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ABSTRACT

Meeting regulatory requirements for low emissions from internal combustion engines has
become increasingly difficult with traditional purification technology alone. As a result, the most
widely used diesel engine exhaust after-treatment technologies are DOC (Diesel Oxidation Catalyst)
and DPF (Diesel Particulate Filter) due to their significant reduction of NOx, HC, CO, and PM in
exhaust gas. This study specifically utilized CeO2 as the DOC catalyst and a partial-flow DPF
installed after the DOC.

After comparison of the pressure drop and filtration efficiency by using GT Power software,
this study recommended a cell density of 200-300 CPSI, a channel length of 150-230mm, and a
hydraulic diameter of 120-240mm for the DPF of a 3L diesel engine. During this research 2
aftertreatment samples were applied based on the simulation results and experience.

In-cylinder pressure sensors and crank angle encoders were used to monitor engine
performance during experiments conducted at varying engine loads and RPMs. Engine testing
results showed that the CeO2 DOC and DPF systems effectively reduced NOx by around 300 ppm
and particulate matter by around 65%. CO and HC were also substantially reduced at the same
time. DOC and DPF systems have no significant effect on combustion pressure, fuel consumption,

SFC, SEC, and thermal efficiency owing to the particulate filter causes a pressure drop of 0.2-



2.3kPa. However, without DPF system, the IET is 4-6% higher than BTE; While with DPF system,
ITE is 5-11% higher than BTE owing to the DPF system cause the friction loss increase between 1-
6%; the friction loss increases with engine rpm increasing due to more revolution cause more
friction work. Combustion trend to start earlier when engine load increasing or engine rpm
decreasing.

Vehicle tests at the pollution control department revealed that the DOC and DPF systems
reduced PN by 4.8E+13/km, PM by 20.9mg/km, NOx by 182mg/km. Comparisons between
Catalytic DPF and Non-Cat DPF showed that applying CeO2 DPF resulted in a 3mg/km reduction
in PM. The study also investigated the pressure drop and filtration efficiency of a 3-litre diesel
engine, revealing that a partial-flow DPF had around 50% lower back pressure than full-flow DPF
at the same geometric conditions, but with an average filtration efficiency of around 30% less.
Some research methods and conclusions in this paper can also provide a certain reference for

other types of DPFs.

Keywords: P-DPF, DOC, CeO2, Emissions, Combustion Characteristic, Emissions, Diesel

Engine, Back Pressure, CPSI, Channel length, Hydraulic Diameter.
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CHAPTER 1
INTRODUCTION

1.1 Research background

Over the past few years, the diesel engine has gained widespread usage in a variety of
vehicles and equipment such as passenger cars, trucks, buses, heavy machinery used in
construction, and generators used in buildings and industrial plants. This is due to its high thermal
efficiency, engine performance, and durability in various applications. However, the diesel engine's
combustion process is non-homogeneous since the fuel is directly injected into the combustion
chamber, resulting in the emission of high levels of particulate matter (PMs) or soot. Incomplete
combustion is the root cause of these pollutants, which consist mainly of carbon in solid form
mixed with other components such as minor ash of metals from additive lubricants and unbumed
hydrocarbon fuels that condense on the surface of carbon soot in a liquid phase. It is crucial to
eliminate these harmful emissions from diesel engine exhaust to safeguard the environmentand
human health. As a result, regulations governing vehicle emissions have become increasingly
stringent [1,2,3]. Simultaneous generation of NOx, HC, CO, and SOF occurs during non-
homogeneous combustion. To address this, diesel engine after-treatment systems use a
combination of purification technologies, including diesel vehicle oxidation catalytic (DOC)
technology, which is a crucial component [4]. Traditional three-way catalytic technology is
insufficient for effective purification, but the addition of a catalyst to the DOC can convert toxic
exhaust gases into environmentally friendly gases. Typically, Pt, Pd, and Ce are used as catalysts
for DOC, but CeO2 was chosen forthe DOC in this article due to its low-temperature performance
and sulfur resistance.

Removing carbon particulate matter from diesel exhaust gas is a relevant and challenging
topic in automotive catalysis and engineering. As global emission standards become more
stringent, the use of intensive engine development and optimization programs alone may not be
sufficient to meet the required reduction of emissions [5]. To address this, particle filter DPF

technology is used to capture and oxidize exhaust particles. Diesel particulate filters are



commonly usedin vehicles to reduce the amount of particulate matter emitted by diesel engines.
A well-functioning DPF undergoes soot accumulation and periodic filter regeneration through soot
oxidation [6,7,8].

After-treatment technology is designed to trap and disperse polluting soot particles into
CO2, which is then automatically managed by an electronic engine control system. This
technology is commonly used in developed countries with enforced pollution control laws such
as Euro 5 and above, including European countries, Japan, and America. However, some Asian
countries have lower standards, suchas Euro 3 for trucks and large buses and Euro 4 for passenger
cars. While it may not be necessary to install post-combustion technology at this time, it is
expected that a more stringent pollution control law equivalent to Euro 5 will be implemented
soon to address pollution problems in large cities. Protecting the environmentand human health
necessitates starting with diesel engine exhaust gas, and therefore the regulation of automobile
exhaust emissions is becoming increasingly strict [9,10,11].

The issue of diesel aircraft exhaust particulate emission control has become a major
concern in reducing automobile emission pollutants. Among the various aftertreatment devices
available for controlling diesel particulate emissions, particle capture collectors are widely
recognized as highly effective, especially in the realm of small and medium displacement diesel
cars and light commercial vehicles. Compared to other after-treatment purification devices,
particulate filters offer clear advantages. However, traditional thermal regeneration processes for
particulate traps require external heat sources and complex control systems, which increases fuel
consumption and costs for diesel vehicles. The use of on-board power supplies as external heat
sources also places high demands on batteries. In contrast, catalytic particulate filters do not
require external heat sources or control systems, but their performance is highly dependent on
the sulfur content of diesel fuel. Since the implementation of new fuel standards in the world,
which regulate the sulfur contentin diesel, replacing traditional particulate filters with a new type
of catalytic particulate filter is of great significance in promoting energy-saving and reducing

emissions in diesel vehicles.



Each year, global energy consumption continues to rise, with transportation relying heavily
on petroleum as its primary energy source. According to the World Energy Statistics 2018 report,
approximately half of oil consumption is attributed to roads, a figure that rose to 18% over a span
of 45 years from 1973 to 2018 [12]. In Thailand, natural gas and diesel fuels accounted for nearly
40% of petroleum consumption in 2019, as reported by [13]. The Ministry of Alternative Energy
Development and Efficiency's 2020 report stated that diesel product demand increased from
22.626 billion liters in 2016 to 23.92 billion liters in 2020, representing a growth rate of 5.7% over
four years [14]. In an investigation by C. ChooChuay et al. [15], vehicle exhaust, biomass
combustion, sea salt spray, power plants, and industrial pollutants contributed 43.7%, 24.0%,
10.5%, 6.48%, and 4.46% to PM2.5 in Bangkok, respectively. Furthermore, diesel vehicles emit
approximately ten times more PM2.5 than gasoline vehicles [16,17].

One major drawback of diesel internal combustion engines is their emissions, including
hydrocarbons (HC), carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), and

particulate matter (PMs) resulting from incomplete combustion [18].

1.2 Composition and Hazards of Particulate Emissions from Diesel Engine

Diesel engines emit particulate matter consisting of aggregates of microscopic spheres,
predominantly composed of carbon, and structured as flocculation or chain formations as shown
in Figure 1.1 [19]. When the exhaust gas temperature is low, organic soluble components (SOF)
such as unburned hydrocarbons, oxygen-containing organic compounds, and polycyclic aromatic
hydrocarbons (PAH) adsorb onto the particles. These organic substances can be volatilized at a
specific temperature or dissolved in certain organic solutions. However, when the temperature of
the exhaust gas exceeds 500°C, particulate emissions exist primarily in the form of carbon
microsphere aggregates. The SOF contentin the particles decreases gradually as engine load and

speed increase [20].
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Figure 1.1 Composition of particulate matters

The formation mechanism of diesel particulate emissions is believed to occur in two
stages: agglomeration and growth. In the agglomeration stage, ultrafine particle nuclei with a
particle size of 0.01-0.05um form from oxidation intermediate products or pyrolysis products in
the later stage of diesel combustion. Fuel molecules undergo nucleation, polymerization, and
condensation to form 0.05-0.15um accumulated particles through pyrolysis and dehydrogenation
in the high-temperature anoxic-rich region or the low-temperature region. Duringthe growth stage,
the particles stick to certain substances in the exhaust gas and undergo a dehydrogenation
reaction to increase their mass, or they grow by collisions to form floc or chain aggregates. Diesel
engine particulate emissions have a particle size distribution mainly between 0.01-1um, with most
of the mass concentrated in particles with a size of 0.1-1um, and the number of particles mainly
concentrated in particles with a size of 0.01-0.1um [21].

When diesel engine particles enter the atmosphere, particles with a size of 5um or more
are deposited in the respiratory tract after inhalation, absorbed by the mucus, and discharged
with sputum, which is less harmfulto the human body due to their low number. However, smaller
particles can penetrate deep into the lungs, with more than half of the particles with a size of

0.01~0.1um deposited in the lung cavity, causingmechanical overload of the lungs, damaging the



self-purification mechanism of various channels, and leading to cancer through mutagenesis [22].
Diesel engine particles and aerosols can also float in the air for an extended period, refracting
lisht, darkeningthe sky, and reducing visibility. Additionally, the particle surface can adsorb various

harmful gases and other pollutants.

1.3 Diesel Vehicle Emission Regulations for Particulate Emission Limits

Due to the increasing severity of automobile pollution, countries worldwide are placing
greater emphasis on controlling this form of pollution. Consequently, they are enacting
increasingly strict emission regulations. Currently, the United States, Europe, and Japan have
established three major emission regulation systems globally. In fact, emission regulations have
become a crucial factor for vehicle and engine manufacturers when developing new products

and determining technical routes.

1.3.1 European Diesel Vehicle Emission Standard

In 1991, Europe started to develop European emission standards, which were then put
into effect in 1992. The present-day European emission standards are referred to as Euro VI
emission standards, which were first implemented in 2014. This year, Europe is scheduled to
implement even more stringent European emission standards. The limits for diesel vehicle
emissions are determined by vehicle weight classification, while diesel passenger cars and heavy-
duty dieselvehicles adhere to a single standard. Tables 1-1 and 1-2 display the emission standard
limits for diesel passenger cars and light commercial diesel vehicles respectively.

Table 1-1 European emission standards for diesel passenger cars

CO Limit  NOx Limit PM Limit

Stages Implementation year Testing cycle

(g/km) (g/km) (g/km)
Euro [ 1992 2.172 - 0.14
Euro I 1996 1.0 - 0.08
Euro III 2000 0.64 0.5 0.05

ECE+EUDC

Euro IV 2005 0.5 0.25 0.025
Euro V 2009 0.5 0.18 0.005
Euro VI 2014 0.5 0.08 0.005




Table 1-2 European emission standards for light commercial vehicles 1,305-1,760 kg

CO Limit  NOx Limit PM Limit

Stages Implementation year Testing cycle

(g/km) (g/km) (g/km)
Euro [ 1993 5.17 - 0.19
Euro I 1998 1.25 - 0.12
Euro III 2001 0.8 0.65 0.07

ECE+EUDC

Euro IV 2006 0.63 0.33 0.04
Euro V 2010 0.63 0.235 0.005
Euro VI 2015 0.63 0.105 0.0045

1.3.2 Japanese Diesel Vehicle Emission Standard

During the late 1980s, Japan established the initial emission standards for on-road light-
duty vehicles and heavy-duty engines. Nevertheless, these standards remained relatively lenient
throughout the 1990s.

However, in 2003, the Ministry of the Environment (MOE) finalized highly stringent emission
regulations for both lisht and heavy-duty vehicles, set to take effect in 2005. At the time, the
heavy-duty vehicle regulations (NOx = 2 ¢/kWh, PM = 0.027 ¢/kWh) were considered the world's
most stringent diesel emission standards. Subsequently, in 2009, these limits were further
tightened to meet the requirements of US 2010 and EuroV standards, and as of 2016, they are
as stringent as US 2010 and Euro VI standards.

1.3.3 American Diesel Vehicle Emission Standard

The implementation of emission regulations and controls on diesel engines was pioneered
by the United States, who have the most extensive range of controls and the strictest standards.
The U.S. federal government first developed regulations to limit the smoke levels produced by
heavy-duty diesel vehicles and passenger vehicles operating under different conditions in 1970
[23]. Currently, the Tier2 standards have been enforced on light-duty vehicles since 2004. For

vehicles manufactured in Model Year 2007 and beyond, emission standards have been introduced
at later stages, which require reductions in NOx and PM emissions from 10.7¢/(bph -hr) and

0.6¢/(bph-hr) to 0.2¢/(bph-hr) and 0.01¢g/(bph-hr) respectively.
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1.4 Research Status of Diesel Engine Particulate Emission Control Technology

There are three distinct technologies used for controlling diesel particulate emissions

based on their generation mechanism and emission characteristics: fuel pre-treatment, in-engine

purification technology, and post-treatment purification technology.

1.4.1 Pre-treatment Technology

Pre-treatment of fuel mainly has 4 technology methods in recent years, including gas to

liquid (GTL), biodiesel, hydrodesulfurization (HDS), and hydrodenitrogenation (HDN).

1)

2)

3)

Gas to Liquid (GTL)

GTL method use natural gas, which rarely has nitrogen and sulfur. GTL is a refining
technique used to transform natural gas or other gaseous hydrocarbons into longer-chain
hydrocarbons such as gasoline or diesel, resultingin a synthetic liquid fuel. There are two
main approaches to this process: (i) direct partial combustion of methane to methanol,
and (i) Fischer-Tropsch-like processes that convert carbon monoxide and hydrogen into
hydrocarbons. The second strategy involves various methods to convert the hydrogen-
carbon monoxide mixture into a liquid. While direct partial combustion has been observed
in nature, it has not been commercially reproduced. Technologies that rely on partial
combustion have mainly been implemented in areas where natural gas prices are low
[24][25]. The primary incentive for utilizing GTL is to create a liquid fuel that is more
convenient to transport than methane. Methane must be cooled below its critical
temperature of -82.3°C in order to liquefy under pressure, requiring the use of cryogenic
equipment and LNG tankers for transportation. Methanol, on the other hand, is a
flammable liquid that is simple to handle, but has only half the energy density of gasoline
[26].

Biodiesels

Biodiesels are produced from plants, it can absorb CO2 during the growing process, which
are carbon neutral. Biodiesel has some O2 inside, it's good for soot, HC, and CO reduction
due to a better combustion.

Hydrodesulfurization (HDS), and hydrodenitrogenation (HDN)



Hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) are the two standard methods
used in the industry for removing sulfur and nitrogen-based compounds from crude oil
[27,28]. HDS is a highly efficient process, but it requires high temperatures (>350°C) and
pressures (up to 6 MPa) and consumes significant amounts of hydrogen [29,30,31]. During
HDS, the sulfur and nitrogen-containing compoundsin the fuels are converted to hydrogen
sulfide and ammonia, respectively, through catalytic reduction with H2 [32]. However, the
presence of nitrogen compounds (NCs) can seriously affect the catalyst and cause
corrosion of refinery equipment due to their high reactivity [32,33,34]. Therefore, it is
important to remove NCs before fuel sulfur treatment or use alternative processes like
deep desulfurization and denitrification to remove both NCs and sulfur compounds (SCs)
simultaneously. This can help reduce the environmental impact by decreasing NOx and
SOx emissions. Oxidative desulfurization (ODS) and oxidation nitrogen removal (ODN)
processes have emerged as promisingresearch areas in recent years as they can efficiently
remove the most challenging sulfur and nitrogen contents present in fuels [35,36,37].
These techniques involve a combination of oxidation catalysis and liquid-liquid extraction
steps [33,34]. The efficiency of the combined ODS/ODN process depends on the catalyst's
performance and the ability to extract the solvent. Therefore, it offers an alternative
solution to HDS/HDN, especially for removing NCs, which can cause severe problems in

the HDS process.

1.4.2 Diesel Engine Internal Purification Technology

The term "diesel engine internal evolution technology" pertains to the enhancement of
the internal combustion process of diesel engines. This is achieved through the use of fuel
additives or the improvement of fuel quality. Additionally, it involves optimizing the exhaust gas
combustion process by enhancing the intake system and fuel injection system, among other
methods, in order to reduce diesel emissions. Currently, there are various types of diesel engine
internal purification technologies, which include the following:

1) Fuel additive



2)

3)

From a functional perspective, diesel fuel additives can be classified into two types. The
first type comprises soluble metal or metal salt additives that produce metal oxides upon
combustion, which act as catalysts in decreasing diesel particle oxidation ignition
temperature. This leads to increased oxidation rates of particles and reduced emissions.
A study by Wang Tianyou et al. [38] found that the use of such additives increased the
time for regeneration of the DPF to 23.5 hours from 19.5 hours under low exhaust
temperature conditions. In high exhaust temperature conditions, the regeneration time
was reduced by more than 50%, and regeneration efficiency was improved. The second
type of diesel fuel additive is oxygenated fuel additives, which consist mainly of alcohols,
acetates, and acids. When combusted in the right proportion with diesel, these additives
enrich the oxygen content and exhibit excellent vaporization performance and low
calorific value, resulting in reduced diesel engine particulate emissions. According to
research by Liu Mingan and Sun Yuedong[39,40], adding 10% dimethyl ester significantly
reduced particle emissions from diesel engines. When using less than 20% of ethanol,
methylal, and carbonic acid, as well as dimethyl ester, the smoke level of the diesel
engine decreased by 45% without a significant decrease in power performance.

Diesel injection system

Improving the injection system of a diesel engine can lead to a better fuel mixture quality
and a decrease in diesel engine emissions. The fuel distribution within the combustion
chamber can be made more uniform with an optimized fuel injector, allowing the fuel to
evaporate promptly and create a mixed gas that effectively reduces particulate emissions.
Precise fuelinjection timing enhances the organization of air movement in the combustion
chamber, resulting in more thorough fuel and air mixing, more complete combustion,and
a reduction in particle emissions. Increasing fuel injection pressure produces finer fuel
droplets that mix more evenly with air, which can inhibit particle generation. Additionally,
a quick oil cut-off, appropriate combustion rate control, and effective injection pressure
increase can all contribute significantly to reducing particulate emissions [41,42].

Electronic control system



4)

5)

In the 1970s, the electronic control system for diesel engines was developed. This system
comprises various sensors, an electronic control unit (ECU), and actuators, and operates
as a digital high-frequency control system. Compared to traditional mechanical control
systems, the electronic control system provides significant advantages in real-time and
precise control. As a result, it has rapidly developed and become widely used for diesel
engines. The application of electronic control systems for meeting diesel engine emission
requirements is now one of the main technical approaches for internal purification. It
offers several functions, including fault self-diagnosis, failure protection, and improved
low-temperature starting performance. The system can also effectively reduce particulate
and nitrogen oxide emissions. Starting from the Euro lll emission standard, only the
electronic control system can enable emission reduction technologies such as variable
flow, exhaust gas recirculation (EGR), and turbocharging. In the future, zero-emission
vehicles will be possible with this technology [43,44].

Supercharging and intake intercooler

The use of turbocharging technology allows for an increase in intake pressure without
modifying the engine's displacement. This results in a larger intake of air, which increases
the amount of oxygen available during combustion and effectively reduces particle
generation. However, the process of supercharging also raises the temperature and density
of the air, necessitating intermediate cooling before entering the cylinder. Currently, most
diesel engines use air-cooled intercoolers. By optimizing the selection of supercharger
parameters and intercooler temperature, the air-fuel ratio and excess air ratio can be
increased, leading to more complete combustion and a reduction in particle generation.
Additionally, this approach can help to lower the emission level of NOx [45].
Combustion chamber structure

The emission of diesel engines can be affected by the structure of the combustion
chamber. A well-designed combustion chamber can minimize the occurrence of high
temperature and oxygen-deficient areas during combustion, while also increasing the

intensity of the intake air flow. Accordingto research by Zhao Changpu et al [46]. the main
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6)

area where particles are produced is the region with an in-cylinder temperature of 1500-
2400K, and a combustion chamber with a too small constriction can lead to a significant
increase in particle generation. Jiao Yunjing et al [47]. found that a combustion chamber
with a diameter-to-depth ratio that is too small can hinder the mixing of oil and gas,
leading to local hypoxia and increased particle generation. Experimental studies have
demonstrated that the concentration of particulate emissions decreases as the intensity
of the intake vortexincreases. Furthermore, the use of multi-valve technology to increase
the total flow area of the intake and exhaust valves can promote thorough combustion
and form an intake air flow that is suitable for the speed of the diesel engine, ultimately
increasing the air flow intensity and reducing particulate emissions [48,49].
Homogeneous charge compression ignition — HCCI

Advanced combustion technology is a technical solution for effectively decreasing
particulate emissions produced by diesel engines. Homogeneous charge combustion
technology (HCCI) has been the subject of numerous studies both domestically and
internationally. Scholars have conducted various investigations into the impact of HCCl on
emissions [50-54], and their findings indicate that HCCl can rapidly and uniformly ignite a
homogeneous mixture at multiple points within the cylinder, resulting in low combustion
temperatures, few generated particles, and an indistinct flame front. Consequently, HCCI
differs from other in-engine technologies and when used in combination with other
technologies, can significantly reduce particulate emissions. Experiments conducted by
Kalghatgi et al. on a heavy-duty diesel engine with a compression ratio of 14, operating at
1200rpm and under various injection timings, showed that particle emissions ranged from

only 0.18 to 0.27g/(kg-f) [55,56].

1.4.3 Diesel Engine Post-Treatment Technology

Despite the use of various in-engine purification technologies, the particulate emission

level of diesel engines can only meet Euro Ill emission standards at best. As emission standards
become stricter, separate in-engine purification technology is no longer sufficient. This is due to

several reasons:
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Firstly, advanced combustion technologies like HCCI have minimized the production of
particulates in diesel engines. Prior to the development of these technologies, it was challenging
to reduce the generation of particles in the cylinder using different methods to optimize gas
injection and oil-air mixing effects.

Secondly, electronic control technology and high-pressure common rail injection
technology are the most effective in reducing the generation of particles in the diesel engine
cylinder. However, as fuel injection timing is more precisely controlled and injection pressure is
increased, the mass of particulates in diesel engines decreases, but the concentration of
particulates may not be evident and may even increase. Moreover, the harm caused by these
particles is more significant [57].

Thirdly, the reduction of particulate emissions through fuel additives or improving fuel
quality has hit a bottleneck stage. Developing better fuel additives or higher-quality oil products
to reduce particulate emissionsis not significant, and the processis complicated and costly. Diesel
engine post-treatment purification technology has emerged as a viable solution to meet more
stringent emission standards. The technology includes filter bag capture, electrostatic capture,
cyclone separation, cleaning and filtration, plasma purification, and particulate filter technology.

This research will mainly focus on the diesel particulate filter (DPF) technology. And it’s
the most effective technology for treating diesel exhaust particulate, which has been widely
adopted in diesel vehicles in the world. There are two types of DPFs: partial flow DPF and wall
flow DPF. The partial flow type uses metal fiber mesh as the filter material, but only a portion of
the exhaust gas is filtered throush it. In contrast, the wall flow DPF uses a porous media filter
material that filters all exhaust gas through the filter wall. Both types of DPFs are installed on the
exhaust pipe of diesel engines to effectively filter particles in the exhaust gas. However, to ensure
the DPF operates smoothly and prevent a decrease in power performance or engine damage

from excessive exhaust resistance, the captured particles must be oxidized and regenerated.

1.5 Objective and Scope of Work
Reducing diesel particulate emissions is essential for complying with Euro IV and higher

emission standards. After-treatment purification devices, such as catalytic passive regeneration
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technology, are now more effective due to advancements in refining technology, which have
reduced sulfur content in diesel. Catalytic passive regeneration technology is a low-cost and
straightforward method that doesn't require external heat sources or regeneration. The DPF,
supported by this strategy, is a promising post-treatment purification device, particularly for diesel
cars and lisht commercial vehicles that have strict requirements on layout space and cost. In this
study, the CeO2 catalyst and partial flow DPF are examined for their efficacy in reducing HC, CO,
NOx, PM, and DOC emissions. The study also investigates the impact of the post-treatment system
on engine performance, as well as the optimal size of the DPF for a 3L diesel engine. The study
draws on the Thai National Research Council Fund Project, "398/2563 - Diesel Engine’s Particulate

Matters Reduction”.

1.5.1 Objective
1) Evaluate the impact of DOC and DPF system on engine operation and performance.

2) Investigate the impact of CeO2 on particle emission reduction.

1.5.2 Scope of Work
The main contents of this research, as indicated in Figure 1.1, it includes three main line
consists of DPF simulation, engine test, and chassis test:

1) Calculate and test the pressure drop for DPF, comparing the results with simulation, using
software to design a DPF for a 3-litre engine based on DPF pressure drop and filtration
efficiency.

2) Evaluate the impact of CeO2 DOC and partial flow DPFs based on engine performance
and combustion of I1SUZU 4JJ1-TC at 1000, 1500, and 2000 rpm under 20%-50% engine
load.

3) Investigate the effect of CeO2 DOC and partial flow DPFs based on Toyota Hilux Tiger 2.5-

litre diesel vehicle with new European driving cycle (NEDQ).
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CHAPTER 2

Diesel Engine and Aftertreatment System

2.1 Diesel Engine

In 1897, Rudolf Diesel discovered the diesel engine, which is a form of internal combustion
engine commonly known as a compression combustion engine. The compressed-combustion
engine operates on the principle of injecting fuel directly into the combustion chamber at top
dead center (TDC) while the piston moves upward duringcompression. This results in an increase
in pressure in the combustion chamber, causing the fuel to spontaneously combust at high

pressure and temperature.

2.1.1 Diesel Engine Cycles

The 4 strokes consist of, intake, compression, power, and exhaust as show in Figure 2.1
In the intake stroke, the piston moves downward from the top dead center (TDC) to the bottom
dead center (BDC) while the intake valve opens and the exhaust valve closes. Asthe piston moves
down, it draws in fresh air into the combustion chamber. Duringthe compression stroke, both the
intake and exhaust valves remain closed. The piston moves upward from BDC to TDC, resulting
in an increase in pressure and temperature within the cylinder due to compression. In the power
stroke, the fuel is injected into the combustion chamber towards the end of the compression
stroke, and the resulting combustion generates energy that is converted into mechanical energy
through the piston to the crankshaft. In the exhaust stroke, the exhaust valve opens while the
intake valve remains closed after the completion of the power stroke at BDC. As the piston moves

upward, the exhaust air is pushed out of the combustion chamber.
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Figure 2.1 Diesel engine cycles [58]

2.1.2 Diesel Combustion Phases
Combustion occurs when fuel and air rapidly undergo a chemical reaction, resulting in the
creation of heat and ligsht. Diesel fuelis injected into the combustion chamber at a high pressure,

and the combustion process in a compression ignition (Cl) engine occurs in four stages.

Point A - Fuel injection
starts.

Point E - Fuel injection

is terminated.

Fired cycle

)
60° 50 40 30 20 10 TDC 10 20 30 40 50 60° '

|
Compression I Expansion

Figure 2.2 crank angle diagram of diesel engine [59]

The first stage is the ignition delay period, during which fuelis injected into the combustion
chamber in the form of a jet. The fuel breaks down through atomization and vaporization, and
the fuel gains heat from the compressed hot air around it. The pressure in the cylinder drops as

a result of this process, which is visible in curve AB on Figure 2.2. The mixture in the combustion
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chamber undergoes a pre-combustion reaction during this period, causing the pressure in the
cylinder to slowly increase until the fuel catches fire, as seen at point C.

The second stage is the uncontrolled combustion period, which occurs when the air and
fuel mixture spontaneously ignites at the spontaneous combustion temperature. Unlike in spark
ignition (SI) engines, the mixture in Cl engines is not uniform, resulting in flames appearing in
multiple locations where the mixture concentration is high. Fuel that accumulated during the
delay begins to burn rapidly, resultingin an increase in pressure and temperature in the cylinder.
This period is referred to as the uncontrolled combustion period and is represented by curve CD.

The third stage is the controlled combustion period, which occurs when the fuel
accumulated during the ignition delay has burned completely. The in-cylinder mixture's
temperature and pressure are high, allowing new fuel ejected from the nozzle to burn rapidly
due to the presence of enough oxygen in the combustion chamber. The fuel injection rate can
be used to control the pressure increase in the cylinder during this combustion period.

The fourth stage is the post-combustion period, during which the combustion chamber
reaches its maximum pressure at point E. Combustion of the fuel in the combustion chamber
continues duringthe expansion stroke due to the recombination of dissociated gas and unburned

fuel. This stage is referred to as post-combustion.
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Figure 2.3 Phases of the diesel combustion process on heat release rate diagram [60]
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The heat release rate diagram in Figure 2.3 illustrates the various stages of the diesel
combustion process frominjection to the end of combustion. The ignition delay, marked as point
(a-b), denotes the time between the start of fuel injection and the onset of combustion. The
premixed combustion phase, marked as point (b-c), is characterized by a negative heat release
rate curve due to the brief vaporization and heat absorption of the fuel mixed with air during the
ignition delay period. The addition of ready-to-burn fuel to the combustion mixture results in a
sharp increase in the heat release rate.

Point (c-d) represents the mixing-controlled combustion phase where the fuel and air
premixed during the ignition delay have been consumed and released some energy. The heat
release rate is now controlled by the availability of the mixture for burning, which involves
processes such as fuel atomization, vaporization, mixture formation, and chemical reaction in the
spray. The diffusion flame's burning rate is primarily influenced by the fuel and air mixing process
during this phase.

Finally, point(d-e) marks the late combustion phase where the heat release rate continues
but at a lower rate. This is because a small portion of the fuel may remain unburned, and a
fraction of the fuel energy may be trapped in soot and combustion products that are still being
released. During this phase, cylinder charge mixing promotes more complete combustion and
less dissociated gases. The kinetics of the final burnout processes become slower as the

temperature of the cylinder gases falls during expansion.
2.2 Aftertreatment System

2.2.1 Diesel Oxidative Catalyst (DOC)

The catalytic DPF features a front-end installation of the DOC, which utilizes flow-through
porous media materials like cordierite, silicon carbide, and metal foam as its carrier. To achieve
the necessary catalytic activity, noble metal catalysts such as Pt and Rh are coated onto the
carrier. The traditional impregnation method is suitable for ceramic material carriers like cordierite,
whereas metal materials require special coating processes. As illustrated in Figure 2.4, the DOC's

primary function is to convert NO in diesel engine exhaust into NO2, a highly oxidizing compound
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that can be used to oxidize the captured particles downstream, as well as purify HC, CO, and SOF

in diesel engine exhaust.
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Figure 2.4 Working principal diagram of DOC [61]

2NO + 02 2 2NO> (2.1)
CO+1/202 — CO; (2.2)
4HC + 502 — 4CO2+ 2H20 (2.3)
[SOF] + 02 — CO, + H20 (2.4)

2.2.2 Diesel Particulate Filter (DPF)

The DPF is typically positioned downstream of the DOC. Its primary function is to capture
particles in diesel engine exhaust by allowing them to accumulate on the filter wall of the carrier
or on the metal fiber. The primary component of a diesel particulate filter (DPF)is the filter carrier,
which can be classified into two main types based on the material: ceramic-based and metal-
based. Ceramic-based carriers are made of materials such as cordierite, silicon carbide, mullite,
and zirconia, while metal-based carriers are made of sintered metal, foam metal, and wire mesh.
Among these, cordierite and silicon carbide are the most frequently used filter materials [62].
2.2.2.1 Partial Flow DPF and Catalyst

Partial flow DPF is the transition stage for full flow DPF. It mainly has two internal structures
as show in Figure 2.5 A. The first layer is metal foil that guide the exhaust gas passing through

the second layer metal fiber. During this process, the soot in the exhaust gas will be trapped on
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metal fiber. Furthermore, partial flow DPF allow around half of emissions flow out directly owing
to the structure itself, another half of exhaust gas will flow through metal fiber.

In some developing countries, there’re a quantity of diesel engine vehicles which couldn’t
meet the Euro 3 or 4 emission standards. They couldn’t afford a full flow DPF due to the
electronic unit for monitor the F-DPF are expensive, therefore,a P-DPF is a preferable choice for
them to improve the emissions reduction ability because it doesn’t require a control unit.

In this research, Ce selected as the P-DPF catalyst due to its economic characteristic and
excellent O, absorbing performance. Ce supplies the O, at lower oxygen or stoichiometric
conditions. The Ce catalyst will effect on soot oxidation; the soot oxidation involves two
concurrent processes: one occurring at the ceria-soot interface and the other at the surface of
the soot, driven by superoxide species. The experimental observations reveal a mechanism
wherein ceria is initially reduced by soot, liberating COZ2 in the process. Subsequently, the reduced
ceria undergoes oxidation when exposed to gaseous oxygen, producing peroxide and superoxide
species. These reactive species then migrate to the surface of the soot, leading to a more efficient
reaction that forms CO2 at a lower activation energy. As a consequence, a fresh contact point is
established between the soot particle and the ceria surface, effectively restarting the cycle. This

entire process is visually depicted in Figure 2.5 B.
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Figure 2.5 Working principal diagram of partial flow DPF and Mechanism of soot oxidation

over ceria [63]
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2.2.2.2 Full Flow DPF

The Wall-flow diesel particulate filter (DPF) typically consists of a cylindrical ceramic
structure that contains many small, parallel channels in the axial direction. Unlike typical flow-
through traps, one end of the wall-flow filter is blocked at the adjacent channelto the filter layer,
forcing exhaust gas to pass through the porous wall surface to capture particulate matter, as
illustrated in Figure 2.6 A. The exhaust flow resistance of the honeycomb ceramic particle filter
element is primarily determined by the thickness of the particle layer deposited on the filter's
surface. A higher filtration area per unit volume results in slower growth of the particle layer
thickness and less flow resistance. Thus, a higher honeycomb density and thinner channel wall
are preferred. However, excessively high honeycomb density and small channels can lead to
increased exhaust flow resistance and clogging. Micropores of the particle filter are typically
micron-scale, much larger than the soot particles. They cannot directly purify the exhaust but
facilitate the diffusion, interception, inertial collision, and gravity deposition mechanisms. The
tinier particles exhibit a tendency to adhere to the filter's surface due to Brownian motion.
Interception on the filter substrate is notably influenced by the superficial velocity as indicated
in Figure 2.6 B. As the flow rate rises, so does the superficial velocity. Consequently, the efficacy
of Brownian maotion-driven trapping diminishes at higher flow rates. This elucidates the reason
behind the deterioration in filtration efficiency for smaller particles when the flow rate is elevated.
During the DPF's working process, the collection efficiency is affected by various factors, including
particulate matter properties, exhaust flow rate, temperature, DPF specifications, and material

characteristics [2], [64].

Figure 2.6 Working principal diagram of full flow DPF and superficial velocity [2], [64]
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2.2.2.3 DPF Regeneration

When particulate matter accumulates in a diesel particulate filter (DPF), it increases the
carbon load and exhaust back pressure of the diesel engine. This can significantly reduce engine
performance if the back pressure exceeds a certain limit. The DPF must undergo regeneration to
remove the particulate matter from the filter element. The basic principle of regeneration is to
oxidize the particles into CO2, which is discharged along with the exhaust gas. Regeneration is
influenced by factors such as the total accumulated particle amount, particle storage density and
distribution, exhaust flow rate, heat transfer of the trap, and activation reaction capacity of the
particles. There are two types of DPF regeneration: active and passive.

Active regeneration involves providing external energy to increase the filter element's
temperature to burn the particles and restore the filter's clean state. This includes various
methods such as heating regeneration, fuel injection combustion regeneration, electric heating
regeneration, and microwave regeneration.

Heating regeneration involves using techniques like intake and exhaust throttling or in-
cylinder post-injection to quickly increase the DPF inlet temperature to around 600°C. However,
this method can result in increased fuel consumption and secondary pollution [65].

Fuelinjection combustion regeneration involves adding fuel injectors in front of the filter's
inlet to inject a small amount of fuel, which is ignited with spark plugs or electric glow plugs. This
ignites the particles with high-temperature gas, and the regeneration process is typically
completed within 1-2 minutes. While this method can regenerate in most cases and has good
regeneration effects, it requires an additional fuel supply device, which can be expensive, and
the airflow should not accelerate rapidly to avoid blowing out the flame [65].

Electric heating regeneration utilizes electric heating methods to heat the particle filter
and promote the ignition of particles. This method includes using ceramic fiber wound on a metal
resistance heating tube or crystalline SiC as a filter material. However, electric heating control
systems have high requirements, high cost, and high-power consumption, and uneven heating
may cause uneven regeneration of the filter element, leading to local overheating that can

damage it [66-67].
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Microwave regeneration utilizes the unique selective and volume heating characteristics
of microwave energy to heat the PM deposited on the filter and make the particles ignite and
burn. The effect of microwave regeneration treatment depends on the different dielectric
properties of the particle filter material and the particles deposited on its surface. Selecting the
right matrix material for the filter can result in successful selective heating of the particles, while
using a microwave-absorbing material can cause simultaneous heating of the trap and particles
[68-69].

Passive regeneration involves using chemical catalysis to reduce the reactivity of particles,
allowing them to burn undernormal operating conditions of a diesel engine. This can be achieved
through several methods, including regeneration using NO2, catalytic combustion regeneration
filter (CDPF) regeneration, and fuel additive regeneration.

Regeneration by NO2 involves combining diesel oxidation catalyst (DOC) and diesel
particulate filter (DPF). When exhaust gas passes through the DOC at a temperature of 200-600°C,
CO and HC are first oxidized into CO2 and H20, while NO is converted into NO2. The NO2 then
oxidizes the particles in the DPF to generate CO2, and NOZ2 is reduced to NO, achieving
regeneration. While this method requires little space and has a low cost, it only works for low-
sulfur diesel engines with a minimum ratio of NOx to PM of 15:1. Sulfur content can generate
sulfate, affecting the effectiveness of this method. Passive regeneration also requires a suitable
exhaust temperature, with too high a temperature accelerating the decomposition of NO2 and
too low a temperature resulting in slow oxidation of C [70].

CDPF regeneration involves coating an oxidation catalyst directly on the filter body wall,
reducing the ignition temperature of soot to allow it to burn at normal diesel engine exhaust
temperature, achieving complete regeneration in a specific temperature window (T>320-350°C).
However, this method requires high diesel sulfur content, engine thermal management, and can
lead to increased emissions at low exhaust temperatures [71].

Fuel additive regeneration involves using soluble metals or metal salts as additives, with
the metal oxides generated after combustion catalyzing particles and reducing their ignition

temperature, allowing the filter body to regenerate itself at lower exhaust temperatures without
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external energy. However, the combustion products of fuel additives can accumulate on the filter
body, blocking its pores, shorteningits service life, and increasing back pressure, affecting engine
power and economy. Additionally, the metal drift into the atmosphere can cause secondary

pollution [72].
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CHAPTER 3

DPF DESIGN

3.1 DPF Pressure Drop

Back pressure has always been a significantfactor affecting the engine; therefore, reducing
or eliminating back pressure is essential to improve engine power; back pressure is caused by the
obstruction of exhaust gas flow, such as the air generated by DOC and DPF in the after-treatment

system flow hinders back pressure.

3.1.1 DPF Pressure Drop calculation
Empirical solutions have been proposed to account for the pressure drop that occurs
through honeycomb structures. The pressure-loss coefficient Kh, is one such solution, and it can

be predicted using the Eckert Equation as presented by Barlow et al. [73], is given by:

KhZXh[%"‘ 3].[51_}1]24_ Bl_h_l]2 (31)

0.375 [i] 04. Rea 01, Ren < 275
Ah = e (3.2)

0.214 [DA—h] 04, Rea > 275

In this equation, Dh represents the hydraulic diameter of the honeycomb cell, Bh
represents the honeycomb porosity, and Lh represents the thickness of the honeycombin the
direction of flow. The coefficient of Reynolds number, }\h, is another important factor that
determines the pressure-loss coefficient. This coefficientis based on the material roughness and
incoming flow speed, and it is related to the surface roughness A of the honeycomb cells. The

Idelchik Eckert Equation provides a useful means of estimating Ah; Rea is Reynolds number.

Minor losses can also be expressed as a ratio of the head loss to the velocity head and
are typically determined usinga pressure loss coefficient Kh. The following equation relates minor

losses to velocity head and loss coefficient, as presented in [74]:

Kh= o =2 (3.3)
vi/2g  pv?/2
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In this equation, g represents the gravitational constant, v represents the exhaust gas

velocity, hm is minor head loss, P represents air density, and Ap represents the pressure drop.

3.1.3 DPF Pressure Drop Simulation

To begin, the DOC and DPF models need to be established through Solidworks. These
models should have the same geometric dimensions as the laboratory samples. Next, import the
models into the Fluent software for model simplification and finite element division as shown in
Figure 3.1. Assign a porosity of 0.9 to DOC and 0.85 to DPF, as measured by the laboratory sample
drainage method. The geometric parameters of DOC and DPF should be input into the software
as shown in Table 3-1. Then, the mass flow rates obtained in the engine test should be input
into the Fluent program as boundary conditions, as shown in Table 3-2. The program should be
solved until convergence. Soot simulation is difficult, so this experiment will use GT Power for

the simulation alone.

Pre-processing

Original model Simplified model.in Ansys
Figure 3.1 Geometry model and simplified mesh model of DOF and DPF

Table 3-1 DOC and DPF specification in simulation

Parameter DOC DPF
Porosity 0.90 0.85
Channel length / mm 100 200
Hydraulic diameter / mm 141 141
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Table 3-2 Boundary condition in simulation

RPM  Mass flow rate (g/s) Soot loading (g/s)

1000 0.90 0.85
1500 100 200
2000 141 141

3.2 Effective Attributes on DPF

There are many factors that affect DPF pressure drop and filtration efficiency, which can
be divided into physical and chemical factors. This article will only focus on the physical factors,
such as CPSI, DPF length, and diameter, which can have a significantimpact on DPF pressure drop.
Typically, the porosity of F-DPF is around 0.5, while P-DPF is around 0.89 measured by a real P-
DPF; In this simulation the porosity has substituted with a P-DPF as a fixed condition.

To conduct related research on physical factors, this experiment used GT Power software
to conduct quantitative analysis on DPF pressure drop and filtration efficiency. The mass flow rate
at the DOC inlet was 90.6 ¢/s (at 2000 rpm) and the soot concentration was 0.0005 ¢/s (based on
empirical data). The operating temperature was 708K (average temperature). The experiment ran
for 3 hours, and the model established in GT Power is shown in Figure 3.2. Pressure drop sensors

were added at both ends of the DOC and DPF.

x

Soot_|nlet_1
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Figure 3.2 DPF simulation pressure drop
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3.2.1 Cell Density (CPSI)

CPSI'means cells per square inch, it’s the primary parameter for DPF. Figure 3.3 shows
that as the CPSI value increases for filters with the same diameter and length, the filtration
efficiency also increases. This is because a higher number of channels per unit area results in a
larger effective filter wall area, and hence, a higher filter collection efficiency. However, Fig. 3.4
indicates that the pressure drop also increases with CPSI due to the greater passage resistance
created by a higher number of channels. But for CPSI values of 50 or 100, the situation is different.
Even though the initial pressure dropis less than that of 200 CPSI, with particle deposition on the
filter body, the pressure drop rises faster and exceeds that of 200 CPSI, especially for 50 CPSI.
This is because at the same particle deposition rate, the thickness of the particle layer deposited
on the 50 CPSI filter wall is relatively large, causing a rapid increase in the pressure drop. Therefore,
a cell density that is too low is not appropriate. Considering all factors, the DPF CPSI for a 3L
diesel engine should be set between 200-300 CPSI.

IS - 50CPS|
| =7 |-100CPSI
0.9 7/l |-200CPSI
£ /' -300CPSI
S 08F b
}:: /
L ! A |
S -1/
- 0.7
N
=4 f
© o8
|
0NN i >
0 1000 2000 3000 4000
Time [s]

Figure 3.3 DPF filtration efficiency with different CPSI
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Figure 3.4 DPF pressure drop with different CPSI

3.2.2 Channel Length

Figures 3.5 and 3.6 demonstrate that the initial filtration efficiency gradually increases as
the filter length increases with the same DPF CPSI and hydraulic diameter, but it no longer affects
the filtration efficiency once it reaches 150mm. When the filter diameter is 50mm, the initial
filtration efficiency is the lowest at 0.53 in the simulation, and the pressure drop also increases
with the length of the DPF. Although the overall impact is not significant, a DPF with a length of
only 50mm will lead to a rapid increase in pressure drop. Meanwhile, the installation space of
the car should be considered, and the size of the DPF should not be too large. Generally, the
diameter of the filter should be selected between 150mm and 230mm.
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Figure 3.5 DPF filtration efficiency with different channel length
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Figure 3.6 DPF pressure drop with different channel length

3.2.3 Hydraulic Diameter

Finally, recarding hydraulic diameter, Figures 3.7 and 3.8 show that, for a constant CPS
and DPF length, increasing filter diameter gradually enhances the initial filtration efficiency, and
reduces pressure drop. However, the initial filtration efficiency is relatively low (0.62) when the
filter diameter is 120mm, and pressure drop rises sharply. All DPFs with varying diameters attain
maximum collection efficiency at around 3000s. At the same time, for space-saving considerations,
the size of the DPF should not be too large, and in general, the filter diameter should range from

120mm to 240mm.
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Figure 3.7 DPF filtration efficiency with different hydraulic diameter
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Figure 3.8 DPF pressure drop with different hydraulic diameter

3.2.4 Other Attributes

There are several physical parameters that affect DPF filtration efficiency, including filter
wall thickness, particle diameter, filter pore diameter, and porosity. Additionally, filter wall
thickness, particle diameter, porosity, and filter wall permeability are among the other parameters
that affect pressure drop. Furthermore, different types of catalysts used on DPFs can also impact

pressure drop and filtration efficiency chemically.
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CHAPTER 4

EXPERIMENTAL METHODOLOGY

There are two experiments in this study. The first one is a transient test based on a 3-liter
diesel engine; the purpose is to investigate and compare the engine performances, combustion
characteristics, and the emissions with and without DOC and DPF system; Operating conditions
are performed on various engine loads (56, 84, 112, and 140Nm) at constantengine speeds (1000,
1500, and 2000rpm). The second experimentis real-time test for Euro 2, 3 or Euro 4 diesel vehicles
at Pollution Control Department of Thailand; the objective is to evaluate the effect of DOC and

DPF system on vehicle exhausts with a NEDC drivingcycle and meet the Euro 5 emission standard.

4.1 Experimental Samples

To evaluate the impact of DOC and DPF system, experimental samples are sending for
two types of testing: Engine test and chassis test. The testing samples was selected based on the
simulation result and experience as below:

1. No DOC and DPF

2. Ce02 DOC and Non-Cat DPF

3. CeO2 DOC and CeO2 DPF

Figure 4.1 Samples of CeO2 DOC, Non-Cat DPF, and CeO2 DPF
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The testing group consists of 3 samples. As shown in Figure 4.1, A is CeO2 DOC 300 CPSI;
B indicates non-Cat DPF 300 CPSI; C represents CeO2 DPF 300 CPSI. When we change the samples,
we need a connector for DOC and engine with a frustum as show in Figure 4.1 D, E and F are the
section image after cutting the DPF, which P-DPF was consist by metal foil and metal fiber layers.

The assembling method of vehicle aftertreatment as show in Figure 4.2. All DOC and DPF

specifications are listed in Table 4-1.

Figure 4.2 DOC & DPF systems’ assembling method

Table 4-1 All DOC and DPF specification

Cell Density Diameter Length
Element
(CPSI) (mm) (mm)
DOC CeO2 300 144 100
Testing
Non-Cat 300 144 200
samples DPF
Ce02 300 144 200

4.2 Engine Dyno Testing

The process of engine dyno testing involves analyzing the effect of DOC and DPF system

on the performance of an unaltered direct injection diesel engine by examining metrics thermal
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efficiency, specific fuel consumption, specific energy consumption, and combustion characteristics
including heat release rate. This is accomplished by subjecting the engine to varying loads of 20-

50% at consistent engine speeds of 1000, 1500, and 2000 RPM.

4.2.1 Schematic Diagram

The schematic diagram of engine test has shown in Figure 4.3. Prior to the start of the
experiment, the diesel fuel will be prepared using a fuel supply system controlled by a three-
way valve and a weight meter to measure fuel consumption. The engine's torque and speed will
be regulated by a load cell incorporated in the dynamometer and ECU. In addition, the exhaust
gases will pass through a DOC and DPF before entering the exhaust gas analyzer. The exhaust
temperature at P1, P2, and P3 will differ due to exothermic reactions in the DOC, heat flux, and
diffusion after the exhaust gases pass through the catalytic converter. During engine operation,
the exhaust gas analyzer will automatically measure carbon dioxide, carbon monoxide,
hydrocarbon, oxygen, lambda, nitrogen oxide, and exhaust temperature. The quantity of PMs will
be measured simultaneously by the smoke intensity meter and exhaust gas analyzer.

Table 4-2 shows the units for the exhaust results, where PPM denotes parts per million
and indicates the amount of each exhaust gas. 1 ppm = 1 mg/L = Img/ke = Imeg/km, 1 ppb =1
ng/L, and 1%Vol = 100000ppm. Table 4-3 represents the accuracy of each exhaust gas, and the

error increases with the quantity of exhaust gas.
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Figure 4.3 Engine test schematic diagram

Table 4-2 Unit of exhaust parameters

Test results Unit

co % Vol

Cco; % Vol

0, % Vol

NOx ppm

HC ppm
Opacity %
Smoke intensity %

Table 4-3 Exhaust gas accuracy

Factors Accuracy
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<10.0%.: +0.02% vol., #3% 0.M.

co 510.0%.: + 5% o.M.

<16.0%.: +£0.3% vol., #3% 0.M.

CO2 S 16.0%.: = 5% o.M.

<2000ppm vol.: 4% ppm vol., 3% o0.M.
HC >5000% ppm vol.: £ 5% o.M.

<10000% ppm vol.: =£10% o0.M.
02 +0.02 % vol., #1% 0.M.
NOXx +5ppm vol., 1% o0.M.

Lambda Calculated from CO, CO2, HC, 02

4.2.2 Engine Specification

An engine specification of direct injection diesel engine which used in this research is
shown in Figure 4.4. Table 4-4 displays the specifications of the diesel engine used in the
bench test, which can generate a power output of up to 170 kW. Table 4-5 presents three
different testing conditions, and it is recommended to perform multiple tests at high engine

load and speed due to the unstable experimental data.

Table 4-4 Engine’s specification

ltems Details
Engine Model Isuzu 4JJ1-TC
Engine Type Diesel
Injection Type Direct Injection
Displacement Volume 2,999 cc
Compression Ratio 18.3:1
Bore x Stroke 95.4 mm x 104.9 mm
Maximum Power 170kw

Table 4-5 Boundary conditions

Conditions rom Load / Nm
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Condition 1-4 1000  56/84/112/140
Condition 2-8 1500  56/84/112/140
Condition 9-12 2000  56/84/112/140

Figure 4.4 Direct injection diesel engine (Isuzu 4JJ-TC)

4.2.3 Eddy Current Dynamometer’s Specification

The ED-150-LC eddy current dynamometer is connected to the engine and utilizes the
engine flywheel to impose a load, all while measuring both torque and power. The eddy current
dynamometer's cooling system incorporates external water cooling. Table 4-6 and Figure 4.5
illustrate the specifications of the eddy current dynamometer.

Table 4-6 Eddy current dynamometer’s specification

ltems Details
Model Tokyo Plant ED-150-LC
Maximum Brake Horsepower 150 PS / 3000rpm
Maximum Brake Torque 35.81 kgm
Maximum Speed 3000rpm
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Figure 4.5 Eddy current dynamometer (Tokyo Plant ED-150-LC)

4.2.4 DPF Pressure Drop Testing

In this experiment, pressure values were measured before DOC, between DOC and DPF,
and after DPF as indicate in Figure 4.6; subtract them to obtain the pressure drop, which is the
scheduling back pressure caused by DOC and DPF. In this experiment, the average value was

calculated for multiple measurement at each point.

Figure 4.6 Pressure drop measurement with and without DOC and DPF systems

4.3 Chassis Dyno Testing
To observe the impact of CeO2 DOC and DPF on emissions from unaltered diesel vehicles,
chassis dynamometer tests were conducted. And the testing was conducted based on Euro 4

standards.
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4.3.1 Schematic Diagram

The diesel vehicle is placed on the chassis dynamometer as indicates in Figure 4.7. In
order to prevent the engine from overheating, a high-power fan is placed in front to simulate
actual driving; the surrounding environment will be closed during the test to ensure stable test
results; Into the AVL exhaust gas measuring instrument because the exhaust gas just coming out
of the engine is very humid and the temperature is very high, the proportion of each exhaust gas
molecule at this time is unstable. AVL will measure PM, PN, NOx, CO, and HC. The diesel vehicle

testing layout in pollution control department as shown in Figure 4.8.
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Chassis Dyno Driving Aid
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Figure 4.7 Schematic diagram of chassis test
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Figure 4.8 Chassis dyno testing in PCD

4.3.2 Vehicle Specification
The Toyota Hilux Tiger 2.5 L diesel vehicle with the maximum power of 75kW was selected
for chassis testing as shown in Figure 4.9, the vehicle specifications can be found in Table 4-7.

Table 4-7 Vehicle’s specification

ltems Details
Vehicle Toyota Hilux Tiger
Engine type Diesel, 4 Cylinder, In-line
Injection type Direct Injection
Displacement volume 2,500 cc
Compression ratio 18.5:1
Bore x Stroke 92.0 mm x 93.8 mm
Maximum Power 75 kW @3600 rpm
Maximum Torque 260 N.m. @1600-2400 rpm
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Figure 4.9 Toyota Hilux Tiger diesel vehicle

4.3.3 MVEG_H Testing Cycle

The Motor Vehicle Emissions Group-MVEG also refer as NEDC, which has become a
standard driving mode adopted by many countries, comprises four urban driving sequences (ECE)
and one suburban driving sequence (EUDC). The EUDC segment is added to the end of the fourth
ECE cycle to account for more aggressive and high-speed driving modes, as illustrated in Figure
4.10. The driving cycle lasted, on average, 1180 seconds (19.67 minutes) with an average speed
of 33.4 km/h. While the duration and average speed of the two driving cycles were similar, the
NEDC test mode is simpler because it includes straight-line acceleration, constant speed, and
deceleration curve driving behaviors that do not reflect real-world driving. In contrast, the BDC
features more transient speed variations that better reflect real-world driving. Another notable
observation is that during the first three minutes of the NEDC test, an ECE sequenceis completed,
whereas during the same time window, the BDC test involves more idling and low vehicle speed

conditions.
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Figure 4.10 MVEG_H testing cycle
4.4 Data Collection System

4.4.1 In-cylinder pressure and Crank Angle

In order to observe the phenomenon taking place within the tested engine, a piezoelectric
crystal sensor called "Kistler 6052C31" is utilized. This sensor is capable of measuring pressures of
up to 250 bar and is highly sensitive with an accuracy of +0.7%. It is mounted at the cylinder
head, as depicted in Figure 4.11. Additionally, to accurately determine the timing of the crank
angle position and calculate the volume of the combustion chamber, an optical crankshaft
encoder known as "CA-RIE-360" is installed between the sensors gate at the end of the
dynamometer shaft. This encoder comprises of a customized disc containing 720 slits, and it has
a resolution of 0.5 degrees. The encoder sensor operates on the principle of transmission light,

where an infrared beam is emitted and received at the sensor, as shown in Figure 4.12.

Figure 4.11 Pressure sensor
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Figure 4.12 Crank encoder

4.4.2 Emissions

The smoke intensity meter was utilized to measure exhaust emissions by optically
evaluating the soot on the paper filter using the light reflectance method. The smoke meter was
employed to determine the concentration of particulate matter in the exhaust gas. The smoke
meter indicated 0% intensity when no particles were detected on the filter, and 100% intensity
when particles covered all areas. Figure 4.13 displays the smoke meter, "Okuda DSM-240," along
with the filter paper. Additionally, the AVL exhaust gas analyzer "DITEST GAS 1000" was employed
to measure other gases discharged from the engine, such as carbon dioxide (CO2) and nitrogen

oxides (NO), as shown in Fig. 4.14.

&

Figure 4.13 Smoke intensity meter
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Figure 4.14 AVL gas analyzer

4.4.3 Data Acquisition System

A DEWESOFT DAQ system is employed to store data from the pressure and crank angle
sensors for monitoring and collecting combustion characteristics in the combustion chamber,
Figure 4.15 illustrates this process. Real-time data analysis is performed by the DewesoftxX
software, which calculates parameters such as pressure-crank angle diagrams and pressure-
volume diagrams. The DAQ system collects data for a total of 1000 cycles during stable engine

conditions at each set condition.

Figure 4.15 Dewesoft DAQ data acquisition system
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4.5 Calculation method

The combustion data parameters were utilized to compute and examine the quantitative
combustion information. This analysis encompasses two types of combustion characteristics,
namely, cumulative heat release and heat release rate, which help elucidate the relationship
between compression and expansion pressure with crank angle in the combustion chamber.
Additionally, engine performance is evaluated through factors such as fuel consumption, energy

consumption, and thermal efficiency to gauge fuel efficacy.

4.5.1 Engine performance

he determination of engine performance is based on several metrics including specific fuel
consumption, specific energy consumption, and thermal efficiency. These metrics are quantified
through indicated values and brake values, which can be calculated using the equations provided

below.

1) Specific Fuel Consumption
ISFC and BSFC are acronyms that refer to the rate of fuel consumption in kilograms per

kilowatt-hour, which is the amount of power generated by an engine.

Fuel Consumption Rate m
ISFC = L =L (4.1)
Indicated Power PdV
Fuel Consumption Rate m
BSFC = . = —I (4.2)
Brake Power 4t - 502

2) Specific Energy Consumption
ISEC and BSEC are terms used to refer to the rate of energy consumption to power

produced by an engine, which is measured in kJ/kWh.
ISEC = ISFC - LHV (4.3)
BSEC = BSFC - LHV (4.4)

3) Thermal Efficiency
The thermal efficiency of a system is the quantity of power output that is derived from

the heat energy supplied to it. Normally ITE is 5-10% higher than BTE due to the friction loss.
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N 1

ITE = Indicated Power _ PdV- 073 (4.5)

Heat Energy Input Rate mg Qp gy

Brake Power 4nt-
BTE = =602 (4.6)
Heat Energy Input Rate me Qp gy

Friction Loss = ITE-BTE 4.7)

Where P is cylinder pressure, V is combustion chamber volume, N is engine speed, n'wf is
mass of fuel consumptionrate, LHV is low heating value, Qy is Energy input, k is specific heat

ratio, and 8 is crank angle.

CHAPTER 5

RESULTS AND DISCUSSION

5.1 Engine Dyno Testing

5.1.1 Combustion Characteristic

The study investigated the combustion profile of the samples, including in-cylinder
pressure data plotted with respect to volumetric and crank angle. Figure 5.1-5.4 show the in-
cylinder pressure plot with respect to volumetric in logarithmic scale. At 1000 RPM, the pressure
during intake, compression stroke increases due to DPF cause a back pressure. Indicated work is
higher with engine load increasing due to inject more fuel to achieve more power. From overall,
DPF system has no significantinfluence in P-V diagram at 1000rpm. The DPF cause the combustion
pressure increase 0.3 bar due to less cooling loss and exhaust loss resulting in a higher indicated
work; meanwhile as illustrate in Figure 5.5. Meanwhile, the ignition delay 2 degrees owing to the
DPF back pressure as shown in Figure 5.6. During intake and exhaust stroke the pressure increase
due to DPF back pressure block the gas flow. The peak pressure of combustion increases with an
increase in engine load as more fuel is burnt at higher loads. At 1500rpm and 2000rpm, the
combustion pressure even higher due to higher engine load as indicated in Figure 5.7-5.14.
Especially at 2000 rpm, the combustion pressure increases 2 bar due to the cooling loss and

exhaust loss are reduced by DPF as shown in Figure 5.15-5.16. In such cases, the energy remaining

46



larger quantity in the molecule, which results in a higher combustion pressure and exhaust
temperature. At higher engine rpm, the pressure duringintake and exhaust stroke system becomes
stable compare with low rpm. Additionally, the air-fuel mixingduration decreases with an increase
in engine speed due to faster combustion cycles. Therefore, less fuel is burnt in the premixed
combustion phase at higher engine speeds, resultingin a lower peak pressure. When the ignition
delay time is longer, more fuelis combusted in the premixed combustion phase due to increased
mixing time. Based on the results of the in-cylinder pressure data plot, pressure versus crank angle
diagrams, it can be concluded that DOC and DPF do not significantly influence on engine
combustion characteristics at lower rpm, while at higher rpm, engine combustion is better due to

more heating energy and kinetic energy blocked by DPF systems.
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Figure 5.1 Log-PV diagram with and without DOC and DPF 56Nm at 1000rpm
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Figure 5.2 Log-PV diagram with and without DOC and DPF 84Nm at 1000rpm
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Figure 5.4 Log-PV diagram with and without DOC and DPF 140Nm at 1000rpm
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Figure 5.5 P-CA diagram with and without DOC and DPF 140Nm at 1000rpm
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Figure 5.7 Log-PV diagram with and without DOC and DPF 56Nm at 1500rpm
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Figure 5.10 Log-PV diagram with and without DOC and DPF 140Nm at 1500rpm

50



—— Without —— With

Pressure (bar)

0.1
Volume (m3)

Figure 5.11 Log-PV diagram with and without DOC and DPF 56Nm at 2000rpm

= Without ' = With
j\\\
T 10 PN S
Ko} w 1 =L/
o \\\\,\ ] V7 =S Wan|
S - 4o N\ —==
@ Wiy =N
() = B &1 AVATAIANER I . L \A,ﬁ,,,i':':aw/
E 1 E,,,:; DAY /I W\ IT7T7V9Tr 8 =
0 0.0002 0.0004 0.0006 0.0008
0.1
Volume (m?3)

Figure 5.12 Log-PV diagram with and without DOC and DPF 84Nm at 2000rpm
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Figure 5.13 Log-PV diagram with and without DOC and DPF 112Nm at 2000rpm
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Figure 5.16 PV diagram with and without DOC and DPF 140Nm at 2000rpm

5.1.2 Engine Performance

In-cylinder pressure and fuel consumption rate are used to estimate Indicated Specific
Fuel Consumption (ISFQ), Indicate Specific Energy Consumption (ISEC), and Indicated Thermal
Efficiency (ITE). On the other hand, engine speed, torque, and fuel flow rate are measured to

calculate Brake Specific Fuel Consumption (BSFC), Brake Specific Energy Consumption (BSEC), and

Brake Thermal Efficiency (BTE).

As engine load increases, fuel flow rate also increases due to the injection of more fuel,
as depicted in Figure 5.17. Indicated power increase with DPF system due to less heating loss
and exhaust loss as show in Figure 5.18. Specific fuel consumption refers to fuel consumption
per unit power, with ISFC and BSFC representing fuel consumption values with the unit of brake

power output and indicated power, respectively, as illustrated in Figures 5.19 and Figures 5.21.
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ISEC and BSEC are shown in Figures 5.20 and Figure 5.22, respectively. Both BSFC and ISFC
decrease with increasing engine load due to higher engine operation. Higher engine revs result in
a faster combustion cycle, which reduces energy loss from heat radiation to the cylinder wall and

cooling system, compared to lower engine speeds.

Thermal efficiency describes the efficiency of converting thermal energy input to
mechanical energy output. At the same engine speed, both thermal efficiencies increase with
increasing load due to a higher burningrate, as shown in Figures 5.23 and Figure 5.24. Thermal
efficiencies increase with increasing engine load while the engine speed remains constant.
Additionally, all cases have a similar brake thermal efficiency of around 30%. Meanwhile, without
DPF system, the IET is 4-6% higher than BTE; While with DPF system, ITE is 5-11% higher than BTE
owing to the DPF system cause the friction loss increase between 1-6% as indicated in Figure
5.25; the friction loss increases with engine rpm increasing due to more revolution cause more
friction work; and friction loss increase with DPF system due to the DPF cause a backpressure

impede the piston and crank angle movement.
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Figure 5.17 Fuel consumption with and without DOC and DPF
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Figure 5.18 Indicated work with and without DOC and DPF

03
[ ]without DOC and DPF
[ ] with DOC and DPF
~0.2] A B e
_? | ] =1 L
b=
<
g
(O]
7
o1
0.0
56 | 84 [112 [140 | 56 | 84 [112] 140 [ 56 [ 84 [ 112 [ 140
1000 1500 2000

Figure 5.19 ISFC with and without DOC and DPF
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Figure 5.20 ISEC with and without DOC and DPF
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Figure 5.21 BSFC with and without DOC and DPF
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Figure 5.22 BSEC with and without DOC and DPF
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Figure 5.23 BTE with and without DOC and DPF
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Figure 5.24 ITE with and without DOC and DPF
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Figure 5.25 Friction loss with and without DOC and DPF

5.1.3 DPF Pressure Drop Comparison

The comparison results as presentin Figure 5.26 indicate the pressure drop between the
calculated, simulated, and tested results of the 300 CPSI DOC and 300 CPSI DPF. The results
demonstrate that the simulation and calculation results are highly consistent, and the deviation
from the experimental results is only 5-10%, primarily due to operational and instrumental
precision errors. From the results, it is apparent that the pressure drop of a clean DPF increases
with engine speed, as the engine operates better. At 2000rpm, the transient pressure drop of a

clean DPF is approximately 1.4kPa.
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Figure 5.27 Partial flow DPF continuous pressure drop

The continuous pressure drop across the diesel particulate filter (DPF) was tested under
steady-state loading conditions for the diesel oxidation catalyst (DOC)-DPF system, as depicted in
Figure 5.27. A steady rise in pressure drop was observed with increasing load across the DPF

system, attributed to soot accumulation. The initial pressure drop was 0.3 kPa, and it increased
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to 1.3 kPa after three hours of engine running. The pressure drop of P-DPF is relatively lower than
F-DPF due to the physical structure, it’s a strong point of P-DPF. Pressure drops were also

observed around 6000s and 9000s due to the engine stoppingdue to the temperature is too high.
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Figure 5.28 Testing DPF pressure drop

Figure 5.28 represents the pressure drop of DOC and DPF system, from the result, we
found pressure drop increase with engine load increasing due to faster engine operation and more
soot trapped in DPF. CeO2 catalyst DPF has lower pressure drop than non-Cat DPF owingto CeO2
promotes the soot regeneration. The pressure drop is varied from new DPF to cleaned DPF
depending on how much soot oxidize, the catalyst does not influence much if the temperature
is not higher enough. From the experimental results that pressure drop of DOC and P-DPF has no

significant impact on engine performance.

5.1.4 Emissions
Soot, NOx, CO, HC, CO2 etc, were generated during diesel engine combustion. The diesel
fuels exhibit their highest smoke intensity at an engine speed of 1000 rpm and an engine load of

140 Nm. This engine speed is associated with a higher fuel-air equivalent ratio, indicating a richer
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combustion compared to other speeds. Moreover, the engine load of 140 Nm at 1000 rpm is
considered heavy, leading to incomplete combustion due to the higher equivalent ratio and
engine load. Consequently, the smoke intensity is higher under such conditions. To address this
issue, the CeO2 DOC and P-DPF systems can be employed to reduce smoke emission. In
comparison to not using these systems, their use can result in a reduction of approximately 65%

in smoke emission as a result from Figure 5.29 and Figure 5.30.

The most concerning of diesel engine emission is NOx emissions. NOx emissions are
increased with the engine speeds, engine loads as shown in Figure 5.31. The nitrogen oxide
contentincreases as the temperature increasing in the combustion chamber. This corresponds to
a higher exhaust temperature. According to the testing result, NOx reduced by around 30% with
after-treatment system due to back pressure increases, so higher density exhaustgas goes to EGR,

NOx decreases with temperature decreasins.

The exhaust temperature of no DOC and DPF system has a higher temperature due to
DOC and DPF absorbing the heat, but no significant influence at higsh exhaust temperature due to
a considerable heat flux rate. As engine speed and loads increases, the exhaust temperature
measured by a thermocouplein the exhaust pipe also increasing. This is illustrated in Figure 5.32.
The reason for this is that the increased in-cylinder pressure leads to higher combustion
temperatures. Moreover, as engine load and speed increase, combustion operates at a faster rate,

leaving less time for heat loss to the cooling system and heat radiation.

HC and CO were generated at low engine rpm and higher engine torque due to incomplete
combustion. As presented in Fig. 5.34. at 1000rpm and 140Nm), CO %vol was reduced up to 82%
by using a CeO2 catalyst converter. Meanwhile, HC was notably reduced when we applied a CeO2
DOC, as indicated in Fig. 5.33. In the test, we use a new non-catalyst 300 DPF. So, it has a better
soot-trapping ability. Furthermore, part of liquid hydrocarbon trapped by metal fiber as a species

of soot due to HC in the liquid phase will be easily trapping.
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Figure 5.30 Opacity of diesel engine
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Figure 5.32 Exhaust temperature of diesel engine
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Figure 5.37 Lambda of diesel engine

The amount of CO2 emissions represents in Figures 5.35 in vol% unit. The CO2 increase
with the engine load increasing due to inject more fuel. During the oxidation process, CO2 was
generated at the same time. In CeO2 DOC and P-DPF cases at high load conditions, CO2 is
increased while O2 reduced, thisis because partial of NO2 passive regenerate the soot at a normal
engine operation.

The oxygen in the exhaustreduces as the engine load increasing due to more fuel injected
into the combustion chamber as indicates in Figure 5.36, a greater amount of oxygen in the air is
chemically reacted with the fuel. Typically, after diesel combustion, around 10% of oxygen
remains in the exhaust. The remaining oxygen will react with hydrocarbons (HC), nitrogen oxides
(NO), and carbon monoxide (CO) in the CeO2 catalyst before proceeding to the next stage. In the
next stage, the remaining oxygen will react with soot in the partial flow diesel particulate filter
(DPF) at a high temperature. The amount of carbon dioxide is opposite with O2 quantity.

Lambda A indicates air-fuel equivalent ratio that equals to stoichiometric air-fuel ratio
divided by the actual air-fuel ratio. From the testing result as show in Figure 5.37, all of the testing
condition are lean combustion because the test conditions conduct at 20-50% engine load.
Lambda decreases with the engine load increasing due to more complete combustion. The

lambda is lower with DOC and DPF system due to the back pressure.
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Figure 5.38 NOx and soot analysis

It shows a trade-off between NOx and soot by gathering all testing cases illustrated in
Figure 5.38. It approximately separate into three groups:

Group 1: Low PMs and high NOx with low torque; 14.66kW-29.32kW (high torque)

Group 2: Low PMs and low NOx; 5.86kW-17.6kW

Group 3: High PMs and low NOx; 11.73kW-22kW (higher torque).

Based on the results of nitrogen and carbon particle tests, higher torque conditions
generate a significant amount of thermal-NOx through Zeldovich’s Mechanism, but better engine
combustion results in less soot. In contrast, incomplete combustion at low engine power
conditions results in fewer NOx emissions but more soot. To address these issues, we can design
a strategy for the after-treatment system. For example, gasoline engine fuels are premixed to
improve combustion, but high temperatures generate NOx emissions, which can be reduced by
applying SCR. For diesel engines, incomplete combustion leads to soot production, and we can

use the EGR system to lower combustion temperature and the DPF system to trap particulate
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matter. Both of these strategies have been successfully applied in commercial vehicles. NOx

increases with exhaust temperature up to 375 degree Celsius than goes down as in Figure 5.39.
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Figure 5.39 NOx and O2 analysis

5.2 Chassis dyno testing

The Pollution Control Department conducted chassis dyno testing on the Toyota Tiger
with and without DOC and DPF systems. To replicate actual driving conditions, the test used
European standards, with urban driving (Phase 1) limited to a maximum speed of 50km/h and
highway driving (Phase 2) limited to a maximum speed of 120km/h. The results showed that the
use of DOC and DPF systems led to a 40% reduction in PN, as demonstrated in Figures 5.41 and
Figure 5.40, CeO2 DOC with CeO2 DPF proved to be the best case for PN reduction in this

experiment.

Figure 5.42 illustrates the average weight of particulate matter, which is the total weight
of all sizes of black soot based on Euro standard 4 to 5. The use of DOC and DPF systems reduced

the weight of particulate matter by approximately 50%, with CeO2 DPF achieving up to 70%
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reduction. This is due to the CeO2 catalyst's ability to reduce the soot regeneration temperature.

However, the original DOC only reduced PM by 20%.

HC levels were reduced by around 30% with the after-treatment system, as shown in

Figure 5.43. However, only the original DOC achieved the best HC reduction rate, as DPF's pressure

drop can impact engine performance.

NOx levels decreased by 20% with the use of DOC and DPF systems, as demonstrated in
Figure 5.44. With a CeO2 catalyst, NO2 can regenerate soot more efficiently at a normal engine

operating temperature.

CO levels decreased with the original DOC, as the catalyst promotes the HC reaction with
0O2. However, DPF may cause a slight increase in CO due to the back pressure,as shownin Figure

5.45. The use of DOC and DPF systems had little impact on CO2 levels, as seen in Figure 5.46.
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Figure 5.40 Real time particulate number of diesel vehicle
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CONCLUSION

In this study, the effects of catalytic DOC and partial flow DPF systems on combustion
characteristics, performance, and emissions were examined. The experiment was conducted on
a diesel engine with a three-liter and four-cylinder common rail system using an engine
dynamometer. The engine was tested at various loads of 56, 84, 112, and 140 Nm and constant
engine speeds of 1000, 1500, and 2000 rpm. The results of the combustion analysis revealed that
the maximum pressure and heat release rate increased with increasingengine load but decreased
with decreasing engine speed. Furthermore, fuel consumption rate and thermal efficiency
increased with increasing engine load and engine speed, whereas specific fuel consumption
decreased.

Due to increased back pressure, the CeO2 DOC and DPF systems could reduce NOx by
approximately 300 ppm at higher engine loads — the combustion temperature decrease when
high-density exhaust ¢as goes to EGR. Therefore, the NOx decreases, particularly at 140Nm, where
thereis an increasein CO2 quantity. This suggests that some of the NO2 was passively regenerating
the soot that was trapped in the partial-flow DPF. In addition, the CeO2 DOC and DPF systems
were able to decrease particulate matters by about 65%. Moreover, after applying the after-
treatment systems, there was a substantial reduction in CO and HC. Combustion pressure and
crank angle were detected by an in-cylinder pressure sensor and crank angle encoder. From the
results, without DPF system, the IET is 4-6% higher than BTE; While with DPF system, ITE is 5-11%
higher than BTE owing to the DPF system cause the friction loss increase between 1-6%; the

friction loss increases with engine rpm increasing due to more revolution cause more friction work.

The chassis dyno testing of diesel vehicle is the simulation of an actual driving cycle of
urban and highway driving. As a result, from the vehicle test at the pollution control department
indicate that with DOC and DPF systems, PN was reduced by 4.8E+13/km, PM was reduced by
20.9mg/km, NOx reduces by 182mg/km, and HC decreased by 20mg/km. Comparing a catalytic
DPF with a Non-Cat DPF, the PM is 3mg/km lower when applying CeO2 DPF. It has emerged that
DOC has a better HC reduction rate of around 5mg/km compared with DPF because DPF leads to
more significant back pressure. CO decreased by around 140mg/km with only a DOC system; it

could reduce by 200mg/km in highway driving mode.
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This study focuses on the pressure drop and filtration efficiency of a 3-litre diesel engine.
It was investigated that partial-flow DPF has around 50% lower back pressure than full-flow DPF
at the exact geometric condition; meanwhile, the average filtration efficiency is around 30% less.
For the 3L engine, the ideal cell density should be set between 200-300 CPSI; the channel length
should be 150-230mm; the hydraulic diameter should be designed between 120-240mm.
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FOCUSLAB.

Fluid & Oil Analysis Technology

APPENDIX A

TEST RESULTS

& 150 9001 - 2015 Certified

Focuslab Ltd

Customer Code 1 20010 Sample Informatlion
Customer Name : KMITL UnitID /
Address : 3 Moo 2, Chalongkrung Road Sample Information B10
Ladkrabang Identification
Bangkok 10520 Unit type FUEL
Oil type DIESEL B10
Sampling Date = 22-Jun-21
Recieved Date - 22-Jun-21
Test Code : 811A
Test Report Sample No 21063747
Test Description Test Method Test Result Limit (a)
Apperance
Color Visual Inspection Bright and Clear Bright and Clear
Diesel Fuel
Density at 15 C , g/em® ASTM D4052 0.835 0.81-0.87
Cetane Index ASTM D976 549 Min 50
Distillation , C ASTM D86
Initial Boiling Point 180.0 -
90%vol. Recovered 3442 Max 357
Flash Point ASTM D93 66.0 Min 52
Fatty Acid Methyl Ester, %vol EN 14078 10.2 9-10
Pour Point, °C ASTM D97 0.0 Max 10
Flow Properties
Viscosity at40 C , cSt ASTM D445 30 18-41
Cleanliness
Total Contamination , mg/kg EN 12662 62 Max 24.0
Micro Carbon Residue (MCR) , %mass ASTM D4530 <0.01 Max 0.3
Ash , %wt ASTM D482 <0.001 Max 0.010
Total Sulfur Content , mg/kg ASTM D5453 24 4 Max 50
Water Content , mg/kg ASTM D6304 691 Max 200
Water and it, %Vol ASTM D2709 <0.01 Max 0.05
Interpretation of the Test Result

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

- Data is provided above.

Recommendation
- No recommendation for R&D

Remark

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

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

Tested and Issued By

| 1

d !
<4 _/,M)c.n,:,\f’{
Kanjana K.
Lab Technologist
http=//www tocuslab.co.th
FL-67
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FOCUS

™
Fluld & OIl Analysis Technology

& 150 9001 : 2015 Certified

Focuslab Ltd

Customer Code
Customer Name
Address

Test Code

1 20010
: KMITL
: 3 Moo 2, Chalongkrung Road

Ladkrabang
Bangkok 10520

: 811A

UnitID /

Sample Information
Identification

Unit type

Oil type

Sampling Date
Recieved Date

Sample Informatlon
B10

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

B10

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

FL-6.7
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FOCUSLAB".

V) 1509001:2015 Certified

FocusLab Ltd.

Fiuid & Oil Analysis Technology
G Code  : 20010 € UnitlD  : DIESEL B10
s Name : KMITL u
1
x P Unit Type - FUEL
M Add - 3 Moo 2, Chalongkrung Road !U it Mak .
N Ladkrabang H Init Make - (not given)
R Bangkok 10520 T Unit Model ; (notgiven)
Site : i
Location : 7\%«%’3% . DIESEL B10
L

Testcode ; 601200 60400 6114

0il System Capacity :

Notes (Finding, Evaluation, Interpretation, Suggestion and Recommendation)

Data is provided below.

Somchal J.

Condition History

I|I

Lab ID I =

Bottle ID '2 o

Date Sampled % g

0Oil Hours (Kms) | S =
a

Unit Hours (Kms)

0il Change

Oil Added (Liters)
Filters Hours (Kms’

Current Sample Previous Sample

Wearmegil  Cotn WXLy T e

20091079 |
701419 | {
03-Sep-20 | )
Not Given | |
Not Given |

Baseline and Alarm Limit

Alarm Limit

Alarm Limit Matrix -Set Name

e / oil type)

(Equipment t

No Interpretation Required

MZ—rmMw>0o

Iron D-5185 i

Chromium : D-5185 | PPM [ 00 l
Lead = P 0.1 I

Copper \ D-5185 ] PPM | 0.0

Tin D-5185 | PPM 0.1 | \
Aluminum D-5185 “PPM ) 04 | I
Nickel | _D'5185 | 'PPM 0.0 | i
Silver I~D.5185 | PP 0.0 { {
Molybdenum |~D-5185,] PPM 1 0.0 | |
Titanium D=5185 $PPM )| 0.0

PQ Index DB184 | Index | ;
Oil Condition :

Viscosity @ 40°C D-445 St GaTs ! |
Viscosity @ 100°C D-445.8  cst \ |
Oxidation D7414 Abs |
Nitration |\ 07624 NAcsicm | E
Acid Number D974, | ™KQHE. | :

ﬁ L-Catttion U-Calition “

Water D-6304 {55 (W)

Sodium D-5185 | PRM | 0

Silicon D-5185 | PPM] .o }
e

Additive Element -

Boron D5185 | PPM 0

Magnesium D-5185 | PPM 0 | |

Calcium D-5185 | PPM 0 {

Beai D-5185 | PPM 0 |

Phosphorus D-5185 | PPM 1

Zine D-5185 | PPM 0

RS RO Lo i buie U

Flash Point D-2828 c
Viscosity Index D-2270
Flash Point D-93 °C

65

| Note: Alarm Limits are variable and dependent upon dataset size and to be used as general guideline.

No 8ign  or NORMAL or

and

Acauracy of

are based on

{ first level warning imit) s

sample and information supplied.

W oor .: Warming  ( second level warning limit)

No warranty is expressed or implied for this report.

Focuslab Ltd. Bangkok Thailand www.focuslab.co.th focuslab@focuslab.co.th
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Sample
Sample owner
Objective
Instrurment
Job ID
Analysis Date

Analysis Report

Biodiesel

King Mongkut's Institute of Technology Ladkrabang

To analyse heating value of combustion

Automatic Bomb Calorimeter ; Leco model AC - 500

640707-9246
July 28, 2021

Results
Heating value of combustion (MJ/kg)
Sample name
#1 #2 Average
Biodiesel BT 45.26 4524 45.25
Biodiesel B10 45.80 45.46 45.63
Biodiesel B20 44.89 45.01 44.95
Biodiesel B100 39.84 40.03 39.94
Biodiesel B20E5 43.90 43.99 43.95
Biodiesel B20E10 42.66 42.78 4272
Biodiesel B20E20 40.61 40.45 40.53
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EagerSmart Summarize Results

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

Group No : 1 Element %

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

B20_2 0 82.24542999 13.38155937 0

B20_3 0 82.98455048 13.52551937 0

B10_1 0 84.58450317 13.53221703 0

B10_2 0 84.74507141 13.58557034 0

6 Sample(s) in Group No : 1

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

ICERE 2022

School of Environmental

Science and Technology

(Hanoi University of Science and Technology) Vietnam

February 25-27, 2022

CONTACT

B Tel: +86-(0)28-88220101
Mobile: +86-15908122414

g Conference Secretary: Ms-Alice Lin
icereeieet,ac.cn

@ http://www.iceretorg /

SUBMISSION METHOD

% Online Submission Systems
http:/ /confsys.iconf.erg/submission/icere2022

% Emailiicereeieet.ac.cn

CALL FOR PAPER

Topics of interest fof submission include, but are not

limited to:

Session A: Energy Science and Technology

« (01) Development and Utilization of'Solar Energy

* (02) Development and Utilization of Biomass
Energy

 (03) Development and Utilization of Wind Energy

Session B: Environmental Science and

Engineering

« (1) Environmental Chemistry and Biology

¢ (2) Environmental Materials

 (3) Environmental Safety and Health

Session C: Motivation, Electrical Engineering

and Automation

« (1) Engineering Thermophysics

¢ (2) Thermal Engineering

* (3) Power Machinery and Engineering

Session D: The Develop t and Utilization of

Resources

* (1) Mineral Prospecting and Exploration
* (2) Mining Engineering
* (3) Mining Machinery Engineering

CONFERENCE INTRODUCTION

ICERE! 2022 is_supported by School of Environmental Science and
Technology '(Hanoi»University of:Science and Technelogy), Vietnam,
VYNU-Uniyersity. ofsscience and Beijing “CASwulndustrial ‘Energy and
Envitonment\Technology-Institute.oAs a, leader in the global trend of
scientific | and stechnological ~innovation, China is ‘creating an
increasingly” open yenvironment ~for sscientific and * technological
innovation,, expanding the ! depth | and ‘breadth: of | academic
cooperation,, and| building an' innovation ‘communify. These efforts
have made new contributions to-advaneing globalization and building
a, community with ‘a shared futdre for mankind. In order to edapt to
the-changes of the world and the rapid‘development of China in the
new era, the 2022 8th International Conference on.Environment and
Renewable Energy (ICERE-2022) will be held-during, February 25-27,
20224in Schoolof Environmental”Science and, Technology (Hanoi
University'of Science and/Technology), Vietnam. The conference aims
to facilitate the exchange of ‘the latest and advanced information
among scientists and engineers in a wide‘rangelof fields such as
‘environment" ‘and "'renewable energy". In‘partictlar, the Forum aims
fo promote exchanges/ and cooperation, between basic researchers
and those engaged.in‘the development offprdctical technologies in
related fields such as environment, and renewable energy.

PAPER PUBLICATION

For=papers=submitted«to ICERE 2022, after the peer reviewing
process by at least 2-3 experts, the accepted papers will be
published into International Conference Proceeding, which is indexed
by El Compendex, Scopus, Thomson Reuters (WoS), Inspec,et al.

IMPORTANT DATE

Paper Submission
Notification of Acceptance
Authors' Registration
Conference Dates

Before January 31, 2022
Before February 15, 2022
Before February 25, 2022
February 25-27, 2022
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Reduction of Diesel Engine’s Particulate Matters using
Retrofit CeO: Diesel Oxidative Catalyst and Partial Flow
Diesel Particulate Filter System

Hai Liu*!, Chinda Charoenphonphanich!, Preechar Karin!, Mek Srilomsak!,
Sompong Srimanesaowapak?, Katsunori Hanamura®.

1 School of Engincering, King Mongkut's Institute of Technology Ladkrabang,
Bangkok, 10520, Thailand

2 National Metal and Materials Technology Center, National Science and Technology
Development Agency, Pathum Thani 12120, Thailand

3 School of Engincering, Tokyo Institute of Technology, Tokyo, 152-8552, Japan
E-mail: 63601186@kmitl.ac.th

Abstract. In this research, CeO2 was chosen for the DOC catalyst. Moreover, a partial-flow DPF
was installed after DOC. The exhaust gas experiment was conducted at 20% - 50% engine load
varying 1000,1500, and 2000 rpm of engine speed. The research results show that NOx reduced
around 25% with CeO2 DOC and DPF systems at higher engine load. On the other hand,
particulate matters decrease around 65% after CeO2 DOC and DPF systems. Furthermore, CO
and HC amount were substantially reduced after applying after-trcatment systems. According to
fuel consumption, BSFC, and BTE results, the after-trcatment system has no significant impact
on enging performance.

1. Introduction

In recent years, the diesel engine has developed widely in passenger cars, trucks, buses, heavy equipment
in construction generators in buildings and industrial plants due to thermal efficiency, engine
performance, and lifetime in different purposes. The diesel engine is in a non-homogeneous combustion
processing because diesel fuel is directly injected into the combustion chamber. There are high quantities
of emission particles called soot or PMs coming from non-homogenous combustion. Incomplete
combustion is the beginning of pollutants, particles of soot that consist mainly of carbon in solid phase
mixed with other components such as minor ash of metals from the additive lubricants and unburned
hydrocarbon fuels condensed on the surface of carbon soot in a liquid phase. We should remove the
particulate matter from the exhaust gas emitted from diesel engines to protect the environment and
human health. Therefore, regulation of vehicle emissions has become increasingly strict [ 1,2,3]. During
the non-homogeneous combustion NOx, HC, CO, SOF are generated simultaneously. Thus, the diesel
engine after-treatment system adopts a variety of purification technology integrated systems, of which
the diesel vehicle oxidation catalytic DOC technology is an important part [4]. The traditional three-
way catalytic technology cannot effectively play the role of purification. DOC with catalyst can oxidize
the toxic exhaust gas to cco-friendly gas. Pt, Pd, and Ce are typically chosen for DOC. In this article,
CeO; was selected for DOC, the catalyst requires a low-temperature performance and sulphur resistance.
Another essential issue with removing carbon particulate matter from the diesel exhaust gas is a
challenging and relevant topic in automotive catalysis and cngincering. The emission standards arc
tightened worldwide, whereas the intensive engine development and optimization programmer will
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probably not result in the required reduction of emissions |5|. The particle filter DPF is used to capture
and oxidize exhaust particles. Diesel particulate filters are used in vehicles to decrease the amount of
particulate matter emitted by diesel engines. An efficiently working DPF is subjected to soot
accumulation and periodic filter regeneration by soot oxidation [6,7,8].

After-treatment technology is designed to trap and disperse polluting soot particles into CO.,
automatically coupled with an electronic engine control system. This technology is used in developed
countries where enforced pollution control laws: Euro 5 and above, such as European countries, Japan
and America. Nevertheless, there is a standard equivalent to Euro 3 for trucks and large buses and Euro
4 for passenger cars in some Asian countries. Personally, it is not necessary to install the post-
combustion technology at the time. However, it is expected that a more stringent pollution control law
equivalent to Euro 5 is expected soon to address pollution problems in large cities. Must start from diesel
engine exhaust gas to protect the environment and human health. Therefore, the regulation of automobile
exhaust emissions is becoming stricter and stricter [9,10,11].

2. Experiment

2.1. Structure of DOC and Partial Flow DPF Mechanism

The investigated DOC and DPF mechanism with a honeycomb structure are shown in the section view
of Fig. (1, D). Partial-flow dicsel particulate filters have a double internal structure presented in Fig. (1,
A). The first layer is a metal foil shown in Fig. (1, B), like the DOC mctal flow guide that allows the
cxhaust gas to pass through and lcads partial of the soot to be trapped in the second layer, which is metal
fiber as Fig. (1, C).

HC,CO, 0z s - 0, C, %% — COz, N,
NO, Soot \tL NO ————— H.0

M Vi /

{

Catalytic converter Metal foil

D
Fig. 1. Physical mechanism of DOC and DPF.

Diesel oxidative catalyst has an internal structure as metal fins or metal foil. It is uniformly coated with
CeO; catalyst on its surface to convert nitrogen oxides (NO) from the exhaust gas to nitrogen dioxide
(NO»). Carbon soot reacts with nitrogen dioxide previously prepared by catalytic converters, where
carbon soot becomes carbon dioxide (CO.). Furthermore, partial flow DPF allow around half of
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emissions flow out directly owing to the structure itself, another half of exhaust gas will flow through
metal fibre. Therefore, soot, HC in solid phase, and ash will be trapped in metal fibre. The exhaust gas
come from combustion chambers, including hydrocarbon, carbon monoxide, NOx, and particulate
matter. HC and CO are eliminated due to catalyst. During the process, NO will be oxidized to NO,, and
it plays an essential role in soot regeneration in particulate filters |12,13,14,15].

2.2. Experimental setup

The diesel engine with a common-rail and direct-injection system is connected to a dynamometer, as
shown in Fig. (2). The engine is tested with B10 fuel at 1000, 1500, and 2000 rpm under 20%-50%
engine load. The exhaust ingredients have been measured by an exhaust gas analyzer. The analyzer
measures the ingredients quantity based on the proportion of each gas species at a certain exhaust
volume. At the samc time, smoke intensity was gauged by a smoke meter. The smoke intensity
determines the amount of soot based on the light reflection. In this experiment, we measure the exhausts,
temperature, and pressure at 3 locations as shown in Fig. (2), P1 indicates position 1, which exhausts
gas flow out from the engine; P2 means position 2 with DOC cffecting; P3 represents position 3 after
DOC and partial-flow DPF system. The wholc system was controlled by clectronic control unit that
operates in another room for safety.

: Fuel tank l

Weight scale
(]

——
=
Computer Fuel pump

‘- [l
Dynamometer
-

T |
| Cooling tower : I ﬁ @ m

AVL Smoke meter  Paper filter

Radiator
Water tank

Fig. 2. Experimental equipment set up

Tab. (1) provides the engine specification of the diesel engine, which the engine power for this bench
test is approximately up to 100 kW. There are three conditions shown in Tab. (2) with 1000rpm,
1500rpm, and 2000rpm testing under 10%-40% engine load, respectively are 56Nm, 84Nm, 1 12Nm,
and 140Nm. Multi-testing should be considered under high engine load and high engine speed due to
unstable experimental data.

Before the experimental start, the diesel fuel will be prepared by the fuel supply system controlled by a
three-way valve and a weight meter to measure the fuel consumption. The vehicle’s engine speed was
settled at 1,000, 1,500, and 2,000 rpm at 20-50% of engine load. The engine torque and speed were
controlled by a load cell settled in the dynamometer and ECU. Furthermore, exhausts get through DOC
and DPF then arrive in the exhaust gas analyzer. Afler exhausts pass through the catalyst converter, the
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exhaust temperature is different at P1, P2, and P3 because of exothermic reactions in DOC, heat flux,
and diffusion. The exhaust gas analyzer automatically measures carbon dioxide, carbon monoxide,
hydrocarbon, oxygen, lambda, nitrogen oxide, and exhaust temperature during the engine operation. The
PMs quantity was measured by the smoke intensity meter and exhaust gas analyzer at a meantime.
Tab. (3) shows the units of exhausting results. PPM means parts per million which indicate the amount
of each exhaust gas. (1 ppm = 1 mg/L = Img/kg = Img/km, 1 ppb =1 pg/L, % Vol = 100ppm). Tab. (4)
represents the accuracy of each exhaust gas, and the error increases with the quantity of exhaust gas
goes up.

Table 1. Engine specification Table 3. Investigated factors units
Items Details Test results Unit
Engine Model 4111-TC Cco % Vol
Engine Type Diesel, 4 Cycles CO: % Vol
Layout Inline - 4 0; % Vol
Bore X Stroke (mm) 954 x 1049 NOx ppm
Total Displacement (cc) 2,999 HC ppm
Compression Ratio 18.3 Opacity_ » Y%
Compression Pressure >3 MPa Smoke intensity %o
Combustion Chamber Direct Injection
Cylinder Liner Liner Less Table 4. Accuracy of measured factors
Engi.nc Idle Splccd (rpm) 700 £25 Factors Accuracy
Maximum Engine Speed 4,400 £+ 50' 10.0% - 0.02% vol
Fuel System Common Rail co ~10.0% - % 5% o.M
Maximum Torque (Nm) 108 =Fonlor, A
Maximum Power (kW) 170 o <16.0%. +0.3% vol
i >16.0%.: % 5% o.M
Table 2. Boundary conditions
<2000ppm
Conditions pm Load / Nm HC >5000% ppm
Condition 1-4 1000 56/84/112/140 <10000% ppm
Condition 2-8 1500 56/84/112/140 ‘
Condition 9-12 2000 56/84/112/140 0. £0.02% vol
NOx % 5ppm vol

3. Results and discussion

3.1. Engine performance analysis

Fuel flow rate increases with the engine load go up, as represented in Fig. (3). Brake specific fuel
consumption and brake specific energy consumption of different DOC and DPF systems are shown in
Fig. (4) and Fig. (5). Specific fuel consumption can be deseribed as fucl consumption per power unit,
which fuels have higher or lower specific fuel consumption at the same power unit. BSFC are reduced
at higher engine loads due to better combustion. Morcover, the fuel and air are mixed well cause a
complete combustion. From the results, it was found that BTE in Fig. (6) is higher when the engine load
increases which corresponds to BSFC and fuel flow rate. Thermal efficiency can describe the efficiency
of the mechanical energy generated by the thermal energy inpul. At the same engine speed, both thermal
efficiencies are increased following the load increase because of the higher burning rate. Moreover, all

90



ICERE-2022 10P Publishing
IOP Conf. Series: Earth and Environmental Science 1121 (2022) 012017 doi: 10.1088/1755-1315/1121/1/012017

cases are nearly the same brake thermal efficiency at around 30%. According to the results, the
aftertreatment system has no great impact on the engine performance.

[_Iwithout DOC and DPF Without DOC and DPF
02 300 DOC With Non Catalyst 300 DPF 350 L 1€e02 300 DOC With Non Catalyst 300 DPF|
Ce02 300 DOC With CeOZ 300 DPF CeO2 300 DOC With GeO2 300 DPF

L.

Fuel Flow Rate (g/s)
=

il

|56 | 84 [ 112] 140 | 56 | 84 [ 112 [ 140 | 56 | 84 | 112

56 | 84 | 112 140 | 56 84|112 140 | 56 | 84 | 112 | 140

1000 | 1500 | 2000 1000 [ 1500 2000
Fig. 3. Fuel flow rate. Fig. 4. Brake specific fuel consumption.
18000 ————— = — =y - 50— MY AR LW — - — —— —
[ [Withaut DOC and DPF Without DOC and DPF
16000 [E27] ce02 300 DOC with Non-cat 300 DPF 451 Ce02 300 DOC With Non Catalyst 300 DPF|
ECEOE 300 DOC with Ca02 300 DPF Ce02 300 DOC With CeO2 300 DPF
14000 T7CY] 6 S -V =03 VA | A j i)
354
|

84 [112 | 140
1000 | 1500 | 2000 |

Fig. 5. Brake specific energy consumption. Fig. 6. Brake thermal efficiency.

3.2. Emission analysis

Fig. (7) shows oxygen in the exhaust gas. The oxygen in the exhaust is reduced as the engine load
increases due to a higher proportion of fuel injected into the combustion chamber. Therefore, oxygen in
the air is chemically reacted with a higher proportion of fuel. After diescl combustion, there is
approximately 10% of oxygen left. Morcover, oxygen will react with HC, NO, CO in CcO: catalyst
firstly. Afier that, O oxidizes the soot in partial flow DPF at a high temperature. During the oxidation
process, CO> was generated at the same time. Fig. (8) indicates carbon dioxide in %vol in the exhaust
gas. Carbon dioxide rises with the quantity of fuel injected into the combustion chamber, opposite to
oxygen. The CO; amount is lower while using a partial-flow DPF due to the soot reacting with O; at a
relatively higher temperature. CO was generated as a result of incomplete combustion as presented in
Fig. (9). At 1000rpm and 140Nm, CO %vol was reduced up to 82% by using a CeO: catalyst converter.
Meanwhile, HC was notably reduced when we applied a CeO: DOC as indicated in Fig. (10). In the test,
we use a new non-catalyst 300 DPF. So, it has a better soot trapping ability; HC in the liquid phase will
be easily trapped in the metal fibre. The exhaust temperature of no DOC and DPF system has a higher
temperature due to DOC and DPF absorbing the heat, but no significant influence at high exhaust
temperature due to a considerable heat flux rate. The nitrogen oxide content increases as the temperature
increases in the combustion chamber as shown in Fig. (11); this corresponds to a higher exhaust
temperature in Fig. (12). NO, was reduced with the DPF system at high load due to NO: being easy to
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react with soot in terms of passive regeneration. Fig. (13) indicates the opacity of exhaust gas measured
from the exhaust gas analyzer. This graph shows much soot particle generated at high load with a lower
engine rpm condition due to incomplete combustion. The soot was reduced by more than 50% with
DOC and DPF systems. With a DPF system, higher density exhaust gas goes to EGR because back
pressure increases; the temperature reduces owing to CO,’s vast heat capacity; thus, NOy decreases in
the meantime.

Fig. (14) represents the smoke intensity of exhaust gas measured from the smoke meter. The result is
like opacity percentage from exhaust gas analyzer; both are shown over 50% soot reduction with an
after-treatment system. From nitrogen and carbon particles results, there is a trade-off between NOyx and
soot measured from tested cases. Under higher torque conditions, much amount of thermal-NOx is
generated by Zeldovich’s Mechanism; but little soot is due to better engine combustion. On the other
hand, there are few NOx but more soot due to incomplete combustion at low engine power conditions.
Therefore, we could make a strategy to design the after-treatment system. For instance, most gasoline
cengine fuels arc premixed to better combustion, but NOy is generated duc to high temperature; therefore,
we can apply SCR to reduce NOx. Go further to the diesel engine; soot is produced due to incomplete
combustion. In this case, we could use EGR system to reduce the combustion temperature and add the
DPF system to trap the particulate matter. These two strategies are successfully applied in commercial
vehicles.

14 [ TWithout DOC and DPF
[ Ce02 300 DOC With Non Catalyst 300 DPF
[ 5] Ce02 300 DOC With CeO2 300 DPF

Ce02 300 DOC With Non Catalyst 300 DPF|

‘ Without DOC and DPF

€02 (% Vol)

~ 1000 J| 1500 | 2000

Fig. 7. Oxygen. Fig, 8. Carbon dioxide.
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Fig. 9. Carbon monoxide. Fig. 10. Hydrocarbon.
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4. Conclusion

According to the testing results that NOx ppm reduced around 25% with CeO, DOC and partial flow
DPF systems at 140Nm corresponding to CO; quantity increasing owing to NO; passive regencrating
the soot trapped in the filter. On the other hand, particulate matters decrease around 65% due to metal
fibre trapping process. Furthermore, CO %vol and HC ppm were substantially reduced after applying
after-treatment systems. As the results of fucl consumption, BSFC, and BTE that aftcr-trcatment system
has no significant impact on engine performance.
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