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Abstract 
Diesel fuel has been known as the most effective fuel but it is known as a fuel 
which produces harmful emissions. Later, emulsified diesel fuel was intro-
duced as a better solution but there is no sufficient research data concerning 
combustion of emulsified fuel. The present work carried out a simulation of 
non-surfactant emulsified diesel fuel where composition of water in emulsion 
varied from 0% to 20% to determine the ratio of water to diesel which is more 
effective in reducing the exhaust emissions especially NOx. For this simula-
tion, 5% of water in diesel without surfactant was able to reduce NOx up to 
35%. It was shown that as the percentage of water increases, the power from 
that fuel combustion reduces. 
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1. Introduction 

Diesel fuel is the most useful fuel in different fields like heavy industry, transport 
and agriculture because of its effectiveness but also it has harmful emissions, 
which is the reason why the researchers have tried to solve this problem using 
emulsified diesel fuel. Emulsified diesel fuel is the mixture of water and diesel 
fuel with or without surfactant. The surfactant in the mixture is for stabilizing 
the mixture [1]. 

The emulsion without surfactant has to be used just after its production and it 
was found that the emulsion without surfactant is more effective since the sur-
factant makes it more expensive than pure diesel fuel [2]. They analyzed the sta-
bility of water Diesel emulsion and found that span 80 and tween 80 give the 
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most stable emulsion and the percentage varies from 0% to 10%. When the per-
centage is beyond 10%, the property of emulsion gets lowered [3]. Nadeem at al 
2006 said that using 15% of water and surfactant, the emulsion was stable and 
effective [4]. But Patil et al. 2015 said that the percentage of water must be less 
than 10% in order to keep the stability of emulsion [3]. After analyzing the effect 
of water percentage, they said that for emulsion which doesn’t contain surfac-
tant, 6.5% of water give effective water and diesel emulsion [5]. 

During analysis of stability of emulsified diesel fuel, they tested different 
emulsifiers like span 20, span 60, span 80, span 85, tween 20, tween 60 and tween 
only span 80 and tween 80 was stable while other emulsifiers were partially so-
luble. It was found that as the quantity of water increases, it reduces the stability 
of emulsion. So, span 80 and tween 80 are the best surfactants and when the 
percentage of water is beyond 10%, the properties get lowered [3]. Before start-
ing this study NP9, was tried and it was found that NP9 can mix with water but 
when that mixture is mixed with water; there is formation of small solid par-
ticles. Figure 1 shows the physical structure of water in emulsion (a) and diesel 
in water emulsion (b) [1]. 

Since water and diesel have different boiling temperature there is process 
which called micro explosion a process during combustion of emulsified diesel 
fuel [1]. 

Apart from reducing the emission, it has been shown that emulsified diesel 
fuel during combustion produce micro-explosion process which contribute in  

 

 
Figure 1. Physical structure of (a). Water in diesel; (b) Diesel in water. 
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atomization and then results to better fuel-air mixture and low fuel consumption 
[2] [6]. Kumar 2015, after analyzing the effect of emulsion diesel fuel on perfor-
mance and emissions experimentally the investigator reported that as the water 
content increases in diesel fuel to make emulsified diesel fuel, it reduces the ca-
lorific value of the fuel and it increases the fuel consumption because of water in 
emulsified diesel fuel; this reduces the brake power. The quantity of water dis-
places the same quantity of diesel fuel. During combustion the evaporation of 
water droplets absorb heat instead of releasing heat mean that its reaction is en-
dothermic, water doesn't have calorific value [7]. Using emulsified diesel fuel, it 
has been shown by Nadeem et al. that there is a small reduction in power com-
paring to the neat diesel. This is because heat value is reduced by additional wa-
ter which will absorb heat during evaporation and that increase fuel consump-
tion [4]. But emulsified diesel fuel has been shown as better performance com-
paratively because of reduction of emissions [2] [7]. 

Regarding NOx obtained after reaction of oxygen and nitrogen. Nitrogen ion 
which is very reactive is formed at high temperature and pressure in the com-
bustion chamber. The researchers found that after using emulsified diesel fuel 
the excess oxygen react with OH ion from water instead of reacting with nitro-
gen ion. Monoatomic nitrogen atom has high ionization level which makes it to 
produce different nitrogen oxides like NO, NO2 [2]. And also, water in Fuel ab-
sorbs the latent heat of vaporization which results in the reduction of peak tem-
perature in the combustion chamber and results in the reduction of NOx [2]. It 
has been shown that Soot and NOx are dependent on temperature, the soot in-
creases as the temperature is reducing but NOx reduces as temperature is reduc-
ing. The temperature of emulsified diesel is lower than temperature of diesel fuel 
which means that the soot from emulsified diesel fuel is higher than soot from 
diesel fuel [8]. Kumar2015 et al. said that NOx is produced at high temperature 
and emulsified diesel fuel produce lower heat release compare to neat diesel, so 
the peak temperature is lower which reduces the quantity of NOx [7] [4]. Emul-
sion fuel has long ignition delay (water has to evaporate before ignition) this re-
duces the cylinder pressure and restricts the NOx formation [2]. When ignition 
temperature is less than 1400 K, there is no oxidation of CO. For emulsified di-
esel fuel, there is increase in CO which is produced from the OH from water 
which contributes in oxidation of C to CO. It has been shown that there is no 
significant change comparing pure fuel and emulsified diesel [2]. 

This research is being carried out to optimize the emulsified diesel fuel in or-
der to minimize the emission by determining the ratio of water to diesel which is 
more effective in reducing the exhaust gas emission especially NOx. 

2. Methodology 
2.1. Materials 

For this simulation study, water was used at different percentages to form emul-
sified diesel fuel where the water percentage was varying from 0% to 20%. So, 
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using the list of materials available in ANSYS Fluent, the water content and di-
esel have been changed to analyze the effect of emulsified diesel fuel. 

2.2. Simulation 
2.2.1. Domain Configuration 
The geometrical model of combustion chamber is generated using ANSYS fluent 
R17.1 and the model is 2D. The dimension of the model was chosen because of 
the capacity of computer and time for simulation. This model is 87.5 mm of di-
ameter and 10 mm of length. For meshing, the geometrical model mesh was 
generated and simulated by ANSYS fluent R17.1. The number of nodes is 681 
and the number of elements is 594 and the mesh is in quadrilateral form as Fig-
ure 2 shows. The geometrical model in 2D is representing the combustion 
chamber in cylinder form. 

The solver type was pressure-based because flow was incompressible and 
subsonic, the time was considered to be steady and gravitational acceleration in 
Y-axis direction was −9.81 m/s2. Energy was activated to solve energy in model, 
for viscous model, K-epsilon was activated to solve turbulence. 

Discrete phase model was ON to model the spray of fuel where the fuel was 
pure diesel and emulsified diesel fuel with different percentage of water 0% - 
20%. And the number of iterations was 500. 

2.2.2. Governing Equations 
The geometrical model of combustion chamber was generated using ANSYS 
fluent R17.1. 

For this simulation, the governing equations were solved by ANSYS-Fluent 
software; those governing equations are: 

Mass conservation equation 

( ) 0iV∇⋅ =  
 

 
Figure 2. Geometrical model and its meshing. 
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Momentum conservation equation 

( ) 2
i i iV F P Vρ µ∇ ⋅ = −∇ ⋅ + ∇  

Energy conservation equation 

( )( ) ( )i p p i
p

V C T C T H
C
λρ

 
= − 

 
−


∇ ∇ ⋅ ∇ ⋅ 

 
Species conservation equation 

( ) ( )iV D Yρ ρ ω∇⋅ = ∇ ⋅ −  
where the operator ∇  in cylindrical coordinate system (r; θ; z) is given by 

1 1 d d
d d

r
r r r zθ
∂

∇ = + +
∂  

where ρ  is density; iV  is velocity vector; µ  is dynamic viscosity; P is static 
pressure; Fi is Body force; T = Temperature; Tf = Flame temperature; To = Am-
bient temperature, TS = Surface temperature; ω  = Rate of consumption of spe-
cies; D = Species mass diffusion coefficient; Y = species mass fraction; H  = 
Heat input; Cp = Specific heat capacity; λ = Heat conductivity ∂ = Partial diffe-
rential operator; i = (r; z) are cylindrical coordinates. 

The above governing equations were solved by pressure-based solver because 
the flow is incompressible and subsonic and it was solved by using ANSYS Flu-
ent 17.1 to generate the unknown parameters like temperature, pressure, CO2 
emission NOx emission and soot emission [9]. Figure 3 shows the simulation  

 

 
Figure 3. Simulation Flowchart using pressure-based solver. 
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flow chart using pressure-based solver. 

3. Results Discussion 
3.1. Performance Characteristics 

The temperature of the emulsified diesel fuel is lower than the temperature of 
pure diesel fuel, this is because for emulsified diesel fuel, during the micro ex-
plosion process there is absorption of heat to evaporate water droplets in fuel 
which promote the atomization and then results in better fuel-air mixing and 
rapid evaporation of diesel fuel. Water in diesel fuel evaporates first because the 
boiling temperature of water is less than boiling temperature of diesel fuel. And 
that process of micro explosion also reduces the pressure inside combustion 
chamber as Figure 4 shows [8]. 

For power, energy content per volume or mass (energy density) is the energy 
stored in fuel per unity of volume or per unit of mass. The liquid hydrocarbons 
are the fuels which store more energy compared to other fuels. The liquid hy-
drocarbons have 33 MJ/L, alcohol has 29 MJ/L due to oxygen content and ga-
seous fuels contain much less energy due to large volume occupied by the ga-
seous molecules, for example, hydrogen has 12 KJ/L at standards condition. Hy-
drogen can be compressed to 2500 atm to get equivalent energy per volume as 
hydrocarbons fuels but it very expensive because of storage and safety issues 
[10]. As the quantity of water in diesel increases, this reduces the power because 
water doesn’t have calorific value and when you are preparing emulsified diesel 
fuel; quantity of water displaces the same quantity of diesel fuel as Figure 5 
shows. So, during evaporation of water droplets, there is absorption of heat 
which reduces the power [4] [7] [11]. Figure 6 is showing the effect of increasing 
water percentage on temperature. 

3.2. Emissions Characteristics 

The simulation of emulsion was without surfactant. And it was tested from 0% - 
20% of water and it was found that at 5% of water, emulsion gave minimum nitrogen  

 

 
Figure 4. Percentage of water vs pressure. 
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oxide emission and it reduced up to 35% compared to pure diesel fuel. Patil 2015 
said that the percentage of water must be less than 10% to keep the property of 
emulsion [3]. Ramlan et al. 2016 said that using 6.5% reduced NOx up 23% and 
that they used emulsion without surfactant. Figure 7 showed that NOx mini-
mized at 5% and reduced to 35% [5]. 

For carbon dioxide emitted from emulsified diesel fuel, there no significant 
change comparing to the pure diesel but as Ramlan, reported that when carbon 
dioxide starts to reduce it means that there is production of some carbon monoxide 

 

 

Figure 5. Percentage of water vs power. 
 

 
Figure 6. Percentage of water vs temperature. 

 

 
Figure 7. Water percentage vs NOx. 
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Figure 8. Percentageof water vs soot. 

 
meaning that the reduced carbon dioxide is being converted into carbon mo-
noxide [5]. It has been found that there is no difference on HCs, CO and CO2 
production by using emulsified diesel fuel or neat diesel fuel [11]. 

Soot is carbon deposits divided into small particles and they are deposited 
from flames during incomplete combustion of fuel. Using numerical method, 
they found that soot increases as the temperature is getting low in combustion 
chamber and the reduction of temperature is caused by absorption of heat of 
vaporization process and leads to incomplete combustion. Soni et al. 2015 said 
that soot and NOx are all dependent on temperature and the reduction of tem-
perature and pressure is from better mixing and micro explosion of water drop-
lets by taking evaporation in combustion chamber [8]. Figure 8 is showing the 
effect of water percentage to the soot. 

4. Conclusions 

After analyzing non-surfactant emulsified diesel fuels by simulation where NOx 
was modeled, soot was modeled at different percentages of water, from 0% - 
20%, and the following conclusions may be drawn: 
• At 5% of water in emulsified diesel fuel, NOx was minimum; it reduced up to 35%. 
• As water content increase, the power from fuel reduce. 
• Soot increase as water percentage increase in emulsified diesel fuel. 
• There is no significant change in carbon dioxide. 
• There is reduction of temperature and pressure as water percentage increase. 
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