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ABSTRACT

Emissions from diesel engines and vehicles are dangerous to human health and the
environment. Biodiesel and ethanol ,obtained from agricultural products, are one of the
alternative solutions to reduce the emissions. The purpose of this research is to investigate the
influence of diesel fuels (B10 and B20), biodiesel fuel (B100), and biodiesel blended with ethanol
fuels (B10OE5 and B100E10) on the combustion and emission characteristics of diesel engine and
vehicle. Ethanol blends into biodiesel fuel by weight ratio as known B100E5 (95%biodiesel with
5%ethanol) and B100E10 (90% biodiesel with 10%ethanol). Diesel engine test was performed on
constant engine speed of 1000, 1500, and 2000 rpm and variable engine loads of 56, 84, 112, and
140 Nm. The combustion pressure and cumulative heat release of biodiesel fuel are not
significantly different from diesel fuel. While the heat release rate is lower. After blending ethanol
into biodiesel fuel, the combustion pressure, heat release rate, and cumulative heat release are
higher than both diesel and biodiesel fuel. The indicated thermal efficiency of blended ethanol
fuels is higher by around 5% to 8% compare to diesel and biodiesel fuel. The smoke intensity
decreased by around 70% for biodiesel fuel and 90% for blended ethanol fuel compared to
diesel fuel. The diesel vehicle test was tested based on the New European Driving Cycle. The
emissions such as particulate number and particulate mass are decreased by around 30% to 40%
when using biodiesel and blended ethanol fuel in both cases with and without the DOC system.
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CHAPTER 1
INTRODUCTION

1.1 Research background

The world's energy consumption is increasing every year around the world. Petroleum Oil
is the main energy source for transportation. The world energy statistics report in 2018, around
50%o0f oil consumption came from the road and it increased to around 18% within 45 years from
1973 to 2018 [1]. In 2019, gas and diesel fuels consumed almost 40%of oil consumption products
in Thailand [2]. According to the report of the Department of Alternative Energy Development
and Efficiency in 2020, the demand of diesel product increased from 22626 million liters to 23920
million liters in 2016 to 2020 or 5.7% within 4 years [3]. C. ChooChuay et al. [4] have investigated
the causes of PM2.5 in Bangkok. The five main causes are vehicle exhaust, biomass combustion,
sea salt mist, power plants, and pollutants from industry which accounted for 43.7%, 24.0%,
10.5%, 6.48%, and 4.46%, respectively. Furthermore, PM2.5 emitted from diesel vehicles is more
than from gasoline vehicles by around ten times [5,6].

The significantly disadvantaged of diesel combustion engines is the emissions. The
emissions from the incomplete combustion of diesel engines are hydrocarbon (HC), carbon
monoxide (CO), carbon dioxide (CO2), and nitrogen oxides (NOx), and particulate matter (PMs) [7].
Many researchers have investicated and developed clean energy or alternative source from
renewable sources. Plants can absorb carbon dioxide (CO2) caused by greenhouse gases in
photosynthesis. Photosynthesis provides a complete cycle of carbon cycling, not increasing or
decreasing carbon (Carbon Neutral). Biofuel is the product from plants such as biodiesel and
ethanol. Oxygen atoms in the biofuels can reduce the amount of soot particulate emissions in
proportion to the content of diesel fuel [8].

Solving the problem of soot particulate pollution in large cities. It also helps reduce global
warming problems, energy security and crop price problems from farmers who make up the

majority of the country's population. The goal of this research is to investigate the impact of diesel



(B10 and B20), biodiesel (B100), and biodiesel blended with ethanol (B100E5 and B100E10) on
thermal efficiency and soot emissions on compression ignition engines. The comparing process of
combustion characteristics such as cumulative heat release and heat release rate, and engine
performance such as thermal efficiency, specific fuel consumption, specific energy consumption
by using an unmodified engine. As well as an analysis of the soot emission at various engine loads
(56, 84, 112, and 140 Nm) and constant engine speeds (1000, 1500, and 2000 rpm). Including
evaluate the actual driving of a diesel vehicle on urban driving and highway driving by simulated
on chassis dynamometer. Furthermore, the experiment investigates a diesel vehicle in urban and
highway driving conditions to observe the impact of diesel and biofuels on soot reduction and
vehicle performance as fuel consumption. Furthermore, the experiment investigates a diesel
vehicle in urban and highway driving conditions to observe the impact of diesel and biofuels on

soot reduction and vehicle performance as fuel consumption.

1.2 Objective

1) To investigate the influence of diesel, biodiesel, and biodiesel blended with ethanol
fuels on combustion characteristics and engine performance of a diesel engine.

2) To observe the effects of diesel, biodiesel, and biodiesel blended with ethanol fuels on
a diesel vehicle.

3) To investigate the emissions reduction of diesel, biodiesel, and biodiesel blended with

ethanol on a diesel engine and diesel vehicle.

1.3 Scope of work
1) Use diesel fuel (diesel B10 and diesel B20) and biodiesel fuel as a commercial form.
2) Use the ethanol with a purity of 99.5% to blend into biodiesel B100 by percent weight
5% and 10% and string until it is a homogeneous mixture.
3) To study and analyze the combustion characteristics, engine performance, and the
reduction of emissions of diesel, biodiesel, and biodiesel blended with ethanol on a
compression ignition diesel engine under various engine loads with constant engine speed

conditions.



4) To study and simulate the actual driving of diesel vehicles by using a chassis dynamometer
to investigate the influence of diesel, biodiesel, and biodiesel blended with ethanol fuel

on the emissions reduction.



CHAPTER 2
LITERATURE REVIEW

2.1 Diesel engine

A diesel engine is a type of internal combustion engine which was discovered in 1897 by
“Rudolph Diesel”. Conventional diesel engines are generally known as compression ignition
engines. In the principle of compression ignition engines, fuel is injected directly into the
combustion chamber at the top dead center (TDC) while compression by moving up the piston
to increase the pressure inside the combustion chamber to self-ignite the fuel under high pressure

and temperature.

2.1.1 Stage cycles of diesel engine
The 4 strokes consist of, intake, compression, power, and exhaust as show in Figure 2.1.

1. Intake stroke: the piston starts moving from top dead center (TDC) to bottom dead center
(BDC) while the intake valve is opened, and the exhaust valve is closed. During the piston
moving down, fresh air is sucked into the combustion chamber.

2. Compression stroke: Both the intake valve and exhaust valve are closed at this stroke.
During the piston moves up from BDC to TDC, the pressure cylinder and temperature are
increased corresponding to compression.

3. Power stroke: During the end of the compression stroke, the fuel is injected into the
combustion chamber and starts the combustion. The energy from the chemical
combustion reaction is converted into mechanical energy through the piston to the
crankshaft.

4. Exhaust stroke: After finishing the power stroke at BDC, the exhaust valve is opened while
the intake valve is still closed. The piston moves up to push exhaust air out of the

combustion chamber.
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Figure 2.1 Stage cycles of diesel engine [9]

2.1.2 Phases of the diesel combustion process
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Figure 2.2 Phases of the diesel combustion process on heat release rate diagram [10]

Figure 2.2 shows the phases of the diesel combustion process on the heat release rate
diagram from the start of injection to the end of combustion. An ignition delay (a to b) is the
period between the start of fuel injection (SOI) into the combustion chamber and start of

combustion (SOQ).



A premixed combustion phase (b to c). the heat release rate curve recovers from the
negative zone due to the evaporation of the fuel which has mixed with air under combustible
limits during the ignition delay period occurs rapidly in a short time. When the fuels which ready
for burning are added to this burning mixture and burn in this phase, the high heat release rate
characteristics of this phase result.

A mixing controlled combustion (c to d). When the fuel and air that are premixed during
the ignition delay have been consumed and released some of the energy, the heat release rate
is controlled by the rate at which mixture becomes available for burning. While several processes
are involved fuel atomization, vaporization, mixture formation, and chemical reaction in the spray.
In this phase, the burning rate of diffusion flame is primarily controlled by the fuel and air mixing
process.

A late combustion phase (d to e). The heat release continues at a lower release rate.
Because a small fraction of the fuel may have unburned, and a fraction of the fuel energy in soot
and the combustion product can be still released. During this period, the cylinder charge mixing
promotes more complete combustion and less dissociated gases. The kinetics of the final burnout

processes become slower as the temperature of the cylinder gases fall during expansion.

2.2 Emissions of diesel engine

The exhaust gases emitted from the diesel engine contain several constituents that are
hazardous to the environment and human health. By the emissions from diesel engine consist of
carbon monoxide (CO), hydrocarbon (HC), nitrogen Oxides (NOx), and particulate matters (PMs) as

shown in Equation 2.1. Figure 2.3 shows the combustion phenomena in combustion chamber.

CyH, + Air - aC0, + bH,0 4+ ¢CO + dC) + mHCy + nNO, (2.1
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Figure 2.3 Diesel combustion flame zone [11]

Carbon monoxide (CO), hydrocarbon (HC), and aldehyde are emitted in the exhaust as
the result of incomplete combustion. When engines operate in enclosed areas, such as
underground mines, buildings under construction, tunnels, or warehouses, the emitted gasses can
accumulate in the ambient atmosphere and cause headaches, dizziness, lethargy, eye irritation,
and choking sensations. Hydrocarbons also have a negative environmental effect, being an
important component of smosg.

Nitrogen oxides (NOx) are generated from nitrogen and oxygen under the high pressure
and temperature condition in the cylinder. NOx consists mostly of nitric oxide (NO) and a small
fraction of nitrogen dioxide (NO,). Nitrogen dioxide is quite hazardous to human health. NOx
emissions are also a main environmental concern because of their role in the smog formation.

Particulate matter (PM) is a complex aggregate of solid and liquid material. Its origin is
carbonaceous particles generated during combustion. The primary carbon particles form larger
agglomerates and combine with several other, both organic and inorganic, components of diesel

exhaust.



2.3 Biodiesel production in Thailand

Biodiesel, also known as B100, is a fuel produced from vegetable oils, animal fats, or waste
cooking oil. By using alcohol-based chemical processing to convert into a substance ethyl ester
(Ethyl ester) or methyl ester (Methyl ester) that has properties similar to diesel fuel. Biodiesel can
be mixed with diesel to save on the import of crude oil or oil products. Hence, biodiesel
production provides the country with a means of achieving a greater degree of security over its
energy supplies.

In Thailand, biodiesel is mostly produced from crude palm oil (CPO), although Thai
manufacturers also use refined bleached and deodorized palm oil (RBDPO), palm stearin, and
other vegetable oils (Figure 2.4). In 2020, Thailand has oil palm plantations are 5.9 million rai,
yielding 16.2 million tons, which in turn produced 2.9 million tons of CPO, 1.4 million tons can
be used as raw materials in the biodiesel industry, or 48% of all national production of CPO. The

rest is used for household consumption.

Crude Palm Oil (CPO)
RBDPO / RBDPS

Palm stearin, v" A

Vegetable oil

H

Note: * RBDPO = Refined Bleached and Deodorized Paim 0,
RBDPS = Refined Bleached Deadorized Palm Stearin

(No exports) Export

Figure 2.4 Biodiesel supply chain [12]



2.3.1 Biodiesel production process
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Figure 2.5 Biodiesel production diagram [13]

Figure 2.5 shows the biodiesel production process diagram in Thailand. The palm oil
purification process, or pretreatment unit, is the preparation process of the palm oil quality to be
ready for the production. By adding phosphoric acid to degsumming sticky rubber, then add
bleaching powder to absorb impurities mixed in crude palm oil. And bleaching starch also serves
to filter the sticky rubber from crude palm oil to separate fatty acid before it is refined. This
process has got refined palm oil (RPO) and fatty acids from crude palm oil refining.

The transesterification reaction is the use of refined palm oil (RPO), or refined palm stearin
(RPS) for transesterification reaction with methanol. By filled excess methanol in order for the
reaction to produce the most Methy! Ester, alkali was used as a catalyst to produce biodiesel and
glycerin. The esterification reaction converts palm fatty acid distillate to biodiesel by reacting with
methanol and using acid as a catalyst. Since the biodiesel products which obtained from this
reaction cannot meet the specification of B100, hence, it has been fed into the transesterification

unit once more.

Methanol recovery is to increase the purity of the product. By washing the contaminants
in crude biodiesel with water. The rinse water is evaporated before being fed into the excess

Methanol tank and distilled to achieve a purity of methanol more than 99.5%.



2.4 Biodiesel in compression ignition engine

S. H. Yoon et al. [14] investigated ultra-low sulfur diesel (ULSD) and biodiesel on
combustion and emission characteristics of a compression ignition engine. They observed the
ignition delay of biodiesel was slightly shorter than ULSD because of the higher cetane number
and oxygen content. However, the combustion characteristics of ULSD and biodiesel have similar
behaviors of pressure and heat release rate at various engine loads. The brake thermal efficiency
and emissions of biodiesel was lower than ULSD. A. Tripatara et al. [15] investigate diesel and
biodiesel fuels in Thailand on a single-cylinder diesel engine. They have observed the combustion
characteristics of diesel and biodiesel have similar behaviors. The reduction of smoke intensity

increased when the proportion of biodiesel increased in mixed fuels.
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Figure 2.6 The ignition delay of ultra-low sulfur diesel and biodiesel [14]
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Figure 2.7 The smoke intensity of various mixed biodiesel fuels [15]

2.5 Biodiesel blends with ethanol fuel

Another alternative resource which is manufactured from agricultural products such as
sugarcane juice, cassava, and molasses is ethanol. Lapuerta M et al. [16] investigated the modeling
viscosity of butanol and ethanol blending with biodiesel and diesel fuels. They have observed
viscosity values of diesel and biodiesel blends decrease when alcohol content increases as shown
in Figure 2.6. A low viscosity and density of blended fuel, Zhan C et al. [17] and Geng L et al. [18]
was occurred by adding ethanol into biodiesel fuel. It leads to better atomization while injecting

the fuel as shown in Figure 2.7
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Figure 2.8 Viscosity of butanol and ethanol blending with biodiesel and diesel fuels [16]
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Figure 2.9 Atomization while injecting the fuel [17]

Fang Q et al. [19] and Sayin C et al. [20] have discovered the high oxygen content and the
low cetane number of ethanol. There is an increase in the duration of the ignition delay of

biodiesel-ethanol blended fuel as shown in Figure 2.8. The longer premixed duration and higher
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oxygen content in the blended fuel result in more complete combustion and the start of the

combustion process retarded nearly the optimum ignition setup point of the unmodified engine.
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Figure 2.10 Ignition delay of biodiesel-ethanol blended fuel [19]

The most trouble of blending diesel fuels with ethanol is poor miscibility and stability of
layer separation depending on blending temperature, duration, and ethanol percentage Jackson
MM et al. [21]. Kwanchareon P. et al [22] and Chotwichien A et al. [23] investigated the stability
of phase separation by adding palm methyl ester (PME) into diesel-ethanol blended fuel. The
stability and miscibility of blended fuel could be better with increasing PME proportion as shown
in Figure 2.9. Tongroon M et al. [24] have been studied the stability of ethanol in diesel- biodiesel-
ethanol blends in various ethanol percent at room temperature at (27-30 °C) and at the lowest
winter temperature of Thailand (5 °C). The results showed that Thailand's commercial B20 fuel
can mix up to 20% of ethanol without phase separation at both temperatures within three months
as shown in Figure 2.10 by green zone is no phase separation and red zone is observed phase

separation.
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Figure 2.11 Phase behavior of (a) diesel-PME-ethanol (b) diesel-biodiesel-ethanol99.5%

at room temperature [22,23]
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Figure 2.12 the stability of phase separation by adding palm methy!l ester (PME) into diesel-
ethanol blended fuel. [24]
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

To investigate and observe the influence of fuels on a diesel engine and diesel vehicle.
The fuels which used to investigate in this research consists of diesel (B10 and B20), pure biodiesel
(B100), and biodiesel blended with ethanol (B100E5 and B100E10) fuel. The investigateion on a
diesel engine based on the combustion characteristics, engine performances, and emissions. The
operating conditions for engine test are performed on variable engine loads of 56, 84, 112, and
140Nm at constant engine speed of 1000, 1500, and 2000rpm. For a diesel vehicle, it tests on the
chassis dynamometer with a new European driving cycle to investigate the emitted emission in

the urban and highway.

3.1 Experimental samples
This research divided the samples into 2 groups, such as biodiesel group and biodiesel

blended with ethanol group, for a more efficient observation and investigation.

3.1.1 Biodiesel group

Biodiesel group consists of 3 samples.

1. Diesel B10 (Diesel 90% and Biodiesel 10%)

2. Diesel B20 (Diesel 80% and Biodiesel 20%)

3. Biodiesel B100 (Biodiesel 100%)

Diesel and biodiesel obtained from the commercial form. Diesel B10 and B20 contain 10%
and 20% pure biodiesel or B100 mixed in diesel fuels respectively. Biodiesel B100 is conducted
from based palm oil via the acid-esterification and transesterification with methanol process also

known as palm methyl ester (PME).

15



Figure 3.1 Samples of Ethanol, Diesel B10, B20 and Biodiesel B100

3.1.2 Biodiesel blended with ethanol group

Biodiesel blended with ethanol group consist of 3 samples.

1. Biodiesel B100 (Biodiesel 1009%)

2. Biodiesel-ethanol B100OE5 (Biodiesel 95% and Ethanol 5%)

3. Biodiesel-ethanol B100OE10 (Biodiesel 90% and Ethanol 10%)

All biodiesels are pure biodiesel B100. Ethanol was conducted from sugarcane juice,
cassava, and molasses with a purity of 99.5%. Biodiesel blended with ethanol (B100E5 and
B100E10) contain approximately 5% and 10% ethanol by weight mixed in pure biodiesel. Blending

between biodiesel and ethanol by stirring under surrounding temperature to be the

homogeneous mixture [22].
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M

Figure 3.2 Samples of Biodiesel B100, B100E5 and B100E10

16



Table 3.1 Fuel’s properties

Fuel Properties Standard B10 B20 B100 Ethanol
Carbon (% mass) ASTM D 5291 84.66 82.61 76.73 52.2
Hydrogen (% mass) ASTM D 5291 13.56 13.45 12.45 13.0
Oxygen (% mass) ASTM D 5291 1.79 3.94 10.82 34.8
Calorific value (MJ/kg) ASTM D 240 45.63 44.95 39.94 28.05
Viscosity @ 40°C (mm?/s) ASTM D 445 3.0 3.1 4.5 1.2
Density @ 15°C (kg/m°) ASTM D 1298 835 827 875.3 792.0
Distillation (°C) ASTM D 86-11b

T10 180 177.4 336.2 77.8
T90 344.2 348.4 352.3 80

3.2 Diesel engine test

Diesel engine test is the process of comparing engine performance such as thermal

efficiency, specific fuel consumption, specific energy consumption, and combustion characteristics

such as heat release rate by using an unmodified direct injection diesel engine. As well as an

analysis of the emission at variable engine loads of 56, 84, 112, and 140 Nm and at constant

engine speed of 1000, 1500, and 2000 rpm.

3.2.1 Engine specification

An engine specification of direct injection diesel engine which used in this research is

shown in Table 3.2 and Figure 3.3.
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Table 3.2 Engine’s specification

[tems

Details

Engine Model

Engine Type

Injection Type
Displacement Volume
Compression Ratio
Bore x Stroke

Related Power

Isuzu 4JJ1-TC

Diesel

Direct Injection

2,999 cc

18.3: 1

95.4 mm x 104.9 mm
52 kW @2000rpm

Figure 3.3 Direct injection diesel engine (Isuzu 4JJ-TC)

3.2.2 Eddy current dynamometer’s specification
Eddy current dynamometer, Tokyo Plant ED-150-LC, was coupled with the engine and

applied the loads through the flywheel of the engine while also measuring torque and power. A
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cooling system of the eddy current dynamometer used the external water cooling. The

specification of the eddy current dynamometer is shown in Table 3.3 and Figure 3.4.

Table 3.3 Eddy current dynamometer’s specification

Items Details

Model Tokyo Plant ED-150-LC
Maximum Brake Horsepower 150 PS / 3000rpm
Maximum Brake Torque 35.81 kem

Maximum Speed 3000rpm

Figure 3.4 Eddy current dynamometer (Tokyo Plant ED-150-LC)

3.3 Diesel vehicle test

To evaluate the emitted emissions of the sample fuels on a commercial diesel vehicle
during driving in urban and higshways. The diesel vehicle test is tested on the chassis dynamometer
at the Pollution control department. The specification of a diesel vehicle is shown in Table 3.4
and Figure 3.5. The driving cycle is based on the New European Driving Cycle. It covers urban
driving (Phase 1) with a maximum speed of 50 km/h and highway driving (Phase 2) with a maximum

speed of 120 km/h, as shown in Figure 3.6.
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Table 3.4 Vehicle’s specification

Items Details
Vehicle Toyota Hilux Tiger
Diesel, 4 Cylinder, In-line
Engine type
2KD-FTV
Injection type Direct Injection
Displacement volume 2,500 cc
Compression ratio 18.5: 1
Bore x Stroke 92.0 mm x 93.8 mm
Maximum Power 75 kW @3600 rpm
Maximum Torque 260 N.m. @1600-2400 rpm
Vehicle Mass 1590 kg

Figure 3.5 Diesel Vehicle
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Table 3.5 New European Driving Cycle

Characteristics Urban Driving (UD) Highway Driving (HD)
Distance (km) 4 7

Duration (s) 780 400
Maximum Speed (km/h) 50 120

Highway Driving

— L
= l \
£

2

O 90

g -

9') 70 Urban Driving

Qw0 A

L

-

(O

>

425 4750525 575 625 675 725 775 825 875 /825 9751025 1075 1125 1175 1225 1275 1325 1375 1425.1475 1525 1575 1625

Time (s)

Figure 3.6 European urban-and hishway driving cycle
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Figure 3.7 Diesel vehicle test on chassis dynamometer
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3.4 Data collection system

3.4.1 Pressure and Crank angle

To observe the phenomenon occurring in the tested engine, the pressure in the
combustion chamber is measured by a piezoelectric crystal sensor “Kistler 6052C31” which can
measure up to 250 bar with high sensitivity £0.7% mounted at the cylinder head as shown in
Figure 3.8. To trace the actual time of crank angle position and calculate the combustion
chamber volume, the optical crankshaft encoder “CA-RIE-360”, a customized disc with 720 slits,
is mounted between the sensors gate at the end of dynamometer shaft. The resolution of the
encoder sensor is 0.5 degrees. The function is based on the transmission light principle. The

infrared beam is emitted and received at the sensor as shown in Figure 3.9.

Figure 3.8 Pressure sensor
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Figure 3.9 Crank encoder

3.4.2 Emissions collecting of diesel engine test

The exhaust emission quantity was measured by a smoke intensity meter, which optically
evaluates soot collected on smoke paper filters by the light reflection method. The smoke meter
is applied to measure the concentration of particulate matter in exhaust gas before and after
trapping on the particulate filter. The 0% intensity means no particulate on the filter, while 100%
intensity means the particulate covered all of the areas. Figure 3.10 shows the smoke intensity
meter “Okuda DSM — 240” and filter paper. Moreover, the other gases emitted from the engine
such as carbon dioxide (CO2), and nitrogen oxide (NO) were measured by AVL exhaust gas analyzer

“DITEST GAS 1000” as shown in Figure 3.11.

(a)

Figure 3.10 (a)Smoke intensity meter and (b)filter paper
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Figure 3.11 AVL gas analyzer [25]

3.4.3 Emission collecting of diesel vehicle test

Emitted emissions are measured by the dilute exhaust gas analyzer by “AVL CVS i60” in
the AVL bag cabinet. All exhaust is diluted via dilution tunnel and feed into the CVS system. To
prevent the physical and chemical changes in PMs, the dilution ratio, temperature, and moisture
content of the CVS system are kept constant. Particulate matters mass is measured by weighing
the filter paper be and after collected the soot. Particulate matter number is measured by AVL

particle counting machine.

3.4.4 Data acquisition system

To monitor and collect the combustion characteristics in the combustion chamber, the
data from the pressure sensor and crank angle sensor are stored by a DEWESOFT DAQ system as
shown in Figure 3.12. DewesoftX software, shown in Figure 3.13, is used to calculate various
parameters in real-time data such as pressure-crank angle diagrams and pressure-volume
diagrams. The collecting data from the DAQ system is collected with a total of 1000 cycles when

the engine running condition was stable at every set engine condition.
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Figure 3.13 DewesoftX software monitor
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3.5 Schematic diagram
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Figure 3.14 Schematic diagrams-of engine dyno testing
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Figure 3.15 Schematic diagrams of chassis dyno testing

3.6 Calculation method

The parameters from the combustion data were used to calculate and investigated the
quantitative combustion information according to J.B Heywood [10]. The calculations are divided
into 2 types of the combustion characteristics which are used to explain the compression and
expansion pressure versus crank angle in the combustion chamber such as cumulative heat
release and heat release rate, and the engine performance which is used to explain the

performance of the fuels as fuel consumption, energy consumption, and thermal efficiency.

3.6.1 Combustion characteristic

Cumulative Heat Release

Cumulative heat release (CHR) is an important parameter to characterize the efficiency of
the combustion process. The cumulative heat release in combustion cylinder is determined by

the following equation.
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k 1
Cumulative Heat Release (CHR) = [;] *PdV+ [;] *VdP (3.1)

Heat Release Rate

Heat release rate (HRR) represents the effects of the fuel injection system, premixed mode,
and late combustion. The heat release rate is obtained from the first law of thermodynamics. It
is calculated by the following equation.

k] Pav. 1] vdr

Heat Release Rate (HRR) = [—] — [—] i (3.2)

kil @  Lkil d©
3.6.2 Engine performance

The engine performance is described by specific fuel consumption, specific energy

consumption, and thermal efficiency in indicated values and brake values which are determined

by the following equations.
Specific Fuel Consumption

The rate of fuel consumption to the power produced by an engine, measured in kg/kWh,

is referred to as ISFC and BSFC.

Fuel Consumption Rate ~ m;
Indicated Specific Fuel Consumption (BSFC) = = — (3.3)
Indicated Power PdV
Fuel Consumption Rate Mg
Brake Specific Fuel Consumption (BSFC) = = N1 (3.4)
Brake Power 47T - 5 § ;

Specific Energy Consumption

The rate of energy consumption to the power produced by an engine, measured in

kJ/KWh, is referred to as ISEC and BSEC.
Indicated Specific Energy Consumption (ISEC) = ISFC * LHV (3.5)

Brake Specific Energy Consumption (BSEC) = BSFC * LHV (3.6)
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Thermal Efficiency

Thermal efficiency is amount of power output from heat energy given to a system.

Indicated Power Pdv * =~
Indicated Thermal Efficiency (ITE) = = 3.7

Energy Input rﬁf' QLhv

N 1
ant-—--
Brake Power 0 2

Brake Thermal Efficiency (BTE) = = (3.8)

Energy Input rﬁf' QLhv

Where P is pressure in a cylinder (bar), V is volumetric (m?), N is engine speed (rev/min),
rﬁf is mass fuel consumption rate (g/s), LHV is low heating value (kJ), Qyy is Energy input (kJ/kg),

k is specific heat ratio, and 0 is angular displacement in a cylinder or Crank angle (deg).
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Diesel engine test

4.1.1 Combustion characteristic
The combustion characteristics investigate the combustion profile of the samples such as
the combustion pressure data plot with respect to the volumetric and crank angle, cumulative

heat release, and heat release rate.
Combustion pressure

The combustion pressure plot with respect to the volumetric diagrams in Figures 4.1 to
4.12 and combustion pressure versus crank angle diagrams in Figures 4.13 to 4.24. When
comparing the different fuels in the same condition. the combustion pressure is not significantly
different when increasing the biodiesel proportion. While it is obviously increased with increasing
the ethanol ratio in the fuels. For increasing the ethanol ratio from around 5% to 10% is not
significantly different from the blended ethanol fuel. Because ethanol has better atomization,
shorter evaporation duration, and higher compressibility. They indicate a higher rate of
vaporization and better combustion mixture formation resulting in higher combustion pressure.

When comparing the increasing engine loads with the constant engine speed, the
combustion pressure increases because a higher engine load will be higher injected fuel to burn
and achieve more power. Concerning increasing engine speed, the fuels will have higher
evaporation. As a result, the combustion pressure during the compression stroke slightly increases.
The constant engine load requires almost the same amount of the load output, which results in
the maximum combustion pressure is not significantly different.

The ignition delay period is more prolonged with the percent of ethanol increase because
of higher auto ignition temperature, higher heat of vaporization and lower cetane number of

ethanol [26]. The experiment results, B100 has a slightly shorter ignition delay than diesel B10
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and B20. The ignition delay of B100E5 and B100E10 is longer than B100. For the ignition delay
peroid is longer, there is increased the accumulate premixed fuel and the mixing time of air and
fuel, resulting in more fuel combusted in the premixed combustion phase. As a result, ethanol

blended fuels provide higher combustion pressure.

Combustion duration is the period between start to the end of combustion as shown in
Figure 4.25. The combustion duration is longer with the engine load and engine speed increases.
While, it is shorter with increasing the biodiesel and ethnol blend into the fuel. Because higher
oxidation rate from higher oxygen concentration in the fuels [27]. As a result, biodiesel blended

with ethanol fuel is a shorter combustion duration than biodiesel and diesel fuel [28].
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Figure 4.1 Pressure — Volume diagram at engine load 56Nm and engine speed 1000RPM
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Figure 4.2 Pressure — Volume diagram at engine load 84Nm and engine speed 1000RPM

——B10_112Nm  B20_112Nm - - B100_112Nm ———B100E5 112Nm ——— B100E10_112Nm
100

90
80
70
60
50
40
30
20
10

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008
Volume (m?)

Figure 4.3 Pressure — Volume diagram at engine load 112Nm and engine speed 1000RPM
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Figure 4.4 Pressure — Volume diagram at engine load 140Nm and engine speed 1000RPM
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Figure 4.5 Pressure — Volume diagram at engine load 56Nm and engine speed 1500RPM
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Figure 4.6 Pressure — Volume diagram at engine load 84Nm and engine speed 1500RPM
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Figure 4.7 Pressure — Volume diagram at engine load 112Nm and engine speed 1500RPM
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Figure 4.8 Pressure — Volume diagram at engine load 140Nm and engine speed 1500RPM
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Figure 4.9 Pressure — Volume diagram at engine load 56Nm and engine speed 2000RPM
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Figure 4.10 Pressure — Volume diagram at engine load 84Nm and engine speed 2000RPM
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Figure 4.11 Pressure — Volume diagram at engine load 112Nm and engine speed 2000RPM
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Figure 4.12 Pressure — Volume diagram at engine load 140Nm and engine speed 2000RPM
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Figure 4.13 Pressure — Crank angle diagram at engine load 56Nm and engine speed 1000RPM
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Figure 4.14 Pressure — Crank angle diagram at engine load 84Nm and engine speed 1000RPM
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Figure 4.15 Pressure — Crank angle diagram at engine load 112Nm and engine speed 1000RPM
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Figure 4.16 Pressure — Crank angle diagram at engine load 140Nm and engine speed 1000RPM
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Figure 4.17 Pressure — Crank angle diagram at engine load 56Nm and engine speed 1500RPM
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Figure 4.18 Pressure — Crank angle diagram at engine load 84Nm and engine speed 1500RPM
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Figure 4.19 Pressure — Crank angle diagram at engine load 112Nm and engine speed 1500RPM
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Figure 4.20 Pressure — Crank angle diagram at engine load 140Nm and engine speed 1500RPM
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Figure 4.21 Pressure — Crank angle diagram at engine load 56Nm and engine speed 2000RPM
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Figure 4.22 Pressure — Crank angle diagram at engine load 84Nm and engine speed 2000RPM
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Figure 4.23 Pressure — Crank angle diagram at engine load 112Nm and engine speed 2000RPM
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Figure 4.24 Pressure — Crank angle diagram at engine load 140Nm and engine speed 2000RPM
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Cumulative of heat release

56 Nm 84 Nm 112 Nm

2000 RPM

140 Nm

The cumulative heat release (CHR) of all tested fuels is shown in Figures 4.26 to 4.37. The

cumulative heat release of diesel B10, B20, and biodiesel B100 is not significantly different. The

biodiesel blended with ethanol fuels is higher in cumulative heat release than diesel and biodiesel

fuels. Because a higher oxygen concentration of ethanol-blended fuels advanced the combustion

quality in both premixed and diffusion combustion phases. When compared with the engine load

increases and a constant engine speed, the cumulative heat release is also increased with more

44



fuel injected. With regard to the higher engine speeds and a constant engine load, the total heat
loss is lower than at a lower engine speed. So, the cumulative heat release is increased with

increasing the engine speed.
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Figure 4.26 Cumulative heat release diagram at engine load 56Nm and engine speed 1000RPM
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Figure 4.27 Cumulative heat release diagram at engine load 84Nm and engine speed 1000RPM
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Figure 4.28 Cumulative heat release diagram at engine load 112Nm and engine speed 1000RPM
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Figure 4.29 Cumulative heat release diagram at engine load 140Nm and engine speed 1000RPM
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Figure 4.30 Cumulative heat release diagram at engine load 56Nm and engine speed 1500RPM
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Figure 4.31 Cumulative heat release diagram at engine load 84Nm and engine speed 1500RPM
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Figure 4.32 Cumulative heat release diagram at engine load 112Nm and engine speed 1500RPM
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Figure 4.33 Cumulative heat release diagram at engine load 140Nm and engine speed 1500RPM
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Figure 4.34 Cumulative heat release diagram at engine load 56Nm and engine speed 2000RPM
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Figure 4.35 Cumulative heat release diagram at engine load 84Nm and engine speed 2000RPM
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Figure 4.36 Cumulative heat release diagram at engine load 112Nm and engine speed 2000RPM
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Figure 4.37 Cumulative heat release diagram at engine load 140Nm and engine speed 2000RPM

Heat release rate

The heat release rate (HRR) graphs are shown in Figures 4.38 to 4.49. When increasing
biodiesel concentration, the ignition delay period is shorter, and a lower heat release rate.

Because the shorter ignition delay period has less time for mixing fuels and air and less time to
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accumulate premixed fuel. So, When the combustion starts, the heat release rate is lower. While
a higher ethanol concentration, the ignition delay period is longer. It means a higher accumulation
of premixed fuel. The better homogeneous mixture and higher accumulation of premixed fuel,
resulting in a higher heat release rate. And also, higher under the mixing-controlled combustion
phase [29]. This is because the excess oxygen content left over during the premixed combustion
phase burns in the diffusion combustion phase [30]. When compared with the engine load
increases and a constant engine speed, the heat release rate is also increased with more fuel
injected. With regard to the higher engine speeds and a constant engine load, It affect to the

longer ignition delay period as shown in the heat release diagram.
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Figure 4.38 Heat release rate diagram at engine load 56Nm and engine speed 1000RPM
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Figure 4.39 Heat release rate diagram at engine oad 84Nm and engine speed 1000RPM
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Figure 4.40 Heat release rate diagram at engine load 112Nm and engine speed 1000RPM
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Figure 4.41 Heat release rate diagram at engine load 140Nm and engine speed 1000RPM
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Figure 4.43 Heat release rate diagram at engine load 84Nm and engine speed 1500RPM

— - B10 112Nm

B20_112Nm

140

~———B100_112Nm

— - B100E5_112Nm

-~ BI10OE10_112Nm

120 +

100 +

20

Crank angle (deg)

Figure 4.44 Heat release rate diagram at engine load 112Nm and engine speed 1500RPM
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Figure 4.45 Heat release rate diagram at engine load 140Nm and engine speed 1500RPM
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Figure 4.46 Heat release rate at engine load 56Nm and engine speed 2000RPM
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Figure 4.48 Heat release rate diagram at engine load 112Nm and engine speed 2000RPM
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Figure 4.47 Heat release rate at engine load 84Nm and engine speed 2000RPM
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Figure 4.49 Heat release rate diagram at engine load 140Nm and engine speed 2000RPM

4.1.2 Engine performance

The calorific value is reduced when the proportion of biodiesel and ethanol increases as
shown in Figure 4.50. The heat energy input rate of each sample in each test condition is almost
the same quality input, as shown in Figure 4.51. Consequently, the fuel consumption rate is
increased with the higher engine speed and engine load due to producing more power output.
Also, with a lower calorific value when increasing the biodiesel and ethanol blend into the fuel.
The fuel consumption rate increases around 15% for B100 and 18% for blended ethanol fuel

compared to diesel fuel, as shown in Figure 4.52.
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Figure 4.52 Fuel consumption rate

The indicated values, such as the indicated specific fuel consumption (ISFC), indicate
specific energy consumption (ISEC) and indicated thermal efficiency (ITE), are estimated from the
in-cylinder pressure and fuel consumption rate. In addition, the brake values, such as the brake
specific fuel consumption (BSFC), brake specific energy consumption (BSEC), and brake thermal
efficiency (BTE), are calculated from the measured data such as engine speed, torque, and fuel
consumption rate.

The indicated specific fuel consumption (ISFC) and brake specific fuel consumption (BSFC)
are the value of fuel consumption with indicated power and brake power respectively, as shown
in Figures 4.53 and 4.54. Both of these show the same trends as decreasing with increasing the
engine load. Because while testing, the engine is set up at the target engine speed and increases
the loads gradually. Thus, if the engine load increases, the engine will increase the engine
revolution automatically to g¢o to the setup condition. As a consequence, at the higher engine
revs is a higher speed combustion cycle. that means there is less time of heat energy loss from
heat radiation to the chamber cylinder wall and cooling system than at a lower engine speed.
Considering the fuels, similar patterns are observed in the fuel consumption rate results with low
energy content fuels achieving a higher BSFC. While ISFC, the impact of calorific values could only
obviously be at a low engine speed of 1000 rom and engine load of 56 Nm. The biodiesel blended

with ethanol fuels show a lower ISFC than the diesel fuels because the better combustion quality
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of ethanol-blended fuel generates higher indicated power. This characteristic could be clearly

seen in the higher engine speed and engine load conditions. So, ISFC is increased by around 18%

for B100 and 12% for blended ethanol fuel compared to diesel fuel. BSFC of blending ethanol is

increased by around 18% for diesel fuel and 2% for B100.
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Figure 4.53 Indicated specific fuel consumption
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Figure 4.54 Brake specific fuel consumption
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Figure 4.56 Brake specific energy consumption
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Figure 4.58 Brake thermal efficiency

For indicated specific energy consumption (ISEC) and brake specific energy consumption

(BSEQ) are shown in Figures 4.55 and 4.56. The results show that biodiesel blended with ethanol

fuels are lower than diesel and biodiesel fuels. Because Ethanol-containing fuels can convert

thermal energy into mechanical energy better than biodiesel and diesel. Due to the combustion

of ethanol fuel has a higher burning rate. This causes more heat energy to be converted into

mechanical energy. Figures 4.57 and 4.58 show the indicated thermal efficiency (ITE) and brake

thermal efficiency (BTE). Both thermal efficiency increases with a higher engine load. Blending
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ethanol can improve the better combustion from a higher oxygen concentration, better
atomization, longer ignition delay, and more homogeneous mixture to be promoted in more
complete combustion. As results in lower specific energy consumption and higher indicated
thermal efficiency of ethanol-blended fuel. The ITE is higher than BTE by around 5% to 7% in
diesel and biodiesel fuels. Especially, in the case of blended ethanol fuel because the ethanol
has a lower lubricity resulting in higher friction loss. Also, higher with the engine speed increase,
the friction loss will be higher resulting in a higher difference between ITE and BTE [31,32]. So, ITE
is increased with blending ethanol by around 5% to 8% compared to diesel and biodiesel fuel.

While BTE is not significantly different in each test condition.

4.1.3 Emissions

The fuel-air equivalent ratio is estimated back from the exhaust emissions as shown in
Figure 4.59. The equivalent ratio decreases with increasing the ethanol proportion in biodiesel
blended with ethanol fuels because of higher oxygen concentration of the blended fuel. It also
decrease with the higher power because the exhaust pressure is higher from higher engine
revolutions as higher boost pressure of the turbocharger, resulting in the volume of air intake
being more sucked during the intake stroke. Hence, the equivalent ratio at engine speed of 1000
rom is higher than equivalent ratio at 1500 and 2000 rpm, as shown in Figure 4.60.

Figure 4.61 shows the exceed oxygen. The exceed oxygen emission is related with the
oxygen concentration in the fuels and the combustion chamber. The lower exceed oxygen
emission occurred at engine speed of 1000 rpom with engine load 112 and 140 Nm of diesel fuel.
Because higher fuel was injected to reach higher torque of 112 and 140 Nm, resulting in higher
consumption of oxygen for the combustion as show the lower exceed oxygen emission on these
conditions.

Figure 4.63 describes the smoke intensity. The highest smoke intensity occurred at engine
speed of 1000 rpm and engine load of 112 and 140 Nm for diesel fuels (B10 and B20). At engine
speed 1000 rpm has a higher fuel-air equivalent ratio, which means this engine speed has rich
combustion than the others. The rich combustion leads to incomplete combustion, resulting in

higher smoke intensity. However, Biodiesel and Biodiesel blended with ethanol fuels have a lower
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smoke intensity because ethanol properties promoted to more complete combustion [33,34,35].
The smoke intensity is reduced by increasing biodiesel concentration to around 20% for B20 and
70% for B100 compared to B10. After blending ethanol could more reduce the smoke intensity
by around 90% for diesel fuels and 70% for B100.

The exhaust temperature, measured by a thermocouple at the exhaust pipe, is higher with
engine speeds and loads increase, as shown in Figure 4.65. Because a higher combustion pressure
from more fuels at higher load leads to higher combustion temperature. Moreover, the higher
engine load and speed have faster operating combustion, it is less time for heat loss to the cooling
system and heat radiation. The exhaust temperature of biodiesel blended with ethanol fuels is
lower than diesel and biodiesel fuels because of higher exceed oxygen emission. The higher
temperatures of diesel and biodiesel fuels are the result of the heat from the chemical reaction
between carbon and oxygen emitted during the carbon monoxide (CO) and carbon dioxide (CO,)
formation processes. So, the amount of CO and CO, emissions represent in Figures 4.66 and 4.68
in percent volume units.

The carbon monoxide (CO) emission is generated from the incomplete combustion. CO
emission is higher at engine speed of 1000 rpm and engine load of 112 and 140 Nm. Because at
these conditions have a higher injected fuel and lower oxygen resulted in the incomplete
combustion. CO emission is decreased by blending ethanol fuel around 50% for diesel fuel and
25% for pure biodiesel.

The carbon dioxide (CO,) emission decreases with the lower carbon content and higher
oxygen content in the fuel. With same amount of power, Carbon dioxide (CO,) also decreased
with increasing the power, as shown in Figure 4.69. So, Carbon dioxide (CO,) emission is decreased
by blending ethanol fuel by around 10% to 12% for diesel and biodiesel fuel, respectively.

The most concerning of diesel engine emission is NOx emissions. The impact on NOx
emission comes from oxygen concentration, fuel-air equivalent ratio, and combustion
temperature [36]. NOx emissions are increased with increasing the engine load. It is also higher
when blended ethanol into the fuels because oxygen enrichment in the combustion chamber is

favorable to nitrogen oxide formation, as shown in Figure 4.70. At condition of engine speed of
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1000 rpm and 140 Nm is a quite high NOx emission. Because the lower energy content of biodiesel

blended with ethanol fuels makes the recirculation emission or EGR system not open fully for

increasing the required power. So, NOx emission increases with a higher ethanol concentration by

around 60% for diesel fuel and 70% for pure biodiesel fuel.
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4.1.4 Morphology of particulate matters

The soot filter papers are collected at the highest smoke intensity condition. The soot
filter papers are captured by an optical microscope (OM) as shown in Figure 4.72. The analyses
of agglomerate particle size are performed based on the 10k magnification scanning electron
microscope (SEM) images of soot filter paper, as shown in Figure 4.73. By chosen and measured
a hundred agglomerate particles by using the ImageJ tool. Most of the distribution of particle size
is found around 0.05 to 0.20pm, as shown in Figure 4.74. Moreover, the average particle size of
B10, B20, B100, B10OOE5, and B10OE10 is 0.22 um, 0.21 pm, 0.17um, 0.14um, and 0.13pm
respectively, as in Figure 4.75. The morphology of particulate matters could be observed
obviously from OM and SEM images. The amount of PMs reduces with the increasing biodiesel
and ethanol ratio in the blended fuels. Aggslomerate particle sizes could be reduced around 30%
to 40% for diesel fuel and 20% for B100 by blending ethanol. Therefore, using high oxygenated
biofuels, as biodiesel and biodiesel blended with ethanol fuels, in compression ignition engines

substantiates that is the alternative solution to reduce particulate matter emissions.
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Figure 4.73 Scanning electrical microscope images of B10, B20, B100, B10OE5, and B100E10
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4.2 Diesel vehicle test

Realtime measurement of particulate number (PN) and emitted emission shows in Figure
4.76 to 4.80. PN and emitted emissions are related to acceleration and deceleration patterns.
They are higher when pushing the acceleration until a steady paddle and lower when the
deceleration period. The amount of particulate matter of biodiesel and biodiesel blended with
ethanol fuel is lower than diesel fuels throughout the test cycle in the case of with and without

the DOC system. It decreases by around 40% in urban driving and highway driving cycle.
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Figures 4.81 and 4.82 show the results of particulate number and particulate mass
emission as known in PN and PM. PN and PM are emitted higher during urban driving than highway
driving because the vehicle runs at a lower vehicle speed. Hereby, it expects that the engine ran
in the rich combustion and cold engine than the higher vehicle speed. So, PN and PM are decrease
by around 30% to 40% when using biodiesel and biodiesel blended with ethanol in the case of
with and without the DOC system. All PM masses are emitted under Euro 4 to Euro 5 standard
around 40 to 50 mg/km. Table 4.1 shows the SEM images that resulted from PM mass
measurement. The different PM masses from the different fuels could be compared with the SEM

images in the magnifications of 10,000x to show how the PM agglomerates are affected in both

cases of with and without DOC system.
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76



CO (ppm)

CO, (ppm)

Original DOC B10 Original DOC B20 Original DOC B100 Original DOC B100E5

........ Without DOC BLO Without DOC B20  -------- Without DOC B100 V-Target
140 140
120 L 120
100 | ~ 100
80 80
60 60
40 : 40
20 ‘ 20
0 L 0
L o <l () M~ wn ) ~ [ M~ LN [Sal
N ~ N \O — \O — \O o o) o L
S\ D SRR O, 3
Time (S)
Figure 4.79 Realtime measurement of carbon monoxide emission of diesel vehicle
Original DOC B10 - Original DOC B20 Original DOC B100 Original DOC B100E5
-------- Without DOC B10 - - - Without DOC B20 ~ -------- Without DOC B100 V-Target
45000 140
40000 | |
1 120
35000 |- i
Bl 4 100
30000 |
it
14 J
25000 | NI, 80
20000 | ‘ﬂ“, 1
Il
I w1
15000 } Ih
‘ ‘ 1 40
10000 ‘ ‘ |
& | 0 Rl
. a / ' 4 20
5000 , LA b
0 r]\Y { 4 0
[\al ~— N M~ wn [\a] — N ~ L o ~— (o)} N~ n o i (o)) M~ 0 [Sal
[} < [ce] I\l o0 [\2) [e 0] N ~ N ~ N O ~— \O — O o L (@) L
SRR N = === RS G I B R
Time (S)

Figure 4.80 Realtime measurement of carbon dioxide emissison of diesel vehicle
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Figure 4.81 Particulate matter number of diesel vehicle
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Figure 4.82 Particulate matter mass of diesel vehicle
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Table 4.1 SEM images of fuel trapped on filter papers for measured the PM mass

Fuel Without DOC system Original DOC system
B10
V44‘mm x16 f;l;.S*E(L): '
B20
kV 4.8mm x10.0k SE(L)
B100
B 6kV 4. 7mm x10.0k SE(L)
B10OE5
30KV ;.n;m C0.0KSEL) = 5 OOpmlv
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Figure 4.83 Hydrocarbon emission of diesel vehicle
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Figure 4.84 Carbon monoxide emission of diesel vehicle
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Figure 4.85 Carbon dioxide emission of diesel vehicle
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ethanol blended into the fuels by around 10% for B20, 30% for B100, and 26% for Blended
ethanol fuels compared to B10. Carbon monoxide emission in Figure 4.84 is not significantly

different emitted on the different fuels. The carbon monoxide emission is emitted under Euro 3

Hydrocarbon emission in Figure 4.83 is decreased with increasing the biodiesel and

Figure 4.86 NOx emission of diesel vehicle
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(800 mg/km) for Urban Driving and Euro 5 (630 mg/km) for Highway Driving. Carbon dioxide in
Figure 4.85 is slightly increased when using biodiesel and biodiesel blended with ethanol fuel by
increasing around 3% when compared biodiesel and biodiesel blended with ethanol fuel with
diesel fuel. It expects that more complete combustion and corresponds to the trend that observe
in hydrocarbon emission. NOx emission in Figure 4.86 is not significantly different on the different
fuels in both case of with and without doc system. All NOx emission are emitted higher than Euro

3 standard (650 mg/km) in all driving cycle.
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CHAPTER 5
CONCLUSION

This research investigated the influence of diesel, biodiesel, and biodiesel blended with
ethanol fuels on the diesel engine and the diesel vehicle. The diesel engine test was tested on
an engine dynamometer and performed at variable engine loads of 56, 84, 112, and 140 Nm at a
constant engine speed of 1000, 1500, and 2000 rpm. The diesel engine test observed the
combustion characteristics, engine performance, and emissions.

As the results of the diesel engine test, the combustion characteristics show that with
increasing biodiesel concentration, the combustion has a shorter ignition delay period because of
the higher cetane number. The heat release rate is lower than diesel fuel, while it is not
significantly different in the combustion pressure and cumulative heat release. With a higher
blended ethanol ratio, the ignition delay period is longer and better atomization, affecting the
better combustion process. As shown in a higher combustion pressure, cumulative heat release,
and heat release rate. The engine performances show that the indicated specific fuel consumption
is increased by around 18% for pure biodiesel fuel and 12% for blended ethanol fuel compared
to diesel fuel. The brake specific fuel consumption of blending ethanol fuel increased by around
18% for diesel fuel and 2% for pure biodiesel fuel. The indicated specific energy consumption is
decreased by blending ethanol around 6% to 8% compared to diesel and biodiesel fuel. The
brake specific energy consumption is not significantly different. The indicated thermal efficiency
increased with blending ethanol fuel by around 5% to 8% compared to diesel and biodiesel fuel.
While brake thermal efficiency is not significantly different. The emissions show that the smoke
intensity is reduced by increasing biodiesel concentration to around 20% for B20 and 70% for
B100 compared to B10. Blending ethanol could reduce the smoke intensity by around 90% for
diesel fuels and 70% for pure biodiesel fuel. NOx emission increases with a higher ethanol
concentration by around 60% for diesel fuel and 70% for pure biodiesel fuel. Carbon monoxide
emission decreases with blending ethanol fuel by around 50% for diesel fuel and 25% for pure
biodiesel fuel. Carbon dioxide emission decreases with blending ethanol fuel by around 10% to
12% for diesel and biodiesel fuel. The agglomerate particle size of blended ethanol fuel is

reduced by around 30% to 40% for diesel fuel and 20% for pure biodiesel.
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Furthermore, the diesel vehicle test was tested on a chassis dynamometer with the virtual
driving cycle based on the New European Driving Cycle. The diesel vehicle test investigated the
emitted emissions in the urban driving and highway driving cycle. As the results of the diesel
vehicle test, the emission reduction shows that particulate number and particulate mass are
decreased by around 30% to 40% when using biodiesel and biodiesel blended with ethanol fuel
in both cases with and without the DOC system.

The advantage of blending ethanol could improve combustion and emission reduction.
Ethanol has the properties such as lower cetane number, shorter evaporation duration, and higher
burning rate. By shorter evaporation duration indicates a higher vaporization rate and better
combustible mixture formation. A lower cetane number indicates a longer ignition delay period
which affects to increase in the accumulated premixed fuel. And higher burning rate indicates a
shorter combustion duration in the higher amount of fuel which results in higher combustion
pressure. The above reasons affect increasing the combustion pressure, heat release rate, and
cumulative heat release as shown in the experimental results. From higher combustion pressure
which is related to the indicated power and from lower specific energy consumption. Resulting in
the higher indicated thermal efficiency. The higher indicated thermal efficiency indicates better
combustion resulting in lower emissions.

Finally, the results of this research show that using biodiesel and biodiesel-ethanol
blended fuel in the proper proportion could be reduced particulate matter emissions by 30% to
40% compared to diesel fuels. The suitable blending fraction is approximately 10% of ethanol
into pure biodiesel fuel because the viewpoint of specific energy consumption and thermal
efficiency of blending ethanol approximately 5% to 10% is not significantly different. While the

emissions and the agglomerate particle size decrease by around 10%.
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APPENDIX A

OPTICAL MICROSCOPE AND SCANNING ELECTRON MIRCROSCOPE
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FOCUSLAB.

Fluid & Oil Analysis Technology

APPENDIX B

TEST RESULTS

¥ 150 9001 - 2015 Certified Focuslab Ltd

Customer Code 1 20010 Sample Informatlion
Customer Name : KMITL UnitID /
Address : 3 Moo 2, Chalongkrung Road Sample Information & B10
Ladkrabang Identification
Bangkok 10520 Unit type 5 FUEL
Ol type £ DIESEL B10
Sampling Date = 22-Jun-21
Recieved Date : 22-Jun-21
Test Code : 811A
Test ReportSample No 21063747
Test Description Test Method Test Result Limit (a)
Apperance
Color Visual Inspection Bright and Clear Bright and Clear
Diesel Fuel
Density at 15 C , g/cm’ ASTM D4052 0.835 0.81-0.87
Cetane Index ASTM D976 54.9 Min 50
Distillation , C ASTM D86
Initial Boiling Point 180.0 -
90%vol. Recovered 3442 Max 357
Flash Point ASTM D93 66.0 Min 52
Fatty Acid Methyl Ester, %vol EN 14078 10.2 9- 10
Pour Point , °C ASTM D97 00 Max 10
Flow Properties
Viscosity at 40 C , cSt ASTM D445 30 18-4.1
Cleanliness
Total Contamination , mg/kg EN 12662 6.2 Max 24.0
Micro Carbon Residue (MCR) , %mass ASTM D4530 <0.01 Max 0.3
Ash , %wt ASTM D482 <0.001 Max 0.010
Total Sulfur Content , mg/kg ASTM D5453 24.4 Max 50
Water Content, mg/kg ASTM D6304 691 Max 200
Water and , %Vol. ASTM D2709 <0.01 Max 0.05
Interpretation of the Test Result

- Testresults are based on received fuel sample , submitted and identified by client.

- Data is provided above.

Recommendation
- No recommendation for R&D

Remark

(a) Diesel fuelis from Thailand Diesel Specification - MOE - 2563

Tested and Issued By

| |\

Approved and Authorised by

FopaniST )
& /
Kanjana K. Somchai J.
Lab Technologist Machine Lubricant Analyst
2/57 Bangna Complex Office Tower, 12 th Fl, Soi Bangna- Trad 25, North Bangna, Bangna, Bangkok 10260, Thaiand Tel : (66 2) 3618600-3 Fax : ( 66 2) 3618567
http=//www tocuslab.co.th
FL-67

Page 1 of 2
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FOCUS

™
Fluld & OIl Analysis Technology

& 150 9001 : 2015 Certified

Focuslab Ltd

Customer Code
Customer Name
Address

Test Code

1 20010
: KMITL
: 3 Moo 2, Chalongkrung Road

Ladkrabang
Bangkok 10520

:81MA

UnitID /

Sample Information
Identification

Unit type

Oil type

Sampling Date
Recieved Date

Sample Informatlon
B10

FUEL
not given
22-Jun-21
22-Jun-21

B10

2/57 Bangna Complex Office Tower, 12 th Fl, Soi Bangna- Trad 25, North Bangna, Bangna, Bangkok 10260, Thailand
http://www _focuslab.co.th

FL-6.7
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Good and Qualified Diesel Fuel

Tel: (66 2) 3618600-3 Fax : ( 66 2) 3618567
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FOCUS

™
Fluid & Oil Analysis Technology

& 150 9001 - 2015 Cerified

Focuslab Ltd

Customer Code 1 20010 Sample Informatlon
Customer Name : KMITL UnitID /
Address : 3 Moo 2, Chalongkrung Road Sample Information B20
Ladkrabang Identification
Bangkok 10520 Unit type FUEL
Oil type DIESEL B20
Sampling Date 22-Jun-21
Recieved Date 22-Jun-21
Test Code : 811A
Test Report Sample No 21063748
Test Description Test Method Test Result Limit (a)
Apperance
Color Visual Inspection Bright and Clear Bright and Clear
Diesel Fuel
Density at 15 C , glem® ASTM D4052 0.827 0.81-0.87
Cetane Index ASTM D976 60.0 Min 50
Distillation , C ASTM D86
Initial Boiling Point 1774 -
90%vol. Recovered 348.4 Max 357
Flash Point ASTM D93 66.0 Min 52
Fatty Acid Methyl Ester, %vol EN 14078 22 5 19-20
Pour Point, °C ASTM D97 9.0 Max 10
Flow Properties
Viscosity at 40 C , cSt ASTM D445 3.1 1.8-41
Cleanliness
Total Contamination , mg/kg EN 12662 42 Max 24.0
Micro Carbon Residue (MCR) , %mass ASTM D4530 <0.01 Max 0.3
Ash , %wt ASTM D482 <0.001 Max 0.010
Total Sulfur Content , mg/kg ASTM D5453 142 Max 50
Water Content , mg/kg ASTM D6304 1183 Max 300
Water and Sediment , %Vol. ASTM D2709 <0.01 Max 0.05

Interpretation of the Test Result

- Testresults are based on received fuel sample , submitted and identified by client.

- Data is provided above.

Recommendation
- No recommendation for R&D.

Remark

(a) Diesel fuel is from Thailand Diesel Specification - MOE - 2563

Tested and Issued By

2/57 Bangna Complex Office Tower, 12 th Fl, Soi Bangna- Trad 25, North Bangna, Bangna, Bangkok 10260, Thailand

)
— mxwuﬁ’(
Kanjana K.
Lab Technologist
http://www_tocuslab.co.th
FL-6.7
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Approved and Authorised by

/‘ .
4
Somchai J.

Machine Lubricant Analyst

Tel : (66 2) 3618600-3 Fax: ( 66 2) 3618567
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FOCUS
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Fluid & Oil Analysis Technology

& 150 9001 : 2015 Certified

Focuslab Ltd

Customer Code
Customer Name
Address

Test Code

1 20010
: KMITL
: 3 Moo 2, Chalongkrung Road

Ladkrabang
Bangkok 10520

:81MA

UnitID /

Sample Information
Identification

Unit type

Oil type

Sampling Date
Recieved Date

Sample Informatlon
: B20

FUEL
DIESEL B20
22-Jun-21
22-Jun-21

B20

2/57 Bangna Complex Office Tower, 12 th Fl, Soi Bangna- Trad 25, North Bangna, Bangna, Bangkok 10260, Thailand
http://www _focuslab.co.th

FL-6.7
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Good and Qualified Diesel Fuel

Tel: (66 2) 3618600-3 Fax : ( 66 2) 3618567
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v duiudninu i wngmeud ;. FM-CLB-QCB-014
PATUM VEGETABLE OIL CO.LTD. Fudduld ¢ 15 momunnAn 2564
urlunfod : 01
upurafuuIInafinnnhinuluTafiga wh 1 1/1
CERTIFICATE OF ANALYSIS

Reference Materlal for Fatty Acid Methyl Ester

Attention annumatulalnszaauindndHinunmiaianinly
Product Name Bodiesel (Fatty Acid Methyl Ester)
DUy ' June 14, 2021
Remark t  Sample shoukd be stored out of direct sunlight, and preferably at or below 30 °C
ANALYSIS RESULT o T .
Test Parameter Limitation Test Method Result
1 | Methyl Ester, %wt 96.5 Min EN 14103 98.1
2 | Density at 3 m’ 864.0
ocnsnt: at 1::2 ::;m' )7 AR aL 875.0
3 | viscosity at 40°C, cst 35-50 ASTM D 445 45
4 | Fash Point, °C 120 Min ASTM D 93 > 120
| 5 | sulphur Content, 9wt 0.0010 Max ASTM D 5453 * 0.0002
| 6 | carbon Residue, on 10% distillation residue, %wt 0.30 Max ASTM D 4530 * 0.08
7 | Cetane Number 51 Min ASTM D 613 ** 62,10
8 | Sulphated Ash, %wt 0.02 Max ASTM D 874 * < 0.005
9 | Water, mg/kg 500 Max EN IS0 12937 230
10 | Total Contamination, mg/kg 24 Max EN 12662 * <12
11 | Copper Strip Corrosion 1 ASTM D 130 * 1a
12 | Oxidation Stability at 110°, hr. 10 Min EN 15751 29.7
13 | Acid Value, mgKOH/g 0.50 Max ASTM D 664 0.15
| 14 | 1odine value, g1,/100 9 120 Max EN 14111 50.7 |
| 15 | unolenic Acid Methyl Ester, %wt 12,0 Max EN 14103 0.22 |
[ 16 | Methanol, 96wt 0.20 Max EN 14110 0.01 \
| 17 | monoglyceride, %owt 0.40 Max EN 14105 | 023 \
| 18 | Diglyceride, %owt 0.20 Max EN 14105 | 0.03 \
[ 19 | Trigyceride, %wt 0.20 Max EN 14105 | 0.00 |
| 20 [ Free Giycerin, %wt 0.02 Max EN 14105 0.00 |
| 21 [ Total Giycerin, 9wt 0.25 Max EN 14105 0.07 |
22 | Group 1 metals (Na+K) , mg/kg 5.0 Max EN 14538 <1.00 |
| Group 11 metals (Ca+Mg ), mg/kg 5.0 Max EN 14538 <1.00 |
| 23 [ phosphorus, %wt 0.0010 Max EN 14107 <00001 |
| 24 | additive Report - No |
25 | Appearance Clear Visual Clear 4}
26 | Cloud Point : CP, °C Report ASTM D 2500 138
27 | Cold Filter Plugging Point : CFPP, °C Report ASTM D 6371 12.8

Remark* : Test results were conducted by Intertek(Thalland) Limited

(Test Date: 04/02/2021)

Item 1,3,4,12,15-21 refer to FORM FM-CLB-QCB-002

Item 2,9, 13, 14,25,26,27 refer to FORM FM-CLB-QCB-001

** : Test result was conducted by PTT Public Company Limited

Innovation Institute(Test Date: 01/02/2021)

Tested by @‘B

Approved by

(Quality Control Officer)

r

(Quality Control Supervisor)

QUALITY CONTROL OLEOCHEMICAL ~ LABORATORY SECTION

OFF: 1/9 CHARANSNITWORNGS RD.  SOL 5SS BANGPLAD BANGKOK 10700 THAILAND. TELEX: 82431 PATUM TH

TEL 66 (C2) 434-8384-7 FAX: 66 (02) 433-6423

FAC: TEL €6 (02) 581-5211, S81-5763, S81-2348 FAX: 66 (02) 581-6407
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Sample
Sample owner
Objective
Instrument
Job ID
Analysis Date

Analysis Report

Biodiesel

King Mongkut's Institute of Technology Ladkrabang

To analyse heating value of combustion

Automatic Bomb Calorimeter ; Leco model AC - 500

640707-9246
July- 28, 2021

Results
Heating value of combustion (MJ/kg)
Sample name
#1 #2 Average
Biodiesel B7 45.26 45.24 45.25
Biodiesel B10 45.80 45.46 45.63
Biodiesel B20 44.89 45.01 44.95
Biodiesel B100 39.84 40.03 39.94
Biodiesel B20E5 43.90 4399 43.95
Biodiesel B20E10 42.66 42.78 4272
Biodiesel B20E20 40.61 40.45 40.53
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Sample
Sample owner
Objective
Instrument
Analysis Date
Results

Analysis Report

Biodiesel and Ethanol

King Mongkut's Institute of Technology Ladkrabang
To analyse heating value of combustion

Automatic Bomb Calorimeter ; Leco model AC - 500

September 20, 2021

Samieh T Heating value of combustion (MJ/kg)

#1 #2 Average
Biodiesel B10E5 44.37 44.39 44.38
Biodiesel B10E10 43.27 44.03 43.65
Biodiesel B10E20 42.60 41.50 42.05
Biodiesel B100E5 39.21 39.42 39.31
Biodiesel B100E10 37.88 38.25 38.07
Biodiesel B100E20 38.15 38.01 38.08
EthanolE100 27.88 28.22 28.05

M
(Mrs. Aree Limnirandorn)

Analyst
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EagerSmart

Method name
Method filename

CHNS
E:\...\65-002\CHNS.mth

Detection and integration parameters

Time base

Peak width

Peak threshold

Minimum area

Skim ratio

Next sample to acquire
Real time plot scale

Real time plot offset

(s)
10

1
1500
10
19
10

0

Time events table

# 1 Time | Events type | New value
11 {1 | Disable integration |

2ol 35 | Enable integration |

3 1 160 | Change peak threshold | -1

4 | 160 | Change skim ratio | 1

S 160 | Change peak width | 40

6 | 500.3%922 | Disable integration |

Calculation and report parameoters

Calibration metheod :
: No
: No
: No

Heat Value calc.

CO2 Emission Factor cale.

Protein calc.
Report on

Peak option
Report format
Report publisher
Calibration report

Concentration unit :
: None

Stripchart format
Autoscalling

Stripchart full scale
Stripchart scale offset
Stripchart initial time

Stripchart end time

Append for summarize
Signal to noise report
Signal peak name
Noise evaluation from/to

Linear fit

None
Only calibrated peaks

: Default
: No

Yes

10

0

0

600
Element %
Yes.

0.0-0.0(s):
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Custom report

Sample Num.4

Standard table

Filename: File004 STD1l (BBOT 1.5 mg)

Sample name: STD1 (BBOT 1.5 mg)

Component table
# | Component name |Ret.T. |Window | Min. % | Max.%
1| Nitrogen | 47 | 10 | |
2 1 Carbon NI FFOe !
3P Hydrogen | 194 | 60 | |
4 | Sulphur | 412 | 88 | |
Calibration factors
|_# | Component name | Kb | Kc |
" a2 | Nitrogen | 1995673 | 0 |
| a2 q Carbon | 4763351 | 0 |
W.2 | Hydrogen | 1.488643E+07 | 0 |
s | Sulphur | 2078495 | 0 |

Std name: BBOT

# | Component name |Concentration| Valid
1| Nitrogen | 6.53 | Yes
2 | Carbon | 72.58 | Yes
=1 Hydrogen | 6.1 | Yes
4 | Sulphur | 7.41 | Yes

Sample Num,5

Filename: File005 STD2 (BBOT 2 mg)

Sample name: STD2 (BBOT 2 mg)
Std name: BBOT

# | Component name |Concentration| Valid
Sl Nitrogen | 6.53 | Yes
| Carbon | 72.58 | Yes
37 Hydrogen | 6.1 | Yes
4 | Sulphur | 7.41 | Yes

105
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Sample Num.6 Sample name: STD3 (BBOT 2.5 ng)
Filename: File006 STD3 (BBOT 2_5 mg) Std name: BBOT

|_# | Component name |Concentration| Valid |
| | Nitrogen | 6.53 | Yes |
.2 .| Carbon | 72.58 | Yes |
I_3 1 Hydrogen | 6.1 | Yes

I 4l Sulphur | 7.41 | Yes |

Sample Num.7 Sample name: STD4 (BBOT 3 mg)
Filename: File007 STD4 (BBOT 3 mg) Std name: BBOT

| _# | Component name |Concentration| Valid |
| 1.4 Nitrogen | 6.53 | Yes |
| 452 _J Carbon | 72 .58 |  Yes |
T 48 | Hydrogen | 6.1 | Yes |
|4 | Sulphur | 174X | Yes |

Operator ID/info

Operator ID
Company name
Column type
Column lenght
Date packing
Comment

106



0.289

b=1980533 Kc=0 CF=0.9999962 -

Component nam

wnansthluenasianulidmsunisldnuieninvivinuu ldeygslmhluldusslemiiunisen

I = O L a Oy agve & Y Y a = v & A ° P
lmﬁqﬂiﬂﬂ,@q NIdU @ﬂV]QWWN@ﬂﬁﬂ@LLUaQLu@WW LLa%@@QEJ']\TENﬂQL"ﬂ'TGUENL@ﬂﬁ']i“l/‘]ﬂﬂiﬂmllﬂ']ﬁuqlﬂisﬁ



1Te

7106666°0=4D  0=M  ISEEILP=

S68°T
T

EYSTIERITTS

uauoduo))

9E1°0

1

1

1¥1809

LYELSSE

9059

9LEST6

0L6FOFTI

OLTPSEST

v

UAIUNITAN

NondBnwivindu luaugalmirlulsussley

B9

1

AAUTUNIS

Juonansnaaiul

v
=1

LDNEATITUL

q @

aTansinsinluly

q

i a = 1

A999199909b1VDUBNAITNA

(9
o

&
UBDWT LA

Jaal

PR

il

Y DNV

[V
ua

e 7149

Taiansail



0.27

-------

Kb¥l.484289E+07 Ke=0 CF=0.9999568

alibration curve

inases ey
) e
o G2

Component name : H

4058548
3273776 -

wnansthluenasianulidmsunisldnuieni®Bnvivinuu ldeygslmhluldusslemisiunisen

I = O L a Oy agve & Y Y a = v & A ° P
lmﬁqﬂiﬂﬂ,@q NIdU @ﬂV]QWWN@ﬂﬁﬂ@LLUaQLu@WW LLa%@@QEJ']\TENﬂQL"ﬂ'TGUENL@ﬂﬁ']i“l/‘]ﬂﬂiﬂmllﬂ']ﬁuqlﬂisﬁ



0.328

g
2 o
_Qg
=
)
&)
I
Z
ES
i =
£ 2
g =
g I
=S
g
=
=
=
£
o
-
—
=
1 L 1 <
a2 w
g 07: R4 [32] o~
= £ b 2 b S
8 v, o x w, (o]
Wi - o —

wnansthluenasianulidmsunisldnuienidBnvivinuu ldeygslimhluldusslemisunisen

I = O L a Oy agve & Y Y a = v & A ° P
lmﬁqﬂiﬂﬂ,@q NIdU @ﬂV]QWWN@ﬂﬁﬂ@LLUaQLu@WW LLa%@@QEJ']\TENﬂQL"ﬂ'TGUENL@ﬂﬁ']i“l/‘]ﬂﬂiﬂmllﬂ']ﬁuqlﬂisﬁ



EagerSmart Summarize Results

Date : 11/08/2021 at 15:52:41
Method Name : CHNS
Method Filename : CHNS.mth

Group No : 1 Element %

Sample Name Nitrogen Carbon Hydrogen Sulphur
B100_1 0 76.40828705 12.38687801 0
B100_4 0 77.04006958 12.53007603 0

B20_2 0 82.24542999 13.38155937 0

B20_3 0 82.98455048 13.52551937 0

B10_1 0 84.58450317 13.53221703 0

B10_2 0 84.74507141 13.58557034 0

6 Sample(s) in Group No : 1

Component Name Average Std. Dev. % Rel. S. D. Variance
Nitrogen 0 0.00000 0.0000 0.0000
Carbon 81.33465195 3.70018 4.5493 13.6913
Hydrogen 13.15697002 0.54714 4.1586 0.2994
Sulphur 0 0.00000 0.0000 0.0000
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EagerSmart Summarize Results

Date : 11/08/2021 at 15:52:55
Method Name : CHNS
Method Filename : CHNS.mth

Group No : 1 Element %
Sample Name Nitrogen Carbon Hydrogen Sulphur
B100_2 0.05251986906 76.13822174 0 0
B100_3 0.04693116993 76.21728516 0 0

2 Sample(s) in Group No : 1
Component Name Average . Std. Dev. % Rel. S. D. Variance
Nitrogen 0.04972551949 0.00395 7.9472 0.0000
Carbon 76.17775345 0.05591 0.0734 0.0031
Hydrogen 0 0.00000 0.0000 0.0000
Sulphur 0 0.00000 0.0000 0.0000
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The harm caused by polluted air occurs from dust, smoke, or soot. One of the main causes of pollutions is
exhaust emission that comes from diesel engines of cars, trucks, buses, heavy machines, or generators for
industrial because their thermal efficiency, torque, and performance are higher than the other engines. To

Keywords: reduce the emission from diesel engines, the fuel substitute for biodiesel which is made from based palm
Biodiesel oil is one of the alternatives to use. So, the purpose of this paper is an experimental investigation of the
Fthanok engine performance, combustion characteristics, and smoke intensity of commercial biodiesel fuels (B10
E:f;ilui':igo':e and B20), pure biodiesel fuel (B100), and pure biodiesel blended with ethanol fuels (B100E5 and
Emissions B100E10), which were performed at various loads (56, 84, 112, and 140Nm) and conducted at constant

engine speeds (1000, 1500, and 2000 rpm). The experimental results show that pure biodiesel fuel (B100)
and pure biodiesel blended with ethanol fuels (B100E5 and B100E10) have engine performance and com-
bustion characteristics similar to commercial biodiesel fuels (B10 and B20). However, pure biodiesel fuels
(B100) and pure biodiesel blended with ethanol fuels (B100E5 and B100E10) can reduce the emissions as
the smoke intensity from commercial biodiesel (B10 and B20) is more than 50%.

Copyright @ 2022 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the 14th AUN/SEED-Net Regional Conference on Mate-
rials and 4th International Postgraduate Conference on Materials, Minerals and Polymer (RCM & MAMIP
2021).

1. Introduction ignition timing delay. Furthermore, the engine has been designed

by the manufacturer to be more suitable for diesel fuel than biodie-

A diesel engine is widely used in industry, agriculture, and
transportation, resulting in high diesel fuel usage. Because it is
one of the highest thermal efficiency engines among internal com-
bustion engines. However, diesel engines have the disadvantage of
emitting a lot of pollution, which causes global pollution or partic-
ulate matter (PM), which is directly harmful to human health [1].
Therefore, much research studied alternative fuels derived from
renewable sources, such as biodiesel which has physical properties
similar to diesel fuel. It can use by unnecessary to modify the
engine. Previous research discovered that biodiesel derived from
palm has slightly different combustion characteristics from diesel
fuel due to its high cetane number, higher viscosity, and higher
density, including a lower calorific value. Which results in a shorter

# Corresponding author.
E-mail address: k.phobkrit@gmail.com (P. Kanokkhanarat).

https://doi.org/10.1016/j.matpr.2022.06.532
2214-7853Copyright © 2022 Elsevier Ltd. All rights reserved.

sel fuel. When using biodiesel fuel, the start of combustion process
begins before the optimum setup point. This has an effect on heat
release rate and thermal efficiency reduces. However, the advan-
tages of biodiesel can reduce engine emissions when compared
to diesel fuel [2,3].

Another alternative fuel derived from agricultural products is
ethanol. There is an approximate amount of oxygen mixed in,
34% by weight. The ethanol’s properties have a low viscosity den-
sity, allowing for efficient atomization, including the low cetane
number [4]. Previous research discovered biodiesel blended with
ethanol. It was observed that biodiesel blended with ethanol is bet-
ter atomized while injecting fuel [5,6]. There is an increase in the
duration of the ignition delay when biodiesel was blended with
ethanol at various ratios because of the low cetane number of
the ethanol. The longer premixed duration and higher oxygen con-
tent in the biofuel result in more complete combustion and the

Selection and peer-review under responsibility of the 14th AUN/SEED-Net Regional Conference on Materials and 4th International Postgraduate Conference on Materials,

Minerals and Polymer (RCM & MAMIP 2021).
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start of the combustion process being close to the optimum setup
point, resulting in lower exhaust emissions [7].

The goal of this study is to observe the impact of biodiesel (B10
and B20), pure biodiesel (B100), and biodiesel blended with etha-
nol (B100E5 and B100E10) on soot emissions and thermal effi-
ciency. The process of comparing engine performance such as
thermal efficiency, specific fuel consumption, specific energy con-
sumption, and combustion characteristics such as heat release rate
by using an unmodified engine. As well as an analysis of the soot
emission at various engine loads (56, 84, 112, and 140 Nm) and
constant engine speeds (1000, 1500, and 2000 rpm).

2. Research and methodology
2.1. Fuel and test condition

To investigate and compare the engine performance, combus-
tion characteristic, and the emission of biodiesel (B10 and B20),
pure biodiesel (B100), and biodiesel blended with ethanol
(B100E5 and B100E10). Biodiesel (B10 and B20) are obtained in a
commercial form which contains 10% and 20% pure biodiesel
mixed in diesel fuels respectively. Pure biodiesel (B100) production
is conducted from based palm oil via the acid-esterification and
transesterification with methanol. Biodiesel blended with ethanol
(B100E5 and B100E10) contain approximately 5% and 10% ethanol
by weight mixed in pure biodiesel. The fuel properties were shown
in Table 1. Operating conditions of this experiment are performed
on various engine loads (56, 84, 112, and 140Nm) at constant
engine speeds (1000, 1500, and 2000 rpm).

2.2. Experimental setup

The experiment focuses on the effects of biodiesel (B10, B20,
and B100) and biodiesel blended with ethanol (B100E5 and
B100E10) on the engine’s performance, combustion characteristics,
and exhaust emission. An engine specification of direct injection
diesel engine (Isuzu 4]J1-TC) shows in Table 2. The engine was cou-
pled with an Eddy Current Dynamometer (Tokyo Plant Model ED-
150-LC) as shown in Table 3. In addition, a pressure sensor was
installed in the combustion chamber to measure the pressure by
a piezoelectric sensor (Kistler 6052C31, 250Bar, sensitivity:
+0.5%), and a crank encoder is used to count the revolutions of
the engine (CA-RIE-360, resolution: 360 pulses/rev). as well as

Table 1

Properties of biodiesel and ethanol.
Properties B10 B20 B100 Ethanol
Carbon (% mass) 846 82.6 76.7 522
Hydrogen (% mass) 135 13.4 124 13.0
Oxygen (% mass) 1.9 4.0 109 34.8
Low heating value (k]/g) 43.1 42.4 374 255
Cetane Number 53.7 54.5 62.1 8
Flash Point (°C) 66 66 184.5 17
Density at 15 °C (kg/m®) 835 827 875 792
Viscosity at 40 °C (mm?[s) 3.0 3.1 4.5 12

Table 2

Engine specification.
Items Details
Engine Model Isuzu 4]J1-TC
Engine Type Diesel
Injection Type Direct Injection
Displacement Volume 2,999 cc
Compression Ratio 183:1
Bore x Stroke 95.4 mm x 1049 mm
Related Power 52 kW/2000 rpm

Materials Today: Proceedings xxx (Xxxx) Xxx

Table 3

Eddy current dynamometer specification.
Items Details
Model Tokyo Plant ED-150-LC
Maximum Brake Horsepower 150 PS/3000 rpm
Maximum Brake Torque 35.81 kgm
Maximum Speed 3000 rpm

using DewesoftX software to acquit data. The exhaust emission
quantity was measured by a smoke intensity meter, which opti-
cally evaluates soot collected on smoke paper filters by the light
reflection method. All the equipment is set up, as shown in Fig. 1.

3. Calculation method
3.1. Combustion characteristic

3.1.1. Heat release rate
Heat release rate (HRR) represents the effects of the fuel injec-
tion system, premixed mode, and late combustion. The heat release
rate is obtained from the first law of thermodynamics. It is calcu-
lated by the following equation.
PdV 1 vdp

Heat Release Rate (HRR) = []_(%] ot [ﬁ] e

3.2. Engine performance

The engine performance is described by brake specific fuel con-
sumption (BSFC), brake specific energy consumption (BSEC), and
brake thermal efficiency (BTE) are determined by the following
equations.

3.2.1. Brake specific fuel consumption

The rate of fuel consumption to the power produced by an
engine, measured in kg/kWh, is referred to as BSFC.
Brake Specific Fuel Consumption (BSFC)

_ Fuel Consumption Rate my;
S Brake Power “dpr - N1

3.2.2. Brake specific energy consumption
The rate of energy consumption to the power produced by an
engine, measured in kJ/kWh, is referred to as BSEC.

Brake Specific Energy Consumption (BSEC) = BSFC- LHV

3.2.3. Brake thermal efficiency
Brake thermal efficiency (BTE) is amount of power output from
heat energy given to a system.

_ Brake Power 4mt

Brake Thermal Efficiency (BTE)

where P is pressure in a cylinder (bar), V is volumetric (m®), N is
engine speed (rev/min), m; is mass fuel consumption rate (g/s), Qv
is Energy input (kJ/kg), k is specific heat ratio, and 0 is angular dis-
placement in a cylinder or Crank angle (deg) [8].

4. Result and discussion
4.1. Combustion characteristic

To investigate the behaviors, the pressure in the combustion
chamber can be divided into two groups: biodiesel (B10, B20,
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and B100) and biodiesel blended with ethanol (B100, B100E5, and
B100E10). The combustion pressure rise, and heat release rate dia-
gram of all fuels at engine load 112Nm of each engine speed (1000,
1500 and 2000 rpm) are represented in Figs. 2 to 4. The first group,
B100 has a slightly shorter ignition than B10 and B20 in low engine
speed conditions because of the higher cetane number which has

3.00
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an effect on the ignition. At high engine speed conditions, all fuels
have similar ignition behavior due to the fast-operating combus-
tion. Furthermore, as seen in the combustion pressure rise and
combustion heat release rate diagrams, each biodiesel has a similar
combustion behavior. The second group is biodiesel blended with
ethanol, such as B100, B100ES5, and B100E10. The ignition timing
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of B10OE5 and B100E10 is longer than B100 because ethanol has a
lower cetane number blended into the fuel. The pressure of biodie-
sel blended with ethanol in-cylinder pressure and heat release rate
is higher than biodiesel because of the fuel properties such as the
high autoignition temperature and higher heat of vaporization of
ethanol can prolong the air-fuel mixing time. The combustion
quality of biodiesel blended ethanol performs better than biodiesel
in terms of power output, combustion pressure rise, and combus-
tion heat release rate [9,10].

4.2. Engine performance

The engine performance characteristics are described as brake
specific fuel consumption (BSFC in units of kg/kWh), brake specific
energy consumption (BSEC in units of k]/kWh), and brake thermal
efficiency (%). Biodiesel blended with ethanol group has higher fuel
consumption rate than the biodiesel group because the ethanol
blended has a lower heating value, as shown in Fig. 5(a). Thus,
the amount of fuel supplied to the engine must be greater. At the
same amount of brake power, biodiesel blended with ethanol as
B100E10 has the highest brake specific fuel consumption (BSFC)
in all load and engine speed conditions, as shown in Fig. 5(b),
because of the lowest lower heating value. At constant engine
speed, BSFC decreases as engine load increases because at low load
conditions, there is more time of heat loss from heat radiation to
the chamber cylinder wall than at higher loads. That affect total
heat energy reduces. Therefore, the system have to inject more fuel
to achieve the same amount of power. When evaluated at the same
quantity of brake thermal energy, biodiesel blended with ethanol
as B100E10 has the lowest brake specific energy consumption
(BSEC) in all load and engine speed conditions, as shown in Fig. 5
(c). The brake thermal efficiency (BTE) of B100 is almost the lowest
in all load conditions because of the larger molecular structure,
worse vaporization, higher viscosity, and higher cetane number,

Materials Today: Proceedings xxx (Xxxx) Xxx

resulting in advancement in start the combustion and the lowest
heat release rate. However, adding ethanol, which has low viscos-
ity and cetane number, can improve this problem. As a result, the
BTE of biodiesel blended with ethanol is higher than the biodiesel
group, as shown in Fig. 5(d) [11].

4.3. Exhaust emission

Exhaust emissions directly impact on pollution or particulate
matter (PM). An opacity smoke intensity meter can be used to
measure exhaust emissions as smoke intensity. According to the
results of smoke intensity in Fig. 6(a) and optical microscope
(OM) images and scanning electron microscope (SEM) images of
soot filter paper in Fig. 7, biodiesel B100 has lower smoke intensity
than biodiesel B10 in all load conditions because B100 has a higher
oxygen content to promote complete combustion [12]. Incomplete
combustion from injected fuel causes high smoke intensity in high
load and low engine speed conditions. When the engine load
increases, the engine increases the injection quantity, and when
the engine speed increases, the engine increases the injected pres-
sure. As a result, when more fuel is injected at a lower pressure, the
fuel break-up and atomization quality are lower and larger dro-
plets of fuel which are difficult to evaporate. Therefore, it can be
improved by adding ethanol which has low density and viscosity.
The higher proportion of ethanol in biodiesel, the less smoke emis-
sion. Due to higher oxygen content, easier break-up atomization
while spraying from lower density, and longer premixed phase
from lower cetane number. As a result, the smoke intensity can
be reduced by more than 50% from B100, as shown in Fig. 6(a).
NOx emission increase as engine load increases, as shown in
Fig. 6(b). In particular, biodiesel blended with ethanol has a higher
oxygen content which reacts with the nitrogen content of the
atmosphere [13,14].
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Fig. 6. (a) Smoke Intensity and (b) NOx emission.
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‘B100E10

Fig. 7. (a) OM images and (b) SEM images of B10, B100 and B100E10.

5. Conclusion

Engine tests were performed in a diesel engine using biodiesel
(B10, B20, and B100) and biodiesel blended with ethanol
(B100E5 and B100E10) at various loads (56, 84, 112, and 140Nm)
at each constant engine speed (1000, 1500, and 2000 rpm). As a
result of combustion analysis, B100 has slightly advanced ignition
than B10 and B20. Because larger molecular structure, poorer
vaporization, higher viscosity, and higher cetane number lead to
an advancement in start combustion timing and the lowest heat
release rate, which affects brake thermal efficiency. This issue
can be resolved by blending ethanol, which has a low cetane num-
ber, low density, and viscosity blended with biodiesel (B100). As a
result, biodiesel blended with ethanol (B100E5 and B100E10) has a
higher brake thermal efficiency and heat release rate than B100.
Soot emissions or particulate matter (PM) from B10 and B20 can
be reduced by more than half by using B100, which has a higher
oxygen content to promote complete combustion. However, the
smoke intensity was found to be higher under high load and low
engine speed conditions due to incomplete combustion from
injected fuel. After blending ethanol as biodiesel blended with
ethanol has a higher oxygen concentration, lower density, and a
longer premixed phase, resulting in more complete combustion
in all load conditions.
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Abstract. Emissions from a diesel engine are dangerous to the environment and human health.
Substitutable fuels from a renewable source are one of the alternatives to reduce emissions. Neat
biodiesel from based palm oil (B100) can reduce emissions from higher oxygen content to be
more complete combustion. The disadvantage of neat biodiesel is lower thermal efficiency from
an advancement ignition. To improve this problem, adding bioethanol produced from agriculture
products into neat biodiesel by weight ratio as BI0OOE5 (95% B100 with 5% bioethanol) and
B100E10 (90% B100 with 10% bioethanol). Hence, the focus of this research is to examine the
combustion and emission characteristics, including engine performance, of bioethanol blends
into neat biodiesel fuels (BI100ES and B100E10) compared with neat biodiesel (B100). All
samples were tested at an engine load of 140 NM with constant engine speeds of 1000, 1500,
and 2000 RPM on a diesel engine. The results of bioethanol blends into biodiesel fuels indicate
that the pressure in the combustion cylinder and rate of heat release increase with increasing
percentages of bioethanol. BLOOE10 shows the highest brake thermal efficiency. The smoke
intensity of bioethanol blends into biodiesel fuels is reduced by more than 50% when compared
to neat biodiesel fuel, and higher NOx emission from higher oxygen content in the fuels.

1. Introduction

The compression ignition engine is mostly utilized in heavy-duty vehicles, transportation, and industry
since it is one of the most thermal efficiencies and fuel economy [1.2]. Nevertheless, the disadvantage
of the compression ignition engine is the high smoke emissions, which contribute to the negative impact
on human health and pollution as particulate matter (PM) [3]. One of the renewable energy alternatives
is biodiesel, which approaches diesel fuel in terms of the physical characteristics. Many researchers have
discovered agricultural products to produce biodiesel, such as palm oil, which derives from an
esterification process blended into diesel fuel known as biofuels. The properties of palm oil have a higher
density, viscosity, cetane number, and lower calorific value. As a result, the delay of ignition duration is
reduced. In comparison, the combustion behavior is almost similar to the commercial diesel [4]. The
shorter ignition delay from using biodiesel fuel leads to the combustion process starting to begin before
the engine's optimization point, which is set up by the manufacturer for commercial diesel fuel. The
above reason influences thermal efficiency and the rate of heat release decrease. Furthermore, the benefit
of biodiesel fuel is a better reduction of smoke emissions than commercial diesel fuel [5]. Agricultural

m Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
[ of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL
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products, including sugarcane juice, molasses, and cassava, are the other sources of renewable energy to
produce bioethanol. The properties of bioethanol have a low density and viscosity, which affect better
atomization and combustion. Bioethanol also has a high amount of oxygen, about 34% by weight, which
can help reduce smoke emissions [6,7]. With bioethanol's low cetane number and better atomization, the
ignition delay in the premixed phase gets longer as the bioethanol ratio increases. As a result, the
combustion process starts to get close to the engine's optimization point. There are contributing to
improving combustion, thermal efficiency, and emissions [8,9]. The miscibility and stability are the most
difficult aspects of blending bioethanol into diesel fuel. There are depending on the duration,
temperature, and bioethanol mix ratio during the blending. Previous research investigated whether
miscibility and stability could be improved by increasing the palm methyl ester (PME) fraction [10].
The focus of this research is to examine the impact of neat biodiesel fuel (B100) made from base palm
oil and bioethanol blends into neat biodiesel fuels (B100ES and B100E10) in terms of combustion and
emissions by testing with an unmodified diesel engine. The pressure in the combustion chamber was
examined for the combustion characteristics. The results of fuel consumption and brake parameters such
as brake specific fuel consumption, brake specific energy consumption, brake thermal efficiency, and
emissions were utilized to evaluate the engine's performance.

2. Methodology

2.1. Experimental setup and condition

The experimental setup and schematic diagram are shown in Figure 1. An Isuzu4JJ1-TC engine is used
to perform in this experiment. The engine’s specification is shown in Table 1. The engine is mounted
with a Tokyo Plant eddy current dynamometer (ED-150-LC) to input the loads, and the eddy current
dynamometer’s specification is shown in Table 2. Monitoring all engine parameters by using the Carman
scan or OBD2 and controlling the ECU by the control unit. Installed a piezoelectric pressure sensor
(Kistler-6052C31, sensitivity 0.5%, 250Bar) to estimate the pressure in the cylinder. A crank encoder
(CA-RIE-360, resolution 360 pulses/rev) is used to count the engine revolution. The acquisition of data
is by Dewesoft software. BOSCH smoke intensity measures the smoke intensity. AVL exhaust gases
analyzer analyzes the emissions. The experimental conditions are examined at constant engine speeds
of 1000 RPM, 1500 RPM, and 2000 RPM with a constant engine load of 140 NM [11].

Smoke AVL Gas
Meter Analyzer

(a) | Fuel Tank

Eugine :D___ Eddy Current
Dynamometer

Presswe

Carman Sensor
Scan
conm)

Computer i M.:.‘;f::i.m I I {T:'::‘c‘xglc

Figure 1. (a) Schematic Diagram and (b) Experimental Setup

2.2. Experimental sample

To investigate and evaluate the combustion characteristics, engine performance, and emissions of
bioethanol blends into biodiesel and neat biodiesel fuels. The acid-esterification and transesterification
with methanol process, also known as palm methyl ester (PME), is used to produce neat biodiesel (B100)
from base palm oil. Adding bioethanol into B100 is blended in percent weight ratio. Two more samples
are prepared in the experiment as B100OES (bioethanol 5% and biodiesel 95%) and B100E10 (bioethanol
10% and biodiesel 90%). They are blended by stirring manually for around 30 minutes at surrounding
temperature to be the homogeneous mixture. The properties of the samples are represented in Table 3.
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Table 1. Specifications of Engine

Items Details

Engine Type Diesel

Model Type Isuzu 4JJ1-TC
st Ty
Displacement Volume 3000 cc

Stroke x Bore 104.9 mm x 95.4mm
Compression Ratio 18.3:1

Maximum Power 107 kW at 36001pm

Table 2. Specifications of Eddy Current Dynamometer

Items Details

Model Type Tokyo Plant ED-150-LC
Maximum Brake Horsepower 150 PS at 3000rpm
Maximum Brake Torque 35.81 kgm

Maximum Speed 3000rpm

Table 3. Properties of Biodiesel and Bioethanol

Properties Biodiesel Bioethanol
Carbon (% mass) 76.7 52.2
Hydrogen (% mass) 12.4 13.0
Oxygen (% mass) 10.9 34.8
Calorific value (kJ/g) 37.4 25.5
Cetane Number 62.1 8
Flash Point (°C) 184.5 17
Density at 15°C (kg/m®) 875 792
Viscosity at 40 °C (mm?/s) 45 1.2

3. Results and Discussions

3.1. Combustion Characteristics

The combustion characteristics are evaluated by the measured pressure inside the cylinder. The
combustion pressure versus crank angle and rate of heat release diagrams of the examined results at
constant engine speeds of 1000 RPM, 1500 RPM, and 2000 RPM with a constant engine load of 140
NM are shown in Figures 2 to 4. At low engine speed conditions, the beginning combustion of B100 is
slightly more advanced than BIOOE5 and B100E10 since its higher cetane number. Furthermore, the
rate of heat release of bioethanol blends into biodiesel fuels is greater than the neat biodiesel fuel since
better atomization, higher oxygen fraction, and longer premixed. All of the testing samples exhibited
almost the same behavior when the engine speed was higher. This was because the higher speed of
combustion affected less time to lose the total energy from the cooling system and heat radiation. The
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neat biodiesel has high density and viscosity, thus affecting difficulty breaking the drops of fuel. Adding
bioethanol which has a lower density and viscosity can improve the atomization while injected with the
same pressure injection. Higher heat vaporization and better atomization of bioethanol blended fuels
have efficient combustion and better air and fuel mixing. Hence, B100E 10 is the highest rate of heat
release and the combustion pressure as shown in the figures [12,13].

BL00_140Nm (T B100_140Nm

Engine Spesd: 1000RPM

@

Engine Load: 140Nm

Engine Speed: 1000RPM g0 BLOOES_140Nm

B100ES_140Nm

B10OE10_140Nm
B100E10_140Nm

Rate of Heat Release (J/dez)
Pressure (bar)

Crank angle (deg)

Crank Angle (deg)

Figure 2. (a) Rate of Heat Release and (b) Pressure vs Crank Angle at load 140 NM with 1000 RPM
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Figure 3. (a) Rate of Heat Release and (b) Pressure vs Crank Angle at load 140 NM with 1500 RPM
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Figure 4. (a) Rate of Heat Release and (b) Pressure vs Crank Angle at load 140 NM with 2000 RPM

3.2. Engine Performance

The fuel consumption rate (g/s), brake specific fuel consumption (kg/kWh), brake specific energy
consumption (kJ/kWh), and brake thermal efficiency (percentage %) are utilized to evaluate the engine
performance characteristics. The engine performance’s results are described in Figure 5. Figure 5(a)
represents the fuel consumption rate increases with the bioethanol proportion increase, due to its lower
calorific value. Figure 5(b) demonstrates the brake thermal efficiency of bioethanol blends into biodiesel
fuels is higher than biodiesel fuel. Figure 5(c) illustrates that BIOOE10 is the highest brake specific fuel
consumption when considering the equal quantity of brake power. When evaluating the equal quantity
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of energy inputs, brake specific energy consumption (BSEC) decreases with the bioethanol proportion
increases. Thereby, Figure 5(d) shows that BI00E10 is the lowest BSEC in every condition. However,
the properties of bioethanol could resolve the issue of biodiesel fuel, which has a high density and
viscosity, with proper blending proportions. [14,15].

o0 ®B100 WBIOOES ®BlOOELO o ®B100 ®BIOOES  ®BIOOEL0
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Figure 5. (a) Fuel consumption rate, (b) Brake Thermal Efficiency, (c) Brake Specific Fuel
Consumption, and (d) Brake Specific Energy Consumption

3.3. Exhaust Emissions

NOx emission results, as shown in Figure 6(a), increases as bioethanol proportion increases because
bioethanol consists of around 34% oxygen which can more react with the nitrogen content of the air
inlet. Figure 6(b) shows the smoke intensity and Figure 7 shows optical microscope (OM) images of
soot filter paper. BI00E10 has the lowest smoke intensity because of its higher oxygenation, which
promotes more complete combustion. The result of smoke intensity, bioethanol blended fuels can reduce
more than 50% and around 90% at low engine speed. [16,17].
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Figure 6. (a) NOx emission and (b) Smoke Intensity
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B100E10 |

Figure 7. OM images of B100, BI00ES and B100E10

3.4. Soot Morphology

Figure 8 shows the 10K magnification images of soot filter paper for the scanning electron microscope
(SEM). The analysis is chosen and measured by a hundred agglomerate particles by using the ImageJ]
tool. Figure 9(a) shows the agglomerate particle size on average of B100, BI00ES, and B100E10 is
0.17pm, 0.14pm, and 0.13pm, respectively. Most of the distribution of agglomerate particle size is
found around 0.05 to 0.20pm, as shown in Figure 9(b).

Figure 8. SEM images of B100, B100E5 and B100E10
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Figure 9. (a) Average of Agglomerate Particle Size and (b) Distribution of Agglomerate Particle Size

4. Conclusion

This research study investigated in neat biodiesel and bioethanol blended biodiesel fuels by testing on a
commercial diesel engine at constant engine speeds of 1000 RPM, 1500 RPM, and 2000 RPM with a
constant engine load of 140 NM. The results of pressure in combustion cylinder and rate of heat release
of BIOOES and B100E10 are higher than B100. The fuel consumption rate increases with bioethanol
proportion increase since its lower calorific value. Adding bioethanol into biodiesel fuel could reduce
the density, viscosity, and cetane number of biodiesel fuel to be better atomization and longer premixed
phase for improving air-fuel mixing and combustion. As aresult of brake thermal efficiency of BI00E10
is the highest. Moreover, adding ethanol could be reduced the smoke intensity by more than 50% and
around 90% at low engine speed. The agglomerate particle size on average of B100, B100ES, and
B100E10is 0.17pum, 0.14um, and 0.13pm respectively.
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