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ABSTRACT 

The ability of biodiesel to act as a co solvent and properties improver for the Diesel-Ethanol blends 

has been tested to make the blends of Diesel-Ethanol with higher percentage of ethanol in the blends. 

The different blends prepared on volume basis have the Diesel Ethanol and Biodiesel percentage as 

80:10:10(blend A), 70:20:10(blend B), 60:25:15(blend C), 50:30:20(blend D), 50:40:10(blend E) 

respectively.  The blends are prepared to have density, viscosity, Cetane index, within the acceptable 

limits and maximum oxygen contents. The blends were tested on a four cylinder IDI, naturally 

aspirated diesel engine for variable loads at 1200, 1600 and D.B. Hulwan 
1*
,  S.V. Joshi 

2   
Y.V. 

Aghav 
3
 2000 RPM and results compared with diesel fuel performance as a baseline. The results 

showed that oxygen content is increased 14.55% by weight at the expense of 19% reduction in 

calorific value, 24% reduction in Cetane index and viscosity reduction to minimum acceptable limit 

for blend E. The brake thermal efficiency is improved slightly; however increase in specific fuel 

consumption is also observed at all the speeds and loads. The smoke is reduced remarkably for the 

blends at all speeds and loads. The NO emissions are increased at 1200 RPM but not affected at 1600 

and 2000 RPM except for blend E. The carbon monoxide emissions are reduced but HC and CO2 

emissions increased slightly. The peak firing pressure and the ignition delay are found to be increased. 

The drastic change in the combustion characteristics of the blend E is observed due to its lower Cetane 

index.  
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INTRIDUCTION 

The excessive use of the fossil fuels has 

led to global environmental degradation 

and health hazards. The increasing 

concern of environmental protection and 

more stringent regulation on exhaust 

emissions, reduction in engine emissions 

becomes a major task in engine 

development. Also petroleum fuels are 

obtained from the limited reserves 

therefore lot of efforts are needed to 

reduce the dependence on them. These 

concerns led the research on alternative 

renewable fuels in the last decade. Among 

the proposed alternative fuels bio-diesel 

and ethanol (blends with diesel) have 

received much attention in recent years for 

diesel engines. The blends of these 

biofuels and diesel fuel can be used on 

existing engines to achieve both 

environmental and energy benefits. 

Biodiesel and ethanol can be produced 
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from feedstock’s that are generally 

considered to be renewable. The vegetable 

oil ester-based biodiesel has long been 

used as fuel for diesel engines. Many 

studies about the use of biodiesel fuels in 

diesel engines have been done and some 

of them have been reviewed[1]. 

Substantial reduction in particulate 

emissions can be obtained through the 

addition of biodiesel to diesel fuel. B20 (a 

mixture of 20% biodiesel and 80% 

petroleum diesel) has become the most 

popular biodiesel fuel blend used [2,3,4].  

Ethanol can be produced from agricultural 

products such as sugarcane, corn, sugar 

beet, molasses, cassava root, and barley 

etc. by the alcoholic fermentation process. 

Ethanol is a low cost oxygenate with high 

oxygen content of 34% by weight. The 

use of ethanol in diesel fuel can yield 

significant reduction of particulate matter 

(PM) emissions for motor vehicles 

[5,6,7,8].  

India being large producer of sugarcane, 

ethanol will be available in enough 

quantity and can be utilized as automobile 

fuel in future. Use of ethanol in the diesel 

engine will help to boost the rural 

economy. Also higher percentage of 

ethanol in the diesel-ethanol blend has 

higher potential to reduce the particulate 

matter and improve the cold flow 

properties. 

However, there are many technical barriers 

to the direct use of ethanol in diesel fuel 

due to the properties of ethanol, including 

low Cetane number of ethanol, poor 

solubility of ethanol in diesel fuel in cold 

weather and lower flash point. In fact, 

diesel engines cannot operate normally on 

diesel-ethanol blend without special 

additives [9, 10]. Therefore numbers of 

additives are developed to ensure the 

solubility of the diesel-ethanol blends. The 

performance of some of the additives is 

reviewed in [11]. There are many studies 

which have tested diesel-ethanol blends 

with special additives [7,12,13,14] and 

without additive [15]. However all of them 

have utilized small quantity of the ethanol 

in the blends because additives only help 

for the solubility and could not improve 

the blend properties. The low flashpoint of 

ethanol–diesel blend is also a technical 

barrier to the application of this fuel blend. 

Studies show that the presence of 

emulsifiers has no effect on flashpoint [9]. 

Biodiesel derived from different sources is 

reported to act as an emulsifier for ethanol 

diesel blends [16, 17, 18, and 19]. Adding 

biodiesel in diesel-ethanol blend 

dramatically improved the solubility of 

ethanol in diesel fuel over a wide range of 

temperature. The diesel-ethanol–biodiesel 

fuel blends are stable well below sub-zero 

temperature and have equal or superior 

fuel properties to regular diesel fuel [20]. 
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The solubility of biodiesel fuel 

components in fossil diesel–methanol–

rapeseed oil methyl ester, fossil diesel–

ethanol–rapeseed oil methyl ester and 

fossil diesel–ethanol–rapeseed oil ethyl 

ester systems was earlier characterized 

[21]. The studies on diesel-ethanol-

biodiesel blends have showed that, 

biodiesel could improve properties of 

ethanol–diesel blends and showed a 

promising way to formulate a new form of 

biofuel and diesel fuel blend. 

The PM reduction appeared to be related 

to the amount of oxygen content in the 

fuel blends[22]. It is also obvious that to 

have more percentage of oxygen in the 

blend, the ethanol percentage should be 

higher in the blend. The smoke emissions 

are much higher when the engine is 

working at higher loads and acceleration 

mode. The smoke emissions are increased 

to 65 HSU during the free acceleration 

test of a four cylinder turbocharged diesel 

engine [23]. Higher oxygen content in fuel 

can be more beneficial to reduce the 

smoke level during such working modes.   

 The aim of this work is to replace the 

diesel by maximum percentage of ethanol 

and biodiesel in order to have higher 

oxygen content of the blends, as well as 

keeping important properties within 

acceptable limits. The ethanol is being 

main replacement of the diesel fuel while 

the biodiesel is added as a co solvent and 

properties improver. It is observed from 

the previous literature that most of the 

researchers have tested the blends with 

little percentage of ethanol. Also most of 

the studies are conducted on the DI diesel 

engines and enough data is not available 

for IDI diesel engines. In India IDI diesel 

engines are still used for many 

applications. Therefore we have tested 

blends of Diesel-Ethanol-Biodiesel, with 

higher percentages of ethanol, on four 

cylinders, IDI, naturally aspirated diesel 

engine of automobile application. The 

basic aim was to check the performance 

and emissions benefits of the blends for 

steady state running of the engine and 

analyze the results with the interpretation 

of the combustion related data (cylinder 

pressure variation with respect to crank 

angle). The important properties of the 

blends were tested and compared with the 

diesel fuel. The engine tests were carried 

out at 1200, 1600, 2000 RPM and different 

break mean effective pressures 0.95 bar, 

1.91 bar, 2.87 bar, 3.83 bar, 4.37 bar, and 

4.79 bar. The engine is tested for wide 

variety of operating conditions to see the 

benefits of ethanol addition on 

performance and emissions. Also cylinder 

pressure variation against the crank angle 

is collected to study the nature of 

combustion process inside the cylinder. 
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Figure 1: Experimental set up 

MATERIALS AND METHODS 

Experimental setup 

 Figure 1 is the schematic representation of 

diesel engine testing facility for studying the 

engine performance, emission, and 

combustion characteristics. The research 

engine used in the present study is the MD 

2350 four cylinder, indirect injection, 

naturally aspirated diesel engine. The 

specifications of the engine are listed in 

Table 1. The combustion chamber of the 

engine is divided into pre combustion 

chamber and main combustion chamber. 

The engine was loaded by hydraulic 

dynamometer having 60 kW capacity. The 

load was measured with a strain gauge type 

load cell. The load cell, load cell indicator 

and hydraulic dynamometer are 

simultaneously calibrated with calibration 

arm and the weights. The values of engine 

oil temperature, coolant temperatures, and 

exhaust gas temperature were measured 

using RTD and K type thermocouples 

during the experiments

.  
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Table 1: Engine Specification 

Engine Specification Details 

Bore x stroke 85.72mm x 101.60 mm 

Displacement 2350 CC 

Compression ratio  21:1 

Maximum power   27.9 kW (38 BHP) 

Maximum speed  2300 rpm 

Max torque  13 kg-m at 1200 rpm 

Injection timing 23 Degree CA BTDC 

 

Table 2: Fuel Properties for Diesel and Diesel-Ethanol-Biodiesel blends 

Fuel Property Diesel D80/E10 

/B10 

(Blend 

A) 

D70/E20 

/B10 

(Blend 

B) 

D60/E25 

/B15 

(Blend 

C) 

D50/E30 

/B20 

(Blend 

D) 

D50/E40 

/B10 

(Blend 

E) 

Density (Kg/m
3 
) 

 at 15°C 

837.8 837.80 832.87 831.18 834.55 820.4 

Kinematic Viscosity 

(cSt) at 40°C 

2.649 2.531 2.380 2.344 2.401 2.018 

Calorific Value 

kJ/kg 

44893 42558 39930 39274 38965 36338 

Cetane Index 54 55 50 48 50 41 

Flash Point(°C) 50 14.0 14.0 13.5 12.5 12 

Pour Point (°C) 0 0 -3 -6 -9 -12 

Oxygen Content 

(% by  weight) 

0 4.45 7.79 10.01 12.23 14.55 

Carbon Content 

(% by weight) 

84.86 80.91 77.77 75.80 73.83 71.40 

Hydrogen content 

(%by weight) 

15.13 14.63 14.44 14.19 13.94 14.01 

Stoichiometric  

A/F ratio 

15.05 14.23 13.65 13.24 12.83 12.49 
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A special cooling system (named as a 

mixer) was designed and used to maintain 

the constant coolant temperatures. The 

maximum temperature of the coolant was 

maintained at 90°C for all the tests. Fuel 

consumption was measured by digital 

weighing machines. A special fuel system 

was designed and used to run the engine on 

diesel fuel and the blends.  Engine speed 

was measured with a optical speed sensor. 

The AVL 444 exhaust gas analyzer with 

diesel probe was used to measure the 

concentrations of HC, CO, NO, CO2 and 

O2 in the exhaust emissions. It measures 

HC, CO and CO2 by the principal of 

spectrum analysis and NO and O2 with the 

electrochemical sensors. The smoke opacity 

was measured with AVL 437 smoke meter. 

The pressure verses crank angle history was 

measured by water cooled piezo-electric 

pressure transducer and crank angle 

encoder. The pressure signal was then fed 

into a charge amplifier then to a data 

acquisition card linked to the personal 

computer and the crank angle signal was fed 

into a degree marker shaper channel and the 

output of which was fed into the high speed 

data acquisition card. The data acquisition 

card can collects data at the rate of 250 Ks/s 

which is sufficient to get the pressure signal 

per degree crank angle even above 3000 

RPM. The pressure and crank angle data 

was stored in the computer and used to 

determine peak firing pressure, ignition 

delay and combustion duration. The 

calculated results of power output and break 

specific fuel consumption was corrected for 

the standard atmospheric conditions i.e. 298K 

temperature, 100kPa pressure and 30% 

relative humidity as per ISO 3046 standards.  

Fuel properties testing 

Diesel-Ethanol-Biodiesel blends were 

prepared on the volume basis and the 

objective was to replace the diesel fuel in 

maximum quantity but keeping the Cetane 

index within the acceptable limits.. The 

commercial diesel fuel, analysis-grade 

unhydrous ethanol (99.7% purity) and a 

biodiesel derived from Jatropha seed oil were 

used in this test. The Bio-diesel is added as a 

co solvent to improve the solubility of ethanol 

in the diesel fuel. The blending method 

consists of first adding ethanol in diesel fuel, 

mixing it properly and then adding the 

biodiesel to form the solution. The basic 

properties were measured experimentally, and 

carbon contents, oxygen contents, hydrogen 

contents, Stoichiometric air fuel ratio of the 

fuel blends were calculated theoretically. The 

fuel density was measured by weighing a 

known volume of fuel; the viscosity was 

measured by using a dynamic viscometer, the 

measurement principle consisted of 

measuring the time needed for a known 

volume of fuel to drop from a Viscometer; the 

flash point was measured using a close-cup 

method of ABEL flash point equipment. 

Bomb calorimeter was used to find the 

calorific value of the blends. The Cetane 

Index was determined by the measurement of 



                             International Journal of Advanced Engineering Technology                 E-ISSN 0976-3945 

IJAET/Vol.I/ Issue II/July-Sept.,2010/248-273 

 

API gravity and the Aniline point of the 

blend. The Cetane Index tests were carried 

out in the recognized laboratories. All the 

properties were measured as per the 

guidelines of respective ASTM standards. 

RESULTS AND DISCUSSIONS  

Fuel properties  

Table 2 shows the fuel properties of the 

blends and diesel fuel. The results show that 

the density of the Diesel-Ethanol-Biodiesel 

blends do not change significantly 

compared with diesel fuel, as ethanol and 

biodiesel compensates for each other. 

Normally, it is recognized that higher 

density leads to higher flow resistance of 

fuel oil, resulting in higher viscosity. This 

finding suggests that the higher viscosity 

can lead to inferior fuel injection. However, 

all the blends had density values that were 

acceptable for the standard limit of high-

speed diesel. These results are showing the 

same tendency of earlier research [16]. The 

viscosity of the blend decreased as the 

percentage of ethanol is increased compared 

to diesel and biodiesel. If sufficient amount 

of biodiesel is added to the blends of diesel 

ethanol the viscosity obtained is much 

above the acceptable limits of high speed 

diesel.   

The Cetane index is also in proportion to 

density value. It was known that the Cetane 

index of the blends decreases, with 

increasing amounts of ethanol because 

ethanol itself has very low Cetane index 

(approximately 5–8). However, biodiesel 

could improve this property due to its high 

Cetane index. The Cetane index of blend D is 

50 and this is more than the required limit. 

The Cetane index of blend E is 41 which less 

than the required limit but still the blend is 

tested to see weather it is giving any adverse 

effect on the combustion process..  The lower 

the Cetane index, the poorer the ignition 

quality will be. It is seen from the results that 

the sufficient amount of biodiesel addition is 

maintaining the Cetane index within the limit 

even though the 50% diesel fuel is replaced. 

This is one of the motivating and promising 

factors to test these blends for the diesel 

engine. Similar results are obtained in the 

reference [16] but they have less addition of 

biodiesel in there blends. The result showed 

that the calorific value of the blends 

decreased, when greater amounts of ethanol 

and biodiesel were added. This is due to the 

lower heating value of biodiesel and ethanol. 

Lower heating value of a fuel has a direct 

influence on the power output of an engine. It 

is observed that the calorific value is 

decreased by 13% for blend D and 19% for 

blend E compared to diesel fuel.  

The pour point of the blend is decreased as 

the percentage of the ethanol in the blend is 

increased and very low pour point of ethanol 

could be the reason for same. This will enable 

the use of our blend in a better way at low 

temperature. The minimum pour point of -12 

°C is observed for blend E. The flash point is 

the lowest temperature at which mixture of 

vaporized fuel and air will catch fire, if 
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exposed to a source fire. In this study, the 

flashpoint of blends was substantially 

different from diesel and was found to be 

extremely low, in the range of 12.5° to 

14°C. All of the blends containing ethanol 

were highly flammable with a flash point 

temperature that was below the ambient 

temperature. In general, flash point 

measurements are typically dominated by 

the fuel component in the blend with the 

lowest flash point. The flash point of 

Diesel-Ethanol-Biodiesel blend is mainly 

dominated by ethanol. As a result, the 

storage, handling and transportation of these 

blends must be managed in a special and 

proper way, in order to avoid an explosion. 

These facts were also discussed in earlier 

research [16, 24].  

The oxygen content of the blends is 

increased with the addition of ethanol and 

biodiesel. However 50% replacement of the 

diesel on volume basis by 40% ethanol and 

10% biodiesel increased the oxygen content 

to 14.55% by weight only. The carbon and 

hydrogen contents are decreased for the 

blends. The Stoichiometric air fuel ratio is 

decreased for the blends due to inbuilt 

oxygen present and reduced carbon 

molecules in the blends. The modifications 

in the properties are important for 

evaporation, combustion, and flow 

properties of the blends. The addition of 

biodiesel resulted in homogeneous mixture 

of diesel and ethanol. The problem of cold 

starting of the engine was also not observed 

with the use of glow plug. 

Brake specific fuel consumption 

A normal trend of decrease in BSFC with 

load is observed for diesel fuel as well as the 

blends, at all speeds as shown in figure 2. 

This could be explained by the fact that; as 

the engine load increases, the rate of 

increasing brake power is much more than 

that of the fuel consumption. BSFC is also 

increased for the blends at all loads and 

speeds compared to diesel fuel and maximum 

increase is for blend E at all the working 

conditions. This is mainly due to decrease in 

calorific value of the blends; requiring 

additional fuel to produce the same power. 

These results agree with those found by other 

researchers [25, 26, and 27].  

It is also observed that the BSFC is increased 

with speed at any load for diesel as well as 

blends. Increased frictional and incomplete 

combustion losses at higher speeds would 

have increased the specific fuel consumption. 

In addition to this it is observed that 

maximum power output of the engine 

decreased for all the blends at 2000 rpm 

speed. Engine was not loaded beyond 3.84 

bar BMEP at 2000 RPM for all blends and 

diesel.  It does not develop 4.37 bar BMEP at 

1600 RPM only for blend E. The engine also 

does not develop 4.79 bar BMEP at 1600 

RPM for all the blends and diesel fuel.  
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Figure.2. Break specific fuel consumption  
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Break Thermal Efficiency 

BTE indicates the ability of the combustion 

system to accept the experimental fuel, and 

provides comparable means of assessing how 

efficient the energy in the fuel was converted 

to mechanical output. The general trend of 

increase in BTE with load is observed for 

diesel as well as blends at all the speeds. The 

combustion temperature and pressure 

increases with load, which increases the 

conversion of heat energy to mechanical 

work resulting into increase of BTE. 

 It is also observed that the BTE is increased 

for the blends compared to the diesel fuel at 

all the speeds. This means that the increase 

of brake specific fuel consumption for the 

blends is lower than the corresponding 

decrease of the lower calorific value of the 

blends. This can be attributed to the rapid 

premixed combustion part possessed by the 

ethanol blends because of the lower Cetane 

index of ethanol and oxygen enrichment, 

leading to higher percentage of ‘constant 

volume’ combustion [28], and to the lower 

heat losses and ‘leaner’ combustion  In 

addition, the total combustion duration is 

shortened for blends. These observations are 

noted from the P-θ diagrams (not shown in 

this paper). Based on these reasons, the 

energy consumption rate of blends decreased 

and BTE increased. The maximum increase 

in BTE is up to 14.4 % at higher loads of 

1200 RPM for blend E. The rise in the peak 

firing pressure during the combustion 

process is observed at this RPM for the 

blends which could have increased the 

conversion of heat energy into work. At 1600 

RPM the BTE increases by 9.6% at higher 

load for blend E and at 2000 RPM the 

increase in BTE is 8.5 % for blend B at 

higher loads.  

The decrease in BTE with respect to increase 

in speed is also observed at all the loads. 

Increase in frictional and incomplete 

combustion losses with the speed could have 

decreased the BTE. Reduction in the peak 

firing pressure with respect to speed could 

have also contributed to decrease the 

conversion of heat energy to work. 

Smoke Emissions  

The particulate matter (PM) is essentially 

composed of soot, though some 

hydrocarbons, generally referred to as a 

soluble organic fraction (SOF) of the 

particulate emissions, are also adsorbed on 

the particle surface or simply emitted as 

liquid droplets. Among the particulate matter 

components, soot is recognized as the main 

substance which is responsible for the smoke 

opacity. Smoke opacity formation occurs at 

the extreme air deficiency. The air or oxygen 

deficiency is locally present inside diesel 

engines. It increases as the air/fuel ratio 

decreases. Soot is produced by oxygen 

deficient thermal cracking of long-chain 

molecules [29].  
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Figure.3. Break thermal efficiency  
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Figure.4. Smoke emissions  
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Smoke opacity results are presented in 

Figure 4 for different engine speeds and 

loads. The results show that the smoke 

opacity level is increased with loads for 

blends as well as diesel fuel at all speeds, 

which is a normal behaviour of a diesel 

engine. The formation of smoke is strongly 

dependent on the engine load  

It is also observed that the smoke opacity 

for the blends is significantly lower than 

that for the corresponding neat diesel fuel 

case, with the reduction being higher for 

the higher percentage of ethanol in the 

blend. This may be attributed to the engine 

running overall ‘leaner’, with the 

combustion being now assisted by the 

presence of the fuel-bound oxygen of the 

ethanol and biodiesel even in locally rich 

zones, which seems to have the 

dominating influence [30, 31]. It was 

reported [32,33], that in-cylinder 

combustion photography showed indeed 

lower luminosity flames for the ethanol 

blends, revealing the lower net soot 

produced percentages of the ethanol in its 

blends with diesel fuel. The reduction in 

smoke opacity is nearly 40% for blend E 

and 30% for blend D at higher loads of all 

speeds. The presence of oxygen in the 

blends increases the rate of oxidation of 

soot formed to decrease the remainder soot 

in the exhaust. These results are in 

agreement with those obtained in previous 

research work done [14]. The overall 

smoke emission of the engine is higher at 

peak loads, as it is an old reconditioned IDI 

engine working at a lower volumetric 

efficiency.   

NO Emissions  

The formation of NOx is highly dependent 

on in-cylinder temperatures, the oxygen 

concentration, and residence time for the 

reaction to take place [27, 34]. The NO 

emissions of the engine using different 

blended fuels under various engine loads 

and speeds are shown in Figure 5. The 

inbuilt oxygen in the blend, increased time 

for start of combustion process due to lower 

Cetane Index (and thus longer ignition 

delay) could result in increase of NO 

emissions. On the other hand, the lower 

heating value (LHV) of the blend and higher 

latent heat of vaporization of ethanol (1.5 

times greater than that of diesel fuel), in the 

blend could decrease the peak temperature 

in the cylinder [35] to reduce the NO 

emissions. 

It is observed that the NO emissions are 

increased for all the blends compared to 

diesel fuel at 1200 RPM and the maximum 

increase is by 56% for blend E and 17% for 

blend D. However NO emissions for blend 

B and D at 1600 RPM and 2000 RPM are 

similar to diesel fuel, even they are observed 

to decrease at some of the loads.  

The delayed combustion for the blend, at 

1200 RPM resulted in rapid combustion of 

accumulated fuel to increase the peak firing 

pressure and temperature. 
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Figure.5. NO emissions  
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The reduction in NO for some of blends at 

1600 and 2000 RPM may be attributed to the 

fact that engine running overall ‘leaner’ and 

the temperature lowering effect of the 

ethanol having the dominating influence, 

against the opposing effect of the lower 

Cetane number (and thus longer ignition 

delay) of the ethanol leading possibly to 

higher temperatures during the premixed 

combustion part. The NO emissions are 

much higher for blends E at all the speeds 

even though the peak firing pressure is 

reduced at 1600 and 2000RPM. It is seen 

from pressure variation versus crank angle 

plots that beginning of combustion is delayed 

for blend E due to its low Cetane index. 

However the increase in diffusion 

combustion flame speed shortened the 

combustion duration. This could have 

resulted in rapid heat release to increase the 

NO emissions. However shifting the location 

of peak firing pressure much away from the 

TDC position resulted in decrease of peak 

firing pressure. These results are curious and 

need the further studies.  

The NO emissions decreased with load as the 

fuel quantity also increases with the load. 

This results in increase of rate of oxygen 

utilisation, leaving less oxygen to react with 

nitrogen to form NO. These results are very 

uncommon for this IDI engine compared to 

the DI engine where NO increases with the 

load. The engine is running on very rich 

mixture at higher loads, which also observed 

from excessive smoke emissions. This could 

have resulted in reduced cylinder 

temperature and scarcity of oxygen to 

decrease the NO emissions. This indicates 

that the delicate balance weighing more on 

the one or the other side, depending on the 

specific engine and its operating conditions 

[36] will change the NO emissions 

Carbon Monoxide Emissions 

 Emissions of CO are greatly dependent on 

the air–fuel ratio relative to the 

Stoichiometric proportions and the cylinder 

temperature. Rich combustion invariably 

produces CO, and emissions increase nearly 

linear with the deviation from the 

Stoichiometric air fuel ratio [35]. When the 

engine load increases at constant speed, 

combustion temperatures boost to reduce CO 

emissions [37]. The carbon monoxide 

emissions increased with the loads at all 

speeds for all blends and diesel as shown in 

Figure 6.  

This indicates that the richness of air- fuel 

ratio is more dominating than the combustion 

temperature. The CO emissions decreased for 

the blends at all the speeds. CO emissions 

follow the same behavior as the smoke 

emissions, a fact collectively attributed to the 

same physical and chemical mechanisms 

affecting almost in the same way, at least 

qualitatively, the net formation of these 

emissions.
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Figure6. Carbon monoxide emissions 

The additional oxygen contents in the blends 

helping for the more complete combustion 

of the fuel to reduce the CO emissions. The 

effect of blending, on CO emissions is more 

at the speed of 1200 and 2000 RPM than 

1600 RPM. When the engine runs on the 

blends, more fuel is supplied to increase the 

engine power. This fact could have affected 

the CO reduction benefit at 1600 RPM. The 

CO emissions slightly increased with speeds 

for all blends and diesel fuel due to 

reduction in time available for combustion at 

higher speed. 
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CO2 Emissions 

CO2 occurs naturally in the atmosphere and 

is a normal product of combustion. Ideally, 

combustion of a HC fuel should produce 

only CO2 and water (H2O). The CO2 

emissions increased with the load for all 

blends at all the speeds as shown in Figure 

7. The quantity of fuel burned increases with 

load to increases CO2 emissions. It is also 

observed that CO2 emissions increased for 

the blends and the maximum increase is 

about 6% for blend E at all speeds and loads.  

The increased quantity of fuel and inbuilt 

oxygen in the blend could have increased the 

complete combustion of HC fuels to 

increase the CO2 emissions. This has also 

observed with the reduction in CO emissions 

and O2 percentage in the exhaust for the 

blends. 

Oxygen in the exhaust 

The percentage of oxygen in the exhaust 

decreases with loads for all blends at all 

speeds as seen in Figure 8.The percentage of 

oxygen in the exhaust decreased from 15 to 

5% with load at all speeds.  This is due to 

more utilisation of oxygen by the additional 

fuel injected with load. The percentage of 

oxygen also decreased for the blends and 

maximum decrease is 14% at 1200 and 2000 

RPM, for blend E compared to diesel fuel. 

This has indicated the improvement in 

overall utilisation of oxygen during the 

combustion process for the blends and 

resulted in the reduction of unburnt fuel 

emissions like CO and soot. 

Hydro Carbon Emissions 

The hydrocarbon emissions increased for all 

blends at lower loads as shown in figure 9. 

This is the behavior reported by almost all 

investigators on various types of engines and 

conditions [38]. It is seen from the graph 

that at 1200 and 1600 RPM HC emissions 

increased at lower loads and decreased  at 

higher loads for all blends compared to 

diesel fuel. At 2000 RPM, blend E is having 

higher HC emissions at all loads. Lower HC 

emission indicates that the engine has higher 

combustion efficiency, resulting in higher 

energy output and a cleaner combustion 

chamber. It is known that, the formation of 

unburned hydrocarbons originates from 

various sources in the engine cylinder. It is 

argued [38] that, presumably, the increase of 

HC with the addition of ethanol is due to the 

higher heat of evaporation of the ethanol 

blends causing slower evaporation and so 

slower and poorer fuel–air mixing, to the 

increased spray penetration causing 

unwanted fuel impingement on the chamber 

walls (and so flame quenching). Late escape 

of fuel left in the nozzle sac volume into the 

cylinder, when heated may also be 

contributed to increase of HC emissions. 

This behavior may be attributed to delayed 

evaporation of blends leading to slip of fuel 

into the cylinder, late in the expansion 

stroke. Further, some observed phenomena 

of cyclic irregularity [35, 39], especially 

with the higher ethanol content blends, may 

have contributed towards this side. 
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Figure 7: CO 2 emissions  
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Figure 8:  O 2 emissions  
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Peak firing pressure during the combustion 

The cylinder pressure variation versus crank 

angle is plotted for every trial and peak firing 

pressure is noted from that plot.  The peak 

firing pressure is increased with the load for 

all the blends and diesel fuel at all speeds as 

shown in Figure 10. It is also observed that 

peak firing pressure decreased with the speed 

for all blends at higher loads. At 1200 RPM 

the peak firing pressure is unchanged at low 

loads but increased at higher load for the 

blends compared to diesel fuel. The maximum 

increase in peak firing pressure is about 12% 

for blend E at peak loads. The increase in the 

peak firing pressure for the blend is due to 

increased ignition delay and rapid 

uncontrolled combustion. This is more 

effective at higher loads due to increased fuel 

quantity. 

The peak firing pressure at 1600 RPM is 

reduced by 12% for blend E and blend D has a 

peak firing pressure similar to the diesel fuel 

at all the loads. It also decreased for blends A 

and B compared to diesel. It is seen from 

pressure variation versus crank angle plots 

that beginning of combustion is delayed for 

blend E due to its low Cetane index. However, 

the increase in diffusion combustion flame 

speed shortened the combustion duration. This 

could have resulted in rapid heat release, but 

shifting of peak firing pressure much away 

from the TDC position decreased it. Also it is 

observed that combustion process of the blend 

A, B, C and D is not much differed from the 

diesel fuel as result of small deviation of 

Cetane index. 

Peak firing pressure at 2000 RPM decreased 

drastically for blend E and the reduction is 

about 25 % at lower load and 10% at higher 

load. The reason for the same is as explained 

earlier. The combustion nature of blend D is 

not much different from the diesel fuel at all 

the speeds even though it is replacing the 

diesel fuel by 50%. Hence this blend can be 

used for diesel engine with optimum benefits 

of renewable energy and exhaust emissions. 

Ignition delay period 

 The variation in delay the period is seen at all 

loads and speeds as shown in Figure 11.  The 

increase in delay period is maximum for blend 

E at all loads and speeds.  At 1200 RPM it is 

increased upto 50% for blend E, at peak load, 

and for other blends it is lesser than diesel fuel 

at lower load, but increased at higher loads. 

The delay period increased for blends at all 

the loads at 1600 RPM. It increased upto 42% 

for blend E and 24% for blend C and D. The 

delay period is increased upto 68% for blend 

E at lower load compared to diesel fuel at 

2000 RPM. This indicates that the decrease in 

the Cetane index below the acceptable range 

has the drastic effect on the combustion nature 

of the blends. The purpose of testing blend E 

was to see that effect and we have noticed the 

abnormal combustion nature of the blend E. 

Hence we could recommend the use of blend 

D only for the optimum benefit of energy and 

exhaust emissions. 
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Figure 9: HC emissions 
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Figure10: Peak firing pressure in combustion (1200 rpm) 
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Figure11: Ignition delay period  
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CONCLUSIONS  

The Diesel-Ethanol-Biodiesel blends are 

stable and Jatropha derived biodiesel acts as 

a co solvent as well as properties improver. 

The ethanol addition upto 30% with 20% 

biodiesel in a diesel fuel kept the Cetane 

index within limit of acceptability of any 

fuel for diesel engine operation. The flash 

point of the blends decreased upto 12°C, 

which is much below the ASTM limits. This 

may lead to a problem for safe handling 

during storage and transportation of our 

blends, which needs to be studied in detail. 

The pour point that makes the blends more 

suitable at cold conditions decreased down 

to -12 °C for blend E. The density and 

viscosity of blends decreased slightly 

compared to diesel. The calorific value also 

decreased by 19% for blend E and 13% for 

blend D. This will reduce the rated power of 

the engine, however, excess fueling of the 

engine (due to inbuilt oxygen in fuel) could 

compensate for the reduced power. 

BSFC is increased for the blends as a 

consequence of the reduced energy content 

but the thermal efficiency is improved due to 

increased diffusion flame speed which 

compensate for delayed ignition due higher 

self ignition temperature of ethanol. 

Maximum increase in BSFC is 25% at 2000 

RPM for blend E.  

The smoke reduced remarkably for blends at 

all the speeds and loads. This is one of the 

prime benefits of using the blends; however 

reduction in smoke opacity does not indicate 

the reduction in particulate matter in the 

same proportion. Therefore, the effect of our 

blends on PM emissions needs to be 

checked. 

NO emissions increased for all the blends at 

1200 RPM. However NO emissions for 

blend D at 1600 RPM and 2000 RPM are 

similar to diesel fuel even decreased at some 

of the loads. This indicates LHV and latent 

heat of vaporization, which tends to reduce 

NO emissions, are more effective than 

Cetane index and oxygen content at 1600 

and 2000 RPM. The CO emissions reduced 

for the blends and this is observed more 

effective at 1200 and 2000 RPM than 1600 

RPM.  CO2 emissions are increased as a 

consequence of reduction in CO emissions. 

 The properties measured and results 

obtained for the blend E are showing 

significant difference compared to diesel 

fuel. On the other hand the nature of 

combustion and the performance parameters 

of blend D were not much different from 

that of diesel fuel, even though 50% diesel 

fuel is replaced. Optimum emission benefits 

are also observed for this blend. Therefore, 

use of this blend will be beneficial from 

energy and environment point of view. No 

significant difference is observed for starting 

the engine from cold conditions to normal 

running, during the entire testing of the 

engine with the blends and diesel fuel. 

However, reduction in peak power 
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developed is observed at 1600 and 2000 

RPM for blends. 
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