
Chapter 2
Modeling Combustion with Detailed
Kinetic Mechanisms

Edward Blurock and Frédérique Battin-Leclerc

Abstract Detailed chemical kinetic combustion models of real fuels (e.g., gasoline,
diesel, and jet fuels) provide important chemical insight into the chemical phe-
nomena behind the combustion process. The challenge is to find computationally
feasible models that help explain the complex behavior observed during the com-
bustion of complex mixtures of hydrocarbon species which make up real fuels.
Detailed kinetic mechanisms, made up of a set of reactions and species, describing
the chemical reactions between fuel, oxidizer, and intermediate species have proven
to be useful in providing the link between the macroscopic phenomena and the
microscopic behavior. The purpose of this chapter is to outline the structure, role and
diversity of detailed mechanisms in combustion modeling. An important emphasis
of this chapter is to describe the approximations and assumptions used. Within the
set of chemical modeling methods in general, the interaction between detailed
mechanism modeling and more complex chemical models, such as quantum
chemical models, or much simpler models, such as skeletal, semi-detailed, and even
global reaction mechanisms, is outlined.

2.1 Introduction

A model is an interpretation and an approximation of physical reality. A model is
not only a representation of physical reality, but also a construction helping to
understand the governing principles behind the physical reality and to make
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predictions about physical behavior. In a sense, there is only one physical reality,
but there can be a multitude of models representing it. A particular model rep-
resents a particular aspect the modeler focuses on. A model can serve multiple
purposes. Two significant purposes of a model are understanding and prediction.
Of course, these are not mutually exclusive. A ‘‘thorough’’ (the word is in quotes
because the model is an approximation of reality) understanding implies that
predictions are possible. The level of understanding described by the model is
inherently coupled with the complexity and detail of the model. A detailed kinetic
mechanism is one such model with its own set of assumptions which are detailed
in this chapter for the field of combustion.

In early civilization, the power of the combustion phenomenon was ruled by
gods with many mythological names such as Zhu Rong (Chinese), Kagu Tschuchi
(Japanese), Hephaestus (Greek), and Vulcan (Roman). In the seventeenth century,
Johann Joachim Becher explained the thermodynamics of fire with his phlogiston
theory. In the eighteenth century, the role of oxygen and other molecules in
combustion became apparent in Lavoisier’s and Priestley’s experiments and the
chemical nature of the combustion process and matter itself began to be explored.
The study of thermodynamics of combustion was spurred by the industrial revo-
lution with the fundamental theories of Carnot (Carnot 1824) and Gauss (Dun-
nington et al. 2003; Gauss 1823) which are still in use. At the time of Faraday’s
treatise and lecture, ‘‘The Chemical History of the Candle’’ (Faraday 1861), the
interactions of the fundamental thermodynamics and chemical aspects of the flame
were emerging. With Semenov’s theory of chain mechanisms and thermal
explosions (Semenov 1935, 1958) the modern science of detailed combustion
reactions began.

Studies of detailed kinetic mechanisms not only have the scientific importance
of understanding nature around us, specifically the combustion process, but now
they have environmental importance in trying to minimize man’s contribution to
climate change, industrial economic importance in making the combustion process
in flames, engines, and turbines in transportation and energy more efficient, and
socio-political importance in helping to minimize the use of fuels. The goal of a
comprehensive detailed mechanism is to extensively describe combustion phe-
nomenon at a chemical level. Of course, without a first principle means of iden-
tifying all relevant species and reactions, we can only approximate this goal.
Within a collisional dynamic framework, in order to explain the macroscopic
nature of the combustion process, we would not only have to identify all the
colliding species but also the frequency and energetics of all the collisions under
the extensive range of temperatures, pressures, and reacting compositions found,
for example, in engines.

To describe ignition properties, whether in zero-dimensional homogeneous
combustion or including also diffusion effects in multidimensional combustion, a
model has to describe a whole range of temperature regimes. The models first have
to reproduce macroscopic phenomena such as laminar flame velocities, ignition
delay times, extinction strain rates, or turbulent or oscillatory behavior. They also
have to explain the relative concentrations of the fuel and oxidizer and a range of
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intermediate species including pollutants in premixed and non-premixed regimes.
In addition, the models have to consider the wide range of combustion time scales
found from simple one-dimensional to turbulent three-dimensional flames.

With the lack of a universal model of combustion, model design decisions have
to be made. A major source of diversity in combustion models, even for the same
fuel, stems from the modeler choosing the ‘‘important’’ properties and parameters
needed to describe the chosen physical phenomenon as shown in the comparison
of methane combustion models made by Rolland and Simmie (2004). Every model
has its advantages and disadvantages. An important aspect of computer modeling
is computational cost. Modeling detail in one aspect often comes at the price of
neglecting another aspect. For example, with current computational resources, it is
impossible to formulate an exact model of jet fuel, gasoline, or diesel fuel with
their immense number, diversity, and size of fuel elements (see Fig. 2.1).

Not only does the modeler have to simplify a complex fuel composition with
surrogates (see Sect. 2.6.5) but also to reduce the size of the map of operating
conditions to be covered. Very few detailed models are valid for wide ranges of
temperatures, pressures, or equivalence ratios. The key to the simplification of
models, for example in the writing of reduced models or skeletal mechanisms (see
Sect. 2.6.3 or for more details Chap. 17), is to limit the range of operating con-
ditions to be considered. In zero-dimensional models, such as in the cases of
homogeneous ignition in a rapid compression machine or oxidation in a perfectly
stirred reactor, very detailed mechanisms (e.g. Sarathy et al. 2011; Westbrook
et al. 2009) can be used. However, for computational fluid dynamic calculations,
where there is extensive detail in the three-dimensional flow of the reacting spe-
cies, only very simplified models, such as global or possibly skeletal mechanisms
can be used. There is always a modeling trade-off between chemical detail and
physical or flow detail in a model.
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Fig. 2.1 Content in
hydrocarbon classes found in
usual transport fuels, jet fuels,
gasolines, and diesel fuels
(Guibet 1999; Westbrook
2005). Others consist mainly
in alkenes and oxygenated
compounds
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Detailed combustion modeling plays an important role in elucidating reactive
behavior under different conditions and in identifying the pathways leading to
pollutant emissions in order to propose reduction methods. For example, Fig. 2.2
shows that at higher equivalence ratios, the amount of soot increases. But at lower
equivalence ratios, as the temperature increases, the amount of NOx emissions
increase. At low temperature and equivalence ratio, both soot and NOx emissions
are low. It is under these conditions that the combustion in homogenous charge
compression engine (HCCI) or in diesel low temperature combustion (LTC, an
alternative approach to achieve HCCI-like combustion obtained by coupling clo-
sely autoignition to fuel injection (Dec 2009)) engines function (see Fig. 2.2). It is
why it is expected to have lower emissions. Kinetic studies using detailed
mechanisms play an integral part of the development HCCI or LTC diesel engines.

2.2 Chemical Combustion Models

There are a multitude of techniques to model a chemical process (e.g. Williams
1994; Tomlin et al. 1997; Griffiths and Barnard 1995; Warnatz et al. 2006). The
focus of this chapter is one particular type of modeling, namely with detailed
combustion mechanisms. But before presenting them some general features of
chemical mechanisms are discussed.

2.2.1 Generalities About Chemical Mechanisms

At the simplest level, a chemical mechanism can be seen as just a list of reacting
species and a list of their reactions. However, this and other chapters in this book
will try to elaborate the considerable structure and detailed chemical and kinetic

Fig. 2.2 Temperature and
equivalence ratio diagram
plotting the ranges of NOx
and soot formation and
showing the range of
functioning of spark ignition,
conventional diesel, low
temperature combustion
(LTC) diesel, and
homogenous charge
compression (HCCI) engines
(Reprinted from Dec 2009,
copyright Elsevier)
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knowledge required behind these lists. To begin with, two sets of information are
provided within the mechanism formulation. There is the thermodynamic infor-
mation mainly represented by the thermochemical quantities associated with each
species, and the kinetic information associated with the set of reactions detailing
how the set of species react with each other.

Each reaction in a combustion mechanism is a description of how a set of
reactant species are transformed into a set of product species. Ultimately, this
description is transformed to numerical combustion models, which solve the mass
and the energy conservation equations, according to the type of reactor with
special software libraries dedicated to that, such as CHEMKIN (Kee et al. 1993).

An essential component of the numeric form describing chemistry is the
chemical source term, i.e., the rate of change of concentration of the reacting
species, which is extensively described in textbooks (Laidler 1987; Griffiths and
Barnard 1995; Warnatz et al. 2006). For example, reaction i in the set of mreactions

in a mechanism including nspecies species can be generally written:

Xnspecies

k¼1

mreactants
ki Xk ¼

Xnspecies

k¼1

mproducts
ki Xk ð2:1Þ

where mki is the stochiometric coefficient related species Xk in reaction i. The rate
of progress, qi of reaction i can then be expressed:

qi ¼ kreverse
i

Ynspecies

k¼1

Xk½ �m
products

ki � kforward
i

Ynspecies

k¼1

Xk½ �m
reactants
ki ð2:2Þ

where Xk½ � is the molar concentration of species Xk and kfoward
i and kreverse

i are the
forward and reverse rate constants of reaction i. This, in turn, is used to compute
the rate of production (xk) of species Xk:

xk ¼
Ynreactions

i¼1

ðmreverse
ki � mforward

ki Þqi ð2:3Þ

This is commonly known, especially in reactive flows associated with CFD
(computational fluid dynamics) equations, as the chemical source term.

An important point is that even when writing down the initial chemical form,
the species within the reactions are only labels, i.e., bookkeeping devices keeping
track of their concentrations. The actual structural information is only implied by
how the species react and the thermodynamic information associated with each
species. As shown in the chemical source term, the numeric rate constants com-
bined with the species concentrations form the heart of reactive chemistry.

Rate constants, k, are usually expressed using the classical Arrhenius (Arrhe-
nius 1889) form of the rate expression, shown here with a temperature exponent:

k ¼ ATneEal RT ð2:4Þ
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where A is the pre-exponential factor, n is the temperature coefficient, Ea is the
activation energy, and R is the gas constant in J�K-1. More details about rate
constant format are given in Chap. 19.

Associated with each species is their temperature-dependent thermochemical
data, specifically enthalpy, entropy, and heat capacities (see more details in Chap.
20). In combustion, this thermodynamic information is usually represented as two
seven term ‘‘NASA polynomials,’’ first formulated by Zeleznik and Gordon (1962):

Cp

R
¼ a1 þ a2T þ a3T2 þ a4T3 þ a5T4

Ho

RT
¼ a1 þ a2

T

2
þ a3

T2

3
þ a4

T3

4
þ a5

T4

5
þ a6

T
So

R
¼ a1 InT þ a2T þ a3

T2

2
þ a4

T3

3
þ a5

T4

4
þ a7

ð2:5Þ

The temperature, T, dependent heat capacity, Cp, standard Enthalpy, Ho, and
standard Entropy, So are represented with seven species dependent constants, ai.
Note that associated with each species are also their transport properties to be used
for the evaluation of gas-phase multicomponent viscosities, thermal conductivities,
diffusion coefficients, and thermal diffusion coefficients (see for instance, Wang
and Frenklach (1994)).

2.2.2 Detailed Chemical Mechanisms

A detailed chemical mechanism is usually considered to be composed of a par-
ticular type of reaction, namely, an elementary reaction (also called elementary
step). An elementary reaction is a transition from a (set of) reactant molecular
structure(s) to a (set of) product molecular structures. The transformation from the
reactant molecular structures to the product molecular structures can be thought of
the movement of the individual atoms making the reactants through intermediate
structures until they reach the product molecular structures.

When the modeler writes down the reactants and products of an elementary
reaction, he thinks about the complex molecular changes such as valence changes
and the making and breaking of bonds that occur during the reactions (see
Sect. 2.4). The rate constant associated with each elementary reaction is derived
from the molecular structure and is not dependent on conditions under which it is
measured, except temperature and in some cases pressure (for more detail, see
Chap. 21). Many rate constants relevant to combustion can be obtained from
databases (e.g., Baulch et al. 1992; Tsang and Hampson 1986), evaluating
experimental measurements and theoretical calculations; for more detail, see Part
V about rate constant determinations. For more than 2 decades, data evaluations,
as those shown in Fig. 2.3, have been performed to assess the available kinetic
data and then, based on these assessments, recommended rate constants with their
uncertainties have been proposed.
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The reaction taken as an example for Fig. 2.3 also illustrates an important
feature of combustion mechanisms: the involved molecular structures are not
always stable molecules, but in many cases free radicals (or even atoms), e.g.,
uncharged species with an unpaired electron. Reactions involving free radicals can
be divided in four types:

• Initiation: those creating radicals from fuel,
• Termination: those consuming radicals,
• Propagation: those transforming a radical into another one,
• Branching: those creating new radicals from a radical or an unstable product

(degenerate branching steps).

Several types of elementary reactions have pressure-dependent rate constants,
e.g., unimolecular fuel decomposition (see Sect. 2.4.2). In this case, many com-
bustion models use the formalism proposed by Troe (1974), an extension of the
Lindemann-Hinshelwood theory (Laidler 1987), to express the pressure-dependent
rate constant, k, as a function of the rate constant at very low pressure k0, the rate
constant at infinite pressure, k?, and [M] the total concentration of all the present
species (third body). These expression for k with four reaction dependent con-
stants, a, T*, T**, and T***, can also be found in recommendation compilations
such as (Baulch et al. 1992). Note that at very low pressure, k can be approximated
by k0[M], and then increases until k? which is obtained at very high pressure. In
between the evolution of k versus [M] followed a ‘‘fall off’’ curve which can be
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approximated by Eq. (2.6). The low-pressure rate constant, k0, depends also on the
nature of the third body gas. Third-body efficiencies are also specified in detailed
models and can vary up to a factor of 18 between the least efficient gas, He, and the
most efficient one, H2O (Husson et al. 2013). While third-body efficiencies can
have a significant influence, such as explaining a priori surprising acceleration of
autoignition by addition of water (Anderlohr et al. 2010), important uncertainties
exist in their values.

k

k1
¼ y

1þ y
FðyÞ with y ¼ k0½M�

k1

� �

log FðyÞ ffi 1

1þ logðyÞ
n

h i2 log Fcent ðwith n ¼ �0:75� 1:27 lg FcentÞ

Fcent: ¼ ð1� aÞ exp � T

T���

� �
þ a exp � T

T�

� �
þ exp � T��

T

� �

ð2:6Þ

The purpose of detailed mechanisms is not only to a posteriori reproduce given
experimental results, but also to encompass a priori predictions of behaviors for
which experimental investigation is difficult, even impossible, or too costly.
Detailed mechanisms are also an invaluable tool that can give further chemical
understanding of the chemical kinetic processes and species involved. Note that
detailed mechanisms are used also for chemical modeling in other fields than
combustion, such as atmospheric chemistry (Bloss et al. 2005) or astrochemistry
(Venot et al. 2012).

Of increasing importance is computational chemistry based on electronic
structure theory, quantum chemistry (Lewars 2011), and semi-empirical models
for calculating the needed thermodynamic and kinetic constants. With the
increased computational power of modern computers, more complex molecular
systems can be calculated. These calculations can not only be used to substantiate
experimental evidence, but often they can be used where experiments are very
difficult or not even possible. In these models, an explicit three-dimensional
structure of the combustion species is specified and its energy structure is derived.

Essentially, a single computational chemistry calculation starts with a three-
dimensional configuration of atoms and is based on the resolution of the Schrö-
dinger equation using different levels of assumptions (Harding et al. 2007; Pilling
2009). One of the fundamental assumptions is the Born–Oppenheimer approxi-
mation which separates the solution involving the nuclei and the electrons, i.e., the
nuclei are assumed to be stationary. Given this atomic configuration, the orbital
(and total) energy of the molecule is calculated. The Hartree–Fock approximation
using a ‘‘Slater Determinant’’ representation of the electronic orbital wavefunc-
tions (for further details see, for example, (Levine 2000)), enables the numerical
calculation of this molecular energy. These orbital wavefunctions are represented
in terms of basis sets (Hill 2013). The level, accuracy, and complexity of the
computation largely depend on these basis sets. More details are given in Chap. 20.
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Since the temperature-dependent thermodynamic constants used in combustion
are dependent on the total and internal energy of a molecule, computational
chemistry calculations are an ideal way to make systematic thermodynamic studies
of classes of species. For example, studies have been made for n-alkanes (Vans-
teenkiste et al. 2003) or a wide rage oxygenated molecules or radicals (Sumathi
and Green 2002; Sebbar et al. 2004, 2005; Da Silva and Bozzelli 2006; Simmie
et al. 2008; Yu et al. 2006).

A single computation of an atomic configuration in three-dimensional space
gives a single molecular energy. If ‘‘all’’ configurations of a set of atoms are
calculated a potential energy surface (Lewars 2011) of these configurations can be
calculated (see for example, Fig. 2.4). This potential energy surface can be used in
molecular dynamics calculations to calculate rate constants (see Chap. 21).
Uncertainties in these rate constant calculations are discussed by Goldsmith et al.
(2013). Figure 2.4 displays the paths connecting reactants and products for two
competing elementary steps in an energy diagram. The needed information in this
complex energy surface is reduced to the ‘‘lowest energy’’ path between the reactant
configuration and the product configuration. Each path has to overcome a ther-
modynamic barrier to form an activated complex called transition state or transition
structure (Eyring 1935; Truhlar et al. 1996; Harding et al. 2007). As with individual
species, each activated complex has its own thermochemical properties which can
be calculated using computational methods (see Chap. 20). It can be shown that the
energy to form this transition state from the reactants is the activation energy used in
the Arrhenius form of the rate constant (Gilbert and Smith 1990).

2.2.3 Low and High Temperature Detailed Chemical
Combustion Mechanisms

Advanced low temperature combustion concepts that rely on compression ignition
have placed new technological demands on the modeling of the low temperature

Minimun
for product 1

Transition
structure 2

Minimun 
for product 2

Minimun
for reactant

Transition structure 1Fig. 2.4 Potential energy
surface of molecular
configurations representing
the reaction from reactants to
products (1 and 2) along the
reaction coordinates as
detailed by Schlegel (1998)
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reactions of O2 with fuel (oxidation) in general and particularly on fuel effects in
autoignition. Furthermore, the increased use of alternative and nontraditional fuels
presents new challenges for combustion modeling and demands accurate rate
coefficients and branching fractions for a wider range of reactants. Fuels, espe-
cially for transport industry, have long-chain hydrocarbon components.

This includes even the long-chain methyl esters of biodiesel. The study of the
ignition of hydrocarbons is intimately related to several aspects of engine per-
formance such as timing, efficiency, and emissions. Numerous books and reviews
such as (Griffiths and Barnard 1995; Westbrook 2000; Battin-Leclerc et al. 2011;
Zádor et al. 2011) have described the chemistry involved during ignition.

Figure 2.5 shows a simplified scheme of the main primary reactions, which are
now usually included in models of the oxidation of an alkane (RH) according to
the understanding previously gained (Pollard 1977; Kirsch and Quinn 1985;
Walker and Morley 1997; Miller et al. 2005). Alkyl radicals (R�) are produced
from the reactant (RH) by hydrogen atom abstractions (H-abstractions), first
during a short initiation period, by O2, and then primarily by �OH radicals. At low
temperatures, i.e., below 900 K, R� radicals add to O2 to yield peroxy (ROO�)
radicals.

Some consecutive steps then lead to the formation of hydroperoxides, which are
degenerate branching agents, explaining the high reactivity of alkanes at low
temperature. The ROO� radicals first isomerize to give hydroperoxyalkyl (�QOOH)
radicals. This isomerization, which occurs via an internal H-abstraction going
through a cyclic transition state, has a very large influence on the low temperature
oxidation chemistry (Kirsch and Quinn 1985). According to the size of the cyclic
ring involved in the transition state, the formation of alkenes and �HO2 radicals can
compete with isomerization, mainly at low temperature, by direct elimination from
ROO� (Zádor et al. 2011)
�QOOH radicals can thereafter add on O2 and yield �OOQOOH radicals. These

react further by a second internal isomerization producing �U(OOH)2 radicals. The
rapid unimolecular decomposition of �U(OOH)2 radicals leads to three radicals and
is a branching step occurring at low temperatures. This global step occurs through
the formation of alkylhydroperoxides including a carbonyl group, mainly keto-
hydroperoxides, which in turn can easily decompose giving two radicals. The pro-
posed ketohydroperoxides have only been recently experimentally detected (Battin-
Leclerc et al. 2010) under conditions observed close to autoignition. In this scheme,
a �OH radical reacting by H-abstraction with the initial alkane leads to the formation
of three free radicals, two �OH, and a XO� radicals, in a chain reaction. This auto-
acceleration process strongly promotes the oxidation of alkanes below 700 K.

When the temperature increases, the equilibrium R� ? O2 = ROO� begins to
shift back to the reactants and the formation of ROO� radicals is less favored
compared to the strongly inhibiting formation of �HO2 radical and the conjugated
alkene. This reaction is equivalent to a termination step since �HO2 radicals react
mostly by a disproportionation reaction (2 �HO2 = H2O2 ? O2). Unimolecular
decompositions of �QOOH radicals also compete with O2 addition; �QOOH
radicals can decompose into cyclic ethers, aldehydes or ketones and �OH radicals,
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or by b-scission into �HO2 radicals and conjugated alkenes or smaller species.
Because of the decrease in the production of hydroperoxides, the reactivity
decreases in the 700–800 K temperature range.

This temperature region exhibits a counterintuitive behavior and is called the
region of negative temperature coefficient (NTC). As shown in Fig. 2.3 in the NTC
region, the ignition delay times show the opposite of ‘‘normal’’ behavior, namely
that the ignition delay time increases with increasing temperature. This phenom-
enon had been experimentally observed for many years but could not be satis-
factorily explained until kinetic modeling was used to simulate the process.
Extension of this type of kinetic analysis eventually led to a thorough description
of the kinetics of engine knock, octane number, and HCCI ignition. Examples of
experimental observations of NTC zones, as well as modeling using detailed
kinetic mechanisms, are presented in Fig. 2.6. Note that in Fig. 2.6 models can
fairly well reproduce the position of the NTC area and its variation with pressure,
which shifts toward higher temperature when pressure increases. This shift is due
to the influence of pressure on the equilibrium of the addition reactions of
molecular oxygen to the alkyl and hydroperoxyalkyl radicals (Curran et al. 1998).

NTC is also an explanation for another specificity of the oxidation of alkane
chemistry; the possible occurrence of cool flame phenomenon at temperatures
several hundred degrees below the minimum autoignition temperature. During a

• •OHXO  +

•

ROO•

•

RH, O2
initiations

R R’ +  alkenes
O2

O2

O2

QOOH•

OOQOOH•

U(OOH)2

HO2 + alkene•

•

HO2•
•R  + H2O2

•R  + H2O

Degenerate
branching

Degenerate
branching

•OHKetohydroperoxides +

ROOH + O2

RO  +• •OH

+  cyclic ethers,
aldehydes or ketones

•OH

RH

RH

RH

•H +  alkenes2

3
3

11

15
16

26

27

28

2

2

2

23

24
17

28

Fig. 2.5 Scheme of the chemistry involved during alkane oxidation. Reactions plotted in gray
are important at low temperature (below 900 K), those in black at high temperature. The numbers
close the arrows are those of the corresponding reaction classes proposed by Sarathy et al. (2011)
as described further in this Chapter

2 Modeling Combustion with Detailed Kinetic Mechanisms 27



cool flame, or multiple cool flames, the temperature and the pressure increase
strongly over a limited temperature range (typically up to 500 K), but the reaction
stops before combustion is complete due to the decrease in reactivity in the NTC
zone. The review paper of Townend (1937) shows when this phenomenon was
beginning to be accepted and systematically explored.

At higher temperatures, the decomposition of H2O2 (H2O2 (+M) = 2 �OH
(+M)) is a new branching step leading to an increase of the reactivity. This
reaction becomes very fast above 900 K. Above about 900 K, the small alkyl
radicals (R0�) obtained by the decomposition of the initial alkyl radicals can in turn
decompose to give alkenes and �H atoms. The reaction of �H atoms with oxygen
leads to �OH radicals and �O� atoms, which in turn regenerates �OH radicals by H-
abstraction from the fuel. This reaction is the main branching step ensuring the full
development of the ignition and the complete combustion.

The chemical behavior just discussed has lead to two different types of detailed
mechanisms:

• A low and intermediate temperature mechanism which considers the addition to
oxygen of alkyl radicals. This mechanism is of maximum complexity, and
consequently usually of very large size, but it is absolutely needed to predict the
chemistry occurring in or below the NTC zone.

• A high temperature mechanism which neglects the addition to oxygen of alkyl
radicals. This mechanism is much less complex and of much limited size, but it
can only be used to predict the chemistry occurring above the NTC zone, i.e.,
above 1000 K. The high temperature mechanism is well adapted for flame
modeling for which diffusion effects have to be considered.
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details in Biet et al. 2008), and b for ignition delay times of n-heptane in a rapid compression
machine (data at 3.2 bar) and in a shock tube (see details in Buda et al. 2005). See Chaps. 7 and 8
for more details on jet-stirred reactors and rapid compression machine respectively
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2.3 Species and Molecular Representation

A molecule (taken in a wide sense including both stable molecules and free-
radicals) is a complex object with a multitude of model representations. Each
model focuses on what physical reality should be modeled. For example, within
physics, the forces and particles within the nucleus of the molecule are important
to describe radioactive phenomenon. Within a computational chemistry model, the
nucleus is essentially a point charge and the model is concerned with the
‘‘structure’’ and energy of the electron shells around the nucleus (Hehre 2003;
Cramer 2004). In this model, each molecular configuration (positions of the nuclei
within the molecule) has an energy and this information is used to deduce spec-
troscopic, thermodynamic, and reactive properties. But even within computational
chemistry there is a wide range of possible representations (Davidson and Feller
1986), each with differing computational complexity and accuracy. In semi-
empirical molecular models, quantum mechanical models are simplified using
parameterization and the focus is on the valence electrons which are the key to
chemical reactivity (Stewart 2007). In simpler organic chemistry models, such as
Lewis structure (Lewis 1916; Gillespie and Robinson 2007), molecules are rep-
resented as atoms with bonds to other atoms and valence electronic properties
(e.g., Balaban 1995).

2.3.1 Molecular Representations in Detailed Mechanisms

Within combustion, a multitude of modeling levels and representations of mole-
cules are used. As outlined previously, the species representation within detailed
mechanisms is actually just a label in a reaction and each label has some ther-
modynamic information associated with it. The actual complex structure of the
individual species of the mechanism is encapsulated in the information in this
representation. The thermochemical data is related to the molecular structure and
bonding of the molecule with its functional groups and is a condensation of the
complex molecular energies within a molecule. Aside from direct experimental
data, another source of thermochemical data can indeed be computational chem-
istry computations. The rate constants are essentially a condensation of the change
of molecular configuration over a complex potential energy surface as discussed in
Sect. 2.2.2.

Determining which molecules and reactions to use in the detailed combustion
mechanism can be said to be the result of analyzing and studying the reactivity of
each species. Although kinetic and thermodynamic details emerge with experi-
mental and computational analysis, initial guesses can be made by analyzing the
‘‘Lewis structure’’ of the species. This will be discussed in the next section.
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2.3.2 Lewis Structures and Detailed Combustion Modeling

It is common in organic chemistry to use Lewis structures (Lewis 1916; Gillespie
and Robinson 2007) to describe the fundamental properties of molecules and how
they react. The Lewis structure description, basically, describes the molecule as
one writes it down on a piece of paper; a set of atoms connected with a set of
(multiple) bonds and possibly the existence of lone pairs and unpaired electrons
(radicals) on the atoms. It is synonymous with the 2D graphical form (Balaban
1985), where the graphical nodes are the atoms with associated atomic informa-
tion, such as atomic number, charge, and if it has a radical or lone pairs. The
bonding information between these nodes tells which atoms are bonded together
and how they are bonded, i.e., single, double, or triple bond and possibly if the
bond has aromatic or resonant character. When the modeler writes molecules or
reactions on a piece of paper, some of the implied three-dimensional character of
the molecule is included. Figure 2.7 illustrates the cyclic structure of the six-
membered ring and the tetrahedral nature of the 5 sp3-bonded carbon and oxygen
atoms (for more complete explanation of bonding at this level consult any organic
chemistry textbook, such as (Clayden et al. 2012)) that is needed to set up the
intramolecular hydrogen abstraction during an isomerization of a peroxy radical
obtained during the oxidation of n-decane.

The Lewis structure model is particularly useful in visualizing the radical
behavior of species in combustion reactions. For example, Fig. 2.8 shows how
‘‘electron pushing’’ (see for example Levy (2008)) describes how an alkyl radical
can decompose to form a radical and a double bond. The key to this analysis is that
a bond is made up of two shared electrons. In the first (virtual) step, the shared
electrons go to their respective carbon atoms. In the second step, the newly formed
radical electron and the other radical become ‘‘shared’’ to form the second bond of
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C7H15
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O
O

H
H

C7H15

Fig. 2.7 Intramolecular hydrogen abstraction during the isomerization of decyl-3-peroxy radical
(see reaction class 15 in Sect. 2.4.2)

CCC CCC CCC

Fig. 2.8 Electron Pushing: this is an example radical decomposition forming a double bond.
This example uses the property that a bond is made up of two shared electrons
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the double bond. Using this level of analysis, a large portion of hydrocarbon
combustion reactions can be explained and new reactions can be postulated. This
technique is very common in organic chemistry.

2.3.3 Functional Groups

Lewis structures using electron pushing is a way to keep track and to analyze
reactive behavior. However, the effect of different atoms, such as oxygen which
plays a large role in hydrocarbon combustion, and different bonding, such as
single, double, triple, resonant, and aromatic, is supplementary physical chemical
information that has to be taken into account by the modeler. Every chemical
environment, meaning an atom and its bonding, has an effect on the neighboring
atoms and bonds. For example, a radical on a carbon atom is more energetically
stable on a tertiary carbon atom than on a primary carbon atom which has the
consequence that a tertiary hydrogen atom is more easily extracted from the
carbon atom. These different types of hydrogen and carbon atoms are shown in
Fig. 2.9.

Single-bonded oxygen atoms are more electronegative than, for example, car-
bon atoms and thus they draw electrons toward them thus weakening directly
connected bonds. The concept used extensively in organic chemistry is that of the
functional group, i.e., a (small) collection of atoms and bonds forming a chemical
group which have distinct properties (for more information the reader can peruse
almost any organic chemistry textbook or, for example (Trahanovsky 1971; Byrd
and Hildreth 2001; Struyf 2009)). Functional groups are not only used to describe
properties, but also to describe classes of molecules. For example in detailed
combustion modeling, particularly those describing hydrocarbon oxidations,
mechanisms can include n-alkanes, branched alkanes, alkyl radicals, olefins, allyl
radicals, alcohols, aldehydes, ketones, aromatics, oxy radicals, peroxy radicals,
hydroperoxyradicals, cyclic compounds, and furans. Without resorting to basic
physical chemistry principles or even computational chemical principles, the
modeler can refer to classes of reactions involving these functional groups. Those
groups which are particularly important in combustion modeling are discussed in
Sect. 2.4.1, ‘‘Concept of Reaction Classes.’’

H3C

C

H3C

H2
C

CH3

CH

CH3

CH3

Fig. 2.9 Types of hydrogen and carbon atoms in an isooctane molecule. The primary H atoms
and C-atoms are in bold, the secondary ones in bold and italics and the tertiary ones in normal
font. The C-atom connected to no H-atom is a quaternary carbon atom
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2.3.4 Molecular Representation and Reactivity

In order to understand chemical reactivity, how a molecule is represented and what
information this representation contains is central. This applies for both modeling
and for experiments. For example, for modelers trying to simulate experimental
results, the representation of the molecule can be as simple as a number for the
concentration of the species at a given time and/or place in the reactive system.
Behind this representation lie other models and representations of the molecule. A
spectroscopist measuring the concentration of a species identifies the species by its
spectral features, often functional groups, which can involve the electronic or
vibrational structure of the molecule; see for example Pretsch et al. (2009). The
molecule is then represented by its spectrum. Of course, to describe the physical
origin of the spectrum, even more detailed model representations, from statistical
mechanical to quantum mechanical models are needed. Even within these models,
there lie many levels of modeling and representations.

For the numerical simulation of combustion processes lay also many levels of
models and representations. As discussed in Sect. 2.2.1, a common representation
of a molecule in combustion is a species label with associated thermodynamics
and reactivity. But once again, behind this representation can be a multitude of
more detailed representations. For example, when a modeler creates a mechanistic
step, the Lewis bonding representation could be used. What is important in this
representation is keeping track of the valence electrons which could be involved in
a bond, where each atom contributes an electron per bond— a paired electron in a
lone pair occupying a valence orbital or a radical, a single electron without a pair
in an orbital. For more complex structures, the modeler can draw the bonding on a
piece of paper in the 2D graphical form. Here, the three-dimensional structure of
the molecule is only implied.

For example, the intramolecular abstraction of a hydrogen atom by a peroxyl
group presented in Fig. 2.7 can be written in several ways, each showing a bit
more information about the reactive step. The reaction could first be written as
follows:

C10H21OO� ! �C10H20OOH ð2:7Þ

This emphasizes the hydrogen atom being extracted from an internal carbon atom
creating a radical and the making of a hydroperoxy (OOH) bond. There is no
indication whether the abstraction is from the primary or secondary carbon atom,
how branched are the carbon atoms and other thermodynamic influences, such as
the ring strain, needed to execute this transformation. This information however
could be indirectly given in the associated rate constant. If this reaction is found in
a reduced scheme (see Sect. 2.5.3), then the species labels could represent a
lumped species and the reaction itself represents a set of lumped reactions.

To take into account the set of possibilities undergoing this intramolecular
hydrogen abstraction, more information and more reactions would have to be
written. To make the distinction as to where the intramolecular abstraction is
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taking place, several more species labels are created and several more reactions are
written. One such reaction could be written as:

C10H21OO�-3! �C10H20OOH-3-1 ð2:8Þ

where the ‘1’ refers to the carbon atom from which the hydrogen atom was
extracted and the ‘3’ refers to the carbon atom where the peroxyl group is. That
this reaction is dealing with a linear alkane would be implicit from the reaction
mechanism. It should be noted that one often sees this type of name due to the
name length restrictions when converting the list of reactions for the numeric
solver. Longer labels could be used to give a representation reflecting the long
straight chain of the reacting species. For example, the same reaction could be
written:

CH3CH2CHðOO�ÞCH2CH2CH2CH2CH2CH2CH3 !
�CH2CH2CH(OOH)CH2CH2CH2CH2CH2CH2CH3

ð2:9Þ

One important structural feature apparent in both the reactions 2.8 and 2.9 is that
the hydrogen atom is abstracted from a primary carbon atom, i.e., one of the three
hydrogen atoms at the terminal carbon atom in the hydrocarbon chain. The three-
dimensional structure is more apparent if the same structures are drawn in 2D
graphical form as in Fig. 2.10. Although the molecule is written on a flat 2D
surface, the three-dimensional structure is implied through the zigzag drawing and
the partial ring.

The position of the hydrogen atoms from the carbon atoms can be emphasized
more by using a special notation used by organic chemists as shown in Fig. 2.7.
The carbon atoms are drawn in a zigzag pattern in the plane of the paper. The
dashed extended triangle denotes that the bond goes into the paper and the filled in
extended triangle comes out of the paper. A simplistic bonding is implied with all
bond lengths being about the same and that even the oxygen has a tetrahedral
configuration. With the 2D graphical form, two important features which can affect
the rate constant of this particular reaction are revealed. The bond and valence
changes occurring at the atoms within the reactive species are described and the
structure of transition state is implied. In the abstraction process of Fig. 2.7, a six-
membered ring is formed. The rate constant should reflect further information
about the abstraction being from a primary carbon atom and the ring strain due to
the formation of a six-membered ring transition state.

O

HO

O

O

Fig. 2.10 2D-graphical form of the intramolecular abstraction of a hydrogen atom by a peroxyl
group presented in Fig 2.7
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For the current example (see Fig. 2.7), the reactive center, i.e., just those atoms
involved in the reaction, consists of the carbon–hydrogen bond which is broken in
the course of the reaction and the oxygen radical which abstracts the hydrogen:

O� þ C�H! O�H þ C� ð2:10Þ

However, the local molecular environment around the reactive center is what
determines the first approximation to the rate constants. The local environment is
the set of atoms and bonds, which are connected to the atoms carrying the reactive
center. An example is a functional group. It is the job of the modeler to decide the
extent of the local environment which has a significant effect on the rate constant.
It should always be kept in mind that what is considered ‘‘significant’’ depends on
the level of modeling being considered. In this particular example, a very sig-
nificant feature is that the oxygen is in a peroxy functional group (as opposed to,
for example, oxy radicals). An additional significant local feature is the type of
carbon atom from which the hydrogen atom is abstracted, i.e., whether it is a
primary, a secondary, or a tertiary carbon atom. This particular reaction has not
only local ‘‘electronic’’ effects, but also a non-local steric effect and ring strain can
affect the rate constant. In contrast to the ‘‘electronic’’ local features effecting the
bond strength and radical stability, this is due to the structure of the transition state
of the reaction. In this reaction, the transition state involves a ring structure
determining which local effects should be considered is dependent on the level of
modeling. This is a key assumption in determining reaction classes which will be
discussed in the next section.

2.4 Reactions

As discussed previously, reactions in detailed mechanisms represent a transfor-
mation from one species to another. All the physical information associated with
the reaction, whether it comes from experiments, simple physical chemistry
arguments, or more complex calculations, is implied in the rate constants of the
reaction and the thermodynamic data of the species. This gives considerable
freedom in how the reaction is written.

There is no fundamental restriction as to the level of mechanistic detail a
reaction class should represent. As discussed previously, a reaction in a detailed
mechanism is a transformation from reactants to products. In essence, the only
restriction is that the rate of this transformation can be represented in an Arrhenius
form with possible pressure-dependent parameters (see Sect. 2.2.2). The following
are some examples of types of reactions that can usually be considered:

• Elementary reaction: these are fundamental mechanistic steps, for example
through one transition state.

• Formally direct reaction: these are reactive pathways that traverse more than
one transition state in a single elementary step (Zádor et al. 2011).
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• Vertical lumped reaction: the reaction formally goes through several transition
states, but only the initial reactants and the final products are given in the
reaction.

• Lumped species reaction: some or all of the species, reactants, and/or products,
listed in the reaction are lumped (see Chap. 17).

• (Semi-)global reactions: a transition between a set of reactants to a set of
products not necessarily representing any mechanistic structure.

Note that, to be considered a detailed mechanism, a mechanism should not
consist mostly of lumped or (semi)-global reactions. In this case, it should be
called semi-detailed mechanism.

For some elementary reactions, the full potential energy surface can be com-
plex. Indeed in reactive systems where multiple reactive possibilities occur, the
potential energy surface can have several minima, for the reactants and products,
and transition states for the activated species. In understanding the system, how-
ever, the important information can be condensed to a diagram such as Fig. 2.11,
where multiple minima and transition states (as maxima with a given activation
energy) are shown. Figure 2.11 shows the path from butyl radical to hydro-
peroxybutyl radical can occur in two ways. The first is given as two consecutive
‘‘simply direct’’ elementary reactions, for example:

E, kcal

-40

-30

-20

-10

0

10

20

Fig. 2.11 Potential energy surface from the reaction of R� ? O2 in the case 1-butyl radical as
studied by Cord et al. (2012a). The straight arrows represent the energy variation from reactant to
transition state for elementary reactions crossing a single transition state. The broken arrow
represents an example of ‘‘formally direct’’ pathway as defined by Zádor et al. (2011)
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CH3CH2CH2CH2 � þO2 ! CH3CH2CH2CH2OO� ! �CH2CH2CH2CH2OOH

ð2:11Þ

In addition, however, there is a ‘‘formally direct’’ (Zádor et al. 2011) pathway
directly from the butyl radical to the hydroperoxybutyl radical, for example:

CH3CH2CH2CH2 � þO2 ! �CH2CH2CH2CH2OOH ð2:12Þ

Formally direct pathways are single elementary steps, but they are mechanistically
‘‘indirect,’’ crossing sometimes multiple transition states. Their rate constants are
more difficult to calculate than for ‘‘normal’’ elementary reactions. They can be
derived from eigenvector-eigenvalue pairs in the solution to the master equation
(see Chap. 21).

For practical purposes, reactions in most detailed mechanisms are not restricted
to elementary steps. For example, in the secondary mechanism of hydrocarbon
oxidation automatically generated by the EXGAS mechanism automatic genera-
tion software (more details can be found in Biet et al. (2008) or in Chap. 3), some
reactions are vertically lumped so as to produce as products small species
(including two or less carbon atoms) in only one reaction. For example, the
addition of hydroxyl radicals to an alkene is written:

OH� þCnH2n ! HCHOþ�Cðn�1ÞÞHð2n�1Þ ð2:13Þ

where n is the number of carbon atoms in the linear hydrocarbon.
Reactions in detailed kinetic mechanisms can also sometimes be written using

horizontal lumping, i.e., using lumped species. For example, in the n-hexadecane
oxidation of Westbrook et al. (2009), the alkenyl species are lumped into one
generic species, C16H31, which represents all combinations of positions of the
double bond and the radical center so that for example:

OH� þ1-C16H32 ! H2Oþ �C16H31

OH� þ2-C16H32 ! H2Oþ �C16H31
ð2:14Þ

More generally, outside the strict scope of detailed mechanisms, reactions can
also have ‘‘global’’ or ‘‘semi-global’’ properties. Semi-global reactions can be
found within ‘‘semi-detailed’’ mechanisms. For example, in the mechanism of the
oxidation of n-decane of Ranzi et al. (2005), the decomposition of decyl radicals
(R10•) is represented in a semi-global reaction:

R10� !0:0516CH3 � þ0:1332C2H5 � þ0:1475C3H7�
þ 0:1475C4H9 � þ0:204R5 � þ0:287R7 � þ0:03R10 � þ0:0889C2H4 þ 0:1569C3H6

þ 0:1412C4H8 þ 0:207C5H10 þ 0:327nC7H14 þ 0:0788nC10H20

ð2:15Þ
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One extreme example is the global combustion reaction proposed by Westbrook
and Dryer (1981) which represents a whole mechanism of a hydrocarbon fuel:

Fuelþ n1O2 ! n2CO2 þ n3H2O ð2:16Þ

2.4.1 Concept of Reaction Classes

Producing detailed combustion mechanisms for the oxidation of fuels with a large
number of carbon atoms in its structure (larger than three) presents several shifts in
mechanism production philosophy. First and foremost, it cannot be expected that
the source of the rate constants be exclusively from experiments. The individual
reactions that appear in mechanisms with larger hydrocarbons, due to their variety,
complexity, and size, most likely do not have (and the majority never will have)
isolated experiments giving direct rate constant information. For this reason,
estimates of the reaction rate constants must come from general physical chemical
principles. One way of encompassing and translating these general principles into
specific reactive properties is to define reaction classes.

Reaction classes are kinetic generalizations that systematically embody the
analogies and physical principles the modeler has to use to make educated guesses
for the rate constants for reactions where no experimental evidence exists. The key
assumption when using reaction classes is that only a local set of functional
features around the reactive center (see Sect. 2.3.5) are significant when deter-
mining the numeric value of the rate constant. The concept of reaction classes is
not restricted to automatic generation of detailed mechanisms. Even in the gen-
eration of large mechanisms by hand, reaction classes are used to produce detailed
mechanisms. One example is the n-hexadecane mechanism of Westbrook et al.
(2009).

A reaction class has essentially three sets of information:

1. A pattern or rule to recognize within the chemical reactants (can be more than
one) when the reaction class should be applied,

2. A transformation of how the specific reactants are converted to products,
3. The rate constants associated with the transformation.

2.4.2 List of Reaction Classes Usually Used
in Combustion Mechanisms

While reactions classes are slightly different depending on authors (see discussion
by Battin-Leclerc 2008), there is some agreement for the main ones. In their
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mechanisms of the oxidation of n-heptane (Curran et al. 1998), isooctane (Curran
et al. 2002) and C7–C20 methylalkanes (Sarathy et al. 2011), the team of Livermore
has defined reactions classes, which are certainly used in literature in detail. Those
recently proposed by Sarathy et al. (2011) are listed below (reactions classes in
italics are part of the secondary mechanisms, see Sect. 2.5.1):

• High temperature reaction classes:

1. Unimolecular fuel decomposition
2. H-atom abstraction from the fuel
3. Alkyl radical decomposition
4. Alkyl radical isomerization
5. H-atom abstraction reactions from alkenes
6. Addition of radical species �O� and �OH to alkenes
7. Reactions of alkenyl radicals with �HO2, �CH3O2, and �C2H5O2

8. Alkenyl radical decomposition
9. Alkene decomposition

10. Retroene decomposition reactions

• Low-temperature reaction classes:

11. Addition of O2 to alkyl radicals (�R ? O2 = ROO�)
12. R� ? ROO� = RO� ? RO�
13. R� ? HO2� = RO� ? OH�
14. R� ? CH3OO = RO� ? CH3O�
15. Alkyl peroxy radical isomerization (ROO� = �QOOH)
16. Concerted eliminations (ROO� = alkene ? �HO2)
17. ROO� ? HO2� = ROOH ? O2

18. ROO� ? H2O2 = ROOH ? HO2

19. ROO� ? CH3O2� = RO� ? CH3O� ? O2

20. ROO� ? ROO� = RO� ? RO� ? O2

21. ROOH = RO� ? �OH
22. RO� decomposition.
23. �QOOH = cyclic ether ? �OH (cyclic ether formation)
24. �QOOH = alkene ? �HO2 (radical site beta to OOH group)
25. �QOOH = alkene ? carbonyl ? OH (radical site gamma to OOH group)
26. Addition of O2 to �QOOH (�QOOH ? O2 = �OOQOOH)
27. Isomerization of �OOQOOH and formation of ketohydroperoxide and �OH
28. Decomposition of ketohydroperoxide to form oxygenated radical species

and �OH
29. Cyclic ether reactions with �OH and HO2�
30. Decomposition of large carbonyl species and carbonyl radicals
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2.4.3 Kinetic Data of the Reaction Classes Used
in Combustion Mechanisms

In this part, a few details are given about the kinetic data of the most important
reaction classes usually considered in the primary mechanisms (see Sect. 2.5.1) of
the oxidation of linear or branched alkanes. More details and data about other
types of hydrocarbons can be found in review papers such as that of Battin-Leclerc
(2008). Kinetic data needed in order to model the oxidation of alcohols and methyl
esters are described in Chap. 4.

Except as in the case of the reverse of unimolecular fuel decompositions,
described here after, the importance of reactions involving two large reacting
radicals are usually of limited importance and are not detailed here. However, the
reaction of RO2� with �HO2 radicals can have some importance, especially in the
case of small alkanes (e.g., propane (Cord et al. 2012b)) and are usually considered
with a rate constant about 1 9 1011 cm3 mol-1 s-1 (Curran et al. 1998).

• Unimolecular fuel decomposition (class 1)
These initiation steps can occur through the breaking of a C–C or a C–H bond.
Their activation energy is taken equal to the standard enthalpy of reaction
(DHr0). Due to the high values of their activation energies (from 79 to 101 kcal/
mol (see Luo (2003)), these reactions are only important above 1000 K. The
pressure dependence of the rate constants of these reactions is usually taken into
account using Troe’s formalism (see Sect. 2.2.2).

• Hydrogen atom abstraction from the fuel (class 2)
These reactions can occur by reactions with O2 or with atoms and small radicals.
Their rate constants depend on the type of alkylic hydrogen atoms which can be
abstracted: primary, secondary, or tertiary, as shown in Fig. 2.9. Examples of
proposed values are given in Table 2.1.
As described in Chap. 24, more accurate parameters have recently been pro-
posed in the case of the abstractions by �OH radicals (Sivaramakrishnan and
Michael 2009).

• Radical decomposition (classes 3, 24, and 25)
These reactions occur by breaking a (C–C), (C–H), or (C–O) bond in b-position
of the carbon atom carrying the radical center. An usual method of estimating

Table 2.1 Rate constants for alkylic hydrogen atom abstractions, expressed in the form k = A
Tb exp(-E/RT), with the units cm3, mol, s, kcal, by hydrogen atoms which can be abstracted
(Buda et al. 2005)

H-abstraction Primary H Secondary H Tertiary H

by lg A b E lg A b E lg A b E
O2 12.84 0 DHr 12.84 0 DHr 12.84 0 DHr
�H 6.98 2 7700 6.65 2 5000 6.62 2 2400
�OH 5.95 2 450 6.11 2 -770 6.06 2 -1870
�CH3 -1 4 8200 11.0 0 9600 11.00 0 7900
HO2� 11.30 0 17000 11.30 0 15500 12.00 0 14000
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the rate constant is to write these reactions in the reverse direction (i.e., the
addition of a radical to double bond). Values for the related additions have been
proposed by Curran (2006). Typical activation energies for (C–C) bond breaking
in alkyl radicals are around 27–31 kcal/mol (Buda et al. 2005).

• Addition of O2 (classes 11 and 26)
The addition of O2 to an alkyl radical is a barrierless reaction. As shown by
DeSain et al. (2003), in the case of small alkyl radicals, such as ethyl or propyl
radicals, the R� ? O2 reaction leads to a RO2� adduct. The RO2� adduct will
either be stabilized or react via several ‘‘formally direct’’ pathways (Zádor et al.
2011). One of these is the concerted elimination of �HO2 to give the conjugated
alkene (see class 16). Accurate computation of the related rate constants by
statistical methods (Zádor et al. 2011) requires the implementation of variational
methods (Truhlar et al. 1996). This makes the calculation of the related rate
parameters difficult for large alkyl radicals. Estimated values from 1 9 1013 to
1 9 1012 cm3 mol-1 s-1 (Battin-Leclerc 2008) are usually considered for the
rate constants of these reaction classes.

• Radical isomerization (classes 4, 15 and 27)
As shown in Fig. 2.12, this reaction occurs through the formation of a cyclic
transition state which usually includes from four to eight atoms of carbon. The
current models (e.g., Curran et al. 1998; Buda et al. 2005) use correlations to
estimate the related rate constants which are based on previous work of Baldwin
et al. (1982) and Hughes et al. (1992). In these correlations, as proposed by
Benson (1976), the activation energy is considered to be equal to the sum of two
contributions:

(1) the activation energy for hydrogen atom abstraction from the molecule by
analogous radicals,

(2) the strain energy involved in the cyclic transition state.

Activation energies for isomerizations of alkyl peroxy radicals can then vary
from 18 to 43 kcal/mol (Buda et al. (2005)). The rate constant proposed by Buda
et al. (2005) for the reaction of Fig. 2.12 is k15,primary-H, 6-member

ring = 5.7 9 108 T exp(-12,600/T) s–1 (1413 s–1 at 600 K). More accurate corre-
lations have been recently proposed based on theoretical calculations (e.g. Sharma
et al. (2010), Cord et al. (2012a)).
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Fig. 2.12 Example of isomerization in the case of radical involved in n-heptane oxidation and
structure of the cyclic transition state (#)
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• Formation of cyclic ethers (class 23)
An example of this reaction class is shown in Fig. 2.13. The formation of
oxirans, oxetanes, tetrahydrofurans, and tetrahydropyrans, containing 3, 4, 5, or
6 atoms, respectively, can be considered. In the current models (e.g. Curran
et al. 1998, Ranzi et al. 2001, Buda et al. 2005), the rate constant for this type of
reaction depends only on the size of the ring which is formed. However, recent
work (Cord et al. 2012a) has shown the need to differentiate the type of carbon
atom involved in the ring closure. The values proposed by Curran et al. (1998)
for the formation of furans, the types of cyclic ethers which are formed in larger
amounts as shown by experiments, is k23,furan = 9.4 9 109 exp(-3.5/T) s–1.

• Concerted eliminations (ROO� = alkene ? �HO2) (class 16))
This reaction, which was first proposed by Quelch et al. (1992), occurs via a five-
membered transition state. The rate constant used by Sarathy et al. (2011) for C7+

alkyl radicals is that proposed by DeSain et al. (2003) for propyl radicals, i.e.,
k16,secondary-H = 4.3 9 1036T-7.5 exp(–17,900/T) s–1 (377 s–1 at 650 K) when
the C–H bond broken involves a secondary hydrogen atom. As shown by the
values given in previous examples, with this estimated rate constant, this reaction
class can, in some cases, compete with the isomerizations leading to the
branching step and then have an inhibiting effect on the oxidation of alkanes.

2.5 Mechanisms and Submechanisms

A detailed mechanism is not just a simple list of reactions. There is a definite
structure classifying sets of reactions within the total mechanism. These subsets of
reactions are called submechanisms. A large detailed mechanism can be thought of
as a collection of interacting submechanisms (see Fig. 1.4 in Chap. 1). The sub-
mechanisms interact in that the initial reacting species of one submechanism are
the species produced from other submechanisms. Species that are not ‘‘consumed’’
within one submechanism should at least be ‘‘consumed’’ by another submecha-
nism. Structuring a large mechanism as the sum of many submechanisms can help
in building the mechanism itself.

In a large mechanism, a modeler can focus on the individual submechanisms
and their role in the entire combustion process. Under differing reactive conditions,
differing submechanisms contribute different aspects of reactivity in the entire

O
HO

+   OHC

C C
C

O

OH

C

C C
C

O

Fig. 2.13 Example of formation of cyclic ether in the case of radical involved in n-heptane
oxidation
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process. For example, in the combustion of large (more than four carbon atoms)
hydrocarbons, a distinction is made between ‘‘high’’ temperature chemistry and
‘‘low’’ temperature chemistry producing the negative temperature coefficient
behavior (see Sect. 2.3.3). For example, under high temperature conditions, spe-
cies decompositions (to radicals) play a dominant role. In low temperature
chemistry, additions (typically to oxygen) and recombinations can occur. In
building a mechanism, if the mechanism is only to be used under high temperature
conditions, only then the submechanisms which are significant under high tem-
peratures need to be included. Those submechanisms having reactions which are
significant only under low temperature conditions can be neglected. In the analysis
of the mechanism (under all temperature conditions), for example, the modeler can
analyze when each submechanism is significant.

The classification of submechanisms within a large mechanism can be based on
several types of criteria:

• Hierarchical submechanisms based on size of reactants: within a given sub-
mechanism, only species of a given size are consumed. Smaller products
(produced but not consumed within this submechanism) are consumed by
submechanisms ‘lower’ in the hierarchy.

• Primary, secondary, and base mechanisms: it is a special case of the hierarchical
structure. The primary mechanism is concerned by the reactions of the reactants
and of the directly derived radicals. The secondary mechanism consumes the
products of the primary mechanism. It would be possible to define iteratively
tertiary and even n-ary mechanisms, but in practice in most combustion models,
secondary mechanisms are designed to lead to intermediate species, which are
finally consumed in a base mechanism (seed mechanism).

• Pathways: It is a chain of reactions or reaction classes. The remaining species at
the end of this chain should be consumed by other submechanisms.

• Reaction and molecule classes: a submechanism can be classified by the reac-
tion class it entails, for example hydrogen abstraction, or by reactant types, for
example aldehydes.

2.5.1 Hierarchical Structure of Submechanisms

There are many ways to structure a large mechanism. One way, which is partic-
ularly useful in constructing a mechanism, is to divide the mechanism in a hier-
archical structure with submechanisms including reactions for the large species
build upon other submechanisms involving smaller species. In this view, a sub-
mechanism is designed with reactions to consume species of a given size (usually
measured by the number of carbon atoms in the species) and to produce smaller
species which, in turn, should be consumed by submechanisms lower in the
hierarchy. For instance, a mechanism to model the oxidation of n-decane includes
submechanisms describing the oxidation of n-nonane, n-octane, etc.
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In the construction of a large mechanism, the modeler does not (or should not)
construct the entire mechanism from scratch. Often, there are validated sub-
mechanisms (lower in the hierarchy) in the literature, which consume the products
of the submechanisms that the modeler has designed. One example of this is in
mechanism generation. Usually, the mechanisms for the larger hydrocarbons are
produced automatically and the final products in these generated reactions are
smaller hydrocarbons, typically with less than four carbon atoms. The submech-
anisms consuming these smaller hydrocarbons are not generated, but taken from
the literature. This mechanism is called a base mechanism and is detailed in the
next section.

2.5.2 Primary, Secondary, and Base Mechanisms

In one sense, this is classifying the hierarchical set of submechansims in three
levels. The emphasis of the primary mechanism is generally to provide more
understanding of the combustion process of the fuel. The base mechanism is
usually, a well-validated detailed mechanism of smaller species, which includes
reactions taken from databases, which has already been validated under the con-
ditions being considered. The secondary mechanism can be viewed as a necessary
link between the primary mechanism and the reaction base mechanism.

2.5.3 Pathways

Within a mechanism (or submechanism), the products of a given reaction are the
reactants of another reaction. This interaction can produce a chain of reactions
called a reactive pathway. This is another feature of the mechanism construction
which aids not only in the building of a mechanism, but also in the understanding of
the reactive process. In building a mechanism, practically speaking, it is important
that the products of a reaction are consumed as reactants in other reactions. The
produced species could be consumed by a significant reverse reaction. If this is not
the case, during a simulation there can be an artificial, i.e., not corresponding to
reality, buildup of the species concentration, i.e., a ‘‘dead-end.’’

For example, in low temperature chemistry, there is an accepted pathway for
the combustion of large hydrocarbons (see Fig. 2.5). An alkyl radical is produced,
there is an oxygen addition followed by an intramolecular H-atom abstraction
which in turn is followed by another oxygen addition which eventually leads to
branching agents. In designing the mechanism, this view can be seen as a book-
keeping device, making sure that species are consumed and don’t form dead-ends.
In addition, this view could be important in terms of the reduction of a mechanism
through the lumping of species and reactions. Several parallel paths could be
lumped into one path.
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2.6 Varying Complexity of Combustion Mechanisms

For the simulation of more complex physical experiments, where more than the
combustion chemistry is being modeled, such as burners, turbines, and engines, the
complexity of detailed modeling is too high. The computational effort in chemical
modeling has to give way to modeling of the physical environment. With every
physical dimension or spatial detail added to a model (for example, the number of
cells in a CFD calculation), complex chemical models become computationally
expensive. The chemical source terms are a sub-model within a larger more
computationally expensive model.

At one extreme, there are zero-dimensional calculations where large detailed
mechanisms can be studied. At the other extreme there are, for example, CFD
simulations which only allow the simplest of chemical models, such as global
reactions or tabulations (discussed in Chap. 19). In between, there are semi-
detailed and skeletal mechanisms which are often derived from detailed calcula-
tions. As a modeler, an important computational decision that has to be made is
how computational much effort can be put into exploring the detailed chemistry.

In the design of a detailed mechanism, there are many modeling decisions to be
made. This leads to a great diversity of possible mechanisms to describe a com-
bustion process. One of these is how much complexity is affordable as discussed
above. In the next section, some of the other factors that lead to the diversity of
detailed combustion mechanisms are discussed. In the remaining sections,
mechanisms of differing complexity, from large detailed to semi-detailed, and
global mechanisms are presented.

2.6.1 Validation and Nonuniqueness of Combustion Models

The diversity in detailed kinetic mechanisms comes from a variety of sources. First
and foremost is the choice of fuels, the mechanism is trying to model. As the
hydrocarbon fuel gets larger, such as including more carbon atoms, or more
complex, such as branched, unsaturated, oxygenated or aromatic, and species, the
mechanisms contain more reactions.

Another important aspect of a constructed model is its being able to predict
unknown behavior and/or to mimic known experimental behavior. A model can be
‘‘validated’’ if it successfully predicts known behavior. Of course, it is important to
note that validation itself is not a guarantee that the model is a correct represen-
tation of reality. Several models which can be fundamentally different can produce
the same result. For example, a modeler can use either an optimized global
mechanism (see Sect. 2.6.4) or a detailed mechanism to match the temperature
dependence of ignition delay times. Of course, the detailed mechanism will also
have the potential to reproduce further data about individual species.
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But if all that is needed to reproduce ignition delay time data, then the detailed
model is too complex and not needed. This is a fundamental decision that a
modeler has to make.

However, even two fundamentally different detailed mechanisms can match the
same experimental data. How this can occur is illustrated in Fig. 2.14 which shows
graphically a simple conversion path from species A through species B and C to
species D. In this process (illustrated by the model labeled ‘‘Reality’’), the reac-
tions with species A as a reactant, 80 % of A is converted to A and 20 % of A is
converted to B (by their respective sets of reactions). Furthermore, all of B and all
of C are converted to D. In this simple model, one can conclude that all of A is
converted to D. Suppose a modeler wanted to represent the conversion path from
A to D with a fewer number of species. The model labeled ‘‘Significant’’ makes
the assumption that since the majority of the conversion of A goes to C, the
conversion to B can be neglected (is insignificant). This modeler assumes therefore
all of A goes to C and all of C goes to D. In other words, instead of branching to
both B and C, the model just neglects B and converts all to C (maybe increasing
the rate to C to compensate). This model still says that all of A is converted to D,
so from that viewpoint (for example, if there was no experimental evidence about
species B and C), they are equivalent. The modeled labeled ‘‘Lumped’’ makes a
different assumption, namely that the species B and C can be represented by a
single ‘‘lumped’’ pseudo species, L. Once again from the viewpoint of A being all
converted to D, this model matches the other two. If no validation data exists for
species B and C, then all three models could be ‘‘correct,’’ i.e., give the same
conversion rates from A to D.

This example shows that the potential for a number of different models, even
for a very simple system as that shown in Fig. 2.14 can be quite high. In a typical

Fig. 2.14 Flow diagram from A through B and C to D. Three models are shown which are
approximations of the flow from A to D
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combustion simulation, there can be hundreds of species, meaning that the number
of conversion pathways through these species can be quite large.

Rolland and Simmie (2004), for example, compared five detailed mechanisms
for methane combustion and found considerable differences.

2.6.2 Highly Detailed Mechanisms

Two trends of detailed mechanisms from the literature are illustrated in Fig. 2.15.
The first is that with the increasing computing power that has become available
over the years, larger detailed mechanisms are computationally plausible. The
second trend is that larger (in terms of number carbon atoms in the species) and
more complex fuels (for example number of species in the surrogate fuel, see
Sect. 2.6.5) are being modeled.

In building a detailed mechanism, the modeler tries to include all the reactions
and species that are ‘‘necessary.’’ What is necessary can be governed by matching
experimental results. However, it is not necessarily possible to know whether all
necessary species have been included. A good example of this is low temperature
chemistry. Cool flames were being systematically studied even in the 1920s. But
before the role of alkylperoxy radicals were recognized, these species, which are
now an integral part of modern low temperature chemistry mechanisms, were not
included. Note that the most important aspect in a detailed mechanism is not to
omit any significant species or reactions. As they involve a huge number of
potential free parameters, the ‘‘optimization’’ of detailed mechanisms in order to
mimic experimental results should be kept to a minimum. However, in practice,
there is always a level in detailed mechanisms where the modeler has to make a

Fig. 2.15 The relationship
between the number of
species and the number of
reactions (Reprinted from Lu
and Law 2009, copyright
Elsevier)
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decision as to which reactions are significant and which are not, and also determine
‘‘reasonable’’ rate and thermodynamic constants. This often leads to a great
diversity of mechanisms even for the same fuel.

2.6.3 Semi-Detailed and Skeletal Mechanisms

When highly detailed mechanisms are no longer computationally affordable, then
the modeler has to rely on semi-detailed models or on skeletal mechanisms. While
detailed mechanisms are based on fundamental reactions and try to model a wide
range of conditions, skeletal mechanisms, derived from the detailed mechanisms,
focus on a given chemical regime and are only valid in this regime. Skeletal
reduction is typically the first step in mechanism reduction. It can be achieved
through species reduction methods or by removing unimportant reactions from the
detailed mechanisms. Much effort has been dedicated to the development of
effective skeletal reduction techniques, as reviewed by Griffiths (1995); Tomlin
et al. (1997); and Okino and Mavrovouniotis (1998); Nagy and Turanyi (2009).
Chap. 17 of this book outlines these reduction techniques as follows:

• Skeletal Methods:

1. Sensitivity based methods: for example (Turányi 1990)
2. Graph based methods for example (Lu and Law 2006, 2005)
3. The use of optimization in model reduction
4. Adaptive and on-the-fly reduction.

• Lumping methods leading to semi-detailed mechanisms
• Chemistry-guided reduction

.
These methods have been used in the production of skeletal mechanisms such

as those given in Table 2.2.

2.6.4 Global Mechanisms

For many classes of CFD modeling, the reduction of the chemical source term has
to go beyond skeletal and semi-detailed mechanisms. One class of mechanisms
that accomplishes this is a ‘‘global mechanism,’’ a mechanism with a very limited
number of species and reactions. A global mechanism is optimized either from
reference detailed or semi-detailed mechanisms or directly from experimental
data. Typically, they are optimized using temperature-dependent ignition delay
times. There are a variety of global reaction mechanisms of different sizes (from 1
to about 20 reactions) representing a variety of reacting conditions. The size and
complexity of the global mechanism a modeler chooses to use results, as with any
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reduced mechanism, from a compromise between relative reactive accuracy nee-
ded for the calculation, the set of conditions and the computational complexity the
modeler can afford.

One of the simplest global mechanisms consists of one global reaction repre-
senting complete combustion (see Eq.(2.16)) as proposed by Westbrook and Dryer
(1981). Along the same line, the two-step model (with 3 species) proposed by Selle
et al. (2004):

CH4 þ 3=2O2 ! COþ 2H2O

COþ 1=2O2 ¼ CO2
ð2:17Þ

or the four-steps model published by Jones and Lindstedt (1998), which involves
also the formation of H2, are currently used to model turbulent methane flames.

The modeling of low temperature autoignition requires larger models. The
‘‘SHELL’’ mechanism originally developed by Halstead et al. (1975, 1977), given
in Table 2.3, is another typical example. It has eight parameterized reactions and
seven pseudo species. A global mechanism scheme can be optimized to represent
different reacting systems. For example, the ‘‘Fuel’’ in the single global reaction or
the ‘‘R’’ in the SHELL model can represent different fuels. The SHELL model has
been applied by Sazhin et al. (1999) to model the ignition delay times on n-
dodecane. A modified version of the shell model was developed by Hamosfakidis

Table 2.2 A table of some skeletal mechanisms found in the literature

Number
of species

Number of
reactions

Fuel Description Reference

54 94 n-butane Low temperature
oxidation

Strelkova et al.
(2010)

_ 56 n-heptane Two stage ignition Peters et al.
(2002)

29 52 n-heptane Diesel HCCI
engine

Patel et al.
(2004)

68 283 n-heptane Ignition and
extinction
phenomena

Lu and Law
(2008)

131 651 n-heptane, but method also
applied to n-alkanes from
C8 to C15

Autoignition Niemeyer and
Sung (2011)

33 38 n-heptane, isooctane 0D HCCI
combustion

Tsurushima
(2009)

60 145 n-heptane, toluene Ignition with soot
formation

Chen et al.
(2009)

49 62 n-heptane, isooctane, toluene 0D HCCI
combustion

Machrafi et al.
(2009)

42 62 n-heptane, isooctane, toluene 0D HCCI
combustion

Huang et al.
(2008)

88 363 Methyl ester bio-diesel fuel Diesel engines
combustion

Golovitchev and
Yang (2009)
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and Reitz (2003) for n-heptane and tetradecane mixture and implemented into the
KIVA-3 V CFD code. A series of engine simulations was then performed in order
to assess its agreement with experimental data for engine applications.

2.6.5 Surrogates: Mechanisms of Complex Fuels

A real fuel is a complex mixture of not only a large number of different types of
hydrocarbon species (such as linear alkanes, branched alkanes, cyclic alkanes, and
different aromatics) as can be seen in Fig. 2.2, but also encompasses a whole range
of species sizes (as shown by the number of carbon atoms in the species). To
formulate and then numerically calculate with a detailed mechanism describing all
the chemistry of all the species in a real fuel is not practical. For this reason, the
kinetic models are simplified with the definition of a ‘‘surrogate’’ fuel, i.e., a
mixture of a ‘‘small’’ number of species, on the order of 2–10 species (see
Table 2.3, for example) representing the properties of the complex fuel.

The standard surrogate for gasoline, which is also used in the definition of the
octane reference scale, is a mixture of n-heptane and isooctane (2,2,4-trimethyl-
pentane). The octane number is defined as 0 for n-heptane and 100 for isooctane,
and it is a measure of the antiknock characteristics of gasoline. A typical surrogate
for diesel is the IDEA surrogate (Hentschel et al. 1994; Lemaire et al. 2009) which
is a composition of 70 % n-decane, 30 % 1-methylnapthalene (by volume).
Table 2.4 lists some other examples of surrogate palette compounds making up
different surrogates for different types of fuels in the literature. The table shows that
the mixtures should not only contain representative molecules from all the types of
molecules found in a real fuel (as shown in Fig. 1.3 of Chap. 1) but also in different
ratios. With the development of detailed mechanisms with larger (more carbon
atoms) and more complex (branched, cyclic, and aromatic) hydrocarbons, the
surrogates can be more representative of the real fuels (Pitz and Mueller, 2011). An
evaluation of gasoline surrogate components has been made by Pitz et al. (2007).
A review of diesel surrogates can be found in the paper by Pitz and Mueller (2011)

Table 2.3 The basic SHELL model (Halstead et al. 1977). The reaction rates are parameterized
against experimental data or a more detailed mechanism

Rxn Type of step Reaction Rate

1 Initiation RH ? O2 ? 2R* kq
2 Propagation R* ? R* ? P ? Heat kp
3 Propagation R* ? R* ? B f1kp
4 Propagation R* ? R* ? Q f4kp
5 Propagation R* ? Q ? R* ? B f2kp
6 Branching B ? 2 R* kb
7 Termination R* ? termination f3kp
8 Termination 2R* ? termination k1
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and a review of jet fuel surrogates can be found in the article of Dagaut and
Cathonnet (2006).

To design an appropriate surrogate fuel, both chemical and physical compari-
sons have to be made between the surrogate and the real fuel. Farrell et al. (2007)
in their program to develop ‘‘Fuels for Advanced Combustion Engines’’ (FACE)
described the systematic steps toward developing a surrogate fuel:

• Select the palette compounds (Mueller et al. 2012) of the surrogate fuel based on
specific physical and chemical principles. Outlined below are the design con-
siderations that must be taken into account.

• Acquire the necessary elementary kinetic, thermochemical, and physical prop-
erty data associated with the fuel and the surrogate.

• Develop accurate predictive chemical kinetic models using the selected surro-
gate and gather the necessary fundamental laboratory data to validate these
mechanisms.

• Develop systematically reduced mechanisms based on the full detailed mech-
anisms, which are most likely too large to be practical in engine simulations.

Table 2.4 Some surrogate compositions for diesel and jet fuels for which models have been
developed. The quantities are given is mole percent (except * which are in mass percent). The
references refer to the following: 1. (Lemaire et al. 2009), 2. (Kook and Pickett, 2011), 3.
(Ramirez L. et al. 2010), 4. (Mathieu et al. 2009), 5. (Mati et al. 2007), 6. (Schultz, 1991), given
in italics because it is only experiments, 7. (Violi et al. 2002), 8. (Dagaut and Cathonnet, 2006), 9.
(Humer et al. 2007), 10. (Natelson et al. 2008), 11. (Steil et al. 2008), 12. (Honnet et al. 2009), 13.
(Dooley et al. 2010), 14. (Wang et al. 2010), 15. (Malewicki et al. 2013)

Type of fuel Diesel fuel Jet fuel

Reference 1 2 3 4* 5 6 7 8 9 10 11 12 13 14 15

n-decane 70 70 16 67 60 60 50 70 80 43 70
n-dodecane 77 21 74 60 40
tetradecane 6
n-hexadecane 23 10
isooctane 19 6 5 33 30
heptamethylnonane 33
cyclooctane 5
methylcyclohexane 5 10 20 20 20
n-propylcyclohexane 39 27
n-butylcyclohexane 25
tetralin 4
benzene 1
toluene 10 20 20 24
o-xylene 23 20
m-xylene 4
n-propropylbenzene 23 33 30 22
n-butylbenzene 29 5 25
trimethylbenzene 20 8
1-methylnaphthalene 30 30 8 4 30
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To systematically accomplish the first step of deciding the candidate species for
a surrogate fuel, Ranzi (2006) and Violi et al. (2002) outlined some general
criteria:

• Feasibility. Candidates in the surrogate must have known detailed kinetic
mechanisms.

• Simplicity. Mainly limited for computational capabilities to normal paraffins
with \12 carbons, monocyclic paraffins with \8 carbons, and simple aromatics
such as benzene, alkyl benzenes, and naphthalene.

• Similarity. The surrogate is required to match real fuels in both physical and
chemical properties, including (i) volatility (boiling range and flash point), (ii)
sooting tendency (smoking point and luminous number), and (iii) combustion
property (heat of combustion, flammability limits, and laminar premixed flame
mass burning rate).

• Cost and availability.

Farrell et al. (2007) and Mueller et al. (2012) outlined the ‘‘targets’’; the
modeler has to consider in designing a surrogate mixture which is ‘‘similar’’ to the
real fuel. These targets are divided into three categories:

• Property Targets. Similarities in fundamental physical and chemical fuel
properties:

1. density
2. matching the hydrogen and carbon amounts
3. gross chemical composition
4. phase behavior (e.g., vapor–liquid equilibrium and distillation

characteristics)
5. molecular transport properties.

• Development Targets. These are the kinetic and fluid dynamic processes that are
important for validating surrogate mixture behavior, and that are typically
evaluated in devices with better controlled conditions than those in real engines.

1. kinetically-related phenomena (autoignition delay, burn rate, species evolu-
tion histories, emissions, etc.), with and without molecular-level transport
coupling

2. multicomponent spray vaporization
3. droplet size distribution, and liquid penetration length
4. experiments model validations in combustion bombs
5. elementary kinetic studies to define specific reaction pathways.

• Application Targets. obtained from engine experiments,
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1. combustion phasing and duration (timing and duration of cool flame and
main heat release)

2. combustion efficiency
3. primary emissions (NOx, soot, CO, and unburned hydrocarbons).

Farrell et al. (2007) noted further that because the physical and chemical
complexity of a surrogate fuel will be reduced, compared to that of a commercial
diesel fuel, it will in general not be possible (nor necessarily desirable) to match a
wide range of properties such as viscosity, chemical composition (e.g., percent
aromatics), and surface tension, with a single surrogate formulation.

2.7 Summary

In this chapter, we have presented the essential elements related to detailed kinetic
mechanisms and their use to model combustion chemistry. A purpose of this
chapter was also to be an introduction to the general concepts in modeling which
will be used all over this book. The use of automatic generation software to
produce these detailed kinetic mechanisms is given in detail in Chap. 3. The
specificities related to two particular types of biofuel, alcohols, and esters, are
presented in Chap. 4. As an example of the use of semi-global mechanisms to
model complex reactions, the lumped reactions used to model biomass pyrolysis
and devolatilization are described in Chap. 5. Some methods to reduce the usually
large size of detailed kinetic mechanisms are given in the Part IV of this book.
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