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Abstract

The effects of air and exhaust gas dilution on the CAI combustion of a range of fuels
including three gasoline compositions, four primary reference fuels, and two alcohols are
experimentally investigated using a single cylinder research engine. Two of the three
gasolines tested are manufactured from standard gasoline during engine operation by a
novel fuel system, designed to improve the performance of both controlled autoignition

and spark ignition engines.

A series of experimental tests are performed to establish the satisfactory combined air and
exhaust gas dilution regions for each fuel. Detailed in-cylinder pressure and exhaust gas
speciation measurements are taken, and the fuels are compared and contrasted for their
performance in terms of power output, fuel consumption, and harmful exhaust emissions.
Results show that alcohol fuels are superior to hydrocarbon fuels for controlled
autoignition combustion because their autoignition characteristics are less affected by the
presence of exhaust gas species. Furthermore, the timing of autoignition is shown to be of
minor importance for achieving efficient and stable controlled autoignition combustion,

contrary to widely held beliefs.

In addition, the novel fuel system is developed and commissioned for use on a single
cylinder research engine operating with a spark ignition system. The two gasoline fuels
produced by the system are evaluated individually for their knocking combustion
characteristics over a range of compression ratios and spark advances. Results from these
tests indicate that the fuel system used in conjunction with a specially modified production
engine may allow the normal compression ratio of that engine to be increased by up to 1.0,

increasing its efficiency.
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Nomenclature

General Abbreviations

AJF Ratio
ABDC
AC

ARC
ASTM
ATAC
ATDC
BBDC
BMEP
BTDC
CA

CAI
CAN Index
CARB
CFR

CI

CIHC

CN
COVimep
CR

DAQ
ECU
EGR
EMI

EU

FBP
FDCCP
FID
FMEP

FS

Air/Fuel Ratio

After Bottom Dead Centre

Alternating Current

Active Radical Combustion

American Society for the Testing of Materials
Active Thermo-Atmosphere Combustion
After Top Dead Centre

Before Bottom Dead Centre

Brake Mean Effective Pressure

Before Top Dead Centre

Crank Angle

Controlled Auto-Ignition

Controlled Autoignition Index

California Air Resources Board
Cooperative Fuels Research

Compression Ignition

Compression Ignited Homogeneous Charge
Cetane Number

Coefficient of Variation in IMEP
Compression Ratio

Data Acquisition

Electronic Control Unit

Exhaust Gas Recirculation

Electromagnetic Interference

European Union

Final Boiling Point

Fluid Dynamically Controlled two-stroke Combustion Process
Flame Ionisation Detection

Friction Mean Effective Pressure

Fuel Sensitivity



FTP Federal Test Procedures

GC Gas Chromatography

GDI Gasoline Direct Injection

HC | Hydrocarbons

HCCI Homogeneous Charge Compression Ignition
HPLC High Precision Liquid Chromatography
HRR Heat Release Rate

HSDI High Speed Direct Injection

Hz Hertz

IBM International business machines

IBP Initial Boiling Point

IC Internal Combustion

IMEP Indicated Mean Effective Pressure
ISFC Indicated Specific Fuel Consumption
IvVC Inlet Valve Closure

KLSA Knock Limited Spark Advance

KOF Knock Occurrence Frequency

LAG Avalanche Activated Combustion

LEV Low Emissions Vehicle

LGV Light Goods Vehicle

MBT Minimum Spark Advance for Best Torque
MEFB Mass Fraction Burned

MON Motoring Octane Number

MS Mass Spectrometry

NDIR Non-Dispersive Infrared

NMOG Non-Methane Organic Gas

NTC Negative Temperature Coefficient

ON Octane Number

PCCI Premixed Charge Compression Ignition
PID Proportional + Integral + Differential
PM Particulate Matter

PMEP Pumping Mean Effective Pressure

PRF Primary Reference Fuel

RON Research Octane Number

pm revolutions per minute



RVP
SCR

ST |
STRAFFE
SULEV
TDC
THC
TLEV

TS
UEGO
UK
ULEV
USA
voC
VVA
WOT
ZEV

Reid Vapour Pressure

Selective Catalytic Reduction
Spark Ignition

Stratified Fuel Fraction Engine
Super Ultra Low Emissions Vehicle
Top Dead Centre

Total Hydrocarbons

Transitional Low Emissions Vehicle
Toyota-Soken

Universal Exhaust Gas Oxygen
United Kingdom

Ultra Low Emissions Vehicle
United States of America

Volatile Organic Compounds
Variable Valve Actuation

Wide Open Throttle

Zero Emissions Vehicle

General Notation

A, lambda

Y
i

;>=—\<DC|

o W e

Relative air/fuel ratio

Ratio of specific heats

Indicated thermal efficiency
Standard deviation

Crank angle

Arrhenius time constant
Constant

Crank radius, wet molar fraction of fuel
Constant

H/C ratio of fuel

O/C Ratio of fuel

Specific heat at constant volume
Wet molar fraction of inlet air

Wet molar fraction of exhaust products in inlet mixture



g Wet molar fraction of CO,

h Wet molar fraction of CO

i . Numerical index, denotes intake species

j Wet molar fraction of O,

k Wet molar fraction of N,

1 Connecting rod length, Wet molar fraction of H.O

m Wet molar fraction of NO

MEGR Mass flow rate of EGR through cylinder

MR Mass flow rate of reactants

my Mass of fuel contained in the cylinder

my molecular mass (where x is CHyO., CO,, CO, O,, N», H,O, CHy, H, or O)

mfb heat release condition

N Engine Speed

n Constant, polytropic coefficient, number of crank revolutions per power
stroke

nf Number of moles of fuel in the intake charge

nR Number of moles of reactants

np Number of moles of products

Dstart Total number of moles trapped in-cylinder at IVC

Ny Number of moles in-cylinder at mfb (heat release) condition

P,p Pressure

P. In-Cylinder Pressure

P; Indicated Power

Q Heat transfer

Quv Lower heating value of the fuel

q Heat transfer, Wet molar fraction of NO,

Qn Net heat release

OQus Heat released during combustion

OQmu Heat exchange with combustion chamber walls

R Universal gas constant

S Geometric length, Wet molar fraction of unburned hydrocarbons

T Temperature

t ‘Wet molar fraction of H,

du Systematic change in internal energy

A Volume



V. Clearance volume

V4 Displaced volume

v Wet molar fraction of O, in the intake gas

W, w Work transfer

oW Work done by cylinder gases on the piston

X Number of engine cycles, generic wet molar fraction

Chemical Symbols and Abbreviations

C,C, Carbon

CH,4 Methane

CHpO, Generic fuel type

CO Carbon monoxide

CO, Carbon dioxide

DME Di-methyl ether

H,0O Water

HCHO Formaldehyde

HO, Hydrogen dioxide

MTBE Methyl] tertiary-butyl ether
NMA N-methlanaline

NO Nitrogen oxide

NO, Nitrogen dioxide

NOy Combined oxides of nitrogen
O Oxygen radical

O; Ozone

OH Hydroxyl radical

PTFE Polytetrafluoroethylene

R Radical

TEL Tetra ethyl lead

TEM Tetra methyl lead
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Chapter 1 Introduction

1.1 Introduction

The use of Internal Combustion (IC) engines has grown exponentially since their inception
in the late nineteenth century. For variable light-duty mobile applications, reciprocating IC
engines utilising the Otto or Diesel cycles are now ubiquitous. However, in recent times
issues such as environmental pollution and fuel cost are increasingly becoming important,
precipitating massive growth in research and development of cleaner and more efficient IC
engines. In addition, the search is on to find cleaner, more efficient, and economic
alternatives to those currently available. There are a few prime mover technologies such as
the Electric and Fuel Cell types that may become viable over the coming decades,
providing they are developed sufficiently to offer comparable or better energy efficiencies
than IC engines. However, to become real alternatives the new technologies must also
match the versatility, power density, cost, and durability of IC engines. Furthermore,
widespread changes to the fuel delivery infrastructure may be required for technologies
such as the Fuel Cell. For these reasons, the IC engine is likely to remain dominant for

automotive applications for at least the next two decades, and probably longer.

In the absence of viable alternatives, researchers are faced with continuously improving
spark-ignition (SI) and compression-ignition (CI) technologies, to improve their
efficiencies and reduce harmful emissions. With the introduction of Gasoline Direct
Injection (GDI) and high-pressure direct-injection Diesel systems, a major effort in both SI
and CI research is focussed on developing adequate exhaust aftertreatment systems to
reduce harmful Nitrogen Oxides (NOy), Hydrocarbons (HC), Carbon Monoxide (CO), and
particulates simultaneously, while still maintaining high engine efficiencies. Despite
concerted efforts, a trade-off currently exists between the ability to achieve high
efficiencies, and the ability to prevent harmful exhaust emissions reaching the

environment.

However, an alternative combustion technology has recently been identified that exhibits
similar efficiencies as GDI and CI engines, while emitting a tiny fraction of the NOx.
Known by a number of names including HCCI (Homogeneous Charge Compression
Ignition) and CAI (Controlled Autoigntion), this combustion may allow current and

forthcoming efficiency and emissions targets to be met without the use of expensive,



complicated, and inefficient exhaust aftertreatment systems. The technology has already
been introduced in some 2-stroke engines (HONDA ARC 250), and it is the task of current
researchers to transfer it to 4-stroke engines, which must be used for forthcoming
emissions targets to be met successfully. Practical applications of CAI combustion in
multi-cylinder production engines have emerged over the past few years. Such systems
require copious quantities of burned residual gases to be trapped in-cylinder prior to
induction, which provides both the heat energy and charge dilution to achieve autoignition
and controlled combustion respectively. Unfortunately, the high levels of dilution required

limit the power density of such engines.

Research in this field has evolved over the past thirty or forty years, and there are currently
in excess of 100 technical papers that deal with various aspects of CAI combustion.
However, review of the literature indicated that there is significant scope to investigate
dilution effects on CAI combustion. Given that the most viable practical systems appear to
be those that use one or a combination of air and residual dilution, this has provided a
focus and context for the work presented in this thesis. A parametric survey has been
undertaken to investigate the air and exhaust gas dilution effects on CAI combustion
characteristics for a number of fuels, including gasoline, some selected primary reference
fuels (PRF), and some alcohols. Detailed measurements of combustion and emissions
characteristics have allowed valuable comparisons between different fuels and operating

conditions to be made, unparalleled in previous work in this area.

A novel fuelling system has been designed and patented by the Ford Motor Company. As
part of the work presented here, original concepts have been developed into a fully
operational prototype. The fuel system’s function is to separate standard gasoline into two
fuel streams by a process of distillation. The two streams have varying normal and
knocking combustion characteristics when used in an SI engine, which translates to
varying autoignition characteristics when used in an CAI engine. In practice, both engine
types will need to be specially modified to allow strategic positioning of each fuel stream
within the combustion chamber, to allow the superior attributes of each fuel to be
harnessed. Thus, the fuel system may provide benefits for both SI and CAI combustion,

and it has been evaluated for each.



1.2 Objectives of Project

The objectives of the project are to:

(1) Improve the understanding of the complex interplay between air and exhaust gas
dilution on CAI combustion, and their effect on combustion related parameters
such as the phasing of heat release, engine power, and exhaust emissions.

(ii)  Design, develop, and commission a working prototype of the novel fuel system
proposed by the Ford Motor Company, and evaluate it for the improvement of
performance in SI engines.

(ili)  Investigate the suitability of a number of fuels including gasoline, the two streams
produced by the fuel system, some primary reference fuels, methanol, and ethanol
for CAI combustion. Specifically, comparisons are required between fuel types to
better understand how composition and structure affect CAI combustion
characteristics and emissions.

(iv)  Provide detailed information on a number of fuels and over a wide range of strictly
controlled engine operating conditions for the calibration of CAI combustion

models, which is currently an area of intense research.

1.3 Outline of Thesis

Following the introduction, chapter two contains the literature review. The review is
broadly divided into four sections. Firstly, a review of current and future emissions
legislation provides a context for continuing research and development of powertrain
systems. Next, a section detailing the state of current technology outlines a number of
competing strategies for automotive power applications. The penultimate section reviews
literature relevant to spark-induced knocking combustion, which is required for the
evaluation of the novel fuel system for SI combustion. Finally, a range of papers relevant
to CAI combustion are covered, highlighting gaps in current knowledge, and providing a

basis for the investigation of CAI combustion presented in chapters six and seven.

Chapter three details the experimental test facility used for all engine tests. The research
engine with its modified fluid and combustion control systems are discussed in detail. A

separate section outlines the instrumentation, incorporating both exhaust gas and in-



cylinder data acquisition. Here, the opportunity is taken to discuss the techniques used to

process raw data into meaningful results.

The development and operation of the fuel system is the subject of chapter four. The
system is put into context with a description of the engine concept for which it is required.
A detailed description of the functionality of the fuel system follows, along with a

discussion of its practicality and limitations.

Chapter five contains results of an investigation that evaluates the suitability of the novel
fuel system for improving SI engine performance. The investigation concentrates on the
measurement and prevention of spark-induced knocking combustion. A parametric survey
of compression ratio and spark advance is undertaken for each fuel stream separately, and
compared to results from standard gasoline, and some selected primary reference fuels.
Extraneous figures relating to the work presented in this chapter are presented towards its

end.

Chapter six describes the first investigation on the dilution effects on CAI combustion, for
standard gasoline fuel. The CAI combustion test methodology and experimental
procedures are fully explained here. CAI combustion is achieved under high intake
temperature conditions, and in-cylinder pressure and exhaust gas speciation measurements
are obtained for a range of air and exhaust gas dilution conditions. In this chapter,
discussions concentrate on the quantitative comparisons between CAI and SI combustion,
and the relative merits of each. Also, harmful emissions such as NO, and HC are correlated

to calculated in-cylinder temperatures.

In contrast, chapter seven attempts to draw qualitative comparisons between a total of nine
different fuels, all tested under the same CAI combustion conditions. Comparisons
between fuels are made by considering heat release profiles, in-cylinder temperatures,
power output, and emissions levels. In order to preserve the continuity of text in this

chapter, the large number of figures relevant to the work are presented towards the end.

Chapter eight contains the general conclusions and recommendations for further work.
Conclusions are drawn together from separate sections contained at the end of chapters
five, six, and seven, giving a broad overview of the progress made throughout this work.

Recommendations for further work stem both from problems experienced during analysis

4



of results presented here, and from the knowledge gained that can be applied to future

investigations.

Appendix A contains details of the analytical approach that has been developed for the
calculation of Air/Fuel ratio and exhaust gas dilution rate given intake and exhaust
speciation data only. This method was developed in response to inaccuracies incurred
when using others. While an overview of this approach is contained in chapter three, here a

step-by-step derivation is given.
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Chapter 2 Literature Review

2.1 - Introduction — Emissions Legislation

The two main goals of current powertrain development are centred on increasing
efficiencies and reducing environmental impact. In the UK, greenhouse gas emissions from
the transport sector, which comprise Carbon Dioxide (CO,), Volatile Organic Compounds
(VOC), and oxides of Nitrogen (NOy), currently account for 21% of the total. This is
projected to rise to 26% by 2020 despite the best efforts of researchers to tackle the
problem [1]. Global concern over how the exponential increase in economic activity is
affecting our climate is reflected in the Kyoto Protocol [2]. Under this agreement, the UK
has committed itself to a reduction of 12% in total CO, emissions by 2010, although

domestic targets are as high as 20%.

Concern over the emissions from fossil-fuel powerplant can be broadly divided into two
categories. Firstly, the emission of CO; has predominantly global implications. Many
environmental studies have documented the acceleration of global temperatures over the
last few decades, which has already led to the reduction of polar ice mass, and may be
responsible for erratic weather patterns seen recently. Secondly, the emitted species that
have predominantly local climate effects: NOx and VOCs (emitted at ground level) react
with atmospheric oxygen in the presence of sunlight to produce photochemical smog,
known to cause respiratory problems. A by-product of this process is the formation of
ozone, which can be lethal even in relatively small quantities. Carbon Monoxide resulting
from incomplete carbon oxidation (to CO,) is usually associated with homogeneous
combustion under rich conditions, and can cause unconsciousness and respiratory failure if
inhaled in sufficient quantities. Soot is generally formed as a result of inhomogeneous
(diffusion rate-limited) combustion, and, along with certain hydrocarbon types (e.g.

Benzene) can be carcinogenic.

Over recent years, large reductions in NOx and VOC emissions from powerplants have
been brought about by improvements in post-combustion gas treatment (after-treatment)
technologies, such as catalysts. The last three decades brought about a revolution, with the
introduction of legislative programmes in the United States (USA), the European Union

(EU), and Japan to enforce exhaust after-treatment. The legislation is constantly being



reviewed and updated in line with developments in combustion control and after-treatment

systems. The emissions legislations for passenger cars are summarised in table 1.

Euro Standard | Year | Engine co HC/NMOG| NOx HC+NOx PM
Type (g/km) (g/km) (g/km) (g/km) (g/km)
Euro I 1996 SI 2.20 0.50
CI 1.00 0.70 0.08
Euro 11 2001 SI 2.30 0.20 0.15
CI 0.64 0.50 0.56 0.05
Euro IV 2005 SI 1.00 0.10 0.08
CI 0.5 0.25 0.3 0.025
CARB (Tier I) |2001-03 5 0.25 0.4 b ienorgems (.08
TLEV Any 2.1 0.2 0.25 sdedrd  0,08%
LEV Any 2.1 0.05 0.13  F ¥guB i  0.08*
ULEV Any 1.1 0.025 0.13 | o B4 (.04*
ZERO Any 0 0 0 R My 0
CARB (LEV II) [2004-10 2 0.033 0.04 | coanerogried
TLEV Any % #%
LEV Any 4.2 0.056 007 F 4 001
ULEV Any 2.1 0.034 0.07 #ap 1 0.01
SULEV Any 1 0.006 0.02 0.01
* After 100,000 miles Sources (3, 4]

Table 2.1 Legislated emissions: EU and California Air Resources Board (CARB)

The EU operate a comparatively simple system: Legislation becomes effective from a
certain date, and all vehicles produced after this must comply to individual Spark-Ignition
(SI) or Compression-Ignition (CI) standards. The reason for disparity between the two
engine types stems from technological differences in combustion regime and after-
treatment systems. Legislation from the CARB is presented because it places the strictest
limits on vehicle emissions in the world. The USA operates a ‘fleet-averaged’ emissions
strategy. ‘Tier 1’ legislation states an average emissions level, to which the fleet must
adhere. For example, individual manufacturers can sell a number of ZEVs (Zero Emission
Vehicles) and TLEVs (Transitional Low Emission Vehicles) in combination to hit that

average.

The figures for EU and CARB emissions levels are not directly comparable due to
differences in the test drive cycle and measurements of VOC: the Federal Test Procedures
(FTP) do not require the measurement of Methane in the exhaust emissions, so
hydrocarbon content is defined as Non-Methane Organic Compounds (NMOG). Johnson
[5] presented normalised tailpipe standards for Europe, the USA, and Japan. He showed
that the US ‘Tier 2° ( = CARB LEV II) legislation being introduced in 2004 requires a



roughly similar level of HC emissions to the Euro IV (2005) standard. However, NOy
emissions will be halved compared to Euro IV. He concluded that the market penetration
of Gasoline Direct Injection (GDI) and High Speed Direct Injection (HSDI) Diesel engines
in the USA would be severely affected by such strict NOy limitations, since adequate after-
treatment technologies have not yet been developed. This example shows that the way in
which legislation is implemented has a direct impact on the economic drivers for research
and development. Consequently, GDI and HSDI technologies for passenger cars require

significant enhancements before they will be adopted into the mainstream US market.

2.2 State of the Art

The ultimate goal of legislators and vehicle manufacturers alike is to produce a cheap and
economical zero emission vehicle. Using current technology, there is only one type of
vehicle that is truly a ZEV. It is one that employs a fuel cell to combine hydrogen and
atmospheric oxygen to produce electricity, which can then be converted to mechanical
energy. This vehicle is only a ZEV if the hydrogen is obtained (from water) using a
renewable energy source such as sunlight. Fuel cell vehicles that ‘reform’ Methanol to
obtain the hydrogen necessarily emit CO,. This introduces the important concept of ‘well-
to-wheel efficiency’. Since limited fossil fuel reserves are used globally for almost all of
our energy requirements, and atmospheric CO, has recently been identified as the major
cause of global warming, it is on our interests to evaluate the total ‘energy cost’ of
particular vehicle technologies for comparison. Weiss et al. [6] have undertaken such an
analysis to compare existing and emerging technologies with developments projected to
2020. The total energy consumption per unit distance travelled includes the vehicle
production cost, fuel production cost, and vehicle running costs. They predicted that Diesel
and Gasoline hybrids will be most energy efficient, followed by electric vehicles, and then
hydrogen powered fuel cell vehicles, not including vehicles with on-board reformers.
Given the fuel delivery infrastructure issues that surround Hydrogen, and the limited range
of the current generation of automotive batteries, they conclude that IC engines will be the

predominant mobile platform for the foreseeable future.

If emissions of CO, are neglected, there are already a number of technologies that can be
combined into an IC engine powered vehicle that result in near-zero emissions. Kishi et al.
[7] and Kitagawa et al. [8] presented their SI engine strategies for meeting the US ‘Tier 2’
Super Ultra Low Emission Vehicle (SULEV) certification. Their approach incorporates a
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number of advanced technologies such as air-assisted injection, advanced engine
management, variable valve actuation for better low-speed combustion, and advanced
catalyst design. Developments culminate in emissions of <0.004 g/mile NMOG and <0.02
g/mile NOy at an engine age of 100,000 miles. Emissions at these levels are at, and in some
cases, below the ambient levels that exist in urban environments. Therefore, it is entirely
possible that some vehicles in the future will not only emit less of the harmful species, but

also serve to clean up those that are already present.

The reduction of harmful emissions from current vehicles owes much to improvements in
catalyst technology. There are two types of catalyst in mainstream use. The 3-way Catalyst
is used in systems that burn a stoichiometric charge. Hydrocarbon and carbon monoxide
species are oxidised, and NOy is reduced to nitrogen and oxygen. The conversion
efficiencies of HC and CO to CO, and H,0 for modern ‘Promoted Platinum’ type catalysts
remains above 90% for stoichiometric to lean Air / Fuel (A/F) ratios provided a pre-
catalyst gas temperature of at least 150°C is maintained. However, efficient reduction of
NO, requires A/F ratios to be controlled to within a few percent of stoichiometry [9]. In
practice, carburettors are generally not suitable for such tight control of A/F ratios, and fuel
injection in conjunction with closed-loop electronic engine management systems are
employed. Furthermore, the presence of Lead Alkyl and Sulphur compounds has been
shown to poison these catalysts, through adsorption and deposition on the substrate
surface. This has led to the introduction of Unleaded Gasoline for vehicles with reduction
catalysts on-board, and more recently, the introduction of low sulphur Gasoline to further
reduce emissions from these vehicles. The second type is the Oxidation Catalyst, and is
generally used in engines that burn an overall lean charge. It reduces tailpipe emissions of
unburned HC and CO in a similar fashion, and is a simpler and cheaper construction than

the Reduction type, however it has no capacity for reducing exhaust NO, emissions.

The primary advantage of Diesel and GDI technologies is that they allow lean combustion.
Part load operation is achieved by varying the fuel rate independently of the airflow rate.
Conversely, conventional SI engines require a homogeneous and stoichiometric charge for
complete combustion and effective aftertreatment. The only way to operate at part-load in
this type of engine is to directly reduce the airflow (and fuel flow) rate. This is normally
achieved by airflow throttling in the intake manifold. The throttling approach has the effect
of reducing the overall efficiency of the engine by a maximum of 20% at idle conditions.

Consequently, these engines are inherently less efficient than their GDI or Diesel
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counterparts, which translates directly to higher specific CO, emissions. However, the
current generation of vehicles that employ lean-burn strategies do not generally have
effective aftertreatment to reduce NOy emissions, because the technology is still in
development. So, at least for the time being we are left with a trade-off between lean-burn
engines, which predominantly affect the local environment, and SI (stoichiometric)

engines, from which effects are felt globally through increased CO; output.

So, the challenge has been set: develop technologies that can combine the best attributes of
lean-burn engines (efficiency) and stoichiometric engines (emissions excluding CO,).
Development of aftertreatment systems to ‘clean up’ the exhaust from lean-burn engines is
already well underway [10]. Lean deNOy catalysts, NOy traps, and Selective Catalytic
Reduction (SCR) are three technologies currently under development to tackle the
problem. Furthermore, forthcoming Euro IV and Tier 2 legislation will require the tight
control of particulate emissions, which will necessitate the addition of particulate filters to
the aftertreatment systems. At present, there is only one such system that is commercially
available [11]: the filter is periodically purged by post-injecting fuel so that the catalyst
can raise the exhaust temperature sufficiently for carbon oxidation (~550°C) to CO; in the
filter. This system imposes a fuel penalty of 3-4% overall, and requires advanced engine
management algorithms. Current problems with lean-burn aftertreatment systems are not
insurmountable, but will probably always result in fuel penalties, which tends to negate the
reason for using a lean bumn approach in the first place. Furthermore, aftertreatment

systems suffer from durability problems and are not as robust as the engines themselves.

There is another technology that offers a different approach. The technology is based on a
new combustion process known as HCCI, or CAI in the current research. CAl is a
combustion regime different from conventional SI or CI concepts. CAI combustion
involves the autoignition of a premixed combustible charge. It requires the autoignition of
the cylinder contents combined with a means of controlling the subsequent heat release
rate. The practical means of obtaining autoignition is to ensure that local in-cylinder
temperatures at the end of charge compression are raised above the autoignition
temperature of the reacting species under the prevailing chemical conditions. Furthermore,

combustion rates are limited by large quantities of excess air and/or exhaust gas dilution.

The theoretical and practical roots of modern CAI combustion research can be attributed to

Semenov [12, 13, 14], although it wasn’t until Onishi et al. [15, 16], and subsequently
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Noguchi et al. [17], who were studying the causes of ‘run-on’ combustion in two-stroke
engines, that the full potential of CAI combustion was realised. Firstly, CAI lends itself to
highly diluted combustion, which allows the possibility for Diesel-like efficiencies.
Secondly; the charge is homogeneous and combustion occurs at low temperatures (<1800
K), which can result in negligible particulate and NOy emissions. So, this technology holds
the possibility to overcome the efficiency problems of conventional SI engines, without
necessarily requiring expensive and complicated aftertreatment systems. The first (and
only) production engine that uses CAI technology is the Honda ARC 250 2-stroke engine
[18]. Two-stroke engines particularly lend themselves to the CAI combustion regime
because the cycle ensures that hot combustion residuals are available during fresh-charge
induction and compression, tending to promote auto-ignition. Honda reported that
increases in efficiency of up to 29% combined with a reduction of up to half of the THC
emissions could be achieved with their technology. Despite the apparent suitability of the
two-stroke engine, it still has several drawbacks that preclude its mainstream use for light-
duty automotive applications. Peculiarities of the gas-exchange process in the two-stroke
engine ensure that maximum torque is a strong function of engine speed, which can lead to
driveability problems. Furthermore, the absence of a low cylinder pressure during
induction adds the requirement for fresh charge to be pumped into the cylinder. If this is
achieved conventionally via the crankcase, then lubricants must be added to the fuel to
avoid excessive engine wear, which inevitably lead to higher exhaust THC emissions.
Conversely, pumping can be achieved externally which complicates the system and
reduces overall efficiencies through increased pumping work. In any case, at high loads,
the simultaneous opening of exhaust and intake ports can lead to the charge ‘short-
circuiting’ from intake to exhaust ports during the induction process, which dramatically
increases the exhaust hydrocarbon emissions. This can be mitigated to some extent by the
inclusion of a specially shaped piston to encourage ‘loop scavenging’ within the cylinder.
Many of these complications can be overcome with the developing GDI technologies [19];
it remains to be seen whether the implementation of GDI enables two-stroke engines to

serve a wider market.

The complications of the two-stroke cycle have prompted the development of CAI
combustion for four-stroke engines. Najt and Foster [20] were the first to achieve CAlin a
four-stroke single cylinder engine, using elevated intake charge temperatures and ultra-lean
mixtures. Until recently, this approach has been adopted by most researchers in the field to

study phenomena associated with choice of fuel, mixture composition, and temperature
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and pressure histories. However, the limited speed and load ranges over which CAI
combustion are acceptable remains a major shortfall, prompting new approaches such as
those explained by Lavy et al. [21] and Kimura et al. [22, 23] to hybridise CAI with SI and
CI concebts respectively. These approaches essentially take the best attributes of CAI and
marry it with existing technologies to produce a powertrain that, on average, produces
fewer emissions. The drawback of such hybrids is in the increased hardware and level of

engine management required for their implementation.

Justification for the assertion that CAI is a newly discovered combustion process arises
when one makes comparisons with SI and CI concepts. Unlike SI combustion, CAI
ignition does not rely on the spark event for initiation or phasing of combustion. Instead,
Ignition occurs when local in-cylinder conditions are favourable for auto-ignition of at
least some of its contents, akin to the ignition in CI combustion. In CI engines, the rate of
heat release relies on the physical process of fuel and air mixing by diffusion. On the other
hand, in SI engines the rate of heat release relies on heat transfer from the exothermic
flame-front to raise the temperature of the adjacent unburned stoichiometric mixture and
propagate combustion. Heat release in CAI combustion is predominantly a function of
mixture composition, temperature, and pressure, which determine the chemical reaction

rates of the various species in the mixture.

Interest in CAI combustion was sparked by Onishi et al. [16] in 1979, and has been
gathering momentum ever since. The complicated nature of this combustion has led to a
number of acronyms being proposed by various researchers to describe it alongside SI and
CI regimes. Onishi et al. [16] used Active Thermo Atmosphere Combustion (ATAC), and
Noguchi et al. [17] rather immodestly named it Toyota-Soken (TS) combustion. Later, Najt
and Foster [20] named it Compression Ignited Homogeneous Charge (CIHC) combustion.
Thring [24] was first to propose the now globally accepted acronym of HCCI. Ishibashi et
al. [25] named their two-stroke concept Active Radical Combustion (ARC), making the
assumption that radical species present in the combustion residuals are instrumental in
promoting auto-ignition. Aoyama et al. [26] developed the term HCCI into Premixed
Charge Compression Ignition (PCCI), to make it more generally applicable. Duret and
Venturi [27] named the two-stroke regime Fluid Dynamically Controlled Two-Stroke
Combustion Process (FDCCP), attempting to stress the importance of mixture control on
this combustion. Most recently, Lavy et al. [21] have renamed the process Controlled

Auto-Ignition (CAI) combustion. Although HCCI is the most generally used term, it does
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not reflect the generic nature of this combustion, since it assumes that the ideal state is one

of homogeneity, and that this is what one strives for. There are two conditions that any

term that we use must fulfil:

(i) It should be compatible with the classical classification of combustion regime by
ignition type e.g. SI and CL

(ii) It shall reflect the generic nature of the combustion, and include all the means of
achieving it without precisely defining in-cylinder charge conditions. SI and CI
classifications are successful precisely because they make no attempt to describe
the complexities of the systems developed to implement their combustion type, yet

one can still ascertain the basic technologies required for either.

With respect to these two points, terms such as HCCI, ARC, FDCCP, and ATAC fail
either because they are not compatible with CI and SI, or that they refer to specific charge
conditions that need not be attained to achieve this combustion (e.g. HCCI need not be
homogeneous). PCCI is a more generic term, and could be considered sufficient. However,
historically, the term ‘premixed’ has referred to systems that incorporate port injection or
carburetted technologies, and some confusion may arise with DI systems running this type
of combustion. CI is sufficient to describe the auto-ignited nature of this combustion, but
does not separate it sufficiently from the existing CI combustion and associated
technologies. Therefore, a better description of the ignition regime would be Auto-Ignition,
or AL This type of analysis has led Lavy et al. [21] to rename the combustion as
Controlled Auto-Ignition (CAI) since it fulfils both of the above requirements. The term
can describe approaches from GDI, SI, and CI technologies without reform. Terms such as
HCCI can be considered as subsets to CAI: HCCI is analogous to homogeneous CAL In
the author’s opinion, the term CAI is superior to any that have been suggested in the past,

and it shall be adopted throughout the rest of this work.

So far, a brief analysis of the emissions legislation driving developments in automotive
powertrain technology has been presented. A review of existing technologies and those
under development has provided a context for the continued research into CAI combustion,
and how it can be implemented in four-stroke engines to meet forthcoming emissions
regulations. Before the author can delve into the complexities of CAI combustion itself, it
is necessary to review the associated research area of ‘spark-knock’ and auto-ignition in SI

engines. This is 2 much older and more widely researched field of IC engines, and much
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can be learned from the application of this knowledge to CAI technology. The next section
shall deal with auto-ignition and knocking phenomena in SI engines, followed by a section

detailing the progress of research in the area of CAI combustion.
23 Knocking Combustion in Spark-Ignition Engines

Ricardo [28] first suggested that a process of autoignition is responsible for the audible
‘knocking’ combustion that occurs under some engine operating conditions. Other
mechanisms proposed at this time included one of ‘detonation’, in which the flame front is
accelerated through the charge and forms a leading pressure wave, which is then internally
reflected, exciting the engine structure and causing the audible knocking noise [29]. With
the introduction of optical techniques employed by Withrow and Boyd [30], Miller [31],
and Male [32], who obtained qualitative data to support the autoignition theory, Ricardo’s

assertion became widely accepted.

Autoignition occurs in the unburned part of the cylinder charge, usually termed the ‘end-
gas’. If the pressure and temperature histories of the end-gas are sufficiently severe, then
autoignition will take place. The pressure and temperature histories of the end-gas are
dependant on the pressure rise due to piston compression and normal flame propagated
combustion (that follows spark ignition), and heat transfer to the combustion chamber
walls. However, knock will only occur as a result of auto-ignition if two further conditions

are met:

(1) The reactions that follow auto-ignition consume the unburned charge at sufficient
rate to induce in-cylinder pressure differentials.
(ii) There is sufficient heat release before the arrival of the flame front to transmit any

pressure waves generated to the cylinder walls.

If these two conditions are met, then the combustion chamber walls will be excited at their
natural frequency, resulting in audible knock [33]. As in normal combustion, the
occurrence of knock is subject to cyclic variations brought about by changes in end-gas
geometry and composition. Under light knocking conditions, knock occurrence competes
with normal flame consumption. Only cycles that are observed as having the shortest total

combustion duration buming actually knock [34], since combustion that includes charge
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consumption by normal flame propagation and autoignition in the end-gas will occur faster

than combustion by flame propagation only.

The occurrence of knock is particularly relevant to SI engine operation because it directly
constrains engine performance. It usually occurs under Wide-Open-Throttle (WOT)
conditions, when pressure and temperature histories are most severe. Thus, compression
ratio is limited, and since the maximum thermal efficiency of the Otto cycle is mainly
dependant on compression ratio, this is also limited. Furthermore, knocking combustion
can lead to engine damage in the form of piston crown and cylinder head erosion, severely
reducing the engine’s life [35]. Lee and Schaefer {35], and Zhao et al. {36] have also
shown that combustion chamber wall surface temperatures are increased under knocking

conditions, increasing heat transfer from the system, and tending to lower cycle efficiency.

So, it is of practical importance for researchers to understand the causes of knocking
combustion and take measures to eliminate it. Advances in combustion chamber design to
reduce the duration of normal flame propagation are termed ‘fast-burn’ approaches. These
include the use of pent-roof, central-spark, or two-spark designs to reduce flame travel, and
increasing turbulence through induced ‘swirl’, ‘tumble’, or ‘squish’ to increase the flame
speed [37]. These approaches allow higher compression ratios to be achieved because they
limit the time allowed for autoignition to take place by consuming the end-gas earlier in
the cycle. Other approaches have included the careful blending of fuel and the addition of
fuel additives such as tetraethyl lead to raise the fuel’s autoignition resistance, although
this practice has recently been phased out due to the forced introduction of reduction
catalysts, which are poisoned by tetraethyl lead. The choice of fuel blend plays a vital role
in developing efficient combustion systems that avoid engine knock, and this will be dealt

with in the next section.
2.3.1 Fuel Effects on Autoignition and Knocking Combustion
23.1.1 Research and Motoring Octane Numbers

For practical purposes, the suitability of a particular fuel or fuel blend for automotive
applications must be quantified. In the case of the SI engine, there are standards that define
the fuel anti-knock quality, to which commercially available fuel blends must adhere. Thus

engine manufacturers, legislators, and consumers can be satisfied that the automotive
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systems sold are operated with the correctly specified fuel. The development of these
standards is chronicled in references [38, 39, 40, 41]. Fuel anti-knock (or octane) quality is
determined in a Co-operative Fuels Research (CFR) engine using the American Society for'
Testing Materials (ASTM) procedures D-2699 and D-2700, which are colloquially known
as the Research Octane and Motor Octane tests respectively. These tests are similar, but
expose the test fuel to different engine operating conditions. Thus, a Research Octane
Number (RON) and a Motor Octane Number (MON) are obtained, which can qualitatively
predict the knock behaviour of the fuel over a wide range of real-engine conditions. The
conditions that conspire to produce different RON and MON in both tests are summarised

in table 2.2.

Engine Parameter Research Method | Motor Method
Engine Speed (rpm) 600 900
Intake Temperature (°C) 52 149
Spark Advance 13° BTDC 19-26°BTDC

Table 2.2 Experimental engine conditions for RON and MON tests

In both tests, there are two Primary Reference Fuels (PRFs) that are used to measure other
fuels against. These fuels are normal Heptane (n-Heptane), and Isooctane
(Trimethylpentane[2,2,4]). They were chosen because they represent two extremities of
anti-knock quality: n-Heptane and Isooctane have low and high knock resistances
respectively. Automotive fuels are tested in a CFR engine to the RON and MON standards,
and results are compared to results of mixtures of n-Heptane and Isooctane. The fuel is
designated an octane number (ON) relative to the volumetric mixture of PRFs giving
similar knocking tendency. For example, if the test fuel has a similar knocking tendency to
a mixture of 80% Isooctane and 20% n-Heptane in the RON test, then it is designated 80
RON. Thus, one desired quality of an automotive fuel for SI engines is to have a high ON,

as these are most resistant to knock.

So, a fuel’s propensity to auto-ignite can be measured quantitatively using empirical
standards designed to regulate fuel specifications. However, these standards make no
attempt to address the fundamental issues regarding the chemistry and thermodynamics of

spark-induced autoignition. There has been a huge array of work on the fundamental
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aspects of autoignition, which will be addressed in the following subsection and in section

2.3.2.
2.3.1.2 Fuel Structure Effects

Studies on fuel structure effects have been instrumental in the classification of
hydrocarbons. Generalisations that can be made between different groups of hydrocarbons
as to the autoignition and combustion chemistry has aided in the development of complex
models to predict the behaviour of real-world fuels such as Gasoline and Diesel [46].
Lovell [47] presented results from the collaborative API Research Project 45, which
remains the most comprehensive work on the effects of fuel structure on autoignition
behaviour. There are over 300 individual hydrocarbons studied, and results show that

autoignition behaviour is related to hydrocarbon structure as follows:

Aromatics:

Almost all of the aromatics contained within Gasoline have an octane value exceeding 100.
Octane numbers do vary and are dependent on the positioning of additional side chains on
the benzene ring. Generally, more carbon atoms present in the side chain leads to reduced
octane number. However, if this chain is branched the knocking resistance tends to

increase.

Paraffins:

Although some of the shorter-chain paraffin hydrocarbons have similar octane values to
aromatics, the majority exhibit much lower values. Generally, the longer chain paraffins
exhibit poorer knock resistance. However, increased branching of the chain (e.g. methyl
groups) tends to increase octane number. This is demonstrated by the difference between
the straight-chain n-Heptane (n-C;H;¢), and Isooctane or [2,2,4] Trimethylpentane. The
prefix [2,2,4] indicates the presence of branched methyl groups on the straight-chain

structure of pentane.

Olefins:

Olefins containing two or more double bonds exhibit higher knock resistance than ones
containing single double bonds. However, there are some exceptions to this, including
acetylene, ethylene, and propylene. Similarly to the paraffins, the addition of side branches

tends to increase knock resistance.
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2.3.1.3 Effects of Fuel Additives

Organometallic Antiknock Compounds

Tetraethyl lead (TEL) and Tetra methyl lead (TEM) are the most well known of this class
of compounds. All organometallic antiknocks operate by decomposing at the appropriate
temperature in the engine cycle to form a cloud of catalytically active metal oxide
particles. These particles interrupt the reactions that lead to autoignition, delaying its
occurrence until the end-gas is consumed in the normal fashion by the propagating flame-
front. Although TEL and other organometallic compounds are now outlawed in developed
countries such as in the US and Europe due to environmental concerns, their use is still
wide spread among the developing countries because of the reduced cost of refining those
Gasolines [48]. The primary concern over the use of these compounds is that they are
never consumed completely during the course of combustion. Thus, combustion chamber
deposits can build up if proper ‘scavenging’ additives are not also included. Furthermore,
deposition of these compounds on catalyst surfaces obstructs their operation. Anything left
in the exhaust flow is eventually emitted into the environment with associated health

effects.

Organic Antiknock Compounds

Organic antiknocks are favourable because they are consumed during the combustion
process, having minimal effects on catalyst operation and the environment. Mackinven
[49] presented a study on the relative benefits of various ‘ashless’ (organic) antiknock
additives, showing that N-methylaniline (NMA), aromatic compounds containing nitrogen
or oxygen, iodine and aliphatic iodine compounds, and selenium compounds were all
effective for increasing the blending anti-knock quality of Gasoline. However, he also
concluded that, at that time, none were as cost-effective as TEL or the further processing of

Gasoline to increase octane number.

However, since the phasing out of lead alkyl compounds, other blend components have
been used widely to increase the octane quality of Gasoline. These include oxygenates
such as Methanol, Ethanol, Methyl Tertiary-Butyl Ether (MTBE), Ethyl Tertiary-Butyl
Ether (ETBE), and aromatic compounds.
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Other Species That Influence Knock

Of the many thousands of compounds that either inhibit or promote knock, there are two of

particular interest to this work:

(@)

(ii)

Oxides of Nitrogen (NOx). Kawabata et al. [S0] presented a study on the influence
of NOx concentration in residual and EGR gases on the occurrence of autoignition.
They showed that as NO concentration in the unburned charge is increased, the
timing of autoignition is advanced. Since NO is only normally found in the
unburned charge as a result of mixing with the residual gases or EGR, it is
interesting because the overall affect of EGR is to slow combustion, whether flame-
propagated or auto-ignited.

Ozone (O3). A little known work by Brooks [51] was first to examine the effect of
low concentrations of ozone in the unburned charge. He showed that ozone
significantly promotes knocking combustion. Concentrations as low as 0.5% by

volume can induce a reduced octane of 17 ON in a 77 RON fuel.

Although not directly related, these studies are particularly relevant to our work on CAI

combustion, since it is autoignition that we wish to promote, and the utilisation of either

NOx or Ozone in the unburned charge may help to increase the speed/load range over

which CAI combustion can currently be achieved.

20



2.3.2 Autoignition Chemistry and Knocking Combustion Prediction
Models

2.3.2.1 Chemistry of Autoignition

The process of autoignition can be thought of as a number of discreet chemical reactions
that occur between fuel and oxidiser (chain initiation), which generate a pool of radicals
for consumption in the subsequent combustion or chain propagation reactions.
Degenerate-branching reactions that occur after chain initiation in some hydrocarbons can
either form stable molecules or radicals. The rates at which these reactions occur, and the
type of species generated, are intimately dependent on the temperature and pressure

histories of the mixture. The basic hydrocarbon oxidation process due to Semenov [42] is

as follows:

1. RH + 0, - R + H 0.2 :— Chain Initiation
2. R +o0, > RO, |

3. R +0, 5 Olefin +H O,

4. R O, + RH > ROOH + R —  Chain Propagation
5. RO, — R'CHO +R"O

6. HO,+RH — H,0,+R

7. ROOH > RO +0H
—  Degenerate Branching

8. R'CHO +0, — R'CO +H 0

9. RO, — Destruction —

Chain Termination

Figure 2.1  Basic hydrocarbon oxidation process: a dot denotes an active radical.

Each dash denotes the number of free bonds on the organic radical R.

Heywood [43] describes how this generalised oxidation process can result one or a

combination of four types of combustion behaviour:
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(1) Slow reactions normally occur at low temperatures (<200°C), requiring a long time
and not normally associated with combustion in engines.

(i) Cool Flames result in some hydrocarbons when the mixture is raised to 300-400 |
°C, these can occur singularly or in multiple waves depending on conditions. These
reactions only consume a small fraction of the fuel and result in small temperature
rises.

(iiiy  Two stage ignition: under the right conditions, cool flame reactions are succeeded
by a hot flame, in which the chemical energy of the fuel is normally released
rapidly in an explosion. The period of low reactivity between cool and hot flames is
associated with some of the Chain propagation reactions approaching a state of
equilibrium, in which both forward and backward reaction rates are similar. This
type of behaviour is normally associated with low octane paraffins such as n-
Heptane. It is also sometimes termed ‘Negative Temperature Coefficient’ (NTC)
behaviour, because the reaction rate between first and second stage ignition is
reduced despite increasing gas temperatures.

(iv)  Single Stage Ignition: This occurs in fuels where no cool flame reactions are
observed. Instead, high-temperature autoignition precedes extremely rapid
combustion of the entire mixture. This behaviour is normally seen in Olefin and

aromatic hydrocarbons [44].

For a number of years, researchers have been developing models to predict combustion
phenomena such as flame propagation and autoignition behaviour. Studies that help to
determine reaction paths and the intermediate species involved in autoignition can be
broadly divided into four categories [45]; (i) pre-combustion heat release studies, (ii) rapid
sampling valve studies, (iii) spectroscopic investigations, and (iv) fuel effect studies. Heat
release studies have shown that there is a general, but not universal, inverse correlation
between octane number and heat release prior to autoignition. Litzinger [45] also
concluded that any heat released during cool flame reactions seriously reduces the knock
resistance of the fuel due to an implicit rise in end-gas temperature. Rapid sampling valve
studies are useful because they can measure quantities of stable intermediate reactants at
different stages in the engine cycle very accurately through the application of Gas
Chromatograph (GC) techniques. Litzinger [45] reports that these studies have helped to
confirm the role of low temperature oxidation kinetics (cool flames) in auto-ignition
chemistry. Spectroscopic investigations provide the most information about autoignition

chemistry because the role of radicals can be determined. The advancing field of laser
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diagnostics has broadened the scope in this area, and provides much information for

combustion model development.

2.3.2.2

Knocking Combustion Prediction Models

The knowledge of fuel structure effects combined with intermediate species data obtained

from experiments provides a sound basis for the development and calibration of knocking

combustion prediction models. There are three types of models that have been developed

to predict the onset of autoignition and knocking combustion. These can be summarised as

follows:

)

(ii)

. (111)

Induction time correlations use an Arrhenius type function (Equation 2.1) to fit
model predictions to experimental data. The onset of autoignition / knocking
combustion is obtained by integrating the function over time to include the time

dependant histories of pressure (p) and temperature (T). A, B, and n are constants.
o B .
T=Ap exp(;) Equation 2.1

Detailed Chemical Kinetic Models. These types of models attempt to follow all of
the elementary reactions that take place during the autoignition process. To this
end, hundreds of species are considered, and in excess of 1000 reactions are
required, even for a single hydrocarbon fuel such as Isooctane [52]. With current
limitations on computational power, this code is unsuitable for full boiling range
fuels such as Gasoline and Diesel, which contain many hundreds of hydrocarbons.
However, these model types are extremely useful for fundamental observations,

and may be used to calibrate less accurate Reduced Kinetic models.

Reduced Chemical Kinetic Models. The Shell model [53] is an example of this. It is
a generalised kinetic model based on a degenerate branched-chain mechanism for
hydrocarbon oxidation. It uses general chemical entities to represent individual
species. Due to its simplified nature, this model has been used to predict the
behaviour of fuels such as Gasoline. It is also useful for more detailed combustion

models, for which autoignition is only a small part.
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233 Effects of Engine Operating Conditions on Knocking Combustion

Knocking combustion is affected by engine operating conditions to the extent that the
temperature and pressure histories of the end-gas will vary if conditions are changed.
Knowledge of the relevant importance of each operating variable can give insight into how
the temperature and pressure histories of the end-gas are affected by each, and the best
means of practically abating knock. Recognition of the importance of engine operating
conditions stems to the earliest research on octane rating [38-41], which resulted in tests
designed to rate fuels at two sets of conditions and qualitatively predict autoignition

behaviour over the full range of conditions.

2.3.3.1 Fuel Effects - Fuel Sensitivity

The arithmetic difference between RON and MON is termed ‘Fuel Sensitivity’ (RON-
MON). It is a measure of how the autoignition resistance of a fuel changes between two
specific engine conditions. In general terms, the motor method is considered more ‘severe’,
because its inlet temperature exceeds the research method considerably, inducing a raised
temperature history. However, the research method is operated at a lower engine speed
than the motor method, allowing more time for the reactions leading to autoignition. PRFs
by definition have zero fuel sensitivity, since they are the fuels by which all others are
measured in the RON and MON tests. Fuels that have lower MON than RON have positive
fuel sensitivity, indicating that as engine operating conditions become more severe, their
resistance to knock worsens. Fuels with negative fuel sensitivity exhibit the opposite effect.
Leppard [44] was first to explain the fundamental reasons for observed fuel sensitivities in
different hydrocarbon classes. He showed that of the paraffins, most had either zero or
negative sensitivity, except those having RONs in excess of 100, which displayed
distinctively positive fuel sensitivities. However, the majority of paraffins contained in
Gasoline are below 100 RON. On the whole, olefins and aromatics have higher research
octane quality than paraffins, but possess positive fuel sensitivities. On the basis of
paraffinic behaviour being normal, olefin and aromatic behaviour predicts that these fuels
are derated under MON conditions due to their poorer autoignition resistance. However,
Leppard [44] asserts that the aromatic and olefin behaviour should be considered as
normal, and that paraffins are super-rated at MON conditions, where they show
abnormally high resistance to autoignition. Aromatics and olefins do not generally exhibit

two-stage ignition over the temperature range that occurs in the end-gas during normal

24



engine operation. On the other hand, most paraffins do exhibit two-stage ignition,
especially if their octane rating is low (i.e. less than 100). The period of low reactivity
between the first and second stages of ignition increases with intake temperature between
RON (52 °C) and MON (149 °C) conditions, and with increases in engine speed. On the
other hand, the time to autoignition for olefins and aromatics decreases monotonically with
increasing intake temperature. These are the primary reasons for the super-rated behaviour

of paraffins under MON conditions.

Work has been carried out by several researchers to quantify how specific changes in
operating conditions affect knocking combustion. These effects are summarised in the

following sections
2.3.3.2 Spark Advance

The effect of spark advance on the occurrence of knock is well documented. As the spark
is brought earlier, so is combustion phasing, resulting in higher end-gas temperatures and
pressures occurring closer to Top Dead Centre (TDC) on the compression stroke. Russ [55]
reports that an increase in octane number of the fuel allows an approximately equal
increase in spark advance to avoid knocking combustion (1 ON/ 1 °CA). Gluckstein and
Walcutt [56] studied spark advance relationships with end-gas temperature, and concluded
that increases in spark advance were proportional to increases in end-gas temperature for
the fuels and conditions they chose. Reducing spark advance is the most practicable means
of avoiding knock, and has resulted in closed loop systems consisting of a knock-sensor

mounted in the engine block to detect the onset of knock and retard the spark accordingly.
2.3.3.3 Intake Temperature

The effect of raising intake temperature is to raise the charge temperature history while
slightly reducing the pressure history due to lower charge density. Leppard {44] reports
that this has a more pronounced effect on paraffins than for aromatics and olefins, because
the NTC region is widened, resulting in a delayed auto-ignition response. This effect is
also noted in the work of Taylor [57]. Russ [55] comments that in general, if an increase of

7K is induced, then the fuel’s octane must be raised by approximately 1 ON (1 ON/7 K).
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2.3.34 Coolant Temperature

Raising coolant temperature has a similar effect on charge temperature as raising the intake
temperature. During induction and part of compression, heat is transferred from the
cylinder walls, raising charge temperature and lowering its density. When charge
temperature is raised above the wall temperature (through compression), heat transfer from
the charge is comparatively reduced at higher coolant temperatures. All of this adds up to
higher end-gas temperatures preceding autoignition. Russ reports that an increase in
coolant temperature of 10K requires the fuel octane increase of 1 ON to avoid knock (1

ON/10 K). Leppard [58] reports a similar response of 1 ON/9 K.

2.3.3.5 Compression Ratio

Compression ratio sets both the pressure and temperature ratio that exists before and after
compression. As such, it is instrumental in the occurrence of knock. Currently, production
port-fuel injected SI engines are limited to a compression ratio of 10-11, so that end-gas
temperature and pressure histories are never too severe to induce knock. The ideal
compression ratio is somewhere in the region 12-14, beyond which, limitations of the
practical cycle such as blow-by and heat losses to the cylinder head become more
important. Furthermore, a higher compression ratio requires stronger engine components
and structure, which can severely limit the maximum speed of the engine. Modern GDI
engines are capable of achieving compression ratios of up to 12, because of an increased
charge cooling effect compared to port-fuel injected engines. Work by Caris and Nelson
[59], Thring and Overington [60], and Russ [55] are in general agreement that an increase
in compression ratio of 1 requires approximately a 5 ON increase in the fuel to avoid

knock.

2.3.3.6 Intake Pressure

Changes in intake pressure are essentially analogous to changes in compression ratio
(excluding temperature effects), except in one important respect. In most SI engines there
is a certain degree of ‘valve overlap’ that occurs at the end of the exhaust stroke and the
beginning of induction. During this period both intake and exhaust valves are open. If the
intake manifold pressure is reduced relative to the exhaust manifold pressure, as is often

the case, exhaust flows back into the cylinder. The increased presence of exhaust gas
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increases the charge temperature and dilutes it to a certain extent. On the other hand, if the
intake manifold is supercharged then the overlap period will aid in scavenging the cylinder
and removing more exhaust than would normally be the case. There is some disparity as to
the effect of intake pressure on knock occurrence, probably due to the peculiarities in gas
exchange process that will occur between different experimental systems and at different
engine speeds. However, Russ [55] draws the conclusion that, on average, an increase in
10kPa requires an ON increase of 3-4 over the range 85-105 kPA absolute manifold

pressure.
2.3.3.7 Exhaust Backpressure

The effect of exhaust backpressure is relatively insignificant. Increases lead to more in-
cylinder residuals, which simultaneously raises the charge temperature and dilution rate.
Russ [55] reports an approximate rule of thumb of 1 ON increase per 30 kPa exhaust
backpressure. This trend is interesting because recent developments in aftertreatment
systems that will tend to boost exhaust backpressure (catalysts and particulate filters) in

GDI systems may lead to the requirement for higher-octane fuels.
2.3.3.8 Air/Fuel Ratio

The effect of A/F ratio on knocking combustion cannot be widely examined in SI engines,
since they normally require close-to-stoichiometric mixtures for complete and satisfactory
combustion. This is particularly relevant to modern SI engines that require stoichiometric
exhaust catalysis to meet current emissions legislation. However, studies that have been
carried out [55, 61] show a maximum fuel octane requirement occurs at an equivalence
ratio of 0.95. In general, octane requirement decreases at a rate of 2 ON per A/F ratio either

side of this value.
2.3.39 Summary

Any engine operating condition that is changed results in changes to the end-gas
temperature and pressure histories, to a greater or lesser degree. If the changes are
sufficient for the particular charge composition, then this can induce autoignition in the
end-gas, which may lead to knock. The author has shown that the physical and chemical

processes that lead to knock are extremely complex, and very difficult to predict

27



accurately. However, introducing this subject has provided some of the key fundamentals
that are equally applicable in the fledgling research area of CAI combustion. In CAI
combustion the entire charge is made to behave as the end-gas, and is without the

additionai complexities that flame propagation brings to the analysis of spark-knock.
24 CAI Combustion

Nikolai Semenov and his colleagues carried out pioneering work in the field of ignition
chemistry in the early 1930’s. Of this work, Semenov’s Chemical, or Chain theory of
ignition remains as the foundation for modern autoignition theories [62]. This theory
postulates that autoignition occurs when the number of chain initiating reactions that occur
at distinct ‘chemical centres’ within the charge, exceeds the number of chain terminating
reactions. Furthermore, pressure and temperature effects on the chemical reaction rates of
intermediate species determine their specific reaction paths. Ultimately this model can
explain all the mechanisms of hydrocarbon oxidation, including cool flame, single-stage,

and two-stage autoignition.

Semenov recognised that the SI and CI concepts of combustion are ultimately dominated
by physical processes, and set about devising a combustion regime that could take
advantage of a chemical-kinetics controlled process. Thus, the LAG (Avalanche Activated
Combustion) combustion process was devised [12], and subsequently developed [13, 14]
for use in IC engines. The concept comprises a pre-chamber and a main chamber [63].
During induction the pre-chamber receives a rich charge, while the main chamber receives
a lean charge. Combustion is initiated in the pre-chamber in the normal fashion, using a
spark discharge. The rapid expansion of gases in the pre-chamber forces partially oxidised
intermediates and radicals such as OH, CH, C,, H, CHO, HO,, and O into the main
chamber via a small orifice. During this process, the flame is extinguished. Mixing in the
main chamber provides the lean charge with both the heat, and the composition required
for bulk autoignition. Subsequent heat-release is controlled by the initial dilution rate of the
main chamber contents. This combustion regime is widely accepted as an early form of
CAI combustion [63].

At the time that Gussak et al. [13, 14] were developing the LAG process for practical use
in IC engines, Onishi et al. [15, 16, 64, 65] presented a series of papers documenting

developments of a lean combustion regime to stabilise the idle operation of two-stroke
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engines. Initially, Onishi and his colleagues set about analysing the causes of abnormal
combustion that occur as a result of the two-stroke cycle. However, their work identified
that the abnormal combustion could be controlled through the use of exhaust and intake
throttling; and resulted in vastly reduced NOx, CO, and VOC exhaust emissions [16]. Until
this point, the CAI combustion regime was considered as a novel peculiarity, with no real
benefits. However, the knowledge that it can dramatically reduce exhaust emissions
sparked the interest of many researchers, and has led to the recognition that this technology

is viable with any other currently being proposed for future IC engines.

Over the past few decades, there have been a few hundred papers dealing with the various
aspects of CAI combustion. Approaches have usually taken the form of developments of SI
or CI strategies to achieve CAI in those engines and with suitable fuels. The development
of CI technologies to facilitate CAI combustion necessarily has a different set of
constraints to the development of SI technologies, primarily due to the different behaviours
of SI and CI fuels (Gasoline and Diesel). Furthermore, a plethora of work on CAI
combustion has dealt with the kinetic modelling aspects of CAI combustion, which is not
directly relevant to the author’s own experimental work presented later. The remainder of
this review shall concentrate (without strict limitation) on experimental approaches that
develop SI technologies for CAI combustion, because this is the area in which the author’s

own work is most applicable.
24.1 Current Four-Stroke Strategies

Broadly speaking, there are four strategies that have been adopted by researchers to enable
CAI combustion in the four-stroke engine. The goal of each is to adjust the temperature
and pressure histories beyond those normally experienced by the cylinder charge, so that
autoignition is achieved. A further requirement of each strategy is charge dilution to
prevent excessive heat-release rates. These strategies can be divided and summarised as

follows:

(1) Intake Pre-heating
This approach is used to raise the temperature history of the charge without
significantly affecting the pressure history. Early examples of this included work by
Najt and Foster [20], and Thring [24] who both used intake temperatures in excess

of 300°C to achieve autoignition. Aoyama et al. [26] have also shown that intake
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(i1)

(iii)

air heating can significantly increase the lean limit A/F ratio, with a penalty of
increasing the rich limit A/F ratio also. The intake temperature required for
autoignition is intimately dependant on compression ratio, intake pressure, and the
héat transfer characteristics of the cylinder and charge. Although this is a useful
method for research purposes, the practicality of charge heating has yet to be
proved. The transient nature of automotive engines requires that the associated air
throughput also be transient. Any system that heats the intake air prior to induction
will have an associated thermal inertia, making temperature control extremely
complex. Heating the air also has implications for maximum power because of the
reduction in volumetric efficiency [26, 66]. Furthermore, unless heat is obtained

using wasted energy (coolant, exhaust), this approach will reduce engine efficiency.

Raised Compression Ratio

Another means of achieving the required autoignition temperature is by raising the
compression ratio. This approach has been used widely [63, 67, 68] and is
particularly relevant to CI strategies [22, 23]. Increases in compression ratio change
both pressure and temperature histories of the cylinder contents. Thring [24] reports
that if compression ratio is too high, then the dilution required to limit the heat
release rate is excessive. Ultimately, this reduces the maximum load under which
CAI combustion can be achieved. Christensen et al. [68] performed a detailed study
looking at the compression ratio required for various Gasoline/Diesel and
Isooctane/Heptane blends for different inlet air temperatures. They showed that
regardless of fuel type, as compression ratio is increased, the inlet temperature
required for CAI combustion is reduced. With ignition timing maintained at TDC,
increases in compression ratio combined with reductions in inlet air temperature
lead to increased combustion duration. They assert that the reduction in average
cycle temperature is the main reason for this trend. However, it is difficult to
separate the trend of increased compression ratio from that of reduced charge

temperature to define the exact role of compression ratio alone.

Variations in Fuel Blend

Olsson and Johansson [69] recently presented a strategy that uses variations in the
quantity of two separate fuel components combined with supercharging to control
CAI combustion over a wide speed/load range. The fuels employed were Isooctane

and Heptane. Their strategy employed advanced engine control techniques,
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(iv)

requiring closed-loop control of intake temperature and heat-release characteristics.
Although it works reasonably well in principle, there are some issues remaining

that question the transient capability of such a complex system.

Variable Valve Actuation (VVA)

In recent years, many systems have been developed that use mechanical VVA to
modify combustion under certain conditions [70-72]. These are useful in four-
stroke SI engines to optimise the gas exchange process over a wider speed range,
and to improve combustion stability under low load conditions. Such systems are
also useful for achieving CAI combustion. Lavy et al. [21], Li et al. [73], and Law
et al. [74] have all recently published approaches to CAI combustion that utilise the
heat energy and dilution properties of in-cylinder residuals. Significant quantities of
burned gases are trapped in the cylinder during the exhaust stroke prior to induction
of the fresh charge, providing the right conditions for autoignition and controlled
heat-release at the end of compression. These techniques require heavily modified
valve timing, lift, and durations. The systems described by Lavy et al. [21] and Li
et al. [73] are designed for hybridisation with SI combustion to ensure that the
current speed/load range of SI engines can be achieved in the new hybrid engine.
Consequently, a complex VVA and control system is required, the likes of which
are not yet available commercially. However, the approach of Law et al. [74] uses
an electro-hydraulic valve actuation system, which is infinitely more versatile than
the conventional mechanical variety. Such systems are the subject of intense
research and may become available within the next few years. Electro-hydraulic
and electromagnetic VVA systems are considered as an enabling technology for
CAI combustion [75]. When these systems become available, CAI combustion

achieved using burned gases as a means of control will become much more viable.

In combination with one or more of these four main strategies, supercharging the inlet

manifold has been shown to be an effective method of achieving CAI conditions. Aoyama

et al. [26] increased the charging efficiency of their four-stroke single cylinder engine from

a normally aspirated 85%, to 120%. They showed that higher loads could be achieved with

minimal effects on exhaust NOx emissions, because the rate of charge dilution need not be

reduced to achieve the higher loads, as is normally the case. In addition, Christensen et al.
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[76] have reported loads up to 14 bar IMEP, which are easily sufficient to match the

maximum torque output of modern SI engines.
24.2 Speed and Load Considerations

The limitations of CAI combustion with regard to engine speed and load have already been

briefly discussed. Here, more detailed analyses on the CAI range will be presented.

Studies on the speed range by Onishi et al. [16] using a forced air-cooled, single cylinder
2-stroke (NiCE-10) showed that at low loads, CAI can be achieved over the full speed
range of their engine (1000-4000 rpm). This was subsequently confirmed by Noguchi et al.
[17] using a two-stroke horizontally opposed uniflow-scavenging engine. Studies carried
out on a modified Honda ARC 250cc production engine by Lavy et al. [21] showed that
provided its exhaust timing is advanced (to trap more residuals), and that transfer and
exhaust port throttling of up to 97.5% were employed, this engine can operate at loads as
low as 1 bar IMEP over its entire speed range (1000-4500 rpm). Lida [77] conducted
studies using a similar engine as Onishi et al. [16], but modified to incorporate a ceramic
cylinder head to reduce heat rejection. The compression ratio used was 6.0 as oppose to
Onishi’s 7.5. In his studies, he reports that the minimum speed attainable in CAI
combustion mode with Gasoline fuel was 2200 rpm. It is unclear as to why the range does
not extend down to 1000 rpm as other authors [16, 17, 21] have found, but it may be due to

the reduced compression ratio.

Each of the above studies recognises that the speed range attainable is very much
dependant on load. Onishi et al. [16] and Noguchi et al. [17] used the term delivery ratio as
an indicator of engine load in their two-stroke engines. Delivery ratio is defined as the ratio
between inducted mass and the inducted mass under ideal gas-exchange conditions given
the geometry of the cylinder [54]. It is analogous to volumetric efficiency used commonly
in four-stroke engine terminology. Onishi et al. [16] and Noguchi et al. [17] report that the
maximum delivery ratio attainable is approximately 0.4, which is equivalent to light load
operation. Particularly as engine speed is increased beyond 2500 rpm, maximum loads are
reduced. However, Lavy et al. [21] do not report an appreciable reduction in maximum
load with increased engine speed in the Honda ARC engine. The maximum load achieved
by this engine in CAI combustion mode remains approximately constant at 3-3.5 bar

IMEP. The disparity is probably as a result of improvements in gas exchange between the
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initial work of Onishi et al. [16] and Noguchi et al. [17] and the manufacture of the
production Honda ARC engine.

The above studies all recognise that idle operation at low speed is not possible in the CAI
two-stroke engine. Onishi et al. [16] presented a possible reason for this: under low load
(low delivery ratio) conditions, the dilution by exhaust gases is excessive resulting in a
large reduction in mean in-cylinder gas temperature. Consequently, the temperature

required for bulk autoignition cannot be achieved.

The work of Lavy et al. [21] and Li et al. [73] has resulted from an attempt to model the
gas exchange process that allows CAI combustion in two-stroke engines, and apply this
knowledge to four-stroke engines. However, the means of achieving the combustion are
vastly different, and result in a different set of constraints on the speed / load region. In
both cases, the speed range attainable varies from 1000-3500 rpm. Lavy et al. [21] report a
respectable maximum load of over 5 bar IMEP at 1000rpm, while Li et al. [73] give theirs
as just over 4 bar IMEP. In each case, as the engine speed is increased the maximum load
attainable is linearly reduced. Li et al. [73] attribute this to the reduction in volumetric
efficiency that occurs at higher engine speeds as a direct result of the chosen valve
durations. As with two-stroke studies, idle operation is not achievable at low speeds. They

assert that low load operation at any speed is problematic due to the low exhaust gas

temperatures that they observed in this region (~325 °C).

In a more fundamental study, Fergusen [78] reported that engine speed does not have any
measurable effect on CAI combustion durations, unlike the case of SI combustion. If che
reaction rates remain fixed relative to engine speed then the absolute time available for pre-
combustion reactions is reduced with increasing engine speed. Thus, to ensure properly
phased combustion, the mixture composition, temperature or pressure must be altered to
compensate. Thring [24] carried out a brief investigation into the effects of engine speed
on homogeneous CAI combustion at elevated intake temperatures. He found that he was
unable to obtain CAI combustion at speeds higher than 2000 rpm, and reached similar
conclusions to Fergusen [78]. Modelling work by Najt and Foster [20] tends to support this
argument. Their work showed that as engine speed is increased, the initial charge
temperature must also be increased to compensate for the reduced time allowed for the

reactions leading to autoignition. Furthermore, they state that only by using initial charge
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temperatures sufficient to cause single-stage instead of two-stage ignition, will the ignition

trend with engine speed be minimised.

Christensen et al. [68] conducted studies on homogeneous CAI in a four-stroke single
cylinder engine operated at various intake temperatures and using various fuels (Isooctane,
Ethanol, and Natural Gas). They reported that loads between 4 and 5 bar IMEP could be
achieved depending on fuel type. They observed knock-like pressure oscillations on the
pressure transducer output wave, which may have been responsible for them limiting the

load in each test, to prevent engine damage. However, this was not explicitly stated.

Cycle-by-cycle variations in combustion phasing and total heat release have been shown to
correlate with brake torque variations, which directly affect vehicle driveability [79]. In
CAI combustion, cyclic variations arise from changes in mixture composition and
temperature, and charge formation. Furthermore, in multi-cylinder engines variations
between cylinders can occur as a result of unequal distributions of air and fuel in the inlet
manifold, and temperature gradients occurring in the engine structure that affect heat
transfer. It is important for developers to design systems that minimise cyclic variability to
promote the smooth operation of the engine, and optimise its performance in terms of
emissions and efficiency. Most studies that have dealt with CAI combustion cyclic
variability [16, 17, 63, 77] have concentrated on the variation in maximum cylinder
pressure that occurs between successive cycles. These studies have shown that the cyclic
variability determined by maximum pressure for CAI combustion is normally much lower
than that seen for SI combustion. From this, they have concluded that CAI combustion is
much smoother. However, Matekunas [80] has shown that, at least for SI combustion, the
relationship between variability of maximum in-cylinder pressure and torque variations is
complex; it does not necessarily follow that low cyclic variations in maximum pressure

lead to low cyclic variations in torque output.

Two methods that can reliably relate combustion parameters with torque variations are (i)
heat release analysis, and (ii) IMEP analysis. In (i), techniques are used to define the start
and end of combustion. If the cyclic variability of these parameters is low, then it follows
that the variations in brake torque output will also be low, since variability is almost
entirely dependant on combustion phasing. Heat release analysis shall be discussed in
detail in section 3.3.1.2. A statistical approach to measuring successive IMEPs (ii) gives a

further combustion characteristic known as Coefficient of Variation in IMEP (COVimep)

34



as defined in Equation 3.6. This parameter is in common use to describe torque variability

occurring as a result of variable combustion.

Lida [81] used heat release analysis to compare combustion variability between SI and
CAI combustion modes in a NiCE-10 two-stroke engine equipped with a ceramic cylinder
head. He conclusively showed that the cyclic variability in the start of combustion, end of
combustion, and combustion duration was significantly lower in the CAI operating mode
than in the equivalent SI mode in this engine. Comparisons of the total heat release
between cycles showed that the variations were equivalent for CAI and SI modes. So, for
CAI combustion in two-strokes, combustion is significantly smoother. However, two-
stroke SI combustion at part load is inherently more unstable than the equivalent four-
stroke combustion because of the increased presence of burned gas residuals. To the
author’s knowledge, there has not yet been any work comparing the cyclic variability of
CAI and SI combustion in four-stroke engines in terms of heat release or COVimep, where

the differences are likely to be reduced.
243 Heat Release Characteristics

Heat release analysis is an invaluable tool used by many researchers [16, 17, 20, 26, 63,
66-68, 77, 81-85] to characterise CAI combustion and contrast it to similar results from SI
or CI combustion regimes. A number of generalisations can be made about CAI

combustion characteristics, which set it apart from conventional types.

Onishi et al. [16] and Noguchi et al. [17] both showed that the period between ignition and
end of combustion (combustion duration) was significantly reduced for CAI compared to
SI combustion in the two-stroke cycle. Onishi et al. [16] also showed that the maximum
heat release rate was increased by up to 30% under thc conditions they chose. Lida et al.
[81], using a modified version of Onishi’s engine, showed that combustion duration can be
reduced by up to 30% by using a ceramic cylinder head as oppose to the conventional
aluminium type. They also found that this configuration promoted more advanced ignition

and better combustion efficiency, presumably due to the low heat transfer characteristics of

the ceramic material.

A study by Christensen et al. [82], showed that as the rate of air dilution was decreased in

their four-stroke homogeneous CAI engine, heat release rates in excess of 400 J/°CA could
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be obtained, reducing the combustion duration (10-90% burn CA) to approximately 3 °CA,
which is extremely short compared to the SI equivalent of 13 °CA. Generally speaking,
whether two- or four-stroke operation is employed, durations for CAI combustion are
much shorter than is found conventionally in SI engines, and depend heavily on charge
temperature and composition (dilution). The mechanisms of heat release have been
discussed in detail in previous sections. However, Onishi et al. [16] provided a good
qualitative explanation for why CAI combustion heat release can be faster than
conventional SI combustion. Figures 2.2a and 2.2b show the generalised models for ST and
CAI combustion respectively. In each case, the x-axis represents the fraction of total
mixture mass (m), and the y-axis represents the specific heating value of the in-cylinder
charge. In SI combustion, each element of charge must combust fully while in the hot
reaction zone (flame) represented by dw. On the other hand, combustion occurs almost
simultaneously in all parts of the charge in CAI combustion, and dg represents the total
heating value of intermediate reactants that continue the chain branching reactions. Thus,
the minimum SI combustion duration is limited spatially by the physics of flame

propagation, while minimum CAI combustion duration is limited chemically by kinetic

reaction rates.
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Figure 2.2  Ideal models of spark-ignition and CAI (ATAC) combustion
(Onishi et al. [16])
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The ignition timing of CAI combustion is another characteristic that is of major
importance. The Otto cycle is based on the ideal air standard cycle, in which combustion
occurs at Top-Dead-Centre (TDC) and at constant volume, or in other words, in an
infinitely short time frame. Therefore, the short combustion durations associated with CAI
combustion facilitate a more idealised engine cycle providing the phasing of combustion
can be kept optimal. There are many parameters that affect ignition timing in various ways,
and these shall be dealt with in subsequent sections. However, at this point it would be
prudent to point out general differences that occur between two- and four-stroke regimes,
as observed from heat release analyses in those papers. Work by Onishi et al. [16],
Noguchi et al. [17], and Lida et al. [81] presenting heat release analyses of the two-stroke
CAl regime show that ignition timings are normally well before TDC. In the most extreme
case, Lida et al. [81] showed that ignition can be phased to 30° before TDC, with heat-
release completed before TDC, without any adverse affects. This said, the completion of
combustion before TDC on the compression stroke must surely affect engine efficiency. In

general, the two-stroke cycle happily accommodates early ignition, despite subsequent

rapid heat release rates.

Studies completed on four-stroke engines have generally used combustion timings that
occur very close to TDC. Christensen et al. [68] used a combination of variable
compression ratio and inlet temperature to adjust ignition to TDC for various fuel blends.
This approach recognises the importance of correct combustion phasing to obtain highest
efficiencies. Moreover, advanced ignition can lead to very high in-cylinder pressures,
extremely short combustion durations, and knock-like pressure oscillations [68]. The two-
stroke engines studied by Onishi et al. [16], Noguchi et al. [17], and Lida [81] have
compression ratios of approximately 6.5, much lower than those used in four-stroke
studies. Lower compression ratios lead to lower heat release rates and in-cylinder
pressures. This is the primary reason that the two-stroke engines can operate with

comparatively advanced ignition without adverse effects.
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24.4 Effects of Charge Composition

2.4.4.1 Air/Fuel Ratio

NO, emissions from CAI combustion engines can easily match those emitted from current
generation SI engines fitted with reduction catalysts. This knowledge allows the possibility
for more efficient lean combustion to be employed without the necessity for complicated
exhaust aftertreatment systems that are still in development. To this end, many papers have

studied the effects of changing the air dilution rate on combustion parameters.

Although the LAG system developed by Semenov and Gussak [12-14] was designed to run
an overall lean charge, they did not specifically investigate the effects of air dilution on
combustion. Onishi [16] presented the range of A/F ratios that facilitated CAI combustion
with Gasoline fuel in his two-stroke engine operated at a constant speed of 2000 rpm. He
showed that the range spanned 11-22, although this is reduced at the low and high loads of
the CAI operating region. The A/F ratio giving the widest load range was given as 16.5.
This indicates that CAI combustion is ideally operated slightly lean of stoichiometric in
their two-stroke engine. In the Methanol study by Lida et al. [81], they showed that
ignition timings were most advanced at stoichiometric A/F ratios, while combustion
durations decreased monotonically as the mixture was enriched. Total heat release was also
highest at stoichiometry, showing that combustion efficiency drops significantly under
even slightly rich conditions. Their results also indicate that combustion stability is best

when the engine is operated slightly lean.

Thring [24] studied the effect of A/F ratio and external EGR rate on the attainable CAl
operating region at elevated intake temperatures (~400°C) for Gasoline and Diesel fuels.
Generally speaking, the rich (A<1) and lean (A>1) limits were constrained by misfire and
output power restrictions respectively. At the lean limit, the power produced as a result of
combustion was not sufficient to exceed 0 bar BMEP on Thring’s single cylinder research
engine. However, this limit is arbitrary because the FMEP of a research engine is
artificially high when compared to that of production engines. Thring found that the region
of operation was largest when the engine was operated rich or lean. Close-to-
stoichiometric combustion led to extremely fast heat release rates and knock-like
symptoms, which could only be attenuated with the addition of copious quantities of

external EGR. In their study of homogeneous CAI in an optical single cylinder research
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engine, Aoyama et al. [26] were able to achieve A/F ratios in the range 33-44, limited by
knocking combustion and misfire respectively. At A/F ratios in excess of 40, CAI
combustion produced significantly lower IMEP than either GDI or Diesel combustion
regimes operating at similar dilution ratios. Since all of these regimes use a similar airflow,
it can be concluded that the combustion efficiency of homogeneous CAI is comparatively
reduced in this region, resulting in lower load. Najt and Foster [20] note that the
dependence of autoignition timing on dilution rate leads to conflicting benefits with a
requirement for fine tuning: ignition is improved under lower dilution conditions, but this
leads to unacceptable heat release rates. Conversely, to obtain reasonable heat release

profiles, the ignition must be retarded beyond optimal by increased dilution.

24.4.2 Fuel Effects

Najt and Foster [20] used their four-stroke homogeneous CAI combustion research engine
to study the fuel effects on combustion. They looked at differences that occur between
paraffinic and aromatic fuels. They noted that the main differences that are observed relate
to the low temperature oxidation kinetics (< 950K) that lead to autoignition. Subsequent
heat release in both fuel types is governed by high temperature (>1000 K) kinetics for

which the reaction paths are similar, resulting in similar heat release rates.

Lida [77] tested methanol and gasoline individually in a low heat rejection NiCE-10
engine. He found that methanol facilitated combustion at much lower speeds and loads
than could be obtained with gasoline. Furthermore, methanol exhibited significant
differences in combustion characteristics: earlier ignition, shorter duration combustion, and
higher maximum heat release rates were observed, compared to gasoline. He also found
that while a region of overlap between SI and CAI combustion exists with gasoline, it was
not observed with methanol. Methanol also showed a propensity for hot surface ignition at
the upper load end of its CAI region, as a direct result of using a ceramic cylinder head. In
an optical analysis of CAI and SI combustion, Lida [77] showed that the generation of OH
radicals precedes heat-release in CAI combustion, and their appearance is much earlier
when compared to conventional SI combustion. This tends to confirm the importance of

the hydroxyl radical in the low temperature kinetics that lead to autoignition.

Diesel fuels ([24, 67, 68]) intrinsically have a low resistance to autoignition, but their

viscous nature and high flash point means that they are resistant to vaporisation at ambient
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temperatures when port injection is used. When injected directly in the cylinder using
standard CI injection systems, injection must occur during induction or early compression
to obtain a sufficiently homogeneous air/fuel mixture to allow CAI combustion. Poor '
vaporisatfon leads to an inhomogeneous mixture, and results in pockets of the charge
burning by a diffusion-rate limited process, with associated combustion products such as
particulates and NOy. In their study, Christensen et al. [68] showed that using Diesel

instead of Gasoline can result in the combustion efficiency dropping by as much as 10%.

Flowers et al. [84] conducted a study using Propane and a dimethyl-ether (DME)/methane
blend in a homogeneous CAI engine at a compression ratio of 16 and intake temperatures
ranging 130-175 °C. They showed that as A/F ratio is leaned, the phasing of peak heat-
release was linearly retarded, regardless of fuel and engine operating conditions. However,
the gradient of retardation with increased A/F ratio was much more pronounced for
propane than for the DME/methane blend. The authors speculate that there may be two
reasons for this. Firstly, methane has a negative partial pressure coefficient, so as its
concentration is increased, its reactivity is comparably reduced. Secondly, they state that

methane can act as a ‘radical sink’, tending to lower the overall reaction rate.

Duret and Lavy [86] presented qualitative results from an extensive study of the fuel
effects on CAI combustion. They used a 2-stroke engine to quantify the suitability of a host
of fuels in terms of a Controlled Autoignition Number (CAN) index. The index is defined
by accounting for the engine operating range (speed/load) attainable using each type of
fuel. They found that the most suitable fuels were blends of oxygenates and hydrocarbons,
followed by pure oxygenates, and lastly hydrocarbons. This would tend to support the
work of Aoyama et al. [26] in his gasoline/methanol studies. Furthermore, they asserted
that the suitability of a fuel for CAI combustion shows no correlation to its RON or MON,
or its fuel sensitivity. While this approach has empirical value, it does not attempt to
address the fundamental aspects of why different fuel types exhibit different behaviour,
and is severely limited in that the results are only generally applicable to the two-stroke
process in their engine. Duret and Lavy [86] gave no specific details of the fuels tested,

making comparisons with other work difficult.
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2443 Burned Gas Recycling
Studies that deal with the recycling of burned gases can be broadly divided into two
categories: those that study residual gas effects, and those that deal with externally

circulated exhaust gas (EGR).

Residual Gas Effects

All work that has been presented on two-stroke engines, and developments by Lavy et al.
[21, 86], Li et al. [73], and Law et al. [74] of the four stroke CAI combustion process, rely
on the recycling of residual burned gases. In his original study, Onishi [16] explains that

there are three conditions that must be met for attainment of two-stroke CAI combustion:

1. The quantity of mixture and the air-fuel ratio supplied to the cylinder must be
uniform cycle-to-cycle.

2. The scavenging directivity and velocity also must have cyclic regularity to ensure
the correct conditions of the residual gases remaining in the cylinder.

3. The temperatures in the combustion chamber must be suitable.

In point 2, they recognise that the mixing of residuals with fresh charge is a major factor
that decides whether CAI combustion occurs or not, although they do not go as far as
explaining the ideal residual gas/fresh charge conditions required for optimum CAI
combustion. Onishi et al. [16] also point out that there is a specific region in which CAI
can be expected to occur. Under low load conditions, despite an abundance of residual gas,
its temperature is not high enough to raise the fresh charge temperature to that required for
autoignition (after compression). Similarly, under higher load conditions, the residual gas
quantity is reduced, with a corresponding reduction in heating effect. Consequently, the
charge does not reach the temperature required for autoignition after compression.
Fortunately in the two-stroke regime, when the in-cylinder conditions move outside of
those required for CAI combustion, the engine can be reverted to SI combustion with little

change in configuration.

In later work carried out by Lavy et al. [21], the Honda ARC 250cc engine was modified to
include transfer port throttling, which significantly increased the speed/load region

attainable. They showed that control of the instantaneous scavenging velocity of fresh
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charge throughout the induction process is important for CAI combustion. Without transfer
port throttling, the scavenging velocity of the intake charge was highly variable with sharp
peaks and pronounced backflow into the transfer port. Conversely, the velocity of intake ‘
charge wflen transfer throttling is applied is much smoother with minimal backflow. They
point out that this tends to increase the stratification between fresh charge and residual
gases by reducing the degree of large-scale in-cylinder turbulence. Clearly, control over the
mixing process between fresh charge and residuals is important for the optimisation of the

two-stroke process.

Law et al. [74] presented two methods of burned gas recycling that can be used to obtain
the in-cylinder conditions required for CAI combustion. Their first method requires early
closure of the exhaust valve during the exhaust stroke. This traps a fixed quantity of burned
residuals in the cylinder. During the rest of the exhaust stroke and part of the intake stroke,
both intake and exhaust valves remain closed. During this period, the cylinder contents are
compressed and re-expanded, effectively acting like a gas spring. Only when the in-
cylinder pressure balances the intake manifold pressure (approx. 1 atmosphere) is the
intake valve opened to induct the fresh charge. Thus, there is a significant quantity of hot
residuals to provide the heating effect and achieve autoignition, and to dilute sufficiently
and control the subsequent heat release rate. This approach would appear similar to that of
Lavy et al. [21] and Li et al. [73], although in both of these works, the authors
circumvented explanation of their exact method of achieving CAI, presumably due to
commercial considerations. The second method of Law et al. [74] utilises their
electrohydraulic valve actuation to hold the exhaust valves open for a full 360 °CA during
the exhaust and induction strokes. Inlet valve timing remains essentially unchanged. In this
way, exhaust gas is stored in the exhaust manifold during the induction stroke prior to re-
induction during the intake stroke, along with fresh charge from the inlet manifold. Careful
control over exact valve timings varies the rate of hot exhaust gas dilution to control the
onset of autoignition. Extensive results comparing the two methods are not supplied, so no
conclusions can be drawn as to the suitability of one or the other. However, it is clear that

there are two major differences between the methods:
1. Whether the burned gases are stored in-cylinder (method 1) or in the exhaust

manifold (method 2) will have an impact on the heat transfer that occurs. Re-

compressed residual gases will suffer heat losses to the cylinder head, while
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exhausted and re-inducted gases will suffer heat losses both to the cylinder head

and exhaust manifold.

2. Each method will result in a different regime of mixing between fresh and burned
gases. It may be possible to limit the mixing that occurs as a result of method 1,
using intake port throttling in a similar fashion to Lavy et al. [21] in their two-
stroke studies, as this has been found to have positive effects in the two-stroke
engine. However, it is difficult to see how mixing can be controlled using method 2
without specifically altering the flow patterns of re-induction from both exhaust

and intake manifolds.

Using method 1, Law et al. [74] have showed that CAI can be achieved using residual rates
in the region of 36-59%. Their results showed that as residual rate is increased, both the
onset of autoignition and peak-pressure CA are advanced monotonically. This result is
significantly different from results given by Nakano [85] and Christensen et al. [83],
indicating that introduction of homogeneous external EGR tends to retard ignition and
slow heat release. Law et al. [74] explain their results by dividing the pressure cycle into
three distinct phases: compression, pre-autoignition, and combustion. They propose four
mechanisms by which the combination of fresh charge and trapped residuals can lead to
CAI combustion. These four mechanisms include the importance of pressure and
temperature, and intermediate combustion products whether stable or radical, that are
present in the residuals or in the charge as a whole as a result of pre-combustion reactions.
They do not conclude that any one of the four mechanisms is responsible for CAI
combustion in their engine, due to insufficient data. Furthermore, in these mechanisms
they do not include the possibility for the importance of residual gas stratification, as
Onishi et al. [16], Lavy et al. [21], and Li et al. [73] have found in their two- and four-

stroke studies.

Zhao et al. [87] have produced an interesting study on the CAI combustion of a 60 RON
PRF in an optical engine operating at low speed (500 rpm), a compression ratio of 10:1,
and elevated intake temperature of 205 °C. The engine configuration had a shrouded side
