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Populärvetenskaplig
sammanfattning

I dagens energikrävande värld kommer 85% av all tillgänglig energi fr̊an kol,
olja och gas, oräknat alkoholer, vätgas, biomassa och biobränslen [1]. Att
förbränna ett bränsle för att utvinna energi är s̊aledes en grundbult i det mod-
erna samhället, och kommer s̊a vara ett bra tag framöver. För att minimera de
negativa effekterna fr̊an förbränningen, minska bränsleförbrukningen och för att
kunna utveckla bättre att utvinna energi ur olika bränsle m̊aste exakta simuler-
ingsmetoder utvecklas och användas. Arbetet som denna avhandling bygger p̊a
handlar om att utveckla nya beräkningsmodeller som beskriver bränslespecifika
egenskaper vid förbränning, s̊a kallade reaktionsmekanismer, och använda dessa
modeller i tredimensionella CFD-simuleringar (Computational Fluid Dynamics).
CFD-simuleringarna kan, tillsammans med välutvecklade reaktionsmekanismer,
noggrant modellera ett förbränningsförlopp och dess fysikaliska egenskaper.

De reaktionsmekanismer som tidigare använts i CFD har varit alltför
förenklade, ofta med grova felpredikteringar av specifika förbränningsparametrar.
Resultatet av detta medför att en CFD-simulering kan misslyckas med att
prediktera nyckelparametrar i förbränningsprocessen och därmed göra stora
delar av simuleringen oanvändbar. För att undvika detta krävs ofta mer ex-
akta reaktionsmekanismer, som dock fortfarande m̊aste vara beräkningsmässigt
tillräckligt billiga för att kunna användas i tredimensionella simuleringar. Den
utvecklingsmetodik som presenteras i denna avhandling syftar till ta fram kemiskt
mer kompletta reaktionsmekanismer specifikt ämnade för att användas i CFD-
simuleringar. Metodiken grundar sig p̊a att dela upp kemin i olika kategorier
baserat p̊a den specifika kemins inneh̊all. Varje kategori kommer sedan att ha
en individuell kemisk komplexitet beroende p̊a dess vikt för den övergripande
förbränningsprocessen. Genom att kombinera flera kategorier kan en komplett
reaktionmekanism byggas fr̊an grunden, där endast de ämnen och reaktioner
som är nödvändiga för den tilltänkta modelleringen används. P̊a s̊a sätt n̊as
en kompromiss mellan storlek, som p̊averkar beräkningskostnad, och predik-
tionsförm̊aga. Samtliga reaktionsmekanismer som presenteras i denna avhan-

ix



x POPULÄRVETENSKAPLIG SAMMANFATTNING

dling modellerar n̊agon kolväte-luftblandning även om utvecklingsmetodiken i
sig inte är begränsad till denna typ av bränslen.

De nyutvecklade reaktionsmekanismerna används sedan i CFD-simuleringar
i alltifr̊an enklare labbrännare till flamh̊allare och annulära förbränningskammare
i gasturbiner. I flera av studierna görs även jämförelser mellan de nyutvecklade
reaktionsmekanismerna mot b̊ade enklare och mer komplexa reaktionsmekanis-
mer fr̊an litteraturen. Flamposition, komposition av nedbrytnings- och slut-
produkter, antändningstid, flamhastighet, interaktion mellan flammor, temper-
aturfördelning och tryckfördelning är alla exempel p̊a flamparametrar som blir
bättre predikterade när de mer nya reaktionsmekanismerna används. Det ökade
antalet ämnen i modelleringen som kommer med de komplexa reaktionsmekanis-
merna möjliggör även jämförelser mot fler typer av experimentella data, vilket
i sig hjälper till att koppla ihop experimentell verksamhet med simuleringar.



Abstract

Combustion, present in a vast majority of energy and material production as
well as in transportation, represents a foundation of our modern society. To im-
prove and optimize the applications relying on combustion demand a high level
of knowledge, and an ability to simulate the combustion process. To do so three-
dimensional Computational Fluid Dynamic (CFD) combustion simulations can
be used, where a reaction mechanism is used for describing the chemical pro-
cess. The aim of this thesis is to develop more accurate and compact reaction
mechanisms using a new development technique, and to implement these reac-
tion mechanisms into CFD simulations. Because of the high computational cost
associated with using reaction mechanisms the new development technique aim
at creating reaction mechanisms that balances predictability and computational
cost as efficiently as possible. Previous cheaper, simpler reaction mechanisms
are often unable to capture key flame parameters, hence compromising the final
CFD simulation results. The new, more chemically correct reaction mecha-
nisms presented in this thesis enables the modelling of a wider array of flame
parameters, without demanding a too high computational cost.

The development technique builds on the idea of dividing the chemistry into
sections, or blocks. The chemical complexity of each individual block depends
on its importance to the overall combustion process. By individualizing the
chemistry of each block only the most important species and reactions can be
included, optimizing the size and predictability. By combining several blocks a
complete reaction mechanism can then be produced.

With the use of the newly developed improved reaction mechanisms in com-
bustion CFD flame parameters such as flame position, decomposition and final
products, ignition time, burning velocity, flame-flame interaction and temper-
ature and pressure distributions can all be improved compared to if simpler
reaction mechanisms are used.
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Glossary

As an introduction to the subject of chemical kinetics and combustion fluid dy-
namics some commonly used terms, concepts and abbreviations are clarified:

Chemical kinetics: a branch of physical chemistry that describes the rate at
which chemical reactions occur.

Reaction mechanism: a step-by-step sequence of reactions with correspond-
ing reaction rate parameters.

Reaction rate coefficients: the coefficients used for the mathematical mod-
elling of the rate of a reaction.

Large Eddy Simulation (LES): a mathematical model for turbulence used
in computational fluid dynamics.

Laminar burning velocity, sL: the speed at which an un-stretched laminar
flame will propagate through a mixture of unburned reactants.

Ignition delay time, τig: the time it takes for a homogeneous fuel-oxidizer
mixture to reach a pre-defined state defined as ignition.

Extinction strain rate, σext: a flame parameter showing how much heat loss
or aerodynamic stretch a flame can withstand before it quenches.

Negative Temperature Coefficient (NTC): the inherent behaviour of large
hydrocarbons where an increase in temperature in certain temperature regimes
will produce an increase in ignition time, rather than the more common decrease.

xvii





Chapter 1

Introduction

Of today’s world energy consumption 85% comes from coal, oil and natural gas, 
with hydro, nuclear and renewable energy sources adding up to the other 15% [1]. 
When considering that fuels like biomass, hydrogen (H2), alcohols and biodiesel 
can be characterized as renewables the total amount of energy coming from 
combustion is well above 85% of the world energy consumption. The primary 
energy consumption in the world, calculated as million tonnes oil equivalent, is 
shown in Figure 1.1. But it is not only in energy production that combustion 
plays an essential role; global transportation sector (>99% [2]), weapons and 
material production are examples of areas where the use of combustion is essen-

tial.
     Because of the uncertainty of which modes of fuels and engine systems will be 
used in the future the combustion community needs to expand its fundamental 
knowledge in these areas in order to answer the upcoming combustion issues and 
alternatives of the future [2]. To aid in the development in the field of com-
bustion science, and in the improved applications resulting from this increased 
knowledge, combustion modelling is a key tool. This includes solving and mod-
elling the physics controlling the combustion process, including fluid dynamics 
and chemistry as well as radiation and heat transfer.

The combustion process is connected to a wide range of length and time-
scales, from the small scales of molecular motion and the short times of chemical 
reactions to the large length-scales of the fluid flow and the larger turbulent 
eddies, connected to long fluid flow times. Because of the very small scales 
associated with the chemical process the reactions and the production and con-
sumption of species cannot be solved for directly and will need to be modelled. 
This is where the chemistry modelling comes in. This modelling is composed of 
a set of species and reactions, each with its corresponding mathematical expres-
sion for the rate at which it proceeds. This set of species and reactions together 
with their rate expression is known as a chemical kinetic reaction mechanism.

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Primary world energy consumption [1]. The abscissa shows the
year and the ordinate the energy consumption measured in million tonnes oil
equivalent.

Due to the high complexity of the combustion process early work in combus-
tion modelling used relatively simple tools, often not resolved in time and with
crude models describing the chemical process. As the knowledge of the com-
bustion and modelling fields increased, together with the increases in computa-
tional capacities, more accurate and time resolved modelling techniques started
to emerge. One such technique is the Large Eddy Simulation [3–6], LES, which
has contributed greatly to the understanding of combustion processes. With
LES it becomes possible to conduct high-resolved combustion simulations in
space and time without the need to solve the governing equations at the small-
est length-scales, enabling simulations of complex real-world geometries.

For a long time however the reaction mechanisms used where still relatively
simple, implementing only a handful of species and reactions [7–9] to describe
what in the real world is a complex physical process involving sometimes hun-
dreds of species and thousands of reactions. If a reaction mechanism is too
simple it will not be able to predict key flame characteristics [10–13], and if
used in combustion LES’ combustion-related processes such as thermoacous-
tic instabilities, ignition processes, flame position, burning velocities, density
variations due to radical species, flame extinction and intermediate and radical
species distributions will be challenging, if not to say impossible, to accurately
predict. Improved knowledge in the field of chemical kinetics together with in-
creased computational capacities has resulted in the used of more accurate, com-
putationally expensive and chemically complex reaction mechanisms. The LES
studies using simple reaction mechanisms in the 1990’s [14,15] and 2000’s [16–19]
are now being replaced by more sophisticated and accurate ones [11,12,20–22].



3

In order for a reaction mechanism to capture key combustion parameters its
chemical complexity will need to increase compared to the simpler earlier reac-
tion mechanisms, meaning that more species and reactions need to be included.
However, if the reaction mechanism is to be used in combustion LES it also
need to be computationally cheap enough, a difficult task since a majority of
the computational efforts is spent on solving the chemistry model alone. This
creates a delicate balance between chemical complexity, predictability of flame
characteristics and computational cost.

With the use of LES coupled to the increase in computational capacity the
range of applications possible to simulate increases greatly. Today the appli-
cations ranges from gas turbine combustors [12, 20–22], supersonic combus-
tors [10, 13, 23] and two-phase reactive flows [24] to explosions [24] and plasma
assisted combustion [25, 26]. Most applications tied to the energy production
via gas turbines, and the transportation and propulsion applications are today
relying heavily on hydrocarbon fuels of varying molecular sizes. This implies
that improved chemical modelling of these fuels can increase the combustion
modelling accuracy, impacting large areas of the modern society.

With the need for more accurate reaction mechanisms, and their inclusion
into combustion LES, the purpose of this work was to develop a modelling
development methodology for creating improved reaction mechanisms of semi-
reduced sizes, and to incorporate these models into combustion LES’. These
tasks can be summarized as

� Develop a modelling development methodology capable of creating reac-
tion mechanisms with a high accuracy, requiring a computational cost low
enough for use in 3D LES’;

� Develop reaction mechanisms for a set of hydrocarbon fuels using this new
methodology;

� Using these reaction mechanisms in combustion LES.

The research conducted to realize these three tasks are presented in the seven
publications, papers I to VII, in this thesis.

In Paper I a chemical model is developed and evaluated for propane-air
(C3H8-air) combustion. This model is then used in a combustion LES of a
flame holder geometry. The results are then compared to experimental data
available in the literature.

Paper II creates a reaction mechanism for methane-air (CH4-air) combustion
and couples that to the effect of microwave enhancement of a swirling methane-
air flame. This model is evaluated and then used in a combustion LES whose
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results are compared to experiments.

Paper III deals with the development and evaluation of a reaction mecha-
nism for kerosene-air (C12H23-air) combustion. This reaction mechanism is then
used in a combustion LES of a full annular gas turbine combustor.

Paper IV describes the development of an improved version of the kerosene-
air reaction mechanism used in Paper III, and here the block structure develop-
ment routine is described in greater detail.

Paper V is again solely devoted to the chemistry modelling. Here a ethylene-
air (C2H4-air) reaction mechanism is developed and evaluated. Again an exten-
sive description of the development routine is presented.

Paper VI uses the methane-air and the ethylene-air reaction mechanisms
from Papers II and V and incorporates these into combustion LES’ of a fully
annular premixed combustor, comparing the results to experimental data.

Finally Paper VII further develops the kerosene-air reaction mechanisms
presented in Papers III and IV. In Paper VII more accurate fuel breakdown
reactions are added in order to capture the specific ignition characteristics of
aviation-type hydrocarbons at low temperatures.

Chapter 2 provides an overview of combustion theory and Chapter 3 presents
the theory of chemical kinetics. Chapter 4 presents H2/O2 and C1/H/O chem-
istry theory in detail. This theory is then used when applying the block structure
modelling routine in Chapter 5. Chapter 6 provides an overview of combustion
modelling. Chapter 7 present key results from the chemistry modelling and the
combustion LES’. Finally Chapter 8 summarizes key results and suggests future
work.



Chapter 2

Combustion theory

Reactive flows presents a notoriously complicated process which include a broad
range of phenomena operating on large ranges of temporal and spatial scales. In
most combustion processes there is a close coupling between the fluid dynamics
and the chemical reactions and their subsequent heat release [27]. Added to the
complexity of reactive flows are phenomena such as possible formation of soot
particles, injection of liquid spray and its subsequent gasification, the interaction
between electrical fields and the flame, or radiation. Regardless of what type of
combustion system is present generally all are dynamic and unsteady [27].

Figure 2.1: Image of a gas turbine test rig, adopted from the work by Danel et
al. [22], with an extracted image of the flame chemiluminescence together with
a model of the injector. Indicated in the flame image are possible characteristic
features present in combustion.

The equations describing the combustion processes are highly complicated,
operating on large ranges of time and length scales, from molecular scales where

5
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the chemical kinetics and soot formation takes place to the scale of the device
of interest. Computational studies of combustion are usually based on the bal-
ance equations of mass, momentum and energy, together describing diffusion,
convection and chemical reactions. Due to the unsteady nature of combustion,
and to be able to capture many of the effects of this unsteadiness, computa-
tional studies most often require a time-resolved method when simulating the
process. This, in combination with the wide ranges of scales, requires model
simplifications which yet often result in computationally expensive simulations.

2.1 Premixed and non-premixed combustion

Combustion occurs when fuel and oxidizer are mixed and ignited. If the fuel and
oxidizer are first perfectly mixed and then burned the flame is categorized as a
premixed flame, and if the mixing and combustion occurs simultaneously it is
classified as a non-premixed flame. Each of these two flame categories can then
also be categorized by the fluid motion, if the flow is laminar or turbulent [28].
Consider the reaction between methane and oxygen, represented by the overall
reaction

CH4 + 2 O2 −→ CO2 + 2 H2O. (2.1)

Reaction 2.1 is said to be balanced, or the ratio between the fuel and oxidizer
within the system is said to be stoichiometric, if all of the reactants (CH4 and
O2) are being converted to the final products (CO2 and H2O).

(a) (b)

Figure 2.2: A schematic image of a one-dimensional (a) premixed flame and (b)
non-premixed flame.

In a premixed system where the velocity of the flow is low enough to be
laminar the flame, schematically shown in Figure 2.2(a), will propagate through
the fuel-air mixture with the velocity sL. Fuel will start to break down and a
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sequence of reactions will initiate, eventually resulting in an increase in tempera-
ture. When the combustion process is approaching completion the temperature
has increased significantly and final products, and some intermediate species
and radicals, have been formed. Their individual concentrations produced is
heavily dependent on fuel type, fuel-oxidizer ratio and initial gas temperature
and pressure.

In non-premixed systems, where the fuel and oxidizer is separated, schemati-
cally illustrated in Figure 2.2(b), the burn rate is controlled by the rate at which
these are mixed. Here the maximum temperature and reaction activity is found
in the reaction zone between the fuel and oxidizer. If the flow is turbulent the
mixing of species will be considerably higher, increasing the rate of combustion.
In general, the non-premixed systems are more sensitive to mixing and flame
stretching, and the flame stretching can quench the flame locally or globally
when the turbulent motion exceeds the diffusion rate of reactants.

2.2 Equivalence ratio

In combustion, the fuel (F ) and oxidizer (O), described by either mole- or mass
fractions, and their ratio, are important quantities when characterizing a flame.
This ratio between the fuel and oxidizer, known as the equivalence ratio, has
different definitions depending if the system is non-premixed or premixed [3].
Here only the latter condition will be described.
Consider a stoichiometric premixed system

ψF F + ψO O → Products (2.2)

where ψF and ψO are the stoichiometric coefficients of the fuel and oxidizer,
respectively.

The equivalence ratio of a given mixture is

φ =

(
YF
YO

)/(
YF
YO

)
st

=

(
YF
YO

)/(
ψFWF

ψOWO

)
st

(2.3)

where the subscript st corresponds to the stoichiometric condition. The equiv-
alence ratio can be divided into three regions:

� fuel lean conditions (φ < 1) where there is an excess of oxidizer within the
reacting mixture;

� the stoichiometric condition (φ = 1) where the fuel and oxidizer ratio is
in balance;

� fuel rich conditions (φ > 1) where there is an excess of fuel in the mixture.
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The maximum flame temperature is achieved at conditions slightly above
stoichiometric conditions. If the mixture is fuel lean some of the excess oxidizer
will be heated to the product temperature, lowering the temperature. If too
little oxidizer is present, i.e. at fuel rich conditions, there is not enough oxidizer
to convert all the species in the fuel into final products, inhibiting some of the
energy release, resulting in a lower temperature.

2.3 Turbulence

Turbulent flows, a three-dimensional phenomenon, varies irregularly in both po-
sition and time. Turbulence is dissipative, and the structures in a turbulent flow
lose their energy to smaller structures. This is occurring until the viscous forces
dissipate the energy into heat [4].

The effectiveness of the turbulent motion for mixing and transport of dif-
ferent fluids is of prime importance in many real-world applications [4]. With
an increase in turbulence comes an increase in heat and mass transfer which
greatly can affect a flame, effectively increasing the rate of consumption of fuel
and oxidizer. The topic of turbulence is therefore key in many combustion pro-
cesses.

The eddies in a turbulent flow have certain length, time and velocity scales
[4]. In a flame these scales can be used to classify the structure of a flame (see
Sections 2.3.3 and 2.3.4), which is important when determining how to model
that flame. The level of turbulence is hence key for the structure of the flame,
but also when choosing how to model the flame.

2.3.1 Energy cascade

The view of the energy cascade, proposed in 1922 by Richardson et al. [29], states
that turbulence is composed of eddies of different sizes. Eddies are typically
characterized by different scales of the flow, and an eddy can have specific length,
velocity and time scales. There is no distinct definition of an ’eddy’, but it can
be viewed as a turbulent motion that is at least moderately coherent within a
region of size l [4]. Eddies with size l has the characteristic velocity, vl, and time,
τl, scales. Large eddies are unstable and breaks up, transferring their energy to
smaller eddies. This break-up of eddies and their following transfer of energy to
smaller eddies continues until the motion of eddies is stable. This occurs when
the eddies are so small that the viscous forces of the flow cannot be overcome.
Figure 2.3 shows the energy cascade as a function of the wave number.
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Figure 2.3: Schematic image of the energy cascade. The abscissa shows the
wavenumber and the ordinate the kinetic energy.

A range of scales in the turbulent energy cascade can be represented by
specific length, time and velocity scales. Such scales can be found for any range
in the cascade. The length scales for example ranges from the integral length
scales of the flow, lI , representing the scale of the most energetic eddies in the
turbulent cascade [4], down to the smallest scale found in the turbulent flow,
the Kolmogorov length scale, η [3]. The Kolmogorov length scale, η ≡ (ν3/ε)1/4

[3, 4], with ν being the viscosity and ε the dissipation rate of turbulent kinetic
energy, characterize the scales small enough for dissipation to become effective
[4]. The Taylor micro scale, λT , is an intermediate length scale which at high
flow velocities is intermediate in size between η and lI [4], i.e. between the large
scale eddies and the small scale eddies.
The large difference between the integral and Kolmogorov scales indicate the
wide range of scales present in the turbulent flow. Capturing scales on such a
large range represent great challenges when modelling a turbulent flow, and this
has resulted in the development of several different modelling techniques (see
Chapter 6).

2.3.2 Non-dimensional numbers in turbulent flow

The length, time and velocity scales can be used to express characteristic di-
mensionless numbers of the flow. The (turbulent) Reynolds number,

Ret = lIv
′/µ, (2.4)
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where µ is the kinematic viscosity, µ = ν/ρ, ρ the density, and v′ the velocity of
the turbulent eddies, is a representative velocity of the eddies with the integral
length scale lI . The turbulent Reynolds number represents the ratio of inertia to
viscous forces of the largest and most energetic scales but the Reynolds number
can be used to describe any scale in the cascade. The Reynolds number decrease
with decreasing scale, until it reaches the Kolmogorov length scale, and it can
be used to predict the transition from laminar to turbulent flow.
Another key non-dimensional number is the Schmidt number for species i, Sci,
describing the diffusive to viscous transport;

Sci = µ/Di, (2.5)

where Di is the characteristic molecular diffusivity of species i.
The third non-dimensional number introduced here is the Prandtl number,

Pr, which compares the momentum and heat transport,

Pr = µ/κ, (2.6)

where κ is the thermal diffusivity. The Sci and Pr numbers hence describe
the molecular transport of species and heat.

2.3.3 Different scales in premixed combustion

Premixed flames can be associated by the different scales present in the flame.
Ranging from the integral length scale of the flow, lI , to the flame length scale of
the laminar flame thickness, δv, and down to the Kolmogorov length scale, η [3].
Similarly the velocities are associated by the the laminar burning velocity, sL,
and the velocity of turbulent eddies, v′. Finally, the time scales are associated
with the chemical time scale, τc, representing the time scales for the chemical
reactions, the Kolmogorov time, τη, representing the time scale of the smallest
eddies, and the integral time scale, τl, representing the flow time scales [3].

The Damköhler number, Da = τl/τc, corresponds to the ratio of the integral
time scale to the chemical time scale. The Karlovitz number is the ratio of the
chemical time scale to the Kolmogorov time, Ka = τc/τη [3]. By using char-
acteristic non-dimensional numbers various flame regimes can be identified [3]
and plotted in for example Borghi [30] or Williams [31] diagrams. These dia-
grams indicate whether the flow contains distributed reaction zones, pockets,
thin reaction sheets or any kind of flamelet (thin reaction zones) [3]. The dif-
ferent regimes in these diagrams illustrates which mechanisms are controlling
the turbulent combustion [24]. Knowledge about which regime a flame belongs
to is important when choosing how to model that flame. Figure 2.4 illustrates
the Borghi diagram, divided into sections characterizing specific combustion
regimes.
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Figure 2.4: The Borghi diagram with regions of different flame structures indi-
cated [30].

2.3.4 Different scales in non-premixed combustion

Non-premixed flames are more difficult to characterize than premixed flames
since non-premixed flames do not propagate, hence they do not have a char-
acteristic speed. Also, the flame thickening is governed by the mixing layers
between fuel and oxidizer, and there is no obvious length scale [3]. To start
a regime classification of non-premixed flames a set of relevant variables that
influences the flame structure must be identified. To start a Da number can be
specified as Daχ = τχ/τc, where τχ is a representative time-scale of the mix-
ing, defined as the inverse of the scalar dissipation rate. τc is a chemical time
scale defined in the same way as for premixed flames. However, Daχ is not
associated with the same length and velocity scales as usually involved in the
Reynolds number characterizing the flow, ReI . By defining a new Da num-

ber DaI = DaχRe
1/2
I it is possible to create a combustion regime diagram for

non-premixed flames, as shown in Figure 2.5. Here three different regimes can
be classified; the extinction regime, with the Da extinction number Daextχ , the
unsteady regime and the flamelet (LFA, laminar flamelet assumption) regime,
with the Da number DaLFAχ . If Daχ ≥ DaLFAχ the regime has a laminar struc-
ture, where large eddies distorts the laminar flame front. Here the chemistry
is sufficiently fast to follow changes in the flow introduced by the vortices. For
Daextχ < Daχ < DaLFAχ the eddy size and the mixing length are smaller than
the flame front thickness, and the flow changes are faster than the chemistry,
and unsteady effects becomes important. Finally if Daχ ≤ Daextχ extinction
events occur because the strain rate induced by the flame front vortex becomes
too strong, quenching the flame [3].
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Figure 2.5: Regimes for non-premixed turbulent combustion [3].

2.4 Governing equations

In chemically reacting flows the system can, at each point in space and time, be
described by a given pressure, density, temperature, velocity of the flow and the
concentrations of the species present [28]. The properties of mass, momentum,
and energy are conserved, constituting the conservation equations [28, 32].

In the general case of a reacting flow the conservation equations, known as
the Reactive Navier-Stokes Equations (RNSE), may be written as [24]


∂t(ρ) +∇ · (ρv) = 0,

∂t(ρv) +∇ · (ρv ⊗ v) = −∇p+∇ ·
(

2µD− 2
3µ(∇ · v)I

)
,

∂t(ρE) +∇ · (ρvE) = ∇ ·
(
− pv + 2µDv − 2

3µ(∇ · v)v + κ∇T
)

+Qrad,

∂t(ρYi) +∇ · (ρvYi) = ∇ · (Di∇Yi − bi) + ẇi,
(2.7)

where ρ is the density, p the pressure, T the temperature, v the velocity
vector, µ the kinematic viscosity, I the unity tensor, D the rate-of-strain tensor
D = 1

2(∇v + ∇vT ), Qrad the radiative heating, and Di and κ are the species
and thermal diffusivities, respectively. The energy is expressed in the form of
total energy, E = ein + 1

2v2, a sum of the internal and kinetic energy. The mass
fraction of species i is expressed by Yi and the rate of production of species i by
ẇi [24]. The chemical kinetics enters through ẇi.

Equations 2.7 are then closed by the thermal and caloric equations of state
(EoS) and constitutive equations. The thermal EoS describes the relation be-
tween density, temperature and pressure [24]. In the present research the EoS
used is the ideal gas law, defined by

p = ρR
N∑
i

(Yi/Mi)T, (2.8)
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where Mi is the molar mass of species i, and R is the ideal gas constant. The
caloric EoS describes the relation between the energy and the specific heats.
The caloric EoS used is

ein =

N∑
i

(
Yih

θ
f,i

)
+

N∑
i

(
Yi

∫ T

T0

cv,i(T )dT
)
, (2.9)

where ein is the internal energy, hθf,i is the enthalpy of formation at standard
temperature and pressure of species i, and cv,i the specific heat at a constant
volume. T0 is the temperature of the surroundings. Due to limited maximum
temperatures (<3000 K) in the combustion processes in the present research,
together with the dominance of nitrogen in hydrocarbon-air flames, the specific
heats vary by only small amounts [3] and can be assumed to be linear functions
of T , cv,i = a+ bT , with a and b being species specific constants.

The constitutive equations describe how external forces affect the response
of the fluid mixture. All of the fluids in the present research are assumed to
be Newtonian fluids with Fourier heat condition and Fickian diffusion. The
viscosity, ν, is modelled using Sutherland’s law.





Chapter 3

Chemical kinetics

A chemical reaction is the exchange and/or rearrangement of atoms, often occur-
ring when molecules and/or atoms collide. Reactant molecules are rearranged to
become product molecules, accompanied by an increase or decrease of heat [28].
Consider the following general reaction between a moles of species A and b moles
of species B, forming c moles of species C and d moles of species D;

a A + b B−→ c C + d D. (3.1)

It is possible for reaction 3.1 to be reversed, i.e. where A and B become the
products and not the reactants. The rate law of reaction 3.1, describing its
empirical formulation of the reaction rate, can be written as [32]

1

a

d[A]

dt
= −κ[A]a[B]b =

1

b

d[B]

dt
= −1

c

d[C]

dt
= −1

d

d[D]

dt
, (3.2)

where the constant κ represents a reaction rate constant. The reaction rate
describes the formation or consumption of a species in a chemical reaction. a
and b are the reaction orders with respect to species A and B, respectively, and
the sum of the reaction orders denotes the overall reaction order [28].

3.1 Global and elementary reactions

A reaction describing the overall combustion system is often written using one
reaction where all initial reactants are consumed and forming the final products,
such as the following reaction between hydrogen and oxygen molecules forming
water,

2 H2 + O2 −→ 2 H2O. (3.3)

15
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Such a reaction is known as a net reaction, or a global reaction [28]. The rate
laws for these global reactions are sometimes complex with reaction orders often
being non-integers, and can even be negative. More importantly however, most
reacting systems do not progress in such a straightforward manner but rather
progresses in a sequence of reactions, together constituting the reacting process.
These reactions are where one or more species reacts directly to form interme-
diate and/or final products in a single reaction step. This type of reaction is
known as an elementary reaction [28, 33], exemplified by

OH + H2 −→H2O + H. (3.4)

3.2 Molecularity

The reaction order of elementary reactions is always constant and is determined
by the molecularity of the reaction [28]. The molecularity is the number of
species forming the reaction complex, consisting of one, two or three reactants.
Unimolecular reactions, having first-order time behaviour (a reaction order of
one), describe either rearrangement or dissociation of a molecule;

A−→ Products. (3.5)

Bimolecular reactions, the most common type of reactions, have second-order
rate laws (a reaction order of two) and are of the form

A + B−→ Products. (3.6)

Termolecular reactions, with third-order rate laws (a reaction order of three), are
usually recombination reactions, recombining radicals into more stable species,

A + B + C−→ Products. (3.7)

3.3 Reaction rate

All chemical reactions take place at a definite rate that is dependent on the
conditions of the system, such as the temperature, concentrations of reactants
and the pressure within the system [32]. The rate of the reactions can be
expressed using the concentrations of the reactants and a rate constant, as
exemplified in equation 3.2.
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Consider a chemical system of N species reacting through M reactions,
giving the general equation [33]

N∑
k=1

ψ′kjXk =

N∑
k=1

ψ′′kjXk, (3.8)

where Xk represents species k in reaction j, ψ′kj is the molar stoichiometric
coefficients of the reactants and ψ′′kj is the molar stoichiometric coefficients of
the products.

The rate of progress of reaction j is written as

qj = κfj

N∏
k=1

[Xk]
ψ′
kj − κrj

N∏
k=1

[Xk]
ψ′′
kj , (3.9)

where κfj and κrj are the forward and backward reaction rate constants
of reaction j, respectively, and [Xk] denotes the concentrations of species Xk

[32, 33]. The rate of production, ẇk, of species k can then be computed using

ẇk =
M∑
j=1

(ψ′′kj − ψ′kj)qj . (3.10)

When considering the arbitrary reaction above, reaction 3.1, described by the
reaction rate in equation 3.2, it is important to note that describing the reaction
rate in this manner does not infer that every collision of the reactants (A and
B) leads to products. Arrhenius put forth a theory that gives a temperature
dependence of κ, resulting in that only molecules that possess energy greater
than a certain amount, Ea, will react [34,35]. The postulated theory includes a
Boltzmann factor, exp (−Ea/RT ), and kinetic theory shows that the Boltzmann
factor gives the fraction of all collisions that have an energy greater than Ea.

Today the reaction rate constants are usually expressed through the modified
Arrhenius law

κ = ATn exp (−Ea/RT ), (3.11)

where A and n are the pre-exponential factor and the temperature exponent,
respectively, and Ea the activation energy. The original Arrhenius expression,
which is obtained when n = 0 in equation 3.11, is often adequate for a limited
temperature range. However, for large temperature ranges the modified Arrhe-
nius law is a better representation of the rate of most reactions [32]. A reaction
type that do not adhere to the modified Arrhenius law is the pressure dependent
reaction, such as dissociation reactions (unimolecular), or recombination reac-
tions (termolecular) [28]. The pressure dependent unimolecular decomposition
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can be understood by using the Lindemann model [36], extensively investigated
by Troe et al. [37]. A unimolecular decomposition of species A can only occur
if the energy within the molecule is sufficient to break the bond. It is then
necessary, prior to the decomposition reaction, that energy is added to species
A through collision with another species M [28]. The activated molecule, A∗,
can then either deactivate through a collision or decompose into products P;

(1) Activation, with rate constant κa,

A + M−→A∗ + M, (3.12)

(2) Deactivation, with rate constant κ−a,

A∗ + M−→A + M (3.13)

and (3) Unimolecular reaction, with rate constant κu,

A∗ −→ P. (3.14)

The rate of reaction of product P can then be expressed by [28]

d[P]

dt
=

κuκa[A][M]

κ−a[M] + κu
. (3.15)

Here two extremes can be distinguished, one where the pressure is very low and
one where it is very high. For the low pressure range the concentrations of M
are very low hence κ−a[M]� κu in which one obtains the second-order rate law

d[P]

dt
= κa[A][M]. (3.16)

Here the reaction rate is proportional to the concentrations of species A and M
meaning that the collisions between species A and M are rate limiting. In the
high pressure range the concentration of M is very high giving κ−a[M] � κu,
resulting in the first-order rate law

d[P]

dt
=
κuκa
κ−a

[A] = k∞[A]. (3.17)

Because the collisions between species A and M often occur when the pres-
sure is high they are not rate limiting. The rate limiting factor will instead
be the decomposition of the activated molecule A∗. The units of the rate con-
stant is dependent on the overall reaction order. Units for reaction rates are
s-1, cm3mole-1s-1 and cm6mole-2s-1 for first, second and third order reactions,
respectively [28].

Equations 3.11, 3.16 and 3.17 all requires three input parameters, A, n and
Ea, in order to determine κ for each reaction.
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3.4 Reaction process

As previously mentioned the combustion progresses through a sequence of ele-
mentary reactions. What this means is that the fuel molecule is partially broken
down into smaller intermediate species and fast reacting radical species, which
in turn are broken down further creating a chain of reactions culminating in end
products. These end products consists of a majority of CO2 and H2O, and a mi-
nority of CO and H2, when hydrocarbons are burnt at and below stoichiometric
conditions. The reactions operating in this sequence can be classified into dif-
ferent categories; chain initiation or fuel breakdown reactions, chain branching
reactions, chain propagating reactions and chain terminating reactions [32,33].
The fuel breakdown reactions, creating intermediates and radicals initiates the
reacting system. One example of such a reaction is the initiation step for
methane breakdown in the high-temperature regime,

CH4 + M−→ CH3 + H + M, (3.18)

producing a fast reacting H radical and a methyl (CH3) radical. Reactions where
reactants dissociate and thereby creates a radical are highly endothermic and
hence very slow [32]. Once the H radical has been created it can for example
abstract another H atom from a fuel molecule, or it can enter the H2/O2 system
of reactions creating O, H and OH, building up a pool of radicals.
The expansion of this radical pool is achieved through chain branching reac-
tions. The chain branching reaction is any reaction that creates two radicals for
every one radical consumed, effectively increasing the number of radicals. These
reactions and their expansion of the radical pool is necessary in order to move
the system into a non-thermal explosive state. A typical and essential chain
branching reaction is

H + O2 −→O + OH, (3.19)

where one H radical is consumed and two new, O and OH, are produced. Be-
cause of the multiplication effect of the branching steps they do not need to
occur rapidly in order to determine the progression of the system, and their ac-
tivation energies are often higher than other non-branching (chain propagating)
radical reactions [32].
The chain propagating reactions will create one radical for every radical con-
sumed, hence they do not expand the radical pool but is simply progressing the
combustion process. An example of such a reaction is

CH3 + OH−→ CH3O + H. (3.20)
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The final category of reactions are the chain terminating reactions. This type
of reaction reduces the size of the radical pool by recombining radicals to form
more stable molecules, either when two radicals recombine forming one stable
molecule or through reactions between one radical and one molecule producing
one stable species or a radical of lower reactivity. The recombination reactions,
a type of terminating reactions, are exothermic and the energy created must
be removed by either a third body species or through wall interaction in order
for the reaction to progress. This mean that due to the third body dependence
the recombination reactions in a gaseous state are slower than other types of
reactions except at higher densities (higher pressures) [32]. A typical chain
terminating reaction is

H + H + M−→H2 + M. (3.21)

Chain terminating reactions are effectively slowing down the rate of the com-
bustion due to the elimination of radicals.

3.5 Reaction pathways

When fuel and oxidizer reacts a sequence of reactions are created where for
example the carbon and hydrogen in the fuel is rearranged into final products.
A possible sequence of the carbon-containing species in a methane-air oxidation
process is schematically shown in Figure 3.1.

Figure 3.1: A reaction pathway showing the following sequence of species:
CH4 → CH3 → CH3O→ CH2O→ HCO→ CO→ CO2.

The sequence of species in Figure 3.1 is known as a reaction pathway and
presents one theoretical, and often simplified, description of the transformation
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of a fuel molecule into final products. This pathway is often used to highlight
the main oxidation pathway taking into account the most probable reactions in
the combustion process. In reality the reaction pathway can be, and often is,
much more complex than the sequence presented in Figure 3.1. The complexity
of the pathway increases with increasing size and structural complexity of the
fuel molecule due to more intermediate species and reactions available.

3.6 Reaction mechanism

By combining the uni-, bi- and termolecular reactions into a sequence a complete
description of the chemical kinetics of a reacting system can be achieved. Such a
set of reactions is known as a reaction mechanism [33]. In theory it could include
all possible species and reactions representing the combustion process. In reality
the number of species and reactions present are lower due to limited importance
of some of them, limitations in computational time it takes to solve such a
system and limitations in the knowledge of which species and reactions need to
be included. This means that each reaction mechanism has a limitation in its
range of conditions where it has a high accuracy in its prediction of relevant flame
parameters. An example of the reduced methane-air reaction mechanism [25]
developed as a part of this thesis is presented in Table 3.1.

Table 3.1: Methane-air reaction mechanism Z42 [25].
Units: s, mole, cm3, cal, K.

Reaction A n Ea

CH4(+M)→ CH3 + H(+M)1

kf 6.30E+14 0 104000
kf0 1.00E+17 0 86000

CH3 + H(+M)→ CH4(+M)1

kf 5.20E+12 0 -1310
kf0 8.25E+14 0 -19310

CH4 + H→ CH3 + H2 2.20E+04 3 8750
CH3 + H2 → CH4 + H 9.57E+02 3 8750

CH4 + OH→ CH3 + H2O 1.60E+06 2.1 2460
CH3 + H2O→ CH4 + OH 3.02E+05 2.1 17422
CH3 + O2 → CH3O + O 5.00E+13 0 25652
CH3 + O→ CH2O + H 6.80E+13 0 0

CH3 + OH→ CH2 + H2O 7.60E+06 2.0 5000
CH3O + H→ CH2O + H2 2.00E+13 0 0

Continued on next page
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Reaction A n Ea

CH3O + M→ CH2O + H + M 2.40E+13 0 28812
CH2O + H→ HCO + H2 9.00E+13 0 3991

CH2O + OH→ HCO + H2O 3.00E+13 0 1195
CH2 + O→ CO + H2 3.00E+13 0 0

CH2 + OH→ CH + H2O 1.13E+07 2.0 3000
CH + O→ CO + H 5.70E+13 0 0

CH + OH→ HCO + H 3.00E+13 0 0
CH + O2 → HCO + O 3.30E+13 0 0

CH + CO2 → HCO + CO 8.40E+13 0 200
HCO + H→ CO + H2 4.00E+13 0 0

HCO + M→ CO + H + M 1.60E+14 0 14700
CO + OH→ CO2 + H 1.51E+07 1.3 -758
CO2 + H→ CO + OH 1.57E+09 1.3 21000

H + O2 → OH + O 1.55E+14 0 16800
OH + O→ H + O2 1.20E+13 0 690
O + H2 → OH + H 1.80E+10 1 8826
OH + H→ O + H2 8.00E+09 1 6760

H2 + OH→ H2O + H 1.17E+09 1.3 3626
H2O + H→ H2 + OH 5.09E+09 1.3 18588
OH + OH→ O + H2O 6.00E+08 1.3 0
O + H2O→ OH + OH 5.90E+09 1.3 17029

H + O2 + M→ HO2 + M1 1.60E+18 -0.8 0
H + HO2 → OH + OH 1.50E+14 0 1004
H + HO2 → H2 + O2 2.50E+13 0 700

OH + HO2 → H2O + O2 2.00E+13 0 1000
HO2 + HO2 → H2O2 + O2 8.00E+13 0 0

H2O2 + M→ OH + OH + M 1.30E+17 0 45500
OH + OH + M→ H2O2 + M 9.86E+14 0 -5070
H2O2 + OH→ H2O + HO2 1.00E+13 0 1800
H2O + HO2 → H2O2 + OH 2.86E+13 0 32790
OH + H + M→ H2O + M 2.20E+22 -2 0

H + H + M→ H2 + M 1.80E+18 -1 0

1efficiencies = CH4:6.5 CO:0.75 CO2:1.5 H2O:6.5 N2:0.4
O2:0.4

Using equations 3.2 and 3.10 gives

d[Xk]

dt
= ẇk, k = 1, . . . , N. (3.22)
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Equation 3.22 forms a set of non-linear first-order ordinary differential equa-
tions (ODE) describing the rate of change of concentrations for all N species
as a function of time. Because of the large difference in rate of change between
reactions the time-scales in a reaction mechanism can vary significantly. This
means that the equations can become numerically stiff and will need advanced
numerical routines in order to solve them [32].

3.7 Reaction mechanism classification

A reaction mechanism can be classified into different categories depending on
its level of chemical complexity. Several classifications exists but here the three
categories detailed, global and reduced reaction mechanism will be used and
presented.

3.7.1 Detailed reaction mechanism

A detailed reaction mechanism is a mechanism that aim at, in detail, describe
the chemical kinetics as rigorously as possible, and include all species and reac-
tions that are necessary [33,38]. This (often) requires a large set of species and
reactions, describing the breakdown and oxidation of the fuel without the use of
any simplifications, global reactions and without lumping several reactions into
artificial ones. For simple fuel molecules, like hydrogen, this requires roughly ten
species and 20-30 reactions but for larger fuels, like n-dodecane (n-C12H26) [39],
many hundreds of species and thousands of reactions are needed. Even simple
alkanes, such as methane, require up to one hundred species and several hun-
dred reactions in order to fully describe the chemical kinetics. Trying to solve
a system with that many species and reactions will require a significant com-
putational capacity. Hence even though detailed reaction mechanisms increase
our understanding of the chemical kinetic process they are, due to their high
computational cost, mostly applicable in zero- and one-dimensional simulations.

3.7.2 Global reaction mechanism

In direct opposition to the detailed reaction mechanism stands the global re-
action mechanism [33]. Its purpose is to model the overall chemical kinetic
process, from fuel breakdown to final products, using only a handful of species
and reactions. The chemical process is modelled without using any detailed
description of the chemical kinetics, often excluding radicals and intermediate
species and lacking the use of elementary reactions. The upside of this method
is a reaction mechanism that is small, often using between one to five reac-
tions, and not requiring a high computational capacity. The low computational
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cost meant that global reaction mechanisms where the first to be used in three-
dimensional reacting flow simulations [14–18, 40]. The downside of the highly
simplified description of the chemistry in a global reaction mechanism is its
limited predictability of flame parameters [10,11,20].

3.7.3 Reduced reaction mechanism

The third class of reaction mechanisms is the reduced reaction mechanism. Sev-
eral different definitions for when a reaction mechanism is classified as reduced
exists. If the mechanism has an unbroken reaction pathway, although in a re-
duced form, from the fuel breakdown through to intermediate products and
down to final species production it is often named a skeletal reaction mecha-
nism. If however the reaction pathway uses one or more artificial reactions,
where one large molecule is broken down to several smaller intermediates in
one step, short-cutting the correct reaction pathway, it is often named simply
a reduced reaction mechanism. Here both types of reaction mechanisms will be
referred to as reduced reaction mechanisms.
The number of reactions in a reduced reaction mechanisms can for example vary
between 10% [25] to 0.005% [20,41,42] of that of a corresponding detailed reac-
tion mechanism. The benefit of the reduced reaction mechanism is that it can
achieve a high predictability without a high computational cost [11, 25, 42, 43].
This is due to the fact that the reduced reaction mechanism incorporates the
most important species and reactions for the selected flame parameters mod-
elled, and for a certain range of conditions. This enables a high level of pre-
dictability, but at the same time removing species and reactions of lesser im-
portance, keeping the computational cost to a minimum. The combination of
a high predictability and a relatively low computational cost has made the re-
duced reaction mechanisms attractive options for three-dimensional combustion
flow simulations [11,12,20–22,25].

3.8 Analysing a reaction mechanism

There are a number of methods to analyse the structure of a reaction mechanism.
Two of the most common approaches are the sensitivity analysis [28,33] and the
reaction flow analysis [28]. What type of method used to analyse and understand
the chemical kinetics depends on what flame parameters the reaction mechanism
is modelled to predict, and what type of information about the chemistry that
the user demand.
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3.8.1 Sensitivity analysis

A detailed reaction mechanism can consist of thousands of elementary reac-
tions but the importance of each reaction to a certain flame parameter can vary
greatly. Many reactions have a relatively low impact on the time-dependent
solution of the system of ODE’s whereas others have a very high impact where
small variations in their rates greatly affect certain flame parameters. Reactions
displaying a high impact on the results requires that the rate coefficients, deter-
mined by the rate parameters A, n and Ea, have a high level of accuracy. On the
contrary, reactions displaying a low impact demand a far less accurate determi-
nation of their rate parameters. One way of determining the relative impact of
reactions on a certain flame parameter is to conduct a sensitivity analysis where
the relative impact, or sensitivity, of reactions to predefined flame parameters
is calculated.

Figure 3.2 shows the relative normalized sensitivities of the 14 most im-
portant reactions on the laminar burning velocity, for a reduced kerosene-air
reaction mechanism [42] at an equivalence ration of φ=1.0 and initial gas tem-
perature and pressure of T=400 K and p=1 atm.

Figure 3.2: Sensitivity analysis showing the seven reactions with the highest
sensitivities and the seven with the lowest, for the laminar burning velocity of
a kerosene-air mixture, at p=1 atm, T=400 K and φ=1.0, modelled using the
Z77 kerosene-air reaction mechanism [42].

Some reactions in Figure 3.2 have a high positive sensitivity, indicating a
strong influence to increase the laminar burning velocity whereas other reactions
have a strong negative sensitivity and hence an opposite effect on the burning
velocity. The majority of the reactions with positive sensitivities are chain
branching, increasing the size of the radical pool and promoting an increase in
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the burning velocity. The chain terminating reactions, which reduces the size
of the radical pool, are on the other hand dominating the number of reactions
with negative sensitivities.

3.8.2 Reaction path analysis

Another option for analysing individual reactions in a reaction mechanism is to
determine the characteristic reaction pathways. This is done through a reaction
path analysis [28] which show (major) reaction pathways and the main reac-
tants for each pathway, for a given set of conditions. A reaction flow analysis
investigates the formation and consumption of species, either at specific times
in the time-dependent solution or at specific locations in a spatially dependent
steady-state problem [28,44,45]. Reaction flow analyses enables the creation of
reaction path diagrams, exemplified in Figure 3.3. Figure 3.3 shows the reaction
pathways of the Z42 reaction mechanism at the point in the flame where the
temperature gradient is at its peak, corresponding to a temperature of 1200 K.
The pathways are here displayed at the peak in temperature gradient because
that often provides the most varied and diverse pathways. At lower or higher
temperatures the possible reaction pathways, especially for reduced reaction
mechanisms, are generally fewer, producing less diverse reaction path diagrams.

The reaction pathways shown in Figure 3.3 are illustrated together with the
most important reactants for each pathway. Normally a criteria is set for the
minimum effect a reaction pathway has to have in order for it to be displayed in
the diagram. This means that the diagram will not necessarily display all possi-
ble reaction routes but only the most important ones at the selected condition.

3.9 Key flame parameters

The goal for any reaction mechanism, whether it is global, detailed or reduced,
is to model a set of flame parameters. This choice of parameters, and the
ranges of conditions where they should be accurately modelled, depends on
what application, or at which conditions, the reaction mechanism is to be used
at. Examples of flame parameters are the flame temperature, T , the laminar
burning velocity, sL, the ignition delay time, τig, the extinction strain rate,
σext and the concentrations of major species, in hydrocarbon combustion often
defined as CO2, H2O, CO and H2. Graphs illustrating these flame parameters
for a kerosene-air mixture are shown in Figures 3.4 and 3.5.
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(a) (b)

Figure 3.3: Reaction pathway diagrams for a methane-air flame simulated at
φ=1.0, p=1 atm and T=300 K, using the Z42 reaction mechanism [25]. In (a)
pathways of species including H atoms are shown and in (b) pathways of species
with C atoms.

3.9.1 Laminar burning velocity

The laminar burning velocity is defined as “the velocity at which unburned gases
move through the combustion wave in the direction normal to the wave surface”
[32]. For a given set of reactants the burning velocity depends on the equivalence
ratio and initial gas pressure and temperature [33]. For a combustion LES of a
premixed system the laminar burning velocity is a key flame parameter needed
in the modelling, and one that a reaction mechanism need to be able to predict
with a high accuracy [33]. The combustion process of a premixed flame is
controlled by transport processes, mainly the combination of heat conduction
and diffusion of radicals in front of the flame front.

The laminar burning velocity is modelled using a flame in a one-dimensional
premixed set-up at laminar flow conditions. For most hydrocarbons the laminar
burning velocity of a alkane-air mixture at ambient temperatures and pressures
is in the range of 40 cm/s [32]. Figure 3.4(a) show laminar burning velocity
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(a) (b)

Figure 3.4: Figures showing flame parameters for a set of reaction mechanisms
and experimental data, for a kerosene-air mixture at an initial condition of
p=1 atm and T=400 K. (a) shows the laminar burning velocity versus the
equivalence ratio, φ, and (b) the one-dimensional profiles of the temperature
(solid line; right ordinate) and CO and CO2 mole fractions (dot-dashed and
dashed lines, respectively; left ordinate) at φ=1.0. Legend, reaction mechanisms:
blue - Z77 [42], magenta - S6664 [39], orange - HC247 [46,47] (C11H22), brown -
HC277 [46, 47] (C12H23). Legend, experimental data, laminar burning velocity:
5 - Xu et al. [47], ◦ - Ji et al. [48], � - Xu et a. [47], × - Kumar et al. [49], • -
Kumar et al. [50], + - Hui et al. [51].

predictions versus the equivalence ratio, φ, for four reaction mechanisms together
with experimental data.

3.9.2 Flame temperature

The flame temperature, the solid lines in the one-dimensional flame profile in
Figure 3.4(b), with the temperature displayed on the right ordinate, is another
key flame parameter. The increase in temperature during combustion will pro-
duce a volumetric expansion that in turn will affect the flow. An increase in
pressure, increased forces on the investigated geometry and ablation of combus-
tor material are all effects that can originate from the combustion process and
the subsequent increase in temperature. The temperature is also important to
have well predicted in order to get the correct reaction rates due to the highly
temperature-dependent Arrhenius reaction rate expression.

3.9.3 Species concentrations

A reaction mechanism should ideally be able to predict the concentrations of the
major species. One reason is that a majority of the positive net heat released
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from the reaction process occur in the later stages of the combustion pathways,
i.e. where the major species are being formed. A correct formation of these
major species is needed in order to get a correct flame temperature, both in
magnitude and spatially. Moreover, major species are important when deter-
mining the completeness of the combustion process, and some species are also
considered key pollutants. If a combustion process is incomplete, meaning that
some of the fuel is not being converted into CO2 and H2O then the reaction
mechanism will need to be capable of predicting this. Figure 3.4(b) shows one-
dimensional flame profiles of CO and CO2, with the mole fractions on the left
ordinate.

(a) (b)

Figure 3.5: Figures showing flame parameters for a set of reaction mechanisms
and experimental data, for a kerosene-air mixture. (a) show the ignition delay
times at p=20 atm and φ=1.0 and (b) the extinction strain rate at p=1 atm
(dashed), p=3 atm (solid) and p=10 atm (dot-dashed). Legend, reaction mech-
anisms: blue - Z77 [42], magenta - S6664 [39], orange - HC247 [46,47] (C11H22),
brown - HC277 [46, 47] (C12H23). Legend, experimental data: × - Zhang et
al. [52], ◦ - Vasu et al. [53], 5 - Zhu et al. [54], � - Vasu et al. [55].

3.9.4 Ignition delay time

It is possible to set up a fully premixed fuel-air mixture in an enclosed vessel
and keeping it at a fixed temperature. If the ongoing exothermic reactions in
that vessel exceeds the endothermic reactions the system will eventually move
to a thermally explosive state [28, 32]. Hence an explosive state occurs when
insufficient heat is removed from the system so that the reaction process be-
comes self-heating. The enclosed vessel can be modelled in a zero-dimensional
set-up using either a constant pressure or a constant volume assumption. The
time it takes to move the system from the initial temperature into this explosive
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state is known as the ignition delay time. This time is highly dependent on the
initial temperature and generally speaking, the higher the initial temperature,
the faster the system will move into the explosive state and hence the shorter
the ignition delay time will be. Exceptions to this can be found for large hydro-
carbon fuels, such as C12H23, that, at lower temperatures can have an increased
ignition delay time even though the temperature is increasing. This is known
as the Negative Temperature Coefficient (NTC) effect [28, 33] and can be seen
in Figure 3.5(a). The NTC behaviour is a consequence of changes in reaction
pathways for fuel and fuel products occurring as the temperature increases, and
it is highly dependent on the O2 addition to the first fuel product [47].
There exists several definitions of when the system is considered to be ignited,
which defines the ignition delay time, both in experiments and in simulations.
Often the experiments use a peak in pressure to determine the ignition delay
time, or measurements of excited OH∗ emissions [56]. Simulations sometimes
use a pre-defined temperature rise or peak OH∗ concentrations as the definition
of ignition delay time. If a reaction mechanism lacks the OH∗ species it is pos-
sible to define the ignition delay time as the time when the OH concentration
has reached 5% of its peak value, which often occurs at approximately the same
time as the peak in OH∗. The prediction of when the OH∗ peaks corresponds
to a temperature increase of between 200 and 400 K [43], and this tempera-
ture definition of the ignition delay time can be used when simulating reaction
mechanisms that do not contain the OH species. It should also be noted that
experiments of ignition delay times have large uncertainties, often in the range
of 30% or more [56].

3.9.5 Extinction strain rate

In order to take into account the kinetic-diffusion coupling, and the corre-
sponding interaction between the flow and the chemistry, one-dimensional pre-
mixed [57, 58] or non-premixed [59] models of opposed-jet flows can be simu-
lated [3]. Two opposing jets are flowing along a stagnation streamline, and the
combustion is present at the point where the two jets meet. By increasing the
velocities of the jets the turbulence originating from the increasing flow veloci-
ties eventually causes the flame to extinguish, resulting in a simulated result of
the extinction strain rate. Extinction of flames occurs when a flame front is sub-
mitted to external perturbations, and heat loss or strong aerodynamic stretch
decrease the reaction rate to values insufficient to sustain a flame [3]. The flow
velocity at which the flame becomes extinct in the simulation is determined by
the inherent chemical modelling of the reaction mechanism. A reaction mech-
anism with a too high extinction prediction will result in a flame that could
survive artificially high flow speeds. Conversely, a too low extinction prediction
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by the reaction mechanism will result in a flame that becomes extinct where
in the real world a flame would still be present. Figure 3.5(b) show results of
extinction strain rate simulations where the maximum flame temperature is de-
creasing as the strain rate, coupled to the flow velocities of the jets, increase
until eventually the strain becomes too high and the flame becomes extinct.





Chapter 4

H2/O2 and C1/H/O kinetics

The following chapter presents a detailed description of key species and reac-
tions present in the H2/O2 chemistry, and a reduced set of species and reactions
present in the C1/H/O chemistry. These two sets of chemistries are of high
importance in any hydrocarbon oxidation, hence it is necessary to model them
with a high degree of accuracy when developing hydrocarbon reaction mecha-
nisms. The model development methodology presented in Chapter 5 for creating
reduced reaction mechanisms relies on detailed modelling of the H2/O2 chem-
istry, and a semi-detailed modelling of the C1/H/O chemistry, and this chapter
provides a guide as to what species and reactions to include.

4.1 The H2/O2 system

One essential and critical set of reactions for any hydrogen, hydrocarbon or oxy-
genated hydrocarbon fuel is the reactions contained within the H2/O2 reaction
system. Besides containing the obvious species H2 and O2 this system also pro-
duces the radicals H, O, OH, HO2 and H2O2, all of which play essential roles
for the overall characteristics and performance of any hydrogen, hydrocarbon or
oxygenated hydrocarbon combustion process.
Any reaction mechanism modelling a fuel must contain at least one initiation
reaction in order to start to breaking down the fuel and to initiate a pool of
radicals. If the fuel in question is hydrogen the two most important initiation
reactions at most conditions are [32,60,61]

H2 + M−→H + H + M (4.1)

and

H2 + O2 −→HO2 + H. (4.2)

33
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Reaction

H2 + HO2 −→H2O2 + H (4.3)

increase in importance when the pressure increases and the temperature de-
creases [32]. Reaction 4.1 is the most probable initiation reaction at high tem-
peratures whereas reaction 4.2 prevails at lower temperatures.

The initiation reactions provide the system with radicals that can then initi-
ate further fuel breakdown. Note that reactions 4.1, 4.2 and 4.3 are not essential
when modelling hydrocarbon or oxygenated hydrocarbon fuels, since those fuels
will have their own dedicated carbon containing initiation reactions that will
create the initial pool of radicals. Once the initiation reactions has provided
the system with radicals these radicals (often H radicals) further propagate via
chain branching reactions, effectively increasing the size of the radical pool.
Important reactions creating radicals in the H2/O2 reaction system are [32]

H + O2 −→O + OH, (4.4)

O + H2 −→H + OH, (4.5)

O + H2O−→OH + OH, (4.6)

H2 + OH−→H2O + H. (4.7)

Reactions 4.4-4.7 will here be referred to as hydrogen subsystem I, and is some-
times referred to as hydrogen-oxygen shuffle reactions [60]. Note that there is no
chemical barrier that prevents hydrogen subsystem I from increasing the radical
pool infinitely and hence reaching an explosive state. Reaction 4.4 is endother-
mic and its importance for the build-up of the radical pool increases at higher
temperatures and lower pressures, whereas reaction 4.5 is exothermic. Since
the hydrogen subsystem I contains important chain branching and propagating
reactions it contains key reaction pathways in the oxidation of any hydrogen,
hydrocarbon or oxygenated hydrocarbon fuel.

The H atoms produced in the system can react with an oxygen molecule via
reaction 4.4, or via the competing reaction

H + O2 + M−→HO2 + M. (4.8)

Reaction 4.8, being a third body reaction, is pressure sensitive and its rate
decreases at elevated temperatures or at low pressures. At low temperatures or
elevated pressures reaction 4.8 can be more active than reaction 4.4, effectively
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competing for the H radicals in the system. The HO2 radical is relatively non-
reactive, therefore called metastable. It can accumulate in large concentrations,
and for any reaction mechanism the H2/O2 chemistry must, in order to be
complete, contain reactions for HO2 oxidation. HO2 can be consumed by the
radicals H, O and OH through reactions [32]

HO2 + H−→H2 + O2, (4.9)

HO2 + H−→OH + OH, (4.10)

HO2 + H−→H2O + O, (4.11)

HO2 + O−→O2 + OH, (4.12)

HO2 + OH−→H2O + O2. (4.13)

Reactions 4.9-4.13 will be referred to as hydrogen subsystem II. HO2 may also
recombine, forming hydrogen peroxide via reaction

HO2 + HO2 −→H2O2 + O2. (4.14)

The hydrogen peroxide is then consumed by reactions with radicals OH and H,
or via a third body M according to

H2O2 + OH−→H2O + HO2, (4.15)

H2O2 + H−→H2O + OH, (4.16)

H2O2 + H−→HO2 + H2, (4.17)

H2O2 + M−→OH + OH + M. (4.18)

Reactions 4.14-4.18 will be referred to as hydrogen subsystem III. Note that
reaction 4.8 terminates the chain branching and propagating of hydrogen sub-
system I at especially elevated pressures, but also creates new chain branching
pathways, via reaction 4.10 or reactions 4.14 and 4.18. Both of these sequences,
reaction pathways 4.8 → 4.10 and 4.8 → 4.14 → 4.18, are exothermic. This
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means that even though reaction 4.8 inhibits the chain branching and propa-
gation of hydrogen subsystem I the highly exothermic nature of some of the
reaction sequences can still move the reaction system into an explosive state.
Even slow reactions can move a system to become explosive as long as they are
exothermic enough.

Finally the size of the radical pool of H, O and OH is controlled through
third body chain terminating reactions. Some of the most important third-body
recombination reactions are:

H + H + M−→H2 + M, (4.19)

O + O + M−→O2 + M, (4.20)

H + O + M−→OH + M, (4.21)

H + OH + M−→H2O + M. (4.22)

Reactions 4.19-4.22 will be referred to as hydrogen subsystem IV. Reactions 4.21
and 4.22 has been shown to be necessary to include whereas 4.19 and 4.20 are
of less importance [60].

Without hydrogen subsystem I the most important chain branching and
propagating reactions would be missing, whereas hydrogen subsystems II and
IV both affects the chemical characteristics at elevated pressures or at lower
temperatures. Hydrogen subsystem III completes the HO2 sequence and also
provides a separate chain branching pathway via reactions 4.14 and 4.18. All
four subsystems needs to be included into any hydrogen, hydrocarbon or oxy-
genated hydrocarbon fuel reaction mechanism although not all reactions are
needed, especially not in hydrogen subsystems II, III and IV.

During the initial phase of an ignition sequence the hydrogen fuel is con-
sumed without much heat released. During this period the radical concentra-
tions are increasing, forming an increasingly expanding radical pool. It is not
until significant radical recombination takes place that the heat of the system
starts to increase, and this heat in turn will then further feed the necessary tem-
perature increase that hydrogen subsystem I needs in order to move the system
into an explosive regime [60].

4.2 The C1/H/O system

Now that the H2/O2 subsystem has been described the next subsystem to focus
on is the C1/H/O subsystem. Whilst the H2/O2 subsystem is limited in size
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due to the relative simplicity of the H2 fuel molecule the C1/H/O subsystem
could in theory expand to a much greater subsystem. In order to prevent a
large number of species and reactions in the C1/H/O subsystem it should be
developed in a much more reduced format than the H2/O2 subsystem. This
means minimizing the number of reactions responsible for the low- and medium-
temperature chemistries, and to limit the size the carbon species to C1-species
only.

Presented below are the chemical pathways describing the high-temperature
oxidation of methane. Several detailed mechanisms modelling this fuel has been
published [62–65]. The initiation of high-temperature methane oxidation starts
with the H-abstraction reaction,

CH4 + M−→ CH3 + H + M. (4.23)

The presence of the H atom then builds an initial radical pool, via the H2/O2

subsystem. These radicals then continue to abstract H from the methane
molecule, exemplified by

CH4 + H−→ CH3 + H2 (4.24)

and

CH4 + OH−→ CH3 + H2O. (4.25)

The reaction rates of 4.24 and 4.25 are generally fast, with reaction 4.24 being
the fastest [32]. The methyl radical is then consumed (mainly) through oxidation
with O2 [32] via

CH3 + O2 −→ CH3O + O, (4.26)

with reactions between the methyl radical and O and OH representing other
reaction pathways for the methyl oxidation. The main oxidation pathway of the
formed methoxy radical, CH3O, is through the fast H-abstraction reaction

CH3O + M−→ CH2O + H + M. (4.27)

The subsequent oxidation of formaldehyde, CH2O, proceeds through H-abstraction
reactions with the radicals H, OH, O and CH3, exemplified by

CH2O + H−→HCO + H2 (4.28)
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and

CH2O + OH−→HCO + H2O, (4.29)

whereas HCO decomposes mainly through

HCO + M−→ CO + H + M. (4.30)

CO is then converted into CO2 through the dominant reaction

CO + OH−→ CO2 + H. (4.31)

Reaction 4.31 is responsible for most of the produced CO2 for any hydrocarbon-
air mixture at high temperatures [32]. This conversion is delayed until the orig-
inal fuel have been consumed [66] and reaction 4.31 closes the reaction pathway
from CH4 to CO2.



Chapter 5

Reaction mechanism
development

There are several ways of producing reduced reaction mechanisms. The most
common ones uses a top-down approach where a reduced reaction mechanism is
derived from a detailed one. Instead of this top-down approach a new bottom-
up approach, where different parts of the chemistry is divided into blocks of
varying chemical complexity, will be presented in this thesis.

5.1 The top-down approach

The top-down approach starts off with a detailed reaction mechanism and then
by various optimization, reduction and/or lumping techniques reduces the size
of that detailed reaction mechanism, creating a smaller version of the original
mechanism. The reduction attempts to find the most important reaction path-
ways, with or without lumping of reactions, without losing too much accuracy
on the pre-defined combustion parameters that the reaction mechanism aim to
predict. One advantage of this approach is that it is easy to implement and some-
times demand less knowledge in chemical kinetics by the user compared to when
a reaction mechanism is developed from the ground up, step by step. Another
advantage is that, in theory, the reduced reaction mechanism only incorporates
the most important species and reactions resulting in a good compromise be-
tween mechanism size and predictability. Which reactions that are included can
however vary significantly when starting from different detailed mechanisms due
to the fact that the fundamental understanding of the underlying chemistry, i.e.
which species and reactions to include initially, is not complete.

Various reduction techniques using the top-down approach have been de-
veloped. Examples of reduction techniques are the sensitivity based approaches

39
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[38, 67–70]. In order to predict a small number of important species often a
large number of intermediate species need to be included in the simulation.
Many species however exhibits a weak coupling to the species of interest and
can therefore be removed without significant loss in accuracy on the chemical
model [33]. The connectivity method presented by Turányi et al. [68] identifies
such redundant species. By characterising the effect of a change in concentra-
tion for each species on the concentration of the important ones it is possible to
determine which species are redundant [33]. Reduction methods using directed
relation graphs (DRGs) [71–73] have much in common with the connectivity
method. DRGs are based on identifying groups of species that are internally
coupled, without a strong coupling to pre-selected important species. This weak
coupling to pre-selected important species means the identified groups of species
are not necessary for the accurate simulation of the species profiles of the pre-
selected ones [33]. Various optimization techniques [74–78] exists as well. These
are based on minimising an objective function which is subjected to a set of
constraints. Such constraints can be a pre-defined number of species and/or
reactions included in the reaction mechanism. Another target could be pre-
specified target errors, minimising the reaction mechanism whilst still satisfying
these targets.
All of these reduction techniques require a detailed reaction mechanism as in-
put for the reaction mechanism reduction. However, for reaction mechanisms
of large and complex fuels, often including several fuel isomers, the above men-
tioned reduction techniques may not create a reduced reaction mechanism small
enough for combustion CFD. In that case the use of lumping techniques, where
large species are broken down into several smaller ones in one single reaction,
effectively short-cutting a large number of reactions, can be used. These lump-
ing techniques can be performed using strict mathematical approaches [79] or
by using a chemical approach [80] where the parameters for the lumping re-
actions are derived from experiments [33]. Adaptive reduction schemes have
been discussed as well [33] where the original detailed reaction mechanism can
change over time throughout the simulation, creating a reduced reaction mech-
anism suited to the current conditions. Such techniques can however quickly
become computationally expensive since a reaction mechanism reduction must
be carried out a significant number of times.

One drawback of a top-down reduction approach is that the original detailed
reaction mechanisms are not designed to be reduced, they are designed to de-
scribe the chemical kinetic process as accurately as possible. Because of this it
is not certain that reduction of a detailed reaction mechanism will produce an
accurate enough, or small enough, reduced reaction mechanism.

Another drawback of the top-down reduction approach is that sometimes the
reduced reaction mechanism still incorporates too many species and reactions,
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making it too computationally expensive. Reducing the mechanism even further
could then result in a reaction mechanism with poor predictability.

5.2 The bottom-up approach

Instead of reducing an already existing detailed reaction mechanism it is pos-
sible to develop a reduced reaction mechanism from the ground-up, using a
bottom-up approach. By building a chemistry model from the ground up, using
existing chemical kinetic knowledge, each part of the reaction mechanism can
have its own level of chemical complexity. Also, since the chemistry is built from
a clean sheet certain key reaction rates can be modified in order to incorporate
some of the effects of missing reactions. This bottom-up approach will remove
the dependence on detailed reaction mechanisms but is still limited by the cur-
rent chemical knowledge when choosing which species and reactions to include.
The approach will rely more on experimental data, as demonstrated by another
bottom-up development strategy by Wang et al. [46] and Xu et al. [47].

A schematic image of the model development methodology presented here is
shown in Figure 5.1. Each part of the chemistry is represented by a box, where
the boxes are of varying sizes depending on the importance of the individual
chemistry in each box for the overall reaction mechanism.

5.3 The block structure modelling methodology

The bottom-up development methodology proposed here divides the chemistry
into blocks that can then be combined to create reduced reaction mechanisms for
different fuels. These blocks will be of varying chemical complexity depending
on what parts of the chemistry they contain, and depending on what chemical
parameters are to be predicted. Since radicals, such as O, H, OH, CH3 and
HO2, are essential in the combustion process the chemistry controlling these
radicals, and the blocks containing the majority of this chemistry, will have
a high level of chemical complexity. This means for example that the block
containing the H2/O2 chemistry will have a higher complexity, and hence be
more chemically correct, than the blocks containing C2 species. If the ignition
delay time is a primary target the block controlling the fuel breakdown needs
to have a relatively high chemical complexity, especially for larger hydrocarbon
fuels operating at lower temperatures.

5.3.1 The H2/O2 block

It has been well established [32] that a large part of the combustion process
of any hydrocarbon fuel is controlled through the creation and consumption of
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Figure 5.1: Schematic image of the block structure modelling methodology.
The methodology is used to create reduced ethylene-air [43], propane-air [11],
kerosene-air [20,41,42] and Jet Propellant 10-air (JP-10-air) [81] reaction mech-
anisms.

the radical pool [32], and some key radicals in this pool are the O, H, OH and
HO2 species. A large part of the reactions controlling these species are found
in the H2/O2 chemistry, meaning that this part of the modelling, or this block,
is essential for any hydrocarbon combustion modelling. Having a well-predicted
modelling of this radical pool demands the inclusion of most, if not all, of the
reactions and reaction pathways in Section 4.1. When all these reactions and
their corresponding species are included the end result is a detailed hydrogen-
air reaction mechanism. Another important characteristic in this block is the
production of the final species H2O, which is an overall exothermic process. This
process will play a key role in determining the overall combustion characteristic
due to the effects on the temperature increase.
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5.3.2 The C1/H/O block

Other key species in any hydrocarbon combustion are the C1 species, such as
CH3, CH2O, HCO, CO and CO2. These species are to a large degree described
within the C1/H/O chemistry. Since CH4 in terms of concentration is one of
the main intermediate species in oxidation of larger hydrocarbons [32, 46, 47],
and since it is present ahead of smaller C1 radicals in the reaction chain, it
can be used as a fuel molecule for the C1 species block. Like the H2/O2 block
the C1/H/O chemistry also contain highly exothermic pathways producing final
species.

The number of possible species, reactions and reaction pathways is consider-
ably higher in this block compared to the H2/O2 block due to the more complex
molecular structure of CH4 compared to H2. A result of this increase in molec-
ular complexity is that the size of the C1/H/O block could potentially be at
least one order of magnitude larger than that of the H2/O2 block. However,
since the most important radicals are mainly controlled within the H2/O2 block
the C1/H/O block could in theory be reduced without the loss of the main
description of the chemical process and without a loss in reaction mechanism
predictability. The main reactions and reaction pathways needed in the C1/H/O
block are described in Section 4.2.

It is within the C1/H/O block that a first significant reduction of species
and reactions can begin and a reduced reaction mechanism can start to take
form. By coupling the chemistries described in Sections 4.1 and 4.2 a reduced
methane-air reaction mechanism can be produced [25], shown in Table 3.1.

5.3.3 The C2 intermediates block

When moving towards more complex fuel molecules the number of possible
species, reactions and reaction pathways becomes larger. The influence of the
C2 block on the radical pool production/consumption, and therefore the overall
combustion process, is smaller compared to the H2/O2 and C1/H/O blocks.
This means that the chemical complexity for the C2 block can be further reduced
compared to that of the C1/H/O block. The high concentration of the C2H4

species in the oxidation of larger hydrocarbon molecules [32,46,47] is one of the
main reasons to include the C2 block. Even though the chemical complexity for
the C2 block can be relatively low, and the reduction in species and reactions is
extensive, this block still contributes with important features to the combustion
process, such as the inclusion of the important C2H4 species. It also serves as a
bridge between initial fuel breakdown products of larger fuel molecules and the
underlying H2/O2 and C1/H/O blocks.
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5.3.4 Additional Cx blocks

Even though CH4 and C2H4 are some of the main intermediate hydrocarbons
in the oxidation of larger hydrocarbon fuels, so are also C3H6, C4H10 and n-
C4H10, [32, 46, 47]. It could therefore be useful to also include one block con-
taining C3 species and one containing C4 species. As with the C2 block the
chemical complexity in the C3 and C4 blocks can be relatively low and the
blocks themselves serve the dual purposes of adding key important intermediate
hydrocarbons as well as acting as a bridge between initial fuel breakdown prod-
ucts and the underlying C2 and C1 blocks. However, since the main goal with
reduced reaction mechanism development is to produce high-performing reac-
tion mechanisms but still using as few species and reactions as possible these
larger Cx blocks would ideally be omitted if possible. It has been proven that it
is possible to create high-performing reaction mechanisms without adding blocks
with carbon number higher than two [11,20,41–43,81].

5.3.5 The fuel breakdown block

The chemical complexity and size of the block controlling the fuel breakdown
reactions varies significantly depending on the chosen fuel. It also depends if
the reaction mechanism is designed to predict the sometimes complex ignition
behaviours accompanying some large hydrocarbons. For simpler alkanes and
alkenes, such as CH4 and C2H4, the main fuel breakdown reactions are gener-
ally already included in the C1/H/O and C2 blocks. For alkanes and alkenes
operating at elevated temperatures often only thermal decomposition reactions
breaking bonds between carbon atoms (C-C bond breaking) in the fuel molecule
are needed. This type of fuel breakdown results in global reactions that in one
single step produces a set of C1 and/or C2 species which then couples to an
underlying reduced reaction mechanism [11,20,41,42,46,47,81,82]. A C-C bond
break for propane could be

C3H8 −→ CH3 + C2H5. (5.1)

Reaction 5.1 then couples to the C2 intermediate block through the C2H5 species
and to the C1/H/O block through the CH3 species. For large fuel molecules,
with carbon numbers of roughly five or higher, the simple thermal decomposing
reactions may not be enough to predict the complex ignition characteristics asso-
ciated with these fuels [41,46,47,82]. A large fuel molecule with its many possi-
ble intermediate species and reaction pathways demand a more rigorous strategy
for the modelling of its initial oxidation, including more oxygen-containing fuel
products and with a larger set of fuel and fuel product reactions. An example
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of the complex reaction pathways of large hydrocarbons is schematically shown
in Figure 5.2.

Figure 5.2: Simplified reaction scheme for paraffin auto-ignition, adopted from
[83,84].

It has been shown that a large fuel molecule with its extensive chemical
complexity can be effectively modelled, even for ignition delay time with a NTC
behaviour, by just expanding the chemistry describing the fuel and initial fuel
products [42,81,85].

5.3.6 Reaction rate coefficients

Having knowledge about which reactions to include, and which major reaction
pathways are important, is not sufficient to complete the modelling. The cor-
responding reaction coefficients (A, n, Ea) also need to be determined. For
elementary reactions such coefficients can be found in the literature, and of-
ten different detailed reaction mechanisms have the same, or similar, coefficient
values for one particular reaction.

Assigning appropriate reaction coefficients to non-elementary reactions can
however be challenging. The C-C bond breaking reactions for example are
mostly associated with high-temperature chemistry. For such C-C bond break-
ing reactions the idea is often that these bonds are broken via thermal de-
composition and a high activation energy is therefore an appropriate choice
[20,41,42,46,47,81,82].

When the reactions and their reaction coefficients have been chosen addi-
tional adjustments of the coefficients might still be needed. Since the majority of
the chemistry is controlled through the production and consumption of radicals
these are the species whose reactions should be adjusted initially.

5.3.7 Limitations of the block structure methodology

As with any development technique there are limitations to what this bottom-up
block structure methodology can model. At more extreme conditions or when
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using exotic fuel mixture compositions the block structure methodology may
need to add so many additional species and reactions that the result will be a
(semi-)detailed reaction mechanism.

Another limitation is that it demands a high level of chemical kinetic knowl-
edge in order to determine which species and reactions, and which blocks, need
to be included. When using existing automated reduction techniques the level
of chemical kinetic knowledge required is generally not as high.

The validation of the reaction mechanisms developed using the block struc-
ture methodology rely on experimental data, hence the availability of these data
can become a limiting factor. This is true for all users of bottom-up development
principles [20,41–43,46,47,81,85,86].

5.3.8 Summary of the block structure methodology

The bottom-up development methodology presented here divides the chemistry
into blocks, with individual chemical complexity of each block dependent on the
importance of that block on the overall combustion process. This will create one
block with a high chemical complexity and a large number of reactions (H2/O2

block), blocks with reduced number of reactions but still with a relatively high
chemical complexity (C1/H/O block and in certain cases the fuel breakdown
block), and less important blocks with lower chemical complexity (C2 and Cx

blocks). The blocks are then combined to form one coherent reduced reaction
mechanism with a high predictability but a low number of species and reactions
and hence a relatively low computational cost.

Two main features of the block structure modelling methodology presented
here are that it

� makes it possible to adjust the level of chemical complexity in each block
depending on the importance of the underlying chemistry;

� enables the use of one single set of reactions in the underlying H2/O2,
C1/H/O and C2 blocks irrespective of what alkane or alkene is being mod-
elled [11,20,25,41–43,81].

By following the block structure development methodology several reduced
reaction mechanisms have been developed. The developed reaction mechanisms
include mechanisms for methane-air [25] and ethylene-air combustion [43] as
well as propane-air [11], kerosene-air (C12H23-air) [20,41,42] and JP-10-air [81]
combustion.
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Combustion modelling

There are three methods for simulating turbulent combustion [3]; Direct Nu-
merical Simulation (DNS), Reynolds Averaged Navier-Stokes (RANS) and Large
Eddy Simulation (LES). The DNS method, where all spatial and temporal scales
are resolved [87, 88] is limited to canonical problems due to the vast computa-
tional costs associated with solving the equations on such large ranges of scales
that combustion flow normally entails. The engineering alternative to DNS
is RANS [4, 89] which is based on the ensemble or time-averaged flow equa-
tions. The averaging essentially removes all dynamic and intrinsic coupling
between the flow and the chemistry in the underlying reactive Navier-Stokes
equations and the effects of the turbulence are transformed into Reynolds stress
and flux terms, and mean reaction rates [4, 89, 90]. RANS is capable of cap-
turing gross features of combustion but its lack of temporal resolution hinders
the method from predicting unsteady phenomena such as flame-stabilization,
cycle-to-cycle variations, combustion instabilities, thermoacoustic instabilities
and self-ignition, with a high degree of accuracy. The third alternative, LES,
is based on the idea of spatial scale separation. LES divides the flow into two
regimes of the reacting equations using a low-pass filtering with a cut-off length
scale based on the grid size, ∆. The first regime, composing the large-scale
eddies, is simulated and solved for using space-time accurate schemes, whereas
the second regime, composing the scales from ∆ down to the Kolmogorov scale,
is modelled using subgrid models [6]. Figure 6.1 illustrates on which scales the
different modelling options can operate. As LES has predominantly been used
in this work it is described in greater detail below.
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(a) (b)

Figure 6.1: Spatial and temporal scales and processes in reactive flows in (a),
and the energy cascade in (b). Indications where each modelling approach (DNS,
LES and RANS) can be applied is shown in both (a) and (b).

6.1 Large Eddy Simulation

The LES approach [6] adopted in the presented research is based on low-pass
filtering of the governing reactive Navier-Stokes equations, eq. 2.7. Each depen-
dent variable is decomposed to f = f̃ + f ′′, where f̃ is the resolved part and f ′′

is the fluctuating part whose effects are modelled by the subgrid models. The
resolved part, f̃ , is commonly expressed using a Favre filter such that f̃ = ρf/ρ̄.
The filtering is applied to f̃ (resolved part) through the filter f̄ = G ∗ f where
G = G(x, ∆), with a filter width of ∆. Filtering the reactive Navier-Stokes
equations, eq. 2.7, will result in the following equations:



∂t(ρ̄) +∇ · (ρ̄ṽ) = 0,

∂t(ρ̄ṽ) +∇ · (ρ̄ṽ ⊗ ṽ) = −∇p̄+∇ ·
(

2µD̃− 2
3µ(∇ · ṽ)I−B

)
,

∂t(ρ̄Ẽ) +∇ · (ρ̄ṽẼ) = ∇ ·
(
− p̄ṽ + 2µD̃ṽ − 2

3µ(∇ · ṽ)ṽ + κ∇T̃ − bE

)
,

∂t(ρ̄Ỹi) +∇ · (ρ̄ṽỸi) = ∇ ·
(

µ
Sci
∇Ỹi − bi

)
+ ẇi.

(6.1)

Here the bar is denoting the filtered quantities and the tilde the Favre av-
eraged ones. The total energy is expressed as Ẽ = ẽin + 1

2 ṽ2 + k where k
is the subgrid kinetic energy, k = 1

2(v̄2 − ṽ2). B is the subgrid stress ten-

sor, B = ρ̄(ṽ ⊗ v − ṽ ⊗ ṽ). The flux vectors bE and bi are expressed using

bE = ρ̄(ṽE − ṽẼ) and bi = ρ̄(ṽYi − ṽỸi), respectively [91].
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6.1.1 Subgrid flow modelling

To describe the effects of the unresolved flow on the resolved flow using the
resolved variables, and to close the filtered reacting LES equations, eq. 6.1,
a subgrid model is required [6]. The subgrid models can in LES be described
as either functional or structural models [6]. Functional subgrid models, the
most widely used class, aim to emulate the cascade of kinetic energy from large
scales to small scales. This type of subgrid models includes the frequently used
Smagorinsky (SMG) model [92,93] and the Wall-Adapting Local Eddy (WALE)
model [94], where the latter is missing an approximation of k, required for mod-
elling the subgrid turbulence chemistry interactions. Another useful functional
model is the One-Equation Eddy Viscosity Model (OEEVM) [95–97]. Structural
subgrid models are intended to mimic the structure of the subgrid stress tensor
and flux vectors instead of the effects of these on the resolved flow. Examples
of structural models are the Scale Similarity model [98] and the Approximate
Deconvolution Model (ADM) [99,100].

6.1.2 Modelling of filtered reaction rates

A second model required to close the filtered reacting flow equations, eq. 6.1,
is the one for the filtered species reaction rates, ẇi. This model is commonly
denoted a Turbulence Chemistry Interaction (TCI) model due to the highly non-
linear nature of the species reaction rates, rates depending on composition and
temperature, and to the fact that most reactions are confined to thin reacting
structures at small unresolved scales. Different approaches especially designed
for LES have been proposed, including flamelet models, finite rate chemistry
models and linear eddy models [3]. Another class of models are the Probability
Density Function (PDF) models. PDF model is a collection name for several
different models that share the feature of expressing the filtered reaction rate in
terms of a multi-variable PDF, P = P(ρ, T, Yi,x, t), that provides most of the
statistical information of interest regarding the flow at x and t [101–103].

The finite rate chemistry models do not assume anything about the flow or
the flame structure but instead attempts to solve the species equations using
models for the filtered reaction rates, ẇi. A number of finite rate chemistry
models are available, some of which will be described briefly below.

� The Eddy Dissipation Concept (EDC) [104], based on the model by Mag-
nussen et al. [105], uses the assumption that the combustion takes place
in regions of fine structure and with high vorticity and chemical activity.
These in turn are embedded in regions with lower vorticity and chemical
activity. The filtered reaction rates, ẇi, are represented as weight averages
of the reaction rates within the fine structures and surroundings, so that
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ẇi = γ∗ω∗i + (1−γ∗)ω0
i . γ

∗ is the reacting volume fraction, and ω∗i and ω0
i

the reaction rates in the fine structures and surroundings, respectively. In
general ω∗i � ω0

i meaning that ω0
i can be neglected. Here γ∗ is estimated

as γ∗ = 1.02(ν/∆v′)3/4 and τ∗ as τ∗ = 1.24(ν/∆v′
3
)1/2, with ν being the

molecular viscosity and v′ the subgrid velocity fluctuations.

� The Thickened flame model (TFM) [106] is based on the assumption that
the flame can be thickened by decreasing the quasi-laminar reaction rates
by a factor F , and increasing the diffusivity by the same factor to preserve
the laminar burning velocity. The factor F = ∆/δv, where ∆ is the filter
width and δv the laminar flame thickness. The increase in flame area due
to turbulence is allowed for by pre-multiplying the quasi-laminar reaction
rates, ẇi, and diffusivities, Di, by the subgrid wrinkling factor Ξ, so that
ẇi = Ξẇi/F and Di = FΞDi.

� The Partially Stirred Reactor model (PaSR) [107,108], based on the same
assumptions as the EDC model, uses theoretical estimates and DNS data
to estimate γ∗. The fine structures are lumped together so that γ∗ ≈
τc/(τ∗+τc) where the chemical time scale τc ≈ δv/sL represents the overall
combustion reaction. The modelling of τ∗ is based on the observation that
the fine structure area-to-volume ratio is given by the dissipative length
scale lD = (ν/(v′/∆))1/2). The velocity that influences the fine structures
is the Kolmogorov velocity, vη, such that τ∗ = lD/vη. This can then be
reformulated as τ∗ =

√
τ∆τη where the shear time-scale τ∆ is written as

τ∆ = ∆/v′. The filtered reaction rates can then be written as

ẇi(ρ, Yi, T ) = γ∗ẇi(ρ, Y
∗
i , T

∗) + (1− γ∗)ẇi(ρ, Y 0
i , T

0). (6.2)

Here (1− γ∗)ẇi(ρ, Y 0
i , T

0) is small and usually neglected.

Several other models exists, such as the Fractal Model (FM) [109–111], or
the Quasi-Laminar (QL) model which does not take into account the effects of
the subgrid turbulence.

In the present work only the finite rate chemistry model have been used,
using both the EDC [25] and PaSR [11, 20, 21] models, both of which have
shown to produce good predictions for a variety of applications [10, 11, 13, 20,
22,25,112,113].
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Mechanism performances

The block structure methodology was implemented to develop reduced reaction
mechanisms for methane-air, Z42 [25], ethylene-air, Z66 [43], propane-air, Z66
[11] and kerosene-air combustion, Z65 [41] and Z77 [42]. In this chapter a
selection of results for these reaction mechanisms will be presented and compared
to experimental data and detailed reaction mechanisms, and for methane and
propane also global reaction mechanisms. The simulations will focusing on flame
parameters presented in Section 3.9. These parameters are the laminar burning
velocity, sL, ignition delay time, τig, flame temperature, Tmax, and major species
concentrations (here CO and CO2). The flame parameters are sampled using
zero- and laminar one-dimensional simulations performed using Cantera [114].
The extinction strain rate, σext, will not be included in this section because
that flame parameter has not been a development target for any of the reduced
reaction mechanisms developed using the block structure methodology.

7.1 Laminar burning velocity

The laminar burning velocity is, for wide ranges of equivalence ratios and tem-
perature and pressure conditions, an indicator if a reaction mechanism can be
considered well-developed. Results for all four fuels will be presented below.
Initially presented at standard conditions, defined for methane, ethylene and
propane as p=1 atm and T=300 K, and for kerosene as p=1 atm and T=400 K.
The higher temperature for kerosene is because the kerosene fuel is not in gaseous
phase at 300 K. The kerosene mixture is represented by either C12H23 [41,42,47]
(Z65, Z77, HC277), N-C12H26 [39] (S6664) or a mixture composition with an
average molecular structure close to C12H23 [115] (R5591). All simulations will,
if possible, run from φ=0.5 to φ=1.8, covering fuel-air mixtures from lean to
rich.
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Laminar burning velocities for fuel-air mixtures of small alkanes, methane
and propane, are shown in Figures 7.1(a) and (b), respectively. Here results
from the Z42 [25] and Z66 [11] reaction mechanisms are plotted together with
experimental data and results from both detailed and global reaction mecha-
nisms. For methane-air flames Z42 matches both the experimental data and the
predictions by the two detailed reaction mechanisms (GRI 3.0 [62], SD270 [64])
over the complete range of equivalence ratios. The two global reaction mech-
anisms (WD2 [8], JL4 [7]) both have decent predictions up to stoichiometric
mixtures. At higher equivalence ratios the simple chemical description of these
reaction mechanisms result in substantial overpredictions in the laminar burn-
ing velocity. For propane, Z66 matches both the experimental data and detailed
reaction mechanism predictions. The results from the two global reaction mech-
anisms again overpredict the velocity at fuel rich conditions. The individual
differences of the respective detailed mechanisms and Z42 and Z66 can be con-
sidered to be within uncertainty limits of the experimental data. Due to the
poor predictability of global reaction mechanisms none will be included when
simulating ethylene-air and kerosene-air mixtures.

(a) (b)

Figure 7.1: Laminar burning velocities for CH4 in (a) and C3H8 in (b), at
standard conditions. Legend, reaction mechanisms, for CH4: blue - Z42 [25],
red - SD270 [64], green - GRI 3.0 [62], orange - WD2 [8], brown - JL4 [7].
For C3H8: blue - Z66 [11], red - SD270 [64], green - USC C1-C4 [65], orange -
WD2 [8], brown - JL4 [7]. Legend, experimental data, for CH4: ◦ - Goswami et
al. [116], � - Park et al. [117], × - Lowry et al. [118]. For C3H8: ◦ - Bosschaart et
al. [119], × - Dirrenberger et al. [120],5 - Huzayyin et al. [121], + - Vagelopoulos
et al. [122], � - Jomaas et al. [123].

Ethylene-air flames, displayed in Figure 7.2(a), show similar behaviour as
the smaller alkanes above, and the Z66 reaction mechanism matches both the
experimental data and the detailed reaction mechanisms [124, 125] (Aramco
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1.3 [124], USC C2-C3 [125]). Note the different amplitude in laminar burning
velocity of ethylene compared to methane and propane. This difference in lam-
inar burning velocity is generic when comparing small alkanes to small alkenes.
For the kerosene-air mixture, Figure 7.2(b), two reduced reaction mechanisms
developed using the block structure methodology is shown, the smaller Z65 [41]
and the slightly larger Z77 [42]. Two detailed reaction mechanisms (S6664 [39],
R5591 [115]) are used for comparison, and one reduced reaction mechanism
(HC277 [46,47]), also developed using a bottom-up development approach. Note
that R5591 [115] did not converge for all equivalence ratios. The experimental
data sets can be divided into two different levels, one with a maximum value
of 60 cm/s or higher, and one at around 55 cm/s. All reaction mechanisms
matches one of the two sets of experimental data.

(a) (b)

Figure 7.2: Laminar burning velocities for C2H4 in (a) and kerosene in (b), at
standard conditions. Legend, reaction mechanisms, for C2H4: blue - Z66 [43],
red - Aramco 1.3 [124], green - USC C2-C3 [125]. For kerosene: blue - Z77 [42],
orange - Z65 [41], red - S6664 [39], green - R5591 [115], brown - HC277 [46, 47]
(C12H23). Legend, experimental data, for C2H4: ◦ - Jomaas et al. [126], × -
Kochar et al. [127], � - Egolfopoulos et al. [128], 5 - Hassan et al. [129]. For
kerosene: 5 - Xu et al. [47], ◦ - Ji et al. [48], � - Xu et al. [47], × - Kumar et
al. [49], • - Kumar et al. [50], + - Hui et al. [51].

The laminar burning velocity for all hydrocarbons is to a large degree deter-
mined by the high-temperature chemistry described in the H2/O2 and C1/H/O
blocks. Once these blocks have been properly developed they have the possibil-
ity to model the laminar burning velocities for several alkane and alkene fuels
using the same set of reactions. Figures 7.1 and 7.2 show that the reduced re-
action mechanisms developed using the block structure methodology is capable
of predicting the laminar burning velocities at standard conditions for a wide
range of equivalence ratios and for C1 to C12 hydrocarbon fuels. Figure 7.1



54 CHAPTER 7. MECHANISM PERFORMANCES

also clearly show the limitations of global reaction mechanisms. A too simple
description of the chemistry will result in poor predictions at conditions other
than fuel lean.

7.1.1 Sensitivity analysis

In order to investigate the most important reactions for the laminar burning
velocities for individual reaction mechanisms sensitivity analyses are performed.
The analyses are made at standard conditions and φ=1.0. To limit the analy-
sis only the smallest (methane) and largest (kerosene) fuels will be shown. For
methane, shown in Figure 7.3, Z42 [25], containing 18 species and 42 irreversible
reactions, is compared to SD270 [64], containing 58 species and 270 reversible
reactions. Even with a large difference in number of species and reactions both
reaction mechanisms show strong similarities in their sensitivity analyses, indi-
cating that both reaction mechanisms rely on the same chemistry to determine
the laminar burning velocity. Reactions with negative sensitivities present in
both reaction mechanisms are H+O2+M→ HO2+M, CH3+H+M→ CH4+M,
CH4+H→ CH3+H2 and H+HCO→ CO+H2. Similar reactions with positive
sensitivities are H+O2 → O+OH, CO+OH→ CO4+H, CH3+O→ CH2O+H
and HCO + M → CO + H + M. Generally all reactions with a high negative
sensitivity reduces the size of the radical pool or reduce the concentration of
H atoms, effectively reducing the rate of progress of the reacting system. Con-
versely, reactions with high positive sensitivities expands the radical pool or the
H atom concentration, speeding up the rate of reaction of the system. Even
though Z42 only contain 30% of the number of species and 8% of the number
of reactions of the detailed reaction mechanism both mechanisms show strong
similarities in key reactions and simulation results. This show that it is possible
for a reduced reaction mechanism to predict the laminar burning velocity as
long as certain key reactions are present.

The sensitivity analyses of kerosene is shown in Figure 7.4. Here the Z77
[42] reaction mechanism, containing 30 species and 77 irreversible reactions,
is compared to a S6664 [39] containing 798 species and 6664 reversible and
irreversible reactions. Even though Z77 contain less than 4% of the number
of species and less than 1% of the number of reactions present in S6664 both
mechanisms show strong similarities in their sensitivity analyses. Four of the
reactions with the highest negative sensitivities and six of the reactions with the
highest positive sensitivities are the same between the two reaction mechanisms.
Several of these reactions are also identical to the reactions in the sensitivity
analyses for methane. This shows that the chemistry important for predicting
the laminar burning velocity is more or less the same regardless of the size of
the alkane fuel. This in turn means that as long as key species and reactions
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(a) (b)

Figure 7.3: Sensitivity analysis for the laminar burning velocity of a methane-
air mixture at standard conditions and φ=1.0. Z42 [25] is shown in (a) and
SD270 [64] in (b).

are present in the H2/O2 and C1/H/O blocks the reaction mechanism will be
capable of predicting the laminar burning velocity for a wide range of alkane
fuel sizes. The consequence of this is that there is a lowest number of species
and reactions needed in the H2/O2 and C1/H/O blocks, enabling a much higher
degree of reduction for the other blocks. Hence, the possible level of reduction
increases as the fuel molecular size increases.

(a) (b)

Figure 7.4: Sensitivity analysis for the laminar burning velocity of a kerosene-
air mixture at standard conditions and φ=1.0. Z77 [42] is shown in (a) and
S6664 [39] in (b).
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7.1.2 Computational cost

The main limitations for the use of reaction mechanisms in LES or DNS is the
computational cost they require. In this section time requirements of all reac-
tion mechanisms in Figures 7.1 and 7.2 are presented, for simulations of laminar
burning velocities at standard conditions and equivalence ratios between 0.5 and
1.8 (0.5 to 1.4 for R5591 [115]). Unsurprisingly the reaction mechanisms requir-
ing the least amount of time are the global reaction mechanisms WD2 [8] and
JL4 [7]. However, considering their limited predictability the low computational
cost can not be considered a large enough compensation. The reduced reaction
mechanisms developed using the block structure methodology requires far less
computational time than detailed reaction mechanisms. The time needed for
Z42 [25] for a methane-air mixture is between 9% and 7% of the time needed
for the reference detailed reaction mechanisms. For Z66 [11] and a propane-air
mixture it is between 13% and 3%, and for Z66 [43] and an ethylene-air mixture
between 4% and 0.1%. For the largest fuel, kerosene, the reference reaction
mechanisms consists of two detailed, S6664 [39] and R5591 [115], and one re-
duced reaction mechanism, HC277 [46, 47]. The time needed for the smaller
Z65 [41] reaction mechanism compared to the three reference reaction mecha-
nisms is 13%, 0.2% and 0.02%, and for the slightly larger Z77 [42] 43%, 0.6%
and 0.08%. The relatively low computational cost for the reduced kerosene-air
reaction mechanisms compared to the other fuels is probably due to the higher
initial gas temperature of 400 K. Savings in computational cost for all four fuels
using the reduced reaction mechanisms is profound. Without this considerably
lower computational cost the reduced reaction mechanisms would not be suit-
able for three-dimensional LES or DNS. The simulation times for each reaction
mechanism presented in Figures 7.1 and 7.2 are listed in Table 7.1, which also
displays the number of species and reactions for each reaction mechanism.

Table 7.1: Time it takes to compute the laminar burning velocity at standard
conditions for all reaction mechanisms in Figures 7.1 and 7.2.

Reaction mechanism Fuel Nspecies Nreactions total time

Z42 [25] CH4 18 42 5 min
SD270 [64] CH4 58 270 72 min

GRI 3.0 [62] CH4 53 325 57 min
WD2 [7] CH4 6 2 0.8 min
JL4 [8] CH4 7 4 1.6 min

Z66 [43] C2H4 23 66 6 min

Continued on next page
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Reaction mechanism Fuel Nspecies Nreactions Time

Aramco 1.3 [124] C2H4 253 1542 6008 min
USC C2-C3 [125] C2H4 75 529 148 min

Z66 [11] C3H8 25 66 13 min
SD270 [64] C3H8 58 270 99 min

USC C1-C4 [65] C3H8 111 784 518 min
WD2 [7] C3H8 6 2 0.9 min
JL4 [8] C3H8 7 4 1.4 min

Z65 [41] C12H23 24 65 0.3 min
Z77 [42] C12H23 30 77 1 min

HyChem [46,47] C12H23 50 277 2.3 min
R5591 [115] C12H23 231 5591 167 min
S6664 [39] N-C12H26 798 6664 1226 min

7.1.3 Effects of temperature and pressure

The laminar burning velocity is strongly affected by variations in initial gas
temperature and pressure. Ideally, for most real-world applications, any reaction
mechanism should be capable of predicting the increasing or decreasing laminar
burning velocities resulting from changes in these conditions.

To illustrate the effects of increasing initial gas temperature or pressure
methane-air and kerosene-air mixtures have been simulated at elevated condi-
tions. By increasing the temperature of the initial fuel-air mixture an increase
in the laminar burning velocity is achieved, exemplified in Figure 7.5. Both
methane, Figure 7.5(a), and kerosene, Figure 7.5(b), show gradual increases in
laminar burning velocities as the temperature increases. All reaction mecha-
nisms are able to predict an increase in laminar burning velocities, and their
mutual relations are similar to that of the standard conditions in Figures 7.1(a)
and 7.2(b).

If an increase in initial gas temperature results in increasing laminar burn-
ing velocities an increase in initial gas pressure has the opposite effect. The
higher the pressure the lower the laminar burning velocity. Figures 7.6(a) and
(b) illustrate how the increase in pressure affects the laminar burning velocities
of methane-air and kerosene-air mixtures, respectively. Z42 and Z65/Z77 to-
gether with the detailed reaction mechanisms capture the effect of an increase
in pressure. Same as for the increase in temperature the mutual relations be-
tween these mechanisms are similar to what they are at the standard conditions
in Figures 7.1(a) and 7.2(b). The global reaction mechanisms however are un-
able to capture the effect of an increase in pressure, with only modest decreases
in the predicted velocities. Because of the low predictability of global reaction
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(a) (b)

Figure 7.5: Laminar burning velocities at p=1 atm and elevated initial gas tem-
peratures, for CH4 in (a) and kerosene in (b). Dashed lines for CH4 corresponds
to T=373 K and solid lines to T=443 K. Dashed lines for kerosene corresponds
to T=450 K and solid lines to T=470 K. Legend, reaction mechanisms, for CH4:
blue - Z42 [25], red - SD270 [64], green - GRI 3.0 [62], orange - WD2 [8], brown
- JL4 [7]. For kerosene: blue - Z77 [42], orange - Z65 [41], red - S6664 [39], green
- R5591 [115], brown - HC277 [46,47] (C12H23). Legend, experimental data, for
CH4 at T=373 K: ◦ - Hu et al. [130]. At T=443 K: × - Hu et al. [130]. For
kerosene at T=450 K: ? - Kumar et al. [50]. At T=470 K: 5 - Kumar et al. [50],
� - Kumar et al. [49], 4 - Chong et al. [131].

mechanisms these will not be included in comparisons of the other flame param-
eters. Comparisons between global, reduced and detailed reaction mechanisms,
for a wide range of fuels have been presented in several publications [10–12,20].
Note that, as in Figure 7.2(b), R5591 [115] did not provide a solution for all
equivalence ratios.

Most real world applications operate at elevated temperatures and pressures
making it crucial that the effect of this is accurately modelled by the reaction
mechanisms. Figures 7.5 and 7.6 show that the chosen species and reactions in
the H2/O2 and C1/H/O blocks are capable of capturing the impact an increase
in temperature or pressure has on the chemical kinetics. Since the reaction
mechanisms developed using the block structure methodology all share the same
species and reactions in their corresponding H2/O2 and C1/H/O blocks similar
temperature and pressure dependencies on the laminar burning velocities can be
seen for all these reaction mechanisms [11,25,41–43]. The results in Figures 7.5
and 7.1.3 verifies that the chemical kinetics necessary to capture the temperature
and pressure effects on the laminar burning velocity is all present in the H2/O2

and C1/H/O blocks.
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(a) (b)

Figure 7.6: Laminar burning velocities at elevated initial gas pressures, for CH4

at T=300 K in (a) and kerosene at T=400 K in (b). Solid lines for CH4 cor-
responds to p=5 atm and dashed lines to p=10 atm. Solid lines for kerosene
corresponds to p=3 atm and dashed lines to p=10 atm. Legend, reaction mech-
anisms, for CH4: blue - Z42 [25], red - SD270 [64], green - GRI 3.0 [62], orange
- WD2 [8], brown - JL4 [7]. For kerosene: blue - Z77 [42], orange - Z65 [41],
red - S6664 [39], green - R5591 [115], brown - HC277 [46,47] (C12H23). Legend,
experimental data, for CH4 at 5 atm: ◦ - Goswami et al. [116], × - Lowry et
al. [118], � - Gu et al. [132], 4 - Rozenchan et al. [133]. At 10 atm: ∗ - Lowry
et al. [118], + - Gu et al. [132], 5 - Rozenchan et al. [133]. For kerosene at 3
atm: ? - Hui et al. [51], � - Ji et al. [48].

7.2 Ignition delay time

Unlike the laminar burning velocity which relies heavily on the H2/O2 and
C1/H/O blocks (see Sections 7.1 and 7.1.1) the ignition delay time also requires a
sophisticated modelling of the fuel breakdown block. Nowhere is this more clear
than for the Z77 reaction mechanism [42] whose main difference compared to its
parent reaction mechanism Z65 [41] lies in the fuel breakdown modelling. Of the
six reduced reaction mechanisms developed as part of this thesis [11,20,25,41–43]
only two, modelling either ethylene-air [43] or kerosene-air [42] combustion, used
the ignition delay time as a development target. Hence, these two reaction
mechanisms produce more accurate ignition predictions than the other four.
As described in Section 3.9.4 there are several possible definitions of when the
fuel-air mixture has reached an explosive state. The ignition delay time results
illustrated here uses either a certain value of the OH concentration (ethylene-air
[43]) or a pre-defined value in the temperature increase (kerosene-air [41,42]) as
the definition. For ethylene-air the reduced reaction mechanism Z66 is compared
to two detailed reaction mechanisms (Aramco 1.3 [124] and USC C2-C3 [125])
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and experimental data [56, 134, 135]. Shown in Figure 7.7 are the comparative
results at φ=1.0 and pressures of either p=1.1 atm in (a) or 10.2 atm in (b),
with an initial gas temperature range of between 1050 K and 1330 K. All three
reaction mechanisms show predictions within the range of the experimental data,
with an exception of USC C2-C3 [125] at lower temperatures and at p=10 atm.
However, the results from the detailed reaction mechanisms come at a high
computational cost compared to Z66, as indicated by the simulation times seen
in Table 7.1.

(a) (b)

Figure 7.7: Ignition delay time for ethylene-air mixtures, at φ=1.0 and around
p=1.0 atm in (a) and 10.0 atm in (b). Legend, reaction mechanisms: blue -
Z66 [43], red - Aramco 1.3 [124], green - USC C2-C3 [125]. Legend, experimental
data: ◦ - Kopp et al. [56], × - Kalitan et al. [135], � - Saxena et al. [134].

The complex NTC behaviour of large hydrocarbon fuel molecules represents
a challenge for all chemical kinetic modelling, not least for reduced reaction
mechanisms. The NTC behaviour also necessitates the use of a wider simulated
temperature range, typically ranging from approximately 800 K to 1300 K, in
order to capture the NTC ignition behaviour below approximately 1000 K. Fig-
ure 7.8 show the ignition delay time for a kerosene-air mixture at φ=1.0, and at
p=10 atm in (a) and 20 atm in (b). The most obvious result here is the inabil-
ity of two of the reaction mechanisms [41, 82] (orange, Z65 [41], and magenta,
Jetsurf [82], lines) to capture the NTC behaviour. This is because these two
reaction mechanisms only incorporates the high-temperature kinetics, limiting
their predictable range to higher temperatures. Outside of the high-temperature
regime these two reaction mechanisms overpredicts the ignition delay time by
several orders of magnitudes. The range of predictions of the reaction mecha-
nisms capable of reproducing a NTC behaviour is wide. Uncertainty in ignition
delay time measurements is large, illustrated by the experimental data in Fig-
ure 7.8(b) where the differences in uncertainty can be one order of magnitude.
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Given these large uncertainties all four reaction mechanisms capable of captur-
ing the NTC behaviour (Z77, HC277, S6664, R5591) can be viewed as having
acceptable modelling predictions. The large difference in ignition delay time
predictions between Z65 and Z77 illustrate the flexibility of the block structure
methodology. By adding a more accurate fuel breakdown block, increasing the
number of species and reactions by only a handful, the overall predictability of
Z77 is greatly improved compared to Z65. Since the species and reactions in
the underlying H2/O2 and C1/H/O blocks are kept intact between Z65 and Z77
both will have similar predictive capabilities of the laminar burning velocity,
temperature and species profiles [42] whose parameters mainly dependent on
the chemistry in these blocks.

(a) (b)

Figure 7.8: Ignition delay time for kerosene-air mixtures, at φ=1.0 and p=10
atm in (a) and p=20 atm in (b). Legend, reaction mechanisms: blue - Z77 [42],
orange - Z65 [41], red - S6664 [39], green - R5591 [115], brown - HC277 [46, 47]
(C12H23), magenta - Jetsurf [82]. Legend, experimental data, for 10 atm: 5 -
Zhang et al. [52]. For 20 atm: × - Zhang et al. [52], ◦ - Vasu et al. [53], 5 - Zhu
et al. [54], � - Vasu et al. [55].

Figures 7.7 and 7.8 show that it is possible for a reduced reaction mechanism
to model the ignition delay time accurately. Even large fuel molecules such as
kerosene, with its complex NTC behaviour, can be modelled as long as the un-
derlying H2/O2 and C1/H/O blocks together with an extensive fuel breakdown
block is used. Figures 7.7 and 7.8 also show that the modelling capabilities of
the reduced reaction mechanisms is not limited to ambient pressures but can be
used over a wide pressure range.
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7.3 Flame temperature

The flame temperature is one of the most important flame parameters a reaction
mechanism must be able to predict. The temperature is often displayed as either
the maximum temperature for a specific equivalence ratio, Figure 7.9(a), or
as the temperature profile over the one-dimensional simulation domain, Figure
7.9(b). Here Figure 7.9(b) is complemented with mole fraction profiles of the fuel
(C2H4) and CO2. Figure 7.9 illustrates the results of temperature predictions
for an ethylene-air flame at standard conditions using the Z66 [43] reaction
mechanism together with two detailed reaction mechanisms, Aramco 1.3 [124]
and USC C2-C3 [125], and experimental data [136]. Note how the shape of
the CO2 concentration profile follows that of the temperature in Figure 7.9(b),
highlighting the importance of the exothermic reaction, reaction 4.31 in Section
4.2, which forms CO2.

(a) (b)

Figure 7.9: Temperature displayed using maximum temperature, Tmax, versus
equivalence ratio in (a) and temperature profiles at one specific equivalence
ratio (φ=1.0) in (b). Also in (b) are the profiles of the mole fractions of the
fuel (C2H4), dashed lines, and CO2, dotted lines. Legend, reaction mechanisms:
blue - Z66 [43], red - Aramco 1.3 [124], green - USC C2-C3 [125]. Legend,
experimental data: � - Law et al. [136]

Similar results for maximum and profile temperature, with similar pre-
dictability, can be seen for all reduced reaction mechanisms presented here,
spanning C1 to C12 fuel species [11,25,41,42].

7.4 Species profiles

Species mole fraction profiles for a propane-air mixture simulated at standard
conditions, Figure 7.10, are shown for three different equivalence ratios, φ=0.6,
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1.0 and 1.4. The Z66 [11] reaction mechanism is compared to SD270 [64] and
USC C1-C4 [65]. Irrespective of which equivalence ratio investigated the differ-
ence between the reaction mechanisms is small and the reduced reaction mecha-
nism is capable of predicting similar species mole fraction profiles as the reference
reaction mechanisms. The drop in propane concentration is abrupt, indicating a
fast fuel breakdown for all reaction mechanisms. At fuel lean conditions, 7.10(a),
the CO mole fraction reaches its peak shortly after the disappearance of the fuel,
and then reduces as most of the CO is converted to CO2. A similar feature can
be seen at stoichiometric conditions, Figure 7.10(b), with the difference that not
all CO is being converted to CO2, and a significant amount of CO is present
at the end of the domain. At fuel rich conditions, Figure 7.10(c), the roles of
CO and CO2 are reversed, with CO mole fraction being higher at the end of
the domain. Due to the lack of sufficient amounts of oxygen in the fuel-air mix-
ture at fuel rich conditions a complete conversion of CO to CO2 is prevented,
highlighting the insufficient combustion taking place. As seen i Figure 7.9(c)
this insufficient combustion results in lower maximum temperatures compared
to stoichiometric conditions even though the fuel concentration remains high.

Accurate major species predictability can be seen for all reduced reaction
mechanisms presented here [11,25,41–43].

7.5 Summary, reaction mechanisms

Illustrated in this section are key results for the reduced reaction mechanisms
developed using the block structure methodology. Section 7.1 show that all
these reaction mechanisms manages to accurately predict the laminar burning
velocity at standard conditions for a wide range of hydrocarbon fuels. Despite
their considerably smaller size than the corresponding reference detailed reac-
tion mechanisms the reduced reaction mechanisms show excellent predictability.
All of these reduced reaction mechanisms use the same species and reactions in
their H2/O2 and C1/H/O blocks. As seen in Section 7.1.1 the species and re-
actions present in these blocks are essential for the modelling of the laminar
burning velocity, both for detailed and reduced reaction mechanisms. Once a
proper set of species and reactions are chosen for these blocks flame parameters
such as temperature, Section 7.3, and species profiles, Section 7.4, will also be
modelled with high accuracy. Added to the temperature and species profiles are
the capabilities to capture the temperature and pressure effects on the laminar
burning velocities, presented in Section 7.1.3, which are also mainly determined
by the chemistry in the H2/O2 and C1/H/O blocks. One flame parameter requir-
ing an extended level of chemical modelling is the ignition delay time, shown
in Section 7.2. The inability of the smallest kerosene-air reaction mechanism
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(a) (b)

(c)

Figure 7.10: Profiles of the mole fractions of the fuel (C3H8), solid lines, CO,
dotted lines, and CO2, dashed lines, simulated at standard conditions and φ=0.6
in (a), φ=1.0 in (b) and φ=1.4 in (c). Legend, reaction mechanisms, for C3H8:
blue - Z66 [11], red - SD270 [64], green - USC C1-C4 [65].

Z65, with its simple description of the fuel breakdown, to model ignition delay
times illustrates this. The improved Z77 reaction mechanism, with the addition
of an extended fuel breakdown modelling effectively demonstrates the model
flexibility of the block structure methodology. Z77 adds a set of species and
reactions to the fuel breakdown block resulting in vastly improved modelling
capability, keeping the same species and reactions in the H2/O2 and C1/H/O
blocks. Another key reaction mechanism characteristic important in higher or-
der simulations is to have a low computational cost. Section 7.1.2 show the cost
for a range of detailed, global and reduced reaction mechanisms for the laminar
burning velocities. Substantial cost savings is achieved with the developed re-
duced reaction mechanisms presented here, and as seen in the subsequent result
sections these cost savings come at little or no reduction in model accuracy.
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7.6 LES and reduced reaction mechanisms

The goal of the reaction mechanism development methodology presented in
Chapter 5 is to create reaction mechanisms small enough for finite rate combus-
tion LES yet with a high level of chemical complexity. This chapter will present
a selection of results from finite rate combustion LES’ [11, 20, 21] with reduced
mechanisms using kerosene [20], methane and ethylene [21] and propane [11] as
fuel.

7.6.1 Annular gas turbine combustor

Figure 7.11 show an annular multi-burner generic aero-engine combustor [20].
The use of a reduced reaction mechanism with more detailed reaction pathways
than is present in a global reaction mechanism means that the flame structure
and topology can be more accurately modelled. The flame can now be repre-
sented by several layers of different species, shown as iso-surfaces of C12H23,C2H4

and HCO in Figure 7.11, instead of the otherwise more crude assumption that
the fuel molecule transitions directly into CO and CO2. Figure 7.11(c) show
instantaneous CO (top) and CO2 (bottom). Because CO is present earlier in
the reaction pathway, exemplified in Figure 3.1, it is present further upstream
in the combustor, and the conversion of CO to CO2 occur further downstream.
Figure 7.11(d) show instantaneous OH (top) and C2H2 (bottom). OH is often
indicative of the post-flame region and is here present further downstream in
the combustor.

The improvements in flame topology, heat release positioning and the burn-
ing velocity achieved by using a high-performing reduced reaction mechanism
can also improve thermoacoustics and pressure predictions. Pressure on the
surface of the inner and outer liners is shown in Figure 7.12 [20] where a high
pressure region (dark colours) is present opposed to a low pressure region (light
colours). The opposed positioning of the high and low pressure regions on the
inner liner show that an azimuthal pressure wave is present whereas the pressure
regions on the outer liner is more scattered.
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(a) (b) (c) (d)

Figure 7.11: Instantaneous distributions of temperature (top) and velocity mag-
nitude (bottom) in (a) and (b), with Iso-surfaces of C12H23 in green, C2H4 in
yellow and HCO in red. Instantaneous distributions of CO (top) and CO2 (bot-
tom) in (c) and OH (top) and C2H2 (bottom) in (d), together with the same
Iso-surfaces as in (a) and (b).

(a) (b) (c) (d)

Figure 7.12: Contours of the pressure fluctuations on the inner flame tube wall
seen from the bottom in (a) and side in (b), and on the outer flame tube wall
seen from the bottom in (c) and side in (d).
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7.6.2 Model annular gas turbine combustor

The following premixed model annular combustor is used to illustrate the differ-
ences in flame structure, distribution and topology, and combustion dynamics
when using two hydrocarbon fuels with significant different fuel properties [21].
The two fuels, the alkane CH4 and alkene C2H4, show significant differences in
their laminar burning velocities (compare Figures 7.1(a) and 7.2(a)), with C2H4

burning roughly twice as fast as CH4. Other flame parameters such as ignition
delay time and maximum flame temperature also differ between the two fuels,
with C2H4 burning at a higher temperature and ignites faster. The effect of the
higher burning velocity and faster ignition of C2H4 compared to CH4 is clearly
seen when comparing the flames in Figure 7.13, visualized as volumetric rendered
heat-release, Q. The faster burning of C2H4, Figure 7.13(a), result in smaller,
more regular and compact flames, with less wrinkling and little flame-flame in-
teraction. In contrast the CH4 flames, Figure 7.13(b), are more irregular, have
wider topologically overlapping regions and extend further into the combustor.
Because of burning further downstream the flames will interact more with the
turbulence, with a more pronounced turbulence-chemistry interaction, which in
turn increases the flame area making the CH4 flames more susceptible to acous-
tic perturbations [21]. Different pressure distributions of the two fuels are seen
in the circular pressure images (extracted at the marked height A). The C2H4

flames are governed by azimuthal modes, as shown by varying regions of low
and high pressures in the circular image in Figure 7.13(a), and the CH4 flames
by longitudinal modes [21].

Figure 7.14 compare instantaneous and time-averaged side-views of experi-
mental OH* chemiluminescence and LES-based volumetric renderings of Q, for
the two fuels. The LES captures the differences in flame topology of the two
cases, and the experimental and predicted flame heights are for C2H4 ∼30 mm
and ∼27 mm, respectively, and for CH4 ∼45 mm in both experiments and simu-
lations. Figure 7.14 clearly show that both the instantaneous and time-averaged
C2H4 and CH4 simulated cases are qualitatively similar to the experiments.

To capture the differences between the C2H4 and CH4 flames the chemical
modelling, i.e. the reaction mechanisms, must have a high level of predictability
for a range of flame parameters. The ability of the LES to capture the differences
in acoustic perturbations, the flame structure, distribution and topology, and
combustion dynamics between the two cases can only be achieved by using high
performing reaction mechanisms [21].
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(a) (b)

Figure 7.13: Instantaneous LES predictions of the C2H4 flames in (a), and CH4

flames in (b). Left section in each image show the axial velocity, vx, and right
section the temperature, T , extracted at the marked position B. Circular images
show the pressure, extracted at the marked position A. Flames are visualized as
volumetric renderings of the heat-release, Q. Inserts of individual flames show
C2H3/CH3 in green, CH2O in blue and HCO in red.

(a) (b)

Figure 7.14: Side-views of instantaneous (top row) and time-averaged (bottom
row) experimental OH* chemiluminescence images (left) and LES-based images
(right) for the two cases.
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7.6.3 Bluff body stabilized flame

LES results for a triangular flame holder in a straight channel, using a premixed
propane-air mixture, are shown in Figure 7.15 [11]. The intrinsic flame topology,
shown using one- and two-dimensional plots as well as tree-dimensional volu-
metric renderings [137] links the results for the one-dimensional laminar flame to
the three-dimensional LES. The use of a reduced reaction mechanism produces
a more accurate image of the flame topology, and in the laminar simulation
three flame regions can be identified: a preheat layer, an inner layer and an oxi-
dation layer. These one-dimensional results, Figure 7.15(a), are then compared
to scatter plots of the same species, Figure 7.15(b), from the LES.

By following key reaction pathways in the propane-air combustion a set of
species are chosen to represent the flame. C2H5 is chosen because it is a direct
result from C-C bond breaking of the propane molecule (see reaction 5.1), HCO
is a good indicator of where the heat release will be present spatially and CO
indicates where an exothermal pathways leading to CO2 starts. Added to these
is also the OH radical, a key radical in any hydrocarbon combustion but also
an indicator of the start of the post-flame region in the inner layer.
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Figure 7.15: Showing laminar flame profiles in (a) and statistics of turbulent
flame profiles in (b), at p0=101 kPa and T0=288 K. Black dashed lines in
(b) correspond to conditional averages of the species. Volumetric renderings
of OH together with (c) CO, (d) C2H5, (e) CH2O and (f) HCO, and with a
combined volumetric rendering (g) of all those intermediates and radicals. (h)
shows a slice through the computational domain in (g). The colour maps for the
volumetric rendering ranges from semi-transparent white to the opaque colour of
the species, Yk, matching the range 0.98Yk,peak to 0.02Yk,peak and the mapping
relating the concentrations with hue and opacity is linear.



Chapter 8

Concluding remarks

A novel technique for development of reduced reaction mechanisms is developed
based on a bottom-up approach. The technique divides different parts of the
chemical kinetics into blocks of varying chemical complexity and creates a re-
duced reaction mechanism by combining blocks into one coherent mechanism.
The development technique enables different chemical complexity depending on
the importance of each block to the overall modelling. It also enables the use
of a single set of reactions in the underlying H2/O2 and C1/H/O blocks irre-
spective of what hydrocarbon fuel is to be modelled. Using the development
technique reduced reaction mechanisms for methane-air [25], ethylene-air [43],
propane-air [11], kerosene-air [20, 41, 42] and JP-10-air [81] combustion are cre-
ated.

Finite rate combustion LES’ were made with the OpenFOAM [138] 2.2.2
software, using reduced reaction mechanisms and with LES-PaSR [11,20,21] or
LES-EDC [25] turbulence-chemistry interaction modelling. By using improved
reduced reaction mechanisms instead of global ones more accurate results are
produced [11,20] and the improved modelling of the chemistry is able to better
predict flame position [11, 20, 21, 25] and topology [11, 20, 21, 25], OH∗ chemilu-
minescence [21], velocity, pressure and temperature data [11], flame-flame inter-
actions [21], pressure fluctuations [11,21] and more.

8.1 Outlook

The introduction of more accurate reaction mechanisms in combustion LES has
enabled more accurate simulation results. Even so, the field of combustion LES
is still at an early stage [3]. There are several areas where future research need
to be improved, both for reaction mechanisms and their use in combustion LES.
When it comes to the reaction mechanisms one obvious first task is to create
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reaction mechanisms for a wider range of fuels. Apart from the mechanisms
presented here reduced reaction mechanisms are needed for the complete range
of C2 to C18 alkanes and alkenes, but also alcohols and biofuels. For the latter
the underlying C1/H/O and C2 blocks may well need to be expanded compared
to the ones presented here in order to capture the subtle effects of large hy-
drogenated fuels. Also, since most biodiesels are multi-component fuels several
fuel molecules needs to be modelled using one single reaction mechanism, and
several fuel breakdown blocks will need to be included.

A second task worth pursuing is to create a fixed set of H2/O2, C1/H/O
and C2 blocks for a range of alkanes, all with the same reactions but also the
same reaction rate coefficients. Then only the fuel breakdown block would differ
between different reaction mechanisms.

A third future research area is to continue to work on improving the turbulence-
chemistry interaction models to better take into account the wider range of
species and reaction time scales accompanying these improved reaction mecha-
nisms [139].
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Paper I:
Large Eddy Simulation of a premixed bluff body sta-
bilized flame using global and skeletal reaction mech-
anisms

N. Zettervall, K. Nordin-Bates, E. J. K. Nilsson, C. Fureby (2017)
Combustion & Flame, vol. 179, pp. 1–22

The increasing computational capacity in recent years has spurred the grow-
ing use of combustion Large Eddy Simulation (LES) for engineering applica-
tions. The modeling of the subgrid stress and flux terms is well-established in
LES, whereas the modeling of the filtered reaction rate terms is under intense
development. The significance of the reaction mechanism is well documented,
but only a few computational studies have so far been conducted with the aim
of studying the influence of the reaction mechanism on the predicted flow and
flame. Such an investigation requires the availability of well documented, thor-
oughly tested, and accurate reaction mechanisms suitable for use in practical
engineering simulations. Global and detailed reaction mechanisms are available
for many fuel mixtures, whereas skeletal reaction mechanisms suitable for LES
are in rather short supply. This research attempts to close this gap by using com-
bustion LES to examine a well-known bluff-body stabilized premixed propane–air
flame using two well-known global reaction mechanisms and a novel skeletal re-
action mechanism, developed as part of this study. These reaction mechanisms
are studied for laminar flames, and comparison with experimental data and de-
tailed reaction mechanisms demonstrates that the skeletal mechanism shows im-
proved agreement with respect to all parameters studied, in particular the lami-
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nar flame speed and the extinction strain rate. The LES results reveal that the
choice of the reaction mechanism does not significantly influence the instanta-
neous or time-averaged velocity, whereas the instantaneous and time-averaged
species and temperature are influenced. The agreement with the experimental
data increases with increased fidelity of the reaction mechanism, and the skeletal
reaction mechanism provides a more realistic basis for e.g. emission predictions.

N. Zettervall developed and analysed the propane-air reaction mechanism Z66,
set-up and conducted the majority of the zero- and one-dimensional chemical
kinetic simulations, and the analysis of these simulations. N. Zettervall also
co-wrote the paper with the co-authors, focusing on the combustion chemistry
section and Appendix 1.

Paper II:
Skeletal Methane–Air Reaction Mechanism for Large
Eddy Simulation of Turbulent Microwave-Assisted Com-
bustion

A. Larsson, N. Zettervall, T. Hurtig, E. J. K. Nilsson, A. Ehn, P. Peterson,
M. Alden, J. Larfeldt, C. Fureby (2017)
Energy & Fuels, vol. 31, pp. 1904–1926

Irradiating a flame via microwave radiation is a plasma-assisted combustion
(PAC) technology that can be used to modify the combustion chemical kinetics in
order to improve flame stability and to delay lean blow-out. One practical impli-
cation is that combustion engines may be able to operate with leaner fuel mixtures
and have an improved fuel flexibility capability including biofuels. Furthermore,
this technology may assist in reducing thermoacoustic instabilities, which is a
phenomenon that may severely damage the engine and increase NOX produc-
tion. To further understand microwave-assisted combustion, a skeletal kinetic
reaction mechanism for methane-air combustion is developed and presented. The
mechanism is detailed enough to take into account relevant features, but suffi-
ciently small to be implemented in large eddy simulations (LES) of turbulent
combustion. The mechanism consists of a proposed skeletal methane-air reaction
mechanism accompanied by subsets for ozone, singlet oxygen, chemionization,
and electron impact reactions. The baseline skeletal methane-air mechanism
contains 17 species and 42 reactions, and it predicts the ignition delay time,
flame temperature, flame speed, major species, and most minor species well,
in addition to the extinction strain, compared to the detailed GRI 3.0 reaction



mechanism. The amended skeletal reaction mechanism consists of 27 species and
80 reactions and is developed for a reduced electric field E/N below the critical
field strength (of ∼125 Td) for the formation of a microwave breakdown plasma.
Both laminar and turbulent flame simulation studies are carried out with the
proposed skeletal reaction mechanism. The turbulent flame studies consist of
propagating planar flames in homogeneous isotropic turbulence in the reaction
sheets and the flamelets in eddies regimes, and a turbulent low-swirl flame. A
comparison with experimental data is performed for a turbulent low-swirl flame.
The results suggest that we can influence both laminar and turbulent flames by
nonthermal plasmas, based on microwave irradiation. The laminar flame speed
increases more than the turbulent flame speed, but the radical pool created by
the microwave irradiation significantly increases the lean blow-out limits of the
turbulent flame, thus making it less vulnerable to thermoacoustic combustion os-
cillations. Apart from the experimental results from low-swirl flame presented
here, experimental data for validation of the simulated trends are scarce, and
conclusions build largely on simulation results. Analysis of chemical kinetics
from simulations of laminar flames and LES on turbulent flames reveal that
singlet oxygen molecule is of key importance for the increased reactivity, accom-
panied by production of radicals such as O and OH.

N. Zettervall developed and analysed the methane-air reaction mechanism Z42,
set-up and conducted some of the zero- and one-dimensional chemical kinetic
simulations, as well as the three-dimensional LES of the low-swirl burner with
and without microwave assisted combustion. N. Zettervall helped analyse the
LES results of the low-swirl burner and co-wrote the paper with the co-authors,
focusing mainly on the section with the low-swirl burner results.

Paper III:
Combustion LES of a Multi-Burner Annular Aero-
engine Combustor using a Skeletal Reaction Mecha-
nism for Jet-A Air Mixtures

N. Zettervall, E. Fedina, K. Nordin-Bates, E. Heimdal Nilsson, C. Fureby
(2015)
51st AIAA/SAE/ASEE Joint Propulsion Conference
Orlando, Florida
AIAA - 4020

In this study we describe combustion simulations of a single sector and a
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fully annular generic multi-burner aero-engine combustor. The objectives are to
facilitate the understanding of the flow, mixing and combustion processes to help
improve the combustor design and the design process, as well as to show that it
is now feasible to perform high-fidelity reacting flow simulations of full annular
gas turbine combustors with realistic combustion chemistry. For this purpose
we use a carefully validated finite rate chemistry Large Eddy Simulation (LES)
model together with a range of reaction mechanisms for kerosene-air combustion.
The influence of the chemical reaction mechanism on the predictive capability of
the LES model, and on the resulting understanding of the combustion dynamics
has recently been proved very important and here we extend this for kerosene-air
combustion. As part of this work a separate study of different kerosene-air reac-
tion mechanism is comprised, and based on this evaluation the most appropriate
reaction mechanisms are used in the subsequent LES computations. A generic
small aircraft or helicopter aero-engine combustor is used, and modeled both as a
conventional single sector configuration and more appropriately as a fully annu-
lar multi-burner configuration. The single-sector and fully annular multi-burner
LES predictions are similar but with the fully annular multi-burner configura-
tion showing different combustion dynamics and mean temperature and velocity
profiles. For the fully annular multi-burner combustor azimuthal pressure fluc-
tuations are clearly observed, resulting in successive reattachment-detachment of
the flames in the azimuthal direction.

N. Zettervall developed and analysed the kerosene-air reaction mechanism Z57,
set-up and conducted a majority of the zero- and one-dimensional chemical
kinetic simulations, as well as the annular three-dimensional LES. N. Zettervall
co-wrote the paper with the co-authors, focusing mainly on the combustion
chemistry section and the section containing the LES results.

Paper IV:
Small Skeletal Kinetic Mechanism for Kerosene Com-
bustion

N. Zettervall, E. J. K. Nilsson, C. Fureby (2016)
Energy & Fuels, vol. 30(11), pp. 9801–9813

The development and validation of a new skeletal mechanism for kerosene
combustion, suitable for reacting direct-, large-eddy, and Reynolds averaged Navier-
Stokes Simulations, are presented. The mechanism consists of 65 irreversible re-
actions between 22 species and is built on a global fuel breakdown approach to pro-
duce a subset of C2 intermediates. A more detailed set of reactions for H/O/C1



chemistry largely determines the combustion characteristics. The mechanism is
validated for combustion characteristics related to ignition, flame propagation,
and flame extinction over a wide range of pressure, temperature, and equiva-
lence ratios. Agreement with experiments and a more complex reference mech-
anism are excellent for laminar burning velocities and extinction strain rate,
while ignition delays are overpredicted at stoichiometric and rich conditions.
Concentration profiles for major stable products are in agreement with reference
mechanism, and also a range of intermediate species and radicals shows suffi-
cient agreement. The skeletal mechanism shows an overall good performance in
combination with a numerical stability and short computation time, making it
highly suitable for combustion Large Eddy Simulation (LES).

N. Zettervall developed and analysed the kerosene-air reaction mechanism Z65,
set-up and conducted the majority of the zero- and one-dimensional chemi-
cal kinetic simulations, parts of the analysis and co-wrote the paper with the
co-authors, focusing mainly on the mechanism development and mechanism val-
idation sections.

Paper V:
Small Skeletal Kinetic Reaction Mechanism for Ethylene-
Air Combustion

N. Zettervall, C. Fureby, E. J. K. Nilsson (2017)
Energy & Fuels, vol. 31, pp. 14138–114149

Ethylene is a fuel considered for high-speed ram- and scramjet combustion
applications, mainly because of the short ignition delay time resulting from its
high reactivity. Further research and development on these combustion systems
would benefit from simulations of large eddy (LES) type, which allow some chem-
ical detail to accurately predict combustion characteristics and pollutant forma-
tion. In the present work, a chemical kinetic mechanism suitable for LES is
presented, consisting of 66 irreversible reactions between 23 species. The mech-
anism is extensively validated for combustion characteristics related to ignition
and flame propagation over a wide range of pressure, temperature, and equiva-
lence ratios that previously published mechanism of this size have not covered.
Agreement with a detailed reference mechanism is good for ignition delay, flame
temperature, and laminar burning velocities. In addition, overall concentration
profiles of major stable products are in overall good agreement with a reference
mechanism. The skeletal mechanism shows an overall good performance in com-
bination with a numerical stability and short computation time, making it highly
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suitable for combustion LES.

N. Zettervall developed and analysed the ethylene-air reaction mechanism Z66,
set-up and conducted the zero- and one-dimensional chemical kinetic simula-
tions, collected all experimental data, made a majority of the plots, parts of the
analysis and wrote a majority of the paper.

Paper VI:
Large eddy simulation of CH4-air and C2H4-air com-
bustion in a model annular gas turbine combustor

N. Zettervall, N. A. Worth, M. Mazur, J. R. Dawson, C. Fureby (2019)
Proceedings of the Combustion Institute, vol. 37, pp. 5223–5231

Combustion instabilities are one of the major challenges in developing and
operating propulsion and power generating gas-turbine engines. More specifi-
cally, techniques for managing the increasingly stringent emissions regulations
and efficiency demands have often given rise to thermo-acoustic instabilities,
particularly for annular combustors operating in a lean premixed mode. In this
paper, we combine experimental and computational methods to examine unsteady
gas turbine combustion in a full annular model gas turbine combustor installed at
NTNU, operating both methane- and ethylene-air blends. The experimental data
consists of flame images, high-speed OH* chemiluminescence images, as well as
pressure and heat-release time-series at discrete locations for the ethylene-air
case. The computational set-up consists of the 18 inlet tubes and swirlers, and
the full annular combustor placed in a large external domain. The computational
model consists of a compressible finite rate chemistry LES model using skeletal
methane-air and ethylene-air combustion chemistry. The combustor is simu-
lated in its self-excited state, without external forcing. From the experiments
and simulations the methane and ethylene cases are found to behave differently:
The ethylene-air flames are much smaller than the methane-air flames, result-
ing in different interaction between adjacent flames. The LES predictions show
good qualitative agreement with the measurements in terms of instantaneous and
time-averaged flame structure. Comparing measured and predicted time-series
of pressure and heat-release also shows good quantitative agreement with re-
spect to the dynamics and structure for the ethylene-air case. Investigating the
predicted combustion dynamics using Proper Orthogonal Decomposition (POD)
confirms the importance of the self-excited azimuthal mode on the behavior of
the flame: the presence of nodes and anti-nodes of pressure induced fluctuations
of the swirler mass-flow, which then, in turn, influence the heat-release. These



events occur shifted in time.

N. Zettervall made the computational mesh, conducted the zero- and one-
dimensional chemical kinetic simulations, as well as the three-dimensional LES,
made all plots and all figures of the LES results, parts of the analysis and
co-wrote the paper with the co-authors, focusing on the combustion chemistry
section and the section containing the LES results.

Paper VII:
A reduced chemical kinetic reaction mechanism for
kerosene-air combustion

N. Zettervall, C. Fureby, E. J. K. Nilsson (2020)
Fuel, vol. 269, pp. 117446

Development of a new reduced chemical kinetic reaction mechanism for kerosene-
air combustion is presented. The new mechanism uses a modular based develop-
ment technique and is a further development on previously presented kerosene-
air mechanisms. The new mechanism consists of 30 species and 77 irreversible
reactions and is developed to accurate reproduce key flame parameters yet being
small enough to be used in finite rate Large Eddy Simulations (LES), Direct
Numerical Simulations (DNS) and in Reynolds Average Navier-Stokes (RANS)
simulations. The well-proven development technique uses a refined fuel break-
down oxidation sub-mechanism, a simplified C2 intermediate species sub-mechanism
and a more detailed set of reactions for the H/C1/O chemistry. The mechanism
has been modified to be able to predict ignition delay times for a wide range
of temperatures, including in the negative temperature regime. The mechanism
has been evaluated for combustion parameters related to flame propagation and
ignition over a wide range of equivalence ratios, initial gas temperatures and
pressures. Agreements to experimental data and a set of detailed and skeletal
mechanisms are good for all target parameters. The proposed mechanism shows
good agreement at a computational cost far below all tested reference mecha-
nisms, making it highly suitable for use in combustion computational fluid dy-
namic (CFD) simulations.

N. Zettervall developed and analysed the kerosene-air reaction mechanism Z77,
set-up and conducted the zero- and one-dimensional chemical kinetic simula-
tions, collected all experimental data, made all plots, all of the analysis and
wrote the majority of the paper.
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