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Abstract

Abstract

The combined effects of diesel oxidation catalyst (DOC) and ultra low
sulphur diesel (ULSD) fuel on the characteristics of diesel exhaust gaseous and
particle emissions under a diesel engine dynamometer test bed using a steady-state
mode cycle of the standard Economic Commission for Europe Regulation 49 test
modes for different eﬁgine loads from 10% to 100% of full engine load at a
maximum torque of constant speed and idle to fast engine acceleration conditions
have been investigated by using the developed gaseous and particle emission
measurement systems. In the absence of a standard diesel exhaust particle sampling
measurement system, a mini-dilution tunnel sampling (MDTS) and an ejector diluter
sampling (EDS) measurement systems have‘ been evaluated to ascertain the most
reliable measurement system that can minimise the particle transformations (Le.
nucleation, condensation and coagulation) which affect the exhaust particle number
and size distributions during the dilution process. Corﬁparing the particle number and
volume concentrations, the MDTS measurement system measures a lower level in
the nuclei mode but a higher level in the accumulation mode than EDS measurement
system. The measured results also show that the MDTS measurement system shifts
the particle count median diameter (CMD) to larger particle number and volume
concentration for all engine load conditions. It is mainly because the mini-tunnel
dilution leads to particle transformations of nucleation and condensation
simultaneously when the exhaust particle emission is cooled and diluted. However,
the effect of coagulation on the total number concentration has shown to be
negligible. On the other hand, the EDS measurement system can minimise the
particle transformations that affect the exhaust particle number and size distributions

during the heated dilution process.




Abstract

A fresh DOC can substantially reduce the nuclei mode particle number
concentration from 17% to 50%, the total particle number concentration from 15% to
49% and the total particle mass concentration from 24% to 75%, and slightly
increase the accumulation mode particle concentration from 1% to 7% when the
diesel engine load increases from 10% to 100% of full engine load at a maximum
torque of constant speed. Amongst this significant reduction of nuclei mode particle
number concentration, 14% to 35% reduction is mainly attributed to the oxidation
process that taken place, and the other 3% to 15% reduction comes from the
dominant particle thermophoresis and électrostatic deposition mechanism inside the
catalyst. However, the alteration level of particle CMD is not pronounced for
different engine load conditions. Between the nucleation and accumulation particle
modes, it is shown that the used catalyst increases 60% of the particle number

concentration in accumulation particle mode (i.e. 650 nm) after 30 operation hours.

It is also found that the installation of used DOC can reduce the gaseous
emissions from 10% to 97% for CO emission and 4% to 14% for HC, but there is no
effect on the NOx when the diesel engine load increases from 10% to 100% of full
engine load at a maximum torque of constant speed. In the fast engine acceleration
test, it is shown that there is no significant reduction of gaseous emissions in CO and
HC at the initial stage until the oxidation process of catalyst had taken place for

about 200 seconds.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background and Description of the Problems

Urban pollution has been the subject of growing public concem for more than
a decade in Hong Kong. In the White Paper of the Hong Kong government [1] and at
a recent environmental meeting [2], and Policy Address of the Chief Executive in
1999 [3], it has been identified that motor vehicles emissions are the major source of
urban air pollution. This is attributed to the fact that roads are dominated by motor
vehicles in Hong Kong, in which taxis, light buses, public buses and goods vehicles
(or trucks) operate with diesel engine extensively. Their exhaust emissions normally

affect the ambient air and its composition is an important factor affecting the urban

air quality.

In Hong Kong, motor vehicles are dominated by diesel and petrol engines.
Compared with petrol engines, diesel engines generate far less carbon monoxide and
hydrocarbons, but give rise to a greater amount of nitrogen oxides and particulate
matter. From previous investigations, researchers have estimated that the particulate
emissions from diesel engine per traveled distance is over 10 times higher than the

particulate emissions from petrol engine of equivalent power running on unleaded
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petrol, and over hundredfold higher than that of petrol engine equipped with
three-way catalytic converter [4]. According to the statistical data from the
Environmental Protection Department of the HKSAR Government, over 50% of
respirable suspended particulates in the ambient air is caused by diesel vehicle
emissions [5]. Consequently, diesel vehicle emissions have become the major

concern related to the air pollution problem in Hong Kong.

Typically, diesel exhaust emission contains a complex mixture of gas such as
carbon monoxide (CO), carbon dioxide (CO,), hydrocarbons (HC), nitrogen oxides
(NOx), sulphur dioxide (SO;), formaldehyde and particulate matter (PM) [6]. Diesel
engines normally generate more particulate matters than gasoline and compressedr
natural gas engines [7]. Various pollutants can cause different adverse health effects
on human body, for example, CO tends to block the hemoglobin oxygen carrying
capacity and therefore reduces the oxygen supply to the tissue and cause headaches,
dizziness and nausea. Particulate matter emitted from the diesel engine contains a
large amount of fine (diameter < 2.5 um) and ultra-fine (diameter < 0.1 um) particles.
It has been identified as not only inducing respiratory health problems but is also
probably carcinogenic to humans, potential of autoimmune disorders [8], alteration
in ability of blood coagulated and increased cardiovascular disorders [9]. Many

epidemiological/health studies have suggested that there is a strong correlation

2
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between mortality and size of particles ranging from fine particles (i.e. PM, s) to even
smaller particles, ultrafine particles and nano-sized particles for those smaller than
100 and 50 nm diameter, respectively [10-12]. There are numerous diesel vehicles
running in the urban area and emitting particulates into the ambient air everyday.
These ultra-fine particles have been found to suspend and exist on or near the
roadway [13-16). They are easy for people to inhale and are able to pass through the
nasal chamber and bronchia to reach the alveoli and deposited there [17]. On the
other hand, the automotive emissions are also considered to be the reason for
visibility reduction in Hong Kong [18]. Thus, a gre;elt deal of attention has been

focused on the exhaust emissions from the diesel vehicles recently.

The Government of the HKSAR has implemented a series of policy measures
to improve the urban air quality, these include introducing stringent practicable
emissions and diesel fuel standard (i.e. ultra low sulphur diesel, ULSD) and requiring
commercial light-duty and heavy-duty diesel vehicles to retrofit a low-cost
trap/diesel oxidation catalyst (DOC), and passive particulate trap in different phases,
respectively [19]. Since 2001, policy has been implemented to subsidise the vehicle
owners of pre-Euro light-duty diesel vehicles to install the low-cost particulate trap
or DOC. More than 80% of the light diesel fleet, or 24,000 light-duty diesel vehicles

have already been fitted with these devices. In addition, the bus companies have

3



Chapter 1 Introduction

retrofitted about 2,000 older buses of pre-Euro or Euro I engine models with diesel
oxidation catalytic converter. Basically, the diesel oxidation catalytic converter uses
the oxidation process to reduce the amount of CO, HC and particulate emissions by
mass in the exhaust gas from the vehicle. The usage of high quality ULSD fuel can
abate particulate emission, sulphur dioxide and also enable the use of advanced
control technologies [20-21]. By using the DOC and ULSD fuel, the exhaust gas is
likely to be cleaner and the air pollution will seem to be improved. However, this
may not reflect the full picture because the most important parameter related to the
particulate emission is the size and number of particles emitted from the vehicle. The
particle number and size directly affect the air pollution problem and the human
health of the people. If the DOC can reduce the total mass of particulate maters but
generates more ultra-fine particles, then it will totally defeat the original objective of
retrofitting the DOCs to the light-duty and heavy-duty vehicles. Therefore, it is
necessary to have a better understanding of the combined effects of DOC and ULSD
fuel on the characteristics of diesel exhaust gasecous and particle emissions from
different diesel engine load and idle to fast engine acceleration conditions combined
effects of performance of DOC in reducing the particulate emission in terms of the

size and number of particles.
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According to the present vehicle emission regulations, the diesel vehicular
particulate emission standards and control are usually based on the total mass of
particulate emission and smoke level, at which the measurement procedures are well
established [11,22-23). However, mass-based methods are at the edge of detectability
of particulate emission by modern low emission diesel engines and the diesel
aftertreatment devices with reduced particle mass concentration and smoke level may
significantly increase emission of larger number of ultra-fine particles [24]. The
emission standard and regulation normally use the mass rates but it cannot reflect the
true measure of the particulate concentration. Recently, many researchers have
shifted their interest from measuring the mass concentration of particles to the size
and number concentration of particles emitted from motor vehicles. The present
investigation is intended to have a better understanding of the combined effects on
the DOC and ULSD fuel on the characteristics of the exhaust particle size
concentration and distribution from a diesel engine. Before conducting any study, it
is essential to establish a highly reliable and repeatable particle emission
measurement system. Since the 1980s, the dilution tunnel measurement system has
been widely used to measure the exhaust particle emission from diesel vehicles.
Along with the emission measurement technology evolving in the last two decades,

some researchers have changed from the conventional mini-dilution tunnel sampling
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measurement system to an ejector diluter sampling measurement system for
determining the characteristics of particle emission. In order to obtain highly
accurate and reliable results of the exhaust particle size distribution and
concentration'from the DOC, the particle emission sampling measurement system
must be used carefully. Hence, two particle emission sampling measurement systems
(i.e. a mini-dilution tunnel and ejector diluter) will be established, and their particle
results will be compared and evaluated with each other to determine the most reliable
and repeatable particle emission sampling measurement system for subsequent

experiments.

1.2 Objectives and Scope of Study

Although the measurement system for determining diesel exhaust gaseous
and particulate (by mass) emissions have been established for more than two decades,
along with researchers become more interesting in diesel exhaust particle number
and size concentration, conventional measurement technique is not able to provide a
reliable information in these aspects. Over the past decade, researchers normally used
two different types of particle emission sampling measurement system, namely
mini-dilution tunnel and ejector diluter, to determine the exhaust particle emission

from a diesel engine. They did not have any thorough comparison on the
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characteristics of both particle emission measurement systems. Hence, a detailed
experimental investigation is required to study the characterisation of diesel exhaust

particle size distribution and concentration using these two measurement systems.

Although coqsiderable research groups have published on the characterisation
of exhaust gaseous and particle emissions from a diesel engine/vehicle, but there is
still a paucity of information on the combined effects of DOC and ULSD fue! on the
characteristics of gaseous and particle emissions for different diesel engine load
conditions. Hence, the following target objectives were discerned to allow

accomplishment of specific research aims:

(1) To establish a conventional mini-dilution tunnel and ejector diluter sampling
measurement systems and evaluate the characteristics of exhaust particle
emission in terms of the particle number and volume concentration, particle
CMD and particle transformation processes for different diesel engine load

conditions.

(1) To investigate the combined effects of DOC and ULSD
(i.e. 0.005% by weight S or 50 ppm S) fuel on the characteristics of diesel
gaseous and particle emissions for different diesel engine load and engine

acceleration conditions.
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(iii)  To identify the characteristics of diesel particle deposition and oxidation from

fresh and used catalyst of DOC for different engine load conditions.

1.3 Outline of Thesis

This thesis .consists of seven chapters which describe the development of two
particle measurement systems for diesel exhaust gaseous and particle emissions, the
performance study of a DOC in terms of gaseous and particle emissions under a
diesel engine dynamometer test bed using a steady-state mode cycle of the standard
Economic Commission for Europe Regulation 49 test modes for different engine
loads from 10% to 100% of full engine load at a maximum torque of constant speed

and idle to fast engine acceleration conditions, and the characterisation study of

particle deposition in a DOC.
A descriptibn of each Chapter is provided as follows:

Chapter 1 describes the need for this investigation of diesel exhaust gaseous
and particle emissions, as well as diesel aftertreatment device and provides
background information on air pollution issue in Hong Kong and global trend in this

field. The major objectives of this research programme are also mentioned in this

chapter.
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Chapter 2 presents a literature survey on the  emission formation,
measurement of diesel exhaust pollutants and the development of diesel
aftertreatment device. The chapter provides the necessary technical information of

diesel exhaust emission for this research programme.

Chapter 3 presents our preliminary study on the on-road performance of DOC
for a light-duty vehicle under the Hong Kong driving conditions. Detailed

information about the experiment and results are also provided [25].

Chapter 4 describes a comprehensive experimental work on studying the
performance of a diesel oxidation catalyst on exhaust gaseous and particle emissions.
The detailed description of conventional mini-dilution tunnel and state-of-the-art
ejector dilutor particle measurement systems and the SAE standard gaseous
measurement system were presented. The engi_ne test bed, testing procedures, data

handling and uncertainty of the experiment were also mentioned.

Chapter 5 discusses the study of particle deposition efficiency on catalyst
surface against particle diameter and chemical kinetic analysis of a DOC on exhaust

gaseous emission for different gaseous temperatures. The essential equations for the

calculation are also listed.
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Chapter 6 presents the characteristics of particle emission measured from the
two developed particle measurement systems. The particle number and volume
distributions obtained from the two particle measurement systems were compared to
determine the most reliable and repeatable particle emission measurement system.
On the other hand, the characteristics of DOC performance in the gaseous and
particle emissions were also reported. Both results were presented under three engine
conditions: 10%, 50% and 100% of full engine load at a maximum torque of constant
speed (i.e. 2200 rpm), and a fast engine acceleration and idle testing conditions. The

characteristics of diesel particle deposition and oxidation for the catalyst were also

discussed.

Finally, Chapter 7 presents the conclusion of the research programme and

offers some recommendations for future work.

10



Chapter 2 Literature Review

Chapter 2 Literature Review

2.1  Combustion and Pollutants Formation in a Diesel Engine

2.1.1 Combustion ip diesel engine

Diesel engine is a compression ignition engine with a diffusion flame [26].
Near the end of the compression stroke, liquid fuel is injected as one or more fuel jets.
The injector receives fuel at very high pressures in order to produce rapid injection.
The fuel jets entrain air and break up into fine fuel droplets, this provides rapid
mixing which is essential if the combustion is to occur sufficiently fast. The air is
warmed up due to the compression heating and its temperature is higher than the
injected fuel. It will enhance the evaporation of fuel droplets. The enthalpy of
evaporation is supplied by the air surrounding the droplets, so this air will be cooled
by evaporation. The fuel droplets will not ignite spontaneously the moment
evaporation begins. Even if the vapour is hot enough for ignition, sufficient air must
be entrained to generate a favourable air/fuel mixture ratio for combustion to proceed
at a significant rate. The fuel spray can be imagined as a core of droplets and fuel
vapour surrounding by an area comprising wholly evaporated droplets with
significant air around them. Further from the centre of the spray, the evaporation will

be completed and an air/fuel vapour mixture will exist.
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Before the combustion starts, the fuel spray may consist of a vapour core on
the wall and possibly along its surface. The spray boundary will be pure air, and a
discrete area just inside this boundary will bé too weak to burn significantly whatever
the combustion temperature is. The fuel/air ratio will become richer towards the
spray core, passing through the stoichiometric value towards the centre. Ignition will
be started once the fuel is completely evaporated and the temperature is sufficiently
high for compression ignition. In all diesel applications, the overall air-fuel ratio is
lean of stoichiometric, varying from 1.25 to 5.0:1 excess air ratio. Once the ignition
begins, the heat transfer to the adjacent area of the spray will increase rapidly, thus
combustion will rapidly cover a major part of the spray [27]. Once the premixed
mixture is burnt, the combustion will slow down. The second phase of burning will

occur, which is called the diffusion burning period.

Towards the end of combustion, the cylinder pressure is decreasing when the
piston moves down the bore. The combustion rate will slow down due to the
temperature and pressure dependence of chemical kinetic effects as the chemical

reactions slow down, so that the reaction rates rather than the air/fuel mixing process

dominate.
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2.1.2 Formation of diesel pollutants

Diesel engine generates a series of pollutants (i.e. HC, CO, NOx and PM)
during the combustion process. The formation processes of those pollutants have
been investigated for more than two decades [28] and the formation information of

those pollutants will be reviewed in the following section.

Hydrocarbons (HC)

Hydrocarbons always present in the diesel engine exhaust and contribute to
photochemical smog and the potential toxic or carcinogenic effects. There are several
possible sources of HC in the diesel combustion process. Greeves et al. [29]
suggested that the major source of HC emission arises from some vapourised fuel at
the edge of the spray which is mixed with increasing quantities of air such that it is
too weak to burn when the temperature becomes high enough for ignition. In
addition, some HC could remain at the very rich region in the core of the fuel spray
due to the late injection process, but only a very small amount of HC will be
involved. Towards the end of the injection process, when the injector is closing, the
fuel spray will become weaker resulting in little penetration of oxygen rich area and
poor atomisation. Because of the decreasing cylinder pressure and temperature, the

oxidation reactions may be slow and incomplete, and therefore cause HC emisston.
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Carbon Monoxide (CO)

Carbon monoxide is an intermediate product in the combustion of
hydrocarbons fuels. If sufficient oxygen is available, oxidation from CO to CO; will
occur, but the reaction may be incomplete due to a short residence time or a low gas
temperature. Sufficient. oxygen will not be available in all areas of the engine
combustion chamber, the local mixture strength being quite rich. Unless these areas
receive oxygen later in the engine cycle, and before the temperature is dropped
substantially, CO will be formed and remain unoxidised. Although CO may be
formed in other areas during combustion reactions, the availability of temperature
and oxygen (due to over-all lean mixture strength of the diesel fuel) will be high
enough for complete combuétion. Fortunately, the total amount of CO formed is

substantially less than that of petrol engines due to oxygen availability.

Z\;’itrogen Oxides (NOx)

Nitric oxide (NO) is formed during combustion due to the co-existence of the
nitrogen and oxygen in air at very high temperature. When additional oxygen is
available, the reaction will proceed to nitrogen dioxide (NO,) but little NO; is
actually formed in diesel engine. Several simple reactions have been proposed for the

NO formation, the most widely accepted being the Zeldovich chain reaction [30]:
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0; - 20 2.1)
O+N; > NO+N (2.2)
N+0; > NO+O ' (2.3)
N+OH—> NO+H | | (2.4)

The reaction is activated by atomic oxygen formed by dissociation of oxygen
at high temberature encountered during combustion. It follows that the NO
concentration is a function of local oxygen concentration and temperature, but the
reaction rates are significant only at high temperature. NO can be formed in all
regions of the spray, but the temperature and local oxygen concentration dependence
will result in a major variation of NO concentration throughout the combustion
chamber. From previous investigations, the researchers suggested that a major
amount of NO could be formed in the central core of the spray since its temperature

will become very high, but this will be subjected to the availability of oxygen [31].

Soot and Particulate Matter

Two different classes of smoke emission are emitted from diesel engines.
Under cold starting, idling and possibly low engine load conditions with low
compression ratio engine, a cloud of vapour often referred to as blue-white smoke is

emitted. This result is mainly due to the fuel and lubricating oil being emitted
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without being completely burnt. Soot, or black smoke emitted during normal
operation of a warm engine is a separate problem. Black smoke is emitted at all
engine loads, but the amount is usually small at low engine load condition. Normally,
even when the smoke emission is very bad, the percentage of the total fuel input
remaining burnt is small. Broome et al. [32] reported that a smoke reading of
72 HSU can be occurred with 99% complete combustion. Thus, the black smoke is

not simply an incomplete combustion phenomenon.

The mechanism of soot formation is complex and not fully understood but
possible methods have been proposed by previous researchers [32-33] and in recent
literature review [34]. Essentially the process can be divided into three phases:
nucleation or the formation of precursors, the growth of these nuclei into soot
particles and their coagulation into large particles. In diesel engine, fuel is unmixed
before the start of combustion and is likely to suffer the combined effects of lack of
oxygen and high temperature later in the cycle. However, it is the fuel injected after
combustion has started that is least likely to receive sufficient oxygen and hence
most exhaust soot will result from the second phase of burning (diffusion burning).
Any soot formed during the initial rapid combustion period is likely to be burnt up,

with the availability of oxygen being high. The exception will be soot formed on the
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engine combustion chamber walls, hence this is likely to be a second source of soot

formation in high-speed direct injection engine.

All the above discussions are concerned with visual smoke emission alone,
but smoke particles carry a variety of diesel particulates. These particulates included
the invisible fine particles and ultra-fine particles in the exhaust gas. They cause

many adverse health effects and may be carcinogenic to human beings.

2.2  Diesel Emissions Measurement Technique

2.2.1 Measurement of diesel exhaust gaseous emissions

In the early 1980s, a constant volume sampling (CVS) system had been
regulated for measuring vehicular exhaust emissions in emission testing centre [35].
.This system has also widely been used in both laboratory or chassis dynamometer
emissions measurement in order to produce a reproducible experiments. The system
is able to determine exhaust emissions from petrol or diesel vehicles. A decade later,
the Society of Automotive Engineers (SAE, USA) had also established a regulated
measurement system to determine the vehicle exhaust emissions [36]. The two
regulated measurement systems are similar and both are composed of a dilution

tunnel, an air intake filter, a blower and a series of sampling equipment. In the CVS
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system, the exhaust gases are diluted with filtered ambient air to maintain a constant
total flow rate (exhaust + air) under all running conditions. The system can also
provide a constant flow for the measuring equipment. A sampling probe is located at
the downstream of the tunnel to collect a representative portion of the exhaust for
subsequent analysis. The exhaust samples are stored in a sampling bag. The sampling
bag is then taken to perform the gaseous concentration analysis as fast as possible.
Instead of using sampling bag to collect the samples, another measurement system is
also introduced in which the exhaust samples are directly drawn into the gas

analysers to prevent any gaseous reaction or transformation occurred inside the

sampling bag.

2.2.2 Measurement of diesel exhaust particle emission

Diesel exhaust particulates are typically composed of three modes: nuclei,
accumulation and coarse particles. Particles in the nuclei mode cover the particle
diameter ranges from 5 to 50 nm. Nuclei mode particles consists primarily of
carbonaceous nuclei, metaltic compounds, soluble organic fraction (SOF) and
sulphur compounds, some of which are formed during the dilution and cooling
processes [37,38]. Although the nuclei mode contributes only about 1 to 20% of total

particulate mass, it is responsible for almost 90% of total particle number. The
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particle diameter in the accumulation mode ranges from 50 to 500 nm, This mode
consists mainly of agglomerates and adsorbed materials formed by coagulation of
carbonaceous nuclei during the expansion stroke of the combustion process. The
coarse particle mode is composed of particles larger than 1 pm in diameter, and
contributes 5 to 20% of total particulate mass. Coarse particles arise from the growth
of particulate matter which is deposited on the cylinder and exhaust tailpipe surface.
The particle number concentrations of the nuclei and accumulation modes are readily
changed during the dilution and cooling processes. As the results of the particles are
nﬁt immutable, a reliable and stable dilution and sampling measurement system is

undoubtedly crucial for obtaining meaningful diesel particle results.

In the absence of a standard measurement system to specifically determine
diesel particle number concentrations [39,40], the conventional dilution tunnel has
been widely used to measure the diesel gaseous and particulate emissions for more
than two decades [36]. In the dilution tunnel, the exhaust gaseous and particles
emissions undergo a process, which is similar to those emitted from the exhaust
tailpipe to the atmosphere. The current measurement technique for exhaust particle
emissions uses a CVS system, a scanning mobility particle sizer (SMPS) and an
aerodynamic particle sizer (APS) to determine the particle size and number

distribution. The configuration of the CVS system was discussed in the previous
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Section 2.2.1 so here only the particle sizer instrument will be mentioned. The
SMPS has been the common reference method for on-line measurement of particles
below 1 micrometer in aerosol research for many years. The SMPS permits the
measurement of particles in the critical size range from 15 to 670 nm with high
reproducibility. Due to its technical superiority fo.r the measurement of particle size
distribution in the nanometer range, SMPS has been used increasingly for the
characterisation of diesel exhaust particles. It has also been used to study the

efficiency of exhaust aftertreatment devices for the reduction of particulate emissions

from diesel engines.

The SAE practice has presented four types of CVS systems [41], but
incompact size of the system and high fabrication cost cause CVS systems did not
widely used in exhaust emission measurement. Thus, many researchers have tried to
develop their own dilution tunnel to measure the engine exhaust particle emissions.
Suzuki et al. [42) and Hirakouchi et al. [43] developed a mini-dilution tunnel for
measuring diesel particulate emissions in steady state and transient engine operating
conditions. The length of the tunnel was reduced to about 1.7 m and with an inner
diameter of 84 mm. The tunnel is not only used to cool down the exhaust gas
temperature, but also dilute the engine exhaust samples into an adequate

concentration level for measurement. They found that a good correlation could be
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established between the data collected using the mini-dilution tunnel and full flow
exhaust dilution tunnel systems. Hirakouchi et al. [44] extended their experiments to
use the mini-dilution tunnel to measure the regulated exhaust emissions (i.e. CO, HC,
NOx and PM) and unregulated exhaust emissions (i.e. aldehydes and ketone,
polycyclic aromatic hydrocarbons (PAH) and organic amines, etc.). They also found
that the results from the mini-dilution tunnel and full-flow dilution tunnel are
comparable with each other. Therefore, many researchers have preferred to use the
mini-dilution tunnel to measure the engine exhaust emissions instead of using the full
flow exhaust dilution tunnel system. However, there is one major factor which may
affect the particle concentration in the CVS system, that is the water condensation in
the dilution tunnel. Insufficient dilution will cause the water vapour to condense on
the surface of the CVS and the sampling bag, absorbing water soluble components.
Hood et al. [45] presented a basis for predicting a proper amount of dilution from
well-known properties of the vehicle and test cycle which was used to prevent water
condensation in the dilution tunnel. The condensation appears in the internal
ductwork of the CVS so a practical method to eliminate the condensation is to raise
the temperature of the system components. They stated that reducing the

condensation can yield more repeatable and accurate emission measurements.
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On the other hand, a new generation of particle measurement has been
developed recently. Abdul-Khalek et al. [46] and Pagan [47] have developed a
compressed air ejector type mini-dilution system to rapidly dilute and cool the
vehicle exhaust gas. The exhaust emission samples were obtained directly from the
vehicle tailpipe. The samples were then drawn into a diluter through negative
pressure to make the dilution process. To measure the exhaust particles from diesel
engines, they found that a long stabilisation time (i.e. 10 minutes) was required.
Therefore, they suggested that the engine should be stabilised for a longer period

before any measurements are made.

These two particle sampling measurement systems use different ways to
conduct the dilution process. During the dilution process, the nanoparticles
concentrations have revealed to be sensitive for the coagulation, condensation and
nucleation processes, which can vary the nanoparticle number and size distribution.
Hence, it is essential to understand the characteristics of diesel exhaust particle
number and size distributions from these two dilution scenarios. Recently,
Maricq et al. [48] have compared the motor vehicle exhaust particle size distributions
using different dilution measurement techniques. Both ejector pump and dilution
tunnel sampling measurement systems were used to analyse the steady state particle

size distributions from the vehicle tailpipe. The gasoline and diesel vehicles were
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conducted at constant engine speed under the chassis dynamometer. The particle size
distributions from the dilution tunnel measurement obtained a bimodal mode
whereas the ejector pump only revealed a peak particle number concentration in an
accumulation mode a the diesel vehicle exhaust. They have also found that the
particles in an accumulation mode is attributed to the desorption and/or pyrolysis of
organic materials, either hydrocarbons deposits on the walls of the steel transfer hose
or the silicone rubber, by hot exhaust gases, and their subsequent nucieation in the
dilution tunnel. The results have also showed that if the transit time through the
transfer hose were 2-5 seconds, about 1/3 of the nuclei mode particle will coagulate
to form accumulation mode particles. This limits the ability of dilution tunnel system
in providing an accurate particle number and size distribution measurement. Recently,
Wei et al. [49] have studied the influence of the exhaust transfer line, tunnel
residence time and dilution air temperature of the dilution tunnel and sulphur content
of fuel on the exhaust particle size distribution. They have found that the coagulation
of particles does not play a major role in the tra}lsfer line of a dilution tunnel, but
rather the residence time is one of the critical factors directly influencing the particle

number concentration.
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2.3  Exhaust Aftertreatment Device in Diesel Engine

2.3.1 Development of diesel aftertreatment device

In modern emission control technology, there are numerous aftertreatment
devices to reduce diesel exhaust emissions. These devices include DeNOx catalyst
and selective catalytic reduction technique for NOx reduction, diesel particulate filter
(DPF) for reducing the PM [50] and diesel oxidation catalyst (DOC) for gaseous
emission reduction [51]. Although, industry has considerable aftertreatment devices
to control exhaust emissions, the Government of the HKSAR has started to
implement an incentive pfogramme to encourage the owner of pre-Euro/Euro 1
vehicle (light-duty to heavy-duty) to retrofit a DOC on their vehicles. However, the
negative effects of DOC on exhaust particle concentration and distribution for

different engine load conditions are not fully understood.

A standard practice for the DOC is to utilise a noble metal supported on a
flow-through ceramic or metallic monolith. The construction diagram of the diesel
oxidation catalyst is shown in Figure 2.1. The monolith walls are coated with a
thermally durable, high surface area catalytic component, generally platinum (Pt),
palladium (Pd), rhodium (Rh) and zeolite. The DOC is normally installed along the

exhaust tailpipe of the vehicle and close to the engine exhaust outlet.
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Diesel exhaust out

Diesel exhaust in
L

Figure 2.1 The construction diagram of the diesel oxidation catalyst.

The role of the catalyst is to provide a chemical shortcut, lower the energy
requirement for chemical reactions and increase the net rate of its reaction. For
example, the oxidation process of carbon monoxide requires normally about 700°C
in the absence of a catalyst. The rate-limiting step is the thermal dissociation of O
into O atoms. The activation energy has been determined experimentally to be about
40 kcal/mole. In the presence of catalyst such as the platinum or zeolite material, the
dissociation of O, occurs catalytically on the metal surface and the rate-limiting step
becomes the reaction of adsorbed CO with adsorbed O atoms. The activation energy
can be reduced to less than 20 kcal/mole and the oxidation reaction can occur at
100°C. In addition, the surface of DOC also provides numerous catalytic sites for the
catalytic reaction to occur. Therefore, the presence of DOC can enhance the

oxidation process of the exhaust gaseous and particle emissions, in which the CO
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becomes C(O,, HC becomes H,O and CO; and SOF adsorbed on the particle surface

becomes H,0O and CO; [52-53].

During the chemical reaction, the reactants undergo the conversion process in
which they must pass through the various energy barriers, namely the activation
energies (E,), before. the final products are produced. Basically, the function of the
catalyst is to increase the net rate of chemical reactiqn by reducing energy barriers or
activation energies for the chemical reaction while the catalyst itself does not
undergo any permanent change. For example, the hydrocarbons and oxygen are
adsorbed onto the specific sites of platinum or zeolite catalyst and then are rapidly
oxidised to become carbon dioxide and water. In general, platinum (Pt) and zeolite
are the common materials used for the fabrication of catalysts. Since the Pt-based or
zeolite-based catalyst contains numerous pores on its surface, this provides
considerable catalytic sites for the reactants to perform the chemical reaction. In fact,
the number of reactant molecules that can be converted into the final products within
a finite time 1s directly related to the number of catalytic sites available. The major
difference between a zeolite-based catalyst and a typical Pt—based catalyst is its pore
size of substrate material. It is, therefore, common practice to maximise the number
of active sites by dispersing the catalytic components onto a surface. Pt is a typical

catalytic component which is commonly used to increase the number of sites for the
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adsorption and catalytic reaction until zeolite-based materials have been introduced.
Normally, the pore size of Pt-based catalyst is in the range of 20 to 100 A
(or 2x10” to 10® m), while the pore size of zeolite-based material is in the range of
about 3 to 8 A (or 3x10"'%t0 8x10™° m). Hence, the zeolite-based catalyst can provide

more active sites for the reactants to carry out the chemical reaction than Pt-based

catalyst [53].

2.3.2 Diesel exhaust gaseous emissions reduction

There are numerous studies on the performance of diesel oxidation catalysts
for exhaust emissions reduction. Experiments based on these investigations are
generally conducted in a laboratory with an engine dynamometer test bed or chassis
dynamometer. The researchers use different types of engines, fuel properties, testing
cycle and coating material on monolith to perform experiments. Mogt et al. [54]
inspected the reduction of diesel engine emissions by using diesel oxidation catalyst
on a Japanese 13-mode cycle. The experiment used various Pt loading of oxidation
catalyst and low sulphur fuel (i.e. 460 ppm S) to study the oxidation activity of the
catalyst. They measured the exhaust emissions of CO, HC, PM and other unregulated
pollutants over the test. The results showed that the application of the DOC and low

sulphur diesel fuel could abate the concentration of CO, HC and PM. The Pt loading
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will also affect the reduction efficiency. Voss et al. [55] studied the performance of
diesel oxidation catalysts for European bus applications. They also investigated the
particulate removal performance by changing the sulphur level (110-770 ppm) under
stationary engine test bed and a European ECE R49 13 mode cycle. They found that
a substantial reduction of particulate matters, HC and CO could be achieved for
heavy-duty diesel engine with DOC. However, NOx emissions was not affected by
the catalyst. They also mentioned that even if the sulphur level in the diesel fuel is
changed, the catalyst could still remove particulate emission effectively.
Brown et al. [56] promoted the test on various heavy-duty engines and vehicles with
and without retrofitting the diesel oxidation catalyst technology. Two urban buses,
two school buses and three heavy-duty trucks were used in this study. A heavy-duty
transient cycle was applied to evaluate the baseline emissions and the catalyst
performance on a heavy-duty chassis dynamometer. The results indicated that a
25-45% particulate reduction could be achieved on a wide variety of heavy-duty
vehicles. A significant reduction in the CO and HC emissions was also observed. The
NOx emissions were found to vary within £5% in all the tests. They claimed that it
was difficult to interpret this phenomenon because the results in many of the tests
were within the margin of error of the test. Tamanouchi et al. [57] have studied the

effect of fuel properties and oxidation catalyst on the exhaust emissions for a
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heavy-duty diesel engine and diesel passenger cars. Tﬁey used two series of fuels,
90% boiling point (T90) and the polycyclic aromatic hydrocarbons (PAH) content, to
test the effectiveness of the catalyst on different fuels. A transient mode test was used
in which tested vehicles were run on the chassis dynamometer. They also found that
the catalyst contributed to the reduction of exhaust gaseous emissions and particulate
matters, however, the effect somewhat varied depending on engine type and fuel
used. They concluded that the use of oxidation catalyst has turned out to be a more
effective technology for decreasing the exhaust emissions than improving fuel
properties such as T90 or PAH content. However, fuel quality has been improved in
industrial usage and the sulphur content in the fuel has also been decreased.
Therefore, when ultra low sulphur diesel fuel is used, the catalysts can have a
significant effect in reducing the HC, CO and particulate matter emissions for all

diesel engines [58].

2.3.3 Diesel exhaust particle emission reduction

Particle size and number distribution of diesel exhaust have increasingly
become a coniroversial topic in the last decade. This is because the particles cause
inflammation of the alveolar region of the lungs and cause breathing and heart

problems in susceptible persons within days of the exposure to high levels of fine
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particulate material. Some of the medical researchers hypothesize that problem is
caused by the number of particle rather than its total mass [59-60]. In addition, about
90% of the diesel particulates encompass a size range from 0.0075 to 1.0 um [61]
and are considered to be potentially dangerous due to their capability to enter deep
into the respiratory tr.act [62]. Particles smaller than 5 um can enter the trachea and
primary bronchi; and those smaller than 1 um can reach the alveoli as shown in
Figure 2.2 [63). Therefore, most of the researchers concentrate on studying the

distribution of exhaust particulate size.
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Figure 2.2 Deposition of inhaled particles in the respiratory tract [59].

Diesel engines normally generate a higher number of particulate matters than
engines that run on gasoline or compressed natural gas. {7]. It is because the

combustion process in a diesel engine differs from that in gasoline and compressed
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natural gas engines. In gasoline and compressed natural gas engines, the air and fuel
are drawn into the engine chamber for a premixed combustion in which 1s less
chance to generate the particulate matters. In a diesel engine, the fuel is injected into
the engine chamber and is then mixed with the hot compressed air for ignition
process, towards the end of compression stroke. A small portion of fuel is initially
burned in the premixed mode, while a larger portion of fuel is subsequently burned in
the diffusion mode. The amount of particulate matters generated during the diffusion
combustion depends on many factors such as engine load, engine speed,

effectiveness of air-fuel mixing, amount of air available and fuel quality.

Typically, the size of the particle emitted from a diesel engine ranges from
micro-scale to nano-scale. Most of the particles are smaller than 10-micron
aerodynamic diameter and a significant percentage of the particles are shown in the
aerodynamic diameter range, which is less than 50 nm. The size distribution of diesel
particulates has shown that greater than 95% of particulates are under 10 pm in
diameter, and about 90% of diesel particulates are under 2.5 pm in diameter. A large
amount of SOF and soot particles were found in this smaller particle size range [38].
Rickeard et al. [64] investigated the characteristics of the exhaust particulate size
distribution when different vehicle type and fuel quality were used. The test was

performed on a light-duty diesel vehicle and a gasoline car and used the latest
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European legislated emissiohs test, ECE+EUDC cycle as the test schedule. They
reported that most of the particles emitted from the diesel and gasoline vehicles were
very small, with median size of the order 100 nanometres (nm). The median particle
size varied by only a small amount across fuel quality, vehicle and operating
conditions. They also pointed out that diesel vehicle would produce 50% more
particles than gasoline car in this size range. According to the above diagram
showing deposition of inhaled particles, the range of particle size can penetrate the
upper respiratory tract and has a deposition rate of approximately 60% the
pulmonary region (alveoli). Hence, the health effect of diesel exhaust particle

emissions has become a public concern.

Most of the smaller particles are SOF, which is the most harmful phase from
the health standpoint {38]. However, the most of modern aftertreatment devices (i.e.
diesel oxidation catalyst) have shown to reduce the SOF and particulate emissions
[65-67]. Horiuchi et al. [68] found that a flow-through type oxidation catalyst can
adsorb or adhere SOF on the catalyst surface at lower temperature and decompose it
at higher temperature. They mentioned that oxidation catalyst could achieve a
50-60% reduction of the SOF and 40-50% reduction of the total particulate emissions
from an engine. However, these previous studies of the particulate emissions were

based on the mass concentration, which provides insufficient information for
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understanding the characteristics of the PM emissions. Many investigations in recent
years have concentrated on the number and size distribution of particles emitted from
motor vehicles. Mayer et al. [69] and Luders et al. [40] have performed experiments
focused on the impact of DOC on particle number emissions. Both researchers
measured nanoparticles or ultra-fine particles in their investigations. They found that
the application of DOC increases the number of particle emissions in the 50 nm
diameter range as shown in Figure 2.3. The reason is that the DOC intensifies the
aerosol formation by accelerating the oxidation reaction of SO; to SO; at a high
temperature. They inferred that DOC should not be installed on a utility diesel engine,
because the negative consequences far exceed the positive results. However, these
experiments only used standard diesel (about 0.05% by weight S or 500 ppm S) as

the testing fuel rather than ultra low sulphur diesel fuel (about 0.005% by weight S or

50 ppm S).
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Figure 2.3 Exhaust particle size distribution from an engine with and without
installing DOC [69].

Maricq et al. [70] have reported that if DOC is tested with low sulphur
content fuel, the result demonstrates that DOC can reduce particle emission, whereas
the use of high sulphur content fuel will have opposite result. Nevertheless, there is
still a paucity of publications on the combined effect of ultra low sulphur diesel fuel
and a diesel catalytic converter on particle emission. The present study is intended to
characterise the combined effect of the modern DOC device and ultra low sulphur

diesel fuel on the diesel exhaust particle concentration and distribution.
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Chapter 3 Preliminary Study on the Performance of
Diesel Oxidation Catalyst for a Light-duty Vehicle
under Hong Kong Driving Conditions

3.1 Introduction

Catalytic converter has been considered as one of the immediate solutions in
reducing the diesel vehicles emissions and improving the air quality. According to
international experiences after installing a Diesel Oxidation Catalyst (DOC) on a
diesel vehicle, the concentration of diesel exhaust emission would have a remarkable
reduction. Voss et al. [55] have also proved that installing diesel oxidation catalyst on
medium and heavy-duty vehicles can achieve substantial reduction of particulate, gas
phase HC and CO emissions. On the other hand, Blackwood et al. [71] have found
that the DOC was unable to oxidise CO to CO, and unburned hydrocarbons (uHCs)
to CO, and H,0, due to low start up engine exhaust temperature. However, those
experiments were performed in the laboratory and the results can only show the
behavior of the catalyst under a controllable environment. The information regarding
the performance of a catalyst under on-road situation is rather limited and there is
also lack of direct emission data from exhaust tailpipe of a vehicle. In addition, the
testing conditions from previous studies differ from Hong Kong driving condition so

it might not reflect the true characteristics. Although investigation performed in
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laboratory has the advantages of being simple, reliable and easy-to-perform, the test
conditions might be quite different from on-road conditions. On-road driving is
random and complex, and has different patterns in different places as described by
Zhao et al. [72]. Nevertheless, in order to ascertain the effectiveness of DOC in
reducing exhaust gaseous pollutants and the effect on particle emissions under Hong
Kong driving conditions, a preliminary investigation was carried out under local

traffic conditions [25].

3.2  Diesel Exhaust Emissions Measurement System

A Euro-I standard diesel vehicle was used to perform an on-road vehicle

emissions measurement. The specifications of the vehicle are shown tn Table 3.1.

Fuel type Diesel
Displacement 3660 c.c.

Gross vehicle weight 5.5 tonnes
Combustion chamber type Direct injection (DI)
Valve mechanism 2-valve

Max. output, (kW/rpm) 72/3400

Max. torque, (Nm/rpm) 240/1800°

Table 3.1 Specifications of the tested light-duty diesel vehicle.
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The exhaust temperature of the catalyst inlet directly affects the performance
of the catalyst so it is an important monitoring parameter in this study. In order to
determine the exhaust gas temperature before entering the DOC, the catalyst was
modified and a well-calibrated thermocouple was installed on the catalyst shell.
A thermocouple was connected to a data logger and the instantaneous temperature
variation of the exhaust gas was recorded every second. Smoke intensity of the
vehicle was measured via a Hartridge Smokemeter, with results presented on a scale
from 0 to 100. The sample probe of the smokemeter was inserted into the vehicle
tailpipe to ensure the device can perform a proper measurement. An analog-digital
convertor (ADC) was used to transmit the opacity data to a laptop computer and the

data was stored every second.

For measuring the exhaust gaseous emissions, a portable exhaust gas analyser
(i.e. Anapol Model EU200/4) was used to measure the instantaneous concentration of
CO, CO,, NOx, and O;. The accuracy of the exhaust gas analyser ranges from 0.5%
to 2.3% for CO, CO; and Q,, whereas NOx emission ranges from 1.5% to 3.5%. The
sample probe of the analyser was also put deeply into thg vehicle exhaust tailpipe.
The analyser applies the non-dispersive infra-red (NDIR) method for determining the
concentration of CO and .COZ, and adopts the electrochemical method for detecting

the gas of NOx and O;. The emission data were captured every second by using the
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same laptop computer. The gas analyser was calibrated with certified standard gases

before performing the on-road vehicle emissions measurement.

A series of sampling system including a water separator, a sampling pump
and a sampling bag were used to collect the exhaust particle emission from the
vehicle. The use of sampling bag is the common method to collect the exhaust
samples from an on-road vehicle [73-74]. The pérticle sampling started at the
beginning of each trial and ceased with the end of each driving. After each trial, the
collected sample was then analysed by using a particle sizer, namely aerodynamic

i particle sizer (APS), to determine the particle number concentration and size
distribution [75]. The APS sizes and counts particles from 0.5-30 pm in 32 particle
size channels. The operation principle of APS is using a nozzle to accelerate the
particle to pass through a laser beam and a sensor is used to measure the time for the
particle to pass through the laser beam. The measured time is then used to correlate
the particle velocity with the aerodynamic diameter of the particle. Meanwhile, the
number of particle in the sample is determined by the sensor and the result is then

transmitted into the computer. The arrangement of the on-road vehicle emissions

measurement system is shown in Figure 3.1.
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Figure 3.1 Arrangement of the on-road light-duty diesel vehicle emissions

measurement system [25].

3.3 Methodology for Data Analysis

All on-road vehicle emission tests were performed on the same driving route
under the uphill, downhill and flat road conditions to determine the charactenistics of
DOC. Four tests were performed on the same driving route. Thus, the on-road
vehicle emission data is presented on average. The inclined road ratio for the uphill
was 1:8, while the downhill was 1:5. The driving period for each trial was about

500 seconds. The result analysis was mainly divided into three phases as shown in

Table 3.2.
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Phase Driving period Road condition
30-120 seconds Uphill
250-300 seconds Downhill
350-500 seconds Flat

Table 3.2 Road conditions during the test period [25].

In phase 1, the analysis was mostly focused on the performance of the
catalyst during engine cold start condition. “Cold start” means that any engines start
to operate when the temperature of oil, coolant and all elements of engine equals to
the ambient temperature [76]. In this study, the time for this period was the first
120 seconds of driving. The remaining phases (i.e. 2 and 3) were mainly used to
investigate the effectiveness of the diesel oxidation catalyst after warm-up.
Parametric effects of exhaust emissions, temperature and smoke intensity were
measured instantaneously in order to understand their correlation for different
driving conditions on the road. The collected parﬁcles in the sampling bag were also

used to study the average particle concentration and size distribution over a test

period.
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34 Preliminary Results and Discussion

3.4.1 Performance of DOC at cold start running
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Figure 3.2 Exhaust emission characteristics of the on-road light-duty diesel vehicle
without installing DOC [25].
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Figure 3.3 Exhaust emission characteristics of the on-road light-duty diesel vehicle
with installed DOC [25].

The exhaust emissions characteristics of the vehicle without and with the
installation of a DOC are shown in Figures 3.2 and 3.3, respectively. The designated
vehicle was undergone three on-road driving phases: uphill, downhill and flat road
conditions. Figure 3.2 shows that the highest concentration of CO and NOx
emissions emitted from the vehicle without installing of a DOC appears at the first
phase. This is because the engine generates more energy when the vehicle is
climbing up, so the exhaust gas temperature also tends to rise. The increase in
exhaust gas temperature also enhances the formation of NOx, therefore the vehicle

produces a large amount of NOx during this traveling period. In Figure 3.3, the CO
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concentration increases at the beginning due to the engine performance at coid start
and then the DOC is not ready to perform the oxidation process effectively at such
low exhaust gas temperature. Basically, éold start diesel engine will emit more CO,
HC and PM than a warm start engine [77]. This result is due to the low intake air
temperature which causes an inadequate final compression temperature and so
delayed ignition. The combustion was exacerbated by poor fuel condiltioning, heat
loss from cold engine components, insufficient air movement, localised
over-enrichment and incomplete fuel combustion [78]. Therefore, these phenomena
raise the exhaust emissions. In addition, the increase in CO concentration makes it
unable for the catalyst to completely oxidise the CO to CO; when the engine is cold
start. The findings agree well with the results of Blackwood et al. [71] and also

demonstrate that the catalyst might not function efficiently even running on road.

3.4.2 Reduction in diesel exhaust gaseous emissions

The exhaust emissions are considerably high. Table 3.3 summarises the
reduction of CO and NOx after the vehicle installed the DOC. The average CO
emission from the vehicle without installing the DOC in each state of a test is 709,
266 and 163 ppm, respectively. After the vehicle was installed with the DOC, the

CO emission reduces significantly. The results agree with the findings from
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Voss et al. [55]. Even the engine is cold start in the first part, the DOC can still
oxidise a certain amount of CO. However, the percentage reduction of CO emission
is smaller when compared with the subsequent driving. As the DOC is warmed up
after the uphill period, it can eliminate most of the CO emission when the vehicle
runs in the downhill period even the exhaust gas temperature is about 200°C. For the

flat road condition, the DOC can also reduce about 80% of CO emission.

CcO NOx
Road W/o With | Percentage W/o With Percent'age
condition DOC | DOC reduction DOC | bOC reduction
(ppm) | (ppm) (%) (ppm) | (ppm) (%)
Uphill 709 152 78.6 981 915 6.7
Downhill 266 15 94.4 534 514 3.7
Flat 163 32 80.4 300 288 4.0

Table 3.3 The average exhaust emission concentration emitted from the on-road
light-duty diesel vehicle [25].

The level of NOx emission is usually related to the vehicle speed. The
formation rate of the NOx is dependent on the availability of oxygen and the
combustion temperature. While the vehicle speed increases, it implies that the engine
is required to generate more power to increase the speed. The combustion inside the
engine becomes more efficient and will raise the combustion temperature.
Consequently, this phenomenon encourages the formation of NOx and the emission

concentration of NOx augments when the speed increases. The average emission
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concentration of NOx from the vehicle without installing DOC, in each part of a test
is 981, 534 and 300 ppm, respectively. Figures 3.2 and 3.3 show that the vehicle
emits a large amount of NOx during uphill period and quite similar level between
downhill and flat road. Usnally, the DOC has no effect on the NOx emission
concentration as described by Blackwood et al. [71], but the result shows that there 1s
a reduction in NOx. The result can be attributed to the fact that DOC produces a back
pressure to the engine and affects its performance. Hence, the exhaust gas

temperature becomes lower and it causes lower NOx emission concentration.

3.4.3 Performance on smoke opacity level

Road W/o DOC | WithDOC | Percentage reduction
condition (HSU) (HSU) (%)
Uphill 39.2 24.7 37.0
Downhill 22.8 16.6 27.2
Flat 21.3 19.8 7.1

Table 3.4 The average smoke opacity level emitted from the light-duty diesel
vehicle [25].

The average smoke opacity level of the vehicle is summarised in Table 3.4.
The DOC can reduce the smoke opacity level of the vehicle effectively during the
uphill period. The average smoke level is 24.7 HSU, which is normally acceptable,

and the reduction percentage is 37%. The reduction level seems to be high but when
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compared with the abatement of the exhaust gaseous emissions, it becomes less
significant. The smoke level can also be lowered in the downhill condition even the
original value is not so high. The minimum reduction in smoke level appears in the
flat road condition. It should be noted in Table 3.4 that under the flat road condition,
the percentage reduction of smoke emission is unusually lower than that in the
downhill condition. This can be f;xplaincd by using the results in Figure 3.3. During
the second uphill road condition, the vehicle was run at the traveling period between
200 to 250 éeconds before the start of the downhill condition. The exhaust gas
temperature at the inlet of DOC was raised up to about 500°C at the traveliﬁg time,
250 seconds. Therefore, the exhaust gas temperature of vehicle in downhill road
condition during the traveling period of 250 to 300 seconds still remained higher than
the flat road condition. Thus, the DOC is more effective in oxidising the SOF of the
particulate matters at the downhill road condition than the flat road condition due to
the higher exhaust gas temperature. The oxidation of SOF can be related to the
smoke emission level which normally contains numerous particulate matters. Hence,
the reduction of SOF can directly abate to the smoke emission level. Regardless of
the road condition, it can be concluded that DOC does have a function to decrease

the smoke level of a vehicle.
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3.4.4 Diesel exhaust particle number and size distribution
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Figure 3.4 Particle number and size distribution emitted from the light-duty diesel
vehicle [25]).

The particle concentration and size distribution emitted from the vehicle 1s
.shown in Figure 3.4. The results showed that the vehicle produces a large amount of
respirable suspended particulate (RSP), with high concentration especially at the size
of 0.7 um. These particles are harmful because they can suspend in air and is
inhalable. After the vehicle installs the DOC, the particle concentration is
substantially decreased. The average percent reduction in particle concentration is
67.8% for particle size ranging from 0.4 to 1 um. The vehicle seems to produce a

small amount of large particles (i.e. PM;sand PM,p). With the application of DOC,
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the average percentage reduction in particle concentration is 78.2% for those
| particulates. It is likely that the DOC is able to lessen the larger particulate more
efficiently. However, modern low emission engines and aftertreatment devices with
reduced particle mass concentrations and smoke level may significantly increase
emission of larger‘ number of ultra-fine particles [24]. Hence, it is intended to
investigate the combined effects of DOC and ULSD fuel on the concentration and

distributions of ultra-fine particle and nanoparticles emitted from a diesel vehicle.
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4.1 Introduction

In order to investigate thoroughly the characteristics of a catalytic converter
in removing exhaust gaseous and particle emissions, a comprehensive experiment
was performed in an engine dynamometer test bed. The experiment includes several
engine testing procedures, which were in compliance with a steady-state mode cycle
of the standard Economic Commission for Europe Regulation 49 test modes [79].
Two particle measurement systems were established to determine exhaust particle
emission emitted from diesel engine. Unlike gaseous emissions, diesel exhaust
particles can readily undergo transformations such as coagulation, condensation and
adsorption, ﬁnd form nanoparticles by the nucleation of gaseous particles during
dilution and cooling of exhaust gases. A conventional dilution tunnel and
state-of-the-art ejector dilutor measurement systems were established and to compare

the results were compared to find out the most stable and reliable measurement

system for particle emission.

An exhaust gaseous emission measurement system was built up to measure

diesel exhaust gaseous emissions such as CO, HC and NOx in accordance with the
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standard practice of SAE [80]. Meanwhile, exhaust gas temperature at the inlet and
outlet of the DOC, fuel consumption, engine speed and load, and ambient air
condition were also recorded. The detailed descriptions of the measurement system

and the experimental procedures are presented as follows.

4.2  Diesel Engine Dynamometer Test Bed and ULSD Fuel Used for Testing

A 4-stroke 2289c¢.c. direct injection (DI) diesel engine mounted on an engine
dynamometer test bed was used to perform the present study. The specifications of
the engine are presented in Appendix Al. The engine speed was controlled by using
a control valve that was fixed on the engine, and the engine load can be adjusted via -
a hydraulic dynamometer. During the testing, the engine was directly coupled to the
main shaft for transmitting the power to revolve a rotor inside the casing, through
which water was circulated simultaneously to provide the hydraulic resistance and
carry away the heat generated from the engine. The engine intake air passed through
an air filter to remove any incoming particulate matter. The engine exhaust tailpipe
was connected to the exhaust system and discharged into the atmosphere. The
configuration of the diesel engine and the hydraulic dynamometer is shown in
Figure 4.1. Ultra low sulphur diesel (ULSD) fuel was used throughout these

experiments. The fuel properties are provided in Appendix A2.

50



Chapter 4 Experimental Investigation of Diesel Oxidation
Catalyst in Exhaust Gaseous and Particle Emissions

Figure 4.1 The configuration of the direct injection (DI) diesel engine and the

hydraulic dynamometer test bed.

4.3 Particle Emission Measurement System

4.3.1 Instrumentation

Particle number and size distributions of diesel exhaust were measured using
a scanning mobility particle sizer (SMPS) from TSI Inc. model 3934, USA. This is
composed of an electrostatic classifier model 3071A and condensation particle
counter (CPC) model 3010. The electrostatic classifier is used to classify the size of
the particle which is being counted. The monodisperse sample from the classifier are
then transferred to the CPC in order to determine the particle number concentration

in the sample. A detailed description about the SMPS particle instrument is presented
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in Appendix B. In the present study, the flowrates of aerosol and sheath air were set

to 0.3 litre min™ and 3 litre min™', respectively. The particle sizes were measured for

the range between 16 and 670 nm.

4.3.2 Mini-dilution tunnel and sampling (MDTS) measurement system

The schematic diagram of a mini-dilution tunnel and sampling (MDTS)
measurement system is shown in Figure. 4.2. The mini-dilution tunnel was made of a
117 mm diameter and 1670 mm long stainless steel tubing. A partial of exhaust gases
was introduced to the tunnel through a transfer line. An adjustable valve was used to
control the amount of exhaust gas introduced to the tunnel, and a vortex flowmeter |
was installed on the transfer line to measure the volumetric flow rate of the exhaust
sample. Compressed air at 23°C dry bulb and 63% relative humidity was used for the
dilution. It was filtered by a set of particles and an oil filter, to remove the large
particles and oil moisture. The volumetric flow rate of the compressed air was
determined by a laminar flowmeter. The laminar flowmeter is a device which
consists of a bundle of straws. The length of the straw is very long (i.e. 150 mm,
however its bore is smaller than about 0.5 mm. It allows the fluid to flow through it,
so the pressure difference across the straw can be measured by a manometer to

determine its flowrate. The dilution air was then introduced into the tunnel, where it
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was mixed with the exhaust gases. The diluted exhaust samples were continuously
transferred through the tunnel and a sampling probe was located at 1170 mm to the
downstream of the mini-dilution tunnel. The residence time of the exhaust samples
inside the dilution tunnel was about 1.2 seconds. A sample was directly extracted
from the dilution tunnel flow. It was then transferred to the SMPS to count the
number and size distribution of the particles. The dilution ratio was determined by
the ratio of the raw exhaust gas flow to the diluted exhaust flow [81]. The dilution
ratio was 7 throughout the experiments. Althopgh the exhaust sampling is not

isokinetic, it is not expected to affect the measured particles for below 4 um in

diameter [82].
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Figure 4.2 A mini-dilution tunnel and sampling (MDTS) measurement system.
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In order to ensure uniformity in the mini-dilution tunnel, a multi-hole transfer
line is used to distribute the exhaust samples equally into the tunnel [42, 43, 68]. The

dispersion process of the exhaust samples inside the dilution tunnel is shown in

Figure 4.3.
Hot exhaust gas,
Te at about 130°C
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\ /with 6mm diameter
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Figure 4.3 Configuration of a multi-hole transfer line and the dispersion process of

the exhaust samples inside the mini-dilution tunnel.
4.3.3 Ejector diluter and sampling (EDS) measurement system

An ejector diluter from Dekati Ltd. was used to obtain the particle emissions
directly from the exhaust tailpipe line. It consists of two diluters, a pressurised air
heater, a temperature controller and a dryer and filters set. The schematic diagram of
an ejector diluter and sampling (EDS) measurement system is shown in Figure 4.4.
A L-shaped stainless steel tube- the sample probe- was inserted into the exhaust pipe.

The 6.4 mm diameter sample probe was connected with a transfer line made of a

1000 mm stainless steel tube. The transfer line was insulated and heated to sustain a
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surface temperature of about 200 °C, in order to prevent a thermophoretic deposition
and condensation of aerosol particles on the tube wall [83]. Dry and particle-free
pressurised air was introduced into the diluter through an ejector cavity. The dilution
air was heated up to the exhaust gaseous temperature in the primary diluter. In
general, the saturatton vapour pressure of a substance is a function of its temperature.
The vapour pressure of volatile components for the collected exhaust samples
decreases for the heated dilution. Hence, it allows secondary dilution at room
temperature of 23°C without causing any condensation of the volatile components.
Therefore, the particle size was not increased by the condensation of the vapour
molecules. The high flow rate of the dilution air induced a pressure drop in the
ejector cavity, hence the exhaust particle sample was extracted into the diluter
through the transfer line. The diluted air was mixed with the exhaust particle sample
‘inside the ejector cavity. The dilution ratio of the primary diluter was 8. A portion of
the diluted samples was then introduced into the secondary diluter for further dilution.
Hence, the overall dilution ratio of EDS measurement system was 64. The total
residence time was about 0.1 second for the primary and secondary ejector diluters

which were connected together as obtained from Dekati Ltd., Finiand.
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Figure 4.4 An gjector diluter and sampling (EDS) measurement system.

4.4  Gaseous Emissions Measurement System

4.4.1 Instrumentation

The exhaust emissions from the diesel engine will be measured by a series of
gas analysers in the laboratory. Three gas analysers are used for detecting all the

kinds of gases in the exhaust plume. All of the gas analysers were calibrated

regularly in order to maintain high measurement accuracy.
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CO and CO; gas analyser

A portable multi-detection gas analyser (Anapol Model EU200/4) as shown

in Figure 4.5, was used to measure the concentration of oxygen, carbon dioxide and

carbon monoxide in the exhaust plume. It is particularly designed for measuring

exhaust gaseous emissions from diesel vehicles.

Figure 4.5 Non-dispersive infra-red CO and CO, gas analyser.

The sample gas is drawn into the analyser with the assistance of a membrane

pump and then fed to the different sensors. In order to prevent the gaseous detectors

from being damaged by contaminants in the exhaust gas, the exhaust sample is

required to pass through a water separator and a series of particle filters to remove

the water moisture and particulate in the exhaust gas, respectively. The analyser is
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equipped with a non-dispersive infra-red (NDIR) sensor to detect the amount of CO,
and CO and an electrochemical cell to measure the concentration of O, The

operation principle of the analyser detecting the CO and CO; is presented in

Appendix C.

HC gas analyser

A California Analytical Instrument (CAI} Model 300 HFID Analyser as
shown in Figure 4.6 was used to determine the total hydrocarbons concentration in
the exhaust sample. This instrument uses a regulated standard method (i.e. heated
flame ionisation detection, HFID) for detecting the HC concentration. The transfer
line of the sample gas before entering to the analyser was maintained at about 190 C.
The sample gas was also maintained at an elevaied temperature by the internal
adjustable temperature oven which can be adjusted between 60 and 200 C until the

sample gas exits the FID burner assembly. This prevents any loss of hydrocarbons

concentration in the sample due to condensation. Therefore the results were recorded

on wet basis. The operation principle of the HC analyser is presented in Appendix C.
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Figure 4.6 Heated flame ionisation detection HC gas analyser.

NOx analyser

A California Analytical Instrument (CAI) Model 400 HCLD NO/NOx

Analyser as shown in Figure 4.7 was used to continuously measure the total

concentration of nitrogen oxides within the exhaust sample. The gaseous sample can

be ambient air, exhaust gas from an internal combustion engine, or exhaust gas from

a combustion process. The HCLD Analyser utilises the principle of

chemiluminescence for analysing the NO or NOx concentration within the exhaust

sample. A detailed description of the chemiluminescence technique is presented in

the Appendix C. This measurement technique for determining the NOx emission is

widely accepted and has been used to obtain the experimental gaseous result in

Chan et al. [84]. The HCLD analyser measures the result in wet basis and is

convenient for calculating the mass emission.
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Figure 4.7 Heated chemiluminescence NOx gas analyser.

Fuel meter

A fuel meter was utilised to measure the flowrate of fuel and the fuel

consumption of the diesel engine. The flow rate of fuel was used for the

determination of the emission factor for various gaseous pollutants as well as for

comparing the fuel consumption from different engine load conditions. The meter is

of a positive displacement type, affording a very high degree of accuracy. The flow

of fuel through the meter causes a centrally located piston to rotate within the

measuring chamber and to displace a fixed amount of fuel from the inlet to the outlet

in a continuous flow pattern. An electrical impulse is generated by a Reed-switch

inside the meter housing which is then processed by the Psion II interface module.

Calibration has been made on a regular basis. The connection between the fuel meter

and the engine is illustrated in Figure 4.8.
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Figure 4.8 Schematic diagram of the diesel fuel measurement system.

4.4.2 Experimental measurement setup
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Figure 4.9 Schematic diagram of the experimental setup.
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Figure 4.9 presents the experimental setup for investigating the performance
of a diese! catalytic converter. The exhaust pipe of the engine test bed was modified
to suit the present study. Many control valves were installed on the exhaust pipe to
control the direction of the exhaust gas flow. A diesel oxidation catalyst and a
dummy pipe were fixed in parallel for convenience to measure the exhaust gaseous
and particle emissions emitted by the diesel engine with/without installing the DOC.
The shell of the DOC had been modified for measuring the exhaust gas temperature
and the back pressure at the inlet of catalyst. After the exhaust gas passes through the
DOC or dummy pipe, a portion of exhaust gas will flow into an expansion chamber
for sampling the exhaust emissions. The objective of the expansion chamber is to
damp out any fluctuation and impulsion effects in the exhaust gas flow, which will
affect the stability of sampling. The rest of the exhaust gas will flow to the building
exhaust system. The sampling configuration inside the expansion chamber and the

setup of the exhaust gas measurement are shown in Figure 4.10.

62



Chapter 4 Experimental Investigation of Diesel Oxidation
Catalyst in Exhaust Gaseous and Particle Emissions

\
N N
el Ay
N
]
P
I Ejector N ¢
I Diluter
BOSSNT RSN
: 3 | _~T=1%0"C
N
Ci7r7777 777777777 r 7277 7777 73
_J Exhaust Sampling
Exhaust Gas —/ﬂj_ Probe
—_—
",
Oy
]
O]
=
s 7 ya 7 7 ya 72
R RS Expansion Chamber
N &
N &Y Insulated Pipe
e sy
N
Heated
Filter
N
AR AR
N
N — -
-~ INSSSRISSISENSSNY | T190 °C
WA SSSN N
NN N s
T=60"C ~3N S N
N
Anapol HCLD HFID
0., CO,, CO analyser NOx analyser HC analyser
PC

Not to scale
Figure 4.10 Schematic diagram of the diesel exhaust gaseous and particle
emissions measurement systems.

After a portion of exhaust gas was transmitted into the expansion chamber, it
will expand and flow a certain distance to reach the sampling region. There were two

sampling probes located at the downstream of the chamber. For the particle
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measurement, a L-shaped stainless steel sampling probe facing the direction of the

gas flow was used to collect the exhaust particle sample and then passed to the

particle measurement system.

The experimental setup for the exhaust gas measurement basically followed
the SAE recommended- practice [80]. All the sampling lines were made of stainless
steel or Telfon tube for transmitting the sample to the gas analyser. Those materials
can withstand the exhaust temperature and will not affect the sample integrity.
A stainless steel with multi-hole sample probe was used to extract a representative
sample from the engine exhaust systeﬁl. According to the SAE recommended
practice [80], if the total area of the sampling holes does not exceed the
cross-sectional area of the probe, the multi-hole sample probe is required to insert
75% of the across of the exhaust pipe. However, the total area of the sampling holes
was larger than the cross-sectional area of the probe in present experiment. Thus, the

exhaust gas sampling probe only inserted 50% of the across of the exhaust pipe.

In the present study, a heated filter was used and maintained at 190°C to
remove the soot in the exhaust sample and also prevent the condensation of the
exhaust moisture on the filter elements. After the collected samples passed through

the heated filter, they were measured by the gas analysers for determining the

64



Chapter 4 Experimental Investigation of Diesel Oxidation
Catalyst in Exhaust Gaseous and Particle Emissions

gaseous emission concentrations. The transfer lines for the NOx and HC analysers
were insulated and heated in accordance with the recommendation from the
manufacturer to avoid the condensation of the exhaust samples on the pipe wall. The
temperatures of NOx and HC analysers were kept at 60 C and 190 C, respectively.
The results measured from these two instruments were wet basis value. The other
gaseous concentrations (i.e. O, CO, & CO) were detected by using the Anapol gas
analyser. Heating and insulation for the transfer line was not required. The results
obtained from this Anapol analyser is a dry basis value because there was a water
separator to remove the sample moisture. All of these gas analysers were connected

to a personal computer (PC) for collecting the experimental data.

4.5 Diesel Oxidation Catalyst (DOC)

It has been proved that a flow-through diesel oxidation catalytic converter
installed in a vehicle can efficiently reduce the soluble organic fraction (SOF) and
total particulate matter in the exhaust, where the removal efficiency is highly
dependent on the composition of the particulate being emitted [85]. In addition, it can
also reduce the concentration of carbon monoxide (CO) and gaseous hydrocarbons
(HC) emissions. Due to these characteristics, diesel oxidation catalyst has become a

leading retrofit control strategy in both the on-road and non-road sectors throughout
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the world. The name has been given as an oxidation catalyst because it transforms

exhaust pollutants into harmless gases by means of oxidation. In the diesel vehicles,

the catalyst oxidises CO and HC to become CO; and H,O, and the liquid

hydrocarbons adsorbed in the carbon particles. The liquid hydrocarbons are referred

to as soluble organic fraction (SOF) and made up part of the total particulate matters.

A simple diagram, as shown in Figure 4.11, is used to demonstrate the operation

principle of the DOC. Oxidation catalyst is a flow-through ceramic or metallic

monolith, with a surface coated with the precious metal. The platinum (Pt),

palladium (Pd), rhodium (Rh) and zeolite are generally used as coating materials on

the catalyst. The monolith is supported on a stainless steel canister and has two

flanges on both ends of the support which is convenient for installation.

CO

Aldehydes CO,
HC H,0
PAH NO

S0, L S "
NO

Flow through monolith
with catalytic coating

CO+1/20; CO;
HC+O, CO,+H,0
PAH+O, — CO,+H,0

Aldehydes+O; ——— CO,+H>0

Figure 4.11 The operation principle of diesel oxidation catalyst.
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In the present study, two high reliable and representative diesel oxidation
catalysts were used to carry out the experiment in order to prevent obtaining a bias
result which cannot represent the general characteristic of the DOC. The coating
material for DOC-Type A was zeolite-based, whereas the DOC-Type B was
platinum-based. Two catalysts were tested independently under similar testing
procedures. Figure 4.12a and b show the zeolite-based and platinum-based oxidation

catalysts which were used to perform the experiment.

Figure 4.12a A zeolite-based diesel oxidation catalyst (DOC-Type A).

Figure 4.12b A platinum-based diesel oxidation catalyst (DOC-Type B).
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4.6  Experimental Methodology

4.6.1 Testing diesel engine load modes

A diesel engine dynamometer test bed was used to perform the experimental
investigation. A European driving cycle (ECE R49 13 mode cycle) was used for the
testing. It consists of thirteen stabilised driving modes but only the engine modes at
maximum torque speed will be used to perform the present study. The details of the
testing conditions are shown in Table 4.1. Due to the limitation of the diesel engine
dynamometer test bed, the transient driving cycle cannot be performed in the present
study. In each measurement, the engine aiso allowed operation of 30 minutes in each

engine condition to ensure all the engine parameters such as exhaust gas temperature,

engine load and speed) become steady.

Engine load mode Enf:;:}_:f:;dtggsg . Full 6?%/:36 toad
2200 10
2 2200 50
2200 100

Tabie 4.1 Diesel engine load modes.
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4.6.2 Measurement procedures

In the present study, the particle emission characteristics between the two
particle measurement systems will be conducted first. The aim of this experiment is
to determine the most reliable and accurate particle measurement system for the
subsequent experiment. The engine speed was operated and stabilised at each
condition for 30 minutes until the temperature of the exhaust gases and dilution air,
as well as the flow meter reading, had reached a stable condition. This operation time
is important for obtaining a stable result. An exhaust particle sampling measurement
was then conducted to determine the particle number concentration under the
selected engine mode. The time set for each exhaust particle sample with the SMPS
was 120 seconds upscan and 30 seconds downscan which was suggested by
manufacturer. Before collecting the next set of exhaust particle sample, it would take
at least 3-5 minutes for the SMPS rod voltage to gf:t back to zero in order to prevent
interference from the previous sample that might bias the particle number
concentrations. After that, three experiments were performed to characterise the
DOC performance after it was installed on an engine exhaust outlet. The first part of
the experiment was to examine the effectiveness of DOC in reducing the exhaust
emissions. A DOC was installed on the exhaust tailpipe of the engine and paralleled

with the dummy pipe. The layout of the DOC installation is presented in Figure 4.9.
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At the beginning of this experiment, the control valves were adjusted to allow the
exhaust gas passing through the dummy pipe only. The engine was run at the engine
load mode 1 condition for ten minutes. After the ten minutes, all the engine
parameters (i.e. exhaust temperature, engine load and speed) were checked to ensure
those engine parameters become stable. Then, the exhaust particle and gaseous
measurement were carried out to determine the baseline emission value of the diesel
engine in that engine condition. Before the measurement, all the gas analysers would
condu(;,t zero and span gas calibration to eliminate measurement error. After
gcompleting the gaseous and particle emissions measurement, the control valve was
adjusted again to direct the exhaust gas to pass through the DOC only. Another
30 minutes stabilised time was required for waiting a steady state engine condition
and then the measurement was performed again after all the engine parameters
become steady. The exhaust gaseous and particle emissions at the outlet of the DOC
in that engine condition were determined. The remaining engine conditions test were
conducted in the same manner. Through these experiments, the exhaust gaseous and
particle emissions characteristic of a diesel engine equipped with/without DOC for

different engine load conditions can be then determined.
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The second part of experiment was the study of the ageing effect of DOC on
the critical particle emission. The DOC was fixed on the engine test bed and the
engine was run to a certain period. The pai‘ticle emission measurement was carried
out in every 10 hours engine operation. In the present study, only the first 40 hours
particle emission from the DOC is presented because it is adequate to demonstrate

the characteristic of DOC against the operation time.

The third part of experiment was to study the fast engine acceleration
response of DOC in the exhaust gaseous and particle emissions. The engine was
initially run at idle condition. The gaseous and particle emissions measurements
began to measure the exhaust emission concentration. The engine speed and load
were then adjusted in accordance with the procedures in Table 4.2. The gaseous and
particle emission measurements were performed continuously to measure the
baseline exhaust emissions throughout the experiment. After the baseline emission
concentration was obtained, a used DOC was fixed on the tailpipe of the diesel
engine dynamometer test bed. The engine ran the same testing procedures again
under the situation with the DOC installed. The concentration of gaseous and particle
emissions were also measured to determine the change of the exhaust emissions from

the engine after installing the DOC. The results were used to study the performance

of DOC against the engine speed and load.
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Engine condition | Engine speed (rpm) | Engine load (%)
Idle 850 0
Idle — full load 850 — 2200 30— 100
Full load 2200 100
Full load — idle | 2200 — 830 100 -0
Idle 850 0

Table 4.2 Fast engine acceleration testing procedures.

4,7 Experimental Data Processing

The experimental data of gaseous emission concentration obtained from those
gas analysers were presented in volume basis (i.e. % or ppm). This kind of value is
incomparable with the current emission regulation. It is necessary to convert the
volume-based data to mass emission data (i.e. g/s). The details of data conversion are
illustrated in the following section. For the particle results, the common method for
presenting the particle concentration is used the particle number and size distribution.
In the present study, the particle number and size distribution and concentration can
be obtained from the TSI particle sizer. Hence, no data conversion is required for the

experimental particle data.
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4.7.1 Gaseous emissions
Humidity calculation

The properties of ambient air temperature and iaumidity slightly affect the
exhaust gaseous emission concentration. It is necessary to convert the experimental
data to compensate these effects. The dry-bulb temperature and the relative humidity
of the room air were recorded during the experiment. The recorded results were used
to ascertain the water-vapour volume concentration (Y) of the engine intake air. The
water-vapour volume concentration was then used to calculate the wet-dry correction

factor. The following calculations are based on the U.S. Environmental Protection

Agency standard [86].

The saturation vapour pressure (Ppg) of water at the dry-bulb temperature is
defined as follows:

9
Py = exp|:B x(InTpp)+ Y. FI.T[‘)';} 4.1)

i=0

where  Ppg = Pressure in dry-bulb temperature (Pa)
Tpe = Dry-bulb temperature (K)
B =-12.150799

Fo = -8.49922 x 10°
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Fy =-7.4231865 x 10
F, =96.1635147

F; = 2.4917646 x 10
Fy=-1.3160119 x 10
Fs=-1.1460454 x 10°®
Fe=12.1701289 x 10"
F;=-3.610258 x 10°"
Fs =3.8504519 x 107"

Fo=-1.4317 x 10

The percent of relative humidity (RH) is defined by Equation 4.2. The value
of RH has been recorded during the experiment so the partial vapour pressure (Py)

can be obtained by the following equation;

RH = % x100 (4.2)

DB

The partial vapour pressure was used to calculate the specific humidity on a

dry basis of the intake air (H) and which is defined as follows:

__(K)P) “3)
BARO-P,
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where  BARO = barometric pressure (Pa)

K =10.6220 g H,O/g dry air

Once the specific humidity (H) is found, the water vapour volume

concentration on a dry basis of the engine intake air (Y) can be determined by using

the Equation 4.4.

Y = (H)(M air) - Pv (44)
(M,,) BARO-P,

where  M,; = Molecular weight of air = 28.96 kg/kmol

M, o= Molecular weight of water vapour = 18.02 kg/kmol

Emission calculation

Afler the water vapour volume concentration (Y) is determined, the wet to
dry correction factor can be found and the mass emissions of the pollutants can also

be calculated. The wet to dry correction factor, K., is defined as follows [86]:

Kw = — -

(Dco2 DCO 2Y](DC02 DCO WHC)( a]
a + +— + + 1

- 10° 10° ¢ 10? 10° 10° 4
DCO
21+-—-~—Dé((:]:2
( 107 ]K (4.5)
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where o = atomic hydrogen/carbon ratio of the fuel = 1.805
¢ = dry fuel-air ratio (measured)/fuel air ratio (stoichiometric)
DCO = CO volume concentration in exhaust gas, ppm (dry basis)
DCO; = CO, volume concentration in exhaust gas, % (dry basis)
WHC = HC volume concentration in exhaust gas, ppm (wet basis)
K = water-gas equilibrium constant = 3.5

Y = H,0 volume concentration of intake air (g H,O/g dry air)

The wet basis measurement (i.e. HC and NOx emission concentration) can be

converted into a dry basis as follows:

: 1 ' .
Dry concentration = — x wet concentration (4.6)
W

The stoichiometric fuel-air ratio (f/a) can be calculated as follows:

M
(F/a), 0 = —c XMy 4.7)
138.18(1+/4)

where  Mc = Molecular weight of carbon, 12.01 kg/kmol

M}, = Molecular weight of hydrogen, 1 kg/kmol
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The dry fuel air ratio(measured), f/a is defined as follows:

(). = 4.77(1 + oo/ 4)(ffa), .,
L-( DCO J_(_DHC J+5(1—_DCO J_ 0.750.
X | 2X@10)° X(10) ) 40 X(10)°
K .| _(-K
DCO |, DHC
X(10)° X(10)°
(4.8)

where X =DCOy/10? + DCO/10° + DHC/10°

DHC = HC volume concentration in exhaust gas, ppm (dry basis)

For NOx emission, the dry concentration result is multiplied by a humidity
correction factor to obtain a dry and humidity corrected NOx concentration. The

calculation i1s shown as follows:

1
Ko = 4.9
NOY 14+ A(G—75)+B(T-85) (49

where A = 0.044(f/a), - 0.0038
B =-0.166(f/a), + 0.0053

G = humidity of the inlet air in grams of water per pound of dry air
= (453.559/0.0648)H

T = Temperature of inlet air, °F
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DKNO = NOx (dry) x Ky (4.10}

where  DKNO = NO volume concentration in exhaust gas, in ppm
(dry and humidity corrected)

K., = wet to dry correction factor

The mass emissions of each species in grams per hour for each mode can be

calculated as follows:

4
HCghr=W,. = EDHCHO Wi - (4.11)
(DCO/10*) + DCO, +(DHC/10*)
COghr=W, o= M, (DCO/10*)W, 4.12)
€7 (M, +aM,,)[(DCO/10*) + DCO, +(DHC/10")]
 NOX ghr=W,g, = M o, (DKNO/10° )W, @.13)
- NOx ¢

(M, + M, )[(DCO/10*) + DCO, + (DHC/10%)]

where  Mc = Molecular weight of carbon, 12.01 kg/kmol

My = Molecular weight of hydrogen, 1 kg/kmol

M o, = Molecular weight of nitrogen dioxide, 46 kg/kmol

W; = mass flow rate of fuel used in the engine, g/hr
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4.7.2 Particle emission

The data of particle emissions are presented using the particle number
concentration for specific particle diameter range (i.e. number of particles/centimeter
cube) as shown in Figure 4.13. The abscissa represents the particle diameter, whereas
the ordinate means the particle concentration. The unit of the ordinate uses
dN/d logD,, which is a normalised concentration result with the particle size channel.

These data format can be used to compare the data collected by other researchers

who used the other particle size channels.

1L2EH7 |

1.OE+07 | <
| &

8.0E+06 | R
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4.0E+06 |

dN/d logD, (#/cm’)
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.
*
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Figure 4.13  Presentation method of the particle concentration.

79



Chapter 4 Experimental Investigation of Diesel Oxidation
Catalyst in Exhaust Gaseous and Particle Emissions

4.7.3 Uncertainty analysis of the gaseous and particle emissions

measurement systems

Particle emission sampling measurement ;ystem

In the present study, the particle emission result of DOC investigation is
mainly obtained from the scanning mobility particle sizer (SMPS) and the ejector
diluter. The uncertaiﬁty of these two instruments would contribute to the total
uncertainty of the particle measurement system. Consequently, tests for repeatability
of particle size and concentration measurement are conducted in order to determine
the sources of measurement uncertainty in various sub-systems. Normally, the SMPS
and the ejector diluter are used together to measure the exhaust particle concentration,
but these two components are isolated to test for the individual uncertainties.
Kayes et al. [87] suggested that the SMPS initially sampled particles concentration
emitted by a steady particle generation to determine the repeatability of the SMPS
alone. The generator was then connected to the diluter, with the SMPS measuring the
diluted particle concentration in order to evaluate the uncertainty of the diluter/SMPS
combined. Finally, the data of SMPS alone and diluter/SMPS were compared to
obtain the actual uncertainty of the particle measurement system. They suggested the

uncertainty of the particle measurement system should be within 20%.
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The total uncertainty of an instrument or system includes both the random
error and the bias error. Random error (tS,) is observed in repeated measurements
which do not agree exactly because of numerous error sources. The random error can

be calculated through the following equations [88):

— N
x:%Zxk (4.14)
k=1
N 12
Z(Xk _X)z
S= M—N—_l— (4.15)
g = (4.16)

where N is the number of measurements made and X is the average value of the

measurements Xj.

Bias error (B,) is the systematic error which is constant for the duration of the
test of a given sample, each measurement has the same bias. The total uncertainty for

95% confidence can be defined by the following equation:

U, = (B)* +(1S,)’ (4.17)
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where t is the 95th percentile point for the two-tailed student t distribution and can be

obtained from the two-tailed student, t table.

Therefore, in order to determine the total uncertainty of the particle

measurement system, an analysis of the random, tS, and bias error, B, was

conducted.

Quantification of random error of particle emission measurement system
A compression ignition engine (i.e. diesei engine) was used as the steady
—-particle generator. It is because Graskow et al. [89] stated that diesel engines have
steady and consistent emissions, thus allowing a steady stream of particles with
which to isolate variability in SMPS measurements. In addition, isolation of the
SMPS measurement requires the use of an exhaust gas with less humidity to avoid
water condensation in the passageways within the SMPS. The diesel exhaust has less
humidity than the spark exhaust so diesel engine was used for determining the
uncertainty of the instruments. The repeatability of the SMPS was determined by
extracting samples from an undiluted exhaust plume of the diesel engine which was
operated in a steady condition for one hour. This operation time is essential for the
coolant and oil temperatures to reach a steady value. The results of ten consecutive

sets of particle size distribution measurement are shown in Figure 4.14.
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Figure 4.14  Particle size distribution measured from undiluted diesel exhaust gas in
ten consecutive tests.

According to the ASME standard [88], the repeatability of the SMPS system
is also equal to the random error of the system. The calculated average random error
from each channel was only 5% error of the mean concentration, while the maximum
random error was 10% deviated from the mean values, except at the very smaller
particle sizes around 10 to 20 nm. The random error of the very smaller particles has
a maximum deviation 45% from mean value. Although the particle concentration for
this particle range has as much as a 45% random error, the small size range only has
a small contribution to the total or integrated number concentrations. After

estimating the measurement uncertainty due to the SMPS alone, the following step
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can determine the uncertainty due to the combination system of ejector diluter and

SMPS. The particle source from the diesel engine was run at the same condition as

prior.
1.6E+07 g
SR ® Test |
1.4E+07 | OTest2 |
X ATestd
—~ 1.2E+07 ¢ IE ATestd ||
g 1.0E+07 | ATests L
bl C ? o Test 6
& 8.0E+06 | o ~Test? |
X : E’ - Test 8
5. 6.0E+06 : =Test9 ||
% 4.0F+06 L ; va‘ o Test 10] |
2.0EH06 f 8 4
0.0E+00 -——8 XXXITXX
10 100 1000

Particle diameter (nm)

Figure 4.15 Particle size distribution measured from diluted diesel exhaust gas in
-ten consecutive tests.

Figure 4.15 presents the results of the ten consecutive sets of particle size
distribution measured from diluted exhaust. The calculated average random error is
4% and the maximum random error is 9% from the mean concentration. The results
are similar to the random error found from the SMPS alone. Since, the random error
from both measurement system setups (i.e. SMPS alone, gjector diluter & SMPS) are

approximately equal, the random error by virtue of the dilution process was found to
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be negligible. It can be concluded that the particle measurement system is dominated
by the random error of the SMPS alone. The random error of the particle

measurement system is within 10%.

Determination of biqs error of particle emission measurement system

Experiments were performed in order to determine the zero-offset error
(i.e. bias error) of the SMPS and the combined ejector diluter and SMPS
measurement systems. The zero-offset error of the SMPS was determined by
providing a frec particle gas stream from the ambient air to the SMPS inlet. The
schematic diagram of this arrangement is shown in Figure 4.16. Two fine particle
filters were installed in the SMPS inlet to remove most of the large and fine particles
in the ambient air. Although, these two filters are not a high efficiency performance
air {HEPA) filter, they can still remove most of the particles from the room ambient
air. Normally, a HEPA filter has a 99.9% removal efficiency on particle concentration,
Tests were performed to investigate the efficiency of these two filters in removing
the ambient air partié]es. The results were presented in the Figure 4.17, which show
that these filters can have 99.3% average removal efficiency from each particle size
channel. So, it is believed that these two filters can have similar performance as the

HEPA filter in this situation. Figure 4.18 shows the results of ten consecutive sets of
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particle concentration of the filtered air. The result shows the maximum particle
concentration of the filtered air, which is only 100 particle fem’. This concentration
is only 0.01% of the diluted engine—but emissions concentration (i.e. over
1x10° partic]e/cm3) and the influence of this offset is not significant. So, the

zero-offset of the SMPS alone can be neglected.

Coarse particle Fine particle SMPS
filter filter

Figure 4.16 Schematic diagram of the filter arrangement to the SMPS.
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Figure 4.17 Performance of the coarse and fine particle filters in the removal of

ambient air particle concentration.
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Figure 4.18 Results of ten consecutive sets of particle concentration of the filtered

air measured from SMPS alone.

The zero-offset of the combined ejector diluter & SMPS system was
conducted by installing the two fine particle filters to the inlet of the diluter. The
schematic diagram of this arrangement is presented in Figure 4.19. Ten sets of data

" were also obtained and the results are shown in Figure 4.20. The results show that
when the engine is not running but the filtered air is being drawn through the diluter,
the air has a measured maximum particle concentration of 100 particle/cm3, which is
the same as the value found from the SMPS alone. This value can also be neglected
as compared with the diluted exhaust particle concentration. So, the zero-offset error
for the combined ejector diluter & SMPS system is negligible. It also states that the

dilution process has no bias on the zero-offset error of the result of the SMPS alone.
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: . ol
Coarse particle Fine particle Diluter SMPS
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Figure 4.19 Schematic diagram of the filter arrangement with the combined ejector

diluter and SMPS measurement systems.
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Figure 4.20 Results of ten consecutive sets of particle concentration of the filtered
" ambient air measured from the combined ejector diluter and SMPS measurement

systems.

The other sources of the bias error in the particle measurement system can
occur in the SMPS diagnostics as a result of cither particle obtaining multiple
charges in the Kr-85 bipolar charger or optical interference between multiple particle
in the CPC. However, the SMPS software can predict and correct both of these

sources of error [90]. A bias error may occur in the measurement of particle sizes.
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If the flowrates of the SMPS sheath air and aerosol inlet deviate from the values
input to the software, then the software will mistakenly calculate the particle mobility
for particle in each channel of SMPS measurement. This problem would cause a bias
in the measured particle sizes. However, these flowrates are all specified, set and.

calibrated to be within 0.5% of their nominal values.

Determination of the total uncertainty of particle measurement system

The total uncertainty is defined as the square-root of the sum of each error
squared in Equatton 4.17. The error includes the random error and the bias error of
the instrument. From the previous analysis, the maximum random error and the bias
error are 10% and less than 1%, respectively. Thus, the total uncertainty of the

unique particle measurement system is within 10%.

. Uncertainty analysis of the gaseous emission measurement system

For gaseous emission measurements, all of the instruments (i.e. Anapol, HC
and NOx gas analyser) were calibrated before any measurement, in order to prevent
the zero and span drift. However, these gaseous instruments still have less than 1%
deviation in accordance with the user manual. This 1% variation is the bias error for
those instruments. On the other hand, the random errors for these gaseous

instruments were also determined by connecting the instruments to the diesel engine
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dynamometer test bed. The engine was operated in a steady state condition. Then, ten
consecutive sets of gaseous emissions data were measured from these analysers. An
average value for each analyser was then calculated. It was found that the random
errors for the HC and NOx gas analyser were only 0.5%, while the maximum
random error was found from the Anapol gas analyser and which‘was about 1%
deviated from the mean values. Hence, the total uncertainty for the gaseous
measurement can be determined by using the Equation 4.17. The total uncertainty of
the HC and NOx gas analysers are within 1.1% and the Anapol gas analyser

(i.e. CO and COy) is within 1.4%, respectively.
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Chapter 5 Particle Deposition and Chemical Kinetic Analysis of the
Diesel Oxidation Catalyst

5.1 Introduction

This chapter discusses the study of the characteristics of the particle
deposition efficiency on the catalyst surface against the particle diameter. For a diesel
oxidation catalyst, it will alter the particle emission by the effect of deposition and
oxidation. In addition, the DOC is able to reduce gaseous emissions from diesel
engine exhaust plume. The reason for gaseous emission reduction can be attributed to
the enhancement of DOC on the rate of the chemical reaction between the gaseous
pollutants (i.e. CO and HC) and oxygen molecules. A chemical kinetic analysis was -
performed to study the characteristics of DOC on exhaust gaseous emissions under
different exhaust temperatures. The DOC is assumed to be a fresh catalyst during the

particle deposition and chemical kinetic analysis in the present study.

5.2 Deposition Analysis of Diesel Exhaust Particle Emission

As the exhaust gas is passing through the catalyst substrate, a certain amount
of particles may be deposited on the channel surface. The deposition mechanisms
include the gravitational settling, Brownian diffusion, thermophoresis, electrostatic

attraction and inertial impaction [91-92]. For each deposition process, the deposition
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efficiency can be calculated by applying the aerosol theory. A Pt-based catalyst

(DOC-Type B) was used for performing the present study. The converter geometry of

DOC is shown in Figure 5.1.
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Figure 5.1 The substrate geometry of diesel oxidation catalyst.

The cell density is 64 per cm?, and the squared channel is 1.3 mm per side.
The cell wall thickness is 0.6 mm. The cylindrical monolith is 113.5 mm in diameter
and 78.8 mm long. The total number of channels in the catalyst is approximately
6475. An assumption for calculating the deposition efficiency is that the exhaust flow
is evenly distributed across all the cells in the monolith. In actuality, the velocity in
the center of the cell is higher than the peripheral velocity of the cell. The numerical
analyses of Weltens et al. [93] and Barris [94], supported by the experimental
findings indicated that the velocity along the centerline of the monolith can be

elevated by a factor 2 to 2.25 relative to the average flow. However, it is difficult to
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determine the flow distribution across the cell. So, in order to simplify the calculation,

this assumption is widely used.

The Reynolds number, Re, for a single channel within the monolith is

calculated by using the above values as follows:

Rez_p_e_U& (5.1)
p

where p. is the exhaust gas density and assumed to be 0.88 to 0.67 kg/m® at
125 to 250°C; U is the average free stream velocity inside the channel, m/s;
Dy, is the hydraulic diameter of the channel, m; and p is viscosity and assumed as
2.27x10 to 2.78 x107 Pa-s at 125 to 250°C. The velocity within each channel and
corresponding Re 1s assumed to represent an average for the entire c;onveﬂ:er. Based
upon this simplified analysis, the converter operates well within the laminar flow

regime at all designated testing conditions, with Re < 100.

5.2.1 Gravitational settling

For the exhaust gas flowing through the catalyst channel, the exhaust
particles may settle on the substrate surface due to effect of gravity. The efficiency
for this deposition is dependent on the particle size and the flow condition. The flow
inside the catalyst channels is a laminar flow throughout the testing conditions.

For laminar flow in a horizontal and rectangular channel, the particle deposition
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efficiency due to gravitational settling is readily derived as follows:

V,L
E, =—— 5.2
® 2Uh ¢-2)

where V; is the terminal settling velocity of the particle, L is the length of the
channel and h is the height of the channel. The terminal settling velocity of the
particle is defined as follows:

DZ
P56 (5.3)

V, =
18

where p is the particle density, D, is the particle diameter and p is the viscosity of

exhaust gas.

5.2.2 Brownian diffusion from laminar flow

Under still air condition, aerosol particles will undergo an irregular wiggling
motion, which is called Brownian motion. Small particles generally do not follow the
streamlines but continuously diffuse away from them. Once the particle is collected
on a surface, it would adhere to it due to van der Waal’s force. The particle

deposition efficiency, Ey,, due to Brownian diffusion can be found by using the

simple exponential equation:
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h_A.
E, =1—exp(——%) (54

where A, is the inner surface area of the catalyst channel, Q is the average volume

flow rate through the channel, and hy, is the average mass transfer coefficient for the

tube and calculated as follows:

D,,Sh
h =—AB" L (5.5)

where Shy is the averaged Sherwood number over the length of the tube and assumed

equal to 2.98 [95] and Dag is the diffusion coefficient for a particle of a given size in

-

the exhaust gas [83] and can be defined as follows:

kT
| =XIC (5.6)
3nuD

where k is Boltzmann constant, T is the absolute temperature of the exhaust gas,
C, is the Cunningham slip coefficient, C; = [1+(2.52A/Dp)], A is the mean free path of
particle ranges from 0.03 pm for 10 nm in diameter to 0.016 pm for 1000 nm in
diameter. From Eq. 5.6, it obviously shows that the diffusion coefficient varies with
the temperature and particle diameter. Thus, it is necessary to substitute the exhaust
gas temperature at each engine mode and particle diameter into the equation to

determine the specific value.
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5.2.3 Thermophoresis deposition

When an aerosol particle subjects to a temperature gradient in the
surrounding fluid, it will experience a thermophoretic force. The magnitude of the
thermal force depends on the particle properties, as well as the temperature gradient.
The thermal force and the aerosol particle motion are always in the direction of
decreasing temperature. When a cold surface is proximate to a warm gas,
thermophoresis causes particles in the exhaust plume to be deposited onto the surface.
This may occur for a hot exhaust gas passing through a relative low temperature
catalyst substrate surface. The particle deposition efficiency due to the

thermophoresis can be defined as follows:
T PrK,
E, =1—(—°J (5.7)

where Pr is the Prandtl number of the fluid, K, is the dimensional thermophoretic
constant and assumed to be 0.55 according to Talbot [96], and T; and T, are the inlet
and outlet temperature of the catalyst in K. Although, most of the testing conditions
in the present study are steady-state condition, there is still a temperature difference

between the inlet and outlet of the catalyst.
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5.2.4 Electrostatic attraction

Normally, diese! particles are naturally charged as a result of the combustion
process [97]. Up to 85% by mass of the diesel particles are charged, depending upon
the engine operating condition [98]. Larger particles, composed primarily of
agglomerated carbon, are more likely to be charged than nuclei mode particles which
are formed from nucleation of condensable substances as the dilution process. The
charged particles can be removed by image force effects in conducting channels and
by static charge electric fields in non-conducting channels. The catalyst substrate is
composed of ceramic material and will be electrically non-conducting. This property
will not be deteriorated by the application of the coating material of the catalyst.
Under the circumstance of low relative humidity and high temperature, it is possible
that islands of static charge will occur on the surface and the resulting electric fields
will influence the particle motion. Liu et al. [99], investigated this effect for three
types of non-conducting tubing and found that the static charge electric fields have a
value of 200 V/ecm. Unfortunately, there is lack of information on the electric fields
in oxidation catalyst. So, in order to estimate the electrostatic deposition in the
oxidation catalyst, it is assumed that the 200 V/cm field acts across the monolith
channel. The particle deposition efficiency due to the electrostatic attraction can be

estimated as follows:
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E =Yl (5.8)

where V. is the terminal electrostatic velocity and given by V. = Z x Er, where Z 1s

the electrical mobility of the particle and Er is equal to 200 V/cm as described by

Liu et al. [100-101].

5.2.5 Inertial impaction

The inlet surface of the ceramic catalyst provides potential sites for the
particle deposition due to impaction. The thickness of the ceramic wall between
adjacent channels is 0.6 mm. Diesel particles possess inertia and do not follow the
gas streamlines exactly. Some of the particles will impact on thé 0.6 mm-wide
surface surrounding the entrance to each channel. For estimating the impaction, the
Stoke number is commonly used to determine the particle deposition efficiency (Ei)
and the equation is shown as follows:

D2UC
Pellp e (5.9)

St, =
18uw

where p, is the particle density and assumed as 0.749 to 0.570 g/em’ at 125 to 250°C,

D, is the particle diameter, and w is the wall thickness of the channel. Although

E; = f{St), there is no simple relationship between the deposition efficiency and
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Stokes number. However, Johnson et al. [92] depicted that below the critical Stokes
number of 0.25, the impaction deposition does not occur. In the present study, the
corresponding Stokes numbers for each particle size for different engine load

conditions can be found and compared with this critical value.

5.2.6 Combination of the deposition effects

The total particle deposition efficiency, Ey, which accounts for N different

mechanisms of particle deposition, can be calculated for a single particle diameter as

follows:
Er =1-(1-EN( -E)(1 -Ey)....(1 —En) _ (5.10)
=1-1610[(1—Ed) (5.11)

i=1§

‘where Eq is the particle deposition efficiency for d particle diameter, d is the particle

diameter, nm.

The Equations 5.10 and 5.11 assume that those deposition mechanisms are
completely independent from each other but in fact some mechanisms may be
completed for the same particles. Nevertheless, these equations are a fair

approximation when interpreting the overall deposition effictency.
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5.3 Chemical Kinetic Analysis of Diesel Exhaust Gaseous Emissions

Basically, diesel oxidation catalyst uses a series of oxidation process to
reduce the gaseous emissions from exhaust plume. The chemical kinetic analysis can
be used to represent‘ the actual reaction in the catalyst. In general, the rate of a
chemical reaction is accelerated by an increase in temperature. The oxidation effect

is normally represented by the Arrhenius equation [102]:
k = A x exp(-E/RT) (5.12)

where k is the rate constant, A is the pre-exponential factor and always has the same
units as the corresponding rate constant, E, is the activation energy or Arrhenius
activation energy, which has the same dimensions as RT, R is the universal gas

constant, (J/mol K), and T is the temperature (K).

Whatever coating material is used on the catalyst substrate surface, the diesel
oxidation catalyst has the same function to enhance to chemical reaction between the
gaseous pollutants and oxygen. In this section, only the Pt-based catalyst oxidation
reaction of CO and HC are considered. Since the DOC does not have any effect on
NOx emission, the current chemical kinetic study neglects the reaction of this species.

In real situation, the exhaust gas usually contains many forms of hydrocarbons, CyH,.
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Hence, it is assumed that the total hydrocarbons inside the DOC will be oxidised into
the CO, and H;O, as shown in Eq.5.14. Hence, the chemical reaction of the oxidation

process can be expressed by the following equations [103]:

1
CO+502 —R9 5O, (5.13)
C,H, +(1+%J02 _ R, yCO, +%H20 (5.14)

The specific rates R; for CO and HC can be expressed as functions of

concentrations and temperature:

K .

RCO = —Kcoko, (5.15)
F(x,,T,)
k

R]-Icz_zxﬁ_x& (5.16)
F(x,,T,)

where  F(x,,T,) = T,(1+k,%co +Kaxtue) (1 KysX ol )+ Kasnon)
¥i = concentration of gaseous pollutants, i = CO, HC & NOx
Rate constant (mol s'm?),
Kk, = 6.699 x 10° exp(-12556/T;)

ky = 1.392 x 10" exp(-14556/ T;)
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Adsorption constant,

ka1 = 65.5 exp(961/ T;)
ka2 = 2080 exp(361/ Ty)
ka3 = 3.98 exp(11611/ T)

kas =4.79 exp(-3733/ Ty)

From the above equations, the reaction rate of RCO and RHC can be obtained
by substituting the catalyst substrate temperature (Ts) and measured results of Oz, CO
and HC concentrations from each designated engine load condition. The
experimental data of these gaseous emissions will be converted to mole fraction
before any calculation. The calculated reaction rate can be plotted against the

substrate temperature to illustrate the effect of temperature on its performance in

Chapter 6.
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Chapter 6 Presentation and Discussion of Diesel Exhaust Gaseous
and Particle Emissions Investigation Results

6.1 Introduction

The characteristics of particle emission measured from the two developed
particle measurement. systems were presented in this chapter. The present stﬁdy uses
the particle number and volume distribution to compare the results obtained from
these two particle measuremeﬁt systems to determine the most reliable and stable
particle emission measurement systcrﬁ. On the other hand, the characteristics of DOC
performance in the gaseous and particie emissions were also reported. The gaseous
and particle emissions were measured by using the state-of-the-art gaseous (i.e. SAE
standard practice) and particle emission measurement system (i.e. SMPS and ejector
dilutor). Both results were presented at the three engine conditions: 10%, 50% and
' 100% of full engine load at maximum torque speed (i.e. 2200 rpm) and a fast engine
acceleration and idle testing condition. The particle deposition and oxidation

characteristic of the catalyst were also discussed. -
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6.2  Comparison of Particle Emission Measurement System

6.2.1 Comparison of particle number and volume distributions between the
MDTS and EDS measurement systems

The exhaust particle number and volume distributions based on the MDTS
and EDS measurement systems for different engine load conditions are shown in
Figures 6.1 to 6.6. For the nuclei mode particles below 50 nm in diameter, the resuits
indicate that the particle number concentrations obtained from the EDS measurement
~ system are higher than those from the MDTS measurement system for the three
designated engine load modes as shown in Figures 6.1, 6.3 and 6.5. The discrepancy
in particle numbers becomes significant when the engine load increases from 10% to
100% of full engine load. The particle number concentrations obtained from the EDS
measurement systern are higher than the MDTS measurement system for the three
designated engine load modes: 10%, 50% and 100% of full engine load by a factor of
about 2, 3 and 25, respectively. Compared with the MDTS measurement system,
more than 8 times the particle number concentration is obtained from the EDS

measurement system when the engine load is increased from 50% to 100% of full

engine load.
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Figure 6.1 Comparison of diesel particle number size distributions from EDS and
MDTS measurement systems at 10% of full engine load (Engine mode.1).
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Figure 6.2 Comparison of diesel particle volume distributions from EDS and MDTS
measurement systems at 10% of full engine load (Engine mode 1).
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Figure 6.3 Comparison of diesel particle number size distributions from EDS and
MDTS measurement systems at 50% of full engine load (Engine mode2).
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Figure 6.4 Comparison of diesel particle volume distributions from EDS and
MDTS measurement systems at 50% of full engine load (Engine mode 2).
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Figure 6.5 Comparison of diesel particle number size distributions from EDS and
MDTS measurement systems at 100% of full engine load (Engine mode 3).
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Figure 6.6 Comparison of diesel particle volume distributions from EDS and
MDTS measurement systems at 100% of full engine load (Engine mode 3).
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In general, the particle volume concentrations obtained from the EDS
measurement are usually higher than the MDTS measurement system for different
engine loads as shown in Figs. 6.2, 6.4 and 6.6. However, the deviations of particle
volume concentrations are less apparent from the two measurement systems when
the results are presented in particle volume concentrations in nuclei mode. This is
because the particle volume concentration in the accumulation mode has a higher

order of magnitude than that in the nuclei mode.

It should be noted that the EDS system measures a higher particle number
and volume concentrations than the MDTS system in nuclei mode particle. This is
because the EDS measurement system has a heated primary diluter that can minimise
the vapour pressure of volatile components and avoid the formation of nucleated
particles during the dilution process. In contrast, the MDTS measurement system
uses the compressed air as the dilution air at about 23°C. When the hot exhaust
samples are diluted inside the mini-dilution tunnel, the saturation vapour pressure is
reduced with the decreasing temperature, whereas the partial vapour pressure
remains constant. The saturation vapour pressure ratio becomes greater than 1.0,
hence the mixture of diluted exhaust samples changes to the supersaturation
condition. The formation of nucleated particles will occur once the supersaturation

mixture is formed. Hence, the MDTS measurement system obtains a larger amount
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of nucleation particles than the EDS measurement system but the experimental
results are contrary to expectations. The confusion caused by this result might be due
to the existence of supersaturation mixture in the MDTS measurement system.
Supersaturation mixture could also result in the condensation of vapour molecule on
the surface of particles. This process will cause the size of the nucleation particles to
grow and subsequently change to the accumulation particles. Hence, the MDTS
measurement system would obtain a lesser amount of nucleation particles than the
EDS measurement system. In fact, the EDS measurement system prevents the diluted
exhaust samples from changing to a supersaturation mixture during the primary
heated dilution air process. It also eliminates the condensation of the vapour
moleculés on the surface of the particles and avoids the growth of nucleation

particles during the secondary dilution process at room temperature.

For accumulation mode particles larger than 100 nm in diafneter, the results
indicate that the particle number concentration measured from the EDS system are
lower than those from the MDTS system for the three designated engine load modes,
as shown in Figures 6.1, 6.3 and 6.5. The MDTS system always measures a higher
particle number concentration in the range of 70 to 90 nm, wherea; the EDS system
measures the peak value of particle number concentration in the range of the nuclei

mode. On the other hand, the particle volume distribution has a similar trend as the
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particle number distribution in different engine load modes as shown in Figures 6.2,
6.4 and 6.6. The MDTS system measures higher accumulated particle volume
concentrations than the EDS system. The peak particle volume concentrations from
the MDTS and EDS measurement systems normally occur at the particle diameter
around 100-150 nm and 80-90 nm, respectively for the three different engine load
modes. More than 80% of the total particle volume concentrations come from the
accumulation mode particle. It is also noted that a turning point occurs when the
particle size is larger than 400 nm for the three different engine load modes. Beyond
this turning point, the EDS measurement system obtains a higher volume
concentration than the MDTS measurement system for the three designated engine
load modes. This reveals that larger particles would be deposited on the wall of the
mini-dilution tunnel during the particle transmission, hence causing the large

reduction of volume concentration.
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6.2.2 Comparison of CMD, total particle number and volume concentrations
between the MDTS and EDS measurement systems

To investigate the characteristics of exhaust particle emissions from two
different measurement systems, the results should include both the nature of the
particles, the total number concentration and the total volume concentration of the
particles emitted. Most eﬁhaust particle distributions have a unimodal and lognormal
distribution, so the particle CMD has been used to represent the particle size and
trend for the particle size distribution [104]. The CMD,‘ total number concentration
and total volume concentration of particles emitted from the exhaust particle
emissions for different engine conditions are presented in Table 6.1. The CMD
measured from the MDTS measurement system grows from 67 to 91 nm when the
engine load is increased from 10% to 100% of full load, whereas the EDS system
measures a lower particle CMD which increases from 47 to 56 nm, accomplished
with an increase in the engine load. Hence, the particle CMD measured from both
measurement systems show an increase in the particle size with increasing engine
load. The results have good agreement with the findings obtained from Patschull and
Roth [105], who also found a remarkable growth of particle mean diameter with
increasing engine load for a two-stroke engine. In addition, it also shows that it
would increase the amount of total particle number and volume concentrations with

increasing engine load from both measurement systems.
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A comparison of the results of the particle CMD, total particle number and
volume concentration of the MDTS measurement system and the EDS measurement
system shows that the former is always larger than the latter system in all three
engine modes. The difference in particle CMD is about 20 nm at low engine load
condition, but becomes more noticeable to about 35 nm at high engine load
condition. This implies that the MDTS measurement system would cause the exhaust
particles to form larger particles; these findings are in good agreement with the
results obtained from Maricq et al. [48]. At low and medium engine load conditions,
the MDTS system measures almost higher in the total number concentration of
particles than the results measured from the EDS system. The total number
concentrations of particles, however, measured from both measurement systems have
almost the same order of magnitude at high engine load condition. In general, the
total particle volume concentration obtained from the MDTS measurement system 1s
always higher than that from the EDS measurement system as shown in Table 6.1.
As the engine load increases, the effect of sampling dilution becomes apparent, and
the difference between these two measurement systems becomes more pronounced.
The total particle volume concentration obtained from the MDTS measurement

system is increased substantially at 50% load and decreased on further increasing the
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load, whereas the total particle volume concentration obtained from the EDS

measurement system is increased gradually at high engine loads.

Count median Total number Total volume

Engine diameter (nm) - concentration of concentration of
loa dg(ty) particles (#cm”) particles (nm’/cm’)

° MDTS EDS MDTS EDS MDTS EDS
system system system system system system
10 67.3£1.5 | 46.8£1.0 | 6.22x10° | 4.73x10° | 7.41x10" | 7.11x10"
50 75.741.2 | 50.9£0.6 | 9.24x10° | 5.58x10° | 4.16x10" | 1.24x10"
100 90.7+2.1 | 55.742.7 | 7.46x10° | 7.37x10° | 5.49x10" | 2.39x10"

Table 6.1 Comparison of the exhaust particle number size and volume distributions
with dilution factor correction from the MDTS and EDS measurement systems for
different engine load conditions at a maximum torque of constant speed.

Based on the above results, it can be observed that the MDTS system always
measures a higher total number and volume concentrations of particles, and a larger
CMD than the EDS system. This leads to the occurrence of particle transformations
(i.e. nucleation, condensation and/or coagulation) taking place inside the
mini-dilution tunnel, thus causing the change of particle concentration and
distribution. However, the results show that the nucleation of particles will increase
the number of particles in nuclei mode, and the condensation of vapour molecules on
the surface of particies will also increase the particle volume concentration in the

MDTS measurement system. On the other hand, the coagulation of particles that

occurs in the MDTS measurement system is negligible because the residence time is
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about 1.2 seconds and the particle number concentration does not exceed 1 x 10’
In general, the total particle number concentrations in the MDTS measurement
system should be lower than in the EDS measurement system, and the total particle
volume concentrations should be almost the same for both measurement systems if
coagulation takes place. However, the results show higher total particle number and
volume concentrations measured from the MDTS system than from the EDS system.
This might reveal that the nucleation and condensation processes are taken place in

order to obtain higher particle number and volume concentrations.

6.2.3 Evaluation of the performance of MDTS and EDS measurement systems

For a stable and reliable exhaust particle emission measurement system, it
should be possible to avoid the transformations of particles and the distortion of the
particle number and volume distribution. The present results show that the EDS
measurement system is capable of preventing the nucleation of particles and the
condensation of vapour molecules when the exhaust samples are diluted. This is
because the collected exhaust samples are transferred and diluted with heated air
inside the primary diluter. In general, the saturation vapour pressure of a substaﬁce is
a function of temperature. Hence, the vapour pressure of volatile components for

exhaust samples is decreased during the heated dilution. This allows secondary
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dilution at room tempqrature without causing any condensation of the volatile
components. Therefore, the particle size is not increased by the condensation of the
vapour molecules. In addition, the temperature drop of the exhaust samples is very
small in the primary dilution process because the dilution air is heated up to the
exhaust temperature at each designated engine load mode. This can prevent the

nucleation of particles and the condensation of vapour molecules from the secondary

dilution.

On the other hand, the exhaust samples are diluted at room temperature inside
the MDTS measurement system. A significant temperature drop would occur during
the dilution process, and the supersaturation mixture would be produced. It would
cause the occurrence of particle nucleation and condensation. Consequently, the
MDTS measurement system might enhance the particle transformation process
because the particle distribution is shifted to larger particle sizes (i.e. particle CMD),
and the total number and volume concentrations of particles become higher when
they are compared with the results of the EDS measurement system. Recently,
Ristovski et al. [104] have reported that if the particle concentration is sufficiently
high, such as at a high engine load, then coagulation growth will occur, especially n
smaller particulates. A reduction of particle number concentration accompanied with

an increase in particle size would be observed. However, if both the measured

115



Chapter 6 Presentation and Discussion of Diesel Exhaust
Gaseous and Particle Emissions Investigation Results

particle size and the number concentration are increased, then it is most likely that
the coagulation, together with the homogenous nucleation of the metallic ash particle,
will take place simultaneously. In order to infer the effect of coagulation on the
particle concentration in the MDTS measurement system, a simple coagulation
calculation is made. According to the description of Hinds [83], the diluted exhaust
samples can be considered a polydisperse mixture. The average coagulation

coefficient, K , for the polydisperse mixture can be determined as follows:

Kﬂ z_kl 1+e|"2°s +(2.497LJ(60.5[1120' +82.Slnzug) (61)
3 CMD ,
N
NI ‘—‘——0—_— 62
® 1+ N Kt (62)

where k is the Boltzmann constant, 1.38x 1076 dyn-cn/K; T is the temperature of the
diluted exhaust, K; p is the viscosity of air, 1.8x10™ dyn-s/cm2 at 293 K; A is the gas
mean free path, 0.066 um; o, is the geometric standard deviation; N(t) is the number
of particles at the residence time, t; N, is the initial number of particles; t is the

residence time, second.
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For the MDTS measurement system, the total particle number concentrations
varies from 8.8x10° to 1.3x10° and the residence time is within 1.2 seconds in all
designated engine load conditions. Table 6.2 shows that the effect of coagulation on
the total number particle concentration is negligible. The maximum reduction in the
total particle number concentration is 0.15% at the engine load modes 1 and 2. This
is because the particle number concentration is not very high and the residence time
is short in the mini-dilution tunnel. The particles lack sufficient time to coagulate, so
the coagulation is not the major factor to affect the particle number and volume
concen.';trations. Recently, Wei et al. [49] have also found that the coagulation of
particles dbes not play a major role in the transfer line of a dilution tunnel, bﬁt rather

the residence time is one of the critical factors directly influencing the particle

number concentration.

Actual total | Coagulation effecton | % change on —[
Engine | Residence |number particle| total particle number total particle
load (%) | time (s),t | concentration concentration after number
(cm™) residence time, t (cm™) | concentration
10 1.2 8.886x10° 8.873x10° -0.15
50 1.2 1.320x10° 1.318x10° -0.15
100 1.1 1.066x10° 1.065x10° -0.09

Table 6.2  Effect of the coagulation on the actual total number particle concentration

without dilution factor correction for the MDTS measurement system.
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Based on the results of the particle number and volume distributions as
shown in Figures 6.1 to 6.6, it shows that the MDTS measurement system is likely to
shift the entire particle number and volume distributions to a larger particle diameter
range for different engine loads at a maximum torque of constant speed. It also
measures a lower particle volume concentration in nuclei mode but a higher particle
volume concentration in accumulation mode than the EDS measurement system. In
addition, the MDTS measurement system increases the particle size (i.e. particle
CMD), total number and the volume concentrations of particles in all engine load
modes are observed. It is believed that the nucleation of particles and the
condensation of vapour molecules take place simultaneously. These transformation
processes would cause the deviation of particle size distribution, CMD, total number
and volume concentrations of the particles from their actual magnitude. When the hot
exhaust samples were diluted with the air at a room temperature of 23°C, a highly
saturated mixture was formed due to the drastic temperature drop from about 130°C
to 40°C. The nucleation of particles would take place and most of the SOF would
then nucleate into the nuclei particles. These SOF were in the gaseous phase in the
exhaust tailpipe, but would undergo the gas to particle conversion through
homogenous nucleation during the dilution process. Once the stable particle was

formed, the vapour molecules condensed on the surface of particles and cause the
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growth in particle size. Hence, a higher particle number and volume concentration in
accumulation mode were found in the MDTS measurement system than in the EDS
measurement system. Maricq et al. [48] also found that a higher particle number
concentration in accumulation mode was obtained using the mini-dilution tunnel
measurement than the ejector diluter measurement system. Their findings agree with
the present resuits. They concluded that the higher accumulation mode particle from
the mini-dilution tunnel is due to the desorption and/or pyrolysis of organic materials,
either hydrocarbons deposits on the walls of steel transfer hose or the silicone rubber,
by hot exhaust gases, and their subsequent nucleation in the dilution tunnel. However,
it is reveated that the higher accumulation mode particle frorﬁ the mini-dilution
tunnel is mainly caused by the particle transformations such as nucleation and
condensation in the present study, as shown in Figures 6.1, 6.3 & 6.5. According to
the findings of the present study and Maricq et al. [48], it can be concluded that the
particle transformation would occur inside the mini-dilution tunnel and limit the

ability to present the accurate particle distribution.
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6.3 Performance of DOC on the Diesel Exhaust Particle Emission

6.3.1 Characteristics of two fresh DOCs for different engine load conditions
The initial characteristic of the DOC in particle emission for different engine
conditions was investigated. Two brand-new DOCs (i.c. zeolite-based and
platinum-based) were installed in an engine dynamometer test bed and tested under
several prescribed testing conditions {i.e. 10%, 50%, and 100% of full engine load at
maximum torque speed). The EDS particle system and scanning mobility particle
sizer (TSI, SMPS Model No. 3934} were used to measure the particle number

concentration. The operations of the SMPS and ejector dilutor were depicted in

Chapter 4.

The effect of the two brand-new DOCs on particle number concentration
when engine condition was operated from 10% to 100% of full engine load is shown
in Figures 6.7 to 6.9. The exhaust gas temperature at the inlet of the DOC was also
reported in these figures. From these figures, it obviously shows that the application
of the DOC is capable of substantially abate the particle number concentration,
especially in particle diameter of 30-100 nm. The results also show that the
DOC-Type B always has a better reduction on particle emission than DOC-Type A.

The differences of particle reduction between catalyst A and B are more significant
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at the low engine load condition but it becomes smaller when the engine load

increases from 50% to 100% of full load.
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Figure 6.7 Effect of fresh DOCs on the exhaust particle concentration at 10% of
full engine load (Engine mode 1).
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Figure 6.8 Effect of fresh DOCs on the exhaust particle concentration at 50% of
full engine load (Engine mode 2).
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Figure 6.9 Effect of fresh DOCs on the exhaust particle concentration at 100% of
full engine load (Engine mode 3).
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The exhaust gas temperatures at the inlet of the DOC for the two catalysts
were about 120°C as shown in Figure 6.7. The differences in the particle reduction
between the two catalysts are more noticeable under the low engine load condition.
The results show that DOC-Type B has a higher reduction in particle emission than
DOC-Type A even-though the inlet gas temperatures are similar to each other. In
contrast, when the inlet exhaust gas temperatures for both catalysts are
approximately identical at the high engine load condition as shown in Figure 6.9. The

reduction in particle emission of these two DOCs is almost the same.

On the other hand, the discrepancy performance in particle emission under
the low temperature condition can be ascribed to the coating materials and catalyst
configurations. Zeolite and platinum are the common coating materials for use in the
catalyst but they have inherent difference in light-off temperatures. The light-off
temperature is the temperature at which 50% reduction of exhaust gaseous emission
can be achieved. The differences in light-off temperatures cause the catalysts to have
the effect particle emission, especially in low exhaust gas temperature. Consequently,
the engine exhaust gas temperature is a critical parameter which affects the

performance of the catalyst.
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As shown in Figure 6.10, Zelenka et al. [106] presented a diagram showing a
number of parameters affecting the performance of diesel oxidation catalyst and

reported that exhaust gas temperature is one of the most crucial parameters

influencing catalyst performance.

Catalytic
Space Coating Washcoast
Velocity l Formulation
Exhaust / Substrate
Temperature ) S —=—""| Material
Level Diesel Oxidation

Catalyst -

Catalyst /
Position \\

Fuel Sulfur Lubrication Oil Resistance
Content Additive Content

Flow

Figure 6.10 Parameters affecting the performance of DOC [106].

Table 6.3 summarises the effect of diesel oxidation catalysts on different
particle size ranges. The data presented in this table are the average change in that
particle size range. The result shows that the DOC-Type A and B have competence to
curtail the nuclei mode particles. The reduction rate of nuclei mode particle varies
from 17% to 50% for the engine which runs from 10% to 100% of full load at
maximum torque speed. Indeed, when the engine condition is operated from 10% to

100% of full load, the exhaust gas temperature also increase significantly. Hence, the
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exhaust gas temperature directly affects the reduction rate of particle emission. The

higher the exhaust gas temperature, the higher reduction rate of particle emission is

obtained.

Change of particle concentration (%)
Nuclei mode particle | Accumulation mode particle
Engine condition | DOC-Type 10-50 (nm) 50-100 (nm) | >100 (nm)

10 % of full A -17 -17 1.3
engine load

2200rpm B -19 -40 2.0
50 % of full A -27 -26 3.6
engine load :

2200rpm B -29 -41 5.1
100 % of full A -50 -51 4.4
engine load

2200rpm B -45 -55 6.6

Table 6.3 Summary of the two DOCs effect on the particle emission for different

engine load conditions.

In principle, the DOC could affect the particle emission in three ways:
oxidation of particle, deposition and SO, to SO; conversion. The reaction of SO; and
SO, to sulfate (SO.) is dependent on the exhaust temperature level and the fuel
sulphur content. The reaction would begin at the exhaust temperature above 400°C
{107]. In the present study, the maximum exhaust temperature only reaches to around

250°C. With this temperature, it is believed that the formation of sulfate would not be
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triggered to begin so the effect of SO, conversion on particle emission can be
neglected. The reason why the DOC can abate the nuclei mode particle which is
attributed to the catalyst which oxidises considerable amount of SOF to H,O and
CO, during the engine exhaust gas passing through the monolith substrate. In
addition, Klein et al. [108] depicted that the catalyst caused the reduction in particle
| number concentration and it can be traced back to deposition mechanisms.
Gravitational settling, Brownian diffusion, thermosinhoresis, inertial impaction and
interception are also considered possible deposition mechanisms fo-r the particle
deposition. Johnson et al. [91] also reported that there are some percentage
reductions in the particle number concentration after the application of catalyst which
is due to the deposition of particle. After the experiment was completed, the surface
of the catalyst substrate was visibly covered by a layer of carbon particle, as shown
in Figures 6.11a & 6.11b. The deposition of particle on the catalyst surface definitely
exists and affects the particle emission. However, it is impossible to determine the
size of particles that deposit on the catalyst surface with the naked eye. Thus, an
investigation on deposition mechanisms was carried out to ascertain which particle

size could deposit most and least on the catalyst surface.
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Figure 6.11a The front end of the DOC (Type A-Zeolite based catalyst).

Figure 6.11b  The rear end of the DOC (Type A-Zeolite based catalyst).

In Table 6.3, the results of the accumulation mode particle show a dilemma

situation on the effect of the DOC on particle emission. For the particle size range of

50-100 nm, there is a reduction in particle number concentration for the three

designated engine load conditions. This trend is similar to the result in nuclei mode
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particle. The reason for this abatement can also be ascribed to the oxidisation of
SOFs and deposition of particles. However, the result also reveals that there is a
slight increase in particle number for the particles larger than 100 nm in diameter.
The increase rate is also related to the increasing engine load condition and exhaust
gas temperature. As stated in the aforementioned explanation, there are two possible
factors for the catalyst affecting the particle emission (i.. oxidation and deposition).
As regards the deposition of particles, this process is able to curtail particle number
concentration, but the current result reveals an opposite scenario, increasing in
particle number. Hence, it is believed that this process is not dominant in affecting
these particles (D, > 100 nm). The only possible way to change these particle
emissions remains the oxidation of the particles because this process may have a
drawback on particle emission. Figure 6.12 shows a schematic diagram of a typical
diesel particle and vapour phase compounds [109]. It unveils that the solid
carbonaceous particle is wrapped by a layer of adsorbed hydrocarbons and SOF. The
sulfate (SO4) and hydrocarbons particle are adsorbed on the outer surface of the layer.
The original -size of the solid carbonaceous particle ranges from 0.01 to 0.08 um
diameter, but it agglomerates to form the accumulation mode particle (50-1000 nm)
with the adsorbed hydrocarbons and SOF. As these large diesel particles flow

through the catalyst substrate, the catalyst will oxidise the adsorbed SOF and HC to
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make the size of particles become smaller and so the number of small particles will
be increased. In addition, the result also shows that the increasing rate of the large
accumulation 'mode particle becomes faster as the engine condition changes from
10% to 100% of full engine load. The higher exhaust temperature will also promote

more oxidation of the organic compounds, making more particles alter to smaller size

as described by Andrews et al. [110].

Solid carbon spheres
(0.01-0.08u m diameter)

form to make solid particle
agglomerates (0.05-1.0um
diameter) with adsorbed

hydrocarbons

Adsorbed
hdrocarbons

- O

Sulfate with hydration

Liquid condensed
hydrocarbon particles

Figure 6.12 Schematic diagram of a typical diesel particle and vapour phase

compounds [109].

From the above results, it can be concluded that a fresh catalyst can
substantially reduce the number of nuclei mode particle but it will slightly increase
the number of accumulation mode particles. The results are well-agreed with the
'previous study performed by Hammerle et al. [111], but they did not provide a detail
explanation for this phenomenon. In the present study, this phenomenon can be well

explained by using the oxidation and deposition processes of particles within DOC.
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6.3.2 Total particle number and mass concentrations of fresh DOCs for

different engine load conditions

The other essential parameters used to assess the performance of fresh DOCs
are the total particle number and mass concentration. A count median diameter
(CMD) is also presented to ascertain the overall particle size trend. The total particle
number concentration is simply calculated by adding the particle number in each
particle diameter together to obtain a total value. The total particle mass
concentration is found by assuming that the particles are spherical,_ although it is well
kno.wn that the diesel particles are long-branched fractal-like agglomerates [40,112].
Particle density is assumed to be 0.749 to 0.570 g/em’ at 125 to 250°C. By using the
Equation 6.1, the mass concentration for individual particle diameter can be obtained.
These individual values are then added together to determine the total mass

concentration as follows.

r &0 , o
m, =—pZNdDd (6.3)

d=15

where mr is the total particle mass concentration, mg/mS, Ny and Dy are the number
of particle, #/cm® and particle size at particular particle diameter, d ranging from

15 to 670 nm, respectively.
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The results of total particle number and mass concentrations, as well as the
CMD for different engine load conditions are summarised in Table 6.4. These results
are based on the particle ranging from 15 to 670 nm in diameter. The results of the
catalysts and baseline reveal a significant difference in all designated engine
conditions. In the 10% of full engine load condition, both oxidation catalysts are able
.to reduce about 15% of the total particle number from baseline value. The reduction
rates for 50% and 100% of full engine load cbnditions are 28% and 49%,
respectively. The reduction rate becomes higher with the increasing engine load and
exhaust gas temperature. As regard the mass concent.ration, the results show that the
total mass concentrations for all testing conditions are reduced significantly by the
oxidation catalyst. The reduction rate ranges from 24% to 75%, depending on the
exhaust gas temperaturé. The higher the exhaust gas temperature at the catalyst inlet,
the higher the reduction rate is obtained. This trend makes an agreement with the
result of total particle number concentration. On the other hand, the value of CMD
always remains in the nuclei mode particle region for all testing conditions. It grows
with the increasing engine load and intends to become smaller as the oxidation
catalyst is installed. The alteration level of CMD is not pronounced. The
performance of oxidation catalyst only reduces the size of CMD by 1-3 nm diameters

comparing with its baseline value.
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Engine load condition
10% 50% 100%
Total particle Baseline 4.73x10° 5.58x10° 7.37x10°
mass 1 DOC-Type A | 1.21x10° 4.24x10° 3.80x10°
concentration
(#/cm®) DOC-Type B | 1.24x10° 3.81x10° 3.67x10°
Total particle |  Baseline 1.16 4.21 8.75
mass
concentration | 2OC-Type A 0.88 1.40 2.14
(mg/m’) | DOC-Type B 0.69 1.32 2.26
Baseline 46.73 50.80 55.71
CMD (nm) | DOC-Type A 49.20 51.48 54.82
DOC-Type B 45.41 47.02 53.51

Table 6.4 Summary of the CMD, total particle number and mass concentrations for
different DOC and engine load conditions.

As discussed in the previous Section 6.3.1, the reduction in particle number
concentration can be ascribed to the deposition of particle on the catalyst substrate
surface and the oxidation of the nuclei mode SOF particle. Regarding the reduction
in mass concentration, it is mainly caused by the oxidation of the catalyst which
reduces the particle number.- Another reason is due to the fact that oxidation catalyst
oxidises the organic fraction from the total particulate matter and thereby the total
mass concentration of particle becomes smaller. From the previous investigation,
Klein et al. [108] explained that the reason of oxidation is due to the HC (SOF) being
oxidised by the catalyst. They conceived three possible mechanisms for this
oxidation. Firstly, the HC molecules adsorbed at particulates are directly oxidised at

the particulate surface. Secondly, the adsorbed HC molecules on the particulate
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surface are in adsorption equilibrium with HC in gas phase. Gas phase of HC
molecules are oxidised by the catalyst. More and more HC molecules desorb from
the particulate surface and are subsequently oxidised in the gas phase. Thirdly, the
HC molecules are in gas phase before the oxidation catalyst and do not adsorb on the
particulates surface. These gas phase HC molecules are directly oxidised by the
catalyst. On the other hand, a detailed interpretation for the reduction in particle mass
was descn’bed by Barris [94]. He presented a schematic diagram as shown in
Figure 6.13, to explain the physical activities taking place in the catalyst charmels‘
and on the particles. The carbonaceous particle physically adsorbs the vapour phase
hydrocarbons onto its surface from a surrounding boundary layér. The depletion of
this boundary layer creates a diffusion gradient, drawing more hydrocarbons
molecules towards the particle. The adsorbed hydrocarbons (mostly from
incompletely oxidised fuel), along with the collected lubricating oil droplets, form
the organic fraction of the particulate matter. Meanwhile, the wash-coated channels
walls are also adsorbing the reactive species (both hydrocarbons molecules and oil
droplets). A diffusion boundary layer near the channel wall surfaces, depleted of the
reactive speciés, gives rise to another diffusion gradient. Thus, a mass transport
exists both towa;ds the carbonaceo.us paftif:fes and the wash-coated walls. The

adsorbed hydrocarbons wrapped on the carbonaceous particles are adsorbed on the
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wash-coated walls and oxidised to CO; and H,O during the subsequent oxidation
reaction. Hence, the particle mass concentration will be reduced since the catalyst
enhances the oxidation process of the organic fraction and adsorbed hydrocarbons.
The reduction in particle mass is linked to a shift in particle size distribution towards
smaller size particle because of less adsorbed hydrocarbons on the particle surface.

Consequently, the experimental results of CMD tend to be smaller as the oxidation

catalyst 1s retrofitted.
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Figure 6.13 Adsorption and diffusion in the catalyst channel [94].

6.3.3 Operation time effect of DOC on the particle emission

The previous Section 6.3.2 has depicted that a fresh diesel oxidation catalyst
accompanied by ultra low sulphur diesel fuel will have a high competence to reduce

the particle emission in terms of the number and mass concentration. However, these
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findings might be in contradiction with the previous investigations. It is because
some literatures have pointed out that the application of diesel oxidation catalyst will
not alter the particle size distribution and number concentration [113-115]. On the
other hand, the other literatures have reported that oxidation catalyst has a negative
effect on particle emission (i.e. more particles are emitted) [40,69]. These findings
seem to contradict with the present results but it is not the fact indeed. Basically, their
studies have not provided any detailed information about the condition of the catalyst
or how long is the catalyst being used before running the tests. Since the operation
time of the oxidation catalyst will influence the performance in the particle emission,
if the catalyst has been used for a certain time, particulate matter will deposit on the
catalyst surface. Most of the deposited particles blow-outs take place under low and
medium speed driving conditions [110]. It will cause more particles to be generated
. and bring an adverse effect to DOC. These stu@ies cannot provide detailed analysis
on the characteristics of the oxidation catalyst in reducing the particle emission. The
present investigation intends to provide detailed information on why the results
contradict with the previous studies. Hence, the performance of DOC on particle
emission against the operation time will be investigated. Since similar performances
of catalyst A and B on the particle emission are obtained, only the catalyst A will be

further investigated in the present study to avoid duplication.
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Figure 6.14 Reduction characteristics of the DOC on the particle emission against

the operation time at 10% of full engine load (Engine mode 1).
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Figure 6.15 Reduction characteristics of the DOC on the particle emission against
the operation time at 50% of full engine load (Engine mode 2).
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Figure 6.16 Reduction characteristics of the DOC on the particle emission against

the operation time at 100% of full engine load (Engine mode 3).

The reduction characteristics of the DOC on the particle emission in the first
40 operation hours under the 10%, 50% and 100% of full engine load are presented
in Figures 6.14, 6.15 and 6.16, respectively. The results obviously show that the
reduction of nuclei mode particles in the first 10 hours operation is the highest as
compared with other operation hours. In the 100% of full engine load condition as
shown in Figure 6 .16, the highest reduction o f nuclei mode particle r eaches 5 7%,
whereas the other engine load conditions still have about 20-30% reduction. This
reduction rate tends to decrease drastically as the particle size becomes larger. In the
first 30 hours operation time, the diesel oxidation catalyst can still reduce the nuclei

mode particle for different engine load conditions; however, the reduction
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performance gradually decreases with the increasing in operation hour. Until over
30 hours operation, the diesel oxidation catalyst no longer abate the nuclei mode
particle. Adversely, it tends to make more nuclei mode particles, especially in 100%
of full engine load condition. For the accumulation mode particle, the oxidation
catalyst mainly reduces the particle number in the size of 50-300 nm diameter in the
first 10 hours operation time. The reduction rate can be kept to about 20%. It
commences, however, to decrease as the particle size becomes larger. As the particle
size is larger than 300 nm, there is an adverse effect on the particle emission. The
negative effect is not serious at this operation time. However, along with the
operation time becomes longer, this negative effect grows from 5% in the first
10 hours operation to about 40% after the 40 hours operation. The oxidation catalyst
is likely to exacerbate the generation of the particle and lead to more nuclei and
accumulation mode particles in the exhaust plume. From Figure 6.16, the advent of
the negative reduction in the first 10 hours operation is located at the particle size
about 300 nm. In the 40 hours operation, the negative reduction is shifted to the
particle diameter of 80 nm. It tends to appear in smaller particle as the operation hour

is increased.

From these experimental results, it unveils that the oxidation catalyst is able

to curtail the exhaust particle number in the early operation period of the catalyst.
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However, as the oxidation catalyst is used for more than 30 hours, there is an adverse
effect on the particle number concentration in the exhaust plume. If the present
oxidation catalyst serves around 40 hours, it will increase the number of particle for
all sizes of particles. The performance of DOC is dependent on the operation time of
the catalyst and might vary from the initial DOC condition. The interpretation for
this phenomenon can attribute to the combined effects of deposition and oxidation
inside the catalyst channel. For the first 10 hours operation, the oxidation catalyst can
be treated as a fresh catalyst. Its surface provides a spate of space to the particle
deposition. As the exhaust gas passes through the substrate channel, the nuclei and
accumulation mode particles would deposit on the surface by a series of deposition
mechanisms, such as adsorption, thermosphersis, diffusion and impaction deposition.
As the DOC operation hours becomes longer, more and more particle would deposit
on the substrate and this will increasingly reduce the space for the particles
deposition. Eventually, the whole catalyst substrate will be saturated with the exhaust
particles and causes the increase in back pressure. Figure 6.17 presents the change of
back pressure against to the operation hours under individual testing condition. The
result shows that the back pressure increases gradually as the operation time becomes
longer. This is because the catalyst substrate is covered by more and more particles,

and the space for the exhaust gas passing through the substrate channel of catalyst
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becomes less and less. The pressure drop difference between these two studied DOCs
is quite large. It is because the geometric arrangement of these two DOCs is totally
different. In fact, the length of the substrate material in the Pt-based catalyst is much
longer than that in zeolite-based catalyst, as shown in Appendix D. Hence, it causes a
higher pressure drop for the DOC (Type B: platinum-based catalyst) than the DOC

(Type A: zeolite-based catalyst).
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Figure 6.17 The deviation of back pressure at the inlet of DOC versus the operation

time for different engine load conditions.

As the subsequent exhaust gas flows through the substrate channel, there is
lack of space for the particle to deposit, so the exhaust particle number in the catalyst

inlet and outlet should remain nearly the same. The result reveals that, however, there
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is a slight increase in particle number of nuclei mode particle at 40 hours operation.
It is because some of the deposited particles are blown out from the catalyst. From
the present results, it is believed that the reduction of the nuclei mode particle is
dominated by the effect of deposition rather than the oxidation. It is because the
oxidation should cause a reduction in particle number but the results show an

increase in particle number. Hence, the oxidation should not be the dominant process

affecting the nuclei mode particle.

In regard to the accumulation mode particle, the deposition of particle is the
major process taking place inside the catalyst channel at the initial operation time
because the space is still available for the particle to deposit. The oxidation of
particle is also carried out simultaneously but the effect is not significant at this stage.
As the operation time of catalyst is ‘increased, the effect of the deposition of particles
becomes weaker, whereas the effect of the oxidation becomes more pronounced. The
oxidation of particle has a drawback that is the catalyst oxidises the adsorbed HC
from the particle surface, mainly coarse particle (D, > 1000 nm). The size of the
particle would become smaller. It causes more formation of the smaller size particles
and the number of smaller particle increased. Hence, the effects of the deposition

becomes weaker and the oxidation becomes more significant as the operation time of

catalyst 1s longer.
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6.3.4 Fast engine acceleration respense of a used DOC on the particle emission

Concerning the vehicle traffic condition in Hong Kong, many traffic
congestions occur in the urban transport area daily. The vehicles always experience a
long period of idle condition and fast engine acceleration, alternatively. The
reduction in particle emission of the DOC becomes not effective after certain
operation hours (i.e. 30 hours) and it is almost impossible to remove the catalyst
from the vehicle at this early time. Most of the time, the diesel vehicle would use a
DOC with the saturated particle condition. Thus, the particle emission characteristics
of the used DOC for the fast engine acceleration condition becomes the crucial one
because this driving condition always appears in the real world driving in Hong

Kong and other major urban cities.

The testing procedures for fast engine acceleration were given in section 4.6.2.
This used DOC was the one which had been operated for 40 hours as mentioned in
Section 6.3.3. The total number of particle concentration and the exhaust gas
temperature at the inlet and outlet of a used DOC are presented in Figures 6.18 and
6.19. The result shows that the DOC increases the total number of particle
concentration in the whole testing cycle, except at the beginning stage of the testing
(0-800 seconds). The total particle number at the outlet of the DOC is lower than that

at the inlet of DOC in the first 800 seconds. However, this phenomenon changes after
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the first 800 seconds and the outlet value of DOC commences to be higher than the
inlet value of DOC. This tendency is kept in the entire testing. As the engine speed
and load are increased simultaneously (1000-2800 seconds), the tbtal particle number
differences between the inlet and outlet of DOC become significant. The number of
particles emitted from the DQC becomes higher and increases by 26% in this
o.peration condition. Even when the ehgine runs at the steady-state condition (100%
load at 2200 rpm), the particle emission at the outlet of DOC is still higher than its
inlet position. For the subsequent operation of deceleration (from 100% of engine

-load at 2200 rpm to idle condition) and hot idle condition, this scenario still

maintains.
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Figure 6.18 The total number of particle concentration of a used DOC between the

inlet and outlet for the fast engine acceleration and idle conditions.
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of a used DOC for the fast engine acceleration and idle conditions.
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This phenomena can be explained by the exhaust gas temperature against
time at the inlet and outlet of DOC as shown in Figure 6.19. At the first 800 seconds
operation, the engine was run at the idle engine condition and the exhaust gas
temperature at the outlet of DOC is slightly lower than the inlet positioq. When the
exhaust gas flows through the catalyst, there is a heat loss to warm up the catalyst
monolith. So, this causes a decrease in exhaust gas temperature at the outlet of DOC.
This temperature gradient causes a few particles deposit on the catalyst substrate by
the effect of thermophoresis deposition [83], so the total particle number has a slight
decrease. However, as the temperature difference beh;veen the inlet and outlet of
DOC becomes smaller or even identical, the effect of thermophoresis deposition is
less significant. This phenomenon can be observed after the 800 seconds operation.
The total particle number at the outlet of a used DOC will be higher than the inlet
posttion. In the operation period of 1000 to 2000 seconds, the increaselin total
particle number can be attributed to the particle blow-out process. It is because the
engine is accelerated in this period and the velocity of exhaust gas passing through
the catalyst channel is also increased. This would make it easier to blow the particles
away from the surface of substrate and the oxidation process will not be activated
effectively by such low exhaust gas temperature (i.e. T, » 100 °C). However, as the

exhaust gas temperature is increasing, the oxidation process of particle becomes
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more active. The catalyst oxidises the adsorbed HC (i.e. SOF) on the particle surface
and causes more smaller particles to be emitted. Hence, the particle number
difference between the inlet and outlet of a used DOC at 100% of steady-state full
engine load operation condition is more observable than that in the acceleration
period (i.e. 1000-2800 seconds). Similarly, as the engine condition changes from
100% of full engine load to idle condition at the period of 3700 to 5600 seconds, the
effect of the oxidation process becomes smaller along with the decreasing exhaust
gas temperature. Even the particle oxidation process becomes less significant, the
-particle blow out process still exists inside the DOC. So, the total particle

concentration at DOC outlet is still higher than DOC inlet.

Based on these experimental results, it is found that if the catalysts are
saturated with the exhaust particle, the total particle number at the outlet of DOC will
become higher as the vehicle is under the fast engine acceleration or even
deceleration condition. In real world driving condition, the driver has always
experienced the fast engine acceleration and deceleration modes on the road. This

phenomenon has an adverse effect on the exhaust particle emission from the diesel

vehicle,
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6.3.5 Removal particle deposition efficiency inside a fresh DOC

The removal deposition efficiency of diesel particle inside a fresh DOC was

determined in Chapter 5. The calculated overall removal efficiencies of solid particle

by the catalyst for different engine conditions are presented in Figure 6.20. The

results have combined the effect of the deposition mechanisms of gravitational

settling, Brownian diffusion, thermophoresis, electrostatic deposition and inertial

impaction. It should be noted that the calculated efficiencies are only presented for

particle size in the range of 15 nm to 670 nm based on the present experimental

particle results.
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Figure 6.20 Calculated overall removal deposition efficiencies of solid particle of a

fresh DOC for different engine load conditions.
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In the gravitational settling calculation, the terminal velocities of the
nanoparticles are considerably small because the particle sizes are extremely small.
The terminal settling velocity for the particle size of 15 nm is about 7.3x10% mvs,
whereas the larger particle of 670 nm also has 1.3x10 m/s. These small numbers of
terminal settling ve.loc'ities cause deposition efficiencies in the present particle size
range less than 0.01%. Furthermore, the diffusion coefficients for the nanoparticles
are also very smail and have a range of 5.0x10% to 2.7x107"° m¥s in the present
particle range. These low diffusion coefficients reduce the average mass transfer
coefficient and cause the deposition efficiencies to become very low. The Brownian
deposition efficiency only has a value of less than 0.01%. For the inerttal impaction,
the calculated Stokes numbers for the present particle size range are smaller than
0.25 because the particle sizes are extremely small. These nanoparticles are able to
follow the streamline to prevent impacting on the substrate surface. Consequently,
the inertial impaction for the particle deposition on the catalyst substrate can also be
neglected. From the above results, it is found that the particle removal deposition
efficiency of the gravitational settling, Brownian diffusion and inertial impaction
mechanisms is relatively small, and hence the effects of these mechanisms on the

particle deposition inside the DOC can be neglected.
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In the calculation of thermophoresis, even testing conditions are steady-state,
there are still temperature difference between the inlet and outlet of the catalyst. The
temperature difference between the catalyst inlet and outlet of DOC under the 10%,
50% and 100% of full engine load conditions were 20°C, 14°C and 15°C,
respectively. Because of these temperature gradients, the deposition efficiency due to
thermophoresis contributes 1-2% of total particle deposition efficiency in the present
particle size range. On the other hand, the resuits in Figure 6.20 show that there is
significant removal deposition efficiency in the nuclei mode particle. The removal
deposition efficiency decreases from the maximum value of 18% at 15 nm diameter
to the minimum value of 2% at 680 nm diameter. This particle removal deposition
efficiency can be attributed to the electrostatic deposition which occurs when the
exhaust particle is flowing through the catalyst substrate. It is because the nuclei
mode particles have higher electrical mobility, Z, than the accumulation mode
particles [83], so the nuclei mode particle is charged more easily and a Higher
removal efficiency is obtained in this particle mode. It leads to the thermophoresis

and electrostatic deposition dominating the diesel particle deposition on catalyst

surface.

After investigating the removal deposition efficiency of the nanoparticles on

the catalyst substrate, it was found that only 2-18% reduction of the nuciei and
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accumulation mode particle number concentration can ascribe to this phenomenon.
The remaining reduction efficiency is due to the oxidation of the catalyst. From the
result of Table 6.3, Catalyst-B can reduce 19%, 29% and 45% of nuclei mode
particle under the 10%, 50% and 100% of full engine load condition, respectively.
Among these percentage reductions, about 15% of reduction is due to the particle |
* deposition and the rest of 4%, 14% and 30% of reduction under 10%, 50% and 100%

of full engine load condition was attributed to the oxidation process.

6.4 Performance of DOC on the Diesel Exhaust Gaseous Emissions

6.4.1 Gaseous emissions reduction for different engine load conditions

The effect of diesel oxidation catalyst on the exhaust gaseous emissions is
also an indication of the intrinsic characteristic of the catalyst. The results of the
exhaust gaseous emissions with or without installing the DOC were measured by a
series of instruments which are described in Chapter 4. The measured data in volume
basis were then converted into a mass emission rate. The mass emission rate and
volume concentration of CO, HC and NOx with and without the installation of DOC
for different engine load conditions are presented in Figures 6.21 to 6.26. The
exhaust gas temperature at the inlet of DOC is a critical factor affecting the oxidation

of the catalyst as shown in these figures. In the present study, the exhaust gas
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temperature at the DOC inlet (Ti) ranges from 125°C to 250°C, depending on the

engine condition.

CO emission

In Figure 6.21, the result shows that the emission of CO without installing
used DOCs is decreased as the engine load is increased. The reason for this
phenomenon can be attributed to the low exhaust gas temperature at the low engine
load condition. CO is one of the compounds formed during the intermediate
combustion stages of hydrocarbons fuels, as combustion proceeds to completion, the
oxidation of CO to CO; occurs through recombination reactions between CO and the
different oxidants. If these recombination reactions are incomplete due to the lack of
qxidants or due to the low gas temperatures, CO will be left without oxidation.
At low engine load, the gas temperature inside the engine combustion chamber is
relatively low and very little oxidation reaction takes place under such short
residence time of the combustion. The CO emission is higher in this circumstance.
An increase in engine load results in lower CO emission because of the increased gas
temperature and elimination reaction of CO formation [116]. Hence, the CO

emission decreases gradually with an increase in engine load.
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Figure 6.21 Comparison of mass emission rate of CO with and without the

installation of used DOCs for different engine load conditions.
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Figure 6.22 Comparison of volume concentration of CO with and without the

instaltation of used DOCs for different engine load conditions.
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The reduction rates for the DOC-Type A and B oxidising the CO are also
lower at the low engine load condition. It is because the low exhaust gas temperature
(i.e. 125°C) cannot activate the oxidation process of the DOC. When the exhaust gas
temperature increases gradually, the oxidation procesé will be triggered to oxidise the
CO to CO,. This chemical reaction can be expressed by Equation 6.4. The reaction
rate is highly dependent on the gas temperature. Once the engine is operated at 100%
of full engine load at maximum torque speed of 2200 rpm and the exhaust gas
temperature reaches 250°C, the oxidation process will become faster. The DOC can

" reduce the exhaust CO emission up to 97% for catalyst A and 98% for catalyst B.

co%o2 - CO, (6.4)

HC emission

The results of HC emission also demonstrate that the highest emission level
was found at the low engine load condition as shown in Figure 6.23 and 6.24. The
value of HC emission decreases slightly at the 50 % of full engine load but it
increases again at the 100% of full engine load. It is the fact that the diesel fuel does
not reach the wall of the engine combustion chamber and the fuel concentration in
the core is small at the low engine load condition. Under these conditions. the HC

emission originates mainly from the downstream edge of the fuel spray. The increase
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in the local temperature, due to subsequent combustion of the rest of the fuel spray, is
very small, and the oxidation reaction rate is also very slow. Thus, HC emission has
the highest value at the low engine load condition. At 50% of full engine load, the
fuel supplied to the engine is increased. This causes an increase in fuel-air ratio and
more fuel is deposited on the walls and produces higher concentration in the core of
fuel spray. The HC emission formed in these region increases; however, there is
sufficient oxygen in the mixture so that, with increased temperature, the oxidation
reaction is promoted and the HC emission is reduced. At 100% of full engine load,
the fuel supplied to the engine is further increased. An increase in fuel-air ratio
results in the formation of more HC molecules in the core of fuel spray and near the
walls of the engine combustion chamber. The oxidation reaction is also limited due
to the lack of oxygen, in spite of very high temperature reached [116]. Thus, this

explains the reason for the HC emission increases at the full engine load condition.
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Figure 6.23 Comparison of mass emission rate of HC with and without the
installation of used DOCs for different engine load conditions.
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installation of used DOCs for different engine load conditions.




Chapter 6 Presentation and Discussion of Diesel Exhaust
Gaseous and Particle Emissions Investigation Results

In regard to the performance of DOC on the HC emission, the reduction rate
is comparatively low as compared with the CO reduction even at the full engine load
condition. The highest reduction occurs at the 100% of full engine loﬁd and the
reduction rates of catalyst A and B are 14% and 4%, respectively. The catalyst A has
a higher reduction than catalyst B because the zeolite-based catalyst has a higher
ability to remove HC emission than Pt-based [117]. The reaction between the catalyst
and HC gas molecules can be expressed by Equation 6.5. The catalyst oxidises the
HC to H,O and CO;. The chemical reaction is also temperature dependent. It means
that the oxidation process becomes faster as the exhaust gas temperature is higher.
Thus, the reduction rate is more significant at 100% of full engine load condition
than at 10% of full engine load condition. However, this reduction rate is still
considered as a low reduction level. A substantial reduction in HC emission occurs
when the exhaust gas temperature is greater than 250°C [85]. In fact, it is the highest
temperature threshold in this present study. Consequently, the present result cannot

reveal a significant reduction in HC emission.

CH, +[1+2 |0, —¢ 5 0o +2H.0 (6.5)
a 4)¢ P
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NOx emission

The NOx emission is obviously increased with the increase in engine load
and exhaust gas temperature as shown in Figure 6.25 and 6.26. At low engine load
condition, the combustion gas temperature is lower. This leads to the slower reaction
between the N, and O; and so the NOx emission is also lower. As .the engine load is
increased to the engine full load condition, the combustion gas temperature is,

therefore, increased and it causes more N; gas to react with O; gas to form the NOx.
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Figure 6.25 Comparison of mass emission rate of NOx with and without the
installation of a used DOC for different engine load conditions.
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Figure 6.26 Comparison of volume concentration of NOx with and without the

installation of a used DOC for different engine load conditions.

Indeed, the present DOC does not have the capability of reduction in the NOx
emission as shown in Figure 6.25 and 6.26. Both catalysts only affect the NOx
emission slightly under different engine load conditions. These results form a
consensus to the previous investigation by Brown et al. [118]. It is because the
oxidation catalyst is designed for reducing the CO, HC and smoke level, rather than
abating the NOx emission. The present study shows that the DOC does not have an
adverse effect on the NOx emission. Hence, the NOx emission will not be considered

in the subsequent tests.
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6.4.2 Fast engine acceleration response of a used DOC on gaseous emissions
Due to the fact that the fast engine acceleration mode is always experienced
by the driver in the Hong Kong driving conditions, the performance of the oxidation
catalyst for the fast engine acceleration condition is considerably important for the
* urban air quality. Both DOCs have the same tendency of reducing gaseous emissions,

only the results of catalyst A are presented in the present study.

Exhaust gas temperature distribution at the inlet and outlet of DOC

The exhaust gas temperature distributions at the inlet and outlet of a used
DbC are presented in Figure 6.27. The result shows that the exhaust gas temperature
is quite steady at the first 400 seconds steady-state idle condition but the inlet and
outlet of DOC still have a temperature difference between. This is caused by the heat
loss which warms up the catalyst substrate: thereforé, a lower exhaust gas
temperature would be detected at the outlet of DOC. After the 400 seconds testing,
the engine is subjected to a fast engine acceleration to 100% load and 2200 rpm, so
its exhaust gas temperature increases substantially. The engine would be operated in
this condition for 1400 seconds and the exhaust gas temperature rises gradually to a
maximum value of 235°C. The gngine load is removed at 1800 seconds and the

exhaust gas temperature before DOC commences to drop evidently, whereas the

outlet temperature decreases slowly. The outlet temperature is higher than the iniet
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temperature in the period of 1800 to 3000 seconds because of the time lag of the
exhaust temperature. When the engine load is removed, the inlet temperature of DOC
would decrease immediately. However, the cétalyst substrate is still hot. Heat would
be transferred from the catalyst substrate to the exhaust gas passing through it. After
this period, this phenomenon would reverse and be similar to the first 400 seconds

due to the substrate becoming cold.
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Figure 6.27 Exhaust gas temperature against operation time at the inlet and outlet
of a used DOC for the fast engine acceleration and idle conditions.

CO and HC emissions

The response of CO and HC emissions at the inlet and outlet of a used DOC

for the fast engine acceleration mode are presented in Figures 6.28 and 6.29,
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respectively. The results show that a fast engine acceleration que would cause the
CO and HC emissions to increase drastically in a short period. The sudden increase
in these emissions is due to a considerable amount of fuel which is suddenly supplied
to the engine combustion chamber. At that time, the air supply cannot adjust
immediately to an adequate fuel-air ratio. This causes more incomplete combustion
sprays inside the engine chamber and more gaseous pollutant would be formed.
During this fast engine acceleration mode, the exhaust gas temperature increases
from 80°C in accordance with Figure 6.28. Although such temperature (i.e. 80°C) is
not high enough to activate effectively the DOC to oxidise the gaseous emissions, it
still has a slight enhancement on the oxidation process. As a result, it shows that the
CO concentration at the outlet of a used DOC is lower than the inlet of a used DOC
for the operation time is less than 650 seconds, as shown in Figure 6.28. Until the
exhaust gaseous temperature rises above 150°C at 650 seconds of the fast engine
acceleration condition, the DOC starts to enhance the oxidation process effectively.
From the Figure 6.28, it completely oxidises the CO emission at 1000 seconds at
which the exhaust gas temperature is about 220°C and reduces a certain level of HC
emission. In the fast engine acceleration mode, the catalyst is not ready to perform
effectively during the oxidation process in the first 200 seconds, but it reaches its

maximum gas emission reduction at about 550 seconds. The reason for this
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phenomenon can also attribute to the hot exhaust gas temperature which heats up the
catalyst substrate and activates the oxidation process. From the results, it was found
that the oxidation process of the catalyst is not only affected by the cold start of the
vehicle, but also the initial stage of a fast engine acceleration mode would influence
the performance of the DOC even when it has been operated for a long period of idle

condition.
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Figure 6.28 CO emission against the operation time of a used DOC for the fast

engine acceleration and idle conditions.
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Figure 6.29 HC emission against the operation time of a used DOC for the fast

engine acceleration and idle conditions.
6.4.3 Chemical kinetic analysis on the reduction rate of gaseous emissions
along the exhaust gas temperatﬁre o
The experimental reduction rate of gaseous emissions of the oxidation
catalyst varies with the exhaust gas temperature as illustrated in Figure 6.30. It
clearly shows that the reduction rate of gaseous emissions increases with the
increasing exhaust gas temperature. The results can also be explained by the
chemical kinetic analysis on the reaction rate against temperature as shown in
Figure 6.31. From the chemical kinetic analysis, it is found that the increase in
- gascous temperature would promote the reaction rate of CO — CO, (RCO) and

HC — H;0+CO, (RHC), simultaneously. From the expenmental results, the CO
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emission can be fully oxidised when the exhaust gas temperature is over 170°C,
whereas the HC emission only has about 38% maximum reduction rate at the highest
temperature. So, the performance of the DOC in reducing the CO emission is much

better than the HC emission. This phenorflenon also unveils in the results of the

chemical kinetic analysis.
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Figure 6.30 The reduction rate of CO and HC emissions along the exhaust gas

temperature.

In Figure 6.31, it sho@s that the reaction rate of CO (RCO) is much higher
than HC (RHC) in any exhaust gas temperatures. It is also observed that the
reduction rate of the oxidation process i1s not only dependent on the gas temperature,

but also the activation energy (E,) which is another crucial parameter affecting the
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chemical reduction rate. The activation energy for HC (i.e. E,uc = 121 kJ/mol)
oxidation process is higher than the CO oxidation process (i.e. E;co = 104 kJ/mol).
This implies that the HC gas requires a higher energy to activate the oxidation
process than the CO gas. Hence, during the same exhaust gas temperature, the

chemical reaction rate of CO oxidation process is faster than the HC oxidation

process.
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Figure 6.31 The chemical reaction rate of CO and HC emissions along the exhaust

gas temperature.

From the present results, the light-off temperature for CO emission is about
170°C. This light-off temperature is an acceptable value and benefit in most of Hong

Kong traffic conditions because the diesel vehicies have not ever been driven in
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maximum power in the urban carriageway of Hong Kong. It leads to the exhaust gas
temperature always remaining at the low exhaust gas level. Based on our on-road
light-duty vehicle study on the performance of DOC in Hong Kong in Chapter 3, it
shows that at more than 90% of the total travel time, the exhaust gas temperature is
higher than 175°C. This illustrates that the DOC is always able to oxidise the

gascous emissions under the Hong Kong driving conditions.
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Chapter 7 Conclusions and Recommendations for Future Work

7.1 Conclusions

The combined effects of diesel oxidation catalyst (DOC) and ultra low
sulphur diesel (ULSD).fuel on the characteristics of diesel exhaust gaseous and
particle emissions under a diesel engine dynamometer test bed using a steady-state
mode cycle of the standard Economic Commission for Europe Regulation 49 test
modes for different engine loads and idle to fast engine acceleration conditions have
been investigated by using the developed gaseous emissions measurement system in
accordance with the SAE sta.ndard and the EDS particle emission measurement
system. In the absence of a standard diesel exhaust particle sampling measurement
system to characterise the particle number and size distributions for different engine
loads conditions (from 10% to 100% of full engine load at maximum torque speed), a
mini-dilution tunnel sampling (MDTS) and an ejector diluter sampling (EDS)
measurement systems have been established and studied. The particle number and
volume concentrations, and the particle count median diameter (CMD) measured
from these two developed systems have been evaluated to ascertain the most reliable
diesel exhaust particle sampling measurement system that can minimise particle

transformations  (i.e. nucleation, condensation and coagulation) which take place
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during dilution process affecting the exhaust particle number and size distributions

during the dilution process.

The experimental results show that the EDS system measures a higher nuclei
mode particle number concentration than the MDTS system for the three designated
engine load modes: 10%, 50% and 100% of full engine load by a factor of about 2, 3
and 25, respectively. In contrast, it obtains a lower accumulation mode particle than
the MDTS system. The measured results also show that the MDTS system shifts the
particle CMD from below 50 nm (i.e. nuclei mode particle) to a larger particle
diameter about 60 to 90 nm (i.e. accumulation mode particle), in addition to showing
the particle number and volume distributions for all engine load conditions. It is
mainly because the mini-dilution tunnel leads to particle transformation of nucleation
and condensation simultaneously when the exhaust particle emissions are cooled and
diluted. The MDTS measurement system uses compressed air at 23°C for the diluent.
It causes two major particle transformations and affects the exhaust particle number
and size distributions during the dilution process. Firstly, the compressed air causes
the exhaust particles to become a supersaturation mixture. The condensation of
vapour molecules will then take place and cause the nuclei mode particles to grow up
to become the accumulation mode particles. Secondly, the compressed air also causes

particle nucleation during the dilution process, leading the MDTS system to measure
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two times higher of the total particle number concentration than the EDS
"measurement system. These two disadvantages will definitely affect the accuracy of
exhaust particle measurements and cause deviation of the particle number and size
distribution from the actual condition. However, the effect of coagulation on the total
number particle concentration is shown to be negligible due to the short residence

time (i.e. 1.2 seconds). It only causes 0.15% of reduction in the total number particle

concentration.

On the other hand, the EDS measurement system can minimise the particle
transformations taking place on the diesel exhaust particle number and size
distribution during the heated dilution process. It has the advantage of reducing the.
vapour pressure of volatile components in the exhaust samples during the dilution
process, and it can prevent the exhaust samples to become a supersaturation mixture
and the advent of particle nucleation and condensation during the dilution process.
The residence time for the EDS measurement system is found to be only 0.1 second.
Hence, the coagulation effect on the total number particle concentration is less than
0.1% and it can be neglected. It is shown that the EDS measurement system can
minimise the particle transformations taking place and provide more reliable exhaust

particle number and size distributions than MTDS measurement system.
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For a fresh catalyst of DOC, no matter what type, it can substantially reduce
the nuclei mode particle number concentration from 17% to 50% and slightly
increase the accumulation mode particle concentration from 1% to 7% when the
diesel engine load increases from 10% to 100% of full engine load at the maximum
torque speed. It also shows that the fresh catalyst can reduce 15% to 49% of the total
particle number concentration and 24% to 75% of the total particle mass
concentration when the diesel engine load increases from 10% to 100% of full engine
load at maximum torque speed. However, the alteration level of particle CMD is not
pronounced as it only reduces the particle CMD from 1 to 3 nm for different engine
load conditions. The significant reduction of nuclei mode particle concentration is
mainly due to the oxidation process taking place in the catalyst. When the diesel
exhaust gas passes through the monolith substrate of DOC, the catalyst will oxidise a
considerable amount of SOF (i.e. nuclei mode particle) to H,O and CO», hence it
leads to 14% to 35% reduction in the nuclei mode particle concentration.
The remaining 3% to 15% reduction in nuclei mode particle number concentration
comes from the dominant particle thermophoresis and electrostatic deposition

mechanism inside the catalyst.

Between the nucleation and accumulation particle modes, it is shown that the

used catalyst increases 60% of the particle number concentration in accumulation
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particle mode (i.e. 650 nm) after 30 operation hours. It is because the oxidation
process of catalyst removes the soluble organic fraction (SOF) from the surface of
coarse particles and causes a considerable amount of smaller particles to be formed.
In addition, the total particle number concentration is increased when the blow out of
the deposited particles from the surface of catalyst substrate is taking place. It is also
found that the advent of the negative reduction (or increasing) of particle number
concentrz.ition in the first 10 operation hours of DOC is located at the particle
diameter range of about 300 nm. However, the negative reduction is shifted to the
particle diameter range of 80 nm after 40 operation hours. The negative reduction
tends to appear in smaller particles when the operation period is longer. In the fast
engine acceleration condition, the results show that the used DOC increases the total
particle number concentration during the acceleration period. It is because the
accelerated engine produces a higher velocity of exhaust gas which passes through
the catalyst channel. Hence, it is easier to blow the particles away from the surface of

catalyst substrate and increases the total particle number concentration.

In the aspect of diesel exhaust gaseous emissions, it is found that the
installation of a used DOC can reduce the gaseous emissions from 10% to 97% for
CO emission and 4% to 14% for HC, but increase the exhaust gas temperature from

125°C to 250°C when the diesel engine load increases from 10% to 100% of full
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engine load at maximum torque speed. The lower reduction rate in HC emission can
be ascribed to the fact that the required activation energy for the oxidation process of
HC is higher than the oxidation of CO. In general, the reduction rate of gaseous
emissions increases with increasigg exhaust gas temperature. However, there is no
reduction effect on the NOx emission with installing the DOC. In the fast engine
acceleration test, it is shown that there is no significant reduction of gaseous
emissions in CO and HC at the imitial stage until the oxidation process of catalyst

takes place at about 200 seconds.

7.2 Recommendations for Future Work

In the present study, the established diesel exhaust gaseous and particle
emissions measurement systems have shown to provide a very rehable and
repeatable exhaust particle number concentration aﬁd size distribution, an.d gaseous
emission results from the diesel engine dynamometer test bed. The developed
measurement systems can be used directly to characterise the real-time gaseous and
particle emissions from a vehicle under different driving cycles on the chassis
dynamometei' or the advanced aftertreatment device such as the selective catalytic

reduction (SCR) and continuous regeneration trap (CRT) due to the evolution of low

vehicle emission standard control.
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If the road vibration problem on the measurement systems can be solved, then
these developed systems can be fitted into the on-road vehicle, then the real-time
exhaust gaseous and particle emissions for the driving cycle in Hong Kong can be
extracted directly from the exhaust tailpipe of vehicle. Those emission data will be
highly valuable for providing the insight of real-world vehicle emissions and
establishing the dispersion of gaseous and particulate emissions from a moving

vehicle in Hong Kong condition.

On the other hand, the result of DOC investigation on particle emission
shows that the zeolite-based catalyst might perform better than the Pt-based catalyst
when‘ the size of the particle was smaller, as shown in Figures 6.7, 6.8 and 6.9. It has
not been fully investigated in the present study. Hence, it is worth further
investigating whether the zeolite-based catalyst has a higher ability to reduce the

smaller particle than Pt-based catalyst.
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Appendix A

Al Specifications of the tested direct injection (DI) diesel engine

Model Nissan TD23
Engine Type Diesel
No. of cylinders 4
Bore x stroke (mm) 89 x 92
Compression ratio 21.9
Displacement (c.c.) 2289
Rated power 65 hp at 4300 rpm
Maximum torque 147 N at 2200 rpm

Table Al Specifications of the tested direct injection (DI) diesel engine.

A2 Specifications of ultra low sulphur diesel (ULSD) fuel

Parameter | Specification
Sulphur (% wt.) 0.005

Cetane number 51.0

Cetane index 51.0
Viscosity 40 °C (mm’s™) 2-45
Distillation: IBP (°C)

95% volume (°C, max.) 345

% recovered at 250 °C (%vol,, max.) } 65

Density at 15 °C (kg litre™) 0.835

Table A2 Properties of the ULSD fuel.
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Appendix B Operation principles and specifications of particle instruments

Operation principle.

The model 3934 scanning mobility particle sizer (SMPS) from TSI Inc. is
ﬁomposed of the model 3071A electrostatic classifier and the model 3010
condensation particle counter {(CPC) from TSI Inc. The electrostatic classifier
consists of a neutralizer/charger, a mobility section, particle detection instrument, and
a computerized control and data acquisition system. Particles coming from the
diluted exhaust sample pass through a Differential Mobility Analyzer (DMA) first to

determine the particle size. These particles are then detected by a Condensation

Particle Counter (CPC) to count the particle concentration.

DMA is based on the movement of gas-borne particles carrying a known
electric charge towards an electrode of opposite charge. A schematic diagram is
shown in Figure B1l. The sampling exhaust gas is flow through an impactor before
entering into the particle sizer. Large particles in the sample stream are removed with
456 nm 50% cutoff impactor. The remaining particles are flow to an Boltzmann
charge equilibrium by passing them through a Bgr bipolar charger and are injected
along the outer periphery of a cylindrical cavity that fixes the differential mobility

.analyser. A voltage applied between the outer wall and the central cylindrical
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electrode induces a drift of the positively charged particles through the sheath flow
and towards the central electrode. The electrode voltage is initially adjusted to a low
positive potential; particles that have a narrow range of high electrical mobilities
(smallest particles) enter the ga:p and are collected by the detector as a
“monodisperse” aerosol.. When the electrode voltage increases, the sizes of particles
exiting the electrostatic classifier also increase, since the electrical mobility of the
particles that enter the gap at the base of the electrode decreases. Particles carrying
the correct charge to mobility ratio and leave through an aperture at the downstream
end of DMA. Then, particles are transferred to a model 3010A Condensation Particle

Counter (CPC) for countering the number of particles.
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Figure Bl Schematic diagram of a differential mobility analyser (DMA).

The CPC is used to measure the total particle number concentration.
A schematic diagram of the CPC measurement system is shown in Figure B2.
It composes of a saturated tube, condenser, particle sensor, flowmeter and pump.
The aerosol sample enters the CPC through the inlet and then it wouid be exposed to
a heated alcohol reservoir where it becomes saturated. The sample then passes into a
condenser tube which is maintained at a temperature well below the dew point of the

alcohol-saturated aerosol, forcing the alcohol into a state of supersaturation.
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The supersaturated alcohol would begin to condense on the particles, causing them to
increase in size from the various original diameters to a relatively uniform final
diameter of approximately 10-12 pm. Theh, these large particle pass through an
illuminated viewing volume. The light scattered by these particles when they pass
through the viewing volume is measured by a photodetector and converted into a
number concentration measurement. The CPC has a 50% detection efficiency at
10 nm and less then 5 second for 95% response to concentration step.
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Figure B2 Schematic diagram of the condensation particle counter (CPC).
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Specifications:

Scanning Mobility Particle Sizer (SMPS, TSI3934)

Concentration range: 1 particle cm’ to 107 p;zu'ticle/cm3

Particle diameter range: 10 to 1000 nm

Displayed resolution: 4, 8,16, 32 or 64 geometrically equal channels per
decade

Inlet flowrate of the CPC: 1.0 Ipm

Flowrate of the

Electrostatic classifier: Adjustable

Aerosol: 0.2t02.01lpm
Sheath air: 10 times aerosol flow (nominal) 2-20 Ipm
Measurement cycle time: Total: 60 to 500 seconds, user selectable.
Up scan: 30 to 300 second

Down scan:  up scan + (2 x down scan) = 500 seconds or less
Sample averaging: One sample can average 1 to 999 scans
Power requirement: 220 VAC, 50-60 Hz, single phase,
Model 3071A EC  25W

Model 3010S CPC 40W

Aerosol temperature range:  10-35°C
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Aerosol pressure range: 1.0 £ 0.2 atmospheres. The electrostatic classifier must

not be subjected to pressures above 5 psig

Condensation Particle Counter (CPC TSI 3010)

Sample flowrate: 1.0 Ipm (0.035 cfm) + 10%

Outlet (total) flowrate: 2.0 Ipm (cfm)
Vacuum source: 450 mm (18in.) Hg minimum
Particle size range: Minimum detectable particle: 50% of 0.01 um particle

Maximum detectable particle: >3 pum
Particle concentration range: 0.0001 to 10000 particles/cm’
(3 to 2.8 x 10® particles/ft’)

with <10% coincidence at 10000 particles/cm’

Background count: <0.0001 particle/cm’
Working fluid: Reagent-grade n-butylalcohol
Reservoir capacity: 350 ml (7 day supply at 22°C)
Light source: 50 mW, 780 nm laser diode
Signal-to-noise ratio: 20:1 minimum

Digital output:

Square pulse: 5V, 500100 ns
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16 bit analog output:

Serial communications I/O:

Power:

Size (LWH):

Weight:

Ambient temperature:

Ambient humidity range:

0-10 volt fuil scale (0-11 volt under HOST control)
Pinouts compatible with standard 9-pin [BM-AT style
RS-232 cables and interfaces

220 VAC, 50-60 Hz, 25W

19 by 22 by 19 cm

55kg

10to 35 °C

0 to 90% RH
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Appendix C  Operation principles and specifications of gaseous instruments

Anapol gas analyser EU-200/4

Operation principle.

The analyser is equipped with a non-dispersive infra-red (NDIR) sensor to
detect the amount of CO, and CO and an electrochemical cell to measure the
concentration of O,. The NDIR analyser measures the absorption at the required
wavelength and compares the result to that given by caIibration‘ gases. It is a
comparator not an absolute analyser and depends heavily on the quality of the pure
gas blends. There is a wideband infra-red source inside the detector. The infra-red is
split into two parallel beams which both pass through reflecting (gold plated) tubes
internaily and finally fall on either end of a differential gas detector. The detector
consists of a sealed container with two cailcium fluoride Infra-red transmitting
windows. It is divided through the middle by a flexible diaphragm forming one plate
of a condenser and is filled with the gas to be measured. When the two beams enter
the detector the components at the specified gas wavelength, they are abso‘rbed by
the detector gas which heats and expands, but if the beams are equal there is no

unbalance of the separating diaphragm. One beam acts as a reference and passes

through a fixed path, the other passes through the analysis tube which contains the
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unknown gas. Here the beam loses strength by its absorption by the specific
component, and on passing through into its half of the detector develops less heat of
absorption, thus allowing the diaphragm to bulge towards it and change the
con'denser capacity. The beams are chopped at from 6-10 Hz, giving the system an

A.C. output.

The operation of an electrochemical cell is based on an oxidation-reduction
reaction, which is specifically the characteristic of the gas to be measured. For the
oXygen sensors, it comprises a diffusion barrier, a sensing electrode (cathode) made
gf noble metal such as gold or platinum, and a working electrode made of base metal
such as lead or zinc immersed in a basic electrolyte (such as a solution of potassium

hydroxide). Oxygen diffusing into the sensor is reduced to hydroxyl ions at the

cathode:

0, +2H,0+4e” —— OH" (C.1)

Hydroxyl ions in turn oxidize the lead (or zinc) anode:

2Pb+40H —— 2PbO +2H,0 + de” (C.2)

This yields an overall cell reaction of:

2Pb+ 0, —»2PbO (C.3)
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Fuel cell oxygen sensors are cwirent generators. The amount of current
generated is proportional to the amount of oxygen consumed (Faraday's Law).
Oxygen reading instruments simply monitor the current output of the sensor. The
sensor would convert the current output into the digital reading which is shown on

the panel of the Anapol -gas analyser.

Specifications:

Measuring range: Gas compound related to dry gas

Gas Range Unit
0, 0-20.9 % vol.
CO; 0-20.0 % vol.
CO 0-15000 ppm/% vol.
CO low 0-1000 ppm
NO 0-5000 ppm
HC 0-66000 ppm
SO; 0-10000 ppm
TG 0-800 °C

TA 0-80 °C
Soot Filter paper method

Calculated values: efficiency0-99.9

gqA 0-99.9%
Lambda 1-w Brettschneider’s rule
Lambda 1-o (excess air)
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Temperature:
Temp. Unit Sensor Total
0-100 °C +1°C +2°C 13 °C
100-200 °C +1 % +2°C +3°C
200-300 °C +2°C +4 °C 16 °C
300-800 °C 13°C +6 °C 19 °C
TG 3 °C
Resolution:
Gas Resolution
02 0.1 % vol.
CO, 0.01 % vol.
CcoO 10/1 ppm 0.1%
CO low 0.5 ppm
NO 1 ppm
HC 1 ppm
SO, 1 ppm
TG 1°C
TA 1°C
Calibration: 60 second on fresh air
Printer: needle printer, 24 signs per line
Working temperature: 5-24°C
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Sensors:
Gas Method
O, Electrochemical cell
CO, NDIR
CO NDIR
HC NDIR
Com
NO Electrochemical cell
SO, Electrochemical cell
TG Thermocouple NiCr/Ni
TA Semi-conductor detector

California Analytical Instrument (CAI) HFID HC analyser (Model 300)

Operation principle:

The Model 300 HFID uses the flame Ionization Detection method to
determine the total hydrocarbon concentration within a gaseous sample. It contains
an internal heated sample pump and an adjustable temperature heated oven.
All components in contact with the sample are maintained at the oven set
temperature-preventing condensation. A burner jet is used as an electrode and is
connected to the negative side of a precision power supply. An additional electrode,
known as the “collector,” is connected to high impedance, low noise electronic

amplifier. The two electrodes establish an electrostatic field. When a gaseous sample
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is introduced to the burner, it is ionised in the flame and the clectrostatic field causes

a small current between by the precision electrometer amplifier and is directly

proportional to the hydrogen concentration of the sample.

Specifications:
Resolution:
Repeatability:
Linearity:

O, effect:

CH, effect:
Response time:

Sample flow rate:

Internal sample filter:

Noise:

Zero & span drift:

Flow control:

Fuel requirement:

Alr requirement:

0.01 ppm carbon (lowest range)

Better than +0.5% of full scale

Better than 1% of full scale

Less than 2% of full scale

Less than 1.3 times Propane

90%sof full scale in 1.5 seconds

With Pump 3.0 liter/min £ 1.5 liter/min
0.1 micron replaceable filter provided
Less than +0.5% of full scale

Les than 1% of full scale per 24 hours
Electronic proportional pressure controller
40% H2/60% He (100cc/min) or 100% H2
(300cc/min) fuel inlet pressure 25 psig
Less than 1 ppm carbon purified or synthetic air

(200cc/min) air inlet pressure 25 psig
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Display:

Diagnostics:

Analog output:

Fuel/air control:

Ignition:

Ambient temperature:

Warm-up time:

Fitting:

Power requirements:

Relative humidity:

3-1/2 Digit panel meter
31/2 Digit panel meter with 8 position switch

¢ Collector voltage ¢ +15VDC

o Fuel pressure ¢ Burner temperature
e Air pressure e Oven temperature
¢ Sample pressure » Catalyst temperature

0-10 VDC & 4-20mA DC/0-20mA DC

Forward pressure regulator

Momentary push-button with flame-on indicator
5-45°C

1 hour

1/4” tube

115/230 (£10%) VAC @50/60 Hz, 750 watts

Less than 90% RH non-condensing
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California Analytical Instrument (CAI) NO/NOx Analyser (Model 400)

Operation principle:

The NO/NOx gas analyser utilizes the principle of chemiluminescent for
analysing the NO or Noxconcentrétion within the gaseous sample. In the NO mode,
the method is based upon the chemiluminescent reaction between ozone and nitric
o;cide (NO) yielding nitrogen dioxide (NO;) and oxygen. Approximately 10% of the
NO; produced from this reaction is in an electronically excited state. The transition
form this state to a normal state produces red light which has an intensity

propottional to the mass flow rate of NO, into the reaction chamber.

NO + 03 - NO;" + 0, (4.4)

NO; — NO, + hv (4.5)

The red light is measured by means of a photodiode tube and associated
amplification electronics. In the NOx mode, NO plus NO; is determined as above,
however, the sample is first routed through the internal NO, to NO converter which
converts the NO in the sample to NO. The resu_ltant reaction is then directly
proportional to the total concentration of NOx. The important point is the entire

sample, prior to the reaction chamber, must be maintained at a temperature above

60 °C.
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Specifications:

Resolution:

Repeatability:

Linearity:

CO, effect:

H,O effect:

QOzonizer:

Response time:

Sample flow rate:

Noise:

Zero & span drift:

Flow control:

Air or O requirement:

Display:

Diagnostics:

Analog output:

0.1 ppm NO/NOx (or better)

Better than 0.5% of full scale

Better than 1% of full scale

Less than 1% with 10% CO;

Less than 1% with 3% H,O

Ultraviolet lamp

Adjustable from 1.5 to 10 seconds to 90% of full scale
With Pump 3.0 liter/min + 1.5 liter/min

Less than 0.5% of full scale

Les than 1% of full scale per 24 hours

Electronic proportional pressure controller

Dry air less than 1 ppm NOx at 210 cc/min @ 25psig
4-1/2 Digit panel meter

31/2 Digit panel meter with 6 position switch

¢ Converter temperature » Filter temperature

¢ Pump temperature s Air pressure

e Sample pressure ¢ Oven temperature

0-10 VDC & 4-20mA DC/0-20mA DC
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O; control:

NO/NOx control:

Ambient temperature:

Sample temperature:

Warm-up time:

Fitting:

Power requirements:

Relative humidity:

Manual push button with automatic shutdown with loss
of air or oxygen pressure

Manual push button or remote

5-45°C

0-65°C

1 hour

1/4” tube

115/230 (£10%) VAC @50/60 Hz, 750 watts

Less than 90% RH non-condensing
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Appendix D  Specifications of diesel oxidation catalysts (DOCs)

DOC-Type A

Metal substrate:

Size:

Cell density:

Wall thickness:

DOC-Type B

Metal substrate:

Size:

Cell density:

Wall thickness:

Zeolite-based
113.5mm(diameter) x 78.8mm (length)
64 cells/cm?

0.6 mm

Platinum-based
120mm(diameter) x 243mm (length)
64 cells/cm’

0.5 mm
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