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ABSTRACT

Diesel engine emissions of oxides of nitrogen and particulate matter can be reduced
simultaneously through the use of high levels of exhaust gas recirculation (EGR) to achieve low
temperature combustion (LTC). Although the potential benefits of diesel LTC are clear, the main
challenges to its practical implementation are the requirement of EGR levels that can exceed 60%,
high fuel consumption, and high unburned hydrocarbon and carbon monoxide emissions. These limit
the application of LTC to medium loads. In order to implement the LTC strategy in a passenger
vehicle engine, a transition to conventional diesel operation is required to satisfy the expected high
load demands on the engine. The investigation presented in this thesis was therefore aimed at
improving the viability of the high-EGR LTC strategy for steady-state and transient operation.

An experimental investigation was carried out on a single cylinder high-speed direct injection
diesel engine. This thesis presents research on engine in-cylinder performance and engine-out
gaseous and particulate emissions at operating conditions (i.e. EGR rate, intake pressure, fuel
quantity, injection pressure) likely to be encountered by an engine during transient and steady-state
operation. At selected operating points, further investigation in terms of in-cylinder spray and
combustion visualization, flame temperature and soot concentration measurements provided deeper
insight into the combustion and emissions phenomena.

Increased intake pressure at single injection high-EGR LTC operation was investigated as a
strategy to reduce the emissions of partial combustion by-products and to improve fuel economy.
The higher intake pressure, although effective in reducing partial combustion by-products emissions
and improving fuel economy, increased the EGR requirement to achieve LTC. A split fuel injection
strategy with advanced injection timing on the other hand was effective in reducing the EGR
requirement for LTC from 62% with single injection to 52% with split injections at 120 kPa
(absolute) intake pressure. Unburned hydrocarbon emissions and fuel economy were particularly
sensitive to intake oxygen mass fraction, and injection and dwell timings with the split injection
strategy. In-cylinder soot formation and oxidation mechanisms with the split injection strategy were
found to be significantly different from the single injection high-EGR LTC case.

Transient simulation of an engine during combustion mode transition identified engine
operating parameters on a cycle-by-cycle basis. Steady-state investigation of these test conditions
provided significant insight into the combustion conditions and their effect on emissions and
performance. The results from this thesis demonstrated the importance of optimizing both the air
handling system performance and the fuel injection system during engine transients. The increased
emissions and impaired performance due to slow response of the EGR and turbocharger systems
during transitions to and from LTC modes can in part be mitigated through split injections optimized
for the specific transient point. This provides a clear direction for engine developers to pursue in

optimizing engine calibration when running with LTC-conventional diesel dual-mode strategies.
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ACRONYMS, NOMENCLATURE AND SYMBOLS

AC = Alternating current

AGTDC = After gas exchange top dead centre

AR = Anti-reflective

ARTEMIS = Assessment and Reliability of Transport Emission Models and Inventory Systems
ATAC = Active thermo-atmosphere combustion

ATDC = After top dead centre

BGTDC = Before gas exchange top dead centre

BMEP = Brake mean effective pressure [Pa]

BSFC = Brake specific fuel consumption [g/kWh]

BTDC = Before top dead centre

°CA = Crank angle degree

CA5 = Crank angle corresponding to 5% of cumulative energy release [°CA ATDC]
CAS50 = Combustion mid-point corresponding to 50% of cumulative energy release [°CA ATDC]
CA90 = Crank angle corresponding to 90% of cumulative energy release [°CA ATDC]
CA95 = Crank angle corresponding to 95% of cumulative energy release [°CA ATDC]
CAD = Crank angle degree

CADC = Common ARTEMIS driving cycle

CCD = Charge coupled device

CDM = Crank degree marker

C,H, = Acetylene

CH,0 = Formaldehyde

CI = Compression ignition

CLD = Chemiluminescence detector

CMD = Count median diameter [nm]

CO = Carbon monoxide

CO, = Carbon dioxide

COV = Coefficient of variation [%]

CWL = Centre wavelength [nm]

DC = Direct current

DI = Direct injection

DMS = Differential mobility spectrometer

DOC = Diesel oxidation catalyst

DOE = Design of experiments

DOHC = Double overhead camshaft

DPF = Diesel particulate filter
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E, = Activation energy [J.mole™]

EBP = Exhaust back pressure [Pa]

ECE 15 = Urban drive cycle (ECE: Economic Commission for Europe)
ECU = Electronic control unit

EGR = Exhaust gas recirculation [%]

El = Emission index [g/kg of fuel]

EMS = Engine management system

EPA = Environmental protection agency

ESC = European Stationary Cycle

ETC = European Transient Cycle

EU = European Union

EUDC = Extra-urban drive cycle

FOV = Field of view [degree]

FSN = Filter smoke number

FTP = Federal test procedure

FWHM = Full width at half maximum [nm]

GIMEP = Gross indicated mean effective pressure [Pa]
GISFC = Gross indicated specific fuel consumption [g/kWh]
H = Hydrogen atom

H, = Hydrogen molecule

HC = Hydrocarbons

HCCI = Homogeneous charge compression ignition
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Chapter 1
INTRODUCTION TO THESIS

1.1 Introduction

Concerns regarding rapidly depleting petroleum resources and increasing levels of greenhouse
gases are driving the demand for fuel efficient engines, and hence, there is increasing interest in
diesel engines. Diesels are currently the most fuel efficient engines due to their higher compression
ratio, their higher specific heat ratio (due to overall lean mixtures), and their near zero throttling and
pumping losses relative to conventional gasoline engines. Their high efficiency and high torque
make diesels particularly desirable for heavy-duty commercial vehicles and off-road applications.
The demand for diesel engines is also increasing in light-duty passenger vehicles in response to their
fuel economy and recent improvement in driveability due to advances in turbocharging. Fuel pricing
and taxation are also driving their demands for light-duty passenger vehicles. More than 50% of all
the newly registered passenger cars in Europe are now diesel [ACEA, 2011]. The engine-out
emissions of unburned hydrocarbon and carbon monoxide (CO) in conventional diesel engines are
much less compared to typical gasoline engines due to an overall lean air-fuel ratio. However, diesel
engines have higher emissions of oxides of nitrogen (NOx) and particulate matter (PM) compared to
gasoline engines and these emissions increase further during a transient operation. Diesel low
temperature combustion (LTC) is a promising technique, wherein both NOyx and PM are
simultaneously reduced to very low levels. The major disadvantages of LTC are increases in
unburned hydrocarbon and CO emissions, reduced fuel economy and a limited maximum load
compared to conventional diesel combustion. The limited load for diesel LTC operation results in
the need to transition between LTC and conventional diesel during typical driving. The overall aim
of this research was to investigate ways to manage these transitions, avoiding high emissions and
perceptible changes in performance.

The objective of the research presented in this thesis was to improve the understanding of the
combustion and emission phenomena associated with diesel LTC operation and the phenomena
associated with the transition between LTC and conventional diesel. This understanding aids the
development of novel techniques for emission reduction, while maintaining the diesel engine’s
advantageous performance and efficiency. The ultimate aim of this work was to improve the
viability of the high-EGR LTC strategy.

1.2 Air Pollution and Health Impacts

Air pollution has long been recognized as a public nuisance. Air pollutants of concern include
solid aerosol particles (PM) and gaseous pollutants such as NOy, sulphur dioxide (SO,), CO and
ozone (Os). All of these have their own health impacts, but PM has been shown to be the most

harmful [Dockery et al., 1993]. Particles are classified according to their size by their aerodynamic



diameters: nano particles (aerodynamic diameter <50 nm), ultra-fine particles (aerodynamic
diameter <100 nm) and fine particles (aerodynamic diameter <2.5 um, designated as PM2.5). Diesel
engines tend to generate these fine, ultra-fine and nano particles [Kittelson, 1998]. Fine particles are
mainly carbonaceous soot agglomerates formed directly by combustion; ultra-fine and nanoparticles
(typically hydrocarbon or sulphate) are formed by nucleation during dilution and cooling of the
exhaust gases [Kittelson, 1998].

With increasing numbers of diesel engine vehicles, there have been growing fears of the health
risks associated with diesel particulates and also their effects on the environment. Numerous
epidemiological studies have shown that PM significantly increases premature mortality through
cardiovascular or pulmonary endpoints [Dockery et al., 1993; Ayala et al., 2011]. PM’s adverse
health effects are attributed to deposition on sensitive lung tissues, causing irritation and immune
system reactions [EPA, 2002]. Primary health risks are due to the smaller particles penetrating and
remaining deep in the human lung tissue. These particles can cause inflammatory response and
pulmonary toxicity [EPA, 2002]. Smaller particles are also likely to pass into the bloodstream;
thereby directly affecting the cardiovascular system [Sawyer, 2009]. Diesel PM also includes a
significant quantity of adsorbed volatile organics and other potentially toxic or ‘carcinogenic’
species [EPA, 2000]. Other less serious, but certainly more widespread, health risks are associated
with the aggravation of respiratory problems and problems with eye, nose and throat irritation.
Environmental risks are numerous, such as soiling of buildings and poor visibility especially in cities
[EPA, 2004]. The California Air Resources Board (CARB) has defined diesel PM as an “air toxic’,
and estimated that in 2003, diesel PM was responsible for approximately 70% of the cancer cases
attributed to all air toxics [CARB, 2003].

Of the gaseous air pollutants, the most significant related to a diesel engine is NOx. The
primary environmental impacts of NOy are generally considered to be the formation of ground level
ozone and photochemical smog [EPA, 2004]. Smog contains unburned hydrocarbon, peroxyacetyl
nitrate (C,H3NOs), NOx, O; and nitric acid [Stone, 1999]. The constituent of the photochemical
smog can cause eye irritation, cough, asthma and reduced pulmonary function [EPA, 2004]. The
mechanism of the formation of ozone depends on the presence of nitrogen dioxide (NO,),
hydrocarbons and ultra-violet (UV) light from sunlight and therefore, is strongly dependent on the
local geographic and meteorological conditions [Charmley, 2004]. Note that unlike ozone close to
the ground, ozone in the atmosphere at a height of 20-40 km is important in absorbing the harmful
UV radiation [Stone, 1999].

NOx and SO, are also important precursors for the secondary formation of nitrate and
sulphate aerosols respectively and in the formation of respective acids (nitric acid and sulphuric
acid), which lead to acid rain [EPA, 2004]. Acid rain contributes to damage of trees at high
elevations and in extreme cases may cause lakes and streams to become so acidic that they cannot

support aquatic life. In addition, acid deposition accelerates the decay of building materials and
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paints [EPA, 2004]. SO, is water soluble and deposits in the upper airways producing bronchial
irritation; it also reduces lung function and aggravates asthma [Sawyer, 2009]. SO, emissions from
diesel engines have reduced significantly due to low fuel sulphur concentration.

Unlike many gases, CO is odourless, colourless, tasteless and non-irritating, but it is fatal at
high enough doses. At lower concentrations, it has been linked to increased risk for people with
heart disease, reduced visual perception, cognitive functions and aerobic capacity, and possible fatal
effects. Carbon monoxide enters the blood stream through the lungs and forms carboxy-
haemoglobin, a compound that inhibits blood’s capacity to carry oxygen to organs and tissues [EPA,
2004].

Noise has also been identified as a pollutant due to its adverse health effects on vehicle
occupants and pedestrians [European Commission, 2004]. Noise levels from motor vehicles have
been limited to 80 dB or less depending on the type of vehicle [European Commission, 2004]. Diesel
engines have higher combustion noise compared to equivalent gasoline engines. In addition to
fulfilling the current legislation requirement, noise and vibration influence comfort and hence play
an essential role in the customers’ purchasing decision.

Methane and carbon dioxide (CO,) are the two most significant greenhouse gases whose
ambient atmospheric concentrations have been significantly increasing over the past decades [EPA,
2012]. It is reported that internal combustion engines used in transportation produce about 23% of
the UK’s CO, emissions [Taylor, 2008]. For a given fuel, CO, emissions are directly related to an
engine’s fuel conversion efficiency. However, it should be noted that the CO, benefits of diesel are
reduced by the fact that per unit energy it releases more CO, compared to gasoline as diesel has
higher carbon to hydrogen ratio (0.59:1 for diesel compared to 0.53:1 for gasoline [Heywood,
1988]). Therefore, burning one mole of gasoline will release more chemical energy per mole CO,
than burning one mole of diesel. Although high fuel efficiency of diesel engines relative to most
other motive power sources minimize greenhouse gas emissions, these emission levels are still a
matter of concern. Any improvement in engine efficiency will lead to a reduction in CO, emissions.
CO, is now regulated for European light-duty vehicles on a fleet average basis, and is also a factor
for vehicle taxation [ACEA, 2012]. In general, steps that improve engine efficiency tend to increase
engine-out pollutant emissions. As a result, reducing engine-out CO, and other harmful emissions

together poses a significant challenge.

1.3 Emission Legislation

Emission legislation is implemented to help minimize the adverse health and environmental
impacts of air pollutants from different power sources. Vehicles in particular are being required to
meet emissions legislation that is becoming progressively more stringent. For example, the Euro 6
emission legislation (applicable for the countries in the European Union) reduces NOyx emissions

from the existing Euro 5 limit of 0.18 g/km to 0.08 g/km, while the PM limit is maintained constant
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at 0.005 g/km for light-duty diesel (LDD) vehicles. These are reductions of 84% (NOx) and 90%
(PM) compared to 2000 model year vehicles [European Commission, 2008; DieselNet, 2009]. In
addition, a particle number (PN) for all categories of LDD vehicles has been set at 6x10"
particles/lkm [European commission, 2008]. The proposal also aims at defining a maximum limit for
the NO, component of NOx emissions at a later time. Passenger cars (Category ‘M’ vehicles for the
carriage of passengers and comprising no more than eight seats in addition to the driver’s seat) and
light commercial vehicles (Category ‘N;’ with three different classes of vehicles for the carriage of
goods and having a maximum mass not exceeding 3500 kg) are included in LDD vehicles categories
for the European emission legislations [DieselNet, 2009].

Table 1.1 summarizes the emission limit requirements for passenger vehicles (Category ‘M)
and light-duty commercial vehicles (Category “N,, Class I’ with reference mass less than 1305 kg) in
the European Union (EU). Note that Category ‘N;, Class I’ is subjected to the most stringent
emission legislation amongst the different classes of N; category vehicles. Table 1.2 highlights the
development of EU emissions legislation for heavy-duty diesel (HDD) engines for automotive
applications in the last decade. The stringent regulations for controlling hydrocarbon (HC) and CO
emissions are also evident from the tables, although the main focus for diesel engines has been to
reduce PM and NOxy.

Table 1.1: EU Emission Legislations for Diesel Passenger Cars (Category ‘M’) and Light
Commercial Vehicles (Category “N;, Class I’) [European Commission, 2008; DieselNet, 2009]

Implementation HC+ NOy CO NOx PM PN
Year (9/km) (9/km) (9/km) (9/km) (#number/km)
2000 (Euro 3) 0.56 0.64 0.50 0.05 -
2005 (Euro 4) 0.30 0.50 0.25 0.025 -
2009 (Euro 5) 0.23 0.50 0.18 0.005 6x10""
2014 (Euro 6) 0.17 0.50 0.08 0.005 6 x 10™

* Introduced in Euro 5b from September 2011

Table 1.2: EU Emission Legislations for HDD Engines [European Commission, 2008, 2011]

Implementation HC CO NOx PM PN
Year (9/kWh) (9/kWh) (9/kWh) (9/kwh) (#number/kwWh)
ESC | ETC | ESC | ETC | ESC | ETC | ESC | ETC | WHSC | WHTC
2000 (Euro 111) | 066 | 0.78 | 2.1 | 545 | 50 | 50 | 0.1 | 0.16 - -
2005 (Euro IV) | 046 | 055 | 1.5 | 40 | 35 | 35 | 0.02 | 0.03 - -
2008 (EuroV) | 0.46 | 055 | 1.5 | 40 | 20 | 2.0 | 0.02 | 0.03 - -
2013 (Euro VI)t | 0.13 [ 0.16° | 1.5 | 4.0 | 0.4 | 046 | 0.01 | 0.01 | 8x10" | 6x10™

t The test cycles for Euro VI legislations are WHSC (Worldwide Harmonised Steady-State Driving Cycle)
and WHTC (Worldwide Harmonised Transient Driving Cycle); other European legislations (Euro Il to Euro
V) are ESC (European Stationary Cycle) and ETC (European Transient Cycle)

*THC (total hydrocarbons consisting of methane and non-methane hydrocarbon) for diesel engines in Euro VI



The latest EU legislation limits the fleet average CO, emissions to 130 g/km for passenger
cars from 2012 onwards and aims at setting a target of 95 g/km as average emissions for the new car
fleet [European Commission, 2009]. Starting from the Euro 3 stage, light-duty vehicles are equipped
with an on-board diagnostics (OBD) system for emission control, where the driver is notified in case
of a malfunction or deterioration of the emission system that would cause the emissions to exceed
mandatory thresholds [DieselNet, 2009].

In the US, the entire light duty vehicles fleet sold by each manufacturer has to meet average
NOx and PM limits of 0.07 g/mi (0.04 g/km) and 0.01 g/mi (0.006 g/km) respectively as per Tier 2,
Bin 5 emissions legislation of the United States Environmental Protection Agency (USEPA), fully
implemented from the Model Year 2009 [USEPA, 2007]. From 2009 onwards, in Japan, passenger
cars have to meet the NOx and PM limits of 0.08 g/km and 0.005 g/km respectively [DieselNet,
2009]. Despite an initial delay, several Asian countries (e.g. India and China) have implemented the
Euro 4 legislation for their LDD vehicles [DieselNet, 2009]. Table 1.3 compares the current
emission legislations in the EU, USA, Japan and India for the LDD vehicles. Note that the
applicability and emission test cycles differ in the EU, USA, Japan and India; hence, the emission

limits are not directly comparable.

Table 1.3: Comparisons of Emission Legislations for LDD Vehicles, g/km [European Commission,
2008; USEPA, 2007; DieselNet, 2009]

EU USA Japan India

Test Cycle NEDC FTP 75 JCO08 NEDC”
NOy 0.08 0.04 0.08 0.25
PM 0.005 0.006 0.005 0.025
HC + NOy 0.17 0.05" 0.024" 0.30
co 0.50 2.62 0.63 0.50

NEDC: New European Driving Cycle; FTP: Federal Test Procedure.

* The test cycle has been the NEDC, but the maximum speed is limited to 90 km/h.

"HC represents non-methane hydrocarbon (NMHC) only. USEPA and Japanese legislations do not specify
THC + NOy emission limits, instead they represent NMHC limits.

1.4 Emission Reduction Strategies

To meet the emissions requirements, manufacturers have focussed on improved air handling,
more advanced injection and exhaust after-treatment. Currently, variable geometry turbochargers
(VGT) and variable nozzle turbines (VNT) are used not only to increase the power density and fuel
economy of the engines but also to control the engine combustion processes. A variable boost
system allows flexible control and optimization of the boost pressure for different engine operating
conditions. In addition, these systems have also been proved to reduce emissions and improve

engine transient response [Arnold, 2004]. The VGT/VNT system also maintains a desired exhaust



back pressure for exhaust gas recirculation (EGR) [Arnold, 2004]. Advanced combustion systems
with increased injection pressure, EGR, improved piston-bowl geometries, improved in-cylinder
flows, advanced turbocharger technology and availability of ultra-low sulphur diesel fuel have
resulted in substantial reductions in engine-out emissions from diesel engines [Charlton, 2005;
Johnson, 2006; Taylor, 2008; Dec, 2009]. Despite these efforts, it appears unlikely that mixing-
controlled diesel combustion can meet the future emission legislations without expensive after-
treatment systems [Dec, 2009]. Although various existing exhaust after-treatment systems are
capable of meeting the current emission legislation and are continuously being developed to meet
the future legislations, they impose additional complexity for the powertrain [Johnson, 2011] and
increase their cost. The various existing exhaust after-treatment systems include: selective catalytic
reduction (SCR) and lean NOx trap (LNT) for NOx reduction; diesel particulate filter (DPF) for PM
reduction; and diesel oxidation catalyst (DOC) for THC, CO and PM reduction. In certain cases,
changes in the engine hardware and the introduction of the exhaust after-treatment systems may also
impair the overall fuel economy [Johnson, 2006]. Note that SCR enables improved fuel economy by
more advanced fuel injection timing; however, the system complexity and cost is increased.

In-cylinder combustion control strategies are alternatives to reduce engine-out emissions.
High pressure common rail fuel injection systems with multiple injections per cycle enable
reductions in PM. Retarded fuel injection timing can reduce NOyx emissions at the expense of fuel
economy. Presently, the most widely used in-cylinder technique to control NOy is EGR, wherein a
part of the exhaust gases are recirculated into the intake, thus lowering the intake oxygen
concentration and combustion temperature [Ladommatos et al., 2000]. However, EGR levels are
currently limited in diesel engines due to the trade-off between NOyx and exhaust PM emissions
[Zheng et al., 2004]. During low and medium load operation, EGR rates up to 25% may be applied,
whereas at high load, EGR rate is either very low or nil [Zheng et al., 2004]. It is reported that the
implementation of both the EGR and the after-treatment techniques in tandem seem to be more
effective and affordable at reducing emissions while optimizing efficiency for diesel engines
[Johnson, 2011].

Higher EGR rates can further reduce NOy. However, the EGR rates currently used are limited
because of combustion instability, increased PM emissions and even power losses [Zheng et al.,
2004]. High emissions of PM and CO during transient operation is another hindrance to the use of
high EGR level, since these emissions increase significantly with a slight variation of the optimum
EGR rate [Helmantel, 2008]. The transient response of the EGR system is a further barrier.
Especially with EGR, the fuel flow rate may exceed the amount of available oxygen in the cylinder
during transient operation, thereby increasing soot, hydrocarbon and CO emissions [Chen, 2000]. To
address the combined needs of meeting stringent emission legislation, achieving improved fuel
economy and maintaining a reasonable price, attention has been directed towards alternative forms

of diesel engine combustion which rely on the principle of dilute premixed or partially premixed
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combustion [Dec, 2009]. These techniques rely on improved premixing, low in-cylinder oxygen
concentration and low combustion temperature for the simultaneous reduction of soot and NOy, and
hence, they are commonly referred to as ‘Low Temperature Combustion’ (LTC) [Sasaki et al., 2000;
Kimura et al., 2001; Kimura et al., 2002; Yun and Reitz, 2007; Lachaux et al., 2008]. The various
LTC strategies include: Homogeneous Charge Compression Ignition (HCCI), Active Thermo-
Atmosphere Combustion (ATAC), Modulated Kinetics (MK), Premixed Charge Compression
Ignition (PCCI), Toyota Uniform Bulky Combustion System (UNIBUS), High-EGR LTC, and many
more, although implementation and application strategies differ for different LTC modes. These

strategies will be discussed in more detail in Chapter 2.

1.5 Objectives of this Research

The overall aim of this research is to investigate ways to manage transitions between high-
EGR LTC and conventional diesel combustion, avoiding high emissions and perceptible changes in
performance and to improve the viability of the high-EGR LTC strategy. The research is intended to
improve the understanding of the combustion and pollutant formation processes in a diesel engine
operating with high levels of EGR in an LTC mode. A specific interest in this work is to improve the
viability of the high-EGR LTC strategy both during steady-state and transient operation. This
research project is primarily experimental, conducted using a single cylinder diesel engine. Deeper
insights into these phenomena have been achieved through in-cylinder optical diagnostics. The

specific objectives of the present research work are as follows:

1. To understand and minimize the source of PM emissions that often occur in the narrow
operating window, where both low NOy and good combustion efficiency are achieved:;

2. To investigate the effects of boost pressure on total unburned hydrocarbon (THC) and CO
emissions and fuel economy with high-EGR LTC operation and to correlate these emissions
with in-cylinder spray and combustion visualization and measured flame temperature;

3. To investigate the effects of multiple injections on LTC emission and combustion phenomena
at reduced EGR levels and to correlate them with the in-cylinder optical assessment; and

4, To identify the reasons for the high emissions of NOy, PM, THC and CO during transition
from LTC to conventional diesel combustion or vice-versa and to investigate different

methodologies to reduce these emissions.

Meeting these objectives should provide a better understanding of the combustion and
emission phenomena during high-EGR LTC operation. This will make it possible to identify
improved LTC operating modes to optimize the combustion process, with the goal of maximizing

thermal efficiency while minimizing emissions to make this strategy viable.



1.6 Thesis Outline

The thesis structure is as follows:

Up to this point in Chapter 1, the general background, motivation and objectives of this
research project are discussed together with a summary of emission legislations for automotive
applications. In the subsequent sections in this chapter, the contributions of this research to the body
of knowledge along with a list of publications are provided.

Chapter 2 gives the background information of combustion and emission formation processes
in conventional diesel operation. The current emission control strategies (both in-cylinder and
exhaust after-treatment) in conventional diesel combustion are discussed briefly. Different low
temperature combustion strategies are described in detail. A brief description is given regarding the
effects of intake pressure and multiple fuel injections in high-EGR LTC operation. Emission and
combustion processes during a transient operation both in conventional diesel and high-EGR LTC
operation are also discussed. Gaps in the literature are identified.

In Chapter 3, the experimental apparatus, measurement techniques and experimental
parameters are described. The details of the engine modification for optical access are also given
along with the design, implementation and calibration of a two-colour pyrometry system.

Chapter 4 reports the effects of boost pressure on the combustion and emission characteristics
during high-EGR LTC operation. The effects of fuel injection timing and fuel injection pressure on
combustion stability and emissions are reported. The potential to extend the LTC load boundary
with high boost pressure is also evaluated. Finally, the chapter presents the effects of variable intake
and injection pressures on particle number and size distribution, both in conventional diesel and
high-EGR LTC operation. Chapter 5 presents the optical assessment of high-EGR LTC and
conventional diesel combustion with variable boost pressure to support the hypotheses laid out in
Chapter 4 relating to the combustion and emission processes.

Chapter 6 presents the evaluation of the effect of a split fuel injection strategy on LTC
emission and combustion at reduced EGR levels, and compares this strategy with a single injection
high-EGR LTC strategy. The results are supported by in-cylinder spray and flame visualization and
flame temperature measurement.

Chapter 7 presents the details of the modelling of a multi-cylinder engine which is used to
predict the operating conditions during a combustion mode transition. Specific points from this
transition are then investigated under steady-state conditions. The effects of various fuel injection
parameters on reducing emissions and increasing thermal efficiency during the combustion mode
transition are also reported here. Finally, a summary of the main conclusions from this thesis and

suggestions for future work are provided in Chapter 8.



1.7 Contributions to the Body of Knowledge
The major contributions of this research work to the body of knowledge in the field of diesel
LTC are listed below:

1. Higher intake pressure was characterized by higher flame temperature, increased soot
luminosity and advanced combustion phasing which resulted in the delayed onset of bulk
guenching. This phenomenon reduced THC, CO and smoke emissions. With higher intake
pressure, higher EGR levels were required to reduce smoke emissions and the peak smoke
emission was shifted towards lower intake oxygen mass fractions. (Chapters 4 and 5)

2. Combustion stability was dependent on intake charge dilution, engine speed, fuel injection
timing, fuel injection pressure, and combustion phasing. (Chapter 4)

3. Increased intake pressure reduced PN emission both in LTC and conventional diesel
operation. PN emissions were higher with LTC compared to conventional diesel combustion.
Count median diameters of the emitted particles were smaller in high-EGR LTC operation
compared to low-EGR conventional diesel operation and were independent of injection and
intake pressures. (Chapter 4)

4, A split fuel injection strategy achieved smoke emissions at reduced EGR levels similar to the
single injection high-EGR LTC strategy with insignificant effect on NOx emissions. Optical
assessment showed that higher intake oxygen mass fraction and higher intake pressure
enhanced soot oxidation more than they increased soot formation. (Chapters 5 and 6)

5. Modelling of the combustion mode transitions (from LTC to conventional diesel operation
and vice-versa) was used to identify the operating conditions at individual cycles during a
transient. It was found that smoke emissions during a combustion mode transition are largely
controlled by the EGR system response. Therefore, reducing the number of cycles that
encounter the intermediate levels of EGR will be required to control the smoke emissions
during a combustion mode transition. (Chapter 7)

6. Split fuel injection strategy with optimized fuel injection timing, fuel split ratio and injection
pressure with a marginally increased intake pressure was effective in meeting the drive cycle
load requirement with acceptable smoke, THC, CO and NOyx emissions in the intermediate
cycles during a combustion mode transition. (Chapter 7)

7. Combustion mode transition needs to be coupled with a similar combustion phasing transition
strategy (from a near-TDC combustion phasing for high combustion efficiency in high-EGR
LTC operation to a retarded combustion phasing for low NOyx emission in conventional diesel

operation) to achieve the desired engine performance and emissions. (Chapter 7)
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Chapter 2
BACKGROUND INFORMATION

2.1 Introduction

In the past, numerous investigations have been carried out to advance the understanding of
diesel engine combustion and emissions processes. With this improved understanding, diesel
emissions have been reduced substantially over the last decade with a minimal loss in engine
efficiency. This chapter gives an overview of conventional diesel engine combustion and describes
the different pollutant formation mechanisms. Exhaust after-treatment and in-cylinder techniques
that have been investigated or implemented over the years for the simultaneous reduction of NOyx
and PM from diesel engines to meet the current emission standards are also reviewed. Various diesel
low temperature combustion strategies, either in their advanced stages of research or implementation
are reviewed, highlighting their merits and hurdles for practical implementation. Transient
emissions, which contribute a significant proportion of the total engine-out emissions both in
conventional and low temperature combustion diesel engines, are reviewed to identify the sources
and factors affecting engine-out emissions. This chapter will also identify the gaps in the literature

related to high-EGR diesel combustion both during steady-state and transient operation.

2.2 Conventional Diesel Engine Combustion

Diesel engine combustion is an unsteady, heterogeneous process which depends primarily on
fuel properties, combustion chamber design, engine operating conditions and the fuel injection
system. In a diesel engine, the ignition and combustion processes are primarily controlled by the
timing and rate of fuel injection. Ignition and combustion processes are also influenced by
temperature, pressure and turbulence of the compressed charge (air, EGR and residuals) in the
cylinder. Fuel injection generally begins a few crank angle degrees before TDC; the exact point is
controlled to optimize, for example, the rate of pressure rise, NOx emissions and brake specific fuel
consumption (BSFC). In general, an early start and short injection duration increase both maximum
pressure and thermal efficiency, since combustion approaches constant volume, rather than constant
pressure conditions. Thus modern diesel engines operate close to the ideal Otto cycle, although
combustion is initiated by auto-ignition. Historically, a diesel combustion event was thought to
consist of the following four phases: ignition delay, premixed or rapid combustion, diffusion or
mixing controlled combustion and late combustion [Heywood, 1988].

Over the past decade, diesel combustion has advanced significantly especially with high
pressure common rail fuel injection systems. With the advances in optical diagnostics techniques in
the last two decades, the understanding of diesel combustion has also greatly improved. A model for
the DI diesel combustion based on laser sheet imaging as conceptualized by Dec [1997] is depicted

in Fig. 2.1. This model explains the above four phases of combustion events better than the previous
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understanding provided by Heywood [1988]. It should be noted that Dec’s work had significant
complexities in the experimental methodology and hence, the model is not universally accepted”.
The various phases are explained in the following paragraphs with a summary of traditional and

advanced understandings of conventional diesel combustion.
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Fig. 2.1: Conceptual schematic of conventional diesel combustion [Dec, 1997]. Reprinted with
Permission from SAE Paper No. 970873 © 1997 SAE International.

The fuel is injected as a number of high velocity jets through small orifices by the fuel
injection system into the engine cylinder towards the end of the compression stroke. During
injection, the fuel atomizes into small droplets (entraining air) while penetrating into the combustion
chamber. As it heats up, it vaporizes and mixes with the high temperature and high pressure cylinder
gases. The vapour phase continues to penetrate across the chamber and a head vortex is developed
with the leading portion of the jet containing a fuel vapour-air mixture with equivalence ratio
ranging from 2 to 4 [Dec, 1997]. In small DI engines, depending on the injector location, injection
pressure and injection timing, part of the spray may impinge on the combustion chamber walls; this
either increases emissions or helps to vaporize the fuel and break up the jet [Obert, 1970; Stone,
1999]. The spray-wall interaction at the impacted surface is quite complex and difficult to

systematize [Moreira et al., 2010].

“ The main concerns are the low signal to noise ratio of photon count on NOx reading. Therefore, it is possible
that the NOy elsewhere could not be measured except at the edge of the flame. Dec’s model is also based on
two-dimensional imaging data taken primarily at one typical operating condition with idealized fuels. In
contrast, combustion is a three dimensional phenomenon, which cannot be explained thoroughly with planar
visualization obtained through a section of the fuel jet. In addition, different parameters such as gas
temperature and density at TDC, injection pressure and fuel properties affect both temporal and spatial

distributions of various combustion generated radicals, atoms and molecules within the reacting fuel jet.
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Spontaneous ignition of a portion of already mixed fuel and air occurs rapidly in a few crank
angle degrees after a short ignition delay phase. During the first part of the premixed phase
following auto-ignition, the fuel breaks down and large quantities of polycyclic aromatic
hydrocarbons (PAH) form almost uniformly across the entire cross-section of the leading portion of
the jet. PAH is reported to be formed during combustion, since fuel pyrolysis is a strong function of
temperature [Stone, 1999]. The formation of the PAH coincides with the rapid rise in the
combustion rate indicating that a premixed burn spike consists of the combustion of this fuel rich
mixture. Soot particles start forming throughout the cross-section of the downstream region of the jet
from fuel-rich premixed combustion [Dec, 1997].

A diffusion flame starts forming at the jet periphery between the products of the fuel-rich
premixed burn and unconsumed fuel and surrounding air, without any indication of a corresponding
increase in soot concentration at the jet periphery with the formation of the diffusion flame [Dec,
1997]. This is in contrast to the earlier understanding of soot formation in diesel combustion
[Heywood, 1988; Dec, 1997]. The last part of the premixed phase is a combination of jet growth and
penetration along with a thin diffusion phase reaction zone at the jet periphery, which implies that all
of the fuel first undergoes fuel-rich premixed combustion and later diffusion flame combustion,
which is nearly stoichiometric. Dec’s model suggests that diffusion flame (mixing-controlled)
combustion occurs as a flame between the products of the fuel rich premixed combustion and air
rather than being a more classical pure fuel-air diffusion flame.

In the late combustion phase, energy release still continues in the expansion stroke, although at
a lower rate, primarily from soot oxidation and fuel-rich combustion products burning as they mix
with the surrounding air. In addition, mixing of the air with the burning and already burned gases
continues throughout the combustion and expansion processes, unless the flame is quenched by
thermal boundary layers or rapid mixing with air [Heywood, 1988]. As temperature drops during the
expansion stroke, reaction rates slow down relative to mixing rates and the reaction rates are

insufficient to burn the remaining soot and stable hydrocarbons [Heywood, 1988].

2.3 Conventional Diesel Engine Emissions

Conventional diesel engines produce pollutants such as soot, NOx and THC, in addition to
traces of CO. Pollutant formation processes are strongly dependent on fuel distribution and mixing
with air. The following subsections describe the fundamentals of the chemical reaction mechanisms

of these pollutants. A brief description regarding combustion generated noise is also included.

2.3.1 Soot Formation and Oxidation Mechanisms in Diesel Engines

Diesel particulates consist of combustion generated carbonaceous materials (soot) on which
some organic compounds get absorbed. Most of the PM (black carbon) results from fuel (due to

incomplete fuel-air mixing), while some are from the lubricating oil. Particulate is often separated
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into a soluble and an insoluble or dry fraction. The fraction of the total mass of particulate, which is
soot, is often estimated by finding the insoluble portion of the particulate. The fraction of soot in
particulates from diesel exhaust varies, but is typically higher than 50% [Kittelson, 1998]. Other
particulate matter constituents are partially burned or unburned fuel and lubricating oil, wear metals
and sulphate derived from lubricating oil or fuel [Kittelson, 1998].

Soot is a solid substance consisting of roughly eight parts of carbon and one part of hydrogen.
Newly formed particles have the highest hydrogen content with a carbon to hydrogen ratio as low as
one, but the hydrogen fraction decreases as the soot matures [Tree and Svensson, 2007]. The process
of transition of liquid or vapour phase hydrocarbons into solid soot particles and possibly back to
gas-phase products involves six commonly identified processes: (1) pyrolysis, (2) nucleation, (3)
surface growth, (4) coalescence, (5) agglomeration and (6) oxidation. The sequence of the soot
formation process is illustrated schematically in Fig. 2.2. A detailed review of soot formation and
oxidation mechanisms with particular reference to compression ignition engines has been reported

by Tree and Svensson [2007] and is mostly referred here.
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Fig. 2.2: Soot formation process from gas phase hydrocarbon to solid agglomerated particles [Tree
and Svensson, 2007]

During pyrolysis, the decomposition and atomic rearrangement of a fuel molecule into smaller
hydrocarbon molecules occurs primarily in a region with both a shortage of oxygen and relatively
high temperatures. Fuel pyrolysis reactions are generally endothermic forming unsaturated
hydrocarbons, polyacetylenes, PAH and acetylenes which are precursors to soot formation and a
function of temperature and fuel concentration. Soot precursor formation is a competition between
the rate of fuel pyrolysis and the rate of fuel and precursor oxidation. Although both pyrolysis and
oxidation rates increase with temperature, the oxidation rate increases faster [Tree and Svensson,
2007]. The local equivalence ratio (¢) vs. local flame temperature (T) map shown in Fig. 2.3
demonstrates the soot formation region. From Fig. 2.3 it can be seen that soot is formed at high

equivalence ratios and at intermediate temperatures.
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Fig. 2.3: LTC and conventional diesel combustion on the ¢—T map. ‘Mixing-controlled conventional
diesel combustion’ and the ‘expected LTC operation’ regions are highlighted in the figure. NOx and
soot islands in the ¢—T map: Adapted from SAE Paper No. 2006-01-3386.

In the nucleation mode, particles are formed (particle inception temperatures vary from 1300-
1600 K) from gas phase reactants. The smallest identifiable solid particles in luminous flames have
diameters in the range of 1.5-2 nm, and are generally referred to as nuclei [Tree and Svensson,
2007]. The nuclei mode typically consists of particles smaller than 100 nm diameter containing
1-20% of the particle mass, but more than 90% of the total number of particles [Kittelson, 1998;
Myung and Park, 2012]. Most of the particulate mass is found in the accumulation mode, with
particle diameters between 0.1 and 1 um. The coarse mode, with particle sizes larger than 1 um,
represents 5-20% of the particle mass, but the particle number in this mode is low [Myung and Park,
2012]. Although the nuclei mode particles do not contribute significantly to the total soot mass, they
provide sites for surface growth. During surface growth, condensation of hydrocarbon species on the
hot reactive surfaces of the soot particles lead to an increase in soot mass, while the number of
particles remain constant. The majority of the soot mass is added during surface growth and thus, the
residence time of the surface growth process has a large influence on the total soot mass.

Coalescence and agglomeration are both processes by which particles combine. During the
coalescence process, particles collide and coalesce, thereby decreasing the number of particles, while
holding the mass of the two soot particles constant. During coalescence, two roughly spherically
shaped particles combine to form a single spherically shaped particle. Agglomeration occurs when
individual or primary particles stick together to form large groups of primary particles. The primary
particles maintain their shape. Primary soot particle size varies depending on operating condition,
injector type and injector conditions, but mostly, primary particle size ranges from 20-70 nm. After

combustion ends, during the expansion and exhaust strokes, particles agglomerate further and are
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seen to be chain-like and typically range in aerodynamic diameters from 100 nm to 2 um [Tree and
Svensson, 2007].

Oxidation processes convert hydrocarbons to CO, CO, and H,O at any point in the process,
but mostly when the temperature is higher than 1300 K. Smith [1981] suggested that soot’s graphite
like structure is responsible for its high resistance to oxidation. Hydroxyl (OH) radicals are reported
to dominate soot oxidation under fuel-rich and stoichiometric conditions, whereas both OH and
oxygen molecule (O,) contribute to soot oxidation under lean conditions [Tree and Svensson, 2007].

For conventional mixing-controlled diesel combustion, initial soot formation takes place just
downstream of the fuel-rich premixed flame in the products of fuel-rich combustion as illustrated in
Fig. 2.1. Soot formation and particle growth continue as the soot moves down the jet to the head
vortex and outward towards the diffusion flame. Since the diffusion flame is the only source of high
OH radicals and oxygen concentrations, it has been proposed that soot oxidation occurs at the
diffusion flame alone [Dec, 1997]. PM changes significantly in the post combustion expansion and
exhaust processes. The stable hydrocarbons remaining unoxidized after the end of combustion have
a tendency to be absorbed onto the soot particles and become a part of particulate soluble fraction.
Condensation of the hydrocarbon species in the exhaust gases also forms new particles.
Condensation and absorption occurs in the exhaust system and in the dilution tunnel which simulates
what happens in the atmosphere. It is suggested that, if the combustion process ends early, the
exhaust concentration of soot can be made relatively low, allowing the high cylinder temperature to
oxidize the soot (assuming there is enough oxygen), even though large amounts of soot are formed
in a conventional diesel combustion [Tree and Svensson, 2007]. However, it should be easier to
eliminate or minimize soot formation rather than trying to optimize soot oxidation to reduce PM

emissions.

Effects of engine design and operating parameters on soot formation and oxidation

Temperature has the highest effect on the soot formation and oxidation processes. It is
reported that soot inception begins at around 1400 K, while rapid oxidation ceases below 1300 K
[Glassman, 1989]. As temperature is increased, the rate of oxidation increases more rapidly than the
rate of formation as long as sufficient oxygen is available. In premixed flames, soot formation goes
up as temperature is increased. Generally, increased oxygen concentration through premixing tends
to reduce soot formation; however, this is not always the case since oxygen is closely associated
with temperature, which has an exponential effect on soot formation and oxidation [Tree and
Svensson, 2007]. It does not require a stoichiometric amount of oxygen to completely eliminate
soot. As long as the carbon becomes partially oxidized to CO, it does not contribute significantly to
soot formation reactions [Tree and Svensson, 2007].

The various design and operating parameters affecting soot formation and oxidation in diesel

engine combustion include: combustion chamber shape, fuel injection pressure, fuel injection
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timing, number of injections, engine transients and intake temperature and pressure. The most
critical aspects of combustion chamber shape and geometry relative to particulates depends on swirl
and liquid fuel impingement. Air entrainment into the jet is dominated by the jet velocity and the
cone angle of the spray and is not greatly affected by swirl [Tree and Svensson, 2007]. However,
swirl increases turbulence and mixing, and thus increasing the rate of combustion late in the
injection process and after the end of injection. This allows the soot to oxidize more rapidly while
the gas temperature remains high early in the expansion stroke [Benajes et al., 2004; Tree and
Svensson, 2007].

Advanced fuel injection timing results in low particulate emissions and high NOx, whereas
retarded fuel injection timing produces more particulate and less NOy, which leads to the well-
known NOx-PM trade-off for diesel engines. Advanced fuel injection timing also increases the soot
formation if a greater fraction of the fuel is burned at higher temperature; however, due to an early
end of injection, the in-cylinder temperature is higher facilitating soot oxidation. The case of
increasing intake temperature is similar to the advanced fuel injection timing strategy. It is reported
that an increase in ambient temperature decreases the flame lift-off length. The flame lift-off length
is defined as the most upstream location of combustion of the spray during fuel injection and is
estimated as the axial distance between the injector orifice/nozzle and the location where the
intensity of OH chemiluminescence is approximately 50% of that just downstream of the initial
rapid rise in OH chemiluminescence [Siebers and Higgins, 2001]. Decreased flame lift-off length
causes the peak soot level in a fuel jet to increase and move upstream. However, due to an even
greater increase in the rate of oxidation of soot with increasing temperature, soot burns out more
rapidly [Pickett and Siebers, 2004].

2.3.2 NOx Formation and Reduction Mechanisms in Diesel Engines

While nitric oxide (NO) and nitrogen dioxide (NO,) are usually grouped together as NOy; NO
is the predominant oxide of nitrogen produced inside the engine cylinder by the combustion of near-
stoichiometric fuel-air mixtures. The thermal, prompt and N,O routes are mainly responsible for the

formation of NOx in diesel engines.

(&) Thermal NO

Oxidation of atmospheric nitrogen by the thermal mechanism is a major source of NOy
emissions. The principal reactions governing the formation of NO from atmospheric nitrogen are
given by the extended Zeldovich mechanism [Lavoie et al., 1970] and are represented through the

following reactions:

k
O+N,—2L—>NO+ N, temperature range 2000-5000 K (2.1)
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k
N +0O, —2— NO + O, temperature range 300-3000 K (2.2)

k
and N +OH ——-> NO + H , temperature range 300-2500 K (2.3)
where k; k, and k3 are the rate constants. The rate constant (k) is expressed with the modified

Arrhenius law [Glarborg et al., 1986] as

« — AT o Eo/RoT)

(2.4)

where E, is the activation energy (activation energy corresponds to an energy barrier which has to be
overcome during the reaction), A is the pre-exponential factor, R, is the universal gas constant, T is
the reaction temperature, and Sis a dimensionless number. The unit of the rate constant, k is
cm®.mole™.s™. The forward rate constants (k; #)for the extended Zeldovich mechanism are given by

[Warnatz et al., 2000]:

—318000

ki =18 x 1014, e RoT (2.5)
(—27000)

kop =9 x10% e RoT (2.6)

kyy = 2.8 x 1073 @.7)

The reverse rate constants (k,,-) for Equations (2.1-2.4) are given by [Bowman, 1975]:

ky, = 1.6 x 1013 (2.8)
(—162123)
k,, =15x10%T.e RoT (2.9)
(—196626)
ks, = 2.0 x 10**.e" RoT (2.10)

Note that out of the above three expressions, Reactions 2.1-2.3, Reaction (2.1) is very slow
and is the rate limiting step of the thermal NO formation as it (ki) has a very high activation energy
due to the strong triple bond in the N, molecule, which needs high temperatures (only way to form
atomic nitrogen), thus sufficiently fast only at high temperatures [Warnatz et al., 2000].

The NO formation rate shows a strong correlation to temperature and oxygen concentrations
[Warnatz et al., 2000]:

d[NO]
dt

where [ ] denotes concentration of the molecule or atom. Thus, it can be seen that NO formation can

= 2.k1;[0][N,] (2.11)

be minimized by decreasing [Ny], [O], or ki (i.e. by decreasing the temperature). Therefore,
temperature and oxygen concentration are the primary factors influencing the thermal NO formation.

Note that oxygen atoms form by the chain reactions (e.g. H+ 0, = OH + 0; 0 + H, = OH + H;
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and OH + H, = H,0 + H), or possibly from the dissociation of O,, and these oxygen atoms attack
nitrogen molecules to start the initial reaction represented by Equation (2.1) [Glassman, 1996;
Warnatz et al., 2000].

(b) Prompt NO formation

NO formation rates in combustion of hydrocarbon fuels can exceed those by the thermal
mechanism discussed above, especially for fuel-rich conditions. This rapidly formed NO in the fuel-
rich condition is termed ‘prompt NO” or ‘Fenimore NO’ [Warnatz et al., 2000] and is confined to
the regions near the flame zone. It is formed by a reaction sequence that is initiated by the rapid
reaction of hydrocarbon radicals (basically CH) with molecular nitrogen leading to the formation of

hydrocyanic acid (HCN) that subsequently reacts to form NO [Glassman, 1996]:

CH+N; — HCN + N (2.12)
HCN+0O — NCO+H (2.13)
NCO +H — NH +CO (2.14)
NH + (H, OH) — N + (H,, H,;0) (2.15)
N+OH - NO+H (2.16)
N+0, > NO+0O (2.17)

Because C,H, as a CH radical precursor is accumulated under fuel-rich conditions, prompt

NO is favoured in rich flames. The activation energy of the reaction:

CH+N; - HCN+N (2.18)
is only about 75 kJ.mole™, compared to 318 kJ.mole™ for the formation of thermal NO; therefore, in
contrast to thermal NO, prompt NO is produced at relatively low temperatures (about 1000 K)

[Warnatz et al., 2000] and may be particularly relevant for low temperature combustion.

(c) NO generated from nitrous oxide (N,O)
NO generated from N,O is analogous to the thermal mechanism, in which an oxygen atom
attacks a nitrogen molecule in the presence of a third molecule (M), thus forming an N,O molecule

as given below:

N,+O+M - N,O+M (2.19)

The N,O molecule may subsequently react with an oxygen atom to form an NO molecule
[Warnatz et al., 2000]:

N,O+O—NO+NO;  E,=97 ki.mole™ (2.20)
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Reaction (2.19) is a three-body reaction (promoted at high pressures), which is more sensitive
to pressures than the other two NO formation mechanisms. Note that a three-body reaction involves
reactions of two species (e.g. A and B) to yield one single product species (AB). This reaction
requires a third body M to stabilize the excited product AB” by collision. The third body M is an
inert molecule (generally N,) that can remove the excess energy from AB”and eventually dissipate it
as heat. Reaction (2.19), typical for three body reactions, has a low activation energy so that low
temperatures do not penalize this reaction as much as they do the Zeldovich-NO reaction [Warnatz
et al., 2000]. This reaction has often been overlooked since it is an insignificant contributor of the
total NO. For lean conditions (local ¢ <0.8) where the formation of CH is suppressed, prompt NO
will be reduced. Furthermore, low temperatures will suppress the thermal NO mechanism. However,
the N,O route may become the major source of NO formation in the lean premixed low temperature

combustion regimes due to its lower activation energy [Miller and Bowman, 1989].

(d) Decomposition of NO

All of the NO molecules produced during the combustion process are not necessarily emitted,
since some of them get decomposed later. One proposed mechanism for the decomposition of NO is
the HCN recycle route, where HCCO radicals react with NO molecules to form HCN and CO,
[Nishioka et al., 1996]. The HCN recycle route does not come into play in the premixed flame due
to the low concentration of HCCO, whereas it may be a significant NO decomposition mechanism in
diffusion flames. Some of the burned gases containing NO may pass through this reaction zone
again, and may get decomposed and removed. Other routes proposed for the decomposition of NO
are the reverse of thermal, prompt and nitrous oxide mechanisms [Miller and Bowman, 1989; Easley
and Mellor, 1999] and in a diesel engine, the importance of NO decomposition is found to increase
with engine load [Easley and Mellor, 1999]. How much of the species formed during the

decomposition mechanism recombine again to form NO is not clear.

(e) Formation of NO,

NO formed in the flame zone can be converted rapidly to NO, via the reactions:

Subsequently, this NO, is converted back to NO, unless the NO, formed in the flame is quenched by
mixing with cooler fluid [Heywood, 1988] via:

N02+O —>NO+OQ (222)
Typically, the ratio of NO,to NOx for diesel engine varies approximately from 5% to 30%
[Heywood, 1988]. However, for modern diesel engines, this ratio might in some circumstances be

outside this range.
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(f) NOy formation in diesel engines

During conventional diesel combustion, the initial premixed combustion just after auto-
ignition and the hypothesized standing premixed flame are not conducive to NO production either by
the thermal or prompt mechanisms as little oxygen is present and the adiabatic flame temperature
(1600 K) is far below those required for thermal NO production. Also, little prompt NO is produced
at equivalence ratio above 1.8 [Dec, 1997]. However, HCN production might still occur in this rich
combustion, and if it does, it is likely that the HCN would later be released as NO in the diffusion
flame [Dec, 1997]. On the lean side of the diffusion flame (at the jet periphery), higher flame
temperatures (since combustion is nearly stoichiometric) and presence of oxygen are nearly ideal for
thermal NO production (refer to Fig. 2.1). However, it is important to realize that the NO production
zone shown in Fig. 2.1 may not be the location where most of the NO is produced during typical
diesel combustion. Thermal NO production is a relatively slow process and this could delay the
onset of significant NO production until after the time period of initial premixed energy release
spike. Since thermal NO production is a relatively slow process, the bulk of the NO production
might occur during the latter part of the mixing controlled combustion or in the hot gas regions
remaining even after the end of combustion. Although peak temperatures may be lower in these
regions than they are the mixing-controlled flame, there is considerably more time for the NO-
production reactions [Dec, 1997]. At low temperatures (T <2000 K), NO formation is dominated by
the prompt NO mechanism and as the temperature increases, the relative importance of the prompt
NO formation decreases; for temperatures above 2500 K, NO formation is controlled mainly by the
thermal mechanism [Miller and Bowman, 1989].

As fuel injection timing is retarded, NO formation occurs later at a reduced rate, since peak
temperatures are lower. At high load, with higher peak pressures and temperatures, and larger
regions of close to stoichiometric burned gases, NO levels increase. Thermal NO levels decrease less
proportionally with respect to the decreased global equivalence ratio (¢ <0.85), since much of the
fuel still burns close to stoichiometric due to the non-uniform fuel distribution in diesel engines
[Heywood, 1988].

2.3.3 Hydrocarbon Formation Mechanisms in Diesel Engines

Hydrocarbon is caused by either over-lean or over-rich fuel-air mixtures unable to auto-ignite
or support a flame at the conditions inside the combustion chamber. Thus, hydrocarbons remain
unconsumed due to incomplete mixing or quenching of the oxidation process. Engine idling and
light load operation produces relatively more THC than at full load due to over-mixing. Over-mixing
of the injected fuel during the ignition delay period can be a significant source of hydrocarbon
emissions, if the ignition delay period exceeds its optimum value due to changes in engine operating
conditions. Under transient conditions, as the engine goes through an acceleration process, over-

fuelling causes locally over-rich conditions, although the overall equivalence ratio does remain lean.
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Cycle-by-cycle variation in the combustion process becomes significant under adverse conditions
such as low compression temperatures and pressures, and retarded injection timings resulting in
misfiring and THC emissions. Fuel retained in the injector sac and spray holes may enter the
combustion chamber late in the cycle when the pressure drops and becomes a source of THC
emissions [Stone, 1999]. High strain of flame fronts (due to intense turbulence) leads to local flame
extinction and this phenomenon is increasingly important for rich or lean mixtures, where
temperatures are lower and thus reaction times may become longer than the mixing times [Warnatz
et al., 2000]. Flame extinction at combustion chamber walls or cold piston due to heat transfer
(cooling of the reaction zone) as well as the removal of the reactive intermediate radicals by surface

reaction may also contribute to THC emissions [Warnatz et al., 2000].

2.3.4 Carbon Monoxide Formation Mechanisms in Diesel Engines

Carbon monoxide formation is one of the principal reaction paths in the hydrocarbon
combustion mechanism and CO is one of the main intermediate species. In both overall
stoichiometric and rich combustion conditions, CO results due to a lack of oxygen in the combustion
chamber. However, in an overall lean system, sufficient oxygen is always present for the oxidation
of CO to CO,. Improper fuel-air mixing might lead to higher CO emissions in an overall lean
system, if enough oxygen is not present in the reaction zone to oxidize the CO to CO,.

The CO formed in the combustion process is oxidized to CO, at a slower rate via the reaction
[Bowman, 1975]:

CO +OH — CO, + H (2.23)

The rate constant, kco for this reaction is a function of temperature [Warnatz et al., 2000]:

3100

ke = 6 x 106.T5¢ Rl (2.24)
Hence, the oxidation of CO to CO, might cease, if the temperature of the reaction zone falls
too far.

Oxidation of CO via the reaction:

CO+0,—CO,+0 (2.25)
200000

R ) and should not be an important reaction in hydrocarbon

is very slow (k = 2.5 x 10%2e
flames, which generally have relatively large OH concentrations in the combustion gas [Bowman,
1975]. Note that Reaction (2.24) has a lower activation energy (-3.1 kJ.mole™) compared to 200
ki.mole™ for Reaction (2.25). For flame temperatures of 1500 K, the exponential term in the

Arrhenius equation is essentially 1 and, thus, the rate coefficient is effectively temperature
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independent. However, the strong temperature dependence of CO oxidation is probably due to the
strong temperature dependence of OH concentration [Warnatz et al., 2000].

Since diesel engines operate globally on the lean side of stoichiometric with high flame
temperatures, CO emissions are low and are generally considered unimportant. However, higher CO
emission is a matter of concern in LTC regimes where equivalence ratio is higher and temperatures
are lower. It is expected that the poor oxidation rate of CO in LTC and lean fuel-air ratio (resulting
in a low flame temperature) may be due to a decreasing OH concentration and not a decreasing rate
coefficient [Warnatz et al., 2000].

2.3.5 Combustion Noise in Diesel Engines

Combustion noise in diesel engines is generally caused by the initial rapid combustion of a
premixed fuel-air mixture in the cylinder that causes a large pressure gradient. This large pressure
gradient is a very strong excitation source that forces the in-cylinder charge to oscillate. Generally,
the ignition delay influences the premixed combustion stage by affecting the availability of the
flammable fuel-air mixture [Heywood, 1988]; longer ignition delays often result in a higher
premixed combustion rate and higher combustion noise. Note that the maximum cylinder pressure
rise rate is a constraint parameter for the smooth operation of the engine while avoiding engine

damage.

2.4  Current Emissions Control Strategies

Various emission control strategies, including both in-cylinder and exhaust after-treatment
methods are continuously being developed to meet the stringent emission regulations outlined in
Sec. 1.3. This section reviews a selection of the most prevalent emission reduction techniques

currently in use.

2.4.1 In-Cylinder Techniques

(a) Exhaust gas recirculation (EGR)

EGR is one of the most reliable systems to effectively reduce NOx emissions and has been
used in gasoline and diesel engines. In an EGR system, recirculation is usually achieved either by
external EGR or by trapping the burned gases within the cylinder by not fully expelling them during
the exhaust stroke (residuals). Recirculated exhaust gases consisting of primarily N,, CO,, water
(H20) vapour and O, with some other pollutants when added to the intake air replaces the intake
oxygen and reduces NO formation rate, the primary effect being the reduction of the burned gas
temperature [Ladommatos et al., 2000]. However, participation of CO, and H,O vapour in the
combustion process and an increase in the charge specific heat capacity may also contribute to NOy
reduction, but these are considered almost insignificant in the context of diesel engines

[Ladommatos et al., 2000]. Ladommatos et al. [2000] reported a reduction of flame temperature
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from 2300 K to 2075 K, when oxygen concentration was reduced from 23% to 17.5% by mass.
Typically, EGR is capable of reducing engine-out NOyx by 20-50% [Chatterjee et al., 2008].

Reduction in oxygen flow rate to the engine and reduction in inlet charge due to thermal
throttling also result in a very large reduction in exhaust NOy at the expense of higher PM emissions
[Ladommatos et al., 2000]. Higher inlet charge temperature contributes to higher emissions of both
NOx and PM. The increase in NOyx has been attributed partly to the effects of the higher charge
temperature on the reduced ignition delay (shortened ignition delay causes the bulk of the
combustion process to move closer to TDC, resulting in an increased gas temperature and so a
higher NOy formation rate, but it has negligible effect on PM) and partly to the rise in post ignition
combustion temperature.

An EGR rate of up to 25% may be used for NOx reduction, without increasing PM emissions
significantly, depending on load [Zheng et al., 2004]. At full load conditions, the equivalence ratio
(based on air-fuel ratio) is significantly higher and the addition of EGR lowers the oxygen
concentration even further leading to excessive soot and CO emissions [Heywood, 1988]. Note that
oxygen concentration in the exhaust varies depending on fuel-oxygen equivalence ratio in the
combustion chamber, with a little oxygen at high load. Note that the current heavy-duty diesel
engines are going to lower EGR rates; instead SCR is being used for NOy reduction (some Euro VI

heavy-duty engines are non-EGR).

(b) Multiple injections

Recent advances in high pressure common rail fuel injection systems and multiple injection
strategies (consisting of pilot, main and post injections with independently controlled fuel quantity
and injection timing through electronic control) within a single cycle enable the reduction of PM.
Generally, high pressure injection results in smaller spray droplets and shorter injection periods. The
well atomized spray shortens the ignition delay, and reduces fuel consumption, smoke, THC and PM
emissions [Park et al., 2004].

With the pilot injection, the temperature prior to the main injection increases, thereby
reducing the ignition delay for the main injection event by reducing the fraction of fuel burned in the
premixed phase of the main combustion event [Mancaruso et al., 2008]. This, in turn, results in
combustion noise reduction due to the reduced rate of pressure rise and peak pressure during the
premixed burn. Pilot injection, however, results in an increase in particulates (most of the time)
which can be attributed to the higher temperatures in the cylinder at the time of the main injection
[Park et al., 2004], resulting in a decreased lift-off length and less air entrainment into the jet [Tree
and Svensson, 2007]. Pilot injection can also suppress NOx emissions and combustion noise with
retarded main injection timings. Reitz [1998] reported that significant NOx and particulate emissions
reductions can be achieved together with improved fuel economy by using split injections combined
with EGR. Note that the EGR levels in the work reported by Reitz was limited to low levels (<20%).
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The benefits of multiple injections related to particulates come from a post injection (small
amount of fuel of the order of 10% of the total fuel quantity per cycle being injected 10-40 °CA after
the main injection event) providing higher temperatures late in the cycle when soot oxidation
normally starts to quench, and therefore promotes soot oxidation through increased temperature,
improved mixing and OH radical attack [Dec and Kelly-Zion, 2000]. During post injection, new soot
is produced, with the post injection amount of soot lower than the main injection one [Mancaruso et
al., 2008] as observed in a high speed direct injection (DI) optical diesel engine. However, post
injection timing needs to be optimized to reduce THC emissions and BSFC; retarded post injection
seems to be more effective in reducing smoke, although the reason for this is not quite clear [Chen,
2000].

2.4.2 Exhaust After-Treatment Techniques

Although there are various techniques to reduce in-cylinder pollutant formation (at which the
above are just a brief summary), these may fall short of meeting the upcoming stringent emission
standards. Therefore, a number of exhaust after-treatment techniques are available to reduce the tail-
pipe emissions. These include: selective catalytic reduction (SCR), lean NOx trap (LNT), lean NOx
catalyst (LNC) for NOx reduction; diesel particulate filter (DPF) for PM reduction; and diesel
oxidation catalyst (DOC) for PM, THC and CO reduction. These after-treatment systems, however,
have problems in operation under light load conditions because low exhaust temperature tends to

slow the reaction rates of these catalysts [Johnson, 2011].

(@) NOxy after-treatment

SCR technology using ammonia (NHs) derived from the rapid hydrolysis of on-board urea as
the reductant has been demonstrated to be very effective at reducing NOx for HDD engines. NH;
reacts with both NO and NO, species in the presence of a catalyst such as zeolite or vanadia and
effectively reduces them to nitrogen and water. However, the leakage and possible secondary
emissions of ammonia may be a matter of concern in the SCR system as the Euro VI emission
legislation limits NH; concentration to 10 ppm in diesel engine exhaust [European Commission,
2008]. Operation of the SCR catalyst is most effective above 300°C exhaust temperatures and is
greatly diminished at lower temperatures; however, this can be improved with a high proportion of
NOx being converted to NO, [Charlton, 2005]. Hydrogen promoted hydrocarbon-SCR systems with
silver catalysts are also being investigated for NOyx reduction [Theinnoi et al., 2008]. Although it
looks promising, this system requires optimized hydrogen addition for different engine exhaust
conditions to achieve high NOx conversion efficiency (60-92%) [Theinnoi et al., 2008; Johnson,
2009]. Note that urea based SCR is the de-facto standard for heavy-duty Euro VI and EPA 2010

diesel engines.
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In a LNT system, when the engine operates with excess oxygen, NOy is converted from NO
to NO, in the presence of a catalyst. The NO, then reacts with the base metal oxide component of
the catalyst surface to form stable nitrate compounds which are subsequently stored in the trap
[Brogan et al., 1998; Charlton, 2005]. In this process, when all the available base metal storage sites
are occupied by nitrate, NOx starts slipping through the catalyst leading to increased NOy emissions.
Then the exhaust is enrichened by controlling the air flow rate, EGR rate or fuel injection
parameters, which causes the nitrates to become unstable and gets released into the exhaust as NO.,.
Under these rich conditions, a three-way reaction is established, which allows NOy to be reduced,
provided an adequate supply of THC and CO is available. Note that the regeneration of LNT
requires a rich mixture and hence has a fuel consumption penalty. When the engine runs either under
excess fuel conditions or at elevated temperatures, the nitrate species decompose and the NO is
reduced over the trap [Brogan et al., 1998]. It is expected that LNT would be ideal to combine with
LTC, if the exhaust temperature is high enough.

(b) THC, CO and PM after-treatment

A DOC is effective in reducing the amount of volatile component, non-methane hydrocarbons
and CO emitted from diesel engines. A DOC consisting of a monolith honeycomb substrate coated
with combinations of platinum, palladium and rhodium catalysts does not significantly reduce the
total particle count as it reduces the PM mass by primarily oxidizing the soluble organic fraction
(SOF) and hydrocarbons that are present in the PM, but not the soot. The DOC also eliminates
volatiles that could nucleate in the exhaust stream and increase the particle numbers. As a side
effect, a DOC also oxidizes sulphur dioxide (SO,) to sulphur trioxide (SO3) which is emitted from
the exhaust as sulphuric acid apart from reducing the conversion efficiency of the exhaust after-
treatment systems [Charlton, 2005]. Note that this is one of the reasons why sulphur is removed
from diesel fuel. DOCs also burn the fuel to actively regenerate the filters and also form NO, for
DPF regeneration [Johnson, 2009]; however, low temperature light-off (T50, the temperature of
50% conversion) is important in all the cases. It is reported that NO, is not generated until the CO
and THC are removed first [Johnson, 2009]. The NO, generated by the DOC also enhances the SCR
deNOy reactions, particularly at low temperatures [Johnson, 2012]. Various low temperature
premixed combustion strategies have high THC and CO emissions with reduced exhaust temperature
and oxygen concentration. Therefore, these strategies present significant challenge to DOCs;
however, new catalyst formulation for DOC systems are under development to cope with these
challenges [Johnson, 2010].

A catalysed DPF is effective in reducing total PM, both in mass and particle count. These
filters have a cellular structure where the exhaust gases flow through the pores of the cell walls
where the soot particles are trapped. As the trap loads up, pressure drop across the filter increases.

This increasing back pressure increases the pumping work for the engine and increases fuel
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consumption. Therefore, periodically, the filter is regenerated to oxidize the soot and clean the filter.
In active regeneration techniques, exhaust manifold fuel injection, post fuel injection and retarded
fuel injection timings are used to increase the exhaust temperatures to oxidize the soot [Khair, 2003].
DPF temperatures of 500-600°C are generally required to oxidize the soot. Catalyst enabled
regeneration typically uses a wash coat on the substrate to reduce the temperature at which rapid
oxidation of the PM occurs. This allows regeneration at lower exhaust gas temperatures and uses
less energy. However, these systems require expensive catalyst materials such as platinum [Khair,
2003].

In passive regeneration techniques, soot is oxidized by NO, that is generated by the DOC
upstream of the DPF [Johnson, 2011]. It is reported that active regeneration costs about 2-3% fuel
consumption, and passive regeneration techniques can reduce this penalty by about 20% [Johnson,
2011]. New techniques such as electric-discharge generated plasmas are under development to
regenerate the DPF using low power without a catalyst, at all expected engine exhaust conditions
without interacting with the diesel combustion processes [Williams et al., 2009].

In view of the above descriptions, a 4-way emission control system consisting of EGR, DOC,
DPF and LNT/SCR working in tandem to reduce THC, CO, PM and NOyx simultaneously was
proposed [Neely et al., 2005]. The oxidation catalyst located upstream of the DPF oxidizes THC,
CO and SOF as well as promotes NO, generation from NO. A catalysed DPF located after the
oxidation catalyst traps PM to clean the EGR for a low pressure EGR system. The LNT/SCR in the
downstream of DPF reduces NOy, although the high regeneration temperatures (650°C) required for
DPF may seriously affect the durability of the LNT/SCR catalyst. It was estimated that CO,
emissions increased by 1.7% over the baseline with a rich pulse control for the 4-way catalyst
system [Neely et al., 2005]. Note that current systems for HDD engines (i.e. EPA 2010 and Euro V1)
use DOC-DPF-SCR with low EGR levels. SCR enables lower tailpipe NOyx emissions than could be
achieved with in-cylinder control, while also achieving higher thermal efficiency because the engine
calibration is no longer focussed on minimizing NOyx (fuel injection timing can be advanced for
reduced BSFC and PM, while still meeting tailpipe NOx legislation). Furthermore, lower EGR level,
than currently being used, generates less engine-out PM. Therefore, the DPF is not loaded rapidly,

leading to fewer fuel consuming active regeneration events.

2.5 Diesel Low Temperature Combustion

At present, due to the trade-off between NOyx and smoke emissions, EGR is limited to
relatively low levels (0-25% depending on load) in spite of its potential for further reduction of NOyx
emissions. As was discussed in Sec. 1.3, the use of very high EGR rates (>50%) have been
investigated as a technique to achieve low temperature combustion with low NOyx and low PM
simultaneously. A number of LTC strategies have been developed such as HCCI, PCCI, MK,
UNIBUS and smoke-less fuel-rich combustion (high-EGR LTC). In all these systems, NOx emission
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is reduced by reducing the flame temperature with the use of high levels of EGR. Soot formation is
suppressed by enhanced fuel-air mixing due to the increase in the ignition delay of the fuel. Ignition
delay is increased either by using high levels of EGR or by different fuel injection strategies. Soot
formation can also be suppressed by reducing the combustion temperature even with a rich fuel-air
ratio [Sasaki et al., 2000; Akihama et al., 2001]. Note that the maximum rate of pressure rise and
combustion noise decrease significantly with high rates of EGR in spite of the increased ignition

delay due to the slow rate of combustion.

2.5.1 Basicsof LTC

Reference is made to Fig. 2.3, which shows the distribution of the soot and NO formation
regions as a function of local equivalence ratio (¢) and temperature (T) for different LTC strategies
(such as PCCI, HCCI and high-EGR LTC) along with conventional diesel combustion. The contours
in the figure represent the amount of soot and NOy formation as a function of local equivalence ratio
and local flame temperature. The ¢—T map was plotted based on zero-dimensional calculations with
detailed chemical kinetic analysis at a fixed reaction time with fixed fuel and oxidizer composition
at a constant pressure [Kamimoto and Bae, 1988; Akihama et al., 2001]. Both conventional diesel
operation and the expected LTC operation regions are highlighted in the figure. Note that these
highlighted regions are for illustration only and they do not necessarily represent the actual local
flame temperatures and equivalence ratios during combustion. Both LTC and conventional diesel
combustion will tend to move through different areas in the ¢—T map, depending on the phases of
combustion as described earlier in Sec. 2.2 and elsewhere [Kook et al., 2005; Dec, 2009; Bittle et
al., 2011]. Examples are shown in the figure both for conventional diesel combustion and the
hypothesized LTC routes from the start of combustion up to the late cycle combustion.

It can be seen from Fig. 2.3 that NO formation is favoured at high temperatures
(T >2200 K) and low equivalence ratios (¢ <2.5). Soot is formed at medium to high temperatures
(1700 K <T <2500 K) in very rich equivalence ratios (¢ >2.5). During conventional diesel
combustion, local equivalence ratios and temperatures pass through the soot and NO formation
regions as shown in the ¢—T map. Note that the combustion route shown for conventional diesel
operation is for illustration only and would change significantly for different operating conditions.
By lowering the combustion temperature with high levels of EGR, NO formation can be suppressed.
If the temperature is further reduced to approximately 1700 K or below, combustion no longer
occurs in the soot and NO formation regions independent of equivalence ratios, and the combustion
process can be considered to be LTC [Ogawa et al., 2007]. Similarly, LTC can be achieved when the
local flame temperature remains below 2200 K and improved air-fuel mixing keeps the local

equivalence ratio below two. By using flexible fuel injection, air-exchange and EGR systems, the

28



local combustion temperature and equivalence ratio are shifted into different zones in the ¢—T map

so that soot and NOx can be reduced simultaneously.

2.5.2 Homogeneous Charge Compression Ignition (HCCI)

Onishi et al. [1979] first described a new combustion process for internal combustion engines
and termed it as ATAC (Active Thermo-Atmosphere Combustion), wherein combustion is initiated
by the controlled auto-ignition of a premixed charge without knocking and they reported that stable
combustion could be achieved with lean mixtures at part-throttle operation. With the ATAC system,
fuel consumption and exhaust emissions of the engines were remarkably improved because of
stabilized lean combustion that resulted in noise and vibration reduction. Since then, many
researchers have investigated similar combustion concepts for gasoline and diesel engines under the
general name Homogeneous Charge Compression Ignition (HCCI) combustion [e.g. Thring, 1989;
Christensen et al., 1997; Stangmaier and Roberts, 1999; Lida and Igarashi, 2000]. HCCI is one of
the most heavily researched advanced combustion strategies. It is outside of the scope of the current
work; however, Yao et al. [2009] summarize the progress and trends in the HCCI engines in a
review paper.

HCCI combustion is achieved when a mixture of air, fuel and recycled combustion products
are compressed until it auto-ignites resulting in energy release reactions that initiate simultaneously
at multiple sites within the combustion chamber. HCCI is generally limited to low load operating
conditions with lean air-fuel ratios (¢ <0.3) or for equivalence ratios up to stoichiometric with large
amounts of EGR; the rate of pressure rise is typically the strongest restrictor [Dec, 2009]. Unlike
diesel (mixing-controlled) combustion, HCCI is not limited by the mixing rate at the interface
between the fuel jet and oxidizer, but is rather characterized by distributed low temperature reactions
that occur relatively quickly at multiple sites. Attempts have been made to obtain diesel-fuelled
HCCI operation with intake port fuel injection; however, significant intake charge heating (135-
205°C) is required to minimize the accumulation of liquid fuel in the intake system and to prevent
soot and NOx formation as a result of in-cylinder inhomogeneities [Dec, 2009]. HCCI engines suffer
from higher THC and CO emissions than conventional diesel combustion because of low in-cylinder
temperature due to lean mixtures and/or high levels of EGR which are necessary for satisfactory
HCCI operation. High levels of THC and CO contribute to poor combustion efficiency (combustion
efficiency is the fraction of the supplied fuel energy released during combustion) which results in

higher fuel consumption compared to conventional diesel engines [Dec, 2009].

2.5.3 Other Forms of LTC (PCI, PCCI)

Premixed Compression Ignition (PCI) combustion as defined by Iwabuchi et al. [1999] of

Mitsubishi Motors Corporation is another form of LTC, where fuel is injected early in the
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compression stroke and a premixed lean mixture is formed over a long mixing period. In PCCI
combustion, a large fraction of fuel is injected very early before TDC (-100 °CA ATDC) and a 2"
injection with a small amount of fuel is injected near TDC to ignite all the air-fuel mixture as well as
to control combustion phasing [Kook and Bae, 2004; Lu et al., 2011]. In PCCI combustion, a
luminous flame was only seen in the heterogeneous regions of the 2" injection event, whereas the
main combustion corresponding to the 1% injection event was mostly non-luminous [Kook and Bae,
2004; Kanda et al., 2005; Fang et al., 2008].

In order to achieve low smoke and NOy levels at higher loads, combustion temperature needs
to be reduced, while utilizing a higher oxygen content (on a mass basis) to suppress excessive CO
and THC emissions. High load HCCI or PCCI operation may be obtained by high boost pressure and
high levels of EGR [Christensen et al., 1997; Stanglmaier and Roberts, 1999; Kimura et al., 1999;
Iwabuchi et al., 1999]. Chiara and Canova [2009] investigated a HCCI-DI strategy to enhance the
load boundary, wherein at low load, external mixture formation was performed through a diesel fuel
atomizer for HCCI operation and a DI diesel type of combustion was induced to increase the IMEP
(indicated mean effective pressure). This strategy allowed a smooth transition from HCCI to
conventional DI diesel mode at high load, while retaining HCCI combustion benefits on emissions

and efficiency at part load [Chiara and Canova, 2009].

2.5.4 High-EGR LTC (Dilution-controlled, MK, UNIBUS)
In diesel LTC, high levels of EGR (up to ~60%) are used and fuel injection timing is

advanced (20-30 °CA BTDC) or retarded (very close to TDC) compared to conventional diesel
engines (so that the combustion phasing can be controlled regardless of the fuel’s auto-ignition
kinetics). In the high-EGR LTC regimes, images of natural combustion luminosity exhibited no soot
luminosity until late in the premixed phase [Kook et al., 2005; Musculus, 2006; Lachaux et al.,
2008]. The overall soot luminosity decreased and became more uniform with increasing charge
dilution (higher EGR).

The combustion temperature reducing effect of EGR reduces NO formation, resulting in a
reduction to near zero levels at EGR rates above approximately 40%, which means that the
combustion process occurs at temperatures not high enough to form thermal NO. The NOx measured
in the engine tailpipe at these EGR levels likely results from the prompt NO or the nitrous oxide
routes [Desantes et al., 2012]. Soot emissions rise with EGR, up to an EGR rate around 50%,
depending on the engine and operating conditions. For EGR >50%, soot emissions decrease as the
flame temperature in the fuel-rich region is reduced to the point that soot formation is suppressed. At
60% EGR, both soot and NOx emissions can approach near-zero levels depending on load [Cong,
2011]. However, THC and CO emissions increase sharply at 60% EGR [Cong, 2011], which can be

attributed to the lower temperatures and low oxygen concentrations during combustion, both of
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which adversely affect the oxidation of THC and CO. Therefore, it is critical to optimize the EGR
system to balance the NOx and PM reduction against CO and THC emission increases.

High-EGR advanced injection LTC, also known as dilution-controlled combustion, is
different from high-temperature combustion which is dominated by fuel-air mixing, and also from
HCCI combustion, which is controlled by fuel-air chemical kinetics. Compared to conventional
diesel combustion, LTC forms a more uniform mixture before auto-ignition. However, compared to
HCCI and PCCI combustion, high-EGR LTC (smoke-less rich combustion) employs high levels of
EGR (>60%). In addition, fuel injection strategy controls the combustion phasing unlike fuel-air
chemical kinetics in HCCI combustion. Strong in-cylinder turbulence and fuel-air mixing also play
important roles in combustion and emissions [Lu et al., 2011]. Imaging measurement showed that in
dilution-controlled combustion, the liquid fuel penetrated further into the combustion chamber
before vaporizing compared to conventional diesel combustion. Rather than forming just
downstream of the liquid fuel, and throughout the jet cross-section, soot was formed much further
downstream, only at the head of the jet, in the head vortex [Musculus, 2006].

Idicheria and Pickett [2005] investigated the soot formation mechanism with high EGR levels
in an optically accessible constant volume combustion vessel using laser extinction and planar laser
induced incandescence (PLII) techniques and reported that peak soot volume fraction decreased and
the width of the sooting region (in the diesel jet) increased with increasing EGR. A decrease in the
ambient oxygen concentration increased the lift-off length, thereby allowing approximately the same
amount of oxygen to be entrained into the jet prior to the reaction zone, as the rate of oxygen
entrainment decreased [ldicheria and Pickett, 2005]. PLIl images also showed that the distance
between the lift-off length and the appearance of the first soot incandescence increased with
increasing EGR levels suggesting a longer residence time for soot precursor formation. The total jet
cross-section of the soot increased initially with increasing EGR and then gradually reduced to zero
as the EGR rate was increased to an equivalent ambient oxygen concentration of 8%. This explains
the typical NOx-PM trade-off with EGR. When employing EGR, the trend in soot production is
determined by a competition between increased residence time and decreased flame temperature
with decreasing oxygen concentration [ldicheria and Pickett, 2005].

In the Nissan MK (simultaneous low temperature and premixed combustion) strategy, fuel is
injected directly into the combustion chamber near or after TDC, but the ignition delay is extended
through the use of large amounts of cooled EGR [Mase et al., 1998; Kimura et al., 1999; Kimura et
al., 2001; Kimura et al., 2002] during low-load operation. Late in-cylinder injection of diesel
appears to avoid most of the problems associated with fuel wall impingement [Lachaux et al., 2008]
and provides some control of the combustion phasing, but the short ignition delay of diesel limits
this approach to low engine loads. With advanced high pressure common rail fuel injection system,
injection duration can be made shorter than the ignition delay, thus extending the MK operation to
medium loads [Kimura et al., 2002; Jacobs et al., 2005].
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Toyota’s UNIBUS technique involves a combination of an early injection (~-50 °CA ATDC)
and a late injection (~13 °CA ATDC) at high EGR levels (~60%) [Yanagihara, 2001]. In this system,
a low compression ratio (12:1) was used presumably to avoid overly advanced combustion of the
premixed fuel. The 2™ injection was used as a trigger for a portion of the energy release from the
early injected fuel that significantly improved the combustion efficiency [Yao et al., 2009]. Singh et
al. [2007] optically investigated an EGR-diluted, double injection strategy with the first injection
early in the compression stroke, similar to the UNIBUS scheme, and reported that due to a long
ignition delay for the first early injection, the fuel was significantly premixed with the relatively cool
charge gases and therefore, the combustion was rapid. Hot second stage combustion with a short
ignition delay was characterized by broadly distributed OH fluorescence throughout the jet,
indicating leaner and more uniform mixtures than conventional diesel combustion. For this LTC
strategy, soot formation occurred only in tiny pockets in the less well-mixed jet cross-section
(formed downstream only in the fuel-rich head vortex) indicating that most of the jet regions were
below the sooting limit which was in contrast to Dec’s conceptual model for conventional diesel
combustion where soot was formed upstream and throughout the jet cross-section [Singh et al.,
2007]. Similar phenomena were also reported for single injection LTC conditions [Musculus, 2006;
Bobba and Musculus, 2012]. For the double injection strategy, significant broadband fluorescence
from the fuel and the combustion intermediates persisted near the injector late in the combustion
phase suggesting that the mixture near the injector did not undergo complete combustion which
would significantly affect THC emissions [Singh et al., 2007].

Diesel LTC is characterized by high CO and THC emissions, much like HCCI combustion. In
diesel LTC, fuel injection ends well before the start of combustion. Although this improved mixing
in the downstream region is central to the benefits of LTC, sometimes the increased mixing
associated with the early end of injection causes the upstream region near the injector to become
very lean and is unlikely to burn to completion. This appears to be a major source of THC emissions.
Kim et al. [2008] reported that increased dilution slows down oxidation rates throughout the
cylinder, but most noticeably within the squish volume, thereby significantly increasing THC
emissions from this region. CO was generally observed near the cylinder centre line and broadly
distributed within the squish volume. Engine performance in LTC regimes is reported to be sensitive

to minor variations in the operating conditions [Henein et al., 2008; Cong, 2011].

2.6 Low Temperature Cool Flame Reactions in LTC

The major steps involved in fuel preparation and combustion for LTC operation are 1) fuel
atomization and vaporization; 2) fuel-air mixing; 3) low temperature cool flame reactions; 4)
negative temperature coefficient (NTC); 5) auto-ignition; and 6) main high temperature combustion.
The initial step in the preparation of the fuel involves atomization and vaporization. Droplet

vaporization plays an important role in determining air-fuel mixing which has a significant impact
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on fuel oxidation and combustion. The fuel preparation mechanism in LTC is similar to the
conventional diesel operation discussed in Sec. 2.2. A typical auto-ignition process during LTC
operation is known to undergo two distinct stages of energy release in which low and high
temperature oxidation mechanisms govern the first and second stages of energy release reactions
respectively. The details of the cool flame reaction and the high temperature oxidation mechanisms
are discussed below.

Low temperature oxidation (consisting of both cool flame reactions and NTC) reactions are
preceded by a 1% stage ignition delay period during which little reaction occurs. Low temperature
oxidation is characterized as a process starting with the fuel + OH reaction, finally reproducing OH
via the formation of alkylperoxy (RO,) and hydroalkylperoxy (ROOH) radicals. In a first step,
hydrocarbon radicals (R) react with oxygen and form alkylperoxy radicals. These can abstract
hydrogen atoms forming alkylhydroperoxy compounds. After an external hydrogen atom
abstraction, the hydroperoxy compound decomposes into an alkyloxy radical (RO) and OH. Low
temperature oxidation initially proceeds by increasing the amount of OH by repeating the fuel
oxidation cycle. In the later stages of low temperature oxidation, the reactions of intermediate
species with OH, which do not reproduce OH, compete with the fuel + OH reaction, and low
temperature oxidation eventually terminates when OH consumption by these reactions exceeds its
formation [Yamada et al., 2008]. Since the overall process is a branched radical chain reaction, the
most influential steps are those that change the number of radicals, namely the initiation, branching
and termination reactions. More details regarding the different stages of hydrocarbon low
temperature oxidation reactions and chemical kinetics are given by Pilling [1997].

During the initial stage of low temperature oxidation reactions, a combustible mixture reacts
accompanied by a small temperature increase. Some chemiluminescence occurs during the initial
reaction stages, and it appears as if a flame propagates through the mixture. It is a faint blue
luminosity, primarily due to the chemiluminescence of electronically excited formaldehyde. The
reactions in the system are exothermic and the temperatures are known to increase only marginally
(200 K)—hence the name cool flames [Glassman, 1996]. The small temperature rise is due to the
heat produced by the breaking and reforming of the fuel chemical bonds [Naidja et al., 2003].

The NTC phenomenon follows the cool flame reaction. The NTC is a unique phenomenon in
hydrocarbon oxidation, in which the overall reaction rate decreases with increasing temperature and
it represents a barrier for auto-ignition to occur. The region of NTC is characterized by the fact that a
temperature increase causes an increase of the ignition delay time, instead of the usual temperature
dependence where delay time would decrease [Warnatz et al., 2000].

Auto-ignition in a compression ignition engine is a combustion phenomenon in which
chemical kinetics plays the dominant role. Auto-ignition occurs at temperatures in the range of

800-900 K. The decomposition of H,O, is quite slow at these temperatures, and other chain-
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branching mechanisms govern the ignition process. The key is that H,O, decomposes rapidly at
temperatures between 900 and 1000 K; so this temperature can be considered as the critical value in
systems in which the temperature approaches this value from lower temperatures. Temperatures
varying from 1000 to 1200 K correspond to the intermediate temperature range, where HO,
chemistry is important. Temperature rises, and the high temperature combustion chemistry takes
over to complete the combustion and to provide a large part of the energy release. Following
ignition, the primary fuel produces unsaturated hydrocarbons and hydrogen. A little of the hydrogen
is concurrently oxidized to water. Subsequently, the unsaturated compounds are further oxidized to
CO and hydrogen. Simultaneously, the hydrogen present and formed is oxidized to water. Finally,
large amounts of CO formed are oxidized to CO, and most of the energy release from the overall
reaction is obtained. It should be noted that the CO is not oxidized to CO, until most of the fuel is
consumed owing to the rapidity with which OH reacts with the fuel compared to its reaction with
CO [Glassman, 1996]. It is reported that, in essence, the low temperature chemistry prepares the
mixture for ignition, the intermediate chemistry ignites it and the high-temperature chemistry burns
it [Pilling, 1997].

In HCCI engines, low and intermediate temperature reaction sequences process the fuel-air
mixture during its compression; the amount of low temperature cool flame energy release reaction
varies, depending on the composition of the fuel. H,O, forms at lower temperature and remains
relatively inert, until increasing temperatures from compression and exothermic reactions reach a
level where it decomposes rapidly producing large numbers of OH radicals that rapidly ignite the
fuel [Westbrook, 2000]. Variation in any engine parameter that gets the reactive fuel-air mixture to
the H,0, decomposition temperature earlier advance the ignition (such as increased intake manifold
temperature or ignition additives), while EGR retards the ignition [Westbrook, 2000]. The effects of
different operating parameters (fuel quantity, injection pressure, EGR rate and intake temperature)
on the phasing and magnitude of the cool flame and high temperature reactions in high-EGR LTC

operation are reported by Cong et al. [2011Db].

2.7 Effects of Intake Pressure on Diesel Low Temperature Combustion and Emissions

An increase in ambient gas density causes a nonlinear increase in soot levels in a fuel jet. This
has been attributed to an increase in soot number density [Pickett and Siebers, 2004]. However,
increased charge density improves air-fuel mixing throughout the combustion process resulting in
higher soot oxidation rates [Colban et al., 2007]. Musculus [2006] reported that moderate changes in
the boost pressure had no observable effects on the general characteristics of the in-cylinder
processes in LTC operation.

Colban et al. [2007] investigated the effects of boost pressure on performance and emissions
in a diesel engine in two low temperature combustion regimes: (i) high exhaust gas recirculation

(EGR) levels with maximum brake torque injection timing and (ii) moderate EGR levels with
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retarded injection timing. Colban et al. used simulated EGR in a light duty automotive engine at low
and medium loads, and reported that increased intake pressure reduced THC and CO emissions,
thereby improving combustion efficiency and hence, indicated specific fuel consumption (ISFC),
particularly at higher loads. The authors also demonstrated that increased intake pressure reduced
peak soot emissions and shifted the maximum soot emissions towards lower oxygen concentrations.
Contrary to an expected rise in NOy with higher oxygen concentration, NOy emissions reduced in
high-EGR LTC. The authors hypothesized that as the global equivalence ratio reduced with
increased boost pressure, mixing with cooler excess air available with higher boost levels likely
suppressed the relatively slow NO forming reactions. In the late injection LTC regime, at low load,
change in boost pressure had little effect on NOx emissions. At moderate load, increased boost
pressure yielded slightly higher NOy emissions. Late-injection LTC (similar to MK) generally had
higher CO emissions than dilution-controlled LTC, whereas soot showed a reverse trend [Colban et
al., 2007].

2.8 Effects of Multiple Injections on Diesel Low Temperature Combustion and Emissions

High injection pressure with multiple injection events have been shown to reduce THC and
PM emissions in conventional diesel combustion, as discussed in Sec. 2.4. Multiple injection
strategy has also been investigated in high-EGR LTC operation to reduce the emissions of
combustion by-products and soot. There are numerous publications reporting the potential benefits
of two-stage injections under highly dilute LTC conditions; however, most of the investigations are
limited to optimizing the fuel mass ratio between the two injection events and the injection dwell
time to reduce emissions and improve fuel economy with either advanced or retarded injection
timings [Koci et al., 2009; Li et al., 2010; Diez and Zhao, 2010; Kokjohn and Reitz, 2010; Lu et al.,
2011]. The effects of late-cycle mixing and turbulence enhancement by the post-injection strategy on
combustion and engine-out emissions in the high-EGR LTC regimes were also investigated. It was
reported that post injection could lead to further reductions in soot emissions without deteriorating
the NOyx emissions due to negligible temperature changes caused by small post injection fuel
quantity [Yun and Reitz, 2007; Bobba, et al., 2010]. However, the dwell between main and post
injections needs to be optimized to suppress increase in THC emissions. With longer dwell periods,
the temperature in the cylinder during the expansion stroke may be too low to burn all the injected
fuel completely [Yun and Reitz, 2007]. Post fuel injection was also investigated by Cong [2011] to
reduce emissions through enhanced fuel-oxygen mixing in the later part of the combustion process.
The results showed that the post injection had an insignificant effect on LTC emissions, probably
due to the low local oxygen concentrations (after the high temperature reactions) and the low in-
cylinder temperatures.

In the high-EGR diesel LTC regime, late split injections (two injection events very close to

TDC) led to combustion that was almost independent of injection pressure (little influence on energy

35



release, emissions and efficiency) especially at low oxygen concentrations. It was reported that with
optimized swirl ratio, EGR conditions, SOI timings, fraction of fuel per injection and piston bowl
geometry (a stepped piston bowl rather than the conventional open or re-entrant piston bowl),
significant improvements in exhaust emissions and fuel economy can be achieved with a small
pressure rise rate [Benajes et al., 2008; Kashdan et al., 2009; Horibe et al., 2009; Anselmi et al.,
2010; Dolak and Reitz, 2010; Kokjohn and Reitz, 2010]. Koci et al. [2009] showed that at certain
injection timings and fuel-split fractions, multiple injections were effective in further reduction of
THC and CO emissions from the single injection optimal emissions at LTC with 67% EGR (by
mass). Soot emissions, however, increased. Multiple advanced fuel injection strategies (with up to 3
pulses per cycle) with high levels of EGR also showed improvements in combustion phasing and
thermal efficiency in LTC [Asad et al., 2008]. Li et al. [2010] investigated various fuels with
different cetane numbers with high levels of EGR (60% by volume) with retarded close-spaced
injection timings with a fuel split ratio of 20:80 along with various dwell timings. They showed that
with optimized dwell timing and injection ratio, two-stage injection can reduce THC and CO
emissions. With an optimized low pressure early cycle injection combined with high pressure near-
TDC injection it was shown that near-zero NOyx and soot levels could be achieved while maintaining
good control over the combustion phasing for a PCCI engine with trade-offs between soot, THC and
CO emissions with respect to EGR levels, NOx emissions and rate of pressure rise [Benajes et al.,
2009].

2.9 Transient Effects on Conventional and Low Temperature Diesel Combustion Regimes

Some technical hurdles such as extension of the operating map to higher loads, and control of
combustion phasing over the load-speed range and through transients need to be resolved before
LTC can be applied to practical transportation engines [Dec, 2009]. Since LTC is difficult to achieve
at high load, mixed-mode combustion is emerging, wherein LTC is used at low and medium loads
and traditional diesel combustion is used at higher loads. Also, it is important to ensure that during
combustion mode transitions (transition from LTC to conventional diesel or vice-versa) the majority
of the combustion processes progress through the low NOy and PM regions; the preferred paths are
shown by the dashed arrows in Fig. 2.3.

Engines rarely experience steady-state conditions when considering actual in-vehicle
operation. Transient behaviour includes frequent and sudden changes in engine speed, load or both.
The transients are so fast that fuel, air and EGR cannot be well controlled and significant excursions
from optimal in-cylinder conditions occur due to different response times of the fuel injection,
turbocharger and EGR systems; it is widely reported that for turbocharged diesels, the air handling
system has the maximum delay due to ‘turbo-lag’ at the beginning of a transient event [Chan et al.,
1999; Benajes et al., 2002; Rakopoulos et al., 2010; Hagena et al., 2011]. These deviations of in-

cylinder composition from optimal conditions have a great impact on emissions. Pelkan and Debal
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[2006] reported that the emissions levels measured in the New European Driving Cycle (NEDC) are
lower than the emissions produced in real traffic, with the transient emissions contributing a
substantial share to the net emissions. Particulate emissions increase rapidly, primarily because the
fuel flow rate can exceed the availability of oxygen in the cylinder and the low charge air density
allows increased liquid fuel penetration causing liquid fuel impingement on the cylinder surfaces
resulting in either an entire cylinder full of a fuel-rich mixture or rich pockets of poorly mixed
product gases producing soot [Chan et al., 1999]. Chan et al. also predicted that during acceleration
(constant torque, variable speed), NO emissions increased to a peak level at the initial stage of the
engine transient, exceeding the values of their corresponding steady-states with the peak values
occurring at high load acceleration. The engine transient of most concern to particulate emission is a
rapid change from idle or low load to high load and high speed in case of acceleration in
conventional diesel operation [Rakopoulos et al., 2010]. Non-uniform distributions of EGR between
cylinders and EGR delay in low-pressure EGR systems can cause high NOx emissions during a
transient [Peckham et al., 2011]. Engine cold-starting contributes to high smoke emissions,
combustion instability and combustion noise [Rakopoulos et al., 2010]. Cold-start also results in
high NOx, CO and THC emissions as it takes some time for the after-treatment system to start
working. Kang and Farrell [2005] reported about the transient (constant speed variable torque and
constant torque variable speed) effect of EGR rate and injection timing on THC and NOy emissions
in a diesel engine. Their results showed that peak NOyx emissions occurred during transient operation
at low EGR levels, but there were no evident step load change effects on NOx when higher EGR
levels were used. However, THC emission sensitivity to transients increased drastically when EGR
rate was increased.

Mode transition between high-EGR LTC and conventional diesel operation or vice-versa are
not widely reported with only a few studies available in literature [Burton et al., 2009; Tanabe et al.,
2010; Cong, 2011; Kim et al., 2011]. Burton et al. [2009] investigated a mode shift between high-
EGR LTC with advanced injection timing (i.e. PCCI) and conventional diesel combustion with
moderate EGR levels and retarded injection timings and showed that a step change from PCCI to
conventional diesel combustion resulted in high THC emissions. Similarly, the step load change
from conventional diesel to PCCI mode resulted in a NOy spike and high rate of pressure rise. The
initial and final loads in this investigation were 250 kPa and 500 kPa net IMEP respectively and this
study did not consider any load ramp-up duration. Kim et al. [2011] investigated combustion mode
shift between conventional diesel and high-EGR LTC with a gradual load ramp-up in a naturally
aspirated engine and showed that IMEP fluctuation occurred during the early stage of mode
transition from LTC to conventional diesel operation because of air flow overshoot, resulting in
advanced combustion phasing and rapid energy release rates. However, in the cited work [Kim et

al., 2011], the important aspects of a multi-cylinder turbocharged engine on the transient were not
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considered. None of these studies discussed above considered the real time transients that are likely
to be encountered in an in-