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Abstract. Research on using biodiesel and bioethanol as fuels for internal com-
bustion engine is necessary to solve the shortage of fossil fuels and environmental
pollution. This paper presents the performance and emissions of a 4-cylinder, nat-
urally aspirated diesel engine fueled by diesel and blends of diesel, ethanol and
biodiesel. The blends included DE10 (90% diesel-10% ethanol), DBS5 (95% diesel-
5% biodiesel), DE10B5 (85% diesel-10% ethanol-5% biodiesel). The engine
torque, specific fuel consumption and emissions were compared, the number of
particles in the exhaust gas when the engine operated with diesel and fuel blends
were also considered. The engine was tested at full load condition.
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1 Introduction

The rapid depletion of oil reserves and environmental pollutions created an incentive
to study and evaluate alternative fuels. Biofuels, such as ethanol and biodiesel, have
had a significant role in improving the sustainability of transport sector. They can be
used to partly subsitute for fossil fuel, reduce toxic emissions. Biodiesel and ethanol
are potential alternative fuel because they come from renewable bio-based resource and
they have high oxygen content, there by possible to improve the exhaust gas emissions.
Ethanol has been used normally as commercial fuel in term of blending with gasoline to
use for gasoline engines [1, 2]. Beside that ethanol might also be blended with diesel to
use as fuel for diesel engine. However, ethanol-diesel blend has not been commercially
used due to the difference in chemical and physical properties between ethanol and diesel
fuel. At present, some investigations of the potential application of diesel - ethanol (DE)
and diesel - biodiesel (DB) and diesel - ethanol - biodiesel (DEB) fuel blends on diesel
engine have been carried out. Huang et al., investigated the engine performance and
exhaust emissions of diesel engine when using 10%, 20%, 25% and 30% ethanol blended
diesel fuels [3]. In that study, the results showed that the brake thermal efficiencies
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decreased with increasing amount of ethanol in the blended fuels. Rakopoulos et al.,
studied the effects of ethanol blends with diesel fuel, with 5% and 10% (by volume)
on the performance and emissions of a turbocharged direct injection diesel engine [4].
The results showed that increasing the ethanol content in the fuel blend increased the
brake specific fuel consumption and decreased the brake thermal efficiency. Besides
ethanol, biodiesel which basically has very similar properties as fossil diesel is another
kind of biofuel. Although biodiesel fuel can be used by itself for diesel engine, it is
more commonly used as a blend component with conventional diesel. Biodiesel has
lower heating value, higher oxygen content, higher cetane number, higher viscocity,
lower compressibility, higher density as compared to fossil diesel that may effect on
diesel engine performance and emissions [5, 6]. In general, biodiesel-diesel blends do
not change much engine power, especially at low percentage of biodiesel [7], and brake
specific fuel consumption can increase up to 14% or maybe higher with pure biodiesel
used [6, 8, 9]. Combining ethanol and biodiesel as blend components with conventional
diesel is also one more solution to promote the use of biofuels replacing mineral fuel.
Nadir Yilmaz testing blends of 45% biodiesel - 10% ethanol - 45% diesel and 40%
biodiesel - 20% ethanol - 40% diesel on a direct injected diesel engine pointed out
that higher brake specific fuel consumption, higher CO and HC emissions, but lower
NO emissions and no significant different in exhaust gas temperature when fueling the
blends as compared to diesel [10]. All studies above provide the ability to use blends of
ethanol, biodiesel and diesel as fuel for diesel engine. However, the effect of blends on
engine performance and emissions depends on engine operating conditions as well as
engine configuration and fuel properties. This paper investigates the performance and
emission characteristics of an in-use diesel engine fueled by blends of 10% ethanol -
90% diesel (DE10), 5% biodiesel - 95% diesel (DBS), 10% ethanol - 5% biodiesel -
85% diesel (DE10B5) by volume.

2 Exprimental

2.1 Experimental Apparatus

The test engine was a four-stroke, 4 cylinder, non-turbocharged diesel engine commonly
used on 1.25 ton Hyundai truck in Vietnam. The engine specifications are shown in
Table 1.

The engine was coupled to an electrical dynamometer to provide brake load, and
equipped with the instrumentation for its control (Fig. 1). The consumption of fuel
and air was measured by Fuel Balance AVL 733S and Air Flow Meter Sensy Flow P.
The cooling water temperature, oil temperature and pressure, cylinder pressure, intake
and exhaust gas temperatures and lambda value were also measured or monitored by
sensors. For emission analysis, an AVL Combustion Emission Bench (CEB II) and a
Smoke Meter AVL 415 were installed and sampled the raw exhaust gas at the tail pipe.
The CEB II comprises all analysers for HC, CO and NOx measurements.

Moreove, the Research Center for Engines, Fuels and Emissions at Hanoi University
of Science and Technology (HUST, Vietnam) has developed a dilution system for parti-
cle number measurement. Based on the requirement of Particle Measurement Program
(PMP) [11], a such dilution system shall comprise a first dilution stage at which the
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Table 1. Engine specifications

Description Specification Value Unit
Engine type D4BB

Injection sequence - 1-3-4-2 _

Total displacement Vi 2.607 liter
Stroke S 100 mm

Bore cylinder D 91.1 mm
Early injection angle Ps 20 0
Con-Rod Length L 158 mm

Rate at speed Nedm/Nde 59/4000 kW/(rpm)
Rate torque at speed MeMax/Mde 165/2000 Nm/(rpm)
Compression ratio € 22 _

Type of injection pump Mechanical in-line
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Dilution system for
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Fig. 1. Experimental setup

sample gas is heated to 150°C, an evaporation tube that heat sample gas to 300—400°C,
and a second dilution stage which cool the sample gas down to about 30°C (Fig. 2).
In this study experiments, an ejector was used for first dilution stage in which clean
compressed air produced an under pressure at the nozzle that drew the sample gas. The
second diluter was the mixer in which sample gas and clean air were mixed. Dilution
factors of the first diluter and the second diluter were defined by measuring related
flow rates. The overall dilution factor of the system was product of two dilution fac-
tors mentioned above. A Miniature Diffusion Size Classifier (DiSCmini) manufactured
by Testo was used to determine the particle number. The DiSCmini can detect particle
number concentration up to 10® #/cm?> with the size in the range of 20-700 nm with
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the sampling flow rate of 11/min. Although this particle counting system had not been
calibrated and validated by PMP method, but the results of comparative measurement
could provide useful information of the change in particle number in exhaust gas when
using the different fuels.

Evaporation tube —‘
Exms(_g:i' T=573K ¢ Clean
= —
compressed air
PND1 PND2
T=423K T=303K
Ejector /
Sample
-
N Particle Pump
’-|\ number counter

Clean
compressed air

Fig. 2. Schematic of particle counting system developed at HUST

2.2 Test Fuels

The test was conducted in order to assess engine performance and emission character-
istics when using blends 90% diesel - 10% ethanol (DE10), 95% diesel -5% biodiesel
(DB5) and 10% ethanol - 5% biodiesel - 85% diesel (DE10B5) by volume. Properties
of the diesel fuel that has 0.05% sulfur available in Vietnam market according to TCVN
5689-2005 and properties of the ethanol are provided in Table 2. The ethanol and diesel
fuels were mixed together without any additive by an agitator. Right after blending, the
blends were fueled to engine for testing.

Table 2. Properties of the test fuels

Fuel properties Diesel Ethanol Biodiesel
Density at 15°C (kg/m?) 837 789 869
Kinematic viscosity at 40°C (mm2/s) 3.14 - 4.1
Lower heating value (MJ/kg) 43 26.8 39.9
Flash point (°C) 60 152 -
Oxygen (% weight) 0 34.7 8.4
Cetane number 49 - 60
Octane number - 113 -
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2.3 Test Modes

In order to assess the effect of fuels on maximum engine torque, specific fuel con-
sumption, emissions, lambda values and the number of particles in the exhaust gas. The
test was carried out at full load condition at which the speed varied from 1000 rpm to
3500 rpm with an increment of 500 rpm were measured with diesel, DE10, DBS5 and
DE10BS fuels in turn. The engine was not modified or adjusted throughout the test.

3 Results and Discussion

3.1 Engine Performance

The variation of engine torque and specific fuel consumption at full load with all test fuels
is plotted versus engine speed (Figs. 3 and 4). When using diesel-ethanol blends DE10,
DBS5, DE10BS the engine torque decreased by 6.9%, 2.02% and 1.1%, fuel consump-
tion increased by 6.9%, 1.96% and 1.1% on average over speed range, respectively, as
compared to conventional diesel. This is attributed to the lower heating value of ethanol
which is 26.8 MJ/kg as compared to 43 MJ/kg that of diesel and also the lower density
of ethanol which may reduce the mass of fuel injected per cycle. However, this reduc-
tion can be negligible when 5% biodiesel was added, maybe due to the improvement of
cetane number and lubricity of the blends.

In case of DE10, DBS and DE10BS5 the lambda values increased by 10.69%, 6.40%
and 9.87% due to high oxygen content in ethanol (Fig. 5).
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Fig. 3. Comparison of the engine torque at full load



474 N. N. Van et al.

bsfe (g/kWh)

1000 1500 2000 2500 3000 3500
Speed (rpm)

Fig. 4. Comparison of brake specific fuel consumption at full load
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Fig. 5. Lambda values

3.2 Engine Emissions

Emissions including CO, HC, NOy and smoke were measured at each test mode (Fig. 6,
7,8, and 9). The measured emissions are compared between all the test fuels at full load
while the speed varies from 1000 rpm to 3500 rpm.

For CO emissions, ethanol and biodiesel has about 34% and 8.4% of oxygen, so
that DE10, DB5, DE10BS5 blends contain amount of oxygen which can enhances the
complete combustion, that lead to the reduction in CO emissions. The lower C content
in blends that diminishes the CO formation may also be another reason. On average, CO
reduced by 36.61%, 26.60% and 34.40%.

HC reduced by 37.16%, 32.26% and 43.33% and smoke reduced by 45.66%, 24.11%
and 29.45% with DE10, DB5, DE10B5 respectively. DE10, DB5, DE10B5 have a smaller
C/H ratio than conventional diesel that may be another reason leading to the results above.
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On average, over speed range at full load NOy emissions increased by 7.39%, 2.13%
with DE10, DBS5 blends and reduced by 4.6% with DE10B5 by the diesel fuel. The
formation of NOy emissions is mainly due to the peak temperature and the availability
of oxygen in combustion chamber during combustion process. Adding small amount of
ethanol and/or biodiesel to diesel, on one hand, supplement a little oxygen content into
the blended diesel that may lead to increase in the NOy emissions. However, in the other
hand, ethanol has higher latent heat of vaporization (840 kJ/kg) than diesel (270 kJ/kg)
that may cause the lower combustion temperature in the cylinder for the ethanol blended
diesel, and as a result preventing the NOy formation. Besides that, lower heating value
and lower cetane number of the ethanol and/or biodiesel blended diesel fuels may be
other reasons of lower combustion temperature and reduce the NOx.
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Fig. 6. Comparison of CO emissions at full load
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Fig. 7. Comparison of HC emissions at full load
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3.3 The Number of Particles in the Exhaust Gas

The number of particles in the exhaust gas wasmeasured at each mode with all fuels. It
showed that DE10, DB5, DE10BS5 produced lower particle number than diesel fuel in
most cases. On average, the particle number decreased by 28.70%, 42.85% and 19.26%
with DE10, DB5, DE10BS5 compared to diesel fuel (Fig. 10). This result agrees with the
reduction of smoke mentioned above and one more time it shows that the combustion
process with DE10, DB5, DE10BS is better than that with conventional diesel.
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Fig. 10. Number of particles

4 Conclusions

The influences of the blends including DE10, DB5, DE10BS5 on performance and emis-
sion characteristic of the diesel engine had been studied by carrying out the experiments
on the engine test bed. The results showed that DE10, DBS, DE10BS reduced engine
torque averagely by 6.9%, 2.02% and 1.1% at full load as compared to the diesel fuel.
On the aspect of emissions, fueling these blends reduced quite clearly HC, CO and
smoke emissions. The highest reduction in CO, HC and smoke could be up to 36.61%,
43.33% and 45.66%. Moreover the number of particles in the exhaust gas decreased by
28.70%, 42.85% and 19.26% with DE10, DBS, DE10BS5 compared to diesel fuel over
the speed range. However, NOx emissions increased by 7.39%, 2.13% with DE10, DB5
but decreased by 4.6% with DE10BS5. These results demonstrate the initial possibility
of application of ethanol and biodiesel blended diesel as fuels for diesel engine without
any engine modification.
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