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ABSTRACT

As well-known, the diesel engine has the highest thermal efficiency at
the same load as compared with other internal combustion engine but its
disadvantage is particulate matter (PM) emitted to the atmosphere.
Because the particulate matter can effect to human health so it has to
remove from the exhaust gas before emitted to the atmosphere. The
studies of this research were divided in to two parts. The first part studied
about physical and chemical characteristic of diesel and biodiesel
particulate matter by using scanning electron microscope (SEM],
transmission electron microscope (TEM) and thermo-gravimetric analysis
(TGA). The second part studied the trapping of particulate matter on
conventional diesel particulate (DPF) filter mechanism and regeneration of
particulate filter mechanism with the testing equipment. The result of this
research can be good information of diesel and biodiesel particulate matter
characteristic in Thailand and also can be used for the development of
advanced academic and the practical in industry.

Keywords: Diesel engine, Particulate matter, Biodiesel fuel, Diesel
particulate filter
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Chapter 1

INTRODUCTION

1.1 Background

Nowadays, the shortage of energy is the one of main problem in the
world. The global energy demand, reported by International Energy Agency,
has been increasing continuously. The energy demand to year 2030 of
transportation sector is glowing approximately 1.7% per year as shown in
Fig. 1.1 and the energy from oil is 36 % of global energy using which the
biggest factor as shown in figure 1.2. Thus, the finding for using worthy or
renewable energy is the way to solve this crisis. One of this is the using of
high efficiency engine. As a well-known that a diesel engine has the highest
thermal efficiency, where is more than 30% thermal efficiency, when
compare with other internal combustion engine at the same load. The
increasing number of diesel engine is an alternative to increase the efficiency
of liquid fuel which limited in the world. However, the main pollutants from
diesel engine are solid particles (Particulate Matter: PM) and nitrogen oxide
(NOx) [1]. The pollutants should be removed from exhaust gas because of
their effects on environment and human health, such as lung cancer. Hence,
the regulation of pollution standard for diesel emission is proper way to
control the emission that emitted to the atmosphere.

By Sector By Fuel

MBDO Average Growth f Yr. DOE Average Giowth 1 Yr.
€ 20035 - 2030 LS 2005 - 2030
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Figure 1.1 Global energy demands, View to the year 2030 [2]
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Figure 1.2 World energy use and the sectorial split of fuel use {3]

In 1 January 2012, the government of Thailand regulates to use the
standard level 7 or Euro 4 to control the emission which release from diesel
engine by the particulate matter must be not over 0.025 g/km and nitrogen
oxide must be not over 0.25 g/km.

The biofuel such as biodiesel diesel is the good option to substitute for
fossil fuel. Because biofuel can be made from biomass and can re-produce
faster than fossil fuel. Therefore, Thailand government promotes the using of
biodiesel to Thai people. Due to, biodiesel can be produced in country with
the domestic agriculture product of plam oil, jatropha oil, and etc. The
advantage of biodiesel is low sulfur and aromatic hydrocarbon content.
Beside, biodiesel has oxygen atom in fuel molecule and also acts like
environmental friendly fuel. Even if, the combustion of biodiesel fuel emits
greenhouse gas (CO;) to atmosphere as same as diesel fuel but in theoretical
the biodiesel fuel can substantial reduce the net greenhouse gas. Due to, the
biodiesel was made from biomass, as plants which the growth of plants pulls
out the carbon dioxide gas from atmosphere by photosynthesis. So the



carbon dioxide gas was emitted from biofuel’ s combustion and the carbon
dioxide absorption by plants is balance, the increasing of greenhouse gas in
the atmosphere can assume to be zero. Furthermore, the bio — oxygenated
fuel also promote more completely combustion than fossil fuel that mean it
emit low amount of particulate matter.

However, the particulate matters from diesel and biodiesel combustion
have to remove from exhaust gas before emit to the atmosphere. The after
treatment technology is appropriate to use in particulate emission reduction.
Diesel particulate filter is new technology for particulate matter removing
application. Diesel particulate filter has two main types presently use. Full
flow filter is high trapping efficiency, 90% removing by mass and 99%
removing by number. Second one, the partial flow filter collects some
particulate matter out of engine while the residue is flow through to the air.
The trapping efficiency of the partial flow is approximately 50%.

In this research, particulate matter from diese]l and biodiesel was
investigated about physical and chemical characteristic such as quantity,
particle size in sing and agglomerate, oxidation kinetic. Eventually, the
particulate matter was also investigated in trapping and regeneration
mechanism on diesel particulate filter with small diesel engine.

1.2 Objectives

1.2.1 To investigate and analyze the physical characteristic of diesel
and biodiesel particulate matter.

1.2.2 To investigate and analyze the chemical characteristic of diesel
and biodiesel particulate matter.

1.2.3 To study the effect of diesel and biodiesel particulate matter
trapping mechanism and diesel particulate filter regeneration
mechanism.



1.3 Scope of work

1.3.1 The investigation of particulate matter concentration and
quantities was used by smoke meter and air filter.

1.3.2 The analysis of particulate matter morphology in single and
agglomerate size was used the image processing method by
measuring from transmission electron microscope (TEM) and
scanning electron microscope (SEM) image.

1.3.3 The analysis of particulate matter oxidation kinetic was used by
thermogravimetric analysis (TGA) method.

1.3.4 The study of trapping and regeneration mechanism of diesel
particulate filter was used by testing equipment.



Chapter 2
RESEARCH THEORY

2.1 Diesel engine

A conventional internal combustion diesel engine works on “Diesel
Cycle”. In the simple diesel engines, an injector injects diesel into the
combustion chamber above the piston directly. Diesel engines are also
commonly known as Compression-Ignition engines; since the diesel is
burned due to hot compressed air. The temperature of the air inside the
combustion chamber rises to above 400°c to 800°c, which in turn, ignites the
diesel which was injected into the combustion chamber. The ‘Diesel Cycle’
does not use an external mechanism such as a spark-plug to ignite the air-
fuel mixture. The principle of diesel cycle can be divided in to 4 stoke, as
shown in figure 2.1.

1.

Suction — With pistons moving downwards and opening of the inlet
valve creates suction of clean air into the cylinders.

Compression — With closing of Inlet valve the area above the
piston gets closed. The piston moves up resulting in compression
of the air in a confined space under higher compression-ratio.
Combustion — At this stage the injector sprays the diesel into the
combustion chamber. The rise in temperature of the air caused by
its compression; results in instantaneous burning of diesel with in
an explosion. This causes heat to release resulting in generation of
expanding forces known as power. These forces again push the
pistons downwards resulting in their reciprocating motion.
Exhaust— On their way up, the pistons push the exhaust gases
above them thru’ the exhaust valve which opens during exhaust
stroke.
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Figure 2.1 Diesel cycle [4]

The heat release rate (figure 2.2) in combustion stoke of diesel cycle
has 4 stage which consist of ignition delay phase, premixed combustion
phase, mixing-controlled combustion phase and late combustion phase. The
heat release rate explain the process as

- Ignition Delay Phase, a - b is the time period since the start of fuel
injection in the combustion chamber until the fuel ignited.

- Premixed Combustion Phase, b - ¢ is the time duration of the
premixed fuel combustion after ignition delay phase which will
initiate the rapid auto - ignition and increase heat release rate.

- Diesel Fuel Performance Mixing Combustion Phase, ¢ - d is
occurred in combustion chamber after the completely burned of
premixed fuel. The combustion rate will be controlled by the
formation rate of mixture between air - fuel that ready to be burned.

- Late Combustion Phase, d - e is the period that the heat release rate
is low during the exhaust stroke. It is the combustion of the rest of
the fuel and carbon residue which previously generated from the rich
mixture.
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Figure 2.2 Stage of heat release rate [5]

2.2 Emission of diesel engine

Diesel engines convert the chemical energy contained in the fuel into
mechanical power. Diesel fuel is injected under pressure into the engine
cylinder where it mixes with air and where the combustion occurs. The
exhaust gases which are discharged from the engine contain several
constituents that are harmful to human health and to the environment. By the
emission of diesel engine consist of CO, HC, NOyx, SO: and particulate
matter as shown on eq.2.1 and figure 2.3 shown the combustion phenomena
in combustion chamber.

C.H, + AIR — aCO, + bH,0+cCO+dC, + mHC;, +nNO,
(2.1)

P Uiusid Fue! E3E Fuet-Rich Premixad Flame

I Rich Vapor- M nasal Soot Formation
Fusl/Alr Mxiurs I Thermal NG Production Zane
Difiusion Rame R 500l Quddation Zane

Soct Concensration

Figure 2.3 Diesel combustion flame zone [6]



Carbon monoxide (CO), hydrocarbons (HC), and aldehydes are
generated in the exhaust as the result of incomplete combustion of fuel. A
significant portion of exhaust hydrocarbons is also derived from the engine
lube oil. When engines operate in enclosed spaces, such as underground
mines, buildings under construction, tunnels or warehouses, carbon
monoxide can accumulate in the ambient atmosphere and cause headaches,
dizziness and lethargy. Under the same conditions, hydrocarbons and
aldehydes cause eye irritation and choking sensations. Hydrocarbons and
aldehydes are major contributors to the characteristic diesel smell.
Hydrocarbons also have a negative environmental effect, being an important
component of smog.

Nitrogen oxides (NOy) are generated from nitrogen and oxygen under
the high pressure and temperature conditions in the engine cylinder. NOy
consist mostly of nitric oxide (NO) and a small fraction of nitrogen dioxide
(NO;). Nitrogen dioxide is very toxic. NO, emissions are also a serious
environmental concern because of their role in the smog formation.

Sulfur dioxide (SO,) is generated from the sulfur present in diesel
fuel. The concentration of SO, in the exhaust gas depends on the sulfur
content of the fuel. Low sulfur fuels of less than 0.05% sulfur are being
introduced for most diesel engine applications. Sulfur dioxide is a colorless
toxic gas with a characteristic, irritating odor. Oxidation of sulfur dioxide
produces sulfur trioxide which is the precursor of sulfuric acid which, in
turn, is responsible for the sulfate particulate matter emissions. Sulfur oxides
have a profound impact on environment being the major cause of acid rains.

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



2.3 Particulate matter

Particulate matter is the most characteristic of diesel emissions which
responsible for the black smoke traditionally associated with diesel powered
vehicles. The diesel particulate matter emission is usually abbreviated as PM
or DPM., Particulate matter was divided into three characteristic ranges of
size: nucleation mode, accumulation mode and coarse mode. The nucleation-
mode particles are more arcane: most are probably formed from nucleated
volatiles, Accumulation mode particles are constructed from a solid core of
carbonaceous building blocks called ‘spherules’, together forming
‘agglomerates’ within the range of 60—-100 nm. Spherules are fairly uniform
in size, i.e. mostly 20-50 nm. The coarse-mode particles are solid and are
formed from the other two modes through a process of storage and release in
the exhaust system, or through material disintegration. Composition-wise,
there are five distinct ‘fractions’: ash, carbonaceous, organic, sulphate and
nitrate as shown figure 2.4. The diesel particulate matter has a complicated
physical and chemical structure.

Figure 2.4 Depicted schematically of particulate matter: coarse mode
(largest, shown in part), nucleation mode (smallest); accumulation mode
(middling) [7]



10

Two main elements of diesel particulate matter are Solid Organic
Fraction (SOL), consisting of carbon and metallic ash, and the Soluble
Organic Fraction (SOF), consisting of hydrocarbon. Figure 2.5 is also
illustrated the definition of size of atmosphere particles: PM10, D (diameter)
< 10 um; fine particles, D < 2.5 um; ultrafine particles, D < 0.10 um; and
nano - particles, D <0.05 um or 50 nm.

Fins Particles
Dp < 2.5 pm
§ Nanoparticias
Dp < 50 nm
1__
5 Dp < 100 nm Dp < 10 gm
& .
Cai
5 08
i ¢ Accumulation Mode
4 Mode l—— RN YA}
o I R2ECie) y T
0.007 (s30}{v] 0.100 1.000 10.000

Figure 2.5 Particle size distribution of soot from a diesel engine [8]

2.4Diesel Particulate filter

Diesel particulate filters (DPF) are devices that physically capture
diesel particulates to prevent their release to the atmosphere. Diesel
particulate filter materials have been developed that show impressive
filtration efficiencies, in excess of 90%, as well as good mechanical and
thermal durability. Diesel particulate filters have become the most effective
technology for the control of diesel particulate emissions, including particle
mass and numbers with high efficiencies. Due to the particle deposition
mechanisms in these devices, filters are most effective in controlling the
solid fraction of diesel particulates, including elemental carbon (soot) and
the related black smoke emission. Filters may have limited effectiveness, or
be totally ineffective, in controlling non-solid fractions of PM emissions
(SOF and sulphate particulates). To control total PM emissions, DPF
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systems are likely to incorporate additional functional components targeting
the SOF typically oxidation catalysts while ultra-low sulfur fuels may be
required to control sulfate particulates. The majority of particulate filters
work by filtering the soot particles (i.e., storing the soot in the filter) until a
prescribed level of flow resistance is detected, at which point a regeneration
process is initiated as shown in figure 2.6. A wall flow filter is generally
made of ceramic materials, such as cordierite or silicon carbide (SiC), and
consists of several rectangular channels with alternate channels blocked with
cement at each end. The exhaust gas is forced to flow through a channel wall
having numerous micron-scale pores. Particulate matter is filtered from the
exhaust gas by the micro-scales pores while the exhaust gases flow through
the wall, as shown in figure 2.7.

Filtration

«?

PM €O

_+**" Regeneration

-

1Heat

Figure 2.6 Schematic of Particulate Filter with Thermal Regeneration [9]

Figure 2.7 Schematic of gas flow through DPF [10]
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In order to provide a suitable condition for oxidation, the enough
temperature and oxidative materials such as oxygen or nitrogen dioxide (or
its precursors) are required. In passive regeneration, the heat source is the
engine exhaust temperature and the filter is regenerated continuously during
engine working time. Application of catalyst in filters, in order to decrease
the oxidation temperature of trapped soot, is prevalent. In Active form of
regeneration of DPF, the filter is dismantled from the system periodically
and is heated up in order to burn the trapped particles.

2.5 Characterization of particulate trapping

The general trapping concept of the particulate matter inside the diesel
particulate filter was divided in to 4 stages as shown in figure 2.8. Initially,
the clean particulate filter is shown in stage 1. Stage 2 shows the particulate
matters is collecting on the substrate pores inside the filter wall. Stage 3
shows the bridging of the filter pore. In this stage, the particulate matter from
the engine combustion accumulates on the pore structure inside the filter
wall until the pore is blocked. Finally, stage 4, the particulate matter
develops and glows as the thin cake layer on the inlet channel wall [11].

A conceptual mode] of the pressure drop in trapping process was
shown in figure 2.9. The pressure drop rises quickly as the pores become
plugged in stages 1 to 3 figure 2.8. As seen figure 2.9, transitioning from
stage 1 to 2 has less effect on the pressure drop than the transition from stage
2 to 3. The figure also shows that the pressure drop during stages 1 to 3
increases non-linearly, but, once stage 4 is reached, there is a linear and
slower rise in the pressure drop curve as the cake layer thickens.
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Figure 2.8 Conceptual model of PM trapping on the DPF wall [11]
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Figure 2.9 Conceptual model of pressure drop during particulate
trapping [12]

2.6 Alternative fuel: Biodiesel

Renewable bio-oxygenated fuels — liquid and gaseous fuels derived
from organic matter — can play an important role in reducing CO2 emissions
(greenhouse gas effect and global warming) because of bio-fuels is the
carbon neutral, as shown in figure 2.10.

To reduce dependency on oil and to contribute to growing efforts to
decarbonize the transport sector, bio-fuels release shifting to low-carbon,
non-petroleum fuels, often with minimal changes to vehicle stocks and
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distribution infrastructure. While improving vehicle efficiency is by far the
most important low-cost way of reducing co emissions in the transport
sector, bio-fuels will need to play a significant role in replacing liquid fossil
fuels suitable for planes, marine vessels and other heavy transport modes that
cannot be electrified. Production and use of bio-fuel can also provide
benefits such as increased energy security, by reducing dependency on oil
imports, and reducing oil price volatility. In addition, bio-fuels can support
economic development by creating new sources of income in rural areas, as
shown in figure 2.11.

Carbon neutrdlity, or having a
netzero carbon footprint
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Figure 2.10 The greenhouse effect (Carbon dioxide) and the concept
of carbon neutral of renewable bio-oxygenated fuels
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Figure 2.11 Summary of influent of renewable bio-oxygenated fuel
(Ethanol and Biodiesel) for economic, environmental and social



15

Biodiesel is an alternative fuel for diesel engines that is produced by
chemically reacting a vegetable oil or animal fat with an alcohol such as
methanol. The reaction requires a catalyst, usually a strong base, such as
sodium or potassium hydroxide, and produces new chemical compounds
called methyl esters. It is these esters that have come to be known as
biodiesel. Because its primary feedstock is a vegetable oil or animal fat,
biodiesel is generally considered to be renewable. Since the carbon in the oil
or fat originated mostly from carbon dioxide in the air, biodiesel is
considered to contribute much less to global warming than fossil fuels.
Diesel engines operated on biodiesel have lower emissions of carbon
monoxide, unburned hydrocarbons, particulate matter, and air toxics than
when operated on petroleum-based diesel fuel. Biodiesel is produced through
a process known as transesterification, as shown infigurev2.12. By R1, R2,
and R3 are long hydrocarbon chains, sometimes called fatty acid chains.
There are only five chains that are most common in soybean oil and animal
fats (others are present in small amounts) [13].

O 0
| Il
CH,-0-C-R CH;-0-C-R
I
| 0 0 CH,-0OH
I | | I
CH -0-C-Rz + 3 CH3;0H — CH;-0O-C-R, + CH-OH
| (catalyst) |
| O 0] CH; - OH
I l I
CH2-0-C-Ra CH3-0-C-R3
Triglyceride Methanol Mixture of fatty esters Glycerin

Figure 2.12 Transesterification of Vegetable Oil to Biodiesel [13]
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2.7Techanical analysis
2.7.1 Scanning electron microscope

The scanning electron microscope (SEM) uses a focused beam of
high-energy electrons to generate a variety of signals at the surface of solid
specimens. The signals that derive from electron-sample interactions reveal
information about the sample including external morphology (texture),
chemical composition, and crystalline structure and orientation of materials
making up the sample. In most applications, data are collected over a
selected area of the surface of the sample, and a 2-dimensional image is
generated that displays spatial variations in these properties. Areas ranging
from approximately 1 cm to 5 microns in width can be imaged in a scanning
mode using conventional SEM techniques (magnification ranging from 20X
to approximately 30,000X, spatial resolution of 50 to 100 nm). The
main SEM components include: Source of electrons, Column down which
electrons travel with electromagnetic lenses,
Electron detector, Sample chamber and Computer and display to view the
images as shown in figure 2.13. Electrons are produced at the top of the
column, accelerated down and passed through a combination of lenses and
apertures to produce a focused beam of electrons which hits the surface of
the sample. The sample is mounted on a stage in the chamber area and,
unless the microscope is designed to operate at low vacuums, both the
column and the chamber are evacuated by a combination of pumps. The
level of the vacuum will depend on the design of the microscope. The
position of the electron beam on the sample is controlled by scan coils
situated above the objective lens. These coils allow the beam to be scanned
over the surface of the sample. This beam scanning, as the name of the
microscope suggests, enables information about a defined area on the sample
to be collected. As a result of the electron-sample interaction, a number of
signals are produced. These signals are then detected by appropriate

detectors.
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Figure 2.13 Schematics of scanning electron microscopy operation [14]

2.7.2 Transmission electron microscope

The transmission electron microscope (TEM) is a very powerful tool
for material science. A figure 2.14 shown schematic of transmission electron
microscopy operation by a high energy beam of electrons is shone through a
very thin sample, and the interactions between the electrons and the atoms
can be used to observe features such as the crystal structure and features in
the structure like dislocations and grain boundaries. Chemical analysis can
also be performed. TEM can be used to study the growth of layers, their
composition and defects in semiconductors. High resolution can be used to
analyze the quality, shape, size and density of quantum wells, wires and dots.
The TEM operates on the same basic principles as the light microscope but
uses electrons instead of light. Because the wavelength of electrons is much
smaller than that of light, the optimal resolution attainable for TEM images
is many orders of magnitude better than that from a light microscope. Thus,
TEMSs can reveal the finest details of internal structure - in some cases as
small as individual atoms.
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Figure 2.14 Schematics of transmission electron microscopy
operation [15]

2.7.3 Thermogravimetric analysis

Thermogravimetric Analysis or Thermal Gravimetric Analysis (TGA)
is a type of testing that is performed on samples to determine changes in
weight in relation to change in temperature. Such analysis relies on a high
degree of precision in three measurements: weight, temperature, and
temperature change. As many weight loss curves look similar, the weight
loss curve may require transformation before results may be interpreted. A
derivative weight loss curve can be used to tell the point at which weight loss
is most apparent. Again, interpretation is limited without further
modifications and deconvolution of the overlapping peaks may be required.
TGA is commonly employed in research and testing to determine
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characteristics of materials such as polymers, to determine degradation
temperatures, absorbed moisture content of materials, the level of inorganic
and organic components in materials, decomposition points of explosives,
and solvent residues. It is also often used to estimate the corrosion kinetics in
high temperature oxidation. Simultaneous TGA-DTA/DSC measures both
heat flow and weight changes (TGA) in a material as a function of
temperature or time in a controlled atmosphere. Simultaneous measurement
of these two material properties not only improves productivity but also
simplifies interpretation of the results. The complementary information
obtained allows differentiation between endothermic and exothermic events
which have no associated weight loss (e.g., melting and crystallization) and
those which involve a weight loss (e.g., degradation). By figure 2.15 shown
a schematics Thermogravimetric Analysis operation [16]
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Figure 2.15 Schematics of thermogravimetric analysis operation [16]
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2.8 Literature reviews

The main emission of diesel engine is particulate matter which emitted
to atmosphere from exhaust gas. It is the major problem of air pollution and
human health. So the study of particulate matter is an important thing and the
result of them can be summarized as below:

M. M. Maricq (2007) [17] proposed the characteristics of the
particulate matter from diesel engine. Figure 2.16 shown the diesel
particulate matter consists of two types of particles: (a) fractal-like
agglomerates of primary particles 15-30 nm in diameter, composed of
carbon and traces of metallic ash, and coated with condensed heavier end
organic compounds and sulfate; (b) nucleation particles composed of
condensed hydrocarbons and sulfate.

© - & - condenseariciso,

© = nucleation mode € = imbedded metallic ash

Figure 2.16 Artist’s conception of diesel particulate matter [17]

0. 1. Smith (1981) [18] presented the basic structure of primary
particles. A primary particle is consisted by carbon atoms which are bonded
together in hexagonal face — centered arrays in planes, referred to as
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platelets. Platelets are arranged in layers to form crystallites. There are
typically 2-5 platelets per crystallite, and on the order of 103 crystallites per
spherical soot particle. The crystallites are arranged with their planes more or
less parallel to the particle surface. This structure of unordered layers is
called turbostatic. Spherules, diameter of 10-50 nm, are fused together to
form particles. A single spherule contains 105 to 106 carbon atoms.

D. B. Kittelson (1997) [19] concluded the particulate matter
composition and structure. Diesel exhaust particles consist mainly of highly
agglomerated solid carbonaceous material and ash, and volatile organic and
sulfur compounds. Solid carbon is formed during combustion in locally rich
regions. Much of it is subsequently oxidized. The residue is exhausted in the
form of solid agglomerates. A tiny fraction of the fuel and atomized and
evaporated lube oil escape oxidation and appear as volatile or soluble
organic compounds (generally described as the soluble organic fraction,
SOF) in the exhaust. The SOF contains polycyclic aromatic compounds
containing oxygen, nitrogen, and sulfur. Metal compounds in the fuel and
lube oil lead to a small amount of inorganic ash. The idealized of diesel
particles number and mass weighted size distributions. Most of the particle
mass exists in accumulation mode in the 0.1 - 0.3 pm diameter range. This is
where the carbonaceous agglomerates and associated adsorbed materials
reside.The nuclei mode typically consists of particles in the 0.005 - 0.05 um
diameter range. This mode usually consists of volatile organic and sulfur
compounds that form during exhaust dilution and cooling, and may also
contain solid carbon and metal compounds. The nuclei mode typically
contains 1 - 20% of the particle mass and more than 90% of the particle
number. The coarse mode contains 5 - 20% of the particle mass. It consists
of accumulation mode particles that have been deposited on cylinder and
exhaust system surfaces and later re-entrained.

Y. Songsaengchan et al (2012) [20] investigated the chemical
characteristic of biodiesel and diesel particulate matter at various engine
loads (0%, 50% and 80%). The research result represented particulate matter
of diesel combustion is consisted approximately 4% moisture, 71% unburned
HC and 25% carbon of no-load condition, 50% load condition is 6%
moisture, 46% unburned HC and 48% carbon and 80% load condition is 4%
moisture, 29% unburned HC and 67% carbon while particulate matter of
biodiesel combustion is consisted approximately 4% moisture, 86%
unburned HC and 10% carbon of no-load condition, 50% load condition is
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9% moisture, 66% unburned HC and 25% carbon and 80% load condition is
4% moisture, 40% unburned HC and 56% carbon. The biodiesel engine
particulate matter is faster oxidized than that of diesel engine particulate
matter. In addition, the engine particulate matter from low load condition is
faster oxidized that higher load for both of diesel and biodiesel fuels. So,
particulate matter in high load condition has lower unburned HC fraction
than that lower load condition. The combustion temperature in high load
condition is more than that of low load. The unburned HC might be oxidized
with remain oxygen in high temperature exhaust gas. Moreover, particulate
matter from biodiesel engine combustion has more unburned HC fraction
than that of diesel engine combustion. Biodiesel fuel has lower heating value
that that of diesel fuel. In the same load condition, biodiesel must be used
more fuel injection in combustion chamber in combustion duration. More of
fuel remaining in combustion duration is burned to be more HC in
particulate matter.

A. K. Agarwal et al. (2011) [21] studied the effect of particulate
matter emitted from a mid-size engine running on petroleum-based diesel
versus biodiesel. They found that biodiesel and its blends (B20) gave more
SOF in engine exhaust particulates than mineral diesel at all operating
conditions because biodiesel has more viscosity value than mineral diesel so
biodiesel drop was combusted harder than mineral diesel. But all operating
conditions of studies, the peak particle for B100 and B20 were always
smaller size than mineral diesel because of oxygen atom in fuel molecule.

T. Lu et al (2012) [22] analyzed the size and nanostructure of
particulate matter that Effects from engine operating conditions by using
transmission electron microscope (TEM).This research revealed that the size
of primary particles is determined by the combustion conditions. It is found
that primary particle size decreases with engine speed as a consequence of
the shorter combustion duration but increases with increase of engine load
(as reflected by a decrease in the air/fuel ratio) due to the longer duration of
diffusion combustion and higher combustion temperature.

H. Kim et al. (2010) [23] explored the effect of biodiesel blended
diesel fuel on nanoparticles. The number of particles smaller than 50 nm was
increased under 5% and 20% biodiesel—diesel blends (BD05 and BD20) in
comparison with diesel (D100). The number of particles smaller than 50 nm
was increased by 8.7% (1.6%) when migrating from D100 to BD05 (BD20).
With respect to particles smaller than 100 nm, the use of BDO05 exhibited a
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5.4% - higher particle number concentration than that of D100; however,
under BD20, the corresponding value was 6.3% less than under DI100.
Therefore, compared with the particle number concentration under D100
there are more particles smaller than 50 nm — but fewer large particles —
were emitted under BD20. The increased number of particles less than 50
nm that were emitted through the use of biodiesel—diesel blends possibly
originated from the increase in the SOF particles. Under BDO0S, the rate of
reduction in particle numbers in the catalyst was higher than that under
D100, probably because a large number of SOF particles were oxidized in
the oxidation catalyst. The total number of particles emitted under BD0S5 in
the entire range of measurement (10 < Dp < 385 nm) increased by 4.4%.
However, under BD20, the corresponding number decreased by 9.4%, and in
terms of the converted particle weight, the particle mass reduced by
25%.The use of biofuel-blended diesel fuels reduced the total number of
particles emitted from the engine. However, when compared to the use of
diesel, the use of biodiesel—diesel blends caused the emission of more
patticles smaller than 50 nm, which are harmful to human body.

D. Dwivedi et al. (2006) [24] investigated about characterization
particulate emissions from diesel engines fuelled by mineral diesel and B20
which operated at idling, 25%, 50% and 75% engine load. They found that
oxygenated fuel B20 (biodiesel blend) showed superior engine performance
in reducing particulate emissions at all operating conditions compared to
mineral diesel (particulate in DE; 22~59 mg/m® and in BDE; 17-48 mg/m?).
This may be due to lower sulphur and aromatic content of biodiesel.

M. Salamanca et al. (2012) [25] attempted the influence on the
chemical composition of the particle matter produced in an automotive diesel
engine operated with palm biodiesel (PB100) and its blends with diesel fuel
by 5%, 20% and 50% of biodiesel. The result shown that biodiesel does not
affect significantly the average size of PM emitted compared to diesel.
However, biodiesel and biodiesel-diesel blends tend to produce PM with a
higher number of diameters below 25 nm. In general, the higher oxygen
content of biodiesel affects the chemical and morphological characteristics
of the particulate matter produced in diesel engines.

P. Karin et al. (2012) [26] cultivated the particulate matter trapping
which emitted from biodiesel and diesel fuel by using conventional diesel
particulate filter (DPF). The studies presented DPF trapping duration of
biodiesel fuel has longer than that of diesel fuel around two times because of



24

PM concentration emitted from bio-oxygenated fuel combustion frame is
lower than that of diesel combustion. Due to biodiesel fuel consisting of
more oxygen atom in fuel molecule is readily oxidized with available
oxygen in the flame zone.

M. Borhanipour et al. (2014) [27] assayed the biodiesel and diesel
particulate matter oxidation by thermogravimetric analyzer (TGA) in the
isothermal condition. PM composition in biodiesel PM and diesel PM also
has noticeable effect on activation energy (Ea). The difference of Ea at 80-
60% and 60-40% fraction can be referred to difference in amount and type of
HC and elemental composition while at (40-20%) stage the results get closer
and can be an indication of more pure carbonaceous part and more similar
composition.
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Chapter 3

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Experimental apparatus
3.1.1 Diesel engine specification

The small diesel engine was used for produce particulate matter in
condition of diesel and biodiesel fuel which is four stoke, single cylinder,
638 cm® displacement, direct injection and 16.1:1 compression ratio. Fuel
injection pressure is 19.6 MPa and other specification is shown in Figure 3.1.
The engine was operated and controlled on eddy current dynamometer
(Tokyo Plant ED-60-LC at KMITL).
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Figure 3.1 Diesel engine and specification
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3.1.2 Eddy Current Engine Dynamometer

The engine dynamometer, Tokyo Plant model ED-60- Horizontal, was
used in the experiment for applying a load on the tested engine and also
measuring force, moment of force (torque) and power that the tested engine
can produce against the load. The type of the engine dynamometer is Eddy
current with external water cooling systems. Eddy current dynamometer can
provide a quick load change rate for rapid load setting. Eddy current
dynamometer consists of an electrically conductive core moving across a
magnetic field to produce resistance to movement. The magnetic field is
generated by using variable electromagnets that can change the magnetic
field strength to control the amount of braking. The electromagnet voltage is
control by a desktop computer, using changes in the magnetic field to match
the power output.
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Figure 3.2 Schematic diagram of engine dynamometer
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3.1.3 Fuel specification

This research is used fuel in two types such as conventional diesel fuel
and palm-olien biodiesel. The all of results from both fuels were used for
compare in all of condition for testing. The fuels properties are shown in
table 3.1 and 3.2

Table 3.1 Diesel fuel properties

Test Parameter Result
Appearance Clear & Bright
Calculated Cetane Index 55.5
API Gravity @60 °F, Average, API 38.0
API Gravity @60 °F, Upper, °API 38.1
Specific Gravity 15.6/15.6 °C, Upper 0.8344
API Gravity @60 °F, Middle, °API 38.0
Specific Gravity 15.6/15.6 °C, Middle 0.8347
API Gravity @60 °F Lower, °API 38.0
Specific Gravity 15.6/15.6 °C, Lower 0.8346
API Gravity @60 °F, Bottom, °API 38.0
Pour Point, °C -3
Flash Point, (P.M.), Upper, °C 64
Flash Point, (P.M.), Lower, °C 66
Sulfur Content, mg/kg 68
Distillation :Initial Boiling Point, °C 178.3
Distillation ;10 %Vol. Recovered, °C 214.3
Distillation :50 %Vol. Recovered, °C 281.5
Distillation :90 %Vol. Recovered, °C 352.3
Kinematic Viscosity at 40°C,mm?2/s 3.092
Water and Sediment, % vol <0.005
ASTM Color L2.0
Gross Heat of combustion, BTU/lb 19,703
Methyl Ester of fatty Acid, % vol. 4.7




Table 3.2 Biodiesel fuel properties
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Test Parameter Result
Methyl Ester, %owt 97.9
Density at 30°C, kg/m3 864.1
Viscosity at 40°C, cSt 4.5
Flash Point, °C 184.5
Sulphur Content, %owt <0.0001
Carbon, on 10% distillation residue, %owt <0.1
Cetane Number 68.2
Sulphated Ash, Yowt <0.001
Water, %owt 0.028
Total Contaminate, %wt 0.0003
Copper Strip Corrosion, %wt la
Oxidation Stability at 110 °C, hr 263
Acid Value, mgKOH/g 0.1
Iodine Value, gl2/100g 51.5
Linolenic Acid Methyl Ester, %owt 0.18
Methanol, %wt 0.03
Monoglyceride, Yowt 0.31
Diglyceride, %wt 0.05
Triglyceride, Yowt 0.01
Free Glycerin, %wt 0.00
Total Glycerin, %wt 0.09
Group I metals, mg/kg 0.39
Group II metals, mg/kg 0.69
Phosphorus, %wt <0.00001
Additive No
Appearance Clear
Cloud Point, °C 14.0

Figure 3.3 explains about the distillation curve of fuel test. The diesel
fuel can be distilled easier at low temperature than biodiesel fuel because
diesel fuel has many size of fuel molecule. Most of diesel fuel is single
component, so can be vaporized at the low temperature. In opposite to, the
biodiesel fuel is multiple component and mostly homogeneous which can be
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distilled in the constant temperature around 350 degrees Celsius more than
diesel fuel.
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Figure 3.3 Distillation of conventional diesel and biodiesel fuel

3.1.4 Particulate matter trapping equipment

The trapping equipment was used for the study of diesel and biodiesel
particulate matter trapping mechanism. The schematic diagram of trapping
system is shown in figure 3.4. The particulate filter box was installed in the
pipe which connected to the small diesel engine exhaust pipe. The exhaust
gas was flown into the small particulate filter through a bypass line. The
process was operated at constant temperature which controlled by furnace.
The quantity of particulate matter that trapped on particulate filter was
measured by pressure sensor which determined the difference pressure
between before and behind particulate filter and vacuum pump was used for
the control of constant pressure in trapping process. All of data was kept by
data acquisition system.
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Figure 3.4 Schematic diagram of trapping system

3.1.5 Particulate filter regeneration

In the regeneration equipment was used for the study of particulate
filter regeneration mechanism. The schematic diagram of regeneration
system is shown in figure 3.5. After the engine stopped and particulate filter
was full, nitrogen and oxygen gas was released through the small particulate
filter for oxidation with particulate matter which controlled by furnace at
constant temperature and the gas flow rate in regeneration process was
controlled by flow switch. The quantity of particulate matter that oxidized on
particulate filter was measured by pressure sensor which determined the
difference pressure between before and behind particulate filter. All of data
was kept by data acquisition system.



31

N

T

Digita! Display || Digital Dispiay
Flow control Flow control /"
1

i

Pressure sensor
USB Dt o) l Measure unit —
/—olg Device |__ AC
1 Su
Computer —

Nitrogen
g

Figure 3.5 Schematic diagram of regeneration system

3.1.6 Diesel particulate filter (DPF)

A sample of conventional diesel particulate filter used as the trapping
device .The technical data and the picture of the diesel particulate filter is
shown in table 3.3 and figure 3.6.

Table 3.3 Diesel particulate filter specification

Properties/Type Ceramics cordierite
Wall thickness 300 micrometer
Porosity (%) 52%
Average pore size 10 - 50 micrometer
Cell density (cpsi) 300




32

(a) (b)

Figure 3.6 (a) A cut of particulate filter sample. (b) The conventional diesel
particulate filter

3.1.7 Temperature control system

When the particulate matter flow from exhaust pipe to trapped on
particulate filter, the temperature was controlled by a high temperature
furnace approximately 200 °C which shown in figure 3.6 in this study for
keep temperature inside filter as close to real exhaust gas temperature in the
engine. In the regeneration process in order to provide enough temperature
for soot oxidation around 6 0 0 "C inside the particulate filter, a high
temperature furnace was applied at this study. Thus, control system for keep
the temperature constant is necessary. A type K thermocouple, which is
tuned 0-10 V to DAQ with a transmitter TM — 004 controllers is used. The
head of thermocouple is put as close as possible to particulate filter, in order
to measure the temperature particulate filter surrounding inside the pipe. A
picture of thermocouple and its controller is shown in figure 3.7.
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Figure 3.7 High temperature furnace
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(a) (b)

Figure 3.8 (a) Thermocouple type K. (b) Temperature controller

3.1.8 Different pressure sensor

Differential pressure sensor is used for measure pressure drop between
inlet and outlet of the particulate filter. The pressure drop is effect back to
the engine while particulate matter in exhaust gas is trapped in the filter.
Particulate matter quantities can be measured by back pressure increasing.
Moreover, the oxidation kinetic of particulate matter in the filter is also
investigated by decreasing pressure when exhaust gas temperature is
appropriated. Figure 3.8 shows differential pressure sensor which is used in
the experimental.



Figure 3.9 Differential pressure sensor and specification

Characteristic kymbod Min | Typ | max | umit
|Pressure Range Pep 0 - 50 kPa
Supply Voltage Vs 4.75 525 Vx
Supply Current bo - 10 | mAx
IMinimum Pressure Offset @
Vor | 0088] 02 | 0313] Va
Vs = 5.0 Volts (0 - 85 °C)
IFull Scale Output @ Vs = 5.0
* Vo | a587| 47 |a813]| va
Volis (0 - 85 *Q)
[Full Scale NG Vs=50
Span @ Ve vis | - |os ] - | v
Volts (0 - 85 *O
Accuracy (0 -85 °C) - - - + 2.5 | 9%Ves
Sensitivity V/P - 90 - ImV/kPa
Response Time tr - 1 - ms
Output Source Current at
ke - 0.1 - mAs
Full Scale Qutput
'Warm - Up Time - - 20 - ms’
[Offset Stability - - +05 - %Vess

3.1.9 Vacuum Pump
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Vacuum Pump model DV-300 Aspirator was used for the control flow
rate exhaust gas in trapping process which installed in the end of pipe behind
particulate filter. A picture and specification of vacuum pump is shown in

figure 3.10.
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Figure 3.10 Vacuum pump and specification

3.1.10 Digital flow switch

A digital flow switch model PFM725S-NO1-E was used for control
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oxygen and nitrogen gas in particulate filter regeneration by oxygen gas will

flow through small particulate filter to oxidize with particulate matter that
trapped on particulate filter to be a carbon dioxide gas. A picture and

specification of digital flow switch is shown in figure 3.11.

Model Rated fiow
range (Vemin)

[PFM725| 9.5 te 25.0

8510263

0 te 26.3

Figure 3.11 Digital flow switch and specification
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3.1.11 Data acquisition system

The pressure drop and temperature during the particulate matter
filtration in the experiment was kept by data acquisition system. This system
was controlled by National Instruments DAQ card series 6009 as shown in
figure. 3.12. A data acquisition card was programmed by LabVIEW
program. A 0 - 5 V pressure signal from differential pressure sensor
connected to DAQ card and monitored 0 - 45 kPa for pressure drop between
before and after the filter in the experiment. In addition, the temperature of
exhaust gas signal from type K thermocouple which was amplified to 0 - 10
V by thermocouple transmitter TM ~ 004 was connected to DAQ card and
shown an exhaust gas temperature on display monitor as show in figure 3.13.

Moreover, a pressure drop and temperature from data acquisition
system can be recorded to law data for used to analyze trapping mechanism
of diesel and biodiesel particulate and regeneration mechanism of particulate
filter.
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Figure 3.13 Data acquisition monitor
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3.1.12 Black smoke meter

Particulate matter emitted from engine combustion is measured in
black smoke percentage. The smoke meter is applied to measure the
concentration between particulate matter in exhaust gas before the filter and
remaining after trapping in particulate filter by light emitting method. The
zero percentage black smoke mean that is no particulate on filter and the
other hand 100 percentage is mean the filter is covered by particulate all of
area. This smoke meter percentage can be summarized that the filtration
efficiency of particulate filter. However, the smoke meter, Okuda DSM -
240, is shown in figure 3.14 which is used in investigation of particulate
matter concentration and particulate filter efficiency.

Figure 3.14 Smoke meter

3.2 Experimental condition

The diesel and biodiesel fuel was combusted in small diesel engine’s
combustion chamber to produce particulate matter. The diesel and biodiesel
particulate matter was analyzed for physical and chemical characteristic
which consist of scanning electron microscope (SEM), transmission electron
microscope (TEM) and thermogravimetric analysis (TGA). The quantities of
particulate matter were investigated by smoke meter and air filter. Finally,
the particulate matter was tested for trapping mechanism which resulted in
pressure drop during particulate matter clogging in filter and oxidation
during regeneration process in the experimental. The experimental condition
of each topic is shown in the table 3.4.



Table 3.4 Experimental condition
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Topic Engine load (%) | Engine Speed (rpm) Fuel
Smoke meter 4212 1600 Diesel
SEM 60 2000 Biodiesel
TEM 2400 HOcIes
80
Air filter
TGA Diesel
4
Trapping 80 2400 Biodiesel
Regeneration
3.3 Experimental procedure
3.3.1 Particulate matter quantities
Fucl Tank .
. =£3an
ey valve ‘-! ] -4 Smoke
Control Unlt
Welght Scale Cooling Water a’.C"T::] g Q
i L]
;ﬁﬁ:@ [ T Drain Water

Smal!l Dicsel Enginc Oynamo Meter

(a)
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Fucl Tank
Thever
Weight Scale
(b)
Figure 3.15 (a) Smoke meter and (b) air filter trap particulate matter in
exhaust gas

The particulate matter quantities were investigated by the percentage
of smoke meter and mass of particulate on air filter. The particulate matter
was trapped by the smoke meter device and filter while it suspended in
exhaust gas in condition. The results of diesel particulate matter
concentration were compared with the results of biodiesel particulate matter
concentration at all of. The white paper filters were used for trapping
particulate matter in exhaust gas to measure by light emitting method. The
results of particulate mass on air filter were used for calculation of
particulate matter that emitted from exhaust gas by gram per minute.

3.3.2 Particulate matter size distribution

The accumulated particulate matters from diesel and biodiesel engine
combustion were trapped by paper filter for a few second. A paper filter was
taken image in micro - scale with scanning electron microscope. The
accumulated particulate matter images were measured size by average of two
diagonal lengths as shown in figure 3.16. Approximately 60 particles was
measured and analyzed for accumulated particulate matter size distribution.
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The results were compared between diesel and biodiesel. Moreover, it was
also analyzed an effect of engine load and speed to particulate matter size.

+D

: D
Average Dimeter= ———

Figure 3.16 Agglomerate particulate matter measurements

A powder of particulate matter from diesel and biodiesel engine
combustion was taken image in Nano - scale by transmission electron
microscope. These images were measured for a particulate matter primary
size for approximately 100 particles by average of two diagonal lengths as
shown in figure 3.17. The result showed a comparison of primary size
distribution of diesel and biodiesel particulate matter and effect of engine
load and speed to engine particulate matter size.

Figure 3.17 Primary particulate matter measurements
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3.3.3 Particulate matter oxidation kinetic

The particulate matter powder from diesel and biodiesel engine
combustion in each load condition was analyzed by thermogravimetric
analysis (TGA) with isothermal method. The mass reduction rate with
temperature results from TGA were investigated the oxidation kinetic and
chemical consistent. The isothermal method was increasing rate of 0.5 C per
second from 30°C to 500, 550 and 600 C while the increasing of temperature
from 30 °C to final, nitrogen gas was released to prevent the oxidation of
particulate matter and after that air was release to oxidize with particulate
matter. For the chemical consistent, the moisture, unburned hydrocarbon and
carbon fraction inside the particulate matter from diesel and biodiesel engine
were determined from the oxidation temperature. Moisture and hydrocarbon
are oxidized in first phase at low temperature. Carbon is oxidized in phase.

3.3.4 Trapping and regeneration test

The trapping of diesel and biodiesel particulate matter was operated
by small diesel engine on engine dynamometer which tested in 2400 rpm and
80% lead condition. This process, the furnace was set to 200 C and the pump
was started to suck the particulate matter from exhaust gas to trap on
particulate filter. When the particulate was full, the temperature was
increased up to 600 C while the increasing of temperature, gas nitrogen was
released to the system. After that oxygen gas was released to mix with
nitrogen gas by the gas flow rate was 13.5 /min and change percentage of
oxygen gas in 10, 15 and 21% to oxidize with particulate matter. A figure
3.18 is shown the device of this testing.
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2) Heater
3) VacuumPump

4) Pressure sensor
5) Flow switch

Figure 3.18 the device of trapping and regeneration testing



Chapter 4
RESULTS AND DISCUSSION

4.1 Physical characteristic

4.1.1 Particulate matter concentration
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Figure 4.1 Black smoke percentage of particulate matter from engine

exhausts gas (a) Diesel and (b) biodiesel
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The particulate matter was generated by the diesel engine and emitted
to the atmosphere with the exhaust gas. The particulate matter from engine
condition was emitted with the difference concentration as shown in figure
4.1. The black smoke percentage confirms that the diesel engine is darker
than that of biodiesel engine (for the engine condition). The particulate
matter in middle engine speed is lower than low and high engine speed
because the middle engine speed is the condition of lowest engine energy
consumption by the energy at low engine speed loss from heat lost and the
energy at the high engine speed loss from friction lost that mean the amount
of fuel at low and high engine speed are higher. In addition to, the particulate
matter in high load condition is generated more than that of low load
condition because the injection amount of fuel injection is higher. From the
increasing of fuel in combustion chamber is a reducing overall air/fuel ratio.
This condition makes incomplete combustion and encourages the initial
particulate matter formation. Moreover, the higher of fuel injection makes
bigger rich zone in fuel spray. These also make particulate matter formation
in combustion chamber.

4.1.2 Particulate matter quantities

The particulate matter quantities from the diesel and biodiesel were
trapped by filter for 10, 20, 30 and 40 second. The filters were weighted
before and after the trapping to calculate the particulate matter mass flow
rate which emitted from the combustion. The average particulate matter of
biodiesel was around 0.06-0.07 g /min while diesel PM’s flow rate was
approximately twice, around 0.12-0.13 g/min as shown in figure 4.2. The
main cause might be that biodiesel fuel contains lower number of carbon -
carbon bonds compared to diesel fuel. A fuel with a large number of carbon -
carbon bonds has a tendency of increasing particulate matter forming.
Conversely, oxygen content in a fuel promotes more completely combustion
cause to decreases the tendency of particulate matter forming.



45

0.14
0.12 1
0.1 -
0.08
0.06 -

0.04 A

Flow ratec PM (g/min)

0.02

10

]
AVG-Biodiesel Time (s) 40
B AVG-Diesel

Figure 4.2 average particulate matter flow rate of diesel and biodiesel

4.1.3 Particulate matter morphology

The particulate matter emitted from diesel and biodiesel fuel in
combustion process at 20, 40, 60 and 80% and 1600,200 and 2400 rpm.
Condition was investigated for particle size distribution by the electron
microscope. The particle size was measure by average of two diagonal
lengths of approximately 100 particles.

4.1.3.1 Agglomerate size

The particulate matter from diesel and biodiesel engine combustion in
20%, 40%,60% and 80% load and 1600,200 and 2400 rpm condition was
trapped by paper filter while it suspend on exhaust gas. A particulate matter
on paper filter was taken image by scanning electron microscope and
analyzed for agglomerate particle size distribution. Figure 4.3 shows
particulate matter image from scanning electron microscope in various
conditions. A particulate matter size distribution in agglomerate mode of
diesel and biodiesel at engine speed 1600 rpm, 2000 rpm and 2400 rpm are
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shown in Figure 4.4 and 4.5 respectively. The particle sizes are in the range
of 100-600 nm but much amount of particle sizes are in the range of 100-350
nm. Figure 4.6 shows Average size distribution of agglomerate particle
particulate matter from diesel versus biodiesel under 20, 40, 60 and 80% of
engine load and 1600, 2000 and 2400 rpm of engine speed particle diameter
size decreased when increasing engine speed for both of diesel and biodiesel
particulate matter. The exhaust gas temperature also gradually increased
when increasing engine speed. It means particulate matter oxidation rate
inside combustion chamber increased when increasing engine speed
(increasing temperature) due to lower heat loss on cylinder surface compare
to lower engine speed. Similarly, particle diameter size decreased when
increasing engine load for both of diesel and biodiesel particulate matter.
The exhaust gas temperature also gradually increased when increasing the
engine load. It means particulate matter oxidation rate inside combustion
chamber increased when increasing engine load (increasing fuel injection
quantity) resulting in higher combustion temperature compare to lower
engine load.

When focus on effect of biodiesel fuel and diesel fuel to the
particulate matter size. The average of biodiesel particulate matte sizes are
significantly smaller than that of because diesel is a bio-oxygenate fuel. So
biodiesel can promote more complete combustion.

(a) 20%-1600 (m) 20%-1600
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(1) 40%-2400 (x) 40%-2400

Figure 4.3 Particulate matter image of (a)-(1) diesel and (m)-(x) biodiesel in
various conditions by scanning electron microscope
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Figure 4.4 Size distribution of agglomerate particulate matter from diesel at
the engine operation conditions are 20, 40, 60 and 80% of engine load and
(a) 1600, (b) 2000 and (c) 2400 rpm of engine speed, respectively
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Figure 4.5 Size distribution of agglomerate particulate matter from biodiesel
at the engine operation conditions are 20, 40, 60 and 80% of engine load and
(a) 1600, (b) 2000 and (c) 2400 rpm of engine speed, respectively
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Figure 4.6 Average size distribution of agglomerate particulate matter from
diesel versus biodiesel under 20, 40, 60 and 80% of engine load and 1600,
2000 and 2400 rpm of engine speed using SEM image processing method

4.1.3.2 Single size

The particulate matter powder collected from exhaust gas of diesel
and biodiesel combustion was taken image by transmission electron
microscope. An approximately 100 particles was measured by average of
two diagonal lengths to verified primary particle size distribution. Figure 4.7
shows particulate matter image from scanning electron microscope in
various conditions. A particulate matter size distribution in primary mode of
diesel and biodiesel at engine speed 1600 rpm, 2000 rpm and 2400 rpm are
shown in Figure 4.8 and 4.9 respectively. The result of measuring particle
sizes is in the range of 10-60 nm. It was clearly observed much amount of
particle diameters are in the range of 30-40. Figure 4.10 shows Average size
distribution of Primary particle particulate matter from diesel versus
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biodiesel under 20, 40, 60 and 80% of engine load and 1600, 2000 and 2400
rpm of engine speed particle diameter size decreased when increasing engine
speed for both of diesel and biodiesel particulate matter. The exhaust gas
temperature also gradually increased when increasing engine speed. It means
particulate matter oxidation rate inside combustion chamber increased when
increasing engine speed (increasing temperature) due to lower heat loss on
cylinder surface compare to lower engine speed. Similarly, particle diameter
size decreased when increasing engine load for both of diesel and biodiesel
particulate matter. A primary particulate matter in high load condition might
be oxidized around the particle surface because the temperature in
combustion chamber and exhaust gas of high load condition is higher than
that low load condition.

When focus on the effect of biodiesel fuel, the particulate matter from
biodiesel combustion is emitted smaller size than that of diesel combustion.
Due to the oxygenate biodiesel fuel include more available oxygen which is
readily oxidized with particulate matter in combustion flame. This cause
results smaller primary particulate matter of biodiesel is emitted to
atmosphere.

In this thesis, the transmission electron microscope image was used to
determine the primary size distribution of the diesel and biodiesel particulate
matter. These images were measured by average of two diagonal of the
particle in measurement program. It might be the fallibility from the
uncertainly of measurement technique such as the unclear image from the
transmission electron microscope and the accuracy of measurement
technique. These reasons cause to not too much different on size distribution
of the diesel and biodiesel primary particulate matter.
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() 40%-2400 (x) 40%-2400

Figure 4.7 Particulate matter image of (a)-(I) diesel and (m)-(x) biodiesel in
various conditions by transmission electron microscope
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Figure 4.8 Size distribution of primary particulate matter from diesel at the
engine operation conditions are 20, 40, 60 and 80% of engine load and (a)
1600, (b) 2000 and (c) 2400 rpm of engine speed, respectively
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Figure 4.9 Size distribution of primary particulate matter from Biodiesel at
the engine operation conditions are 20, 40, 60 and 80% of engine load and
(2) 1600, (b) 2000 and (c) 2400 rpm of engine speed, respectively
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Figure 4.10 Average size distribution of primary particulate matter from
diesel versus biodiesel under 20, 40, 60 and 80% of engine load and 1600,
2000 and 2400 rpm of engine speed using SEM image processing method

4.1.4 Trapping mechanism

The exhaust gas of diesel and biodiesel engine is flowed through the
25.4 mm x 25.4 mm x 0.5 mm of conventional diesel particulate filter for
trapping particulate matter from incomplete combustion. The trapping
behavior on diesel and biodiesel particulate matter is compared in trapping
process by differential pressure in inlet and outlet of filter (pressure drop) at
constant temperature 200 °C. Moreover, the smoke meter analyzes for
trapping efficiency of filter and show the result on black smoke percentage
after DPF during filter.
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Figure 4.11 Pressure drop in particulate filter trapping

Figure 4.11 shows the particulate matter from diesel and biodiesel
trapping in the conventional diesel particulate filter. The trapping duration of
diesel particulate matter was approximately 1600 second. While the trapping
duration of biodiesel particulate matter was approximately 3200 second,
slower than that of the diesel particulate filter. The biodiesel particulate
matter uses more time duration to trap full the diesel particulate filter when
compare to the diesel particulate matter. The biodiesel particulate matter was
emitted lower than that the diesel particulate matter. The pressure during the
biodiesel particulate matter trapping in the filter was increased slower than
the diesel particulate matter.
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Figure 4.12 Black smoke concentration of particulate matter after
DPF during trapping process

The particulate matter was trapped after DPF by the smoke meter
during trapping process. The particulate matter from diesel and biodiesel
combustion was trapped on filter with the same concentration as shown in
figure 4.12. The black smoke percentage confirms that the diesel and
biodiesel particulate matter were trapped on DPF in the same behavior.
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Figure 4.13 amounts of particulate matter were trapped on the DPF
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Figure 4.13 shows the amounts of particulate matter were trapped on
the DPF with the difference pressure by calculate from the result of
particulate matter flow rate. The quantities of diesel and biodiesel particulate
matter that collected on PDF have the same mass. That can confirm the
mass pf PM which trapped on DPF

From previous result can predict the trapping heavier of particulate
matter on DPF as shown in figure 4.14. In the slope at the first state of graph
shows the depth filtration behavior of particulate matter, the second state
shows the soot cake filtration behavior. This result accord with conceptual
model of pressure drop during particulate trapping.
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Figure 4.14 amounts of particulate matter were trapped on the DPF
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4.2 Chemical characteristic
4.2.1 Oxidation kinetic
4.2.1.1 Mass conversion

The particulate matter from diesel and biodiesel combustion that
mixed with DPF powder is investigated for oxidation kinetic by
thermogravimetric analysis (TGA) method. The diesel and biodiesel
particulate matter generated by engine operation at 80% load 2400rpm
oxidation compare with carbon N - 330.

The particulate matter from diesel and biodiesel fuel was analyzed by
TGA method to investigate for oxidation behavior of the particulate matter
from diesel and biodiesel engine. The results from the TGA method are
shown the mass conversion in figure. 4.15. The carbon black N - 330 was
analyzed to be a base of pure carbon oxidation in this thesis. The graphs can
be divided into two main parts, non-isothermal and isothermal. The non-
isothermal part starts from the initiation of the experiment until reaching the
desired temperature. At this phase, only nitrogen is used and there is not any
oxidant, so the only change in mass of the particulate matter sample is due to
vaporization of moisture and unburned hydrocarbon. The difference in
conversion percentage and amount of it is affected by the heating time and
the elemental compositions of the particulate matter samples from diesel and
biodiesel. As isothermal stage begins, the air is introduced the mass
conversion changes to mass oxidation and the mass percentage reduces as
time passes. The oxidation becomes more complete for both Particulate
matte samples as temperature increases and at 550 and 600 C all particulate
matter samples are burnt. For both of particulate matter, the increasing of
temperature results in increase of mass conversion due to presence of more
thermal energy for oxidation process. In comparison between the particulate
matter samples, biodiesel shows faster percentage of conversion in
comparison with diesel in all temperatures.
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Then Chemical kinetics of TGA results was analyzed by relations
below:

PM+02—CO2 (4.1)

The chemical reaction rate in eq.l can calculate from the TGA curve
based on the chemical kinetic in eq.4.2.

d[PM m
— 2P = k(PM]™ [0, (4.2)

From eq.4.2 the reaction order (n) of particulate matter can be
calculated by eq.4.3.

1n[— %‘—]] = nin[PM] + In[k * [02]™ (4.3)

Where PM is particulate matter mass, t is time, k is specific rate
constant, m, n are the reaction order. The dependence of the specific rate
constant k is expressed by eq.4.4.

k= Ae Ea/RT (4.4)

. Where A is the frequency factor, Ea. is the activation energy, R is the
gas constant. The apparent activation energy can be calculated by eq.4.5 and

1 d[PM]] _ —Ea
In[- 2] = 22+ In[4 » [02]m] (4.5)
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4.2.1.2 Reaction order of particulate matter (n)

From the rate formula (eq.4.3) is used to solve the reaction order of
diesel and biodiesel particulate matter and the results are shown and figure
4.16 and the results are presented in table 4.1.

La (initial meass)

U]
6 0.5 1 1.5 2 25 3 35 4 45

-2

La Rate (s)

4
—Diesel 550
—Diesel 600
—Biodiesel 550
-5 —Biodiese] 600
6

Figure 4.16 Particulate matter reaction order (n) for diesel and biodiesel
particle in TGA
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Table 4.1 The results of carbon reaction order

Particulate Matter Sample n value
Diesel 550C 0.44
Diesel 600T 0.70
Biodiesel 550C 0.60
Biodiesel 600 T 0.74

According to table 4.1, for both TGA condition biodiesel has higher n
value in comparison with diesel particulate matter and thus it shows better
reactivity. None of the samples meet the shrinking core value (2/3) and it can
be claimed that the particulate matter particles do not have a complete
spherical shape.

4.2.1.3 Activation Energy (Ea)

Activation energy (Ea) is the minimum energy which is required to
initiate and complete a chemical reaction. The lower activation energy
means the better reactivity. At this study the, it’s tried to divide the
particulate matter mass conversion in three main groups and then the
activation energy for each division is calculated. This can clarify the
different compositions of particulate matter, VOF, SOF and SOL, by
difference of activation energy value. The particulate matter conversion of
all samples is divided to three parts, based on equal percentages of
conversion rate of the samples including 20-40%, 40-60% and 60-80%
burned. The activation energy of particulate matter samples at each division
is calculated from Arrhenius graphs as shown in figure 4.17. The activation
energy of first division (20-40%) is lower in comparison with the two
remaining divisions. This can be due to presence of more VOF and SOF in
the first stage of conversion ,while in later stages most of SOF and VOF are
consumed and most of the composition is SOL or carbonaceous ,especially
at last stage and therefore the higher values for activation energy can be seen
in table 4.2. In comparison between diesel and biodiesel particulate matter
samples, the activation energy of biodiesel is lower in all divisions and thus
it can be a good reason for better reactivity of the biodiesel particulate matter
hence lower activation energy is indication of easier oxidation at lower

temperature.
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Figure 4.17 Arrhenius plots of carbon black, diesel and biodiesel particulate
matter oxidation on conventional cordierite DPF powders using TGA
isothermal method, 500-550-600C
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Table 4.2 Calculated apparent activation energies (Ea) of particulate matter
oxidize on conventional cordierite DPF powder

Particulate Matters burned fraction Apparent z;gy;ﬁfer; energy Ea
Diesel Engine’s PMs 124+7
Diesel 20-40% burned 117
Diesel 40-60% burned 124
Diesel 60-80% burned 130
Biodiesel Engine’s PMs 121+11
Biodiesel 20-40% burned 109
Biodiesel 40-60% burned 121
Biodiesel 60-80% burned 131
Carbon Black 20-40% 178

4.2.2 Regeneration mechanism

The regeneration behavior on DPF of diesel and biodiesel particulate
matter is compared in regeneration process by differential pressure in inlet
and outlet of DPF (pressure drop).The regeneration process is done with the
high temperature tube furnace. The temperature in regeneration process was
increased from 200 to 600 ‘C and operate with10 15 and 21% of oxygen gas.
In regeneration process can be divided into two main parts, non-isothermal
and isothermal like a TGA analysis. The results in regeneration process as
shown in figure 4.18. In the first state in all of conditions have only nitrogen
is used and there is not any oxidant, the pressure drop in all of condition
have the same trend due to vaporization of moisture and unburned
hydrocarbon. In the second state, gas oxygen was released to the system to
oxidize with PM. The pressure drop of regeneration process decrease as time
passes that means the particulate matter on DPF was oxidize. The oxidation
becomes more complete faster for both particulate matters as oxygen content
increase due to presence of more oxygen for oxidation process. In
comparison between the regeneration of biodiesel shows faster duration in
comparison with diesel in pressure all of condition.




74

700
600
—-—
& - 500
=
g L 400
a
-]
-4 F 300
g
o - 200
-9
100
0
4000
(a)
a3 700
© = L 600
35
= - 500
s ——Biodiesz]_15%
- - 400
g 3 ——Diesel_L5%
g ® 300
g —Temp Bio
g 1 L 200
[-m 10 ——Temp.Diesel
s - I 100
0 o
0 500 1000 1500 2000 2500 3000 3500 4000
Time(s)
45 00
© - 600
35
-
& L 500
£ 30 — Biodiesed_21%
g = ) - 400
a ——Diesel_21%
s 0 - 300
15 — Temp. Bio
g L 200
& W —— Tenp Diesel
5 - - 100
0 0
0 500 1000 1500 2000 2500 3000 3500 4000

Figure 4.18 Pressure differential of regeneration process by using oxygen
(a) 10%, (b) 15% and (c) 21%
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The oxidation kinetic of diesel and biodiesel particulate matter was
calculated from the pressure drop results in regeneration process at the
second state. The biodiesel particulate matter was oxidized faster than diesel
particulate matter in all condition tests as shown in figure 4.19. This result
accords with the activation energy of both particulate matters at 60-80%
which calculated from TGA analysis. Figure 4.20 show the impact of oxygen
content for particulate matter oxidation, the increasing of oxygen content
was the increasing of particulate matter oxidation kinetic due to the reaction
order of oxygen (m) was increase which follows from eq. 4.2.
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Figure 4.19 Oxidation kinetic of diesel and biodiesel particulate
matter at (a) 10% (b) 15% and (c) 21% oxygen content
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Figure 4.20 Oxidation kinetic of particulate matter with various oxygen

content (a) diesel and (b) biodiesel
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Chapter 5

CONCLUSIONS

In this research, the particulate matter from diesel and biodiesel fuel

combustion was investigated for physical and chemical characteristic to
explain the trapping and regeneration behaviors of particulate matter on
conventional diesel particulate filter.

5.1

5.2

5.3

5.4

5.5

Quantities of particulate matter in middle engine speed are lower than
low and high engine speed because the middle engine speed is the
condition of lowest engine energy consumption by the power at low
engine speed loss from heat lost and the power at the high engine
speed loss from friction lost.

Quantities of particulate matter increases when load increases because
amount of fuel injection in combustion chamber is higher. That means
more of fuel injection makes bigger rich zone in spray which affected
to incomplete combustion.

Biodiesel fuel combustion produces particulate matters about half of
that from diesel combustion because biodiesel fuel consisting of more
oxygen atom in fuel molecule is readily oxidized with available
oxygen in the flame zone.

The size of particulate matter in agglomerate and primary mode
deceases when the load and speed increase. Due to the high
temperature in combustion chamber and high temperature in exhaust
gas is oxidized particulate matter while suspended in the combustion
chamber and the exhaust gas.

The accumulate particle size of biodiesel particulate matter is smaller
than the diesel particulate matter by diesel particle was around 140-
190 nm and biodiesel particle was around 130-180 nm. Oxygen
content in the biodiesel fuel promotes complete combustion. The
completely combustion has lower amount of carbon atom. Then, the
particulate matter from biodiesel has smaller size.
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5.6 In this thesis, the particulate matter from both of diesel and biodiesel
is not explicitly difference. It might be the fallibility from the
uncertainly of measurement technique such as the unclear image from
the transmission electron microscope and the accuracy of
measurement technique. These reasons cause to not to different on
size distribution of the diesel and biodiesel primary particulate matter.
Actually, the particulate matter from biodiesel should be emitted in
smaller size than that of the particulate matter from diesel for a
primary particle. Due to the oxygenate biodiesel fuel include more
available oxygen which is readily oxidized with particulate matter in
combustion flame. This cause results smaller primary particulate
matter of biodiesel is emitted to atmosphere.

5.7 The biodiesel particulate matter can be oxidized at apparent lower
activation energy. Due to impact of unburned oxygenated fuel of
biodiesel plays an important role in particulate matter combustion
cause to lower apparent activation energy in biodiesel particulate
matter oxidation.

5.8 Biodiesel particulate matter has higher reaction order value (0.67) than
that of diesel (0.52). This can indicate that biodiesel particulate matter
has a complete spherical form which is match with shrinking core
value, 0.66. That means biodiesel particulate matter can be oxidizing
faster than diesel particulate matter.

5.9 The conventional DPF can be used to trap both diesel and biodiesel
particulate matter. Although, the biodiesel particulate matter is emitted
in smaller particle size than the diesel PM. That mean, the particle size
did not significantly affect DPF trapping process because the pore size
of DPF is very large compared to the size of the particle emission.

5.10 The duration regeneration DPF which trapped biodiesel particulate
matter is faster than that of diesel and it’s alike to the oxidation rate of
particulate matter samples in TGA. The smaller size and higher
activation of the biodiesel particulate matter can be the main reasons
for better oxidation.

The biodiesel fuel has many advantages. The biodiesel fuel is carbon
neutral and can be produced in domestic from the palm oil etc. In addition,
the using of biodiesel fuel instead of diesel fuel in the compression ignition
engine without any modification can be also reduce the particulate matter
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concentration emit to the atmosphere around two times. Also the particulate
matter size from biodiesel is smaller than that of the particulate matter from
diesel. However, the conventional diesel particulate matter can be used to
trap the smaller size of the biodiesel particulate matter efficiently. Moreover,
the biodiesel particulate matter trapped in the particulate filter can be
removed easier than that of the diesel particulate matter in regeneration
process because of the higher unburned HC and easily oxidized of the
biodiesel particulate matter than the diesel particulate matter.
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A-1: Diesel engine specification
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A-2: Data acquisition
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A-3: Labview program
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A-4: Pressure sensor
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A-5: Temperature control
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Suiking mathed Digia¥ sattmg esing boct pancd koys
"-mmm:t disptry and fdivitha indcainms (7.sagmant dsplay elso posiia)
Incdication melhod WWumsvum
g WDWMMMDWWMWWMMMMWMGM
Bunk wmiliching mwwﬂd
% S oo, hop ym@mmm%mm
mmn twl.n m Gl e, sol-ming. baparabico sk,
Owr unclios potecton kncfocs, o, eadvarticn of saarse ot, MY diasgr ats kn, ngic
mmmmmmmmmm
Anbiont opersiing tenparakze 1010 557G (Wit 00 Condensticn cx £1g), for 3-year wamanty: -0 b S0°C
Amtsinrt opersbing borzkly 25% D 8%

l‘

-5 65 {uth o conconsation o Eng)
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A-6: Flow switch
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Model PFMTI0 | PPRMT25 |  PEMISD | PRI
o Bry air, Nz, Ar, OOz
Applcsble fuid (sir qality cfass o [SO8573-1 1.1.2to 1.8.2)
Ruind fiow Dy air, No Ar | 0.2 %0 10 LAmin 0.5 to 25 Liin 1 oo 50 Limin 2t 100 LAnin
age €02 02 o 5 Umin 05 to 12.5 Limin 1 t0 25 Limin 2 to 50 Limin
Display | Diyai: Nz Ar [ 0200 105Uin® | 0510263 0Umin | 1toR5Umia_| 2to 105 Limin*’
g fioe mnge | OO 020 521kin | 05 131lUmMn | 1t0282 Lm0 2 o 52 Limin
5 & settow |DryacioAr| DoW5Umn" | 0w263Lmin | Oto5e5Lmn | 0t 105 Lmin 2
g g COz ‘| o052 0t 13.1 Liriin 0 to 28.2 Limin 0 to 52 Limin
~ | M satiingifisploy unit 001 Ltmin @.1 Limin Q.1 Limin 0.1 Liin
3 | Semingkisplay fowrange Dto 980988 L
EE
L ]
E M. setSinghiisplary oril N
Accamduied Vo vk pu 0.1 LPuse 01 LiPuise 0.1 LiPutse 1 LiPuiise
Dispiay Instamtanecys fiow: Uimin, CFM x 107
. i Accurmilsted Soer L #° 2 107
Refemnoe condiion ** Standard condiicn (ANR}. Nommal condiion (NOR)
+19%F.S. max (Buit: Dry air)
Repeatabily Analbgue outpat accaacy: 23EF.S. max
Pressure chamciessics HHWFS. max ([0.35 MPa refereice)
« A25F.S. mae. (15 10 35 °C)
Tampuahans charpRres 15%FS. max (0 o 15 °C, 351550 °C)
Rautad pressore cnge -0 o 750 Fa
Proof pressure 18Pa
Swsibch aoipul NFN or FNP open collactor gutput
Max. fomd cumeart 80 mA
Max. load voltage 2B VDG (INPN ootpart)
w‘“"'m NPN cutpat: 1V (st 80 mA), PNP cutput 1.5V ar less (at 80 mA)
Response time 15 (30 ms, 0.5 s, 2 5 3= selecishia)
Ouiputt proisciion Shont diroul protection
Hysteresis mode, window comparaior modk,
Jupus Acourruigted catputt mode, Acoumutited pulse cutput mocdes
Hyswress Variable
Respoose e 15s
- Ouputvoliage TSV
- Outpart impedance: T k0
oulput Quiput cunent 4 to 20 mA
Cusrent oulpest Max. Ined rpedance: 600 O 24 WDC)
Ain. load mpedance: 50 0
ADoEacy HHRF.S. e
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Mol PRM7C | PRM725 | PRMISD | PRMZ
Exiruwel opot %ge&ahm{wm&usaﬁdmkaﬁmarm
Display accuracy 23%F.S. max. (Ruid: Dry air}
Display . 3 digits, 7 sagment. dusl collour display fredigreen)
ciesstor LED LED is ONwhen ourput is ON - QUTL: Green  OUTZ Red
Sugply voltage 24 VDC2 10%
Enclosure P40
2 3 013 50 °C (mo feezing or condensation)
Opersing - _
Operatimg: 0t 50 °C, Stored: -10 to 60 °C {no freezing cr condensation)
Eswircowsetit | Operaling
: 2 B5% Rl
~ COperating. stred 35to {no condenssfion)
Wfivshered = _
2 1000 VAC, 1 min. behween tenminals and case
Irsutafion )
o 50 k2 min. (at 500 VDEC) betmean tecminals and case

o1 B the resohifcn is set o 1000 fior 10 Liwin type. the display upper ficeit will be {9.80 Limin].
«2: [ o Fespiction is set to 1000 fior 100 Limin type, the display upper it will be (20.9 Linin].
o2 Phen g the Acm Saled i hold funcfion, caulze the pmdnct Ife arcordiog to the opecaing conditbas, and use e ot
witti s e, The fimit of the cumber trmes the meEnory can be witlen to 65 1 millcatimes.  Hthe prococtis cpesaied 24 hotrs per
day, e e wll be as llows.
~Cutta siored esery 5 mimtes: 5 erirubes x 1 eilion oycles = 5 million miutes = 2.5 years
~Gata sicwed every 2 mingtes: 2 minutes x 1 milkoo cycdes = 2 mifion mintes = 38 yexrs
M ihe accurrmfizzd fom exieris rset is repeatecly inpdt, the [fe will be steter than the calculaded e
o Stanedard comifion ANRY Fow measremert seference condiion 1013 ke, 20 <C, E5%RH
Pl conftion (NORY: Rom messorernent refarence conditn 1013 BPa, D=C.



Appendix B:

Standard and properties of fuels
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B-1: Diesel fuel
- - I '- -
> 4 - - |- J— 1
Gay AiTnedineesuaseamrmenidiuien (@iul O
WAL bEce
] - -
nenn ] SaTma -~ Tmmams’
i mpn
1 | srosheiuwsr ;i eampll 1567156 SUTREEIGRY bt 081 - ASTM D 1298
(Spedbic Graxily &l 158155 Q) s
Biggerh 087 0920
2 | S (Cetane Numberd Wia ASTM D 613
frifeon: (Calculated Cetane  Indkex) ASTM D 976
AEYTLR 1 WMME WA 2555 i « a5
Rt 1 wrvwe wa 2555 hatul) St 50 as
3 | sremia renialans ASTM D 445
(uscosiny, o)
11 o gl 90 eaymEREEy wwrh 18 -
tat 40°Q ues
imearn a1 a0
»ia
32 » eamnd 50 auTNSEEy biswrn - 60
at 070
& | enlrorx BorpuiEy Tiarern 0 16 ASTM D 97
Powr Paint, ‘0
5 | femn SemazIneninnin
{Seiphuar, art)
fawid 1 unrws mA 2555 igmh | ooss 15 |ASTMDazea
Rmofud 1 wrrem w2555 ey x| 0005 15 |astmD 2622
6 | mfandemshmamEn Lisurin | wersesere 1 - ASTIE D 130
{Capper Srip Gorrosiond
T - » - n-nﬁ:hrl ﬂﬁim' rmﬁm w 5 - ASTM D 2274
eBrLAiT
(Caickation Stability, otn’)
8 |medm SoesazInen gy ieern 205 - ASTM D 189
Caten Resirue, Sirt)
9 | hmacesnsu Fosnzlaanirms mnh | o005 03 |asmpzio
(Water and Scciment, Svol )
10 | ShenzInminnin Wmeh [ om 002 | ASTMD a2
{Ash, i)

(¥ )
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- - - 2 drfuiea ==
oM T fTguh Tnmoo’
11| s BaRTRHES kiurh 52 52 |astmpos

(Fash Poink, ‘0
12 | mandy PO ASTM D B6
(Dstlation, ‘0
U recovered)
13 | bnflendn eefoniin v Shemelpminndy ASTM D 2425
(Polycydic Arommalic Hydrocsbon, 85 wi)
rEufuE 1 umwn WA 2555 - -
RusToR 1 BATVN WA 2555 chaluly Gimerh 1 }
| |&
Colour)
141 whera et Tww
(Hoe)
142 ronaies it - 45 | ASTM D 1500
Cintersity) uez
bimmrhn a0 TS
15 | Wishverdaamuiisenns Faoeinenfirms st 3 - EN 14078
i ugs
Oacitoyl Estes of Fatty Adkl svol) iz 5 -
16 | wemcSomuadstn  weoiatm belmsaery Liserch a60 - CEC F - 06 - 96
QLudbeiciy , Veos Scar Fro)
17 mm l\aﬂ‘lﬂmmmma
P
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B-2: Biodiesel fuel
reanfsrmannlizmanmugiimwiay
Fea imusinmosuazaaunmesdulefinairsmmmsennefenanralsiu
WA hean
Manas Fedruua Samgsin SEnsoeu =

1 | citemesend Feeaslneninnin i | 985 | En1a103
(tiehy! Estar, % wt)

2 | wronmsin w geundl 15% AlsnRvgmnaisss Bishmrin 8s0 ASTM D 1298
(Derskty o 15 °C. kpm usms

igenin €00

s | muomils o gomndl 407 cxuis end Ridnin 35 | ASTMD44s

(Viscosty o 40 °C. S s
Ligamin 50

a4 | savrnid sarIaEea i 120 | ASTMDS3
(Fiash Point, ‘G

5 | frocdu focazlrmhmi Ligewn | 00010 | ASTMD 2522
(Sutpluar, WBwt )

6 | rnendnu Femnzlnstimin Liganin 030 | ASTM D4530
Gemas 10 reamnfmSevinmandiy
(Carton Residue . on 10 % disthetion resicue,  %wd)

7 | dmmfom hishmrin 51 ASTM D 613
(Cetane Number)

8 | uhdants FeesrTreninnin higatvin | 002 | ASTMDE7s
(Suphated Ash, %ut)

9 |th Foexxlneninnin Lbigemin | 0050 | EMISO 12837
Qater, wt)

10 | Sardeudonm famnzlestiunh Liganin | 0002¢ | EN 12862
(Total Corttarinats., Kwt)

11 | enEsndeumiunes Liganda | oresy 1 | ASTM D 130
{Copper Ship Corcsion)

12 | wlnsnrrsizmafinlfiiten e i 10 EN 14112
ponfisiu o eamnd 110 saruesides
(Oxidotion Stebifty et 110°C,  hows)

(Re-2-)
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T | fedmna Frrged Engaey

13 | swrrandhunes dednfihtiieulaenipint | Limmia | 050 | ASTM D654
(Acid Vaolae . g KOHID)

14 | flelelu niSrleledw roonfr | higanda 120 | EN14111
{lcdine Yalue . o fogine /100 g}

15 | nwihrafinniisenref Fesnslnatitmin rigenin 120 | EN14103
(Uinolenic Acid Mettrd Ester, %ut)

16 | ummes Fegaslamdmmin Ligenia 020 |EN14110
(Msthenal, %wt)

17 | BifunBeoeled Feenvinginnin Lisndr | 060 | EM14105
(Monogiycedids Kt}

18 | lanSerelel Freariasinaty Bigemin | 020 | EN14105

19 | tenBwelsl Fessslaminnln Teigamin 020 | EN1410S
(Trigiycedds . ourl)

20 |nkestufer Feescizmini Ligria | 002 | EN1410s
(Free ghcerin, Yt

21 | nkwefiwinam Feenstrminnin Ligeria | 025 | EN14t0s
(Total gycerin, %ut)

22 | taucnsy 1 (efenuachiuns®en  Saknfivhlansie kigann 50 | EN14108 uss
(Graup | matals (N+HQ. mgRy) EN 14109
Tawngn 2 aadmusswndhieow)  JmEnffilandi igenrin 50 | prEM 14538
(Group 11 metals (Cardhigh. R

23 | vemiefa Seoncinimnin Ligamia | 00010 | ASTM D 4951
(Phosphorus. Kwe)

2¢ | smivusia Gl Bdhvhaufldfuaraduseusneduld
(Addive) ngshiemaT

e Anasnm HATR AR s LA sihmrd e RS A s rasnSasan el



Appendix C:

Thailand emission standard
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C-1: Thailand emission standards for small diesel engine vehicle

UsznIANTENTIDAAINNTIN
2l ke A, bdde)
gonsrAIlunsEIIINgQRINAST IUNEASuYBRA NS TY
WA bdae
G0y AmumnrsgukEniusgaamaTsy
snsurTAEnTIldeS swusiuuIRsTlind oI wwizdumaeais :
asuaRvTINAS WA STum 7

ity ghim
thamioousd undnda ndveu | oonled | Yalmimi | omuefiv
&g) uguan w01 usuI M oynNn

Yod Yulmneru | foonlsd
i

TuTasion
Jomuils incstudeinngahiiy 2500k . 0.50 025 0.30 0.025
SosUMTBNGABTAT NI TR 2 500 kg Naisdiu § 305 0.50 025 0.30 0.025
’ TN ]
wissommnTynunsy mfniaamn = 32
% '“' . e - i 1 308 ud Tty 1 760 0.8 033 039 0.04
vntaousyIIYRALTANSAT I A hi
039 0.46 0.06

lﬁll3$mkg Wy I 760 074
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Characterization of Biodiesel Particle Emission in Trapping and
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Mmmmlbhmlh
stadies of i paper were dxadad o oo ks The first
part stedind the quetity of PBA S the both el 2d
baadiewel fmbs at B0 boad (2300 ) by the tapping
Rocess on Seal priszids filke (DFF) wed i a2 il
fiow Soten twowd The secozd pat steded tha
w;nmdm:nklhhwdw

Guerally, DFF & zods fom cenmmie motez] s o
b or sihicon cxinde, consting of mowny sectagela
Mﬁmmwmmﬂd

patcle eoeroms. In additon, the PM uat be oxidizad o
Teparale B DFF ad redice the tadk prevore cn e
&dqﬂ.ﬂ?r]
mmmiasﬂhﬁn
GO0 2d 2 wiokie cigasc fiaction (SOF). Py
patiches, compooed of conbon and metallic xth, are coated
with SOF and suiploe. Tha maocucthues of prisary soot
patices e besn domacenzad winy traccwistion
alectzen micrropy (TEXD o wnderstand then = deil
Tin meon Gomwtw of G piscry ol agpiceowaed
i 1 womlly i e vape of 20-80 mm and 80-300 mm,

mmymnﬂywmﬁuq‘l@g
cnditiorn ol fl couposition [4-10L The engire
mﬂmhm&ﬁahpﬂd‘“ﬁs&h

yerticaliztes kad ifawt stupe with gapelile dmcihes.
Third, newe particls: were depocited oo a mid o e
exgine koad was incesased [11-13). As fbe DPF mmcloziom,
e oxidation mechon of soot s beea rvestizaied seng

farmr: prcemsiie aulyns (TIGA) and  especioe
o= ok (TR0} to ecalmts catalyfie actites: [14-

17

Wih dmplatiny foril diewd sesowres, another
mﬂ.mbashn&i.npodckﬂ&w
rimad of dese] fhaels. The rom adeamtagrs of biodiess]
o dieel foel we i vmy low salfis and aroomiic
Tpdtocachon coutent. 1o addibon, bicdiera] inciades oxypan
MM:&&:&MMM

—mmmhaﬁmﬂsm
of paticelze water fon dot of dieel foel Moteocsr,
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ozl fool cm seictaitally redics mt globsl wacming
wmhbhmmhm-m&,
cxbhon amied fom cosdation of odesl o
am:ai-n B compecand by Eafes cobom mboke
ey plakt plctoreniiess.

METHODOLOGY
Esgiue

The suoll Sewl wpre © wad o geeais

coazinzt spend at 2800 cpus wader §0% Iood on the Eddy
ot engime dpmmdier (Yobyo plaes ED-60-1LC)

Fud

A comesion] deal find (BE-5) was wad and
coggnind with e ks of biodiend ol dafoed Som
ooz (BI0: TS 2313-2549) Dotloa cwon
(Taxpeabes-Vaparistien) of btoth faek ae shown @
&tmnhmﬁhm&uwﬂmﬂ

Tk oy ot of dimsall ot e soven Sactrn. Thncufiore, Ea
bigh cpeatoe arde e bicSew! exgEe combaricon

Figere 1. Detilluiion corowy of palm-clem biodiese
(B100) 2 cosansSomal Gl (B4-5) i Thatbnd.

SETCMLS

Experimentsl setup for Trapping and
Brgeneration

Fpre 2 Sows a xbesokic dopam of
epantyl sinp for PAM toppeg. The edhart g2s wxs
Sox o e sroll DFF thwouzh 2 Trpass om, which a2
DEF was ixctalind in the pipe. The peocess was gperted at
ot teapeatue of approximsiely 200°C. The quatity
of P ws mexand by perme seoor, which was

isdhibéhiandinﬁudm.lhm'a&e
pocess wis realind from te cowdesticn ad vacmmn

Figeee 2. Expermectal setup Sor Srappg P

Fzee 3 shows a sthemic dogam of
expwrEmants) st £x DET mgaasration. Afw the mg=e
svapped and DEF wa S, ritrogen. and oxygaa gases waen
rdaxsed Gooeyh e <oull DEF fx axidalion with P a
coastas trrpactere of apprarmately 600°C. The gas fowr
riie B TprEasicn process v it 135 Lixie wih 10%,
15% 2md 21% of oxygen pae, which was coctoled by fiowr

The sarols fiown all of devices i both process waxs
trarfared o sobied USB dgbl 10 modals to covt
sl to &tz wos toesloeed o sow 2ad mesd =2 2
compwcar,

g

DyesDupey || Oged Depaey
Fomrcwict P comsn

Figure 3. Experisseatal s o regeoecation PM
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corsrstiny of sppranimtely [0 partiches, wiliich was tlken
from SEM o, wan shown in Fzoe 4 Mot of Ganal
e S wo oo, 120 - 140 o wikile ©a biodsew]
patcle e box pealined i the socTier st cxrpe betuoem §7
« 110 eza The paticote sice i fmton i prizary oode
carmistirg of sprasomtdy 100 rerticles, wineh wes taen
fom TEM o, wos shoam in Fgpre 3 Moot of Gesel
paticle st wis wmnd SO0 mm wide e biodbeel
pﬂdnmbpdﬁm&m&mmm
N9 o The & e o P lwa comecttion of
Baodiersl pontide, winh & modly colized with oo
sl oyom I owdrion fare fiom copEeated
tindemwl £xl Moaooes, Mfwr coyzen oxtert aod
Eomogetedty mivtoe dom ty he skoithmesine ooxaditon
dWHmm&zzsﬂus&zdpﬁmy
priodse paticie [1B-20]

Figree 4 SEM iroges of (2) Diesd FM ard (1) Biodesel
e

iﬁ&nﬂiﬂ!hﬂpd@&dm:ﬂ@)ﬁh&d

PM guantity

Fizoe 6 shoun e ol of zoetage Pis fow
rate, winch v tapped by ar Biter 2t 10, 20, 30 and 40
secondy, for bath bodieel ard deed fels. The baodiesel
FATs fowr wie war aroosd Q05007 g Aoin withe deel
Mg&wmmmmwm

Fizme 7 shoars the et of FM trappicg bebanior
Frerme dop betemen et o8 coffiet of € Eler dor
Gewl PM trappng todk domten aooad 3000 seconds,
whecpas, brodhesel PR toppray took areand 1500 second
o wonds, tppg process of bodire] P24 kad Eoatton

I dorille that of el

From the rss of both cases, moce soct paticls
v need in Sl corhmstion Som Gone of bodies]
becxme biode=] f comnting of o oxype #iom o
Hn&ﬁnmﬂymﬁduﬂnﬁhﬂ!mm
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vageneratien, beltsriors bettaes: dieel] ad biodiesl 2t 1635,
19% el 21% exypmn. Prrss dop of deel and biodiassl
=it G bepumroy stnty wexs derveamad i e moxibs wooces
thmﬂmtkmé@
of tinEesl bacr=n Jomer thom dierel T 2l of segueacation
oaliias, e walt of Gt pense dwp w=
clisarced £ bindiesd.

Figmen 9 dows G vexclt of prene dup n
mprwntion peos conpwiny betven 1596, 17% od
Zlﬁd'mﬂb)deMIhuul
of dwsd and bindiesl wos Swilar £t S0 begereag,
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frdion uil 2 povware dep of 16-13 K, wheee the kogher

oy comie, e SigkCy Dot the yrenwe dep.
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Figmm 3. Bz docp of TIPF sepaamation process st 1074,
179, 2 21% () Serwdl 2l () Yol
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SETCMmsS
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oyrEL

Fizaom 10 shows the vesilt of ccidation e of FM
2t vasiows cacypen pactages of 10%, 15% 20d 21% wih
(2 bindiesel 204 () dhenl The exidytion oin of 21% was
G gkt s compased with 10% 20 155 so the e of
B aaidtia wee dShxied b obo wmb &=
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Fizme] shows G rewlt of sveage acliion oie
of M bt diure] 20ud biodiessll 2t 109G, 15% amd 21%
of cxyzem. Fram the resalts, the oxadation e of biodsesl
wrs bigihe o diew] fior 28 conditooos sl pecemtages of
oypm wilk vl ocibtion @i Gom oo oxypm

Pmﬂduﬂ;imhn@mﬁ,hﬂ

oxied better o el bacane the star of bioSiewl PR
v sl fom ot of el

SUMMARYACONCLUSIONS

The PM size of dies] postiche: i opar than ot of
w tecam of lows cceniatrm of baodiesel

Hhﬁﬂlmﬁnwaﬁnm
g potes becanse e pore size of DFF i very lage

ey abont ki of that fiom Sewd combwotion
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mmm‘wﬁsﬁhwm
of engian fir both the effact of peesmare dooy wdile drecy
el DFF vepuancaiion process ekl be sedoced by Il
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Tin PM of bodiesel o be oxidrad ot &an
PM of Eesel became Wodbe=) emits a syaller PO e amd
ks cypent siom I hydrocabon phae, winh belps
oecke PM aadatan,
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