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ABSTRACT
Investigations are carried out here  to study the combustion, performance and

emission  characteristics on a single cylinder diesel engine by adding diethyl ether(DEE)
as an additive with the constant ratio of  Water-Biodiesel emulsion(WBE) as fuel. Literature
review indicates that significant work is not carried out with respect to its performance
analysis and in regard to pollution level. A four-stroke 5HP single cylinder DI diesel engine
was used for the experiment with 5%, 10% and 15% blends of DEE with a constant 30%
Water-Biodiesel emulsion as fuel. It was found that DEE  when added to water-biodiesel
emulsion can significantly lower NOx  and smoke levels without adverse effect on brake
thermal efficiency. High HC and CO  which are problems with the water-biodiesel emulsions
can be significantly lowered with the addition of DEE particularly at high outputs. Even at
part loads the addition of  DEE can improve the performance as compared to neat water-
biodiesel emulsion without any adverse effect on NOx emission. Test results indicate that
15% DEE blend gives better performance and lower emissions compared to other blends of
DEE and  Water-Biodiesel emulsion. Hence 15% DEE can be blended with emulsified fuel
to improve the performance and to reduce emissions  like smoke density, particulate matter
and oxides of nitrogen.
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INTRODUCTION
High combustion gas temperature in the

diesel engine is the major contributing factor
for the formation of NOx emission. Though
diesel  engines have several advantages they
emit high concentrations of NOx and smoke.
They operate with mixtures that are
considerably leaner than stochiometric on an

overall basis. However the heterogeneous
nature of the charge results in some pockets
on the combustion chamber, being too rich
leading to particulate emissions. Other sources
of particulate are fuel sulfur and lubricating oil
which contains zinc, calcium etc., The reason
for high temperature is the dominant premixed
combustion phase which is a result of long
ignition delay. It is clear that reducing the gas
temperature can control NOx emissions while
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particulates emissions can be controlled by
enhancing the mixing rate of fuel with air. Many
methods like retarding the injection timing, use
of high injection pressure, exhaust gas
recirculation, split injection, oxygen enrichment
of the induced air, enhancing swirl  and squish
by modifying the engine combustion chamber
geometry are being tried to reduce emission
from diesel engines. Generally techniques that
reduce NOx lead to an increase in smoke and
particulate emissions.

Producing and using renewable fuel for
transportation is one approach for sustainable
energy future for the United States as well as
for  rest of the world. Renewable fuels may
also substantially reduce contributions to global
climate change. In the transportation sector
ethanol produced from biomass show promise
as a future fuel for SI  engines because of its
high  octane quality. Ethanol however is not a
high quality compression ignition fuel. Ethanol
can be easily converted through  dehydration
process to produce DEE which is an excellent
compression ignition fuel with high energy
density than ethanol. Dimethyl  ether, the
methanol  along with DEE was recently
reported to be a low emission high quality diesel
fuel  replacement. Although DEE has long been
known as a cold start aid for engines, knowledge
about using DEE for other applications such
as significant component of a blend or as a
complete replacement of diesel fuel is
limited1-3). Water diesel emulsions can control
both NOx and smoke emissions. NOx emission
decreases due to reduction in the gas
temperature and increase in OH radical
concentration4. There is also an improvement
in the brake thermal efficiency at certain
operating conditions. However water diesel
emulsion increase CO, HC emissions  due to
reduction in gas temperature, rate of pressure
rise is high due to high ignition delay5-8. This
leads to  rough running of the engine and raise
the gas temperature during combustion. Fuel
additives with high cetane number can lower

NOx levels by controlling
the premixed combustion phase. If the

additive is also an oxygenated compound it can
have the additional effect for reducing HC, CO
and smoke levels. The main problem
encountered while using water diesel emulsion
can be overcome by adding small quantity of
such an oxygenated compound. DEE  has high
cetane number and its oxygen content is 21.6%
by weight9-10. It is non corrosive and quite
volatile in nature. DME has high cetane number
unlike ethanol and methanol but is more volatile
than DEE and will cause vapour lock problems
in diesel engines. Ethanol can be easily
converted through dehydration process to
produce DEE.

MATERIAL AND METHODS
The experimental set up used in this

investigation is shown in figure 1. The
experiments were conducted on a naturally
aspirated  water  cooled 5HP Kirloskar single
cylinder DI diesel engine having 80mm bore
and 110mm stroke  coupled to an electrical
generator loaded by a variable resistance
loading bank. The static injection timing was
23BTDC and the fuel injection pressure was
200 bar.  The engine was started and  made to
run at a rated speed of  1500 rpm. The speed
of the engine, cooling water temperature,
exhaust gas temperature, air flow rate were
measured using corresponding instruments. The
air to the engine was supplied through a surge
tank. Fuel consumption was measured by noting
down the time taken for 10cc of fuel
consumption using the digital stop watch. The
back pressure was measured by U-tube
manometer.

The power developed by the engine
was measured  using the values of ammeter
and voltmeter. The combustion chamber
pressure was measured by a water cooled
piezo electric pressure transducer
(KISTLER:6052A) which has  the sensitivity
of 12.50pC/bar which was connected to the
KISTLER  charge amplifier and a TDC
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encoder which was fixed on the flywheel of
the engine to provide crank angle position. The
analog signal  was converted to digital signal
and fed to a cathode ray oscilloscope. The
charge amplifier gives the cylinder pressure
directly. A printer was used to get the  output
of the cathode ray oscilloscope which gives the
pressure-crank angle curve.

The  combustion analysis like peak
pressure, rate of pressure rise, rate of heat
release, cumulative heat release rate can be
calculated using pressure-crank angle diagram
and  heat release diagram. The performance
of the engine was evaluated in terms of BSEC
and Brake thermal efficiency and the emission
characteristics like HC,CO, NOx and smoke
were measured using the corresponding
instruments. The experiments were repeated
for various loads  from no load to full load in
steps of 25%.

Fig. 1 : Experimental Seup.

RESULTS AND DISCUSSION
Combustion analysis
Pressure Vs Crank angle diagram

Fig. 2 shows the variation of cylinder
pressure with respect to crank angel for 30%
water-biodiesel emulsion  and for different %
of DEE addition at full load. It is seen from the
figure that maximum cylinder pressure for 30%
water-biodiesel emulsion was found to be  77.6
bar which occurred at 11.6 deg after  TDC
whereas for pure biodiesel  the maximum
cylinder pressure was 66.7bar.

For 5% DEE addition, the cylinder
pressure decreased to 75.6 bar which occurred
at 5 deg after TDC and for 10% DEE the
cylinder pressure was 74.3 bar which occurred
at  7 deg ATDC and for 15% DEE addition it
was 80.9 bar which occurred at 5 deg ATDC.
This maximum cylinder pressure for 30%
water-biodiesel emulsion was due to the
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Fig. 2 : Variation of cylinder pressure

increase in ignition delay of the emulsified fuel
which increased the fraction of fuel burned in
the premixed burning zone. Only at 15% DEE
the cylinder pressure was more than 30% WBE
due to the complete combustion of more quantity
of DEE added to the emulsified fuel.
Heat release rate

The heat release rate for 30% water-
biodiesel emulsion(WBE), 30%water-biodiesel
with 5,10 and 15% DEE addition at  full load is
shown in fig. 3. It was found that the maximum
heat release rate for 30% WBE was found to
be  64.1 J/CA degrees  which occurred at 11
degrees BTDC and for 5 % DEE it was 54.2
J/CA degrees, for 10 % DEE it was 58.1 J/
CA degrees. The maximum heat release rate
was found to occur only for 30% water-
biodiesel emulsion due to the increased  ignition
delay and more quantity of fuel burned in the
premixed burning zone. The heat release was
found to  be less for all % of DEE except at
15% DEE.

Performance analysis
Brake thermal efficiency

Fig. 4 shows the  variation of brake
thermal efficiency with respect to brake power
for 30% water-biodiesel emulsion and  for
different concentration of DEE. It is seen from
the figure that Brake thermal efficiency of 30%
water biodiesel emulsion at 100% load was
found to be 28.3 % and for 5% DEE with 30%
water-biodiesel emulsion the thermal efficiency
slightly  decreased to  27.4% and for 10% DEE
blend the thermal efficiency further reduces to
27.1% and for 15% DEE blend it was 29%.
Since DEE has high cetane number and it is an
oxygenated compound and highly volatile which
initiates the start of combustion, reduced the
ignition delay period. The fraction of fuel
accumulated and burned  in the premixed
burning zone also reduces which reduces the
temperature and pressure inside to the
combustion chamber which reduced the
thermal efficiency for 5 and 10% of DEE.
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However the brake thermal efficiency was
found to be higher with 15% DEE. Though the
ignition delay was reduced for 5 and 10% of
DEE, at 15% DEE  the combustion was

complete  which gives higher brake thermal
efficiency  than that of 30% WBE  with reduced
ignition  delay.

Fig. 3 : Variation of heat release with crank angle
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Specific energy consumption
Fig. 5 shows the variation of specific

energy consumption with respect to brake
power for different concentration of DEE. It
is seen from the figure that for 30% water-
biodiesel emulsion the specific energy
consumption at full load was 12420 kJ/kW-hr
and for 5% DEE  it was 13282 kJ/kW-hr and
for 15% DEE it was 12281 kJ/kW-hr. At 5%
DEE there was a small rise in specific energy

consumption and for 15% DEE  the specific
energy consumption decreases which is more
than  that of 30% water-biodiesel emulsion.
Since addition of DEE initiates the start of
combustion  which reduces the delay period
which also reduces the effect of microexplosion
of water present in the  emulsified fuel and the
cylinder pressure due to which there was a
slight increase in energy consumption at lower
% of DEE.

Fig. 5 : Variation of brake specific energy consumption
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Emission analysis
NOx emission

Fig. 6 shows the variation of NOx
emission with respect to brake power for
different concentration of DEE. It is seen from
the figure that for 30% water-biodiesel emulsion
the NOx emission was found to be 651ppm and
for 5% DEE it was 641ppm and it was 661ppm
for 15% DEE  addition with the rise of 10ppm
of NOx emission compared tp 30% WBE.
Addition of more quantity of DEE initiates the
start of combustion and makes the combustion
more complete. Moreover DEE is an oxygen
containing compound  when combine with
Biodiesel emulsion which also contains oxygen,
increases NOx at higher % of DEE. Hence
there was a remarkable increase in NOx
emission for 15% DEE.

HC emission
Fig. 7 shows the variation of HC

emission with respect to brake power for
different concentration of DEE. It is seen from
the figure that with neat 30% water biodiesel
emulsion  HC emission was 112ppm at full load
and for 5% DEE addition it reduces to 106ppm
and for 10% DEE the HC emission further
reduces to 91ppm and for 15% DEE it was
only 65ppm at full load condition. This is because
as DEE is an oxygenated compound containing
21.6% of oxygen by mass reduces the ignition
delay and the effect of water on combustion
process reduces, and hence the combustion
becomes more complete and  the HC emission
reduces.
CO emission

Fig. 8 shows the variation of CO



Journal of Environmental Researh And Development         Vol. 2 No. 2, October-December 2007

170

emission with respect to brake power for
different concentration of DEE. As the DEE
percentage increases the CO emission
decreases. For 30% water-biodiesel emulsion
the CO emission was 0.25 % by vol. and for
10% DEE it was 0.2 % by vol. and for 15%DEE
it was 0.17% by vol. at full load. This reduction
in CO emission was due to the fact that  DEE
is an oxygenated compound  contains  21.6%
oxygen by mass which  is the main reason for

the complete combustion of air  and fuel mixture
which reduces the CO and HC emissions. With
15% DEE the engine noise varies some time
and rough running of the engine was identified.
Above 15% of DEE it was difficult to operate
the engine and the engine makes some knocking
sound and erratic running of the engine takes
place. Above 15%DEE the problem of vapour
lock arises due to the high volatility of the
DEE.
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Fig. 6 : Variation of NOx emission

Fig. 7 : Variation of HC
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Smoke emission
Fig. 9 shows the variation of smoke

emission with respect to brake power for 30%
water biodiesel emulsion  and for 30% water-

biodiesel emulsion with 5,10 and 15% DEE
concentration. The smoke emission for 30%
water-biodiesel emulsion was 2.5 BSU at full
load and for 10% DEE it was 1.8 BSU and for
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15% DEE it was 1.6 BSU. This reduction in
smoke emission for water-biodiesel emulsion
with DEE was due to presence of 21.6%
oxygen by mass  in DEE which makes the
combustion complete and also since the biodiesel
fuel itself contains 11% oxygen in it which may
promote the oxidation of soot during the
combustion process.

CONCLUSION
Use of neat Water-Biodiesel emulsion

significantly lowers NO emissions and smoke
levels. It also increased the brake thermal
efficiency at higher percentage of DEE  with
the considerable reduction in  HC and CO
emissions.

Fig. 8 : Variation of CO

1. The brake thermal efficiency at full load
increases from 28.3% to 29%  with 15%
DEE addition.

2. HC and CO levels drop from 75ppm to
40ppm and 0.175 % vol. to 0.1 % vol.
respectively at full load when compared
to neat water-Biodiesel emulsion.

3. There is a significant reduction in smoke
level. It is 4.2 BSU for diesel, 4.5 BSU
for biodiesel and 2.5%BSU for 30%
water-biodiesel emulsion. With the
addition of 15% DEE it was further
reduced to 1.6 BSU.

4. The NOx level for DEE addition  is lower
than that of  water-biodiesel emulsion
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Fig. 9 : Variation of smoke emission
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and neat diesel modes of operation. At
full load it was  only 568ppm for 10%
DEE addition as compared to 651ppm
with 30% water-biodiesel emulsion.

On the whole the use of water-
biodiesel emulsion can simultaneously lower
smoke and NOx emission as compared to neat

diesel operation. However there is a rise in HC
and CO emission and the reduction in part load
efficiency. Use of 15% DEE along with the
water biodiesel emulsion can significantly help
in lowering HC and CO levels without adverse
effects on NOx and smoke emissions
particularly at high outputs.

Table 1 : Properties of Diesel, Biodiesel and 30% Water-Biodiesel emulsion

 Properties Diesel Biodiesel WBE 
Heating 
value(kJ/kg) 

43,000 39500 27,650 

Fire point C 65 92 102 

Viscosity Cst 2.7 8.7 85 
Specific gravity 0.85 0.872 0.89 

Flash point C 52 80 90 

Density(kg/m3) 850 860 850 

Specific heat 2.2 2.5 2.7 
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