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Abstract—This paper describes the combustion, performance 

and emission parameters of a diesel engine fueled by wood 

pyrolysis oil (WPO) diesel emulsion with Diethyl ether (DEE) as 

an ignition improver. Experimental studies were carried out in 

a single cylinder, four stroke, air cooled, and DI diesel engine 

with three fuels that were WPO diesel emulsion, WPO diesel 

emulsions with addition of 2% and 4% DEE. The results were 

compared with the diesel fuel data, analysed and it is presented 

in the paper. The brake thermal efficiency is found to be higher 

by 6.34, 9.5 and 9.3 percentages for WPO diesel emulsion, WPO 

diesel emulsions with 2% and 4% DEE respectively when 

compared with diesel fuel at full load. The percentage reduction 

in NO emissions of about 19.21, 28.38 and 34.81 were noticed for 

the above said fuels. 

 
Index Terms—Diesel engine, emission, ignition improvers, 

performance, pyrolysis, surfactant. 

 

I. INTRODUCTION 

Many alternative fuels for compression ignition engines 

were introduced in the last two decades for replacement of 

diesel fuel. Liquid alternative fuel from biomass has a great 

scope especially in agriculture based countries and 

developing countries. Biomass can be converted into useful 

energy by adopting different techniques such as dry 

combustion, anaerobic digestion, bio photolysis, pyrolysis, 

liquefaction, gasification, hydrolysis and solvent extraction 

[1]. Out of this, pyrolysis has a few advantages such as 

simple and low pressure operation, negligible waste product 

and high conversion efficiency of the order of 83%. Pyrolysis 

is the thermal decomposition process of waste substances in 

the absence of oxygen or little presence of oxygen. Pyrolysis 

of biomass may yield solid, liquid and gaseous products [2]. 

Biomass resources can be used for energy production 

includes a wide range of materials such as forest residues, 

energy crops, organic wastes, agricultural residues etc., 

Agricultural waste, a readily available biomass that is 

produced annually worldwide has to be utilized effectively 

[3]. 
Use of bio-oil in diesel engines is far more limited. Bio-oil, 

which is produced by fast pyrolysis of lignocellulosic 

biomass [4], is an oxygenated renewable fuel with a low 

cetane number [5]. The problems arise when attempting to 
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use this fuel in diesel engines [6] are more specifically due to 

its higher viscosity and acidity, tars and fine particles it often 

contains and the formation of char and solid residues during 

its combustion [7]. Flash pyrolysis oil was used by 

Solantausta et al. [8] as an alternative fuel in a small diesel 

power plant. The engine tests revealed that the injector nozzle 

coking occurred fastly and the bore of the cylinder pressure 

transducer was clogged by fueling with flash pyrolysis oil. 

An experimental study was conducted to determine the 

feasibility of using flash pyrolysis oil of wood in diesel power 

plants [9]. The study includes the spray analysis, engine tests, 

thermo gravimetric analysis (TGA), single-drop reactor tests 

and corrosion tests. The engine was found to have difficulties 

such as build up of carbonaceous injection system fault and 

engine seizing. Char generation was noticed in a TGA 

apparatus and in the single droplet atmospheric reactor. Fast 

erosion of steel components in the diesel engines was also 

noticed when it was fueled with WPO. Experiments were 

performed in a single cylinder diesel engine with blends of 

WPO with different percentage of oxygenated compounds 

and micro emulsions of WPO in diesel fuel [10]. Lower NO 

emissions were observed with increasing the percentage of 

WPO. Hydro carbon emissions were also found to be lower 

than diesel up to 30% WPO and beyond that, it increased. 

Carbon monoxide emissions were more due to the poor self 

ignition characteristics of WPO.  

Major problem with the WPO is its miscibility with diesel 

fuel. The problem of immiscibility can be solved by 

upgradation of pyrolysis oil by emulsification process. 

Emulsion is one of the techniques used for mixing two 

different fuels, one with a hydroscopic nature. An emulsion 

was prepared for pyrolysis oil with diesel fuel using a 

surfactant ranging from 0.8 to 1.5% by volume. The stable 

emulsion was prepared using two surfactants namely 

hypermer and CANMET (5). Alahmer et al. [11] have studied 

the performance of a variable speed diesel engine operating 

with diesel water emulsion. It was observed that a surfactant 

could be used to stabilize water in diesel mixture which 

cannot be maintained by natural mixing of diesel with water 

because of their different densities and forces of surface 

tension. Surfactants reduce the surface tension forces so that 

they permit two different densities of liquid to form a stable 

emulsion. Emulsion prepared with an addition of Tween 20 

surfactant 2% by volume with six different percentages of 

water as fuels were tested in a diesel engine. It was observed 

from the results that the 5% by volume of water diesel 

emulsion gave an optimum brake power and a brake thermal 

efficiency compared with the other water diesel emulsions. 

Many surfactants such as Ampholak, Armotan, Carbopol, 

Hypermer, Tween 20, and Span 20 have been reported to 

form stable emulsions [10]-[12].  In the present investigation 

Polysorbate 20 [Tween-20] was used to prepare an emulsion 
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of WPO with diesel. The emulsion of WPO and diesel was 

used as fuel in a single cylinder, air cooled, direct injection 

diesel engine with addition of different percentages of 

ignition improver. The results are compared with diesel fuel 

operation and presented. 

 

II. MATERIALS AND METHODS 

A. Production and Fuel Properties of WPO  

The properties of WPO is compared with diesel fuel and 

given in Table 1. 

 
TABLE I: COMPARISON OF WPO WITH DIESEL 

Properties  ASTM Standard Diesel WPO 

Specific gravity at 15 °C ASTM D 4052 0.83 1.156 

Net calorific value[MJ/kg] ASTM D 4809 43.8 20.58 

Flash point[°C] ASTM D 93 50 66 

Fire point[o C] ASTM D 93 56 108 

Pour point[°C] ASTM D 97 30 2 

Carbon residue[%] D 2500-05 0.1 12.85 

Kinematic viscosity at 40 °C[cSt] ASTM D 445 2.58 13 

Moisture content [wt %] - 0.025 15-30 

Ash [wt%] - 0.13 0.01 

 

WPO used in the present investigation was obtained from 

vacuum pyrolysis process of soft wood (pine wood). The 

softwood obtained from the packing container boxes were 

taken as feed stock. The pyrolysis process for deriving WPO 

was carried out at 500 oC. The products of pyrolysis in the 

form of vapour were sent to a water cooled condenser and the 

condensed liquid was collected in a container. 

B. Emulsification of WPO and Diesel  

Emulsification of WPO and diesel was performed with a 

help of homogenizing unit. Energy input for homogenizing 

can be given by either shaking or stirring [13]. The surfactant 

Polysorbate-20 commercially known as Tween-20 having 

hydrophilic-lithophilic balance (HLB) number 16.7 was used 

as an emulsifier to emulsify WPO and diesel. For the 

preparation, first the surfactant was added to the diesel and 

then the pyrolysis oil was added. The resultant mixtures were 

shaken well to make a stable emulsion. Three percentages by 

volume of surfactant was used to emulsify 10% of WPO with 

90% of diesel fuel. Then, the resultant emulsion was used as a 

fuel for the diesel engine to study its combustion, 

performance and emission characteristics. 

C. Experimental Setup 

Figure 1 shows the schematic diagram of the experimental 

setup. The engine was coupled to an alternator to provide the 

loading. A control panel located near the engine helps to 

operate the alternator to provide the load to the engine by a 

load switch. The exhaust gas temperature was measured with 

the help of a temperature thermocouple fitted on the exhaust 

pipe. Fuel was admitted from fuel tank to the engine through 

a fuel filter and fuel pump. The fuel consumption was 

measured with the help of a burette and a fuel sensor. Air 

enters to an air filter and then to air box. Air intake was 

measured by air flow sensor that was fitted in the air box. A 

speed sensor was connected near the flywheel of engine to 

measure the speed. The exhaust pipe had a provision to 

access the probes of an AVL 444 exhaust gas analyser that 

measures unburnt hydrocarbon (HC), carbon monoxide (CO) 

and nitric oxide (NO) emissions. HC and NO emissions were 

measured in ppm and CO is measured in percentage. An AVL 

437 C diesel smoke meter was used to measure the smoke 

density of the engine exhaust. 

 

 

1. Engine 6. Fuel tank 11. Air filter 
16. Gas 

analyser 

2. Alternator 7. Burette 12. Air box 
17. Smoke 

meter 

3. Control panel 8. Fuel sensor 

 

13. Air flow  

sensor 

18. Data 

acquisition 

system 

4. Load switch 9. Fuel filter 
14. Speed 

sensor 
19. Computer 

5. Thermocouple 10. Fuel pump 
15. Exhaust 

pipe 
 

Fig. 1. Schematic diagram of the experimental setup 

 

TABLE II: SPECIFICATIONS OF THE TEST ENGINE 

Make/Model Kirloskar TAF 1 

Brake power, [kW] 4.4 

Rated speed, [rpm] 1500 

Bore [mm] 80 

Stroke [mm] 110 

Compression Ratio 17.5:1 

Nozzle Opening Pressure [bar] 200 

Injection Timing [oCA] 23 

 

Data collected like fuel consumption, speed, air flow and 

exhaust gas temperature for the corresponding loads were fed 

to the data acquisition system and displayed in the monitor of 

the computer. The combustion analysis was performed in the 

experiment with the help of Kistler pressure transducer fitted 

on the cylinder head of the engine and crank angle encoder 

fitted to the output shaft. The specifications of the engine 

used are given in Table 2. Initially experiments were 

conducted with WPO emulsion only. The WPO emulsion 

exhibited a longer ignition delay (ID). In order to reduce the 

ID an ignition improver was added. Diethyl ether (DEE) is 

considered as an ignition improver. It is renewable in nature. 

The cetane number of DEE is above 125. Therefore, it was 
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chosen for addition with WPO emulsion. All the tests were 

carried out by starting the engine with diesel fuel only. After 

running the engine with different emulsions, again the engine 

was run with diesel fuel to flush out the emulsion present in 

the fuel line. 

 

III. RESULTS AND DISCUSSION 

A. Combustion Parameters 

1) Ignition Delay 

Ignition delay is the time delay between the start of 

injection and start of combustion, which is expressed in terms 

of degrees crank angle. For the conventional diesel fuels, 

ignition delay correlates with cetane number. Fig. 2 depicts 

the variation of ignition delay with brake power for all the 

fuels tested. The WPO emulsion exhibits longer ignition 

delay than conventional diesel fuel. This may be due to the 

poor ignition quality of the WPO [14]. When the DEE is 

added to the emulsion the ignition delay reduces 

considerably. 

 

 
Fig. 2. Variation of ignition delay with brake power 

  

 
Fig. 3. Variation of combustion duration with brake power 

 

This may be due to high cetane number of DEE which 

reduces the ignition delay. Addition of DEE at 2% and 4% 

with WPO emulsion reduces the ignition delay by about  0.34 
oCA and 0.6 oCA when compared with WPO emulsion. 

However, the ignition delay is marginally higher than diesel. 

2) Combustion duration 

Fig. 3 shows the variation of combustion duration with 

brake power. Combustion duration is the time between start 

of combustion and end of combustion. From the heat release 

rate curve, the crank angle at which there is a sudden rise in 

heat release was taken as the start of combustion. End of 

combustion was determined from cumulative heat release 

rate curve. It was taken as the point where 90% of heat 

release had taken place. The combustion duration is higher 

(39.3 oCA) for WPO emulsion compared with diesel     (38.4 
oCA), WPO emulsion with 2% DEE (38.3 oCA) and WPO 

emulsion with 4% DEE (37.7 oCA) at full load. The increase 

in combustion duration is due to longer ignition delay of 

WPO emulsions.   

It can be observed that the combustion duration decreases 

with DEE addition, which indicates faster heat release which 

leads to high thermal efficiency than WPO emulsion as 

indicated in the section 3.2.1. DEE (ignition improver) forms 

a number of ignition centres in the combustion chamber 

before the ignition of WPO emulsion which may result in 

reduced combustion duration [15]. 

B. Performance Parameters 

1) Brake Thermal Efficiency 

Fig. 4 shows the variation of the brake thermal efficiency 

with brake power for different WPO and diesel emulsions.  

 
Fig. 4.Variation brake thermal efficiency with brake power 

 

The brake thermal efficiency is higher for the emulsions 

compared to that of diesel at all loads. Addition of DEE to 

WPO emulsion will decrease the viscosity of blends and may 

result in improvement in the shape of fuel spray and 

atomization. These finer fuel droplets tend to mix thoroughly 

with air and hence improving the combustion [16]. It can be 

observed from the figure that the brake thermal efficiency of 

diesel fueled operation at full load is 28.64%. In case of 

WPO-diesel emulsions the brake thermal efficiencies of three 

blends WPO emulsion, WPO emulsion with 2% DEE and 

WPO emulsion with 4%DEE at full load are 30.58%, 31.66% 

and 31.58% respectively. The thermal efficiency of the 

WPO-diesel emulsions is higher than diesel due to improved 

combustion due to presence of oxygen. The percentage 

increase in the brake thermal efficiency was 6.34, 9.5 and 9.3 

for WPO diesel emulsion, WPO diesel emulsions with 2% 

and 4% DEE respectively. Brake thermal efficiency was 

reduced slightly at 4% DEE addition may due to the cooling 

effect of DEE. 
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Fig. 5. Variation of exhaust gas temperature with brake power 

 

2) Effect on Exhaust Gas Temperature 

Exhaust gas temperature measured from the engine is an 

indication for the conversion of heat into work. It is observed 

from Fig. 5 that the exhaust gas temperature varies from   152 
oC at no load to 386 oC at full load for diesel operation. 

It is evident from the figure that the exhaust gas 

temperatures of the different WPO diesel emulsions are 

lower than diesel fuel operation. For WPO emulsion, the 

exhaust gas temperature varies from 148 oC at no load to   373 
oC at full load. The reason may be due to lower calorific value 

of the emulsions when compared with diesel fuel and 

quenching effect of WPO due to water content present in 

WPO (9). Further the exhaust gas temperature reduces with 

the addition of DEE and the reason may be the higher latent 

heat of vaporization of DEE absorbs the heat of combustion 

[17]. 

C. Emission Parameters 

1) NO emission 

 

 
Fig.6. Variation of NO emission with Brake Power 

 

Fig. 6 shows the formation of NO at various brake power 

for the different emulsions and diesel fuel. Nitric oxide 

constitutes more than 90% of the oxides of nitrogen in an 

engine exhaust [18]. The formation of oxides of nitrogen is 

due to thermal root leading to thermal NO, hydrocarbon 

fragment related root leading to prompt NO and fuel bound 

nitrogen that results fuel bound NO. Two principles factors 

that affect formation of NO are temperature and oxygen 

fraction [19]. NO emissions are lower for WPO diesel 

emulsion due to more water content in the WPO which may 

reduce the combustion temperature. Addition of DEE 

reduces the NO emissions further since the DEE has high 

cetane number and hence the reduced ignition delay lowers 

the mass of fuel accumulated before combustion. This lowers 

the initial combustion rate and also the actual injection timing 

is retarded. This decreases the peak temperature and lowers 

NO level [20].  

It is observed that the percentage reduction in NO 

emissions was 19.21, 28.38 and 34.81 for WPO diesel 

emulsion, WPO diesel emulsions with 2% and 4% DEE 

respectively when compared with diesel fuel at full load. 

2) CO emissions  

A comparison on CO emissions among diesel, WPO 

emulsion and WPO emulsion with DEE is shown in the Fig.7. 

 
Fig. 7. Variation of CO emission with Brake Power 

 

The CO emission is an indication for incomplete 

combustion of fuel air mixture that takes part in the 

combustion. The low volatility of WPO emulsions affects the 

atomization process, resulting in local rich mixtures, which 

produces higher CO emission. However, the addition of DEE 

with WPO emulsions results in reduced CO emission. The 

ignition improver (DEE) forms a number of ignition centres 

in the combustion chamber which will result in complete 

combustion. This may result in reduced CO emissions [15]. 

There is a significant difference in the CO emissions between 

diesel and WPO based fuels at low loads than at full load.   

iii) Unburned Hydrocarbon emission 

Unburnt hydrocarbon is the direct result of incomplete 

combustion in the combustion chamber [21]. Diesel exhaust 

hydrocarbons are composed of fuel molecules pyrolysis 

products of fuel compounds and partially oxidized 

hydrocarbons [22].  

It can be observed from the Fig. 8 that the hydrocarbon 

emissions increases by 14.28% and 7.14% for WPO diesel 

emulsion and with 2% DEE addition whereas, HC emissions 

decreases by 28.57% for WPO diesel emulsions with 4% 

DEE addition. Unburnt hydrocarbon emissions are more in 

the case of WPO diesel emulsions due to more water content 

which leads to longer ignition delay and incomplete 

combustion. Introduction of diethyl ether drastically lowers 

the HC level due to improved oxidation. However, the HC 

level is higher than base diesel fuel operation. 
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Fig.8. Variation of HC emission with brake power 

 

IV. CONCLUSION 

Preliminary tests were conducted with an emulsion of 

WPO-diesel in a single cylinder diesel engine and the 

following results were obtained from the experimental study:  

 The WPO emulsions exhibits longer ignition delay than  

conventional diesel fuel. 

 The combustion duration is higher for WPO emulsion 

compared with diesel at full load. It is observed that the 

combustion duration decreases with DEE addition. 

 Percentage increase in the brake thermal efficiency was 

6.34, 9.5 and 9.3 for WPO diesel emulsion, WPO diesel 

emulsions with 2% and 4% DEE respectively, which is 

higher than diesel fuel operation. 

 The exhaust gas temperatures of different WPO diesel 

emulsions are lower than diesel fuel operation.  

 It is observed that the percentage reduction in NO 

emissions was 19.21, 28.38 and 34.81 for WPO diesel 

emulsion, WPO diesel emulsions with 2% and 4% DEE 

respectively.  

 The CO emissions of WPO-diesel emulsions are slightly 

higher than diesel fuel due to reduction in gas 

temperature. 

 The hydrocarbon emissions increases by 14.28% and 

7.14% for WPO diesel emulsion and with 2% DEE 

addition whereas, HC emissions decreases by 28.57% for 

WPO diesel emulsions with 4% DEE addition. 

So it can be concluded that the WPO can be used in the 

diesel engines in the form of fuel emulsions along with some 

ignition improver addition. 
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