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ABSTRACT

The particulate matter is probably one of the most critical issues of the diesel engine
emissions. After years of research, people begin to understand it further, with respect to its
impact on the environment and human health, its formation mechanism inside and outside the

diesel engine, and most importantly, the methods to control its formation.

This study has focused on the particulate matter emission control in diesel engines. It
started with the application of two closely coupled Diesel Particle Filters (DPFs), consisting
of an assistant DPF and a main standard honeycomb DPF, to replace the standard Diesel
Oxidation Catalyst (DOC) + DPF system, commonly applied on diesel engines these days.
This new after-treatment system showed a great potential to be adopted in the future, not only
for the tighter emission regulations but also for the great cost reduction of the total after-
treatment system by the reduction of the main DPF’s size and weight and more options of
other cheaper materials. The back pressure problem revealed in the experiment was then
studied through a one dimensional model simulation and its influence to the engine

performance was discussed.

Fuel injection parameters which are related with the engine performance and
emissions were also investigated in the study. After careful calibrations, a single injection
induced Partially Charge Compression Ignition (PCCI) combustion was achieved, in which
mode, NOy and smoke emissions were reduced by more than 80% compared with using the

normal multiple injections.

Following that, the non-volatile particulate emissions under the pilot injection’s

impacts were studied and the key parameters of the pilot control such as fuel quantity and



injection timing were examined. The particulate number concentrations and size distributions
were investigated under different engine operation conditions and the results illustrated how a
pilot injection alongside a main injection could influence particulates and what these effects

were closely related to.

The research continued with the investigation of bio-fuels on the particle emission
reduction, when 10% alternative diesel fuel blends (Rapeseed Methyl Ester (RME) and Gas-
to-Liquid (GTL)) were used. They indicated that without any modification to the engine,
adding selected alternative fuels, even at a low percentage, could result in a noticeable
reduction of the particle numbers, both in the total and the non-volatile parts; however, the
number of nucleation mode particles could increase in certain cases. It was also revealed that

the engine suffered very high numbers of the nucleation mode particulates during warming

up.
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

The diesel engine is an attractive power unit used widely in many fields, for its great
advantages over petrol engines such as lower fuel consumption, lower carbon monoxide
emissions, better torque characteristics and higher reliability (Heywood 1988; Stone 1999).
However, they are among the main contributors to air pollutions for the large amount of
emissions, especially particulates and nitrogen oxides (NOy) (Heywood 1988). How to
control these emissions is one of the most important aspects of modern air quality

management.

1.1 Background

The first diesel engine dated back to 1892 when Rudolf Diesel invented it with
compression ignition. In a typical diesel engine, only air is inducted into the cylinder and the
ignition is initiated by injecting a certain amount of fuel directly into the chamber when the
air reaches the right temperature and pressure (Heywood 1988). It not only achieves the
control of the engine load through the adjustment of the fuel amount, but also eliminates the
loss existing in spark ignition engines, where air and fuel are mixed externally and throttled
before entering the cylinder. This difference in the initiation of combustion also leads to the

emissions from diesel engines differing from those from petrol engines.
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1.1.1 Diesel Engine Combustion

Typical diesel engine combustion is shown in Figure 1.1 and it can be categorized into
four distinct phases: ignition delay, premixed combustion, mixing controlled combustion and
late combustion. The liquid fuel injected into the engine cylinder firstly evaporates and mixes
with the combustion air. The mixture is compressed by the piston and its pressure and
temperature increase until the fuel’s ignition point is reached. After this short ignition delay
period, the spontaneous ignition starts and initiates the combustion, which raises the in-
cylinder pressure to a much higher level. With the combustion processing, it proceeds to a
relatively moderate level until it ceases. The burned products along with those unburned are

then discharged into the after-treatment system, before being emitted to the atmosphere.
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Figure 1.1 Typical diesel engine combustion heat release (Heywood 1988).

1.1.2 Diesel Engine Emissions

The particulates are probably one of the most critical issues of the diesel engine
emissions. They are tiny solid or liquid particles and are sometimes referred to as particulate

matter (PM) or fine particles (Heywood 1988). Particulates consist of primary particles,
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whose diameters are between 20-50 nm and their sizes depend on the numbers of these
spherules, which may vary from several to several thousands. Diesel particulates are mainly
composed of three parts: soot, soluble organic fraction (SOF) and inorganic fraction. Soot
originates from the carbon in the diesel fuels and generates in the combustion environment
where the temperature and pressure can reach up to 2800 K and 100 bar. Through the soot’s
surface growth, agglomeration as well as oxidation at the same time, the particulates form

eventually after a final adsorption and condensation of hydrocarbons.

The nitrogen oxides (NOy) from diesel engines are comparable to those from petrol
engines and it is a collection of nitric oxide (NO) and nitrogen dioxide (NO;). NO is usually
produced through the oxidation of atmospheric nitrogen and is the predominant part in NO,.
Its formation rate has a great dependence on temperature, which is why high temperature and
high oxygen concentrations result in high NO formation. The mechanism is often called the
extended Zeldovich mechanism, contributed by Zeldovich and Lavoie (Heywood 1988) as

follows,

O+N,< NO+N (1.1)
0,+N<NO+0 (1.2)
OH+N < NO+H (1.3)

Generally, the NO; in the diesel engine emissions has a part of 10 %-30 % in the total

NO, and it is converted from NO formed in the flame zone as

NO + HO, — NO, + OH (1.4)

Unless it is quenched, the NO;’s conversion back to NO is via
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NO, + O — NO + O, (1.5)

Most of the hydrocarbon (HC) results from the incomplete combustion of the fuels
and there are several major causes for the diesel engine HC emissions: (1) the fuel-air
mixture is too lean to auto-ignite or to support a flame during the primary combustion in the
cylinder. They will remain unconsumed if not being oxidized in the expansion process that
follows; (2) the fuel is trapped by the nozzle sac which enters the cylinder in the later process
or excess fuel is injected, causing over-fueling; (3) quenching and misfiring. The first path is
most significant when the engine is running at light load or idling and the third path depends

on the temperature of the cylinder wall and the fuel spray impingement.

Carbon monoxide (CO) and carbon dioxide (CO,) from diesel engines are relatively
low. The generation of carbon monoxide (CO) is controlled by the fuel/air ratio and it can
also be contributed to by the pyrolysis of the carbon dioxide (CO;). The CO emissions are
more significant in the spark ignition engines as the fuel/air ratio is often close to
stoichiometric at part load and more at full load. For operating well on the lean side of
stoichiometric, diesel fuel is burned in excess air even at full load, at which point the quantity
injected per cycle is still about 50% lean. As for CO,, diesel engines are more efficient than
gasoline engines of the same power, resulting in lower fuel consumption (a common margin

is 40% more miles per gallon for an efficient turbo-diesel) and thus less carbon dioxide (CO).

1.1.3 Overview of the Diesel Engine Emission Regulation and Controls

In 2007, Europe finalized its light-duty Euro V emission standards which applied from
September 2009 (light commercial vehicles and special needs cars from September 2010) for
new models of cars and from January 2011(light commercial vehicles and special needs cars

from January 2012) for all new cars. Compared with Euro 1V, it confines the emissions
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further for carbon monoxide (CO), hydrocarbon (HC), nitrogen oxides (NOy) and particulate
matter (PM) and the latter two had a 28 % and 80 % reduction respectively. While from 2014,
Euro VI will be carried into force, and that will put a major restriction on the NOy and
particulate numbers. The change of the diesel tailpipe standards listed in Table 1.1 just

reflects how diesel engine technology has to be developed accordingly.

Table 1.1 European emission standards for diesel light commercial vehicles <1305 kg

(Category N1 - 1), g/km®

Tier Date CO | NO, | HC+NO,|PM |PN
Euro | October 1994 272 |- 0.97 0.14 |-
Euro 11, IDI January 1998 1.00 |- 0.70 0.08 |-
Euro I, DI January 1998 1.00 |- 0.90 0.10 |-
Euro 111 January 2000 0.64 | 050 | 0.56 0.05 |-
Euro IV January 2005 0.50 |0.25 |0.30 0.025 | -
Euro V September 2009 | 0.50 | 0.18 |0.23 0.005 | 6.0 x10™
Euro VI September 2014 | 0.50 |0.08 | 0.17 0.005 | 6.0 x10™

(a) from http://www.wikipedia.org/

Driven by these increasingly stringent governmental regulations, manufacturers and
lots of researchers have been working on the cleaner engine technologies in the following
main directions (Johnson 2006; Johnson 2007; Johnson 2008; Johnson 2009): (1) after-
treatment systems such as the diesel oxidation catalyst (DOC) and the diesel particulate filter
(DPF); (2) new fuels and additives from renewable resources which also produce less
emissions; (3) new combustion strategies through the optimization of the fuel injection

pressure and the injection timing; (4) exhaust gas recirculation (EGR).
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1.1.4 The Diesel Engine After-treatment System

The most commonly used after-treatment system for diesel engines can be categorized
into the following two groups: (1) catalytic converters which include diesel oxidizing
catalysts (DOCs) for HC and CO and reducing catalysts for NOy, such as selective catalytic

reduction (SCR) and lean NOy trap (LNT); (2) diesel particulate filters (DPFs).

A DOC can not only oxidize CO and HC to CO, and water in the exhaust stream but
also reduce the SOF of particulates. Noble metals such as platinum (Pt) and palladium (Pd)
are most suitable as the catalytic material for the high intrinsic activity (Heywood 1988);
however, certain temperatures and sufficient oxygen are also required for a thorough
oxidation. A standard DOC can have a typical conversion efficiency of 70 %-90 % for HC
and 70 %-95 % for CO depending on the catalytic loading and the exhaust heat. The

chemical reactions are:

HC + O, — CO, + H,0 (1.6)
CO+ %02 — CO;
(1.7)
SCR is a way to convert NOy into nitrogen and water. A gaseous reductant, typically
ammonia or urea, is added to the exhaust gas and is absorbed onto a catalyst, on which the

following reactions occur:

4ANH3; + 4NO + O, — 4N, + 6H,0

(1.8)

2NH3 + NO + NO, — 2N, + 3H,0
(L.9)

4NH3; + 2NO, + O, — 3N, + 6H,0
(1.10)
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If the reductant tank runs dry, the SCR system ceases to function. To avoid this
problem, LNT was designed by using the zeolite to trap the NOx molecules. Once the trap is
full, the NOx can not be absorbed, and will pass out of the exhaust system until the trap is
“purged” or “regenerated” by injecting reactant which reacts with the absorbed NO, to

produce H,O and N,.

A diesel particulate filter (DPF) is the major device to reduce diesel particulate
emissions. It traps the particulates when the exhaust flows through and those accumulated
particulates will increase back pressure, causing negative effects to the engine performance.
Thus, they have to be oxidized by burning off after a certain period of time or through some
catalytic means, the process of which is called “regeneration”. The commonly used materials
for DPFs are ceramics and metallics. The former includes cordierite, mullite, silicon carbide,
etc, while the latter includes sintered metal, wire mesh and metal foam (Konstandopoulos et
al. 2000). Besides the most popular structure of honeycomb wall flow monolith, the other
geometric configurations of DPFs include cylindrical cartridges, foam monolithic blocks and

concentric tubular wall flow elements (Konstandopoulos et al. 2000).

1.1.5 New Fuels and Their Blends

“Energy Crisis” first emerged as early as 1973 when the limitation of the natural
resources was highlighted and the importance of using these sources properly was realized.
Since then, people have been looking for alternatives for the conventional fuels, which can
last no longer than several hundred years at most. Besides, the products of these fuels have
posed a serious threat to the public health as well as the environment due to the enormous
emissions. So far, the renewable and cleaner alternative fuels include biofuels, hydrogen,

oxyhydrogen, alternative fossil fuels etc. For the diesel side, biodiesel and gas to liquid

32


http://en.wikipedia.org/wiki/Zeolite
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Nitrogen

Chapter 1: Introduction

(GTL) diesel are the two most common alternatives. Belonging to the bio-fuel family,
biodiesel consists of long chain esters derived from vegetable oil or animal fat through a
process called “transesterification” and it can be used in diesel engines alone or blended with
conventional diesel, which is more popular. Gas to liquid (GTL) diesel is converted from
natural gas through the “Fischer-Tropsch” process and even the gaseous waste during the
production can be recycled for fuel oils. These alternative fuels have shown better emission
characteristics than conventional diesel and their application on the diesel engines is

becoming more and more popular.

1.1.6 New Fuel Injection and Combustion Strategies

The emissions from diesel engines are believed to be caused by the in-homogeneity of
fuel air mixtures during combustion and increasing this homogeneity will bring the local
equivalence ratios down, thus for the benefit of fewer emissions. The main methods to
achieve this include the use of different fuel injection timings, a reasonable exhaust gas
recirculation (EGR) rate, and the adjustment of injection pressure. For current diesel engines,
it is very common to have two fuel injections for each engine cycle: the main injection for the
engine performance, and the pilot one for the reduction of the noise and NOy. This can be
increased to three or even five, each functioning for different reasons. EGR is mainly used
for the reduction of NOy due to its oxygen-replacement and radicals-supply effects. However,
it also has a particle producing impact. Therefore how to keep them balanced for an overall

lower emission is important.
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1.2 Objectives and Approaches

The main objective of this research is to focus on the particulate matter control of
diesel engines, following the major research directions of the emission control mentioned
above and according to them, this study is divided into: after-treatment device, injection

strategies and alternative fuels. The approaches include:

To set up an engine test rig fully equipped with relevant measuring device.

e To set up a one-dimensional engine model.

e To evaluate a set of new after-treatment system for the future emission requirement and

the influence the after-treatment system can bring to the engine performance

e To investigate the different fuel injection strategies that can lead to the reduction of

particulate and gas emissions

e To investigate the particulate emission characteristics from new fuel blends, along with

gaseous emissions.

1.3 Thesis Outline

The research work is sparked by the new trend of diesel emission control and it
focuses on the most critical problem caused by diesel engines — the particulate matter.
Chapter 1 and Chapter 2 of this thesis intend to give a general introduction and review of the
research of similar topics carried out around the world, as a base for the author’s own
research. Chapter 3 is about the commission of the engine test bench, on which the research

work was carried out. Besides the Ford diesel engine calibrated to Euro IV emission standard,
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there are a data acquisition (DAQ) system for the measurement of the bench’s temperatures
and pressures, exhaust emission measuring device, an engine cooling system (intercooler,
engine cooler, and fuel cooler), and an engine control system. Following this, the possibility
of replacing the current DOC with a set of new after-treatment systems is investigated and
presented in Chapter 4. In the same chapter, the influence of the exhaust back pressure on the
engine performances is further discussed. In Chapter 5, the fuel injection impacts on the
engine performance and emissions are looked into using single injection strategies. A proper
combination of these injection parameters can lead to advanced combustion with a single
injection, when NOy and smoke are greatly reduced; however, increased CO and HC are
another problem to solve, when compared with those resulting from multiple injections. In
Chapter 6, multiple fuel injection strategies are investigated and the influence of the key
parameters of the pilot injection to the non-volatile particulates is focused on. Chapter 7
concerns the research of the new fuels. Two typical alternative fuels, namely Rapeseed
Methyl Ester (RME) and GTL diesel are blended with conventional diesel at a fairly low rate
to meet the 2020 bio-fuel target and the particulate characteristics are carefully studied, along
with the other regulated gas emissions. The main conclusions of all the work and the future

research directions are presented in Chapter 8.
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CHAPTER 2

LITERATURE REVIEW

This chapter starts with some background knowledge on the current engine emission
regulations and the most critical issue of diesel engines — particulates. It presents the main
technologies for the engine emission control, either through the after-treatment or the
improvement to the combustion. It also covers new alternative fuels, which might be a

solution in the future for fuel shortage and emission problems.

2.1 Engine Emission Toxicity and Regulations

The Los Angeles photochemical smog, which started as early as in the 1940s and the
London smog in 1952 are probably two of the most notorious disasters caused by air pollution
in the human history, when thousands of people got sick or even died. The first case arose of
the high level of ozone through reactions between sunlight and two major vehicle exhausts:
oxides of nitrogen and hydrocarbons (Haagen-Smit 1952) and the second was due to a
combination of smoke from automobiles and coal burning, a low wind speed and dry weather
(Wilson 1996). Since then, people began to realize the importance of environment protection

and the price to be paid to the ‘amenity’ for our ‘utility’ (Eastwood 2008).
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2.1.1 The Toxicity of the Engine Emissions

The four major types of emissions from combustion engines include the particulate
matter, oxides of nitrogen, carbon monoxide and hydrocarbons. The former two are

especially significant for diesel engines.

Particulate matter (PM) is believed to be a trigger for asthma, lung cancer,
cardiovascular issues, and premature death as it can penetrate deep into the lungs and the
bronchi, when inhaled by human beings (C. Arden Pope 11l 2002; Kagawa 2002). Thus, its
toxicity is closely related to its size and shape. Generally, the smaller the particles, the more
dangerous they are and it is assumed that those in the feathery or geometrically angular shape

are more harmful.

The oxides of nitrogen are not all toxic. Nitric oxide (NO) itself is odourless,
colourless and relatively non-toxic (Eastwood 2000); however, it can form secondary
pollutants such as nitric acid, implicated in acid rain and it also participates in ozone layer
depletion. Nitrogen dioxide (NO,) is more detrimental to human health. This reddish-brown
gas can irritate the lungs and produce pulmonary edema and fatality if inhaled at high
concentrations (Peterson et al. 2008). Cough, hemoptysis, dyspnea, and chest pain can also

be caused even when exposed to moderate levels of 50 ppm (Battigelli 1971).

Carbon monoxide (CO) is colourless and odourless, just as NO, but it is more
dangerous as it can block the delivery of oxygen and cause cellular hypoxia (Shochat et al.
2010), due to haemoglobin’s greater affinity for CO than for oxygen. Thus, the human organs
with the highest oxygen requirement such as the brain and heart can be affected most

significantly. Impairment of judgement, headaches, dizziness and nausea are common
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symptoms under the effect of CO and the cardiovascular and nervous systems can also be

affected by long term exposure to low levels of CO (Eastwood 2000).

There are a variety of hydrocarbon (HC) compounds and their toxicities are
determined by their chemical properties and how they contact with the human body.
Pulmonary, neurologic, cardiac, gastrointestinal, hepatic, renal, dermatologic, and
hematologic systems can all be susceptible to them and lungs are believed to be the most
commonly affected organ (Levine et al. 2009). They can directly cause coughing, sneezing
and drowsiness, and they can also form secondary pollutants such as ozone and

photochemical smog (Kumar et al. 2002).

Besides the four major tailpipe pollutants, which are subject to law in most countries,
there are ‘green house gas’ - carbon dioxide (CO,) and other ‘unregulated’ emissions from
combustion engines (Schuermann et al. 1990), notably sulphur compounds and ammonia.

They all pose a threat to the human being and have drawn great attention.

2.1.2 Global Automotive Emission Regulations

The increasing concerns about these pollutions’ impact to human heath and
environment became the impetus for governments to take action for their regulation,
especially for those derived from the major source - motor vehicles. In 1959, the first
emissions legislation was established in California, followed by the first federal standard in
1966. Similar regulations were enacted in Japan in 1966 and in Europe in 1970 (Eastwood
2000). Since then, these regulations, most in the form of statutory limits, have been tightened
in a progressive way and that compels industry to develop its emission control technology
accordingly. Nowadays, all the industrialised countries around the world have these sorts of

limits, which might vary a little in different regions. Before selling their vehicles, the
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manufacturers must have them approved for this emissions compliance, when the vehicles are
run on dynamometers over different standardised drive cycles based on their type and the

emissions are measured.

Concerning the diesel tailpipe emission regulations, they are categorized into three
applications: light duty, on-road heavy duty and non-road heavy duty (Johnson 2006). In
July 2009, the European Union published its final Euro VI regulation for on-road heavy duty
vehicles and set the limits to 400 mg/kW-hr for NOx and 10 mg/kW-hr for PM on the
European Transient and European Steady State Cycles (Johnson 2010). For light duty
passenger cars and commercial vehicles, the limit for PM was set to 5 mg/km, both in Euro V
and Euro VI. According to the EC Regulation No 715/2007(amended by Regulation

692/2008 and 595/2009), the particle number was set to 6.0 x 10*#/km.

2.2 Particulates

Particulates are tiny solid and liquid particles and are sometimes referred to as
particulate matter (PM) or fine particles, and their sizes, which are strongly linked to human
health issues, vary from several nanometers to several hundred microns (World Resources

Institute et al. 1998; C. Arden Pope 111 2002; Eastwood 2008).

Generally, particulates from engines can be categorized into three distinct types
according to their sizes: nucleation mode (<50 nm), accumulation mode (50-1000 nm) and
coarse mode (>1000 nm) (Kittelson 1997) (Figure 2.1). There are also definitions, which are
different in the size range, as nucleation mode (<100 nm), accumulation mode (100-900 nm)

and coarse mode (>900 nm) (Eastwood 2008).
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Figure 2.1 Typical particle size and distribution from combustion engines (Kittelson 1997)

Coarse mode particles are mainly composed of particles forming from the other two
modes or atypical rust and scale from the exhaust system. They can easily be stored and
released in the exhaust system and this inconsistency makes its manner unpredictable and thus
less studied (Eastwood 2008). For the past few years, attention has been mainly drawn on the
accumulation mode particles, which have more to do with the particle mass. They consist of
some basic blocks called primary particles or spherules (Heywood 1988). The spherules’
diameters are around 20-50 nm and their numbers determine the size of the particles. The
spherules are composed of solid core parts and some liquid or semi liquid materials attached
to the surface of their aggregations, making them "wet" (Eastwood 2008). Nucleation mode
particles are more related to the particle number and they are relatively less studied for their
obscure and irreproducible nature. Some of them are volatiles and some are solids. Based on
the conceptual model recommended by Peter (Eastwood 2008), particulates can be divided
into non-volatile/non-soluble, which are mainly generated in the engine, and volatile/soluble,
which form later in the exhaust. The former includes the soot and ash fractions while the

sulphate, organic and nitrate fractions are categorized in the latter.
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2.2.1 The Mechanism of Engine Particulate Formation

Two of the major sources of engine particulates are the fuel and additives, which all
go through the combustion process within the engine. The fuel, of course, is to supply the
power, while additives are used to improve the engine efficiency, reduce emissions or help to
regenerate the diesel particulate filter (DPF) (Burtscher et al. 2000). The extreme
characteristics of in-cylinder combustion makes it difficult to carry out some fundamental
studies (Heywood 1988), such as the soot formation, and the insights into them have largely
resulted from studies of premixed and diffusion flames, ranging from small laboratory scale

burners to full scale combustion devices (Santoro 1987; Santoro et al. 1987; Sako et al. 2007).

After being injected into the cylinder, the fuel vaporizes under high temperature and
pressure and undergoes two modes of combustion, namely ‘premixed combustion’ and
‘diffusion combustion’. In either of these modes, fast oxidation reactions exist in parallel
with pyrolysis. These two reactions compete with each other, and the latter prevails when
there is oxygen deficiency, which is the best environment for the formation of soot (Eastwood

2008).

Acetylene (and its higher analogues) and polycyclic aromatic hydrocarbons (PAH) are
believed to be the precursors of soot and they grow through surface growth by the attachment
of gas phase species or the coagulation and aggregation with other particles until they reach
the final maturity. During this process, dehydrogenation and oxidation occur, which keep

modifying the particles’ physical structure and chemical characteristics.

The basic equilibriums for the classical empirical model for this particle formation

include (Li et al. 1995):
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C,H, +x0, »aCO+ (5 —“C2)H, + (“C2)H,0 + (x - £)O, (2.1)
C,H, +%0, = 2x)CO + (£ —2x(L- ) H, + 2xL-»)H,0 + (@ —2x7)C(s)  (2.2)

Where C/O is easily considered to be the critical ratio, as when this value is larger than
unity, some carbon atoms appear as soot. However, in practice, this value is often less than
unity, at around 0.5 to 0.8 (Heywood 1988), which means that this method is inapplicable to
predict the soot. Other empirical models correlate the soot with different combustion
parameters such as the ignition delay (Grigg 1976), and the fuel consumed in the mixing (Han

et al. 1997), based on the observations.

For the particle growth mechanism, this empirical equation is suggested (Sunderland

et al. 1996):
@y =K, (T)[CH, T (2.3)

Where wyq is the rate of surface growth (kg/m?s), Kg (T) is an Arrhenius expression and
n is an index. This equation can be used for simple hydrocarbon flames, based on its
association with acetylene. However, it is not applicable in all conditions (Hanischa et al.
1994). ‘Surface sites’ are then defined and the hydrogen atoms are the activator mediating the
conversion between two surface states, namely carbon-hydrogen sites and dehydrogenated

radical sites (Appel et al. 2000). The reactions include:

(Csoot -H ) +H < C:oot + H2 (24)
(Cooi—H)+OH < C.  +H,0 (2.5)
C:oot +H— C:oot -H 2 (26)
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* *

Copot +C,H, > (C -H)+H (2.7)

soot soot+2

For the particles’ agglomeration and oxidation, the Smoluchowski equation (Equation

2.8) and oxidation model (Equation 2.9 and 2.10) (Tao et al. 2004) are used respectively as:

‘2—':' = —kN? (2.8)

Where N is the number concentration and k is the agglomeration coefficient.

(Cooe—H)+0, > (C,,,., —H)+2CO (2.9)

soot soot-2

(Copoe—H)+OH — (C,,,., —H)+H +CO (2.10)

soot soot-1

The two predominant oxidants, O, and OH, compete with each other and one may

prevail in different conditions of oxidation.

The last stage happens in the exhaust and the atmosphere, where the particulates reach
their final maturity and the measurement is usually carried out. Gas to particle conversion
dominates in this phase and large quantities of volatiles in the nucleation mode form, which

may give measurement falsification.

2.2.2 Particulate Measurement

For the strong correlation between mortality and the particulate size, concerns have
been raised recently on which aspect of particles should be emphasized when it comes to
health issues: mass or number? Historically, the emissions standards are based on the studies
of particle mass concentration, from PM 10 to PM 2.5. However, even PM 2.5 is still very

large compared with vehicle particulates (Eastwood 2008) and it is becoming increasingly
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clear that regulations on emitted particulate mass from engines, are not a proper measure of
the health hazard, as a particle of 10 um diameter and 1 million particles of 100 nm diameter
have similar weight, but the latter is much more dangerous to human health. Although
modern engines emit lower particle mass than the older ones, larger numbers are produced
(Abdul-Khalek et al. 1998). This pushes forward the transition of the particulate

measurement from its mass to number and size distribution.

Currently, most particle-sizing devices report ‘diameter’ of a particle in the
measurement and this term is commonly used to present size in aerosol science. It does not
necessarily refer to any geometrical dimensions and is actually an ‘equivalent diameter’ of a
spherical particle, which has the same response to certain forces. These concepts include the
‘Stoke diameter’, ‘aerodynamic diameter’, ‘electrical mobility diameter’, etc (Eastwood 2008).
The scanning mobility particle sizer (SMPS) is one of the most popular pieces of equipment
in the automotive industry to measure the particulate size and distribution, and the electrical
mobility diameter is measured. An electrical low pressure impactor (ELPI) is used for the
aerodynamic diameter. Both of them are suitable for steady state engine tests, but the former
is more relevant to the smaller particles (diffusional effects), and the latter to the larger ones
(inertial effects) (Gulijk et al. 2003; Eastwood 2008). Other equipment includes a differential
mobility spectrometer (DMS) and an engine exhaust particle sizer (EEPS), which also
measure the electrical mobility diameter, just as the SMPS. They have a lower detection limit
in particle size and a much quicker response than ELPI, thus are more widely used for

transient engine tests (Rubino et al. 2005).

Generally, the measurement of particle number distribution emphasizes the nucleation

mode particles, which are more vulnerable to measurement falsification due to their volatile
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component parts. In practice, before applying these measuring devices, raw engine exhausts
are usually diluted in a standard dilution tunnel through constant volume sampling (CVS) and
this undoubtedly exaggerates the variability of the measurement results. To solve this
problem, a ‘Particulate Measurement Programme’ (PMP) was initiated by the Swiss
Environment Protection Agency (EPA), Japan and some European countries, aiming at
finding a more sensitive particle metric for the toxicologically relevant particles. It
recommended that the non-volatile particle number concentration should be measured and the
industry has corresponded with proposals: design of a combination of thermo-diluter and
condensation particle counter (CPC) (Kasper 2004) and a solid particle counting system

(Montajir et al. 2007).

2.2.3 Diesel Engine Particulates

As early as in 1998, a study of the automotive particulate size, number and mass
distribution from European light duty (LD) vehicles was carried out by a group of oil
companies such as BP oil, Esso, Shell, etc, when four diesel and three gasoline vehicles were
tested using limited fuel matrix and varied driving conditions (Hall et al. 1998). It was noted
that the particulates from LD diesel vehicles were much higher than from LD gasoline
vehicles and in number terms, it was around 200 for MVEG cycles, more than 2000 at 50
km/h, but down to around 3 at 120 km/h. The largest vehicle technology effect on the
particulate emissions was the gasoline/diesel effect and the fuel effects were more significant

in the diesel study.

Armas et al. (2008) investigated the exhaust particle size distribution affected by the
diesel engine operating conditions. It was found out that the variation of engine speed and

torque influenced the exhaust temperature, which consequently changed the oxidation of the
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formed soot and particulate nucleation. The increase of the engine speed reduced the
accumulation mode particles due to the clear decrease of fuel air ratio and EGR ratio at low
torque and the elevated oxidation at higher torques. The increase of torques caused the
production of nucleation mode particulates owing to the EGR, which also played an important
part in the exhaust particulates formation and its decrease favoured the soot oxidation owing

to higher oxygen, and consequently the reduction of soot and accumulation mode particles.

Tanaka et al. (1999) looked into the particulate composition under different engine
operating conditions and pointed out that the small aerodynamic diameter particles decreased
when the ratio of the soluble organic fraction (SOF) was increased by lowering the engine
torque. In addition, the SOF ratio in the large aerodynamic diameter particles was higher than
that of the small ones. In the study conducted by Klein et al. (1998), the influence of diesel
oxidation catalysts (DOC) on the particulates was investigated. It was demonstrated that the
DOC was able to reduce the SOF of PM in the low temperature, thus reducing the particulate
sizes. However, in the high temperature, it might oxidize the sulphur into sulphate, which

could strongly influence the particulate agglomerations.

Through a high resolution transmission electron microscope (TEM), Lee et al. (2003)
investigated the morphology of light duty diesel particulates. It revealed that particulates
produced at low engine loads were nebulous with a large amount of SOF, while at high loads,
they were in graphitic structures, just as the typical carbon graphite. The primary particle
sizes were also influenced by EGR, and in most cases, they increased with the increase of

EGR.

More recent research into PM emissions includes the particulate matter

characterization from advanced combustions, such as low temperature combustion (LTC)

46



Chapter 2: Literature Review

(Natti et al. 2008) and homogeneous compression charge ignition (HCCI) (Zinola et al. 2009)
and the particles from new fuels, such as in Tan et al. (2009), where Jatropha biodiesel fuel

was used. Their PM emissions all differed from those from normal diesel combustion.

2.3 Diesel Particulate Filter (DPF)

The DPF was first commercially used on passenger cars in Europe more than ten years
ago and has now become one of the necessities to meet the future tighter emission regulations.
Since invented, it has experienced very rapid development and many related concepts have
emerged, incorporating different factors such as the filter materials and geometric

configurations, which are the two key characteristics of a DPF (Konstandopoulos et al. 2000).
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Figure 2.2 Schematic view of flow pattern through a channel of a wall flow DPF, showing
pressure loss components (Konstandopoulos et al. 2001).

Wall-flow is the most commonly used arrangement of DPFs these days, and it is based
on a monolithic substrate with alternately plugged inlet and outlet channels (Figure 2.2). The
excellent filtration efficiency and minimum backpressure (Ohara et al. 2007) exhibited by this
structure determines its popularity in the industry. For a wall-flow DPF, the inertial back

pressure is contributed to by the flow through the porous wall, flow contraction at the inlet
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channels and flow expansion at the outlet (Konstandopoulos et al. 2001). It keeps increasing
with the accumulation of the captured soot, until it is ‘regenerated’. This attribute has been
investigated in many papers, and it is common to simplify the whole DPF to a single channel

substrate for the research (Dillon et al. 2007; Yoon et al. 2007).

2.3.1 DPF Regeneration

The back pressure caused by the after-treatment system is detrimental to the engine’s
performance and its gradual rise with the soot loading in the DPF can cause a concomitant
rise in the exhaust temperature. However, it’s inapplicable to use this effect to initiate the

DPF’s regeneration for safety reasons (Eastwood 2000).

Generally, the regeneration methods are conveniently categorized as active or passive
ones (Konstandopoulos et al. 2000). Active regeneration includes those using external or
engine means to thermally burn the soot such as a fuel burner (Kong et al. 2005), electric
heating (Turner et al. 1995), injection of hydrocarbons in the exhaust (Bandy et al. 1993,
Alano et al. 2010) and the post injection of fuels (Bouchez et al. 2000). The passive
regeneration mainly relies on the catalytic means, either through the fuel borne additives
(Vincent et al. 1999) or some catalytic filter coating to achieve ‘continuous regeneration’

(Eastwood 2000). The combination of the two is also common in practice.

The regeneration of a DPF has to be carefully controlled. Practically, the back
pressure is usually used as an assessing factor for the DPF soot loading, and it is required
before an active regeneration is initiated, either to determine the regeneration timing or for
safety reasons such as what protection measures should be taken if the DPF is heavily loaded.

Uncontrolled regenerations can damage the DPF (Seiler et al. 2008) and deteriorate its
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performance, which might also happen due to the thermal aging of DPFs after frequent

regenerations (Costa et al. 2007).

Zhan et al. (2006) carried out a project on the identification of DPF related failures
and methods to avoid them. The three thermal related DPF failures were the exotherm at the
start of the DPF regeneration, traditional runaway regeneration and traditional ‘hot spot’
problems. The proposed strategies to prevent such uncontrolled regeneration included: (1)
controlled fuel injection rate for DPF regeneration; (2) high EGR rate when the engine goes to
idle during the DPF regeneration; (3) an effective and low-cost flow diffuser at the DPF inlet

cone.

Flérchinger et al. (2004) demonstrated an automated DPF regeneration strategy
through modification to the ECU control. The inputs included the post injection quantity and
timing, and EGR valve position. The open loop strategies were applied on four engine
operation points, when additional features were implemented such as undesirable side effects
(thermal shock, over heating, etc) prevention and regeneration acceleration. Haralampous et
al. (2004) concluded that at low temperature regeneration, the main reaction mechanism
involves NO, produced on the catalytic sites and partially diffusing back to the soot layer
while at high temperature regeneration, the main reaction happened between the oxygen and

soot.

2.3.2 New DPF Configuration and Materials

Besides wall-flow type, the other filter configurations include cylindrical cartridges,
and foam monolithic blocks (Konstandopoulos et al. 2000). One of the reasons why they are

not so widely used is due to the high back pressure these structures can cause.
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Silicon carbide and cordierite are still the two dominating materials used for DPF.
However, metal, especially metal foam, is becoming more and more attractive for its superior
thermal conductivity, more uniform distribution of temperature, and most important, low
price (Eastwood 2000). Research of metal foam DPFs (DOCSs) has been going on since the
1990s (Yoro et al. 1998; Koltsakis et al. 2006; Koltsakis et al. 2006; Koltsakis et al. 2007), in
which, the key points are to optimize the design for less back pressure and two main
manufacturing variables: packing density and filtration area. It should also be noted that the

major problem with the metal foam is its susceptibility to corrosion.

In the study by Yoro et al. (1998), a radiation heater was combined with a porous
metal DPF to solve the low regeneration efficiency problem related with most thick filters for
the declination of temperatures. Through computer simulation and experiment on an urban
bus, this system has shown promising regeneration performance. Koltsakis et al. (2008)
presented the test results of a cross flow foam based catalyzed DPF (CDPF), and they
showed that the CDPF had high catalyst-soot reaction rates at low temperatures, due to the
depth filtration mechanism and high surface area of the foam. The strong passive
regeneration resulted led to a low pressure drop. The metal foam substrate also gave the
design more flexibility, and allowed a compact integration of a DOC and a DPF with potential
volume and cost savings. Thus, a more effective and less expensive after-treatment system

might be achieved.
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2.4 New Injection Strategies for Diesel Engines

In the early stage of diesel engine emission control, enhancing the fuel metering and
ignition systems alone is enough to meet the tailpipe limits (Eastwood 2000). However, with
the gradual reduction of the statutory emission limits, the old generation of fuel injection
systems on the vehicles could not meet the requirement and that eventually led to the

appearance of the new common rail direct injection system, which is now widely adopted.
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Figure 2.3 Common rail system (Denso Australia 2010)

Unlike the old fuel injection system, which was cam driven and the injection pressure
of which was proportional to the engine speed, the common rail stores the fuel at a high
pressure (over 1,000 bar) through a supply pump and feeds it to individual ECU-controlled
fuel injectors (Denso Australia 2010). This gives a fairly similar pressure at the start and end
of injection as the common rail pressure, and thus a square injection rate. At the same time,

the high pressure provides better fuel atomisation when it is injected into the cylinders. The
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common rail system also has more precise control of fuel injection timing and quantity
through the solenoid or piezoelectric injectors while the old system could only do a limited

injection number and timing.

2.4.1 Multiple Injection Strategies

Multiple injection was first proposed in 1937 and currently the advanced common rail
fuel system, which can perform as many as five injections per stroke, gives rise to this
injection strategy’s application for optimum performance and emission reduction in diesel

engines.

According to Vanegas et al. (2008), for two injections (pilot and main injections),
pilot injection could reduce NOy significantly but also increase smoke emissions. CO and HC
could be reduced using a late main start of injection (SOI) and a short duration between the
pilot and the main injection; for three injections (pilot, main and post injection), the NOy
emissions decreased more while CO and HC remained constant. The post injection reduced

the smoke.

Roy et al. (2002) studied the impact of injection pressure and split injection on exhaust
odour and engine noise and it was found that at idle speed, there was an optimum injection
pressure around 60 MPa and the shorter ignition delay the less aldehydes and THC. Besides,
split injection at 50/50 could reduce the noise compared to the single injection but produced

higher odorous emissions.

The effects of multiple pilot injections on the diesel engine’s cold idle stability were

investigated by MacMillan et al. (2009) and it was pointed out that a single pilot strategy gave
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the best cycle to cycle stability at temperatures down to -10 °C, but at lower temperatures,

twin or triple pilot injections were even better.

Liu et al. (2005) showed that widely-separated two-stage combustion: one early-stage
pre injection at -50 °ATDC and one late-stage main injection at 13 °ATDC appeared to be a
good solution to optimize high speed direct injection (HSDI) diesel engine brake specific fuel
consumption (BSFC) and emissions performance at part load, by using computational

simulation.

2.4.2 Exhaust Gas Recirculation (EGR)

Exhaust gas recirculation (EGR) is a nitrogen oxide (NOyx) emissions reduction
technique commonly used in diesel engines these days. It works by re-circulating part of the
engine's exhaust gas, back to the engine cylinders to replace the oxygen (Kaneko et al. 1975).
This can lower the combustion temperature and once the combustion temperature is lowered,
the NOy will be reduced consequently based on the Zeldovich mechanism (Heywood 1988).
However, using EGR could also lead to lowered power output and increased HC and PM

emissions.

EGR can be controlled either by trapping a demanded exhaust gas portion through
proper valve timing (internal EGR) (Masahide et al. 2004) or by extracting the exhaust from
the exhaust manifold to the inlet manifold (external EGR). In a modern diesel engine, this
extraction is usually achieved by using a variable geometry turbocharger (VGT), which
creates pressure difference between the exhaust and the inlet manifold, and an EGR valve,

which allows the required exhaust flow.
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In the early stage of research, EGR’s NOy reduction characteristics were mainly
focused on: Diirnholz et al. (1992) investigated the application of hot EGR and found that it
could reduce NOy as well as hydrocarbon (HC) and PM emissions, without an adverse affect
on the fuel economy. This was particularly significant at low and medium loads. Uchida et
al. (1993) combined EGR and supercharging, and achieved improved engine combustion and
a reduced NOx emission. They also noted that the reduction of NOx was almost in proportion
to the EGR ratio increase, and with a proper intake boost and fuel injection setting, 50% NOx
reduction at a 20% EGR ratio could be achieved without deteriorating smoke and HC. Other
research includes EGR’s effects on diesel knock (Oetting et al. 1979) and fuel consumption

(Nakajima et al. 1981).

Recently, its ignition delay characteristic has attracted more and more researchers, and
especially in the field of Low Temperature Combustion (LTC), including Homogeneous
Charge Compression Ignition (HCCI) or Partially Charge Compression Ignition (PCCI), the

application of high level of EGR was preferred.

243 LTC, HCCI and PCCI Combustion

Low Temperature Combustion (LTC) is a new combustion concept and has attracted
many researchers for its high efficiency and low NOy and smoke emissions from diesel
engines. It includes Homogeneous Charge Compression Ignition (HCCI) (Najt et al. 1983)

and Partially Charge Compression Ignition (PCCI or PCI).

In HCCI, a mixture of fuel, air and residual gases is homogeneous as in the case of the
Spark Ignition (SI) engine and it is auto-ignited by compression as in the Compression

Ignition (CI) engine (Juttu et al. 2007). The mixture can be either prepared externally through
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port injection/evaporation or internally through different single or multiple injections

(Weiskirch et al. 2007).

The fuel charge in PCCI combustion is less homogeneous than in HCCI and it was
proposed by Okude et al. (2004) to solve the problem of fuel impingement in early injection
HCCI, through increasing ignition retardation while injecting fuel in the vicinity of the top
dead centre. These two kinds of combustion have proven to be able to break up the NOy-PM
trade-off (Figure 2.4), which is common in all diffusion controlled combustion systems, and

are believed to be the potential solutions to the future diesel engine emissions problems.
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Figure 2.4 Concepts of PCCI (PCI) and HCCI combustion (Okude et al. 2004)

However, the challenges they are facing include the control of the combustion (timing
and rate) and high HC and CO emissions (Neely et al. 2004). It is common in such engines to
have misfiring under low engine loads and knock-like intense combustion under high loads

(Mohammadi et al. 2005). At the moment, research is still continuing on the improvement to
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these new combustion concepts. Different methods such as optimization of the engine design,
and the combination of a variety of fuel properties have been investigated extensively in a

large number of studies (Akagawa et al. 1999; Kawamoto et al. 2004).

2.5 Alternative Fuels for Diesel Engines

Alternative fuels are known as ‘non-conventional’ or advanced fuels. According to
the Energy Policy Act of 1992 (US Public Law 102-486 1992), they include biodiesel,
ethanol, hydrogen, natural gas etc, which are commercially available for vehicles. Others
include biogas, ultra-low sulfur diesel (ULSD), biomass to liquid (BTL), gas to liquid (GTL)
etc, which are under development. These alternative fuels can not only secure the world’s
energy reserves, considering the limited conventional fuels, but also add benefit for their

reduced emissions.
2.5.1 Biodiesel

Biodiesel is one of the most popular alternative fuels nowadays and it mainly refers to
diesel fuel made from vegetable oils and animal fats. They can be either used alone or
blended with fossil diesel in diesel engines, and the latter is more commonly adopted and
distributed for use in the fuel market. The ‘B’ factor is used to state the amount of biodiesel
in the fuel mix as 100% biodiesel being referred to as B100, while 20% biodiesel is labelled
as B20 (Alternative Fuels & Advanced Vehicle Data Center 2010). This marking system has

been accepted in most countries around the world.

The production of biodiesel is through a process called -‘transesterification’

(Alternative Fuels & Advanced Vehicle Data Center 2010). During the process (Figure 2.5),
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the raw vegetable oil or animal fat has to be first pre-treated or filtered to remove water and
contaminants and then mixed with an alcohol and a catalyst. The oil molecules, namely
‘triglyceride’, react with the mix (usually methanol and sodium hydroxide), and are reformed
into methyl esters (referred to as Fatty Acid Methyl Ester- FAME) and glycerine, which are
then separated and purified. If ethanol is used instead of methanol, the methyl esters
produced are called Fatty Acid Ethyl Ester (FAEE). Generally, 100 kilograms of oil or fat
and 10 kilograms of methanol can produce 100 kilograms of biodiesel and 10 kilograms of
glycerine (Alternative Fuels & Advanced Vehicle Data Center 2010).

Recycled  Sulfuric Acid
Greases + Methanol

Y Y

Vegetable Dilute Acid -
Qils Esterification
Methanol + KOH —» Transesterification
Methanol Crude Glycerin Crude Biodiesel
Recovery 4' VL
1‘— Glycerin Refining Refining
Glycerin Biodiesel

Figure 2.5 Schematic of biodiesel production path (Alternative Fuels & Advanced Vehicle
Data Center 2010)

According to the US Energy Information Administration (Figure 2.6), biodiesel
production and consumption has increased significantly since 2005. In 2008, the US
produced 682,530 thousand gallons (equalling around 2583 million litres) of biodiesel and the

consumption was 320,220 thousand gallons (equalling around 1212 million litres). In Europe,
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biodiesel production in 2008 was increased by 35.7% compared to 2007, reaching 7,755

thousand tonnes (equalling around 8783 million litres) and the production capacity is still

growing rapidly.

U.S. Biodiesel Production, Exports, and Consumption
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Figure 2.6 Biodiesel Supply and Consumption (US Energy Information Administration 2009)
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Figure 2.7 The EU biodiesel industry (European Biodiesel Board 2010)
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Currently, rapeseed and soybean oils are most commonly used as the biodiesel
feedstock. Other crops such as jatropha, and sunflowers can also be applied. Animal fat
feedstock includes tallow, lard, chicken fat, etc, which are usually by-products of meat

production.

The performance and emissions of biodiesel, mainly rapeseed methyl ester (RME),
and its blend with conventional diesel have been investigated in many studies. They show
that biodiesel (RME) leads to a general reduction of engine emissions: CO, THC and smoke
(Yoshida et al. 2008; Arr\afgle et al. 2009; Kousoulidou et al. 2009). However, its influence
to NOy is not clear and under certain cases, NOy can even be increased (Kawano et al. 2008).
Higher fuel consumption with higher blend concentration of biodiesel is also indicated in

these studies (Nwafor 2004; Mayer et al. 2005; Zhang et al. 2008).

2.5.2 Gas to Liquid (GTL) Diesel

In relatively advanced production and commercial fields, GTL diesel is expected to
become the second U.S. Energy Policy Act ("EPAct") diesel fuel, for its much cheaper price
than biodiesel. However, its blend treatment from the government has not been qualified, as

the ‘B’ factor for biodiesel (Peckham 2002).

As shown in Figure 2.8, GTL diesel is commonly converted from natural gas (or other
gas hydrocarbons) through a method called Fischer-Tropsch Process, which was introduced
by Franz Fischer and Hans Tropsch in 1923 and first used to convert coal-derived synthesis
gas into useful compounds. During the process, the main components in the natural gas -
methane is oxidized to carbon dioxide, carbon monoxide, hydrogen and water, then treated

into synthesis gas, and finally reacted over the catalyst into the liquid hydrocarbons.
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Figure 2.8 GTL process using the Fischer Tropsch method (Dexcel 2008)

GTL diesel’s compatibility with the current diesel vehicles and fuel distributing

system is one of its major benefits. This means that it can be transported through the existing

pipelines and dispensed at existing fuel stations (Alternative Fuels & Advanced Vehicle Data

Center 2009). Other benefits include its near zero sulphur content, similar or better vehicle

performance and cleaner emissions than the conventional diesel.

According to the studies, the use of GTL diesel fuel and its blends in unmodified

engines enables significant reductions on HC, CO and PM emissions without compromising

NOy emissions (Schaberg et al. 2005) and it is recommended that the calibration strategies

should be carried out for better full load performances and catalyst efficiency (Kitano et al.

2007). Also, concerning GTL’s lubricity, appropriate additives are needed (Oguma et al.

2004).
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2.5.3 Combined Alternative Fuels with New Injection Strategies

It is not surprising for the development of combined research where the new
technologies are merged for the aim of engine emission reduction. Zheng et al. (2008)
investigated low temperature combustion (LTC) using neat biodiesel on a common rail engine
and found that the biodiesel was better sustaining in the combustion than the diesel fuel in
LTC, achieved through the retarded start of injection (SOI) and EGR. Stringer et al. (2008)
looked into dual injection strategies using both conventional diesel and biodiesel and it
indicated that biodiesel emissions were preferable to diesel emissions and out of all the cases,
the lowest NOy from biodiesel was achieved with a pilot injection at 30 ° BTDC and a main

injection at 10 ° TDC.

Biodiesel could be also used in LTC, when NOy and soot were both reduced. Weall et
al. (2007) investigated a DI diesel engine HCCI fuelled with diesel and biodiesel, and it
showed that biodiesel HCCI (B90 RME) reduced CO and THC by up to 35% at low loads
than diesel fuel, and at higher loads, it reduced smoke by a factor 3. The application of dual
fuel mixture (gasoline and diesel) in PCCI was also discussed by them and the results showed
that with an increased proportion of gasoline, smoke was reduced at high operating loads,
benefiting from higher volatility and increased ignition delay. At low loads, the NOy and
smoke were still comparable to diesel operation. This indicated the possibility of widening

the low emission operating regime though the combination of fuel properties.
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2.6 Summary

In this chapter, the impact of diesel engine emissions, mainly particulates, on the
environment and human health and the evolution of their control legislations and methods
have been reviewed. It started with some background knowledge on the toxicity of the
emissions, and proceeded with a deeper understanding of the PM formation inside and outside
the engine. Current measurement methods of the PM were also discussed and they focused
on the number concentration and the size and distribution of the particulates, which were
more related with human health issues. It is recommended that the non-volatile particle
number concentration should be measured for a more accurate and reliable PM number

measurement.

New PM control methods include the use of a diesel engine after-treatment system,
which has become necessary to satisfy current and future legislation. New materials and
structures of the DOC and DPF have supplied more options for effective PM reduction
applications. The application of alternative fuels to cope with fuel shortage and to lower
emissions has also been discussed. For fuel injection, the optimization of multiple injections
as well as single injections has shown a great potential to further reduce PM. Properly
adjusting the injection settings can even lead to different combustion modes such as PCCI and
HCCI, which break the trade-off of PM and NOy in normal diesel combustion, and have much

lower emissions at the same time.
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CHAPTER 3

RESEARCH METHODOLOGY

The whole test rig for the research is described in this section. It also covers all the
equipment used for the experiment, such as the Horiba gas emission analyzer, the scanning
mobility particle sizer (SMPS), the AVL smoke meter, and the engine control system. The

Ricardo WAVE model is also introduced. Figure 3.1 gives the overview of the test cell.
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Figure 3.1 The Ford Puma diesel engine test cell

63



Chapter 3: Research Methodology

3.1 Engine and Instrumentation

3.1.1 Engine

The engine used in the research was an 14 Ford Duratorg diesel engine, codenamed
‘Puma’ (Table 3.1). Its commercial application includes the Ford Transit Van, the Ford

Mondeo and Jaguar X type cars and the specification is shown in Table 3.1.

Table 3.1 Engine specifications

Engine Type Ford 130 PS Puma upgrade TDCI
Bore 86 mm

Stroke 94.6 mm

Connecting Rod Length 160 mm

Compression Ratio 16.6

Engine Capacity 2198.05 cc

Max Power 96 kW (x 5%)@3500 rpm

Max Torque 310.0 Nm(x 5%)@1600-2500 rpm
Max No-load Speed 4900 rpm £ 50 rpm

Max Cylinder Pressure 150 bar

The engine is equipped with a Variable Geometry Turbocharger (VGT), cooled
EGR, acommon rail direct injection system, a standard DOC and DPF. It was calibrated to

EURO IV emission standard. Figure 3.2 shows its characteristics.
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Figure 3.2 Engine characteristics graph

3.1.2 Engine Start and Control System
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Figure 3.3 Engine’s starting system



Chapter 3: Research Methodology

The engine’s starting system (Figure 3.3) is powered by a Ford 12V battery
(NO.160103), which also powers the engine motor starter. Through a Labview interface, the
switches for the ECU power, fuel injection (‘Ignition’) and motor starter (‘Crank’) are
manually controlled. When they are turned on, digital signals are created by an USB 6218
National Instrument (NI) card (details in 3.1.6), and sent to the relays. At the same time, the
indicators on the front panel are on. Once the engine is started, the ‘Crank’ signal has to be

switched off to avoid damages to the motor starter.

The engine control system was purchased from ATI Accurate Technologies. It
includes a VISION Network Hub/ VN12, a standard calibration package, a USB A-B over-
molded cable, a DC/CAN 180/180 5 pin Lemos (1B size) cable and an ECU CAN interface
cable. The basic idea, through its communication to the engine ECU (Figure 3.4), is to

achieve real time data acquisition and calibration/control over the engine.
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Figure 3.4 How the control system works with ECU files
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Before the control system starts to work, a specialized calibration is required and
during its application, a project file and a strategy file are needed. The former contains
information on the test set-up and tells the control system what test hard-wares are being used,
along with any unique properties of these devices. The latter stores the device description
information, memory images and system settings, which are usually the control module under
development. Both of them are supplied by the engine suppliers. For different test purposes,

such as for different emissions standards, different calibration files can be used.

The interface of the ATI engine control system is shown as Figure 3.5. A full list of
all the engine parameters can be displayed in the screen and recorded real time. Most of the
parameters are self-adjusted based on the engine map for different calibration files, and some

can be manually adjusted during the test.
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Figure 3.5 The interface of the ATI engine control system
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3.1.3 Dynamometer

The dynamometer used in the test was an inherently reversible EC38TA Eddy current
dynamometer produced by Froude Consine Limited (Figure 3.6). It is cooled by water
running in a closed flow circuit while the rotor operates in a dry gap. Its speed and load were
measured through a sixty tooth wheel and magnetic pulse pick-up and a strain gauge load cell

respectively.
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Figure 3.6 Overall dynamometer dimensions (mm)

The dynamometer has a maximum torque of 477.5 Nm and the power curve is shown
in Figure 3.7. The requirement for the cooling water is a minimum flow rate of 6,350 litre/hr
and a minimum pressure of 0.75 kg/cm? under all operating conditions. For safety reasons,
the water outlet orifice plate was connected with a differential pressure switch, which could

trip a plant shutdown once the differential pressure was below 0.35 kg/cm?.
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Figure 3.7 Dynamometer power curve (mm)

Referring to Figure 3.6, the half coupling on the dynamometer was used to connect the

engine through a driveshaft and for the test rig, the NDE Clarke A Type (Figure 3.8) with Lz

=490 mm and La = 60 mm. For the safety reasons, a shaft guard was installed.
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Figure 3.8 NDE Clarke drive shaft
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Two adaptors (Figure 3.9) were also adopted for the connections from the driveshaft
both to the dynamometer and the engine respectively. Each is 30 mm thick and that gives a

total install length of 550 mm.
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Figure 3.9 (a) The dimension of the adaptor for the dynamometer end; (b) the dimension of
the adaptor for the dynamometer end

3.1.4 Dynamometer Control System

(@) CP CADET System

The control system used for the dynamometer was the CADET system from CP
Engineering (from May 2007 till October 2008). It is computer based and it can achieve
manual or automatic control over the engine, when a pre-defined test is run. The system
comprises the following main parts: (1) a PC running the CADET software, with a user
interface such as a winged keyboard, a mouse and a monitor; (2) a control cabinet; (3) a
transducer box; (4) a throttle actuator; (5) others including the connection looms, a electric

box, an emergency stop loom, a interface enclosure etc.
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Figure 3.10 The CADET system

As Figure 3.10 shows, the control cabinet is connected with the dynamometer terminal
box with a 15 meter 37 way D-type to 37 way D-type loom for the signals such as load cell
and speed pick up while another loom of the same type supplies connections between the
cabinet and the engine electric box. The transducer box is mounted in the cell and it contains
several modules to support a variety of transducers such as the pressure transducer, the
platinum resistance thermometer (PRT), and the thermocouple inputs. The electric box is
connected with a 220 V power supply as well as a cell battery, which also supplies power to
the engine starter motor. The oil pressure switch and any hall-effect type speed sensors are

powered by a 24 V supply.

The throttle actuator consists of a permanent magnet DC motor, a servo-potentiometer
a single reduction gearbox, a cable drum and an output shaft, which connects the engine

throttle with an industrial tension cable. Its structure is as follows:
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Figure 3.11 The sketch of the throttle actuator (supplied by CP Engineering)

(b) Schenck System

From October 2008, another control system - Series 2000 D/W from Schenck was

used to control the dynamometer. It consists of one power supply and one control unit LSG

2000 (Figure 3.12).
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Figure 3.12 Control unit LSG 2000
The control unit includes: (1) digital indicator; (2) selection of indication; (3)
selection of mode of operation; (4) pre-selection of command value; (5) control unit; (6) pre-

setting of limiting values and monitoring; (7) mains switch. It can perform several types of
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controls over the dynamometer such as speed control, torque control and linear or squared
curve control. The engine can also be position controlled by it, when it operates at a constant

throttle angle.

(a) (b)

Figure 3.13 (a) actuator (b) actuator control

The new throttle control system consists of an IDM3 actuator and an actuator control
IDSVO01 (Figure 3.13), which operates from 0-5 V signals. The actuator was bought from
Industrial Devices Limited, and its specification is shown in Table 3.2 (Appendix Table Al,
Figure Al). The actuator control corresponds to a voltage signal, which is created by an USB
6218