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ABSTRACT

Blending biodiesel in the diesel would increase the tendency of having a high viscosity
fuel. For this reason, the addition of a small amount of additives into the blends may
improve the engine performance and lead to better fuel consumption. The purpose of this
paper is to experimentally investigate the performance and emissions generated by
various mixtures of biodiesel and diesel with palm oil based additive in the compression
ignition direct injection diesel engine of Yanmar TF90. Experiments were also conducted
to identify the ideal biodiesel, diesel and the additive mixture that produces the optimum
engine emission and performance. The experiment was conducted by using mixtures that
consisted of 10%, 20% and 30% of biodiesel with and without the additives. From the
results of the experiments, PB10 with 0.8 ml additives produced the highest braking
power and lowest fuel consumption as compared to the diesel and the rest of the biodiesel
blends. The presence of biodiesel and additives were found to not only improve the engine
performance, but also led to the reduction of carbon emission. Although all the diesel,
biodiesel and additive demonstrated low smoke emission with a complete combustion, a
slight increase however, was observed in the NOx emission. In conclusion, PB10 is seen
as the most ideal blend for diesel engine in terms of providing the most optimum engine
emission and performance.
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INTRODUCTION

The demand for transportation fuel is experiencing a rapid growth on a global scale.
Presently, diesel engines are being used extensively in the automobile, generator,
construction, industrial and agricultural sectors. In the automotive industry, diesel-
powered vehicles are becoming very popular due to their better fuel efficiency and higher
torque power when compared to those of petrol-powered vehicles. Almost one-third of
the vehicles manufactured in Europe and the US are powered by diesel, while the number
of diesel vehicles had shown an increase from 3.84 % in 2006 to 5.11 % in 2017 when
compared to the previous year [1]. However, the increase has led to a growing
environmental pollution as a result of the exhaust gas emission. For this reason, biodiesel
is seen as not only an alternative solution to the environmental problems caused by diesel
vehicles in the transportation sector, but also as an alternative energy source to reduce the
dependency on petroleum sources [2], since it is derived from biological sources known
as carbon neutral sources, which are renowned for producing no net carbon emissions to
the surroundings [3].
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Additionally, biodiesel fuel is a renewable energy source that shares similar
properties with the diesel, hence, can be used in diesel engines without any major
modifications [3,4]. Biodiesel can also act as a lubricant and a cetane improver that
increases a diesel fuel’s Cetane number, thus contributing to a better engine performance.
The major source of biodiesel in Malaysia is produced from palm oil through the
transesterification process. Since oil palm plantations cover about 16% of the total land
area in Malaysia [3], this country has the ability to produce palm oil biodiesel with a lower
fuel and energy cost [6].

It is impossible however, to directly use 100% biodiesel in diesel engines as it is
highly viscous and can lead to poor fuel engine consumption. Moreover, the long term
usage of 100% biodiesel in unmodified engines may lead to severe corrosion, wearing of
engine parts and the high amount of carbon deposition in the combustion chamber [7],
particularly during the cold weather [8]. Since most of the complications had caused by
the high viscosity, density and high iodine level of the biodiesel, this has prompted many
researchers to look for ways on improving the properties of biodiesel [9] such as by
mixing the fuel with diesel or a fuel additive.

Various biodiesel standards have been developed and implemented worldwide to
maintain and standardize the biodiesel quality. Presently, since most biodiesel fuel
manufacturers adheres to the guidelines set by the US and EU standards, this research
abides to the guiding principles set in the ASTM D7467 and EN 14214 biodiesel
standards. The main properties of biodiesel, namely its density level, kinematic viscosity
at 40°C and calorific value had served as the main focus of this research. As stated under
the ASTM D7467 biodiesel requirements, the biodiesel density level should be less than
859 kg/m?3, while the kinematic viscosity at 40°C should be in the range of 1.9 to 4.1cSt,
since a highly viscous fuel may cause extreme pressures in the injection systems and will
result in the reduced atomization and vaporization of the fuel spray [10]. As for the
calorific value of diesel, the EN 14214/ D240 standard had stated the value to be around
45.6 MJ/kg [11].

All biodiesel fuels regardless of feedstock type are denser and less compressible
than the diesel fuel. While density and compressibility greatly influence the engine fuel
injection system [8], fuel density on the other hand, affects atomization and fuel mixture
formation [12]. As such, by having a very high density and viscosity level, the biodiesel
fuel has a tendency to reduce engine performance, since the high viscosity would result
in a poor flow of fuel into the combustion chamber and in turn leads to a slow combustion
process. However, although the complex structure with high carbon contents in the
biodiesel fuel is likely to heighten the engine’s incomplete combustion, it also contains a
high oxygen content that can aid in the engine’s complete combustion [13] and results in
lesser carbon emission. While biodiesel fuel has been touted as a much cleaner alternative
to conventional diesel fuel, a high NOx emission however, had been detected as a result
of the higher combustion temperatures from the biodiesel’s higher oxygen content.

Biodiesel fuel typically has a lower calorific value of between 39 MJ/kg to 41
MJ/kg, as compared to diesel fuel, which is between 42 MJ/kg to 45.9 MJ/kg [14] and
can be measured experimentally by using a bomb calorimeter. As a result of the lower
calorific value of the blended biodiesel, the braking power of the blended biodiesel would
be slightly lower than the diesel fuel, hence resulting in an inefficient combustion process.
Even so, some researchers had reported that a higher braking power can be achieved from
blends with lower than 20% biodiesel contents due to the complete combustion and a
good mixture of fuel to air ratio [15].
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Although biodiesel fuel combustion also produces a lower brake thermal
efficiency as compared to the diesel fuel due to its lower calorific value [16], the high
density and its low calorific value however, would result in the escalation of its brake
specific fuel consumption (BSFC). The increase in the fuel consumption is not only due
to the engine burning more fuel to achieve the maximum heat at certain load but is also
caused by the high density and viscosity of the biodiesel [17].

In this day and age, there is a need to control exhaust emissions such as CO, HC,
NOxy, soot and CO: as these gases and pollutants contribute to serious global warming and
public health issues. For this reason, biodiesel is able to produce lower levels of unburned
HC, CO, CO2 and smoke opacity compared to diesel fuel at all engine speeds [18] because
of its fuel’s high viscosity [19]. Many previous studies had found the decrease of CO
emissions is caused by the increasing percentage of biodiesel in the blend, but a slightly
higher CO> from the complete combustion [20] [21].This is because although the oxygen
content of the biodiesel had improved the combustion cylinder, this had also led to the
formation of NOx emission as a result of the high temperatures and long combustion
period [22].

Given that there is a vague impression on the available additives’ effectiveness on
the engines as well as the ambiguous information concerning the contents of the additives
in the market and the ideal mixtures of additives with the diesel, this study has therefore
aimed to investigate not only the ideal biodiesel, diesel and a booster mixture in producing
an optimum engine performance, but also a fuel mixture that complies with the ASTM
D7467 standard. The exhaust gas emissions produced by diesel engines is also examined
in this study.

METHODOLOGY
Materials and Method of Blend Preparation

The research had used a commercial fuel from public fuel stations and palm oil methyl
ester that was sourced from a local supplier. The preparation of the biodiesel and additive
blends was carried out at room temperature. The mixture was placed in a glass beaker
before being agitated at 1000 RPM for 15 minutes. It was then left to rest for 15 minutes
to reach an equilibrium state before being subjected to further testing. The biodiesel,
diesel and additive mixtures were labelled accordingly as shown in Table 1.

Measurement of Fuel Properties

All of the fuel blends were tested according to the biodiesel requirements set in the ASTM
D6751 and the European Union (EN 14214) standards and were subjected to the analysis
of density, kinematic viscosity and calorific value properties. According to the ASTM
D6751 standard, the biodiesel density should be less than 859 kg/m?, while the kinematic
viscosity should be below 4.1 cSt. While the density test was conducted using the relation
of mass and volume of fuel, the viscosity test was conducted through the use of a
Kittiwake On-board Viscometer by measuring the time taken for a stainless-steel ball to
travel along the tube that was filled with the fuel. Each of the density and viscosity
measurement were conducted three times. As there is no mention of the calorific value of
the blended fuel in the ASTM D6751 standard for biodiesel, the calorific value of the EN
14214 standard for biodiesel was referred to instead through the use of an IKA C200

6175



Performance and Exhaust Gas Emission of Biodiesel Fuel with Palm Oil Based Additive in Direct
Injection Compression Ignition Engine

Bomb Calorimeter. According to the requirement set in the standard, the minimum
calorific value for a blended fuel should be at least 35 MJ/Kkg.

Table 1. Biodiesel, diesel and additive blend percentages.

No. Blend percentage Acronyms

1 Diesel + Additive 0.8 ml Diesel Additive 0.8ml

2 Diesel + Additive 2.0 ml Diesel Additive 2.0ml

3 Palm biodiesel 10% + Diesel 90% PB10

4 Palm biodiesel 10% + Diesel 90% + PB10 Additive 0.8ml
Additive 0.8 ml

5 Palm biodiesel 10% + Diesel 90% + PB10 Additive 2.0ml
Additive 2.0 ml

6 Palm biodiesel 20% + Diesel 80% PB20

7 Palm biodiesel 20% + Diesel 80% + PB20 Additive 0.8ml
Additive 0.8 ml

8 Palm biodiesel 20% + Diesel 80% + PB20 Additive 2.0ml
Additive 2.0 ml

9 Palm biodiesel 30% + Diesel 70% PB30

10 Palm biodiesel 30% + Diesel 70% + PB30 Additive 0.8 ml
Additive 0.8 ml

11 Palm biodiesel 30% + Diesel 70% + PB30 Additive 2.0 ml
Additive 2.0 ml

Experimental Setup and Method for Testing the Engine

A schematic diagram of the experimental setup for the engine test is shown in Figure 1.
The engine test was conducted on a single-cylinder direct injection compression ignition
engine coupled with an Eddy current dynamometer.

Air
Fuel Intake
tank e

Emission Gas

Dynamometer |
Control Panel

Figure 1. Schematic diagram of the experimental setup.

Exhaust
System

Dynamometer

The specifications of the Yanmar TF90 engine and the dynamometer are shown
in Tables 2 and 3, respectively. A BOSCH and a KANE gas analyser were used to analyse
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the emissions from the engine. The BOSCH gas analyser was used to detect the smoke
opacity percentage, while the KANE gas analyser for the detection of NOx, CO and CO-
emission.

Table 2. Engine specifications from Yanmar Diesel Engine Co. Ltd.

Details Specification
Model YANMAR TF90
Number of cylinders 1

Total volume (litres) 0.493
Compression ratio 10.5
Horsepower (kW) 8.5

Max. torque (Nm/RPM) 3.4/1600
Capacity of cooling system (liter) 8.9

Max. rated power, RPM (kW) 2400 (8.5)

Table 3. Dynamometer specifications.

Details Specification
Model MGFQU-100-22
Max. power (KW) 12.5
Max. rotating speed (RPM) 3350
Total weight 65 kg
Inertia J=0.0237 kgm?

The engine was tested with a load of 3 kW and at various speeds that had ranged
from 1000 RPM to 2000 RPM. The experiment had started off with the use of a
commercial diesel fuel in the initial investigation of the engine’s performance and
emissions. The performance and emission data from the diesel fuel were then used in the
comparison of different blended fuels types. The same procedure was repeated for each
blended fuel by maintaining the same operating conditions, namely a load of 3 kW and
various speeds that had ranged from 1000 RPM to 2000 RPM. This experiment had
utilised two types of fuel (diesel and palm biodiesel) and one type of additive.

RESULTS AND DISCUSSION
Analysis of the Blended Fuel Properties

Figures 2(a), 2(b) and 2(c) show the respective densities, kinematic viscosities and
calorific values of the biodiesels which had been blended with the additive and those
without additive, which had complied with the ASTM D7467 standard. The density for
all the blended fuels was between the range of 825 km/m?®to 838.5 kg/m?, where it was
observed that the fuel density had increased with the increased percentages of the additive
and biodiesel of the mixture. All the blended fuels had complied with the ASTM D7467
standard and it can be seen that the highest kinematic viscosity of 4.1 mm?/s was attained
by PB30 Additive 2.0 ml. While the highest calorific value of 45.286 MJ/kg PB10 was
shown in Additive 0.8 ml biodiesel, PB20 on the other hand, had displayed the lowest
calorific value of 44.03 MJ/kg.
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Figure 2. Blended fuel (a) density, (b) kinematic viscosity and; (c) calorific value.
Engine Performance

Figure 3 shows the graph of braking power plotted against the speed of the ideal biodiesel
blend and diesel. With a load of 3 kW applied to the Yanmar TF90 diesel engine, the
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maximum brake power of diesel, PB10, PB10 Additive 0.8ml and PB 10 Additive 2.0 ml
at 2000 RPM are shown as 1.783 kW, 1.777 kW, 1.793 kW and 1.783 kW, respectively.
The braking power of PB10 Additive 0.8ml is the highest when compared to diesel, PB10
and PB10 Additive 2.0ml since the biodiesel blend has the highest calorific value
compared to the diesel and a higher content of oxygen with a lower kinematic viscosity
and density among all of the blends.

35 - ——Diesel
30 | —PBIO .
— PB10 Additive 0.8ml
225 - ——PB10 Additive 2.0ml
g 2.0
8
2 1.5
€ 1.0
aa} 5
0.5
OO 1 1 1 1 )
1000 1200 1400 1600 1800 2000

RPM

Figure 3. Graph of brake power against speed.

Figure 4(a) to 4(c) show the brake specific fuel consumption (BSFC) for the
respective biodiesel blends and diesel fuel. While the lowest BSFCs obtained for
biodiesel PB10, PB10 Additive 0.8 ml and diesel Additive 2.0 ml at 2000 RPM are shown
as 0.308 kg/kwh, 0.305 kg/kwh and 0.311 kg/kwWh, respectively, the highest BSFCs
obtained for the corresponding PB30, PB30 Additive 0.8 ml and PB20 Additive 2.0 ml at
1000 RPM are 0.424 kg/kWh, 0.443 kg/kWh and 0.424 kg/kWh. The decrease in the
BSFCs is due to the better physical and chemical properties of the biodiesel blends and
additive for combustion at high speeds. In PB10 Additive 0.8 ml, the lower BSFC is
caused by its higher calorific value, whilst the increase in the BSFCs for PB30, PB30
Additive 0.8 ml and PB20 Additive 2.0 ml shows a higher level of fuel consumption due
to their lower calorific values and higher density levels. It is observed that PB10
experiences a decrease in the BSFC as compared to the diesel fuel. Hence, it can be
concluded that PB10 Additive 0.8 ml is the optimum blend for obtaining a higher power
and torque output with lower BSFC.

The brake thermal efficiencies of the engines using diesel, biodiesel and additive
blends are shown in Figures 5(a) to 5(c). The results indicate that the brake thermal
efficiency for all the fuel blends had a similar trend with the diesel fuel. While the highest
BTEs for PB10 (26.38%), PB10 Additive 0.8 ml (26.03%) and PB10 Additive 2.0 ml
(25.95%) is lower than diesel Additive 0.8 ml (27.03%), the diesel Additive 2.0ml on the
other hand, displays the highest BTE due to its lower density, lower kinematic viscosity
and higher calorific value compared to the blended biodiesel. The small amount of
additive that was added to the diesel had produced a better BTE at s high speed. It can be
seen that the PB10 Additive 0.8 ml demonstrates a high trend at a lower speed compared
to the diesel Additive 0.8 ml due to its higher calorific value and kinematic viscosity,
which is almost similar to that of the diesel Additive 0.8 ml. Overall, the higher
percentage of biodiesel content reduces the BTE due to its weak combustion spray
characteristics and the weak air-fuel ratio of the mixture.
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Figure 4. BSFC against Speed for (a) fuel, (b) fuel Additive 0.8 ml and; (c) fuel
Additive 2.0 ml.
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Engine Emissions

Nitrogen oxide is a colourless and odourless gas that is highly toxic. Figures 6(a) to 6(c)
show the NOx emission of the respective diesel, biodiesel and the additive mixture. As
seen from the graphs, the lowest NOx emissions for diesel, diesel Additive 0.8 ml and
diesel Additive 2.0 ml at 1000 RPM are shown as 71 ppm, 82 ppm and 75 ppm,
respectively, while the highest NOx emissions for the corresponding PB10, PB10
Additive 0.8ml and PB10 Additive 2.0ml at 2000 RPM are 381 ppm, 367 ppm and 309
ppm. The high brake thermal efficiency for the biodiesel fuels is also observed to have
indirectly increased the levels of NOy emissions.

The biodiesel with and without additives were seen to have higher NOx emission
than the diesel fuels due to their higher oxygen contents. A research from Fattah et al.
(2014) had stated that the increase of NOx emission was due to higher combustion
temperatures, long combustion period and high oxygen concentration level in the
biodiesel. Moreover, the better completion of combustion produced by the biodiesel fuel
could also enhance the formation of NOx emissions.
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Figure 6. NOx emissions against speed for (a) fuel, (b) fuel with Additive 0.8 ml and; (c)
fuel with Additive 2.0 ml.

Figures 7(a) to 7(c) show the emission of CO. by different types of fuel mixtures
against the rotational speed of the engine. The biodiesel fuels of PB30, PB10 Additive
0.8ml and PB30 Additive 2.0ml have the highest CO2 emissions of 7.3%, 6.5% and 6.8%,
respectively, while the lowest CO, emissions are from the corresponding PB20, diesel
Additive 0.8ml and PB10 Additive 2.0ml at 4.6%, 3.9% and 3.9%, where the CO>
emission is observed to be directly proportional to the increase of the engine speed. The
higher CO emission from the biodiesel could be due to the inaccurate values displayed
by the gas analyser.

The emission of CO:; is higher for biodiesel than diesel since the complete
combustion had converted the CO to CO». Theoretically, since biodiesel contains oxygen
atoms and has a lower carbon to hydrogen ratio than the diesel, therefore, the emission of
CO2 can be lower than those of the diesel.
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Figure 7. CO2 emission against speed for (a) fuel, (b) fuel Additive 0.8ml and; (c) fuel
Additive 2.0ml

Figure 8 shows the results of the average smoke opacity of the diesel and biodiesel
fuel blends. It is observed that all the blends with and without additives had demonstrated
lower smoke opacities than the diesel fuel loaded with and without additives. The lowest
average smoke opacities are seen in the respective biodiesels of PB30, PB30 Additive
0.8ml and PB30 Additive 2.0ml at 3.72%, 3.97% and 3.15%, while the highest smoke
opacities can be observed in diesel, diesel Additive 0.8ml and diesel Additive2.0ml at
6.7%, 4.38% and 6.33%, respectively. The higher smoke opacity of diesel with or without
additive is due to the incomplete combustion of the hydrocarbons and particulate carbon
in the fuel.

From the results of this study, the high oxygen level in the biodiesel fuel not only
has the ability to reduce smoke opacity but can also result in a more comprehensive
combustion process than that of the diesel. Apart from that, the low carbon content in the
biodiesel is also one of the factors that can cause the reduction of the smoke opacity level.
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Figure 8. Average smoke opacity for different types of fuels with different additive
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CONCLUSION

The engine performance and emission of diesel-biodiesel blends with additives were
investigated using different blend compositions. In order to identify the engine
performance, the density, viscosity and calorific values had been experimentally
identified. The results of this study can be summarized as below:

The biodiesel and diesel fuels blended with and without additives fulfill the
ASTM D6751 and EN14214 standards in terms of the density, kinematic viscosity
and calorific values.

The biodiesel BP10 Additive 0.8ml produces the best engine performance with
the highest braking power. While the presence of biodiesel can slightly reduce the
brake thermal efficiency (BTE), the lower concentration of the biodiesel-diesel
blend leads to a reduction of the BSFC. The presence of additives and biodiesel
in the diesel indicates PB10 to exhibit the best engine performance.

The presence of biodiesel and additives not only increases the CO2 emission, but
also leads to a reduction of smoke opacity from the combustion. However, the
high oxygen contents in biodiesel and additives, produces a higher NOx emission
compared to diesel.

Since PB10 with 0.8 ml of additives demonstrates the best engine performance
with the most effective carbon emission reduction, this biodiesel blend is therefore
regarded as the best and the most effective alternative fuel in diesel engine.
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