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ABSTRACT  

Biodiesel, obtained by trans-esterification of vegetable oil, has the vast potential to narrow down our dependence 

on diesel fuel. It has poor atomization due to high viscosity and also increases NOx emissions when used in IC engines. 

Hence, water in oil emulsions of biodiesel can be used. Biodiesel-water emulsions have better atomization as a result of 

a secondary atomization process known as micro-explosion and reduces NOx, soot, smoke and ensures better combustion. 

Micro-explosion is the phenomenon in which water entrapped inside the oil phase of the emulsion, vaporizes & explodes 

resulting in fragmentation of oil into numerous smaller droplets. In this research micro-explosion modeling is done to 

predict the growth rate of the vapor bubble, size of the secondary droplets, velocity of the secondary droplets, onset of 

micro-explosion and time for micro-explosion. The model makes use of the pressure difference across the bubble, and 

the initial bubble radius to predict the bubble growth rate. The time for the onset of micro-explosion in diesel engine 

environment is calculated based on transient convective heat transfer. Then the effect of LHR technique on the time for 

the onset of micro-explosion is analyzed. The following results were obtained from the model. The radius of the bubble 

increases with time and the growth is faster at the beginning. At the start, the pressure difference between inside and 

outside of the bubble should be very large. The bubble growth rate decreases over time and maximum growth rate is 

found at the start. The velocity of the secondary droplets decreases with the increase in the droplet radius, whereas it 

increases with the increase in the bubble radius. Hence, the droplet radius must be small for micro explosion to be 

effective. The time for the onset of micro-explosion can be reduced by using low heat rejection technique and hence 

delay can be reduced.  
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INTRODUCTION 

 Biofuels such as alcohols and biodiesel have been proposed as alternatives for internal combustion engines over 

the years. In particular, biodiesel has received wide attention as a replacement for diesel fuel because it is biodegradable, 

nontoxic and can significantly reduce toxic emissions. Biodiesel, as an alternative fuel of diesel, is renewable, 

biodegradable and oxygenated. The main advantage of biodiesel is that it potentially reduces the key pollutants, carbon 

monoxide, unburnt hydrocarbons and particulate matters. The main problem associated with the use of biodiesel is their 

high viscosity which results in poor atomization. This can be rectified by using emulsions of biodiesel. 

Emulsions are well known to permit a greater atomization of fuel by the effect of micro-explosion. Emulsions 

are obtained by mixing two immiscible fluids in the presence of a surfactant. The combustion of emulsion droplets is 

accompanied by micro-explosion which is not common to the combustion of pure fuel droplets. The micro-explosion of 

the primary droplet is followed by secondary atomization, producing a number of secondary droplets of a fine size that 

can evaporate very quickly. This shortens the period of time available for the pyro-lytic reaction to proceed in the liquid 

phase, resulting in suppression of the formation of the carbonaceous residue. The violent disintegration produces the 

momentum to disperse the fine secondary droplets into a large physical volume and consequently enhances the fuel–air 

mixture in the combustion field. This result in improvement of the combustion efficiency and helps suppress the 

formation of soot and unburned hydrocarbons. When the temperature is high enough to support nucleation, one or two 

bubbles are generated inside the droplet. Their subsequent rapid growth results in a violet explosion of the droplet. The 

size of the secondary droplets generated is decreased significantly. 

MICRO-EXPLOSION MODELLING 

Bubble Droplet System: The bubble droplet system comprises of the vapour bubble and the surrounding fuel droplet. 

The radius of the bubble is taken as Ri and the radius of the droplet is taken as Ro. The radius of the bubble grows over 
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time. Homogeneous nucleation is considered to take place in the system. Also, it is assumed that only a single bubble is 

generated and it grows to the size of the water droplet.  

 
Region.I.Combustion chamber gases; Region II- oil; Region III- bubble  

Figure.1.Bubble Droplet System 

Radius of the Bubble: A bubble forms opposing the pressure inside the droplet. The pressure difference between the 

droplet and the bubble is balanced by the surface tension. The minimum size of the bubble, which represents the critical 

size of the bubble is taken as 0.01µm. Hence the condition for a bubble of radius, Ri to be formed is given by the following 

equation. 

Ri =
2 ∗ σ

(Pg − Pl)
 

Nucleation: Bubble generation is the result of nucleation. At the onset of bubble generation the number of active is 1. 

Hence, nucleus represents the point of bubble generation. The bubble grows as a result of increasing number of active 

nuclei, i.e. the points of nucleation increases. The nucleation rate at the onset of bubble generation is about 105/cm3-s. 

The number of active nuclei is given by the following equation, 

N(t) = ∫ ∰JdVdt
t

0

 

 The bubble is assumed to be a sphere and hence the above equation can be solved by applying the limits of a 

sphere to the surface integral. The following result is obtained. 

N = 2JRiπ
2t 

Rayleigh Equation: The Rayleigh equation describes the bubble growth process. It is expressed as shown below.             

ρl (Ri ∗ (
d2Ri

dt2
) + 1.5 (

dRi

dt2
)
2

) = Pg − Pl −
2σ

Ri
 

The above equation states that pressure work across the gaseous-liquid interface is converted in to kinetic energy and 

surface energy. Viscous terms in the Rayleigh equation is eliminated because viscous effect is negligible. The above 

equation is solved as below. The term dRi/dt represents the bubble expansion velocity, Vi. It is the bubble growth rate. 

By integrating the below equation the instantaneous bubble radius can be obtained. 

dRi

dt
= (

2

3

(Pg − Pl)

ρl
)

1
2

 

Velocity of Secondary Droplets: The secondary droplets are assumed to have only radial velocity component relative 

to the velocity of the parent drop. From the mass, momentum and energy conservation before and after breakup, the 

velocity magnitude of the secondary droplets can be determined. 

Vb =
3Ri

2Vi(Ro − Ri)

(Ro
3 − Ri

3)
 

Radius of Secondary Droplets:  The radiuses of the secondary droplets depend on the droplet radius, bubble 

radius, bubble velocity and velocity of the secondary droplets. It can be obtained from the following equation.                                    
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Rs
−1 =

Ro
2 + Ri

2

Ro
3 − Ri

3 + (
3

2
Ri
4 (

Ri
−1 + Ro

−1

Ro
3 − Ri

3 )Vi
2 −

Vb
2

2
)
ρl
3σ

 

Modeling Procedure: In this model the bubble generation is described by a homogeneous nucleation theory. The 

subsequent bubble growth leads to the final explosion. The modeling is started by assuming the minimum value of the 

radius of the first bubble to be 0.01 micron. From this the pressure difference across the bubble can be calculated, for a 

known value of surface tension of water. Then the bubble growth rate or velocity of the bubble can be calculated. This 

can be used to determine the time taken for a bubble to grow to a particular size. Micro-explosion takes place when the 

bubble grows to the size of the water droplet i.e. when the water droplet is vaporized. This time required for the bubble 

to grow to the size of the water droplet is the time for micro-explosion. The velocity and size of the secondary droplets 

can be calculated for given values of radius of the fuel droplet.  

 The next stage is used to determine the onset of micro-explosion i.e. the time taken from the point of injection 

to the onset of the first bubble. Transient convective heat transfer is considered between the fuel droplet and the 

compressed air in the combustion chamber. The time can be determined by knowing the ambient pressure and 

temperature conditions and properties like thermal diffusivity, and thermal conductivity. Then the same time is calculated 

for a LHR engine and comparison is made. 

RESULTS AND DISCUSSION 

Bubble Radius (Ri) Vs. Time: The radius of the bubble increases from the critical radius of the bubble. The upper limit 

of the radius is the size of the water droplet. The bubble grows until the water droplet is vapourized and then micro-

explosion takes place. The growth is faster at the beginning i.e., at the time of formation of the bubble and then the bubble 

radius increases gradually. The reason is that at the start of bubble formation, the pressure difference is large, as the 

bubble has to overcome the pressure in the droplet. 

 
  

Figure.2.Bubble Radius (Ri) Vs. Time Figure.3.(Pg-Pl) Vs. Ri Figure.4.Number of Nuclei (N) Vs. 

Time 

   

Figure.5.(dR/dT) Vs. Time Figure.6.Droplet Velocity (Vb) Vs. 

Droplet Size (Ro) 

Figure.7.(Rs/Ro) Vs. Initial Droplet 

Radius (Ro) 

Pressure Difference across the Bubble (Pg-Pl) Vs. Bubble Radius (Ri): Figure.3 shows the decrease in pressure 

difference across the bubble (Pg-Pl) with bubble radius. The bubble should form overcoming the extreme pressure 

conditions inside the combustion chamber. Hence at the start, the pressure difference between inside and outside the 

bubble should be very large. 

Number of Nuclei (N) Vs. Time: Figure.4 shows the variation of the number of active nuclei over time. The number of 

active nuclei increases with time because the bubble radius increase with time and hence the surface area of the bubble 

increases. This increases the number of active nuclei present in the bubble. It is obtained by considering the bubble to be 

a sphere and the limits of a sphere is used for solving the surface integral. 

Bubble Growth Rate (dRi/dt) Vs. Time: Figure.5 shows the variation of bubble growth rate with time. The bubble 

growth rate decreases over time. Maximum growth rate of about 7m/s is found at the start. After sudden decrease in the 

growth rate at the start, there is gradual decrease, in the range below 100 cm/s. 
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Secondary Droplet Velocity, (Vb) Vs. Droplet Size (Ro): Figure-6 represents the variation of secondary droplets 

velocity over droplet size. The velocity decreases with droplet size. The bubble radius is in its upper limit, i.e. the size of 

water droplet. The velocity of the secondary droplets decreases with the increase in the droplet radius, whereas the 

velocity of the secondary droplets increase with the increase in the bubble radius. 

Ratio between Radius of Secondary Droplets and Initial Droplet Vs. Initial Droplet Radius (Ro): Ratio between 

radius of secondary droplets and initial droplet (Rs/Ro) represents the effectiveness of micro-explosion. Figure.7 

represents the variation of Rs/Ro with initial droplet radius, Ro. For micro explosion to be effective, Rs/Ro should be low. 

From the graph it is known that Rs/Ro is less only for lesser value of initial droplet radius, hence the droplet radius must 

be small.  

Ratio Between Radius of Secondary Droplets and Initial Droplet Vs. Thickness of Droplet: Figure-8 represents the 

effect of the droplet thickness on the ratio between radius of secondary droplets and initial droplet. It is learnt from the 

graph that the increase in thickness, decreases the effectiveness of micro explosion. 

Radius of Secondary Droplets (Rs) Vs Initial Droplet Radius (Ro) 

 Figure.9 represents the variation of the size of secondary droplets with the initial droplet radius. From the graph, 

it is clear that the size of the secondary droplets increase with the increase in size of the initial droplet. 

 
 

 

Figure.8.(Rs/Ro) Vs. Thickness of 

Droplet 

Figure.9.Rs Vs. Initial Droplet 

Radius (Ro) 

Figure.10.Air Temperature Vs. Crank 

Angle 

Temperature Required To Start Nucleation: The water droplet inside the oil phase starts to nucleate when the required 

temperature is reached. This saturation temperature depends upon the pressure inside the combustion chamber. This is 

the minimum temperature required to initiate boiling of water present in the droplet. 

Air Temperature Vs. Crank Angle at The Start of Injection: Figure-10 represents air temperature vs. crank angle at 

the start of injection. The temperature of air inside the combustion chamber is calculated from the ideal gas equation at 

crank angles 15-23 degree BTDC. The temperature of residual gases present is not considered. 

Time for Onset of Micro-Explosion: The time for the onset of micro-explosion is the time required to raise the 

temperature of the droplet to the saturation temperature, after the fuel is injected. Transient convective heat transfer is 

considered to take place and the fuel droplet is assumed to be a sphere. Then the time required to raise the temperature 

of the droplet to saturation temperature is calculated. For transient convective heat transfer,  

ln (
T − T∞
Ti − T∞

) = e−BiFo 

 From the above relation, the time taken to reach the saturation temperature can be calculated by substituting the 

values of air temperature inside the combustion chamber, initial temperature of the droplet and the required saturation 

temperature. This is the time for onset of micro-explosion. The Biot number (hr/k) and the Forrier number (ɑt/r2) is the 

function of convective heat transfer coefficient, radius of the droplet, thermal conductivity and thermal diffusivity of the 

fuel, and time.  

 
  

Figure.11.Air Temperature Vs. Time Figure.12.Time Vs. Crank Angle Figure.13.Time Vs. Injection Timing 
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 Figure.11 represents the variation of time for onset of micro-explosion with air temperature. Figure-12 represents 

the crank angle equivalent of time for the onset of micro-explosion. Hence the crank angle required for the onset of 

micro-explosion is known. The time duration in terms of crank angle is calculated by taking the speed of the engine as 

1500 rpm. This represents the crank angle required for the onset of micro-explosion after the fuel is injected. The time 

between 200BTDC and 100ATDC is about 3.3ms, for an engine running at 1500 rpm. This time is sufficient for the onset 

of micro-explosion. 

 Figure.13 represents the variation of time for onset of µ-explosion based on the injection timing. It can be seen 

that the time for the onset of micro-explosion increases with delay in the injection timing. This is because the pressure 

inside the chamber increases with increasing crank angle and hence the temperature required for the onset of bubble 

increases. This in turn increases the time for onset of micro-explosion. From figure-14 it is clear that delayed injection 

delays the onset of micro-explosion. 

  
 

Figure.14.Onset of µ-explosion Vs. 

Injection 

Figure.15.Time Vs. CA at onset of µ-

explosion 

Figure.16.Onset of µ-explosion Vs. 

Injection 

Variation of Time for Onset of Micro-explosion In a LHR Engine: In a LHR engine, the temperature of the 

combustion chamber will be greater than that of an uncoated engine. Hence the temperature of compressed air in the 

chamber will be about 100K greater than that of an uncoated engine. This increase in temperature varies depending on 

the factors like the type of coating material, thickness of coating, etc. This increase in temperature reduces the time for 

the onset of micro-explosion as shown in figure-15. Figure-16 is plotted between the crank angle at the point of injection 

and the crank angle at the onset of micro-explosion. From the graph it is clear that the onset of micro-explosion is fastened 

in a LHR engine. 

CONCLUSION 

 The micro-explosion model can be used to predict the bubble growth rate, the time for micro-explosion, the 

velocity of the secondary droplets and the size of the secondary droplets. Varying results can be obtained for different 

initial droplet size of the fuel. The following conclusions are made based on the results. The radius of the bubble increases 

with time. The growth is faster at the beginning i.e., at the time of formation of the bubble and then the bubble radius 

increases gradually. At the start, the pressure difference between inside and outside of the bubble should be very large. 

After the increase in size of the bubble, the pressure difference decreases. The bubble growth rate decreases over time. 

Maximum growth rate is found at the start. The velocity of the secondary droplets decreases with the increase in the 

droplet radius, whereas the velocity of the secondary droplets increase with the increase in the bubble radius. Hence, the 

droplet radius must be small for micro explosion to be effective. The time for the onset of micro-explosion can be reduced 

by using low heat rejection technique and hence delay is reduced. 
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