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ABSTRACT 

This work reports the use of Waste cooking Oil (used Sunflower Oil) and its emulsion as fuel for a 

compression Ignition engine with Oxygen enrichment Techniques. Emulsification is a Technique for simultaneous 

reduction in NOx and Smoke. Oxygen enriched combustion reduces Smoke emission and improve thermal 

efficiency, but leads to increase in NOx emission. A variable Load test was conducted in a single cylinder four 

stroke water cooled direct injection type unmodified Diesel Engine.  Base data was obtained with Diesel and neat 

Waste cooking Oil as fuel.   Subsequently neat Waste cooking Oil was converted to two phase emulsion. A stable 

emulsion was tested in the engine. Then combination of Waste cooking oil emulsion and inlet manifold Oxygen 

enrichment was used to determine the performance, emission and combustion characteristics.     Results of Neat 

Waste cooking oil showed high Smoke, Hydrocarbon and Carbon monoxide emission but low NOx emission at all 

power outputs, and there was an increase in specific fuel consumption and reduction in brake thermal efficiency 

compared to Diesel.  However, there was a significant reduction in all the emission with its emulsion. Peak 

pressure was found higher for Waste cooking oil emulsion than neat Waste cooking oil, but slight inferior 

performance in part load.  Further reduction in emission is observed with Oxygen enrichment especially in the 

smoke level, but there was a increase in NOx.  It is found that Oxygen enrichment leads to better combustion 

resulting in less fuel consumption and increase in brake thermal efficiency. It is concluded that Waste cooking oil 

emulsion can be used as a fuel in diesel engine with superior performance and reduced emissions compared to Neat 

Waste cooking oil especially at high power outputs. It is also observed that by oxygen enriched intake air, there is 

an improvement in the thermal efficiency with reduction in emission level except NOx.  

INTRODUCTION 

The need to protect the environment, growing energy demand and need to reduce the dependency on fossil 

fuel lead researches to concentrate on alternative fuels.  Vegetable Oil has been always a promising alternative to 

diesel, as they are renewable and possess properties similar to diesel. Rudolf Diesel, the inventor of the Diesel 

Engine, which bears his name, used vegetable Oil as early as 1900.  High Viscosity and low volatility of vegetable 

Oil limited their use in engines as a fuel. The availability and cheap supply of Petroleum based products replaced 

vegetable Oil.  However, to protect and utilize the conventional fuel and met the demand without much affecting 

the environment, it has become necessary to develop one or more alternate fuels. The developed such alternate fuel 

must be renewable, have good availability and be eco-friendlier than conventional fuels.  (Bartholomew D, 1981) 

Diesel engines are extensively used in agriculture, industry, power generation, transportation and 

commercial purpose.  A small substitution of diesel would have a significant impact on the production of 

conventional fuel. Vegetable Oil can be used in unmodified diesel engine. Many vegetable Oils like Karanja Oil, 

Jatropha Oil, rice bran Oil, mahua Oil, rapeseed Oil, palm oil, sunflower oil, coconut oil etc which are both edible 

and non-edible oils, have been tried in engines. However direct use of such vegetable Oil leads to problem in 

pumping, atomization, residual deposit, gum formation and high smoke emission.   In addition to that high cost of 

the Oil, production yield, increase in the demand for food and high lead time for production, restrict the use of 

vegetable Oil as a fuel to internal combustion engine.  Furthermore, the price of Edible Oil and vegetable oil are 

higher than conventional fuels. (Bartholomew D, 1981) (K.R.Balasubramanian, 2010) 

Fuel Characteristics: In this experiment, the waste sunflower is filtered and used as fuel in the engine.  The used 

cooking oil undergoes physical and chemical changes in the oil, which differ, based on their usage, temperature and 

suspended particles. The fuel properties in comparison to that of diesel fuel are given in the Table 1. 

Table.1.Fuel properties 

Properties Diesel Waste Cooking Oil 

Kinematic Viscosity (Centi strokes) 4.6 45 

Density (kg / m3) 840 886 

Low heating value  ( kJ/kg) 42,490 39,640 

Cetane number 45 37 

Self-ignition temperature (º C) 260 300 

Emulsion and its preparation: Emulsion is a process of mixing two immiscible liquids in presence of a chemical 

component called Surfactant.  The main function of surfactant reduces the surface tension of both the liquids, 
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which permits a homogenous mixture of two liquids. One liquid forms a dispersed phase and other continuous 

phase.  The choice of the surfactant is made based on its stability and nature of formation of different phases.   A 

Co-surfactant may be used to improve the stability and reduce the viscosity and improve the volatility of the 

mixture.  (Pradeep, 2013) (Anna, 2006) (Cherng, 2007). Emulsion is made by suitable addition of Waste cooking 

oil and Water along with a Surfactant.  The surfactant used in this experiment is SPAN 80.  The dispersed phase is 

water and the continuous phase is Waste cooking oil.  To reduce the viscosity further and improve the stability of 

the mixture, a co-surfactant ETHANOL is added.   The products are mixed using a High speed stirrer to get a 

homogenous mixture phase.  By varying the proportion of Waste cooking, water, surfactant and co-surfactant, a 

stable emulsion is obtained. The results obtained from the different formulations were summarized in terinary 

graph as shown in the Figure 1. 

The results of the tests are plotted in the ternary graph or triangle plot.  A ternary graph is a barycentric plot 

using three variables whose sum to a constant.  It is a graphical depict of the ratio of three variable positioned in a 

equilateral triangle.  One side of the triangle has Waste cooking oil in increasing scale, other as water and third side 

with the sum of surfactant.  The optimum emulsion results are plotted in the graph.  On plotting, we infer that a 

composition of 70 % Waste cooking oil, 15 % water, 10% Co-surfactant and 5 % Surfactant, is a Stable emulsion. 

Hence this optimal emulsion is used for the experiment. 

 

Figure.1.Ternary graph for Waste cooking oil emulsion with co-surfactant. 

Engine Specification and Experimental Set up: 

Engine Set Up: In Present study, a constant speed, single cylinder, 4-stroke water cooled, naturally aspired direct 

injection type diesel Engine designed for non-transportation type engine is used for testing the fuel.  The 

Specification of the engine is given in the Table 2.   

Table 2.  Engine Specification 

Make Kirloskar – AV 1 

Engine Type Single Cylinder, 4-S, Water Cooled, Compression Ignition 

Bore and Stroke 87.5 mm x 110 mm 

Con rod Length 165 mm 

Compression ratio 16 : 1 

Rated Power output 3.75 kw at 1500 rpm 

Injected Pressure 200 bar 

Displacement Volume 630 c c 

Fuel injection timing 27  º BTDC 

Experimental set up: The engine is coupled with a water cooled eddy current dynamometer.  The Load on the 

engine is varied with the help of Digital controller provided with the dynamometer.  Fuel flow measurement is 

made with a burette arrangement and stop watch.  An orifice meter is used for air flow measurements.  Exhaust 

temperature are measured using K-type thermocouple.  The exhaust gas emissions such as HC, CO, NOx, and CO2 

are measured using Exhaust gas analyzer.  Smoke levels are measured by AVL smoke meter.  Instruments are 

calibrated before taking the measurements.    

Oxygen enrichment is done by supply pure Oxygen from cylinder to the engine intake manifold through a 

flexible Hose. A pressure regulator and flow control valve are used to regulate the flow of Oxygen into the Engine 

inlet manifold through a flexible hose.  A rotometer is used for measuring the flow of Oxygen. A Check is 

connected in the oxygen flow to prevent back flow of the gas. In order to prevent the back firing, a flame trap and 

flame arrestor is fixed between the Oxygen cylinder and Inlet manifold.  The inlet manifold is modified for taking 

both Air from the Surge Tank and Oxygen from the Oxygen circuit. The engine setup details are shown in the 

Figure 2. 
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 The experiments were conducted at constant speed and varied load, from no load to maximum load. The 

injection timing of 27 º BTDC at a injection pressure of 200 bar was fixed.  Reading on the Engine Load, speed, 

Air flow, fuel flow measurements are recorded for obtaining the performance parameters.   Using the exhaust gas 

analyzer and smoke meter, the emission parameters are recorded. 

 
RESULTS AND DISCUSSION 
Performance parameters: The variation of brake thermal efficiency with Brake Power is Plotted for the Diesel, 

Waste cooking oil and its emulsion and upon Oxygen enrichment can be seen in Figure 3. It was found that Brake 

thermal Efficiency increased for all the tested fuels with increase in the Engine Brake power.  

 
Figure 3.  Variation of Brake thermal efficiency with Brake Power 

It is observed that the Waste cooking Oil brake thermal efficiency was lower than Diesel for all Power 

Outputs.   At peak Load, the bake thermal efficiency of Waste cooking Oil 27.84 % where as it was 31.2 % for 

Diesel. The reduction in brake thermal efficiency was due to poor combustion. The High viscosity and density of 

the waste cooking oil affects the combustion by forming a larger droplet size.  However there was a increase in the 

brake thermal efficiency with Waste cooking oil emulsion to 29.3 % at peak load. This improvement can be due to 

better combustion. The drop in Viscosity of the Emulsion could cause smaller droplet.  Due to presence of water, 

Microexplosion would have taken place, which causes secondary atomization. Hence the combustion would have 

been more complete. Presence of Co-surfactant, which is an oxygenated fuel would have also enhanced 

combustion.  However, there was a drop in the brake thermal efficiency in part loads. This may be due to higher 

ignition delay. But during Oxygen enrichment, there was an increase in the brake thermal efficiency to 30.6 % at 

peak Load closer to the Diesel.  The brake thermal efficiency increased with oxygen enrichment in all Loads. This 

may be due to superior Combustion. 

Emission Parameters: 

Smoke Emission: In Diesel Engine, Smoke and Nox are the major Pollutants. The Smoke emission from the 

combustion of Diesel, Waste cooking Oil, its emulsion and emulsion with Oxygen enrichment in intake manifold is 

plotted against the Brake Power as shown in Figure 4. For all the fuel, smoke level increases with increase in the 

Brake Power.  
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Figure 4.  Variation of Smoke emission with Brake Power 

Smoke level was found very high with Waste cooking oil at 49 % as compared to diesel of 27 % at Peak 

Load. The High Smoke emission of waste cooking oil was due to inferior combustion of the fuel as a result of High 

viscosity and density. The larger droplet size, fuel rich core, poor volatility of the waste cooking oil resulted in 

partial Oxidation off the fuel at all loads.   However, there was a considerable reduction in smoke emission noticed 

in waste cooking oil emulsion during all output loads. The reduction in the smoke level was due to secondary 

atomization caused by Microexplosion. The Microexplosion in a water blended fuel results in instantaneous 

vaporization of the water droplets (dispersed phase) entangled in the fuel (continuous phase) as the fuel is exposed 

to high cylinder pressure and temperature. Upon reaching the certain point, the water in the fuel droplet violently 

evaporates and explode, which causes the breaking of fuel droplet into tiny droplets. This causes more vaporization 

of the fuel.  This increase the pre-mixed combustion rate in the heat release, while the presence of water and co-

surfactant causes a ignition delay by cooling down the charge, which leads to better mixing of the fuel in air. These 

factors result in reduction of smoke emission with waste cooking Oil emulsion. 

 With Oxygen enrichment, smoke level reduces substantially at all Output loads.  When Oxygen enriched 

air is aspirated into the combustion process with Waste cooking oil emulsion, the smoke level drop 18.4 % at peak 

load, about 8.6 % less than diesel. This a due to the oxidation of the soot and enables complete combustion even in 

the regions with fuel rich flame in the flame front, the smoke level was found to be low.   

Nitric oxide emission: The Nitric Oxide emission are plotted for Diesel, Waste cooking oil, its emulsion and 

emulsion with Oxygen enrichment in inlet manifold against the Brake Power as shown in Figure 5. All the fuels 

show increase in NOx with increase in the Load.  

Waste cooking oil resulted in lower NOx emission compared to diesel. At peak load, the NOx emission 

was 682 ppm as against diesel of 987 ppm, about 30 % reduction. The reduction in NOx emission with waste 

cooking Oil was low due to more fuel to be supplied to maintain the power due to its lower heating value.  The 

poor air entrainment and fuel air mixing rate resulted in reduced peak cycle temperature that caused lower NOx 

emission.  The NOx emission was further reduced to 340 ppm about 65 % reduction compared to diesel. The 

emulsification of the fuel caused this reduction. Due high latent heat of vaporization of water and co-surfactant 

ethanol, lower heating value of the emulsion, more fuel has to be injected to maintain the speed at higher loads.  

This reduces the cylinder temperature and combustion temperature.  This causes reduction in overall cycle 

temperature and hence Lower NOx emission at all loads. However with Oxygen enrichment, there has a slight 

increase in the NOx emission to 340 ppm, which still lower compared to Diesel of 987 ppm. The increase is due to 

the microexplosion of the waste cooking oil emulsion caused finer droplets and increase in Oxygen concentration 

causes improved combustion, this reduced the ignition delay and increase in Peak cycle temperature. 

 
Figure 5.  Variation of NOx emission with Brake Power 

Hydrocarbon emission: The Hydro carbon emission for Diesel, Waste cooking oil, its emulsion and Emulsion 

with Oxygen enrichment is plotted against Brake Power as shown Figure 6.  It is Observed that the HC emission 

increased with increase in Power output for all the fuels.  

 
Figure 6.  Variation of HC emission with Brake Power 

With Waste cooking oil, HC emission was higher than Diesel for all power outputs. At peak Load the HC 

emission of Waste cooking oil was 118 ppm as against 100 ppm in Diesel.  The High HC emission is due to the 

incomplete combustion of Waste cooking oil. The high viscosity and poor volatility of waste cooking oil resulted in 

slow and incomplete combustion. However, the emulsion of Waste cooking oil exhibited higher HC emission 
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particularly in low loads due to the presence of co-surfactant ethanol, but at High loads, improved vaporization and 

atomization caused due to microexplosion reduces the HC emission to 78 ppm, reduction of 22 % from Diesel.   

However with Oxygen enrichment there is further reduction in HC emission to 64 ppm, almost 36 % 

compared to Diesel. The reduction in ignition delay and high oxidation results in lower rate of unburned HC. This 

shows that combustion is superior with increase in the oxygen concentration.  

Carbon Monoxide emission: The Carbon Monoxide emission for Diesel, Waste cooking oil, its emulsion and 

Emulsion with Oxygen enrichment is plotted against Brake Power as shown in the Figure 7.  It is observed that the 

CO emission increased with increase in Power output for all the fuels. Waste cooking oil resulted in higher CO 

emission as compared to Diesel for all power outputs.  Waste cooking oil CO emission is 0.17 % in peak load as 

against 0.15 % for Diesel.  This is mainly due to the incomplete combustion caused due to high viscosity and poor 

volatility of the fuel. It is found that CO emission was high for waste cooking oil emulsion at lower loads compared 

to Diesel.  At No load the CO emission for waste cooking Oil emulsion was 0.13 % compared to 0.12 % for Diesel.  

This is due to the high latent heat of vaporization, which causes poor oxidation, increase the CO emission. But due 

to the presence of Ethanol, an oxygenated fuel in the emulsion, lowers the Carbon content of the emulsion fuel, 

which decreases CO emission.  

 However with Oxygen enrichment the volumetric efficiency increases which leads to more complete 

combustion of Fuel at all the Power outputs. Hence the CO emission is lower than Emulsion.  At peak load the CO 

emission with Oxygen enrichment was 0.12 % which much lower than diesel which emits 0.15 %. 

 
Figure 7.  Variation of CO emission with Brake Power 

CONCLUSION 

In the present investigation, the performance and emission of waste cooking oil and its emulsion is studied 

experimentally.  The limitation in the use of Waste cooking in unmodified Diesel engine is overcome by use of its 

emulsion.  The Waste cooking Oil can be recycled by converting into its emulsion, which reduces the dependency 

of Conventional fuel without much affecting the environment.  Moreover with Oxygen enrichment technique 

enhanced combustion and further reduced the emission can be achieved. 
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