size, however, finer droplets than those generated in the ISO 16332 are expected

in the SAE J1488 test.

In al these methods, the separation efficiency of the whole filter module (final product) is
reported which will not provide required information to evaluate the performance of filter
elements inside the product. This is the main limitation of these methods from research and
development point of view to understand the performance of nonwoven filter media used in

the structure of the final filter product.

251 BSISO 4020:2001 procedure [101]

SO 4020 specifies nine types of test for diesel fuel filters of road vehicles including atest for
water separation efficiency. The other tests are: test for cleanliness of new filters, fabrication
integrity test, test for differential pressure of new filters, test for instantaneous filtration
efficiency and filter life, collapse/burst test of thefilter, burst test of complete filters, pulsating

pressure fatigue test and the vibration resistance fatigue test.

Figure 2-7 shows the test stand for water separation. Water is injected into the fuel stream
under static pressure at the suction side of a low shear pump (6). The water flow rate is

controllable by the valve (5) and is kept at 2% of the main pump flow rate. The fuel is first
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filtered by Fuller’s Earth or clay cartridge filters with an IFT between 25 and 30 mN /m. The
pump directs the emulsion through the filter (11) for 60 min and separated water is collected
from beneath the filter. The volume of uncaptured water from the filter is measured by
analysing 100 ml of afuel sample taken from the outlet of the filter housing (15) via a Karl
Fischer titration set-up (1ISO 760, see Section 3.3.3), every 5 min. The undissolved water
content is plotted versus time. It is recommended that the test should be conducted at 23°C +

5°C.
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Figure 2-7: Schematic of the 1SO 4020 test rig [101]

The test system components are as following:

1- Fuel tank 9- Stopcock, on/off

2- Water tank with constant-level device 11- Test filter

3, 4- Flow meter 12- Manometer

5, 8, 13- Adjustable vale 14- Head tube with scale
6- Main pump 16- Clean-up filter

7, 10, 15, 17- Sampler
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The main pump (6) is a diaphragm pump whose flow rate is kept constant at 833 ml/min
(501/h) to maintain the droplet size distribution uniform during the test. Diaphragm pumps
belong to the category of reciprocating-type positive displacement pumps in which the
reciprocating motion of the diaphragm creates consecutive positive and negative pressure
inside the chamber of the pump. This causes fluid flow in the system. The 1SO 4020 does not
report the expected droplet size distribution in the test system, however, using a low shear
pump at a low flow rate and circulating emulsion with a high water concentration (2%) at a
high IFT, al imply that the test rig introduces relatively large water dropletsto the filter under

the test.

2.5.2 S0 16332:2006 procedure[48]

The 1SO 16332 test stand (Figure 2-8) evaluates the water separation performance of fuel filters
for either finely or coarsely emulsified water in diesel fuel at a relatively high flow rate of
0.8331/min to 15 [/min. The ISO 16332:2006 test standard classifies fuel filters into suction
side and pressure side filters depends on their location in the main fuel transfer pump in a
vehicle. The test procedure recommends generation of coarse droplets for testing the suction
side filters and generation of fine droplets for testing the pressure side filters, however, these
recommendations do not necessarily prevent testing each of the filter types with both fine and

coarse droplets.
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Figure 2-8: Schematic of the ISO16332 test rig [48]

The test system components are as following:

1- Fuel tank 10, 15- Manometer

2- Water tank 11- Orifice plate holder
3- Fuel pump 13- Thermometer

4- Water pump 14- Test filter

5, 8- Flow meter 16- Static mixer

6- Heat exchanger 18- Clean-up filter
7,12, 17- Sampler 19- Stopcock, on/off

9- Pressure gage

Water-in-fuel emulsion is generated by passing the fuel and water through an orifice plate of
specified orifice diameter. The differential pressure across the orifice plate, which depends on
the orifice size, creates a dropl et size distribution with a certain median value (D50). Based on
the orifice sizes provided by the standard, the D50 of the generated distribution can be as fine

as 60 um or as coarse as 300 um. Water concentration is specified as either 0.15% or 2%.

Thefuel in thistest should contain a multifunctional additive, whichis commercially available

and lowers the fuel IFT down to 12 - 18 mN/m. Moreover, water separability of the fuel,
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which can be measured by the sedimentation test according to ASTM D 1401 at 25 °C, see
Section 4.3.4, should be 270 s+ 30 s, when 75 % of test fuel is separated. To generate the fine
emulsified water droplets (D50 of 60 um) a specific orifice plate which produces a 260 hPa +
10 hPa differential pressure across the plate is used, and for the coarse droplets (D50 of 300
um) the pressure decreasesto 48 hPa+ 5 hPaby changing the plate. Thetest procedure requires
control of the temperature to 23°C + 2°C for either 60 min if 2% (v/v) water concentration is

injected, or for 90 min if 0.15% (v/v) (1500 ppm) water isinjected into the test fuel.

To measure the filter efficiency, the water content of the test fuel is measured via the Karl
Fischer titration set-up, see Section 3.3.3, after 10 min of the test from the sampling point (7),
Figure 2-8. Undissolved water is monitored downstream of the filter (sampling point 17) at 10
min intervals by subtracting the original water content from the total water content measured
viathe coulometer. The instantaneous and average water separation efficiencies are calculated
by Equation 2-24 and Equation 2-26 respectively. Note the water concentration refers to the

concentration of undissolved water in fudl.

C—C;
X 100

n = c

Equation 2-24: calculation of Instantaneous water separation efficiency [48]

Where:

n;: Instantaneous water separation efficiency (%);

c: Specified test water concentration (ppm (v/v));

c;: Downstream water concentration (ppm (v/v)) of samplei.

e

C
av n

Equation 2-25: calculation of average downstream water concentration [48]
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Where:
C,.: Average downstream water concentration (ppm (v/v));
n. Number of samples.

—Cap

x 100

Nav =

Equation 2-26: calculation of average water separation efficiency [48]

Where:
Naw: Average water separation efficiency (%);

C,.: Average downstream water concentration (ppm (v/v)) - Equation 2-25.

2.5.3 SAE J1488 procedure[102]

The American standard test procedure SAE J1488 (revised in 2010) suggests a test stand
(Figure 2-9) that uses a centrifugal pump (5) (3500-rpm, 1Hp) to generate emulsified water in
diesel fuel before introducing it to the test filter. The test fuel is a ULSD fuel treated with
Fuller’s Earth or clay cartridge filters with a controlled IFT between 15 and 19 mN /m using
monoolein as a surfactant, which is a non-ionic lipid and compound of monoglycerides [103].
The DSEP rate (ASTM D 7261-08), see Section 4.3.3, for the test fuel should be greater than
75. The procedure describes a test in which the fuel flow rate can be as high as 25 [ /min, and
the water injection flow rate is defined as 0.25% of the main flow rate. Although the exact
average diameter of dropletsis not defined, the droplet size distribution is expected to be fine

and suitable to test pressure sidefilters.
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Figure 2-9: Schematic of the SAE J1488 test rig [102]

The test system components are as following:

1- Fuel tank 8- Thermometer

2- Water tank 9- Monometer

3, 14, 19- Flow meter 10- Test filter

4, 6, 15- Adjustable vale 11- Static mixer

5- Main pump 13, 16- Clean-up filter
7,12, 17- Sampler 18- Heat exchanger

Similar to the 1SO 16332 test procedure, the efficiency of the test filter is calculable by
measuring undissolved water content from the effluent sampler (12), in time intervals of 20
min, until either the pressure drop or the water content exceeds an upper limit specified by the
user, or an equilibrium pressure drop is obtained at aminimum of 2.5 hin to the test. Testing

is recommended to be carried out at 26.6°C + 2.5°C.

254 SAE J1839 procedure[104]

The SAE J1839 standard defines atest procedure to evaluate the separation efficiency of fuel
filters faced with coarse dispersed water droplets. The designated test stand (Figure 2-10)
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generates water droplets with alarge median size (Dso) between 180 um and 260 um by using
awater dispensing device (6) which has anozzle and injects water into the main stream on the

pressure side of the fuel pump (5).
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Figure 2-10: Schematic of the SAE J1488 test rig [104]

The test system components are as following:

1- Fuel tank 7, 12- Sampler

2- Water tank 9- Thermometer

3- Water pump 10- Test filter

4, 13 - Flow meter 11- Static mixer

5, Fuel pump 14- Clean-up filter
6- Water dispensing device 15- Heat exchanger

The velocity of both water injection and the main stream as well as the diameter of the nozzle
govern the droplet size distribution. The test fuel, flow rates, test temperature and the test
procedure are similar to the SAE J1488, however the equilibrium pressure drop potentially
arrive at 30 min in to the test. The SAE standard reports the water separability using the

separometer giving the DSEP value (see Section 4.3.3).
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2.6 Influential parameters on the water separation performance of
nonwoven coalescing media

A fuel-water separator medium interacts with the fuel containing emulsified droplets as it
passes through. In this section, parameters known to affect the overall performance of the

medium and its quality factor are discussed.

2.6.1 Fud and emulsion characteristics

Fuel properties such as viscosity, IFT and surfactant content affect water droplet size, which
consequentially influences the separation efficiency of the coal escing medium. Moreover, fuel
chemistry influences the water content of the fuel and the presence of bio-diesel can increase
the amount of dissolved water in the fuel. Petiteaux [11] showed that 20:80 blends of bio-
diesel/mineral diesel (B20) reduce water separation viathe sedimentation test and IFT by 1.5%
and 19% respectively, and that B20 can possesses a saturation level more than twice that of
minera diesal. Other studies[20, 28, 29] found that the IFT and water separation behaviour of
blends containing more than 20% bio-diesel are very similar to pure bio-diesel (B100), and the
change in both parameters does not hold as the proportion of bio-diesel increases up to B100.
This is because bio-diesel chemistry is dominant at the interface of water and fuel at these
concentrations. Tang[20], Tat [105], and Y uan [ 106] claimed that the fuel viscosity can amost
doubleif bio-diesel isblended into mineral diesel, which can be beneficial for capturing small
particles, e.g. <20um, by the inertiaimpaction mechanism as afuel of high viscosity generates
ahigher drag forcein thefluid than afuel of low viscosity. Owing to the influence of bio-diesel
on IFT and emulsion stabilisation, the same study reported more challenging water separation
than in mineral diesel. Using SO 16332 test stand methodology, the addition of just 5% bio-
diesel (B5) has been found to reduce water separation efficiency in the fuel from 95% to 85%

dueto adecreaseinthefud IFT (22.9 mN /m to 12.9 mN /m) aswell asincrease the separation
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time (13s to 150s - according to the sedimentation test, ASTM D 1401) [28]. In other work,
Petiteaux [11] and Schutz [50] reported that water separation from ULSD fuel is more
challenging than Low Sulphur diesel (LSD) due to the presence of additives to improve
lubricity, cetane number (CN), and deposit control in the ULSD fuel. Schutz [50] also
suggested that in the presence of surfactants, the dynamic movement of surfactant molecules
from the bulk fluid to the fuel-water interface or fibre/fue interface (diffusion transport of
additives) results in a time-dependent decrease in IFT as well as atime dependent increase in
the contact angle of water on the fibre surface. No absol ute correlation could be found between
changes in IFT and that of water separability (coalescence of water droplets) caused by
different surfactants [11, 50]. This is in agreement with the results of Pangestu [12], which
suggested that droplet size and its persistence in an emulsion is not only driven by IFT, but

also the ability of the surfactant to stabilise dispersed droplets from coal escence.

2.6.2 Structure-property-performance relationships of nonwoven coalescence media

In Sections 2.3.3 and 2.4.2.2, it was explained that the presence of fibrous coalescing media
enhances the droplet coalescence but can also cause a pressure drop that can adversely affect
the quality factor. In the literature different approaches have been made to reduce the
dependency of pressure drop and coaescence efficiency and improve quality factor of
coal escing media by improving the efficiency and reducing the pressure drop. To achieve this,
researchers have attempted to modulate the macro- or/and micro-structural properties of the
fabric, for instance, by utilising different polymers, augmentation of coalescing media with
submicron fibres and nanofibres, modification of the medium structure and changing fibre

surface wettability.



2.6.2.1 Propertiesof nonwoven fuel-water separation media

The macro-structural properties of a nonwoven medium such as the compactness, structural
isotropy, pore structure and thickness can be expected to affect performance asliquid is passed
through, both in terms of pressure drop and separation efficiency. Practically, such parameters
depend on the way in which the fabric is manufactured and how the filter medium is

constructed.

Media arrangements

Limitations are known to exist with traditional wet-laid coalescing media composed of resin
bonded staple fibre cellulose and glass fibres. These include the risk of incompatibility of the
resin with the fuel, fibre shedding due to the short fibre length, which can damage engine
components and high pressure drop. [15, 16]. In composite nonwoven structures, cellulosic
mediaare usually combined with phenolic resins, which have excellent environmental and heat
stability, and the resin also facilitates pleating as well as a mechanical support to the meltblown
web whichisitself astable mediawith broad chemica compatibility and high dirt hold capacity
[16]. Both singlelayer and composite coal escing mediahave demonstrated excellent separation
efficiency in diesel fuelling systems, i.e. 99.9% efficiency in separating particles greater than
25 um, however, their suitability for separation of smaller size droplets (<25 um) present in
HPCR injection system is in serious doubt [12, 13, 16]. It has been claimed that cellulosic
media cannot fulfil the requirements for next generation fuel filters due to their relatively high
fibre diameter, and glass fibres are increasingly unacceptable because of the risk of fibre
migration due to shedding [16]. The third generation of coalescing water separators primarily
consist of multiple layers polyester meltblowns, which provide more flexibility to engineer
structure and properties in terms of fibre diameter, fabric porosity and other structural features

[12, 16, 17, 34, 43, 44].
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Viswanadam [107] suggested a tubular geometry of nano-membranes over the flat sheet
configuration of a water separation media to improve the quality factor, and this has shown
promising results. The improved performance has been attributed to the hypothesis that the
tubular structure provides a geometry promoting easy detachment of water droplets from the
surface of the nano-membrane. Another attempt to control the pressure drop has been reported
using hydrophobic drainage channels embedded into hydrophilic glass microfibre coal escence
filter mediato aid aerosol filtration [97, 108, 109]. This methodology has been reported as a
suitable way to reduce saturation of liquid inside the filter and maintain alow pressure drop.
Vibrating the filter holder for both hydrophilic and hydrophobic media was also demonstrated

to encourage detachment of large coalesced droplets from the fibre surface [ 110, 111].

Media thickness

It is known that an increase in both filter thickness and basis weight can lead to an increasein
both capture efficiency and pressure drop across the medium, however, there is usually a
disproportionate increase in the pressure drop, leading to a deterioration of the quality factor
[74]. The increase in separation efficiency can be attributed to a higher solid surface area and
lower face velocity, however, the reduced porosity and permeability of the fabric increases
flow resistance[30-32, 39-42]. To addressthe high pressure drop in thick multilayer coalescing
media, some researchers have suggested inclusion of submicron fibres integrated within a
fabric with a graduated porosity and permeability from the influent side to the effluent side of

the medium [32, 112, 113].

2.6.2.2 Fibreproperties
Surface wettability of fibres and fibre diameter can aso influence coal escing performance by

affecting the interaction with the fuel and water.
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Fibre wettability

Controlling the wettability of fibres has been a very attractive approach such that severa
studies have been reported seeking to identify an optimal hydrophilicity for fibre mat
assemblies to enable maximum efficiency while controlling pressure drop [12, 30-32, 34, 47,

74, 93, 96, 112, 114-117].

Kulkarni et al. [96] modified the overall hydrophilicity by sandwiching layers of PET and PP
microfibre with glass microfibre layers (all the samples were composed of inlet and outlet
layers made of glass fibres) and characterised the effect using the L/H ratio
(lipophilicity/hydrophilicity — see Section 7.3.1.1). They reported that at a face velocity of
about 8.8 mm/s, an L/H ratio of about 3-10 and 25 are the optimum ranges of hydrophilicity
for the best quality factor of glass/PP and glass/PET layered mediarespectively. In other work,
Kulkarni et a. [115] also combined the effects of fibre size and intermediate wettability by
blending electrospun PP fibres with glass microfibres at a face velocity of around 8.8 mm/s.
They suggested a L/H range of about 0.9-1.2 as the best to avoid excess pressure drop using
PP fibres with average diameters between 300 and 900 nm. Patel et al. [60, 114] explored the
contribution of a hydrophobic inlet layer on the quality factor of a glass fibre substrate for the
separation of water from ULSD fuel at different face velocities of 0.33, 0.67, and 1 mm/s. They
used electrospun Poly(vinylidene fluoride-co-hexafluoropropylene), PVDF-HFP with an
average diameter of 334 nm, as well as electrospun PP submicron fibres with an average
diameter of 876, 1082, and 1710 nm, as the inlet layer of the medium. They reported that the
hydrophobic nano-layer improved the quality factor of the glass fabric in both cases, although
the total porosity of the medium reduced from 96% to 82% in the case of the PV DF-HFP layer
and from 96% to 92% in the case of the PP fibre layer by adding the nano-membrane. The

study also showed that the quality factor decreases by increasing the face velocity in all cases,
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however, the PP composite nonwovens showed better performance due to the limited effect on
pressure drop, attributable to the relatively large diameter of these fibres compared to the
PVDF-HFP fibres. In other work, Rajgarhia et al. [117] examined the quality factor of glass
fibre fabrics coated with a hydrophobic nanofibrous sheet produced by the gas et fibre method
at aface velocity of 0.33 mm/s with a mean droplet size of 20 um. In this work, the porosity
of the medium was dlightly reduced by the coating process (97.1% to 96.3%), however, alarge
increase in quality factor of the single glass fibre layer was reported. The nanofibres were
composed of randomly distributed hydrophobic polyvinyl acetate (PVA) and hydrophilic
polyvinylpyrrolidone (PVP) in the fibre cross section. Krasinski et al. [116] also claimed that
a hydrophobic PP meltblown inlet layer performed better in terms of coal escence performance
than a hydrophilic glass fibre inlet layer due to greater deposition of the coalesced droplets
from the structure. They also suggested applying an electrostatic charge on the hydrophobic
inlet layer to improve the overall efficiency. Manzo [118] used stainless steel microfibre media
in aerosol filtration to demonstrate an improved quality factor compared to similar glass fibre

fabrics as aresult of higher permeability and surface energy towards the liquid droplets.

Fibre diameter

The benefits of decreasing fibre diameter and use of submicron fibresis awell-known strategy
to increase separation efficiency for particles smaller than 100 micrometres in diameter,
however, the pressure drop can aso increase due to a reduction in permeability and porosity

[12, 34-38, 45, 119-122].

Patel et al. [97] and Chase et al. [123] showed that augmentation of the fabric by inclusion of
sub-micron fibre is promising in improving the quality factor due to higher separation

efficiency as well as higher dlip-flow enhanced by the sub-micron fibres leading to a lower
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pressure drop. They showed that use of submicron fibres can produce lower density structures
with large surface area to mass, high pore volume, and high permeability compared to micro-
diameter fibres of the same fibre length. In this case, the efficiency is higher as there is higher
dip flow on submicron fibres which increases the probability of particle capture, and the
pressure drop is lower as a lower drag force is created by the submicron fibres and the
permeability is higher. However, in the case of media of equivalent areal density, the pressure
drop challenge persists as a result of the high packing density and higher resistance to flow.
However, the pressure drop can increase more slowly slower than the efficiency when the fibre
diameter decreases in a fabric of equivalent areal density [97, 123]. Wang et al. [124-126]
proposed an environmental-friendly solvent-free melt-process technique to produce robust
microfibre and nanofibres of PP and PA6 for incorporation into a water/diesel separator
element by hydroentanglement. A higher quality factor than for a conventional meltblown
medium was obtained attributable to the submicron fibre content and higher solid surface area
and porosity. Shin et a. [119, 120] suggested that a quality factor can be achieved by
optimising the submicron fibre content to enhance droplet capture by increasing solid surface
area and reducing the pore size whilst maintaining ahigh porosity. Pangestu et a. [12] claimed
that filter media can perform efficiently and independently of the fuel surfactant level if the
solid surface areais sufficiently high e.g. more than 200 m#/g. Bansal et al. [32] and Agarwal
et a. [112] reported in his experiments that a decrease in pore size and an increase in fibre

wettability increased coal escence efficiency.

2.7 Summary

Water separation from EN590 fuel containing surfactants including bio-diesel is highly

challenging because of the small and stable droplets that are presented to the fuel filter system.
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The properties of these emulsion as well as the nonwoven coalescing media used to remove
the water from the diesel fuel directly impact the coalescing performance and currently, there

isno universally applicable filter mediathat can fully satisfy current industrial requirements.

In the literature, the impact of bio-diesel and surfactants on water-in-fuel emulsion properties
and water separation has been investigated, however, comparative data on water droplet size
distributions and water separation performance associated with blends of diesel/bio-diesel and
diesel/surfactants is lacking. Therefore, further research is needed on the properties of bio-
diesel and mineral diesel aswell as characteristics of water-in-fuel emulsion with and without
surfactants to provide a clear picture of separation challenges facing coalescing mediain fuel-

water separation applications.

Based on the literature, it has been established that a coalescing medium should comprise a
structure with the desired wettability, high surface area, 3D structure, and porosity to perform
adequately. To address this, multilayer coalescing media are more attractive, because of their
ability to be engineered to provide a tailored structure. However, there are relatively few
systematic studies of their coalescence performance which take account of their wettability
especialy in presence of surfactants present in the fuel. Moreover, as this type of mediais
usually supported by a polymeric mesh support, they function in conditions where their
configuration may be dlightly different to that which applies in a tension-free state because
they are compressed by the liquid flow during operation of the engine. Accordingly, the extent
to which configurational modifications to existing coal escence media can improve coalescing

media needs to be elucidated.
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CHAPTER 3

Fuel Characterisation
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3.1 Introduction

As reported in Section 2.3.4, fuel additives including bio-diesel (B100) tend to act as
surfactants (surface active agents), such that fuel-water interfacial tension (IFT) isreduced and
water droplets are more stabilised in the fuel containing these additives[12, 13, 15-17, 47-50].
It has been reported that bio-diesel can change the viscosity of diesel, which influences the
shear stress in the fluid and therefore the characteristics of water droplets [20]. Bio-diesd is
also more hygroscopic than petroleum-diesel and has affinity to water due to its alkyl-ester
groups and unsaturated molecular structure [20, 22-27]. This can lead to an increase in the
water content of the fuel such that a water saturation level of >1300 ppm has been reported for
B100 [20, 28, 29]. Accordingly, International standard test methods such as 1SO 16332 [48]
and SAE J1488 [102] recommend adding monoolein (1-Oleoyl-rac-glycerol) as an universal
surfactant to areference grade diesel for the water separation tests, to adjust the IFT of the test
fuel and simulate the presence of fuel additives including bio-diesel. However, to the best of
the author’ s knowledge, no comprehensive data exists in the literature comparing the effects
of bio-diesel and monoolein on fuel properties. Accordingly, the main am was to characterise
diesel fuel blended with bio-diesel and with monoolein and compare the effect of blending in
relation to their properties. To achieve this, bio-diesal and monoolein were separately mixed
into the reference grade diesel fuel in different concentrations and the resultant changesin fuel

properties, specifically the IFT, water content, density and viscosity were investigated.

Ultimately, this fuel characterisation work was required to determine the relationship between
the fuel properties and the size of water droplets, as well as their separation behaviour when

emulsified in afuel blend. These particular experiments are detailed in Chapter 4.
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3.2 Stock fuels and additives

Table 3-1 showsthelist of fuels and fuel additives used in the present study. Selection of these
materials was guided by current industrial standards and commercially available fuel
composition. For consistency, and to enable comparison of data, the same fuels and additives

were used throughout.

Table 3-1: Fuel and fuels additives used in the project

Category Material Description

Reference fuel Mineral diesel (REF) Ultra-Low Sulphur Diesel (UL SD) reference grade fuel, pure
and with no bio-diesel content, in accordance with CEC RF-
06-03:2003 standard fuel specifications.

Fuel additive Bio-diesel (B100) Rapeseed oil methyl ester (RME)

Fuel additive Monoolein (1-(cis-9-Octadecenoyl)-rac-glycerol

In thiswork, the bulk fuel was an additive-free reference grade mineral diesel, denoted as REF.
Thisfuel was astandard Ultra-Low Sulphur Diesel (ULSD) produced by the Hess Corporation
(Germany) and based on the specifications of the reference grade test fuel, CEC RF-06-
03:2003 fuel, which was provided by CEC secretariat services, as recommended in |SO 16332.
The bio-diesel, Carcal B100 RME (Off-road), originated from pure rapeseed oil methyl ester
(RME) and was produced by Petrochem Carless Limited (Surrey, UK) and based on
specifications of the standard bio-diesel fuel provided by BS EN 14214:2012+A1:2014,
denoted as B100 throughout. Bio-diesel oxidation levels were not measured, but all fuels for
testing were extracted from unopened barrels. Figure 3-1 illustrates the appearance of the bio-

diesal and reference diesel used in this research.
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Figure 3-1: A) 100% Bio-diesdl, B) Reference diesel fuel

The monoolein surfactant, (1-(cis-9-Octadecenoyl)-rac-glycerol, with a density of 969 kg/m?®,
was purchased from Sigma Aldrich (UK) and along with the REF and B100 fuel was supplied
by the external sponsor of thisresearch, Parker Hannifin Manufacturing (UK) Ltd., Racor Filter

Division Europe (Dewsbury, UK).

3.3 Experimental methods and appar atus

This section details the test methodology for characterisation of the fuel blends, most
importantly the interfacial tension (IFT), water content, density and dynamic viscosity. The
IFT and water content measurements were performed using equipment available in the R&D
laboratory of the project sponsor, and the density and viscosity of the test fuel swere determined

in the laboratories of the University of Leeds (Leeds, UK).

3.3.1 Preparation of thetest fuel blends

Two sets of test fuels, namely bio-diesel blends and monoolein blends were evaluated in this
research because of their practical relevance in industry and their applicability to the 1SO
testing of fuels. Bio-diesel blends were prepared by mixing volumes of bio-diesel (B100) into
the reference grade diesel (REF). Bio-diesel fuel blends were designated as “Bi” wherei = the

volume fraction of bio-diesel (v/v) x 100. B5 therefore consists of a blend of REF and 5%
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bio-diesel. The mineral diesel and surfactant blends were prepared by mixing a specified
volume (ppm) of monoolein in the reference grade diesel (Mi), where i = the volume fraction
of monoolein in ppm (v/v) x 1,000,000. M200 therefore refers to a blend of REF with 200
ppm (v/v) monoolein. To prepare the blends, the components were volumetrically added into
abucket where they were well agitated manually using aglassrod for aperiod of time about 1
min. The ambient temperature of the laboratoriesin the University as well as sponsor site was
kept in arange of 22-25 °C asthe daily laboratory routine such that a constant fuel temperature
was assumed for all the measurements throughout. Table 3-2 summarisesthe fuel compositions

of each blend used in the present study.

Table 3-2: Description of the test fuel blends compositions

Test Fuel Compositions (v/v) Test Fuel Compositions (v/v)

REF 100% REF — 0% bio-diesel M200 REF — 200ppm monoolein
B5 95% REF — 5% bio-diesel M400 REF — 400ppm monoolein
B10 90% REF — 10% bio-diesel M600 REF — 600ppm monoolein
B15 85% REF — 15% bio-diesel M1000  REF - 1000ppm monoolein
B20 80% REF — 20% bio-diesel

B30 70% REF — 30% bio-diesel

B50 50% REF — 50% bio-diesel

B100 0% REF — 100% bio-diesel

3.3.2 Interfacial tension (IFT) measurements

From the macroscopic point of view, surface tension (N/m), or the surface free energy (J/m?)
of aliquid isaforce (energy) required to increase the surface area of theliquid by one unit [63,

64, 127]. Thistension originates from imbal anced i ntermol ecul ar forces between the molecules
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on the surface of the liquid that are not completely surrounded by other molecules to be pulled
in all directions. The surface tension at the interface of two immiscible liquids is called the
interfacial tension (IFT) (N/m) and is measured based on Fowkes' equation (Equation 2-1 in
Section 2.3.1.2) [63, 64]. A higher interfacial tension is therefore indicative of weaker

intermolecul ar interactions between the two surfaces.

The international standard 1SO 6889:1986 explains test procedures to measure IFT by using a
measuring device (probe) which can be a plate (Wilhelmy plate method), stirrup, or aring. In
principle, the set-up consists of aprobe made of platinum which iseasy to clean and chemically
inert and has a very high surface energy. To measure the IFT of two immiscible liquids, the
probe is suspended on a precise balance and its edge is made to touch the interface between the
liquids, where the liquid with alower density is placed on top of the one with ahigher density.
Once the platinum probe isin contact with the interface, the liquid tends to be drawn up on the
probe into the form of a meniscus. This applies a force on the probe that can be measured by
the balance. The maximum detected force can then be used to measure the IFT according to
Equation 3-1. Due to the high surface energy of platinum, a contact angle of zero with the
interface is assumed in the calculation. The same principle is applied for the surface tension
measurement except the low-density liquid is replaced by air and the probe is placed at the

surface of the liquid (interface of the liquid with air).

_ F
Yw/o = 51 cos 0

Equation 3-1: Approximate equation for measuring the IFT [63, 64, 127]

Where:
F: Maximum detected force by tensiometer (N);

Ywyo- Interfacial tension between water and fuel (N /m);
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[: Length of the measuring plate (m);
6: Contact angle between the interface and the plate.

3.3.2.1 Experimental setup and procedure

In thiswork, themean IFT of each fuel blend was determined using the Wilhelmy plate method
via tensiometry based on five replicates per fuel sample. For these measurements, the fuel

blendslisted in Table 3-3 were prepared based on the procedure explained in Section 3.3.1.

Table 3-3: Test fud blends for the IFT measurement

Fuel type Fuel ID
Reference grade REF
Bio-diesal blends B5 B10 B15 B20 B30 B50 B100

Monoolein blends M200 M325 M400 M600 M1000

The test setup and requirements included a Kruss K20 Easy Dyne force tensiometer consisting
of afixed positioned balance on top and an adjustabl e positioning stage beneath the balance, a
platinum plate, fire-proof glass sample vessels with an outer diameter of 70 mm, disposable
plastic pipettes, a torch/lighter, and Propan-2-ol (Isopropanol-(CH3)2CHOH) as a cleaning

solvent. All the measurements were carried out at aroom temperature of 22-25 °C.

For each measurement, the measuring probe and glass vessels were thoroughly cleaned by
washing with isopropanol and drying with clean compressed air in afume cupboard. The probe
and glass vessels were heated using a torch afterwards, to ensure no trace of residua
contamination was present. A blue flame is an indication that the vessel and/or probe are free
of such contamination. To start the measurement, the clean probe was suspended on the
balance, and the approximate volume of 50 ml of the fuel sample (low density phase) was

poured into a clean glass vessel positioned on the adjustable positioning stage of the
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tensiometer. The stage wasraised manually such that the clean probe was completely immersed
in the fue (close to, but not touching, the bottom of the vessel). At this stage, the
buoyancy/gravitational force acting on the measuring plate was tared such that the balance was
calibrated to enable measurement. The stage was then |owered such that the probe was removed
from the fuel. The fuel sample was then kept aside, and a new clean vessel was used to pour
40-50 ml of distilled water (high density liquid). The measuring probe was cleaned and
suspended on the balance again and the water vessel was positioned right below the measuring
plate by adjusting the height of the sample stage. A software command was activated by
pressing the “surface detect” button so that the sample stage raised automatically and the
tensiometer detected the surface of the liquid once the probe touches the surface. Once the
surface was detected, the entire volume of the fuel sample used for the calibration was
transferred carefully into the vessel on-board using a plastic pipette. The transfer was
performed without disturbing the liquid interface and avoiding creation of any bubbles [63,

64].

To avoid disturbance to the interface or the plate touching the water surface while transferring
thefuel, it was found convenient to immerse the probe 3 mm beyond the water surface (without
breaking it) and then to relocate it after the transfer. Calculation of the IFT of the liquids

inmN /m could therefore be performed using the tensiometer.

3.3.3 Determination of water in fuel

Water content of fuel is usualy determined using the Karl Fischer titration technique [128,
129]. Titration, in principle, refers to the calculation of a substance concentration in a solution
by carefully monitoring chemical reactions between the solution and a standard reagent with a

known concentration. The test apparatus and method are described in 1SO 760:1978.
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Herein, the coulometric Karl Fischer titration method was used to determinetotal water content
including dissolved and undissolved water in the test fuel blends. The coulometry Karl Fischer
titration works based on a reaction between sulphur dioxide, a base (RN), iodine, water, and
an acohol (ROH) as a solvent (Equation 3-2), in which equimolar amounts of water and iodine
is consumed. Such that, water content of the solution can be calculated by monitoring the
amount of iodine consumed in reaction with water via measuring changes in electrical

conductivity of the reaction solution.

ROH + SOz + 3RN + 12+ H20 — (RNH)*SO4 R + 2 (RNH)!

Equation 3-2: Simplified chemical reaction of the titration process [128, 129]

The coulometric titration set-up has atitration vessel composed of an anode compartment with
a sensor electrode (polarized double-platinum-pin) and a cathode compartment with a
generator electrode. The compartments are separated by an ion-permeable membrane. The
anolyte consists of sulphur dioxide, iodide salts, a buffer, and a solvent in which iodide (1) is
oxidizedtoiodine(l) to react with water, and the cathol yt consists of areagent which completes
the oxidation reaction by reducing hydrogen ions to hydrogen. The electron transfer happens

at the generator electrode by creating current pul ses.

The number of moles of electrons used in thisiodine generation is used to calculate the amount
of water in the sample. The sensor electrode detects when there is a small excess of iodine,
which means there is no water to react with in the vessel. This detection, which isin the form
of voltage reduction at the sensor electrode, stops current and iodine generation at the generator

electrode and calculation begins automatically by the built-in software in the device.
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3.3.3.1 Experimental setup and procedure

Mettler-Toledo-C20 Compact Karl Fischer coulometer was used for thistest. HY DRANAL®
- Coulomat AK and HYDRANAL® - Coulomat CG reagents (Sigma Aldrich) were used as
the anolyte and cathol yte respectively and the fuel blends, listed in Table 3-4, were prepared
for this measurement following the procedure explained in Section 3.3.1. Bio-diesel used in
this test was taken from unopened barrels and as such could be considered as fresh fuel. To
ensure the same conditions for the monoolein blends, the test fuels were not conditioned or

aged, and they were tested immediately after preparation.

Table 3-4: Test fuel blends for the water content measurement

Fuel type Fuel ID
Reference grade REF
Bio-diesel blends B5 B10 B15 B20 B30 B50 B100
Monoolein blends M200 M325 M400 M600 M 1000

Thetitration started by filling the anode and cathode compartments of the titration vessel with
100 ml Coulomat AK and 25 ml Coulomat CG respectively. Before conducting any
measurements, the set-up was calibrated using the built-in software. Once the calibration was
complete, 1- 1.5 ml of a fuel sample was taken, weighed using an accurate balance with an
accuracy of four decimal places, and injected into the titration vessel (anode compartment).
The quantity of the sample mass was inputted for the automatic analysis of the water content

viathe software.

At the end of the analysis, e.g. less than 5 min, the mass ppm of water was obtained and

converted to the equiva ent volumetric ppm using Equation 3-3.
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Titration reading (ppm w/w) X Fuel density (kg/m?*)

Titration reading (ppmv/v) = water density (kg/m?)

Equation 3-3: conversion of mass ppm to volume ppm [102]

For each of the fuel blends, at least five replicates were taken to calculate the average water

content. Fresh chemicalswere used to refill thetitration vessel after every 40-50 measurements.

3.3.4 Determination of saturation level of dissolved water in fue

The water saturation level of afuel is characterised by the maximum ppm of water by volume
that can be dissolved in thefuel during acertain period of time. In principle, if the water content
of afuel exceeds the saturation level, free or emulsified water will be formed, therefore, the
water saturation level can be used as an indication of the likelihood of undissolved water being
present in the fuel. Moreover, the capability of afuel to absorb water can be a consequence of
aging. The water saturation level measurements were made based on the procedure described

in the SAE J1488:2010 standard.

3.3.4.1 Experimental setup and procedure

To measure the saturation level of the test fuelslisted in Table 3-5, 75 ml of afuel sample was
placed in a clean and dry bottle and 25 ml of deionised water was carefully inserted into the
bottom of the bottle using a 50 ml syringe with a long, large diameter needle and without
agitating the fuel-water interface. A PTFE coated magnetic stirrer was placed in the bottle and
the bottle was covered by a rubber digphragm film and placed on a stirrer for 24 h using the
lowest possible speed such that no interface agitation occurred. After thisinitial aging period,
a sample from the fuel on top of the bottle was taken by a syringe to be analysed by the Karl

Fischer coulometer following the procedure explained in the Section 3.3.3.
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Table 3-5: Test fuel blends for the determination of water saturation point

Fuel type Fuel ID
Reference grade REF
Bio-diesel blends B5 B50 B100
Monoolein blends M400

At least three replicates were used to determine the mean saturation level of each fuel blend.

The test fuels were prepared following the procedure explained in Section 3.3.1.

3.3.5 Density measurement

Density is defined as the mass of the substance divided by itsvolumein unitsof kg/m3 [130].
The density was measured according to 1SO 3838: 2004, which recommends a test procedure
using a capillary-stoppered pycnometers. The density values were required to calculate the

dynamic viscosity of the fuel blends.

Based on the 1SO 3838:2004 standard procedure, the density of 25 ml of atest liquid, kg/m53,
is calculated compared to the density of an equal volume of water at the same temperature
based on Equation 3-4. An equal volume of each liquid is ensured by using a 25 ml capillary-

stoppered pycnometer (Figure 3-2).

Figure 3-2: Capillary-stoppered pycnometers density bottle
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(mt - mo)pc
=———2224C
Pe (mc - mo)

Equation 3-4: Density of aliquid at any temperature [130]

Where:

p.: Test liquid density at the test temperature, (kg /m3);

p.. Water density at the test temperature (from the reference chart), (kg/m3);

m;: Mass of the pycnometer filled with the liquid under test at the temperature, (g);
m.: Mass of the pycnometer filled with the water at the temperature, (g);

m,: Mass of the empty pyknometer at the temperature, (g);

C: Correction for air buoyancy (from the reference chart), (kg/m?3).

3.3.5.1 Experimental setup and procedure

The fuel samples (Table 3-6), were prepared according to the method in Section 3.3.1 and

conditioned for 30 min by maintaining the temperature of the bath at 22 °C for all

measurements.
Table 3-6: Test fuel blends for the density measurement
Fuel type Fuel ID
Reference grade REF
Bio-diesel blends BS B10 B15 B20 B50 B100
Monoolein blends M400 M 1000

To calculate the fuel density, p;, based on Equation 3-4, the pycnometer was washed by
acetone and dried by clean compressed air. Afterwards, it was calibrated by measuring its
weight when empty and filled with distilled water to record m, and m, respectively. The
pycnometer was cleaned and dried again and was filled with the test fuel to measure m, at

22 °C. 1SO 3838 provides the Buoyancy Correction, C, in tables to enable calculation of the
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fuel density, p,. Two replicates per sample were used to calculate mean values. The variation

was very low, with arange lower than 0.0006 kg /m?3.

3.3.6 Dynamic viscosity test

A shear stressis required for afluid to move and there is a natural resistance that prevents a
uniform flow of the fluid throughout its cross section. As aresult, the fluid layers move with
different velocities relative to each other. Thisinternal resistance, which is also known as the
fluid drag force, is attributed to the viscosity of the fluid and is defined as aratio of the shear

stress to the velocity gradient in the fluid stream (Equation 3-5).

Equation 3-5: Shear gtressin the fluid [13, 58, 59, 67]

Where:
T : Shear stress (Pa);
u - Dynamic viscosity (Pa. s);

Z—; : Velocity gradient of the fluid layers along its thickness (s ~1).

There aretwo types of viscosity namely, dynamic and kinematic. Dynamic (absol ute) viscosity
of aliquid, Pa. s, isdescribed asthe tangential force per unit arearequired to move ahorizontal
layer of the fluid with respect to another at a unit velocity when a unit distance between two
layers is maintained (Equation 3-5). Kinematic viscosity of afluid, m?/s, is defined as aratio
of thefluid dynamic viscosity to its density and is ameasure of how resistiveit isto flow under
the influence of gravity. Viscosity, in both cases, is a function of temperature and pressure,
however it is not always a function of the shear stress applied on the fluid. A fluid that has a

viscosity independent of the quantity of the shear stressis called aNewtonian fluid while others
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are termed non-Newtonian fluids. Diesel fuel is considered as a Newtonian fluid and the 1ISO
3104 standard describes the test conditions required for calculating dynamic viscosity of
petroleum products by measuring their kinematic viscosity. 1ISO 3105 explains the operating

instruments and required glass capillary viscometers for such measurements [131].

3.3.6.1 Experimental setup and procedure

The fuel blends listed in Table 3-7 were prepared for the viscosity measurement following the
procedure explained in Section 3.3.1. Based on the recommendations of EN SO 3104:1996, a
BTI® glass capillary viscometer (BS/U-tube, size B) was used for the REF, monoolein blends,
and B5, whereas a Technico® glass capillary viscometer (BS/IP/SL size 1) was used for bio-
diesel blends containing more than 20% (B20) [132]. Both types of viscometer were of very

similar design but had different capillary tube dimensions.

Table 3-7: Test fuel blends for the viscosity measurement

Fuel type Fuel ID
Reference grade REF
Bio-diesel blends B5 B20 B50 B100

Monoolein blends M400 M 1000

The clean U-shape glass viscometers, Figure 3-3, comprised two bulbs, A and E, on each side.
A test fuel was poured in the viscometer viathe tube L such that the bulb A was filled by the
fuel sample with respect to the filling mark G. The measurement had to be carried out at a
constant temperature, such that the viscometer was placed in the Townson+Mercer®

controlling temperature bath (Figure 3-4) for 30 min to acquire the test temperature, i.e. 25°C.
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Figure 3-3: U-shape glass viscometers [132] Figure 3-4: Controlling temperature bath set-up

After conditioning the sample, the test liquid was drawn through the bulb C on the tube N to
slightly above the timing mark E using a pipette pump. At this point the vacuum was removed
and thetime, t, taken by the fluid travelling under gravity from mark E to the Mark F through
the capillary channel was measured to calculate the kinematic viscosity, v, using Equation 3-6.
The term, C in the equation is the viscometer constant provided by the viscometer

manufacturer.

v=_CXt
Equation 3-6: Kinematic Viscosity of afluid [131]

Based on the ISO 3105 standard, at least two measurements were performed for each test

sample to average the flow time for the calculation. The quantity of the kinematic viscosity
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(v) of each sample was used to measure their dynamic viscosity (n) using the density (p) of

each sample according to Equation 3-7.

n=vXxpx1073

Equation 3-7: Dynamic Viscosity of afluid [131]

3.4 Resultsand discussion

Thetest fuels were prepared and characterised according to the procedures reported in Section
3.3.1, and the resulting data is now reported to demonstrate the effects of bio-diesel and
monoolein content on the overall fluid properties of the fuel blends.

3.4.1 Interfacial tension (IFT) measurements

The bio-diesel and monoolein blends are compared regarding their IFTs (mean + SE) as shown

in Figure 3-5.

77



IFT (mN/m)

IFT (mN/m)

35

1 & —=— Biodiesel blends |
30 -. -
25 :
4 I“.
20 5
] n
15 4
] \.H. gl E—— - — —1
10 1 ] I I I | | 1
0 5101520 30 50 _ 100
Biodiesel percentage in Ref. diesel (% (v/v))
35 _
30 L | —=— Monoolein blends|
25 \\'“\
] %
20 4 L.
15 ] \\K._
10 4 T
5 B
0] T
T T T T T T
0 200 325 400 600 1000

Monoolein ppm in Ref. diesel {ppm (v/v))

Figure 3-5: IFT of the bio-diesel and monoolein blends (source Table 3-8in

Appendix (A))

Theresults confirmed that bio-diesel acts as a surface-active agent such that the IFT of the REF
fuel reduced from 31.24+0.73 mN/m to 13.17+013 mN/m in B100. Thisisin agreement with
findingsin theliterature [20, 28, 29]. However, note that thetrendsin the IFT datafor the fuels
containing bio-diesel and monoolein are not the same when blend proportionsincrease to B100
and M 1000 respectively. As the bio-diesel content increases from B20 to B100, the IFT does
not continue to decrease, i.e. the IFT remains almost constant at about 12 mN/m for B20, B30,
B50, and B100. However, further decreases in IFT are observed as the monoolein content
increases. This can be attributed to the capability of the water and fuel interface to
accommodate monoolein molecules to the concentration of 1000 ppm while the interface is

not being saturated by them. As aresult the IFT decreases by adding more monoolein and the
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IFT of 2.18 £ 0.12 mN/m is measured for M1000 (Figure 3-6). Thisisin contrast to the bio-
diesel blends containing more than 20% bio-diesel in which the interface reachesits saturation
point and the behaviour of theinterface is dominated by the chemistry of the bio-diesel (Figure
3-7). This can be explained by comparing the molar ratios of the bio-diesel and monoolein
blends. For instance, the molar concentrations of B20 and M 325, which exhibited identical
IFTs, are 0.5924 and 0.0009 mol /! respectively (molecular weight of monoolein (C21H4004)
= 356.54 g/mol, bearing in mind that methyl oleate (C19H3602) has a molecular weight of
296.494 g/mol and is a typical bio-diesel fuel [54]). Thus, a lower number of monoolein
molecules are available to saturate the fuel-water interface compared to bio-diesel molecules

in each of the fuel blends.

M200 M400 M600

!!f(‘

Figure 3-6: Schematic of the interface of water and monoolein blends
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\ 7 r
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Figure 3-7: Schematic of the interface of water and bio-diesel blends

3.4.2 Water content and saturation level of dissolved water in fuel

The bio-diesel and monoolein blends are compared in terms of their water contents (mean +

SE) asshown in Figure 3-8.
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Figure 3-8: Water content of the bio-diesel and monoolein blends (source table
- Table 9-2in Appendix (A))

These results reflect the fact that bio-diesel has more affinity for water than mineral diesel. For
example, water contents of 49.13+2.79 ppm (v/v) and 403.94+24.89 ppm (v/v) were
measured for the REF and B100 fuels respectively, which isin agreement with the findingsin
the literature [ 20, 22-27, 72, 73]. Thisis due to the higher polarity of the bio-diesel molecules
(alkyl-esters and unsaturated molecul ar structure) compared to that of mineral diesel. However,
it is interesting to note that as the proportion of monoolein increases from zero (REF) up to
1000 ppm (M1000), changesinin thewater content of thefuel are not noticeable. Asexplained
in Section 3.4.1, thisislikely to be attributed to alower molar ratio of monoolein compared to
that of bio-diesdl in the test fuels, which results in a lower overall hygroscopicity of the

monoolein blends.
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The saturation level of fuel blends were measured according to the procedure explained in

Section 3.3.4 and the results (mean + SE) are plotted in Figure 3-9.
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Figure 3-9: Water saturation level of bio-diesel blends (source table - Table 9-3 in Appendix (A))

The high water saturation level of B100 confirmed that bio-diesel has a strong hygroscopicity
such that it absorbed more than twenty times the amount of water than the mineral diesel after
24 h aging in direct contact with water. Similar to the water content results discussed earlier
above, the lower overall hygroscopicity of M400 compared to the bio-diesel blends can be adso

attributed to alower molar ratio of monoolein compared to that of bio-diesel in the test fuels.

3.4.3 Density and dynamic viscosity tests

Figure 3-10 shows the density results (mean + SE) for the fuel blends.
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Figure 3-10: Density of the bio-diesel and monoolein blends (source table - Table 9-4 in Appendix
(A)

It was found that a fuel blend containing a higher proportion of bio-diesel exhibits a higher

density compared to the reference diesel. This is because the bio-diesel (B100) has a higher
intrinsic density (878.2 kg/m3) and water content (403.94+24.89 ppm (E)) compared to the
REF fuel with a density and water content of 829.1kg/m3 and 49.13+2.79 ppm (g)

respectively, which affects the density of the bio-diesel blends. By contrast, there was no
marked change in the density of the monoolein blends resulting from the addition of monoolein

up to 1000 ppm in the REF diesel.

Figure 3-11 shows the comparative plots of the dynamic viscosity of the bio-diesel and

monoolein blends.
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Figure 3-11: Dynamic viscosity of the bio-diesel and monoolein blends (source table - Table 9-5in

The bio-diesel blends exhibited higher viscosities than the REF fuel, e.g. 5.76 mPa. s in B100
and 3.43mPa. s in REF fuel. On the other hand, no variation was observed in the fuel viscosity
of the monoolein blends, which is likely to be connected with the low molar ratio of the
monoolein compared to the bio-diesel in the test fuels. For instance, the molar concentrations
of the B20 and M 325 blends, which exhibited identical IFTs, were 0.5924 and 0.0009 mol/l
respectively (molecular weight of monoolein (C21H4004) = 356.54 g/mol; based on methyl

oleate (C19H3s02) with a molecular weight of 296.494 g/mol, which is a typical bio-diesel

fuel [54]).
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3.5 Summary

The behaviour of fuel, along with water and the filter medium itself are the main components
that interact to control the separation performance of a fuel-water coalescing system. It is
therefore important to understand how the properties of the fuel are influenced by common
variations in its composition and aso to evaluate whether or not the inclusion of surfactant in
the form of monoolein is a satisfactory surrogate for bio-diesel. Thisis particularly important
given the widespread use of monoolein in the ISO and SAE water separation test methods. The
properties of reference grade diesel fuel in terms of interfacial tension (IFT), dissolved water
content and viscosity are substantially affected by addition of bio-diesel, even at low
concentrations of only 5% (v/v). However, by contrast, addition of monoolein was only found
to affect the IFT of the fuel whereas the water content, density and viscosity of the fuel
remained almost constant. The effects of adding monoolein and bio-diesel to areference fuel
are therefore not the same. It was established that monoolein does not saturate the interface of
water and fuel at an IFT higher than 2 mN /m, while the interface reaches saturation point in
fuels containing more than 20% bio-diesdl, i.e. >B20, such that the IFT of the fuel blendsis
maintained between 12 and 13 mN /m even in the case of B100. This can be attributed to the
molar ratio of the bio-diesel in the fuel blends, which is much greater than monoolein in
monoolein blends. The results reported herein provided a basis for the design of subsequent
experiments concerned with understanding the behaviour and underlying relationships
between the fuel properties and water droplet characterisation (chapter 4) and the fuel-water

separation performance of filter media (chapters 6 and 7).



CHAPTER 4

Water-in-Fuel Emulsion Characterisation
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4.1 Introduction

As highlighted in Section 2.3.4, in a surfactant-stabilised diesel, the presence of small, stable
water dropletsisto be expected. In areal vehicle, 50% of the water droplets after the fuel pump
can be smaller than 25um (Dvg,< 25um), such that efficiently capturing them is challenging
[28]. Evaluation of the water separation performance of filters depends on their end use and
standards such as SAE J1488 and ISO 16332 define the test conditions required [28, 133].
Theselaboratory tests are usually conducted using a base reference grade diesel fuel that isfree
of solid contaminants or bio-diesel, but is blended with a specified surfactant such as
monoolein, which aters the fuel IFT and water separation characteristics. The approach is
based on the theory that alow IFT will result in small droplet sizes and thereby simulate more

challenging fuels such as those containing bio-diesel or surfactant additives.

Although the impact of bio-diesel and surfactants on water-in-fuel emulsion properties and
water separation has been previously investigated (Section 2.6.1), comparative data on water
droplet size distributions (DSD) and water separation performance associated with blends of
diesel/bio-diesel and diesel/monoolein islacking. In Chapter 3, the reference grade fuel and its
blends with bio-diesel and monoolein were investigated in detail and differences between the
properties of the fuel blends were reported. The present chapter discusses the characteristics of
water-in-fuel emulsionswith regard to their settlement behaviour aswell asthe sizedistribution
of water dropletsin these two sets of fuel blends. This chapter is also intended to identify some
of the important underlying relationships between emulsion characteristics and the fuel

properties described in Chapter 3.

ASTM D7261 — 13 and ASTM D1401 - 12E1 are the standard test methods to evaluate

separation of water in diesel, i.e. water separability. They use D-SEP rating and settlement tests
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respectively, both of which were employed in this research (4.3.3 and 4.3.4) to investigate
water separation via gravity in bio-diesel and monoolein blends. Moreover, DSDs in the fuel
blends were investigated using an emulsion generation test rig (see Section 4.4) equipped with

an online sizing apparatus based on laser diffraction technology.

4.2 Stock fuelsand additives

The REF, B100, and monoolein samples used in this research were from the same batches used
for the fuel characterisation work (Section 3.2). The test fuel blends were prepared based on

the same method as explained in Section 3.3.1.

4.3 Experimental methods and apparatus

This section reports methods and laboratory apparatus used to evaluate droplet size
distributions (DSD) as well as water separability in different fuel blends containing bio-diesel
or monoolein. This does not include design and construction of the emulsion generation rig

which isexplained in Section 4.4.

4.3.1 Laser diffraction technology and particlesizing

In emulsion science, laser diffraction isacommon technique for the analysis of particle/dropl et
sizesdispersed in abulk medium. 1SO 13320:2009 explains the method and principlesin detail
[134]. The method usually employs optical models, such as Fraunhofer and Mie diffraction
models, interpreting the scattering pattern, in terms of scattering intensity and angles, created

by aparticle in the path of alaser beam.

Fraunhofer and Y oung demonstrated that light rays of a certain wavelength shone at a single
or finite number of dlits placed between a light source and a screen, are diffracted at the dlit

edges to form adiffraction pattern on the screen (Figure 4-1). The pattern is composed of light
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and dark regions with an intensity reducing from the centre to the sides due to overlapping and

interfering light waves at the surface of the screen.

Light Coherent
w = Sunlight

Singl
¥ S =
truct Barrier with
ngﬂnm}l:: Double Slits

IR
J1) 1)
Constructive A YU LA
Seroen Interference ; T8k B i

Figure 4-1: Y oung's double dlit experiment [134]
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The light points are where the waves have constructive interference and are displacing in the
same direction, and the dark regions are where the waves have destructive interference and
have a displacement in opposite directions. The same principle is applied to explain the
diffraction pattern of light rays shining on a particle which can be diffracted at the particle

edges, refracted though the particle, radiated from it or be absorbed by the particle (Figure 4-2).
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Figure 4-2: Light diffraction pattern on a spherical particle [134]
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Small particles diffract the light at larger angles and with less intensity than larger particles
(Figure 4-3). Based on this principle, Fraunhofer suggested a model to calculate particle size

based on the scattering angle and intensity.
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Figure 4-3: Light scattering angles for small and large particles [134]

His model can be used to size particles that have a size much greater than the wavelength of
the light being used for the measurements, i.e. larger than 25um. The share of wave refraction
through asmall particle, especially when the particle size is approaching the wavel ength of the
scattering light, is higher than that of a large particle. Here, Mie theory joins Fraunhofer’s to

measure particle size less than 25 um as accurately as possible.

Laser diffraction technology typically analyses the particle size based on the equivalent sphere
theory by which the size distribution of particlesis generated based on their volume equivalent
spherical diameter [134]. In this method, the mean particle diameter, is not a number average
of the diameter of N number of particles (denoted as D[1,0], Equation 4-1). Rather, it is based

on either the ratio of the diameter of a sphere with an average volume of the particle (D[3,0],
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Equation 4-3) and diameter of a sphere with an average surface area (D[2,0], Equation 4-3),
which is called the Sauter mean denoted as D[3,2], (Equation 4-4) i.e. volume (Equation
4-3)/surface mean (Equation 4-2), or themean diameter over volume (also called thede
Brouckere mean, denoted as D[4,3], Equation 4-5). In this measurement knowing the number
of particlesis not necessary as the equivalent diameter is measured based on the ratio of two
different averages, however, dueto light refraction through particles, measuring and recording

the refractive indexes of the emulsion phases is compulsory (see Section 4.3.2).

1 1
D[1,0] = - X Z D,
=n

Equation 4-1: Mean diameter [134]

1 o,
D[2,0] = ;XZ. D,
=n

Equation 4-2: Surface area mean diameter [134]

3(1 1 3
D[3,0] = ZXZ- D,
1=n

Equation 4-3: Volume mean diameter [134]

1 1
D[3,2]=Z. Dﬁ/Z. D;?
I=n l=n

Equation 4-4: Sauter mean diameter [134]
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1 1
D[4,3]=Z. Dﬁ/Z. D;?
=n 1=n

Equation 4-5: De Brouckere Mean Diameter [134]

4.3.1.1 Experimental setup and procedure

The Insitec Wet Malvern® particle size analyser (Figure 4-4) employing laser diffraction at a
wavelength of 670nm was used to measure water droplet sizes over a range of 0.1um to
2500 um. Thedevice hasaview cell with inlet and outlet hose inserts to stream awater-in-fuel
emulsion sample through. The cell is placed between optical and receptor heads perpendicular
to alaser beam, such that the beam can pass through the sample containing emulsified droplets.
The built-in software uses the Mie optical method to interpret the received data from thirty-two
detectors for the angular variation in the intensity of light scattered by dispersed water droplets
to calculate their diameter in the sample emulsion. The device was used to characterise test
emulsions containing water and a sample fuel (Table 4-1), when connected to the downstream
side of an emulsion-generating device. The emulsion-generation device used in thisresearch is
explained in Section 4.4. The output was an average distribution for a volume equivalent
spherical diameter of the water droplets of the emulsion during water injection, presented in

the form of a curve showing the percentage dropl et frequencies of different size ranges.
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Figure 4-4: Insitec Wet Mavern® particle size analyser
Table4-1: Test fuel blendsfor DSD measurement
Fuedl type Fuel ID
Reference grade REF
Bio-diesel blends B5 B10 B20 B30 B50 B100
Monoolein blends M200 M400 M600 M1000

The particle sizer recorded droplet size distributions (DSD), cumulative distributions, and their

corresponding volume median diameter, denoted as Dvs, at one second intervals during each

test and raw data was processed using OriginPro software to calculate average size

distributions, cumulative distributions, and Dvs,s during the emulsification. The particle sizer

was connected to an emulsion-generating test rig, designed and built in-house exclusively for

this research, for online measurement of water DSD, as explained in Section 4.4.

4.3.2 Refractiveindex measurement

Asafirst step before droplet size measurements could be made on the bio-diesel and monoolein

blends, the refractive index of each test fuel needed to be determined. The refractive index is

adimensionless number quantifying the ratio of the speed of light in a vacuum to its speed in
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the test medium, based on Snell’s law (Equation 4-6). For instance, the refractive index of
water is1.331, which meansthe speed of light in the vacuum is 1.331 times faster than its speed

in water.

v, sinf, n,

v, sinf, ng
Equation 4-6 Snell'slaw for refraction: arefersto air and b refersto test medium

Where:
v, and v, Speed of light in medium aand b (m/s);
6, and 6,: Angles of incidence and refraction respectively;

n, and n;: Refractive indices for medium aand b.

4.3.2.1 Experimental setup and procedure

A CETI® Abberefractometer was used for thistest (Figure 4-5). The apparatus has two prisms,
an illuminating prism and a refracting prism, of known refractive indices. A thin layer of the

test liquid, typically 1-3 drops, is placed between each prior to measurement.

Eye Piece
y MNMuminating
Prism
2 i
] Sample —fp 1~ "
Focus ng h,
knobs gquciing x ,./
rism :
e

Figure 4-5: Refractometer setup and the theory of refraction index measurement
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Therefractive index of the refracting prism is chosen to be higher than the test liquid such that
the light shone from the illuminating prism through the sample liquid is refracted through the
second prism at a smaller angle than the critical angle for the total reflection, i.e. 8, < 6;
(Figure 4-5). The largest possible incidence angle, 6;, through the sample is known from the
specification of the tester, and the largest refracted angle, 8,., through the refraction prism can
be detected by a photodetector built in to the device. Therefore, based on the detected refracted
angle, 6,., the Index of the sample is readable through the eye-piece of the instrument from a
scale built-in based on the Equation 4-6. Different refractive indices result from changing the
position of the interface of dark and light regions such that a different number from the scale
isvisible through the eye-piece. The clarity of the interface is adjustable using focusing knobs

on the device.

The test fuels used is the same as listed in Table 4-1 and the device was calibrated against

distilled water with a known refractive index of 1.331.

4.3.3 DSEPrating

The DSEP rating test, determination of separation characteristics, is a standard test procedure,
ASTM D7261 — 13 used to determine the water separation characteristics of diesel fuel when
passed through a standard fibreglass coalescing filter. This method, and also the sedimentation
test explained in Section 4.3.4, provides a measure of the resistance to coalescence of water
droplets induced by surfactants present in the fuel. In principle, mixing a certain amount of
distilled water into the test fuel for a certain period of time creates turbidity, or the formation
of very tiny water droplets dispersed in the sample fuel. The emulsion is then passed through
a standard fibreglass filter such that fuel turbidity, analysed by a turbidimeter, reduces if the
sampl e contains no surfactant. The test apparatusis equipped with aturbidimeter that measures
the turbidity of a suspension by radiating alight of known wavelength on to the contaminated
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sample. The turbidimeter should be calibrated first using a clean and water-free fuel sample.
Theturbidity rangesfrom 0to 100 and is determined by comparing the intensity of the scattered
light through the clean and contaminated samples. The fuel containing less surfactant that is
not ableto create astable fuel-water emulsion will have ahigher DSEP value, while afuel with
ahigh level of surfactant has alower value. The SAE J1488:2010 considers fuels with DSEP

values less than 75 to have poor water separability.

4.3.3.1 Experimental setup and procedure
The portabl e separometer Microsep Mark V Deluxe (Figure 4-6) was employed in thisresearch

to measure DSEP values for each test fuel the same aslisted in Table 4-1.

ringe driver . .
Syring Mixing station

Turbidimeter

Display

—

Figure 4-6: Microsep set-up

The test apparatus comprises a control panel with akeyboard, turbidimeter, and meter reading
display, a mixing station driven by the MICROSEP® emulsifier (1000-12500 min~1), and a
syringe driver. For each DSEP test, a standard equipment pack including a 60 ml syringe with
end plug, turbidimetry glass vial, an ampule of 5 ml distilled water, and Alumicel containing

standard fibreglass coalescer is required. The test procedure includes a preparation step by
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which the mixer of the Microsep and the sample syringe are washed with the sample fuel to
ensure the items are not contaminated with other fuel sampleif the device had been used before
the test. To conduct the main test procedure, 15 ml of the test fuel was poured in to the
turbidimetry glass vial to be placed in the turbidimeter, and was assigned a value of 100 as the
clean sample fuel (without free water). Once this calibration step is completed, 50 ml of the
fuel sample was poured into the syringe with the plunger removed and a plug was inserted in
to the bottom connection of the syringe. Then, 5 ml of distilled water was added into the syringe
using a hand pipette and the syringe was placed in the mixing station while the mixer bar was
inside the syringe. The start button on the control panel was pressed such that the Microsep

started to carry out several functions against a fixed program time scale as follows:

- Emulsification for 30 s;

- Wait for a30 sinterval during which time: (a) the syringe from the mixing station was
removed; (b) the plunger wasinserted in to the syringe containing the emulsion sample;
(c) the plug was removed while the syringe is inverted; (d) the syringe was vented the
Alumicel was placed ontoit, and finaly, (e) the syringe was assembl ed into the syringe
driver and a waste container was placed under the outlet.

- The syringe was driven down for 45 s during which time 15 ml of the emulsion was
collected from the syringe using the via placed in the turbidimeter for the rating
measurement.

- The DSEP value for the sample was displayed on the control panel.

In the case of DSEP values of zero, the glass vial was l€eft in the turbidimeter and the sample

was rated at 15, 30, 90, and 120 min afterwards to provide a dynamic DSEP measurement.
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4.3.4 Water separation viathe sedimentation test (water separability test)

The 1SO 16332 recommends the ASTM D1401-12E1 test procedure for qualitatively
determining water separation characteristicsin diesel fuel. The concept isto create awater and
oil mixture and to observe how quickly the water is separated from the oil and settles at the
bottom of the vessel. Based on this method, a volume of 40 ml oil is taken and poured into a
graduated cylinder placed in a controlled temperature bath. The oil is heated to the test
temperature of 54.4 °C (130 °F) and an equal volume of 40 ml distilled water is then gradually
added into the cylinder. The liquids are left to equilibrate to the test temperature. Using a tir
rod, oil and water are mixed at 1500 min~! for 5 min. Then, the mixture is left undisturbed

and the volume of the separated water from oil is recorded versus time.

4.3.4.1 Experimental setup and procedure

Table 4-2 lists the fuel samples tested for water separation via sedimentation, to determine
resistance to coal escence modulated by bio-diesel and monoolein content in the test fuels. For
this measurement the ASTM D1401-12E1 procedure, was followed with small modifications
[135] as now detailed. The small modifications were applied to address a limitation in the

availability of the required measuring instruments.

Table 4-2: Test fuel blends for the sedimentation test

Fuel type Fuel ID
Reference grade REF
Bio-diesel blends B5 B20 B50
monoolein blends M200 M325

40 ml of thetest fuelswere separately mixed with 10 ml distilled water in ameasuring cylinder

for 30 sat 1000-12500 min~! using a MICROSEP® emulsifier (ASTM D7261 — 13) at room
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temperature. After emulsification, the volume of the coalesced water was recorded versus time
for the test fuels. It required longer to recover the total volume of water if the water-in-fuel is
more stable, or there is more resistance to coalescence in the emulsion, which resultsin lower
settling velocity of the droplets. Equation 2-9 in Section 2.3.3.2 indicates the settling velocity
(V) of adroplet with adensity of p,, and radiusof r, settling downin abulk fuel with aviscosity

of u and density of p., where g is the acceleration due to gravity.

Sample pairs of B5 and M200, and B20 and M 325, were tested due to the similarity of their
respective IFTs, i.e. about 18 mN /m and 12 mN /m respectively (see Section 3.4.1), and B50
was used to consider the effect of viscosity on the water separation as it possessed the same
IFT as B20 but a higher viscosity than other fuel blends (see Section 3.4.3). REF fuel was used
as the control sample and the volume of the separated water from oil was recorded at one
minute intervals for the first ten minutes, and then recorded at subsequent intervals, i.e. at the

201, 301, 60™M, 90™, 120™, 180™, 240" and 300" minute time points of the test.

4.4 Development of the emulsion generation test rig

An emulsion generation test rig equipped with an online droplet size measurement system
(Insitec Mavern® particle size analyser — see Section 4.3.1) was built to characterise water
droplet size distribution (DSD) in the test fuels. The rig enabled the emulsification of 0.2%
(v/v) deionised water in atest fuel and measured DSD at atmospheric and a higher static
pressures. 4 bar static pressure was decided for the high pressure tests as it was the maximum

feasible static pressure that could be applied to the system without health and safety concerns.

4.4.1 Design of the emulsion generation test rig

The design of the test rig is shown in Figure 4-7 and its operation was based on the following
criteria
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- Injection and emulsification of a precise volume of water into atest fuel during a pre-
defined period of time, enabling online measurement of water DSD;

- Ability to conduct a single-pass test, i.e. water passes the pump only once, avoiding
multiple pumping of the emulsified water to avoid affecting the original water droplet
Sizes,

- Generation of auniform and constant flow;

- Maintenance of a constant flow rate at high static pressure up to 4 bar.

PG
L

N 0\ QC?
® O— % ‘| T \|

LLJ
Figure 4-7: Schematic of the emulsion generation test rig

Based on the schematic of the test rig shown in Figure 4-7, the rig design consisted of one
circuit for asingle-passtest through a particle sizer for the analysis of DSD. The fuel pump (P)
circulates a fixed volume of the test fuel from the reservoir (F2) at 6 I/min close to what is
encountered in real life applications. The fuel is then passed through the particle size analyser
(M), flowmeter (FM), and high efficiency clean-up filters (CF). Deionised water held in the
tank (W) at the suction side of the main pump (P) is injected into the system by opening the
valve (V) viapump suction as well asthe hydrostatic pressure in the water tank. Onceinjection
has started, fuel is collected in the storage reservoir (F1) instead of the tank (F2) to provide a
single pass emulsion test. The injection rate has to be constant at 12 ml/min to provide 0.2%

(v/v) deionised water in atest fuel during a water injection experiment. To run a test at the
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higher pressure, the pressure valve (PV) was adjusted to reach 4 bar static pressure, and the

same procedure was followed thereafter.

4.4.2 Construction of the emulsion generation test rig

The final constructed test stand is shown in Figure 4-8.

Particle sizer Water injector Supply pump Pressure valve  Clean-up filters

Figure 4-8: The final constructed emulsion generation test rig

Following the system design shown in Figure 4-7, the detailed specification of the test rig

components are now outlined.

4.4.2.1 Piping and hosefittings

The hose size of /2" [inner diameter of 12.5 mm] was chosen for the piping and all the fitting

and hose inserts were chosen accordingly.

4.4.2.2 Fud tanks(F1and F2)

Two 20 [ stainless steel buckets were used as the fuel feeding and storage tanks. Since the test

rig was atemporary one, it did not require permanent fuel reservoirs.
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4.4.2.3 Water reservoir (w)

A 30cm pieceof 3/8” [inner diameter of 10 mm] PV C transparent hose, volumetrically scaled,

was used as the water reservoir.

4.4.2.4 Water injection valve (V) and theinjector device

A brass ball valve was fitted to a steel equal 3/8” [outside diameter of 16.7 mm] tee piece to
assemble the injector device. To ensure smooth and constant injection of water at 12 ml/min, a
small plastic disk with ahole in its centre, i.e. a hole diameter of 1 mm, was fitted inside the
tee piece at the water side. The water hose (W) was connected to the valve using a proper size

hose insert.

4425 Adjustablepressurevalve (PV)

A sted ball valve with 3/8” [outside diameter of 16.7 mm] fittings was used to generate

pressure in the system for the tests at 4 bar pressures.

4.4.2.6 Pressuregauge (PG)

A USS analogue pressure gauge (0 - 10 PSI, 63 mm glycerinegFilled) was used for adjustment
up to 4 bar pressure in the system coupled with the PV valve operating with alevel of accuracy

of £2%. The gauge was installed in the system using an appropriately sized brass tee piece.

4.42.7 Main pump (P)

A Parker Nicholas pump (Heavy-Duty Engine Platform Gerotor, 5000 rpm, 24V~7 [/min @ 6
bar) was installed. The pump was able to provide a constant flow rate of 6 [/min for both
atmospheric and 4 bar pressure tests. This pump was selected due to its real world application

in heavy-duty vehicles.
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4.4.2.8 Flowmeter (FM)

A GL turbine flowmeter was used with alarge LCD (40mm x 90mm) and accuracy of 1%

over flow rates ranging between 0 and 10 [ /min.

4429 Clean-up filters(CF)

Commercial Dmax® high efficiency clean-up filters were used to provide clean fuel

downstream of the particle sizer.

4.4.2.10 Particle sizer device (M)

A Mavern® Insitec Wet particle size analyser (see Section 4.3.1) was used for the DSD

anaysis. The device was capable of being connected to the system for online measurements.

443 Commissioningthetest rig

Running of the test rig for each test required conducting a pre-test calibration, followed by the

emulsion generation test asis now detailed.

4.43.1 Pretest procedure

The 5 min pre-test procedure was designed to enable stable operating conditions such that a
steady state flow rate was achieved and air in the entire system was removed. Having a
constant, steady state and smooth flow of clear fuel was necessary prior to pre-testing. The pre-
test procedure, which was not associated with any water injection, was designed as a multi-

pass test, and was performed in the following order:

1) Check if the IFT and water content of the test fuel wasin range (see Section 3.4.1);

2) Fill thefuel tank F2 and take the fuel tank F1 out of the system, i.e. to provide a multi-
pass test;

3) Open the pressure valve PV (no externa pressure in the system);

4) Closethe water injection valve V, to ensure no water injection in the pre-test;
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5) Ensure al system components are properly connected and safe to run;

6) Start thefuel pump and adjust the flow rate to the test flow rate of 6 [/min;

7) Continue the fue circulation for 5 min;

8) Drain the clean-up filters regularly making sure they are free of water.

4.4.3.2 Emulsion generation procedure

The emulsion generation test procedure was started immediately following the pre-test such

that the test rig was not interrupted. Following the pre-test, the pressure valve was left open,

the water injection valve was closed and the pump was running at 6 [/min. The test was

designed to be a single pass test and was performed in the following order.

1)
2)

3)

4)

5)

6)

7)

8)

9)

Recover the fuel tank F1 for the outflow;

15 ml of deionised water was placed in the water hose ready for the injection;

The Malvern master sizer was switched on, the manufacturer’s calibration
procedurefor calculating the background signalswas carried out, whilethe fuel was
clean and free of water;

Start the Malvern measurement program;

Open the water injection valve to inject water in to the system, i.e. an emulsion is
generated, and the particle sizer began to measure the DSD of the test fuel;

Close the water injection valve when 3ml water remains in the hose, i.e.12 ml
water has been injected during 1 min. The emulsion generation is now stopped and
clear fuel passes the particle sizer;

Stop the Mavern measurement program and save the datafile;

Stop the pump;

Remove the inflow hose from the tank F2 and placeit in the tank F1;
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10) Start the pump and circulate the fuel for 30 min and drain the clean-up filter
regularly to drain the water out;

11) Check the water content of the test fuel to make sure al the injected water is
removed. If it does not happen in 30 min, circulate the fuel as long as needed to
ensureit is clean;

12) Stop the pump and put the inflow hose back in the tank F2 and start the pump again
at the same flow rate as before;

13) Adjust the pressure valve to reach to 4 bar pressure;

14) Repeat step 2 to 8 and record the DSD of the same test fuel at 4 bar pressure;

15) Discard the fuel using the designated waste procedure.

45 Resultsand discussion

The test fuels were prepared based on the procedure explained in Section 3.3.1, and water in
fuel emulsions were generated using the purpose-built test rig (Section 4.4) and characterised
according to the procedures reported in Section 4.3. The following section focuses on
determining water droplet sizesin fuel blends containing bio-diesel and monoolein as well as
evaluating the effect of the fuel additives on the resistance to coalescence of water dropletsin

the fuel blends.

45.1 Determination of therefractiveindex of thetest fuels

Table 4-3 summarises average refractive indices of the test fuels. Each fuel blend wastested in

triplicate and the mean value was used for the particle sizer calculations.
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Table 4-3: Refractive Indexes for test fuels

Test Fuel RI Test Fuel RI

REF 1.461 M200 1.461
BS 1.461 M325 1.461

B10 1.461 M400 1.461

B15 1.461 M600 1.461

B20 1.46 M1000 1.461

B50 1.458

B100 1.454

Based on the results, the refractive index of REF fuel isnot changed by addition of monoolein,
however, it is changed when more than 20% (v/v) bio-dieseal is blended in the fuel. B100 had

the lowest index among other test fuels.

452 Water droplet sizedistribution (DSD) in thetest fuels

To measure the droplet size distribution (DSD) of water droplets, the emulsion generation test
rig (Section 4.4) was used to create water-in-fuel emulsion for the different fuel blends, and
the particle sizer laser diffraction technology (Section 4.3.1) was employed to plot an average
distribution for avolume equivalent spherical diameter of water droplets during water injection
for each test fuel. For each emulsion, a volume median diameter, denoted as Dvs, [136], was

aso calculated from their cumulative distribution curves.

The size distributions of water droplets at atmospheric pressure in the test fuels are shown in
Figure 4-9 to Figure 4-19 and the corresponding Dvs S of water droplets (mean+SE) arelisted

in Table 4-4.
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Figure 4-9: DSD of the water phase in REF at atmospheric pressure
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Figure 4-10: DSD of the water phasein B5 at atmospheric pressure
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Figure 4-11: DSD of the water phasein B10 at atmospheric pressure
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Figure 4-12: DSD of the water phasein B20 at atmospheric pressure
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Figure 4-13: DSD of the water phasein B30 at atmospheric pressure
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Figure 4-14: DSD of the water phasein B50 at atmospheric pressure
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Figure 4-15: DSD of the water phase in B100 at atmospheric pressure
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Figure 4-16: DSD of the water phasein M200 at atmospheric pressure
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Figure 4-17: DSD of the water phase in M400 at atmospheric pressure
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Figure 4-18: DSD of the water phasein M600 at atmospheric pressure
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Figure 4-19: DSD of the water phase in M1000 at atmospheric pressure

Table 4-4: Dvsp of dispersed water dropletsin monoolein and bio-diesel blends at atmospheric

pressure
Test Fuel Pvso Test Fuel Pvso
(num) (nm)
REF 69.9+0.23 M200 62.28 £ 0.18
B5 49.81+0.1 M400 5719+ 0.17
B10 44.07 £ 0.08 M600 54.74 £ 0.35
B20 40.13 + 0.06 M 1000 46.78+0.13
B30 35.38 £ 0.05
B50 34.4+007
B100 32.81 + 0.06
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Comparing the droplet size distributions (DSD) of the fuel blends (Figure 4-9 to Figure 4-19),
all the graphs have a clear peak which is close to their Dvg,s. The graphs of the bio-diesel
blends containing more than 30% (v/v) bio-diesel (Figure 4-13, Figure 4-14, Figure 4-15),
however, show another peak which are smal and around the size of 4 um. This can be
attributed to the capability of the bio-diesel blends to create small size droplets due to their
higher viscosity compared to the REF fuel (see Section 3.4.3). Based on Table 4-4, Dv, of
the REF fuel decreased from 69.9 + 0.23 um to 34.4 £ 0.07 um by addition of 50% bio-diesel
(B50), and reduced to 46.78 + 0.13 um by addition of 1000 ppm monoolein (M200). This data
confirms that both monoolein and bio-diesel reduce water droplet size in the fuel and are able
to stabilise water droplets at alower size compared to the reference grade diesel at an identical
flow rate. However, to characterise them regarding the water droplet size, the Dvg, of water

dropletsin the fuel blends were plotted with regard to the IFT of the test fuels as shown in the

Figure 4-20.
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Figure 4-20: Dvs, for dispersed water droplets, related to the IFT of the monoolein and bio-diesel
blends at atmospheric pressure
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Based on Figure 4-20, at an IFT between 17 and 19 mN /m, the Dvg,, of water dropletsin B5
was much smaller than that measured for M200 (49.81 £ 0.1 um Vs. 62.28 £ 0.18 um). The
Dvg, of the water droplets in B20 was also smaller than that of M400 at an IFT over arange
of 11 - 13mN/m. This indicates that the bio-diesel blends exhibited smaller Dvs, values
compared to the monoolein blends at corresponding IFT values (Figure 4-20). Regardless of
the chemical composition of the monoolein and bio-diesel molecules, this can be attributed to
the lower molar ratio of the monoolein than the bio-diesel in the fuel blends, e.g. 0.5924 and
0.0009 mol /1l in B20 and M 325 respectively (as explained in the Section 3.4.1), resulting in an
inability of monoolein to maintain the IFT in the emulsion as low as was measured via
tensiometry. During an IFT measurement viatensiometry, the IFT of the interface between the
fuel and water phases is measured while the linear interface is stable and has a constant surface
area during the measurement. However, when the same volume of water is emulsified in the
fuel, the surface area of the fuel-water interface increases, which is because of water droplets
dispersed inthefuel. Therefore, agreater number of surfactant moleculeisrequired to maintain
the IFT of the emulsion at the same value as what is measured via tensiometry. As explained
in Section 3.4.1, in the case of the monoolein and bio-diesel, there are a greater number of bio-
diesel molecules in the bio-diesel blends compared to the number of monoolein molecules
(Figure 4-21) such that the bio-diesel blends provide many more surfactant molecules
compared to the monoolein blends enabling the fuels to stabilize the emulsified droplets at a
smaller size. Based on this and also the fact that the bio-diesel blends had a higher viscosity
than the monoolein blends at an identical IFT, water droplets are exposed to a greater shear
stress competing with their lower Laplace pressure in the bio-diesel blends compared to the
monoolein blends, which could contribute to the formation of smaller droplets in bio-diesel
blends.
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Figure 4-21: Effects of molar concentration of A) bio-diesel and B) monooleinin
changing fuel-water interface characteristicsin static and dynamic conditions

Table 4-5 lists Dvg, of water droplets (mean+SE) in the fuel blends at the 4 bar static pressure
and Figure 4-22 to Figure 4-29 show the water droplet size distributions (DSD) for this

operating condition.
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Table 4-5: Dvsg of dispersed water dropletsin monoolein and bio-diesel blends at the 4 bar pressure
based on results presented in Figure 4-22 to Figure 4-29

Test Fuel Do Test Fuel Do
(num) (nm)
REF 66.27 + 0.6 M200 58.95 + 0.21
B10 41.21+0.09 M400 54.77+0.19
B20 38.03+ 0.07
B30 3379+ 0.05
B50 3178+ 0.05
B100 3154+ 0.05
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Figure 4-23: DSD of the water phasein B10 at 4 bar pressure
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Figure 4-24: DSD of the water phasein B20 at 4 bar pressure
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Figure 4-27: DSD of the water phasein B100 at 4 bar pressure
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Figure 4-29: DSD of the water phasein M400 at 4 bar pressure

119



Figure 4-30 also compares the Dvs, values for two test conditions.
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Figure 4-30: Dvs, of dispersed water droplets at atmospheric and 4 bar pressures in monoolein and
bio-diesel blends

Based on the resulting graphs (Figure 4-22 to Figure 4-29), by increasing the static pressure
during emulsion generation to 4 bar, size distributions become dightly wider and is shifted to
theright side. Moreover, the small peaks around the size of 4 pm was detected on B10 and B20
in addition to B30, B50, and B100 (Figure 4-23 to Figure 4-27). Dve, of the blends at the 4 bar
pressure, Table 4-5, also confirm that by increasing the static pressure to 4 bar smaller droplet
sizeswere formed compared to atmospheric pressure (Table 4-4). This reduction was observed
for al the test fuels. This is of practical significance because in diesel fuel engines, high
pressures are increasingly used, meaning smaller droplet sizes are likely to be increasingly

encountered.
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453 DSEPrating

DSEP rating was performed on the test fuel s based on the procedure explained in Section 4.3.3,
however, the rates for all the test fuels were found to be zero except REF and B5 fuels (Table
4-6). All the blends were so cloudy that they could be rated at time = 0 such that the REF fuel
was the only one that could acquire an initial DSEP rate of 82. Except B5, al the other blends

remained cloudy for the dynamic DSEP rate as well.

Table 4-6: Dynamic DSEP of the test fuels

Time (min)
Test fuel
0 15 30 60 90 120
REF 82 98 100 100 100 100
B5 0 58 70 75 95 97
B100 0 0 0 0 0 0
M 200 0 0 0 0 0 0

Theinitial DSEP vaue of the REF fuel decreased from 82 to zero by adding either monoolein
or bio-diesdl, such that it was concluded that the DSEP rating technique is incapable of
differentiating between bio-diesel and monoolein regarding resistance to coalescence and
changesin the settling vel ocity of the emulsified dropletsin thefuel blends. The dynamic DSEP
measurements could not clearly distinguish between monoolein and bio-diesel additives in
water separation either. Moreover, during the dynamic measurements, it was noticed that the
light beam of the turbidimeter was interacting with the emulsions and clear fuel was observed
locally in the path of the light beam while the majority of the volume of the test fuel was still

cloudy. Reliance on DSEP values was therefore concluded to be out of measurement capability.
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45.4 Water separation viathe sedimentation test

Table 4-7 summarises the volume of settled water at different timeintervalsfor each of thefue
samples, and Table 4-8 illustrates the appearance of the samples after intervals of 3, 10, 90,

and 300 min. This time series provides a semi-quantitative comparison of the fuel blends.

It was apparent that the bio-diesel blends produced longer settling times compared to the
monoolein blends and the REF fuel, and water droplets were more stable in B20 and B50
compared to the other test fuels. This could bethe result of the higher viscosity of the bio-diesel
blends aswell astheir ability to stabilise water droplets of smaller size resulting in areduction

in the settling velocity of the dispersed water.

Visual assessment of the REF mixture reveal ed settled water that first appeared milky in colour
but which gradually cleared. However, in the fuels containing bio-diesel and monoolein,
progression from the milky phase to clear water was accompanied by a flocculation phase
containing water. This was indicative of a resistance to coalescence associated with the
presence of the surfactant or bio-diesedl molecules at the interface of the water droplets.
Comparing the fuel phasesin each of the samples, B50 appeared clearer than the other blended
fuels, which may be attributabl e to the relativel y high capability of B50 to dissolve small water

droplets.

122



Table 4-7: Water separation/settlement in the test fuels (ml)

Time (min)
Fuel ID
2 3 4 5 6 7 8 9 10 20 30 60 90 120 180 240 300

REF 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
B5 9 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
B20 - 7 7 7-8 8 8-9 9 10 10 10 10 10 10 10 10 10 10
B50 - 7 8 9 9 10 10 10 10 10 10 10 10 10 10 10 10
M 200 11 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
M 325 57 79 79 10 10 10 10 10 10 10 10 10 10 10 10 10 10
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Table 4-8: Visual assessment of water separation in fuel blends

REF

BS

B20

B50

M 200

M 325

Oth min

L

39 min

10th min

90" min

300t min
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46 Summary

In Chapter 3, the effects of bio-diesel and monoolein on the behaviour of diesel fuel were
discussed, and the resultant impact on water-in-fuel emulsionswas further explored in Chapter
4 with reference to bio-diesel and monoolein surfactant. Following construction of a bespoke
emulsion generation test rig, online measurements of water droplet size distributions (DSD) in
diesel containing bio-diesel and monoolein were undertaken. Water separation was aso

evaluated using the DSEP rating and sedimentation tests.

In existing test standards, specificaly 1SO 16332 and SAE J1488, monoolein surfactant is
employed to adjust the IFT of the reference grade test fuel so as to mimic the presence of fuel
additives including bio-diesel in petrol station diesel. However, the results reported herein,
raise questions about the suitability of monoolein as an appropriate fuel additive for the test
standard, because it does not behave comparably with bio-diesel. Fuel containing bio-diesel
contained more dissolved water and led to higher viscosities (see Section 3.4.3) compared to
the REF fuel and monoolein blends. This occurs even though bio-diesel acts like monoolein as
asurface active agent reducing the fuel IFT and stabilising water droplets in the fuel such that
flocculation occurs during water settlement. It is apparent that bio-diesel blends and emulsions
are capable of maintaining alow IFT measured by tensiometry. However, this does not happen
for monoolein blends due to differences in the molar ratios. This coupled with the higher
viscosity in a bio-diesel blend leads to smaller water droplet sizes compared to monoolein

blends.

The effect of the static pressure on droplet size distribution (DSD) was tested by applying 4

bar pressure on the fuel blends in the emulsion rig, revealing that higher pressures lead to a
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decrease in the droplet size of the emulsion, which is independent of the type of additive (bio-

diesel or monoolein).

This chapter also characterised emulsions using the DSEP rating. This technique is considered
to beineffective as an accurate method of evaluating water separation in diesel fuels containing
surfactants. Based on the experimental data herein, evaluating the DSD of an emulsion is
thought to be a more useful measure to control surfactant levelsin fuel blends rather than the

DSEP rating, water sedimentation, and IFT measurements.
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CHAPTER 5

Design and Construction of the Coalescence Test Rig
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5.1 Introduction

Evauation of coalescing performance of a nonwoven filter media was key to building a
relationship between structure and properties and therefore a new test rig was required to
provide ameans of instrumental characterisation. In this Chapter, the design, construction, and
validation of the new coalescence test rig are explained. The test rig was then used for
evaluating existing coal escence filters (benchmark samplesin Chapter 6) aswell as nonwoven
media specifically developed as part of this research (Chapter 7). Existing methods such as
those described in ISO 4020, 1SO 16332 and SAE J1488 were briefly discussed in Section 2.5

of the literature review chapter because of their relevance to building the new test rig.

5.2 Scope

The aim wasto provide arobust lab scale test rig to generate water in fuel emulsions and then
to enableits circulation through afilter test housing accommodating a flat fabric sheet sample
capable of acting as a fuel-water separator. Herein, separation means the removal of water

droplets from the emulsion by a coalescence mechanism.

Thetest rig was designed to generate fine emulsified water droplets, i.e. with a Dvs, lessthan
25 um, and to challenge test filter sasmples at aface velocity closeto what isencountered in the

field, whichisca 8 mm/s.

5.3 Design of thenew test rig

The first step in designing the coalescence test rig was to understand existing standard test
methods for separation of water from diesel, as was explained in Section 2.5. To design the

coalescence test rig the operational limitations of existing filtration test standards were
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considered (see Section 2.5) and the following additional criteriafor an aternative system were

defined:

Flexibility to conduct both coal escence efficiency and separation efficiency tests;

A short test time of less than 24 h, manageable by an operator in a safe manner so that
no significant online and automatic control systems are required,

Ability to produce a uniform and steady fuel flow in atest system containing clean-up
filtersto provide asingle-passtest in terms of water circulation;

A filter housing capable of holding aflat sheet nonwoven filter medium and a barrier
mesh medium, if required, for coal escence and separation tests;

Ability to generate a water-in-fuel emulsion with the capability to control the water
concentration at the upstream side of the filter housing;

To challenge the test filter with water dropletsin afine size region;

To have the capability to sample the test fuel for the purpose of water content
measurement in thefuel at both the upstream and downstream sides of thefilter housing
in separation efficiency tests;

To have a capability to easily drain and collect separated water.

The following sections explain the design and construction of the test circuits, filter housing

and other key components of the new rig.

5.3.1 Filter housing design

Schematics of thefilter housing are given in Figure 5-1. Thefinal design that is shown enabled

flat discs of nonwoven test sample to be held, as well as a plastic filter support and a barrier

mesh (as required). This provided the flexibility to conduct either coaescence or separation

tests.
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Figure 5-1: Initial design of the filter housing

The housing was composed of three cylindrical parts: the main body, inner flange (rear
clamping flange), and outer flange (clamping flange), which could accommodate one or more
of afilter fabric, filter support, and a barrier mesh disc. Figure 5-2 to Figure 5-5 demonstrate
design details of the filter housing parts — all the dimensions are in mm. The two flanges are

removable for ease of installation and removal of samples.
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Figure 5-2: Design details of the outer flange of the filter housing

Part2 — inner flange (rear clamping flange)
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Figure 5-3: Design details of the inner flange of the filter housing
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Part3 — main body
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Figure 5-4: Design details of the main body of thefilter housing

Figure 5-5: Design details of the new test filter housing with its three parts clamped together
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The two flanges were screwed to the main body and O-rings placed on the outer surface of the
flanges to provide proper sealing when the parts were screwed together. The inner flange
together with the main body held the mesh disc (Figure 5-6 (B)) and the outer flange together
with the inner one held the filter support (Figure 5-6 (A)) as well as the filter test sample. The
use of filter support made of black polyethylene plastic was designed to prevent the test sample
from collapsing under the flow pressure, and the barrier mesh was used to separate water
droplets coming from the sample, which isrequired for a separation test. The barrier mesh was
made of a disk of woven PET polyester fabric with pore size of 25 um laminated on a plastic

support with the same specification of the filter support.

B8)

Woven
polyester mesh

Figure 5-6: Design details of the filter support (A) and barrier mesh (B)
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The flanges were designed to be removable using jack screws. The housing was provided with
two ventsto enable air bleeding as well astwo drainage holes for collecting settled water from
the both sides of the test sample during thetest. The vents were blocked by bolts such that the
operator could bleed the air by gradually unscrewing them. The downstream drain was
connected to a portable collecting 250 ml bottle beneath the housing such that the bottle and
the housing were filled with fluid during the test. The bottle were disconnected from the
housing for discharging and/or measuring collected water after each test was complete. For the
same aim, the upstream drain was connected to a hose instead of a bottle due to lack of space.
Two camera ports on the housing facilitated monitoring both sides of the test filter during
testing. Each test filter sample was cut to a circular shape with diameter of 11 ¢m and installed

in the housing. A diameter of 10 cm was exposed to the flow after installation.

Two housing configurations were anticipated for evaluation, specifically use of the housing

with and without a support mesh (Figure 5-7 and Figure 5-8).

Barrier Mesh  Support

#G@ = o E

H | U]

Coalescer Support Coalescer
-

Emulsified

X Emulsified
water
Separated Separated water
water water
Figure 5-7: Housing configuration for the Figure 5-8 : Housing configuration for the
separation tests coal escence tests
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The former configuration was designed to conduct the separation tests in which water droplets
are collected in the drainage bottle as a result of the coaescence and surface filtration at the
barrier mesh. The latter configuration was designed for the coalescence tests in which water
droplets are sufficiently large for gravitational settlement in the collection bottle are analysed

to evaluate the coalescence efficiency of thefilter.

5.3.2 Design of test system

Thetest system shown in Figure 5-9 was designed. The graphical symbols used to demonstrate

the test system are in accordance with ISO 14617 (all parts) standard documents.
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Figure 5-9: Schematic of the coalescing test rig built in-house for the efficiency tests

The test system components are as following:

1- Fuel tank 9, 13, 17- Sampler unit

2- Water tank 10- Parker test filter housing

3- Water pump 11- Monometer

4, 5, 8- Flow meter 12- Static mixer

6- Main pump 15- Two pardle clean-up filters
7, 14- Adjustable valve 16- Pressurevalve
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The system comprises two circuits - the emulsion generation (ABEF) and filtration circuits
(ACDF). Thetwo circuits are connected to each other by abypass line (BE) using avalve (7)
to control the flow rate, as necessary. The inclusion of a bypass circuit was to maintain a
constant pump flow rate if the flow in the filtration circuit was lower than required. This
enabled a uniform water droplet size distribution (DSD) to be generated by the fuel pump for

different filtration rates.

In the circuit, water-free fuel was fed from the fuel tank (1) into the pipeline by apump (6) and
passing through a flowmeter (5) and clean-up filters (15) and then returned into the fuel tank
(1). Water held in the tank (2) was injected through an injector setup (a) into the upstream side
of the pump to be mixed and pumped through the main pump (6). The water-in-fuel emulsion
was introduced to the filter housing of the rig (10) in thefiltration circuit. Water flow rate was
controlled by a dosing pump (3) and was monitored by a flow meter (4). The clean-up filters
ensured the water-free fuel could be returned to the fuel tank enabling a single-pass filtration
test to be maintained. The performance of the clean-up filters were checked offline by titrating
fuel samples (Section 3.3.3) taken from the sampling point (17). To change the static pressure
as well as to facilitate air bleeding at the beginning of the test, a pressure valve (16) was

incorporated.

In the emulsion generation circuit, assuming the vave (7) is open and valve (14) is closed,
water was injected into the main stream and was emulsified into the fuel while the pump (6)
generated a constant flow rate. The emulsion entered thefiltration loop when the valve (7) was
closed and the valve (14) was open. The flow rate in the open loop of BCDE is adjustable via
the valves (7) and (14). In this circuit, the emulsion passes through a flowmeter (8) as well as
the filter housing (10) and enters the emulsion generation loop again to pass through the clean-

up filters and return into the fuel tank. Pressure drop across the filter was measured by a
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differential pressure gauge (11), and water content of the fuel upstream and downstream of the
filter housing was checked by sampling from points (9) and (13) using a titration procedure
(see Section 3.3.3). To avoid any water settlement downstream of thefilter in the pipeline, use

of a static mixer (12) was included.

The design described herein, was suitable for both coalescence efficiency and separation
efficiency tests as the main modifications needed to switch between these tests was done by

simply modifying the configuration of the filter housing (see Section 5.3.1).

5.3.3 Test liquids

Deionised or distilled water with a surface tension about 72 mN/m, measured a a room
temperature, i.e. 20°C + 1.5°C, was used for the water injection. Test fuels of the same
specifications given in Section 3.2 were used throughout. The fuel blends used in this work

were prepared based on the procedure given in Section 3.3.1.

5.34 Filter sample

According to the filter housing design (Section 5.3.1) any filter sample cut in to a disc shape
of 11 cm in diameter could be used in the test rig. The disk shape avoided variations due to

anisotropy in the CD or MD directions. Samples were cut using a standard sample cutter.

5.3.5 Laboratory equipment

A Karl Fischer titration system (Section 3.3.3) and a tensiometry system (Section 3.3.2) were
used to determine the water content and IFT of the test fuels. The laboratory where the test rig
was located had a standard established fuel disposal system for the waste fuel as well as a

proper ventilation system for extraction of the fuel vapour during the test rig operation.
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5.3.6 Rigframedesign

Figure 5-10 shows the design of therig frame.

All panels comprise 10mm mid grey boord
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Figure 5-10: Frame (trolley) of the coalescence test rig

The frame was assembled from 40 mm x 40 mm light aluminium profiles secured at thejoints
with standard fasteners, universal fasteners and angle brackets. It was equipped with two
handles and four wheels with a wheel brake to provide ease of relocation. The design of the

housing as well as its construction was assisted by Machine Building Systems (UK).
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5.3.7 Operating conditions and parametersfor thetest stand

5.3.7.1 Temperature

Therigwasdesigned for evaluation of filter samplesat room temperature of 23 °C [1[1[1[1[1[1.

All measurements were made under these conditions and in the same location.

5.3.7.2 Total test duration

The duration of both the coalescence and separation evaluations were fixed at 40 min, which
included aperiod of 10 min pre-testing, 20 min water injection, and finally a10 min fuel clean-
up period. All evaluations were carried out under these fixed conditions. The period of water
injection was defined as 20 min because the 250 ml water collection bottle could provide
sufficient volume for water collection during this period at the designated water concentration

and fuel flow rate explained below.

5.3.7.3 Volume of fud

The volume of the test fuel was designed to be at least two times that of the test flow rate per
minute for all the measurements. In so doing, there was aways a sufficient volume of fuel to
fill the system, whilst some fuel was left in the tank, which was needed to ensure steady fuel

flow.

5.3.7.4 Test flow rate and filtration face velocity

As explained in Section 2.6.2, face velocity is one of the main parameters influencing the
performance of coalescing filter media. In this work the velocity was maintained in the range
6 - 8mm/s in accordance with guidance provided by Parker Hannifin. Therefore, given the
fixed sample surface area, the main flow rate ranged between 2.8 and 3.8 [ /min. Based on the
designated tube size (316 Stainless steel, 9.525 mm outside diameter (OD) x 1.219 mm wall

thickness (WT)) the Reynolds Number in thefiltration zone (from sampling point 2 to sampling
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point 3) was in the range of 5700 and 7700, which avoided creeping flow where sedimentation

might otherwise be an issue.

5.3.7.5 Undissolved water concentration

Water concentration was defined as the concentration of undissolved water injected into the
fuel intentionally during operation of the rig. The water concentration was maintained at 2500

ppm, in accordance with the value suggested by the SAE J1488 test procedure.

5.3.7.6 Operating procedure

Two possible operating procedures could be used to evaluate filters using the new rig:
coal escence efficiency and separation efficiency, depending on which housing configuration
was selected (Section 5.3.1). All other operating parameters such as flow rate, face velocity,
water concentration, were kept constant throughout. The specific values used for each method

are given in Section 5.5.

5.4 Construction of thetest rig

The detailed specifications of the rig shown in Figure 5-11 are discussed with reference to

Figure 5-9.
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Clean-up Filter
Flowmeter

Filter housing

Pressure gauge

Water pump

Fuel pump

Figure 5-11: The coalescence test rig

54.1 Test stand tubing and fittings

316 Stainless steel 3/8" tube (3/8" OD x .048" WT / 9.525 mm OD x 1.219 mm WT) was
used to build the fluid lines. All the connectors, tube couplings, elbows, and tees were stainless
steel and chosen with compression fittings and connectableto 3 /8" OD tubing. Tubing and the

fittings were ordered from a Parker Hannifin distributor.
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5.4.2 Fue tank (1)

A stainless steel tank with 11/2" (139.7 mm) plastic screw cap and sloping bottom with
dimensions of 250mm x 250mm X 350mm (length x width x height) was used for the fuel
tank. The tank with a capacity around 22 litres was supplied by Jay Wolfe Metalwork Ltd.

(UK). The tank was connected to the suction side of the main pump (6).

54.3 Main pump (6)

A RG4000 Stuart® centrifugal pump with 30 metres maximum head and 6.0 bar maximum
working pressure was used in the test rig. The flow rate of the pump in therig was 3.3 [/min
which provided a face velocity of 7 mm/s at the surface of the test filter with diameter of
10 cm. This pump was chosen instead of the gear pump which was being used for the emulsion
generation study (see Section 4.4.2.7 in Chapter 4). The gear pump was capable of generating
water droplets with Dvs, = 69.9 um (see Section 4.5.2) while the Stuart® centrifugal pump
could generate a DSD with aDvs, of 14.28 um + 0.02 um (mean £ confidence level 95%) in
the REF fuel measured (Figure 5-12) via The Insitec Wet Malvern® particle size analyser

(Section 4.3.1) a 3.31/min.
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Figure 5-12: DSD of the water phase in REF at atmospheric pressure generated by the main fuel
pump

Water was injected upstream of the fuel pump (6) by the peristaltic pump (3).

54.4 Water tank (2)

A stainless steel tank with a 11/2" (139.7 mm) plastic screw cap with dimensions of
150 mm X 150 mm X 250 mm (length x width x height) and a capacity around 5.5 litres
was used for the water tank. Similar to the fuel tank, the water tank was built and supplied by
Jay Wolfe Metawork Ltd. (UK). The water tank was connected to the suction side of the main
fuel pump, however, water was injected into the main stream using a peristaltic pump rather

than relying only on the suction of the main pump.

54.5 Water pump (3)

A Watson-Marlow 313FD/D high flow peristaltic pump was employed for the water injection.

A 100 r mint pump, driven by 12V fixed speed DC motor viaareduction gearbox with atorque
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of 6 kg/cm, was compatible with a tubing with 1.6 mm wall thickness and inner diameter
from 0.5 mm to 8 mm. Changesin the water flow rate was achieved by using Norprene A-60-
F tubes with a 1.6 mm wall thickness and different inner diameters of 0.8 mm, 1.6 mm, and
3.2mm (1/32",1/16", and 1/32") dong with changing the speed of the motor via changing
the input voltage using anormal |aboratory power supplier. To facilitate the water flow joining
the main stream, a small plastic orifice with the hole diameter of 1 mm was placed in the Tee

fitting (a).

54.6 Water flowmeter (4), and fuel flowmeters (5, 8)

A Porter F65-S-HR-A-157-1 flowmeter with a stainless steel float equipped with a standard
cartridge control valve and with the capacity of 18 ml/min was used as the water flowmeter.
The flowmeter was capable of measuring to £1% accuracy between 0 and 18 ml/min. RCM
digital display flow meters were used to give the main flow rates in both the emulsion and
filtration circuits. The flow meters were chosen based on the required measurement ranges and

accuracy of £1% over therange of O to 10 [/min.

5.4.7 Adjustablevalves(7, 14, 16)

Parker 6A-V6LR-SS stainless steel needle valves were used for the by-pass (7) and filtration
circuit (14) valves. The purpose of these valves was to adjust the flow rate of the filtration
circuit. Thevalve (16) can be used to temporarily put aback pressure on the clean-up filter and
the whole circuit to vent air out at the beginning of thetest. Moreover, it can be used to increase
the pressure of the system if necessary. The flow could also be directed to each of the emulsion
and filtration circuits by adjusting valves 7 and 14. This design allowed the flow rate in the
filtration circuit to differ from that of the main pump whenever necessary. The flow rate of the

pump in the emulsion generation circuit had to be kept at a constant rate to generate constant
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droplet sizedistributions (DSD). Operation was possible under atmospheric or higher pressures

using the designated pressure valve (16).

5.4.8 Sampler unites(9, 13, 17)

Sampler units were composed of a ball valve and required fittings to be connectable to 3/8"
OD tubes (9.525 mm OD). Sampler units 9, 13, and 17 were placed in the system to extract
samples from the upstream of the test filter as well as downstream of the clean-up filters to

determine water concentration and to cal cul ate separation efficiency.

5.4.9 Parker test filter housing (10)

Thefilter housing shown in Figure 5-13, the design of which was detailed in Section 5.3.1 was

built up by Parker Hannifin.

Figure 5-13: Filter housing of the coal escence test rig
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The housing was capable of being operated safely at 4 bar. The barrier mesh on the outlet of
the housing was removable and consisted of awoven mesh with an open aperture size of 25um.

Assembling and disassembling of the filter housing are explained in Figure 5-14.
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Outer flange ingtalation

Water bottle and collection hose
installation

Jack screws for disassembling flanges Outer flange disassemble

Figure 5-14: Steps for assembling/disassembling the filter housing
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5.4.10 Manometer

A Dwyer 490-1 Wet/Wet Handheld Digital Manometer with a measuring range of 0-103 kPa
(with an accuracy of £2%) was used in the system. The device measured the differentia

pressure between the upstream and downstream sides of the housing during operation.

5.4.11 Static mixer (12)

A Statiflo series 100 motionless mixer, 3/8” NB with 6 removable el ements, was chosen asthe
inline mixer of the test circuit to avoid settlement of dispersed droplets when taking samples
from the downstream sampler (item No. 13 in Figure 5-9). The mixer was made of stainless

steel components to minimise issues with corrosion.

5.4.12 Clean-up filters

Commercially available Parker D-MAX filterswere used as clean-up filters in the system. The
filters were intended to separate al undissolved water, i.e. maximum water content of 50
ppm (v/v) of water at the downstream of the clean-up filter is acceptable according to the
SAE J1488, from the fuel beforeit is circulated back to the test tank enabling asingle passtest.

Two clean-up filters were used in parallel for assuring the clean fuel.

5.5 Test procedure

This section defines the procedures used to measure both the separation and coalescence
efficiencies of flat sheet nonwoven filter media using the rig detailed in Sections 5.3 and 5.4.

The numbered items refer to Figure 5-9.
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55.1 Pre-test preparation

To reach to a steady state flow rate as well as to bleed air from the system, a 10 min pre-test
procedure was implemented before any efficiency measurements were made. The pre-test

procedure involved operating the rig without any water injection in the following order:

1) Check the IFT of the test fuel offline (see Section 3.3.2);

2) Fill thefuel tank with about 6 [ of atest fuel (almost two times of the fuel low rate, i.e.
3.31l/min);

3) Fill the water tank with 400 ml of the test water;

4) Cut asamplein circular shape with adiameter about 11cm.

5) Instal the test filter, filter support and the barrier mesh (if required) and connect water
drainage bottle to the housing (Section 5.4.9);

6) Close the bypass valve (7) and open the valve (14) for the fuel circulation in the main
circuit;

7) Reset the pressure gage

8) Primethe fuel pump (if required)

9) Start circulation at the test flow rate of 3.31/min, i.e. there is no pump velocity
controller as such the test flow rate is always the same for all the tests;

10) Continuethefuel circulation to achieve asteady flow rate and bleed air from the system
using vents on the housing and clean-up filters as well as creating a back pressure by
means of the valve (16);

11) Take an initia sample from the sampling point (17) and measure water content of the

fuel (see Section 3.3.3) and record the dissolved or base water content of the test fuel;
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The pre-test can be followed by either separation efficiency test or coalescence efficient test

which are explain in the following sections.

5.5.2

Separ ation efficiency measurement

Thewater separation efficiency measurementsinvolved operation of the rig with the nonwoven

test filter sample followed by a barrier mesh to retrieve any residual water from the exit flow

2 cm downstream of the coalescer. In this study the mesh had an aperture size of 25um. To

obtain the separation efficiency measurements, the following steps were followed after running

the pre-test for the first 20 minutes.

1)

2)

3)

4)

5)

6)

The filtration flow rate was adjusted using the valve (see Section 5.4.7)

Thewater flowmeter control valve was opened and the dosing pump started (3) to inject
water at a flow rate of 8.25 ml/min, equivalent to 0.25% of the main flow rate, into
the main stream. Once the water droplets reached the filter housing the timing clock
was started. This point of the test was denoted as test time ¢t = 0 and the differentia
pressure drop across the filter housing, Ap, was recorded;

Continue the injection and circulation for the next 20 min;

Samples were taken from points (9), and (13) every 5 min to obtain the total water
content of the upstream and downstream samples up to the 20" minute. At each time
point the differential pressure drop across the housing was also recorded.

Injection of the water was shut off at time t = 20 min and the fuel circulation was
continued for the next 10 min.

The differential pressure drop, flow rate and water concentration downstream of the

clean-up filter was then determined at the end point of timet = 30 min.
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7) Data was discarded if the dissolved water concentration downstream of the clean-up
filter was more than 50 ppm (v/v) and the clean-up filter was checked accordingly.

8) The fuel pump was stopped, the housing disassembled and the filter medium was
discarded.

9) The instantaneous water separation efficiency (%), n;, the average water separation
efficiency (%), n.v, a8 well as quality factor of the test filter was calculated based on
Equation 5-1 to Equation 5-3:

c—¢C

x 100

Uk

Equation 5-1: Instantaneous water separation efficiency [48]

—Cav
(s

X 100 , cgp =

_ e
nav - n

Equation 5-2: Average water separation efficiency [48]

OF = —In(1 —n,,/100)

Equation 5-3 Quality Factor [48]

Where:

c: Specified water concentration (ppm (v/v));

c;: Downstream water concentration of sample (ppm (v/v));

n: Number of samples;

cqav- Average downstream water concentration (ppm (v/v));

AP: Differential pressure drop across the filter housing at timet = 0 min, (kPa);

AP,,: Differential pressure drop across the filter housing at timet = 20 min, (kPa).
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5.5.3

Coalescence efficiency test

This procedure was developed for the measurement of the coalescing performance of a test

filter medium in coalescing water droplets in diesel fuel without the use of a barrier mesh

medium.

The procedure was as follows:

1)

2)

3)

4)

5)

6)

7)

8)

9)

The filtration flow rate was adjusted using the valves — as required (see Section 5.4.7)
Thewater flowmeter control valve was opened and the dosing pump (3) started to begin
injection of water with a flow rate of 8.25 ml/min, i.e. 0.25% of the main flow rate,
into the main stream. Once water droplets had reached the filter housing, the timing
clock was started. This point was recorded astime t = 0 and the differential pressure
drop across the filter housing, Ap,, was recorded,;

Injection and circul ation was continued for the next 20 min;

Water injection was completed at t = 20 and the fuel circulation was continued for the
next 10 min.

The differential pressuredrop at t = 20, Ap,,, Was recorded;

The differential pressure drop and the flow rate at the end was at timet = 30 was
controlled to be stable.

The fuel pump was stopped and the housing disassembled, then the filter medium was
discarded.

The volume of water settled in the collection bottle was determined (M,);

The volume of water remaining in the water tank was obtained (My);

10) The volume of water injected into the mainstream was determined (M;; = 400 — My)
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11) Finaly, the coalescence efficiency as well as the quality factor of the filter was

calculated by Equation 5-4 and Equation 5-5.

M
e=—%%100
MIU

Equation 5-4: Coalescence efficiency

OF = —In(1 —n,,/100)
AP,y — AP,

Equation 5-5 Quality Factor

5.6 Test stand validation

The validation of the new rig was performed at the maximum flow rate of the filtration circuit
(with valve 7 closed — see Figure 5-9) and with the filter housing fitted with a straight hose.
The validation procedure was based on that described in 1SO 16332:2006 and SAE
J1488:2010. Operation of the system was conducted using pump (item 6 in Figure 5-9) with a

flow rate of 3.3 I/min using the following systematic procedure:

1) The main pump was started and fluid was circulated in the filtration circuit while the
bypass valve (7) was closed.

2) Thebasewater concentration of thetest fuel (dissolved water) was measured using Karl
Fischer titration, (see Section 3.3.3), and reported as ppm,, (volumetric fraction).

3) Water injection was started at 0.25% of the main flow rate (2500 ppm (v/v)).

4) A circulation time of 10 min was implemented to stabilise the system.
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5)

6)

7)

Samples were taken (approximately 50ml) at sampling points (9, 13, 17) every 20 min
for 1 hr (starting from the water injection) to validate the injection system, static mixer,
and clean-up filters respectively.

Analysis of each samplewas conducted using Karl Fischer titration, (see Section 3.3.3),
and the water content reported as ppm,,. The undissolved water content of each sample
was calculated by deducting the based water content of the fuel measured at stage 2
(above).

Operation was satisfactory if: (a) the undissolved water content of the samplesfrom the
upstream and downstream of the filter housing were equal to the injected water
concentration with maximum 12% variation (2200ppm to 2800ppm (v/v)
(SAE J1488)) and (b) if the undissolved water content of the sample from the clean-

up filter was lower than 50 ppm (v/v).

Each of these steps were followed to validate the operating stability of the coalescence rig and

Table 5-1 showstypical results. The data clearly indicate that the satisfactory operating criteria

defined in step 7 above, had been met, such that further experimental work could proceed.

Table 5-1: The validation results of the coalescence test rig

Sampling time Upstream Downstream Clean-up ppm
(min) ppm (v/v) ppm (v/v) (v/v)
20 2711 2690 6
40 2397 2751 6
60 2488 2370 2
M ean 2532 2604 5
SE (ppm (v/v)) 93.23 118.04 1.33
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5.7 Summary

To enable different nonwoven coalescing water separators to be studied, this Chapter has
reported the design and development of anew coalescencerig. The design included a carefully
designed filter housing that allowed dynamic observation of water droplet removal and ease of
assembly and disassembly. All components of the rig were made from materials compatible
with diesel and bio-diesel fuel and water content and IFT measurements were designed to be
conducted offline. Robust procedures for determining coal escence and separation efficiencies
were developed based on existing standard methods. The validation study confirmed that
reliable data could be obtained, based on strict operating performance criteria, enabling
efficiency measurements to be undertaken with different nonwoven filter mediain subsequent

chapters.
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CHAPTER 6

Characterisation of M eltblown Depth Coalescence Fue

Filter Media
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6.1 Introduction

As discussed in Section 2.4.2.2, multilayer nonwoven coalescing media, particularly
meltblowns, are commonly encountered in water-diesel separation applications because of
thelir ability to manage the coalescence of water droplets within their structure. However, this
performance has not been systematically studied in public domain literature and there is only
limited data relating to the importance of the fabric configurations. Accordingly, the main
purpose of the work reported in this chapter was to study multilayer nonwoven depth
coalescing filter media to understand their geometry and the associated effects on separation
and coalescence efficiencies. Industrially sourced coalescence fabric samples were
characterised regarding their geometry aswell as their separation and coal escing performance.
The procedures used for conducting the coaescence evauations are explained in Chapter 5
and the methodologies employed to evaluate nonwoven fabric properties are reported in
Section 6.3. To reflect current industrial practice and trends the samples studied herein

comprised meltblown nonwoven fabrics.

6.2 Test filter media and test fues

Four coalescing cartridge filters denoted as WB, B16, B41, and B45 (Figure 6-1), were
supplied by Parker Racor, UK. Each was produced from multilayers of industrially
manufactured poly(butylene terephthalate) (PBT) meltblown (thermally bonded and non-

bonded fabrics) and poly(ethylene terephthalate) (PET) spunbond fabrics.
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Thermally banded
meltblown fabric Non-banded meltblown fabric

Spunbond fabric

Figure 6-1: An example of the benchmark sample

The outer and inner most layers of the filter comprised thermally point-bonded spunbond

poly(ethylene terephthalate) (PET) fabric, denoted as SB strips, to support and hold the

meltblown layerstogether around the centre core. Some of the meltblown stripswere thermally

bonded, denoted as MB strips. Non-bonded meltblown strips are denoted as CM strips. The

CM stripswere functioning specifically as depth coal escers. Table 6-1 lists the number of strips

in each of the filter samples.

Table 6-1: Number of fabric windings in the test filter packs

Filter ~ Number of  Number of Number of
ID SB strips MB strips CM dtrips
wB 2 3 2
B16 2 0 1
B41 2 5 1
B45 2 3 1
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The layers of the filters were cut to narrow width strips (about 5 cm width) wound on to a
robust plastic cylindrical support mesh (centre core) at a specified angle — winding angle a
(Figure 6-2). The winding angle, dictated whether the strip left an open layer below (Figure
6-2 (a)), or aclosed layer in which the fabric strip was wound either side by side Figure 6-2
(b)), or in an overlapped fashion (Figure 6-2 (c)). Depends on the angle «, the length of the

strips varied to cover the whole width of thefilter.

'Q\

I‘

LA

(a) Open winding (b) Side by side winding (c) Overlapped winding

Figure 6-2: Schematic of different strip arrangements when assembling the coal escence filters

In the case of the overlapped configuration (Figure 6-2 (c)), the wound strips formed more than
one layer over the support. The structural specifications of the filters produced are given in
Table 6-2 to Table 6-5. The stripsin each pack are labelled from the outer strip, 1, towards the
most inner most strip adjacent to the filter support. When installed in to afilter circuit, the flow

direction is always towards the centre core.
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Table 6-2: Layer specification of the WB filter

Strip Material winding type number of
layers
1 Spunbond PET Overlapped 3
2 Non-bonded Meltblown Side by side 1
3 Thermally bonded PBT Overlapped 2
4 Thermally bonded PBT Overlapped 2
5 Thermally bonded PBT Overlapped 2
6 Non-bonded Meltblown Side by side 1
7 Spunbond PET Overlapped 3

Table 6-3: Layer specification of the B16 filter

Strip Material winding type number of
layers
1 Spunbond PET Overlapped 2
2 Non-bonded Meltblown PBT Side by side 1
3 Spunbond PET Overlapped 3
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Table 6-4: Layer specification of the B41 filter

Strip Material winding type number of
layers
1 Spunbond PET Overlapped 2
2 Thermally bonded PBT Overlapped 2
3 Thermally bonded PBT Overlapped 2
4 Thermally bonded PBT Overlapped 2
5 Thermally bonded PBT Overlapped 2
6 Thermally bonded PBT Overlapped 2
7 Non-bonded Meltblown Side by side 1
8 Spunbond PET Overlapped 3
Table 6-5: Layer specification of the B45 filter
Strip Material winding type number of
layers
1 Spunbond PET Overlapped 2
2 Thermally bonded PBT Overlapped 4
3 Thermally bonded PBT Overlapped 2
4 Thermally bonded PBT Overlapped 2
5 Non-bonded Meltblown PBT Side by side 1
6 Spunbond PET Overlapped 3

Configurations of the media and strips coding are explained in Table 6-6 where strips of the B
series and WB media are denoted by B and WB subscripts respectively. The strip codes used
for thesefilters are adapted from codes used by the supplier (Parker Ltd.). Characterisations of
the strips are reported in the next part. Based on the manufacturing specifications, spunbond
strips (SBg) used in B16, B41, and B45 samples (B series samples) are from the same fabric

batch. This is the case for the non-bonded meltblown stripes (CMg) too. This is why the SB

161



and CM strips are coded all the same in these filters. Spunbond and non-bonded meltblown

strips in WB samples were from the same fabric batch too.

Table 6-6: Strip specification of the benchmark media

Media Strips number and configuration towar dsthe centre core (————
ID Fuel flow direction
1 2 3 4 5 6 7 8
B16 SBs CMg SBe
B41 SBs MB15 MB5 MB15 MB20 MB30 CMs SBs
B45 SBs MB5 MB15 MB30 CMs SBs

WB SBws CMwe MB1 MB2 MB3 CMws SBws

6.3 Experimental methods and apparatus

This section reports the test methods and equipment employed to characterise nonwoven strips
of the filters regarding their physical and chemical properties. These properties include area
density, thickness, air permeability, porosity, pore size distribution. ATR-FTIR and DSC

analysis were also performed to confirm identities of the material used in the filter media.

6.3.1 Determination of area density (GSM)

The European Standard BS EN 29073-1:1992 [137] was used for area density (mass per unit
area (g.m~2) - GSM) measurements. GSM of each layer of the filters was measured using a
METTLER TOLEDO balance with accuracy of four decimal places with five replicates per

sample. The samples size for this measurement was arectangle of 20 mm x 30 mm.

6.3.2 Calliper or thickness

BS EN ISO 9073-2:1997 [138] was used as a reference to determine thickness of nonwovens

while 0.5 kPa pressureis applied on specimens with asurface areaof 2,500 mm?2. Inthiswork,
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thickness of thefilter stripswas measured viaaTHWING-ALBERT thickness gauge calibrated
according to the BS EN SO 9073-2:1997 standard. Based on the recommendations in the

standard, at |east ten replicates were measured to report the average thickness of thefilter strips.

6.3.3 Air permeability

BSEN ISO 9073-15:2008 is the standard test method for determination of air permeability for
nonwovens based on measuring an airflow passing through a sample disk with a fixed area,
between 20 and 50 cm?. The airflow is defined as the air permeability of the sample expressed
in (I/m?/s) a a constant differential pressure, 100, 125, or 200 Pa, across the sample
(Equation 6-1). Based on the Darcy's law the measured flow rate is used to caculate the

intrinsic permeability constant, k (m?), of the sample [34]:

= — X —
0=2%7

Equation 6-1: Air flow rate [34]

Where:

@: Air flow rate (1/m?/s);

u: Air viscosity(Pa. s);

Ap: Differentia Pressure (Pa);

L: Sample Thickness (m).

To characterise air permeability of the filters and their strips, five specimens were tested with
LabAir FX3300 instrument. Following the standard procedure, the test area of 50 cm? was
employed for this measurement. The fabric samples were not structurally open and fragile and

were able to tolerate the recommended range of the pressure drop up to 200 Pa. Moreover, BS

EN 1SO 9237:1995 [139], the test method for the determination of the permeability of textile
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fabricsto air, also clearly recommends the 200 Pa pressure drop for testing industrial fabrics.

Therefore, thetest differential pressure of 200 Pa was employed for this measurement.
6.3.4 Determination of density, bulk, solidity, and porosity of nonwovens
Density of afabric is defined as the weight of mass of fibresin gram per unit volume of the

fabric in cubic meter , p,, ( %), and web bulk, £, ( 7;—;), is defined as the reciprocal of the

fabric density (Equation 6-2) [34]:

Equation 6-2: Density and web bulk of nonwoven fabrics [34]

The solidity of a nonwoven, X ( Z—Z), is aso defined as the volume of fibre per unit volume of

the fabric, and porosity, € ( Z—z), refers to the inverse concept of the solidity and is defined as
the volume of the void space per unit volume of the fabric which can be calculated from the
Equation 6-3 [34]:

_ GsM
N LXpm

e=1-R

Equation 6-3: Solidity and porosity of nonwoven fabrics [34]

Where:
pm: Materia density (-5).

In this study density of PBT and PET were assumed as 1.39”“:’143 and 1.31”“:’143 respectively

throughout.
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6.3.5 Poresizecharacterisation

ASTM F316-3(2013) standard test procedure recommends measurement methods to
characterise membrane filters in relation to their pore sizes via bubble point and mean flow
pore sizing tests, which are also being used for the characterisation of nonwovens aswell [34].
In the bobble point test, a test fabric saturated with a specific test fluid with a known surface
tension and density is fastened in a sample chamber where compressed air is flown
perpendicular to the surface of the fabric and passes through it with an increasing flow rate. As
the liquid is filled up the void volume of the fabric, it generates a pressure drop across the
sample at each air flow rate. While the pressure increases air eventually can push the liquid out
of pores with maximum size and a bubble is observed rising through the fabric sample. This

pressure is recorded to calculate the maximum pore size of the test fabric using the Equation

6-4.
d = 4y, cos@ % 106
Ap
Equation 6-4: Pore size of nonwoven fabrics [34]
Where:

d: Pore diameter (um);

Vs Surface tension of thetest fluid (N /m);

6: Contact angle between the test liquid and pore wall (degree);

Ap: Air pressure drop (Pa);

The mean flow tests is a test by which bubble point pore size, mean flow pore size and pore
size distribution of a test sample can be measured. The sample preparation in this test is the
same as the bobble point test while after determination of the bobble point, thetest is continuing

to reach to the maximum pressure determined by the user (Ap;,qx)- The pore sizes at al the

pressures ranged from zero to the maximum pressure drop, Ap,q.x, &€ caculated using
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Equation 6-4 and the size distribution is reported. In addition to the bubble point pore size and
the size distribution, amean flow pore sizeis reported aswell. To calculate the mean flow pore
Size, apressure drop across the sample in the wet test, i.e. when fabric is saturated with the test
fluid, iscompared to adry test (when the test fabric is not in contact with any liquid) when the
flow rate in the wet test reaches to 50% of the maximum flowratein the dry test, i.e. mean flow
pressure drop. Maximum flow rate is recorded when the maximum determined pressure drop
in the dry test is met (Figure 6-3). The mean flow pore size can aso be measured via Equation
6-4 at the detected mean flow pressure. To run the mean flow test, there are two test methods
of wet-dry and dry-wet tests. In the former mode the wet test isimmediately followed by adry
test while in the dry-wet mode, the sample has to be saturated before the wet test is
commissioned. The mean flow pore size is not the mean pore size of the sample as a flow

through a small pore can be disproportionally smaller than flow from alarger pore.

Pore size

Dry curve Wet curve

Flow rate

Half-dry curve

Mean flow pressure

\ Pressure
Bubble point

Figure 6-3: Determination of mean flow pore size [34]

Capillary flow porometry® in the wet-up — dry-up mode, as described above, was used to
measure pore size distribution of the filter strips. The test was performed with at least three
replicates for the each of the strips. The maximum pressure, (Ap,.qx), t0 be defined for each
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test (Table 6-6) could vary for different strips, i.e. spunbond (SB), thermally bonded (MB), and
non-bonded (CM) strips, due to difference in their structure (open or close structure).
Therefore, the maximum pressure, (Apnqx), Was define by conducting atria prior to actual
tests as 4 kPa, 6 kPa, and 8 kPa for spunbond (SB) strips, non-bonded (CM) strips, and

thermally bonded (M B) strips respectively.

6.3.6 Fourier transform infrared spectroscopy - attenuated total reflectance (FTIR -

ATR)

Fourier transform infrared spectrometer (FTIR) is the most prevalent spectrometer by which
infrared spectrum of amatter can be measured and plotted. The infrared spectrum is “aplot of
measured infrared intensity versus wavelength (or wavenumber) of light” during the light-
matter interaction [140-144]. The infrared spectrum is a part of the electromagnetic spectrum
and has a lower frequency,v, (1.9 x 102¥ —1.2x 10" Hz) and longer
wavelength, A, (2500 — 16000 nm) than the visible spectrum. All objects which have a
temperature above absolute zero radiate waves in the infrared region and matters having
chemical bonds in their structure can absorb a fraction of the infrared radiation depending on
their chemica compositions. Chemical functional groups of a matter, such asC =
0,CH3, etc.,can maintain their chemical properties in different molecules such that they
absorb the infrared radiation at the same wavelength regardless of the molecule chemical
structure. This future is utilised in infrared spectroscopy to identify unknown materials or

confirm their identities.

Fourier transform infrared spectrometer (FTIR) consists of a light source, an interferometer
which send the light in the infrared region to a sample, a detector able to measure intensity of

the light versus time for all the radiated wavelengths transmitted from the sample, and a
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processor which convert the intensity-time spectrum to the intensity-frequency spectrum using
a Fourier transform mathematical function [141]. The output is a plot of measured infrared
intensity versus wavelength. Theinfrared intensity can be reported as either transmittance (T -
% - Equation 6-5), or Absorbance (A - unit less - Equation 6-6), and the X-axis can be either

wavelength or the reciprocal of the wavelength called as wavenumber (cm™1),

T =1/I,

Equation 6-5: Infrared intensity in transmittance [141]
Where:
I: Light intensity with a samplein the infrared beam,
I,: Light intensity with no sample in the infrared beam (background).

A=1 1
= og(T)

Equation 6-6: Infrared intensity in absorbance [141]

Attenuated Total Reflection (ATR) is a common sampling technique for nonwovens samples
[141]. In thistechnique no specific sample preparation isrequired, however, an ATR accessory
isneeded. An IR beaminthe ATR probeisdirected onto aspecial crystal with ahigh refractive
index which generate “evanescent waves’ into the sample held in contact with it. While the
sample absorbs energy, the evanescent wave is attenuated and returns to the crystal, exits and

then is directed to the detector in the IR spectrometer.

In this project, ATR-FTIR was performed using a Perkin EImer FTIR spectrometer to confirm
identities of strips of the benchmark filter media. M easurements were taken in the mid-infrared
region, wavenumber between 4000 — 400 c¢m™! with a resolution of 4cm™! and interval

scanning of 2cm™!. For each spectrum 64 scans were averaged. For each measurement,
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separate background measurement was performed. The media strips subjected to this

experiment are listed in Table 6-7.

Table 6-7: filter Stripsfor the ATR-FTIR analysis

Media D StripsID

B16, B41, B45 SBs CMg MB5 MB15 MB20 MB30

WB SBws CMws MB1 MB2 MB3

6.3.7 Differential scanning calorimetry (DSC)

DSC, Differential Scanning Calorimetry, is a technique to study thermal transitions of a
polymer such as glass transition, crystallization, and melting transition. By this technique,
thermal profile of a sample placed in a pan is compared with that of an empty pan (reference
pan) both subjected to a controlled temperature program [ 145, 146]. The calorimetry plots the
excess heat flow required for the sample pan to keep itstemperature increasing at the samerate
asthe reference pan [145]. A plot goes down when the thermal transition is endothermic, such
as glass transition and melting point, and it goes up when the transition is exothermic such as

crystalization.

In this study, DSC was used in conjunction with ATR-FTIR to confirm identity of the
benchmark filter samples, and a PerkinElImer Jade caorimetry was employed for this
experiment. The system components include sample cell consists of two heaters on which the
sampl e and reference pans are accommodated on theright and left sides of the chamber, cooling
accessories, and controller computer with an associated software. Following the instrument
instruction, it was calibrated using Zinc and Indium pans, with known weight, melting

temperature and enthalpy change. The software was programed to control temperature of the
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samplesfrom 30°C to 440°C with therate of 20 °C/min. Output of the test was normalized heat
flow (W /g) — temperature (°C) graphs. Glass transition and melting temperatures of the
samples were compared with corresponding temperature of a literature reference value to

confirm identity of the benchmark samples.

6.3.8 Scanning electron microscopy (SEM) and fibre diameter measurement

The scanning electron microscopy uses afocused and high energy el ectron beam being scanned
over surface of a sample and detects returned signals using proper detectors for qualitative or
semi-quantitative analyses[147]. A matter exposed to abeam of high energy electrons, primary
electrons, can emit different types of signas including secondary electrons which are the
electronsfrom surface of the sample excited by the primary electrons. These electronsare being
used to generate a 2-D images displaying spatial variations in the morphology of the sample.
In aconventional SEM microscopy magnification ranges from 20X to approximately 30,000X,
and spatia resolution ranges from 50 to 100 nm. A sample have to be electrically conductive
to prevent charge build-up on its surface, and the sample chamber is vacuumed in a
conventional SEM microscopy. Such that, electrically insulating samples have to be coated by

conductive materials such as carbon, gold, or other metals.

During the course of this study a JEOL JSM-6610 LV scanning electron microscope (SEM)
(JEOL Ltd.; Tokyo, Japan) with an accelerating voltage between 2 kV and 15 kV was used in
order to record morphological features of individual medium with magnifications of 750x,
100x, or 5000x. For the SEM imaging, the samples were cut in small squares(5 x 5 mm) and
coated with a 30 nm layer of gold using a Quorum Q150RS sputter coater (Quorum

Technologies Ltd.; East Sussex, UK). The SEM images were used for the fibre diameter
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measurements of the filter media using the ImagePro software and for each sample at least 50

measurements were taken.

6.3.9 Determination of wetting tension of nonwoven strips

The aim of this experiment was to conduct a simple and quick test to indicate whether the
benchmark filter media experiences any hydrophilicity treatment or not. Determination of the
exact wetting tension (surface tension) of the media was not in the focus of this examination,
such that, the BS SO 8296:2003 standard method for determination of wetting tension of

plastics was employed with some modifications as below.

BS 1SO 8296:2003 indicates a series of mixtures of solvents (inks) of gradually increasing
surface tension kept in separate dropper bottled. The inks are applied to the surface of asample
placed on the ground plate of a hand-coater and are immediately spread by drawing awire bar
of the coater depositingal12 um ink film on the sample. Theinksare applied from alow surface
tension and the ink film isobserved if it holds together for 2 seconds. If thefilm is break below
2 seconds, an ink with a lower surface tension must be applied, and if it wets the surface for
more than 2 seconds, one with a higher surface tension is applied. The surface tension of an
ink that comes nearest to wetting the surface for 2 seconds is recorded as the wetting tension
of the plastic film. In this project, however, samples were nonwoven sheets with porous
surfaces. Therefore, the hand coater mentioned in the standard test procedure was not used and
instead of evaluating the ink films, ink drops were observed if they can wet the surfacein less
than 5 seconds, i.e. the concept is similar to that of testing for oil repellency of textile fabrics,

BS EN 1SO 14419:2010.
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For thistest, Arcotest test inks were used which covered surface tension range from 30 mN /m
to 105 mN /m . inks were put on the surface of each layer by means of a pipette with fix drop

volume of 25ul.

All the steps of the test were conducted under fume cupboard as some of the inks were toxic.
Three to five drops (25ul) of each inks were put on the surface of each layers by means of the
pipette The droplets were observed to see if the can completely wet the surface in 5 sec. the
surface energy of the test sample was defined as a range that the lower limit is the surface
tension of the ink being absorbed in just below 5 seconds (denoted as “ Y™ in the result table)
and the upper limit isthe surface tension of the next liquid with a higher surface tension which

cannot be absorbed in 5 seconds (denoted as “N” in the result table).

6.3.10 Separation performance evaluation

A pilot study conducted to record separation efficiency of the benchmark samples (WB, B16,
B41, B45) using the purpose-built coalescence test rig explained in the Chapter 5 according to
the test procedure explained in the Section 5.5.2 of that chapter. All the tests were conducted
a the same filtration flowrate of 3.3 [/min and water concentration of 2500+300 ppm(v/v),
(see Section 5.5) using the reference grade diesel fuel (REF fuel) with specification defined in
Section 3.2 of the third chapter of thisthesis. The IFT and based water content of the test fuel
were in the ranges of 31.24+0.73mN /m (mean + SE) and 49.13+2.79 ppm(v/v) (mean +
SE) respectively. Asit was previousy discussed in the Section 5.5.2, a barrier mesh medium
was used for this test at downstream of the test filter, such that the separation efficiency of the

mesh itsalf was evaluated as well.
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6.3.11 Coalescence performance evaluation

The coalescence efficiency test of the benchmark samples were performed based on the
procedure explained in the Section 5.5.3 of the Chapter 5. For thistest, the coalescencetest rig
was used and it was prepared for the test based on the procedure explained in the Section 5.5.1.
The benchmark samples WB, B16, B41, and B45 were tested in triplicates using the reference
grade diesel fuel (REF fuel) with specification defined in Section 3.2 and following to the test

procedure (Section 5.5.3).

6.4 Resultsand discussions

The filter media explained in the Section 6.2 were characterised regarding their nonwoven
properties based on the procedures explained in the Section 6.3. The benchmark filter media
were supplied by the sponsor of the project in cartridge form and the media were cut of the
cartridge core to be tested for the different properties. The following sections are discussing

the results of the characterisations.

6.4.1 Determination of area density (GSM)

Following the test procedure explained in the Section 6.3.1, average GSM of the mediaaswell
astheir strips (mean + SE) arereported in Table 6-8 and Table 6-9 respectively, the test was

performed with at |east five replicates per sample.
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Table 6-8: Average GSM of the benchmark filter media

Media No. Area Density (g.m™2)
WB 865.53 + 16.54
B16 599.18 + 16.39
B41 795.77 + 13.26
B45 674.65 + 8.85

Table 6-9: Average GSM of strips of the benchmark filter media

Area Density (g.m™2)

Strip wWB Strip B16 Strip B41 Strip B45
SBwe 28.19+ 1.16 SBe 50.67 + 1.57 SBs 50.67 + 1.57 SBs 50.67 + 1.57
CMwe 21294+3652 | CMg 27499+1831 | MBI15 14.01+ 0.29 MB5 15.34+ 0.62
MB1 53.89+3.07 SBe 50.67 + 1.57 MB5 15.34 + 0.62 MB15 14.01+ 0.29
MB2 54.39+2.37 MB15 14.01+ 0.29 MB30 54.28 + 1.62
MB3 32.22+0.84 MB20 54.89 + 1.03 CMs 27499 + 18.31
CMwe  212.94 + 36.52 MB30 54.28 + 1.62 SBs 50.67 + 1.57
SBws 28.19+ 1.16 CMs 27499 + 18.31

SBs 50.67 + 1.57

Based on the results (Table 6-8), WB sample had the highest area density compared to other

media which is mainly because of having two non-bonded layers (CMws) in its structure. The

CM strips have higher area density than other strips as well (Table 6-9).

6.4.2 Calliper or thickness

Table 6-10 and Table 6-11 lists the average thickness (mean + SE) of the media and their

strips respectively.
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Table 6-10: Average thickness of the benchmark filter media

Media No. Thickness (mm)
wB 8.6+0.1
B16 6.7£0.1
B4l 70+£01
B45 6.8+ 0.0

Table 6-11: Average thickness of strips of the benchmark filter media

Thickness (#m)
Strip wB Strip B16 Strip B41 Strip B45
SBws 221+9 SBe 560 + 19 SBe 560 + 19 SBs 560 + 19
CMwe 3010+ 191 CMg 3800 £ 160 MB15 100+1 MB5 131+3
MB1 521+8 SBs 560 + 19 MB5 131+3 MB15 100+1
MB2 383+8 MB15 100+1 MB30 470+ 5
MB3 172+1 MB20 488+ 7 CMg 3800 + 160
CMws 3010+ 191 MB30 4705 SBs 560 + 19
SBwe 221+9 CMg 3800 + 160
SBs 560 + 19

Table 6-11elucidates that the thickness of the mediais mainly governed by the CM layers, such
that WB sample shows the highest thickness (Table 6-10). The bonded strips, MB strips, have

obviously lower thickness compared to the fluffy CM layers (Table 6-11).

6.4.3 Air permeability

Table 6-12 and Table 6-13 reports the average air permeability (mean + SE) of the media

and their strips respectively.
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Table 6-12: Average air permeability of the benchmark filter media

Media No. Air Permeability (L. m™2.s71)
WB 184.8 + 4.2
B16 697.6+ 324
B4l 160.85+ 3.21
B45 219.33+4.29

Table 6-13: Average air permeability of strips of the benchmark filter media

Air Permeability (L m=2.s71)

Strip wWB Strip B16 Strip B41 Strip B45
SBwe 6147 + 173.24 SBs 4866 + 98.87 SBs 4866 + 98.87 SBg 4866 + 98.87
CMws 3056 + 252.59 CMg 2140+181.85 | MB15  453.4+814 MB5 1006.8 + 35.83
MB1 1412+41 SBe 4866 + 98.87 MBS 1?*‘2638{:33i MB15 453.4+8.14
MB2 1236+55 MB15  4534+814 | MB30 1436+ 119.77
MB3 460+7 MB20 873.6+2588 | CMg 2140 + 181.85
CMws 3056 + 252.59 MB30 1436+ 119.77 | SBg 4866 + 98.87
SBws 6147 + 173.24 CMg 2140+ 181.85

SBs 4866 + 98.87

Table 6-12 shows that among the samples, B16 has the most open structure and the highest air

permeability belongsto thismedium (= 698 I.m~2. s~1). Onthe other hand, sample B41 which

has the greatest number of layers showed the lowest permeability (= 161 1.m~2.s~1). Table

6-13 a so shows that the bonded strips used in all the media have different permeability ranged

from about 400 [.m~2.s~1 to about 1500 [.m~2.s~1, while the non-bonded strips (CM strips)

showed a much higher permeability about 2140 - 3556 [.m~2.s7 1.
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6.4.4 Determination of density, bulk, solidity, and porosity of benchmark media

Following the procedure explained in the Section 6.3.4, density, bulk, solidity, and porosity of
the benchmark samples were calculated based on their corresponding thickness and GSM
results reported in previous sections. Results related to the filter packs and strips of the WB

and B series samples are given in Table 6-14, Table 6-15, and Table 6-16 respectively.

Table 6-14: Density, bulk, solidity, and porosity of benchmark media

Media ity ke 3 L 3 - 3
No. density( —3) bulk( :‘—g) solidity( %) Por osity/( %)
wB 101.0 9.9x 1073 0.08 0.92
B16 88.9 1.1 x 1072 0.07 0.93
B41 113.0 88x1073 0.09 0.91
B45 99.1 1x 1072 0.08 0.92

Table 6-15: Density, bulk, solidity, and porosity of strips of the WB medium

StripNo. | density( 22 bulk( Z‘—;) solidity( ™) Porosity( ™)
SBus 1276 78x 107 0.09 0.91
CMue 70.7 14x 1072 0.05 0.95
MB1 103.4 9.7 x 10~ 0.08 0.92
MB2 1420 7% 107 0.11 0.89
MB3 187.3 53x 1073 0.14 0.86
CMwe 70.7 14x 1072 0.05 0.95
SBuwe 1276 78x 1073 0.09 0.91
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Table 6-16: Density, bulk, solidity, and porosity of strips of the B16, B41, and B45 media

Media ity ( kg 3 " 3 ; 3
o density( —3) bulk( ':—g) solidity( =) Porosity( =)
SBg 90.4 1.1x 1072 0.07 0.93
MB5 117.1 85x 1073 0.09 0.91
MB15 140.1 7.1x 1073 0.11 0.89
MB20 1125 89x1073 0.09 0.91
MB30 1155 87x1073 0.09 0.91
CMg 72.4 14x 1072 0.06 0.94

Table 6-14 confirms that the B16 and B41 samples have the highest and the lowest porosity
among other benchmark media, which isin agreement with the air permeability results (Section
6.4.3). Regarding the strips (Table 6-15 and Table 6-16), the fluffy CM strips have a high
porosity while the bonded MB strips have lower porosity. The SB strips showed medium

porosity in related to the other media.

6.4.5 Poresizecharacterisation

Bubble point mean flow and smallest detected pore sizes of the strips of media (mean + SE)

arereported in Table 6-17, Table 6-18, and Table 6-19 respectively.
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Table 6-17: Average bubble point pore size of strips of the benchmark filter media

Por e size— Bubble Point (um)

Strip wB Strip B16 Strip B41 Strip B45
SBws 755 +58.3 SBs 3034+ 27 SBs 303.4+ 27 SBs 303.4+ 27
CMwe 2332+ 375 CMs 289.6 + 41 MB15 26.8+09 MB5 165+14
MB1 724+ 35 SBs 3034+ 27 MB5 165+14 MB15 26.8+0.9
MB2 68.3+1.2 MB15 26.8+09 MB30 95.6+19.1
MB3 219+13 MB20 422+41 CMg 289.6+41
CMwe 2332+ 375 MB30 95.6+19.1 SBs 303.4+ 27
SBws 755 + 58.3 CMg 289.6+41
SBg 3034+ 27
Table 6-18: Average mean flow pore size of strips of the benchmark filter media
Pore size—Mean flow (um)
Strip wWB Strip B16 Strip B41 Strip B45
SBws 388.3+£84.9 SBs 726+ 2.3 SBs 726+ 23 SBs 726+ 23
CMwe 50.1+ 7.8 CMs 57.3+10.3 MB15 11.8+0.2 MB5 6.7£0.3
MB1 23329 SBs 72623 MB5 6.7£0.3 MB15 11.8+0.2
MB2 24709 MB15 11.8+0.2 MB30 242+18
MB3 84+05 MB20 164+0.8 CMg 57.3+10.3
CMwe 50.1+ 7.8 MB30 242+18 SBs 726+ 23
SBws 388.3+84.9 CMg 57.3+10.3
SBs 726+ 23
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Table 6-19: Average smallest detected pore size of strips of the benchmark filter media

Pore size —smallest detected pore size (um)

Strip WB Strip B16 Strip B41 Strip B45
SBwe 102+1.2 SBe 9+09 SBe 9+09 SBe 9+09
CMwe 51+05 CMs 7504 MB15 55+0.6 MB5 53+0.3
MB1 6.2+ 0.6 SBs 9+0.9 MB5 53+03 MB15 55+ 0.6
MB2 59+0.2 MB15 55+0.6 MB30 88+12
MB3 36+0.3 MB20 6.2+1 CMg 75+04
CMwe 51+05 MB30 88+1.2 SBg 9+09
SBwe 102+1.2 CMg 7504

SBg 9+09

Resultsin Table 6-17 to Table 6-19 elucidate that the SB strips of the media sandwiching the
other strips in between have the largest pore sizes which indicates these strips are not intended
to be functioning as a coalescer or droplet capturer media in a filter and they are mainly
intended to provide structura stability to the media. The non-bonded (CM) strips, however,
are put in the second rank in having large pore sizes. This can be attributed to the required
coal escing functionality of the stripsto provide an open structure through their thicknessto the
droplets and give them required time and space to be coalesced to larger drops. MB layers, on
the other hand, have relatively smaller size pores in their structure, such that they seem to be
given afunctionality to capture small size incoming droplets and deliver then to the CM layer
in the filter. 1t has to be kept in mind that the pore size of the non-bonded (CM) strips is
measured while the fabric is under the air pressure during thetest, i.e. up to 6 kPa (see Section
6.3.5), and because the fabric is non-bonded, the calculated pore size might be smaller than

what it actually is without applying the pressure.
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6.4.6 Fourier transform infrared spectroscopy - attenuated total reflectance (FTIR -

ATR)

Strips of the benchmark filter media (Table 6-7) were tested for the ATR-FTIR analysis as
described in the Section 6.3.6. This analysis along with the DSC analysis explained in the
Section 6.3.7 was performed to confirm identities of the strips claimed by the suppler. It has
been claimed that the SB strips of both B series and WB media are made of PET and the other

strips are made of PBT polymers.
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Figure 6-4: ATR-FTIR spectrum for WB filter - SBwg strip (for codes see Table 6-6)
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Figure 6-5: ATR-FTIR spectrum for WB filter - CMwg strip (for codes see Table 6-6)
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Figure 6-6: ATR-FTIR spectrum for WB filter - MB1 strip (for codes see Table 6-6)
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Figure 6-7: ATR-FTIR spectrum for WB filter-MB2 strip (for codes see Table 6-6)
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Figure 6-8: ATR-FTIR spectrum for WB filter - MB3 strip (for codes see Table 6-6)
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Figure 6-9: ATR-FTIR spectrum for B filters -SBg strip (for codes see Table 6-6)
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Figure 6-10: ATR-FTIR spectrum for B filters -CMg strip (for codes see Table 6-6)
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Figure 6-11: ATR-FTIR spectrum for B filters - MBS5 strip (for codes see Table 6-6)
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Figure 6-12: ATR-FTIR spectrum for B filters - MB15 strip (for codes see Table 6-6)
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Figure 6-13: ATR-FTIR spectrum for B filters - MB20 strip (for codes see Table 6-6)
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Figure 6-14: ATR-FTIR spectrum for B filters - MB30 strip (for codes see Table 6-6)
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Table 6-20: main FTIR spectra peaks for all coalescer layers (cm™1) (for codes see Table 6-6)

Filter strips

SBws | CMwe | MB1 MB2 MB3 SBs CMs MB5 | MB15 | MB20 | MB30
718 722 722 724 724 720 724 724 724 724 720
864 872 870 872 872 864 872 872 872 870 868
968 936 936 938 938 970 934 936 938 940 958
1020 1018 1020 1020 1018 1020 1020 1018 1020 1020 1020
1096 1100 1102 1102 1102 1096 1102 1102 1102 1102 1100
1244 1256 1256 1256 1256 1244 1256 1256 1258 1256 1252
1342 - - - - 1342 - - - - -
1404 1402 1402 1402 1400 1404 1400 1402 1402 1402 1404
1456 1458 1458 1458 1458 1456 1458 1458 1458 1460 1434
1714 1712 1710 1712 1712 1714 1710 1710 1712 1712 1712
1956 1958 1958 1956 1958 1958 1958 1954 1956 1954 1962
2964 2960 2958 2958 2958 2966 2956 2960 2958 2960 2960
3432 3420 3418 3420 3420 3428 3418 3418 3416 3420 3426

The Figure 6-4 to Figure 6-14, as well as Table 6-20 confirmed that CM and MB layers of the

media have the same chemical composition which is different from that of SB layers. Utilising

references to the IR peaks of the chemical groups in the literature of the topic, [148-150], the

detected IR peaks of the CM and MB layersarevery similar to onesfor PBT, Table 6-21, while

the SB layers did not show the peaks related to ethylene glycol, so that the hypothesis of SB

layers are made of PET polymer could not be rejected by this analysis.
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Table 6-21: Band assignment of main peaks of PET/PBT polymer

Wavenumber (cm™1) Bond assignment

722-730 Out of plane deformation of two carbonyl substituent on the aromatic ring [148-150]
850-870 Out of plane of benzene group [148-150]

970-980 C-O stretching of glycol [148-150]

1017-1020 In-plane vibration of benzene [148-150]

1090 Mainly due to ester C=0 stretching [148, 149]

1230-1270 C(O)-0O stretching of ester group [148-150]

1340 CH2 wagging of glycol [148, 149]

1370 CH2 wagging of glycol [148, 149]

1408-1410 Aromatic skeletal stretching band. Ring in-plane deformation [148-150]
1450 Aromatic skeletal stretching bands [150]

1710-1720 C=0 dtretching (conjugated with the ring) [148-150]

1950 Aromatic summation band [150]

2960 Aliphatic C-H stretching [150]

3440 O-H dtretching of diethylene glycol end-group [150]

To confirm the results of the FTIR analysis, DSC analysis was conducted which revealed the

results reported in the next section.

6.4.7 Differential scanning calorimetry (DSC)

To confirm the results acquired by the FTIR analysis, samples from SB and MB strips were
anaysed by DSC to confirm the hypothesis that the SB strips are made of PET and MB and
CM strips are made of PBT polymers. The CM samples were not analysed as no difference
between them and MB layers was noticed by the FTIR analysis. Figure 6-15 and Figure 6-16

show the resulted spectra for the SBws and MB30 strips respectively.
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Figure 6-16: DSC graph for MB30 strip (for codes see Table 6-6)

The results (Figure 6-15 and Figure 6-16) show melting point around 255°C and 225°C for the

SBwes and M B30 strips respectively which is similar to that of PET and PBT polyesters based
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on the literature. This results are similar to those of the FTIR analysis hence could not reject

the manufacturers’ claim about the polymeric composition of the trips.

6.4.8 Fibrediameter measurement

Figure 6-17 and Figure 6-18 show the SEM images of the strips of the WB and B series media

respectively. Average fibre diameters (um + SE) of the strips are listed in Table 6-22 as well.
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Figure 6-17: SEM images of the WB filter strips (for codes see Table 6-6)
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Figure 6-18: SEM images of the B series sample strips (for codes see Table 6-6)

Based on the fibre images (Figure 6-17 and Figure 6-18) and in accordance with the strips

manufacturing specifications, no specific binder or surface additives were observed on the
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surface of the fibres and the images clearly confirmed the spunbond and meltblown
configuration of the strips. Differences between SB, CM, and MB strips are obvious in the
images and arein agreements with the results discussed before, e.g. open structure of SB strips,

compact and fluffy configuration of MB and CM strips respectively.

Table 6-22: Average fibre diameters of strips of the benchmark filter media (for codes see Table 6-6)

Fibre diameter (um)

Strip wWB Strip B16 Strip B41 Strip B45
SBWB 28.7+04 SBB 34+ 0.6 SBB 34+0.6 SBB 34+ 0.6
CMWB 605 CMB 9.1+0.8 MB15 22%01 MB5 21+01

MB1 54+0.7 SBB 34+0.6 MB5 21+0.1 MB15 22+01

MB2 33103 MB15 22+01 MB30 53+05

MB3 34+02 MB20 52+04 CMB 91+0.8
CMWB 6+05 MB30 53105 SBB 34+£0.6
SBWB 287+04 CMB 9.1+0.8

SBB 34+£0.6

Results of the fibre diameter measurements (Table 6-22) elucidate the spunbond layers of the
media have the largest average fibre diameter ranged from 28 um to 34 um which is much
greater than that of meltblown fibres. The results also show that the fluffy meltbown strips
(CM) are made of fibres slightly coarser than that of the MB strips, i.e. fibre diameter ranged
between 2 um and 6 um in MB strips versus fibre diameters between 6 um and 10 ym in CM

strips.
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6.4.9 Determination of wetting tension of nonwoven strips

The results of the wetting tension test on WB and B series media are reported in Table 6-23

and Table 6-24 respectively.

Table 6-23: Wetting energy test for the WB filter (for codes see Table 6-6)

Layer Ink with specific surfacetension (mN/m) L ayer wetting tension
D 422 | 48 | 52 | 57 | 60 | 64 | 66 range (mN/m)
SBws Y Y Y N N N - 52-57
CMwe Y Y Y N N N - 52-57
MB1lws Y Y Y Y N N N 57-60
MB2ws Y Y Y Y N N N 57-60
MB3ws Y Y Y Y N N N 57-60

Table 6-24: Wetting energy test for the B filters (for codes see Table 6-6)

Layer Ink with specific surfacetension (mN,/m) L ayer wetting tension
'D 22 | 48 | 52 | 57 | 60 | 64 | 66 range (mn /m)

SBs Y N N - - - - 42-48

CMg Y Y Y N N N - 52-57

MB5g Y Y Y Y N N N 57-60

MB15g Y Y Y Y N N N 57-60

MB20g Y Y Y Y N N N 57-60

MB30s Y Y Y Y N N N 57-60

Results in Table 6-23 and Table 6-24 confirmed that the strips have not experienced specific
hydrophilic treatments and all the surface tension of the strips were lower than 60 mN/m.

Analysis of the exact wetting tension of the strips was not within the scope of this research,
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however, the different detected ranges of wetting tensions can be attributed to the different
surface morphology and structure of the strips which affecting the wicking properties of the

mediadifferently.

6.4.10 Separation performance evaluation

Table 6-25 lists the separation efficiency, n,, — Equation 5-2, results of the benchmark

samples as well as the barrier mesh.

Table 6-25: Separation efficiency of the benchmark filters measured in the flat configuration with the
hydrophaobic mesh using the REF diesel fuel

ID. AP, (kPa) AP, (kPa) °F 2 ;agp O e (%)
WB 27.1 30.2 31 99.75
B16 22,0 25 05 99.23
B41 275 314 3.9 99.77
B45 253 276 23 99.59
Mesh 31 31 . 44.46

Table 6-25 shows very high separation efficiencies for al the benchmarks greater than 99%
although, following the previous results, structure of the media are different. Based on the
separation efficiency test procedure explained in Chapter 5 of the thesis (Section 5.5.2), the
separation efficiency of the media is measured while the barrier mesh is installed in the
housing. Such that, contribution of the barrier mesh in the overall separation efficiency of the
media was measured following the procedure described in Section 6.3.10, and an efficiency
about 44% was measured (Table 6-25). This level of contribution was considered high and
probably the reason for the very high similar separation efficiency of the WB and B series
media. Therefore, it was decided to measure the coal escence efficiency of the mediainstead of
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carrying on with the separation efficiency to eliminate effects of the barrier mesh and also
focusing of the coalescence performance of media which is of main interest in this research.
This strategy was followed in the other courses of this study involved with evaluating

coal escence efficiency of nonwoven filter media.

6.4.11 Coalescence performance evaluation

The coalescence performance of the benchmark media, coalescence efficiency, ¢ - Equation

5-4, and quality factor, QF - Equation 5-5, islisted in Table 6-26.

Table 6-26: Coalescence efficiency of the benchmark filters measured in the flat configuration using
the REF diesel fuel without using the hydrophobic mesh

AP,y — AP,

ID. AP, (kPa) AP,y (kPa) £ (%) QF
(kPa)

WB 24.45+ 0.15 27.3+0 285+015  1892+225  0.073+0.0059

B16 22.25+0.05 22.38+0.02 0.13+0.03 21.18+1.18  2.009 + 0.5212
B4l 27.05+0.25 31+0.1 3.95+0.15 23.2+151 0.067 + 0.0024

B45 25.15+ 0.05 27601 245+ 0.05 20.85+0.15  0.095+ 0.0011

Analysis of the coalescence efficiency of the media (Table 6-26) by a single-factor ANOVA
showed that there is no significant statistical difference between the coalescence performance
of themedia(P=0.3658, « = 0.05). Thisled to the conclusion that having compact meltblown
fibre layers (MB layers) functioning as capturing layers does not significantly affect the
coal escence efficiency of amedia, i.e. comparing the structure of B16 medium with other three
media. Moreover, having addition layer of a fluffy layer close to the upstream side of a
medium, i.e. similar to the structure of the WB sample compared to the other media, does not

significantly improve the coalescence efficiency either. This can be attributed to the fact that
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the coalesced drop at the upstream side are re-emulsified when they are pushed through the

other compact layers towards the downstream side of thefilter.

The same analysis on the quality factor of the media showed significant difference between the
mediaoverall performances (P =0.0143, « = 0.05). This can be attributed to the low pressure
drop across the B16 medium compared to the other media. This also confirm the hypothesis
suggesting the coalescence performance of a medium is mainly governed by the fluffy and
non-bonded coal escer layer of the medium and having amulti-layer of compact capturing layer
does not help the overall coalescence performance of the medium, within the specifications

followed in this research.

6.5 Summary

This chapter was dedicated to evaluation of existing multilayer depth coalescing water
separation filter media in terms of their nonwoven characteristics as well as water separation
and coal escence efficiencies. For this study four filters denoted asWB, B16, B41, and B45 and
their constituent nonwoven stripswere eval uated regarding their polymer identity, areadensity,
thickness, air permeability, pore size, fibre diameter, wetting tension, bulk and porosity. The
separation and coalescence efficiencies of the media were evaluated as well as using the

purpose-built test rig explained in the previous chapter.

The material characterisation testing (FTIR and DSC) was performed to check the polymeric
identity of the media. Results confirmed that the media are composed of multilayer PBT
meltblown fibre strips winded on to a robust plastic cylindrical support mesh while two PET
spunpond strips are holding the meltblown layers together. The media also were recognised as
hydrophobic media (no hydrophilicity treatment) by conducting a wetting tension test. The

PBT strips used in the media were of two kinds: thin bonded strips with a thickness less than
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500 ym and a mean flow pore size less than 25 um, mainly intended for capturing small
droplets, and thick fluffy strips with a thickness about 3 to 4 mm and a mean flow pore size
about 50 um functioning as coal escers. The samples ranged from relatively open structure, i.e.
B16 with SM S (spunbond — meltblown — spunbond) structure to packed structure such as B41

with eight strips or WB with seven layers including two fluffy coalescing layers.

The separation efficiency tests elucidated high efficiency more than 99% for all the benchmark
samples which was attributed to the contribution of the barrier mesh installed in the filter
housing for this test. This was considered misleading in terms of evaluation coalescence
efficiency of the media based on this test. Therefore, the coaescence efficiency test, which
evauate ability of the media in water coaescence without effects of the barrier mesh was
substituted. The results of this tests showed that although the structure of the media are
different, their coalescence performances are not significantly different (P = 0.36, a = 0.05),
however, the B16 sample which has no bonded strips in its structure showed the best quality
factor compared to the other media (QF = 2.01), i.e. B41 showed the best efficiency (23.85%)

but alower quality factor (QF = 0.07).

Based on these results and considering limitations and variations within the experimental
works of this study, i.e. specific test conditions as well as the design and dimensions of the
filter housing, it was concluded that the coal escence performance of amedium might be mainly
governed by the coalesce layer of the medium (a fluffy and non-bonded layer), such that
evaluation of non-bonded meltblown mediawith enhanced coal escing performance was put on

the agenda as the next stage of the research which is discussed in the next chapter in details.
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CHAPTER 7

Effects of Fibre Hydrophilicity and M eltblown Fabric
Geometric Configurations on the Perfor mance of

Depth Coalescing Fuel Filter Media
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7.1 Introduction

The hypothesis confirmed in Chapters 3 and 4 that bio-diesel can stabilise water droplets of
smaller sizes compared to mineral diesel and its blends with diesel leads to highly challenging
water separation conditions. The results in Section 6.4.11 revealed that the coalescence
efficiency of multilayer depth coalescing media can be mainly governed by the non-bonded
meltblown nonwoven coalescer layers rather than the bonded meltblown nonwovens mainly
functioning to capture water droplets. It was also discovered that the maximum coalescing

efficiency of existing commercially sourced samples using REF diesel is only about 24%.

Therefore, there is a need to improve coalescing efficiency by understanding the effects of
nonwoven fabric properties on coalescence performance. Accordingly, the main am of this
chapter was to investigate the effects of key properties believed to be influential, specifically
fibre hydrophilicity as well as macro-structural features of the fabric. These properties were
selected because of the significant attention they have received in the literature (Section 2.6.2).
To ensure a systematic investigation of key properties minimising confounding factors, this
work is based on studying the coal escence behaviour of asingle layer of PBT meltblown fabric

representative of that found in industrial systems.

7.2 Test filter media and test fues

Samples were prepared from 100% poly(butylene terephthalate) (PBT) meltblown fabrics
(PMB coalescers) supplied in a20 m role (width of 50 cm) by the sponsor of this project. The
meltblown fabric was characterised using the methodologies given in Section 7.3.1 and the

results are reported in Table 7-6 and Table 7-7. The fuel blends used to determine the
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coal escing performance of the PM B mediawere the same diesel and bio-diesel fuels specified

in Section 3.2 and prepared using the procedure in Section 3.3.1.

7.3 Experimental methods and apparatus

This section reports the experimental methods and apparatus used to characterise the PMB
media in respect of hydrophilicity, physical properties, macrostructure, and coalescence

performance.

7.3.1 Maodification of the surface wettability

Thewetting behaviour of the PBT meltblown fabrics was modified by alkaline hydrolysisusing
the procedure detailed by Wang et a. [98]. This involved treatment with a sodium hydroxide
(NaOH)/methanol solution in which PBT polymer chains are attacked by hydroxide ions (OH"
) present in the solution and end groups of carboxyl or hydroxyl are formed on the carbonyl
carbons of the ester linkage of the PBT polymer, such that hydrophilicity isincreased [98, 151-
153]. In the akaline hydrolysis method, surface modification of fibres in depth of fabricsis

ensured compared to other techniques such as coating [154] or plasma treatment [155-157].

The hydrolysis treatment bath was prepared by dissolving different concentrations of NaOH
into solutions of methanol (50% v/v) and deionized water (50% v/v). PBT fabric samples
were cut into squares of 20 cm x 20 cm, and then immersed in the treatment bath for 10 min
without stirring (liquor ratio of 1:100). The bath temperature (T) was controlled at 40°C for
NaOH concentrations of 0.25, 1, and 3 mol/l, or 35°C for a NaOH concentration of 3 mol/I.
Three replicates per sample were prepared. Samples codes corresponding to each condition are
listed in Table 7-1. PMB-0-40 refersto control fabricstreated at 40°C with no NaOH dissolved

in the solution.
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Table 7-1: Sample codes for the hydrolysis test conditions

NaOH concentration
(mol/l)

Treatment bath temperature T(°C)

35 40
0 PMB-0-40
0.25 PMB-0.25-40
1 PMB-1-40
3 PMB-3-35 PMB-3-40

For each sample, the solution was prepared in a glass vial and preheated to the specified
temperature before immersion. The bath temperature was maintained during treatment using
temperature control equipment consisting of a thermocouple, PID controller (proportional
integral derivative controller), and a hotplate. Samples were washed after treatment (10 min)
by immersion in distilled water for 1 h, then quickly immersed in HCI solution (0.1 mol/l), and

then soaked again in distilled water until apH of 7 was achieved after rinsing. Finally, samples

weredried in air for 24 h, followed by vacuum drying overnight at 20 °C.

7.3.1.1 Wettability characterisation

The wettability of each sample (PMP, PMB-0, PMB-0.25, PMB-1, and PMB-3) was

characterised by the L /H ratio (lipophilicity/hydrophilicity) in accordance with Kulkarni et a.

[96], based on the modified Washburn’ s equation, Equation 7-1.

Equation 7-1: Modified Washburn’s equation [96]
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n,¥, and p in Equation 7-1 denote viscosity, surface tension, and density of the penetrating
liquid respectively, and S isthe slope of the wetting curve plotting the square mass, m?, of the
penetrating liquid at time t. The subscript “o” refersto oil and “w” refers to water. The m?2-t

curve is generated experimentally by conducting aliquid absorption test via tensiometry.

In principle, the L/H ratio is related to the wicking performance of a medium when it isin

contact with an oil compared to when it isin contact with water, such that in

Equation 7-2, the terms 6, and 6,, refer to the advancing contact angles of the oil and water

phases.

cos 8,

L/H =

cos 6,

Equation 7-2: Fundamental equation of the L/H ratio [96]

Kulkarni et al. [96], developed their equation (Equation 7-1) by solving Equation 7-2 using
Washburn’s equation, (
Equation 7-3) to substitute the contact angles, which require difficult and complex

measurements, usually with significant errors on the non-ideal porous/rough surface of a

fibrous substrate while the effect of gravity isignored too.

Tefr COSO Y L
= 2

hZ
Equation 7-3: Washburn’s equation [96]
Where:
h: isthe height of liquid rising in the fabric by wicking

Terf- isthe effective capillary radius in the medium.
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A Kruss K100 force tensiometry instrument operating in absorption measurement mode was
used to plot the wetting curves of the test samples using deionised water and REF diesel fuel.
A test specimen was cut in 1 cm x 1 cm, and was hung on the measuring probe connected to
the balance of the tensiometer. To commence measurements, the probe descended into the
vessel containing 50 ml of the test liquid until the lower edge of the sample touched the liquid
surface and the balance detected liquid contact (sensitivity of 0.005 gf). Once the surface was
detected, the mass of the liquid penetrating the sample was recorded and plotted every 2 s for
1 min. At least six specimens from each sample in two groups of three were evaluated. One
group was tested using distilled water, and the other one was tested using REF diesal. The
slope of each wetting curve was calculated by line fitting the initial wetting kinetics of the

curves. Table 4-2 summarises the samples studied.

Table 7-2: Samples prepared for wettability evaluations (for sample codes see: Table 7-1)

Sample D Description
PMB Untreated
PMB-0-40 Alkali-treated
PMB-0.25-40 Alkali-treated
PMB-1-40 Alkali-treated
PMB-3-350 Alkali-treated
PMB-3-40 Alkali-treated

7.3.1.2 Characterisation of treated and untreated nonwoven coalescing media

The treated and untreated PBT meltblown samples were characterised in relation to their

properties according to the standard test procedures viainstrumentslisted in Table 7-3. All test
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procedures, excluding the bursting strength, are detailed in Section 6.3. Results were anal ysed

using single factor ANOV A and statistical T-testing.

Table 7-3: Nonwoven characterisation test procedures

Property Unit Standard No. Testing Instrument
Area Density (GSM) g.m? BS EN 29073-1:1992 METTLER TOLEDO balance
Thickness mm BS1S0 9073-2:1996 THWING-ALBERT gauge
Air Permeability lm2s71 EDANA 140.1-81 LabAir FX3300
Pore size —-Bubble point um ASTM F316 Capillary flow porometry®
Pore size -Mean flow um ASTM F316 Capillary flow porometry®
Fibre diameter um FESEM JEOL JSM-6610 LV
Bursting strength kPa SO 13938-2:1999 James Heal

Air permeability measurements were made at 200 Pa pressure difference based on 20 ¢m?
samples using the procedure described in Section 6.3.3 .The pore size distribution in each
sample was determined according to the methodology in Section 6.3.5. Mean fibre diameter
was determined using SEM images and image analysis Image-Pro software) using the
methodology described in Section 6.3.8. Bursting strength is an important parameter for filter
fabrics because of the multi-axial forces that are inevitably imposed on the substrate during

use. Accordingly, the bursting strength was determined.

Bursting strength test methodology

A James Heal pneumatic bursting strength tester was used to evaluate samples based on BS
EN 1SO 13938-2:1999 standard test procedure. Each sample was clamped over an expanding
diaphragm using acircular clamping ring such that asample area of 50 cm? was achieved. The

apparatus equipped with a compressed air system, applied an increasing air pressure to the
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underside of the diaphragm, causing distension of the diaphragm as well as the overlying
fabric. The pressure increased smoothly until the test specimen bursts within 20 + 5s. The
resulting bursting strength is defined as maximum pressure applied to the test specimen until
the test specimen ruptures minus the diaphragm pressure (diaphragm correction). The height
a burst is defined as the displacement of the test fabric at its peak position at the bursting

pressure. All datais based on three replicates per sample.

7.3.2 Effect of geometrical arrangement to the coalescing media

During use, anonwoven coal escing fabric will be compressed by the fuel flow against thefilter
support such that its effective porosity under load islikely to be reduced from its nominal value
determined in load-free conditions. It isthereforeinstructive to understand how such variations

in macrostructure and fabric dimensions can affect coal escence performance.

Accordingly, PBT meltblown samples with different macro structural formats were compared
using the efficiency test methodology described in Section 5.5.3 using REF diesdl. Initialy,
the coalescence efficiency of the single layer PMB media operating in tandem with a filter
support as in the conventional filter sample arrangement (Section 5.3.1) and (Figure 7-1), was
determined. The results were then compared with data obtained using alternative
configurations of the same fabric in which the fabric porosity was modulated. Once any
differences in coalescence performance were established, it was possible to study the

underlying relationships between the fabric configuration and performance.
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Figure 7-1: Control filter sample arrangement in the filter housing for the coal escence efficiency
test

Details of the different filter assemblies and evaluation methodologies will now be explained.
Note that the associated results for each set of conditions are presented in Section 7.4. In the
aternative arrangements that will now be described, the rationale was to provide increased
solid surface area to promote coalescence performance and/or to reduce the pressure drop,

since both govern the operating efficiency of the coalescer.

7.3.2.1 Doublelayer of PMB media operating in tandem with afilter support

In the first aternative assembly, the conventional filter configuration was modified by the

addition of a second identical meltblown PMB fabric to make a dual layer configuration

(Figure 7-2).
[~ A= N Ay
L - o -
Control filter arrangement Double layer filter arrangement

Figure 7-2: Single (control) and double layer filter assemblies operating with a support
layer
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It was reasoned that this would substantially increase the surface area available for water
remova via coalescence. This arrangement is denoted as “double layer” throughout. The
coal escing performance of the double layer was then compared with the single layer control.

7.3.2.2 Surface hairiness: single layer of PMB media with projecting surface fibresin
tandem with afilter support

By providing projecting fibres or hairiness on the surface of the filter fabric it was reasoned
that this could lead to comparable coal escence performance (since the total solid surface area
was unaffected), combined with a reduced pressure drop, due to the higher overall fabric

porosity.

To prepare the samples, the control filter sample arrangement was maintained, but the surface
of the medium on the downstream side (facing the filter support) was mechanically disrupted
by light rotary pressureto produce a‘hairy’ surface (Figure 7-3) such that approximately twice

the thickness of the control sample was achieved.
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Control surface hairy surface

Figure 7-3: Single (control) layer filter assembly with a hairy surface operating with a support layer

The coalescence performance was then compared to the conventional single layer filter
assembly.

7.3.2.3 Staticporosity: doublelayersof PMB mediawith a spacer in tandem with afilter
support

During dynamic operation, the meltblown fabric is likely to be compressed due to the pressure
of fluid flow. Therefore, in an effort to stabilise the porosity of the fabric (static porosity) and
determine the coal escence efficiency aporous spacer was inserted between two layers of PMB
fabric (Figure 7-4(b)). To accomplish this, a 100 cm? porous spacer disk was manufactured
from PMMA (Perspex) sheet of 5 mm thickness, and cut to the same size as the filter fabric
using a FB730 Laser cutter (CadCam Technology Ltd., UK). The disk was intended to be a

porous spacer, therefore, it was manufactured with randomly arranged holes. For this aim, 25

209



holes were of a diameter of 10 mm, 10 holes with a diameter of 5 mm, and 10 holes with

diameter of 2 mm.

Furthermore, to understand the effect of the spacer itself on the coalescence efficiency,
regardless of its location in the arrangement, measurements were also made with the spacer

placed on the upstream side of thefilter (Figure 7-4(a)).

Control arrangement Gap in between arrangement (a) Gap in between arrangement(b)

Figure 7-4: Generation of a‘gap in between’ arrangement using a porous spacer disk

The filter support was also placed in the housing such that during an efficiency test, the two
filter fabrics were compressed against the spacer and the filter support. Herein, the spacer
simulates a porous structure inside the medium with a 5 mm gap (thickness of the spacer)
maintained between the two filter fabrics, which remain interconnected by the holes cut in the

spacer.
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7.3.2.4 Dynamic porosity: single layer of PMB media without filter support (bowing
arrangement)

By removing the filter support, during operation, the fabric is not mechanically supported and
istherefore likely to partially deform and ‘bow’ due to the applied forces imposed in the same
direction astheliquid flow. Since the fabric will not be compressed against arigid surface, the
deformation can be expected to maximise the effective porosity of the fabric during operation
(dynamic porosity). It was instructive to understand how such conditions would affect
coalescence efficiency. In this arrangement (denoted as “bowing arrangement”), the filter
support was taken off thefilter housing, such that the filter medium was not compressed against
the support during the efficiency test. As the fuel flowed through the fabric and because there
was no filter support in place to limit freedom of movement, a bowing deformation was

generated in the fabric while it remained robustly clamped in the filter housing (Figure 7-5).

A) With support I B) Without support

"

T

Fuel flow I Fuel flow

— | =

Figure 7-5: Bowing arrangement
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7.3.25 Reaults

Table 7-4 summarises the influence of the different filter assemblies on the coalescence

efficiency, € - Equation 5-4, using the REF diesel fuel.

Table 7-4: Effect of different filter arrangements on the coal escence efficiency

Sample £ (%)
arrangement
Control 25
Double layer 38
Surface hairiness 34
Static porosity 22
Dynamic porosity 62

Marked differences were observed in coaescence behaviour amongst the various
configurations despite the retention of what was in effect the same meltblown filter medium.
Interestingly, an amost 150% increase in coal escence efficiency was observed in the dynamic
porosity arrangement compared with the control arrangement. This surprising result led to
further investigation of the bowing effect and to the development of methods to better

characterise the structure as will now be explained.

7.3.3 configurational characterisation of the bowing configuration

The bowing configuration associated with evaluation of filtersin dynamic porosity conditions
(nofilter support being used) was characterised using semi-quantitative methods. In the bowing
arrangement, the configuration of the fabric is deformed dynamically when placed in the
housing subjected to dynamic liquid flow. Consequently, offline characterisation of the
medium’ s configuration to capture this effect was impractical. Moreover, the filter housing of

the coalescence test rig was of cylindrical shape, which meant that deformation and
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visualisation of the sample could not readily be recorded. Owing to these limitations, two
methodol ogies were employed: (a) use of a convex filter support (Figure 7-8 ) in to which a
filter medium could be placed and (b) ssimple transparent perspex filter housing (Figure 7-7)

with asquare cross section in to which afilter medium could be placed to aid visualisation.

Figure 7-7: Modified filter housing to aid visualisation of the bowing arrangement

Both the convex filter support and the pilot filter housing were made in-house. To compare the
coal escence performance results of a medium supported by the convex filter support with that

of the medium supported by a flat filter support and eliminate possible errors associated with
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the aperture size and thickness of the supports, a flat support with the same thickness and
aperture size as the convex one was built (Figure 7-8). Both the flat and convex filter supports
were 2 mm thick and designed in CAD software (SolidWorks) and Objet 1000 3D printed
(Stratasys, US) from ABS-M30i polymer. Each had an open area of more than 85% and square
apertures of 2 mm x 2 mm. The convex support had a maximum internal height of 15 mm at

its centre.

:--.==

Figure 7-8: 3D printed flat filter supports

The pilot filter housing was composed of an inlet hose, upstream and downstream flanges, and
an outlet hose. The detailed design of the housing is shown in Figure 7-9. The housing was
designed to be simply connected to a fluid source such as tap water or compressed air using a
hose such that the fluid could easily run through the filter medium clamped in the middlie and
cause the bowing deformation. The housing with a square cross section was chosen to facilitate
measuring deformations of the test medium with aruler by an operator with arelatively high

accuracy.
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Figure 7-9: detailed design of the filter housing for the bowing characterisations

To characterise the bowing configuration employing the aforementioned methodol ogies, three
sets of experiments were conducted. Firstly, coalescence performance was measured on the
coalescence test rig using the 3D printed convex and flat filter supports to see if the bowing
shape itself was affecting the performance of the filter media. Secondly, untreated PMB media
were clamped into the pilot housing to simulate the bowing deformation using compressed air
any dynamic changes in the sample thickness were measured as the fluid passed through (air-
flow experiment). A final experiment was conducted using the same pilot housing (Figure 7-7
and Figure 7-9) wherein water was used as the flow fluid medium to induce deformation of the
test sample (water-flow experiment). For the air-flow experiment, to enable capture of the
deformation during bowing followed by offline measurement of the sample, filter sampleswere
first immersed in poly(vinyl acetate) (PVA) adhesive (volume ratio of PVA/water = 1:3).
Residua adhesive was removed using a pad mangle with a nip to nip distance of 1 mm and a

padding pressure of 0.5 bar, before being clamped in the housing (Figure 7-10). Compressed
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air was then used to generate afluid flow at avelocity similar to that encountered in the normal
filter housing, causing the sample to bow. As the air stream continued to be directed at the
sample for at least 30 min, water was gradually evaporated |eading to adhesive fixation of the
bowed configuration of the filter fabric. The dry sample was then removed and cut in half such
that the deformation through the sample thickness could be observed. Samples were
manufactured at flow rates and pressures of 44 cm/s and 11.9 mbar, and 18 cm/sec and 3.7
mbar respectively. In both cases, bowing deformation was observed similar to that visually

observed in the coalescence test rig.

PVA:water =1:3  Nip to Nip = 1mm Pressure gauge

=\ /> 00 =~

Medium Pad mangle Compressed air  Housing

Figure 7-10: Methodology used to capture the bowed filter fabric configuration under
dynamic flow conditions

In water-flow experiment, the fabric deformation was not fixed and changesin thickness of the
centre of the test medium were directly recorded. The experiment was conducted by connecting
theinlet hose to awater supply, with thefilter housing over alab sink such that the outlet water
could be directly removed to waste. The convex deformation of the fabric on the downstream
side was carefully measured using a ruler from outside of the Perspex housing. The same
procedure could not be applied to measure the concave deformation of the medium due to lack
of vishility. Therefore, A measuring flag (Figure 7-11) made of flexible plastic, 7

mm X 20 mm, was clamped upstream the filter medium using a stitch yarn such that the flag

216



is positioned on the centre of the medium and concave deformation of the medium is

measurable.

<«——  Scaled flag

«—— Positioning yarn

Figure 7-11: Measuring flag used for measuring for concave deformation of the medium

The maximum deformation was measured for each sample by subtracting the convex and
concave deformations given the dry thickness of the fabric. The water flow rate always

remained constant at 2 I/min.

7.3.4 Evaluation of coalescing performance: flat vs. bowing configurations

Two sets of experiments were performed to evaluate the coalescence performance of
hydrolysis-treated PMB samplesin the control filter arrangement, and untreated PMB samples
in the bowing filter arrangement. In both cases, the coal escence performance was compared
with that of the untreated PM B fabric in the control arrangement. All the coal escence efficiency

tests were performance in triplicate for each sample following the procedure in Section 5.5.3.

For these measurements, the REF and M200 fuels were used to characterise the coaescence
performance. The REF fuel was used for all the media while M200 was used only for PMB,
PMB1 and PMB3 samples to see if the presence of surfactant in the fuel affected the
performance of the hydrolysed samples. For the coalescence efficiency measurements using

the bowing arrangement, the Ref, B5, B20, B50, M200, M 325, and M400 fuels were used to
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characterise the untreated PMB samples and the results were compared with that of untreated
PMB media in the same fuel blends but this time, in the control sample arrangement (flat

configuration).

7.4 Resultsand discussion

This section details the results of the characterisations performed on the treated and untreated
PMB meltblown samples, as well as the coalescence efficiency measurements on the flat and

bowed configuration samples using REF diesel and bio-diesel blends.

7.4.1 Surface wettability modifications of the filter medium

The wettability of the PMB meltblown fibres was modified using the procedure in Section
7.3.1 based on six average wetting curves (mean + SE), i.e. three water curves and three diesel
curves, for each sample (listed in Table 7-1). Three replicates were made per sample. Figure
7-12 to Figure 7-17 show the water and diesel curves for the test samples, and the wetting
slopes obtained by line fitting the initial wetting kinetics of each average curve are shown in
Figure 7-18 to Figure 7-23. The slope values and the calculated L/H ratios are reported in Table
7-5. Figure 7-12 and Figure 7-13, the water curves demonstrate the repellency of the
hydrophobic samples, and in Figure 7-18 and Figure 7-19 the slope of the water curves show

the repellency slops of those samples.
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Figure 7-12: Wetting curves and repellency of the untreated PMB samples in REF diesel and distilled
water respectively (see Table 7-1for the sample code)
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Figure 7-13: Wetting curves and repellency of the PMB-0-40 in REF diesel and and distilled water
respectively (see Table 7-1for the sample code)
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Figure 7-14: Wetting curves of the PMB-0.25-40 in distilled water and REF diesel (see Table 7-1for
the sample code)
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Figure 7-15: Wetting curves of the PMB-1-40 in distilled water and REF diesdl (see Table 7-1for the
sample code)
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Figure 7-17: Wetting curves of the PMB-3-40 in distilled water and REF diesel (see Table 7-1for the
sample code)
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Figure 7-18: Wetting and repellency slopes of the untreated PMB samplesin REF diesel and distilled
water respectively (see Table 7-1for the sample code)
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Figure 7-19: Wetting and repellency slopes of the PMB-0-40 in REF diesel and distilled water
respectively (see Table 7-1for the sample code)
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Figure 7-20: Wetting slope of the PMB-0.25-40 in distilled water and REF diesdl (see Table 7-1for
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Figure 7-21: Wetting slope of the PMB-1-40 in distilled water and REF diesel (see Table 7-1for the
sample code)

223



Diesd curves
0.12 1 //’l
0.10 P
/’// e -
B %% P °
o 7
S 0.06- C-
=1 / T
« TR \
2 | B = PMB-3-35 (1)
5 004 e e PMB-3-35 (2]
= e A PMB-3-35(3)
0024 = — PMB-3-35 (1]
PMB-3-35 (2)
o — PMB-3-35 (3
T T T T T T
1 2 3 4 5 6
Time (s)

Water curves

;’/
0.20 4 /,/’ -
>
0 15 - ./1,.-//
(‘g ~ /// A
P . r y //;,
T 0.10 o A °
2 L e
o AUl B
@ 3 il = PMB-3-35 (1
T .05 3 o e PMB-3-35 (¢
= O (e
P A PMB-3-35(
= —— PMB-3-35 (1
oood PMB-3-35 (2
—— PMB-3-35 (
T T T T T
0 2 4 6 8
Time (s)

Figure 7-22: Wetting slope of the PMB-3-35 in distilled water and REF diesel (see Table 7-1 for the

sampl e code)
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Figure 7-23: Wetting slope of the PMB-3-40 in distilled water and REF diesdl (see Table 7-1for the
sample code)

The akaline hydrolysis treatment resulted in a wider range of wetting behaviour in the PMB

meltblown samples (Table 7-5). The negative L/H ratios for PMB and PMB-0-40 is attributable

to the hydrophobicity of the material as well as buoyancy forces leading to a negative slope.
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Asthe result, the water curves of the untreated fabrics demonstrate their water repellency. The
average slope in the water curves of the PMB-0 samples tended to be closer to negative than
the PMB samples, which is consistent with the fact that the PMB-0 samples had a more open
structure than the PMPsin the thickness direction, which can be expected to affect the capillary
radius and therefore capillary pressure and wicking. The positive L/H ratios are indicative of a
high degree of surface hydrophilicity and wetting propensity in the structure compared the
negative L/H ratios. Amongst positive L/H ratios, smaler value, e.g. 4.3 for PMB-3-40,

denotes better hydrophilicity than greater value, e.g. 918.72 for PMBO0.25-40.

Table 7-5: L/H valuesfor test filter fabrics (for codes see: Table 7-1)

ID S R Sw R L/H
PMB 0.011 + 0.0005 0.99 -0.00000094 + 0.00000002 0.96 -148828.08 + 9250.76
PMB-0-40 0.013 + 0.0005 0.97 -0.000004 + 0.0000004 0.93+0.04  -39182.84+5772.76
PMB-0.25-40  0.0117 + 0.0005 0.97 0.00016 + 0.00003 0.95+0.02 918.72 + 125.73
PMB-1-40 0.012+0.002 0.97+0.01 0.007 + 0.001 0.95+0.05 19.93+ 0.52
PMB-3-35 0.014+0.002 0.98+0.01 0.016 + 0.003 0.87+0.01 11.24+0.47
PMB-3-40 0.0075+0.0007 0.93+0.01 0.0207 + 0.0008 0.94+0.01 443+ 0.26

Table 7-6 and Table 7-7 report the dimensional and physical properties of the untreated and
alkali-treated PMB filter samples, and Figure 7-24 to Figure 7-29 show typical SEM images

from which fibre diameter measurements were made.
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Table 7-6: Dimensional and structural properties of the filter fabrics (for codes see: Table 7-1)

Area Densit Air Poresize—  Poresize— M ean fibre
rea Density i " _ .
ID. Thickness  permeability  gypple point  Mean flow diameter
(g.m™?) (mm) -2 -1 (um)
(L.m™%s70) (um) (um)
PMB 228.3+ 214 270 11942+ 15 336+£12 8.8+0.2 36+04
PMB-0-40 22534+ 0.11 30 130.1+£3.45 343+18 8.6+0.3 3.1+0.2
PMB-0.25-40 229.35+1.25 31+01 132.8 £ 298 3591 85+0.1 3.6+0.3
PMB-1-40 231.26 £ 4.91 3.3+£0.2 137.67 £ 5.36 44+1 89+0.1 35+0.2
PMB-3-40 232.52 + 10.98 29+£0.2 137.5+ 16.39 341+13 89+0.2 3.6+£0.3
PMB-3-35 237.05+5.8 3+0.2 132.25+ 3.3 344+22 9+0.1 3.6+£0.2

Table 7-7: Bursting strength of the filter fabrics (b) (for codes see: Table 7-1)

M ean bursting M ean height at M ean time to
Sample strength burst (mm + burst (S + SE)
(kPa * SE) SE)
PMB 351.73+8.88 19.83+0.39 20.42+0.78
PMB-0-40 363.2+16.89 19.53+0.19 21.77+0.72
PMB-0.25-40 351.9+7.53 195+ 0.1 20.27+0.2
PMB-1-40 350.13 + 10.86 19.6 £ 0.25 21.17+0.37
PMB-3-40 349.75+ 1.5 19.37 £ 0.09 20.1+0.06
PMB-3-35 348.94 + 1.95 19.2 + 0.06 20.1+0.06
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Figure 7-24: SEM images of the untreated PMB sample (see Table 7-1for the sample code)
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Figure 7-25: SEM images of the PMB-0-40 sample (see Table 7-1for the sample code)
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Figure 7-26: SEM images of the PMB-0.25-40 sample (see Table 7-1for the sample code)

4

\i_ 7/

B 5kv  wDsmm 5840 6000 5um
[F01our Science Analytical F 13781 04 Oct 2016

SEL# 5K\, WD8mm ¥840 000y
Olouigtlehce Analyticgl

=5
2_~04,00t/2016

PMB-1 (x1000) PMB-1 (x5000)

Figure 7-27: SEM images of the PMB-1-40 sample (see Table 7-1for the sample code)
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Figure 7-28: SEM images of the PMB-3-35 sample (see Table 7-1for the sample code)
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Figure 7-29: SEM images of the PMB-3-40 sample (see Table 7-1for the sample code)

A single factor ANOVA of the pore size, areal density, and bursting strength data of treated
and untreated samples revealed no significant differences between the samples (P-value >
0.05). A t-test analysis of PMB and PM B-0-40 showed only significant differencesin thickness
(P-value = 0.0008) and air permeability (P-value = 0.004) of the samples at a confidence level

of 95%. This was anticipated since no direct changes were made to the structure of the
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meltblown samples other than dlight structural agitations applied on PMB-0 samples dueto the

treatment procedure, confirmed by a slight difference in fabric thickness and permeability.

To detect any possible relationship between changes in the structure of the alkali-treated
samples and their coal escence performance, all properties of the alkali-treated samples (PMB-
Os, PMB-1s, and PMB-3s) were anaysed by one-way ANOVA test, which confirmed no
significant differences between the PMB-0 samples and the other treated samples (P-vaue >
0.05). Thus, it could be concluded that NaOH-treatment of the PBT samples did not
significantly alter the physical or mechanical properties of the filter fabric, such that any
differences in coalescence performance of the samples could be attributed mainly to chemical
differences affecting wettability. The SEM images (Figure 7-24) visually showed no noticeable
mechanica damage/change on the surface of the treated samples compared to PMB untreated

fabric, which isin agreement with the analysis on the structural characterisation results above.

7.4.2 Structural characterisation of the bowing configuration

Table 7-8 show results for the coal escence efficiency, € - Equation 5-4, of the PMB medium

using the 3D printed spacer filter supports, compared with the conventional flat filter support.

Table 7-8: Coalescence efficiency of the filter fabric using 3D printed spacer filter support

Sample arrangement £ (%)

Control (black support) 315
3D printed convex support 375

3D printed flat support 33

Use of a convex filter support design appeared to slightly affect the coalescence efficiency of

thefilter, however, the effect was very small compared to large increase in efficiency resulting
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from the bowing configuration (Section 7.3.2.5). These initial results suggested that the high
efficiency obtained in the bowing configuration could be attributed to the dynamic change that
takes place in filter's effective porosity, rather than bowing shape per se. This was confirmed

with the results of the air-flow and water-flow characterisation works reported in Section 7.3.3.

Figure 7-30 demonstrates the changes that took place in the configuration of the filter medium
under the pressure of liquid passing through in the water-flow experiment. Figure 7-31 shows
examples of the typical bowing deformation that took placein PMB samples (fixed using PVA
adhesive). Figure 7-31 also shows the changes in the thickness of the PMB medium as the

bowing deformation occurs.

Wet — under pressure

8 mm -9 mm
g
1

3

6mm -8mm |

3mm
_ 3mm

12mm -13mm

Figure 7-30: Magnitude of filter deformation during the bowing arrangement observed in the water
flow-through experiment
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A)

B)

Figure 7-31: Changes in the thickness of the PMB medium as a result of the bowing deformation:
performed at air pressure and velocity of A) 11.9 mbar and 44 cn/s, B) 370 Paand 18 cn/s

The bowing deformation resulting from the use of water as the flowing fluid show that the
increase in thickness due to bowing deformation can be substantial. In this case thickness
increased from 2.6 mm (Table 7-6) to near 8 mm. Thisisin agreement with the results of the
experiment conducted using compressed air, which showed that the thickness of the flat PMB
medium could increase to near 9 mm resulting in an increase in the fabric porosity from 93%

t0 98% (Table 7-9).

Table 7-9: Structural measurement of the flat and bowed PMB media under dynamic conditions

: kg m3 .. m3 . m3

Sample density( —3) bulk( 52) solidity( —) porosity( )
PMB - flat 86.2 1.1x 1072 0.07 0.93
PMB- bowed 25.4 3.9x 1072 0.02 0.98
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This dramatic increase in porosity can be attributed to an intrinsic feature of meltblown media,
which have a multi-layered, laminar internal structure, wherein it is possible for the fluid flow

to delaminate layers leading to bowing, without breakage or collapse of the fabric.

7.4.3 Coalescing performance of new filter media arrangements

7.4.3.1 Alkali-treated PMB fabricswith increased wettability in aflat configuration

Figure 7-32 to Figure 7-34 and Figure 7-35 to Figure 7-37 report the coal escence efficiency,
pressure drop, and quality factor of the akaline treated PMB samples in the control filter
arrangement (flat configuration) as a function of the wettability for the REF and M200 fuels

respectively.
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Figure 7-32: Effect of wettability (L/H) on coalescence efficiency of the PMB media using REF
diesel fuel (source Table 9-6 in Appendix (A))
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Figure 7-37: Effect of wettability on quality factor of the PMB media using M 200 fuel (source
Table 9-7 in Appendix (A))

With reference to Figure 7-32 to Figure 7-34, the coalescence efficiency of untreated PMB
filter fabrics using the REF fuel was found to increase as the hydrophilicity (L/H) increased,
however, the maximum efficiency was obtained at a L/H ratio between 4 and 20 (Figure 7-32
and Table 9-6 in Appendix A). Thisisin agreement with the belief that optimal coalescenceis
achieved at an “intermediate” hydrophilicity (see Section 2.6.2.2). However, it isinteresting to
note that this was not accompanied by an increase in the quality factor (Figure 7-34), because
the pressure drop (Figure 7-33) increased due to greater retention of water within the filter.
Thus, in practice, increasing the wettability of fibres aone is not a satisfactory approach
because of the increase in the pressure drop as the optimum hydrophilicity for coalescenceis
approached (4 <L/H< 20). Referring to Figure 7-38, such filters with the ability to enhance
coal escence also promote the formation of large droplets due to the increased work of adhesion
(W, in Section 2.4.2.2) and they become so well attached that they are not easily removed
(Figure 7-38 c). Consequently, the water droplets retained by the filter occupy the internal void
space leading to an increase in the pressure drop. By further increasing the hydrophilicity,

L/H=4.43, the work of adhesion aswell aswork of spreading, Ws (Section 2.4.2.2), are further
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increased such that the captured droplets spread more readily throughout the fibrous network
(Figure 7-38 b). In this case, there is likely to be re-emulsification due to the reduction in the
Laplace pressure (see Section 2.3.1.3) and alarger droplet curvature. Additionally, under these
circumstances fewer incoming droplets will be captured such that the pressure drop (Figure

7-33) and the coalescence efficiency (Figure 7-32) are found to decrease.

@ ) . @
I
High L/H Low L/H Medium L/H
Yra  Viws Ywa — Wa&Ws Yrd ;]"fwu; Ywa — Wall& W_-ﬁ }’,r.: Yrw]s Ywa W:& w

3 (b) (©)

Figure 7-38: Schematic of the water droplet interactions that are believed to take place with fibre

surfaces of low (@), high (b), and medium (c) hydrophilicity, when immersed in REF diesel fuel.

Where, yrq, Yrw, Ywa, Wa, and Wy are the interfacial tensions of fibre-diesel, fibre-water, water-
diesdl, work of adhesion, and work of spreading respectively

In the presence of surfactant, which occurs using the M200 fuel (Figure 7-35 to Figure 7-37),
increasing the fibre wettability up to a L/H ratio of 20, results in bigger water droplets and an
increase in the pressure drop (Figure 7-33 and Table 9-7). However, when the hydrophilicity
was high, lower coalescence efficiency and increases in high pressure drops, of up to 55%
observed in terms of the static pressure downstream of the medium at aL/H ratio of 11 and 4
(Figure 7-33 and Table 9-7 in Appendix A). This can be attributed to a sharp increase in both
the work of adhesion and the work of spreading within the fabric due to an increase in the
surface energy of the fibres as aresult of surface modification by the Alkali treatment as well
as reduction in the interfacial tension of the water droplets as a result of surfactant molecules

(Figure 7-39). This results in retention of water inside the medium as well as further drop in
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liquid spreading which leads to a greater pressure drop and re-emulsification of small droplets

resulting in low coal escence efficiency.

Comparing the results of the REF and M200 fuels in Figure 7-32 to Figure 7-34 and Figure
7-35to Figure 7-37, it can be concluded that the maximum coal escence efficiency for the same
filter medium is achieved over different hydrophilicity ranges. For the REF, the preferred range
is therefore L/H ~ 11 and or M200, the preferred value of L/H = 20. This highlights the
practical challenge that exists in engineering a universally applicable high performance

coal escing medium based solely on the modulation of fibre hydrophilicity.
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Figure 7-39: Schematic of water droplet interactions with the fibre surface with alow (&), high (b),
and medium (c) hydrophilicity, immersed in a monoolein blended diesel fuel (M200), where
Yra Yrws Ywa, Wa, and Ws are the interfacial tension of fibre-diesel, fibre-water, water-diesel, work
of adhesion, and work of spreading respectively

7.4.3.2 Untreated PMB filter fabricsin the bowing configuration

Table 7-10 and Table 7-11 report the average coal escence efficiencies, ¢ - Equation 5-4, and
quality factor, QF - Equation 5-5, of untreated PMB filter fabrics in the flat and bowing

configurations respectively.
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Table 7-10: Coalescence efficiency of the untreated PMB in the flat configuration for different fuel

blends
Test fuel APy(kPa) AP,o(kPa) AP,y — APy(kPa) & (%) QF

REF 2537+04 27.33+ 041 193+0.1 28.28 + 1.885 0.18+0.02
B5 23.6+0.06 25.07 £ 0.03 1.47 +0.03 6.22+0.15 0.031 + 0.0037
B20 <1

B50 <1

M200 28.7+0.3 29.73+ 047 1.03+0.17 5.19+ 0.801 0.058 + 0.0204

M325 <1

M400 <1

Table 7-11: Coalescence efficiency of the untreated PMB in the bowing configuration for different

fuel blends
Test fuel APy(kPa) AP,o(kPa) AP,y — APy(kPa) & (%) QF
REF 23.4+0.17 24.3+0.12 0.85+0.1 69.75 + 2.302 1.562 + 0.2615
B5 22.13+0.03 22.4+ 0.06 0.27+£0.07 53.03+2.134 3.099 + 0.5327
B20 22.37+0.19 22.73+0.17 0.37+£0.03 45.97 + 1.169 1.702 £ 0.1259
B50 22.53+0.09 235+ 0.06 0.97+£0.15 7.37+£0434 0.082+0.01
M200 27.23+0.15 27.8+0.15 0.57+0.07 54.43 + 2.142 1.442 + 0.2222
M325 21.53+0.03 21.87+0.03 0.33+£0.03 3241+ 0473 1.198 £ 0.1166
M400 21.53+0.09 21.63+0.11 0.1+0.04 28.37 + 0.466 2.75+0.5131

Referring to the datain Table 7-10, the fabrics evaluated in the conventional flat configuration

were completely disarmed in B20, B50, M325, and M400, i.e. their initial wetting

characteristics as well as media structure were not instrumental in controlling associated

coal escence efficiency — because of the effect of thefuel. In practice, this meant that no settled

water could be observed in the collection bottle during testing. However, the resultsfor samples
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measured using the same fuel s but in the bowing configuration (Table 7-11) were substantially

improved in terms of water coal escence efficiency.

It was apparent that bowing of the fabric greatly enhances the coaescence efficiency
irrespective of the fuel blend, and whether or not bio-diesel or monoolein was present.
Remarkably, this was al so associated with a corresponding improvement of the quality factor
when challenged with fuel blends containing surfactants. This impressive improvement is of
great practical significance because of the possibility to provide a universal filter media. The
observed effects can be attributed to the increase in the porosity of thefilter (P=98%) asit bows
during dynamic operation, as compared to the initial flat state, (93%) (Section 7.4.2). In the
bowing configuration, the internal layers of the meltblown are partially delaminated due to the
forced flow such that each layer is able to act as an independent coalescing medium,
maintaining the efficiency of small water droplet capture. The coaesced droplets do not so
readily blind the pore volume of the filter because of the increased porosity, and the transport
of large droplets through the structure for collection appeared to be enhanced as aresult of the
large pore sizes. Thus, the larger pores resulting from bowing appeared to provide transport
channels for the coalesced droplets to facilitate their transport from one side to the other
without re-emulsification or excessive retention, avoiding a large pressure drop. Therefore,
much larger water droplets were seen to fall out of the bowed configuration during the

coalescence test (Figure 7-40), leading to alow pressure drop and much higher quality factor.
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Flat configuration Bowing configuration

Figure 7-40: Comparison between coa esced water droplets coming off the flat and bowing filter
configurations at a same filtration test condition

Owing to the discovery of the remarkable benefits of promoting a bowing configuration in
relation to coalescence efficiency and pressure drop, a further study was conducted to
determine technical routes for industrial exploitation of the effect, as explained in Appendix B.
In Appendix B, reinforcement of the medium in the bowing configuration is discussed to

demonstrate feasible routs for scaling up of the new configuration.

7.5 Summary

In this chapter, experimental work was conducted to study the coalescence performance of
poly(butylene terephthal ate) (PBT) meltblown nonwoven filter fabrics with modified wetting
characteristics achieved by alkaline hydrolysis. In so doing, fibre surface properties were
modified independently of fabric structure. Additionaly, the effects of geometrical
modifications to the filter medium were also explored, and in particular dynamic deformation
of the filter fabric due to the forced flow conditions existing during the coal escence process

were exploited to induce bowing. Remarkably, inducing a bowing configuration of the fabric
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was found to increase the coaescence performance by amost 150% compared to the

conventional flat configuration that is currently used in practice.

The coalescence efficiency and the quality factor of alkaline treated fabrics were analysed as a
function of their wettability using the purpose-built coalescence test rig using both the REF
and M200 diesel fuels. Although a maximum coalescence efficiency could be achieved at a
particular L/H ratios and fibre hydrophilicity, the quality factor of the untreated (hydrophobic)
samples remained significantly higher (P>0.001) than the hydrophilic alkali treated variants.
The reduction in the quality factor in the case of akali treated media was even more
pronounced in the presence of surfactants present in the fuel. This was attributed to water
droplets being retained by the filter resulting in an increased pressure drop and re-
emulsification in water. It was also established, that optimal wetting behaviour of fibres were
consistent with achieving maximal coal escence efficiency is not the same for REF diesel and
M200 fuel. This suggests that a universal filter medium with a high coal escence performance

cannot rely solely on tuning fibre wetting properties.

In relation to the coal escence efficiency of the same fabric operating in abowing configuration,
remarkably high coaescence efficiency was obtained for the REF diesel, bio-diesel and
monoolein blends. Thiswas attributed to theincreasein fabric porosity 93% to 98% that results
from partial delamination of the fabric under dynamic conditions, which provides greater
volume for the accommodation and transport of large water droplets. Also noteworthy is that
the bowing configuration also assisted coal escence efficiency in fuels blended with surfactants
for both untreated and a kali-treated samples - conditions that were found to disarm the ability

of the fabric to coalesce when presented in aflat configuration.
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CHAPTER 8

Conclusions
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8.1 General Conclusion

Fuel-water coaescing filters are crucially required in diesel engines to reduce the maximum
total water content of diesel to a value acceptable by the Origina Equipment Manufacturers
(OEMs). The ISO and SAE water separation test methods eval uate water separator filtersusing
areference grade diesel fuel whose properties are modulated by blending surfactant in the form
of monoolein as a surrogate for bio-diesel and other fuel additives. However, there is no
universally applicable filter that can fully satisfy current industrial requirements because of
differences in fuel additive compositions (bio-diesel and surfactants) as well as water content
of the fuel from one region to another. Meltblown nonwoven fabrics are promising structure
for use as coal escing media due to their small mean fibre diameter and high solid surface area
for capturing water droplets from a fuel stream. Therefore, if these characteristics together
with high porosity can be designed in relation to characteristics of fuel and water-in-fuel
emulsion then there is an opportunity to produce enhanced universal coaescing mediafor use

in separation of water from standard fuel in new diesel engines.

Initially, the properties of reference grade fuel influenced by addition of bio-diesel and
monoolein were investigated in Chapter 3 and this provided evidence that the effects of adding
monoolein and bio-diesel to areference fuel are therefore not the same. Theinterfacial tension
(IFT), dissolved water content and viscosity of bio-diesel blends are substantially affected by
addition of bio-diesel, even at low concentrations of only 5% (v/v). However, by contrast,
addition of monoolein was only found to affect the IFT of the fuel. It was established that
monoolein does not saturate the interface of water and fuel at an IFT higher than 2 mN /m,

while the interface reaches saturation point in fuels containing more than 20% bio-diesd, i.e.
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>B20, such that the IFT of the fuel blends is maintained between 12 and 13 mN /m evenin the
case of B100. This can be attributed to the molar ratio of the bio-diesel in thefuel blends, which
is much greater than monoolein in the monoolein blends. Whilst the fuel properties of blends
containing bio-diesel or surfactants have been reported before, this research provided
comparative data on fuel properties associated with blends of diesel/bio-diesel and
diesel/monoolein. Thisis particularly important given the widespread use of monoolein in the

SO and SAE water separation test methods.

Having successfully characterised bio-diesel and monoolein blends, the properties of
emulsified water in these blends were further investigated in Chapter 4. It was important to
determine how the water droplet size distribution (DSD) changes when a water-in-fuel
emulsion is generated in bio-diesel and monoolein blends. Accordingly, a bespoke emulsion
generation test rig was constructed and online measurements of water DSDs in diesel
containing bio-diesel and monoolein were undertaken. Water separation was aso evaluated

using the DSEP rating and sedimentation tests.

It was established that although bio-diesel acts like monoolein as a surface active agent
reducing the fuel IFT and stabilising water droplets, bio-diesel blends and emulsions are
capable of maintaining alow IFT measured by tensiometry. However, this does not happen for
monoolein blends due to differences in the molar ratios. This coupled with the higher viscosity
in abio-diesel blend leads to smaller water droplet sizes compared to monoolein blends. The
effect of the static pressure on DSD was tested by applying 4 bar pressure on the fuel blends
in the emulsion rig, revealing that higher pressures lead to a decrease in the droplet size of the

emulsion, which is independent of the type of additive (bio-diesel or monoolein).
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In existing test standards, specificaly 1SO 16332 and SAE J1488, emulsions are characterised
using the DSEP rating. It was appeared that thistechniqueisineffective as an accurate method
of evaluating water separation in diesel fuels containing surfactants. Based on the experimental
data herein, evaluating the DSD of an emulsion is thought to be a more useful measure to
control surfactant levelsin fuel blends rather than the DSEP rating, water sedimentation, and

IFT measurements.

Following the results reported in Chapter 3 and Chapter 4, questions about the suitability of
monoolein as an appropriate fuel additive for the test standard were raised, because it does not
behave comparably with bio-diesel. Therefore, to evidence coaescing performance of
nonwoven water separator media in bio-diesel and monoolein blends, the design and
development of a new coalescence rig was reported in Chapter 5. The rig composed of a
carefully designed filter housing that allowed dynamic observation of water droplet removal,
and procedures for determining coal escence and separation efficiencies of flat-sheet nonwoven
media were developed based on existing standard methods. All components of the rig were
made from materials compatible with diesel and bio-diesel fuel and water content and IFT
measurements were designed to be conducted offline. The validation study confirmed that
reliable have been obtained for efficiency measurements undertaken with different nonwoven

filter media throughout.

In parallel tothefuel and emulsion studies, industrially sourced coal escencefilter sasmpleswere
characterised in Chapter 6 regarding their configuration as well as their separation and
coal escing performance. This provided an understanding about structure of existing multilayer
nonwoven depth coalescing filter media and the associated effects on separation and
coalescence efficiencies. Four filters denoted as WB, B16, B41, and B45 were evauated

regarding their polymer identity, area density, thickness, air permeability, pore size, fibre
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diameter, wetting tension, bulk and porosity. The separation and coalescence efficiencies of
the media were evaluated using the purpose-built coalescence test rig using reference grade

diesel fuel.

The characterisations confirmed that the media were composed of multilayer PET spunbond
and PBT meltblown, evidenced by FTIR and DSC, with hydrophobic surface properties,
confirmed by a wetting tension test. The media were employed thin bonded fabrics with
thicknesses less than 500 um and mean flow pore sizes less than 25 um, mainly intended for
capturing water droplets. They also had thicker fluffy layers with thicknesses about 3 to 4 mm
and mean flow pore sizes about 50 um functioning as coalescers. High separation efficiency,
i.e. more than 99%, measured for all the filters highlighted the contribution of the barrier mesh
installed in the filter housing for this test. Accordingly, the coalescence efficiency tests were
conducted on the filters showing similar coalescence performances (P = 0.36, « = 0.05)
despite different layer arrangements. Amongst filters, the B16 sample showed the best quality
factor, (QF = 2.01), owing to its open structure, i.e. it has no bonded layer in its structure.
Consequently, it was established that the coalescence performance of media originates from

the bulky non-bonded layers (coal escers).

Finally, having successfully conducted the fuel, emulsion, and benchmark study as well as
constructed a reliable coalescence test rig, the coalescence performance of non-bonded PBT
meltblown nonwoven filter fabrics was studied in Chapter 7 regarding their surface wetting
and structural characteristics. The surface modifications were achieved by alkaline hydrolysis
so that fibre surface properties were modified independently of fabric structure. For the first
time, in this research the configurational modifications to the filter medium was in particular

dynamic deformation of the filter fabric due to the forced flow conditions existing during the

247



coalescence process. This was exploited to induce bowing and eliminate filter compression

against the filter support which normally occursin the industrial application.

The coalescence efficiency and the quality factor of alkaline treated fabrics were analysed as a
function of their wettability using the purpose-built coalescence test rig using both the REF
and M200 diesel fuels. The quality factor of the untreated (hydrophobic) samples remained
significantly higher (P>0.001) than the hydrophilic akali treated variants even though a
maximum coalescence efficiency could be achieved at a particular L/H ratios and fibre
hydrophilicity. The presence of surfactants present in the fuel deteriorated the quality factor
more in the case of akali treated media. It was established, that water droplets being retained
by the filter resulting in an increased pressure drop and re-emulsification in water. For the first
time, this research established, that optimal wetting behaviour of fibres consistent with
achieving maximal coalescence efficiency is not the same for REF diesel and M200 fuel. This
suggeststhat auniversal filter medium with ahigh coal escence performance cannot rely solely

on tuning fibre wetting properties.

In relation to the coal escence efficiency of the same fabric operating in abowing configuration,
remarkably high coal escence efficiency, i.e. by almost 150% compared to the conventional flat
configuration, was obtained for the REF diesel, bio-diesel and monoolein blends. It was
established, that the fabric porosity increased from 93% in the flat configuration to 98% in the
bowing configuration that results from partial delamination of the fabric under dynamic
conditions. This provides greater volume for the accommaodation and transport of large water
droplets. Also for the first time, in this research the bowing configuration assisted coal escence
efficiency in fuels blended with surfactants that were found to disarm the ability of the fabric

to coalesce when presented in aflat configuration.
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8.2 Recommendationsfor further work

To further understand water-fibre interactions in coalescing process for fuel-water separation

application and provide greater understanding of coalescing performance of nonwoven fuel-

water separatorsin real practical environments, the following additional areas of research can

be identified:

Study of bio-diesel and monoolein at the molecular level to characterise resistance they
induce to coalescence of water droplets.

The fuel and emulsion study provided herein was conducted at room temperature. In
practice, this can be the temperature at which the challenging water separation could
happens, i.e. starting the engine after not being operated for a long time (e.g. at the
morning). The challenging water separation also could happen at a higher temperature,
e.g. when the engineis refuelled and water enters the warm fuel. Therefore, the same fuel
and emulsion study conducted in this work could be employed at a higher temperature,
e.g. 40°C, to characterise bio-diesel and monoolein blendsin the similar situations.

The current study provided a comprehensive analysis on coal escence performance of PBT
meltblown media using fresh bio-diesel and monoolen blends. Further to the coal escence
efficiency profile, using aged fuel blends would be of interests in future studies to assist
understanding effects of fuel properties on the media performance.

The current study provided a robust and reliable test stand required to measure
separation/coal escence efficiency of flat-sheet fuel-water separator mediafor research and
product development purposes. This instrument is design to circulate fuel through a
medium at room temperature. Thereis scopeto develop thisinstrument in order to be more

flexible in modulating fuel temperature to ssimulate areal filtration condition in atest.
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Further to the design of the coalescencetest rig, it can beimproved to vibrate filter housing
during the test and to simulate the same condition for the filter that occursin avehicle.
The current study provided a novel analysis of media structure, and the bowing
configuration was evidenced to be remarkably instructive to improve coalescence
efficiency in different fuel blends compare to untreated and alkali-treated mediain the flat
configuration. Testing a kali-treated mediain the bowing configuration would further help
to design auniversal media structure for fuel-water separation.

The current work provided a comprehensive experimental data in relation to coalescence
performance of nonwoven structure in separation of emulsified water in diesel fuel
blended with surfactants. These results could be exploited for computer simulations to
assist design of enhanced coal escing water separators.

Ultimately, employing the same research methodology to test other types of coalescing
filters such as pleated wetlaid composite media may provide a route to identify optimum

structure and properties of these mediain relation to coal escence performance.
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Appendix (A)

Sour ce Tables of the Figures Presented In the Text
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Table9-1: Interfacia tension (IFT) of the test fuels

Test Fuel 'FT Test Fuel 'FT
(mN/m + SE) (mN/m + SE)
REF 31.24+0.73 M200 18.8+0.21
BS 17.37+0.38 M325 12.75+0.15
B10 14.38+0.11 M400 11.4+0.21
B15 13.23£0.12 M600 6.05+0.13
B20 12.944+0.1 M 1000 218+ 0.12
B30 1235+ 0.1
B50 12.31+0.23
B100 13.17+0.13
Table 9-2: Water content of the test fuels
Tedt Fudl Watervcontent Test Fud Watervcontent
(ppm(3) + SE) (ppm(;) £ SE)
REF 49.13+2.79 M200 50.28+4.45
B5 54.94+4.1 M325 50.97+3.95
B10 68.47+4 M400 50.97+3.95
B15 79.2+0.88 M600 51.74+2.71
B20 90.34+3.03 M 1000 51.06+ 1.6
B30 123.78 + 34
B50 183.16+11.65
B100 403.94+24.89
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Table 9-3: Water saturation level values of the bio-diesel blends

Test Fuel Saturation level
(ppm() + SE)

REF 46.84+1.53
M400 48.13+2.31
BS 84.3+1.49
B50 400.77+11.8
B100 1186.67+25.69

Table 9-4: Density values of test fuels at 25°C

Test Fuel Density Test Fuel Density
(kg/m?) (kg/m?)
REF 829.07 M400 829.05
B5 831.33 M 1000 829.13
B10 834.12
B15 836.38
B20 838.97
B50 853.61
B100 878.17
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Table 9-5: Kinematic and dynamic viscosity values of the test blends at 25°C

Test Fuel K\/I|r;re:2;it;fc Density 5&232“5

(mm?/s) (kg/m”) (mPa.s)
REF 4,137 829.07 3.43
B5 4.140 831.33 3.44
B20 4.424 838.97 3.71
B50 5.313 853.61 4.54
B100 6.561 878.17 5.76
M400 4.079 829.05 3.38
M1000 4.027 829.11 3.34

Table 9-6: Coalescence efficiency of the untreated and alkali-trested PMB media measured in the flat
configuration using the REF diesel fuel (see Table 7-1 for the sample code)

ID. AP3o — AP,
AP, (kPa) AP, (kPa) (kPa) £ (%) QF

PMB -148828.08 + 9250.76 253704 193+0.1 28.28 + 1.885 0.18+0.02
PMB-0-40 -39182.84 + 5772.76 2464+0.1 1.88+0.04 27.93+0.858 0.18+0.01
PMB-0.25-40 918.72 £ 125.73 25.6 £ 0.06 3.43+£0.03 27.12+1.297 0.09 £ 0.004
PMB-1-40 19.93 £ 0.52 25.07 £ 0.37 5.03+0.65 47.87 + 0.329 0.13+0.02
PMB-3-35 11.24 £ 0.47 26.37+£1.32 1147+ 217 71.38 +1.021 0.12 £ 0.021
PMB-3-40 443+ 0.26 26.7+ 01 7.37+0.23 48.1+£0.433 0.09 £ 0.004
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Table 9-7: Coalescence efficiency of the untreated and alkali treated PMB mediain the flat
configuration using the M200 fuel (see Table 7-1 for the sample code)

ID. L/H APy (kPa) APZ((;( ,_, aA)PO .00 oF
PMB -148828.08 + 9250.76 287+03 1.03+0.17 5.19 + 0.801 0.06 + 0.02
PMB-1-40 19.93+ 0.52 24.17 + 0.09 3.8+0.12 21.11+0.93 0.06 + 0.003
PMB-3-35 11.24 + 0.47 29+ 01 1583+009  524+0204  0.003+ 0.0001
PMB-3-40 443+0.26 23.3+ 01 12.9+ 0.4 2.77+0066  0.002+ 0.0001
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Appendix (B)

Reinfor cement of the Bowing Configuration
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Following to the discovery of the bowing configuration and its remarkable role in relation to
coal escence efficiency and pressure drop, and further to the structural characterisation of the
bowing configuration discussed in Section 7.3.3, reinforcement of the medium structurein this
configuration was studied in this section. As explained in Section 6.2, coalescing filter media
are wound on to a robust plastic cylindrical support mesh (centre core) to ensure robust
structure of the filter during its lifetime. Therefore, the rationale of the experiment was to
initiate a feasibility study on determining technical routes for industrial exploitation of the
bowing configuration as durability of the structure is ensured. Details of the different filter

assemblies and evaluation methodologies will now be explained.

10.1 Dynamic porosity with back support: single layer of PMB media with
upstream filter support

A 100 cm? support disk (Figure 10-1) was manufactured from PMMA (Perspex) sheet of 5 mm
thickness, and cut to the same size as the filter fabric using the same Laser cutter explained in

Section 7.3.2.3.

Figure 10-1: Design details of the filter support
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The disk was intended to be placed at upstream of the filter medium and upstream layer of the
medium was carefully stitched to the support (Figure 10-2) without disturbing the medium

structure.

Figure 10-2: Dynamic porosity arrangement with back support

Once the media in assembled in the filter housing (see Section 5.3.1) and fuel is passing
through, the bowing configuration is formed while the upstream side of the medium is

supported accordingly (Figure 10-3).

Direction of the fluid

—— |

Figure 10-3: The bowing configuration in dynamic porosity arrangement with back support
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The coalescence efficiency test (Section 5.5.3) was performed on this structure to ensure the
high efficiency associated with the bowing configuration (control dynamic porosity) - see

Section 7.4.3.2 - is maintained while the structure is supported.

10.2 Local dynamic porosity: single layer of PMB media with reinforced
configuration via local stitches

In this configuration, no filter support was used, however, the filter medium was reinforced as
it was stitched through its thickness at the same locations asin the dynamic porosity with back

support (Figure 10-4 and Figure 10-2).

Figure 10-4: Loca dynamic porosity arrangement

Once the media is assembled in the filter housing (see Section 5.3.1) and fuel is passing

through, the local bowing configuration is formed (Figure 10-5).
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Direction of the fluid

—— ]

Figure 10-5: The bowing configuration in local dynamic porosity arrangement

For this arrangement, the coalescence efficiency test (Section 5.5.3) was performed to see
whether the high efficiency associated with the bowing configuration (control dynamic

porosity) - see Section 7.4.3.2 - is maintained while the structure is reinforced.

10.3 Results

Table 10-1 summarises the influence of the different reinforcement arrangements on the

coalescence efficiency , € - Equation 5-4, using the REF diesel fuel.

Table 10-1: Effect of different filter arrangements on the average coal escence efficiency

Sample £ (%)
arrangement
Control dynamic 65.8
porosity
Dynamic porosity 65.9
with back support ‘
Local dynamic 671

porosity

The same coal escence behaviour was observed amongst the three configurations and it was
established that the new configurations maintain the coal escence performance of the dynamic

porosity configuration while their structures are reinforced. These promising results was
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considered as initiative of further investigations towards commercialisation of the bowing
configuration. The results were reported to the industrial sponsor of the project to proceed with

more experimentsin their site.

261



10.
11.

12.

13.

14.

Refer ences

Asmus, A.F. and B.F. Wellington, Diesel engines and fuel systems. 1995.

Gilles, T., Automotive Engines. Diagnosis, Repair, Rebuilding. 2014: Cengage
Learning.

EPA, us.e.p.a, Federal register (Tier 4). Federal register, 2004. 69(124).

commission, E., Emissions from heavy duty vehicles (Euro VI) Official Journal of the
European Union, 2011. 54.

commission, E., Emissions from light passenger and commercial vehicles (Euro 6)
Official Journal of the European Union, 2016. 59.

(ATSDR), Af.T.S.aD.R., Toxicological profilefor fuel oils. 1995, U.S. Department of
Health and Human Services, Public Health Service.: Atlanta, GA.

Kumara, R.S. and P. Rakumarb, Characterization of mineralsin air dust particlesin
the state of tamilnadu.

Lif, A. and K. Holmberg, Water-in-diesel emulsions and related systems. Advancesin
colloid and interface science, 2006. 123: p. 231-239.

Lin, C.-Y. and S.-A. Lin, Effects of emulsification variables on fuel properties of two-
and three-phase biodiesel emulsions. Fuel, 2007. 86(1): p. 210-217.

Johnson, T.V., Review of Diesel Emissions and Control. 2010.

Petiteaux, M. and G. Monsallier, Impacts of Biodiesel Blendson Fuel Filters Functions,
Laboratory and Field Tests Results. 2009, SAE Technica Paper.

Pangestu, F.D. and C.M. Stanfel, Media for Water Separation from Biodiesel-Ultra
Low Sulfur Diesel Blends. SAE International Journal of Fuels and Lubricants, 2009.
2(1): p. 305-316.

Stone, W., G. Bessee, and C. Stanfel, Diesel Fuel/Water Separation Test Methods—
Where We Are and Where We Are Going. SAE International Journal of Fuels and
Lubricants, 2009. 2(1): p. 317-323.

(BSI), B.S.I1., BS EN 590:2013- Automotive fuels - Diesel - Requirements and test
methods. 2013, British Standards Institution (BSI).

262



15.

16.
17.
18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Shields, C. Chemical and Thermal Sability of Nonwoven Filtration Media In Fluid
Power Applications NCFP 105-19.2. in Proceedings of the national conference onfluid
power. 2005.

Shields, C. Design and Performance of Diesel Fuel Filters. 2005.
Shields, C., High efficiency fuel filter. 2006, Google Patents.

Association, A.W.W., Internal Corrosion of Water Distribution Systems, 2 Edition.
1996: American Water Works Association.

EPA, us.e.p.a Air Emissions. 2014 [cited 2014 5/22/2014].

Tang, T.-W., Y.-Y. Ku, and C.L. Chen, Impacts of Biodiesel Blends on Fudl Filters of
High Pressure Common Rail (HPCR) System. 2016, SAE Technica Paper.

Stone, W., G. Bessee, and C. Stanfel, Diesel Fuel/Water Separation Test Methods—
Where We Are and Where We Are Going. SAE International Journa of Fuels and
Lubricants, 2009. 2(2009-01-0875): p. 317-323.

Knothe, G., Biodiesel and renewable diesel: a comparison. Progress in Energy and
Combustion Science, 2010. 36(3): p. 364-373.

Timilsing, G.R. and A. Shrestha, How much hope should we have for biofuels? Energy,
2011. 36(4): p. 2055-2069.

Aatola, H., Larmi, M., Hydrotreated vegetable oil (HVO) as a renewable diesel fuel:
trade-off between NOX, particulate emission, and fuel consumption of a heavy duty
engine. SAE paper, 2008(2008-01): p. 2500.

Atadashi, |., M. Aroua, and A.A. Aziz, Biodiesel separation and purification: areview.
Renewable Energy, 2011. 36(2): p. 437-443.

Atabani, A.E., Silitonga, A.S., A comprehensive review on biodiesel as an alternative
energy resource and its characteristics. Renewable and sustainable energy reviews,
2012. 16(4): p. 2070-2093.

Basha, SA., K.R. Gopal, and S. Jebarg), Areview on biodiesel production, combustion,
emissions and performance. Renewable and Sustainable Energy Reviews, 2009. 13(6):
p. 1628-1634.

Y oshino, F.J., G.A. Marques, and F. Ferrari, Water Separation Challenge for Brazlian
Diesel Engine. 2013, SAE Technical Paper.

Yoshino, F.J., Moreira, F., Double stage pre-filter diesel water separator. Blucher
Engineering Proceedings, 2015. 2(1): p. 199-207.

Stanfel, C. and F. Cousart, Coalescence media for separation of water-hydrocarbon
emulsions. 2008, US Patents 2009/0178970.

Chase, G. and P. Kulkarni, Mixed hydrophilic/hydrophobic fiber mediafor liquid-liquid
coalescence. 2010, US Patents 2010/0200512.

Bansal, S., Von Arnim, V., Effect of fibrous filter properties on the oil-in-water-
emulsion separation and filtration performance. Journal of hazardous materias, 2011.
190(1): p. 45-50.

263



33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.
46.

47.

48.

49,

50.

51

Moses, S. and K. Ng, A visual study of the breakdown of emulsions in porous
coalescers. Chemical engineering science, 1985. 40(12): p. 2339-2350.

Wadsworth, L.C. and |.M. Hutten, Handbook of Nonwoven Filter Media. 2007: Access
OnlineviaElsevier.

Uppal, R., Bhat, G., Meltblown nanofiber media for enhanced quality factor. Fibers
and Polymers, 2013. 14(4): p. 660.

Lalagiri, M., Bhat, G., Filtration Efficiency of Submicrometer Filters. Industrial &
Engineering Chemistry Research, 2013. 52(46): p. 16513-16518.

Hassan, M.A., Yeom, B.Y ., Fabrication of nanofiber meltblown membranes and their
filtration properties. Journal of Membrane Science, 2013. 427: p. 336-344.

Kaur, S., Gopal, R., Next-generation fibrous media for water treatment. MRS bulletin,
2008. 33(01): p. 21-26.

Stanfel, C. and F. Cousart, Coalescence media for separation of water-hydrocarbon
emulsions. 2009, Google Patents.

Stanfel, C. and F. Cousart, Coalescence media for separation of water-hydrocarbon
emulsions. 2011, Google Patents.

Stanfel, C.M. and F.D. Pangestu, Separation media and methods especially useful for
separating water-hydrocarbon emulsions having low interfacial tensions. 2012,
Google Patents.

Stanfel, C.M. and F.D. Pangestu, Separation modules including media for separating
water-hydrocarbon emulsions having low interfacial tensions. 2013, Google Patents.

Wieczorek, M.T., B.M. Verdegan, and S. Dawar, Multi-layer coalescing media having
a high porosity interior layer and uses thereof. 2013, Google Patents.

Wieczorek, M., Shults, T., Two stage fuel water separator and particulate filter
utilizing pleated nanofiber filter material. 2013, Google Patents.

Russdll, S.J., Handbook of nonwovens. 2007: CRC Press Boca Raton, FL.

Koslow, E.E., J.D. Miller, and K.M. Williamson, Coalescing filter for removal of liquid
aerosols from gaseous streams. 1988, Google Patents.

Brown, R. and T. Wines, Improve suspended water removal from fuels. Hydrocarbon
Processing, 1993. 72: p. 95-95.

(1SO), 1.0.1.S.,, ISOITS 16332:2006: Diesel engines -- Fuel filters -- Method for
evaluating fuel/water separation efficiency. 2006.

Moorthy, K., Effect of surface energy of fibers on coalescence filtration. 2007,
University of Akron.

Schitz, S., Winkler, D., Water/Diesel Separation. Part 2: Impact of Fuel Additives on
the Physical Properties of Water/Diesel Emulsions.

Fahim, M.A., T.A. Al-Sahhaf, and A. Elkilani, Fundamentals of petroleum refining.
2009: Elsevier.

264



52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

Callins, C.D., Implementing phytoremediation of petroleum hydrocarbons, in
Phytoremediation. 2007, Springer. p. 99-108.

Eucar, C. and JR.C.ot.E. Commission, Wel-To-Wheels Analysis Of Future
Automotive Fuels And Powertrains In The European Context-WELL-to-WHEELS
Report Version 2c. Joint Research Centre of the EU Commission, 2007.

Golovitchev, V. and J. Yang. The Construction of Combustion Models for RME Bio-
diesel fuel for ICE Application. in ICBT-2008. 2008.

Panis, L.I., Rabl, A. Diesal or petrol? An environmental comparison hampered by
uncertainty. in Proceedings of 11th International Symp. Transport and Air Pollution.
Mitteilungen Institut fur Verbrennungskraftmaschinen und Thermodynamik. Ed. P.
Surm, Technische Universitat Graz, Austria. 2002.

Tiddy, G.J., Surfactant-water liquid crystal phases. Physics reports, 1980. 57(1): p. 1-
46.

Cousart, F. and C. Stanfel, Coalescence media for separation of water-hydrocarbon
emulsions. 2009, Google Patents.

Liao, Y. and D. Lucas, A literature review on mechanisms and models for the
coal escence process of fluid particles. Chemical Engineering Science, 2010. 65(10): p.
2851-2864.

Walstra, P., Principles of emulsion formation. Chemical Engineering Science, 1993.
48(2): p. 333-349.

Patel, SU. and G.G. Chase, Separation of water droplets from water-in-diesel
dispersion using super hydrophobic polypropylene fibrous membranes. Separation and
Purification Technology, 2014. 126(0): p. 62-68.

He, Y., Howes, T., Experimental study of drop-interface coalescence in the presence
of polymer stabilisers. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2002. 207(1-3): p. 89-104.

Somasundaran, P., Encyclopedia of Surface and Colloid Science. 2006: Taylor &
Francis.

Pan, N. and P. Gibson, Thermal and moisture transport in fibrous materials. 2006:
CRC Press.

Hansen, F.K., The measurement of surface energy of polymers by means of contact
angles of liquids on solid surfaces. A short overview of frequently used methods.
University of Oslo, Oslo, 2004.

Rama, D.D., Fluid Mechanics And Machinery. 2007: New Age Internationa (P)
Limited.

Ramesh, K.S. and P. Dusan, Fundamentals of heat exchanger design. John Wiley &
Sons. 2003.

Kocherginsky, N.M., C.L. Tan, and W.F. Lu, Demulsification of water-in-oil emulsions
via filtration through a hydrophilic polymer membrane. Journal of Membrane Science,
2003. 220(1-2): p. 117-128.

265



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.
81.

82.

83.

85.
86.

87.

Christov, N.C., Ganchev, D. N., Capillary mechanisms in membrane emulsification:
oil-in-water emulsions stabilized by Tween 20 and milk proteins. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 2002. 209(1): p. 83-104.

Lehr, F., M. Millies, and D. Mewes, Bubble-Sze distributions and flow fields in bubble
columns. AIChE Journal, 2002. 48(11): p. 2426-2443.

Hsi, K.J., Physics of Sedimentology: Textbook and Reference. 2013: Springer Berlin
Heidelberg.

Daniel, S., M.K. Chaudhury, and J.C. Chen, Fast drop movements resulting from the
phase change on a gradient surface. Science, 2001. 291(5504): p. 633-636.

Fregolente, P.B.L., L.V. Fregolente, and M.R. Wolf Maciel, Water content in biodiesel,
diesel, and biodiesel-diesel blends. Journa of Chemical & Engineering Data, 2012.
57(6): p. 1817-1821.

He, B., Thompson, JC., Moisture absorption in biodiesel and its petro-diesel blends.
Applied engineering in agriculture, 2007. 23(1): p. 71-76.

Shin, C. and G. Chase, Water -in-oil coalescence in micro-nanofiber composite filters.
AIChE journal, 2004. 50(2): p. 343-350.

Sutherland, K.S. and G. Chase, Filters and Filtration Handbook. 2011: Elsevier
Science.

Butler, I., The nonwoven fabrics handbook. 1999: INDA, Association of the Nonwoven
Fabrics Industry.

Purchas, D. and K. Sutherland, Handbook of filter media. 2002: Elsevier.

Kulkarni, C.V., Wachter, W., Monoolein: amagic lipid? Physical Chemistry Chemical
Physics, 2011. 13(8): p. 3004-3021.

Ramskill, E.A. and W.L. Anderson, Theinertial mechanisminthe mechanical filtration
of aerosols. Journal of Colloid Science, 1951. 6(5): p. 416-428.

Davies, C.N., Air filtration. 1973.

Spurny, K.R., Aerosol Filtration Science at the end of the 20th Century. Chapter, 1997.
2: p. 13-234.

Goldsmith, S., High Efficiency Air Filter Media-Synthetic and Glass Media. INDA-
Filtration 2004, 2004.

Stanfel, C., Fuel filtration: Protecting the diesel engine. Filtration & Separation, 20009.
46(3): p. 22-25.

A, D.J., Glassfiber filter tubes. 1966, Google Patents.
Ayers, W.R., Water removing filter media. 1986, Google Patents.

Alptekin, E. and M. Canakci, Determination of the density and the viscosities of
biodiesel—dieseal fuel blends. Renewable Energy, 2008. 33(12): p. 2623-2630.

Bari, S., T.H. Lim, and C.W. Yu, Effects of preheating of crude palm oil (CPO) on
injection system, performance and emission of a diesel engine. Renewable Energy,
2002. 27(3): p. 339-351.

266



88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Ricco, M. and S.M. Borrione, Device for controlling the flow of a high-pressure pump
in a common-rail fuel injection system of an internal combustion engine. 2003, Google
Patents.

Karabektas, M., G. Ergen, and M. Hosoz, The effects of preheated cottonseed oil methyl
ester on the performance and exhaust emissions of a diesel engine. Applied Thermal
Engineering, 2008. 28(17-18): p. 2136-2143.

Sutherland, K., Filtration overview: A closer look at depth filtration. Filtration &
Separation, 2008. 45(8): p. 25-28.

Schick, M.J., Surface Characteristics of Fibers and Textiles. Vol. 7. 1977: CRC Press.

Basu, S., A Sudy on Effect of Wetting on Mechanism of Coalescence in a Model
Coalescer. Journal of Colloid and Interface Science, 1993. 159(1): p. 68-76.

Miljkovic, N., Enright, R., Jumping-droplet-enhanced condensation on scalable
super hydrophobic nanostructured surfaces. Nano letters, 2012. 13(1): p. 179-187.

Hodgson, K.T. and J.C. Berg, The effect of surfactants on wicking flow in fiber
networks. Journal of Colloid and Interface Science, 1988. 121(1): p. 22-31.

Fries, N. and M. Dreyer, An analytic solution of capillary rise restrained by gravity.
Journal of colloid and interface science, 2008. 320(1): p. 259-263.

Kulkarni, P.S., S.U. Patel, and G.G. Chase, Layered hydrophilic/hydrophobic fiber
media for water-in-oil coalescence. Separation and Purification Technology, 2012. 85:
p. 157-164.

Patel, S.U., Kulkarni, P., Glassfiber coalescing filter media augmented with polymeric
submicron fibers and modified with angled drainage channels. Separation and
Purification Technology, 2013. 120: p. 230-238.

Wang, Z., C.W. Macosko, and F.S. Bates, Tuning Surface Properties of Poly (butylene
terephthalate) Melt Blown Fibers by Alkaline Hydrolysis and Fluorination. ACS
applied materias & interfaces, 2014. 6(14): p. 11640-11648.

Beard, K.V. and H.T. Ochs, Collection and coalescence efficiencies for accretion.
Journal of Geophysical Research: Atmospheres (1984-2012), 1984. 89(D5): p. 7165-
7169.

Pinsky, M., A. Khain, and M. Shapiro, Collision efficiency of dropsin a wide range of
Reynolds numbers. Effects of pressure on spectrum evolution. Journal of the
atmospheric sciences, 2001. 58(7): p. 742-764.

(1SO), 1.0.1.S., BS1S0 4020:2001- Road vehicles. Fuel filters for diesel engines.Test
methods. 2001.

International, S., J1488-201010: Emulsified Water/Fuel Separation Test Procedure.
2010.

Murgia, S., F. Caboi, and M. Monduzzi, Addition of hydrophilic and lipophilic
compounds of biological relevance to the monoolein/water system 11—13 C NMR
relaxation study. Chemistry and physics of lipids, 2001. 110(1): p. 11-17.

International, S., Coarse Droplet Water/Fuel Separation Test Procedure. 2010.

267



105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

Tat, M.E. and J.H. Van Gerpen, The kinematic viscosity of biodiesel and its blendswith
diesel fuel. Journal of the American Oil Chemists Society, 1999. 76(12): p. 1511-1513.

Yuan, W., Hansen, A., Temperature-dependent kinematic viscosity of selected
biodiesel fuels and blends with diesel fuel. Journal of the American Oil Chemists
Society, 2005. 82(3): p. 195-199.

Viswanadam, G. and G.G. Chase, Water—diesel secondary dispersion separation using
super hydrophobic tubes of nanofibers. Separation and Purification Technology, 2013.
104: p. 81-88.

Patel, S.U. and G.G. Chase, Gravity orientation and woven drainage structures in
coalescing filters. Separation and Purification Technology, 2010. 75(3): p. 392-401.

Patel, S.U., Kulkarni, P., The effect of surface energy of woven drainage channelsin
coalescing filters. Separation and Purification Technology, 2012. 87(0): p. 54-61.

Yang, X., H. Wang, and G.G. Chase, Performance of hydrophilic glass fiber media to
separate dispersed water drops from ultra low sulfur diesel supplemented by
vibrations. Separation and Purification Technology, 2015. 156: p. 665-672.

Yang, X., Zhang, X., Vibration assisted water-diesel separation by electrospun PVDF-
HFP fiber mats. Separation and Purification Technology, 2016. 171: p. 280-288.

Agarwal, S., Von Arnim, V., Role of surface wettability and roughness in emulsion
separation. Separation and Purification Technology, 2013. 107: p. 19-25.

Agarwal, S., Von Arnim, V., Effect of Fibrous Coalescer Geometry and Operating
Conditions on Emulsion Separation. Industrial & Engineering Chemistry Research,
2013. 52(36): p. 13164-13170.

Patel, S.U., SU. Patel, and G.G. Chase, Electrospun Superhydrophobic Poly
(vinylidene fluoride-co-hexafluoropropylene) Fibrous Membranes for the Separation
of Dispersed Water from Ultralow Sulfur Diesel. Energy & Fuels, 2013. 27(5): p. 2458-
2464.

Kulkarni, P.S., Patel, S., Coal escence filtration performance of blended microglass and
el ectrospun polypropylene fiber filter media. Separation and Purification Technology,
2014. 124(0): p. 1-8.

Krasinski, A. and P. Wierzba, Removal of Emulsified Water from Diesel Fuel Using
Polypropylene Fibrous Media Modified by lonization during Meltblow Process.
Separation Science and Technology, 2015. 50(10): p. 1541-1547.

Rajgarhia, S.S., S.C. Jana, and G.G. Chase, Separation of Water from Ultralow Sulfur
Diesel Using Novel Polymer Nanofiber-Coated Glass Fiber Media. ACS Applied
Materias & Interfaces, 2016. 8(33): p. 21683-21690.

Manzo, G.M., Wu, Y., Comparison of nonwoven glass and stainless steel microfiber
media in aerosol coalescence filtration. Separation and Purification Technology, 2016.
162: p. 14-19.

Shin, C., G. Chase, and D. Reneker, The effect of nanofibers on liquid-iquid
coalescence filter performance. AIChE journal, 2005. 51(12): p. 3109-3113.

268



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Shin, C., Filtration application fromrecycled expanded polystyrene. Journal of Colloid
and Interface Science, 2006. 302(1): p. 267-271.

Hajra, M., K. Mehta, and G. Chase, Effects of humidity, temperature, and nanofibers
on drop coalescencein glassfiber media. Separation and purification technology, 2003.
30(1): p. 79-88.

Shields, C., Micro/Nanofiber Media for Biopharmaceutical Filtration. Vortrag
FILTECH, Page 11-428, 2005.

Chase, G.G., Improved microfiber filter performance by augmentation with nanofibers.
2007, SAE Technica Paper.

Wang, J., Ponting, M., Processing-structure—property relationships of novel fibrous
filters produced by a melt-process. Journal of materials science, 2016. 51(1): p. 188-
203.

Wang, J., Ponting, M., Manufacturing of polymer continuous nanofibers using a novel
co-extrusion and multiplication technique. Polymer, 2014. 55(2): p. 673-685.

Wang, J., Ponting, M., Fuel filtration properties and mechanism of a novel fibrousfilter
produced by a melt-process. Journal of Membrane Science, 2017. 526: p. 229-241.

Hartland, S., Surface and interfacial tension: measurement, theory, and applications.
2004: CRC Press.

Lee, D. and E. Scholz, Karl Fischer Titration: Determination of Water. 2012: Springer
Berlin Heidel berg.

MacLeod, SK., Moisture determination using Karl Fischer titrations. Anal. Chem,
1991. 63(10): p. 557-566.

(1SO), 1.0.1.S., Methods of test for petroleum and its products. BS2000-189/190. Crude
petroleum and liquid or solid petroleum products. Determination of density or relative
density. Capillary-stoppered pyknometer and graduated bicapillary pyknometer
methods. 2004, BSI.

(1S0O), 1.0.1.S., 1S0 3105:1994. Petroleum products. Transparent and opaque liquids.
Determination of kinematic viscosity and cal culation of dynamic viscosity. 1994.

(1SO), 1.0.1.S., BSEN 1S0 3104:1996: Methods of test for petroleum and its products.
Petroleum products. Transparent and opaque liquids. Determination of kinematic
viscosity and calculation of dynamic viscosity. 1996.

Lopes, SM. and T. Cushing, The Influence of Biodiesel Fuel Quality on Modern Diesel
Vehicle Performance. 2012, SAE Technical Paper.

Standardization, t.1.O.f., 1ISO 13320:2009 - Particle size analysis - Laser diffraction
methods. 20009.

DAGORN-SCAVINER, C., J. Gueguen, and J. Lefebvre, Emulsifying properties of pea
globulins as related to their adsorption behaviors. Journal of Food Science, 1987.
52(2): p. 335-341.

Standardization, t.1.O.f., 1ISO 13320:2009 - Particle size analysis - Laser diffraction
methods. 2009.

269



137.

138.

139.

140.
141.
142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

(BSI), B.S.1., BSEN 29073-1:1992, | SO 9073-1:1989 - Methods of test for nonwovens.
Methods of test for nonwovens. Determination of mass per unit area. 1992, British
Standards Institution (BSI).

(BSl), B.S.1., BSEN IS0 9073-2: 1997 - Textiles -Test methods for nonwovens -Part 2:
Determination of thickness. 1997, British Standard.

(1SO), 1.0.£.S., BSEN 1S0 9237:1995: Textiles. Determination of the permeability of
fabricsto air. 1995.

Smith, B.C., Infrared spectral interpretation: a systematic approach. 1998: CRC press.
Smith, B.C., Fourier transforminfrared spectroscopy. CRC, Boca Raton, FL, 1996.

A C. Tracey, B.D.F. Infrared spectroscopy: A potential qualityassurance method for
composite bondingsurface preparation. 2012.

Smith, B.C., Fundamentals of Fourier Transform Infrared Soectroscopy. 1995: Taylor
& Francis.

Thermo, N., Introduction to fourier transform infrared spectrometry. Therma Nicolet
Corporation, 2001.

Hohne, G., W. Hemminger, and H.-J. Flammersheim, Theoretical fundamentals of
differential scanning calorimeters, in Differential scanning calorimetry. 2003,
Springer. p. 31-63.

Hoéhne, G., W. Hemminger, and H.J. Flammersheim, Differential Scanning
Calorimetry. 2003: Springer.

Amelinckx, S., Van Dyck, D., Electron microscopy: principles and fundamentals.
2008: John Wiley & Sons.

Andanson, JM. and S.G. Kazarian. In situ ATR-FTIR Spectroscopy of Poly (ethylene
terephthalate) Subjected to High-Temperature Methanol. in  Macromolecular
symposia. 2008. Wiley Online Library.

ANA, P.M. and S. Catherine, Report of an interlaboratory comparison from the
European Reference Laboratory for Food Contact: ILC002 2013-Identification of
polymeric materials. 2013.

Holland, B.J. and J.N. Hay, The thermal degradation of PET and analogous polyesters
measured by thermal analysisFourier transform infrared spectroscopy. Polymer,
2002. 43(6): p. 1835-1847.

Greaves, P. and B. Saville, Microscopy of textile fibres. 1995: BIOS Scientific.

Mather, R.R. and R.H. Wardman, Chemistry of Textile Fibres. 2011: Royal Society of
Chemistry.

Pastore, C. and P. Kiekens, Surface characteristics of fibers and textiles. 2000: CRC
Press.

Zambianchi, L., P. Bonaguidi, and G. Mari, Filter for the removal of substances from
blood products. 2010, Google Patents.

270



155.

156.

157.

Wei, X., Zhao, B., CF 4 plasma surface modification of asymmetric hydrophilic
polyethersulfone membranes for direct contact membrane distillation. Journal of
membrane science, 2012. 407: p. 164-175.

Fernandez-Blazquez, J.P., Fel, D., Superhydrophilic and superhydrophobic
nanostructured surfaces via plasma treatment. Journal of colloid and interface science,
2011. 357(1): p. 234-238.

Kim, E.J., Yeo, G, Preparation of surface-modified poly (butylene terephthalate)
nonwovens and their application as leukocyte removal filters. Journa of Biomedical
Materias Research Part B: Applied Biomaterials, 2009. 90(2): p. 849-856.

271



