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Abstract
In the context of global warming and increasingly stringent emission
regulations, the HCCI engine has been put forward as a promising alternative to
the current internal combustion engines, combining the low NO x and soot
emissions of current gasoline engines with the diesel engine efficiency. The
control of this promising combustion mode, however, is challenging, as ignition
is no longer controlled by an external initiator, but solely depends on the autoignition of the fuel/air charge.
A profound understanding of the interaction between the fuel‟s specific ignition
chemistry and the local charge conditions, and compact chemical reaction
mechanisms to investigate the latter are thus a prerequisite for the further
development of HCCI engines. The present study therefore proposes two
approaches to auto-ignition modelling for HCCI applications. In contrast to
previous HCCI modelling studies, this investigation focuses on practical, full
boiling range fuels, for which at present no compact chemical reaction schemes
exist.
Based on insights from literature and an extensive set of experimental shock
tube data, two compact ignition models have been developed and generalized for
application to six strongly differing naptha and kerosene like fuels. The shock
tube ignition delays constitute a first benchmark against which the performance
of both models has been tested; whereas their validity for engine application has
been assessed by means of heat release and pressure data from HCCI engine
experiments for a wide range of operating conditions, with EGR rates up to
60%.
The first approach employs an ignition integral expression combined with a 3Arrhenius model for the fuel dependent chemical ignition delay, to quickly
assess the impact of changing engine operating conditions on ignition. In

addition to the main ignition delay, the 3-Arrhenius model is now capable of
predicting the start of the cool flame heat release typically observed in HCCI
engines. Especially for homogeneous operating conditions, very good agreement
between the measured and predicted trends in the ignition delays was found. The
integral model has further confirmed that shock tube ignition data is highly
relevant for homogeneously operated engine experiments.
As second approach, a compact reaction mechanism has been proposed,
employing 8 species and 7 reactions to predict – in addition to ignition delays –
the evolution of heat release, pressure, temperature and key species during
ignition. Despite the simplicity of the model, also the fuel-to-fuel variations in
the ignitability and cool flame heat release observed in the engine experiments
were found to be reproduced very well.
Both models have proven to be elaborate enough to model a wide range of fuels
using the same overall scheme, upon changing the model parameters only.
Especially the global reaction model, but also the 3-Arrhenius model combined
with a cool flame heat release model, therefore present a promising tool to allow
parametric studies for practical engine fuels for which at present no chemical
reaction mechanisms are available – provided experimental data for model
parameterization is available. Additionally, the models have the potential to
speed up HCCI engine calculations for known fuels, by mapping the results of
larger detailed reaction mechanism onto one of these compact schemes.

Zusammenfassung
Im Hinblick auf die globale Erderwärmung und immer strenger werdenden
Emissionsvorschriften, stellt die Anwendung eines HCCI-Brennverfahrens in
einem Motor eine vielversprechende Alternative zum konventionellen
Verbrennungsmotor dar. Das HCCI-Brennverfahren kombiniert dabei die
niedrigen NOx- und Russemissionen eines Benzinmotors mit der hohen
Effizienz eines Dieselmotors. Da bei der HCCI-Verbrennung eine
Selbstzündung des Kraftstoff/Luft-Gemisches stattfindet, stellt die Kontrolle des
Brennverfahrens vorallem hinsichtlich der Zündung eine Herausforderung dar.
Ein vertieftes Verständnis der Wechselwirkungen zwischen der kraftstoffspezifischen Zündchemie und den lokalen Mischungszuständen sowie
kompakter Reaktionsmechanismen zur Untersuchung dieser Vorgänge stellt eine
äußerst wichtige Voraussetzung dar bezüglich der Weiterentwicklung von
HCCI-Motoren. Die vorliegende Arbeit stellt deswegen zwei unterschiedliche
Ansätze zur Modellierung der Selbstzündung bei HCCI-Anwendungen vor. Im
Gegensatz zu früheren Arbeiten, beschäftigt sich diese Studie mit praktischen
Multikomponenten-Kraftstoffen, für welche momentan keine detaillierten
Reaktionsmechanismen vorhanden sind.
Basierend auf Erkenntnissen aus der Literatur und eines umfangreichen Satzes
an experimentellen Daten aus Untersuchungen mit einem Stosswellenrohr,
wurden zwei kompakte Zündmodelle entwickelt und für die Anwendung auf
sechs stark unterschiedliche Naphta- und Kerosen-ähnliche Kraftstoffe
generalisiert. Die in den Stosswellenrohrexperimenten gemessenen Zündverzüge
bilden die Grundlage für die erste Validierung der beiden Modelle. Die
Modellvalidierungen für motorische Bedingungen über einen weiten
Betriebsbereich und AGR-Raten bis zu 60%, wurden anhand von gemessenen
Druck- und Brennverläufen aus einem HCCI-Versuchsmotor durchgeführt.

Der erste Modellierungsansatz basiert auf der Kombination eines Zündintegrals
mit einem 3-Arrhenius-Modells zur Beschreibung des kraftstoffspezifischen
chemischen Zündverzuges. Dieser Ansatz erlaubt eine sehr schnelle
Abschätzung des Einflusses der Betriebsbedingungen auf die Zündung. Dabei
konnte speziell für homogene Betriebsbereiche eine sehr gute Übereinstimmung
von gemessenen und berechneten Daten erreicht werden. Die Ergebnisse zeigen
zudem, dass die aus den Stosswellenrohrexperimenten gewonnenen Daten von
hoher Relevanz für die homogenen Betriebspunkte im HCCI-Motor sind.
Der zweite Ansatz beinhaltet die Verwendung eines kompakten Reaktionsmechanismus, mit welchem sich mittels 7 Reaktionen und 8 Komponenten
zusätzlich zum Zündverzug die Evolution von Wärmefreisetzung, Druck,
Temperatur und wichtigen Spezieskonzentrationen während der Zündung
vorausberechnen lassen. Trotz der relativen Einfachheit des Reaktionsmechanismus ist dieser in der Lage, die Einflüsse der Kraftstoffeigenschaften
auf das Zündverhalten und die Wärmefreisetzung während der
Niedertemperaturzündung (‚Cool Flame„), welche in den motorischen
Experimenten beobachtet wurden, gut abzubilden.
Beide Modellansätze haben sich für die Modellierung der Zündung von stark
unterschiedlichen Kraftstoffen unter der Verwendung eines globalen Schemas
mit kraftstoffspezifischen Modellparametern als ausreichend komplex erwiesen.
Speziell das globale Reaktionsmodell, aber auch das 3-Arrheniusmodell in
Kombination mit einem ‚Cool Flame„ Wärmefreisetzungsmodell, stellen einen
vielversprechenden Ansatz zur Simulation von praktischen und motorisch
relevanten Kraftstoffen dar unter der Voraussetzung, dass experimentelle Daten
für die Parametrierung vorhanden sind. Zusätzlich bieten beide Modelle die
Möglichkeit, eine deutliche Verkürzung der Rechenzeiten von HCCIMotorsimulationen mit bekannten Krafstoffen durch Parametrierung von
grossen Reaktionsmechanismen auf die kompakten Modelle zu erreichen.
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Introduction

Chapter 1 Introduction
Transportation – in all its forms – forms a cornerstone of our industrialised
civilisation and has been one of the most important prerequisites to achieve the
standards of living we have the benefit of in the developed world today.
Personal mobility allows access to essential services such as education or health
care as well as to services that make life more enjoyable, whereas the transport
of goods has provided consumers with a greatly widened range of products and
services at affordable prices. But it goes beyond this. Economic development
and transport are inextricably linked. Economic growth stimulates an increased
demand for transport services. But it is equally true that transport services
facilitate and promote economic growth, by enabling people to market the
products they grow or manufacture over a much wider geographic area and by
stimulating trade and specialisation [4, 5].

“Cities could not exist and global trade could not occur
without systems to transport people and goods cheaply
and efficiently” [1]

Image Source REUTERS/Krishnendu Halder, personal adaptation
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The unprecedented flexibility and benefits of present transport networks,
however, has come at a price. With a share of almost 30% [6, 7], transportation
is one the major global consumers of energy. The transport sector was further
responsible for about 24% of the world‟s energy related CO2-emissions, with
about three quarters coming from road vehicles.

Figure 1 – World delivered energy
consumption† in the transportation
sector from [7]

Figure 2 – Evolution of the global car fleet (Number of
passenger car vehicles) from [8]

As reported in [7], the history of the energy demand for transportation up to the
year 2008 and a projection extending to the year 2035 is given in Figure 1,
alongside Figure 2 showing the evolution of the global passenger car fleet [8].
Due to the large number of uncertainties with respect to the world‟s population
and economies, especially in view of the global economic crisis of 2008-2009,
accurate predictions of the future energy consumption are very difficult to make
[6]. Nonetheless, according to the reference case scenarios of two leading
International Energy agencies [6, 7], the global transport energy demand is
believed to grow by an average of 1.3% per year, or 45% overall from 2008 to
2035.
From Figure 1, it is evident that almost all this growth comes from non-OECD
regions, driven by a strong economic and population growth, coupled with an
enormous latent demand for mobility [6]. Today the majority of the world‟s
population still has no access to personal vehicles, and many do not even have
access to motorised public transport services of any sort [5]. However, this
situation is changing rapidly. As income increases, more and more people in

†

One British thermal unit (Btu) corresponds to 0.293 Watt-hours (Wh)
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China and other emerging economies get access to motorised transport. There is
evidence that the most attractive form of transport as people‟s incomes rise is
the motorised personal vehicle, which is seen as a status symbol as well as being
faster, flexible, convenient and more comfortable than public transport [5]. The
latter is projected to support the fast-paced growth of the global passenger car
fleet shown in Figure 2, and drive up the non-OECD fuel consumption.
In comparison with non-OECD economies, the financial and economic recession
had more profound impacts on OECD economies. Because of the relatively slow
economic recovery, combined with progressive improvements in vehicle fuel
efficiency as well as government fuel-economy mandates, the OECD transport
energy consumption is anticipated to grow by only 0.3% per year, over the
entire projection period [7].
A crucial aspect of our transport system is that the energy itself is mobile during
consumption. It therefore almost exclusively (95%) relies on liquid petroleum
fuels for its energy production. Despite increasing competition from alternative
fuels, notably biofuels, electricity and natural gas, almost all of the transport
consumption increase discussed above is expected to be in petroleum fuels, the
share of which is projected to remain above 89% over the projection period
2008-2035 [6]. As a result, CO2-emissions will essentially grow in lockstep with
energy consumption [9]. Over the past decade, transport CO2 emissions have
increased at a faster rate than any other energy using sector [9], and in view of
the strong increase in fuel demand shown in Figure 1, this trend is not expected
to change in the near future (see Figure 3).

Figure 3 – Transport related well-to-wheels CO2 emissions per region from [4]
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There is a mounting body of evidence documented e.g. in [5] that the increasing
concentration of CO2 in the atmosphere is partly responsible for climate change
and in particular global warming. For example, Figure 1.4 shows the increase in
global and continental temperature as reported by [10], which cannot be
explained without accounting for the influence of anthropogenic green house
gases, an important of which is CO2. A change in temperature will affect the
world‟s entire ecosystem due to modifications of all the biogeochemical cycles;
the impacts of which will be of a global nature. Predictions in [5] with respect to
future changes in extreme climate events consider an increase in continental
summer drying and the associated risk of droughts likely over many continental
interiors. The frequency of extreme precipitation events is also projected to
increase almost everywhere. Changes to the sea level due to the melting of the
ice sheets and retreat of glaciers are also projected, for which the time-frame is
of the order of hundreds of years. [11]

Figure 4 – Comparison of observed continental- and global-scale changes in surface
temperature with results simulated by climate models using natural and anthropogenic
forcings. Decadal averages of observations and model predictions are plotted relative to the
corresponding average for 1901–1950. Source [5]

4

Introduction
Because some of these changes occur on such long time-scales, transport-related
pollutants – such as NOx, CO and soot – harmful to human health and released
locally/regionally are of far greater concern in everyday life to most people. In
developing countries especially, increasing demand for private vehicles is
outpacing the supply of transport infrastructure, resulting in congestion and
severe air pollution [9, 11].
As a consequence of the former findings, significant improvements with respect
to emissions from current engines are called for, and substantial reductions of
the overall fuel consumption are a prerequisite to halt global warming and
realise a sustainable future.
A further reason to increase the fuel efficiency is the transport sector‟s strong
dependence on oil, coupled with the limited availability of the fossil fuels
required to „power‟ it. Presently, the transportation sector accounts for almost
half of the world oil consumption and this share is expected to increase to 60%
in 2035 [6, 7]. It is however not clear how long the oil production can follow
this strongly increasing demand. Based on a recent analysis of [6], it becomes
increasingly evident that, without vigorous implementation of government
policies and strong technological development, our society will have to face oil
scarcity and substantially higher prices in the foreseeable future.

Figure 5 – Passenger light-duty vehicle sale by type from the reference scenario of [6].
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To face these challenges and keep up with the increasingly stringent emission
regulations, scientist and engineers are developing alternatives to the present
combustion engine, such as hydrogen engines, plug-in hybrids and electric
vehicles based on fuel cells or batteries. Although these technologies are
expected to take an increasing share in the road transportation market, the
internal combustion engine will continue to dominate the market for many years
to come (see Figure 5) [6]. On the short term, progress will thus have to come
from incremental improvements of the current engine technologies and new
combustion modes, such as the homogeneous charge compression ignition or –
in short HCCI – combustion mode, that promises low engine-out NOx and soot
emissions combined with high efficiency.

“Homogeneous Charge Compression Ignition, cherry picks the
best traits from gasoline and diesel design – low emissions and
high efficiency, respectively.
The HCCI engine runs ideally as a combination of the two. Like
a spark ignition engine, its fuel enters the cylinder premixed with
air. The fuel is evenly distributed in the air – not concentrated
around the fuel injection nozzle – accounting for the
homogeneous part of the name; the mixture however is ignited
without a spark plug, as in a diesel engine. In engineering
jargon, this is a compression ignition.”
The New York Times – July 16, 2006 [12]

Conventional diesel combustion is mainly diffusion combustion, controlled by
the speed at which the fuel and oxidizer mix. Combustion starts at nearly
stoichiometric conditions, at the boundary of fuel-air mixing, and proceeds over
a wide range of fuel/air ratios from lean to rich. The formation of a flame front
results in high temperatures and accordingly high NOx-emissions. Furthermore,
since the flame surrounds the fuel rich areas, the soot formed in this region can
only be oxidized partially, resulting in high soot emissions [13, 14].
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HCCI combustion has the potential to reduce these high NOx- and sootemissions to gasoline-like emissions without losing the diesel-engine efficiency
[16-18]. The main concept is to complete the mixing of fuel and oxidizer before
auto-ignition occurs and burn the fuel in a lean and homogeneous state. The lean
combustion reduces the soot formation as well as the mean temperature and
therefore, the NOx-emissions. The homogenous state avoids soot formation from
locally rich zones and prevents local flame fronts with high temperature and
NOx-emissions, which might impede the total oxidation of any soot formed. The
absence of local flame fronts has been confirmed experimentally. As pointed out
by Yao et al. [15] and illustrated in Figure 6 [12, 13, 15], research with optical
diagnostics has shown that HCCI combustion initiates simultaneously at
multiple sites within the combustion chamber and proceeds as a distributed
volume reaction without a discernible flame front.

[a.u]

Figure 6 – averaged OH-intensity (12 cycles) of HCCI combustion (n-butane, λ=3) from [16]

7

Introduction
When applied to a gasoline engine, homogeneous charge compression ignition
(HCCI) - for gasoline also called controlled auto-ignition (CAI) combustion offers the potential for a noticeable improvement in fuel economy, while
producing engine-out NOx emissions that are as low as tail-pipe NOx-emissions
from a conventional spark ignition engine equipped with a three-way catalyst
[17]. The low combustion temperature, combined with the lean air/fuel ratio and
the absence of local hot flame fronts virtually eliminates NO x-emissions, and
lowers throttling losses, which leads to a significant boost in fuel economy.
These attractions are driving intensive HCCI development both in academia and
industry, but the problems are daunting [12]. The HCCI engine suffers from
several drawbacks such as the difficulty to control ignition, high levels of noise,
unburned hydrocarbon and CO-emissions and a narrow operating range. The
latter is limited to the low load side by ignition difficulties and incomplete
combustion leading to high unburned hydrocarbon (uHC) and CO-emissions and
reduced efficiency, and to the high load side by too high energy-release rates
with resulting high mechanical strain and noise as well as homogenisation
problems leading to hot NOx- and soot producing zones.
A particularly challenging problem with HCCI is the fact that the initiation of
combustion is decoupled from the injection or spark event. The ignition is
purely kinetically controlled and simply occurs whenever somewhere inside the
cylinder conditions favourable for ignition are reached. The latter of course
depends on the engine operating conditions, but also on the mixture formation
and most importantly the specific kinetics of the fuel. This lack of an external
initiator makes the HCCI process particularly challenging to control.
Several approaches have been suggested to achieve dynamic operation and to
broaden the working range of an HCCI engine [15, 17]. They are mainly
focussed on changing the conditions that induce ignition. Through the use of
high amounts of EGR (exhaust gas recirculation) for example, ignition can be
either advanced (hot EGR) or delayed (cooled EGR dilution). Also charge
stratification, i.e. the introduction of controlled inhomogeneities in the
temperature and composition of the HCCI charge, is considered a viable solution
to the difficulties mentioned above.
8
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Since ignition occurs by auto-ignition of the fuel/air mixture, the fuel chemistry
and hence choice of fuel will have a significant impact on both engine design
and control strategy as well [15]. Some chemical components have the ability to
inhibit or promote the heat release process during auto-ignition [15, 18],
whereas their physical properties can alter the mixture formation. Specifically
designed fuels and fuel properties can thus help to control the HCCI ignition.
Especially in view of the growing possibilities to tailor fuel properties almost at
which, the latter forms an interesting path to follow.
Prior research focused towards defining specific fuel requirements for HCCI
combustion however, has shown that the effect of the fuel on the combustion
process strongly depends on the operating conditions, such as the initial charge
conditions, engine load and speed [19-22]. Li et al. [20] reported that using
internal EGR, desirable auto-ignition timings can be achieved for a wide range
of fuels, e.g. gasoline and oxygenate fuels (methanol and ethanol); however, for
different fuels, different exhaust valve closure timings (or EGR rates) should be
used to obtain optimal performance. The selection of the fuel is further
complicated by the trend towards advanced fuel/air mixture strategies creating
controlled stratification. First of all, in addition to chemical kinetic
considerations, thermo-physical properties of the fuel relating to the two-phase
behaviour need to be considered. In the experiments of Dec et al. [21, 22] it was
further observed that the effect of the resulting charge inhomogeneities on the
ignition process depends on the fuel itself. Sufficient sensitivity to the charge
stratification was observed only for fuels that exhibit obvious two stage ignition
characteristics (cool flame heat release); while for single stage ignition fuels
(e.g. iso-octane) the auto-ignition is relatively insensitive to the local
equivalence ratio. To explore the potential of tailored fuels and eventually match
the fuel properties to the specific requirements of the HCCI engine operation, a
profound understanding of the ignition chemistry and especially its interaction
with the local charge conditions is hence required. Therefore, chemical reaction
mechanisms able to accurately predict ignition delay and heat release rates are a
prerequisite for further HCCI development.
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1.1 Objectives of this study
Of particular interest with respect to HCCI engine development are chemical
reaction mechanisms which provide enough detail to account for the interplay
between the fuel‟s specific ignition chemistry and the changing operating and
charge conditions, particularly during transient engine operation, while being
compact and computationally efficient enough to allow for extensive numerical
studies, investigating e.g. injection or control strategies. The level of detail
required depends on the application. If quantitative pollutant formation
predictions are desired, there‟s no way around detailed chemical reaction
models. In many applications, such as the development of engine control or
injection strategies focused on control of ignition and power output, no such
details are required and models accurately describing ignition delays and/or heat
release rates and some key intermediate species are more appropriate.
Especially for full boiling range fuels, for which at present no detailed reaction
mechanisms are available, a tremendous need for compact and computationally
efficient reaction models exist, as such global models allow to develop and
optimise e.g. injection strategies or control systems in an efficient way. In the
present study, two different approaches to auto-ignition modelling have
therefore been proposed, developed and extensively validated for HCCI
applications.
The first model involves an ignition integral calculation based on a 3-Arrhenius
correlation for the chemical ignition delay times; an approach which allows to
quickly assess the impact of engine operating conditions on the timing of both
first stage and main ignition. The second model is more elaborate, using 8
species and 7 reactions to describe the dynamics of the two stage ignition typical
for longer hydrocarbon fuels at HCCI conditions. It is therefore able to predict
the evolution of heat release, pressure, temperature and important species in
addition to both ignition delay times.
The basis for the model development was an extensive set of experimental shock
tube data, comprising first stage and main ignition delay times for a wide variety
of naptha and kerosene like fuels [23]. Both models proposed have been adapted
to model each of the investigated fuels. The performance and validity of the
10
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resulting models is tested first against the shock tube ignition delay data. In a
second step, the models are further validated for engine application by means of
comparison of the predicted pressure traces and rates of heat release to
experimental data from a passenger car engine at a wide range of operating
conditions with each of the fuels introduced above [24].
Furthermore, within the framework of a large cluster project funded by the
German Research Association FVV [25], this study seeks to assess (1) the
validity of the Cetane Number to characterise a fuel‟s suitability for HCCI
combustion and (2) the relevance of shock tube ignition delay measurements for
HCCI engine applications.
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Chapter 2 State of the Art
The concept of HCCI combustion is being investigated since 1979, initially for
gasoline applications, but - driven by the need to reduce diesel engine
emissions - from the mid-1990‟s also for diesel fuelled engines [15]. As
development progressed, several variations denoted by an even wider variety of
acronyms appeared. Although several of these „generalised‟ HCCI engines
nowadays use a direct injection to introduce the fuel, the main concepts remain a
high pre-ignition mixing rate to burn the fuel primarily in a lean and
homogeneous state and/or the use of large amounts of EGR to reduce the
combustion temperature. It is generally accepted that advanced injection and
fuel/air mixture strategies, such as charge stratification, are more important than
simple „homogeneous charge‟ to control HCCI combustion, especially for
diesel-fuelled engines [15, 26]. The resulting combustion mode is also referred
to as highly premixed or partially premixed compression ignition (HPCI or
PPCI), depending on the level of stratification. For gasoline-fuelled engines,
EGR control and active closed-loop feedback control is the main path to achieve
controlled HCCI combustion.
The advantages, disadvantages, challenges and difficulties, as well as the
different variations of the HCCI engine concept, have been extensively and
comprehensively reviewed in [15, 17], and are therefore not repeated here.
It might be interesting to note at this stage, that first prototypes using the HCCI
combustion mode already exist. Because of the limited HCCI operating range,
these prototype engines have been designed to switch between operating modes,
which has been made possible by significant progress in the development of
control systems. General Motors for example has recently presented the latest
version of its Saturn Aura HCCI prototype based on gasoline HCCI [27, 28];
Mercedes Benz is calling its technology Diesotto and have been previewing it in
the F700 concept [29], and also Volkswagen is developing both a gasoline
12
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HCCI engine (GCI) [30] and a Combined Combustion system (CCS) [31],
which combines homogeneous diesel and gasoline concepts and has been
demonstrated in a VW Touran.
To further improve HCCI engines and extend the range, within which one can
enjoy the HCCI economy and low emissions, a profound understanding of the
ignition chemistry and especially its interaction with the local charge conditions
is required. Numerical simulation has become a powerful tool to investigate this
interaction and develop control strategies for dynamic HCCI operation, mainly
because of its greater flexibility and lower cost compared with engine
experiments [15, 17]. An overview of the main modelling approaches applied to
HCCI engine modelling is given in section 1 below.
Since HCCI combustion is a strongly kinetically controlled process, its
development has boosted the development of chemical kinetic reaction models.
The evaluation of detailed reaction mechanisms for example has been extended
from small molecules such as CH4, C2H4 to higher hydrocarbon fuels such as nheptane, iso-octane, n-hexadecane (e.g.[32]) and increasingly complex fuel
mixtures including up to 5-7 different compounds (e.g [33], [34]) [15]. The
subsequent sections are intended to give an overview of the present state in the
development of chemical reaction mechanisms and an outline towards more
practical chemistry modelling approaches.

2.1 HCCI Engine Modelling
Pioneering research has established the dominant role of chemical kinetics in
HCCI combustion [35-37]. Circumscribing the central chemical kinetics,
different complexity levels can be found in literature for HCCI engine
modelling, as discussed in the following section [15]. Generally, engine models
can be classified by the number of dimensions they account for as zero-, quasior three-dimensional.

2.1.1 Zero-dimensional engine models
Zero-dimensional single-zone engine models are the simplest models in HCCI
modelling. In this type of models, the engine is treated as one perfectly stirred
reactor with variable volume and heat losses. Combined with detailed reaction
13
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mechanisms, such thermo-kinetic models can reveal the combustion mechanism
of HCCI combustion and predict the time of auto-ignition reasonably well. In
view of the dominant role of the kinetics, detailed reaction mechanism
investigation based on zero-dimensional models has therefore been one of the
cores of HCCI simulation research in recent years [15]. Though this approach is
very useful to compare the performance of several chemical reaction
mechanisms, and investigate trends in e.g. peak pressure or ignition timing with
changing operating conditions or mixture composition [13, 38], it suffers from
significant shortcomings in predicting the rate of heat release, the combustion
duration and emissions due to the assumption of strict homogeneity throughout
the combustion chamber [15].

2.1.2 Quasi-dimensional engine models
Some of the limitations of single zone HCCI models can be overcome by
performing multi-zone modelling instead. Zones in a multi-zone model mean
that the computational volume is divided in an arbitrary number of volumes [15,
38]. Every zone is treated as a perfectly stirred reactor and is initialised at e.g. a
different initial temperature and composition. A wide variety of multi-zone
models has been published in literature. Following Yao et al. [15], the main
differences between the models can be categorised as follows: the number of
zones, the kind of zones (e.g. adiabatic core zones, boundary layers, crevices
and mass exchange zones), and the type of interaction between zones (pressurevolume work, heat release, mass exchange). Since the zones in the multi-zone
model can represent crevices, boundary layers and core zones, the models are
also referred to as quasi-dimensional.
Previous investigations [13, 34, 35] conducted at the „Aerothermochemistry and
Combustion Systems Laboratory‟ (LAV) at the ETH Zurich for example
employed a multi-zone engine model with stochastic initialisation of the λ and
temperature zones, combined with a reduced n-butane reaction mechanism [38,
39], to investigate both passenger car engine as well as single stroke engine
HCCI experiments with n-butane – the smallest hydrocarbon showing two-stage
ignition behaviour. After calibration of the zone distribution and wall loss model
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parameters, good agreement between the predicted and measured heat release
and pressure evolutions could be shown.
A totally different way to deal with non-uniformity inside the combustion
chamber is the use of statistical reactor models. In this approach the nonuniform parameters are computed using a statistical distribution function
(probability density function or pdf), e.g. in [40, 41].
In contrast to zero-dimensional models, quasi-dimensional models hence
include, although not spatially resolved, the effects of crevices and colder zones
along the walls, which allows for good CO and uHC emission predictions provided a suitable calibration has been carried out. The key limitation of the
quasi-dimensional models is their inability to predictively describe stratification
or inhomogeneities in the residual gas fraction that are likely to exist in practical
applications [15].

2.1.3 Multi-dimensional engine models
As pointed out above and already stated by Yao et al. [15], quasi-dimensional
models are more sophisticated than then their single-zone counterparts because
they can represent the inhomogeneity present in the cylinder prior to
combustion. However, one difficulty is that realistic temperature distributions,
equivalence ratios and residual gas fraction values need to be specified for the
various zones at IVC.

Sequential CFD – Multi-zone modelling
In order to obtain some of the zonal resolution afforded by computational fluid
dynamics (CFD) and yet reduce the computational time required by detailed
kinetics calculations [15], a sequential CFD – multi-zone modelling approach
has been pioneered by Acaves et al. [37, 42]. In this hybrid approach, the CFD
code is used to evaluate the temperature and mixture distribution inside the
combustion chamber up to a transition point (a temperature limit of e.g. 700K
[34] or the ignition point [37]), whilst a multi-zone, thermo-kinetic code
computes the following combustion event. In the multi-zone chemical solver,
the CFD cells that have similar pressure, temperature and composition values or
15
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histories are grouped into a relatively small number of zones (10-100). The
chemistry is then solved for this small number of zones, instead of the large
number of cells typically used in CFD, with a much reduced computational cost
as result.
Typically, the different zones interact only through compression and expansion
work that occurs due to the pressure equilibration, e.g. in [37, 42, 43]. The total
volume of all zones is hereby constraint to the total engine volume determined
by the piston kinematics. The subsequent studies of Acaves et al. (e.g. [37, 44,
45]) and Puduppakkam et al. [34] show that a sequential CFD - multi-zone
model can predict the combustion efficiency, pressure traces and heat release
rates with good accuracy over multiple geometries, fuels and operating
conditions. Also trends in the uHC and NOx emissions are quite well predicted.
CO emissions however are typically underpredicted. Aceves et al. [44] resp.
Flowers et al. [45] showed that the latter emissions are very sensitive to zone
resolution and may be greatly influenced by the mixing and heat transfer during
expansion. Accurate CO emission predictions therefore require (1) a sufficiently
high number of zones accounting for the colder regions along the wall and in the
crevices (40 zones were found to give reasonable results [44]) and (2)
consideration of direct heat and mass transfer between the different zones, as is
done e.g. in [46].
As long as the air and fuel are well mixed in the cylinder and no significant
species stratification exist [37], the sequential CFD-multi-zone approach
discussed above can be applied. As pointed out by Aceves et al. [37, 45],
turbulence is likely to play a role on HCCI ignition, as turbulent temperature
fluctuations may be large enough to initiate local combustion in small volumes.
These effects can be accounted for by running the CFD simulation up to the
auto-ignition point. Once ignition occurs, however, the combustion is kinetically
controlled and direct turbulence/chemistry interactions play only a minor role.
Turbulence mainly influences combustion indirectly, by altering the temperature
distribution and the boundary layer thickness within the cylinder [15, 37]. By
accounting for these altered temperature distribution, Aceves et al. [37] for
example could explain the difference in the burn duration observed for a portfuel-injection engine operated with a flat and high turbulence square bowl piston
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respectively – without the need to consider a direct interaction between
turbulence and combustion.
The above approach may still be applicable to partially stratified engines, as
long as the level of stratification is relatively small. However, if strong species
stratification exists, turbulence plays a more direct role on combustion, as
discontinuities (such as flames) may exist that are convected and deformed by
turbulence [37]. Simulation of direct injection and strongly stratified conditions
therefore requires a full integration between a CFD and a chemical kinetics
code.

Fully coupled CFD and chemistry modelling
The coupling of the Chemkin Solver [47] and the KIVA CFD-code [48] via
direct integration for example enabled researchers to numerically investigate
HCCI-derived engines. Singh et al. [49] reported on the coupling of a
comprehensive n-heptane reaction mechanism (30 species and 65 reactions [50])
with KIVA-3V and presented an extensive validation based on in-cylinder
observations of liquid- and vapour fuel penetration, ignition, combustion, and
pollutant formation obtained from multiple imaging diagnostics in an optically
accessible, four stroke, direct injection, diesel engine. Jia et al. [51] successfully
used the same methodology to explore the influence of injection timing and
intake valve close timing on the performance and emissions of a diesel PCCI
(premixed charge compression ignition) engine. In general, such multidimensional CFD simulations have the highest potential for predicting realistic
results when the geometry of the combustion chamber is resolved in full detail,
in combination with a detailed chemistry approach to model the combustion
[15]. However, even with relatively coarse numerical meshes and reduced
chemistry mechanisms, as in the examples above, calculation times can become
unacceptably long [52]. Especially the simulation of direct injection engines is
computationally very expensive, as fine meshes are needed to achieve the
resolution required by the spray and mixing models [38, 52, 53].
Several approaches have been proposed in literature to reduce the computing
time spent on the chemistry calculations and hence limit the expense of e.g.
17
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engine design optimisation using CFD tools. For HCCI, a fully coupled model
based on the multi-zone models discussed above has been presented in [45] and
[52, 54]. As before, cells that have similar pressure, temperature and
composition are grouped into a relatively small number of zones, and the
chemistry is solved for this reduced number of zones instead of the large number
of cells typically used in a CFD simulation. In contrast to the sequential CFDmulti-zone approach discussed above, however, the multi-zone model
communicates with the CFD code at each computational time step, and the
composition of the CFD cells is mapped back and forth between the CFD code
and the multi-zone model [46]. Different methods have been suggested to
perform this mapping, typical examples can be found in [46], [52] and [54].

Figure 7 – Schematic illustration of the zone initialization in a coupled CFD - multi-zone
model from [46]

Alternative 3D-CFD modelling strategies which allow for inclusion of detailed
chemistry and suitable for the treatment of (partially) stratified combustion
include e.g. models based on extensions of the coherent flame model,
transported PDF methods for which a detailed review can be found in [55], as
well as presumed PDF methods such as Representative Interactive Flamelets,
e.g. [56] and Conditional Moment Closure, reviewed in [57].
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2.1.4 Engine cycle simulations
Engine simulations primarily evaluate the processes in the combustion chamber
during the time interval at which all valves are closed. Such simulations usually
start at inlet valve closure (IVC) and stop at exhaust valve open (EVO). This
means that initial values, such as mixture temperature, equivalence ratio and
residual gas fraction, which might be difficult to accurately define, have to be
specified at IVC [15]. To solve this problem, the aforementioned models can be
combined with engine cycle simulation codes that can predict the desired values
at IVC. These codes are often one-dimensional, predicting results for the
complete engine flow system from air intake to exhaust pipe. Since the results
are calculated for the complete engine cycle, gas exchange processes are
modelled as well. For a multi-cylinder engine, also gas dynamic effects in the
intake and exhaust manifold could be accounted for. A typical representative of
this type of engine cycle models is the commercial software GT-Power [58].
Following Yao et al. [15], the models presented in the literature differ mainly in
terms of the engine model implemented in the one-dimensional cycle simulation
code. In [34] for example, this approach has been employed to estimate the
initial conditions for a 3D-CFD simulation, using a single zone thermo-kinetic
engine model integrated in a one-dimensional full engine cycle code. 3D-CFD
simulation codes, such as Star-CD [59], also allow for a direct coupling of the
CFD-simulation with full engine cycle codes.
The chemical reaction mechanism or chemistry model employed inside each of
the previous modelling approaches can further vary from detailed reaction
mechanisms comprising a few hundreds of reactions, over skeletal and reduced
mechanisms to compact global or phenomenological models, as described in the
following section.

2.2 Chemistry modelling
“HCCI combustion of diesel-like fuels displays a peculiar twostage heat release.” Yao et al. [15] - 2009
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Heat Release Rate [J/°CA]

Although the HCCI engine combines aspects of both the conventional diesel and
gasoline engines, the combustion of diesel-like fuels, as investigated in the
present work, displays a very particular two-stage heat release, as shown in
Figure 8 [15]. The first stage of the heat release curve – also known as the cool
flame – is associated with low temperature kinetic reactions, while the main
combustion is controlled primarily by high temperature reactions. The transition
region between both heat release stages is denoted as the „negative temperature
coefficient‟ regime. In this NTC regime, the overall reaction rate decreases
though the in-cylinder temperature increases, leading to a lower reactivity and
hence heat release of the system [15, 60].
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Figure 8 – Typical heat release rate evolution from a HCCI combustion

The heat release of the cool flame relates to the cetane number (CN) of the fuel.
Szybist et al. [61] found that high CN fuels exhibited a strong low temperature
heat release (LTHR) event, whereas no LTHR was detected for fuels with CN ≤
34. Also for gasoline-like fuels (low CN), the heat release from low temperature
reactions is less compared with diesel-like fuels at the same conditions [15].
Depending on the fuel and the specific operating conditions, the cool flame heat
release can amount to 15-20% of the total fuel energy and thus has a significant
influence on the phasing of the main combustion [62]. For the HCCI combustion
of the diesel-like fuels investigated in the present work, the two-stage autoignition and low temperature chemistry is therefore of particular importance.
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2.2.1 Detailed reaction mechanisms
The auto-ignition chemistry of hydrocarbon/air mixtures has been the subject of
numerous experimental and theoretical studies and driven by the development of
the HCCI concept, comprehensive reaction mechanisms of increasingly complex
fuel mixtures have been compiled. The progress in the development of reaction
mechanisms for surrogate fuel components and fuel mixtures relevant for
gasoline and diesel combustion, as well as the availability of experimental data
for validation was reviewed in 2007 by Pitz et al. [63] and Farell et al. [64],
respectively. Pitz et al. [65] recently complemented the latter with a review of
more recent developments in the chemical modelling and experiments of diesel
surrogate fuels. A more in depth review on detailed chemical reaction
mechanisms for gasoline and diesel surrogate fuels can be found in [60], where
recent detailed gas-phase kinetic models with a focus on the low-temperature
oxidation and auto-ignition of the fuel components were assessed. Further also a
detailed comparison of the major models proposed in terms of considered
elementary steps and associated rate constants was presented. With respect to
kerosene combustion, Dagaut and Cathonnet [66] reviewed experiments and
recent achievements in the chemical kinetic modelling of various surrogates
used to represent kerosene.
In the following the current state in the development of chemical reaction
mechanisms is briefly reviewed. In view of the comprehensive review papers
discussed above, this section merely presents a survey on the availability of
detailed reaction mechanisms for relevant fuel components and mixtures, rather
than a detailed discussion of their combustion chemistry.
Though the composition of engine fuels is highly variable, the primary chemical
classes of the components present in gasoline, kerosene and diesel fuels are nalkanes, iso-alkanes, cycloalkanes, aromatics and to a minor extent also some
alkenes. For gasoline the carbon number of the components ranges
approximately from C5 to C10, for kerosene from C9 to C13 and for diesel from
C10 to C22 [63, 65, 66].
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N-Alkanes
Alkanes are by far the best-studied class of compounds for which reliable and
detailed chemical kinetics models for combustion exist [67]. In [60], BattinLeclerc concluded that the models proposed for alkanes containing from four to
eight carbon atoms can correctly reproduce most of the experimental autoignition data published in literature, apart from those obtained in very lean
mixtures or with highly branched compounds.
Detailed reaction mechanisms for n-alkanes from n-C8 up to n-C16 have been
developed only recently, e.g. [32]. This mechanism includes the low temperature
chemistry, which is essential for investigating low temperature combustion
strategies in diesel engines [65]. Together with previous work [3, 68], this
allows the simulation of all n-alkanes up to C16. For C10 and C12 alkanes in
particular, considerable progress has been reported in literature [65, 66], because
this carbon range is important for kerosene and jet surrogate fuels.
The modelling of alkanes in the carbon range from C15 to C20 has not been
much developed. A major factor is the lack of experimental data, since it is
difficult to keep these higher molecular weight fuels in the vapour phase in
fundamental experimental devices such as shock tubes [65].
Iso-Alkanes
Among the iso-alkanes, the gasoline reference fuel iso-octane is by far the most
studied, and several well validated iso-octane mechanisms are available (a
comparison of the performance of 5 prominent iso-octane mechanisms for HCCI
conditions can be found in [69]). Significant process has been made recently for
iso-cetane (heptamethylnonane), e.g. [70, 71]. Although iso-cetane is highly
branched and therefore not representative of the lightly branched iso-alkanes
contained in diesel [65], it plays a key role in the formulation of diesel
surrogates because of its use as reference fuel in the definition of the cetane
number.
Several models exist for the oxidation of iso-alkanes representative of those
contained in gasoline [60]. There is still a considerable gap in knowledge for
large iso-alkanes, particularly lightly-branched iso-alkanes that are more
representative of diesel fuels [65]. The latter is however being filled at rapid
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pace. Very recently, a detailed reaction mechanism for single methylated isoalkanes ranging from C7 to C20 has been submitted for publication [72], and a
mechanism for a similar series of di-methylalkanes is under development [73].
Cycloalkanes
At present, cycloalkanes comprise up to one third by weight of kerosene fuels
[66] and even more of diesel fuels [65]. And its fraction is expected to increase
as alternative fuels derived from e.g. oil sands come into use [60, 65]. There has
been considerable progress in the development of kinetic mechanisms for
cycloalkane and much new experimental data has become available. Apart from
a limited number of studies for the bi-cyclic decalin, modelling is limited to onering cycloalkenes bearing none or a single alkylgroup only (mostly cyclohexane
[74] and methylcyclohexane [75] and a few studies of cyclopentane, ethyl- and
propylcyclohexane), whereas cyclo-alkanes in diesel usually have multiple alkyl
side chains [60, 65]. Thus, there still is a need to examine higher molecular
weight cyclo-alkanes, especially since they are thought to play an important role
in soot formation [64].
Alkenes
Contrary to alkanes, there are only very few modelling studies of alkenes
representative of those included in engine fuels. A limited number of models are
available for straight chain 1-alkenes up till hexene, the most recent being the
mechanism of Mehl et al. [76] for linear pentene and hexene isomers. Models
for heptene or larger as well as for branched isomers are missing, and relevant
experimental data for validation is scare [60].
Aromatics
Numerous validated reaction mechanisms have been proposed for the oxidation
of pure benzene and toluene above 850 K [60, 65]. However, very few models
have been developed for mono-aromatics heavier than toluene [60]. A limited
number of mechanisms have been published for xylene (di-methylbenzene) [77,
78], for n-butylbenzene [79, 80] and one for tri-methylbenzene [81] .
The only polyaromatics for which chemical kinetic reaction mechanisms have
been recently developed is methyl-napthalene (e.g. [82]), which consists of two
fused aromatic rings bearing a single methyl side chain. The latter naphthalene
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is considered as a model molecule for the polyaromatic fraction of diesel fuels
[60]. Very recently a reaction mechanism has been proposed for the napthoaromatic compound indane, which consists of an aromatic six ring fused with a
saturated five ring [83]. The latter has been validated for indane-methane
mixtures [83] in a low-pressure flame and for indane in a jet stirred reactor [84],
obtaining satisfactory agreement with the respective experimental data.
Oxygenated compounds
With the increasing importance of biodiesel as a blend stock in diesel fuel
worldwide [6, 65], oxygenated compounds such as alcohols and esters have
gained in significance. This explains the tremendous progress in the
development of the respective reaction mechanisms.
The first biodiesel-like ester to receive significant kinetic modelling attention
was methyl butanoate (MB) [85], which was expected to be the smallest ester
exhibiting the NTC characteristics of biodiesel-esters with longer chain lengths
[65]. There have been a number of studies on MB [86-88] and similar esters, e.g.
mono-unsaturated MB [89]. The finding of Dooley et al. [86] that MB actually
does not exhibit the NTC behaviour that was originally expected, however, has
spurred the development of kinetics for esters with longer aliphatic chains that
are more representative of the compounds present in biodiesel fuels produced
from common feedstock [65]. A significant amount of attention has been
focused on methyl decanoate (MD) [90], a methyl ester with a C10 alkyl chain
and also for methyl octanoate [91], a mechanism has been proposed. Recently,
the EXGAS software [92], which automatically generates reaction mechanisms,
has been extended to address the ester chemistry. The resulting detailed reaction
mechanisms have been successfully validated for methyl hexanoate, methyl
heptanoate and methyl decanoate [93]. This year, a detailed chemical kinetic
mechanism is emerged for the five major components of soy biodiesel and
rapeseed biodiesel fuels [94]. These components, methyl stearate, methyl oleate,
methyl linoleate, methyl linolenate, and methyl palmitate, are large methyl ester
molecules, some with carbon-carbon double bonds. It is worth nothing that
nearly all of the kinetic models of methyl ester fuels larger than methyl
butanoate have been developed in the past 5 years, demonstrating the present
rapid rate of progress possible in the development of reaction mechanisms [94].
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Surrogate mixtures
Surrogate mixtures are mixtures of components used to represent the real fuel
whose behaviour one desires to model [65]. Depending on the application, the
surrogate is required to match the target fuel not only with respect to the
chemical properties, but also on physical properties such as volatility (boiling
range and flash point) and sooting tendency [64]. According to the latest review
of Pitz et al. [65], a great deal of attention is given to the latter and the sooting
tendency of several components and mixtures has been investigated in detail.
From a chemical point of view, the behaviour of multi-component fuels is more
complicated than single component fuels because species produced from one
component can interact with species from another component [65]. Following
Battin-Leclerc et al. [60], there are two main theories concerning the interaction
between different fuel components during the oxidation of mixtures:
1. The first one suggests that chemical interactions between the fuel
component are limited to an effect on the common pool of free radicals.
2. The second theory considers „cross-term‟ reactions to account for a
possible fuel interactivity.
In mixtures containing alkanes or alkenes, co-oxidation between reactants was
found to occur quasi-exclusively via the radical pool [60]. For more exotic
mixtures containing e.g. aromatics, however „cross-reactions‟ could be of
importance and these interactions need to be quantified and accounted for to
accurately simulate the behaviour of practical fuels.
While kinetic reaction mechanisms for gasoline surrogates have first been
restricted to primary reference fuels (PRF), these last years, numerous models
for a widening range of mixtures have emerged [60]. A recent example is the
five component gasoline surrogate mechanism of Andrae et al. [33] consisting of
n-heptane, isooctane, toluene, ethanol and diisobutylene. The mechanism was
validated against shock tube ignition data from [95] and successfully applied to
HCCI engine experiments to explain the differences in the auto-ignition
chemistry of the fuel mixture as the operating conditions change.
For keresone, n-decane was found to be a suitable surrogate, as long as the
formation of aromatics and soot prediction is not an issue. To address the latter,
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several mixtures with an additional aromatic (toluene or higher) and/or cycloalkane have been proposed. An overview of these models can be found in [66].
With the rapid increase in the development of reaction mechanisms for heavier
hydrocarbons, the last few years have also seen the emergence of a number of
models for diesel surrogates (see [65]). Ra et al. [96] for example recently
proposed a reduced multi-surrogate fuel chemistry with 113 species and 487
reactions for the oxidation of n-heptane, iso-octane, n-tetradecane, toluene,
cyclohexane, dimethyl ether (DME), ethanol and methylbutanoate (MB)
mixtures. The mechanism was validated with measurements from shock tube
tests, HCCI and direct injection engine experiments available in the literature,
which demonstrated the mechanism‟s reliable performance for combustion
predictions.
By implication, detailed reaction mechanisms aim to include all of the important
elementary steps for a given reaction system [81]. While detailed kinetic
mechanisms are therefore valid over a wide range of thermodynamic conditions,
the number of species and reactions included has „exploded‟ as progressively
larger molecules are considered. Figure 9 reprinted from Lu et al. [97], shows
the size of more than 20 detailed and moderately reduced skeletal mechanisms
for hydrocarbon fuels of various molecular weight compiled over the last two
decades. Several observations can be made here, the most important being that
the number of species and reactions increase with the size of the molecule,
roughly in an exponential trend. Specifically, it is seen that while typical
mechanisms for C1 and C2 species consist of less than about a hundred species,
those for realistic engine fuel components consist of hundreds of species and
thousands of reactions [97]. The latter has important implications for the
modelling of multi-component fuels, which contain a multitude of fuel
components.
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Figure 9 – Size of selected detailed and skeletal mechanisms for hydrocarbon fuels, together
with the approximate years when the mechanism were compiled. (Figure reprinted from [97])

2.2.2 Reduced and lumped reaction mechanisms
The trend towards increasingly more accurate and even more detailed reaction
mechanisms pointed out above is countered by the need to embed chemical
mechanisms in computational fluid dynamic codes in order to study the
interaction between combustion and flow fields found in real combustion
engines. As discussed in section 2.1.3, the present limitations of computer
hardware do not allow the incorporation of a full detailed mechanism, especially
not when turbulent phenomena are present. Therefore, some approximations
have to be made, which allow the size of the mechanism to be drastically
reduced [98].
Generally, two main philosophies towards „small‟ reaction mechanisms sizes
can be distinguished. On the one hand, the mechanism size can be systematically
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reduced by progressively removing and/or lumping reactions and species until a
smaller mechanism still capable of describing the desired process is formed. On
the other hand, models of very low dimensionality can also be built up using a
bottom-up approach: reactions deemed to be important are added until the
mechanism adequately describes the process of interest (in this work HCCI
auto-ignition). The latter is usually done in a rather empirical way [99],
wherefore this type of mechanisms are classified as empirical and hence
discussed in the next section. Both types of models are only valid for the
conditions considered in the reduction resp. built up analysis.
Various techniques have been developed to systematically reduce detailed
mechanisms to a subset of dominant reactions. Following Lu et al. [97], the
numerous methodologies developed can be divided into the following major
categories:
 Skeletal reduction through elimination of unimportant species and
reactions by means of techniques such as sensitivity analysis, principal
component analysis, computational singular perturbation (CSP) and
directed relation graph (DRG).
 Lumping through combining similar species and reaction pathways such
that the number of variables to be tracked is reduced.
 Time-scale based reduction using approaches like quasi-steady-state
analyses (QSSA), low dimensional manifold (ILDM) or CSP.
 Stiffness reduction using on-the-fly reduction strategies, in which the
reaction mechanism size is reduced during the flow calculation, so that at
each time and location in the computational grid, the minimal mechanism
size valid for these local conditions can be used.
An alternative to reducing the size of the mechanism is to save computational
time by pre-calculating the chemistry and using look-up tables [65]. These
methods and others have been reviewed recently by Lu et al. [97, 100], a brief
overview can also be found in [65].
Finally, an additional promising mechanism reduction methodology is the
functional group method presently being developed at LLNL [73], in which
reactions are constructed for functional groups rather than full scale molecules.
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Especially for large diesel range components, this approach could offer
substantially reduced mechanism sizes.

2.2.3 Empirical mechanisms
Despite the substantial progress in the development of reaction mechanisms for
multi-component fuels, modelling of full range boiling fuels, as available from
the refinery still remains challenging:
 Not only are the kinetics of especially the larger fuel components not well
determined, but the chemical interactions among them are not fully
understood [33, 63, 96].
 As pointed out by Pitz et al. [63], Farell et al. [64] and more recently Ra et
al. [96], the reaction mechanisms currently developed are typically too
large to be utilized effectively in CFD calculations, in spite of the
reduction techniques explained above, especially if parametric studies are
envisioned.
As a result, a number of empirical or global reaction schemes which retain the
essential features of the ignition process, but with substantially improved
computational efficiency in terms of both memory usage and CPU time have
been proposed in literature, e.g. [69, 99, 101-110] which will be discussed
below. Aim of these models is to represent experimental data in the simplest
way possible. Purely empirical fitting methods are possible, but the robustness is
improved considerably by incorporating some chemical concepts [81].

Shell and derivatives
A significant milestone in the development of global reaction mechanisms is the
model of Halstead et al. [102, 103], which became well known as the „Shell
model‟. This generalised model was used to study the auto-ignition behaviour of
various hydrocarbon fuels under engine–like conditions in a rapid compression
machine. The model comprises five species and eight chemical reactions, with
kinetic parameters fitted empirically. Its simplicity has resulted in an increase in
its popularity during the past three decades. Consequently, it is widely used in
various CFD applications [59, 111-114] and has been extended with further
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developments. Patel et al. [50] and Stegemann et al. [115] for example extended
the Shell auto-ignition model to multi-component fuels, whereas Struckmeier at
al. [114] have modified it for application to heavy fuel oil.
Based on the Shell model, significant progress was made in the development of
a priori reduced reaction mechanisms [60] (to be distinguished from the a
posteriori reduced mechanisms discussed above) such as the models of Cox and
Cole [104], Hu and Keck [106] and the unified one of Griffiths et al. [116] . As
in the Shell model, the reactions involve globalised species [60] (alkanes were
represented by RH, all alkyl radicals by R•, all peroxy radicals by ROO•, etc.),
are however reformulated in terms of elementary steps.
Li et al. [99, 117] further developed the Hu and Keck [106] auto-ignition model,
by accounting for the oxidation of aldehydes, olefins, carbonyls as well as by
including CO formation mechanisms to improve the heat release and fuel
consumption agreement. This pre-ignition model was further extended by Zheng
et al. [118] to simulate the entire combustion by incorporating the high
temperature reactions from Griffiths unified model [116]. The model was aimed
at HCCI applications and consists of 69 reactions and 45 active species.
The empirical models discussed up till this point, represent the fuel as a single
molecule, with its own fuel specific rate parameter. Changes in the fuel blend
hence require the determination of a new set of rate parameters for the fuel
specific reactions. Tanaka et al. [107] extended the Hu and Keck model [106] to
produce a model in which the chemistry of n-heptane and iso-octane is included
separately, allowing arbitrary PRF blends to be modeled [119] without
modification of the rate constants.
Based on the Tanaka model [107], Tsurushima et al. [108] recently developed a
very compact PRF mechanism for HCCI combustion, consisting of 33 species
and 38 reactions. The main modifications were consideration of intermediates,
olefins and aldehydes, and consideration of beta-scission of alkyl radicals in
parallel to the low-temperature reactions. The results showed good agreement
with the experimental data from both shock tube experiments as well as gassampling experiments in an HCCI engine, including a good qualitative
agreement of the intermediate species histories (olefins, aldehydes and CO).
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Also based on the mechanism of Tanaka et al. [107], Jia et al. [69] recently
proposed a chemical kinetic mechanism for the oxidation of iso-octane in HCCI
engines, comprising of 38 species and 69 reactions, whereas Kirchen et al. [120]
proposed a PRF reaction mechanism based on a combination of the mechanisms
of Tanaka et al. [107] and Zheng et al. [118] consisting of 58 species and 120
reaction. These last few kinetic models are particularly well detailed for so
called „built-up‟ reaction mechanisms and can compete in size and accuracy
with some of the systematically reduced reaction mechanisms. This type of
models is therefore often classified as reduced rather than empirical mechanism.

Müller, Schreiber and derivatives
Aiming for brevity, Müller et al. [109] introduced a kinetic mechanism
comprising four global steps and four “lumped” species. The developed
chemical scheme examines n-heptane ignition and was able to reproduce the
characteristic low temperature „S‟ shaped ignition delay vs. temperature
behavior. It, however, could not model true Negative Temperature Coefficient
(NTC) behavior (increasing ignition delay for increasing temperature) due to the
lack of chain branching species and thermal dependency of the model [98, 121]
In an attempt to resolve this deficiency, Schreiber et al. [110] introduced a 5step model that successfully reproduces ignition delay times for iso-octane, nheptane and their mixtures under stoichiometric and near stoichiometric
conditions with no EGR. The model was optimized for HCCI applications in
[122] and has recently been extended by Zheng et al. [101] to allow predictions
of CO, CO2 and H2O formation and improve the description of the transition
stage from the low to the high temperature regime. The resulting 7-step reaction
scheme successfully predicts main ignition timing and overall HCCI behavior at
different operating conditions. In [123], it has further successfully been applied
to describe the oxidative phenomena encountered in a „stabilised cool flame‟
reactor. However, in spite of cool flame heat release prediction being a primary
goal of the study, it was concluded in [101] that the 7-step model does not
predict the discrete heat release and temperature jump due to first stage (cool
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flame) ignition as experimentally observed. First stage ignition delay times are
further also rather poorly predicted.
Empirical models are typically considerably smaller than can be achieved by the
reduction of a detailed reaction mechanism and therefore require considerably
less computation time. Their range of validity, however, is often limited and
extrapolation outside the range of conditions over which they were developed
should be done with precaution. An important advantage, however, is the
possibility of empirical, in particular global, reaction models to produce a
scheme for practical fuels and fuel mixtures for which detailed reaction
mechanisms are not known yet.

2.3 Conclusion
Because of the dominant role of chemical kinetics in HCCI combustion, the
research on HCCI and „generalised‟ HCCI concepts has strongly motivated the
development of detailed chemical reaction mechanisms and significantly
contributed to expanding the present knowledge on the auto-ignition and
combustion chemistry of practical engine fuels.
During recent year, detailed reaction mechanisms for increasingly large and
complex molecules such as n-hexadecane, iso-cetane or methylesters have come
available. With the increasing molecule size, the number of species and
reactions included in a detailed reaction mechanism has „exploded‟, easily going
up to thousands of species and ten thousands of reactions. This increase in
mechanism size has in turn spurred the development of more accurate and
especially more efficient mechanism reduction strategies.
The large size of the reaction mechanism and the fact that HCCI and especially
„generalised‟ HCCI concepts such as premixed charge compression ignition
(PCCI) and low temperature combustion (LTC) simultaneously manifest
characteristics of both premixed and diffusion type combustion, has challenged
the present CFD-chemistry coupling methodologies and stimulated an increased
effort in the further development of e.g. fully coupled CFD and multi-zone
chemistry modelling.
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Despite the significant process in mechanism development, reduction and CFDcoupling strategies, empirical models, fitted to either experimental data or a
detailed chemical model, will continue to have their application. On the one
hand, these models, although often limited in applicability, are typically smaller
than can be obtained by the reduction of a detailed mechanism and therefore
require considerably less computation time. More important is the possibility of
these models to produce a scheme for practical fuels and fuel mixtures for which
detailed reaction mechanisms are not known yet.
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Chapter 3 Experiments for
model development and
validation
Results of two different experimental set-ups have been used in the present
study. Basis for the model development are the shock tube experiments
presented in section 1, whereas the single cylinder engine experiments presented
in section 2 are employed to assess the performance of the developed models for
engine applications. Both these sets of experiments have been conducted within
the framework of a large cluster project [25] using the same extensive set of
fuels discussed in section 3.

3.1 Shock Tube Experiments
The shock tube data in the present work stems from a high pressure heatable
shock tube at the „Institut für Verbrennung und Gasdynamik‟ (IVG), University
Duisburg. Figure 10 shows a schematic of the setup from [2], where a more
detailed explanation of the experimental facility can be found. Additional
specifics can be found in [124].
The shock tube has a constant inner diameter of 90 mm, is 12.5 m long and
composed of a driver and driven section separated by an aluminium diaphragm.
The fuel/air mixture under investigation is prepared in the driven section;
whereas the driver section is filled with a specifically tailored Ar/He driver gas
enabling measurement times up to 15 ms. The sudden burst of the diaphragm
creates a shock wave, which propagates through the test gas mixture (incident
shock wave), and undergoes reflection at the end of the driven section (reflected
shock wave). The passing of both the incident and reflected shock wave
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Figure 10 – Schematic overview of the high-pressure shock tube facility at IVG, Duisburg
[2]

compresses the homogeneous fuel/air mixture almost instantaneously to its
initial test conditions.
The measurement section is located 15 mm upstream of the end flange. It is
equipped with two quartz windows, one piezo-electric pressure transducer, and a
sampling port for gas analysis with gas chromatography / mass spectrometry
(GC/MS). The ignition process is recorded by measuring the band radiation of
CH* chemiluminescence at 431 nm (via an optical fiber and an interference
filter at 430 nm (FWHM 10 nm) using a Hamamatsu 1P28 photomultiplier
tube), as well as by measuring the broadband emission of formaldehyde
(CH2O*) with a second photomultiplier with higher gain in the 400–450 nm
wavelength interval. Additionally, the ignition process is observed via the
pressure trace obtained from the piezo-electric pressure transducer in the
measuring plane.
For most hydrocarbon fuels larger than C4, at temperatures below about 900K,
ignition is a two-stage process. The principle to determine the corresponding
first and second stage ignition delays from the measured CH*, CH2O*, and
pressure signals is illustrated in Figure 11 for a n-heptane/air mixture. The
pressure trace shows a two-step increase due to the incident (1) and reflected (2)
shock wave, followed by a plateau. The actual ignition delay measurement starts
at the end of compression, and hence after the passing of the reflected shock
wave, indicated by the time t = 0.0 ms.
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Figure 11 – Typical pressure, CH*- and CH2O*-emission profiles during two-stage ignition
of an n-heptane/air mixture. Test gas conditions: φ = 1, 30% EGR (N2), 773 K, 36.6 bar

Both ignition delay times are detected as follows:
 The first stage of ignition proceeds via pre-ignition reactions resulting in a
first onset of heat release, the so-called cool flame. Experimentally, this
phase is observed as a slight increase in the pressure and can be detected
from the distinct increase in the CH2O* intensity signal. The first-stage
ignition or cool flame delay time τcf is therefore defined as the time till the
zero-crossing of the tangent to the CH2O*-signal.
 Depending on the initial T, this first stage of ignition is followed by a
short period of little reactivity before the final ignition occurs. This
second stage of the ignition is marked by a significant heat release and
accompanying pressure increase and can be detected experimentally from
the sudden increase in CH* or OH* chemiluminescence signal. The
second stage or main ignition delay time τ was defined in the presented
experiments as the time till the zero-crossing of the tangent to the CH*signal, as shown in Figure 11.
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This two stage ignition behaviour is also the main cause for the existence of a
region in the Arrhenius plot, where the gradient with respect to the inverse
temperature is negative. This behaviour is reflected in Figure 12 and was
observed – more or less pronounced – for each of the fuels investigated in the
present work.

Figure 12 – Measured [125] and computed [108] ignition delays of stoichiometric nheptane/air mixtures for selected pressure conditions. Figure from [108]

3.1.1 Operating conditions & Experimental data
The set of shock tube conditions measured is representative for the in-cylinder
conditions at the HCCI ignition timing and typical for both passenger and heavy
duty engines. An overview of these conditions is given in Table 1, where EGR
should be understood as an additional amount of N2 in the shock tube test gas,
mimicking the dilution effect of real engine EGR. The equivalence ratio φ is
defined as    m fuel mair   m fuel mair stoich . The experiments were carried out in
synthetic air containing 79.5% N2 and 20.5% O2.
Table 1 – Test conditions for the shock-tube experiments

p [bar]
20
40
65
40
40
40
40

φ 
0.67
0.67
0.67
0.5
1
0.67
0.67

EGR [%]
30
30
30
30
30
0
50

T [K]
700–900
700–1100
750–1050
700–1000
700–1000
700–1000
700–1000
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Since the test temperature and pressure result from the passing of both the
incident and reflected shock wave, they typically fluctuate around the target
conditions set. The post-reflected temperature and pressure have therefore been
computed during the experimental data processing by the „Institut für
Verbrennung und Gasdynamik‟ (IVG) in Duisburg from the measured incident
shock velocity, its attenuation and the initial filling temperature and pressure,
using a one-dimensional shock tube model (CHEMKIN [47]) and are given in
Appendix C along with the corresponding ignition delay times. The estimated
uncertainty on the reflected shock tube temperature, because of uncertainties in
the measurement of the fuel composition, the incident shock velocity and preignition pressure rise effects as discussed in [2, 23, 126], is in the 1-3 % range.
As two-stage ignition behaviour was observed for each of the fuels investigated
in this work, the full ignition delay data set consists of first stage and main
ignition delays for each of the conditions above and the 6 widely varying fuels,
discussed in section 3.

3.2 Engine experiments
The engine experiments were conducted at the „Institut für
Verbrennungsmotoren und Kraftfahrwesen‟ (IVK), University of Stuttgart and
performed on a Mercedes OM646 Evo passenger car engine, which has been set
up on a single cylinder test bench. A schematic overview of the set-up is given
in Figure 13; additional specifics can be found in Table 2a-b and [24, 127]. To
limit the deviation of the inlet temperature T2 to ± 0.5°C, both the air and EGR
paths are carefully conditioned, more detailed information about this
conditioning can also be found in [24].
Table 2a – Engine Specifications

Engine
Type
Displacement
Bore
Stroke
Connecting Rod
CR
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Mercedes OM646 Evo
537 cm3
88 mm
88.4 mm
147 mm
16.7
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Table 2b – Engine Specifications
Inlet
28.7 mm
9.22 °
7.9 mm
10.0 °CA before TDC
52.5 °CA after BDC

Valves
Diameter
Angle
Max. Stroke
Valve opening
Valve closing

Exhaust
26.2 mm
9.98 °
7.9 mm
38.6 °CA before BDC
23.9 °CA after TDC

Single Cylinder - Test Bed - HCCI

el. heated
catalyst

heated
damping
barrel

MAF

EGR-cooler 2
EGR-valve

T2

EGR-cooler 1
p3

exhaust emission
measurement device

heating
tape
Atomizer

p2

exhaust
damping
barrel

smokemeter

fuel
pump

AVL FUEL
BALANCE

supercharger
0 -3 bar (rel.)

coolant

oil

exhaust counter
pressure controll

fuel

Figure 13 – Schematic overview of the single cylinder test bench [24]

Table 3 – Specifications of the fuel injector

Injector
Type
Part Number
Nozzle type
Hole diameter
Hole angle
Max. Rail Pressure
Effective Rail Pressure
Injection rate

Common Rail, CRI 2.2, Solenoid
0445 110 238
7 hole, mini-sac
0.136 mm
153°
1600 bar
~ operating condition (see Table 4)
- n-heptane flow rate 820 g/min @ 3 bar
- documented in [128] for several fuels and conditions
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To allow for experiments with a widely varying degree of homogeneity, the
engine was equipped with two different injectors. The partially homogeneous
experiments are conducted using a central direct fuel injection, with a 2nd
generation solenoid valve injector from Robert Bosch AG; the specifications of
which are given in Table 3.
The nearly perfectly homogeneous experiments on the other hand, have been
performed using a port injection with a fuel vaporizer. The latter port injection
system – further referred to as atomiser – is located 20 cm upstream of the inlet
ports. The atomiser consists of a directly heated capillary (see Figure 14), in
which the fuel changes its state of aggregation from liquid to gaseous. The
formed vapour exits the atomiser into the intake manifold and condenses there
almost immediately to an aerosol. This very finely distributed fuel aerosol
follows the air flow almost inertia-free. Wall wetting can thereby be completely
avoided, which has been proven during various measurement series. It also leads
to a nearly perfectly homogenous fuel/air charge at inlet valve closure. The very
high surface/volume ratio of the aerosol further provides excellent conditions for
evaporation during compression.

fuel inlet
+

thermocouples

ceramic block

–

orfice
aerosol

Figure 14 – Schematic overview of the fuel atomiser [127, 129].

3.2.1 Operating Conditions
The operating conditions investigated are summarised in Table 4 below. The
load is only indicative, as – to improve the comparability of the different fuels –
an operating strategy with constant injected fuel energy instead of constant
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indicated mean effective pressure (IMEP) has been adopted. Using classical
diesel fuel, the injected energy necessary to obtain a certain target load in the
conventional diesel combustion regime has been defined (third row in Table 4).
For each load point and for all fuels, this injected amount of energy is then kept
constant throughout all intake temperature, SOI and EGR variations; this, by
modifying the injection duration from fuel to fuel.
The values for the intake, exhaust and rail pressures are taken from the engine
operating map and kept constant for each load point as well. Boundary
conditions such as intake temperature (Tin) and start of injection (SOI) are
widely varied as indicated in Table 4 and for each (load, Tin, SOI) - combination
an EGR sweep has been performed. The minimum EGR-rate is defined by the
upper limit on the pressure gradient which the engine can safely withstand; in
this case it has been taken equal to 10 bar/°CA. Starting from this lower limit,
EGR was added progressively until the combustion became unstable and/or the
CO and uHC emissions exceeded the measurement range of the exhaust gas
analyser.

Table 4 - Operating conditions investigated in the present study
Load Point
RPM
Energy Injected
pintake
Poutlet
Rail Pressure
Tin
SOI
EGR

2 bar
1/m
J/cycle
mbar
mbar
bar
°C
°CA b.TDC
%

4 bar
6 bar
2000
358
536
822
1093
1193
1263
1263
1363
1513
720
800
950
40, 60, 80
15, 20, 15, 55 & Atomiser
0-65

3.2.2 Experimental data
The experimental data consists of time resolved pressure signals recorded at
1°CA intervals and the corresponding temporal heat release rate and temperature
evolutions obtained from a standard single-zone pressure trace analysis, for each
condition averaged over 300 engine cycles. In addition to these profiles, the
engine out emissions of CO2, CO, NOx and unburned hydrocarbons (uHC) have
been measured; for details see [24].
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The EGR rates indicated in the experimental data sets correspond to the amount
of external EGR and hence slightly deviate from the actual amount of EGR
present in the combustion chamber due to trapped residuals.
When testing with the kerosene 2 fuel, pressure fluctuations inside the atomiser
system occurred during heating. These fluctuations are related to the fuel
composition and made reliable testing using the atomiser with kerosene 2
impossible. The experimental data set therefore includes only a very limited
number of data points for the kerosene 2 atomiser measurements.

3.3 Fuels investigated
Within the framework of the FVV project „Kraftstoffkennzahlen‟ [24, 25], ten
strongly differing fuels have been investigated, the properties of which have
been selected to cover a wide range of cetane number, boiling ranges and
chemical compositions. Especially the inclusion of different fuel components
such as alkanes, cyclo-alkanes or aromatics was considered, in order to
investigate their influence on the HCCI ignition process. The fuels are composed
of the classical petroleum derivates, but deviate from the typical market fuels
since they are blended in the refinery to match all target properties as close as
possible. To meet all specifications, especially with respect to the CN and
boiling ranges, small deviations from the target composition were necessary.
Therefore, an a posteriori evaluation of the exact fuel composition using gas
chromatography / mass spectrometry was carried out. In the composition
analysis, branched alkanes with the same number of C-atoms have been grouped
with the corresponding linear alkane. All cyclo-alkanes are grouped together and
in further calculations represented by cyclo-alkane, the main component within
this chemical class.
Because of problems with severe deposits, the four diesels defined within the
cluster project could not be investigated in the shock tube and hence the
modelling and validation in this study is restricted to the six remaining fuels,
namely n-heptane, two naptha-like fuels (naptha 1 and 2) and three kerosenelike fuels (kerosene 1, 2 and 3). An overview of their composition and properties
is given in Table 5.
42

Experiments for model development and validation
Table 5 - Overview of the composition and properties of the fuels investigated
(GC/MS Analysis University of Duisburg-Essen, Fuel Analysis Shell)
Fuel
heptane
kg/m³
683
Density (25 °C)
56
Cetane Number
0.44
C/H-ratio
44.57
Lower Heating Value MJ/kg
Boiling Range
Initial Boling Point
°C
98
5 % vol rec.
°C
98
10% vol rec.
°C
98
20 % vol rec.
°C
98
30 % vol rec.
°C
98
40 % vol rec.
°C
98
50 % vol rec.
°C
98
60 % vol rec.
°C
98
70 % vol rec.
°C
98
80 % vol rec.
°C
98
90 % vol rec.
°C
98
95 % vol rec.
°C
98
Final Boiling Point
°C
98
Composition

naptha 1 naptha 2
720.1
734.9
35.4
48.2
0.46
0.47
44.37
44.23
87.0
97.3
101.1
104.5
108.3
112.1
116.5
120.9
128.3
135.2
144.8
149.8
157.7

92.2
112.2
115.0
118.0
120.5
122.8
127.1
132.6
139.3
146.5
155.2
161.5
178.1

kero 1
802.7
38.4
0.52
43.26

kero 2
761.9
50.3
0.47
43.87

kero 3
773.1
44.2
0.53
43.64

153.3
159.0
159.9
165.2
167.4
169.1
172.2
176.0
181.6
194.0
241.6
257.0
275.2

150.2
156.1
157.1
161.0
162.3
163.6
165.1
166.8
169.1
172.8
235.1
308.3
315.0

158.7
166.0
167.2
169.4
171.7
174.3
176.7
179.8
183.0
187.7
195.4
209.7
212.1

Branched alkanes with the same number of C-atoms have in the analysis been grouped with the corresponding
linear alkane, except for naptha 1 and 2 for which both fractions are identified separately (n-alkanes/iso-alkanes)

Hexane - C6H14
Heptane - C7H16
Oktane - C8H18
Nonane - C9H20
Decane - C10H22
Undecane - C11H24
Dodecane - C12H26
Tridecane - C13H28
Nonadecane - C19H40
Cyclo-alkane
Toluene
Napthalene
Methyl-Napthalene
Ethyl-Napthalene

wt %
wt%
wt%
wt%
wt%
wt%
wt%
wt%
wt%
wt%
wt%
wt%
wt%
wt%

100
-

0.8/0.5
6.5/12
2.1/24.7
1.8/0
29.3
-

6.8/3.3
7.7/7.3
20/0
8.2/0
46.7
-

0.4
8.4
24.5
2.7
51.9
0.4
2.0
7.1
3.1

1.3
1.8
7.8
42.4
10.4
5.9
31.2
-

0.4
11.0
40.2
18.7
8.9
0.3
0.4
20.1
-
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Chapter 4 ‘3-Arrhenius
model’
The first auto-ignition model proposed is based on the ignition integral concept.
Such integral models allow to quickly assess the impact of changing operating
conditions on the engine ignition timing using the empirical integral relation:
tign

1
  dt  1
 
SOI


t
where

tSOI is

the time of start of injection, tign the engine ignition time, and τ the

ignition delay at the pressure, temperature and mixture composition conditions
pertaining in the engine at time t. The applicability of such models crucially
depends on the correlation used for the description of the ignition delays τ,
typically measured in a constant-pressure and temperature environment.
For non-homogeneous ignition situations, as found e.g. in spray combustion
chambers, numerous investigators correlated their ignition delay data to
temperature using a single Arrhenius expression applicable throughout the entire
domain (An overview can be found in [130]). Under homogenous conditions, as
prevail in HCCI engines, however, the two stage ignition and NTC phenomena
are of particular importance and hence should be accounted for. To this end, the
ignition delay times τ are in this work described using a 3-Arrhenius model, the
development of which is documented in section 1.
Section 2 subsequently discusses its application to predict engine ignition delays
using the ignition integral. Finally, in section 3, the model has been applied to
elucidate the correlation between fuel composition and ignition behaviour and to
investigate the suitability of the cetane number to describe a fuel‟s auto-ignition
behaviour for HCCI applications.
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4.1 Development and fuel parameterization
4.1.1 The 3-Arrhenius model
As its name suggests, the 3-Arrhenius model employs three Arrhenius
expressions to describe both first- and second-stage (main) ignition delay times
as a function of the initial shock tube conditions. It is based on a 3 Arrhenius
correlation previously proposed by Weisser [131], which in the present work has
been extended to account for the presence of EGR in the test gas mixture. It has
further been refined to allow for predictions of the first stage ignition delay in
addition to the main ignition delay times.
The model considers three distinct reaction regimes, representing the low,
medium and high temperature ignition chemistry. The low and medium
temperature reactions occur sequentially, giving rise to a two-stage ignition path,
whereas the high temperature reactions lead to a parallel single-stage ignition
path. The overall ignition delay for the full temperature range can then be
modelled by the simplified system depicted in Figure 15 and expressed as:

τ1

1





1
1

1   2  3

τ2

τ3

(1)

Figure 15 – Schematic Overview
of the 3-Arrhenius Model from [131]

where the individual timescales  1 ,  2 , and  3 represent the low, medium and
high temperature regime respectively. Each of these timescales is evaluated
from an Arrhenius-type correlation:
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with

and





for i  1, 3

(2)

denoting the parameters of the kinetics model.

For the description of the first stage ignition delay times (open circles in Figure
16) a single time scale suffices, namely , which reflects the low temperature
chemistry.
45

„3-Arrhenius model‟
high T

low T

Figure 16 – Schematic illustration of the correlation between the main ignition delay τ and
the timescales τ1, τ2 and τ3. (Open circles indicate first stage ignition delay times)

The dependence of the overall ignition delay τ on the individual timescales τ 1, τ2
and τ3 is illustrated in Figure 16. At the low and high temperature limits, the
main ignition delay τ is dominated by τ1 resp. τ3, representing respectively the
low and high temperature chemistry, whereas in the intermediate temperature
range, the timescale τ2 gains importance. As shown in Figure 16, the latter
expression defines the strength of the NTC behaviour, such that by altering the
slope of the τ2 correlation, both fuels with very pronounced as well as very weak
NTC behaviour can be described.
As discussed in [130] and [132], historically, ignition delay data has usually
been correlated with pressure and temperature only, by expressions of the form
  A p  n exp  E RT  . To allow for the equivalence ratio (φ) dependence of the
main ignition delay, suggested by chemical reaction modelling studies,
Weisser [131] additionally introduced an explicit fuel/air ratio (φ) dependence.
In the present work, the Arrhenius expression of Weisser [131] has been further
extended with an additional EGR dependence to account for the influence of
exhaust gas recirculation (EGR) observed in the shock tube experiments. As
illustrated in Figure 17, the effect of EGR on ignition appears to be twofold:
 The ignition delay increases with increasing EGR, or more precisely N2addition.
 Although the number of data points at 50% EGR is too limited to make a
conclusive statement, also the temperature dependence of the ignition
delays in the NTC or intermediate temperature range appears to change
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with increasing EGR, resulting in a flattened NTC behaviour for the
higher EGR rates.
To account for both these effects, the Arrhenius expression of Weisser [131] has
been complemented with a simple power law term and an exponential weighted
factor introducing two additional model parameters, di and ei , leading to
equation (2). The power law term reduces or prolongs the ignition delay with
changing EGR, whereas the exponential term accounts for the altered
temperature dependence in the medium temperature range. Because EGR in the
shock tube experiments is simulated by addition of N 2, the concentration ratio
[N2]/[O2] is chosen to describe the EGR dependence. Both quantities are in the
shock tube related by:

 N 2   100  21  (1  EGR 100) where the EGR is expressed in Vol%.
21  (1  EGR 100)
O2 
As discussed later on, the same functional form, substituting [N2] with the total
inert gas concentration, can be used to represent engine EGR containing, e.g.,
additional CO2 and H2O.

Figure 17 – Influence of EGR (N2-addition) on shock tube ignition delay times for n-heptane,
symbols: experimental shock tube data presented in section 3.1- lines: model predictions.
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4.1.2 Model parameter calibration
In contrast to previous applications in [131-133], in the present work the
parameters of the model are fitted to match both the first-stage (low
temperature) and the second-stage shock tube ignition delay times presented in
Chapter 3. To this end, the low-temperature parameters (of τ1) are determined
first based on the measured first-stage ignition delays, after which the mediumand high-temperature parameters (of τ2 and τ3) are calibrated based on the
second-stage ignition delay data.
With 7 model parameters per Arrhenius expression, the model has a total of 21
parameters which need to be defined. Based on insights from literature and a
careful analysis of the experimental shock tube data used in the present work,
however, this number of parameters can be reduced to 14, as elaborated below.
With respect to the dependence of ignition on the equivalence ratio φ, Weisser
[131] and Escher [14] indicate that in the high (T > 1000 K) and low
temperature (T < 600 K) ranges the equivalence ratio has almost no influence on
the ignition delay of n-heptane/air mixtures. Only in the NTC or medium
temperature range a significant influence was observed. In [125], it was
furthermore shown that the first-stage ignition delays of n-heptane/air mixtures
showed only weak dependence on the equivalence ratio φ. Similar conclusions
with respect to the first stage ignition delay were also put forward in [14], for nheptane and n-butane HCCI experiments in a free floating single stroke
machine. The present experimental shock tube data suggest that the same trends
are valid for the other fuels as well; hence the φ-exponents γ1 and γ3 in the lowand high-temperature Arrhenius expressions are set to zero.
The altered temperature dependence due to the addition of EGR, illustrated in
Figure 17, was observed in the shock tube experiments for the NTC or medium
temperature range only. The contribution of the exponential EGR function in
equation (2) can therefore be neglected in both the low and high temperature
ranges and the parameter e1 and e3 can be set to zero. Regarding the contribution
of the explicit temperature function Tb, a sensitivity analysis of the 3-Arrhenius
model has indicated that this direct temperature dependence of the timescales τ1,
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τ2 and τ3 only contributes in the medium temperature range, because of which b1
and b3 can be taken equal to zero as well.
Finally, the first-stage ignition delay times show a slight EGR dependence.
However, we do not yet have sufficient data to resolve such effects; therefore,
we have chosen d1 = 0. Fitting of the remaining model constants to the available
shock tube data presented in section 3.1, yielded the parameters listed in
Appendix A.2. A combination of a sensitivity analysis and a non-linear
regression was employed to parameterize the data, according to the best practice
strategy given in Appendix A.1. The quality of the fit was evaluated based on
the correlation factor (R2) and root mean squared errors (RMSE) as given in the
last rows in the table in Appendix A.2., as well as a visual comparison of the
experimental data with the model predictions.

4.1.3 Results with respect to shock tube ignition delays
In the following section, a comparison of experimental and modelled shock tube
ignition delay times is given. The results are presented in Arrhenius diagrams,
where the ignition delay  is plotted on a logarithmic scale as a function of the
inverse temperature T. The lines depict the model predictions, whereas the
symbols represent the experimental data (filled symbols for second-stage
ignition , open for first-stage ignition cf). Because the pressure in the
individual experiments typically slightly deviates from the target pressure, the
measured  are corrected for pressure effects, which allows a direct comparison
with the simulation results. As the deviation – in the experiments considered –
was limited to a few bar around the target pressure, a simple linear scaling as
documented in [23] was found appropriate.
Figure 18 exemplary compares measured and computed ignition delay times for
a selection of fuels and initial conditions (The remaining conditions are for all
fuels presented in Appendix A.3). As can be seen, the calibrated model shows a
very good overall agreement with the experimental data. Especially at the lean
and high EGR conditions relevant for HCCI combustion, the approximation is
excellent.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 18 – Comparison of measured (symbols) and computed (curves) ignition delay times
for n-heptane. (Filled symbols for main ignition τ, open symbols for first-stage ignition τcf )

As expected from previous ignition delay and chemical kinetic studies (e.g.
[125, 134]), the second-stage ignition delay times increase with reducing
pressure and the original power-law dependence accurately describes this
behaviour for each of the fuels tested. The S-shape of the curves due to the NTC
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behaviour typical for hydrocarbon fuels is seen to be captured as well, across the
entire range of conditions considered. Depending on the fuel this NTC
behaviour is manifested more or less pronounced. Despite the simplicity of the
model, it can capture both strong NTC behaviour as observed for example for
Naptha 1 in Figure 18 (d) as well as very weak NTC behaviour, as seen in
Figure 18 (c) for kerosene 1.
For kerosene 2 (Figure 18 (e)) and both naptha 1 and 2 (not shown), the model
further also successfully reproduces the increasing ignition delays with
decreasing equivalence ratio. For the remaining fuels, however, the original function taken from Weisser [131] does not fully capture the effect of changing
equivalence ratio, as shown exemplary in Figure 18 (f) for n-heptane. Yates et
al. [133] have proposed an alternative correction using an overall scaling
function instead of an equivalence ratio function for the medium temperature
range only. This approach, however, did not lead to a remarkably improved
agreement and was therefore not further pursued. Despite the deviations for
stoichiometric conditions (φ = 1), the overall influence of the equivalence ratio
is reproduced correctly and the model shows a good accuracy at the lean
conditions relevant for HCCI.
Figure 18 (c) and (d) show that the additional terms in equation (2) accounting
for EGR in combination with an appropriate temperature dependence of the
second stage ignition in the medium temperature range provide a good
prediction of the influence of EGR. As previously discussed the EGR effect
appears to be twofold: First, the N2 used to simulate EGR affects the chemistry
by dilution effects, leading to increasing ignition delay times with increasing N2
addition. Second, the experimental data suggests a flattening of the NTC
behaviour with increasing EGR. If the amount of inert gas simulating the EGR is
high (e.g. 50%), for some of the fuels (e.g. heptane and kerosene 2) the NTC
behaviour even seems to be suppressed almost completely. The latter might be
due to dilution effects as well. To fully clarify this flattening effect, further
research is required.
First-stage ignition delay times are also predicted well, as is illustrated by the
open symbols in Figure 18. These delay times strongly depend on temperature.
They show, however, only a weak dependence on pressure and EGR and appear
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to be independent of the equivalence ratio φ. The latter independence is
consistent with findings in previous investigations [14, 125, 135]. In [135] for
example, it was seen that for n-butane in a homogenously charged single-stroke
engine, the first-stage ignition delay times did not depend on the equivalence
ratio. The observed EGR dependence could in principle be modelled using the
proposed ignition model. But to include such effects and further improve the
model, more data would be required.
Using the model parameters given in Appendix A.2, similar results were
obtained for all remaining fuels and operating conditions, which are not shown
for brevity. Instead, correlations for first-stage and second-stage ignition delays
for all fuels are given in Figure 19, demonstrating excellent agreement with the
experimental data. The average error on the ignition delay predictions indicated
in the last columns of the parameter table in Appendix A.2 underlines this result,
as it is generally as small as 0.2-0.4 ms and hence is of the same order as the
experimental uncertainty.

Figure 19 – Correlation between measured and computed ignition delays for all fuels, at the
shock tube conditions given in Table 1. Left: first-stage ignition – Right: main ignition.

To put the presented results in perspective, in Figure 20, the correlation for the
n-heptane second-stage ignition delays obtained using the present Arrhenius
expression is compared with those obtained using three well validated reaction
mechanisms found in literature. The first has been developed by Curran et al. [3]
and revised later on [117]. This revised version employed for the comparison
presented in Figure 20 consists of 561 species and 2539 reactions. The second
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mechanism employed has been developed by Ahmed et al. [134] and consists of
246 species and 2309 reactions. The third is developed by Tsurushima [108]
specifically for HCCI applications and consists of 33 species and 38 reactions.
Such well validated reaction mechanisms have the advantage that no fitting of
parameters is required to obtain good results over a wide range of operating
conditions. Note however that for the operating conditions presented in the
present work, the ignition delay predictions of the detailed reaction mechanisms
do not agree as well with the experimental shock tube data as the present
Arrhenius expression does.

Figure 20 – Correlation between measured and computed ignition delays for n-heptane at the
shock tube conditions given in Table 1, using the mechanisms of Curran et al.[3], Ahmed et
al.[134] and Tsurushima [108]. Left: first-stage ignition – Right: main ignition.

In Figure 21, a direct comparison of all fuels is given for two select conditions.
From these figures, it is evident that the extended „3-Arrhenius model‟ is –
within the range where supporting data is available – accurate enough to
describe the differences in the auto-ignition behaviour of practical fuels, even
for fuels containing cyclo-alkanes and aromatics. As discussed in Section 4.3,
the model can therefore be used for example to characterize the auto-ignition
behaviour of practical fuels, taking into account the full HCCI characteristics. In
view of the increasing attention for low temperature combustion concepts, such
as Miller cycli and low temperature diesel combustion, it might further be worth
to replace the single Arrhenius expression embedded in many engine codes or
CFD simulations with the current 3-Arrhenius expression, as illustrated in the
next section for HCCI.
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Figure 21 – Comparison of all investigated fuels at two select conditions. (symbols:
experiment - solid line: 3-Arrhenius model)

4.2 Application to engine experiments
4.2.1 The ignition integral model
After the initial rapid compression by the propagating shock wave, the pressure
and temperature within a shock tube remain constant until ignition occurs. In an
internal combustion engine, on the other hand, the pressure and temperature
change during the ignition delay period due to the compression resulting from
the piston motion. To account for the influence of these changing conditions on
the engine ignition delays, the 3-Arrhenius model validated above has been
combined with the empirical integral expressions below, similar to the ignition
integral originally proposed by Livengood and Wu [136] to study knock, which
in fact is the auto-ignition of the also highly homogeneous (premixed) end gas in
gasoline engines.

tign

tCF

1
t  1  dt  1
SOI

and

1

    dt  1
t

(3)

SOI

Based on the measured fuel/air ratio φ, EGR rate and pressure and temperature
evolutions in the engine, the chemical ignition delays τ1 and τ can at each time
instant be calculated using the 3-Arrhenius model. Integration of these chemical
delays according to equation (3) then gives the actual ignition timing in the
engine.
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- Integration of the single Arrhenius expression τ1 (reflecting the low
temperature chemistry) yields the time at which the first stage ignition or
cool flame (tCF) occurs.
- Integration of the complete 3-Arrhenius correlation yields the main
ignition timing (tign)
In both cases, the integration starts at start of injection (tSOI) and continues till
the integral exceeds the critical value of one, and hence ignition occurs. This is
illustrated in Figure 22, in which the results of an ignition integral calculation
for a nearly perfectly homogeneous HCCI engine experiment are shown. The
two vertical dashed lines indicate the time instants at which the respective
integrals reach the critical value of one. They mark respectively the first stage
and main ignition times, as clearly visible from the onset of the cool flame and
main heat release in the heat release profile.

Figure 22 - Exemplary integral calculation for an atomiser engine experiment

When applying the Arrhenius model to an engine, care must be taken to
correctly define the global air/fuel ratio λ as well as the [N2]/[O2]-ratio inside the
combustion chamber. More specifically, due to the presence of excess O2 in the
EGR gas, the effective λ of the charge deviates from the classical λ value based
on the fuel and air masses only. For high EGR rates (50-60%) this deviation can
under certain conditions go up to 100% (a doubling of λ). To account for the
effective reactivity of the engine charge and its influence on ignition, for engine
applications, λ is not calculated from the fuel and fresh air masses, but based on
the O2 concentration at inlet valve closure [O2_IVC]. The latter has been defined
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for each experiment by accounting for the O2 content of the fresh air fraction,
the EGR fraction and the rest gas or internal EGR fraction. In addition to the
[O2_IVC], also the pressure P, temperature T and volume V at inlet valve closure,
as well as the injected fuel mass mfuel and the stoichiometric air/fuel ratio Lst of
the fuel need to be known, in order to calculate the effective λ of the engine
charge from:

eff 



[O2 _ IVC ]  PV / RT  IVC 79 / 21M N2  M O2
m fuel

 1

Lst



1

eff

(4)

M N2 and M O2 are the molecular weights of N2 and O2 resp., whereas R denotes the

universal gas constant.
The concentration ratio [N2]/[O2], used in the 3-Arrhenius model, represents the
ratio of inert gas to oxidant. Under the assumption that the minor fraction of
CO2, H2O, CO and radicals in the charge can be considered to act as inert gases,
the [N2]/[O2] ratio can be determined based on the O2 concentration at inlet
valve closure as well:


 N 2   inert gas   100  O2 _ IVC 
O2 _ IVC 
O2 
O2 



(5)

4.2.2 Results with respect to the main ignition
In the subsequent sections, the developed integral model has been applied to
analyse the engine experiments presented in Chapter 3, section 3.2. All six fuels
studied in the present work have been investigated in a series of experiments
with varying degree of homogeneity. The partially homogeneous experiments
are conducted using direct injection with varying start of injection (55, 25, 20
and 25° CA bTDC), whereas the perfectly homogeneous experiments have been
carried out using a port injection with fuel atomiser. Boundary conditions, such
as the load, load pressure and inlet temperature, have been widely varied and for
each combination, an EGR sweep has been performed.
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Early Injection (55°CA bTDC)

Atomiser

Late injections
(15,20,25°CA bTDC)

Figure 23 – Comparison of main ignition delays calculated using the ignition integral (red)
and measured in the engine (blue) for all operating conditions (see Table 4).

Based on the measured pressure and the temperature evolutions obtained from a
standard pressure trace analysis, for each of the measurement points the ignition
delays are computed using the ignition integral explained above. As illustrated
for naptha 2 in Figure 23, the computed evolution of the main ignition delays
with changing operating conditions shows excellent agreement with the
experiments, both for the homogeneous as well as for the partially homogeneous
(late injection) cases.
Overall, a satisfying agreement between measured and computed ignition delays
could for all fuels and conditions be obtained, as demonstrated by the correlation
shown in Figure 24 and the additional results presented in Appendix A.4. The
remaining systematic deviations can be attributed to the incomplete
homogenisation during real engine operation. Even with atomiser injection,
temperature inhomogeneities inside the combustion chamber exist. The regions
along the wall for example are typically colder, whereas the core zones tend to
be warmer and hence promote ignition. The direct injection additionally induces
mixture inhomogeneities and for high EGR rates, the EGR compounds as well
start to play an active role, as will be discussed in chapter 5, section 5.4.8. None
of these effects are accounted for in the ignition integral model, as it is based on
the mean temperature, pressure and composition only. Nevertheless, the model
captures the influences of changing operating conditions very successfully.
Figure 24 shows the obtained correlations between the measured and computed
ignition delays for all fuels and injection timings investigated. As can be seen,
especially the results for the perfectly homogeneous cases – using port injection
with atomiser – demonstrate excellent agreement with the experimental data.
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Figure 24 – Correlation between the measured and calculated main engine ignition delays for
all fuels and injection timings measured

This confirms that the shock tube data, which forms the basis of the ignition
integral calculations, can be readily transferred to an engine operating under
nearly homogeneous conditions and is hence highly relevant for HCCI engine
applications.
When shifting the injection point towards top dead centre, the deviations
between modelled and measured delays slightly increase. For kerosene 3 and
particularly for kerosene 1 and naptha 1 also the variance on the deviations
augments. This points to an increasing influence of mixture inhomogenities as
injection is delayed, an effect which has not been accounted for in the model.

4.2.3 Results with respect to the cool flame
For the homogeneously operated measurement points, good agreement between
the computed and measured ignition delays could be obtained for the first stage
or cool flame ignition as well (see Figure 25). As previously discussed for the
main ignition, here as well a minor offset between the measured and computed
cool flame ignition delays can be observed. The trends with changing operating
conditions however are very well reproduced. These results can be explained by
the fact that, using the atomiser, the influence of the mixture formation
processes on ignition can be eliminated almost completely. Apart from the
minor influence of the temperature inhomogeneity along the wall, the ignition of
the several fuels is therefore almost purely kinetically controlled. For a given
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engine, the only remaining influence factors are hence inlet temperature and
pressure, EGR rate and the fuel properties – all parameters incorporated into the
model.

Figure 25 – Comparison between calculated and measured engine delays of the first stage or
cool flame ignition for all measured load, inlet temperature and EGR variations. Left for
kerosene 3 and atomiser injection – Right for naptha 2 and early injection (55°CA bTDC)

Also for the earliest injection time (55°CA bTDC), good agreement with the
experiments was found, which can be explained as follows. Since both the
injection and especially the evaporation of the fuel are completed several degree
crank angle before ignition, the fuel/air mixture has sufficient time to mix and
homogenize. The ignition delays are therefore in this case as well almost
exclusively kinetically controlled.
As illustrated in Figure 26, for the late injection points, the ignition integral is no
longer capable of describing the cool flame ignition time – as far as it is
detectable in the measured heat release rates; This can be attributed to the fact
that, although for such late injection points, the temperature at start of injection
is sufficiently high for low temperature reactions to occur, local effects, such as
mixture stratification, turbulence chemistry interactions and especially local
cooling due to the evaporation of the spray retard or even suppress the cool
flame heat release. For late injection points, the influence of local mixture
formation processes, such as injection and evaporation hence interfere with the
chemistry. Since the 3-Arrhenius integral model employs only global quantities,
these local retarding effects cannot be accounted for. The calculated ignition
delays are therefore noticeable shorter as observed in the experiments.
According to the ignition integral calculations, ignition even occurs before the
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evaporation and the accompanying temperature drop have a noticeable influence
on the mean temperature evolution, such that also this effect on ignition cannot
be accounted for in the integral model.

Figure 26 – Correlation between the measured and calculated cool flame engine ignition
delays for all fuels and injection timings measured

4.2.4 Comments on the ignition model’s predictability
The primary aim of the investigations presented above, was an analysis of the
engine experiments, more particular, the correlation between the ignition delays
measured in the engine resp. the shock tube. All engine ignition delay results
presented above are hence obtained by integrating the measured pressure and
temperature evolutions, which include the pressure and especially the
temperature increase due to the cool flame heat release.
The significance of this cool flame heat release becomes evident, when one
attempts to calculate the engine ignition delays based on motored pressure and
temperature evolutions. First stage ignition delays are of course still very well
predicted, as prior to the cool flame, both the motored and combustion pressure
and temperature evolutions coincide. For the main ignition, however, strongly
retarded or even no ignition is predicted when the cool flame heat release is
neglected. To further complete the ignition delay model, it should hence be
complemented with a cool flame heat release model, enabling prediction of both
the temperature and pressure increase due to the cool flame or first stage
ignition. Since the cool flame heat release depends on the initial pressure,
temperature, mixture composition and of course the fuel investigated, the latter
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model should for each fuel correlate the cool flame heat release with each of
these factors.
To evaluate the ignition model‟s potential to predict main ignition based on
motored pressure and temperature evolutions combined with such a cool flame
model, the cool flame heat release is at first instant „modelled‟ by taking the
cool flame heat release of the experiments themselves. To that end, for each
experiment a pressure and temperature evolution taking only the cool flame heat
release into account has been calculated. These calculated traces coincide with
the experimentally measured traces until the end of the cool flame heat release.
The remainder of the traces has been calculated assuming further polytrophic
compression due to the piston motion. For these calculations, the polytrophic
exponent has been taken equal to 1.38, an averaged value for a mixture of air
and EGR. Figure 27, exemplarily compares such a calculated temperature
evolution with the corresponding measured evolution. It is clearly visible that
the calculated trace no longer includes the heat release due to the main ignition,
but only the cool flame heat release.
Based on these calculated pressure and temperature evolutions, for each of the
measurement points using an atomiser injection, the ignition delays have been
recomputed using the ignition integral as above. Since the measured and
calculated pressure and temperature traces coincide till the end of the cool flame

Figure 27 – Construction of a temperature
trace including the cool flame temperature rise
only.

Figure 28 – Correlation between measured
and calculated ignition delays. Blue based
on the measured pressure and temperature
evolution; Red based on the corresponding
calculated evolutions
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heat release, the first stage ignition delays calculated using the ignition integral
remain unchanged. The correlation between the experimental and newly
computed ignition delays, on the other hand is slightly less good as when the
measured traces are used, as shown in Figure 28 for all fuels. The correlation
obtained can however still be considered excellent and illustrates that the
ignition model can successfully predict main ignition – provided the cool flame
heat release dependences are modelled correctly.
The above results furthermore also address the following issue raised within the
framework of further investigations using the ignition integral model. When
ignition occurs in the experiments, the measured temperature rises abruptly, this
forces the ignition integral to reach the critical value of one. One could argue
that the model therefore cannot really predict ignition but rather reproduce the
measurement. The good correlation obtained with the calculated traces however
demonstrates that the integral model is capable of predicting ignition even when
no such experimentally measured temperature jump triggers the ignition integral
to become one.
Additionally, it should be investigated how important the minor influence of the
mixture composition (EGR and λ) on the motored pressure and temperature
evolutions is, and whether and how these composition effects should be
accounted for; e.g. by introducing an EGR or λ dependence of the polytrophic
exponent used to calculate the evolution of pressure and temperature due to
compression.
For the late injection points, a cool flame model heat release model is only
required for those operating conditions with high EGR rates (> 50%), since only
for those conditions the cool flame heat release can be distinguished from the
main combustion heat release. In any case, however, an injection and
evaporation model and possibly also a mixture formation model are required to
estimate at each time the effective fuel/air ratio and temperature inside the
combustion chamber.
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4.3 Application to characterize a fuel’s behaviour
4.3.1 Correlation between fuel composition and ignition delays
In the following section, it is illustrated how the 3-Arrhenius model can be
applied to clarify trends in the experimental data and help interpret fuel specific
differences in the ignition behaviour. Additionally, plausible explanations for
the observed differences are suggested.
In Figure 21 on page 50, a direct comparison of the six fuels for two select
conditions was given; similar results were obtained for the remaining conditions
(not shown). For temperatures below 900 K, n-heptane typically ignites the
fastest, whereas kerosene 1 and naptha 1 ignite the slowest. The ignition
behaviour of the remaining fuels, namely naptha 2, kerosene 2 and kerosene 3,
lies in between these two extremes; generally slightly closer to n-heptane. At
temperatures around 950 to 1000 K this trend changes and naptha 1 and 2 as
well as kerosene 3 tend to ignite equally fast or even faster than n-heptane. This
altered trend is observed experimentally for the 30 and 50% EGR as well as the
65 bar conditions. Although the model suggests the same trend for all other
conditions, generalization should be done with care as no data are available to
confirm it.
Despite the substantial amount (20%) of aromatics in kerosene 3, both
kerosene 3 and n-heptane exhibit similar ignition behaviour. This similarity
could be explained by the fact that the aromatic component involved is
naphthalene. Its stable double ring structure has a very low reactivity, especially
at low temperatures, and is therefore expected to hardly interfere with the autoignition chemistry of the other alkanes. Hence, ignition is dominated by the
alkane portion of the fuel. Similar results were found by Dagaut et al. [66] who
studied the oxidation of kerosene fuels and concluded that the non-alkane
fraction of the fuel, mainly consisting of aromatics and naphthenes, has no
pronounced effect on the overall oxidation kinetics of the fuel.
Following this reasoning, it would suffice to compare the alkane fraction in
order to explain the differences in the auto-ignition behavior of n-heptane and
kerosene 3. However, large differences can be observed here as well: kerosene 3
consists of relatively long (C8 – C13) alkanes, whereas n-heptane consists of C7
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molecules only. Based on a comparison of the ignition behavior of
stoichiometric n-alkane/air mixtures of different alkane chain lengths,
Westbrook et al. [32] recently suggested that the ignition behavior of the
n-alkanes from octane through hexadecane, while not identical, is sufficiently
similar that any of the n-alkanes can be used to substitute for any other in many
applications. The results presented in the present study support this finding, as
we do not observe a significant difference in the ignition delays of kerosene 3
and n-heptane, despite the varying chain lengths of their respective n-alkane
fractions. It is important to note that this similarity between kerosene 3 and
heptane is expected to hold for ignition considerations only, as several
researchers have indicated that the successive burn rate is more fuel dependent
[82, 137].
For kerosene 1 a clearly different ignition behaviour is observed: First, its NTC
behaviour is less pronounced compared to both other fuels. Second, its ignition
delay times are less dependent on pressure, which is reflected in the clearly
lower pressure exponents found in the “3-Arrhenius model” for the second-stage
ignition (2 and 3) expressions. But most importantly, kerosene 1 ignites visibly
slower than the other fuels. This effect can be attributed to the presence of
substituted aromatics (methyl- and ethylnaphthalene). In 1984, Glavincevski et
al. [138] reported that the presence of an alkyl group attached to an aromatic
ring reduces the Cetane Number and hence retards ignition. Kerosene 1 has a
CN of 38, while n-heptane and kerosene 3 have a CN of 56 and 47.1,
respectively. Both Machrafi et al. [139] and Hernandez et al. [140] recently
explained the origin of this phenomenon using a ternary n-heptane/isooctane/toluene and a binary n-heptane/toluene surrogate fuel mechanism,
respectively. They found that toluene reacts with OH to form the relatively
stable benzyl radical and hereby acts as a sink for the OH radicals which in a
pure alkanic fuel induce the second-stage ignition. Both these phenomena
reduce the overall reactivity and hence delay the second-stage ignition. Based on
their experiments with regular gasoline, Machrafi et al. [139] suggested that the
aromatics present in gasoline have the same inhibiting impact as toluene, which
would explain the longer ignition delays of kerosene 1, hence supporting our
hypothesis.
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Naptha 1 as well tends to ignite rather slowly (its cetane number is 35); at many
conditions it even exhibits longer ignition delays than observed for kerosene 1.
This fuel however does not contain aromatics, which could explain its low
ignitability. A more detailed composition analysis however revealed that it
contains a substantial amount of iso-octane (±25%), which tends to slow down
ignition [137]. It is likely that the high amount of cyclo-alkanes contributes to
the longer ignition delays of kerosene 1 and naptha 1 as well. However,
although there is an understanding of the ignition chemistry of cyclo-alkanes (at
least cyclo-hexanes [60, 141]), there is little information about the impact of the
cyclo-alkane content on the ignition of fuel mixtures.
The observed first-stage ignition delays differ only marginally from fuel to fuel
and are thus – in a first approximation – considered to be independent of the fuel
composition. An analysis of the low-temperature Arrhenius expression derived
in section 4.1 supports this statement, as within the uncertainties of the
regression analysis, the model parameters are virtually identical for all fuels.

4.3.2 Assessment of the cetane number for HCCI
In view of a fuel number characterizing the behaviour of a fuel under HCCI
operating conditions, the suitability of the cetane number has been evaluated
using the Arrhenius model, both in the shock tube as well as in the engine.
In the shock tube, the fuels are not all measured at the exact same condition, as
the conditions behind the reflected shock vary from experiment to experiment.
To nevertheless analyze the ignition behaviour of the different fuels at the same
conditions, the measured ignition delays were averaged over several points on
the one hand, and on the other hand the 3-Arrhenius model has been applied.
The correlation between the cetane number and averaged ignition delays
depicted in Figure 29, shows that the cetane number is capable of describing the
general trend in the ignition behaviour of the different fuels within the shock
tube. For the cetane numbers ranging between 44 and 50, however, no one to
one correlation could be found, as the observed behaviour varies from
measurement to measurement.
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Figure 29 – Averaged shock tube ignition delays, normalized with respect to the n-heptane
delay, as a function of the cetane number for various operating conditions.

The same can be concluded for the real engine operated at nearly perfectly
homogeneous conditions. That is to say, in this case as well, the cetane number
is capable of describing the general ignition behaviour of the different fuels. In
the intermediate cetane range however several outliers were observed.
The limited significance of the cetane number, especially in the intermediate
cetane range suggests that an alternative formulation might be needed to express
a fuel‟s suitability for HCCI applications. A possible alternative to the present
cetane number is an ignition delay curve. Analogous to the boiling curve, which
describes the evaporation behaviour of the fuel, such an ignition delay curve
could express the ignition behaviour of the fuel for a wide range of temperatures
and if needed pressures and mixture conditions. The 3-Arrhenius-Model lends
itself perfectly for the definition of such a curve: one parameter set per fuel is
sufficient for the description of both the first stage ignition delays as well as the
NTC-behaviour of the main ignition delays. It remains to be clarified whether a
single curve at one particular pressure and mixture composition (λ, EGR)
suffices to characterize a fuel regarding its ignition behaviour under engine
operation. If this is the case, even less parameters need to be defined per fuel.
Due to difficulties using fuels with high boiling ranges in the shock tube
experiment, however, the 3-Arrhenius model could at present only be
parameterized for the low boiling temperature fuels. In view of defining an
ignition curve for the heavier fuels, the possibility to parameterize the model
based on engine experiments should therefore be further investigated.
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4.4 Conclusions
The auto-ignition model presented in this chapter is based on a 3-Arrhenius
model [131], which uses three Arrhenius expressions to describe a fuel‟s
chemical ignition delay as a function of the pressure p, temperature T and
mixture conditions inside the shock tube. The model has in the present work
been extended to account for the presence of EGR in the test gas. It has further
been refined to allow predictions of the first stage ignition delay in addition to
the main ignition delay times. Following calibration of the model parameters for
each of the six fuels investigated, excellent agreement between the measured
and predicted shock tube delay times could be shown for all fuels with respect to
both first stage as well as main ignition – even for those fuels containing a
considerable amount of cyclo-alkanes and aromatics.
Overall, the proposed Arrhenius model presents a convenient way to summarize
the experimental shock tube data and describe the effect of the initial conditions
on ignition. Furthermore, it has proven a useful tool to identify trends in the
experimental data and help interpret fuel specific differences in the ignition
behaviour of the different fuels.
Although in view of the strongly differing composition (e.g. components, chain
length, isomerization) of the fuels investigated, no conclusive correlations
between ignition behaviour and composition can be defined, several interesting
differences could be observed and plausible explanations were suggested. The
behaviour of kerosene 1 suggests that branched aromatic components
significantly delay ignition which may be attributed to ignition inhibiting
effects, as known for toluene. In the absence of such compounds, ignition seems
to be controlled by the alkane fuel fraction; for significantly long alkanes (>
C7/C8), the length of the aliphatic chain has little influence on the ignition delay
times, in agreement with findings reported in the literature. The effect of alkenes
and cyclo-alkanes, however, remains to be elucidated. With respect to the firststage ignition delays, only marginal differences between the fuels were
observed. While the results only indicate trends, this knowledge may prove
useful for selecting surrogate fuels for future combustion applications.
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Combined with an ignition integral and for a given experimental pressure and
temperature trace, the model can be used to describe engine ignition delay times
and hence analyze and interpret engine measurements. Application to the engine
experiments, showed that - using the ignition integral - the results of the shock
tube experiments for both first stage and main ignition can be readily transferred
to an engine operating under almost perfectly homogeneous conditions. This
result confirms that shock tube measurements are highly relevant for the
characterization of fuels regarding their auto-ignition behaviour under
homogeneous engine operating conditions.
For non-homogenous operating conditions, i.e. using direct injection with late
injection timings, the agreement between the model predictions and the
measured ignition delay times degrades, indicating that the influences of the
injection, evaporation and mixture formation processes gain importance. Trends
in the main ignition delay due to changing operating conditions however can
still be well captured.
To allow ignition delay predictions based on motored pressure and temperature
evolutions, the ignition delay model should be further complemented with a cool
flame heat release model. The potential of which has successfully been
demonstrated. The fact that ignition cannot be predicted correctly without such
an additional model points out that the cool flame appearing under homogenous
and very lean (high EGR) conditions has a significant influence on the ignition
timings.
Finally, in view of a fuel number characterizing the behaviour of a fuel under
HCCI operating conditions, the suitability of the cetane number has been
evaluated. Although it was shown that the cetane number is capable of
describing the general trend in the ignition behaviour of the different fuels, no
one to one correlation could be found. Especially for cetane numbers ranging
between 44 and 50, the cetane number ranking has little significance.
A possible alternative to describe a fuel‟s ignition behaviour under
homogeneous conditions, especially in the intermediate CN-range, is an ignition
delay curve. Analogous to the boiling curve, which describes the evaporation
behaviour of the fuel, such an ignition delay curve could express the ignition
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behaviour of the fuel for a wide range of temperatures and if needed pressures
and mixture conditions. In view of defining an ignition curve for the heavier
fuels, which cannot be investigated in shock tube experiments, the possibility to
parameterize the model based on engine experiments should therefore be further
investigated.
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Chapter 5 Global Reaction
Model
The second approach to auto-ignition modelling proposed in this study is the use
of chemical reaction mechanisms which allow for predictions of heat release,
pressure, temperature and key species evolutions in addition to ignition delay
times. For HCCI applications, the low temperature and negative temperature
dependence of fuels exhibiting two-stage ignition are of particular interest. At
present, however, detailed reaction mechanisms for complex multi-component
fuel mixtures including e.g. aromatics, iso- or cycloalkanes are only just
appearing. Furthermore, as already pointed out by Farell et al. [64], and more
recently by Ra et al. [96], the reaction mechanisms currently developed are
typically too large to be utilised effectively in CFD calculations, in spite of
reduction techniques such as ILDM and CSP (an overview of which can be
found in [97]).
The present chapter therefore proposes a compact phenomenological reaction
mechanism which aims at describing two stage ignition and predicting global
quantities such as ignition delays as well as heat release and important tracer
species evolutions, using the same overall scheme for each of the fuels
investigated.
The model development as well as its parameterization for all fuels is addressed
in section 2. Using the parameters defined - unaltered, the resulting model is
validated in section 3 based on shock tube and detailed reaction mechanism
data. In section 4, the model has finally been applied to HCCI engine
experiments. Before presenting the model development however, a benchmark
evaluation of several detailed reaction mechanism is given and discussed in
section 1.
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5.1 Benchmark evaluation of existing mechanisms
The global model development is based on the one hand on the shock tube data
presented in section 3.1 and on the other hand on insights gained from an indepth literature review on the hydrocarbon oxidation chemistry. Especially the
comparison of detailed reaction mechanisms for n-heptane lead to a particularly
interesting finding: Although n-heptane is by far the best studied compound
relevant for engine applications, large differences between the results of
different oxidation mechanisms in literature can be found. In Figure 30 for
example, the ignition delay predictions of five (semi-)detailed reaction
mechanisms from literature [3, 108, 134, 142, 143] are given and compared with
the corresponding experimental shock tube delays, both with respect to first
stage as well as main ignition. As can be seen, for the conditions investigated in
this work, the deviations between the different mechanisms can range up to
several milliseconds.

Figure 30 - Ignition delay predictions of five detailed n-heptane reaction mechanisms from
literature ([3, 108, 134, 142, 143]) compared with the experimental shock tube data of [23].
Left: main ignition – Right: first-stage ignition

With respect to the cumulative heat released by the end of combustion and
especially with respect to the cumulative cool flame heat release, equally large
deviations were observed (up to 50% for the cool flame). These large
differences are associated with the fact that the species and number of
intermediates considered vary from mechanism to mechanism. Due to this, also
the mean specific heat of the mixture (Cv) varies between the mechanisms. The
temperature in an adiabatic, constant volume system is at each time instant
related to both the chemical heat release Qchem and the mean specific heat Cv
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Figure 31 – Pressure increase due to the cool
flame (open symbols) resp. final (closed
symbols) heat release for five reaction
mechanisms from literature ([3, 108, 134,
142, 143])

through Cv

Figure 32 – Exemplary heat release rates.
Solid: Tsurushima et al. [108] – Dashed:
Ahmed et al. [134]

dT
 Qchem . The chemical heat release Qchem should thus at each time
dt

instant be in correspondence with the instantaneous C v of the mixture, this, in
order to obtain the correct - typically experimentally measured - mixture
temperature. As the instantaneous Cv differs from mechanism to mechanism,
also the chemical heat release Qchem is not necessarily equal for all reaction
mechanisms.
For the pressure and temperature obtained at the end of the cool flame and after
complete combustion smaller relative differences are observed (see Figure 31).
Depending on the conditions, the final pressure and temperature deviate 1 to 5%.
The mechanism-to-mechanism deviations on the pressure and temperature at the
end of the cool flame are slightly larger, ranging around 15% for the
mechanisms investigated. The larger deviation on the cool flame quantities is
not surprising, for as illustrated in Figure 32, the total heat release prior to the
main ignition is for each mechanism distributed differently over the cool flame
and the induction period between the first stage and main ignition.
It is therefore clear that also for detailed reaction mechanisms, one should
carefully analyse for which conditions the chemical kinetics have been
developed and validated, before proceeding to its application. Within the context
of this project, both the detailed reaction mechanism of Ahmed et al. [134] and
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the reduced mechanism of Tsurushima [108] demonstrate the best agreement
with the experimental shock tube data and were hence chosen as benchmark for
the model development addressed in the next sections.

5.2 Development and fuel parameterization

Heat Release Rate [J/°CA]

5.2.1 Basic chemistry
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Figure 33 – Typical heat release evolution of a HCCI combustion with a fuel exhibiting two
stage ignition (e.g. n-heptane)

Over the last years, the range of kinetic mechanisms proposed has been
extended from small fuel molecules [144] to higher hydrocarbons such as
heptane, iso-octane and more recently also even more complex compounds such
as n-hexadecane [32] and iso-cetane [70]. These investigations indicate that –
although not all fuels exhibit equal characteristics of each of the regimes – there
are three fundamental „regimes‟ in the hydrocarbon oxidation chemistry, as
shown in Figure 33, which switch dominance depending on temperature and
concentration, resulting in a two staged auto-ignition [15]. In the following
discussion, the oxidation of alkanes larger than butane has been taken as an
example to explain these three fundamental regimes, which form the basis of the
global reaction mechanism presented in this work.
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C=C + R’•
(β-Scission)
Ether + OH• (no branching)

RH

-H

R•

+O2

RO2•

QO2H•

+O2

O2QO2H•

HO2Q’O2H•

branching

+O2

OH• + cyclic ethers, aldehydes or ketones (no branching)
C=C + HO2 (retarding the propagation and branching of radicals)

Figure 34 – Simplified scheme for the primary oxidation of alkanes (based on [60] and [118])

The main reaction paths, which are now generally accepted to model the
oxidation of such alkanes [15, 60, 118] are shown in Figure 34. Reaction is
initiated by the abstraction of an H-atom from the alkane RH by O2 to form an
alkyl radikal R and hydroperoxyl radical HO2.
At low temperatures, the alkyl radical then rapidly reacts with O2 to give a
peroxalkylradikal RO2•, which can by several reactions as shown in Figure 34
lead to the formation of smaller species (such as ethers, aldehydes and ketons)
and OH• radicals. The latter react with the alkane molecules RH to regenerate
alkyl radicals R• and hence keep the low temperature reaction chain
propagating. Alternatively, the reaction of the peroxyalkyl radikal RO 2• can
proceed through a second O2-addition and two internal isomerisation reactions,
producing a hydroperoxy alkyl radical. Decomposition of this peroxy radical
leads to the formation of two OH• radicals which can in their turn react with the
alkane molecules to generate alkyl radicals R• as well. This degenerate
branching reaction involves a multiplication of the number of radicals, which
induces an acceleration of the reaction rates and initiates an exothermic cycle
leading to the low temperature or so called cool flame heat release. The
reactivity of the branching path in this low temperature regime is defined by the
competition between the paths leading to peroxide species and those producing
less reactive species, such as alkenes and cyclic ethers, which explains why for
example the reactivity of alkanes decreases when the level of branching
increases [60].
The low temperature cycle continues until the temperature rises to a value where
the reverse of the oxygen addition to the alky radical (R• + O2 = RO2•) becomes
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important, reducing the branching to the benefit of the formation of alkenes
through the competing reaction R• + O2 = alkene + HO2•. This leads to a
reduction of the overall reaction rate and is the main cause of the appearance of
the negative temperature coefficient (NTC) regime [60]. At this point, the NTC
regime, involving slightly exothermic reactions, which produce less reactive
species such as alkenes and H2O2 (mainly through 2 HO2• = H2O2) begins and
the rate of temperature rise drops sharply [137]. The temperature continues to
rise only slowly until the branching reaction H2O2 = OH• + OH• becomes
important, terminating the NTC regime and initiating a branched thermal
explosion. During this main ignition phase, the alkenes and other large
molecules and radicals decompose irreversibly to H2O and CO, after which the
CO is finally converted to CO2. The heat release in this high temperature phase
is dominated by the oxidation of the intermediate CH2O to CO and the
successive oxidation of CO to CO2.
Above 900 – 1000K, the alkyl radical will decompose directly through βscission to give an alkene and a smaller alkyl radical. The high temperature path
continues via H-abstractions and successive decompositions of the formed
alkenes and alkyl radicals into C1-C3 species, which then oxidize to the final
products H2O and CO2 [60, 118].
The low temperature chemistry involved in the oxidation of cyclo-alkanes is
very close that of alkanes described above [60]. Although the presence of the
double bond adds an additional complexity to the oxidation of alkenes, for
alkenes as well, the cool flame phenomenon originates from the decomposition
of hydroperoxide species, which promotes the reactivity in the same way as
during the oxidation of alkanes, whereas the reversibility of the O 2-addition
reactions is again responsible for the existence of an NTC regime. For many
market fuels, which are typically a complex mixtures of the components
described above, as well as for all fuels tested in the present work, a similar 2stage auto-ignition pattern has been observed, implying that the same base
mechanism controls the auto-ignition of practical engine fuels.
The idea of such a common base mechanism was suggested first by Halstead et
al. [102] in 1975, and formed the basis of their global mechanism known as the
,Shell‟ model. More recent detailed reaction modelling studies support this idea
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[66, 137], suggesting that especially the first and largely also the main ignition
delay of fuel mixtures is dominated by the alkane portion and hence the same
alkylhydroperoxy chemistry as described above. Especially for alkane blends as
well as alkene/alkane blends, for which a direct interaction of large fuel
molecules seems negligible [60], the 2 stage auto-ignition is in general
associated with the reversibility of the O2-addition and internal isomerisation in
peroxy radicals, competing with the reaction R• + O2 = alkene + HO2•. The
reactivity of each of these reactions is of course exceedingly sensitive to the
exact fuel composition, but the overall auto-ignition dynamics are very similar.

5.2.2 The global reaction model
Following the reasoning outlined above, the global reaction mechanism
proposed in the present work predicts global quantities such as first stage and
main ignition delay times, as well as pressure, heat release and key species
evolutions using a single reaction scheme for all fuels investigated. The newly
proposed model is based on a global reaction model recently developed by
Zheng et al. [101] for n-heptane, iso-octane and mixtures thereof. Zheng et al.
indicate a good agreement with ignition delay data for n-heptane and iso-octane.
The model however has not been validated for conditions using EGR and in
spite of cool flame heat release predictions being a primary goal of the study, it
was concluded in [101] that the 7-step model does not predict the discrete heat
release and temperature jump due to first stage (cool flame) ignition as
experimentally observed. First stage ignition delay times are further also rather
poorly predicted.
To resolve these shortcomings, in the present work the model has been refined
and its reaction rate parameters have been reoptimised for n-heptane under
HCCI conditions. Aditionally, the model has been generalized for application to
the six practical fuel mixtures investigated in this work. The model proposed in
this chapter employs 8 species and 7 reactions to describe the two stage ignition
process observed for each of the fuels. An overview of these reactions and the
generalized rate expressions is provided in Table 6. The species F, I1, I2 and Y
are generic species, representative of classes of intermediate species rather than
a single specific species. The classes are grouped as indicated in Table 7.
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Table 6 – Reactions and reaction rate expressions of the present global reaction mechanism –
for reactions 1 and 7, two reaction rate expressions are given, the first one denoted as A was
used during the early stages of the model development, the final rate is given by expression B.

Reaction
1. F + (2x + y) / 4 O2  y / 2 H2O + x CO

Rate [mol/(cm3.s)]
A:
B:

2. CO + 0.5O2  CO2
3. F +2O2  I1
4. I1  2Y
5. Y + 0.5 F + [ (2x + y) / 4 - 1] O2  y / 2 H2O + x CO
6. I1  I2
7. I2  2Y

A:
B:

s

ki = Ai exp (-Ei/RT), p0 = 1MPa, [M1 ] = p/RT and [M2] = [F]+[O2]+[I1]+[I2]+[Y]+[CO]

Table 7 – Grouping of the species into the 4 representative species classes F, I1, I2 and Y.

F fuel, alkyl radicals and high temperature intermediates (primarily alkenic species)
I1 alkylperoxy radicals (RO2) and subsequent hydroperoxy, oxohydroperoxy and
ketohydroperoxy alkyl radicals (ROOH, O2ROOH, HO2RO2H)

I2 mainly H2O2, aldehydes and lighter alkenes and ethers formed via the low
temperature reaction paths

Y mainly HO2 and OH

As discussed in [101] and [145], the high temperature chemistry is embodied in
the first two reactions, whereas the low and intermediate temperature
phenomena are described by reactions 3 to 5. The correlation between the latter
reactions and the detailed chemistry explained in the previous section is
illustrated in Figure 35. Reaction 3 summarizes the sequence of O2-addition and
internal isomerisation reactions producing oxygenated radicals, and hence
largely controls the first stage ignition delay. The subsequent branching of the
formed peroxy radicals (I1) is represented by reaction 4, whereas reaction 5
depicts the H-abstraction by the resulting OH or Y radical from the fuel and the
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subsequent oxidation of the formed species to CO and H2O. Reaction 5 is thus
responsible for the cool flame heat release. The alternative fate of the RO 2radical leading to the formation of less reactive species via chain propagation
and β-scission is accounted for through reaction 6 in which the reactive
intermediates I1 are converted to the relatively stable intermediate I2, decreasing
degenerate branching. As explained before, the balance between reaction 4 and
6 thus controls the reactivity of the low temperature reaction path and hence
reflects the cool flame tendency of the fuel.

+2

C=C + R’•
(β-Scission)

OH•

Ether + OH• (no branching)

RH
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+O2

RO2•

QO2H•

+O2

O2QO2H•

HO2Q’O2H•
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+O2

OH• + cyclic ethers, aldehydes or ketones (no branching)

C=C + HO2• (retarding the propagation and branching of radicals)

Reaction 5
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+O2

F + 2 O2

Reaction 3

I1

R4

2Y

R6

I2
Figure 35 – Correlation between primary oxidation chemistry of alkanes presented previously
in Figure 34 and the primary oxidation paths in the global reaction mechanism.

With increasing temperature, the reverse of reaction 3 becomes more dominant,
effectively blocking the low temperature path and causing the NTC behavior
described above. The balance between the forward and backward rate of this
reaction is very sensitive to the fuel composition and pressure. This explains
why Zheng et al. [101] originally introduced the fuel specific constant C3+ and
an explicit pressure dependence in the respective reaction rate expressions. A
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critical reaction for the transition from the NTC regime to the intermediate
temperature region and ultimately the second stage ignition is the branching
reaction of H2O2. As pointed out by [101] and explained above, this branching
agent H2O2 has been prepared via reaction 6, whereas its branching is reflected
in reaction 7. The subsequent attack of the resulting OH or Y radicals on the fuel
and larger radicals is depicted again by reaction 5 and is responsible for the heat
release during the first stage of the main ignition, until the temperature is high
enough for the high temperature scheme to take over. It should be noted that the
H2O2 branching also induces a rapid consumption of the lighter alkenes and
aldehydes grouped together with H2O2 in I2. The oxidation of these species
contributes to the heat release during the first stage of the main ignition, and is
hence described by the sequence of reaction 7 followed by reaction 5 as well.
The high temperature regime is governed by reaction 1 and 2. To keep the
model as general and compact as possible, the rapid decay of the fuel and
primary radicals into C1-C3 species and their subsequent oxidation to CO and
H2O, taking place at these high temperatures, are summarized in reaction 1. The
final conversion of CO to CO2 governed by reaction 2 dominates the heat
release during the final stage of combustion and completes the global reaction
mechanism. The explicit inclusion of the CO/CO2-conversion may also enable
the prediction of CO emisions and engine EGR influences, although this remains
to be investigated in detail.
The oxidation of aromatic compounds strongly differs from that previously
described for alkanes, alkenes and cycloalkanes, mainly because of the high
activation energy of the initial H-abstraction from the fuel molecule as well as
the presence of the aromatic ring which provides a site for supplementary
addition reactions which effectively compete with the H-abstraction reactions
[146]. As argued in section 4.3.1 and [2], because of their low reactivity nonbranched aromatics are expected to hardly interfere with the auto-ignition
chemistry of the alkanic and alkenic fuel components in a fuel blend. For
branched aromatics, however, the situation is different. For toluene for example,
several researchers [139, 140] reported that the toluene molecule reacts with OH
to form the relatively stable benzyl radical and hereby acts as a sink for the OH
radicals which in a pure alkanic fuel blend induce the second-stage ignition.
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Both these phenomena reduce the cool flame and overall reactivity and hence
delay the second-stage ignition. This sink effect observed for mixtures
containing a branched aromatic is in the present global model not explicitly
modeled, but accounted for by a reduced reactivity of the low temperature
chemistry.
The reaction rate expressions for each of the governing reactions are shown in
the second column of Table 6. The rate constants ki are in Arrhenius form
, where the values of Ai and Ei depend on the fuel
considered. The pressure correction terms (p/p0)x in the rate expressions of
reaction 3 accounts for the high pressure sensitivity of this reaction and shift the
negative temperature dependence to higher temperatures as pressure increases.
As the exact pressure dependence of this equilibrium reaction differs from fuel
to fuel, also the value of both pressure exponents depends on the fuel
considered. The constant C3+ has been introduced by Zheng et al. [101] to
account for fuel specific differences in the branching rates of PRF. The
underlying assumption was that one fuel specific parameter suffices to model all
PRF. This assumption has however not been confirmed and as this work is not
limited to PRF only, the value of C3+ has been fixed to 11, its value for nheptane.
In the course of this study, the rate expressions of reaction 1 and 7 have
undergone some modifications. Initially, the original rate expressions from
Zheng et al. [101], denoted as expressions A in Table 6, have been used. During
the model development, however, it became evident that the global reaction
model using the original fuel and oxygen dependencies of the rate expressions
did not fully capture the effect of equivalence ratio. The latter dependencies
have therefore been reevaluated. A sensitivity study indicated that especially an
increase of the fuel concentration exponent in reaction 1 improves the
equivalence ratio dependence of the ignition delay times at high temperatures
considerably. This exponent has hence been included in the set of fuel specific
model parameters as well. As suggested by Schreiber et al. [110], the rate
expression of reaction 1 has further been complemented with a small pressure
correction term, resulting in rate expression B, given in Table 6. In order to
improve the EGR dependence of the second stage of ignition, also the third body
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concentration in the rate expression of reaction 7 has been redefined as indicated
below Table 6. By excluding the inert gas from the third body concentration
calculation, the reduction of the third body species with increasing EGR dilution
becomes more pronounced. This reduces the reactivity of reaction 7 and hence
progressively prolongs the induction period between the first stage and main
ignition with increasing EGR, as observed in shock tube experiments.
With these reaction rate expressions, the 7 reactions presented in Table 6 can
describe the complex auto-ignition behaviour of a wide range of hydrocarbon
fuels at low computational cost, by adapting the reaction rate parameters to the
reactivity and specific ignition speed of the fuel only. The details of these fuel
specific modifications are handled in the next two sections. Before we proceed
to that, however, we briefly discuss the numerical solution procedure.
As in [101], the shock tube, or more precisely, the reaction zone behind the
reflected shock is modelled as an adiabatic and homogeneous constant volume
reactor. In the original model developed by Zheng et al. [101], the H2O
concentration was calculated based on the overall H-atom balance. This
approach however limits the applicability of the model in CFD-applications.
Since the same H2O-profile can be obtained solving the species equation in
addition to the other conservation equations, the latter approach is adopted here.
The resulting system of concentration and energy ordinary differential equations
is integrated using the DVODE integration code [147] (using stiff settings
(MF=22) and a relative resp. absolute tolerance of 10-8 resp. 10-10 for all
variables) whereas pressure is calculated from the ideal gas law. To improve
stability and allow larger integration time steps, the rates of reaction 1 and 5 are
set equal to zero as soon as the fuel or oxygen concentration drops below 10-50
mole/cm3.

5.2.3 Fuel specific model adjustments
To apply the global reaction model to the six multi-component fuels
investigated, the stoichiometric coefficients, reaction rate parameter and
thermodynamic properties of the generic species need to be adapted to the fuel
under consideration. Therefore, for each new fuel, the following adjustments
need to be made:
81

Global Reaction Model
1. Firstly, the fuel species F represents the complete multi-component fuel to
be modelled. Its chemical composition, characterized by the mean number of
C and H atoms, therefore changes from fuel to fuel. Based on the mol
fractions Xi and the number of C (NCi) and H (NHi) atoms of the different
components i in the fuel, this mean number of C and H atoms (resp. x and y)
per fuel molecule F can be calculated from:
x  1 NCi X i
k

and

y  1 N Hi X i
k

To maintain atom conservation and ensure a correct final product
composition, the stoichiometric coefficients of the reactions in which the
fuel molecule F participates then need to be adjusted to the specific C/H
ratio of the fuel, as indicated in Table 6 for reaction 1 and 5. For the
remaining reactions, no modification of the coefficients is required.
2. The second adjustment concerns the reaction rate parameters. Both the
reaction steps and rate parameters in the model are empirical and only
represent the gross behaviour of detailed chemistry. It is therefore evident
that the kinetic parameters require modification as soon as different fuels are
to be modelled. The definition of an adequate method to determine these
kinetic parameters has been a stepwise process, as will be discussed in
sections 5.2.4 and 5.2.5. Using the optimisation strategy defined there, a new
set of reaction rate parameters needs to be defined for each new fuel
considered.
3. The last fuel specific adjustment is related to the thermodynamic properties
of the species considered in the present reaction mechanism. For O2, N2, CO,
CO2, H2O and most hydrocarbon species, this information is readily
available in the literature or online resources such as the NIST webbook; for
multi-component fuels and generic species representing classes of
intermediates, however, this is no longer the case and an estimate needs to
be made.
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The molecular weight of the fuel species F is defined by the fuel
composition and can be easily calculated based on the above defined mean
number of C and H atoms, whereas the molecular weight of the generic
species I1, I2 and Y can be obtained from the mass conservation equations of
the single reactions as given in Table 8 on page 85. Specific heat data is
typically given by a set of polynomials, the most common being the „NASA
polynomials‟ used in codes like e.g. Chemkin [47]. Using these polynomials
for each of the fuel components i, the specific heat of the representative fuel
molecule
can be defined as follows:
C pF
R

  Xi
i

C pi
R

  X i a1i   X i a2iT   X i a3iT 2   X i a4iT 3   X i a5iT 4
i

i

i

i

(6)

i

Here
is the mole fraction of the ith component and
the corresponding
polynomial coefficients. For the generic species, the calculation of the
specific heat is not that straightforward. In order to avoid inaccurate
estimates, and even more important, to keep the reaction scheme as general
as possible, for the first development steps the mean mixture specific heat
has been calculated based on the real species only, and the temperature
dependence of the reaction enthalpy has been neglected. With these two
assumptions, there is no need for specific heat values for any of the generic
species and the energy equation reduces to:
ntot C p  R 



dT
dn
  i hofi  RT
dt
i dt



(7)

where R denotes the universal gas constant, ntot the total number of moles, ni
the number of moles of species i, and hfi° the enthalpy of formation of
species i.
In view of further CFD applications, in the next steps, a specific heat
expression has been derived for the generic species I1, I2 and Y as well, such
that the full energy equation below can be solved.
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As the heat release of reactions 3, 4, 6 and 7 is an order of magnitude
smaller than the heat released by reactions 1, 2 and 5, the minor temperature
dependent part of the heat release of the former reactions can be neglected
and hence the heat release of these reaction is assumed independent of
temperature. With this assumption, the specific heat of generic species can
be expressed as a function of the above defined specific heat of the fuel F
and the known specific heat of O2, as indicated in Table 8. As shown in
Figure 36, using these definitions, the results obtained with the full energy
equation (8) differ only marginally from those obtained using equation (7).

Figure 36 – Influence of the energy equation solved (Reduced energy equation ~
Equation (7) Full energy equation ~ Equation (8), using Cpi as defined in Table 8).

Additionally, an estimate of the enthalpy of formation of the fuel and generic
species is required to calculate the exothermicity of each reaction based on
the enthalpy change from reactants to products. For the fuel molecule F, the
enthalpy of formation can be estimated based on the heating value of the
fuel. It should be noted that the heating value is defined for the liquid fuel,
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whereas the 7-step model assumes gaseous species. The estimated formation
enthalpy is therefore reduced by 20%, a value typical for hydrocarbon
enthalpy of vaporization. The enthalpy of formation for each of the generic
species is assigned by fixing the enthalpy of reaction in steps 3, 4 and 6 to
their original values (resp. 53.9, 17.9 and 29.7 kJ/mol), as given in [101].
The total enthalpy for each of these species then follows from:
.

An overview of all formulas employed to calculate the thermodynamic data
of the species F, I1, I2 and Y is given in Table 8.
Table 8 – Overview of the thermo-dynamic properties of the generic species
Molecular weight
[g/mol]
F

Heat capacity
[kJ/mol K]

Enthalpy of formation
[kJ/mol]

(6)

I1
I2
Y

5.2.4 Parameterization of the reaction rate constants – n-heptane
The reaction rate parameters of global reaction model are determined as to
match the experimental ignition delay times, especially the low temperature
ignition delay times, under HCCI conditions. Additionally, a qualitatively
correct evolution of the heat release and species profiles is strived for. Since
reaction rates – and in particular the branching rate – strongly depend on fuel
composition, a different set of reaction rate parameters is deduced for each fuel
separately.
The parameters concerned are the pre-exponential factors Ai and activation
energies Ei of the rate constants ki, expressed in Arrhenius form. Further, also
the 3 exponents of the pressure correction terms in reaction 1 and 3 (a, b and c)
and the exponents of the fuel and third body concentration of reaction 1 resp. 7
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(r and s), need to be optimized in order to correctly describe the different
equivalence ratio, EGR and pressure dependencies of each of the fuels. With 7
reactions, among which two are reversible, this results in a total of 23
parameters to be defined per fuel.
The optimisation is performed using a genetic algorithm (GA), similar to the
ones applied successfully to various reaction rate optimisation problems [122,
148-150]. In this particular case, the specific tools used are the Matlab „ga‟ and
„gamultiobj‟ routines, respectively. The former is a single-objective optimisation
algorithm, whereas the latter is a multi-objective algorithm based on the concept
of Pareto Ranking documented in [151] and [152].
The genetic algorithm iteratively varies the parameters upon optimisation to
minimise the error or objective function(s), typically representing the error
between experiment and model predictions. In this work n-heptane has been
taken as a well known benchmark case to define the objective functions needed
in order to obtain good ignition delay predictions as well as qualitatively good
heat release and species evolutions. This stepwise process is elaborated in the
following paragraphs, whereas an overview of the rate expression sets and the
exact form of the energy equation employed in each of these steps is provided in
Table 9. Further technicalities of the optimisation algorithm are given in
Appendix B.1.
Table 9 – Overview of the rate expression set (defined in Table 6) and energy equation
(defined in 5.2.3) employed in the different steps of the model development.
Rate Expression Set
A
B
STEP 1
STEP 2
STEP 3
STEP 4






Energy Equation
(7)
(8)






STEP 1
In a first step, the chemical reaction mechanism has been coupled with a single
objective optimisation algorithm and the rate parameters have been optimised
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with respect to main ignition delay times τ only. For this purpose, the objective
function has been defined as:
1 N exp sim
f    
N i 1

Where τexp and τsim are the shock tube ignition delays measured and simulated
using the global reaction mechanism, respectively. N is the total number of
initial shock tube conditions considered for optimisation.
It is also common to use the mean of the relative (squared) error on the ignition
delay predictions [122, 150], though it was found that for the present reaction
model, this can lead to the optimum parameter set not reproducing the longer
ignition delays (at low temperature or high EGR rate) very well. Maximisation
of the correlation factor (R2), as used in other optimisation problems [153], was
not successful in the present reaction model either: while very high R2 values
could be reached, the absolute agreement between the measured and predicted
ignition delays was very poor.
Using the objective function defined above, good agreement with the main
ignition delays measured in the shock tube could be obtained, not only for nheptane but as shown in Figure 37 also for kerosene 3, demonstrating the models
potential to model ignition delay for practical fuels as well. The first stage
ignition delays however could not be predicted well.

Figure 37 – Correlation between measured and computed main ignition delays for n-heptane
and kerosene 3 at the shock tube conditions given in Table 1.
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STEP 2
To ensure that both main and first stage ignition delays can be predicted
correctly, in a next step the model parameters are reoptimised using a multiobjective optimisation tool. The latter has the advantage that the accuracy of the
low and high temperature ignition predictions can be controlled separately. In
line with the objective function defined in step 1, the two governing objective
functions are defined as:
1 N1 exp sim
1  1
N1 
i 1

(9)

1 N exp sim
f2    2  2
N i 1

(10)

f1 

Where:
- τexp and τsim are the measured and simulated shock tube ignition delays
respectively. Index 1 indicates the first stage ignition, while index 2
denotes the main ignition.
- N denotes the total number of initial conditions considered for
optimisation and NLT is either equal to N or the number of these
conditions for which first stage ignition was observed in the experiments.
The simulated ignition delays are computed based on shock tube simulations
with the global mechanism. First stage ignition times are defined as the time of
the first local maximum in the resulting computed heat release rate evolution.
Similarly, main ignition delay times are given by the timing of the global heat
release rate maximum. Other definitions e.g. based on maximum in the pressure
gradient (e.g. [154]) or a threshold on the temperature gradient (e.g.[103]) have
been used in literature. Employing these definitions, however, difficulties arise
to detect ignition at the low temperature and high EGR conditions, for which no
steep gradients occur.
As illustrated in Figure 38 and extensively documented in [145], using this two
objective optimisation strategy, good agreement between the predicted and
measured ignition delay times could be obtained over a wide range of conditions
– not only for n-heptane, but also for kerosene 2 and 3, demonstrating that even
under these more stringent criteria, the ignition delays of practical fuels can still
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be modelled. Especially with respect to the first stage ignition delay predictions,
significantly improved results compared to step 1 were obtained. It was further
shown that the model is sufficiently elaborate to correctly account for the effect
of changing initial shock tube conditions on both first stage and main ignition.
Only the effect of equivalence ratio was not satisfactorily captured, because of
which it was decided to include fuel exponents in the optimisation process as
well. Additionally, after calibration, the model was able to simulate the heat
release and corresponding pressure and temperature increase due to first stage
ignition, which was an important deficit of the original model.
Remaining deficiencies of the model predictions at this stage were a too high
cool flame heat release compared to the detailed n-heptane reaction
mechanisms, and incorrect species evolutions for many of the optimal parameter
sets.

Figure 38 – Comparison of measured (symbols) and computed ignition delays (lines)
obtained with the reaction rate parameter resulting from the 2 objective optimisation [145].
Solid lines: main ignition - Dashed lines: first stage ignition

STEP 3
To capture the cool flame heat release of n-heptane more correctly, additional
information from detailed reaction mechanisms has been used. The first idea
was to match the cumulative cool flame heat release obtained using the global
reaction mechanism to the corresponding cool flame heat release predicted by
the detailed reaction mechanisms. As shown in section 5.1, however, this cool
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flame heat release differs significantly between the different detailed
mechanisms investigated. The mechanism-to-mechanism deviations on the
predicted pressure increase due to the cool flame were found to be substantially
lower than the deviations on the cool flame heat release itself. Therefore, the
pressure at the end of the cool flame has been chosen as the reference quantity to
match, leading to the following definition of the additional third objective
function:
fp 

det
sim
1 N1 p1i  p1i
N1 
p1det
i 1
i

(11)

where:
-

p det

and p sim are the post cool flame pressure predicted by the detailed

reaction mechanism, resp. simulated using the global reaction mechanism.
In this particular case, the reaction mechanism of Tsurushima [108] has
been chosen as a reference, for its ignition delay predictions show very
good agreement with the shock tube data and the shape of its heat release
evolutions are very similar to those obtained with the global reaction
mechanism.
- The index 1 again indicates first-stage ignition and N1 is the same as
defined for equation (9).
To further ensure that only those parameter sets are retained for which – as in
the experiments – nearly complete combustion occurs, the final pressure
obtained with the global reaction model is constrained to lie within ± 10% of the
pressure predicted by the reaction mechanism of Tsurushima [108]. This
constraint is imposed by associating very high error function values to the
parameter set which violates the constraint.
Although this 3 objective strategy – as intended – improves the cool flame heat
release predictions, it does not necessarily yield realistic intermediate species
profiles. For this reason a next step in the optimization process was undertaken.
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STEP 4
As discussed above, the 2 objective strategy of step 2, and the 3 objective
strategy of step 3 do not necessarily yield realistic species profiles. This is due to
the fact that the intermediate and high temperature schemes in the global
reaction mechanism are directly coupled over temperature only. This allows
reasonable ignition delay predictions, without correct profiles for the relatively
stable intermediate I2. To guarantee that the optimization algorithm retains only
physically feasible solutions, a fourth objective function has been introduced.
More precisely, this objective function ensures that only parameter sets leading
to a „branching‟ induced second stage ignition are retained, by imposing that the
maximum in the reaction rate of the branching reaction 7 (I 1  2Y) occurs in
the proximity of the main ignition. The fourth objective function is hence
defined as:
f max R7

1 N sim
  tmax R7i   2sim
i
N i 1

(12)

sim
where tmax
R7 i is the time at which the maximum in the reaction rate of reaction 7

occurs, whereas  2sim
is the main ignition timing simulated using the global
i
mechanism. N is again the number of initial shock tube conditions considered.
Using the 4 above defined objective functions (9) to (12), complemented with
the constraint on the final pressure, an „optimal‟ set of reaction rate parameters
has been defined for n-heptane. These 4 functions form a set of objectives which
must be traded off in some way. The solution of the optimization is therefore not
unique, but consists, as illustrated in Figure 39 for 2 objective functions, of a
number of so-called Pareto dominant solutions, which represent „optimal‟
combinations of the objective values. Depending on the relative importance of
the different objectives, a certain solution and the corresponding parameter set
remains to be selected by the user. In this work, a compromise between the 4
objectives has been selected for n-heptane, where a good agreement of the
ignition delay predictions is weighted higher as f max R7 and f p . The final
parameter set given in Appendix B.2 yields excellent ignition delay predictions
and most importantly, significantly improved predictions of the evolution of the
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intermediate species during ignition. The results obtained using the latter
parameter set are extensively validated in the next section (section 5.3).

Figure 39 – Illustration of the Pareto optimisation concept: The optimisation results consist
of a set of Pareto dominant solutions, which represent „optimal‟ combinations of the 2
objective values f1 and f2 indicated in the graph. (Figure copied from [151])

5.2.5 Parameterization of the reaction rate constants – other fuels
As indicated above, good ignition delay predictions can be obtained for the full
boiling range fuels as well using the 2-objective optimisation strategy.
Qualitatively correct species evolutions however are not guaranteed.
The fuels considered in this work are all complex multi-component fuel blends
for which at present no detailed reaction mechanisms exist, such that the cool
flame heat release and corresponding pressure increase cannot be defined, nor
can this data be extracted from the shock tube experiments. The reaction rate
parameters for the remaining fuels are therefore defined using 3 objective
functions only, namely f1, f 2 and f max R7 (equations (9), (10) and (12)).
As exemplary done for kerosene 2, the entire set of reaction rate parameters can
be reoptimised for each new fuel. A reoptimisation of the reduced parameter set
(A1 to A7, a, b, c, r, s), starting from the optimized heptane parameter set,
however, gives almost equally good results, in a significantly reduced
optimization time. The latter is possible because the pre-exponential factor Ai
and the activation energy Ei influence the ignition delays in the same way, at
least within the range of initial conditions investigated in this study. The
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definition of the initial set of solutions used in this step was guided by a
sensitivity study of the ignition delays with respect to each rate parameter.
The resulting reaction rate parameter sets for the five fuels investigated are
given in Appendix B.2. As pointed out for other global reaction mechanisms
[155], the obtained parameters should be considered as fuel specific parameter
sets rather than individual chemically representative values.

5.3 Validation based on shock tube & detailed reaction
mechanism data
In this section, an extensive validation of the global reaction mechanism by
means of detailed n-heptane reaction mechanisms is presented, followed by a
discussion of the results obtained when applying the model to the 5 full boiling
range fuels presented in section 3.3. The first section covers the results with
respect to the species and heat release evolution predictions, the second those
with respect to the ignition delay predictions. All results presented are obtained
with the optimized parameter sets given in Appendix B.2.

5.3.1 Species and heat release evolutions
As mentioned during the discussion of the optimization method, n-heptane has
been chosen as benchmark case, since its chemistry is by far the best known in
literature [60]. In Figure 40 to Figure 42, the results of the present global
reaction model are therefore compared to those obtained with the reaction
mechanism of Tsurushima [108] (38 reactions/33 species), which – as shown in
section 5.1 – shows a very good agreement with the shock tube ignition delay
data used in the present study.
A comparison of the typical evolution of the main species during 2-stage
ignition is given in Figure 40. The evolutions on the left are obtained with the
present global reaction mechanism calibrated for n-heptane; the corresponding
profiles on the right are calculated using the reaction mechanism of Tsurushima
[108]. An excellent agreement, both qualitatively as well as quantitatively,
between the global and detailed reaction mechanism can be observed for the
major combustion products CO, CO2 and H2O. The almost negligible
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consumption of the fuel n-heptane prior to the first stage ignition is also seen to
be captured very well. Within the time frame between first stage and main
ignition, however, the predicted fuel concentration of both reaction models
deviate. This can be attributed to the fact that the high temperature decay of the
fuel into primarily olefinic intermediates has not been considered separately, but
has been summarized with their subsequent oxidation into a single reaction F +
7.5 O2 → 8 H2O + 7 CO. As a result of this simplification, the species F does
not only represents the fuel itself, but also these high temperature intermediates.
Consequently, the concentration of the species F predicted by the global reaction
model during the induction period between the first stage and main ignition is
considerably higher than the fuel concentration predicted by the detailed
reaction model. The olefin/alkene fraction on the other hand - of which the
minor part formed via the low temperature path in the global reaction
mechanism is included in the species I2 - is smaller than predicted by the
detailed reaction mechanism in which the alkenes are produced not only through
the low temperature path, but primarily through the high temperature reactions.

Figure 40 – Comparison of the main species profiles predicted using the global reaction
mechanism (left) and the reaction mechanism of Tsurushima [108] (right) – fuel F = nheptane.
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Figure 41 - Comparison of the minor species evolutions predicted using the global reaction
mechanism (left) and the reaction mechanism of Tsurushima [108] (right) – fuel F = nheptane.

The predictions of the intermediate species evolutions are compared in Figure
41(a) and (b). As outlined above, the intermediate species in the global reaction
mechanism are fictive species, each representing a group of species with similar
behavior of which the most important ones are plotted in Figure 41(b). I1
corresponds to the oxygenated radicals C7H15O2 and C7KET, Y mainly to HO2
and OH, while I2 groups H2O2, aldehydes (mainly CH2O) and lighter alkenes. As
explained above, the high alkene (primarily C2H4) concentration between first
stage and main ignition predicted by the detailed reaction mechanism, originates
both from low temperature as well as high temperature paths. In the global
reaction model however, the high temperature path has been compacted to a
single step conversion of the fuel into CO and H2O, and hence the intermediate
alkene formation has been omitted. The species I2 thus only accounts for the
minor amount of smaller alkenes formed through the low temperature pathways
and consequently, its evolution depicted in Figure 41(a) should be compared
with that of H2O2 and CH2O. Qualitatively, the I2 profile shows an excellent
agreement with the profiles of both these species plotted in Figure 41(b). Also
the evolutions of the other intermediates, as well as their relative importance are
very well reproduced. This qualitative agreement indicates that the main
reaction pathways responsible for the two-stage ignition process are captured
correctly and gives confidence that the model will give reasonable results even
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outside the validation range. The models capability to correctly predict the
occurrence of the intermediate species furthermore allows identifying which
stage of combustion is taking place at which location inside the combustion
chamber when used in 3D-CFD simulations.
At high temperatures (> 900-1000 K), ignition predominantly occurs through a
single stage ignition. The typical species evolutions for such a single stage
ignition are given in Figure 42. Because of the single step high temperature
oxidation of the fuel, the predicted concentration of the species F is, as would be
expected, again higher as the fuel concentration obtained with the detailed
reaction mechanism. The high temperature intermediates in the global reaction
mechanism further instantaneously convert into CO and H2O, due to which also
the CO and H2O and hence also the heat release during the early stages of
ignition tend to be slightly too high compared to the detailed reaction
mechanism. Nevertheless, also for single stage ignition cases, the overall species
evolutions are seen to be captured well. The inclusion of an additional high
temperature intermediate might delay this product formation and hence improve
the CO, H2O and early stage heat release predictions; however, at the cost of an
additional species and reaction rate parameter to be optimized. The need for
such an additional step hence depends on the trade of between computational
efficiency and the accuracy required.
Besides the evolution of key species, a successful reaction mechanism must of
course correctly predict the evolution of heat release, pressure and temperature

Figure 42 – Comparison of the main species profiles predicted using the global reaction
mechanism (left) and the reaction mechanism of Tsurushima [108] (right)–fuel F= n-heptane.
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during the entire combustion process. An example of such a heat release and
pressure profile for constant volume ignition/combustion is given in Figure 43.
As no experimental profiles are available here either, the simulated profiles are
compared to the predictions from the detailed/reduced reaction mechanisms
previously introduced. The overall pressure and heat release profiles agree well
with the other model predictions over the entire ignition duration. Especially the
rather abrupt change in the pressure rise due to the transition from the cool flame
into the NTC regime is seen to be captured well.

Figure 43 – Heat release rate and pressure evolutions for an exemplary shock tube
calculation using the global reaction mechanism and two mechanisms from literature [108,
134].

Generally, the cool flame heat release still tends to be slightly too high,
especially prior to ignition. As pointed out by [155], who developed a similar
model, using however a slightly different approach based on surrogate fuels, the
introduction of a second reversible reaction might be necessary to control the
cool flame ignition delay and heat release independently. The optimization
seems to support this statement, as it was found that low values for f LT and
hence good ignition delay predictions compete with low values of f p
LT

indicating good cool flame heat release predictions. The high pre-ignition heat
release could however also originate from the fact that the branching reaction
I12Y in the present global reaction mechanism exhibits a rather weak I1
concentration dependence. Due to this, the production of the radicals Y and their
subsequent reaction with the fuel species F through reaction 5, which is
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responsible for the cool flame heat release, begins slightly too early. The rather
high initial Y concentration visible in Figure 41(a) supports the latter hypothesis.
More detailed investigations are required to clarify the issue.
Although the cool flame (CF) heat release and hence the corresponding pressure
and temperature increase are slightly overpredicted, the trends with changing
initial conditions show good agreement with those predicted by the detailed
reaction mechanisms from literature, as Figure 44 illustrates. Both the increase
of the CF heat release with reducing initial temperature and increasing initial
pressure, as well as the rather low sensitivity of the CF heat release to EGR or φvariations predicted by the detailed n-heptane mechanisms is seen to be captured
quite accurately. Further, also the pressure and temperature at the end of
combustion are very well predicted. Only for high equivalence ratios and 0%
EGR conditions, the values predicted by the global reaction mechanisms
substantially deviate from the detailed model predictions. These deviations are
caused by an overpredicted oxidation of the CO during the final combustion
phase at these richer conditions. As the CO to CO2 conversion reaction
governing this final phase does not influence the ignition delays under
homogenous conditions, its parameters cannot be fully optimized using shock
tube ignition data. A minor a posteriori correction to its reaction rate parameter
based on engine experiments might hence be necessary. Nevertheless, shock
tube data is preferred over engine data as basis for the primary optimization, as
the shock tube data reflects the purely chemical behaviour of the fuel in contrast
to engine data, where the ignition delays and heat release are strongly influenced
by mixture and wall loss effects.
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Figure 44 – Pressure and temperature increase at the end of the cool flame heat release
(bottom lines) and the end of combustion (top lines) for the global reaction mechanism and 3
mechanisms from literature [3, 108, 134].

5.3.2 Ignition delay predictions
The models capability to predict ignition delays and account for the influence of
the initial shock tube conditions on those is illustrated for the six fuels in Figure
45. The ignition delay times are presented in Arrhenius diagrams, where  is
plotted on a logarithmic scale as a function of the inverse temperature T.
The lines depict the model predictions, whereas the symbols represent the
experimental data (filled symbols for the main ignition delays, open for firststage ignition delays). The fuels and conditions shown are selected to give an
overview of the potential and limitations of the present global reaction
mechanism. The complete set of results can be found in Appendix B.3. As can
be seen, the global mechanism shows a very good overall agreement with the
experimental data. Especially at the high EGR conditions relevant for HCCI
combustion, the predictions match the experimental data very well.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 45 – Comparison of measured (symbols) and computed (curves) ignition delay times
for n-heptane. (Filled symbols for main ignition τ, open symbols for first-stage ignition τcf )

The S-shape of the ignition delays curves due to the NTC behaviour described
earlier is seen to be captured well, across the entire range of conditions
considered. Depending on the fuel this NTC behaviour is manifested more or
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less pronounced. The global reaction mechanism successfully models both
strong NTC behaviour as observed for example for Naptha 1 in Figure 45(e) as
well as very weak NTC behaviour as seen in Figure 45(b) for kerosene 1. As
illustrated in Figure 45(a) and (b) also the shift of the NTC region to higher
temperatures with increasing pressure, typical for fuels exhibiting two stage
ignition is seen to be predicted well. For all pressure conditions investigated, the
model shows good agreement with the measured main shock tube ignition
delays. The accuracy of the cool flame ignition delay predictions and the
predicted influence of pressure on them differ from fuel to fuel and strongly
depend on the quality of the experimental data available for optimization.
Overall, the influence of pressure on the first stage ignition delays tends to be
slightly under predicted, especially for n-heptane, kerosene 1 and 2. For these
fuels, the influence of pressure is rather limited, such that in view of the
experimental uncertainty the pressure influence could not always
unambiguously be defined. Especially for the optimization of the first stage
ignition delay predictions, the number of experimental data points is in many
cases too limited to fully resolve all initial condition dependencies.
Nevertheless, reasonable trends and good agreement with the available first
stage ignition data points could be achieved for all fuels.
The influence of the equivalence ratio at high temperatures evident in Figure
45(c) and (d), is now seen to be predicted very well, which can be attributed to
the inclusion of the exponent of the fuel concentration of reaction 1 into the
optimization process. There is still some potential for improvement in the
intermediate temperature range. Also the influence of the equivalence ratio on
the first stage ignition delays is still slightly over predicted, indicating that the
effect of equivalence ratio on ignition in the low/intermediate temperature range
is not captured completely yet. Finally in Figure 45(e) and (f), the influence of
EGR is illustrated. As expected, the ignition delay times increase with
increasing EGR rate and the global reaction model accurately describes this
behaviour for each of the fuels investigated.
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Figure 46 – Correlation between measured and computed ignition delays for all fuels, at the
shock tube conditions given in Table 1. Left: first-stage ignition – Right: main ignition.

The parameter sets given in Appendix B.2, yield equally good results for all
remaining conditions and fuels, as the low error values given at the last row of
the Table in Appendix B.2, and the excellent correlation shown in Figure 46
confirm. Both for the main ignition, as well as the first stage ignition, the delay
times calculated using the proposed global reaction mechanism show an
excellent agreement with the measured ignition delays for all fuels tested,
demonstrating the models potential to describe the ignition behaviour of a wide
range of fuels, even those containing a considerable portion cyclo-alkanes or
aromatics.
To put the presented results in perspective, the ignition delays predicted by the
global reaction mechanism are compared with those obtained using the detailed
reaction mechanisms introduced in section 4.1.3 and 5.1, namely the detailed
reaction mechanisms of Curran et al. [3] and Ahmed et al. [134] including 2539
reactions/561 species and 2309 reactions/246 species resp. and the reduced
mechanism of Tsurushima [108] consisting of 38 reactions/33 species. By
comparing the correlation between model and experiment obtained for these
detailed reaction mechanisms (see Figure 20 in section 4.1.3) with that of the
global reaction mechanism presented in Figure 46, it becomes evident that the
global reaction mechanism can predict shock tube ignition delays equally well
as more detailed reaction mechanisms from literature, providing a suitable
parameterization of the reaction rate parameter has been carried out. It however
employs only 7 reactions and is therefore significantly more efficient, in
particular when employed in 3D-CFD simulations. The simulation of a single
102

Global Reaction Model
operating condition using the global reaction mechanism typically requires only
1/20 of the time needed to compute the same condition with the mechanism of
Tsurishima [108].

5.4 Application to homogeneous engine experiments
The atomiser experiments presented in section 3.2 are particularly suited to
assess the predictive capability of the chemical reaction mechanism, as the
nearly homogeneous charge and the absence of a direct fuel injection remove the
uncertainties associated with mixture formation and spray modelling. As
mentioned earlier, because of strong fluctuations in the atomiser fuel system, for
kerosene 2, only a very limited number of operating conditions were
investigated. The validation presented here is therefore restricted to the 5
remaining fuels. Two types of calculations are performed, namely a) a singlezone approach and b) a full 3D-CFD simulation using a sector model of the
engine geometry.

5.4.1 Single zone engine model
Because CFD-calculations are typically very time intensive, especially in view
of the large number of fuels and operating conditions investigated, the global
reaction model has in a first step been validated for engine applications using a
single zone engine model. This engine model combined with the 7-step model
described above typically requires less than 1 second of simulation time for a
single cycle starting from IVC to EVO. It is therefore particularly suited to
evaluate the models capability to predict trends.
In the single zone considered, the in-cylinder temperature and mixture
concentrations of the various chemical species, such as e.g. the fuel and O2 and
N2 in the air, are homogeneously distributed. The evolution of the species mass
fractions Yi and temperature T in the cylinder are calculated from the mass and
energy conservation equations given below (Eq.(13) and (14)), whereas the
pressure follows from the ideal gas law.
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Yi  i  M i

i  1...8
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dT
1 
dV


V  i 1i  M i  ui  p 
 Qw 

dt m  cv 
dt


(13)
(14)

In the equations above, Yi [-] and Mi [kg/mol] denote respectively the mass
fraction and molecular weight of species i, whereas i [mol/(cm3∙s)] is the
production or destruction rate of species i and ui [J/kg] the internal energy.
In equation (14), m [kg] denotes the total cylinder mass, cv [J/kg K] the mean
specific heat of the cylinder charge whereas the first term Qchem  V  8i 1i  M i  ui
represents the heat release rate by chemical reactions, the second term gives the
pressure work and the third term Qw represents the heat loses to the wall. The
cylinder volume V [cm3] is defined by the engine geometry and piston
kinematics and described by equation (15) to (17).
V    S ( )   

B
V c
4

1
L

S ( )  H  1  cos( )  s 1  cos( )  
2
4


Vc 

Vd
 1

(15)
(16)
(17)

S is the distance from the piston surface to the piston position at TDC (top dead
centre), in function of the degree crank angle (  ). B denotes the cylinder bore, H
the stroke, Ls the length of the connecting rod, and the volumes Vc and Vd are
respectively the cylinder volume at TDC and the displacement volume.
The chemical production rate of the species i as well as the heat release rate
Qchem is calculated using the developed global reaction summarized in Table 6.
Except for the reaction rate parameter of the CO/CO2-conversion which, as
mentioned in section 5.3.1, needed a slight adjustment to improve the heat
release predictions during the final stage of combustion, the existing and
unaltered parameters of the shock tube optimization have been used. As in the
experimental data-post-processing, the wall loses Qw are calculated using the
Hohenberg heat transfer coefficient correlation [156]. The wall temperature is
for each fuel selected as to get a good agreement between model and
experiments across all operating conditions measured for the respective fuel and
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then kept constant throughout all calculations. For kerosene 1 and naptha 2 for
example, the majority of the experimental data is for 4 bar IMEP operating
points. For these two fuels, the wall temperature averaged over all operating
conditions is therefore higher than for the remaining fuels, for which the
experimental data also includes a large number of 2 bar IMEP operating points.
Using a wall temperature of 500 K for heptane, 600 K for naptha 1 and 550 K
for the remaining fuels, reasonable results with respect to the heat release and
pressure evolutions have been found.
As will be demonstrated later on, despite its simplicity this combined single
zone engine/chemistry model successfully predicts the influence of changing
operating conditions on ignition and correctly reproduces the trends in the peak
pressure, the point of 50% fuel conversion as well as the CO and CO2emissions. Also the influence of the fuel kinetics is captured well, which
encouraged application of the model into 3D-CFD simulations.

5.4.2 CFD Set-Up
For the 3D-CFD simulations, the global reaction model has been coupled with
the commercial package STAR-CD [59]. As in the single zone engine model,
apart from the CO/CO2-conversion parameters (which are taken equal to the
ones used in the single zone calculations), the exact same reaction rate
parameters as obtained from the shock tube optimization have been used, i.e. no
‚re-tuning„ has been carried out for individual engine operating conditions. The
simulations are performed using a computational grid with 9 424 cells in a 4°
sector of the cylinder as shown in Figure 47 and run from 120°CA before TDC
up to 120°CA after TDC; wall times typically amount to 2 hours when run
sequentially on a contemporary CPU.
As multi-zone engine models, in which no direct interaction between turbulence
and combustion is considered, show considerable success in predicting pressure
traces and heat release rates with good accuracy for the present homogeneous
engine simulations [15, 34], no special provision has been made to account for
small scale turbulence/chemistry interactions. Hence, the reaction rate
expressions are evaluated based on the average cell pressure, temperature and
concentrations, neglecting sub cell scale turbulence influences.
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Figure 47 – Computational grid used in the simulations. A 4° sector grid
with 9,424 cells at simulation begin and 1,420 cells at TDC (the typical
cell volume is 0.65 mm3 in the centre, 0.4 mm3along the wall boundaries)

The effect of turbulence on the wall heat transfer – which was found to be
important under HCCI conditions [15] – has been accounted for using a highReynolds RNG k-ε model in conjunction with a law-of-the-wall function
developed by Angelberger et al. [43]. As the main purpose of this chapter is to
validate trends rather than to investigate a certain operating condition in detail,
several parameters have been fixed, such as the initial swirl, turbulence intensity
quantities (k=20 m2/s2, ε=1,000 m2/s3) and wall temperatures, after initial testing
under a baseline set of conditions. Using a wall temperature equal to 360 K for
n-heptane, 420 K for naptha 2 and kerosene 3 and 450 K for naptha 1 and
kerosene 1, reasonable results with respect to the heat release and pressure
evolutions have been found. To accurately model unburned hydrocarbon (uHC)
emissions a further, more accurate analysis of wall temperature and crevice
effects is needed. For trend evaluation a fixed value over all operating
conditions suffices.

5.4.3 Initial and boundary conditions
For both the single zone engine model and the CFD calculations, the initial
pressure and temperature needed as input for the simulations are taken from the
experiments, whereas the initial composition is estimated based on the total
initial cylinder mass calculated from the ideal gas law and both the given fuel
and initial air masses. The initial EGR mass is thus calculated as the difference
between the estimated total initial mass and the fuel/air mass, to ensure that
residual gas is accounted for. For all variables, a perfectly homogenous field has
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been initialized. As the exact composition of the EGR-gas, and in particular, the
composition of the unburned hydrocarbon (uHC) fraction is not known, the EGR
composition is calculated assuming complete combustion at the air/fuel ratio
given by the fuel and air masses. Unless stated otherwise, the simulated EGR
hence consists of a mixture of O2, CO2, H2O and N2.
Note that the calculation of the ‚experimental„ temperature and heat release
evolutions based on the measured pressure traces requires an estimation of the
residual gas fraction and its temperature. As the onset of combustion in the
simulations is found to be very sensitive to the initial mixture temperature, this
uncertainty on the residual gas fraction and the subsequent initial temperature
estimation may well be an important factor of error in comparing the
experimental results with the chemical reaction simulations. An increase of the
initial temperature with as little as 5K, for example shifts the ignition time by
1°CA for a heptane 2 bar IMEP – 60°C Tin – 46%EGR. The same concern was
also issued by Machrafi [157] and Yao et al. [15].
Another quantity which needs to be estimated is the cylinder wall temperature.
The latter controls the wall heat loses and hence strongly influences the
„experimental‟ temperature and heat release evolutions as well. In principle, the
latter can be estimated by measuring the heat loses to the cooling water,
according to an estimate of Machrafi et al. with an accuracy of ±20 K [157]. In
the experiments presented in section 3.2, however, the wall temperature has for
all conditions and fuels been set equal to 559 K. The inaccuracy introduced by
this fixed wall temperature combined with the uncertainty on the initial charge
temperature, offers a certain arbitraryness, since the same pressure evolution can
be obtained with several combinations of these two temperatures. An increase in
the initial temperature for example can be compensated by a reduction in the
wall temperature and consequently increased wall loses and vice versa.
For the single zone engine calculations the focus was laid on the pressure and
heat release predictions, as due to the neglect of cold wall regions, emissions
cannot be predicted well anyway. It was found that in this case, good agreement
with the experiments could be obtained using the initial temperatures as defined
in the experiments, combined with a slight reduction of the wall temperature as
to match the ,experimental‟ heat loses. Also in the CFD-simulations, it was
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found that the pressure evolutions could be reasonably well reproduced using
the ,experimental‟ values of the initial temperatures and wall temperatures. The
CO and especially the unburned hydrocarbon emissions however were found to
be underpredicted, despite the presence of the crevice between the cylinder liner
and the piston shown in Figure 49. Both these values were therefore adjusted
until a good overall agreement was reached. As will be shown later on,
reasonable agreement with the experiments could be obtained by reducing the
wall temperatures to the values given in the CFD Set-up section (section 5.4.2),
and slightly increasing the initial temperatures (with 1.35%); not only for the
pressure evolutions, but also for the CO and unburned hydrocarbon emissions.
As stated above, a more detailed analysis of these wall and crevice effects is
needed to really accurately model the unburned hydrocarbon emissions as well.

5.4.4 Results – Overall influence of changing operating conditions
For the validation, the pressure and heat release profiles as well as the ignition
times and CO/CO2-emmisions excerpted from the simulations have been
compared with the experimental data presented in section 3.2.
Because of its short computation times, the single zone engine model is the
perfect tool to evaluate the models capability to predict trends. Figure 48(a) and
(b) shows an exemplary comparison between measured and predicted cool flame
and main ignition times (expressed in °CA). For the purpose of this study, the
cool flame ignition time is defined as the degree crank angle at which the
gradient of the heat release rate profile exceeds the value 0.5 J/°CA 2, the main
ignition delay as being the degree crank angle after the cool flame maximum at
which the heat release rate rise reaches 2 J/°CA2. For each fuel, the results of six
EGR sweeps are shown, the first three sweeps correspond to the 2 bar IMEP
operating points with an initial mixture temperature equal to 40°, 60° and 80° C
resp., the last three sweeps correspond to the 4 bar IMEP operating points, again
with an initial temperature of resp. 40°, 60° and 80° C. The model predictions
are seen to deviate more from the experiments towards the end of each EGR
sweep - an issue which will be addressed later on. But overall, the changes in the
ignition delay times with changing operating conditions are very well
reproduced.
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(a)

(b)
Figure 48 – Predicted and measured trends in the (a) Cool flame ignition timing (SOBCF),
(b) main ignition timing (SOBmain) with changing operating conditions.
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(a)

(b)
Figure 49 – Predicted and measured trends in the (a) peak pressure (Peak P) and (b) degree
crank angle at which 50% if the fuel energy has been released, with changing operating
conditions.
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With respect to the peak pressure equally well predicted trends were obtained
for all operating conditions and fuel investigated (see Figure 49(a)). Also the
combustion timing and duration are overall reproduced very well. This is
illustrated by the excellent agreement between the predicted and measured main
ignition times presented before and the timings at which 50% of the fuel energy
has been released (see Figure 49(b)).

5.4.5 Results – Influence of the engine simulation model
In Figure 50, the simulated evolutions of pressure, heat release and cumulative
heat release for both the single zone engine model and the 3D-CFD calculations
are shown along with the experimental measurements for an exemplary case
with n-heptane. To allow a fair comparison between both engine models used,
the wall temperature has in the presented single zone engine calculation been
taken equal to the wall temperature used in the CFD-calculations, namely 360 K.
The initial temperature has further been slightly increased, to obtain the same
temperature and pressure evolutions for both engine models. With these
adjustment, also the wall loses of both calculations were found to be the same.
Overall, the predicted pressure evolutions are in good agreement with the
measured data and the pronounced two stage ignition typical for these atomiser
HCCI experiments is seen to be captured well. As illustrated, when the
temperature and pressure evolution prior to ignition are captured well, the cool
flame ignition time is seen to be predicted very well. The cool flame heat release
however is overpredicted, which results in a slightly faster pressure rise than
observed in the experiments. A similar overprediction was observed for all other
fuels and operating conditions considered, the cause of which has been already
discussed in section 5.3.1. The present global reaction mechanism further tends
to show double-humps in the heat release profile during the main combustion
period. This is due to the fact that only two reactions are used to describe this
phase and hence release heat. The simultaneous combustion inherent to the
single zone model further emphasis this effect, due to which the heat release
profile obtained using the single zone engine model shows a more pronounced
bi-peaked character.
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Figure 50 – Comparison of the measured and calculated pressure, heat release and
cumulative heat release evolutions for a n-heptane HCCI engine condition. (Twall = 360K for
both engine models, Tin = 418K for the CFD calculation, Tin = 422K for the single zone
engine model)
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Furthermore, the single zone engine model predicts a clearly higher cool flame
heat release maximum than the CFD-model, again because of the simultaneous
combustion typical for the model. The cumulative heat release at the end of the
cool flame, however, appears to be equal for both models. Finally, compared to
the single zone simulations, the CDF simulations predict an advanced ignition,
which can be attributed to the presence of the core with a temperature slightly
above the mean temperature.
As illustrated in Figure 50, for these homogeneous operating conditions and the
current settings of the wall temperature and wall heat lose models, the results of
the single zone engine model and 3D-CFD simulations are found to be very
similar. Therefore, in the remainder of the chapter only the results of the CFD
calculations are further discussed in detail. A separate discussion of the single
zone model results can be found in [158].
It should be noted that due to the uncertainty on the initial temperature discussed
in section 5.4.3, as well as due to the assumption of a constant wall temperature
for all cases simulated the temperature and pressure prior to ignition are slightly
deviating for several operating conditions. In those cases, for which such an
underpediction of the temperature occurs, the cool flame ignition delay tends to
be overpredicted. This retards the main ignition and combustion. Since the focus
in this section lies on the prediction of trends over a wide range of conditions, no
arbitrary ‚re-estimation‘ of the wall temperature and initial temperature for every
single operating condition has been done.

5.4.6 Results – Influence of the inlet temperature

Figure 51 – Comparison of measured (blue) and predicted (green) heat release profiles for
kerosene 3 at 2 bar – 0% EGR and Tin= 40,60, 80°C.
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The models capability to correctly account for the impact of a change in the inlet
temperature is illustrated in Figure 51. As expected from previous studies (e.g.
[2, 159]), an increase in the inlet temperature advances the onset of both the cool
flame and main combustion heat release. Furthermore, with increasing inlet
temperature an increase in the heat release maximum of the main combustion
can be observed. The cool flame heat release maximum on the contrary is seen
to reduce. As can be seen, the global reaction model successfully captures both
these effects.
Although the cool flame ignition delay is overpredicted in all cases, its reduction
with increasing temperature is very well predicted, not only for kerosene 3 but,
as shown in Figure 52 for all other fuels as well. For a change in the inlet
temperature from 40° to 80°C, the model predicts a reduction of the cool flame
ignition delay of about 5°CA, just as found in the experiments. For n-heptane,
naptha 2 and kerosene 3, the main ignition delay was found to reduce by about
5°CA as well and an excellent agreement between the measured and predicted
delays can be observed. For kerosene 1 and naptha 1, the model predicts a
similar reduction in the main ignition delay, which however does not agree well
with the experiments. Due to the low ignitability of these fuels, less than 40 %
of the fuel has been converted in the experimental conditions shown, and for the
remaining conditions, the conversion was even lower such that a clear ignition
could not be defined in the experiments. The latter explains the absence of
experimental naptha 1 and kerosene 1 data for some of the conditions presented
in Figure 52. Also in the simulations, a low fuel conversion for kerosene 1 and
naptha 1 was found, and a clear ignition could only be defined for a limited
number of conditions. As can be observed in Figure 52, for an inlet temperature
of 80°C, the model predictions agree well with the experiments, for 60°C
however, they do not. At these extremely low conversion conditions the model
hence appears to be less accurate in predicting ignition delays.
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Figure 52 – Comparison of measured (solid lines) and predicted (dashed lines) cool flame
and main ignition times for all fuels for an inlet temperature variation at 2 bar IMEP and 0%
EGR.

5.4.7 Results – Influence of a load variation
The models capability to account for changes in the engine load is demonstrated
in Figure 53 for n-heptane and Figure 54 for kerosene 1. On changing the engine
load, in the experiments not only the injected fuel mass but also the inlet
pressure and thus the charge mass have been raised. At the conditions
investigated, the increase in the fuel mass prevails over the higher charge mass
which results in a higher fuel/air ratio for higher loads. As both the higher initial
pressure as well as the higher fuel/air ratio accelerates the overall reaction rate,
an increase in engine load leads to a shorter ignition delay and burn duration.
The model quite accurately predicts this reduction in both the ignition delay and
burn duration and also the augmentation of the heat release maxima and cylinder
pressure are seen to be captured adequately. The 6 bar load points can be
operated at high EGR rates only; as demonstrated in Figure 55, for these high
loads reasonable predictions of the ignition delay times can be obtained as well.
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Figure 53 – Comparison of measured and simulated pressure (left) and heat release (right)
evolutions for n-heptane at 80°C Tin, 0% EGR and two different load conditions (IMEP).

Figure 54 – Comparison of measured and simulated pressure (left) and heat release (right)
evolutions for kerosene 1 at 60°C Tin, 0% EGR and two different load conditions (IMEP).
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Figure 55 - Comparison of predicted and measured cool flame (CF) and main ignition delays
for kerosene 3 for an EGR variation at three different load conditions (2-4-6 bar IMEP) at
40°C Tin .

5.4.8 Results – Influence of an EGR variation
In the HCCI experiments used for the present validation, the EGR rate has been
varied from 0 up to about 60%. In all cases, the EGR-mixture has been cooled to
the desired inlet temperature before its introduction in the combustion chamber.
The two main effects of such cooled EGR-addition are a reduction of the mean
cylinder temperature due to the higher heat capacity of the EGR mixture and a
reduction of the available O2-concentration because of dilution.
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Figure 56 – Comparison of measured and simulated pressure (top) and heat release (bottom)
profiles for n-heptane at 2 bar IMEP, 80°C Tin and three EGR rates (20%, 47% and 58%).

As shown in Figure 56, both effects reduce the reactivity of the cylinder charge.
The increase in the EGR fraction delays the onset of the cool flame and main
combustion heat release and prolongs the combustion duration of both the cool
flame and main combustion phase. The EGR-addition furthermore results in a
reduction of the cool flame as well as the main heat release maxima, both in the
simulation and the experiment. The main combustion is clearly more sensitive to
the EGR addition, which results in a more pronounced elongation of the main
ignition delay and an increase in the combustion duration. Especially the latter is
captured very well in the simulations. Also the reduction in the peak pressure
with increasing EGR, shown in Figure 56, is seen to be predicted well.
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Figure 57 – Comparison of measured and predicted cool flame and main ignition delays
(top), degree crank angle at which 50% of the fuel energy has been released ( CA50) and the
combustion duration (CA70-CA20) for an EGR variation at 4 bar IMEP – 80°C Tin.
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Figure 57 shows the influence of the EGR rate on the ignition delay, burn rate
(CA50) and burn duration (CA70-CA20) for the five fuels at 4bar IMEP and
80°C inlet temperature. For all fuels, the influence of the EGR on the ignition
timing (predominantly the main, to a lesser extent also the cool flame ignition)
and combustion phasing starts to become significant only after about 30% EGR
addition. As indicated by [24], this limited EGR influence at low EGR rates can
be attributed to the non-linear correlation between the EGR-rate and the O2concentration at inlet valve closure (see Figure 58). Because of the lean
operation, the exhaust gas also contains „unused‟ air in addition to combustion
products, which especially at low EGR rates limits the [O 2]-reduction. For the
main ignition timings as well as for the burn rate, the difference between the
predicted and measured values slightly increases with increasing EGR rates. For
the highest EGR rates, the EGR addition even slows down the combustion to the
extent that, in the simulation, no clear main ignition point could be defined. To
understand the origin of this increasing discrepancy, the validity of the
assumption that the EGR gas is composed of complete combustion products
only (CO2, H2O, O2 and N2) has been further investigated.
Typically, combustion in a HCCI engine is not fully complete and trace species
such as CO, partially oxidised fuel and unburned hydrocarbons (uHC) are
formed. With increasing EGR rates, the concentration of these species in the
intake system goes up rapidly, partly because a larger fraction of the incoming
gas is EGR, but also because the retarded combustion phasing leads to less
complete combustion [160]. It is therefore obvious that the EGR assumption
taken and hence the accuracy of the simulation results impairs with increasing
EGR.
Furthermore, due to the incomplete combustion, at the end of the cycle more
„unburned‟ O2 is left over and hence present in the exhaust gas. As illustrated in
Figure 58, the neglect of this additional amount of O2 in the simulations using
synthetic EGR results in an underestimation of the [O2]-concentration at inlet
valve closure. This effect becomes more dominant with increasing EGR rates.
The overprediction of the EGR influence on the predicted ignition delays shown
in Figure 57, can thus partly be explained by the overprediction of the [O2]-
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reduction and hence EGR retarding effect for EGR composed of combustion
products only.

Figure 58 – [O2] at inlet valve closure in
function of the external EGR rate for nheptane at 2 bar and 40°C Tin.

Figure 59 – Influence of the EGR
composition on the main ignition time (top)
and predicted peak pressure (bottom).

The role of the incomplete combustion products is argued controversially in
literature. Depending on the fuel and operating conditions investigated both
ignition enhancing and retarding effects have been reported [157, 160]. Full
analysis of the chemical effects of all uHC species present in the exhaust gas
requires a more detailed analysis of the uHC composition and is far beyond the
scope of this study. However, as CO is a fairly prevalent species and it‟s
concentration in the exhaust gas has been measured relatively accurately; the
impact of the incomplete CO/CO2-conversion has been investigated. To that
end, part of the CO2 in the synthetic exhaust gas has been substituted with a
mixture of CO and O2 as to match the experimentally measured CO
concentration. As illustrated in Figure 59, the CO and to a minor extent also the
additional O2 in the EGR gas were found to promote the main ignition
substantially. This result is in agreement with the findings of Subramanian et al.
[161], who studied the influence of small amounts of CO and H2 on the autoignition delay of fresh hydrocarbon air/mixtures and concluded that at
intermediate temperatures around 1000K - as exist in the engine shortly before
the main ignition - the presence of CO reduces the ignition delay noticeably.
Using EGR initialized with the measured CO content, the discrepancy between
the measured and predicted main ignition delays could hence be reduced
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significantly. Also the predictions of the change in the peak pressure with
increasing EGR shown in Figure 59 could be substantially improved. The model
now accurately predicts the trend with a systematic deviation of about 3 bars.
These results clearly show that the reactivity of both residual gas and external
EGR has an important impact on the ignition of the mixture, especially at high
EGR rates, and hence should be accounted for.

5.4.9 Results – Influence of the fuel

Figure 60 – Comparison of measured (top) and predicted (bottom) heat release profiles for
all fuels at 4 bar IMEP – 40°C Tin – 15-25% EGR.

Finally, the model‟s performance to account for the influence of the fuel kinetics
has been tested for the 6 operating conditions at which all fuels have been
measured. In all cases, good agreement between the measured and predicted
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trend was found. In Figure 60 the heat release profiles obtained using the global
reaction scheme are plotted along with the experimental traces for the five fuels
discussed. Although the influence of the fuel kinetics on the cool flame timing is
slightly overestimated, the shift in the main ignition delay from fuel to fuel is
seen to be captured very well. Also the variation in the maximum heat release
peak and the combustion duration are reproduced very well. N-heptane exhibits
a clearly stronger cool flame and consequently ignites and burns considerably
faster than the four other fuels considered. The low cetane number fuels
kerosene 1 and naptha 1 lie at the other end of the scale. They both show only a
very weak cool flame and ignite and burn slower than the remaining fuels. As
discussed in [2], the low ignitibility of kerosene 1, in [2] denoted as test fuel B,
can be attributed to its branched aromatic compounds. The even lower
ignitibility of naptha 1 can probably be assigned to the presence of a substantial
fraction of iso-alkanes, which are known to exhibit a very weak cool flame [137]
and a substantial amount of cyclo-alkanes which tend to delay ignition as well
[18]. The two remaining fuels, kerosene 3 and naptha 2 show an intermediate
ignition behaviour. Although both these fuels exhibit an equally strong cool
flame heat release, naptha 2 tends to ignite slightly later than kerosene 3, which
according to [24] can be explained by the extremely high cyclo-alkene fraction
of 46%. However, in view of the strongly differencing composition (e.g.
components, chain length, and isomerisation) of the fuels investigated, no
conclusive correlation between ignition behaviour and composition could be
defined.
The overall trends in the ignitability and burn duration of the five fuels
discussed above are captured very well, not only for the selection of cases
presented above, but for the majority of the operating conditions investigated. In
Figure 57 shown earlier for example the predicted and measured ignition delays
for an EGR sweep at 4 bar IMEP and 80°C inlet temperature are given together
with the corresponding measurements and predictions for the burn duration and
50% fuel conversion point. For all EGR rates, the two low cetane number fuels
naptha 1 and kerosene 1 ignite and burn the slowest, followed by naphtha 2 and
kerosene 3 resp., while n-heptane ignites and burns the fastest. The same trend
was predicted by the model, both for the cool flame and main ignition delays as
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well as the 50% conversion points. It can therefore be concluded that the model
is accurate enough to study the impact of the fuel on the HCCI operating range.
It should be noted, that although the reaction rate parameter for all fuels except
heptane have been optimized with respect to the ignition delay predictions only,
the changes in the amount of cool flame heat release from fuel to fuel are
captured surprisingly well (see Figure 61). This good agreement in the cool
flame heat release trend indicates that the main reaction pathways present in the
two stage ignition process are represented correctly by the chemical reaction
scheme developed.

Figure 61 – Comparison of measured and predicted
cool flame heat release for all fuels at 4 bar IMEP –
40°C Tin – 15-25% EGR.

5.5 Conclusions
In the present chapter, a compact phenomenological reaction mechanism to
describe the ignition and oxidation of technical fuels in HCCI applications is
presented. Scope of this model is to accurately predict global quantities such as
cool flame and main ignition delay times as well as heat release and important
tracer species evolutions, using the same overall scheme for each of the fuels
investigated. The proposed reaction mechanism is based on a previous reduced
model which firstly has been refined for n-heptane under high EGR conditions
and secondly has been generalised for application to the six practical fuel
mixtures investigated in this work. Using 8 species and 7 reactions, the model
describes the complex auto-ignition behaviour of each of these fuels, on
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adapting the reaction rate parameter to the reactivity and specific ignition speed
of the fuel under consideration only.
Using a genetic algorithm optimisation approach, a set of reaction rate
parameters has been defined for each of the six fuels investigated based on
shock tube data. Following this parameter calibration, excellent agreement
between the measured and predicted tube ignition delay times could be shown
for all fuels with respect to both first stage as well as main ignition, across a
wide range of initial temperature, pressure, equivalence ratio and EGR
conditions. Especially fuel-to-fuel differences in the strength of the NTC
behaviour are successfully modelled. Also the impact of changing initial shock
tube conditions on the ignition delays is generally very well reproduced. Only
the influence of the equivalence ratio φ on ignition in the intermediate
temperature range and on the first stage ignition delays is not fully captured yet
for all fuels. Its influence on the high temperature ignition delays on the other
hand was found to be predicted very well. Overall, the mean error on the
ignition delay predictions – both first stage and main ignition – ranges between
0.1 and 0.33ms for the six fuels investigated, which compares favourably with
the mean error obtained for the detailed reaction mechanisms of n-heptane, a
species of which the chemistry is very well known.
Also the predicted heat release and pressure evolutions for n-heptane show good
agreement with detailed reaction mechanism results and also for the other fuels
– which all exhibit two stage ignition – reasonable heat release predictions were
obtained. Although the cool flame heat release was found to be too high, the
influence of the initial conditions on both cool flame and main heat release is
captured very well. In this context, two further improvements with respect to the
cool flame heat release predictions have been proposed and extensively
discussed.
Furthermore, for n-heptane, the main species profiles show an excellent
agreement with detailed reaction mechanismd from literature. Also the
evolutions of the intermediate species, as well as their relative importance are
very well reproduced. This qualitative agreement indicates that the main
reaction pathways responsible for the two-stage ignition process are captured
correctly and gives confidence that the model will give reasonable predictions
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even outside the validation range. The models capability to correctly predict the
evolution of the intermediate species furthermore allows identifying which stage
of combustion is taking place at which location inside the combustion chamber
when used in 3D-CFD simulations.
Using the exact same unaltered parameter from the shock tube optimization
(apart from a minor change to the rate parameter of the CO/CO2-conversion
reaction), the model has subsequently been applied on the one hand in a single
zone engine model and on the other hand in 3D-CFD simulations in order to
assess its validity under engine operating conditions. Because of the absence of
a direct injection and the nearly perfectly homogeneous mixture conditions, the
atomiser engine experiments were chosen for comparison. For each of the fuels,
the predicted pressure and heat release evolutions showed good overall
agreement with the experimental data for the various inlet temperature, load and
EGR variations investigated. Especially the ignition timings of both cool flame
and main combustion are very well predicted; over all fuels and operating
conditions considered, the deviation between the predicted and experimental
main ignition delays amounts up to 5°CA only provided that the fuel conversion
in the experiments exceeds 40% and the EGR composition is accurately
accounted for. The model further successfully predicts the impact of changing
operating conditions on the heat release profiles – in particular on the magnitude
of the cool flame and main combustion heat release maxima – and also the
trends in the peak pressure and burn duration are very well reproduced.
Despite the simplicity of the model, the fuel-to-fuel variation in the ignitability
and burn duration of the five fuels discussed was found to be captured very well.
Although the cool flame heat release is generally overpredicted, the changes in
the amount of cool flame heat release from fuel to fuel are also predicted
surprisingly well, indicating again that the main reaction paths present in the two
stage ignition process are represented correctly. With respect to the main
combustion, it was found that the model tends to show a bi-peaked heat release
during the main combustion period, this because only two reactions are used to
describe this phase. An extension of the high temperature reaction set could
therefore be considered, to smooth this double hump behaviour and further
improve the heat release predictions.
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In both the single zone and CFD simulations, it was found that the onset of both
the cool flame and main combustion are quite sensitive to the initial mixture
temperatures. The results for the high EGR cases further indicate that the EGR
composition has a strong impact on the ignition timing and burn rate of the main
combustion phase. It was shown that – at the conditions investigated in this
work – the additional O2-fraction due to incomplete combustion and especially
the CO-fraction in the exhaust gas promote ignition substantially. The effect of
uHC still remains to be clarified, but when using EGR initialised with the
measured CO-concentrations, the discrepancy between experiment and model
predictions observed at high EGR rates could be reduced significantly. This
emphasizes the importance of an accurate representation of the EGR gas
composition.
It was further found that for the current settings of wall temperature and the
nearly perfectly homogeneous charge, the results of both the single zone engine
model and the 3D-CFD simulation are very similar. Especially the cumulative
cool flame heat release and timing appear to be little influenced by the
additional inhomogeneity effects accounted for in the 3D-CFD simulation. The
latter opens the possibility to parameterize the global reaction model for heavier
diesel fuels which cannot be investigated in shock tube experiments, using the
single zone engine model and engine data obtained from atomiser engine
experiments.
The presented results demonstrate that the reaction mechanism can be used
effectively to predict the changes in the HCCI ignition and combustion process
with changing operating conditions. Even more important, these promising
results proved that the model is elaborate enough to describe the ignition
behaviour of a wide range of fuels, even those containing a considerable fraction
of cyclo-alkanes or aromatics. This suggest that the model in principle could be
parameterized for any hydrocarbon fuel exhibiting two stage ignition, provided
experimental data for the model parameterization is available. In combination
with the fact that no detailed knowledge of the intermediate species properties is
required – as these are defined based on the fuel and O2-properties - this allows
for numerical studies with fuels for which at present no detailed reaction
mechanisms are available.
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Besides allowing simulations with fuels for which no detailed mechanisms exist,
the global reaction model can also speed up calculations for known fuels, by
mapping the results of the larger detailed reaction mechanism onto the global
reaction mechanism. It is acknowledged that the model can only approach the
accuracy of the experimental or detailed reaction mechanism data to which it is
fitted. But provided a good parameterization has been done, the presented global
reaction mechanism can perform equally well as more detailed reaction
mechanism, using however only 7 reactions, which makes it significantly more
efficient and hence highly attractive for further application in 3D-CFD
simulations.
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Chapter 6 Conclusions
Two different approaches to model auto-ignition in HCCI applications have
been proposed and generalised for application to a wide range of gasoline and
kerosene-like fuels.
 The first approach employs an ignition integral calculation based on a
3-Arrhenius model to quickly assess the impact of engine operating
conditions on ignition.
The developed Arrhenius model expresses a fuel‟s chemical ignition
delay as a function of pressure, temperature and mixture composition. In
contrast to previous research work, the present model describes both first
stage and main ignition delays and is hence capable of predicting the
start of the cool flame heat release typically observed in HCCI engines;
this in addition to the main ignition timing. To our best knowledge, this
is the first time an ignition integral has been used to predict first stage
ignition delay times.
Very good agreement between the calculated and measured trends in the
engine ignition timings was found for the integral model when applied to
the homogeneous atomiser engine experiments. For non-homogeneous
operating conditions, i.e. using late direct injection, this approach is less
suited, as the influence of injection, evaporation and mixture formation
dominate over the cool flame chemistry.
 As second approach, a compact phenomenological reaction mechanism
has been proposed, which describes the dynamics of two stage ignition by
means of 8 species and 7 reactions. In addition to the ignition delay times,
it can predict the evolutions of heat release, pressure, temperature and
key species during ignition and hence allows studying the combustion
processes in both homogeneously and non-homogeneously operated
engines in more detail, for all of the fuels considered.
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A detailed conclusion on the strengths and weaknesses of each of these models
can be found in the conclusion section of their respective chapters. The key
findings are repeated below.
 The presented results show that both the 3-Arrhenius model and the
global reaction model are elaborate enough to describe the ignition
behaviour of all six fuels investigated using the same overall scheme for
each of the fuels, even those which contain a substantial fraction of cycloalkanes or aromatics.
Following calibration of their respective model/reaction rate parameter,
the shock tube ignition delay predictions of both models showed an
excellent agreement with the experimental shock tube data over a wide
range of pressure, temperature and mixture compositions.
 The 3-Arrhenius model offers a convenient way to compactly summarise
the experimental shock tube data. It has further proven to be a helpful tool
to interpret the data and assess (1) the relevance of shock tube data for
HCCI applications and (2) the suitability of the cetane number to describe
a fuel‟s ignition behaviour for HCCI engines – the two issues raised in the
introduction.
With respect to the former, it was concluded that shock tube ignition
delay measurements are highly relevant for HCCI combustion, as the
behaviour of the fuel in the shock tube can be transferred to a
homogeneously operated engine using a simple ignition integral
calculation.
The cetane number on the other hand, was found to be capable of
describing the general trend in the ignition behaviour of the different
fuels. In the mid cetane number range however the cetane number ranking
has little significance as no unique correlation could be found. The
characterisation of a fuel‟s ignition behaviour based on a 3-Arrhenius
ignition delay curve was therefore proposed as an alternative to the
conventional cetane number.
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 A detailed analysis of the global reaction mechanism revealed, that
although the cool flame heat release is slightly overpredicted, its heat
release evolutions show good agreement with the results from shock tube
simulations with detailed chemical reaction mechanisms. Also the
evolutions of the main and key intermediate species agree very favourably
with the detailed reaction mechanism. The latter indicates that the main
reaction pathways responsible for two-stage ignition are captured well.
 Application of the global reaction mechanism to model the homogeneous
engine experiments with atomiser injection, has demonstrated that the
model can be used effectively to predict the influence of changing
operating conditions on the ignition timings and overall heat release
profiles. Especially fuel-to-fuel variations in the ignitability and cool
flame heat release were found to be reproduced surprisingly well.
 Provided experimental data for model parameterization is available, the
present global reaction mechanism could in principle be applied to any
hydrocarbon fuel exhibiting two stage ignition and hence would allow
parametric studies with fuels for which at present no detailed reaction
mechanisms are available. Additionally, the global mechanism could
speed up HCCI engine calculations for known fuels, by mapping the
results of larger detailed reaction mechanisms onto this 7 step mechanism.
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Chapter 7 Suggestions for
Future Work
Research remains a work in progress, as each little step forward raises new
questions and issues to investigate and each model has a few shortcomings
besides its merits. The following chapter therefore contains topics and
suggestions for future research that arose during this work.

7.1 The ‘3-Arrhenius’ model
7.1.1 Parameterization based on engine data
In contrast to engine data, where the ignition delays and heat release are strongly
influenced by mixture and wall loss effects, shock tube data reflects the purely
chemical behaviour of a fuel.
In the present work, the ,3-Arrhenius‟ model has therefore been parameterized
based on experimental shock tube ignition delays for each of the fuels. The
advantage of this approach lies therein that the 3-Arrhenius model as well
reflects the purely chemical behaviour of the fuel. However, heavy fuels
containing high molecular weight compounds (e.g. diesel with compounds up
till C22), are difficult to investigate in shock tube experiments as it is highly
challenging to maintain these high boiling point compounds in the gas phase.
In view of defining an ignition curve for heavier fuels, the possibility to
parameterize the model based on engine experiments should thus be further
investigated. The engine experiments with atomiser injection are most suited for
this purpose, because of the nearly homogeneous mixture composition of the
charge. Even with atomiser injection, however, temperature inhomogeneities
inside the combustion chamber are unavoidable and should hence be accounted
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for, if one desires a correlation which again only reflects the purely chemical
behaviour of the fuel.

7.1.2 Extension with a cool flame heat release model
As mentioned in Chapter 4, the ignition delay model should be complemented
with a cool flame heat release model in order to predict engine ignition delay
times based on motored or calculated instead of measured pressure and
temperature evolutions. The potential of such a model has been successfully
demonstrated in 4.2.4.
As the amount of heat released during the cool flame combustion phase, as well
as the associated pressure and temperature rise depend on the initial charge
pressure, temperature, composition and the fuel injected, for each fuel, a
correlation between these parameters needs to be defined.

Figure 62 – Illustration of method to predict the cool flame (Point 1) and main (Point 2)
ignition times based on motored engine pressure and temperature evolutions, using the
ignition integral combined with a cool flame heat release model which defines ΔT.

The methodology to finally define the main ignition time from the combined
cool flame and ignition integral models is illustrated in Figure 62. Integration of
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the Arrhenius expression for the first stage ignition delay τ1 along the motored
temperature and pressure traces allows defining the start of the cool flame heat
release (point 1). At this point, both the pressure and temperature traces are
offset with a ∆P and ∆T, following from the cool flame model discussed above.
To define the main ignition time, one then integrates the 3-Arrhenius expression
along the motored pressure and temperature traces till point 1, the start of the
cool flame heat release. From this point on, the integration continues along the
offset pressure and temperature traces until the integral reaches the critical value
one (point 2) and hence the main ignition occurs.

7.1.3 Application in 3D-CFD as progress variable ignition model
To investigate the spatial distribution of ignition spots throughout the
combustion chamber, the ignition integral model could also be applied to each
individual cell of a 3D grid in a CFD engine model. To this end, a progress
variable model based on the 3-Arrhenius model can be implemented, similar to
the model employed by [131].

7.2 Global reaction model
7.2.1 Improvement of the model predictions
With respect to the global reaction model, several improvements could be made.
Firstly, as discussed on page 97, the introduction of a second reversible reaction
might be necessary to control the cool flame ignition delay and heat release
independently and hence improve the models currently too high cool flame heat
release predictions.
As mentioned on page 97 as well, the slightly too high heat release prior to
ignition, as well as the models shortcoming in fully accounting for the influence
of the equivalence ratio on the first stage ignition and main ignition in the NTC
regime can also be originating from the fact that the switch in the dominance of
the several reactions is controlled predominantly by the temperature and only to
a minor extent by the radical concentrations.
From detailed reaction mechanisms, however, it is known that the high
concentration of post cool flame radicals advances the main ignition, making the
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main ignition hence radical controlled [121, 162]. Also first stage ignition is
considered to be primarily radical controlled. First sensitivity studies indicate
that it is possible to introduce a stronger radical dependence in the present global
reaction mechanism formulation by altering the exponent of the species
concentrations in the reaction rate expressions.
The challenge lays therein that even a very minor deviation of these exponents
has a significant impact on the reaction rate and hence ignition delay times. To
obtain good ignition delay predictions, the pre-exponential factor should
therefore be adjusted according to the changed concentration dependence. For
example, if good ignition delay predictions for φ = 0.67 with an initial fuel
concentration [Fφ=0.67] can be obtained using the rate expression
, but the reduction in the ignition delay for φ = 1 with an
initial fuel concentration [Fφ=1] is not sufficiently large, one might want to speed
up the reaction for φ = 1 by increasing the dependence of the fuel concentration
[F] e.g. to 1.5. In order to ensure that the predictions for φ = 0.67 remain equally
good as before, it‟s necessary to modify the reaction rate expression and preexponential factor as follows:

Resulting in an unaltered rate expression for φ = 0.67, but an increased reaction
rate for φ = 1 and hence the desired stronger reduction of the ignition delay time.
Similarly, also for other species, the pre-exponential factor needs to be adjusted
when their concentration dependence is changed. This coupling between the
respective concentration dependence and pre-exponential factor makes the
optimisation of the reaction rate parameters very challenging.
Finally, an extension of the high temperature reaction set could be considered to
smooth the bi-peaked heat release profile predicted for the main combustion
period, as the latter is caused by the fact that currently only two reactions are
used to describe this phase. Also for application to strongly stratified or direct
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injection conditions, e.g. in 3D-CFD engine simulations, an extension of the
high temperature reaction set is of importance, as the combustion temperatures
in these cases are expected to be significantly higher than exist in the HCCI
combustion mode.

7.2.2 Possible extensions of the present model
To circumvent the reoptimisation of the reaction rate parameter for each new
fuel, the global reaction model could be extended to a two or even three
component reaction mechanism, similar to a PRF or TRF (toluene reference
fuel) mechanism.
Once the reaction rate parameter of the two or three reference fuels have been
defined a wide range of fuels can be described on varying the ratio of the
different fuel components only. In view of the many successful applications of
PRF mechanisms, heptane and iso-octane are obvious choices for the reference
fuels, however, in principle also other fuels can be chosen. The accuracy which
can be obtained of course inherently depends on how well a combination of the
chosen reference fuels mimics the real fuel‟s ignition behaviour. More detailed
investigations are hence required to further explore the potential and limitations
of this approach.
In view of the increasing importance of biodiesel as a blend stock in diesel fuel
worldwide, it is further worth considering extension of the model to fuels blends
containing a substantial fraction of oxygenated compounds such as methylesters.

7.2.3 Parameterization based on engine data
In order to ensure that the reaction mechanism describes only the chemical
behaviour of the fuel, the global reaction model has in the present work been
parameterized based on shock tube ignition delay data. Because of the
homogeneous conditions which prevail in shock tubes, the latter data reflects the
purely chemical behaviour; this in contrast to engine data, where the ignition
delays and heat release are strongly influenced by mixture and wall loss effects.
As mentioned previously, heavier fuels such as diesel can however not be
investigated in shock tube experiments. To extend the model for application to
heavier fuels, the possibility to parameterize the model based on engine
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experiments should also here be further investigated. A parameterization based
on engine data has the advantage that the rate parameters can also be optimised
with respect to the cool flame heat release in addition to the ignition delay times.
It however requires an accurate and computationally efficient model of the
engine at hand, to ensure the chemical reaction model still reflects only the
specific chemistry of the fuel. Especially the influence of thermal boundaries
and possible mixture inhomogeneities should be correctly accounted for.
During the optimisation process, a large number of parameter combinations
need to be evaluated, which for each parameter set requires the simulation of
multiple engine operating points. An optimisation using a CFD model of the
engine can therefore become very lengthy, and the use of multi-zone or
stochastic reactor models might be worth considering.
Also with respect to the optimisation algorithm, further improvements can be
made. In the present work, the focus laid on the development of the reaction
mechanism itself, which therefore has been parameterized using the rather basic
multi-objective genetic algorithm available in matlab. A more state of the art
genetic algorithm or a combination of genetic algorithms and gradient based
search algorithm could substantially reduce the optimisation time.

7.2.4 Validation for stratified engine operating conditions
Finally, it would be interesting to validate the chemical reaction mechanism for
non-homogeneous operating conditions using direct injection. Under nonhomogeneous conditions, the combustion proceeds over a much wider range of
equivalence ratios and temperature. Furthermore, turbulence starts to play an
increasingly important role.

137

Nomenclature

Nomenclature
Abbreviations
CA
CAI
CF
CFD
CN
CSP
EGR
EVO
FWHM
HCCI
HPCI
ILDM
IMEP
IVC
LTC
LTHR
NTC
PCCI
PDF
PPCI
PRF
QSSA
RIF
RMSE
RPM
TDC
TRF
uHC
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crank angle
controlled auto-ignition
cool flame
computational fluid dynamics
cetane number
computational singular perturbation
exhaust gas recirculation
exhaust valve open
full width at half maximum
homogeneous charge compression ignition
highly premixed compression ignition
intrinsic low dimensional manifold
indicated mean effective pressure
inlet valve closure
low temperature combustion
low temperature heat release
negative temperature coefficient
premixed charge compression ignition
probability density function
partially premixed compression ignition
primary reference fuel
quasi-steady-state assumption
representative interactive flamelet
root mean squared errors
rotations per minute
top dead centre
toluene reference fuel
unburned hydrocarbons

Nomenclature

Greek symbols
βi

[-]

parameter of 3-Arrhenius model

γi

[-]

parameter of 3-Arrhenius model

ε

[-]

compression ratio

ε

[m²/s³]

scalar dissipation rate (turbulence quantity)

λ

[-]

air/fuel ratio

λeff

[-]

effective air/fuel ratio

ρ

[kg/m³]

density

τ

[s]

main ignition delay time

τcf

[s]

cool flame delay time

τ1

[s]

characteristic time scale of the low temperature chemistry

τ2

[s]

characteristic time scale of the medium temperature chemistry

τ3

[s]

characteristic time scale of the high temperature chemistry

τexp

[s]

measured shock tube ignition delay time

τsim

[s]

simulated shock tube ignition delay time



[°]



crank angle (single zone crank kinematics)

φ

[-]



equivalence ratio

[mol/m³·s]

molecular production rate of species i

Latin symbols
a

[-]

parameter of the global reaction model

ai

[-]

polynomial coefficient of component i in the expression for Cp

Ai

[-]

parameter of 3-Arrhenius model

Ai

[1/s]

pre-exponential factor of reaction i in the global reaction model

b

[-]

parameter of the global reaction model

bi

[-]

parameter of 3-Arrhenius model

B

[m]

bore diameter

c

[-]

parameter of the global reaction model

cpi

[J/mol·K]

specific heat of species i

cv

[J/kg·K]

specific heat capacity at constant volume

Cv

[J/mol·K]

heat capacity

[J/mol·K]

mean mixture specific heat

CpF

[J/mol·K]

the specific heat of the representative fuel molecule F

C3+

[-]

parameter of the global reaction model

di

[-]

parameter of 3-Arrhenius‟ kinetics model
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ei

[-]

parameter of 3-Arrhenius‟ kinetics model

Ei

[kJ/mol]

activation energy for reaction i in the global reaction model

fLT

[-]

objective function based on low temperature ignition delays

fmaxR7 [-]

objective function based on the reaction rate of reaction 7

fp

[-]

objective function based on the final pressure

fP,LT

[-]

objective function based on the cool flame pressure increase

hfi°

[J/mol]

enthalpy of formation of species i

hi

[J/mol]

total enthalpy

H

[m]

stroke length

I1

[-]

generic species of the global reaction model

I2

[-]

generic species of the global reaction model

k

[m²/s²]

turbulence intensity

ki

[1/s]

reaction rate constant for reaction i

Ls

[m]

connecting rod length

Lst

[-]

stochiometric air/fuel ratio

m

[kg]

mass

Mx

[kg/mol]

molecular weight of x

ni

[-]

number of moles of species i

ntot

[-]

total number of moles

N

[-]

total number of initial shock tube conditions

p

[bar]

pressure

pref

[bar]

reference pressure (1 bar)

det

[bar]

predicted post cool flame pressure

sim

[bar]

simulated post cool flame pressure

p
p

Qchem [JW]

chemical heat release

Qw

[W]

heat losses to the wall

r

[-]

parameter of the global reaction model

R

[J/kg·K]

universal gas constant

R2

[-]

correlation factor

s

[-]

parameter of the global reaction model

S

[m]

distance between piston surface and the piston position at TDC

SOBCF [s]

start of burn (cool flame ignition timing)

SOBmain [s]

start of burn (main ignition timing)

t

[s]

time

tCF

[s]

first stage (cool flame) ignition timing in an engine context
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tign

[s]

main ignition timing in an engine context

tSOI

[s]

start of injection

[s]

time at which the max. in the reaction rate of reaction 7 occurs

T

[K] or [°C]

temperature

Tref

[K]

reference temperature

TA,i

[-]

parameter of 3-Arrhenius‟ kinetics model

ui

[J/mol]

internal energy of species i

V

[cm³]

engine cylinder volume

Vc

[cm³]

cylinder volume at TDC

VHub [cm³]

displacement volume

Xi

[-]

mole fraction of component i

Y

[-]

generic species of the global reaction model

Yi

[kg/m³·s]

production rate of species i
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Appendix

A. Parameters and fitting strategy for
the 3-Arrhenius model
A.1 Parameter fitting strategy
In this section, the two strategies used to define the model parameters of the ,3Arrhenius‟ model presented in Chapter 4 are elaborated. The presented
strategies could be considered a „best practice‟ method.
The parameters concerned are Ai , i , bi , TA,i ,  i , di and ei used in the Arrhenius
expressions for each of the individual times scales τ1, τ2 and τ3 given below.
i

di

 p 
  N2  e
 TA     N 2  
b
 i  Ai 
 T i exp  i   i     exp    i
 O2  
 O2  T
 pref 
 T 
 
 







for i  1, 3

The timescale τ1 describes the first stage ignition delays, whereas the main
ignition delay is described as a combination of the three timescales τ1, τ2 and τ3:
1





1
1

1   2  3

Fitting strategy
Each of the Arrhenius expressions above depends - after a log transformation linearly on its parameters.
 p
 pref


ln  i   ln  Ai   i ln 


 TA
  bi ln T   i
 T




 N    N  e 

2
2
   i ln   di ln         i 







O
O T

  2    2 

The combined ignition delay τ however does not, as it is a highly non-linear
combination of the three separate ignition delay timings τ1, τ2 and τ3. At the low
and high temperature limit, the combined ignition delay is dominated
by and , the low and high temperature ignition delay expressions
respectively. So for these limit cases a linear regression can be used to estimate
the parameters of and . The complete model can also be fitted using a nonlinear regression tool, but it strongly depends on the number of data points in
each temperature range whether the resulting parameter values and curves are
physical or not.
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As the model is meant to describe both low and high temperature ignition delay
times, the fitting is done in two steps:
1. Determine the low temperature parameters (for ) via a linear regression
of the low temperature data. In matlab this can be done either with
regress() or robustfit() in case the data contains outliers which
significantly influence the fit.
2. Fix the low temperature parameters found in step 1 and optimize the high
temperature parameters. For the latter, two different strategies are used.
The second strategy is fastest, but requires that some previous fitting
results are available, for any fuel.

Strategy 1: Determine new model parameters from scratch
1. Make an estimate of the high temperature parameters (for τ3) via a linear
regression of the log transformed high temperature data.
Then start fitting the intermediate temperature range parameters:
2. Set the φ and EGR dependences ( , d and e), as well as the direct
temperature dependence (b) equal to zero, and fit the curve for the reference
case (in this work: 40bar – φ=0.67 – 30% EGR).
 p
 pref


ln  2   ln  A2 '''   2 ln 
3.

 TA '
 2
 T


Determine the φ dependence ( ) and compensate A‟‟‟ to A‟‟ to ensure that
the reference curve remains at its place in the Arrhenius diagram, as follows:

 

ln  A2 '''   ln  A2 ''    ln ref

where  ref = 0.67 in the present work.

4. Determine the EGR dependence (d and e) and compensate A‟‟ to A‟ and T A‟
to TA to ensure again that the reference curve remains at its place:
 N  
2

 O2  

 ref

ln  A2 ''   ln  A2 '   d 2 ln  

 N  
 N  
100  21  (1  0.3)
2
2

  f (30%) 
where  
 O2  
 O2  
21  (1  0.3)

 ref

 ref

TA '  TA  e2  
2

2
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5. Reiterate step 2 to 5, for both medium and high temperature till a satisfying
results is obtained.
6. Finally, only the b value for the direct T dependence needs to be defined. A
positive b value can improve the EGR dependence of the fit, but typically
leads to less good φ dependences. One has to play around, to find a good
compromise.
The b value mainly influences the NTC region, as it curves the
line,
downwards for positive b values. The S shape of the total ignition delay
curve can therefore actually be defined in two ways, either by a straight and
steep
curve (
or by a positive b value combined with a
flatter curve.
The latter makes it easier to capture the flattening of the ignition delay curves
with increasing EGR, but is as mentioned not always beneficial for the φ
dependence.
In practice, when changing the b value, one should compensate TA in order to
keep the S-shape of the curve reasonable and compensate A‟ to A to keep its
vertical position, where the temperature Tref has to be estimated.
ln  A2 '   ln  A2   b2 ln Tref 

Probably it will be necessary to reiterate all previous steps again till a good
fit is obtained.
7. Finally, the obtained parameters can be used as starting point for a non-linear
regression of the main ignition delay data to check whether some
improvement is possible. The results of the non-linear analysis need to be
checked carefully, as they are not always meaningful.

Strategy 2: Determine model parameters based on previous sets of
parameters
1. Estimate the first stage and high temperature parameters via a linear
regression of the log transformed first stage, resp. high temperature data.
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2. Take the medium temperature parameters of a previous set of parameters
(even a set defined for another fuel) and plot the results.
3. Check whether these parameters results in the typical S shape curves. If not,
slightly adapt them to give S-shaped curves or use another set. The absolute
values do not necessarily need to match.
4. Use the above parameter set as the starting point for a non-linear regression
of the main ignition delay data.
5. Repeat step 2 to 4 for the different sets of parameters you have available and
select the best result.

Final Remarks
There is no unique set of parameters, especially because of the interplay
between φ and EGR dependences in the intermediate temperature range. A
comparison of the parameter sets for the different fuels should therefore be done
with care.
A comparison might be possible for the parameter of the low temperature and, if
enough data points were available, high temperature parameters. In the
intermediate range only the pressure dependence is relatively well defined, the
remaining parameter influence each other too strongly in order to draw
conclusions.
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A.2 Fuel specific model parameters
n-Heptane

Naptha1

Naptha2

Kerosene 1

Kerosene 2

Kerosene 3

A1

4.94E-10

2.81E-09

3.29E-09

2.12E-09

2.00E-09

3.80E-08

β1

-0.31

-0.69

-0.77

-0.42

-0.30

-0.75

TA,1

11894.6

12184.0

11619.0

11276.0

11000.0

9983.6

b1

0

0

0

0

0

0

γ1

0

0

0

0

0

0

d1

0

0

0

0

0

0

e1

0

0

0

0

0

0

A2

2.92E-12

1.94E-10

1.74E-10

1.30E-08

5.00E-16

3.40E-06

β2

-1.73

-2.23

-2.00

-1.30

-1.60

-1.80

TA,2

-4994.9

-3539.2

-1606.9

-2200.0

-1100.0

-5100.0

b2

4.48

3.49

3.15

2.40

4.50

2.50

γ2

-2.57

-1.85

-1.81

-2.60

-2.00

-2.60

d2

-1.96

2.55

1.51

0.30

2.90

-2.23

e2

629.02

41.11

109.57

310.00

0.00

650.00

A3

3.25E-07

3.49E-10

4.14E-10

5.10E-07

5.00E-07

2.70E-09

β3

-1.12

-0.21

-0.50

-1.30

-1.12

-1.12

TA,3

10000.0

14869.0

15522.0

10500.0

10000.0

14300.0

b3

0

0

0

0

0

0

γ3

0

0

0

0

0

0

d3

1.26

0.50

0.59

1.10

1.00

1.60

e3

0

0

0

0

0

0

R2cf

93%

97%

92%

94%

90%

92%

R2

97%

95%

96%

97%

97%

95%

RMSEcf

0.37 ms

0.4 ms

0.15 ms

0.22 ms

0.37 ms

0.35 ms

RMSE

0.30 ms

0.27 ms

0.26 ms

0.38 ms

0.33 ms

0.40 ms
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A.3 Results with respect to shock tube ignition delays
In the present section, a comparison of experimental (symbols) and modelled
(solid lines) shock tube ignition delays is given, for all fuels and operating
conditions measured (see Table 1), using the parameter sets given in Appendix
A.2. Filled symbols stand for main ignition τ, open symbols for first-stage
ignition τcf.

(a)

(a)

(b)

(b)

(c)
(c)
Figure 63 – Comparison of measured and Figure 64 – Comparison of measured and
computed ignition delay times for n-heptane. computed ignition delay times for naptha 1.
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(a)

(a)

(b)

(b)

(c)
(c)
Figure 65 – Comparison of measured and Figure 66 – Comparison of measured and
computed ignition delay times for naptha 2.
computed ignition delay times for kerosene 1.
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(a)

(a)

(b)

(b)

(c)
(c)
Figure 67 – Comparison of measured and Figure 68 – Comparison of measured and
computed ignition delay times for kerosene 2. computed ignition delay times for kerosene 3.
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A.4 Results with respect to engine ignition delays
In the present section, further results of the ignition integral model presented in
section 4.2.1 and discussed in sections 4.2.2 and 4.2.3 are given. For each fuel,
the correlation between the measured and calculated ignition delay times is
given for all engine operating conditions as given in Table 4. Since the model
has shown to be inappropriate to model the cool flame ignition delays for the
late injection points (25-15°CA bTDC), the latter are excluded from the
calculation of the correlation coefficient R2 given in the figures.

Late injection

Late injection

Late injection

Late injection

Late injection

Late injection

Figure 69 – Correlation between measured and computed ignition delay times for each of the
six fuels and all engine operating conditions investigated.
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B. Optimisation and parameters for
the global reaction model
B.1 Comments on the genetic algorithm optimisation
Contrary to a classical gradient based optimization method, a genetic algorithm
has the potential to find the global optimum, even for strongly fluctuating and
non-continuous functions. This due to the randomness introduced in several of
its steps. It is however not guaranteed that it does so, since the final solution
strongly depends on the initial population (solution set) which usually is chosen
randomly within predefined bounds.
Especially when a large number of parameter needs to be defined
simultaneously – as is the case in the present study – a genetic algorithm should
therefore be considered as a useful tool to explore a large range of parameter
values. The larger the parameter range is taken, the larger the population size
should be and the stronger the dependence on the initial population becomes. In
such cases, it has found to be advantageous to run the optimization several times
and check the output carefully, instead of continuously increasing the initial
population size.
To keep the optimization time reasonable, it is further advisable to parallelize
the routine and hence compute the fitness of a large number of individuals
simultaneously.
Once a reasonable set of parameters has been defined, this parameter set can be
further refined by rerunning the optimisation starting from an initial set of
solutions randomly chosen within narrow bounds around the chosen parameter
set. Alternatively, the set can also be refined by rerunning the optimisation
starting from a predefined initial population, which contains systematic
deviations from the chosen parameter set as well as new parameter sets guided
by a sensitivity study of the ignition delays with respect to each of the rate
parameter.
In order to maintain realistic parameter values throughout the entire optimisation
process, the new set of parameters generated during each of the iterations is
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constrained to lie between predefined boundaries. The definition of these
boundaries within which each of the parameters can vary is a tedious task. If
physical limits exist, the choice for the bounds is obvious. For many of the
parameters however no clear limit can be defined and the bounds need to be
defined iteratively. Literature values can provide a first indication about the
parameter range. In this case for example, the activation energy of the reactions
summarised in reaction R3 was found to vary between 0 and about 500-600
kJ/mol in several reduced hydrocarbon oxidation reaction mechanisms found in
literature. For other parameters, no literature values could be derived and simple
bounds e.g. equal to ± 20% of the original model value have been set. Using this
first guess, a parameter optimisation was performed. At the end of this first
optimisation, many of the optimised parameter values were found to be close to
or equal to the bound, indicating that a further improvement of the objective
function might be possible, when increasing the bounds. An increase in the
bounds, however, also increases the search space and should, in view of the
aforementioned comments on the size of the parameter range, be done with care.
Because the order of magnitude of the various parameters varies so dramatically
appropriate scaling is further applied to the dependent variables upon
optimization. This scaling ensures that all scaled parameter values fall in the
[0,1]-interval and hence increases the efficiency of several genetic algorithm
steps, such as cross-over or interchange mutation. The range of parameter
bounds and scaling factors used in the present work for each parameter are
indicated in Table 10.
Table 10 – Bounds and scaling factors applied in the GA for the parameter optimisation

Parameter
Parameter Bounds Scaling factor
Ai, i = 1 ,2 ,3 ,3r ,5 ,7
Ai_initial ± 3/5/10
100
Ai, i = 2r, 4, 6
Ai_initial ± 3/5
10
Ei
Ei,initial ± 50/100
100
a, b
ainitial ± 1,binitial ± 1
-10
c
0  0.7
1
r, s
0.2  0.9
1
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B.2 Fuel specific model parameters
X

n-Heptan
7

Naptha1
7.27

Naptha2
7.06

Kerosene 1
7.46

Kerosene 2
8.39

Kerosene 3
10.17

Y

16

15.8

15.00

14.40

17.91

19.19

13.00

13.05

13.25

12.98

13.08

13.24

137.33

137.33

137.33

137.33

145.91

137.33

12.21(11.97)

11.43

12.02

12.04

12.99

11.97(12.21)

146.78

146.78

146.78

146.78

178.69

146.78

6.33

7.55

7.60

7.94

7.83

6.39

171.00

171.00

171.00

171.00

162.82

171.00

21.53

20.96

21.34

20.91

18.90

21.36

168.12

168.12

168.12

168.12

136.10

168.12

11.00

11.00

11.00

11.00

11.00

11.00

30.63

30.83

31.33

30.50

30.88

31.20

409.90

409.90

409.90

409.90

426.15

409.90

6.30

5.83

6.29

6.26

6.99

6.17

48.20

48.20

48.20

48.20

58.94

48.20

τ
τ

16.00

15.39

15.95

16.03

17.68

15.82

105.14

105.14

105.14

105.14

129.78

105.14

9.10

7.91

8.86

9.26

8.93

9.43

97.48

97.48

97.48

97.48

99.28

97.48

18.60

19.76

18.97

20.04

18.32

18.60

232.39

232.39

232.39

232.39

242.77

232.39

-2.44

-1.59

-1.92

-1.97

-1.95

-2.01

-3.31

-2.25

-3.11

-2.25

-3.46

-3.50

0.00

0.01

0.15

0.05

0.00

0.02

0.55

0.55

0.59

0.53

0.50

0.58

1.00

1.58

1.04

1.51

1.00

1.13

-188.20

-153.58

-138.79

-137.95

-229.25

-117.78

-223.96

-139.93

-190.49

-138.03

-283.19

-175.91

-268.99

-139.20

-123.43

-138.36

-312.99

-176.70

-149.25

-222.62

-88.39

-219.28

-171.61

-121.89

0.18 ms

0.18 ms

0.1 ms

0.18 ms

0.23 ms

0.21 ms

0.17 ms

0.33 ms

0.23 ms

0.36 ms

0.21 ms

0.27 ms

- The values between brackets ( ) have been
employed in the engine calculations presented in chapter 5.4.

The error values in the last rows of the table above have been calculated based on shock tube
ignition delays and are defined as:

1
f 
N

N

  iexp  isim
i 1
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B.3 Thermo-physical properties
In this section, the thermo-physical data of all species in the global reaction
mechanism is provided. All data is taken from literature or calculated as
explained in section 5.2.3. The thermodynamic data is provided in the form of 7term NASA polynomials. The first set of 7 constants belongs to the polynomial
valid for temperatures above 1000K, the second set to the polynomial for the
200K-1000K temperature range. Using these constants the specific heat can be
calculated as follows:
C pi
R
C pi
R

 a1i  a2iT  a3iT 2  a4iT 3  a5iT 4
 a8i  a9iT  a10iT 2  a11iT 3  a12iT 4

for T  1000 K
for T  1000 K

Further information on the NASA polynomials can be found in [163]

N-heptane

Naptha 1

x = 7; y = 16; MW = 100.203 g/mol; hf° = - x = 7.27; y = 15.8; MW = 103.220 g/mol; hf°
188.196 kJ/mol

= -153.575 kJ/mol

a1 = 1.85354704E+01
a2 = 3.91420468E-02
a3 = -1.38030268E-05
a4 = 2.22403874E-09
a5 = -1.33452580E-13
a6 = -3.19500783E+04
a7 = -7.01902840E+01
a8 = 1.11532484E+01
a9 = -9.49415433E-03
a10 = 1.95571181E-04
a11 = -2.49752520E-07
a12 = 9.84873213E-11
a13 =-2.67711735E+04
a14 =-1.59096110E+01
a15 =-2.25846141E+04

a1 = 1.69461940E+01
a2 = 4.36141231E-02
a3 =-1.52837496E-05
a4 = 2.36822335E-09
a5 =-1.37841047E-13
a6 =-3.10442045E+04
a7 =-6.66233144E+01
a8 = 5.74980673E+00
a9 = 1.76631989E-02
a10 = 1.40747068E-04
a11 =-1.94352374E-07
a12 = 7.76992551E-11
a13 =-2.52698966E+04
a14 =4.76836443E+00
a15 =0.00000000E+00
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Naptha 2

Kerosene 1

x = 7.06; y = 15.01; MW = 99.942 g/mol; hf° x = 7.46; y = 14.40; MW = 104.176 g/mol;
= -138.795 kJ/mol

hf° = -137.949 kJ/mol

a1 = 1.72814056E+01
a2 = 4.03629825E-02
a3 =-1.44640132E-05
a4 = 2.32997461E-09
a5 =-1.39838120E-13
a6 =-2.93613966E+04
a7 =-7.03773284E+01
a8 = 6.38591648E+00
a9 = 3.99504288E-03
a10 = 1.71416449E-04
a11 =-2.25047263E-07
a12 = 8.86203843E-11
a13 =-2.31498231E+04
a14 = 1.91611705E+00
a15 = 0.00000000E+00

a1 = 1.80927905E+01
a2 = 3.92833931E-02
a3 =-1.41832033E-05
a4 = 2.31047340E-09
a5 = -1.39519970E-13
a6 = -2.60107253E+04
a7 = -7.60827519E+01
a8 = 6.22691256E+00
a9 = 5.04671921E-04
a10 = 1.85779161E-04
a11 =-2.42939528E-07
a12 = 9.57921555E-11
a13 =-1.92834421E+04
a14 = 2.44845200E+00
a15 = 0.00000000E+00

Kerosene 2

Kerosene 3

x = 8.39; y = 17.91; MW = 118.832 g/mol; x = 10.17; y = 19.19; MW = 118.832 g/mol;
hf° = -229.254 kJ/mol

hf° = -141.547 kJ/mol

a1 = 2.23997768E+01
a2 = 4.43734436E-02
a3 =-1.55799004E-05
a4 = 2.50772812E-09
a5 =-1.51073885E-13
a6 =-3.53058130E+04
a7 =-9.38701183E+01
a8 = 8.22738172E+00
a9 = 8.41449548E-03
a10 =1.90029543E-04
a11 =-2.53746745E-07
a12 = 1.00621735E-10
a13 =-2.77813654E+04
a14 =-2.59149100E+00
a15 = 0.00000000E+00

a1 = 2.68471821E+01
a2 = 4.64255646E-02
a3 =-1.58639409E-05
a4 = 2.51591823E-09
a5 =-1.50733137E-13
a6 =-3.27119013E+04
a7 = -1.12654213E+02
a8 = 7.24922638E+00
a9 = 3.63722908E-02
a10 = 1.42601498E-04
a11 = -2.15056991E-07
a12 = 8.86003024E-11
a13 =-2.42660977E+04
a14 = 3.88077940E+00
a15 = 0.00000000E+00
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O2

N2

MW = 31.999 g/mol; hf° = 0 kJ/mol

MW = 28.134 g/mol; hf° = 0 kJ/mol

a1= 0.03697578E+02
a2= 0.06135197E-02
a3= -0.12588420E-06
a4= 0.01775281E-09
a5= -0.11364354E-14
a6= -0.12339301E+04
a7= 0.03189165E+02
a8= 0.03212936E+02
a9= 0.11274864E-02
a10=-0.05756150E-05
a11= 0.13138773E-08
a12=-0.08768554E-11
a13=-0.10052490E+04
a14= 0.06034737E+02
a15= 0.00000000E+00
!Chemkin 3 - therm.dat

a1= 2.95257637E+00
a2= 1.39690040E-03
a3= -4.92631603E-07
a4= 7.86010195E-11
a5= -4.60755204E-15
a6= -9.23948688E+02
a7= 5.87188762E+00
a8= 3.53100528E+00
a9= -1.23660988E-04
a10=-5.02999433E-07
a11= 2.43530612E-09
a12=-1.40881235E-12
a13=-1.04697628E+03
a14= 2.96747038E+00
!BURCATftp://ftp.technion.ac.il/pub/supported/aetdd/th
ermodynamics/BURCAT.THR

CO

CO2

MW = 28.010 g/mol; hf° = -110.53 kJ/mol

MW = 44.010 g/mol; hf° = -393.52 kJ/mol

a1= 0.03025078E+02
a2= 0.14426885E-02
a3= -0.05630827E-05
a4= 0.10185813E-09
a5= -0.06910951E-13
a6= -0.14268350E+05
a7= 0.06108217E+02
a8= 0.03262451E+02
a9= 0.15119409E-02
a10=-0.03881755E-04
a11= 0.05581944E-07
a12=-0.02474951E-10
a13=-0.14310539E+05
a14= 0.04848897E+02
a15=-0.13293628E+05
!Chemkin 3 - therm.dat

a1= 0.04453623E+02
a2= 0.03140168E-01
a3= -0.12784105E-05
a4= 0.02393996E-08
a5= -0.16690333E-13
a6= -0.04896696E+06
a7= -0.09553959E+01
a8= 0.02275724E+02
a9= 0.09922072E-01
a10=-0.10409113E-04
a11= 0.06866686E-07
a12=-0.02117280E-10
a13=-0.04837314E+06
a14= 0.10188488E+02
a15=-0.47328105E+05
!Chemkin 3 -therm.dat
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H2 O
MW = 18.015 g/mol; hf° = -241.82 kJ/mol
a1= 0.02672145E+02
a2= 0.03056293E-01
a3= -0.08730260E-05
a4= 0.12009964E-09
a5= -0.06391618E-13
a6= -0.02989921E+06
a7= 0.06862817E+02
a8= 0.03386842E+02
a9= 0.03474982E-01
a10=-0.06354696E-04
a11= 0.06968581E-07
a12=-0.02506588E-10
a13=-0.03020811E+06
a14= 0.02590232E+02
a15=-0.29084817E+05
!Chemkin 3 -therm.data
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B.4 Results with respect to shock tube ignition delays
In the present section, a comparison of experimental (symbols) and modelled
(solid lines) shock tube ignition delays is given, for all fuels and operating
conditions measured (see Table 1), using the global reaction model with the
parameter sets given in Appendix B.2. Filled symbols stand for main ignition τ,
open symbols for first-stage ignition τcf.

(a)

(a)

(b)

(b)

(c)
(c)
Figure 70 – Comparison of measured and Figure 71 – Comparison of measured and
computed ignition delay times for n-heptane. computed ignition delay times for naptha 1.
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(a)

(a)

(b)

(b)

(c)
(c)
Figure 72 – Comparison of measured and Figure 73 – Comparison of measured and
computed ignition delay times for naptha 2.
computed ignition delay times for kerosene 1.
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(a)

(a)

(b)

(b)

(c)
(c)
Figure 74 – Comparison of measured and Figure 75 – Comparison of measured and
computed ignition delay times for kerosene 2. computed ignition delay times for kerosene 3.
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C. Experimental Shock Tube Data
C.1 n-heptane
p [bar]
40.40
41.00
40.20
42.80
42.30
44.20
47.00
44.50
42.60
45.50
44.30
39.60
39.80
36.00
38.10
36.60
40.60
38.80
42.30
40.90
41.70
44.60
41.20
44.20
40.80
41.70
38.50
40.00
40.90
39.60
40.90
40.50
20.30
17.00
20.90
20.60
21.80
21.10
65.10
63.50
64.40
62.50
63.50
65.10
66.50

T [K]
715.6
795.6
913.1
1021.7
725.9
779.7
793.4
831.7
875.1
944.6
987.8
994.0
1094.0
678.7
693.0
773.3
803.1
886.7
975.7
996.1
742.5
897.4
939.6
969.2
714.4
817.1
889.0
1008.5
711.0
792.5
905.5
1010.8
714.2
759.0
763.4
803.8
879.5
916.7
752.8
785.0
826.8
879.0
936.0
1000.0
1059.0

φ [-]
0.50
0.50
0.50
0.50
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67

EGR [%]
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
0
0
0
0
0
0
0
0
50
50
50
50
30
30
30
30
30
30
30
30
30
30
30
30
30

τcf [μs]
2780.9
516.1
0.0
0.0
1516.1
550.8
387.9
269.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
818.8
450.2
0.0
0.0
0.0
719.7
0.0
0.0
0.0
0.0
304.4
166.9
0.0
3106.9
672.4
0.0
0.0
3255.1
982.3
0.0
0.0
0.0
0.0
990.0
665.0
278.5
139.6
0.0
0.0
0.0

τ [μs]
3590.2
1712.5
1596.2
880.2
1996.4
1075.9
931.9
910.4
1009.0
1101.4
887.2
704.8
358.0
5266.9
3841.8
1157.0
855.9
923.1
889.9
759.2
1084.1
474.9
505.0
509.1
2518.2
569.6
657.2
576.1
4962.8
3020.8
2557.1
1267.6
4685.1
3628.2
2830.4
2297.8
2604.1
3060.6
1257.0
952.3
638.3
577.7
630.9
576.0
325.4
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C.2 Naptha 1

XXII

p [bar]

T [K]

φ [-]

EGR [%]

τcf [μs]

τ [μs]

37.70

719.2

0.50

30

4669.5

7121.7

41.80

812.0

0.50

30

892.9

3658.8

44.00

933.0

0.50

30

0.0

3108.8

37.00

989.1

0.50

30

0.0

1504.9

42.50

745.0

0.67

30

2535.0

3836.0

42.20

770.0

0.67

30

1591.0

3057.0

41.90

810.0

0.67

30

760.0

2579.0

40.10

844.0

0.67

30

0.0

3163.0

42.40

921.0

0.67

30

0.0

2689.0

40.30

954.0

0.67

30

0.0

1661.0

36.50

969.0

0.67

30

0.0

1516.0

32.80

991.0

0.67

30

0.0

1392.0

46.40

760.0

1.00

30

1656.0

2044.0

42.50

820.0

1.00

30

589.0

1677.0

42.60

910.0

1.00

30

0.0

1865.0

33.20

936.0

1.00

30

0.0

1618.0

42.60

743.8

0.67

0

0.0

2335.4

41.30

802.0

0.67

0

694.7

1286.9

32.50

841.8

0.67

0

467.7

1804.3

39.60

984.4

0.67

0

0.0

705.7

43.10

748.3

0.67

50

2977.1

6681.1

38.60

788.7

0.67

50

1685.9

6368.4

38.20

884.9

0.67

50

0.0

5212.2

38.60

985.5

0.67

50

0.0

2024.5

21.50

775.7

0.67

30

1929.0

7627.8

20.80

807.4

0.67

30

1240.8

9176.2

20.60

853.8

0.67

30

0.0

8957.0

20.60

914.1

0.67

30

0.0

3711.5

60.20

826.9

0.67

30

323.1

1264.7

52.70

883.7

0.67

30

0.0

1997.1

55.00

895.3

0.67

30

0.0

1900.6

55.70

898.9

0.67

30

0.0

1921.9

57.20

956.4

0.67

30

0.0

1012.5

59.50

1036.0

0.67

30

0.0

371.5
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C.3 Naptha 2
p [bar]

T [K]

φ [-]

EGR [%]

τcf [μs]

τ [μs]

41.20

739.9

0.50

30

1578.4

3367.0

42.20

815.2

0.50

30

294.2

2214.9

34.60

852.5

0.50

30

200.3

2884.4

40.80

1012.5

0.50

30

0.0

856.8

43.10

748.7

0.67

30

1010.6

1805.8

41.20

799.3

0.67

30

382.9

1537.4

40.60

848.8

0.67

30

142.5

1537.0

42.80

922.2

0.67

30

0.0

1500.0

42.20

962.7

0.67

30

0.0

1016.1

41.60

1012.4

0.67

30

0.0

593.4

41.40

1060.3

0.67

30

0.0

431.6

40.60

1097.9

0.67

30

0.0

224.3

40.40

729.3

1.00

30

1617.8

1945.5

40.90

799.1

1.00

30

323.3

843.8

40.90

904.2

1.00

30

0.0

1124.6

42.00

1007.3

1.00

30

0.0

552.1

45.40

759.6

0.67

0

489.4

859.1

38.60

785.7

0.67

0

480.0

775.4

35.20

856.8

0.67

0

0.0

744.7

36.40

952.2

0.67

0

0.0

812.7

44.30

757.2

0.67

50

1042.4

3342.9

39.70

797.5

0.67

50

525.2

3582.6

35.70

863.6

0.67

50

0.0

3799.9

35.50

958.8

0.67

50

0.0

2314.5

21.10

744.0

0.67

30

1642.3

4810.7

21.40

807.9

0.67

30

476.7

4572.9

20.90

855.6

0.67

30

291.0

5795.5

21.90

929.7

0.67

30

0.0

2439.3

20.60

953.4

0.67

30

0.0

2228.1

63.70

804.7

0.67

30

227.8

760.4

64.10

841.5

0.67

30

0.0

662.2

57.20

860.4

0.67

30

0.0

821.3

61.90

925.3

0.67

30

0.0

797.2

55.20

936.8

0.67

30

0.0

966.9

66.10

1001.6

0.67

30

0.0

520.6

59.20

1013.3

0.67

30

0.0

481.6
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C.4 Kerosene 1

XXIV

p [bar]

T [K]

φ [-]

EGR [%]

τcf [μs]

τ [μs]

40.40

737.0

0.50

30

2173.0

6433.0

41.00

810.0

0.50

30

427.0

3757.0

40.70

911.0

0.50

30

0.0

2690.0

40.80

1015.0

0.50

30

0.0

926.0

41.10

754.5

0.67

30

1365.0

3343.0

40.40

811.0

0.67

30

416.0

3040.0

36.00

821.0

0.67

30

423.0

2950.0

37.50

883.0

0.67

30

0.0

2877.0

39.40

900.0

0.67

30

0.0

2092.0

42.10

967.0

0.67

30

0.0

1140.0

39.20

1003.0

0.67

30

0.0

898.0

41.50

726.0

1.00

30

2271.0

2811.0

39.70

795.0

1.00

30

549.0

1529.0

40.50

896.6

1.00

30

0.0

1369.0

41.70

1009.9

1.00

30

0.0

525.7

38.10

711.0

0.67

0

2941.0

3215.0

38.00

792.4

0.67

0

498.0

1208.0

40.00

896.0

0.67

0

0.0

934.0

43.90

1038.0

0.67

0

0.0

338.0

41.20

741.0

0.67

50

2270.0

8903.0

42.40

819.0

0.67

50

479.0

4902.0

40.40

906.0

0.67

50

0.0

3641.0

39.90

1007.0

0.67

50

0.0

1301.0

21.70

740.0

0.67

30

2601.0

7554.0

21.70

766.0

0.67

30

1486.0

6752.0

21.20

818.0

0.67

30

594.0

5740.0

20.70

860.0

0.67

30

0.0

5430.0

19.80

897.0

0.67

30

0.0

4160.0

58.90

822.0

0.67

30

448.0

1706.0

62.20

887.2

0.67

30

0.0

1467.0

55.30

937.0

0.67

30

0.0

1250.0

63.10

941.0

0.67

30

0.0

919.0

58.90

1012.0

0.67

30

0.0

466.0
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C.5 Kerosene 2
p [bar]

T [K]

φ [-]

EGR [%]

τcf [μs]

τ [μs]

41.20

740.3

0.50

30

1877.5

3550.0

36.00

780.5

0.50

30

822.0

3090.0

39.20

904.0

0.50

30

0.0

2068.0

42.40

1024.4

0.50

30

0.0

758.0

39.00

741.2

0.67

30

1701.1

2854.9

36.00

766.2

0.67

30

1059.5

2404.1

35.30

801.6

0.67

30

602.0

2063.5

45.50

881.8

0.67

30

0.0

1079.5

44.10

923.9

0.67

30

0.0

1356.3

43.50

972.8

0.67

30

0.0

1046.6

39.50

999.1

0.67

30

0.0

799.5

43.90

1105.7

0.67

30

0.0

390.8

43.50

743.3

1.00

30

1015.9

1884.6

35.60

767.3

1.00

30

825.0

1523.1

36.80

866.9

1.00

30

270.0

1111.3

36.20

956.4

1.00

30

0.0

848.6

35.80

703.2

0.67

0

1317.0

3053.0

37.50

783.7

0.67

0

555.5

958.1

35.10

856.9

0.67

0

0.0

769.0

38.10

881.0

0.67

0

0.0

665.0

39.80

895.0

0.67

0

0.0

642.0

37.80

977.3

0.67

0

0.0

533.0

39.00

728.0

0.67

50

2618.0

5352.0

35.20

768.8

0.67

50

1024.9

4662.0

39.30

896.5

0.67

50

0.0

2898.0

39.60

1003.9

0.67

50

0.0

1159.7

22.00

715.5

0.67

30

2627.1

5694.9

18.20

724.3

0.67

30

2827.8

6741.7

18.40

772.8

0.67

30

1211.1

4840.6

15.10

781.9

0.67

30

1123.0

5547.0

15.10

808.7

0.67

30

834.8

5690.1

18.90

826.4

0.67

30

0.0

5075.0

18.90

874.4

0.67

30

0.0

4463.2

62.70

881.0

0.67

30

120.2

628.4

57.80

903.0

0.67

30

0.0

838.7

60.90

920.0

0.67

30

0.0

785.8

61.30

922.0

0.67

30

0.0

876.1

61.00

980.0

0.67

30

0.0

428.0

67.90

1020.8

0.67

30

0.0

269.0

69.80

1096.3

0.67

30

0.0

233.0

71.90

1109.3

0.67

30

0.0

206.2
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C.6 Kerosene 3
p [bar]
39.80
38.00
39.10
38.20
42.50
42.70
47.00
40.50
46.20
43.20
46.40
39.90
39.20
38.70
37.90
38.40
41.60
37.50
38.90
47.00
37.30
41.70
42.80
44.10
41.90
41.40
38.40
37.90
36.50
37.50
19.30
20.20
16.60
18.20
18.70
19.70
63.20
61.50
60.90
58.40
57.90
68.90

XXVI

T [K]
720.9
789.7
897.1
957.4
734.3
762.9
846.9
854.2
949.0
979.9
1063.4
730.2
791.1
881.9
958.1
699.2
716.6
783.3
792.4
844.0
872.6
909.8
1005.6
1051.2
1061.0
1103.5
710.7
787.3
873.9
968.9
712.4
750.6
753.1
776.9
830.6
896.4
816.2
833.9
879.1
914.9
1004.3
1026.4

φ [-]
0.50
0.50
0.50
0.50
0.67
0.67
0.67
0.67
0.67
0.67
0.67
1.00
1.00
1.00
1.00
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67

EGR [%]
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
0
0
0
0
0
0
0
0
0
0
0
50
50
50
50
30
30
30
30
30
30
30
30
30
30
30
30

τcf [μs]
2940.4
995.8
0.0
0.0
1977.0
976.7
0.0
0.0
0.0
0.0
0.0
0.0
694.4
250.9
0.0
0.0
0.0
577.7
379.6
222.3
168.5
110.7
0.0
0.0
0.0
0.0
3789.2
731.9
468.4
0.0
3964.0
2021.0
2076.9
1585.0
825.2
0.0
262.6
229.3
176.4
0.0
0.0
0.0

τ [μs]
4409.6
2905.6
2210.7
1722.8
2638.0
1729.5
994.1
1404.0
1241.6
704.2
333.9
2242.4
1129.8
780.7
1064.4
3266.3
2292.0
883.8
665.5
490.2
650.0
561.1
213.7
115.4
155.2
125.4
6227.5
3648.9
3168.0
1702.4
5730.0
4338.0
6728.0
4514.0
4806.0
3809.0
723.0
751.5
702.9
764.3
432.3
235.1
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D. Experimental Engine Data
All raw data from the engine experiments, as well as the results from the
standard single-zone pressure trace analysis (performed at IVK, Stuttgart using
the software Tiger) is contained in a single matlab [152] structure M. An
overview of the most relevant fields in this structure is given in Table 11. For
the calculations presented in the present work, a reduced version of this structure
M, called ETH and containing only the fields „Header‟, „Betriebspunkt‟ and
„Verlauf‟ suffices and hence has been used.
Table 11 – Overview of the matlab structure M, containing all experimental engine data

Name of the Operating Point :
FIELD: Header
General Info on Operating Condition
StrucNr

-

Data Point Number

Fuel_No

-

Fuel Number

Fuel

-

Fuel Name

Rpm

1/min

Rpm

Messtyp

-

1 = Valid Measurement

IMEP

bar

IMEP

E_Inj

J/cycle

Injected fuel energy

T2

degC

Inlet temperature

SOI

deg BTDC

Start of injection

EGR

%

EGR rate

Ident_No

-

Identification Number

Field: Betriebspunkt
Characteristic Values Measured or Calculated
Rpm

1/min

rpm

EGR

%

EGR rate

SOI

°CA (absolute)

Start of Injection

Lambda

-

~pressure rate analysis (Brettschneider)

O2SR

%

Vol. O2-conc in the inlet port

O2IVC

%

Vol. O2-conc at IVC

SOB_1HR

°CA

°CA at Start of Cool Flame

ID_1HR

°CA

Ignition Delay of Cool flame

Idms_1HR

ms

Ignition Delay of Cool flame

p_SOB_1HR

bar

Pressure at Start of Cool Flame

MMT_SOB_1HR

K

Mass averaged T at Start of Cool Flame

CF

yes/no

Cool Flame occurance

MaxCF

J/degCA

Maximum heat release Value of Cool Flame
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Position of Maximum in Cool Flame Heat Release
Ratio of Main and Cool Flame Peak Heat Release
Values

MaxCF_KW

°CA

ratio_maxCF_maxHF

%

MaxCF_SBVL

J

Cumulative Heat Release Value at MaxCF_KW

SOB_HF

°CA

°CA at Start of Main Combustion

ID_HF

°CA

Ignition Delay of Main Combustion

IDms_HF

ms

Ignition Delay of Main Combustion

p_SOB_HF

bar

Pressure at Start of Main Combustion

MMT_SOB_HF

K

Mass averaged T at Start of Main Combustion

AE_...

kJ

Values for/from the 1-Arrhenius or 3-Arrhenius model

AE_...

kJ

Added to this field in the ETH Structure
Lambda_mass

-

lambda based on fuel and air masses

CO2

Vol. %

CO2 emissions

CO

ppm

CO emissions

HC

ppm

HC emissions

NOX

ppm

NOx emissions

O2

Vol. %

O2 emissions (in EGR)

FSN

-

Fuel Smoke Number

Field: Verlauf
Transient evolutions as function of °CA
Kurbelwinkel

°CA

Degree Crank Angle

Druckverlauf

bar

Pressure Evolution

Volumen

cm^3

Volume Evolution

Zylindermasse

mg

Cylinder Mass Evolution

Brennverlauf

J/degCA

Heat Release Rate

Summenbrennverlauf

J

Cumulative Heat Release

Massenmitteltemperatur K

Mass averaged temperature

Zundintegral

-

Ignition Integral ~IVK

Zundintegral_3Arr

-

Ignition Integral ~ 3 Arr

-

lambda_Brettschneider -

lambda based on fuel and air masses
lambda based on calculation of Brettschneider (taking
unburnt HC into account)

CO_Low_and_High

ppm

CO emissions

AMA2000_CO2

Vol. %

CO2 emissions

AMA2000_CO2SR

Vol. %

CO2 in the inlet

AMA2000_HC

ppm

HC emissions

AMA2000_NOX

ppm

NOx emissions

AMA2000_O2

Vol. %

O2 emissions (in EGR)

AVL415S_SZB

-

FSN

Field: REP
a few values of interest
lambda_calc

InjVCD_tiMI1ET_mp
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Field: TIGER
Data for and from the pressure trace analysis using the software ‘Tiger’ (single zone model)
╚ Subfield: PAR = Data from the engine experiment
e.g. StoicAF

-

Stoichiometric air/fuel ratio

e.g. FuelMass

mg/cycle

injected fuel mass

╚ Subfield: LTB = Calculations from Tiger
╚ Subfield: HTB = Evolutions as in the field 'Verlaufe'
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