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ABSTRACT

This research focused on the design and development of a novel emulsion
fuel making device that can eliminate emulsion fuel main weaknesses; stability
issues and high dependency of surfactant. The device is called Real-Time Water-in-
Diesel Emulsion Fuel Production System (RTES) and utilized for the diesel electric
generator application. The concept of RTES device consists of fuel and water which
being stored in different units. These two immiscible liquids are transferred and
instantaneously being emulsified by a mixing system before the produced emulsion
fuel is injected into the combustion chamber. The research started with engine
performance and emission test using water-in-diesel emulsion as fuel under various
water percentages (5, 10, 15 and 20 %). The water content that gives optimum
impact of engine performance and emission was selected to be used in RTES. Next,
emulsion fuel stability test was conducted where different mixing equipments and
conditions were tested to mix water and diesel without the existence of surfactant.
The findings are used as reference to generate the conceptual design in the design
process of the RTES. RTES device was then developed and tested onto the 0.406
litre, single-cylinder, four-stroke, air-cooled diesel engine. The engine testing result
showed that emulsion fuel without surfactant made by RTES does gives significant
improvement to the engine with the 3.59 % increase in brake thermal efficiency
(BTE) and 3.89% reduction in brake specific fuel consumption as compared to diesel
fuel. In addition, Nitrogen Oxides (NOx) and Particulate Matter (PM) contents in the
exhaust emission reduced significantly compared to neat diesel fuel with the average
reduction of 31.66% and 16.33% respectively. Overall, RTES device proved that
emulsion fuel can be used in the engine without the existence of surfactant while

maintaining its benefits which are greener exhaust emission and fuel saving.
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ABSTRAK

Kajian ini tertumpu kepada mereka-bentuk dan membangunkan alat baru bagi
menghasilkan bahan api emulsi yang dapat menyelesaikan masalah utama bahan api
tersebut iaitu; isu kestabilan dan pergantungan yang tinggi kepada bahan penguat
emulsi. Alat ini dinamakan ‘Real-Time Water-in-Diesel Emulsion Fuel Production
System’ (RTES) dan ianya digunakan untuk penjana elektrik enjin disel. Konsep
RTES adalah terdiri daripada bahan api dan air yang disimpan di dalam unit yang
berbeza. Kedua-dua cecair yang secara fizikalnya tidak boleh bercampur, akan
dipindahkan dan serta-merta diemulsikan oleh sistem pencampuran di dalam RTES
sebelum disuntik ke dalam kebuk pembakaran enjin. Kajian ini dimulakan dengan
menjalankan ujian prestasi enjin dan pelepasan ekzos dengan menggunakan bahan
api emulsi yang mengandungi peratusan isipadu air berbeza (5, 10, 15 dan 20%).
Peratusan isipadu air yang dapat memberikan kesan optimum terhadap prestasi enjin
dan pelepasan ekzos dipilih untuk digunakan pada RTES. Seterusnya, ujian
kestabilan bahan api emulsi tanpa menggunakan bahan penguat emulsi dijalankan
dengan menggunakan alat dan keadaan pencampuran yang berbeza. Hasil daripada
ujian tersebut digunakan sebagai rujukan untuk penghasilan konsep reka-bentuk
RTES. Alat RTES dibangunkan dan kemudiannya diuji pada 0.406 liter, satu
silinder, empat lejang, penyejukan udara disel enjin. Hasil ujian menunjukkan
bahawa bahan api emulsi yang dihasilkan olen RTES tanpa menggunakan bahan
penguat emulsi memberikan perubahan yang ketara kepada enjin dengan peningkatan
kecekapan haba (BTE) sebanyak 3.59% dan penjimatan bahan api sebanyak 3.89%
berbanding bahan api disel. Nitrogen Oksida (NOx) dan jirim zarahan (PM) dalam
emisi ekzos berkurangan secara purata masing-masing sebanyak 31.66% dan
16.33%. Secara keseluruhan, alat RTES berjaya membuktikan bahawa bahan api
emulsi boleh digunakan di dalam enjin tanpa bahan penguat emulsi di samping dapat

mengekalkan manfaatnya iaitu pengurangan pelepasan ekzos dan penjimatan bahan

api.
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CHAPTER 1

INTRODUCTION

1.1 Topic Background

The rise in sea level, shrinking snow cover and ice sheet, retreat of glaciers as
well as the current extreme weather like severe droughts and flooding, are due to the
effects of climate change. Over 90% of the causes of the climate change come from
human activities [1] of which the biggest cause of this catastrophe is contributed
from atmospheric emission, especially gasses and aerosols that are being stored in
the atmosphere. These gasses are known as greenhouse gasses. The largest growth in
their emission has come from fossil fuel combustion, representing 57% of the total
greenhouse gasses, which is largely produced from the emissions from industry and
transportation [2]. Industrial and transportation emissions are not only harmful to the
environment, but are also hazardous to our health, especially nitrogen oxide (NOXx)
and particulate matter (PM) gas emissions. The effects of these hazardous emissions
include serious damage to our health. Lung cancer, asthma, cardiovascular issues and
other fatal illness that would cause premature death are among the effects of such
harmful emissions. Due to the severe environmental issues that the world is facing
recently, new emission regulations are constantly being introduced in order to
mitigate this problem. The Kyoto Protocol, which was established in 1997, was the
first step to set binding obligations on industrialized countries to reduce their



emissions. In addition to environmental disputes, the issue of critical fossil fuel
reserves is another concern. Some studies estimate that the worldwide fossil fuel
reserves will only last for less than four decades [3]. Accordingly, these two serious
issues have generated research interest worldwide in order to curb and find a solution
to these problems. Currently, the more efficient utilization of energy and less
polluting emissions are the prominent research areas that are progressively being
studied [4]-[6].

The compression ignition engine, or so called diesel engine, is the favoured
source of power for heavy industrial and transportation compared to the spark
ignition engine, otherwise known as the gasoline engine, due to its high power output
and fuel economy [7]. Nonetheless, diesel engines emit more hazardous emissions,
especially NOx and PM. Due to the stringent emission regulations that have been
implemented; many devices are being invented in order to reduce these exhaust gas
emissions. Devices like NOx Absorber Catalysts (NAC) and Selective Catalytic
Reduction (SCR) are able to reduce the formation of NOx to a large extent.
Furthermore, Diesel Oxidation Catalysts (DOCs) and Diesel Particulate Filters
(DPFs) are devices commonly used for the reduction of PM. DOC are an
inexpensive, robust device that are suitable for non-road applications and are capable
of reducing PM by 25% or more. As for DPFs, they are able to reduce the formation
of PM by up to 90% and work effectively on engines that are able to sustain high
exhaust temperature. However, the cost is three times more expensive than DOCs
[8]. Nevertheless, the techniques that are used to reduce NOx lead to an increase in
smoke and PM and vice versa [9]. In addition, they tend to increase the fuel
consumption of the engine [10]. It is difficult to simultaneously reduce both NOx and

PM, and, at the same time, maintain or improve the performance of the engine.

The introduction of water into the diesel engine is a promising method that
can reduce the formation of NOx and PM emissions simultaneously [11], [12]. There
are three common methods to introduce water into the engine: spraying water into
the intake manifold, which is called intake manifold fumigation [13]-[15]; water
injection into the combustion chamber or so called direct water injection [16], [17];
and water-in-diesel emulsion fuel (W/D). The intake manifold fumigation uses the

combination of a valve and flow meter to control the water flow rate. It is claimed to



reduce the NOx as a result of the presumable uniform water vapour in the cylinder at
the time of combustion. The vaporization of the water process arises from the time
the air and water are heated through the compression stroke [11]. As for the direct
water injection method, the water is injected into the combustion chamber in a
separate unit or injector. It can reduce NOx more than the fumigation method due to
the water droplets being closer to the flame during the combustion. In addition, the
presence of water in the fuel spray increases the penetration of the fuel (liquid and
vapour) during the spray period [7]. However, both the intake manifold fumigation
and direct water injection method lead to an increase in the formation of hydrocarbon
(HC) and emission of carbon monoxide (CO) [18], [19]. Furthermore, as the water is
introduced into the combustion chamber, it tends to be in direct contact with the fuel
feed system and cylinder-piston group, thus resulting in oil contamination and
increasing wear [18]. In addition, both methods require highly complex engine
modification in order to integrate the water addition device to the engine. Thus, it

requires high additional cost [20].

Water-in- diesel(W/D) emulsion fuel is the only method in the water addition
group that can reduce NOx and PM emission simultaneously while at the same time
improving the combustion efficiency [9], [12], [21], [22]. Moreover, the usage of
W/D emulsion fuel does not require any modification of the engine [22]. W/D
emulsion fuel is the potential alternative fuel that could fulfil the world’s needs: more
efficient energy usage and less polluting emission. The term emulsion is defined as a
mixture of two or more immiscible liquids, which are unblended in nature; one is
present as a dispersed droplet throughout the other liquid, which is present in a
continuous phase. The dispersed droplet is called the internal phase, and the other
liquid is the external phase [8], [23]. The emulsion is formed with the help of
mechanical agitation together with the chemical additives so called surfactant to keep
the immiscible liquids being tied together forming one solution. Generally,
emulsions are divided into two types: oil-in-water emulsion (O/W) and water-in-oil
emulsion (W/O). The O/W emulsion is where the oil is located in the internal phase
presented as a dispersed droplet and the water is presented as a continuous phase,
whereas for the W/O emulsion, it is the opposite [22]. Figure 1.1 shows the different
of the physical structure of both types of emulsions. The O/W emulsion is not

suitable to be an alternative fuel. This is due to the large amount of water that might



come into direct contact with the cylinder-piston group and fuel feed system, which
will result in failure of the fuel combustion [24]. The W/O emulsion fuel is the most
suitable and widely used as the alternative fuel for fuelling compression ignition
engines by researchers and experts. In addition, the type of oil stated earlier refers to
the diesel fuel. The water-in-diesel (W/D) emulsion fuel type is preferable to be the
alternative fuel compared to the water-in-gasoline emulsion fuel. This is due to the
high combustion and the high pressure in the compression ignition engine, which is

particularly suitable for the concept [25].
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Figure 1.1  Physical structures of two-phase emulsions: a) Water-in-oil emulsion

b) Oil-in-water emulsion [22]

1.2 Research Question

W/D emulsion fuel has major weakness which is stability issue that brings a
huge barrier to commercialize this alternative fuel. The immiscible liquids that

previously being tied together forming one solution will separate after exceeding its



stability period. Figure 1.2 shows W/D emulsion fuel is fully separated after one day
where the diesel fuel floats on top of the water layer. The stability of the emulsion is
very important in order to ensure this alternative fuel can run accordingly in the
engine. If the emulsion is destabilized during the engine running time, the probability
of the engine failure to operate is high. Plus, it may damage the parts inside the
engine. Normally, water-in-diesel emulsion fuel can maintain its stability for up to 3
months [18] but it will depend on various factors, such as the type and percentage of

surfactant, the temperature, viscosity, specific gravity and water content [8].

Figure 1.2  The separation of W/D emulsion fuel after exceeding its stability

period

The destabilization process of W/D emulsion fuel will occur after it goes
through several phenomena: flocculation, coalescence and sedimentation or
creaming. The flocculation process is where the droplets in the internal phase attract
each other. As for the coalescence process, the combination of those droplets and
become bigger droplet size. The sedimentation/creaming process is where the result
of the different densities of two phases can be observed. The internal phase either
precipitates at the bottom or rises to the surface of the external. For the case of the
W/D emulsion fuel, the internal phase, which is the water, will sink to the bottom
[26]. Figure 1.3 shows the schematic of mechanism of the three aforementioned
processes. In a specific view [27], the W/D emulsion fuel starts to destabilize when
the repulsive force of the dispersed droplets become weaker; the dispersed droplets,
which are located in the internal phase tend to gather towards each other and those
droplets are separated by the thin film. This process is called the flocculation process.
The thin film thickness will reduce due to the attraction of the Van der Waals forces.



Then, if the thin film thickness is reduced to a critical value, it will break leading to
newly formed droplets to move to each other forming a larger droplet (coalescence).
Consequently, those droplets (water droplets) will settle at the bottom due to the
difference in density (sedimentation). All of these processes will continually
destabilize the emulsion until the water and the diesel fuel are fully separated. In
addition, the W/D emulsion fuel separation can be initiated by these following cases:
low speed environment (the phases after long period will be separated by gravity
effect), increase in temperature (lower viscosity), external electric field, high shear
stress in the emulsion, the addition of a chemical that influences the emulsifier or

liquids, and the addition of a diluting liquid [26].
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Figure 1.3  Mechanism leading to sedimentation of an oil-in-water emulsion [28]

The presence of a surfactant, sometimes called an emulsifier, is crucial in
forming a stable emulsion. The surfactant works as a surface active agent that is a
typical chemical additive to attract both the immiscible liquids in forming one stable
solution [26]. The surfactant functions by reducing the surface tension of the water
by adsorbing at the liquid-gas interface and also reduce the interfacial tension
between oil and water by adsorbing at the liquid-liquid inter phase [23]. An alternate
perspective is that the surfactant possesses an equal ratio of polar and non-polar
portions. As the surfactant blends into the mixture of water and oil, the polar groups
of the surfactant orient toward the water and the non-polar group toward the oil, thus

lowering the interfacial tension between the two liquids [29]. There are numerous



types of surfactant on the market, which are categorized based on their Hydrophilic-
Lipophilic Balance (HLB). A low HLB is generally suitable for forming W/O
emulsion and vice versa [8], [22]. As for the selection of surfactant for forming W/D
emulsion fuel, the surfactant should be free from sulphur and nitrogen and burn
easily without soot [25]. In addition, it should not have any impact on the
physiochemical properties of the fuel. The surfactants that are most used by
researchers and experts are Sorbitanmonooleate, which is called Span 80;
Polyoxyethylenenonylphenyl ether, so called Span 80 and Tween 80; Octylphenoxy
poly ethoxy ethanol or called Triton X-100; and Dai-Ichi Kogyo Seiyaku (Solgen
and Noigen TDS-30)[22].Other than that, glycerine is also can be used as a surfactant
since it has the potential to reduce the interfacial tension between the immiscible
liquids. However it is the weakest in terms of strength as compared to the other
surfactants. That is why none of the studies / researchers reported to use it alone to
form emulsion fuel. It is made from the by-product of the biodiesel production.
Based on the stability testing, it only can hold the stability period within few minutes
[30]. However, it is the cheapest in terms of price as compared to others. Most of
researches conducted regarding the emulsion are heading towards on finding the best
surfactant that can maintain its stability for very long time. In facts some researchers
have already succeeded in forming a thermodynamically stable emulsion (micro-
emulsion). However, another issue has come to the fore, which is the price. These
alternative fuels are much more expensive compared to neat diesel fuel since they
require a high amount of surfactant and other chemical additives, plus they need
tedious processes to be completed. One particular company, for example,
commercializes the emulsion fuel that contains about 5% water; 12.6% organic
oxygenated additives, which consist of glycerine and polyethoxy-ester; and NP-9
surfactant. Almost 13 % of chemical additives required to form the stabilized
emulsion fuel. Hence, the advantage of using the W/D emulsion fuel does not

compensate for the additional price.



1.3 Research Objectives

There is a novel concept which could eliminate the high dependency of the
surfactant as well as the concerns towards the stability issues of the emulsion. The
said concept is about producing the emulsion fuel in real-time, and directly and
continuously supplied into the engine. The proposed name for the concept is real-
time emulsion fuel production system (RTES). The concept of RTES is consisting of
the fuel and the water which is stored in different unit. The two immiscible liquids
will be transferred quantitatively and instantaneously being emulsified by a mixing
system before it injected into the combustion chamber. This system is attached close
to the engine fuel delivery system so that the new developed emulsion fuel made
from that system is transfers instantaneously into the combustion chamber, thus the
need to have emulsion with having long stability period is not necessary anymore.
By implementing this concept, the presence of surfactant could be eliminated or the
used of surfactant can be very minimal, plus the material that have the surfactant
potential such as glycerine can be utilized only on its own. There is one patented
invention [31] which nearly same with the concept of RTES, utilizes for burner and
also diesel engine. However, no technical data or report revealed through the use of
that invention on the engine/ burner (The technical details explaining the said

invention is discussed in chapter 2).

Therefore, this project aims to design and develop the real-time emulsion fuel
production system (RTES) specifically for the application of the diesel electric
generator. The diesel electric generator is mostly running on constant speed and load.
Thus it is suitable to be applied with the RTES concept. There are four objectives in
the project:

1. To investigate the engine performance and emission of a single cylinder
diesel electric generator fuelled with surfactant added emulsion fuel under
various water percentages.

2. To investigate the stability behaviour of emulsion fuel (without surfactant)
under various mixing condition and types of mixer

3. To design and develop a working prototypes based on the RTES concept

4. To evaluate the physical properties of emulsion fuel and the engine

performance and exhaust emission running with the RTES prototypes



1.4  Research Scope

Before proceeding with the main objective of the project, which is to design
and develop the RTES, there are two additional objectives that need to be completed
(first and second objective). The purpose of the first objective is to find the best
water percentage in the emulsion fuel that can provide optimum engine performance
and greener exhaust emission under various engine load conditions. This is because
water content inside the emulsion fuel plays a major role in the effectiveness of the
emulsion fuel [32]. The optimal water percentage in the emulsion fuel from this
experiment will be used in the RTES prototype when running it on the engine. The
measurements considered for the engine performance test include brake specific fuel
consumption (BSFC), brake thermal efficiency (BTE), in-cylinder pressure,
maximum rate of heat release (MRHR) and maximum pressure rise rate (MPRR). As
for the exhaust emissions, nitrogen oxides (NOx), particulate matter (PM), carbon
monoxide (CO), carbon dioxide (CO,) and oxygen (O,) are measured. As for the
second objective, different mixing condition/ mixer were tested to mix water and
diesel without the existence of surfactant and the resulting emulsion is analysed
based on their fuel characteristics and stability period. The reason is to identify the
best method/ mixing condition in forming emulsion fuel that have the longest
stability period. The findings are used as a reference to generate the conceptual
design in the design process of the RTES. The third objective is the core of the
research which is the design and development process. The design process include:
generating conceptual designs, design evaluation and generation, final conceptual
design, engineering analysis and engineering drawing. In engineering analysis, flow
simulation analysis is conducted using Solid Work Flow Simulation 2013, to predict
only the flow pattern, maximum pressure and flowrate. The design of the RTES is
based on the configuration and dimension of the single cylinder, natural aspirated
diesel electric generator. As for the last objective, RTES prototype is evaluated
through its physical properties of the emulsion fuel produced by said device. This
data is crucial to be identified as it may affect the combustion of the engine. RTES
prototype is further evaluated through the analysis of the engine performance and

exhaust emission testing using the prototype.
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15 Thesis Outline

The thesis consists of seven chapters which include introduction, literature
review, methodology, emulsion fuel experiment, design and develop process, RTES
experiment and conclusion and recommendation respectively. The description of

each chapter is given below.

Chapter 2 covers the literature studies regarding the emulsion fuel especially
the impact of emulsion fuel on the engine performance and emission, and revealing
the micro-explosion phenomena studies and how it affect to the engine. Related
mixing device which widely used in industry for liquids mixing application and

related emulsification machine are reviewed in detail.

Chapter 3 covers the experimental setup for engine testing. The specifications
and functions of every measuring machines / devices in the experiment are reported.
In addition, all the procedures to conduct the experiment are also being described in

this chapter.

Chapter 4 covers the engine testing experiment fuelled with emulsion fuel
with the surfactant added under varies water percentage. The effect of emulsion fuel
especially on different water percentage to the engine and makes comparison with
the neat diesel is discussed in detail. Plus, the experimental study for the stability

period of emulsion also included in this chapter.

Chapter 5 covers the design and development process of the RTES. The steps
of the design process from identifying objectives until the fabrication process is

clearly shown in this chapter.

Chapter 6 discussed the two experimental works conducted to evaluate the
RTES prototype which include; dispersed water droplet observation and
measurement and the engine performance and exhaust emission. RTES is tested
fuelled with three different fuels which are: water and diesel only, water with

surfactant added and diesel, and only diesel.
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Chapter 7 covers the conclusion of the work and listed the recommendation
for the improvement of the device and future study.
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