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Abstract. With increasing energy prices and the drive to reduce CO2 emissions, universities and industries face the 
challenge of finding new technologies to reduce energy consumption, to meet legal emission requirements and to 
reduce cost while increasing quality. In this study, an experiment was conducted to investigate the effect of water-in-
diesel (WiDE) emulsions on the combustion performance and emulsion characteristics of a direct injection diesel 
engine under 0 to 50% engine loads at 0 to 300 psi with engine operating speeds of 1200 to 2500 rpm. The five types 
of emulsified diesel fuel used in this study consisted of WiDE-5%, WiDE-10%, WiDE-20%, WiDE-30% and WiDE-
40% with 3% of the surfactants tested. The results show that 15-85% emulsion diesel fuel is comparable and 
compatible with pure diesel. The power curve shows the emulsion diesel to be relatively similar to pure diesel, but 
with slightly higher results at 0% (0 psi). The torque curve at 0% also shows the emulsion diesel to be similar to pure 
diesel where the 15 - 85% torque is higher than that of pure diesel. The engine torque, power and brake efficiency 
increase as the water percentage in the emulsion increases. The NO and CO2 emission results of the 15-85% fuel were 
better than that of pure diesel; however, the CO emissions were higher, especially at higher engine speeds. 

1 Introduction  
Emulsions of water in diesel for use in internal 
combustion engines are easily applicable alternative fuels 
for existing vehicle fleets. Emulsion fuel is defined as an 
emulsion of water in standard diesel fuel with specific 
additives and surfactants to stabilize the system. There is 
growing interest in the use of diesel emulsions, and the 
environmental aspects are the main driving force behind 
the attention. The presence of water has a significant 
effect on several emission constituents, including exhaust 
gases, such as nitrogen oxides (both NO and NO2, which 
are collectively referred to as NOx) and carbon monoxide 
(CO), as well as black smoke and particulate matter. 
There may be a certain loss in engine performance due to 
the presence of water, but the diesel consumption is often 
reduced. The typical water content of the diesel 
emulsions is between 10 and 20%. Both the global and 
local effects of environmental emissions are of concern 
when using alternative vehicle fuels. The global effect 
due to the gradual increase of atmospheric CO2 was the 
decisive factor behind the 1997 Kyoto Protocol. In the 
transport sector, the use of renewable fuels is the most 
effective way to limit the net increase of atmospheric CO2. 
In addition, the replacement of diesel and gasoline by 
natural gas will reduce CO2 emissions because of the 
lower carbon-to-hydrogen ratio in natural gas; however, 
the gain is much less than that of renewable fuels. The 
primary focus of the effect of local emissions is placed on 

the health hazardous NOx and the particulate matter 
emissions. For new engines, these emissions are strictly 
regulated by legislation. In Euro 4 (2005) and in Euro 5 
(2008), the emissions of NOx, particulate matter, 
hydrocarbons and carbon monoxide are clearly regulated; 
for existing vehicles, other rules apply. 

There is growing interest in the use of diesel 
emulsions, and the environmental aspects are the main 
driving force behind the attention. The presence of water 
has a significant effect on several emission constituents, 
including exhaust gases, such as nitrogen oxides (both 
NO and NO2, which are collectively referred to as NOx) 
and carbon monoxide (CO), as well as black smoke and 
particulate matter. There may be a certain loss in engine 
performance due to the presence of water, but the diesel 
consumption is often reduced. The typical water content 
of the diesel emulsions is between 10 and 20%. Both the 
global and local effects of environmental emissions are of 
concern when using alternative vehicle fuels. The global 
effect due to the gradual increase of atmospheric CO2 was 
the decisive factor behind the 1997 Kyoto Protocol. In the 
transport sector, the use of renewable fuels is the most 
effective way to limit the net increase of atmospheric CO2. 
In addition, the replacement of diesel and gasoline by 
natural gas will reduce CO2 emissions because of the 
lower carbon-to-hydrogen ratio in natural gas; however, 
the gain is much less than that of renewable fuels. The 
primary focus of the effect of local emissions is placed on 
the health hazardous NOx and the particulate matter 
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emissions. For new engines, these emissions are strictly 
regulated by legislation. In Euro 4 (2005) and in Euro 5 
(2008), the emissions of NOx, particulate matter, 
hydrocarbons and carbon monoxide are clearly regulated; 
for existing vehicles, other rules apply. 

The interest in water-in-diesel emulsions derives from 
the fact that water in the form of micrometre-sized 
droplets exerts various positive effects on fuel 
combustion. Water-in-oil emulsions have been 
formulated and evaluated for most types of fuels, ranging 
from light hydrocarbons to triglycerides. However, the 
main interest lies particularly in water-in-diesel 
emulsions because the high combustion temperature and 
high pressure that exist in diesel engines are particularly 
suitable for the concept. This idea was experimentally 
discovered [1] and theoretically verified [2] nearly 30 
years ago. The use of diesel emulsions provides several 
interesting effects, including reduced nitrogen oxide 
(NOx) emissions, lower soot and particulate contents in 
the exhaust, and improved combustion efficiency. The 
presence of water in diesel fuels brings about a 
considerable reduction in NOx and particulate matters 
(PM) emissions [3-8]. The effect on emissions is the main 
reason for the large interest in diesel emulsions today. It 
has been reported that 15% water in diesel fuel can 
reduce nitrogen oxide (NOx) emissions up to 35% under 
regular conditions [9]. Other authors have reported such 
reduced levels of NOx [5, 10-13]; however, these results 
relate to diesel and other lighter hydrocarbon fractions 
with very low nitrogen contents. For fuels with high 
nitrogen contents, such as some residual oils, the NOx in 
the exhaust mainly comes from the oxidation of the 
nitrogen-containing fuel components. In such cases, the 
emulsified water only has a small effect on the NOx level 
[14]. For diesel fuels, there may be a concomitant 
increase in the emission of carbon monoxide (CO) as 
well as in hydrocarbons [9]. The amount of PM in the 
exhaust from fuels with high nitrogen contents is 
normally significantly reduced [14]. Experimental studies 
have been performed on the effect of water in the form of 
a water-in-diesel emulsion on the formation of polycyclic 
aromatic hydrocarbons, some of which are known to be 
mutagenic [15]. Emulsion fuels produced lower amounts 
of polycyclic aromatic hydrocarbons in flames and 
reduced atmospheric emissions. A more specific analysis 
showed a decrease of two substances, pyrene and 
fluorene, when emulsion fuel was used. It is believed that 
micro-explosions promote the oxidation of hydrocarbons, 
possibly involving an attack by hydroxyl radicals. The 
reduced amount of the formed polycyclic aromatic 
hydrocarbons is likely to be one of the reasons for the 
lower amount of soot obtained with emulsion fuels 
because these hydrocarbons can be observed as 
precursors to soot particles. 

2 Materials and methods  

2.1 Materials 

The oil samples used in this study were from commercial 
diesel. A detailed procedure for the preparation of water-

in-diesel (W/D) emulsions and procedures, including the 
formation of the W/D emulsion, their characteristics and 
preparation methods, are thoroughly described in 
previous research by Abdurahman [16]. This paper 
merely describes the main experimental steps. The 
characteristics of the prepared emulsion are specified in 
Table 1. For preparation of water-in-diesel (W/D) 
emulsions, the agent-in-oil method was implemented. 
The emulsifying agent dissolved in the continuous phase 
(diesel) and water was gradually added to the mixture 
(diesel + emulsifying agent). The emulsions were 
vigorously agitated using a standard three-blade propeller 
at room temperature (25 - 30). The prepared emulsions 
were used to check for w/o or o/w emulsions. All of the 
emulsions investigated were a type of water-in-oil 
emulsion (oil continuous phase). The properties of the 
water-in-diesel emulsions are listed in Table 2. The 
surfactant used in this study was Triton X-100 
(polyethylene glycol octylphenyl ether), which has a 
chemical formula of C33H60O10. This surfactant is a non-
ionic hydrophilic surfactant that is suitable for use in the 
production of both W/O and O/W emulsions. 

Table 1. Physical properties of the diesel fuel. 

Density at 20 oC, (kg/m3) 840 

Dynamic viscosity at 20 oC, mPas 6.5 

Surface tension at 20 oC (mN/m) 29.4 

Flash point, oC 78 

Initial boiling point, oC 174.5 

Final  boiling point, oC 380.3 

Table 2. Density of the diesel and WiDE emulsions (5%, 10%, 
20%, 30% & 40%). 

Diesel Kg/m3 at 
20 oC 
840 

Kg/m3 at 
30 oC 
835 

Kg/m3 at 
40 oC 
828 

Kg/m3 at 
50 oC 
820 

WiDE-
5% 

848 842 835 828 

WiDE-
10% 

854 849 842 834 

WiDE-
20% 

870 865 858 850 

WiDE-
30% 

877 872 865 857 

WiDE-
40% 

930 925 918 910 

2.2 Equipment and conditions 

In this study, the results of the formulation and evaluation 
of the 15-85% water-in-diesel emulsions with pure diesel 
were determined on a TF120M Yanmar engine. The 
engine sound was normal with no knocking. The 
experiments were conducted at 0% (0 psi) and 50% (300 
psi), while the engine speed ranged from 1200 to 2500 
rpm. The power curve, torque curve, NO, CO2, and CO 
results of WiDE were compared with traditional diesel 
fuel results. 
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3 Results and discussion

3.1 Emulsion diesel for fuel properties 

The stability of WiDE was investigated under the 
influence of the water concentration, surfactant 
concentration, mixing speed, viscosity, density and time. 
The most important factor of the emulsion preparation is 
the selection of a suitable surfactant or blend of 
surfactants that can satisfactorily emulsify the chosen 
ingredients at a specific temperature. Emulsification is 
greatly influenced by the hydrophilic–lipophilic balance 
(HLB) of any surfactant/emulsifier [16]. The percentage 
of water in the emulsion, stirring intensity, stirring 
duration, emulsifying temperature and operational 
pressure are other parameters that affect the stability of an 
emulsion. The WiDE prepared for the current study was 
observed for more than 65 days because it was emulsified 
and found to be stable for that period. It was noted that 
the larger the water content in the emulsion, the brighter 
and milkier the produced emulsion. 

In this study, a wide range of water concentrations 
was investigated, from 0% to 40% by volume. Figure 1 
shows the WiDE emulsion water content percentages 
versus the elapsed time for three samples with water 
concentrations of 5%, 20% and 40%. These samples were 
prepared with no surfactant added at a mixing speed of 
3000 rpm for 20 minutes. Figure 1 shows that the 
percentage of water content within the three emulsions 
dropped very significantly over 15 minutes. The amount 
of separated water reached 27%, 50% and 80% for 
WiDE-5%, WiDE-20% and WiDE-40%, respectively. 
Try to ensure that lines are no thinner than 0.25 point.  
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Figure 1. Emulsion behaviour without surfactant.

 
These samples show the strong unstable behaviour of 

water within WiDE emulsions, attributed to the absence 
of surfactants within the emulsion. Therefore, this 
preliminary study indicates that the presence of surfactant 
is crucial for WiDE emulsion stability. Figure 2 shows 
the effect of added water on the emulsion stability in the 
presence of a 3% Triton-X100 concentration. 

The emulsion was prepared using a mixing speed of 
3000 rpm and was mixed for 20 minutes. Figure 2 shows 
that the WiDE-5% and WiDE-20% remained stable for 
60 days before any water was separated. The WiDE-40 
remained stable for 40 days before any water was 
separated. 
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Figure 2. Stability profile for different WiDE emulsions.

3.2 Diesel and engine performance 

The interest in water-in-diesel emulsions derives from the 
fact that water in the form of micrometre-sized droplets 
exerts some positive effects on fuel combustion. In this 
study, 15-85% water-in-diesel oil emulsions were 
formulated and evaluated using a TF120M Yanmar 
engine. The engine sound was normal with no knocking. 
The results show that the presence of water had a positive 
effect on the combustion efficiency of the engine. Figures 
3 & 4 show how 15-85% water in the form of an 
emulsion affects the engine torque output for various 
speeds (0 psi and 300 psi). A comparison was made 
between 15-85% WiDE and pure diesel performance on 
the TF120M Yanmar engine. Figure 3 illustrates the 
results with a 0 % load (0 psi); Figure 4 shows the 
performance of a 50% load (300 psi). In both figures, the 
torque increases as the engine speed increases. 
Interestingly, the engine with emulsion fuel is able to 
ingest a full charge of air compared to when traditional 
diesel fuel is used. This conclusion was supported by 
Abu-Zaid [17], who used the engine speed over a range 
from 1200 to 3300 rpm. However, Abu-Zaid found that at 
low speed, the torque increases as the engine speed 
increases. At approximately 1500 rpm, the torque begins 
to decrease because the engine is unable to ingest a full 
charge of air; these results are also in agreement with 
research by Harbach and Agosta [18]. 
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Figure 3. Engine torque output versus engine speed using 
water-in-diesel emulsions (0 psi). 
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Figure 4. Engine torque output versus engine speed using 
water-in-diesel emulsions (300 psi). 

It can be clearly observed from Figures 3 & 4 that the 
addition of water in the form of an emulsion has a 
positive effect on the combustion efficiency compared 
with the use of pure diesel, especially at 0 psi (Fig. 3). 

The torque increases with the water content over the 
entire rpm range (1200 - 2500 rpm). When the charge is 
fired in the cylinder, the water turns into steam at high 
pressure. The combustion efficiency is also improved 
because of the presence of water and, in particular, the 
presence of the oil-water interface with a very low 
interfacial tension that leads to a finer atomization of the 
fuel during injection Walavalkar [19]. 

3.3 Carbon dioxide emissions  

The formation of carbon dioxide (CO2) reflects the 
complete combustion of the fuel; incomplete combustion 
typically reduces CO2 but increases the CO and 
hydrocarbon (HC) contents. The variation of CO2 
emissions with the engine speed for the 15-85% emulsion 
fuel and pure diesel at (0 psi and 300 psi) is presented in 
Fig. 5. As shown in the figure, the CO2 content increases 
with engine speed and decreases with an increasing water 
content (15%). The combustion of the emulsified fuels 
produces lower CO2 emissions compared to the 
combustion of pure diesel because the burning of the 
emulsified fuels generates a large number of micro-
explosions, leading to a greater mixing of the reactant 
mixture, Lin. et al [20]. 
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Figure 5. CO2 emissions at different engine. 

3.4 Nitrogen monoxide emission 

The variation of NO with engine speed for the addition of 
the 15% water emulsion and pure diesel is presented in 
Fig. 6. The engine speed has a minor effect on NO 
production compared with the water content in the fuel. 
The combustion of the emulsified fuel produced 
significantly less amounts of NO compared to pure diesel, 
possibly due to the finely dispersed water of the emulsion 
causing a phenomenon known as heat sink that reduces 
the local adiabatic flame temperature. These results also 
may due to the heat absorption by the water vaporization 
causing a reduction in the peak ignition temperature that 
further reduces NO formation, Kannan et al, [21]. 
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Figure 6. NO variation for pure diesel and 15% water addition. 

3.5 Engine power output  

The effect of the emulsions on the engine power is shown 
in Figures 7 & 8. The power increases as the engine 
speed increases, thus there is clearly no reduction of 
power within the experimental engine speeds (1200 - 
2500 rpm). These results may be attributed to the lack of 
friction losses with increased engine speed, which is not a 
dominant factor at high speeds. Observation has shown 
that the 15-85% emulsion fuel was very compatible with 
pure diesel, and in some cases, it is even better than pure 
diesel. The maximum power occurred at 2500 rpm, as 
illustrated in Figures 7 & 8, and the maximum torque (20 
Nm) occurred at a maximum engine speed of 2500 rpm, 
as presented Figs. 3 & 4. The power output increase for 
the emulsions resulted due to the influences of the water 
in the emulsion on fuel combustion. Harbach and Agosta 
[18] found that the introduction of water in diesel for a 
single cylinder engine prolongs the ignition delay. 
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Figure 7. Engine power output versus engine speed using 
diesel-water emulsions (0 % load). 
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Figure 8. Engine power output versus engine speed using 
diesel-water emulsions (50 % loads).

4 Conclusions 
In this study, an experimental investigation was 
conducted to examine the effect of water diesel emulsions 
on the performance of a TF120M Yanmar engine. The 
findings are summarized as follows: 

- The addition of water in the form of an emulsion 
improves the combustion efficiency in the diesel 
engine, thus increasing the performance of the 
engine. 

- Within a limited amount of running time during 
the engine tests (85 hrs.), no apparent wear, 
knocking or corrosion were observed. 

- NO emissions were significantly reduced by using 
diesel water emulsions. 

- CO emissions decreased with an increase in water 
percentage in the fuel. 

- The water-in-diesel emulsion fuel is the best 
alternative fuel to substitute for diesel fuel in both 
transport and stationary CI engines because of the 
reduction in both NOx and PM. 
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