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( Abstract: The need for more efficient fuel and a less polluted environment are the prominent research areas

that are currently being investigated by many researchers worldwide. Water-in-diesel emulsion fuel (W/D) is
one of the promising alternative fuel. It can improve the combustion efficiency of a diesel engine and reduce
harmful exhaust gases, especially nitrogen oxides (NO,) and particulate matter (PM). There have been many
‘ W/D emulsion fuel studies, especially regarding performance, emissions and micro-explosion phenomena. This
review paper gathers and discusses the recent advances in emulsion fuel studies in respect of the impact of W/D
Il emulsion fuel on the performance and emission of diesel engines. It is agreed by most of the studies that W/D

|| does result in an improvement in engine performance measurements when the total amount of diesel fuel in the
I emulsion is compared with that of the neat diesel fuel. NO, and PM exhaust gas emissions are greatly reduced
I by using the W/D emulsion fuel. Unburnt hydrocarbon (UHC) and carbon monoxide (CO) exhaust emissions
|| are found to be increased by using the W/D emulsion fuel. The factors that affect these measurements consist of
| the type of diesel engine and engine operating conditions, droplet size of the emulsion, water-content in the
‘ emulsion, type and percentage of surfactant, ambient temperature, ambient pressure.
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I. Introduction

There is a growing interest in the use of diesel emulsions as alternate fuel as environmental aspect. As
is discussed in some detail below water has a significant effect on several emission constituents: exhaust gases
such as nitrogen oxides(NO,) and carbon monoxide (CO), as well as black smoke and particulate matter[1].
Operational advantages of diesel engines are clear, the general public has considerable concerns regarding the
pollution caused by diesel engines in the form of obnoxious odor, gas pollutants and particulate matter to
atmosphere. Diesel particulate emissions are small, often less than 2.5 Im in size, and consist of a complex
mixture of engine’s oils, sulfates and inorganic materials. These particles have been identified as toxic air
contaminants and declared by health experts as ‘likely human carcinogen’’ contributing to a variety of lung
related illnesses including asthma, emphysema and bronchitis [5]. 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. 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 last 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]. The W/O emulsion fuel is the most suitable and widely
used as the alternative fuel for fueling diesel engines by researchers and experts. The water-in-diesel emulsion
fuel type is preferable to be the alternative fuel compared to the water-in-gasoline emulsion fuel. This is due to
the difference in boiling point between water and diesel fuel being much higher than the one between water and
gasoline, which is particularly suitable for the concept [4].

Il. Water in Diesel Emulsion

Considering the enormous volume of diesel fuel that is being consumed today, a replacement of just a
fraction of regular diesel by water-in-diesel emulsion. The stability requirements on such emulsions are obvious:
they need to stay stable for a specific time and over a wide temperature span. The surfactants used must burn
readily without soot formation and should not contain sulphur and nitrogen. Thus, they should contain only
carbon, hydrogen and oxygen and they should preferably not have aromatic rings in their structure. Non ionic
surfactants based on aliphatic hydrocarbon tails, such as alcohol ethoxylates, fatty acid ethoxylates and sugar
esters of fatty acids, are typical emulsifiers [1]. The stability of the emulsion produced is very important in order
to ensure this alternative fuel can run accordingly in the engine. If the emulsion is destabilized during the engine
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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 [7] but it will
depend on various factors, such as the type and percentage of surfactant, the temperature, viscosity, specific
gravity and water content [4].

The current emulsification technique application to internal combustion engines or industrial furnaces
is limited to a two-phase water-in-oil emulsion, (briefly termed W/O emulsion). No literature on the use of
three-phase emulsions as an alternative fuel for combustion equipment such as diesel engines has been found
[4]1[17]. The three-phase emulsions may be conveniently divided into two types, i.e. oil-in-water-in-oil (O/W/Q)
and water-in-oil-in-water (W/O/W) emulsions. The former type, O/W/O emulsions are especially applicable for
fuel purposes. A schematic diagram of the W/O and O/W/O emulsion structures is shown in Fig. 1. An inner
and outer phases separated by a dispersed phase is widely used in cosmetic, pharmaceutical, physical, chemical
and engineering applications.
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Fig. 1. Physical structures of two-phase and three-phase emulsion[2].

Three-phase emulsions, such as the O/W/O type, have been applied in cosmetics, food or
pharmaceutical manufacturing. However, those emulsions have not been used as fuel for internal combustion
engines or boilers. O/W/O three-phase emulsions were used as alternative fuel for a diesel engine in the
experimental study [3].
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Fig.2. Kinematic viscosity of the fuels under different operating temperature[8].
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There are three commonly used techniques for preparing three-phase emulsions; (1) phase inversion,
(2) mechanical agitation, and (3) two-stage emulsification. The two-stage emulsification is the most frequently
used method. A hydrophilic surfactant is added into the water in the first O/W/O emulsion preparation stage. Oil
is then added into the water/surfactant mixture. A homogenizing machine was used to stir the mixture in order to
form a two-phase oil-in-water emulsion (denoted as O/W) type. The O/W emulsion is then added into an oil and
lipophilic surfactant mixture, which is being stirred by a homogenizing machine so that an O/W/O three-phase
emulsion is produced [3].

The viscosity of the fuel is one of the major properties affecting fuel atomization and evaporation,
subsequently on the combustion, so a knowledge of the viscosity of the fuel is important. Fig. 2 shows the
viscosity of the emulsion fuel and pure diesel under different operating temperatures. It can be seen that the
viscosity of the emulsion fuel is higher than that of pure diesel. At the same time, the viscosity of the emulsion
fuel drops very fast with the increase of temperature[8].

I11. Engine Performance

The engine performance analysis has included the following features: torque, brake power, brake
specific fuel consumption, and brake thermal efficiency [8,9,10].

Different operational conditions were studied. And the characteristic behavior of the engine
performance under various emulsions were recorded and analyzed. The torque with a function of engine speed is
plotted in Fig. 3. It can be seen that at low revolution per minute (rpm), torque increases as engine speed
increase until it reaches a maximum value around 1400 rpm. Afterwards, as engine speed increases above 1400
rpm, the torque starts to decrease. This is due to engine being unable to ingest a full charge of air at high speeds.
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Also Fig. 3 illustrates that as the percentage of water increases in the emulsion sample, the torque produced
increases. This may be attributed to the additional force on top of the piston provided by the pressure exerted by
the vapour from the emulsified liquid. When the charge is fired in the cylinder, the water would turn to high
pressure vapour. In addition, due to the higher viscosity of the emulsified fuel than that of the base fuel (pure
diesel), and the presence of water promote a finer cloud which promotes atomization of the emulsified mixture

during injection. This improves engine efficiency significantly[10].
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Fig. 3 Engine torque versus engine speed using water diesel emulsion [10]
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Fig.4 Brake specific fuel consumption versus engine speed [10]

Fig. 4 shows the variation of brake specific fuel consumption (BSFC) with engine speed considering
the emulsion (diesel+water) as total fuel. It shows that BSFC decreases as engine speed increases (at low speed),
and then it would reach a minimum and then increases at higher speeds. It is that as the water percentage in the
emulsion increases, the BSFC increases, this is because as the percentage of water in the emulsion increases, a
larger amount of diesel is displaced by an equal amount of water. This means that less diesel fuel is actually
contained within each volume of the emulsion. As the percentage of water in the emulsion increases, BSFC of
diesel decreases (i.e. diesel calorific value decrease). The minimum value occurs at a water percentage 30% by
volume. The reduction in BSFC with water emulsified diesel may be attributed to formation of a finer spray due
to rapid evaporation in the water, longer ignition delay results in more fuel burning in premixed combustion and
suppression of thermal dissociation due to lower cylinder average temperature[10].

The Emulsified fuels have clear effect on combustion process. This is evident where the increase in

water concentration in the emulsion produces a significant increase in the ignition delay[9].
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Fig -5. Variation of Ignition delay with brake power[9]
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Fig. 6. Brake thermal efficiency of the engine at full load[7].

T
1500

Fig. 6, we can see that the brake thermal efficiency of the emulsion fuel is higher than that of pure
diesel especially at mid and high speed conditions. This is the effect of micro-explosion of the water droplets
contained in the emulsion fuel, which helps to break the big oil droplets into many smaller oil droplets,
accelerating fuel evaporation and the mixing with air, thereby resulting in a faster combustion process and a
higher brake thermal efficiency. Study indicated that the emulsion fuel with high water concentration could
improve the efficiency of the engine at high load conditions, however, there was a drop in efficiency when the
engine was operating at low load conditions [7].

IV. Exhaust Emission

Most studies reported that the formation of NO, is greatly reduced when using the W/D emulsion
fuel [4],[9],[11],[15]-[16]. Some studies found that the formation of NO, can be reduced by up to 50%
[12].Some researcher stated that 20% of water in the emulsion reduces the formation of NO, by 20% [13].
Others reported that NOy is decreased by 30% by using 25% of water in emulsion fuel [14]. In addition, one
study revealed that the reduction of NO, has a strong relation with the increase in the water percentage [15].
Many researchers agree that the reduction of NO, when using emulsion fuel is because of the lower peak
temperature of the flame during the combustion [11],[15]-[16]. The reduction of the temperature is due to the
high latent heat from the evaporation of water in the emulsion that absorbs the heat during the combustion

[4].
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Fig. 7 NO* and HC emissions of the engine fueled by emulsion fuel and pure diesel at full load[8]

Soot and PM is one of the major indicators of the combustion efficiency. The less formation of these
emissions the more efficient the combustion of the tested fuel. From the various experimental results reported,
the majority of the studies found that soot and PM are reduced by using the W/D emulsion fuel [7].
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V. Conclusions

From the reviews that were made, it can be concluded that:
1) Thermal efficiency is increased by using the W/D emulsion fuel compared to neat diesel fuel. The majority of
the studies agreed that the improvement of the combustion efficiency is due to the increase of ignition delay and
the micro-explosion phenomena.
I1) Alternative fuels cover a broad range of fuels, some of which, including water-in-diesel emulsions are readily
available, while other types require further investigations. Even if the water-in-diesel emulsion fuel has only a
limited effect on the reduction of CO,, it is still beneficial from an environmental point of view because it brings
about a reduction in the levels of both NO, and particulate matters (PM).
I11) The engine torque, power and brake thermal efficiency increase as the water percentage by volume in the
emulsion increases.
IV) Engine durability studies are required, as there may be a chance of clogging of the injector for long term
engine operation.
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