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to several engine problems such as low atomization, carbon deposit formation and
injector clogging. The production of biodiesel with additives can help with the
performance and emissions of diesel engines. There are many types of additives on the
market but the extent of the additives on engine performance is unknown and lack of
research has been done in studying the performance, emissions and fuel consumption
together with B100 biodiesel. In this research, there are five types of B100 palm oil
methyl ester biodiesel with various additive compositions need to be identified. The
density, viscosity and calorific value of biodiesel samples were measured to study the
thermo-physical properties as a simulation input. Simulation of the combustion engine
is conducted using CONVERGE CFD software; based on single-cylinder, direct injection,
YANMAR TF90 diesel engine parameters to study on the combustion characteristics
and exhaust emissions. The simulation results were compared with the experiment
results. From the simulations, biodiesel with diethyl ester and n-butanol additives give
better results compared to other additives because the present of n-butanol PME is
believed to reduce CO, CO; and NOx emissions while diethyl ether can improve the
spray characteristics when it blends with B100 biodiesel due to its low density and
viscosity.
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1. Introduction

Diesel engines are widely used in industries and transportation sectors. The increasing of energy
demand in transportation sectors along with the limitation of natural resources of fossil fuels and
their negative effects on environments are the main motivations for researchers to search for an
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alternative fuel. The search for an alternative fuel for diesel engines has intensified in recent years
with the imminent depletion of fossil fuel in the future. Among all the fuels, biodiesel plays an
important role because it is classified as green and renewable energy derived from renewable
biomass resources which is less toxic and biodegradable [1]. Biodiesel as an alternative fuel in a diesel
engine without engine modification.

Exhaust emissions from engine combustion such as nitric oxide (NOx), carbon monoxide (CO),
carbon dioxide (CO;) and hydrocarbons (HC) are the major contributor to high air pollution green-
house effect and cause a shift in the climate system [2] . Therefore, alternative fuel has become very
attractive in this era. Many researchers noted that biodiesel used in diesel engines can promote
reduce the exhaust emissions [3-4]. Palm oil methyl ester (PME) fuel is one a kind of biodiesel fuel
which is known as the best biodiesel in Malaysia [5]. Several studies found out that PME has been
proven to be a good choice to help solving the global warning air pollution [6]. It contains high oxygen
amount 10% to 12% by weight which can significantly contribute to complete combustion and can
be used in diesel engine directly without major modification [7]. Nonetheless, the major
disadvantages of biodiesel are its low cetane number, high viscosity, high density and extremely high
flash point that may cause some operability problems on poor atomization of fuel spray and
incomplete combustion where the combustion suddenly deteriorates in chamber [8]. Therefore, the
most suitable and economical way to improve palm oil biodiesel and engine performance is adding
with appropriate use of additives. This technology is safely adopted in diesel engine are widely
researched and developed [9-10].

Additives mixed in biodiesel fuel blends act as an oxygenated antioxidant. With the help of
additives, biodiesel properties can be enhanced and to improves combustion characteristics, lubricity
and reduces exhaust emissions, reduction in exhausts emissions. The additives usage also has some
limitations, such as reduced ignitability and cetane number [11] which may result in increased
emissions of unburned hydrocarbons. Therefore, additives were introduced in low portions. A small
portion of ethanol (E) as an additive can effectively reduce exhaust emission and reduce the lubricity
of the fuel [12]. However, the drawbacks of ethanol use include a low heating value due to the high
oxygen content which may decrease the brake thermal efficiency of the engine. In the past few year
studies have shown that n-butanol is emerged to have the highest potential to function as biodiesel
additions and can be used easily as additives. N-butanol (BU) has the properties which make it a
suitable ethanol replacement or addition as it has a higher energy content in addition to a significant
improvement in combustion engine. N-butanol has a lower ignition temperature. Therefore, it can
be ignited easier when burned in diesel engine. It has straight chain with OH group and has lower
hydrophilic compared to methanol and ethanol [13-14]. High cetane number, good miscibility and
higher heating value attract many researchers to consider n-butanol as an additive to biodiesel. A
study from Iftikhar et al., [15] shows that it has lower emission such as carbon monoxide (CO), oxides
of nitrogen (NOx) and smoke opacity. However, unburned hydrocarbon (HC) emission was found to
be slightly increased. Diethyl ether (DEE) is also a suitable additive that can be used with biodiesel
fuels for diesel engines because it is a cetane improver besides an oxygenated fuel [16]. The presence
of oxygen plays an important role to reduce PM and other harmful emissions from diesel engines by
improving the performance and combustion characteristics. However, NOx emissions can be reduced
in some cases and it may increase depending on the engine operating conditions [17]. To the best of
the authors’ knowledge, none of the previous researchers investigated the effect of the combination
of two different additives on the biodiesel fuel properties.

This work is to identify the composition and additional content found in biodiesel using gas
chromatography (GC-FID) and figure out the best additives by concerning about the fuel quality
improvements of the palm methyl ester fuel. In addition, the experimental thermal physical property
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tests of the biodiesel were performed in this study including density, viscosity and calorific value
which were evaluated under the ASTM 6751 standard. The simulation was conducted using Converge
CFD software based on the direct injection YANMAR TF90 diesel engine parameter. Moreover, the
results obtained from this method are more focused on features combustion such as pressure in the
cylinder, heat release rate, and exhaust emissions during the burning process to identify the influence
of different additives used in biodiesel. The optimization of the best solution of additives used was
identified from the results.

2. Methodology

Gas chromatography is carried out to study of separation of mixtures and to identify unknown
components in biodiesel sample. All biodiesel sample were simulated to analyse their combustion
characteristics and emission. The combustion characteristics results from the simulation were
validated with the experimental results. Grid independence test and emission tests were conducted
to further analyse the biodiesel.

2.1 Gas Chromatography (GC-FID) and Thermophysical Properties of Biodiesel

The chemical composition of the biodiesel samples was measured using gas chromatography with
flame ionization detection (GC-FID) to identify and quantify the composition for the five biodiesels.
Biodiesel sample are mixed with 1 ml of methanol as a solvent to ensure that the intensity value of
GC does not exceed the prescribed limit. This methanol content is mixed into biodiesel sample and
left for 5 minutes for isolation purposes. A layer was formed and separated using a syringe and the
liquid mixture was stored as 1 ml to be the sample in GC analysis. The fatty acid methyl ester (FAME)
profiles of the biodiesel samples were being analyse. Palmitic acid content is the highest fatty acid
content and this indicates that biodiesel sample are Palm oil methyl ester (PME). The fatty acid
content plays a very important role during combustion. These fatty acids consist of two categories,
namely saturated acids and unsaturated acids. Lauric, palmitic, myristic and stearic acids are
considered as saturated acids, where they do not contain any twin bonds between carbon atoms.
Meanwhile, oleic acid, linoleic and linolenic acid are unsaturated acids that contain twin bonds.
Exhaust emissions such as HC, NOx, CO, CO; and others depend on the composition of the fatty acids
found in biodiesel. If the presence of excess linoleic fatty acid in biodiesel can lead to NOx formation
and indicate low engine efficiency [18]. Besides, experimental works were done to identify the
thermophysical properties such as density, viscosity and calorific value. Table 1 shows the
thermophysical properties and chemical composition of the biodiesels. From this study found out
that BD3 is modified from BD1 with the addition of n-butanol. Whereas, BD4 is a modification of BD2
with the addition of n-methyl pyrrolidone.

Table 1

Thermophysical properties and chemical composition of the biodiesels

Biodiesel Density, Viscosity, Calorific Chemical composition

sample kg/m3 kg/ms Value, kl/kg

BD1 784 5.52 37,124 PME + Diethyl ether (DEE)

BD2 834 7.94 39,264 PME + Ethanol (E) + n-butanol (BU)

BD3 803 6.48 39,812 PME + Diethyl ether + n-butanol

BD4 819 6.08 38,895 PME + Ethanol + n-butanol + n-methyl pyrrolidone (PY)
BD5 821 9.35 37,921 PME + Acetone (ACE)
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2.2 Simulation of Biodiesel Combustion Characteristics and Emission

Simulation of combustion engine is conducted using CONVERGE CFD software based on single
cylinder YANMAR TF90 diesel engine parameters. In order to study on the combustion characteristics
in the chamber, the process such as in-cylinder pressure, heat release during combustion were
analysed. The engine model is drawn in Figure 1 and the model parameter of the engine and injection
system based on the real engine parameter for the YANMAR TF90 direct injection diesel engine are
extracted from the study of Ibrahim et al., [18] as shown in Table 2 and 3. As for boundary conditions,
the wall and head of the cylinder are the fixed boundaries that do not experience any movement
during the whole combustion process. Meanwhile, the piston was set as moving boundary
throughout the process of simulation with motion. On the other hand, the condition of the
temperature on the surface of piston, cylinder wall and head were also set to 403 K, 363 Kand 319 K
respectively. This input data is used to avoid increasing the temperature distribution of the
combustion engine model to go extreme and becomes more precise. The injection model used in this
simulation was Kelvin-Heimholtz (KH) and Reyleigh-Taylor (RT).

Table 2

Engine specifications [19-20]

Parameters Specifications

Engine model YANMAR TF90

Bore (m) x Stroke (m) 0.085 x 0.087

Connecting rod length (m) 0.13

Piston bowl diameter (m) 0.0463

Piston bowl depth (m) 0.016
Table 3
Engine operating injection specification [19-20]
Parameters Specifications
Number of nozzles (orifice x diameter) (mm) 4 x0.22
Injection pressure (MPa) 19.613
Injection duration (°CA) 16
Injection timing (°CA BTDC) -18

Ambient atmospheric pressure forces the air-fuel mixture through the open intake valve into the
cylinder to fill the low-pressure area created by the piston movement. As fuel was injected, the
combustion chamber was filled air. Therefore, the temperature and air pressure in the cylinder are
set to 300 K and 101 kPa as the initial conditions. The simulation time used is based on the rotation
angle of the crank for one cycle of engine movement. It begins when the intake valve closes (IVC) at
-168 °CA BTDC and ends when the exhaust valve opens (EVC) at 138 °CA ATDC. SAGE combustion
model is used for the present simulation in this closed-system chamber. The SAGE model runs in
parallel with flow solver which speed up the overall simulation. With suitable reactions mechanism,
SAGE can be used to analyse different combustion phenomenon. In this simulation, thermodynamic
data, gas transport data and mechanism data were obtained from Lawrence Livermore State
Laboratory (LLNL). Besides, the process of reduction mechanism is required to reduce the number of
the chemical reaction in biodiesel to simplify and speed up the simulation process. Meanwhile, to
identify the emissions of NOx from combustion, Zeldovich NOx model was used. As for turbulent
model, LES model was used to ensure a better and more accurate combustion results.
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Fig. 1. YANMAR TF90 piston model
2.3 Validation of Simulation Results Through Experiment

The numerical results obtained from CONVERGE CFD are validated using the experimental data
on YANMAR TF90 engine at the same operating conditions. All the engine and simulation parameters
were kept the same throughout the whole experiment. Figure 2 represents the comparison of in-
cylinder peak pressure between numerical and experimental data of BD3 with additive diethyl ether
and n-butanol. The three main parameters were considered for validation and the parameters are
in-cylinder peak pressure, CO; and CO emission.
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Fig. 2. Comparison of in-cylinder peak pressure from simulations and
experiments for BD3
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In comparing the in-cylinder peak pressure of the experiment and simulation data, the smallest
error observed is around 2.25 % for 1800 RPM whereas the highest percentage error is 4.59 % for
1600 RPM as shown in Table 4. In real engine condition, loss of air may be the result of wear and tear
between the piston and the cylinder liner which may cause reduce the pressure of in-cylinder. Hence,
the peak pressure inside the cylinder from the experiment data were slightly lower than simulation
data and differences is small. Thus, the situation clearly indicates that chemical and physical
properties of the biodiesel in real condition significantly influence the simulation results. The
simulation results are highly dependent on the kinetic reaction of the database used in CONVERGE
CFD.

Table 4
Percentage error at peak pressure with various engine speed
Engine speed (RPM)  Percentage error at peak pressure (%)

1600 4.59
1800 2.25
2000 2.93

Figure 3 shows the comparison of CO and CO, emissions of BD3 between simulation and
experiment data. The average CO and CO; emissions for BD3 were calculated from simulation results
and compared with the experiment data. The comparison results show that CO, emissions are
insignificantly different. Meanwhile, there was a slight difference on CO emissions especially at high
engine speeds. Both the results showed that the simulation accuracy of the experiment data has a
maximum error less than 10%. Therefore, the simulation model is in accordance with the
experimental data which can provide a closer information that corresponds to experiment data such
as its combustion characteristics and emissions for further study. After successfully validating the
results, other simulations will be performed by using the same engine parameters, where the
performance, combustion characteristics and engine emissions will be further studied.
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Fig. 3. Comparison of emissions from simulations and experiments for BD3
3. Results

3.1 Grid Independence Test

Grid independence test was performed to determine the appropriate grid size for use for
meshing. This analysis aims to eliminate any unnecessary meshing to improve the simulation results.
Figure 4 shows the in-cylinder pressure graph of BD3 using different grid sizes of 0.003 m, 0.004 m,
0.005 m and 0.006 m at engine speed of 1600 RPM. The in-cylinder pressure is compared with the
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experiments results to determine the most appropriate grid size to use. Results from the comparison
found out that grid size of 0.004 m grid has the smallest error value of 4% at peak pressure. The best
model for simulation is to have the smallest error value compared with the experiment data. By
considering the simulation duration, Table 5 indicates that 0.004 m is the most suitable grid size as
compared to 0.003 m since they are almost convergent with each other and also due to small grid
size of 0.003 m will lead to larger computer capacity requirement and thereby required a longer
simulation time. Hence, grid size of 0.004 m had proven a better result for further simulation.

In-cylinder Pressure (MPa)

o B N W B U1 O N 00 ©

N
o
o

20 40 60
Crank angle (°CA)

Fig. 4. In-cylinder pressure of BD3 from the simulation with
different grid sizes when the engine is running at 1600 RPM
compared with the experiment.

Table 5

Comparison of percentage error and simulation duration from the in-
cylinder pressure with different grid sizes

Grid size  Percentage error at peak pressure (%)  Simulation duration (min)

0.003 5.148 1569
0.004 4.079 985
0.005 6.145 664
0.006 8.022 454

3.2 Effect of Biodiesel with Additives on Combustion Characteristics
3.2.1 Sauter mean diameter (SMD)

Sauter mean diameter (SMD) is an expression used to describe the characteristics of injection
form and distribution of fuel drop size. SMD distribution is a key parameter in analysing the injection
characteristics associated with combustion and discharge characteristics in the engine. Figure 5
shows the SMD graph of PME with different additives at engine speed of 1600 RPM. The average
SMD of the mixture indicates that the additive which contained diethyl ether forms a larger droplet
size of fuel compare to others. However, there is a small difference can be seen from the graph when
the piston moves from TDC to BDC. N-butanol has a much lower viscosity and higher evaporation
which can induce better fuel extraction. Therefore, additives with n-butanol the disintegration is
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implemented much easier, and as expected the SMD of containing n-butanol demonstrates a lower
SMD.
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Fig. 5. SMD distributions of all biodiesel samples

3.2.2 In-cylinder pressure and heat release rate (HRR)

The variation of in-cylinder pressure with crank angle for biodiesel with different additives are
shown in Figure 6. It is observed that the highest peak pressure value is BD1 with high pressure value
of 7.74 MPa whereas there is just a 0.1% different when comparing with BD3. This value indicates
that these mixture produces the highest quality combustion compared to others. The higher volatility
and lower viscosity of diethyl ether in BD1 results in more premixed air-fuel mixture in the ignition
delay which improves the peak cylinder pressure, while the peak cylinder pressure of BD1 is almost
similar to that of BD3. The peak cylinder pressure of BD3 is slightly lower may due to the longer
ignition delay of n-butanol added as additional additive as a result of reduced cetane number. The
peak cylinder pressure for BD2 and BD4 have attains a lower value comparing to BD1 and BD3. The
reason can be explained is due to the higher latent heat value and lower cetane number of ethanol.
Also, the pressure for both BD4 and BD5 are lowest among all samples and they tend to have the
same trend to each other.

As observed from Figure 7 that heat release rate with crank angle followed a similar pattern for
all different type of additives added into PME. Since fuel vaporization starts during ignition delay, a
very small negative heat release is observed at the beginning, before the start of combustion, and
then the heat release rate becomes positive. The ignition time is the start of heat release during
combustion. The time interval from the beginning of heat release to the end of the heat release can
be referred to as the total combustion period. On the other hand, the higher volatility and lower
latent heat value of diethyl ether lead to a larger amount of fuel accumulation in the combustion
chamber at the time of the combustion stage, leading to a higher rate of heat release for BD1. With
the addition of high oxygen content additive such as n-butanol for BD3, the heat release heat rate
increased for about 2% compare to BD1. The combustion heat release is higher for BD1 and BD3
owing to higher volatility of diethyl ether and butanol and better mixing with air, especially for BD3.
The addition of higher oxygen content and high volatility fuels, such as diethyl ether and ethanol, can
be a promising technique for using biodiesel/diesel blend efficiently in diesel engines without any
modifications in the engine. However, the graph indicates that the peak cylinder pressure which
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contain diethyl ethers (BD1 and BD3) surpasses the biodiesel with ethanol (BD2 and BD4) by almost
9.67% before suddenly dipping down.

Both results of pressure in cylinders and HRR found that additive DEE and butanol in PME in the
mixture increased the pressure in the cylinder and HRR. This situation proves that the best content
to use in producing achievements the best combustion is BD-3.
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Fig. 6. In-cylinder pressure of all biodiesel samples at 1600 RPM
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Fig. 7. Heat release rate (HRR) of all biodiesel samples at 1600 RPM

3.3 Effect of Biodiesel with Additives on Nox, HC, CO2 and CO Emissions at 1600 RPM

Figure 8 shows the emission of NOx, HC, CO; and CO against the crank angle of biodiesel with
additives at 1600 RPM engine speed. NOx emissions are sensitive to oxygen content, adiabatic flame
temperature and spray characteristics. BD1, BD2, BD4 and BD5 show very slight change in NOx
emissions among them while there was a decrease of NOx with BD3 is more significant. This indicates
that increase in the oxygen content of biodiesel activates the formation of NOx resulting from the
oxygen reaction with nitrogen. Normally, a more complete combustion will get a higher combustion
temperature, which will cause a high NOx formation. The evident increase of NOx for BD2 and BD4
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may be due to its highest oxygen content of ethanol, which should be the dominant factor for
increasing NOx emissions. On the other hand, results showed that an addition n-butanol on BD3 has
a counter effect on NOx emission and thereby decreased it by about 29.8% in comparison to BD1.
This result has established the fact that n-butanol has the superior latent heat of vaporization and
heightened the physicochemical properties of the mixtures that allowed the engine to operate
smoothly without much engine modification.
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Fig. 8. Emission graphs of all biodiesel samples at 1600 RPM

Incomplete combustion products of HC emissions increased significantly with the additional of n-
butanol in BD3, even though diethyl ether enriched the oxygen content in the fuel for BD1 and result
the emission of HC is the highest among all sample. The reason for the increase of HC emission is n-
butanol has a lower boiling point and the evaporation characteristics are good. Besides, diethyl ether
being volatile helps the evaporation of fuel and made the fuel slip into the cylinder and accumulation
of fuel particles leading to improper air and fuel ratio. In addition, this study shows that the emission
HC for BD4 and BD5 are the lowest and most likely to have the same amount of HC emission
throughout the whole combustion process.

Carbon monoxide (CO) is the most common type of fatal air poisoning in many countries. It is
colourless, odourless and tasteless, but highly toxic gas. In a complete cycle of internal combustion
engines, CO emissions are generated as an intermediate combustion product and is formed mainly
due to incomplete combustion of fuel. If combustion is complete, CO is converted to CO;. If the
combustion is incomplete due to shortage of air or due to low gas temperature, CO will be formed.
This condition causes the oxygen to react with all the carbon and this happens at high temperatures.

As showed in the graphs are the CO and CO; emissions throughout the process for different tested
biodiesel with respect to crank angle. The research found that the additional of n-butanol in diethyl
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ether with PME greatly reduces the percentage of emissions CO and CO.. It is shown the different in
CO and CO; emission between BD1 and BD3 are huge with a percentage difference of 18% and 6.2%
respectively. This matter as low viscosity of n-butanol partially compensates the negative impact of
higher viscosity of PME. Therefore, CO and CO; emission is greatly reduced. It also has a higher
oxygen content help in complete oxidation of modified blends, and therefore reduced CO and CO;
emissions.

3.4 Effect of Biodiesel with Additives on Nox, HC, CO and CO; Emissions at Various Engine speed

Of all the biodiesel samples (BD1, BD2, BD3, BD4, and BD5), BD3 with additives combination of
diethyl ether and n-butanol is found to be the most optimum to blend with PME with regard to
performance, combustion and emission characteristics. Therefore, in this present investigation the
performance on NOx, HC, CO and CO; emissions for BD3 is analysed at different engine speeds.

Figure 9 shows the NOx emission graph of BD3 against crank angles at different engine speeds of
900 RPM, 1600 RPM and 2400 RPM. The results of the study found that combustion of BD3 at low
engine speeds released higher NOx emissions.
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Fig. 9. Emission graphs of BD3 at various engine speeds

As illustrated showed HC emission graph against the crank angle of BD3 at different engine speeds
where the HC emissions of BD3 at high speed release higher HC emissions. This is due to the reaction
of the air and fuel not being able to complete completely and producing excess hydrogen carbon.
CO; emissions are released rapidly at 900 RPM at the beginning of ignition and it remain the same
value with engine operates at the speeds of 1600 RPM at the end of combustion. At the same time,
CO emissions are found to be decreasing with increasing engine speed. After the combustion, CO
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emissions reduced drastically. Combustion at a lower engine speeds released higher CO emissions of
12.69 mg. This is due to insufficient oxygen content and low temperature in the cylinder can produce
high CO emission reactions at low engine speeds.

4. Conclusions

The comprehensive study framed the effect of additives on the biodiesel properties, performance
and emissions when used as an alternative fuel in the conventional diesel engine. Different additives
with more oxygen contents are available. If such type of additives added into the blends of biodiesel,
they can enhance the quality of combustion and leads to complete combustion. Engine performance
and emissions were evaluated and simulated using CONVERGE CFD, the following conclusions are
drawn from the study

i.  Both results of the in-cylinder pressure and HRR were record the highest among all the

biodiesel for BD3 with the value of 7.74 MPa and 55.26 J/ °CA. This is due to the lower
viscosity and higher volatility of diethyl ether and butanol, the more fuel air mixture is
formed which results in a strong burning phase and gives rise to the cylinder pressure.

ii.  The combination of diethyl ether and n-butanol as an additive can be helpful in reducing
various emissions except HC from the exhausts and its addition in biodiesels in future would
make a good prospective fuel. With diethyl ether and n-butanol additional to BD3 can
produced lesser CO, CO2, NOx but higher HC emissions when comparing with others
additive in the samples.

iii. From the comparison at the various engine speeds, combustion of BD3 at low engine
speeds released higher NOx and CO emissions.
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