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ABSTRACT

The exhaust emissions from diesel combustion are the sources of particulate matter
emitted to the atmosphere, which are components of air pollution that implicated in
human health. At present, the diesel particulate filter (DPFs) can remove PM from the
exhaust gas before emitted to the atmosphere. This research is investigating
morphology and structure of acicular mullite to develop the fabrication process filter in
order to study particulate matters trapping and oxidation mechanisms. This paper used
two main substances to study the structure of DPFs; Aluminum oxide (ALO3) and
Silicon dioxide (Si02). These are mainly in the conventional DPFs. The variable
substances are Titanium dioxide (TiO2) Aluminium fluoride (AlF3) and Vanadium
oxide (V20s), which added to investigate producing the acicular mullite DPFs structure.
The mullite samples sintered at 1300 °C with holding time of 1 h. Moreover, a constant
amount of carbon black (CB) used to open the porosity of mullite DPFs. The images of
mullite porous microstructure surface investigated using Scanning Electron
Microscopy (SEM). In addition, the oxidation kinetics behavior of soot investigated by
using isothermal Thermo-gravimetric analysis (TGA) method. The results of this paper
provided useful information about impact of TiO> AlF; and V;0s on mullite DPFs.
Therefore, the results able used for the DPFs development of advanced academic and
the practical in industry.

Keywords: Particulate Matters, Diesel Particulate filter, Acicular Porous Media,
Sintered Mullite
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CHAPTER 1

INTRODUCTION

1.1 Research Background

At present, the major source of global energy comes from fossil fuels Oil is currently
the most consumed form of fossil fuel for energy conversion. Therefore, this is the one
of main pollutants problem in the world. Figure 1.1 Show energy consumption that
divided by sector refers to Annual Energy Outlook 2009 (AEO 2009) they estimate the
Energy Information looking in 2030. According to the chart of energy, not much is due
to change And Oil still use around 34% and we consume in sector of transportation

about 87%.
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Figure 1.1 Energy consumption divided by sector [1]

For transport sector of figure 1.2 Industrialization and growing power demand in 2030.
Transportation still being use and increasing in the future. So that demand for diesel
engine is expect to continue to increasing in medium-upper car segments because
thermal efficiency is more than 30%, when compare with other internal combustion
engine at the same load. However, the transportation sector is one of the main sources
contributing to emissions of air pollutants, when compared gasoline, emissions for

diesel exhaust — mainly for oxides of nitrogen (NOy) and particulate matter (PM)



emitted to the atmosphere, which is a component of the air pollution implicated in
human cancer, heart and lung damage, and mental functioning. 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. However, the increasing
numbers of vehicles in Bangkok has countered all the above efforts. Particulate matter
levels in Bangkok still exceed the ambient air quality standards of Thailand. To further
improve air quality in Bangkok and other parts of Thailand by reducing the emission of
PM and nitrogen oxides, implementation of more stringent fuel quality and vehicle

emission standards of Euro 5/6 are inevitable.
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Figure 1.2 Industrialization and growing power demand [2]
Diesel engines in figure 1.3 are provide the highest thermal efficiency for internal
combustion engines used in cars and Trucks when compared at the same load. However,
diesel engines emit high levels of Particulate Matter (PM) particles and oxides of
nitrogen (NOx) compared to gasoline engines of figure 1.4. These two types of
pollution are a very bad effect on human politeness, whether it is cause of lung cancer
and toxic environment Therefore, it is necessary to eliminate these two types of
pollution. Particle pollution from diesel engines has a physical structure and very

complex chemistry consisting of two parts: Solid Organic Fraction (SOL) is the main



component of carbon and metal ash (Metallic Ash). The second part is liquid (Soluble
Organic Fraction; SOF) have main components are hydrocarbons from incomplete

combustion

/ Induction Compression Power
Ly AL, WP

Figure 1.3 Diesel Engine [3]

R LT S PP

Figure 1.4 Soot or particulate matter emitted from Diesel Engine [4]
The largest size of particle agglomeration and can be seen with the naked eye, which is
in the range of 1-10 microns, sometimes called PM10 (size not more than 10 microns)
and PM2.5 (not more than 2.5 microns), PM10 and PM2.5 can be seen in the general.
Therefore, the after treatment technology is necessary to be used with diesel engines.
This research deals with the development of equipment to eliminate particle pollution

from engines. Nowadays diesel cars have Diesel Particulate Filter (DPF) in the exhaust



gas to stop a soot passing into the atmosphere. Figure 1.5 shown the flow direction of
particulate matter pass through into DPF. The structure of DPF consisting of many
rectangular channels with alternate channels blocked at each end. The exhaust gas is
forced to flow through the porous filter wall and PM ware trapped in this stage and
regeneration.

Frant plug

Rear plug

Exhsudl ganes
fro | achmgpr =

Sosl depasil

Filter walls

Figure 1.5 Diesel Particulate Filter (DPF) in the exhaust gas and DPF structure [5]
Normally, there are two materials for produce conventional DPFs in the markets
Cordierite and SiC. However, In the future we need to find another option for new
material to produce Diesel Particulate Filter (DPF) with improvement PM filtration
efficiency. Therefore, the Mullite (Mullite DPFs) is one of new material to use for study
a prototype particulate pollution filter and device manufacturing. The Mullite has two
main components of Aluminium oxide (Al:O3) and Silicon dioxide (SiO2) mixed with
Titanium dioxide (TiOz), Aluminium fluoride (AlF3) and Vanadium oxide (V20s).
There is created with the technology currently available to be a guideline for advanced

academic development and practical application in the industrial sector.



1.2 Objectives

e To fabrication and characterization acicular structure of mullite filter by using
Titanium dioxide (TiOz), Aluminium fluoride (AlF3) and Vanadium oxide
(V205)

e To characterization the impact of Titanium dioxide (TiO2), Aluminium fluoride

(AlF3) and Vanadium oxide (V20s) on soot oxidation kinetic

1.3  Work Scope

This research is investigating morphology and structure of acicular mullite (ACM) as
Figure 1.6 to develop the fabrication process filter in order to study particulate matters

trapping and oxidation mechanisms.
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Figure 1.6 Acicular Mullite (ACM) [6]

Researches have been employed the ceramic mullite and concluded an advantages such
as increased porosity and high mechanical strength with addition TiO,. The results
showed that microstructure of mullite (ML) DPFs is improved by using 4wt.% AlF3
and 3wt.% V20s contents at sintering temperature of 1300°C. The porosity is increased

up to 50% . One of researched showed mullite sintered at 1000°C with 3 h holding time.



This study reported that the mullite exhibited acicular mullite (ACM) with 0.06-0.3 pm
in acicular diameter.

Previous research has shown that the mullite structures have high opened porosity and
mechanical strength. However, the investigation on the morphologies, microstructures
and mechanical properties of ACM have insufficient data. Further research is need to
provide more evidence to support ACM design throughout the operation and trapping
mechanism of DPFs.

The objective of this paper is to investigate the porosity and pore size distribution of
mullite with TiO,, AlF; and V20s additions 10wt.% of each. Moreover, a constant
amount of carbon black (CB N330) will use to open the porosity of mullite DPFs. Then
using SEM and image processing and to develop the fabrication process of ACM in
order to study DPFs structure and oxidation mechanisms. The samples of mullite are
sinter at constant temperature of 1300°C with a holding time of 1 h. The image
processing will do by using the Image J processing program. The compositional
analysis of ACM structures will do by using SEM combined with an energy dispersive
X-ray analyzer (EDX). The permeability will be evaluate by use airflow and difference
pressure measurement.

In addition, Thermo-Gravimetric Analysis (TGA) have perform to study chemical
kinetics of soot oxidation kinetics. The results will present in terms of morphologies of
SEM and two-color image, porosity, pore size distribution, amount of pore percentage

of mass conversion and rate of mass change of soot oxidation kinetics.

The results of this paper provided useful information about impact of Titanium dioxide
(Ti02), Aluminium fluoride (AlF3) and Vanadium oxide (V20s5) on mullite DPFs.
Therefore, the results should be useful for the DPFs development of advanced academic

and the practical in industry.



CHAPTER 2

LITERATURE REVIEW

2.1 Internal Combustion Engine

Internal Combustion Engine (ICE) is a heat engine that acts to change the chemical
energy contained in the fuel molecules into thermal energy by combustion, which is a
chemical reaction between oxygen molecules obtained from the air and molecules of
hydrocarbon compound used as fuel. The interaction between the two molecules of the
above reactants will cause internal energy that is chemical energy in the form of heat.
This chemical reaction is called Exothermic Reaction. The heat energy received during
combustion chamber will cause molecular dynamics of the gas in the combustion
chamber to increase. The force that the molecules of the gas carry on the combustion
chamber wall, which is called the pressure in the combustion chamber, will be much
higher.

The internal combustion engine can change the force that the gas molecules act on the
mechanical energy of the combustion chamber wall using engineering mechanisms.
Most of the current internal combustion engines are piston engines or Reciprocating
Engines, which is to have a piston running outward and return in the cylinder within
the combustion chamber. The surface of the piston acts as a force from the gas
molecules. Therefore the movement of the piston, which is transformed into mechanical
energy with the following mechanism to drive the motor

Diesel engines are engines that provide the highest thermal efficiency in internal
combustion engines used in cars and trucks when comparing the same load as shown
in Figure 2.1. However, diesel engines release particulate pollutants or Particulate
Matter (PM) and oxides of nitrogen (NOx) in high volumes compared to gasoline
engines. These two types of pollutants have a very detrimental effect on human
politeness, whether it is the cause of lung cancer and toxic environment. Therefore, it

is necessary to eliminate these two types of pollution.
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Figure 2.1 Efficiency of the ideal engine [7]

2.2 Morphologies and Nanostructures of Particulate Matter

Particulate matter contains microscopic solids or liquid droplets that are so small that
they can be inhaled and cause serious health problems. The particle size is important as
the particles smaller than 2.5 micrometers can reach lungs along with the inhaled air
and cause health problems. The particles smaller than 2.5 micrometers constitute more
than 90 percent mass of the total particulate matter in the diesel exhaust. Composition
of particulate matter collected on a filter is schematically shown on Figure 2.2 various

components adsorbed on the surface of spherical soot particles are shown.
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Figure 2.2 Composition of particulate matter [8]

Particulate emissions from diesel engine [9]

Figure 2.3 shows 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. Structure of agglomerated particle contains a lot of soot in primary particle.

The structure of the soot is composed of carbon platelet. Which we analyzed from

images taken by the electron microscopy.
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Figure 2.3 Artist’s conception of diesel particulate matter [9]




Particulate matter (PM) consists of microscopic solids or liquid droplets, which are so
small size that can cause serious health problems. Particulate matter is the most
important characteristics of diesel emissions, which is responsible for black smoke
traditionally associated with diesel-powered vehicles. Diesel particulate matter
emission is usually abbreviated as PM or DPM. Size of PM particles can classified into
various types. Particles normally found in the atmosphere can be derived into four
types; PM10, fine particles, ultrafine particles and nanoparticles. The particle size is an
important factor as considerable as PM smaller than 2.5 pm. The particles smaller than
2.5 um constitute more than 90% by mass of the total PM in the diesel exhaust.
Composition of PM collected on a filter. The various components adsorbed on the
surface of spherical soot particles. From this reason, PM particles must remove before
releasing to the environment. One of technique for removing PM is to develop the

trapping mechanism process by enhancement of DPF filter.

.3 Particulate Matter Quantity
Particulate Matter Quantity [10] Figure 2.4 shows measurement results of smoke
intensity, which is an indirect method to estimate PM’s quantity. The intensity is
strongly dependent on the engine load. The more engine load, the greater smoke
intensity due to more fuel supply for combustion. In this research, much amount of
particle was used to determine the integrity of combustion process. The biodiesel
produces less smoke than the diesel at almost all engine operating conditions because
oxygenated fuel promote more complete combustion and better fuel-oxygen’s

reactivity.
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Figure 2.4 Quantity of PM using opacity smoke meter [10]

24 Single particle and Agglomerate particle

Single particle and Agglomerate particle [11]

Figure 2.5 show TEM images of biodiesel engine’s agglomerate ultrafine particle and
Figure 2.6 show primary nanoparticle in the condition 80% of engine load and 2400
rpm of engine speed. The agglomerate ultrafine particle and primary nanoparticle size
were micron and submicron scale, respectively. Engine’s agglomerate ultrafine
particles consist of several uniform primary nanoparticles. Most of engine’s primary
nanoparticle diameter is smaller than 60 nm. The average agglomerate ultrafine particle

sizes of both diesel and biodiesel engine’s PMs are approximately 100-500 nm.
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Figure 2.6 TEM images of biodiesel engine’s nanoparticles [11]
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Figures 2.7 show biodiesel and diesel engine’s primary nanoparticle size distribution in
the condition 20, 40, 60 and 80% of engine load 2000 rpm of engine speed, respectively.
The primary nanoparticle diameters are in the range of 10-60 nm. It was clearly

observed much amount of particle diameters are in the range of 30-40 nm.
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Figure 2.7 Size distributions of biodiesel and diesel [11]
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Particle diameter size decreased when increasing engine speed for both of diesel and
biodiesel’s engine PMs. The exhaust gas temperature also gradually increased when
increasing engine speed. It means PM 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’s engine PMs.
The exhaust gas temperature also gradually increased when increasing the engine load.
It means PM oxidation rate inside combustion chamber increased when increasing
engine load (increasing fuel injection quantity) resulting in higher combustion
temperature compare to lower engine load. Moreover, the average diameter of biodiesel
engine’s PMs are significantly smaller than that of diesel engine’s PMs because of bio

oxygenate fuel.

2.5 Nanostructures of Particulate matter

Nanostructures of Particulate matter [12]
Figure 2.8 (a) shows TEM images of engine 80% load diesel and biodiesel single PMs.
Single particles are nearly sphere shape even though surface are not so smooth. Carbon
platelets in the surface of particle are not so close distance and look like not so strong
contact with other platelets. TEM image shows the different structure of inner core zone
and outer shell zone of PMs. The inner core diameters are approximately 5 to 10 nm.
Moreover, the structure of carbon platelet inside inner core zone shows short
length and non-homogeneous platelets; whereas long length and homogeneous platelets
could be clearly observe in outer shell zone. Single particle could be observe two to
four inner core portions. In the first process of PM formation, agglomerated inner core
portion might be accumulate to be a single primary particle. After that, surface of single
primary particle growth up by carbon atom with time until approximately 100 nm of
diameter depended on engine operation condition, which might be strongly effect on
density of carbon atom per volume. In the last process, surface of PM is oxidized by
oxygen molecule during combustion process. In addition, images show carbon platelet
structures of connection zone between two single primary particles are also quite

homogeneous platelet density compare to the inner core zone.
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Figure 2.8 TEM Images of diesel and biodiesel and image processing [12]

PM is investigated for number of carbon atom include in the particle. TEM image is
used for numerate platelet number that aggregate layered in the particle. Each of platelet
is consisted properly by carbon atom from incomplete combustion product. Figures 2.8
(b) (c) and (d) are the images of original 10 nm2 focused area, after post processing of
two colors and after post processing of skeleton carbon platelet length estimation. The
focused areas of all images are homogeneous platelet area in each outer shell zone.
Original gray color could be successfully change to two colors images in the first step.
The lengths of each platelet in each sample are quite different, whereas the distances of
each platelet are also not too different. From the skeleton images, the carbon platelets
inside the PM were measured by image processing program. The skeleton carbon
platelets, which have lunit pixel width for each platelet, were measured for the white

area in the image to be a carbon platelet length that shown in Figure 2.9
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2.6 Oxidation kinetics

Oxidation kinetics [13]

The oxidation behavior of PMs has been investigated using thermogravimetric analysis
(TGA) and temperature program oxidation (TPO) to evaluate reaction activity. The fit
curve results of reaction order for both oxygen and carbon, and the activation energies,
were defined and reported. The order in carbon is close to the order of 2/3 (0.67),
making it applicable for the shrinking-core model. The order of reaction rate in oxygen
is close to 1. The activation energy (Ea) of carbon oxidation is around 150170 kJ/mole
Chemical kinetics of PM oxidation is studied by using mass conversion behavior from
TGA. As figure 2.0 the chemical reaction rate in equation (1) can be calculated from
the TGA mass conversion curve based on the chemical kinetic in equation (2). Where
PM is PM mass, t is time, n, m are the reaction order of PM and oxygen, respectively.
The reaction order n is assumed to be 2/3 as shrinking core model because PM is like
spherical shape. In order to calculate the apparent activation energy (Ea) of PM
oxidation, the chemical reaction rate constant k at each temperature in equation (2) is
expressed by equation (3). Where A is the frequency factor, Ea is the activation energy,
R is the gas constant. Finally, the apparent activation energy can be calculated by

equation (4) using the Arrhenius plot.

PM+ 055 CO; (1)
d i) " m r
M - ey o, @

b
b ™ ®)
In[[]_)_;ﬂ”d[i ;:”1} = —%&(m +mln[0.]) )

Figure 2.10 Equation of Oxidation Kinetics

Figure 2.11 shows the estimation results of chemical consistent inside diesel and
biodiesel PM in each operation condition of the engine by TGA method. PM of the
diesel engine is consisted approximately of 4% moisture, 68% unburned HC and 28%
carbon of no-load condition while medium load condition has 6% moisture, 54%

unburned HC and 40% carbon and high load condition has 4% moisture, 38% unburned
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HC and 58% carbon, as shown in Figure 2.11 (a). Figure 2.11 (b) shows the results of
PMs emitted from the biodiesel engine. PM of biodiesel combustion is consisted
approximately of4% moisture, 83% unburned HC and 13% carbon of no-load condition
while medium load condition has 9% moisture, 77% unburned HC and 14% carbon and

high load condition has 4% moisture, 49% unburned HC and 47% carbon.
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Figure 2.11 Chemical consistent by using PMs Mass conversion by TGA [13]

PM in the high load condition has lower unburned HC fraction than that of the lower
load condition. It might be expected that the combustion temperature, the temperature
of gas in high load condition is higher than from low load condition, are strongly impact
to unburned HC fraction. Some of unburned HC might be oxidized with remain oxygen

in high temperature inside the combustion chamber and exhaust gas in exhaust
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manifold. PM from biodiesel engine combustion has more unburned HC fraction than
that of diesel engine combustion. According to that biodiesel fuel has lower heating
value than that of diesel fuel. In the same load condition, biodiesel must be used more
for fuel injection to combustion chamber in combustion duration. More of fuel

remaining in combustion duration is burned to be more HC in PM.

Isothermal PMs Oxidation Kinetics of PMS [5]

The result of isothermal TGA at higher temperatures including 450, 500, 550 and 600°C
is plotted at Figure 2.12 for oxygen and air, respectively. The conversion rate of all 80%
engine load PM samples including diesel and biodiesel increases by increase of
temperature. The conversion rate of biodiesel and diesel PMs is almost the same while
after introduction of oxygen at desired temperature the PM sample from biodiesel
shows a relatively faster conversion rate in comparison with the diesel. The main reason
for all these behaviors is due to difference in composition of PM from diesel and
biodiesel.

The PM from biodiesel consists of unburned oxygenated hydrocarbon (HC) in
comparison with unburned non-oxygen hydrocarbon from diesel fossil fuel. As biofuels
are oxygenated fuels, they may have more oxygen content in the PM, this can boost
oxidation, and thus biodiesel shows faster oxidation rate in comparison with diesel. The

increase in temperature is also responsible for increase in rate of conversion.
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Figure 2.12 PMs oxidation with pure oxygen and pure air [13]
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2.7 Diesel Particulate Filter

Nowadays Figure 2.13 diesel cars have to be fitted with a Diesel Particulate Filter (DPF)
in the exhaust to stop this soot passing into 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, 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%.
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Figure 2.13 Diesel Particulate Filter system [14]
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Diesel Particulate Membrane Filter [15]

Through microscopic visualization experiments, a process generally known as depth
filtration was shown to be caused by surface pores. Moreover, the existence of a soot
cake layer was an important advantage for filtration performance because it could trap
most of the particulates. We proposed an ideal diesel particulate filter (DPF), in which
a silicon carbide (SiC) nanoparticle membrane (made from a mixture of 80 nm and 500
nm powders) instead of a soot cake was sintered on the DPF wall surface; this improved
the filtration performance at the beginning of the trapping process and reduced energy
consumption during the regeneration process. The proposed filter was called a diesel
particulate membrane filter (DPMF).

Figures 2.14 (a) and (b) show the conventional DPF and a proposed DPMF,
respectively. Three kinds of DPFs were tested. The conventional DPF is made of SiC
micron particles, and it has a wall thickness of 300 um and porosity of 42%. On the
other hand, the DPMF has a membrane composed of SiC nanoparticles with mixed sizes
of 80 and 500 nm, sintered on the conventional DPF at 1700 °C. The membrane has a
wall thickness of 20 um and porosity of 60%. For the conventional catalyzed DPF

(CDPF), a Pt/Pd catalyst was coated on the conventional DPF
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Figure 2.14 Surface and cross sectional views of conventional DPF and DPMF [15]
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Figures 2.15 show time-sequenced surface views during particulate trapping using the
conventional DPF (porosity 0£42%), and DPMF, respectively. In the case of the DPMF,
fine surface pores will trap the diesel particulates. The DPMF, the soot cake developed
faster than in conventional DPFs with porosities of 42%, due to the very fine and very
shallow surface pores. The particulates trapped inside the fine surface pores of the
membrane and large surface pores of the conventional DPF decrease gradually with

time along the contours of the pores.

DFF 4% porosity pEMI LEF 42% porsit DPMI

::} Foalsaust F"-t;_‘_: s - Working gos

|
e
\
v
O
\

05 mmn

e

> nun

1200 yum

Figure 2.15 Optical surface views of trapping by conventional DPF and DPMF [15]

Recycling of waste fly ash for production of porous mullite ceramic membrane supports
[16] this research studied about low-cost porous mullite ceramic membrane support that
fabricated from recycling coal fly ash with addition of natural bauxite are AlF; and

V>0s. Because fly ash is generated during the combustion of raw coal in thermal-
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electric power plants, which cause of serious problem related to environmental
pollution. And main components of fly ash are Al,O3 and SiO», its quite suitable for
fabrication of porous mullite membranes. The results show achieved addition 4% by
weight of AlF; and 3% by weight of V20s. It can open porosity about 50% and have
mechanical strength around 70 MPA at temperature 1300C that show in Figure 2.16

Figure 2.16 Surface SEM image of Mullite [16]

2.8  Diesel Particulate Trapping

Diesel particulate after-treatment technology that helps reduce emissions of diesel
engine emissions is a Diesel Particulate Filter (DPF). DPF plays an important role in
trapping particles and oxidation. These processes involve complex behavior of particle
pollution and reaction phenomena. The engine particle trapping mechanism and the
oxidation on the DPF wall surface were analyzed by real-time microscopy

Basic principles for filtering particulate matter movement mechanism is the
particles caught and attached to the fibers. The filter material by the four major
mechanisms is diffusion, impaction, interception and scalping. As shown in Figure 2.17

and Figure 2.18
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Figure 2.18 PM of exhaust gas caught by various mechanisms [17]

Diffusion
The diffusion of particles is a Brownian movement caused by collisions between
particles, causing particles to move in an uncertain direction until colliding with the
fibers of the filter. This Brownian movement has an increased rate when the particles
are smaller. Therefore, the diffusion mechanism helps to eliminate small particles.
Impaction

The impact occurs when a particle cannot break through an obstacle causing the
particles themselves to fall out of the air streamline. Therefore collided and buried with
that obstacle because of the momentum of the particle. Most mechanisms occur with

particles that are large and have high speeds.
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Interception

Interception is airflow when passing through the filter fibers. The current line of air will
flow around the fibers. The Particles mixed with air may flow along the current line or
may fall out of the current line adjacent to the fiber. Which depends on the distance
between the stream and the fiber, if this distance is equal to the radius of the particle.
The particles are attached to the fibers because of the Van Der Waals forces. The Van
Der Waals forces is the gravitational attraction between molecules. Moreover, there are
will increase when the distance between molecules is less.

Sieve

Sieve occurs when the particle is larger than the sieve hole, which cannot passed
through. The speed of this particle can calculated from the distance that the particle
penetrates into the sieve hole until the point stops. Because most particles have uneven
shapes, therefore there is a conflict in the edge of the sieve. There are causing the hole

of the sieve to be smaller, which makes it possible to capture smaller particles.

The factors affecting particulate matter filter trap of diesel engine particles such as
particle density, density of filter trap, speed and pressure drop across the gas before
entering the filter trap. Moreover, the size and physical characteristics of the filter trap.
From previous studied, it was found that the soot particle size small group size nano-
scale pollution, which is a very small size compared to the size of the pore on filter
surface as shown in Figure 2.19
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Figure 2.19 The DPF pore diameter compare to particle size [18]

25



The causes of the DPF filter device able to trap the incoming particles due to soot
pollution, when moving through the filter pore, the force will come from 3 types of
movement include drag force (Fp), force from non-chaotic motion (Fg) and static

electricity Electrostatic force (Fc) as shown in Figure 2.20
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Figure 2.20 Characteristics of the movement of soot particles [18]
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The particles small size will have a non-directional motion. It’s can occur much more
than large particles due to the small soot particles will be the molecules of the gas
exhaust to cause able move in a more direction compared to the large soot particles.
Therefore, the particles small size have large distance (r.m.s. displacement) due to

increased particle movement as shown in Figure 2.21
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Figure 2.21 Characteristics of the movement of soot particles with different sizes [18]

According to the result of large distance will make the soot particles easier to move into
the pore surface. Moreover, may have a chance of being trap if the Fp lower than Fp.
Normally, the Fp force is lower than that of the Fc force will occur at the boundary
layer of the flow. Causing the resistance to flow at the boundary layer (Fp boundary
layer) is lower until the force from the electrostatic is greater and can overcome the
flow resistance. Thus causing soot particles can attached to the surface in porous as

shown in Figure 2.22
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Therefore, at the beginning of the process of particulate matter trapping. The large
particles may pass through a certain amount of DPF porosity because there is less
displacement in movement than small particles. Therefore, it is not easy to move into
the surface of the porous surface and can trapped by force from static electricity.
However, in the case of small particles that can intercepted since small particles have
large displacement; there is a greater chance of moving to the surface of the pore and
can trapped by Fc force. However, over time, the large particles will intercepted as well
because the internal pore dimension of DPF is getting smaller and smaller. Which is the

result of the small particles being trapped can be captured as shown in Figure 2.23

pore block by electrostatic force

Figure 2.23 Trapping characteristics of PM in DPF filters over time [18]
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CHAPTER 3
RESEARCH METHODOLOGY
3.1  Experimental conditions

In the experimental condition, this research implements 5 conditions:

(1) Mullite (AlO3 mixed with SiO)

(2) Mullite mixed with TiO>

(3) Mullite mixed with TiO, and AlF;

(4) Mullite mixed with TiO2 and V205

(5) Mullite mixed with TiO2, AlF3 and V205

as shown in Table 3.1 and The mullite sample has been prepared and burned at a
constant temperature 1300 °C and lhour holding time. The structure of mullite is
consists of 72wt.% Aluminum oxide (ALO3) and 28wt.% Silicon dioxide (Si02). The
AbLOs and SiO; are main substances to prepare the chemical structure of mullite. The
Titanium dioxide (Ti02) Aluminium fluoride (AlF3) and Vanadium oxide (V20s) as
additives were used to mix with mullite diesel particulate filter to prepare Acicular
Mullite (ACM) structure as an additive, used to analyze porosity and pore size.
Including the official features of the filter trap structure. Moreover, the TiO», AlF3 and
V705 additions were applied at a constant amount of 10wt.%. This are precisely
measure and evaluate for each step of mixing substance by digital weight scale. In
addition, carbon black (CB) was also applied to mullite diesel particulate filter for open

porosity in the same direction at constant amount of 35wt.%.

Main components Sub components Addition
Samples
Mullite (ALOs+ SiO5) | TiO, AlF3 v,05 | Carbon black N330

1 100wt.% - - - 35wt.%
2 90wt.% 10wt.% - - 35wt.%
3 80wt.% 10wt.% | 10wt.% - 35wt.%
4 80wt.% 10wt.% - 10wt.% 35wt.%
5 70wt.% 10wt.% | 10wt.% | 10wt.% 35wt.%

Table 3.1 Mullite conditions
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3.2 Materials Fabrication Process

The fabrication process and characterization of the mullite structure have investigated
in this research. The schematic diagram of mullite fabrication process is show in Figure
3.1. The mullite substances of TiO2, AlF3, V,0s and CB are measure to ensure the
chemical proportion with weight scale. The substances were ground and mixed all until
homogeneous with 5wt.% organic binder PVA-1750 in the manually alumina mortar.
The grinding and mixing time were around 10min per each sample. The hydraulic press
machine at constant pressure of 500 psi was used to press the mixture into cylindrical
pellet with approximately diameter of 25 mm, 2 mm in thickness by following
experimental conditions. In this process of pressure substance to pellet, it should beware
the sample broken every time because the sample still not have strength for fabricate
all substance together and it is easy to crack from external force. Then, the cylindrical
pellet is ready to sinter at constant heating rate 5 °C/min by an electrically heated
furnace. The mullite was kept at a constant temperature of 1300 °C with holding time

of 1 hour. Finally, measurement and record data of mullite sample.

Main substances Variable substances For open porosity
8510y AlOn Ti0; AlF, V10 Carbon Black
[ I I 1. | 1
L 4
Weight
Hy draulic press Grind and mix all
machine substance P

S !

Press the mixture

Sintered 1300°C. 1 h

y ; —
& ‘;: Sample after sintering process Heated fumace
> J |

Mullite sample L J

Sintered mullite sample

Measurement and Evaluation

Figure 3.1 Schematic diagram of mullite fabrication process
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For the mullite sample making methodology. Firstly, mixing and grind all the substance
together according to the calculated ratio figure 3.2a. Then, filled S5wt.% organic binder
PVA-1750 for better combination and grind it all again until homogeneous as figure
3.2b. In this process use time around 10min per each sample. Then, move the mixing
substance to the cylindrical tooling that for press substance to pellet figure 3.2c. The
cylindrical tool can make pellet with approximately diameter of 25 mm, 2 mm in

thickness by following experimental conditions.

A

[ ok

Figure 3.2b Filling binder PVA-1750

Figure 3.2¢c Move the mixture to the cylinder tool

Secondly, the figure 3.2d show the cylindrical tool that have all mixing substance inside
and pressing machine. The pressure force was setting at 500psi because if use higher

force the sample might be crack after sintering. It to pellet by use this tooling for control
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shape and put it on pressing machine. Finally, after pressed by machine take sample out
from tooling as figure 3.2e. The final sample have diameter of 25 mm, 1.9-2.0 mm in
thickness as show in figure 3.2f

Figure 3.2f Mullite sample diameter 25mm thickness 2mm
Figure 3.3a show the mullite sample before sintering. All mullite sample are shown in
black color because there are consisting of carbon black 35wt.%. However, after
sintering the color of the sample has changed because the carbon powder was burned
out if sintering temperature more than 1000°C. The colors of mullite sample number 1
are 100% pure muliite changed to white. The mullite sample number 2 are mullite
consisting of TiO2 and sample number 3 are mullite consisting of TiO2, AlF; changed
to light brown color. However, the colors of sample number 4 and 5 are change to dark

gray. There are might be effected from filling V,0s as show in figure 3.3b
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Figure 3.3b Sintered mullite samples

Table 3.1 show the sintering condition at temperature 1300 °C with holding time 1 hour.
The sintering condition used rate of temperature at 5 °C/mins. Figure 3.4 show furnace
machine that used to sinter the sample of mullite. Firstly, started from room temperature
until 200 °C with holding time 34mins. Then, continue increasing of temperature to 500
°C with holding time Thour. The mullite was kept at a constant temperature of 500 °C
with holding time of2 hour to eliminate the organic binder PVA-1750. Then, increasing
temperature again to 1300 °C with holding time lhour and kept at a constant
temperature of 1300 °C with holding time of 1 hours. Finally, decreasing temperature

from 1300 °C to 50 °C with holding time 4hours and 10mins.
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Sintering condition
Rate 5°C/mins

Stepup Stepdown
Room-200°C = 34mins 1300-50°C = 4hr10mins
200-500°C = 1hour

Hold 500°C = 2hours

500-1300°C = 2hours

Hold 1300°C = 1hour

Table 3.2 Sintering condition

Figure 3.4 Furnace machine
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3.3  Scanning Electron Microscopy Image Analysis

The Scanning Electron Microscopy (SEM, JSM-6400 model) is tungsten filament
source, 3.5 nm resolution at 30 kV, magnification of 10-30000, SE and BE detector as
figure 3.5, was used to observe the mullite and acicular mullite structure. 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 as figure 3.6. 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.

Figure 3.5 Scanning electron microscopy
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Figure 3.6 The sample for SEM preparation and gold coating

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 Fig. 3.6. 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. Scan coils situated above the objective lens control the
position of the electron beam on the sample. 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.
Because of the electron-sample interaction, a number of signals are produced. Then,

appropriate detectors detect these signals.
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Figure 3.7 Schematics of scanning electron microscopy operation

Figure 3.8a show SEM images (1260 x 870 pixels, 300X) of mullite that used to analyze
experimental data by image processing analysis using the Image J processing program.
This SEM images shows the raw image of sintered mullite surface. The analytical
image was used to measure quantitative data of the porosity and pore size distribution.
The threshold of image is defined and setup 20-30% of background. The determination
of porosity was evaluated as same as the determination of particle number by using
SEM. In this paper, each point of black color is used to fine pore size as illustrated in
Fig 3.8b.

The analytical data were presented in the term of morphologies of SEM images,
porosity and pore size distribution. The porosity percentage is percentage of the black
volume to total volume ratio based on Archimedes’ principle of water substitution. In
addition, using SEM applied the energy dispersive X-ray analyzer (EDX) technique to

study and characterize the chemical composition of the mullite after sintered.

37



Pore Filter wall surface

Filter wall surface Pore Filter wall surface

Figure 3.8a Raw SEM images

Filter wall surface

= =

.f' »

i
Filter wall surface Pore Filter wall surface

Figure 3.8b Two-color images
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3.4 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 interpreted. Derivative of 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. Typically,
TGA analysis has 2 types; Isothermal TGA and Non Isothermal TGA. Isothermal TGA
works at constant temperature and weight loss is recorded with time, meanwhile Non-
isothermal TGA performs on continuous increasing temperature with time. In addition,
weight change is recorded. 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 and those, which involve a
weight loss (e.g. degradation). Figure 3.9 shows schematics of Thermogravimetric

Analysis operation.

GAS IN WeicHT || BALANCE
m—— CONTROLLER
GAS-TIGHT
pE—— |
ENCLOSURE ﬁ @

SAMPLE \:l_ H H ‘
HEXTER [l 13

SAMPLE TEMP. l__ m!i\
/

"POWER | FURNACE TEMP. |
\

| TEMPERATURE PROGRAMMER  |<———

Figure 3.9 Schematics of thermogravimetric analysis operation
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The oxidation kinetics behavior of soot was investigated by using TGA method. In this
research, soot is assumed to be the 50wt.% of each sintered mullite powder mixed with

50wt.% Carbon black (N-330) as show in figure 3.10.

¥

NSl
Figure 3.10b Mullite sample for TGA

The oxidation kinetics of Caron black was studied based on the soot oxidation kinetics
as shown in Karin et al. work [3], [5]. Chemical kinetics of Carbon black on mullite
and acicular mullite are studied by using mass conversion behavior. The chemical
reaction rate can be calculated from the result of mass conversion curve from TGA
analysis, as shown in Eq. (1). Mass conversion can be based on the chemical kinetics,

as expressed in Eq. (2). Where PM is mass of samples: (1) 50wt.% CB and 50wt.% ML
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and (2) 50wt.% Carbon black and 50wt.% acicular mullite mixture, ¢ is time, n and m

are the reaction order of soot and oxygen, respectively.

PM +0,——CO, 0

d[PM ] " m
——=k[C]"[O
% [CTTO,] o

3.5 Archimedes method for porosity

The porosity of porous materials can be measured using the Archimedes buoyancy
technique with dry weights as show in figure 3.11a, saturated weights as show in figure

3.11b and immersed weights in water as show in figure 3.11¢

Figure 3.11a Weight dry

Figure 3.11b Weight saturated
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Figure 3.11¢c Weight immersed

Figure 3.12 shown the mullite sample weight. Then the porosity can be calculated from
different weights as use below equation.
Weight of water in pore space

Waitr = Wat-Wary

Pore volume

Vo= Watr/ Pwtr
Bulk volume (from previous example)
Vb= nr’h
Porosity
O=V,/ Vp
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Figure 3.12b The sample weight immersed
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3.6  Permeability equipment

This test method covers the measurement of the air permeability--the rate of airflow
passing perpendicularly through a known area under a prescribed air pressure
differential between the surfaces of a material. It was expressed in liters/min. Air
permeability is an important factor in the performance of such textile materials as gas
filter, fabrics for air bags, clothing, mosquito netting, parachutes, sails, tentage, and
vaccum cleaners. It can also be used to provide an indication of the breathability of
weather-resistant and rainproof fabrics. In this research used permeability equipment to
evaluated difference pressure of mullite in each case (mullite and acicular).
Figure 3.13 shown the Permeability equipment needed:

1) Air tank

2) Flow switch to use control air flow rate

3) Difference pressure sensor

4) Monitoring, Its show data of difference pressure in every second

5) Airflow pipe
6) Relief valve

Figure 3.13 Permeability equipment
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How the Test Works:

A circle of mullite sample is clamped into the middle of pipe between coupling as
shown in figure 3.14 and through use of a relief valve; the air pressure is made different
on one side of the mullite sample. Airflow will occur from the side with higher air
pressure, through the mullite sample, to the side with the lower air pressure. From this
rate of airflow, the air permeability of the mullite sample is determined in term of

difference pressure as show in diagram figure 3.15.

Gasket

Figure 3.14 Airflow pipe

45



Pressure out pipe

IN OouT

Exhaust Gas flow ERp ) —

\

‘\ L Millite sample
Pressure in pipe

Difference pressure sensor

Figure 3.15 Difference pressure diagram

For the pipe, it have to made new design for coupling and gasket to match with the

mullite sample. Because cylindrical pellet of the mullite sample have approximately

diameter of 25 mm, 2 mm in thickness.

Figure 3.16 New coupling design
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CHAPTER 4
RESULTS AND DISCUSSIONS
4.1  Morphologies of Fabricated Porous Mullite

Figure 4.1 show the morphologies of SEM images of the sintered mullite samples. e.g.,
TiO2 (10wt.%), AlF; (10wt.%) and V205 (10wt.%) at constant sintering temperature
and holding time. The figure shows SEM images with 300X magnification. The mullite
sample (1), (2) and (3) are look similar in morphologies and pore size as show in figure
4.1a,4.1b and 4.1c. There have uniform pore structure same as conventional DPF made
by SiC. For the mullite sample (4) and (5) have non-uniform pore structure look like
conventional DPF made by cordierite as show in figure 4.1d and 4.1e. Moreover,
sample (4) and (5) have pore size larger than sample (1), (2) and (3) because it could
be effected from addition V205

o,

Figure 4.1a SEM images 300X of sintered Mullite
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Figure 4.1c SEM images 300X of sintered Mullite + TiO2 + AlF;
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Figure 4.1d SEM images 300X of sintered Mullite + TiO2+ V205
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Figure 4.1e SEM images 300X of sintered Mullite + TiO2 + AlF3 + V205
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Figure 4.2 show effects of TiO> 10wt.% AlF3 10wt.% and V205 10wt.%
contents on morphologies of mullite DPFs with 35wt.% CB at 1300 °C and holding
time of 1 h. The left figure shows SEM images with 1000X magnification. The right
figure shows 3000X magnification. The mullite DPFs with TiO> and AlF3; content
resulted in more rough surface structures as figure 4.2b, 4.2¢ than pure 100% mullite
as figure 4.2a. However, the morphologies structure of the sample (1), (2) and (3) looks
like a small and large circle plate combined. In case of sample, (4) and (5) the results
showed that the mullite DPFs with V05 10wt% added clearly observed acicular mullite
structure, there are found very small pin shape on the mullite surface as figure 4.2d. In

addition for sample (5) have width less than 1micron as figure 4.2e.

Figure 4.2a SEM images 1000X and 3000X of sintered Mullite
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Figure 4.2¢ SEM images 1000X and 3000X of sintered Mullite + TiO2 + AlF3
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Figure 4.2e SEM images 1000X and 3000X of sintered Mullite + TiO2 + AlF3 + V20s
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4.2  Images processing for pore size distribution

The left figure 4.3 shows SEM images with 300X magnification. The qualitative
SEM images is used to analyzed and determined pore size distribution. Inthe two-color
images, the black color indicates the size of pore. It was found that pore size of mullite
and mullite with 10wt.% TiO in mullite sample (1), (2) are the same as show in figure
4.3a and 4.3b. The mullite with 10wt.% TiO, and 10wt.% AlF3 in sample (3) content
provides slightly higher number of small pores as show in figure 4.3c. However, the
mullite smple (4) and (5) with 10wt.% V20s contents as acicular mullite observes large
pore size and melted grains in the structure at surface of mullite as show in figure 4.3d
and 4.3e. This resulted should be in high open porosity. The acicular mullite structure
is observed with adding V;0s content. This characteristic contributes to a higher
permeability and lower backpressures into DPFs configuration.

Figure 4.3a SEM and B&W images of sintered Mullite
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Figure 4.3c SEM and B&W images of sintered Mullite + TiO2 + AlF3
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Figure 4.3e SEM and B&W images of sintered Mullite + TiOz + AlF3 + V205
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Figure 4.4 shows pore size distribution of the sintered mullite samples. At range
pore diameter 2 um to 10 um, the higher amount of small pore is observed. In addition,
in this range of the pore number of mullite in sample (1) is slightly higher than mullite
with TiO; content. However, when it added AlF3 in mullite sample (3) number of pore
in small range was highest. On the other hand, the mullite with adding V>Os in sample
(4) and (5) observed the lowest amount of pore. This is due to higher porosity. The
mullite with adding V,0s can created larger pore size at 50 um to 60 um due to V205
enhancement. In addition, the muulite with adding V>Os observed largest pore size
because V»0s provide more melted grains in the mullite structure.

Pore size distribution

700
(1) ® Muillte
600
(2) m Mullite + TiO2
500 (3) B Mullite + TiO2 + AIF3
4) @ Mullite + TiO2 + V205
§ 400
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s
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Z 300
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100 i] 8699
Zo 55 243 1239
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Figure 4.4 Pore size distribution
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Table 4.1 shows the amount of pore the sintered mullite samples. The mullite in
sample (1), (2) and (3) show high amount of pore. Moreover, I mullite sample (3) with
adding AlF; shown highest amount of because it observed high amount of small pore.
However, when adds V205 in mullite sample (4) and (5) the amount of pore reduced
about two times because V20s caused melted grains in structure explicitly. Increasing
pore quantity also increases the efficiency of filtration. The mullite samples with the
addition of AIF3 into the sample (3) and (5) will notice that the overall number of pores
has increased. In fact, that the small pore diameter influences effectively to the filtration
efficiency and pressure loop characteristics in DPFs. In addition, the small pore size
might contribute to easier to trapped PM but might attribute to obstruct the gas flow.

Samples Details Amount of pore
1 Mullite (AL,Os+ SIO,) 1138
2 ML + TiO, 1100
3 ML + TiO, + AlF; 1238
il ML + TiO; + V,0s 507
5 ML + TiO, + AlFs+ V,0s 702

Table 4.1 Total amount of pore
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4.3  Porosity of Mullite

Table 4.2 shows porosity of the sintered mullite samples at constant sintering
temperature 1300°C and 1-hour holding time. The porosity percentage is percentage of
the empty volume to total volume ratio based on Archimedes’ principle of water
substitution. In this table, The mullite sample (1) shows 35.69% porosity while mullite
with adding 10wt.% TiO2 in mullite sample (2) increases 4.13% porosity percentage.
However, the mullite sample (3) and (4) with addition TiO> AlF3 and TiO; + V>OsM
respectively. The porosity are 38.85% and 39.82% that are not effected to porosity
Moreover, the sample of acicular mullite in sample (5) shows 46.08% the highest

porosity that are the muulite contain add substance TiO», AlF3 , and V,0s.

Samples Details % Porosity
1 Mullite (ALLOs+ SIO,) 35.69
2 ML + TiO, 39.51
3 ML + TiO, + AlF, 38.85
i ML + TiO, + V,0s 39.82
5 ML + TiO, + AlF3+ V505 46.08

Table 4.2 Porosity percentage of Mullite

When compare the porosity with totalnumber of as graph show in figure 4.5. It can be
seen that in mullite sample (1), (2) and (3), the porosity will be in the range of 35.69%-
39.51% and the number of pore will be in the range 1100-1238, which is likely in the
same way. But while the results of the mullite sample (4) and (5) did not show that
same way. This sample has a porosity value of 39.82%-46.08 show high porosity, but
the number of pore is clearly a small value, which is in the range 507-702. According
to the comparison of the graph showing that the amount of pore does not affect the

porosity that occurs at all.
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4.4  Pressure drop by permeability testing

The permeability testing is a measure of the amount of air that passes through a
mullite sample and can vary dramatically from substance to substance and air to air. In
this Research experimental the air will be pass through a hole diameter 15mm and
mullite sample have thinness 2mm. The condition of airflow will start from 0.5 L/min
to 15 L/min. Then the data recorded in term of difference pressure in unit kPa and

recorded every one second. Figure 4.7 show the difference pressure results of

—_

sample of mullite with addition TiO»,

2. sample of mullite with addition TiO, and AlF3,
3. sample of mullite with addition TiO; and V,0s
4. sample of mullite with TiO,, AlF3 and V205

The results show that in case of mullite sample (1) have trend of difference pressure
graph highest and maximum pressure at 11.34 kPa. The second is mullite sample (2)
have maximum pressure at 9.25 kPa. This both sample have high number of small pore,
therefore the air is likely to be difficult to flow through, causing back high backpressure.
On the other hand, mullite sample (4) and (5) have larger pore size, causing low
difference pressure and have maximum pressure at 7.98 kPa and 3.12 kPa respectively.
Moreover, mullite sample (5) is the best in low backpressure because it have high

porosity as well.

Differrence pressure by permability testing (Air flow)
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Figure 4.7 Graph pressure drop
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4.5  Energy Dispersive X-ray Analyzer

EDX is a tool used to analyze the amount of elements that we analyze. By

analyze the percentage, can set 2 analysis points:

1. Area Analysis is analyzed as a square micron area.

2. Point Analysis is analyzed as a small analytical point is small to micron

level, up to nanometer level.

From Figure 4.8 is a space analysis. The analysis results according to Table 4.3, it can

be seen that in the mullite sample (4) and (5), Mullite has a acicular structure. There

will be a quantity of vanadium (V) 6.17% and 19.68%, respectively. Notice clearly that

the mullite sample (5) has a very high percentage of vanadium (V) and have a lot of the

small needle shape. However, besides to the effects of vanadium, the addition of AlF3

should have an impact on the size and the number of needles significantly.

Conditions Weight (%)
C 0] Al Si Ti \Y
Mullite (ALOs + SiO,) 6.54 44.45 27.42 21.24 - -
ML + TiO, 6.32 44.19 34.07 4.93 10.5 -
ML + TiO, + AlF, 5.9 44.24 32.63 9.21 7.58
ML + TiO, + V,05 4.76 46.72 20.31 11 11.04 6.17
ML + TiO, + AlF5 + V,05 4.42 44.99 13.17 8.22 9.51 19.68

Table 4.3 Display quantitative results with EDX
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Figure 4.8a EDX of sintered Mullite
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Figure 4.8b EDX of sintered Mullite with TiO-

62



-:|

Shered s 1

Al Spectrum 1

0
Ti

[5i

Ti

Cll Ha ||L“ j,\T"
LR B " G o e N B N NI U A" . 4 R B

2 4 & 8 10 12
Full Scale 17556 cts Cursor; 0.000 keV|

Figure 4.8¢ EDX of sintered Mullite with TiO>+AlF3
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Figure 4.8d EDX of sintered Mullite with TiO2+V20s
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Figure 4.8e EDX of sintered Mullite with TiO»+AlF3+V,05
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4.6  SEM of carbon black trapping

For the carbon black trapping test, There are conducted a simulation experiment to
detect particulate matter by using carbon back instead. The method of experiment is
that it starts with preparing two sample types. Is for carbon black Mullite and acicular
mullite. In order to compare the efficiency of the trap between needle and without
needle. There are two types of testing method as show in figure 4.9.

1. Mixing test — Mixed mullite with carbon black 1:1

2. Sprinkle test — Sprinkle carbon black on mullite surface and blow out.

Figure 4.9 Carbon black trapping test; Mixing(left) Sprinkle(right)

Figure 4.10 show the trapping results of SEM image of mixing test. From the SEM
image, it looks like the mullite sample is covered by carbon black with both of mullite
and acicular mullite. It mean that carbon black or particulate matter can be attached or
trapped to mullite.

Figure 4.11 show the trapping results of SEM image of sprinkle test. From the SEM
image, the sample of mullite without needle shape carbon black will be trapped on the
surface of mullite wall. On the other hand, in case of acicular mullite that have needle
structure on the surface. Almost the carbon black will be trapped at the tip of the needle
in both of single and agglomerate.

Therefore, the needle structure in acicular mullite could be more efficiency for trapping
particulate matter in both of singer particle and agglomerate particle as show in figure
4.12. However, it need to test on real engine to clarify the trapping performance in case

of acicular mullite.
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Figure 4.10b EDX of acicular mullite with CB by mixing
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Figure 4.11a SEM of mullite with CB by sprinkle
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Figure 4.11b EDX of acicular mullite with CB by sprinkle
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Figure 4.12b Movement of PM into the acicular mullite
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4.7 Oxidation kinetics

The oxidation kenetic of mixing mullite with carbon black 1:1 tight contact, impact on
only surface of the mullite sample. It was analyzed by isothermal TGA method to
investigate oxidation behavior of the particulate matter. The carbon black mass
conversion is plotted with respect to time as shown in Figure 4.12. Graph shows mass
conversion of soot oxidation on sintered mullite by using isothermal TGA technique at
550°C, 575°C, 600°C and 620°C. Soot oxidation on acicular mullite is faster than that
of mullite in all of temperature due to oxygenated chemical structure in V,Os as seen
as the mass conversion is dramatically drop. This is contributes to faster oxidation in

DPFs. On the other hand, mullite with TiO, added made the slowed oxidation compared

to mullite.
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Figure 4.13a Normalized mass conversion of CB with mullite 550°C
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Figure 4.13b Normalized mass conversion of CB with mullite 575°C
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Figure 4.13d Normalized mass conversion of CB with mullite 625°C
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Chemical kinetics of TGA is analyzed by a simple relationship as Eqn.4.1

C(PM) + 0, - CO, (4.1)

Global chemical reaction rate equation or rate of PM mass conversion is described as

relationships as Eqn.4.2

—d[C]
dat

= kCm0,™ (4.2)

According to the Arrhenius expression form of Eqn. 2.5, rate constant in this research

can be expressed as Eqn.4.3

~Eq
k = AeCrr) (4.3)
Modification of Eqn. 4.2 and Eqn. 4.3 yields Arrhenius linear equation form expressed

as Eqn. 4.4

In '__25_6] ety % +InA + n-In[C] + m - In[0,] (4.4)

where ;

n is order of reaction with respect to [C]

[c] 1s PM concentration which is equivalent to PM % mass
[O:>] is oxygen concentration

m 1s order of reaction with respect to [O2]

k is rate constant which depend on 4, Ea, R, T

A is particle collision frequency factor

E, is activation energy

R is gas constant

T is reaction temperature (K)
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Activation energy (E,) is the minimum energy which is required to initiate and complete
a chemical reaction. The lower activation energy means the better reactivity. From the
mass conversion graphs (Figure 4.12), rate of mass conversion was selected within the
zone of constant slope for accurate £, estimation. From the equation form of Eqn. 4.4,

it can be simplified as a linear equation form of Y = m + X + ¢. where Y axis is

equivalent to In |%£C]|, m is equivalent to — % , X is equivalent to % , and C- intercept

is responsible for the remaining terms; [nA + n -In[C] + m - In[0,]. As a result, the

data of PM mass conversion rate can be plotted as a graph in Figure 4.13 and activation

energy can be calculated as shown in Table 4.4.

» The activation energy needed in acicular mullite condition is lower than mullite.

» The impact of mixing acicular mullite might be acting as catalyst on CB oxidation
kinetics.

» The physical impact in acicular mullite is lower than mullite (i.e. LnA)

0 YT (1/K)
0.0011 0.00112 0.00114 = 0.00116 = 0.00118 0.0012 0.00122

5%/
O SR 24 00 N
T\ e SN ®
S el VY, BN 2 WA 1.
'23 a0 SNy |4 F TCand
aé .......... a y=-17540x + 18.:057.
7| Shraia\le R?=10.9268 °
£ N Qg Y
5 ® Acicular mullite R
e y =-31132x 4 20.777.
=5 ® Mullite R2=0.9815
-6
Figure 4.14 Graph for Ea determination
50% Burned soot Mullite Acicular mulite
Ea (kJ/mol) 176 146
LnA 21 18

Table 4.4 Calculated activation energy
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

This research presented the morphologies and microstructure of mullite DPFs
by using SEM and image processing. The effects of TiO>, AlF; and V,0Os contents on
the mullite structure were investigated. The compositional analysis was done with EDX
to analyze the composition of acicular mullite. The image processing was done by
Image J program. The oxidation kinetics behavior of soot has been successfully
investigated by using TGA.

» The carbon black helped to open the porosity in the Mullite structure that might
useful for DPF operation. The optimal amount of carbon black 35%wt . It can
produce porosity is in the range of 35% - 45% base on the sintering temperature
1,300°C.

» The Mullite with the addition of V,Os results in the formation of many small
needle structures (Acicular mullite). However, it found large pores around 60-
70 um, therefore increasing V>0Os may reduce the mechanical strength of DPFs.

» The Mullite with the addition of AlF3 results increase the number of pore on the
Mullite structure about 10% when compare with Mullite. Which will result in a
higher surface area for PM trapping as well.

» Relation of all factor, pore size, porosity, pore number, pin shape, pressure drop
can be controlled by addition the amount of TiO,, AlF; and V,0Os into the
mullite. We can increase mechanical strength by add TiO,, Increase pore
number by add AlF;. Finally, we can increase amount of pin and control pin
size by add V20s. Therefore, In the nearly future AlF3 and V»,0Os are the key

materials to develop pin shape in next generation of diesel particulate filter.
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ABSTRACT

Diesel engines arc high thermal efficiency because
of high compression ratio but produce high concentration of
particulate matter (PM) because of direct injection fuel
diffusion combustion. PM must be removed from the exhaust
gas to protect human health. This research describes biodiesel
engine performance, efficiency and combustion behavior
using combustion pressure analyzer. It was clearly observed
that PM emitted from CI engines can be reduced by using
renewable  bio-oxygenated fuels. The morphology and
nanostructure  of fossil fuel and  biofuel PMs  were
investi gated by using a Scanning electron microscopy (SEM )
and  Transmission  electron  microscopy (TEM).  The
morphology of biodiesel and diesel doesn’t have much
different in the viewpoint of particulate matter trapping using
DPF micro surface pores. The agglomerated ultrafine
particles and primary nanoparticles sizes of diesel and
biodiesel engine’s PM are approximately 50-500 nm and 20-
50 nm, respectively. The primary particle of biodiesel
engine’s PM is smaller than that of fossil diesel. The average
of diesel and biodiesel PM’s carbon platelets is in the range
of0.2-5.2 nm.

INTRODUCTION

Diesel engines are considered as one of the highest
thermal efficiency engines among internal combustion
engines (ICE) [1]. Howewer, a major disadvantage is
particulate matter (PM) emission which is harmful to human
body and environment. Biofuels, such as biodiesel or ethanol,
have been often discussed as alternatives for diesel fuel
replacement since they are obtained from renewable sources
and their benefits in emission reduction. Biodiesel consists of
alkyl monoesters of fatty acids derived from vegetable oil or
animal fats. Due to its similar physical properties to diesel
fuel, there is no need to modify the engine when the engine is
fueled with the blends [2-4]. In terms of engine performance
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and emission, many researchers have investigated effects of
biodiesel fuel on diesel engines. M.M. Hasan er al. [5]
investigated effects of biodiesel by blending with the
maximum blend ratio of 30% biodiesel. Operated with a
single-cylinder diesel engine, brake thermal efficiency of the
blends was similar to diesel base fuel. There was a decrease
of nitrogen oxides and smoke emission, while maximum heat
release rate and maximum pressure for the blends at higher
load were increased. Mohanad er al [6-7] conducted
investigations of a 4-cylinder diesel engine powered by
rapeseed biodiesel blend. They showed that ignition delay
increased for higher cetane number. Sakthivel er al. [8]
studied  performance.  emission, and  combustion
characteristics of a diesel engine, injection timing is a major
parameter that sensitively affects the engine performance,
emissionand durability. The brake thermal efficiency for B20
was higher compared to diesel in the entire load. The ignition
delay and combustion duration were shorter for biodiesel than
diesel which results in lower heat release rate, peak pressure
and rate of pressure rise. Retardation of injection timing
caused decrease in emission and combustion parameters like
Oxides of Nitrogen (NO,), Hydrocarbon (HC) and Carbon
Monoxide (CO), peak pressure, ignition delay, combustion
duration and  heat release rate which increased with
advancement in injection timing. An according research from
Guyven ef al. [9] showed that biodiesel blends caused decrease
in maximum pressure and heat release rate and retarded
further far away from top dead center.

Diesel particulate matters consist of a solid fraction
and a soluble organic fraction (SOF). Primary particles of the
PMs, composed of carbon and metallic ash, are coated with
SOF and sulfate. The mean diameter of primary particles is
usually in the range of 20-80 nm. Agglomerated particles are
an assembly of primary particles and surface area does not
differ appreciable from the sum of specific surface areas of
primary particles. Agglomerated particle size is normally 80-
300 nm [10]. Scanning Electron Microscope (SEM) and
Transmission Electron Microscope (TEM) observation of
PMs have been conducted by several researchers [11]. A



primary soot particle has two distinct parts; an inner core and
an outer shell [12-13], Generally, a primary particle from [CE
has only one core with concentric fringe pattern which is hard
to be distinguished as inner core or outer shell [14]. Size
distributions of diesel engine’s PMs have been categorized as
PMI10, diameter (D) < 10 micron; fine particles, D < 2.5
micron; ultrafine particles, D < 0.1 micron; and nanoparticles,
< 0.03 micron or 50 nm. [15].

METHODOLOGY

Table 1. Engine specification.

ltems Details

I-eylinder, Natural aspirated,
Direct injection, Compression
lgnition Engine
97 mm x 96mm

Engine type

Bore x Stroke

Displacement 709 gm3
Compression ratio 18:1
Rated power 92 kW (@ 2400 rpm
Injection timing 19° CA bTDC
Injection pressure 22MPa
Table 2. Fuel properties.
Properties Diesel  Biodiesel
Chemical formula CraoHae - CragHaeeO)0
Carbon (% mass) 85.1 74.5
Hydrogen (% mass) 14.0 12.5
Oxygen (Y mass) 0.9 13.0
Auto ignition temp (°C) 288 294
Calorific value (kl/kg) 46,180 39525
Heat of vaporization (kl/kg) 250 300
Viscosity @ 40°C (mm?/s) 3.0 45
Density (@ 25°C (kg/m”) 844.8 875.3
Stoichiometric air fuel ratio 14.7 213
Distillation (°C)
T10 214.3 33672
T30 2503 339.7
T50 281.5 341.4
T70 3125 3454
T90 3523 3512

The experiment was carried out on a l-cylinder
natural aspirated, direct injection, displacement of 709 cm3,
compression ratio of |8:1, diesel engine. Fuel injection
system was not modified (mechanical fuel injection system).
Engine specification was represented in Table 1. The engine
was coupled with an eddy-current dynamometer and a control
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system to adjust engine speed and engine load. Fuel supply
system was set with a weight scale to measure fuel
consumption. For parameter analysis in the combustion
chamber, pressure versus crank angle data were measured by
a piezoelectric sensor (Kistler 6052C31, 250Bar, sensitivity:
+0.5%) and a crank angle encoder (CA-RIE-360, resolution:
360 pulsesirev.). Signals of the cylinder pressure were
recorded with one-degree resolution of crank angle. For
further statistical analysis, two hundred engine cycles were
recorded with three repeats. The pressure signals then were
amplified with the data acquisition equipment (DEWESoft
SIRIUSi-HS-CA) to obtain heat release rate.

The fuels used in this research include commercial
diesel and biodiesel (B100). The commercial diesel contains
approximately 5% biodiesel due to the regulation while the
biodiesel was produced from palm-olein (B100-TIS2313-
2549). Fuels properties are shown in Table 2. Biodiesel is
more homogeneous molecules which shown by vaporize
temperature, It is very narrow and very high around 610 to
620 Kelvin. This implies that biodiesel has higher heat of
vaporization. Engine performance curve, brake specific fuel
consumption (BSFC) and brake thermal efficiency (BTE)
were measured to see overview effects of biodiesel compared
with commercial diesel. In-cylinder pressure, net heat release
rate, and accumulative heat release from selected engine
operating conditions were then recorded to see combustion
characteristics.

PM’s quantity was measured by an opacity diesel
smoke meter (OKUDA DSM-240, 0-100%, 3% accuracy)
which optically evaluate soot collected on paper filters by
light reflection method, PM powder was collected by using
an in-house metal-net particle collector to investigate
morphology and panostructures by using scanning electron
microscopy (FE-SEM: Hitachi SU5000), and transmission
electron microscopy (T EM: JEOL JEM-2 100P1us)

RESULTS AND DISCUSSION
Combustion Characteristics

The engine performance curve of diesel and
biodiesel is plotted in Fig. | (a). Engine load decreases as
inereasing engine speed for all fuels. Brake specific fuel
consumption (BSFC) and Brake thermal efficiency (BTE) are
shown in Fig. 1 (b) and (c¢), respectively. BSFC of the
bindiesel are higher than that of diesel at all load conditions
due mainly to the lower calorific value. Thus, the amount of
firel supply into the engine must be greater. The trend shows
decrease in the BSFC as the engine load increase. It can be
explained as; when the engine load increases. combustion
temperature which is implied from the rise of Exhaust gas
temperature (EGT ) as shown in Fig. 1 (d) increases as well.
Reactivity of fuel and oxygen activates conversion of
combustion heat to mechanical work much more than amount
ofenergy from the fuelinput. That is why the BSFC decreases
as the engine load increases. BTE plots show that as the
engine load increases, the engine produces more thermal
efficiency for both fuels. The BTE of biodiesel is higher than
diesel at all load condition because the fuel properties such as
more oxygen fraction could promote complete combustion
which biodiesel could reach optimum BTE at less load
compared with diesel.
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Figure 1. (a) Engine performance, (b) Brake specific fuel
consumption (BSFC), {¢) Brake thermal efficiency (BTE),
and (d) Exhaust gas temperature (EGT) at the engine speed
of 2000 rpm,

In-cylinder pressure variation with respect to crank
angle is shown in Fig. 2, and heat release rate in Fig. 3. The
engine load was varied in the range of 0.2 MPa, 0.4 MPa, and
0.6 MPa at constant engine speed of 2400 rpm. Peak
pressures ofall fuels increase with the increasing engine load.
Considering the biodiesel at 0.2 MPa and 0.4 MPa BMEP
load. the pressure rises of biodiesel before reaching peak
pressure oceurs prior to-the diesel. This is the effect ofhigher
oxygen fraction in fuel promote faster combustion. At higher
engine load, the increase of combustion temperature cause
better fuel vaporization for both fuels, so there is no
significant in pressure rise with respect to crank angle.

Heat release rate plots show that combustion
processes of all fuels start with ignition delay, premixed
combustion phase, and followed by diffusion combustion
phase, At same start of injection of 197 CA bTDC in the
condition of 0.2 MPa and 0.4 MPa BMEP load, biodiesel has
shorter ignition delay, while a higher peak of the heat release
can be observed on diesel on all load conditions. From fuel
properties of biodiesel, density and auto ignition temperature
was negative impact with shorter ignition delay, so oxygen
fraction is that mainly effects of shorter ignition delay than
diesel fuel. The reason is that low temperature in the low load
condition: with higher oxygen fraction causes the biodiesel
start combustion earlier. However, longer ignition delay in
diesel cauvses enough fuel stomization and mixing with
oxygen, 8o it produces higher peaks of heat release rate. In
addition, it is also well-known that the high bulk modulus of
the biodiesel makes the injection timing earlier in the case of
mechanical injection system, which may advance the auto-
ignition timing.
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Figure 2. In-cylinder pressure versus crank angle at engine
speed of 2400 rpm. (a) 0.2 MPa BMEP, (b) 0.4 MPa BMEP
and (¢) 0.6 MPa BMEP,
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Figure 6. SEM image of B100 engine’s fine particle emission
in the condition of 80% load engine operation.
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Figure 7. TEM image of diesel ultrafine particle emission in
condition 80% load operation.

Figure 8, TEM image of B100 ultrafine particle emission in
condition 80% load operation,

Particle Emission Characteristics

Figure 4 shows measurement results of smoke
intensity which is an indirect method to estimate PM’s
quantity. The intensity is strongly dependent on the engine
load. The more engine load, the greater smoke intensity due
to more fuel supply for combustion. In this research, much
amount of particle was vsed to determine the integrity of
combustion process. The biodiesel produces less smoke than
the diesel at almost all engine operating conditions because
oxygenated fuel promote more complete combustion and
better fuel-oxygen’s reactivity.

Morphology and nanostructure of the PM were
investigated by electron microscopy. Some PM’s types were
found on the paper filters such as fine particles and ultrafine
particles. Ultrafine particles ol diesel and biodiesel engine’s
PM consist of many single nanoparticles. Figure 5 and 6 show
fine particle of diesel and biodiesel in the condition of 80%
(engine torque of 38 Nm) load engine operation, respectively.

Agglomerated ultrafine particles of diesel and
biodiesel engine’s PM was also clearly observed using TEM
as shown in Fig. 7 and 8, respectively. The average
agglomerated ultrafine particle diameter size are in the range
of 50-500 nm. Primary nanoparticles of diesel and biodiesel
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engines was also clearly observed using TEM as shown in
Fig. 9 and 10, respectively. The average primary nanoparticle
diameter size are in the range of 20-50 nm. Each carbon
platelet in the inner core and outer shell of primary
nanoparticle was also clearly observed by TEM.

Moreover, TEM image is used for numerate platelet
number that aggregate layered in the particle. Each of platelet
is consisted properly by carbon atom from incomplete
combustion product. Figures 11, 12 and 13 are the images of’
original 10 nm?® focused area, after post processing of two
colors and after post processing of skeleton carbon platelet
length estimation of diesel fuel. Figuresi4, 15 and 16 are the
images of original 10 nm? focused area, after post processing
of two colors and after post processing of skeleton carbon
platelet length estimation of biodiesel, respectively. From the
skeleton images, the carbon platelets inside the PM were
measured by image processing program. The skeleton carbon
platelets, which have I-unit pixel width for each platelet,
were measured for the white area in the image to be a carbon
platelet length. The estimated of platelet sizes distribution in
each condition are shown in Fig.17 and 18. The average of
diesel and B100 PM carbon platelets is in the range 0f 0.2-5.2

nm.

Figure 9. TEM image of diesel primary nanoparticle emission
in condition 80% load operation.

Figure 10. TEM image of Bl0O primary nanoparticle
emission in condition 80% load operation.



Figure 11. TEM images of engine 80% load operation diesel
single PMs.
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Figure 12. Two colors TEM images post process of engine
$0% load operation diesel single PMs 10nm? focused area.
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Figure 13. 8keleton TEM images post process of engine 80%
load operation diesel single PMs 10nm? focused area.
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Figure 15. Two colors TEM images post process of engine
80% load operation B100 single PMs 10nm® focused area.
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CONCLUSIONS

The amount of particulate matter emitted from CI enging
depend on several variables. The result shows the parameter
which has the highest effect on PM quantity is engine load,
concentration of biodiesel and engine speed respectively.
When increase concentration of biodiesel in fuel, PM reduce
because oxyvgen concentration in fuel increase. Higher
concentration of oxygen makes more complete combustion
and higher thermal efficiency. The quantities of particulate
matter emitted from biodiesel engine are approximately a half
of diesel engine’s particulate matter. Morphology of CI
engine’s PM10, PM2.5, ultrafine particle and nanoparticle
was characterized using SEM and TEM suoccessfully. The
morphology of biodiesel and conventional diesel doesn’t
have much different in the viewpoint of particulate matter
trapping using DPF micro surface pores.
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Microstructure using Scanning Electron Microscopy and Image Processing
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W) ALy & K00 & TiD: « SOWCH

£ & SEM mages ( MNOX) of i a) Conventional DPF;
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Pore size distribution
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B Cooventional DPF
B IO, [30%CB ]
W TiO, 4 [40% |CB

B TiO 4 [SO%ICB

10-12 12-14 I-JI-IE I8 1E-20 20-30 3040

Diameter (pm)

Fiz 9 Pear size dearibsmson s 1300 “C and 1 hr

distmbution ishamdly o find the cosnt nomiber s the lerge diameier.
Muoreover, the porosity of wmong addion of Tith: have highes
than conventional TFPF fround 2 omes m the cose of 24 ym
diameser die 1o the formationand growah of sHiT skeleton neadlc-
like musllite crystals, Incrgsang pone. quuntity alsy meroses: the
elficiency of filtration, In Gt that the smal) pore dismeter alfects
effectvely ‘'we the flralion cfficiency b, pressure ) Joop
charucteristics i DEF . Increating corbon black peroentage lesd
1o maeasng pore size distribosm) mthe sarfoce Rler, The pore
diameter of sdditive Tk with 3090, 0% wod 365 have higher
66 52%, 48 BT and SE32% compaed 1o conventoal DPF. Tn
uddition, the small pore size might contribute to easeer 1o trupped
PM bat mighs aitribute o obstruct the gus Row

4. CONCLUSION
This paper investigsfed porosity and pore size distribution of
acicular muline. The conventional. DPF and mualbie added T
were investigated using scamning choowon microscopy (SEN) ad
image processing . The effedts of sinteriog imes and iemperuunes
were investigated, The image provessing was done by using Image
J program. The comchision cin be expresed.as foflows:
i1y The sintering lemperatures have largely affecied to
decressing the porosity as much as incressing  sinfering
temperatures. However, the sintering times insigmficant affec bo
the perrosity.

2918 [FAE Sepnsed Congress Provssdicgs (prmg
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(24 The sddition of Tid: provided fine porosity, and higher
postisdey gpuaniity, bt the flrsbon companed 1o the conventional
DPE. In nddition, among Tz alse can ingrease pore quantity.
This also increases- e Alration cifioency,

() The carbon Black helped o open the porosaty sive in the
filtmtion. surfoce that ought wseful for DPF operation. But
increasing carbon Black reduecd mechonacal strengeh of the floer.
50 that the eptimizanon of T with carbon blsck composstion s
peeded for further DPF design,
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Ahstract

The exhuust emissiong from diesel combustion are the
soarces of particulate motler emitled o the stmesplens, which ure
conmpomends of aic pollutien Lt impliceted in Yamay bealbile such oz
lung cancer. At present the diesel particulirs flier can remoswe PM
Irom the exhoust me belore ensilled o the atmesphere. This research
in investigsing morphiodogy and stoecture of  gcicular mitline pa
develop the fsbrication process filber in order o study pomticuliie
i lers irapping amd oxidstion mechanisan.

This paper wsed two main sbsne s wo stody the simenme
of diesel panicalate flter (DPFu Alemimam oxide TALOY and
Silicon digwide (Si00). These are mindy in-the aovenitional DFEL
The suriahle wbsiamces ae Titmizm dexide (Ti0:2) and Vanadian
axide [ Vik) which added i imyes L e ﬂlﬂ prowluce the acoubar
maullite DEFs arocture. The mo llite Samples wens Sinléned ag 13009
with holding tmeof | b borecvar, o Comstans amoant of carbon black
(CB) were wesd fovopen the poresity al muolling DFFs. The meges ol
nrullite porcus nucresing bre serlace wore p‘al.'l.i;.ullf vl iganed
using Scanning Elemron Microseopy (SEMI The imope procs ssiog of
iwe-telor immge was dioee by using lmoge | processiong progaim 6
obdain pore sige distribwion In - addition, the oxidation Kinegics
behavior of sood wos imvestigated by using iscthermal Thermso-
gravimelric anslyss (TOAY method

The reswli= of this paper provided usefal information shoal
impact of Titanium dicside (Tit=) nnd Voradiom oxide (Y2010 on
nmullice DPFs. Therefore, the mesulls’ cam be ased for the DPFs
development of ndvanced scademic and the proctical in indostry

Introduction

Panteulnbe maticrs | Phs}are the significant emissions and
comtributor B0 emirmumental dégradation and 8 drawkadk al wsing
Compression Bemition (01 engioes. A& review of physical and chenical
af Phx charscterizsion methicd hove been reponed by seveml
resiearchers {1, 2] The metled Lo remoging Lypmcally PM s lave been
imraduced by many researche rs One of giitable technique to restrain
FMs Froms the engines is using Diessl panioolate §lers 1DFFs 1, which
plays an importance i the nole of PM isapping and axidalion |2, 4
DPFFs is the afier-reaiment system which s iypically wal-Ness

Page | ol &
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slisciime, gemsisting of mony rectongular chanmels with altemate
chunnels blacked gsing cement al each end. when the exlaoa gos
pussed throaghahe channe | of DFFs, the microscole pores will irap the
paricle emissions 25 well @ technology of DPFs [5]. PM trapping and
aindaliom procesees in the DPFs lave been imvestigated vanious ngie
aperasing eondivion [ 2], PMs.omoss be oxidized o regenenite the DPFs
amil recheced the back pressare. DPFs can be made by several type ol
ceramie makTials such os condierite and silicon carbide (53070
Hewvever, researchar iy s develop DPFs masenials

Researches bave been Eulpiug,tl the cermmc muelbge amd
conctuded an advantopes such as cressed  porosily and  high
mechanicul strengifi;, The resulis showed thot microstructiure of mullive
(ML) DFFs i improvad by wsing et % AL aned Sat % ValDooommsens
o sinlering lempersime of 130020, The porasily i icressed dp o
SiP% 151 W Tan [6) showed nwllive Sintered ol 180 "C with 3 b
holding tene. This sty repordec] il e ol exlibised scicalar
il lipe §ACNT) il 0,06-00 3 pen i acicular diameier,

Previous rescarch hag shown that the ML siroctures have
high opeged poroaly, wsl meckonical anength. However,  the
investigation on the momphalagies, micrasinciures and mechimical
propenties of ACM bave insafficiend data: Funther research is nesded
o provide mmore evidente o suppoi ACM design throughoul tlee
aperation snd rapping mechanism of DPFs,

Thes ohpetive ol Wis g per is b inve stigate s porosily and
pure size distributionof willize with TiCknd VaDs sdditions by using
SEM il imige processing and To develop the fabrication process of
A i crder Lo sy DFEs struciore nod oxidadion mechanizng, The
spanples of HI.. W S',i.r!ﬂ\e'-:l of comsant demgeerature of 130 with
a halding time of | b, The imoge processing was done by using the
lmage 1 prcesing progrion. The comgussitional analysis of ACM
strpciures was dome wsing SEM combined with an energy dispersive
Merny smalvesr (BDX), In addition, Themmo-Ciravimetnic Analysis
{TEA) s been perfummed to siidy chemical kineticsol sl axidabion
Kinestics, The resulas were presemed in senns of morphologies of SEM
gt fwo-color lmage, porceity, pore size distritation, smount of pone
percenizpe of mess omversion and rate of mas change off sl
oxidation kinetics.



Methodology
Maierials Fabrication Process

The fEncernm process ol charsoeizamon of ML
et suprers horee feen srvestpsbed| m e poper. The dmartore
of muline & consisn of TIwe % ARy and ZEw % Si0- The ALDy
Sl e e sl wnces to pregure e chesnaral oot ol M1
e sappris. The To0k and Volk o sobdfies, wese senl o mi
with ML DPFs 0 prepars ACM stacome. Maorcover, the Ti0w and
Wl ghinions weere applicd o 8 comsam wmees of B % This was
dipmal weig scale. Tn sddiuon. carbon black (CHB) was slso appliod
w ML DPF: for open povosity @ consiamt o of 35wS

The schematic disgram of ML fsbricaton process i shown
mFg | The ML ssbaunces of Tilk VA0 mnd OB were mesawedio
emae the chemesl proporion. The st were groaes] aml
e wnlh Fut T oz hder FVA- 1750 o ihe ol y o s
monar. The hudrsalic press machine & cossam pressurs of 500 ps
wm ol 0o prec e srese o oidocal pefle owith
approcmsiely diareder of 25 oee 2w hickosess by Goliosmss
cupenimental conditions, &= presomied in Fg Nal Then e
cyimdinicsl pelle iv nmaly o anter 3 oonsiand beating e S Y e T
m checinically hesod fomace. The ML menmhoee & was ket o
lmnmmdtﬂfimuﬁu 2 o climiniss
the orpanic bonder FYA-1T5) Then e mmilbter osnple s span
hesied @ heanng rate 5 ik bolding vme of | b oni reaching
the: final smacTing seonpermmrss of | 300 ~C s pessented i Frg. b,
—

ey m—c i i’

=1 ] = al ==

Fowx 1 ullllﬂ-\.-cﬁ'll.lhﬁnnf_t_'lx
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Scanming Electron Microscopy Image Analysis

Soemminy Blecomn Morescopry § SEM. F5M-6800 mole (i =
tEien il sl somre_ 3 5 om resolation o 30V, g ficton of
13- 30000, SE amd BE detecsor. was wsed o observe the ML and ACM
dunsiwe. R 3 sbow SEM omages (12608 ¥70 prueks, 30000 of ML
ihm ward b0 2naivee sxpermeental datz by Do proceaios amahvos
weimng the Image § processing progam. Rz, 3s shows the e image of
smmdeved ML usfxe The smivice] e sos sl o messee
quummaive data of the porocty and pore sire disnibocon. The
thineshold of mage 5 defined and scop 20-3FE of backzyoend. The
oof particie mamier by ersing SEM (2] I this paper. cuch poim of hlack
cobaor &5 wsed w0 fine pore s &5 illsaresd inFg 3B

The amalyiacal daia weore pesemied m lthe toom of
morphodogias of SEM images, porosity and pore sioe dstnbanon. The
ooty peroen e b pescestzee of S black vodume o boial v
matio bewed oo Aschemedes” prmcple of waler sbshinten [7] b
o, the cnerpy dispersie X-rm anady ey § EDVG iechnigae was
apphed io sody and chorscerore the dhesmosd oompeston of e M1
memivane sappots by mime SEM sy antered ML meewbwaee

(]
Fomes & onriies SEM moages 0 Tou ook it

T oixchanion ki nesics Debaviornd soog was imvesti geed by ssing TGA
mctland . ke e wndl B psmmed b Be the 5wt T of each
samlered M1 powder mutied with 50wt S OB (N-3300L The onubatson
Limeries of OB was wondied based om the soo ouidation kinetics as
shown i K a alowordk [2]. (5] Ol Emetses of O8 on ML



md ACM are sdied by ming mass comerion bohavior. The
chemical resction mie @an be calculsted fromm the resuln of mass
conversion curve from TOA snalwds. 25 showm in Eg. (1) Mas
conversion can be based on the chemical kinetio. s expressedin Eg,
125, Where PO s oxets of samsplec (1) 50wl % CH and Swt % ML
il (27 St % OB and 50w % AICM mixueee, 7 is time, 5 oand m are

the resscrion onder of woot s ovygen. respectvely,

PO = (8, —— TR, n

-IP_yerra,r @

Experi ! Comditi

Table | shows the experimenial condition of this paper. The
three diflerent samples were tested and untered o cowmtang
temperanme and holdimg time. Tilk. Vil s sdditives were wsed o
exmploy hugher porosity and pore namier. In sifinon, the comant
Mduﬂﬂdlﬂ}uuﬂumpﬂgdﬁnﬂﬂr_
The samples were (1) Mulline. (2 Mullivz with TrOyoontent and 1 5}
Mulllite with Ti0: and V>0 conterts a8 considiercd os ACML

Tabls | Expormmemal confitan, o sasrerd sl memhone seyons.

Sabermee
e TO, VD o
[ ot - - Pt
1 T T Ttk
3 SmS  nE waw, ey
Results and Discussion

This ‘puper imeriipated B pomwity and o s

dissribatens of muilne with Tok dad Vals) abfifon by rine SEA
ﬂmm*mmﬂﬂ
mallie Sl B onks W sy DI st aid | culiston
mechanirs, The dlﬂitm

SIS
comstam empergsors of 1 NN wish a boking time ol L b ‘lieiu*,'

processing was dene by g the beee ] progssing prigtues The

mﬁﬂmdmmmmmuduf

SEM comibined with an cotrry digerine X-ray andymer (BB
Maoreover. Themmo Grnimerric Anafysis TGA | has been mBadiaaly
periormad i vty cuadtion kenetict kon o of soot. Canequenily.
mmmmmmﬂwmm
muﬂm et of powe peroessge of mo
mm-nl-i!_d‘m chamge of 300t onidateon Kinetics.

Morphologies of Fabricated Porous Mullit

ﬁ;:hhwwmhpuw
ML wmples. eg. THO: CLOWES ) ot Va0 | w05 3 ctnstet
simicTing iemperature and bilding tme, The iefi figere shows SEM
e, with MON magndficasion. The quafitarne SEM muges i med
b aralyvend amd devermmoed prve e dsirtbasmn e e two-lor
mhm:ﬂr—i‘jﬂhhﬂmlﬁiﬂh
pututhLlﬁHLl]lMiMm The ML with

Tilk: comtern provisdes sdighily kraer musmber of small pores. Howeses.

the ML with 10wt.% Tilh: and 1iwe % VOh contemms ACM
Pag= 3ol 8

DTN

obmerves large pose s amnd melted graims m the stracture [9] This
rewhied in high open porosity. The ACM stuciere ' observed with
shding Vil comiemt This choracterntic contribuies W0 2 higher
el Jemiver ity DNPFS comiipursison [ 10
Fiz § show effacts of Tole | 10w % ) and Vol 10wt %)
comlenis of morphobozbes of mal e DFFs with 35w % CB o 13009
by i e of 1 . The: kel Aigrre shomes SEM images with [000X
magnificaton. The nghe fipare shows 300K megnificanon. The
wnad i DWPFs wich Tl JiwtS: contens resabiedin more mogh sarfce
siraciures. The resalts showed that the muflite DPFs with VO« 10wt
axkdest cleurty observed ACM stnacture, ool more AT guontiey,

Porosity

Table 2 shows ponosity of ﬂ:h-ndllL:-hi
comstam simsening  wmperunee and bolding rime. The porosany
percentage iv peroentage of the biiack volume (0 wotal whene oo
hased on Archimedes promeple of water sbstitution [7]. In this figure,
MLh:mM'ﬂelﬂ.ﬂaﬁ‘ It & Tl
imcremss 41 5% poroiny percenmtage. Movoorver, ACM shemas W05
the highe=t porosiry

Tabl= * Poooury of smierd M1 womple

S Fumity 155
o s
ML+ it R, »
ML + 0w) % Ti0+ 10w V0. we

' Tahie 3, A of poe o ssrod sowpie.

Sarmples A of parg
Wllis MLy L
WAL= 1 T Tilly T
lbwd i S Tabes it 5 V-0 S
T BTt o 3L <t
| mgie 410
s 1’4 Wiz
- i i LTI 1 W M ¥
“:{: AN Ta DM 035
ML )
PimLs AR AR M e mm
IR
-+l ¥ #
T, AT I X} jiee (Lo &7
e [l
—
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| LABHITE
I Ml T ]
I Ml TH0 4 13,

34 a0 FIIIH‘HIJ-IIIF-IHﬂ-I‘I-l'I‘;*ﬂr'-"-:-IIF‘N
[Mamesr i)
Fagusw T. Pore il disriltwntion of Libsiotod mooosss mllle

Energy Pisperiive X-riy Analyzer

Tabde 4 aind Pig. & ahow the SEM inumpes wmhlmd with
EIX anubysis of simterod ML sainple, The SEM | with
EDX vl b characteri the compositional giictios ol ACM and o
il el the tisened ML wigiles. The FDX miensieineis « peca el
s spectrum 1, o dhown in Fig. oo Slosty. ibe sintered ML samples
exhibli 0, AJ anel 55 becuoe it b i substnice of ML Mureovet
ihe ACM exhibibs i) Twi 8 V.

Pore Size Distribintion

Fig. 7 dibws pore skee disiribution of ihe slniered ML
sanples. At 3 te 10 pu, She Righor smunt of snsll pore i
vl It i this renge of B gerd of 3L (8 iy bighes
than ML with Til: contene. (g the @her hand, the ML dith, adifing
Vol obsgrvgd the lowest wtoun of pore. Thisle due 1o ighi
peirvsity, The Ak with ocdimy Vo0 e erevaol Tacger poes (o ut 3
it e 60 g dae te Vb ethaseend. be pilditon ihd ML wiily
addiing W mﬂmpﬂihkhﬁmmmﬁﬂr
mebied prafos v ihe ML strociure.

Tabde d s the strotmt ol pore [he s merad M1 samplvs
The ML s vt af e besaaisg it -heeyed b ph anwas
oof il puoee vt when i W0 i vt af pore tedeced
i ywe tlimes Bedwse Vil camed - metted friles in ddnaci
expliclily, Inoneasing pore guaniily sl imoesses the afideocy of
filtratign. dn fct, that the samsll pote iEmneisr i oy e fodtively &
the trutdon elBiciency and presuste oop charuciaristios i BPFe o
adeli ooty the srbabl o shre iyt cont ibute (o casder 1 trapped M
bt il atiribute o obseract the gim ol

Soot Oeidation Kinetics

Flig. # shwrws imsisis enavetsion of scil ot idast ooon: st seed uallie by
i vt [sctberminl TOM beghaice st 600 "C. Boot daidation on ACM b
hmrﬁulhdhldﬂhunwwlmm?{h
v e as L i sy endon 1 dramaticaily Brop. Thas i comtritiees
ie Eater osiclation im T, Onthe orber band, B W08 Ty adeld
e the alomived m.hmmmum LT .

Fig, ¥ ahsn fate of sood i cfmcerion in vistened ML wimples
The resulis shos thet the ML with TiCH i Vs beicodur ML show
highest ruie of sooi mass chusge - Thiv s cormesponds. (o mes
convershon resudis thar ACM oxhidathon i§ Tasier timthat of ML
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Summiary

This pugen phaseited she worlelogies anad miorosngine
of wlliie DI by wning SEM anud e proes sing. The eifects of
Tl Vil comagins on e mmilll 2 arsciare wer investlgased. The
cumposi el ueialyuin waes dkng with BLEK w il ye the comprosition
wie ko by Dmage |
s, Thet ooy tlmu'- gl st s been susee ssfully
E t-ymm TUA

T grnpenition peguirsd For TFS configuration design
m&hL“EWIunplﬁpmnfwhlthllh s bractune
o VHEC of sitneting semiperature. TH% ca be obsi ) 159-40% of
porominy, The mulfie with VO comesi nesuliied in higher poroity,
bl shape sepoictaite und Large Havaeser. the pore sine
i i My ST pnk s i Vol nddivion might redue
miochanttal dtrength of the DI, Incose of acboular malline, the
anstullutho of Sonik-bb Taster thin Tt o mon-acicular mullive becuie

il shape increaing st il g ovidetion, Moreoves, Vil
m aciubar milfine (s o play A lmporiant role in soot oides fon s
L
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APPENDIX B :
DATA RECORDED OF MULLITE
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APPENDIX C :

EDX SHEETS

Spectrum processing;
Peaks possibly omitted ; 2.142, 2.428, 4,520, £.380, 8.722, 11.500, 12.500 kgy'

Frocessing option - All elements analyzed {Normalised

Element | Weight®  Atomick
CK B854 1066
QK 4445 5438
Ma K 035 0.30
ALK 2742 1589
SK 21324 148D
Tozals 100.00

Spectru orocessng :
Peaks possibly omitted ; 2.145, 2.430, 9.712, 11.513, 12.220 ke

Processing aption - All elemsants analyzed (Normalizad)

Efzment | wWaight®  Atomick
CK EZB i35E
Ok 414E 5100
Nz K Q.42 Q.36
ALK 5.0 423

S K 4408 30.E3
Todals 100.00
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2 4

E Spectrsm 2
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2 4 w12
[Full Scale 23361 cts Cursor: 0.000 Lo
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SPectrum Drocessing

Peaks possibly omittad ; 2.143, 2 422, 8,713, 11 556 key,

Processing aption - All elements analyzed (Normalisad
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alK
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| A Spectrum 3
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SpEeCtmum proCessing

P=aks possibly gmitted ; 2.14%, 2822, 3,700, 0,711, 11,511 kgy

Processing cption - All elements analyzed (Mormalised
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CK
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o4
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2261

100.00

Atomick
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2 4 ] B 10 12
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Spectrum prOCessing :

peaks possibly gmitted ; 2,147, 2.427, .71, 11 560 key,

Processing option - All elements analyzed (Mormalised

Element

CK

oK

Ak

TiK

Totals
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403
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100.00

Aromick
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Al Spectrum |
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(= A Ti
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Spectrsm processing

Peaks possibly omitted ; 2,142, 2,420, 9.712, 11 4E0 kel

Processing cotion : All elements analyzed (Normalisad,
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QK
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Weight®s
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4220
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Spectrum processing
Peaks possibly omitted ; 2,145, 2.428, 2.760, 6.443, B.711, 11578 e\,

Processing option : All elements analyzed {Mormalised

Elzment | weight®s  atomick
CK 37 1001
oK 4256 55.23
alK 36.85 2836
Tik 1478 641
Totals 100.00

aoam Electmn image 1
4 Spectrum 3
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Ti
K ™
C ﬂTI
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Spectrum processing ;
Pzaks possibly omitted : 2.143, 2.424, 6.381, 0.708, 11.532 k2

Processing option - All elements analyzed (Normalizad

Element | Weightd®  atomick
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SPECtrum pIOCESSing :

Peaks possibly gmittad ; 2,144, 2 430, 6.402, 9.720, 11.549 key

Processing option - All elemants analyzed (Mormalisad

Elzment | weight¥  aromick
oK 3.80 2.BE
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o
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Spectrum pracessing ;

P=aks possibly omitted ; 2.143, 2.421, 3.710, 11 558 kel
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Spectrum proCessing ;
peaks possibly omitted ; 2.145, Z.424, 6.378, 7.520, 8.721, 11 535 kg,

Processing cption - All elements analyzed |Mormalised
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Spectrum proCessing

peaks possibly omitted ; 2.143, 2.428, 5,400, 8.742, 11.530 k)

Processing option - All elernents analyzad {Mormslised

Element | weight¥  aromich
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Spectrum proCessing ;

peaks possibly gmitted ; 2.145, 2.425, 2.779, 6.388, 9.717, 11.542 kg,

Processing cotion - All elernents analyzed (Mormalisad
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SpECtrum processing :
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Spectrum processing :

Peaks possibly omittad ; 1.040, 2,144, 2428, £.300, .711 kg

Processing aption - All elements analyzed {Normalizad
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Spectrum processing :
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Spectrum DIOCessing :
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SPECtrum proLessing.:

Peaks possibly omittad ; 2.143, 2 428, 6.429, 9.708, 11.535 key
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APPENDIXE :
COMMENT AND QUESTION FROM THESIS DEFENSE

Q1: Why you have to use TiO; for all? Moreover, why you have to added AlF3 and
V205?

Regarding to previse studied TiO> is usually used as a sintering aid to lower the
sintering temperature of porous alumina membrane support. Two ways of the addition
of TiO, are chosen: in-situ precipitation and in-situ hydrolysis. The results show that
the distribution status of TiO> has an important effect on the property of porous alumina
membrane support. In in-situ hydrolysis method, the nano-meter scale TiO» distributes
evenly on the alumina particles’ surface. The bending strength of the support increases
sharply and the pore size distribution changes more sharply along with the content of
TiO, which slightly increases percent weight. Currently, the mechanical properties of
the alumina supports are improved by increasing the sintering temperature, prolonging
sintering time, or using sintering aids and so on. Under the view of engineering, it has
been proved that adding a sintering aid is a simple and feasible way which could balance
the bending strength and the porosity. TiO» is chosen because TiO; has similar lattice
parameters to ALOs. The solid solution can be easily formed during the sintering
process. At the same time, the lattice defects are generated in the solid solution due to
the valence difference, which promotes the mass transport and reduces the sintering
process.

For the addition of AlF; and V,0Os, 1 found previse research mention about low-cost
porous mullite ceramic membrane supports were fabricated from recycling coal fly ash
with addition of natural bauxite. V205 and AlF; were used as additives to cause the
growth of mullite crystals with various morphologies. Dynamic sintering micro
structure and phase evolution of the membrane supports were characterized in detail
and open porosity, pore size, were determined. It showed an interlocking microstructure
composed of an isotropically grown mullite whiskers. Addition of more V>Os lowered
the secondary mullitization temperature, resulting in more mullite formation at lower
temperatures. The fabricated membrane supports feature high porosity without
mechanical strength degradation, possible strengthening mechanism of the mullite

whiskers was further discussed.
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Figure A Fresh fracture surface SEM images of AOV0 and A4V3 membrane supports

sintered at different temperatures after biaxial flexural strength tests: (a)AOV0-1300
(sintered at 1300°C), (b) A4V3-1300 (sintered at 1300-C), (c) AOV0-1400 (sintered at
1400-C), (d) A4V3-1400 (sintered at 1400-C).

Fig. A shows the fresh fracture surface SEM images after biaxial flexural strength tests
of AOVO0 and A4V3 membrane supports sintered at different temperatures. For AOVO-
1300 and AOV0-1400 (Fig. A a and c), most of the fractures upon failure occurred from
larger glassy phase regions between partially-sintered mullite crystals, which absorb
lower fracture energy during strength testing because of lower intrinsic strength of
glass. No fractured mullite crystals were observed even after etching with HF solution
suggesting that fracture is completely intergranular. Due to the addition of V2O5and
AlF3, though open porosity is greater, there is a significant change in the microstructure
of the fabricated mullite membrane supports, which are entirely composed of inter-
locked mullite whiskers with increased aspect ratio with-out any appearance of the
presence of glassy phase (see Fig. 9band d). Fresh fracture surfaces of these mullite

whiskers were identified by SEM (see the inserted SEM images in Fig. A b and d).
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Q2: Page 28 as the graph of pore size distribution. What is the criterial of pore size?

Pore size distribution

B Muillte
) W M ullite + T2
e I. B Mullite + Ti0D2 + A
Mullite + T2 W
Mullite + TIO2 + MFE3
Add V,0,

Number of pore

| 40-50 50-60 B0 ]
= i R R I NI TP T
i g - omm—
i d

[ used the raw image from SEM. In this paper, the SEM of model JSM-6400 is tungsten

filament source, 3.5 nm resolution at 30 kV, magnification of 300. Figure B shows two

color image. The images were analyzed by image processing with software called

“Image J” to measure quantitative data of the porosity size and pore size distribution.

The determination of porosity size was evaluated as same as the determination of PM

by using SEM. In this research, the each point of black color is used to calculate the

pore dimension. Finally summarized to pore size distribution.

Image-J criteria:

Image size 1270 x 870 pixels
Threshold 20%-30%

Remove outliers Bright Spixels
Remove outliers Dark 3pixels

Analyze particle size 3.3um?2 for average diameter not less than 2um

Equal Area

&

Calculate diameter

Figure B calculation of pore diameter
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Q3: About Archimedes method still have some bubble inside sample. Do you have any

reference?

The open porosity percentage was considered as the ratio of blank volume to total
volume which presents in the range of 0-100%. The open porosity was analyzed using
Archimedes’ principle of water substitution.The open porosity increases with addition
the carbon black 35% by weight. It can produce porosity is in the range of 35% - 45%
base on the sintering temperature 1,300°C. About experiment of wet condition, it should
be confirmed that the bubble is not in the mullite. Therefore, I tested by dipping the

water for 10 minutes and then shaking it to chase the bubble with all of sample

conditions.
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Then the porosity can be calculated from different weights as use below equation.
Weight of water in pore space
Wyt = Wsat'Wdry

Pore volume

Vo= Wt/ Pwr
Bulk volume (from previous example)
Vp=nr’h
Porosity
O =V, Vy

Q4: Page 30 the pressure drop should be test at low velocity. In addition, the graph
should be linear. Why it is not strength line?

OPoragity 39.55% Difference pressure by permeability testing [Air flow)

% Highly small pora OPorosity 32.8%

* No. pore 1138 -1 * Highiy smali pore OParosity 39.8%
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The relationship of pore size, pore number, porosity, permeability and pressure drop.
Summary as result of pressure drop.
e High porosity filter offers lower pressure drop increase during filtration.
e  When the pore size in downstream region is smaller, the flow is difficult to pass
through, resulting in the higher pressure drop.
e On the other hand, the pressure change is smaller in the downstream region
where the pore size is larger.
About the question why graph of pressure drop is not strength line. I think in my
permeability equipment have setup the relief valve at the end of pipe. Moreover, it had
control by fix only one condition. Then, if the airflow are increasing too much, the air
cannot flow out at relief valve. Therefore, the graph of pressure drop at high flow rate

will be decreasing continuously.

122



Air Tank

Flow switch

Diff. Pressure Sensor
Meonitoring

Airflow Pipe

Relief Valve

o W R e

Pressure out pipe

IN O%

—AF
Exhaust Gas flow. IR ’DIE-{\ =
7 Tl o 0 \

Millite sample

Pressure in pipe

Q5: Page 28 as the graph the number of pore. Why AlF3; and V,0s effected to the

number of pore?

Number of pore ngh pore

High pore
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Regarding to SEM image of the sample with addition of ALF3 and V>Os .We
can found acicular or pin structure in the mullite sample. For AIF3 can perform pin size
around Sum .So I think the area between pin can increase pore number. For the
condition no4 and no5 with added V.Os appeared big pore around 50-70mm. I think
V>0s have effect to melting point of mullite. That why the number of pore of condition

no4 and noS5 are decreasing.
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