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ABSTRACT   

Emulsified fuels considered as a promising alternative fuel that could solve and meet the increasingly stringent 
emission regulations for diesel engines due to their capability of reduction the harmful exhaust emission, such as carbon 
monoxide (CO), nitrogen oxides (NOx) and particulate matter (PM). The admission of water into the diesel fuel has 
significant advantages. One of these advantages is the possibility of occurrence of the so-called micro-explosion 
phenomena. There is a number of experimental techniques and visualization systems to investigate and analyse the uses of 
the water-diesel (W/D) emulsion fuel, especially regarding micro-explosion phenomena. Micro-explosion is the rapid 
breakup of fuel droplets and hence burst into smaller droplets which enhance fuel evaporation and hence improving the air-
fuel mixing process. An investigation of micro-explosion of the smaller droplets is important. This review paper discussing 
the advantages of using the emulsion fuel and the different experimental techniques used to detect the micro-explosion 
phenomena in addition to the factors affecting the onset of micro-explosion processes and proposes potential research areas 
for W/D emulsion fuel studies. Most of the studies in the literature agree that W/D does result in a reduction in NOx and 
PM exhaust gas emissions. There is, however, some inconsistencies of the experimental techniques with respect to the 
heating process which affects the onset and the strength of the micro-explosion process. The factors that affect the micro-
explosion phenomena consist of different parameters such as the distribution of the water in the emulsion, the size of the 
emulsion droplet, type and percentage of the surfactant, ambient temperature and pressure. 
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INTRODUCTION  

Diesel engines generally considered a useful in a 
variety of applications, such as power generation, 
transportation, agriculture, drilling machines, and 
elsewhere. This is mainly due to diesel engines poses the 
advantages of direct injection and compression ignition 
combustion system. The advantages of using direct 
injection compression ignition engines (DICIEs) can be 
traced to the high compression ratio and beside that it does 
not require air throttling to operate under part load 
operation [1]. The global air pollution deteriorated by the 
emissions coming from the internal combustion engines is 
very seriously. Correspondingly, interest is growing to 
develop and improve both the engines and the fuels to 
reduce the exhaust emissions of the regulated pollutants. 
especially gasses related to the diesel fuel combustion 
engines are nitrogen oxide (NOx), hydrocarbon (HC) and 
carbon monoxide (CO) which affect the environment 
[2][3]. Therefore, the development of alternative fuels 
such as an emulsion fuels to be used in the engines has 
been a major concern of the researchers and automotive 
centres since they are cleaner as compared to conventional 
fuels. This resulted in an increased interest to use 
alternative fuels in internal combustion engines. Strategies 
to reduce emissions from the combustion of diesel fuel 
such as improvement of the diesel fuel as it poses the 
requirement of the combustion characteristics. One of the 
possible and promising way  for reducing both nitrogen 
oxides (NOx) and particulate matter (PM) in diesel 

engines, the uses of the water into the diesel engines have 
been investigated and developed by different researchers 
[2], [4], [5]. As an increase in the percentages of water in 
the diesel engines, will result in weakens luminous flames 
and decrease the peak temperature in combustion phase 
and hence lower NOx emission [2][4]. The possibility of 
inducing water to modify the combustion of diesel engines 
is via three common methods: (i) water injection into the 
pathway [6], (ii) direct injection of water into the 
combustion chamber [7] and (iii) emulsification of water 
and liquid diesel before injection into the chamber [3][8]. 
Emulsification of fuel is considered a favourable method, 
which can potentially solve this problem. This method is 
offering the capability of vaporization of the water inside 
the combustion chamber and hence reducing NOx 
emission.  On the other hand, emulsion combustion is not 
only favourable to solve the problems of air pollution; it 
also provides an effective utilization of energy as the 
phenomena of micro-explosion take place. The micro-
explosion phenomena occurrence during the combustion 
process of water emulsified diesel fuel (due to the drastic 
volatility difference between the different phases of the 
fuel) enhances their burnout by enhanced atomization and 
resulted in a reduction of the emitted hydrocarbons. Due to 
the differences in the density and hence evaporation rates 
of liquid diesel and water, the water molecules reach their 
superheated stage faster than the diesel, creating vapour 
expansion breakup. At this stage, two phenomena occur: 
micro-explosion and puffing [9]. The process of heat and 
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mass transfer are completely responsible for the onset of 
puffing and/or micro-explosion of water admitted in the 
oil as well as the coalescence and phase separation. 
Experimental data is useful to characterize the spray 
combustion of the water emulsified diesel fuel, including 
the micro-explosion or puffing phenomena [10]. From this 
point of view, it is necessary to have an extensive review 
of the previous studies using different techniques to 
determine the emulsification characteristics of water in 
diesel and its effects on micro-explosion occurrence. The 
present review paper starts with the basic types of the 
emulsion, methods used for detecting the micro-explosion 
phenomena and the effect of the phenomena on the spray 
characteristics. These techniques are critically reviewed  
and analysed. 
 
Water–diesel emulsions 

Emulsions, being liquids, mixtures of two or 
more substances immiscible in nature. In water in diesel 
(W/D) emulsions, water is present as droplets or dispersed 
phase and entrapped within larger diesel oil, distributed 
throughout the droplets that in turn are dispersed in a 
continuous water phase. The emulsion can be generated 
using a mechanical stirrer or homogenizer [11]. Figure-1 
shows the water dispersed phase. The preparation of 
emulsion procedure involved mixing process depend on 
the dispersed water droplets, can be characterized to: 
macro-emulsions, micro-emulsions, and nano-emulsions. 
In a macro emulsion, the particles size of the dispersed 
phase are large compared to the others, and hence, the 
interfacial surface per unit volume is lower. In this 
category, the droplet size ranges between 0.4-1μm while in 
micro-emulsions and nano-emulsions they range between 
0.4-0.1 and<0.1 μm respectively. 
 

 
 

Figure-1. Images of W/D emulsion samples depicting 
droplet distribution [11]. 

 
Emulsion fuel stability 

The phase separation of the emulsion plays an important 
role in the engine operation. Normally, W/D emulsions fuel 
can maintain their stability from 2 weeks [12] up to 6 
months [13]. The emulsion stability can be defined as the 
process by which an emulsion completely separates into 
bulk oil and water phases. This process is governed by four 
mechanisms: creaming, disproportionation, Brownian 
flocculation and sedimentation flocculation. Figure-2 shows 
these process schematically. [14]. 
 

Micro-explosion phenomena 
The micro-explosion phenomenon was first noticed by 

Michel A. Saad [15] in 1956 and later by  Ivanov and 
Nefedov  [16] in 1962. They reported that micro-explosion 

is the rapid breakup of fuel droplets and hence burst into 
smaller droplets which enhance fuel evaporation and hence 
improving the air-fuel mixing process. Enhances of the 
combustion process by present of water improving fuel 
atomization by micro-explosion phenomena as well as a 
reduction of the emitted hydrocarbons. [17], [18]. Beside 
the volatility of the base fuel, the type of surfactant, water 
content, the droplet size of the dispersed water and the 
ambient conditions surrounding the droplet i.e. pressure and 
temperature are play an important role in the occurrence of 
the micro-explosion phenomena [18]. Due to the difference 
in the density and hence evaporation rates of liquid diesel 
and water, the water molecules reach their superheated 
stage faster than the diesel, creating vapor expansion 
breakup by either micro-explosion and/or puffing [5, 6]. 
Furthermore, studies have already been visualizing the 
spray combustion, showing a decrease by half of the mean 
diameter of droplets compared to a non-emulsified liquid 
fuel [21]. Among a spray of droplets, the secondary 
atomization is the effect of puffing or micro-explosion 
phenomena individually. 

  Recently, a large scientific effort has been 
devoted to the visualization of the phenomenon of micro-
explosion. However, in the literature, a number of 
techniques were used to detect the micro-explosion 
phenomena. In terms of visualizing the single droplet 
emulsion, the experimental techniques are several and are 
classified in terms of heating systems, droplet size and the 
visualization technique: Leidenfrost (droplet suspended on 
the thermocouple wire on a hot-plate), suspended droplets 
on a hot air and the dropping tower techniques. 
 

 
 

Figure-2. Different droplet loss mechanisms [14]. 
 

Leidenfrost technique 
The technique of the heating surface is considered as a 

possible way to detect the micro explosion phenomena.  In 
this technique, the droplet is suspended on a thermocouple 
over a hot plate, and due to the effect of the temperature, 
levitates on its own vapor and retains a spherical shape 
[22]. In order to get the micro-explosion phenomena of 
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water emulsified oil, the droplet is disrupted after puffing 
occurs several times while the micro explosion does not 
always occur. Its occurrence depends on a number of 
parameters: distribution of droplet size, water content 
volume/ oil and the surfactant type and quantity that 
determines the repulsion forces between droplets of the 
dispersed phase [17]. An investigation on the effect of the 
size of the dispersed water droplets in the W/D emulsion 
were visualized to capture the micro-explosion phenomena 
using Leidenfrost technique was carried out by [23]. The 
droplets were placed using a syringe where the 
thermocouple was located at 0.25 mm at the center of the 
hot plate and it was maintained at 363 oC. The authors 
noticed that the size distribution of the dispersed water 
droplets had a significant effect on the temperature for 
micro-explosion, timing of the phenomenon and oil–water 
phase separation within the droplet that favours puffing and 
micro-explosion phenomena. When W/D emulsion is 
subjected to a heating process, the phase separation 
phenomena is accelerated because of the increased mass 
transfer, the decrease in viscosity of the continuous phase, 
and the loss of efficiency of the surfactant. If the emulsion 
is unstable enough, this phenomena can occur on the 
timescale of the evaporation and combustion of a droplet, 
leading to coalescence and micro explosion [24]. An 
investigation on the effect of the stability of emulsion on 
micro-explosion for water-in-oil emulsions using 
Leidenfrost effect was conducted by [25]. A micro-syringe 
was used to drop 0.700–1.10 mm diameter droplet on a 
thermocouple. The authors recommended that in order to 
attend a high frequency of micro-explosion phenomena, a 
narrow and small droplet size containing (0.1) 
water/volume fraction with a (0.75%) amount of surfactant 
must be used. The aggregation process of dispersed water 
droplets of W/D emulsion under a heating process was 
visualized and investigated by [26]. A micro-syringe as well 
as the thermocouple were used to suspend the droplet to 
address the effect of aggregation on secondary atomization 
as well as the characteristics of the micro-explosion. The 
temperature histories for micro-explosion, puffing, and 
evaporation of the emulsion was recorded as shown in 
Figure-3. 

 

 
 

Figure-3. Temperature records of emulsified fuel droplets 
with secondary atomization [26]. 

 
Recently, a visualization of W/D emulsion micro-

explosion droplets using Liedenfrost effect was conducted 

by [11], the emulsion samples were prepared by blending 
(mechanical stirrer and homogenizer) distilled water into 
the commercial diesel fuel at water ratios of 5%, 10%, and 
20%  by/volume. The results showed that, a clear micro 
explosion was observed for all samples of mechanically 
stirred emulsions as shown in Figure-4. Concerning the 
influence of the characteristics of the dispersion of water 
droplets and droplet size, it was found that a larger particle 
had a faster rate of coalescence which led to micro-
explosion initiation. Although, different studies focused on 
the investigation of the vaporization and burning behavior 
of individual emulsion droplets undergoing puffing or 
micro-explosion using Leidenfrost effect, another technique 
is to deposit the child emulsion drop onto a concave heated 
surface. This technique allows the emulsion droplet to 
avoid any contact with a solid surface promoting 
heterogeneous nucleation under a hot atmosphere as argued 
by [27]. In order to measure the child droplets, an IR 
camera and statistical methods were applied to both the 
child droplet on the plate and on the fly respectively. Their 
results showed that a normal thermal energy distribution 
was significant among all the droplets. From the previous 
studies it was clearly noticed that, the coalescence and/or 
phase separation of emulsion fuel during heating process 
was an important issue in the micro-explosion existence 
and brings about an indication of the role of emulsion 
stability on micro-explosion, in a free-falling droplet on a 
hot plate experiments. On the other hand, the suspended 
droplet experimental technique is completely different from 
those experiments in which the droplets fall on a hot plate 
in terms of droplet size and heating system. 

 

 
 

Figure-4. Sequence of images showing micro-explosion 
behavior of case A WiDE [11]. 

 
SUSPENDED DROPLET EXPERIMENTS 

Suspended droplet experiments were performed in a 
number of different cylindrical single drop combustion 
chamber using optical systems [20, 21]. Studies on a hot-air 
chamber reflecting the real diesel engine condition using 
the suspended droplets is not new, Michel 1956  [15] was 
the first to propose this technique and developed a furnace 
to visualize the freely suspended droplet of kerosene, 
hydrocarbon, n-heptane and isooctane with the diameters of 
between 1.5 and 0.3 mm on a hot air up to 926 oC. Wang 
[30] designed a high-temperature furnace which was 
maintained at 1000 oC.  An emulsion of water and n-
heptane, n-decane, n-dodecane, n-hexadecane, and 
isooctane to investigate the micro-explosion phenomena.  
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Droplets with a diameter of 0.33 and 0.43 mm were 
generated using a steam generator and were freely induced 
into the furnace. The captured images showed that a clear 
micro-explosion was observed for fuels whose boiling 
points were sufficiently higher than that of water. In 
contrast, the surfactants had significant effect to drive up 
the droplet temperature to exceed the limit of superheat of 
water. An investigation of water/oil emulsion droplet by D. 
Segawa et al., [31], argued that the occurrence of the micro-
explosion Phenomena affected by the coalescence or phase 
separation factor, with an increase in the droplet 
temperature, a clear phase separation and resulted in the 
micro-explosion phenomena. 

An electrical furnace maintained at 860 oC at 
atmospheric ambient pressure was used to visualize micro-
explosion phenomena argued by [32]. In their experiment, a 
single droplet was suspended and placed manually, quickly 
into the electric furnace chamber using a quartz bar 0.6 mm 
diameter. Their results showed a clear micro-explosion as 
well as an increase in the combustion speed. The design of 
the chamber is as shown in Figure-5. 

 
 

Figure-5. Experimental apparatus for suspended droplet 
combustion [32]. 

 
  The captive droplet technique was used by [33], it 

has the advantages to present the droplets behavior over the 
whole period where radiation is the dominant mode of heat 
transfer. A set-up consisting of a furnace and visualization 
system, and an image processing were used to study the 
single suspended droplet combustion. A visualization 
system was used to capture the breakup behavior of water-
emulsified diesel fuel droplet under the secondary 
atomization argued by [34]. A ceramic fiber wire and an R-
type thermocouple with a diameter of 10 and 50 µm 
respectively were used as suspending wires. A clear micro-
explosion phenomena were observed using an electric 
furnace maintained up to 1073K. The puffing occurrence 
depending on the suspended wire position (as far as the 
wire position). The superheat temperature had a significant 
effect on the speed of the micro-explosion behaviour. 
 

Micro explosion during the spray experiment 
Experimental studies on such characteristics (spray, 

spray wall impingement, droplets size, and evaporation) 
either under engine conditions or non-combusting sprays 
and how they enhance the atomization as well as mixture 

process is well known [27, 28]. The observation of micro-
explosion characteristics in a real engine environment is 
completely different from those conducted in a single 
droplet experiments. Therefore, the hypothesis of water-
emulsified diesel droplet under a real diesel engine 
temperature conditions that micro-explosion occurs in spray 
characteristics which enhance the secondary breakup and 
hence mixture formation resulted in reduces the 
hydrocarbon is completely different.  The occurrence of the 
micro-explosion in spray combustion is sensitive to the 
injection pressure and ambient conditions that also need 
more explanation. 

Different studies on micro-explosion in atomized sprays 
have been carried out using visualization systems. Studies 
on non-combusting sprays, Y. Yoshimoto [32] used a 
shadowgraph visualization method to  capture the emulsion 
fuel spray characteristics. 

Emulsified fuels (water droplets and n-dodecane) were 
injected separately into a hot temperature inert gas [37]. A 
shadowgraphy imaging technique was used for the 
visualization while the spray droplet size was measured 
using image processing. In their experiment, a complete 
micro-explosion rarely was observed but partially occurred. 
While [38] captured the micro-explosion phenomena of 
different fuels (butanol, n-butan, biodiesel and diesel) spray 
under ambient and combusting conditions. It was found that 
the micro-explosion observed in the case of a butanol-
biodiesel-diesel. In contrast, in the case of n-butan with 
biodiesel, the micro-explosion was observed at relatively 
low initial ambient temperatures. The occurrence micro-
explosion was advanced with an increase the ambient 
temperature. Ref. [39] Used a shadowgraphy visualization 
system to capture the spray behavior (break-up, droplets 
penetration, droplet size) in an optical combustion vessel in 
ambient air condition 850 K and 50 bar. It was found that 
with an increase the water led to longer spray tip 
penetration compared to the diesel fuel. The evidence of the 
micro-explosion phenomena was demonstrated by different 
studies [40] , [35].  

Recently, an optical visualization system used to 
visualize the spray and combustion behavior of W/D in a 
constant volume chamber was conducted by Huo et al. [42]. 
At low ambient temperatures, a longer initial liquid 
penetration for emulsified diesel was observed, while at 
higher ambient temperatures the trend was reversed. Micro-
explosion was observed just at the beginning of combustion 
under high ambient temperatures. W/D emulsion fuel 
visualized in a good engine environment under different 
W/D ratios ware argued by [43]. As shown in Figure-6 
strong micro-explosions were noticed at the spray tip. At 40 
percent W/D fuel emulsion, a reduction in the flame 
luminosity was observed compared to 20 percentages W/D 
fuel emulsion. 
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Figure-6. (a) diesel fuel (b) W/D fuel emulsion [43] 
 
In another study [44], the onset of the micro-explosion 

speed is directly proportional to the ambient temperature.  
 

CONCLUSIONS 
From all the previous studies that were argued in this 

review paper, it is clearly understood that the W/D 
emulsion fuel has a significant effect on the environment 
emissions particularly NOx and PM. Since the studies on the 
micro-explosion behavior were discovered in the 1956, up-
to-date, different studies have been conducted using 
different techniques to study the impact and behave the 
W/D emulsion fuel. The most known experiments for 
detecting the single droplet micro-explosion are lidenfrost 
technique and the suspended droplet in a high temperature 
environment. A brief comparison can be summarized as 
follows: 

In the lidenfrost technique (the droplet suspended on a 
thermocouple wire), the micro-explosion droplet 
temperature can be controlled. While in the suspended 
droplet method only the temperature of the air can be 
controlled. 

In terms of the droplet size and heat distribution in 
lidenfrost experiment is approximately double that of the 
suspended droplet experiments. 

In lidenfrost approach, a clear emulsion separation by 
creaming is possible which is does appear in the suspended 
droplet because of the higher temperature. 

In term of metastability of the heat transfer process to 
the droplet of emulsion, with the suspended droplet 
experiment can be achieved while in lidenfrost is not 
dominant. 

On the other hand, studies on the micro-explosion 
during the spray have been conducted with investigations of 
the spray chrematistics, the effect of micro-explosion on the 
W/D emulsion fuel. However, to date, studies on spray 
characteristics of water emulsified diesel fuel such as spray 
cone angle, spray tip penetration and glowing spots were 
detected as micro-explosion occurrence, whereas direct 
visualization techniques as much less reported. The 
challenge of determining the micro-explosion phenomena 
and its measurements, in addition to the hardware 
requirements for high temporal and spatial resolution, but 
also from the nature of the phenomenon itself, as micro-
explosion is a highly transient process and it is completely 
depending on the fuel properties as well as ambient 

conditions. Micro-explosion behavior in a burning spray is 
also much less reported. 
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