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Abstract

In the combustion processes, spontaneous emission of chemiluminescence species respon-

sible for ultra-violet and visible light is in abundance. Due to its natural occurrence,

it offers an inexpensive diagnostic tool for flames and other combustion processes. It is

non-intrusive in nature and gives the facility to avoid expensive laser instrumentation.

In hydrocarbon oxidation most common electronically excited species are OH*, CH*,

C2*, and CO2*, where * represents the electronically excited state of a given radical

or molecule. In the early 1970s chemiluminescence has been identified as a marker for

heat release, reaction zone, and equivalence ratio, thereby providing a relatively easy

diagnostics alternative for online measurement of these features in practical combustion

applications. However, the quantitative relationship between chemiluminescence, heat

release, and equivalence ratio is mostly unknown except for a few correlations available

in literature over small range of conditions. Therefore a reaction kinetic model predicting

these species is necessary for the fundamental understanding of the chemiluminescence.

This mechanism then can be provided for predicting excited species in simulations of

various combustion devices.

A detailed reaction mechanism of chemiluminescence is not well studied. Therefore, the

objective of this work is to develop a reaction mechanism of chemiluminescent species

which can predict their concentrations in shock-tube and one-dimensional laminar flame

experiments.

The mechanism developed in this thesis is validated against various experimental con-

ditions in shock-tube experiments where it reproduces the ignition delay time very well.

In addition, the species profiles which provide a more stringent test on the mechanism

validation are calculated to reproduce the measured excited species concentrations in

laminar premixed and non-premixed flames. The comparison proves accuracy of the

mechanism.



The mechanism presented provides therefore a first step to quantitative understanding

of the excited species and can be further used in the simulation of practical combustion

systems.



Zusammenfassung

In Verbrennungsprozessen, ist Chemilumineszenz verantwortlich für einen großen Teil des

ultravioletten und sichtbaren Lichts. Aufgrund ihres natürlichen Auftretens, bietet die

spektroskopische Untersuchung der Strahlung ein kostengünstiges Diagnose Verfahren

für Flammen und andere Verbrennungsprozesse: Das Messverfahren ist berührungslos,

wodurch eine Beeinflussung der Flamme durch die Messmethode vermieden wird. Darüber

hinaus erfordert die messtechnische Erfassung der Chemilumineszenz keine teure Instru-

mentierung wie etwa im Falle laserdiagnostischer Messmethoden.

In der Kohlenwasserstoffoxidation sind die häufigsten, elektronisch angeregten Spezies

OH*, CH*, C2* und CO2*, wobei * den elektronisch angeregten Zustand eines bestimm-

ten Radikals oder eines Moleküles bezeichnet. In den frühen 1970er Jahren wurde die

Chemilumineszenz als Marker für Wärmefreisetzung, Reaktionszone und Äquivalenz-

verhältnis identifiziert, wodurch heute ein relativ einfaches Messverfahren zur Online-

Messung dieser Größen in praktischen Verbrennungsprozessen gegeben ist. Allerdings ist

die quantitative Beziehung zwischen Chemilumineszenz, Wärmefreisetzung und Äquivalenz-

verhältnis bis auf einige Angaben aus der Literatur, die einen begrenzten Gültigkeitsbereich

haben, unbekannt. Die Voraussetzung für die vollständige, quantitative Beschreibung ist

das Verständnis der reaktionskinetischen Vorgänge, die zur Bildung angeregter Spezi-

es führen. Mechanismen, die in der Lage sind diese Vorgänge darzustellen, können in

Simulationen von verbrennungstechnischen Apparaten eingesetzt werden.

Jedoch ist der reaktionskinetische Mechanismus, der Bildung und Verbrauch dieser an-

geregten Spezies darstellen kann, nicht vollständig verstanden. Daher ist das Ziel dieser

Arbeit die Entwicklung eines Reaktionsmechanismus, der die zu erwartenden Mengen

angeregter Spezies vorherzusagen vermag.

Der in dieser Arbeit dargestellte Mechanismus wird zunächst unter unterschiedlichen Be-

dingungen mit experimentellen Daten aus Stoßwellenrohrversuchen validiert. Es wird ei-

ne sehr gute Übereinstimmung zwischen gemessenen und berechneten Zündverzugszeiten

erzielt. Darüber hinaus werden eindimensionale vorgemischte und nichtvorgemischte la-

minare Flammen mit Hilfe dieses Mechanismus berechnet. Der Vergleich gemessener und



berechnter räumlicher Konzentrationsprofile in diesen Flammen stellt ein sehr strenges

Kriterium für die Validierung des Mechanismus dar. Es zeigt sich beim Vergleich zwi-

schen Rechnung und Versuch, dass der Mechanismus in der Lage ist angeregte Spezies

mit hoher Genauigkeit unter Flammenbedingungen vorherzusagen.

Somit stellt der Mechanismus einen ersten Schritt für die quantitative Berechnung an-

geregter Spezies dar und kann in der Simulation realer Verbrennungssysteme eingesetzt

werden.
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1 Introduction

1.1 Flame spectra

Luminescence occurring due to chemical excitation, referred to as Chemiluminescence

(CL), is found in the visible and ultra-violet band of flame spectra. In hydrocarbon

flames the four major emitters found are OH*, CH*, C2*, and CO2* [1], here star (*)

refers to electronically excited molecules. The study of CL dates back to 1960s where

Gaydon published his pioneering works on the flame spectroscopy. The flame spectra

Figure 1.1: Flame spectrum of a hydrocarbon flame showing the appearance of various
excited species at different wavelengths [2].

in the visible and ultra-violet (UV) regions occur generally due to the transition of

electrons in molecules from one configuration to another configuration. A typical flame

spectrum obtained from hydrocarbon combustion is shown in Fig. 1.1. In this figure,

the detected chemiluminescence is corrected from background emission. Most of the

stable product of combustion does not give strong emission spectra in the visible or UV

1



2 1 Introduction

region. However, the OH* radical gives a strong spectrum with peak intensity at about

309 nm. In the flame zone, other unstable species that give emission in the visible and

near ultraviolet region are CH*, C2*, and CO2*. The OH* emission in hydrogen and

nitrous oxide-hydrogen flames is weak compared to the one found in hydrocarbon flame

and the spectra of hydrocarbon flames are more complex. The emission of CO2* appears

as a continuum which extends from 300 nm to 600 nm seen as blue color. In the primary

combustion zone, the emission of CH at about 387 nm and at 432 nm are seen. In

addition to CH*, the bands of C2* between 436 nm and 564 nm called Swan bands are

found in the visible region of flame spectra. The Swan bands of C2* are visible mainly

in the fuel rich gas mixtures.

The lower state of OH* is the ground state which is an inverted doublet state (X2 Π).

The higher state is the normal doublet Σ state OH(A2 Σ+). In addition to this there

exists excited OH(B2 Σ+) state from 420 nm to 600 nm in the visible region and another

OH(C2 Σ+) in the ultraviolet region from 225 to 260 nm. As these two bands are not

identified in flames and they are not studied in combustion diagnostics. In present work

only OH(A2 Σ+) is considered for the OH* chemiluminescence.

In the CH* spectrum, three major bands are emitted by the CH molecule. The one

seen at a wavelength of 431 nm (CH(A2∆)) is the strongest of the three bands (accounts

for about 80% of total CH*) and appears violet in the visible region. The other two

low populated states are CH(B2Σ−) and CH(C2∆). The present work considers mainly

CH(A2∆) state. With a very recent availability of CH(B2Σ−) measurement this CH*

state is also discussed.

Online measurement and control of the heat release rate and local equivalence ratio

in practical combustion devices are of great importance in industrial applications. A

precise control of combustion processes in practical applications is needed to avoid pol-

lutants and to save limited resources of the existing hydrocarbon fuels. The online

measurement of combustion processes would help to reduce pollutant emission, increase

the efficiency and to control instabilities inside the devices. This requires measurement

of equivalence ratio and flame temperature during the operation. In practical combus-

tion applications, a harsh environment (e.g. high temperature, soot, turbulence) exists

which makes the combustion diagnostics difficult. Many optical measurement techniques

have been considered for the diagnostic applications due to their compatibility at ex-

treme conditions in combustors. However, cost inefficiency, time, and other limitations
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have made them inattractive. Due to the extreme conditions in practical combustion

applications, the diagnostic tools require sensors that can withstand it. Common op-

tical diagnostic methods such as absorption, scattering, and fluorescence need external

light sources which makes them expensive. Chemiluminescence on the other hand has

the advantage that the measured light signal occurs naturally in the combustion zone

and only a simple optical detection system is needed. Also, it has found great impor-

tance in the field of diagnostics due to its simplicity (in terms of measurement) and

non-intrusive nature (no outside probe is required thereby the system is undisturbed).

However, this would require reliable method by which online measurement is possible.

Over the years, chemiluminescence measurement has gathered attention for its simple

non-intrusive measurement techniques compared to expensive laser measurements. It

has been identified from a few scattered studies [3, 4] that excited species such as OH*

and CH* occur within the reaction zone, thereby providing identification of the reaction

zone. In addition, chemiluminescence has been seen to have a correlation with the heat

release rate [3, 4], and also with the equivalence ratio. Thereby, from the online con-

trol, sufficient information can be gathered to understand combustion process prevailing

inside the combustor.

As early as in the 1970s, chemiluminescence has been identified as a potential marker

for the heat release rate, reaction zone, and equivalence ratio. The major CL species are

formed in the thin reaction zone thereby their detection can provide information on the

location of reaction zone [5]. So far, scatter modeling efforts to relate chemiluminescence

and heat release have been done varying from premixed laminar to moderately turbulent

flame conditions [3,4,6–10]. Most of the studies on chemiluminescence are limited to par-

ticular conditions (e.g. at specific fuel stoichiometry, given temperature and pressures,

type of burners, strain rates) and so their interpretation may not be extrapolated to

other conditions. Due to which, the use of chemiluminescence in combustion diagnostics

remains still limited.

Chemiluminating species are considered as important intermediates that characterize

the reaction zone due to its appearance in the narrow region of the flame front and are a

potential marker for the heat release and the reaction zone in combustion systems [4,6,

11,12]. The CL species have advantage over stable species, such as formaldehyde CH2O,

HCO, which are also considered to be correlating well with the heat release location but

are difficult to measure. Samaniego et al. [7] studied CO2* chemiluminescence in lean

methane and propane premixed flame and presented a quantitative correlation between
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CO2* emission and heat release rate. They investigated CO2* in laminar and turbulent

premixed flames. Najm and coworkers [6] studied several flame observables such as

the concentrations of OH, CH, CO, CH3, and CH2O; various concentration products

such as [OH][CH2O], [OH][CH4], and [OH][CO] in premixed methane flames with a two-

dimensional counter-rotating vortex pair. They also studied the concentration product

of [CH][O2], [C2H][O], and [CO][O] related to OH*, CH*, and C2* formation respectively.

They found that the concentration product of precursors of the OH* and CO2* were well

correlating with the peak heat release rate. Haber et al. [8] examined the relationship

between OH* and CH* light emissions and heat release in Bunsen Burner flames. They

suggested OH* as a good indicator of heat release whereas CH* as not an adequate

indicator of the heat release in methane combustion. Among recent studies Hardalupas

et al. [3] and Panoutsos and coworkers [4] studied OH*, CH*, C2*, and CO2* emission

in natural gas-air, methane-air premixed counter-flow flames. They studied the effect of

strain rate and equivalence ratio on chemiluminescence intensity and its applicability as

a heat release indicator. They found mainly OH*, CH* and CO2* as good indicators of

the heat release but not C2*. The intensity ratio of OH*/CH* was found to be a good

measure of the local equivalence ratio. They also explained a potential technique to

utilize chemiluminescence in practical burners for measuring the time-dependent local

equivalence ratio. In [5] a numerical study in premixed laminar flame condition was

aimed to investigate the potential of excited species as a heat release marker. The

usefulness of chemiluminescence for sensing the equivalence ratio in a combustion system

has been studied by Nori et al. [9,10]. They found the ratio of CH* to OH* correlating

with the fuel stoichiometry in a lean methane system. However, they were unable to

hold the correlation beyond certain limits of temperature and pressure. The intensities

from CH*, C2*, OH*, and CO2* have been used to determine the location of the reaction

zone as well. Their experimental-modeling study also showed the utility of CH*, under

certain temperature and pressure condition, for sensing the heat release rate.

1.2 Motivation

Experiments for a wide range of conditions of temperature, pressure, strain rate, equiv-

alence ratio, and types of combustors are restricted due to their limitations on time and

cost. Modeling studies, on the other hand provide an alternative flexible approach with
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all above advantages over experiments. An understanding of the chemiluminescence in

combustors requires detailed studies of formation and consumption of the excited species.

The aim of the present work is to provide such detailed chemical kinetics reaction mecha-

nism which can give information on the occurrence of the chemiluminating species in the

reaction zone and their concentrations that can be validated with the measured inten-

sities in various shock-tube and laminar flame measurements. The chemiluminescence

mechanism developed will provide a basis for studies of chemiluminescence and its rela-

tion to heat release rate, equivalence ratios, marker of the reaction zone in combustion

applications.

1.3 Research goals

The concentration of excited species in flames is much lower (atleast four to five orders

of magnitude) compared to the important intermediate species (CH, OH, H2O). There-

fore, the incorporation of the chemiluminescence sub-mechanism into basic hydrocarbon

oxidation mechanism does not affect global properties like ignition delay times and flame

speeds. However, some of the intermediate products of combustion such as CH, H, O,

C2H, and C2 provide the basis for the formation of chemiluminating chemistry. The con-

centration of these species is not important for the validation of the global parameters

(flame velocity, ignition delay times) of basic hydrocarbon chemistry. However, these

species are important in formation of excited species. Therefore, for the development

of chemiluminescence mechanism, it is very important to validate first the intermediate

species chemistry, keeping the global parameter unvaried. In addition, ground state C2

and C3 are important precursors in the formation of excited CH* and C2*. The reaction

kinetics of these species is not yet a part of hydrocarbon chemistry and therefore its

incorporation and validation is also important part of present work. So, in order to

provide validated chemiluminescence reaction mechanism, the objective of the present

work is threefold

(i) Modification of the basic hydrocarbon chemistry with respect to its important

intermediates concentrations (CH, C2H).

(ii) Addition of C-, C2-, and C3-species reactions.
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(iii) Development and validation of a reaction kinetic scheme to describe chemilumi-

nescence.



2 Physical Chemistry Background

A chemically reacting flow system can be characterized by specifying its properties such

as pressure, density, temperature, flow velocity, and concentration of species at each

point in space and time. These properties can vary with time and space. Some of these

properties such as the mass, energy, and momentum are conserved and their change

is described by conservation equations. This equations are the starting point of the

mathematical description of reacting flows. The different systems vary from each other

by boundary conditions and physicochemical conditions.

2.1 Homogeneous reacting system

The ignition delay times measured in a shock-tube are modeled by treating the reaction

system as a homogeneous mixture heated up by the shock wave. Therefore, the general

conservation equations are reduced to ordinary differential equations [13].

Conservation of mass:

The equation for conservation of total mass is also called continuity equation which

explains that the change of total mass with respect to time is zero,

∂m

∂t
=

∂(ρV )

∂t
= 0 (2.1)

Here m is the total mass and V is the volume of the system, ρ is the density of the

mixture, and t is the time.

Conservation of species mass:

∂ρi

∂t
= Miω̇i (2.2)

7
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with ρi = ρwi. Here ρi is the partial density of the species i, wi is the mass fraction of

species i, ω̇i is the chemical rate of production of species i (molar scale), and Mi is the

molar mass of species i. With ρ being constant we obtain

∂wi

∂t
=

Mi

ρ
ω̇i. (2.3)

Conservation of energy:

∂T

∂t
− 1

ρcp

∂p

∂t
+

1

ρcp

ns∑
i=1

ω̇ihiMi = 0 (2.4)

where p = pressure, T = temperature, cp is the specific heat capacity at constant pres-

sure, ns = number of species, and hi is the specific enthalpy of species i.

The system is closed by the Ideal Gas Law :

pV = nRT. (2.5)

The equation system is solved numerically by the software packages DASSL (using the

backward differentiation formula) [14] or LIMEX (using extrapolation method) [15].

2.2 One-dimensional laminar flames

2.2.1 The structure of laminar premixed flames

Laminar premixed flat flame offer the advantage of well defined flame conditions suitable

for fundamental investigations experimentally and also for mathematical treatment of

the combustion processes. The structure of a laminar premixed flat flame consists of a

porous disk burner, ∼10 cm in diameter, through which the premixed fuel and air flows

(see Fig. 2.1). The fuel and oxidizer emerge from the disk and flow into the flame. This

flame appears as a luminous disk located few mm above the porous disk. If the burner

diameter is large enough, the curvature effects at the edges can be neglected and within

the edges, a flat flame is obtained.
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Figure 2.1: Schematic sketch of a laminar premixed flat flame.

The one-dimensional treatment is further simplified by the following assumptions [13]:

(i) the flame is stationary.

(ii) the perfect gas law is valid.

(iii) external forces such as gravitation are negligible.

(iv) the system is continuous as the mean free path of the molecules is small compared

to the flame thickness.

(v) the pressure is constant.

(vi) the kinetic energy of the gas flow is negligible compared to other terms in the

energy conservation equation.

(vii) the Dufour-effect (thermal diffusion) can be neglected.

(viii) heat flux due to the radiation of gases and particles is negligible (acceptable for

non-sooting flames).

(ix) the system is in local thermal equilibrium.

For any conserved variable E(z, t) in a one-dimensional system, the general relation is

∂W

∂t
+

∂J

∂z
= Q (2.6)

where W is density of conserved variable (E per volume), J is flux of the conserved

variable (E per surface·time), Q is source (or sink) of the conserved variable (E per

volume·time).
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Conservation of overall mass:

The density W in the conservation equation is given by the total mass density ρ. The

flux describes the movement of mass and is given by J = ρv. Here v is mean mass

velocity. The source term of the mass conservation equation (2.6) is zero (Q = 0) since

chemical reactions neither create nor destroy mass:

∂ρ

∂t
+

∂(ρv)

∂z
= 0. (2.7)

Conservation of species mass:

The density velocity W is given by partial density of species i which is ρi = mi/V = wiρ.

The flux J is given by J = ρivi. In addition, it has a source term which describes the

formation or consumption of the species i in chemical reactions. Therefore Q = Miω̇i

and the conservation equation reads

∂ρwi

∂t
+

∂ρwivi

∂z
= Miω̇i = ri, (2.8)

where ri = chemical rate of production (mass scale). The mass velocity vi of species

i is composed of the mean mass velocity v of the center of mass of the mixture and

a diffusion velocity Vi (relative to the center of mass), which is caused by molecular

transport due to concentration gradients of the species i, vi = v + Vi.

with ρi = ρwi, vi = v + Vi, and ji = ρwiVi,

∂ρwi

∂t
+

∂ρvwi

∂z
+

∂ji

∂z
= Miω̇i. (2.9)

Conservation of energy:

The W term in equation (2.6) is given by
∑

i ρihi =
∑

i ρwihi. Here hi is the specific

enthalpy of species i. The flux J =
∑

i ρivihi + jq =
∑

i ρviwihi + jq, in which jq is the

heat flux corresponding to the diffusion flux introduced in the species mass equation

(ji). No source term is considered (Q = 0).

n∑
i=1

∂ρwihi

∂t
+

n∑
i=1

∂ρvwihi

∂z
+

n∑
i=1

∂

∂z
(ρViwihi) +

∂jq

∂z
= 0. (2.10)
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Inserting a few relations such as vi = v + Vi, and the diffusion flux ji yields the relation,

ρv

n∑
i=1

wi
∂hi

∂z
+ ρ

n∑
i=1

wi
∂hi

∂t
+

n∑
i=1

hiMiω̇i +
n∑

i=1

ji
∂hi

∂z
+

∂jq

∂z
= 0. (2.11)

The temperature is calculated by solving this energy equation (2.11). After inserting

the heat flux jq and using the relation cp,idT = dhi and cp =
∑

wicpi yields,

ρcp
∂T

∂t
=

∂

∂t
(λ

∂T

∂z
)− (ρvcp +

n∑
i=1

jicp,i)
∂T

∂z
−

n∑
i=1

hiω̇i (2.12)

2.2.2 The structure of laminar non-premixed flames

The flame structure of non-premixed flames would require to solve the three-dimensional

conservation equations for overall mass, momentum, enthalpy and mass of species i.

However, the problem can be reduced spatially to one dimension by applying the bound-

ary layer assumption (i.e. neglecting the diffusion in the direction orthogonal to stream-

line). As shown in Fig. 2.2, examples of burners providing one-dimensional configu-

rations are the Tsuji burner [16] (it has a cylinder in cross flow) and the opposed-jet

flow burner (where a laminar fuel flow leaves one duct to stagnate against the laminar

oxidizer flow emerging from the opposite duct).

Flame frontStagnation line

          Fuel    Porous cylinder

y, vy

(a)

x, vx

Air

Flame
front

Air Porous plate 

Burnt
gases

Fuel(b) Porous plate

Figure 2.2: Schematic example of counterflow nonpremixed flame burner (a) Tsuji burner
(b) opposed flow burner.

The following assumptions lead to an equation system which has only the time t and
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one spatial coordinate y as independent variable [13].

(i) the solution is considered along the y axis

(ii) the normal velocity vy is function of y only

(iii) the tangential velocity component vx is proportional to the coordinate tangential

to the flame x

(iv) all species mass fractions and temperature are functions solely of coordinate y

normal to the flame

The equation system which describes the non-premixed flame is similar to premixed

flames. The following conservation equations hold [13]:

Conservation equation for total mass:

∂ρ

∂t
+ 2ρG +

∂(ρvy)

∂y
= 0 (2.13)

Here vx and vy are normal and tangential velocity component respectively, G is the

tangential velocity gradient (G =
∂vx

∂x
).

Conservation equation for momentum:

∂G

∂t
+

J

ρ
+ G2 − 1

ρ

∂

∂y
(µ

∂G

∂y
) + vy

∂G

∂y
= 0. (2.14)

Here J is the tangential pressure gradient (J =
∂p

∂x
). It is assumed to be constant

throughout the flow field and therefore it is an eigenvalue of the system.

∂vy

∂t
+

1

ρ

∂p

∂y
+

4

3ρ

∂

∂y
(µG)− 2µ

ρ

∂G

∂y
− 4

3ρ

∂

∂y
(µ

∂vy

∂y
) + vy

∂vy

∂y
= 0. (2.15)
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Conservation equation for total enthalpy:

∂T

∂t
− 1

ρ

∂p

∂t
+ vy(

∂T

∂y
)− 1

ρcp

∂

∂y
(λ

∂T

∂y
) +

1

ρcp

∑
i

cp,iji,y
∂T

∂y
+

1

ρcp

∑
i

hiω̇i = 0. (2.16)

Conservation equation for species mass:

∂wi

∂t
+ vy

∂wi

∂y
− 1

ρ

∂

∂y
ji,y =

ω̇i

ρ
. (2.17)

The equations are similar to the premixed flame except that the mass flux ρvy is not

constant due to the mass flux in tangential direction. With appropriate boundary con-

ditions, the solution of the above equations provides the flow variables (temperature,

concentration, velocity profiles) which can be compared to experimental data.

2.3 Transport parameters and thermodynamic data

It is known from empirical observations that the concentration gradients cause mass

transport called diffusion and that temperature gradients causes heat transport called

heat conduction. The heat flux is proportional to the temperature gradient given by the

Fourier law of heat conduction,

jq = −λ
∂T

∂z
, (2.18)

here λ is the heat conductivity of the mixture. The heat conductivity in the above

equation is calculated from the mixture rule,

λ =
1

2

[∑
i

xiλi + (
∑

i

xi

λi

)−1

]
, (2.19)

where xi is the mole fraction of the species i and λi is the heat conductivity of the species

i.
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The mass flux ji of species i can be obtained from the extended form of Fick’s law:

ji =
c2

ρ
Mi

∑
j

MjDij
∂xj

∂z
− DT

i

T

∂T

∂z
, (2.20)

where c is the molar concentration, Dij is multicomponent diffusion coefficient, xj is

mole fraction, DT
i is thermal diffusion coefficient of species i.

For binary mixtures and for trace species (wi → 0) the simplified formulation is equiva-

lent to the equation (2.20) given by,

ji = −DM
i ρ

wi

xi

∂xj

∂z
− DT

i

T

∂T

∂z
, (2.21)

where DM
i denotes the diffusion coefficient for species i into the mixture of all other

species with,

DM
i =

1− wi∑
j 6=i

xi

Di

. (2.22)

The thermodynamic databases (e.g. JANAF-tables [17], Goos-Burcat database [18]) of

large number species are tabulated as a function of temperature. The data are stored as

polynomials in T. The molar heat capacities is expressed as polynomials of fourth order

in T :

Cp,i(T ) = a1 + a2T + a3T
2 + a4T

3 + a5T
4, (2.23)

Hi(T ) = H0
i,298 +

T∫

298K

Cp,i(T )dT, (2.24)

Si(T, pi) = S0
i,298 +

T∫

298K

Cp,i(T )

T
dT +

pi∫

p0

− R

pMi

dp. (2.25)

To improve the accuracy, two different polynomials are used for low (∼200-1000 K) and

high (∼1000-6000 K) temperatures. The switch temperature of the polynomials can
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vary with different format of the databases.

2.4 Reaction kinetics

Temperature dependent rate coefficients

A reaction mechanism can consist of numerous elementary reactions which describes the

consumption and formation of the reactants and the products. The overall reaction of

the methane combustion can be given as

CH4 + 2O2 → CO2 + 2H2O. (2.26)

However, detailed investigations showed that the products water and carbon dioxide

were produced due to many reactive intermediates reactions rather than single collision

between the three reacting molecules. These intermediate reactions are elementary reac-

tions which occur on a molecular level. A generalized equation of an elementary reaction

r is given by

S∑
s=1

ν(e)
rs As kr−→

S∑
s=1

ν(p)
rs As, (2.27)

where kr is the rate coefficient of the given reaction. It depends strongly on the temper-

ature and is given by the modified Arrhenius equation

kr(T ) = ArT
nrexp

(
−Ea,r

RT

)
. (2.28)

The rate for the formation of species i, ω̇i (in reaction r) is obtained from the sum of

rate of all reactions (forward and backward) by

ω̇i =
R∑

r=1

(
∂ci

∂t

)

chem,r

=
∑

kr(T )(ν
(p)
ri − ν

(e)
ri )

S∏
s=1

cν
(e)
rs

s (2.29)
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The Arrhenius parameters (Ar, nr, and Ea,r) are provided in the reaction mechanism.

Together with the ideal gas law, molar masses Mi, and the mass fractions (wi) resulting

from the simulations, concentration of the species ci are obtained by

ci = c
M

Mi

wi and M =

(
s∑
i

wi

Mi

)−1

, c =
p

RT
. (2.30)

The reaction rate of the backward reaction is kreverse is calculated from the thermody-

namic equilibrium constant Kc:

kreverse =
kforward

Kc

, (2.31)

The equilibrium constant Kc can be obtained at standard pressure (p0) from the standard

molar free enthalpy (∆rG
0):

Kc(T ) =
( p0

RT

)ν
(p)
ri −ν

(e)
ri

exp

(
−∆rG

0(T )

RT

)
, (2.32)

The standard molar free enthalpy (∆rG
0) is calculated from the standard molar reaction

enthalpy (∆rH
0) and reaction entropy (∆rS

0):

∆rG
0(T ) = ∆rH

0(T )− T∆rS
0(T ), (2.33)

∆rH
0(T ) =

s∑
i

(ν
(p)
ri − ν

(e)
ri )H0

i (T ), (2.34)

∆rS
0(T ) =

s∑
i

(ν
(p)
ri − ν

(e)
ri )S0

i (T ). (2.35)

The molar enthalpies (H0
i ) and entropies (S0

i ) of the species are available from the

thermodynamics databases [17,18].

Pressure dependent rate coefficients

The rate coefficients of the reactions, under certain conditions, can also depend on the

pressure. They are either dissociation (unimolecular) or recombination (trimolecular)
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reactions whose rate increases with increasing pressure. The pressure dependence of the

reaction rate can be understood in principle by the Lindemann model [19]. According

to this model, such reactions are not elementary, rather they are a sequence of reactions.

Consider an unimolecular reaction AB → A + B [20]. Then according to Lindemann

model the reaction splits into two steps:

AB + M
k1−→ AB∗ + M, (2.36)

AB∗ + M
k−1−→ AB + M, (2.37)

AB∗
k2−→ A + B. (2.38)

In the first step, collision occurs between the reactant AB and colliding molecule M. In

this process, energy of M is transfered to AB and it reaches a state (AB*) above the

energy barrier (2.36). This energized state AB* rearranges to form the product (2.38)

or deactivates (2.37). If it is assumed that the steady-state condition is achieved in

negligible time compared to the total reaction time then the unimolecular rate coefficient

kuni can be derived as follows:

d[AB∗]ss
dt

= k1[M][AB]− (k−1[M] + k2)[AB∗]ss = 0 (2.39)

Here subscript ss refers to steady state.

d[A]

dt
=

d[B]

dt
= k2[AB∗] = k2

k1[AB][M]

k−1[M] + k2

= kuni[AB] (2.40)

kuni =
k1k2[M]

k−1[M] + k2

(2.41)

In low pressure limit ([M]→0) and high pressure limit ([M]→∞) these rate coefficients

can be given by

[M] → 0, kuni → kuni,0 ≡ k0 = k1[M] (2.42)

[M] →∞, kuni → kuni,∞ ≡ k∞ =
k1k2

k−1

(2.43)
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This is shown in the Fig. 2.3 where at low pressures the rate coefficient is proportional

to [M] and a linear dependence results. At high pressures, the rate coefficient becomes

independent of the pressure. The linear dependence at low pressures departs at certain

pressure and it falls off to the high pressure limit. This transition region in which the

kuni switches from low pressure to high pressure regime is called the fall-off region. The

Figure 2.3: A fall-off plot for a unimolecular rate coefficient as function of pressure [20].

unimolecular rate coefficient is usually expressed in terms of the reduced pressure pr:

k = kuni = k∞(
pr

1 + pr

), where, pr =
k0[M ]

k∞
. (2.44)

In practice, the equation (2.44) does not describe the fall-off curve completely due to

additional complexity of collisional deactivation and activation, energy and angular mo-

mentum dependences of association and dissociation steps. Therefore, the equation

(2.44) is modified by a broadening factor F ,

k = kuni = k∞(
pr

1 + pr

)F. (2.45)

If F in above equation (2.44) is equal to one then it is the Lindemann form. An expression

better fitted to experimental findings is given by Troe [21],

logF = [1 + [
logPr + c

n− d(logPr + c)
]2]−1logFcent (2.46)
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with c = −0.4− 0.67logFcent, n = 0.75− 1.27logFcent, d = 0.14, and

Fcent = (1− α)exp(−T/T ∗∗∗) + αexp(−T/T ∗) + exp(−T ∗∗/T ). (2.47)

In the Troe pressure-dependent reaction [21], in addition to the k∞ and k0 rate param-

eters, these four parameters α, T ∗∗∗, T ∗∗, T ∗ are provided as input.

2.5 Chemiluminescent kinetics

In the combustion zone, the electronically excited species are formed from the ener-

getic intermediate ground state species. These species formed are highly reactive. The

lifetime of the formed excited species is short and they return to the ground state by

emitting their energy which is immediately removed by passing into lower state (i.e. its

ground state or a lower excited state). This emitted radiation in form of light (hv) is

called luminescence. The luminescence arising from chemical excitation is called chemi-

luminescence.

In chemiluminescence, light is emitted by molecules returning to the ground state which

were excited chemically rather than thermally. The chemiluminescence signal shows

strong dependence on the chemical composition and weak dependence on the temper-

ature [22]. The strongest chemiluminescent intensities in hydrocarbon flames are from

OH* and CH* whereas C2* has a relatively weak intensity. The OH* emission is found at

309 nm, CH* emission is found at 431 nm CH(A2∆−X2Π), 390 nm CH(B2Σ−−X2Π),

and at 314 nm CH(C2∆ −X2Π) in flame spectra. Among the three available states in

CH*, the first two are the strongest. The Swan bands of C2* are found between 436 -

564 nm. Since in chemiluminescence the excited species are due to chemical excitation,

their formation does not depend on their ground state (which is the case for thermal

excitation).

In addition to this, the excited molecules can undergo collisional quenching. In col-

lisions with other molecules the electronically excited molecule may pass into a lower

electronic state - which is often the ground state. This radiationless decay process is

more common where the excess energy is transferred into the vibration, rotation, and
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translation of surrounding molecules. This thermal degradation converts the excitation

energy completely into thermal motion of particles, molecules or atoms i.e. to heat.

Collisional quenching is either reactive or non-reactive in nature. When the excited

species transfers its energy to the colliding molecule and comes to its ground state, this

is called non-reactive collisional quenching. An excited molecule may also take part in

chemical reactions [23]. When the energy transfer to the collider results in two different

products (due to chemical reaction), this is called reactive collisional quenching. The

spatial distribution of spontaneous emission depends on the orientation of the excited

molecules and on the symmetry properties of the excited state. Since this processes

involve collisions, their rates depend on the frequency of collisions and therefore on the

availability of the colliding molecules. In the gas phase this process may occur within

10−8 s at normal pressure [23]. The probability that an excited molecule in the level Ei

makes a transition to lower level Ek by spontaneous emission of a fluorescence quantum

hvik = Ei - Ek is given by Einstein coefficient Aik, as shown in Fig. 2.4.

Figure 2.4: Radiative and collision induced decay channels of an excited level [24].

The quantitative analysis of the flame spectra would require, the relationship between

the measured intensity and the excited state concentration, to be determined. Assume

that the molecule has lower energy level E1 and higher energy level E2, as shown in Fig.

2.5. The excited molecule in the higher E2 state may spontaneously convert its excitation

energy by emitting photon (hv), where hv = E2 - E1. The spontaneous emission rate

from higher to lower level, i.e. the probability that a photon is emitted by a molecule,

depends on the structure of the molecule and the selected transition. The spontaneous
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emission rate is given by the Einstein coefficient of spontaneous emission A21 [24]. The

Figure 2.5: Radiative decay from a higher energy level Ei to lower levels [24].

measured chemiluminescent intensity Ii for species i is given by [25],

Ii = yic
∗
i . (2.48)

here, c∗i is the concentration of the excited state molecule. yi is the fluorescence yield

which gives probability that an excited molecule will emit the photon. For a given

transition from an excited to the lower level, it is given by the ratio of number density

of excited state molecule that emits photons to the total number density (i.e. radiation

+ quenching rate)

yi = A21/(A21 + Q21), (2.49)

where the collisional quenching rate is defined as,

Q21 =
∑

j

cjkj. (2.50)

Here, the cj is the concentration of the colliding molecules and kj is the rate coefficients

of the quenching reactions.

Therefore, by using the equation (2.48), the concentration of the excited species can be

obtained from the measured intensities.
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2.6 Analysis of the reaction kinetics

It is well-known that the reaction kinetics mechanism of the smallest hydrocarbon fuel

(CH4) would require the mechanism consisting of about 11 species and 58 elementary

reactions. For higher hydrocarbons, several thousands of reaction would be required.

The interaction of these reactions governs the combustion process. However, among

them there are only few reactions which determine the rate of the overall process (called

rate-limiting reactions). Therefore it is advantageous to know the set of reactions whose

knowledge is sufficient to governs the entire combustion process.

The two major mechanism analysis methods performed are sensitivity analysis and re-

action flow analysis. Through the sensitivity analysis it is possible to determine whether

the reaction is rate limiting or not. This helps in understanding the relative importance

of reaction as one requires a highly accurate rate data for the rate limiting reaction. On

other hand, the accuracy of the rate data does not affect the simulation results of the

non sensitive reactions. The reaction flow analysis determines the characteristic reaction

paths thereby providing information on the formation and consumption pathways of a

given species.

In a sensitivity analysis, the rate coefficients of the chemical reactions are considered as

parameters. In a system with R reactions and S species, the change in concentration of

species i is written as,

dci

dt
= Fi(c1, . . . , cs; k1, . . . , kr), (2.51)

where, i = 1, 2, . . . , S and ci(t = t0) = c0
i .

Here, ci (concentration of species i) is the dependent variable and the time t is indepen-

dent variable. c0
i is the initial condition at time t0. The dependence of the solution ci

on the parameter kr is called sensitivity. The absolute sensitivity is given by,

Ei,r =
∂ci

∂kr

(2.52)

and the relative sensitivity is given by

E
(rel)
i,r =

kr

ci

∂ci

∂kr

=
∂lnci

∂lnkr

. (2.53)



2.6 Analysis of the reaction kinetics 23

For given ±x% change in kr, the sensitivity analysis gives information on changes in

concentration of the given species. A high sensitivity indicates that the reaction is rate

limiting. The analysis can be performed either globally or locally. The global sensitivity

analysis considers the overall formation and consumption during the combustion process.

The resulting analysis is integrated over the whole reaction time (for homogeneous time

dependent system) and the results for stationary flames are integrated over the reaction

zone. The local reaction flow analysis considers the formation and consumption of species

locally, i.e. at specific times in time-dependent problem (ignition processes) or at specific

locations in steady state processes (flat flame).

The reaction flow analysis gives information on the relative rate of formation and con-

sumption of a species. From this analysis, one can draw the entire reaction pathway

for the consumption and formation of a given species. The integral reaction flow anal-

ysis considers the overall formation and consumption during the combustion process.

In homogeneous systems the results are integrated over the reaction time whereas in

stationary flames they are integrated over the reaction zone. The local reaction flow

analysis considers the formation and consumption of species at specific times (in homo-

geneous process) or at specific locations (flat flames). The reaction is considered to be

unimportant if the formation (or consumption) of given species is below certain limit

(e.g., 1%).
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Hydrocarbon Oxidation

The concentration of chemiluminating species is low compared to the concentration of

ground state species. Therefore, it is seen that their prediction depends on the species

that are the direct precursors responsible for their formation. These intermediates such

as CH, C2H, C2, and 1CH2 are not directly important for the global validation (such

as ignition delay time, flame velocity) of the basic hydrocarbon oxidation mechanism.

Therefore, before developing the mechanism for the excited species, it is important to

have a good prediction of such chemiluminescence precursor species.

The underlying mechanism originates from the dissertation of Heghes [26]. The C1 to C4

hydrocarbon mechanism in [26] is derived to model basic fuels at non-sooting conditions.

This mechanism is modified in the present work with focus on the intermediates such

as CH, C2H, C2 and is discussed in this chapter. The complete description of oxidation

of hydrocarbons in the low and high temperature range requires incorporation of RO2,

RO2H, aldehyde species, and radicals along with single, double and triple bond RH.

Initially H, O, OH radicals are produced by chain branching steps of O2-H2-reactions

(oxy-hydrogen reactions). The hydrocarbon fuel molecules are attached by these radi-

cals to form alkyl radicals (Fig. 3.1). These alkyls further decompose to smaller alkyls.

In addition to the CH3 decomposition path there is a competing recombination path

which forms C2H6. This recombination path is important in the rich flame condition.

The CH3/C2H5 oxidation is rate limiting step. Similarly, the C3/C4 hydrocarbons de-

composes to CH4 and C2H5 and follows the C1/C2 chemistry pathways as shown in Fig.

3.1

24
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Figure 3.1: C1 to C4 hydrocarbon decomposition scheme.

3.1 H2-O2 oxidation

The mechanism of H2-O2 involves important chain branching steps forming H, O, and OH

radicals. The reaction H + O2 → OH + O (R1) is the most important chain branching

reaction at high temperature and low pressures. Here, the number (R1) refers to the

reaction number presented in mechanism in Appendix. A pressure- and temperature-

dependent reaction H + O2 + M → OH + O + M (R8) is competing with reaction (R1)

and has chain terminating character, due to the relatively nonreactive nature of the

HO2 radical formed. At low pressures the main branching reactions H+O2 (R1), O+H2

(R2) and OH+H2 (R3) are important. However, as the pressure increases leading to the

second explosion limit region, the reaction rate is controlled by the reactions involving

HO2.

The kinetics scheme discussed in [26] has been modified in the current work, which

is presented in Appendix. The underlying mechanism originating from Heghes 2007

[26] has considered reaction rate of H + O2 + M = HO2 + M (R8) as a sum of two

Arrhenius expression. The present study considers only one reaction rate (R8) as shown

in Appendix. The reaction H + O2 = OH + O (R1) is the basic chain branching

reaction at high temperature and flame propagation is highly sensitive to this reaction.

Reaction (R8), thus, competes with reaction (R1) at the given temperature and pressure

conditions. The ignition delay time measured from the onset of OH* profile is presented
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in Fig. 3.2. The measurements are shown for lean and stoichiometric H2/2-O2 mixtures

Figure 3.2: Ignition delay time with respect to the OH* concentration for lean and sto-
ichiometric H2/O2 mixture with Ar (a) and Ar+N2 (b) dilution, Symbols:
shock-tube experiments, lines: simulations [27].

diluted in Ar and Ar+N2. The ignition delay time of 1% H2, 2% O2 in argon at 1

bar from the shock-tube experiments of [28] measured near second explosion limit are

presented in Fig. 3.3. The ignition delay time at higher temperatures are presented

later in Chapter 5. Figure 3.4 presents various reported values of the laminar flame

velocity measurements (recent and older) at 1 bar and 298 K initial temperature. Their

references are as presented in Fig. 19 of [27]. The results from ignition delay time and

flame velocity are in good agreement with the measurements.
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mole fraction at 1 bar and 298 K initial temperature. The flame velocities
correspond to the one which are corrected for stretch effects: Aung et al. [29],
Taylor [30], Vagelopoulos [31] and Wu and Law [32]. The velocities from the
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Absolute concentrations measured in hydrogen-air flame by Smith et al. [34] provide

stringent test on the hydrogen sub-mechanism. A one-dimensional simulation of the

premixed burner-stabilized laminar flame is performed to obtain the concentrations of

major radicals and stables species measured in [34] by molecular beam mass spectroscopy.

The flame is fuel rich with φ = 1.91 at 0.05 bar. The results from the simulation show

that the H and O concentrations (at OH* peak), important for OH* formation, are

well predicted with deviations of +2% and +20% compared to the measurements. The

measurement error of these atoms is estimated to be 10%. This comparison is intended

to provide an understanding of the relevance of H and O concentrations for the prediction

of OH* in flames. As shown in Fig. 3.5, other radicals and stable species such are H2,

H2O, OH, and O2 are also in good agreement with the measurements.

Figure 3.5: Comparison of absolute concentrations for the major radicals and stable
species in a rich H2/O2/Ar laminar premixed flame at 0.05 bar. Symbols:
experiments [35], line: simulation.

3.2 C1-C2 oxidation

The primary hydrocarbon oxidation product CO oxidizes to CO2 in a subsequent slow

secondary reaction CO + OH → CO2 + H. The reverse of this reaction (CO2 + H →
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CO + OH) is important to establish water gas equilibrium [36]. CO is mainly formed

in the reaction CHO + M → CO + H + M.

3.2.1 C1 chemistry

The smallest hydrocarbon fuel methane is widely studied in combustion as it is an im-

portant fuel itself but is also produced during the oxidation of most of the hydrocarbons.

In the oxidation of CH4, the fuel is attacked by H, O, OH radicals which forms CH3.

The reaction CH4 + M → CH3 + H + M initiates the thermal decomposition at high

temperature ignition forming CH3:

(R94) : CH4 + H → CH3 + H2,

(R95) : CH4 + O → CH3 + OH,

(R96) : CH4 + OH → CH3 + H2O.

The CH3 thus formed reacts with O to form formaldehyde (CH2O) which further reacts

rapidly to generate CHO:

(R66) : CH3 + O → CH2O + H,

(R54) : CH2O + H → CHO + H2,

(R55) : CH2O + O → CHO + OH,

(R56) : CH2O + OH → CHO + H2O.

The CHO is thermally decomposed to CO. The methane oxidation is completed by the

oxidation of CO to CO2:

(R34) : CHO + M → H + CO + M,

(R35) : CHO + H → H2 + CO.

The ignition delay time of CH4/O2/Ar mixtures measured at atmospheric pressure (Fig.

3.6) and at high pressures (Fig. 3.7) are found to be in very good agreement with the

measurements. The ignition delay times is sensitive to the chain branching reaction
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(R1). The simulations for the shock-tube experiments were obtained at atmospheric

pressures [37] and at high pressures of 18 and 60 bar [38].
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The measurement of peak OH concentrations for CH4/O2/Ar stoichiometric mixture at

1 bar pressure is obtained in shock-tube experiment [37]. As shown in Fig. 3.6 the

simulated OH peak concentrations are in very good agreement with the measurements.

At high pressures (Fig. 3.7), Petersen et al. [38] measured ignition delay time based

on the OH peak time for the mixture of 0.5% CH4-2.5% O2 with argon (18 bar) and

nitrogen (60 bar) as diluent. The simulated ignition delay times, as shown in Fig. 3.7,

are in very good agreement with the measurements at both pressures. The ignition delay

time obtained by using the GRI-mech 3.0 [39] slightly underpredicts the measurement

at 60 bar.
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Figure 3.8: Laminar flame velocity of CH4/O2/N2 mixture at 298 K initial temperature
and at 1 bar. Line: simulation from present work, symbols: experiments
from [26,31].

The burning of the premixed laminar flat flames is characterized by the laminar flame

velocity. The flame velocity of the reacting mixture depends on the fuel stoichiometry,

the pressure and the initial temperature. It is seen in sensitivity analysis that the

reaction (R1) is the most sensitive reaction independent of the fuel stoichiometry [13].

In addition to this, a chain terminating reaction (R8) has a large negative sensitivity as

it reduces the H atoms in the mixture. The reaction CO + OH → CO2 + H (R22) which

governs the heat release is also a rate limiting reaction. Figure 3.8 presents flame velocity

of CH4/O2/N2 at 1 bar pressure and 298 K initial temperature. The experimental points

are obtained from the studies of [26,31]. A good agreement between simulated velocities
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and experimental velocities is obtained at different equivalence ratios.

3.2.2 C2 chemistry

The simple scheme of decomposition of CH4 is complicated by the recombination of CH3

in the reaction

(R173) : CH3 + CH3 → C2H5 + H.

This recombination path consumes about 30% CH3 in stoichiometric CH4-air flames

which increases to 80% in rich flame. Thus from stoichiometric to rich conditions,

knowledge on the combustion of C2-hydrocarbons is getting more and more important

in addition to the C1-hydrocarbons chemistry.

The recombination path is dominated by reaction,

(R76) : CH3 + CH3 + M → C2H6 + M,

where the C2H6 formed is further attacked by H, O, and OH radicals to form C2H5.

There are many competing reactions consuming C2H5. In one channel it oxidizes to

CH2CHO and CH2CO, and finally forms CH3. The major channel is the reaction of

C2H5 with O2 and thermal decomposition forming C2H4:

(R176) : C2H5 + O2 → C2H4 + HO2,

(R172) : C2H5 + M → C2H4 + H + M.

In a less important channel, C2H5 reacts with H atoms to form CH3 again:

(R173) : C2H5 + H → CH3 + CH3.

The C2H4 formed in above channel oxidizes with H, OH and forms mainly CH3 and

CHO:

(R157) : C2H4 + OH → C2H3 + H2O,

(R155) : C2H4 + O → CH3 + CHO.
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In addition, C2H4 reacts back to C2H5 and another channel forms C2H3 (about 55% in

stoichiometric CH4 flames).

(R152) : C2H4 + H + M → C2H5 + M,

(R153) : C2H4 + H → C2H3 + H2.

The C2H3 formed from C2H4 is converted mainly to C2H2 by thermal decomposition

and by reaction with H atoms:

(R139) : C2H3 + M → C2H2 + H + M,

(R140) : C2H3 + H → C2H2 + H2.

3.2.3 C2H2 chemistry

The C2H2 plays an important role under fuel rich conditions. It is an important precursor

for the formation and growth of soot. In addition to this, the acetylene chemistry is also

important for the present work as the direct precursors to the excited species formation

(e.g. CH, C2H, C2) are formed from acetylene. The C2H2 formed in the recombination

channel is consumed by the attack of O and OH atoms:

(R129) : C2H2 + OH → C2H + H2O.

(R128) : C2H2 + O → HCCO + H,

(R127) : C2H2 + O → 3CH2 + CO,

As discussed in [26], the channel forming C2H is the dominant reaction (65% lean-,

70% rich- methane/air flame) followed by reaction forming HCCO (27% lean-, 22% rich-

methane/air flame) whereas the third channel which forms CH2 in the triplet state is a

minor channel (less than 10%). Among these C2H2 consumption reactions, the reaction

of C2H2 + O2 → HCCO + OH (R128) is found very important for the ignition delay

time of acetylene mixtures. Whereas the flame speed of such mixtures is sensitive to the

rate of C2H2 + OH → C2H + H2O (R129).

The mechanism presented in [26] is referred to hereafter as original mechanism whereas
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the modifications made to original mechanism is referred to as modified mechanism.
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Figure 3.9: (a) Ignition delay time for a 0.5%C2H2/0.8%O2 mixture diluted in argon,
pressure in the range 0.64-0.78 bar. The ignition delay time is derived at
the time when the concentration of [CO]+[CO2] attains its 10% value. Sym-
bols: experiments [40], line: simulation. (b) Comparison of measured and
simulated laminar flame velocity of C2H2/O2/N2 mixtures at different stoi-
chiometry. The initial temperature of the mixture is 298 K and the pressure
1 bar. Line: simulation, symbols: experiments from [41].

The original mechanism failed to predict the experimental ignition delay times of C2H2.

The simulated ignition delay times were about two orders of magnitude lower than the

measurements. Therefore, the C2H2 formation and consumption paths were reinvesti-
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gated. While modifying the mechanism one has to be careful as the reaction which

influences the ignition delay time has also influence on the flame velocity. In order to

match the measured ignition delay time it would require to decrease the rate of reaction

(R128). The rate of this reaction is not well studied and no recommendation is made in

the database by Baulch et al. [42]. Therefore a factor of 4 slower rate recommended by

Miller et al. [43] which is equal to k(R128) = 5.0×107T 1.5exp(-126 kJ mol−1/RT ) cm−3

mol−1 s−1 is taken into account. Also the reaction rate of (R129) has been modified

within the available limit of k given in [42]. Based on these changes, the ignition delay

time is decreased compared to the earlier predictions in [26] and excellent agreement is

seen with the measurement as is shown in Fig. 3.9a. The flame velocities of acetylene-air

mixtures are also well reproduced as given in Fig. 3.9b.

Acetylene chemistry plays important role in fuel rich conditions where soot and poly-

cyclic aromatic hydrocarbons (PAH) is formed. In context of present work, it is an

important precursor leading to all excited species formation (see Fig. 3.10). Therefore

it is important to validate the mechanism for its prediction of acetylene concentration

in flames.
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Figure 3.10: Reaction scheme of chemiluminescence species formation from its major
precursor C2H2.

The measurement of C2H2 concentration has been carried out in diffusion flame condi-

tions by Wagner et al. [44]. The experiments are performed in Tsuji-type burner [16]

where the fuel exits through a porous cylinder into a vertically upward directed air flow.
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Table 3.1: Operating conditions of CH4-air diffusion flame.
a / s−1 vair / m s−1 vfuel / m s−1 Tfuel / K

100 -1.0 0.18 473
150 -1.5 0.21 562
200 -2.0 0.25 651

The measured flow velocity at the fuel-side exit and the strain rate at the air-side are in-

put parameters to the calculations. The experimental conditions of the burner operation

are presented in the Table 3.1.

The quantitative experimental profile of C2H2 are measured using Tunable Diode Laser

Absorption Spectroscopy (TDLAS) [45]. The C2H2 mole fractions in laminar diffusion

flames are measured at different strain rates. In addition to C2H2 mole fractions, gas

phase temperatures are also recorded using Coherent Antistokes Raman Spectroscopy

(CARS). The spatial profiles of acetylene and the gas phase temperature in CH4-air

counter-flow diffusion flames are obtained at varying strain rates a of 100, 150, 200, and

300 s−1. The experimental conditions are summarized in Table 3.1. As the flames are

measured with air from the atmosphere, there exists about 1% relative humidity in air.
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Figure 3.11: Comparison of experimental (symbol) and simulated (line) temperature
profile for CH4-air non-premixed flame with a = 100, 150, 200, and 300
s−1.
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The presence of humidity has a small influence, e.g. when the calculations are performed

with 1% relative humidity in air, the peak temperatures are about 18 K (at 100 s−1

strain rate) lower than those calculated with dry air. The temperature calculated with

1% relative humidity in air are closer to the measurements. Also, the calculations do

not account for the heat losses to the surroundings and therefore there is about 60 K

difference in measured and calculated peak temperature.

Figure 3.12: Comparison of experimental (symbol) and simulated (line) C2H2 mole frac-
tions for CH4-air non-premixed flame with (a) a = 100 s−1, (b) a = 150 s−1,
(c) a = 200 s−1, and (d) a = 300 s−1.

Figure 3.11 shows the comparison of experimental and calculated temperature profiles

at different stain rates. The simulated temperature profiles are in good agreement with

the measurements. At strain rate 100, the temperature decrease is faster compared to

the measurements. Since the flow measurements at exit conditions are difficult, there is
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an error of about ±0.5% for the fuel flows and about a ±2.0% (a = 100) to ±0.7% (a =

300) error in air velocity measurement. This errors leads to a change in position of the

flame by which the discrepancy in the position of the measured and calculated profiles

is reduced. The temperatures at other strain rates are in very good agreement with the

measurements.

The measured and calculated C2H2 mole fractions are compared in the Fig. 3.12. The

error bars on measured C2H2 profile accounts for the uncertainty of the absorption line

fit. Therefore the resulting mole fraction is divided by the signal to noise ratio (SNR)

between the extracted absorption line area and residual noise on the signal [45]. The

measured and simulated C2H2 mole fractions are in excellent agreement at all three

strain rates.

3.2.4 Modifying important intermediate concentration

In addition to this, for the development of chemiluminescence mechanism, it is impor-

tant to have better prediction of certain intermediate species such as CH, C2H which are

direct precursors of the excited states formation. The prediction of these species is not a

criterion for the mechanism validations presented in [26], but it is important in the con-

text of the present work and therefore a further modification of the original mechanism

is carried out. The absolute CH concentrations in their ground states are studied in a

series of hydrocarbon (methane-, ethane-, and ethylene- air) premixed laminar flames

by Smith et al. [46]. Among other recent works, Thoman and McIlroy [47] measure

absolute CH concentration in stoichiometric and rich methane/oxygen/argon-flame via

cavity ringdown spectroscopy. The mechanism discussed in [26] predicts the CH con-

centrations about 4 times higher than the measurements. Therefore, it is necessary to

investigate the CH formation and consumption pathways that lead to such overpredic-

tion. The main channel to CH formation is via C2H or HCCO decomposition whereas

the 3CH2 is the minor channel to CH formation as shown in Fig. 3.13. The simulated

concentration of C2H is in good agreement with the measurement in Bastin et al. [48].

The following changes are made to the mechanism from [26] to achieve better prediction

of C2H2 ignition delay time and better prediction of CH concentrations in flames.
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Figure 3.13: Schematic of the formation pathways of CH. Dotted line: in mechanism
from [26], continuous line: modified path in present work.

1. It has been reported in [49–51], that the dominant path to CH is via 3CH2. The

formation of CH species are linked to the C2H2 decomposition pathway. In the

original mechanism [26] the CH formation path is dominated via the C2H path as

a high reaction rate is selected for the reaction C2H + O2 → CO2 + CH (R119).

The reaction of C2H with O2 leads to four branching reactions (R117)-(R120)

forming mainly CO, CO2, CH, and HCCO as reaction products. A recommended

branching ratio of CO:CO2 in [42] is 9:1, which implies that the important channels

lead to CO. Therefore, the reaction CO2 + CH (R119) channel leads to only 10%

of the total rate which is considered the major channel in the original mechanism

of [26]. This newly incorporated rate leads to the reduction of CH-concentrations

in flames. An additional modification is made for the rate of reaction CH + H →
C + H2 (R25) which is increased by factor of four in the recommended limit of log

k = +0.6 [42]:

(R117)− (R120) : C2H + O2 → CHO + CO,

→ H + CO + CO,

→ CO2 + CH,

→ HCCO + O.

2. The second change made is the rate of the important reactions C2H2 + H →
C2H + H2 (R126) and C2H2 + O2 → HCCO + OH (R130) which improves the

prediction of C2H2-O2 atmospheric ignition delay times (T = 1500 - 2000 K) and

flame velocity (φ = 0.5 - 2.4).

3. The flame velocity of CH4-air flames at rich conditions is overpredicted in the
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original mechanism [26]. An error in the k∞ of the pressure dependent reaction

CH4 + M→ CH3 + H + M (R93) found in the original mechanism is corrected. The

reaction of CH3 with O2 is an important propagation step in methane combustion.

The rate of CH3 + O2 → O + CH3O (R72) is taken from the recommendation of

Tsang et al. [52]. This change improves the prediction of CH4-O2 ignition delay

time prediction at high pressures (see Fig. 3.7).
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Figure 3.14: Comparison of measured and simulated absolute CH concentrations for
CH4/O2/Ar flames at four fuel stoichiometries (φ = 1.0, 1.2, 1.4, and 1.6).
Experiments: Thoman et al. [47]. Symbols: experiments, line: simulation
present work, dashed line: simulation with Gri-mech 3.0 [39].

The above modifications lead to the better prediction of CH concentrations in flame

conditions. Among recent works, Thoman et al. [47] measured CH concentrations in

stoichiometric and rich methane-oxygen-argon flames (φ = 1.0, 1.2, 1.4, and 1.6) via

cavity ringdown spectroscopy at 0.04 bar pressure. The selection of argon instead of

nitrogen (in air) is done to avoid the effect of CH consumption via NO rather than O2.

The CH concentrations simulated with the original mechanism [26] are about 4 to 4.5

times higher than the measured absolute concentrations. Including the above modifi-

cations, the calculated concentrations are in very good agreement with measurements.

As shown in Fig. 3.14, the peak value of CH mole fraction from GRI-mech 3.0 [39] at

rich conditions are about 1.5 times higher compared to the measurements whereas the



3.2 C1-C2 oxidation 41

results from the mechanism discussed here are closer to the measurement. The stoichio-

metric flame appears closer to the burner surface in simulation whereas they appears

slightly later in the measurement. In the richest flame (φ = 1.6), the consumption of

CH is slower than predicted by the measurement which is likely due to the fact that at

rich conditions there is consumption of CH leading to the formation of soot precursors.

As the soot formation is not included in the mechanism, the decay part shows slow

consumption of CH.

A reaction flow analysis is performed at the distance from burner where CH concentration

peaks i.e. for the stoichiometric case at z = 0.51 cm and for rich case, φ = 1.6, at z

= 1.18 cm. The CH concentration is dominated by the reaction of 3CH2 with H and

OH. Under rich conditions the reaction 3CH2 + H is the major reaction channel forming

CH. As known, the 3CH2 is formed in the reaction 1CH2 + M → 3CH2 + M reaction

in addition to the smaller channel HCCO + H → 3CH2 + CO. This secondary channel

contributes about 20% in the rich case whereas under stoichiometric condition it is a

minor (5%) channel. Subsequently, C2H2 is the important precursor for HCCO and

C2H concentration whereby explaining the importance of acetylene chemistry in this

reaction channel which will be further linked to the chemiluminating species formation.

The 1CH2 is formed from the decomposition of CH4 to CH3. The sensitivity analysis
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Figure 3.15: Sensitivity analysis performed at the peak of the CH concentration for the
CH4/O2/Ar flames [47] at stoichiometric (φ = 1.0) and fuel-rich (φ = 1.6)
condition. The concentration profiles are presented in earlier Fig. 3.14.
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performed at these conditions shows that the CH formation has positive sensitivity

towards the reaction CH3 + OH → 1CH2 + H and reaction 3CH2 + H → CH + H2

at both fuel stoichiometries (Fig. 3.15). As seen in the reaction flow analysis, this is

due to the fact that they are the important formation channels to the CH production.

Similarly, the CH has negative sensitivity to the CH + H → C + H2 and CH + O2

→ CHO + O reactions which are both important CH consumption reactions. Figure
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Figure 3.16: Comparison of measured and simulated absolute peak CH-concentrations
for lean (φ = 0.8), stoichiometric and rich (φ = 1.28) CH4 - air flames.
Symbols: experiments (Berg et al. [53]), line: simulation.

3.16 shows CH prediction in CH4-air flames at three fuel stoichiometry measured in

[53]. The CH concentrations are in very good agreement with the measurements. The

CH concentrations in stoichiometric and rich CH4-, C2H4-, C2H6- air flames are also

measured by Smith et al. [46]. The peak CH concentration with modified and original

mechanism are shown in Fig. 3.17. The concentration of CH at given stoichiometry are

nearly the same irrespective of the fuel. The original mechanism overpredicts the CH

concentrations by a factor of two to three. As seen Fig. 3.17, the modified mechanism

captures the CH concentrations for all three stoichiometries of methane -air flames.

There is an underprediction of about two to three times at C2H6- rich and C2H4- rich

and stoichiometric air flames.
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As seen earlier, the ground state species CH and C2H are important for the description

of OH*, CH* chemiluminescence. Similarly, the 1CH2, C, and C3 are important for the

C2* concentrations. The C2* formation reactions suggested in literature are 1CH2 +

C and C3 + O [1]. There are no measurements available for ground state C- and C3-

concentrations at flame conditions, however 1CH2 is measured by McIlroy (1998) [54].

The concentrations of 1CH2 are measured for four different fuel stoichiometries (φ =

1.0, 1.2, 1.4, and 1.6) of CH4/O2/Ar mixtures. A comparison with simulations is shown

in Fig. 3.18. All the four 1CH2 concentrations are in excellent agreement with the

measurement.

3.3 C3-C4 oxidation

The consumption of C3 and C4 species is observed by thermal decomposition reactions

and by attack of H, O, and OH radicals where smaller alkyl radicals are formed. Higher

alkanes are not formed and so the mechanism of smaller alkanes is relevant for the

description of the C3-C4 oxidation which is discussed in the previous section.

(R256) : C3H8 → CH3 + C2H5,

(R396)− (R398) : C4H10 → CH3 + C3H7,

→ tC4H9 + H,

→ iC4H9 + H,

(R257)− (R262) : C3H8 + H(/ + O/ + OH) → nC3H7 + H2(/ + OH + /H2O),

(R399)− (R404) : C4H10 + H(/ + O/ + OH) → iC4H9 + H2(/ + OH + /H2O),

→ tC4H9 + H2(/ + OH + /H2O).

The decomposition reactions of fuels such as C3H8 and C4H10 are given by reactions

(R256), (R396)-(R398). In these reactions smaller alkyls (CH3, C2H5, and i-C3H7) are

formed. The C3H8 fuel is attacked by H, O, and OH radicals forming alkyls (n-C3H7) as

shown in reactions (R257)-(R262). Similarly in the reactions of C4H10 with H, O, and

OH forms i-C4H9 (and t-C4H9) given by reactions (R399)-(R404). The results of higher

hydrocarbons are not presented here as they are similar to the one presented in [26].



4 Chemiluminescence Mechanism

The chemiluminescence reaction kinetics requires the knowledge of important reactions

for the formation and consumption of excited species and their reaction rates. Different

studies are dedicated to the identification of the formation pathways of excited species.

The rate of consumption can be obtained from the lifetime of these species and are rela-

tively known [55] compared to the formation rates. The first measurement and detailed

kinetics studies were done in the 1970s by Gaydon [1] since then significant progress

has been made in this field. However, the fundamental understanding on the relation

between the measured intensity and the simulated concentrations of the chemilumines-

cent species is still lacking. Therefore, there exists still uncertainty about the important

formation reactions forming these species, specifically for CH* and C2* formation. In

addition, very few studies have been done in N2O environment, where there are addi-

tional channels for the formation of these excited species. The concentration of these

excited species is much lower compared to the important ground state species (more

than five orders of magnitude) and therefore their presence has nearly no impact on the

overall oxidation process. Due to their low production rates and rapid removal rates,

they are often assumed to be in quasi-steady state [10].

The reaction kinetics of excited species can be described by three different types of

reactions. The formation reaction (4.1) and its subsequent consumption by radiative

decay (4.2) and non-reactive collisional quenching reactions (4.3). The excited state X*

formed is short lived and returns to the ground state via two channels. In the first

channel, it emits its excess energy in form of light in a radiative decay reaction (4.2). In

second channel, the excess energy of X* is transferred to the colliding molecule (4.3).

A + B → C + X∗, (4.1)

X∗ → X + hν, (4.2)

45
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X∗ + M → X + M. (4.3)

4.1 Formation of OH*

The main formation reaction of OH* in hydrocarbon mixtures is:

(R414) : CH + O2 → CO + OH∗.

This reaction is initially proposed by Krishnamachari and Broida [56] who studied the

emission spectra of oxygen-acetylene flames at low pressures. Becker et al. (1977) [57]

find that the formation pathway suggested by Krishnamachari et al. does not explain

all the OH* formed and distinguish between hot and cold OH* emission. The formation

of OH* from the reaction of CH radical with molecular oxygen only accounts for the

dominating hot chemiluminescence. However, they are unable to identify the reaction(s)

responsible for the additional cold OH* emissions.

The rate of this reaction is found to be temperature independent in most literature

studies (or very small dependence). The rate coefficient is first derived by Porter et

al. (1967) [58] by correlating measured CH-, O2-, and OH*-profiles in methane and

acetylene flames between 800 and 2000 K. A rate of 6×1010 cm3mol−1s−1 is proposed.

Messing et al. [59] and Lichtin et al. [60] determine the reaction rate at room temperature

via chemiluminescence detection. Berman et al. [61] study the temperature dependence

of CH with O2 in the temperature range from 297 to 679 K using two-laser photolysis

techniques. They find very little temperature dependence of OH*. The rate given is

3.25×1013 cm3mol−1s−1. This rate is two orders of magnitude higher than that obtained

by Porter et al. [58]. Grebe and Homann [62] use a flow-reactor to study the C2H2/O/H-

system at room temperature and calculate a rate coefficient of 4.8×1010 cm3mol−1s−1,

which is similar to the high temperature value of Porter et al. [58]. Among the recent

studies, reaction rate data are available from Smith et al. [63], Carl et al. [64], and

Hall et al. [65]. Smith and co-workers [63] study low pressure methane flames. The

experimentally measured flame species profiles are compared with simulated profiles and

a reaction rate of 1.8×1011 cm3mol−1s−1 at flame temperature is indirectly recommended

by providing a fit of the simulated OH* profile with experiments. This reaction rate is

suggested by, Carl et al. [64], who investigate C2H2/O/H/O2 atomic flames. A low
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activation energy of 0.7 kJmol−1 has been estimated over the temperature range 296

to 511 K. At high temperatures (1000 - 2000 K), shock-tube studies are done by Hall

et al. [65] where for the first time a temperature dependence of the reaction rate is

shown with an activation energy of 17.38 kJmol−1. The reaction rate coefficient from

these authors is plotted in Fig. 4.1. The above reaction explain OH* formation in
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Figure 4.1: Arrhenius plot for the rate coefficients of reaction CH + O2 forming OH*.

hydrocarbon combustion process. In hydrogen mixtures OH* is considered to be formed

mainly by the reaction of atomic H with atomic O and a collision partner, as suggested

by Charton and Gaydon [66] and Gaydon [1]:

(R413) : H + O + M → M + OH∗.

This reaction is reported to be also important in hydrogen/methane -flames [67] where

it can have important contribution to the OH* formation. The first suggestions for

its rate are from Kaskan [68] who studied OH* emission in rich H2/O2/N2-flames and

later in 1982 from shock-tube studies of Hidaka et al. [69] and Koike et al. [70]. Hidaka

et al. measured the rate coefficient of this reaction in the temperature range of 1200

- 3200 K for H2/O2 mixtures by studying the intensity and the temporal variation of

OH* emission. Among recent studies, indirectly inferred rate data is from Smith et

al. [34] who predict a reaction rate of k(R413) = 5.4×1012 cm6mol−2s−1 obtained from a

comparison of the GRI 3.0 [39] reaction mechanism and experimentally determined OH*

flame emissions from hydrogen-air flames. Hall and Petersen [65] conduct shock-tube
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experiments and correlate the peak emission and concentrations from their model and

estimate an activation energy of about 42 kJmol−1. The reaction rate recommended is

k = 3.1×1014 cm3mol−1s−1 exp(-42 R−1T−1 kJmol−1), which is higher than that from

Smith et al. [34]. Very recently, based on the shock-tube experiments and numerical

model comparison, a rate of this reaction is recommended in [27]. The details of this

work is discussed later in the results. The reaction rate coefficient from different authors

is plotted in Fig. 5.3.

In addition to this, there are few reactions recommended in the literature but are not

widely accepted either due to their low energies to form OH*. For example, Haber and

Vandsburger (2003) [2] argued that the formation path of OH* through the reaction

between CH and molecular oxygen may not describe all OH* formed. They suggested a

reaction between the formyl radical with atomic oxygen (HCO + O → CO + OH∗). The

only information on the rate coefficient of this reaction is given by them (k = 2.89×1011

cm3mol−1s−1 exp(-1.93 R−1T−1 kJmol−1)). However, it is seen that this has nearly no

influence on OH* formation [63]. Marques et al. [71] in their simulations of acetylene

combustion suggest H + O2 → OH∗ + O to be forming about 90% of total OH*. In

their work [71] the rate coefficient of this reaction is assumed to be identical to the

rate coefficient of the ground state reaction H + O2 → OH + O. They find through a

production rate mechanism that their proposed OH* formation reaction is the principle

path that contributes to about 90% of the total OH* formation and removing it from

the mechanism would no longer match the experimental results. In the present work it

is seen that an incorporation of this reaction in the kinetics model significantly alters

the ground state chemistry. Therefore, this reaction is not added to our OH* sub-

mechanism. Also recently Skrebkov et al. [72] suggested H2 + HO2 → H2O + OH∗ to

be important reaction forming OH*. However, as discussed in [27], the OH* profile with

this reaction in the mechanism predicts the OH* peak too early in time compared to

the measurement, ruling out the possibility of this reaction.

The consumption of OH* is given by reactions:

(R416) : OH∗ → OH + hv,

(R417)− (R426) : OH∗ + M → OH + M.

The rate of the radiative decay reaction is proposed by several authors (Gaydon 1974 [1];
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Figure 4.2: Arrhenius plot for the OH* quenching reactions with third partner M = N2,
H2, and H2O. Symbols: ♦ Fairchild et al. [73]; ¥ Tamura et al. [55]; × Bailey
et al. [74]; ¤ Hemming et al. [75]; N Hemming et al. [76]; ◦ Hidaka et al. [69];
M Heard and Henderson [77].

Hidaka et al. 1982 [69]; Paul et al. 1995 [78]). In the non-reactive collisional quenching

reactions (R417)-(R426) the OH* exchanges excess energy with colliding molecules. The

ratio of the rates of (R416) to quenching reaction determines the quantum yield of the

chemiluminescence. At typical conditions in atmospheric pressure flames this value is in

the order of 10−3 or less. The collision partners M = O2, H2, H2O, CO, CO2, N2, CH4, H,

OH, and Ar are studied at various temperatures ranging from room temperature to flame

temperature by several authors [57,73–77,79]. Becker et al. [57] provide quenching rate

constants for M = H2, H, and Ar at room temperature. Fluorescence excitation by a dye-

laser is applied to measure the OH* lifetime in the presence of H2, H, and Ar. Fairchild

et al. [73] measure thermally-averaged collisional quenching with CH4, CO2, CO, H2O,

O2, and H2 by laser-induced fluorescence (LIF) at about 1100 K. The OH* quenching

with H2O and atomic H is studied by Jeffries et al. [79] in low-pressure stoichiometric

H2/O2/N2O-flames also using LIF. A recent study of Bailey et al. [74] investigates the

temperature dependence of OH* quenching for collision partners such as N2, CO2, and

O2 at room temperature. Hemming et al. [75,76] study the influence of N2, O2, and H2

at and below room temperature. Heard et al. [77] determined the H2 quenching rate

at low temperatures (200 - 344 K) in a flash-photolysis system. All these quenching

rate data are in good agreement with each other from room to flame temperature. For
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collision partners such as M = H, O, and OH few information is available due to the

complexity of their measurement. The compilation of all such published data of major

colliding partners is given by Tamura et al. [55] and the recommendations are for the

range of 300 - 2500 K. Fig. 4.2 provides information on the major OH* quenching rates

in an Arrhenius plot.

4.2 Formation of CH*

CH* chemiluminescence is seen at 431 nm CH(A-X), 390 nm CH(B-X) and at 314 nm

CH(C-X) in flame spectra. About 80% of CH* seen in flames is from the CH(A-X)

transition whereas only 20% from the other two transitions, mainly from CH(B-X) [63].

Since the CH(C-X) transitions are very weak, they are not studied. Although all the

three states can be measured, due to lack of any rate data for CH(B) and CH(C) states,

total CH is modeled in present work. Three different reactions forming CH* are proposed

in the literature. CH* emission in hydrocarbon flame is first proposed by Gaydon [1]

from the reaction of C2 with OH, and is also supported by Bulewicz [80]:

(R429) : C2 + OH → CO2 + CH∗.

However, this hypothesis is later rejected by Brenig [81] who finds no CH* in systems

containing C2-, CH-, and OH- radicals in absence of oxygen atoms. Hand and Kisti-

akowsky (1962) [82] study acetylene-oxygen reactions in shock waves and propose the

reactions of C2H with molecular and atomic oxygen:

(R427) : C2H + O2 → CO2 + CH∗,

(R428) : C2H + O → CO + CH∗.

Bowman [83] studied the high temperature oxidation of methane in a shock-tube and

proposes that only reactions (R429) and (R427) are sufficiently exothermic to form CH*.

Matsuda [84] supports the reaction (R427) and proposes this reaction to be responsible

for the emission of CH* in all its three states (A2∆, B2Σ−, C2Σ+).

However, different experimental and modeling work supports one or the other reaction
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and it is not clearly established which reaction is an important source of CH*. Several

suggestions on the rate coefficient of the reaction (R427) are made in the literature.

Hwang et al. (1987) [85] estimate the rate of this reaction to be k(R427) = 4.5×1015

cm3mol−1s−1 exp(-105 R−1T−1 kJmol−1) with the activation energy derived from Mat-

suda et al. [84] and the A-factor adjusted to match the experimental emission intensity

from shock-tube experiments. Eraslan and Brown (1988) [86] compare computational

model results for flames with different experimental values published in the literature.

Among recent works, Devriendt et al. (1996) [87] give the room temperature reaction

rate where C2H and oxygen atoms are created, simultaneously, by pulse laser photolysis

and the resulting CH* chemiluminescence is measured. Later they in Elsamra et al.

(2005) [88] determine the temperature dependence in the range of 316 to 837 K using

the same techniques as Devriendt et al. [87]. Smith and co-workers [34] extrapolate the

reaction rate given by Devriendt et al. [87] to flame temperatures (Fig. 4.3).
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Figure 4.3: Arrhenius diagram for the CH* formation reaction C2H + O2.

Among earlier studies on the rate coefficient of the reaction C2H + O → CO + CH*

(R428), the rate data suggested by Grebe and Homann [62] is k(R428) = 6.6×1011

cm3mol−1s−1 at room temperature and the one by Eraslan et al. [86] is k(R428) = 7.0×1011

cm3mol−1s−1 at higher temperature (1600 - 1800 K). Among recent studies, Devriendt

et al. [87], by using sophisticated sampling techniques, are able to provide the room

temperature reaction rate to be k(R428) = 1.08×1013 cm3mol−1s−1 (Fig. 4.4) which is

much higher than the previous values. They provide the first direct identification of
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reaction (R428) as a source of CH* in C2H2/O/H-flames at room temperature and over

the temperature range (300 - 1000 K) [49]. Smith et al. (2002) [63] recommend a rate of

k(R428) = 6.2×1012 cm3mol−1s−1 by comparing low pressure methane/air flame data with

GRI-mech 3.0 [39] results. This reaction rate is later (Smith et al. (2005) [34]) refined to

a lower value where the experiments are performed with methane/nitrous oxide flames

to avoid the ambiguity over the C2H + O and C2H + O2 reaction forming CH*.
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Figure 4.4: Arrhenius diagram for the CH*
formation reaction C2H + O.
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Figure 4.5: Arrhenius diagram for the CH*
formation reaction C2 + OH.

Among previous studies, the rate of the C2 + OH reaction (R429) is proposed by Porter

et al. (1967) [58], Grebe and Homann [62], and Eraslan et al. [86]. Recently, Hall et

al. [89] study high temperature (1200 - 2300 K), atmospheric pressure shock-tube ex-

periments and compare the maximum intensity at various temperatures and equivalence

ratios. They find the formation of CH* in the reaction C2 + OH to be the most sensi-

tive reaction towards CH*-formation. They obtain a reaction rate of k(R429) = 2.0×1014

cm3mol−1s−1 (Fig. 4.5). Few studies are dedicated to the rate recommendation of reac-

tion forming CH* from C2 + OH (R429). Among these, Mertens [90] studied CH* in

methane and acetylene mixtures in shock-tubes. The find that CH* in both mixtures

is produced from reactions (R427) and (R428) whereas they are unable to conclude

the role of reaction (R429) on CH* formation. On other hand, Hall et al. [89] in their

studies find reaction (R429) to be sensitive to the CH* formation in CH4/H2 mixtures.

The quenching reaction rates of CH* consumption are compiled in Tamura et al. [55] in

temperature range of 300 - 2500 K.
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4.3 Formation of C2*

The chemiluminescence from the C2(d-a) Swan band are mainly found between 470-

550 nm of flame spectra. Few reactions are proposed for the formation of C2* among

which the reaction of CH2 with C and C2H with H are originally proposed by Gaydon

(1974) [1]:

(R441) : CH2 + C → H2 + C∗
2,

(R442) : C3 + O → CO + C∗
2.

The reaction of C2H with H is also studied by Ferguson (1955) [91] where the author

mentions that it contributes only little to C2* chemiluminescence in acetylene flames.

Another candidate reaction supported by him is CH + CH → H2 + C∗
2. However,

this reaction is not seen to be contributing significantly to the C2* formation [62, 80].

Reaction (R441) is considered to be exothermic enough to produce C2*. This reaction

is also supported by Grebe and Homann [62] as an important reaction forming C2* who

investigated the C2H2/O/H-system. The emission of C2* is also observed by Savadatti

and Broida (1966) who study atomic carbon flames in atomic oxygen. They suggest

the reaction of C3 with atomic oxygen and find the C2* swan band in atomic oxygen

and molecular oxygen flame. They show that since atomic oxygen is more reactive than

molecular oxygen, it is likely that reaction (R442) is the possible source of C2*.

Information on the reaction rate coefficient forming C2* is scarcely available. Only Grebe

and Homann [62] and very recently Smith et al. (2005) [46] propose the value for the

rate of the CH2 + C reaction to be k(R441) = 7.5×1013 cm3mol−1s−1 at room temperature

and 2.4×1012 cm3mol−1s−1 at high temperatures (1500 - 1950 K), respectively. The rate

of the C3 + O reaction is only available from Smith et al. (2005) [46], k(R442) = 4.2×1011

cm3mol−1s−1, in the high temperature range of 1500 to 1950 K where low pressure flat

premixed flames with methane, ethane and ethylene fuel are studied using LIF.

The consumption rate of C2* by radiative decay and collisional quenching of major

quenchers are estimated and only given by Smith et al. [46]. The radiative decay rate

is k(R441) = 1.0×107 cm3mol−1s−1 and the rate of quenching reactions are given in Ap-

pendix.
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4.4 Additional sub-mechanism of C, C2, C3, C2O,

C3H and C3H2

The formation of CH* and C2* are linked to C2, C3 species via reactions C2 + OH →
CO2 + CH* (R429) and C3 + O→ CO + C∗

2 (R442) respectively. Although these species

are reactive in nature, a detailed study of these species is still unavailable. Therefore

these species are not part of existing combustion reaction mechanisms as their role in

combustion remains relatively unclear. They are included in the present work due to

their importance in the CH* and C2* formation chemistry. There is very few information

available on the reactions forming and consuming these species and so they are not part of

the most reaction mechanism databases. The measurement of the absolute C2 is difficult

due to its low concentration (ppb levels) which requires highly specialized equipment.

The chemistry of these species is closely linked to the C2H2 chemistry.

4.4.1 Reactions of C

The information on atomic C reacting with other radicals and species is sparse and rate

data available are limited. The important reactions of C, that are suggested in literature,

are with OH, O2, H2O, CH, C2H, CH2, and CH4. The rate of these reactions available

in the CODATA [42] are only available at room temperature. The important reaction

for the formation of C is CH + H → H2 + C. Thus the chemistry of C is linked to the

CH chemistry. The products of the C consuming reactions are mainly C2 and C3. The

rate of these reactions are summarized in the Appendix.

4.4.2 Reactions of C2

The dicarbon molecule C2 is found in its triplet a(3Π) and its singlet X(1Σ+
g ) state. At

flame temperatures, the triplet state, due to its higher degeneracy, is considered to be

more populated (about 80%) [92]. Since few information is available on the formation

and consumption reaction rates of these two states separately, we have considered the

total C2 from both states. Very recently a few studies have discussed the C2 measurement

and its mechanism in flames [46, 92, 93]. The main formation path of C2 is through the
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reaction of C3 with atomic and molecular oxygen. In addition the reaction of C2H with

O also leads to C2. The important reactions consuming C2 are with H2, O2, OH, O, CH,

and CH4. At very high temperatures (2500 - 3500 K) C2O is formed from the above

reactions.

4.4.3 Reactions of C3

The chemistry of C3 is important as it leads to the formation of important C2 species.

The C3 is formed from the reactions of C with other carbon containing radicals (CH,

C2H, or C2H2). The important C3 consumption channels are via C3 + O and C3 + O2

forming C2. Thus the chemistry of C2 and C3 is closely interlinked.

4.4.4 Reactions of C2O, C3H, and C3H2

C2O formation occurs in the high temperature range, at about 2500 to 3500 K. It is

mainly formed from C2 molecules. The consumption of C2O mainly leads to CO forma-

tion. In addition to this, few reactions of C3H and C3H2 are added to the mechanism.

The C3H is formed from the reaction of C3H2 with H atoms. The C3H formed is the

important channel to the C3 formation. As shown in Fig. 4.6, the formation of C3H2
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Figure 4.6: Reaction flow schematic of the C2 formation pathway. The diagram shows
how the C2 formation is linked to the acetylene chemistry.

is due to the reaction of C2H2 + CH and C4H2 + OH (or O) which explains the di-

rect link of acetylene chemistry to the formation chemistry of C2. The C2 is produced

from the subsequent decomposition reactions of C3H, C3, and C2. Therefore all this

inter-connected species become an important part of the C2 chemistry.
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4.5 Validation of the C2 chemistry

Only few studies are dedicated to the measurement of absolute concentration of C2 in

flames due to its low concentrations which makes it difficult to measure [46,92,93].

Among recent studies, Smith et al. [46] measured C2 concentrations in ground and

excited state in methane-, ethane-, and ethylene- air flames. The absolute values of

measured C2 are in the ppb range and a relative comparison shows that C2 concentrations

increases from CH4 over C2H6 to C2H4 flames. The C2 concentration in given flames are

relative to the C2 concentrations in CH4-air rich flame.
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Figure 4.7: A comparison of measured and simulated C2 concentrations in a low pressure
(0.04 bar) laminar premixed CH4 -air flame (φ = 1.28) measured by Smith et
al., [46]. Symbol: experiment, line: simulation with mechanism from present
work. Note that the simulated profile is divided by factor of 2.

In Fig. 4.7, the comparison of measured and simulated C2 concentrations is shown for the

rich (φ = 1.28) methane-air flame. Many of the rate of the C2 reactions are estimates

from similar reactions or are available only at room temperatures. Extrapolation of

room temperature rate to the flame temperature is not always applicable. Therefore,

overprediction of factor of two is seen in the simulated C2 concentration. However, the

peak position and the shape of the profile is well predicted. As shown in Fig. 4.8, when
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compared to the CH4-air rich flame (φ = 1.28), the simulation of the stoichiometric

C2H6- and C2H4 -air flame fairly reproduces the experimental C2 peak concentrations.

However, their concentrations at rich conditions are underpredicted by about 50 and

65% respectively.
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Figure 4.8: A comparison of measured and simulated C2 concentrations for six different
stoichiometric and rich hydrocarbon-air flames. The experiments are per-
formed at low pressure (0.33-0.4 bar) laminar premixed flame condition [46].

Schofield and Steinberg [92] measure C2 in series of acetylene flame (φ = 1.2 - 2.0). The

measured C2 is given as a function of time. Very recently, Köhler et al. [93] study CH

and C2 concentrations in propene and cyclopentene flames. The simulated results of

the propene flame at five different stoichiometries (φ = 1.2, 1.5, 1.8, 2.1, and 2.3) are

presented in Fig. 4.9. For the fuel stoichiometry of 1.2 and 1.5, the C2 concentrations

are overpredicted by factor of 6 and 3 respectively. Whereas at higher φ they are 2 times

higher than the measurements. Although the concentrations of C2 are higher in case of

φ = 1.2 and φ = 1.5, the shape of the profile is in very good agreement compared to the

simulations presented in Köhler et al. [93]. In [93], the consumption of C2 is faster in

the measurements compared to the simulations. The concentration of C2 increases with

an increase in fuel stoichiometry as more carbon is available with increase of C/O ratio.

The important formation and consumption pathway at this condition is shown in Fig.

4.10.
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The reaction pathways are presented for two cases, φ = 1.2 and φ = 2.3 in propene

flames at the position where C2 peaks (0.174 cm, φ = 1.2 and 0.51 cm, φ = 2.3). This

analysis gives information on reactions important for the C2 peak. The decomposition

of C2H2 leads to C2 formation as discussed earlier. Here the major difference at stoichio-

metric and rich condition is the formation of C2 from atomic or molecular oxygen. At

stoichiometric condition the reaction of C3 with atomic oxygen is the dominant source

whereas at φ = 2.3 the reaction of C3 + O2 is the main path to C2.
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Figure 4.11: Reaction flow analysis for the formation of C2 in a rich (φ = 1.28) methane-
air-flame for the experimental conditions of Smith et al. [46].

The formation paths of C2 in propene and methane flame are similar, however, its

consumption channel slightly varies (Fig. 4.11). In the propene flames, at φ = 1.2 and

φ = 2.3, the C2 is formed from reaction of C3 with O and O2. Here the O-channel is

dominant in φ = 1.2 and in methane flame (about 70-80%) whereas the O2-channel is

important at richer conditions (about 65%). The C3 is completely formed from the C3H

+ H → C3 + H2 reaction. The C3H2 is formed from C3H2 + H → C3H + H2. Thus

C3H2 is an important precursor to the C2 formation. This C3H2 is formed mainly from

the reaction of C2H2 + CH, i.e. about 70% at φ = 1.2, 73% at φ = 2.3 and about 90% in

the CH4-air rich case. Thereby, C2 formation is connected to the C2H2 chemistry. At φ
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= 1.2 about 20% of C2 is consumed by C2O via its reaction with OH and O2. In addition

60% of it is consumed to form C2H. A small channel (8%) forms CH in the reaction C2

+ OH. But at richer case (φ = 2.3), only 4% forms C2O. A larger channel (90%) forms

C2H through its reaction with H2 and C2H2. The consumption of C3H is dominated by

its reaction with O2 and H to form HCCO and C3 respectively. Therefore the chemistry

of C2 is linked with the C2H2 chemistry. However the influence of C2 chemistry on C2H2

is very small as the concentration of C2 is in ppb-range which is about two to three

orders of magnitude lower than the important species in the C2H2 channel.

In present work and all the above reported studies of C2 ( [46], [93]), the addition of the

C2 sub-mechanism does not alter the validation of the ground state chemistry.



5 Validation of the

Chemiluminescence Mechanism

The validation of the chemiluminescence mechanism is a challenging task as it involves

the validation of its ground state formation chemistry and in addition it requires the

validation of its very low concentration species. There are certain experimental difficul-

ties in measurement of such species which leads to an only small number of available

experimental data for validation. In this chapter, the validation of CL mechanism is

presented where the simulated results are compared to the measurements obtained for

shock-heated mixtures and for one-dimensional laminar flame systems. The similations

are performed with program HOMREA [94] and INSFLA [94,95] respectively.

5.1 Simulations of shock-tube measurements

Different groups in literature have discussed the measurement of ignition delay time

by following the appearance of electronically excited species. Although due to its low

concentrations, the ignition delay times of excited species profile are not dependent

on the formation kinetics of these species itself but they provide information on the

ground state chemistry. Thereby, it helps in giving an extra check on ground state

chemistry. However, following the concentration of excited species as a function of

temperature, mixture stoichiometry shall give information on the formation kinetics of

the excited species. So far only OH* and CH* are measured at shock-tube conditions.

The measurement of C2* is unavailable in the literature as the shock-heated mixtures

are studied mainly in lean conditions where its formation is less likely.

61
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5.1.1 H2/O2/Ar/N2 mixtures

OH* formation in hydrogen oxygen mixtures is due to the three body reaction of

H+O+M. The temporal variation of OH* in hydrogen mixture is studied in a shock-

tube at temperatures of 1400 - 3300 K and at a pressure of 1 bar [27]. The results

of the prediction of OH* in the mechanism is validated with the measurements. The

OH* intensity measured under the shock-tube conditions cannot be directly related to

the computed concentrations as the link between the intensity and concentration is not

known. Its comparison requires a calibration factor which can convert the measured

intensity to the calculated concentrations. The role of thermal excitation in high tem-

perature chemistry is well-known. In hydrogen-oxygen mixtures, Hidaka et al. [69] and

Koike et al. [70] mentioned that the OH* above 2800 K is formed due to the thermal

excitation reaction (reverse quenching) and is independent of the formation reactions

(H+O+M). This information is used to derive the calibration factor by comparing the

measured intensity to the computed concentration. However, before relying on this

strategy, three important points need to be clarified [27]:

(i) Additional reactions (example, collisional induced decomposition of OH*) should

have a negligible effect only. As discussed in [27] the dissociation of OH* from

the reverse reaction −(R413) is thermodynamically accessible and the sensitivity

analysis shows that it contributes 5% to the OH* peak concentration compared to

the 95% due to the quenching reaction. Therefore it can be neglected.

(ii) The measured peak intensity should not suffer from insufficient temporal resolution

of the detectors. It is seen that the time resolution of experiments is short enough

to not influence the signal traces

(iii) The influence of radiation trapping due to ground state OH must be negligible.

The signal emitted from OH* chemiluminescence is partially trapped by ground

state OH which is abundant in gases after ignition. It is deduced, from simple

analytical approach to quantify signal trapping [27], that this effect is covered by

the calibration. The error caused by signal trapping due to the slight variations

between calibration and measurement and due to variations in the time profile is

estimated to be within the ±3% range.
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Table 5.1: Mixture composition, temperature and pressure of the shock-tube experiment
[27].

Mixture φ Composition T5 range (K) p5 range (bar)
A 0.5 1% H2 + 1% O2 in Ar 1400-3300 0.85-1.50
B 1.0 2% H2 + 1% O2 in Ar 1440-3180 0.90-1.40
C 0.5 1% H2 + 1% O2 + 5% N2 in Ar 1400-3200 0.90-1.40
D 1.0 2% H2 + 1% O2 + 5% N2 in Ar 1450-3200 0.90-1.45

Figure 5.1: Comparison of the temporal variation of the measured OH* intensity with
the simulated concentration. The experimental absolute concentration is
obtained by the calibration factor discussed in Kathrotia et al. [27]. The
composition of the mixture is 1% H2, 1% O2 diluted in argon. The initial
temperatures and pressures are T5 = 1592 K and p5 = 1.27 bar respectively.

Thus considering this facts, the calibration of the measured OH*-signal to the calcu-

lated concentration is obtained at T > 3000 K. A calibration factor of 2.62×10−18

cm3mol−1mV−1 is deduced.

Four different mixtures, with Ar and Ar+N2 as bath gases with fuel stoichiometry φ = 0.5

and 1.0 are studied as shown in Table 5.1. A comparison of temporal variation of

measured and calculated OH* is shown in Fig. 5.1, at 1592 K initial temperature and

1.27 bar pressure behind the reflected shock wave (p5). The shape of the profile and

its position on time axis is well reproduced when compared to the experiment. The
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measured absolute OH* concentration obtained from the calibration factor described

earlier is in the good agreement with the simulations over a wide temperature range of

1400 - 3000 K (Fig. 5.2). The OH* concentrations predicted from different kR413 values

are compared to the measured converted concentrations at different temperatures. In

the first stage of the data evaluation, the reaction rate coefficient kR413 is varied by

different literature values given in [34,65,69]. Later to obtain better agreement with the

experiments, the kR413 is varied by keeping values of either A or E fixed. A rate equal

to 1.5 × 10−13 cm6mol−2s−1 with an activation energy of 25 kJ mol−1 is found to give

the best representation of the experimental data (Fig. 5.2).

Figure 5.2: Measured and simulated peak OH* concentration at different temperatures.
a) mixture A, b) mixture B, c) mixture C, d) mixture D as given in Table
5.1. Closed symbols: experiments, open symbols with line: simulations (see
also [27]).

As shown in Fig. 5.3, literature value of kR413 differ by about two orders of magnitude

from each other. The OH* concentration predicted from the works of Hidaka et al. [69] is

about 70% lower than our prediction. This is due to the difference in the quenching rate

coefficient of the major collider in their work. Recalculating the rate for the quencher
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Figure 5.3: Arrhenius plot for the reaction H + O + M forming OH* (R413) Symbols:
+ Koike et al. [70], M Hidaka et al. [69], × Smith et al. [34], ¤ Hall et al. [65],
line present work (see also [27]).

correction gives a rate closer to our prediction. With the kR413 from Hall and Petersen

[65] and Smith et al. [34] the calculated OH* are about eight and four times higher than

the OH* measured respectively. The deviation of OH* at intermediate temperatures

from [34] is likely due to the fact that it is derived by fitting flame measurements at

about 1000 K. When Petersen et al [96] measure kR413 at 1000-1800 K, an increase in

kR413 by one order of magnitude is required to fit the OH* measurements compared to

their later study at the temperature range of 1200-2200 K. Therefore, a lower rate is

required at higher temperatures compared to the one near 1000 K.

5.1.2 H2/CO/air mixtures

Kalitan et al. [97] measure OH* in lean 20/80% H2/CO mixtures at intermediate tem-

peratures (890-1300 K) and three different pressures (1.2, 2.6, and 15.4 bar). They

measured ignition delay times using the onset of the OH* emission.

At atmospheric pressures, the prediction of calculated ignition delays at high temper-

atures are in very good agreement with the measurements. There is disagreement at

temperatures below 950 K, where the measured ignition delay times are about one to
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two orders of magnitude shorter than the calculations. The trend of the ignition curve

at different temperature is however reproduced by the mechanism. The shorter ignition

times below 950 K, according to Kalitan et al. [97], is due to the early reaction and

subsequent strong detonation waves which cannot be explained by the zero-dimensional

calculations done at other temperatures. Figure 5.4 presents the comparison of mea-

sured and simulated ignition delay times at three different pressures. All mixtures are

20/80% H2/CO in air.
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Figure 5.4: Measured and simulated ignition delay times for the 20/80% H2/CO mixture
in air at three different initial pressure. The experimental and simulated
ignition delay times are obtained from the onset of the OH* profile. Symbols:
experiments, Kalitan et al. [97], line: simulations.

The sensitivity analysis shows that the ignition delay times at given pressure and temper-

atures are not dependent on chemiluminescence reaction rates, which is apparent. The

most sensitive reaction at high and low temperature is the basic chain branching reaction

O2 + H → O + OH. So although the comparison of measured and simulated ignition

delay time would not provide information on the chemiluminescence sub-mechanism, the

information provides an additional check on the ground state chemistry. Two different

mixtures are tested for the sensitivity, one with high H2 content (20% CO + 80% H2)

and another mixture which is high in CO content (80% CO + 20% H2). The reaction

which has highest sensitivity to both mixtures at low temperature (915 K) and high

temperature (1200 K) is the basic chain branching reaction O2 + H → O + OH. The

other reactions of secondary importance are H2 + O → H + OH (R2), HO2 + H → OH
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+ OH (R9), and CO + HO2 → CO2 + OH (R23).

Thus, underlying mechanism is well capable of predicting ignition delay times at low

temperatures and high pressure.

5.1.3 H2/CH4/O2/Ar mixtures

In the hydrocarbon oxidation, the reaction CH + O2 (R414) is about 99% source of

OH*, and a very minor amount of OH* is produced due to the three body reaction

(R413). However in order to see the effect of both reactions, a combination of H2-CH4

mixture is selected such that both reactions can have an important role in the OH*

formation. Therefore, 2% of H2 is mixed with 0.025% CH4 and the resulting OH* due

to the oxidation is measured under shock-tube conditions [98]. The experiments with

H2/CH4/O2 diluted in argon mixtures are performed in the temperature range of 1400

- 2200 K and at pressures in range of 1.2 - 1.5 bars.
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Figure 5.5: OH* concentration profile at 2116 K and 1.22 bar in 0.025% CH4+2% H2+1%
O2 + Ar mixture obtained with rate of reaction CH + O2 from Smith et
al. [63]. The experimental OH* intensity is converted to the absolute con-
centration by the calibration factor discussed in Kathrotia et al. [27]. The
experiments are from [98]. The first sharp peak is due to the reaction (R414)
and second part of profile is due to the third body reaction H + O + M
(R413).
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As a result of this the OH* profile shows two distinct peaks arising due to both reactions

forming OH*. As shown in Fig. 5.5, the first peak is due to the reaction of CH + O2

(R414) forming OH*, whereas the second peak arises from the three body reaction

(R413). The calibration factor derived from H2/O2/Ar mixtures, in [27], is applied

to convert the measured intensity to absolute concentration in this mixture. Figure

5.5 shows OH* profile at temperature of 2116 K. The shape of both parts of the OH*

curve is very well reproduced by the simulation when the rate of reaction (CH + O2)

recommended by Smith et al. [63] is used in the simulation.
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Figure 5.6: Peak OH* concentration in the 0.025% CH4+2% H2+1% O2 + Ar mixture
obtained with rate of reaction CH + O2 from Smith et al [63]. The ex-
perimental OH* intensity is converted to the absolute concentration by the
calibration factor discussed in Kathrotia et al. [27]. The experiments are
from [98].

In Fig. 5.6, comparison of the maximum OH* concentration due to the first peak is

made over the temperature range of 1400 to 2200 K. In the calculation the rate of the

reaction CH + O2 is from the recommendation of Smith et al. [63] and the rate of H + O

+ M is the one recommended in the present work. The results support that the reaction

rate k(R414) recommended by Smith et al. reproduces the measured OH* concentrations

(Fig. 5.6). The other literature value of reaction rates either under- or over- predicts

the OH* concentration from the reaction (R414).

Hall et al. [65] also study methane-hydrogen mixtures under shock-tube conditions. They
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recommend a rate for the reaction CH + O2 as well as for the three body reaction H

+ O + M forming OH* in hydrogen mixtures. They perform the calibration of OH* in

H2/O2/Ar and use the calibration to derive the rate of reaction CH + O2 in H2/O2/Ar

mixtures diluted with CH4. The ignition delay time obtained from the onset of measured

OH* profile is compared with simulations in Fig. 5.7. The simulation reproduces the

measured ignition delay time providing a further validation of the base mechanism.
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Figure 5.7: A comparison of measured and simulated ignition delay time obtained from
the onset of OH* profile. The measurements are done by Hall et al. [65] in
a shock-tube with hydrogen mixtures with traces of methane added. The
mixture composition is: (1) Red: 0.8% H2 + 0.01% CH4 + 0.42% O2 + Ar
and at 1.2 bar (2) Blue: 0.633% H2 + 0.00187% CH4 + 0.32% O2 + Ar and
at 1.1 bar.

5.1.4 C2H2/O2/Ar and C2H2/N2O/Ar mixtures

Acetylene oxidation is studied by Rickard et al. [99] who measure CH* and OH* ignition

delay times and CL peak times to monitor the reaction progress. They perform experi-

ments in the temperature range 1040 to 2320 K and at atmospheric pressure for different

stoichiometries (φ = 0.5, 1.0, and 1.53). In addition to the major chain branching reac-

tion H + O2 → OH + O, they found that the characteristic time of the CH* emission is

dependent on the C2H2 chemistry and the major reactions important at high (1600 K)
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and low (1100 K) temperature conditions are HCCO + H → 1CH2 + CO, HCCO + O2

→ CHO + CO + O, C2H2 + O2 → HCCO + OH, and C2H2 + OH → C2H + H2O.

Although the ignition delay time comparison does not provide information on the forma-

tion kinetics of CH* chemiluminescence, it provide insight into the acetylene chemistry

which is important in case of excited species formation kinetics. It also helps in under-

standing the ignition behavior of fuels by following it with the help of relatively simple

optical equipment.

The reaction kinetics of CH* is also studied by Mertens et al. [90]. They measure CH*

in methane and acetylene -oxygen mixtures diluted in argon in order to identify the

major reaction(s) forming CH*. However, they are unable to conclude on the formation

of CH* by the reaction C2 + OH.

In order to obtain the absolute concentration of CH*, for comparison with the simula-

tions, the measured CH* intensity at shock-tube conditions would require a calibration

factor. The calibration of OH* is based on the H2/O2 model prediction which is a well

validated mechanism. However, this cannot be done with C2H2/O2 mechanism where

the uncertainty from the model are very high. Among the three recommended reactions,

it is unclear which reaction is important to CH* formation since there are too many de-

grees of freedom. In addition, the recommended rate of these reactions varies from two

to three orders of magnitude. The uncertainty of the ground state C2H2- and C2- chem-

istry adds to the difficulty. Therefore only a relative comparison of measured intensities

and calculated concentrations can be given where the CH* at different stoichiometry

and temperatures can be compared. An experiment with C2H2/O2/Ar is performed at

three different fuel stoichiometries (φ = 0.5, 0.75, and 1.0) [98]. The measured CH* in-

tensity profile normalized to maximum intensity is shown in Fig. 5.8. The figure shows

the CH* profile of a C2H2(0.1%)-O2(0.25%)-Ar(99.65%) mixture at φ = 1.0 and T5 =

1961 K initial temperature at pressure 1.28 bar. For comparison, the simulated CH*

concentration profile is also plotted which shows very good reproduction of the CH*

profile shape and the peak position. Here, the CH* concentration is normalized to its

maximum value. In addition the measurement of C2H2 with N2O mixtures is performed

in order to possibly isolate the C2H + O reaction as the O-atom concentration will be in

abundance. Whereas in C2H2/O2 mixtures the reaction of C2H+O2 could be dominant

due to availability of O2 from the oxidizer. However, the role of the third reaction C2 +

OH is difficult to estimate.
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Figure 5.8: A comparison of the measured CH* intensity profile with the calculated
concentration profile normalized at its respective maximum value (75 mV,
6.6×10−14 mol cm−3). The mixture composition is C2H2(0.1%)-O2(0.25%)-
Ar(99.65%) for the fuel stoichiometry of φ = 1.0. The initial mixture is at
T5 = 1961 K and at pressure of 1.28 bar.

In lean mixtures and in lower hydrocarbon fuels the amount of ground state C2 is much

less compared to fuel-rich mixtures. Therefore it is possible that the existence of the

reaction (R429) is more visible in fuel-rich mixtures where C2 is in abundance. In the

present work, based on the shock-tube experiments performed by [98] in C2H2/O2/Ar

and C2H2/N2O/Ar mixtures at different stoichiometries, it is found that the ratio of

peak O/O2 at peak C2H is low and nearly constant (∼0.01) at different temperatures

for the O2 containing mixtures (Fig. 5.9). Therefore, the possibility of CH* formation

from C2H with O2 reaction (R427) is likely due to presence of the high amount of O2

compared to the O-atom concentration at the C2H peak. However, in N2O containing

mixtures the ratio is much higher (as much as 15) which implies the presence of high

amount of O-atoms compared to O2 at the C2H peak (Fig. 5.10). Therefore, in this case

it is possible to isolate the reaction (R428) from reaction (R427). The peak O/O2 ratio

in C2H2/N2O/Ar mixture has a temperature dependence.

It is possible that in N2O- containing mixture some more reactions may be responsible

for CH* formation e.g. reaction of NH with CO leading to CH* cannot be ruled out.

However, no such recommendations have been made so far in the literature. This study,
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although it is possible to isolate the two reactions (R427) and (R428) from the O/O2

ratios by using N2O and O2 as oxidizers, is not conclusive to identify the role of reaction

(R429).
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tion for C2H2/O2/Ar mixtures at various temperatures. The simulations are
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Based on this shock-tube study it is seen that, the reaction of C2H with O2 is important

at lean mixture conditions whereas the reaction of C2H with atomic oxygen is important

at stoichiometric and fuel rich conditions were the amount of O2 at the C2H peak is much

less compared to O. The reaction (R429) is unimportant at lean conditions, and its role

at stoichiometric and rich conditions remains unclear.

5.2 Simulations of laminar one-dimensional flame

Laminar flames in premixed and non-premixed conditions are widely studied in the lit-

erature. However, there are only few studies dedicated to the measurement of excited

species. Among these are the premixed flame studies of Smith et al. [34, 46, 63] who

measure the three species OH*, CH*, and C2* in methane-air flames of varying stoi-

chiometry. Excited species are also measured at non-premixed conditions by De Leo et

al. [22]. They measure OH* and CH* in methane and oxygen-enriched air mixtures at

varying strain rates. Very recently, Panoutsos et al. [4] study partially premixed and

non-premixed methane-air flames and evaluated the equivalence ratio using OH* and

CH* chemiluminescence.

5.2.1 Simulations of laminar premixed flame

Prediction of the OH* concentrations

The only measurement of OH* in hydrogen-air premixed flames available in the litera-

ture is done by Smith et al. [34]. With our recommended rate coefficient kR413 in the

mechanism [27], and using experimental temperature profiles as input, the OH* profile

shown in Fig. 5.11 is obtained. The shape of the profile is very well predicted by the

mechanism. The peak of OH* is 0.9 mm displaced compared to the measurement. It

also very well predicts the decay of the OH*-signal. The absolute concentration is about

2.5 times lower than the measurement owing to the fact that the recommended rate is

in the range of 1400-2800 K whereas the flame temperature peaks at about 1000 K. As

seen earlier, a higher rate would be required at these temperatures.
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Figure 5.11: Absolute OH* concentration profile as a function of the height above the
burner. Conditions: φ = 1.54, pressure 0.05 bar, laminar premixed H2-
air flame. Symbols: experiment from [34] where • is OH* profile and ×
is temperature profile, line: OH* simulated profile, scaled by a factor of
2.5 [27].
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Figure 5.12: The OH* prediction of mechanism with the OH* absolute concentration
measured by Smith et al. [63] in methane-air premixed flames. The ex-
periments are performed at three flame conditions (φ = 0.81, 1.08, and
1.28) with measured temperatures as input to the simulation. Symbols:
experiment, line: simulation.
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Table 5.2: Numerical investigation of OH* formation channel.
Model 1 Model 2 Reaction number Rate coefficient

H + O + M H + O + M (R413) [27]
CH + O2 CH + O2 (R414) [63]
CHO + O (R415) [2]

Measurement of OH* is also performed in a series of methane-air lean (φ = 0.81),

stoichiometric (φ = 1.08) and at rich flames (φ = 1.28) by Smith et al. [46, 63]. In

hydrocarbons the major path to OH* is the CH + O2 reaction which leads to OH*

formation. The shape and the peak position of OH* profile is well captured by the

simulations. As shown in Fig. 5.12, the measured OH* intensities appears to be function

of fuel stoichiometry, where OH* increases with an increase in φ. However, the simulated

profile appears to be different in the lean case.
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Figure 5.13: A reaction flow analysis of OH* formation and consumption for premixed
flame conditions calculated with the three different fuel stoichiometries (φ
= 0.81, 1.08, and 1.28) shown in Fig. 5.12. The analysis is performed at
peak OH* concentration (6.25 mm (φ = 0.81), 4.5 mm (φ = 1.08), and 4.38
mm (φ = 1.28)).

The proposed reaction of OH* formation in hydrocarbon combustion, is CH + O2 (R414)



76 5 Validation of the Chemiluminescence Mechanism

but recently the reaction of CHO with O (R415) is proposed [2]. However, its impor-

tance to OH* formation has never been discussed. Numerical investigation is performed

for CH4-air flames to reproduce the OH* profiles measured in [63]. Two models are

compared, as shown in Table 5.2, with respect to the influence of reaction (R415) on

OH* formation. The reaction flow analysis, in Fig. 5.13 shows that at the given rate of

reaction recommended in literature, the contribution of reaction (R415) is more in lean

condition compared to rich condition. The formation of OH* in lean and stoichiometric

condition is 72% and 79% from reaction (R414) and 28% and 21% from reaction (R415)

respectively. At rich condition, the formation of OH* from reaction (R414) dominates

at 89% and only 11% is formed from reaction (R415). In all cases, the contribution of

reaction (R413) is negligible.

The comparison of the OH* profile shape and its peak position obtained with model

1 and model 2 is presented in Fig. 5.14. The OH* profiles resulting from model 1

are narrower than those from model 2. Since the maximum contribution of reaction

(R415) to OH* formation is seen at lean condition, the difference in both model profile

shape and peak position is prominently seen in Fig. 5.14a. The OH* profile is broader

with addition of reaction (R415) to the mechanism and is closer to the experiment.

The effect of reaction (R415) is less visible in stoichiometric and rich condition as its

contribution reduces. This shows that, with reaction (R414) the only formation reaction

in the mechanism (model 1), the peak positions in lean to stoichiometric cases are not

reproduced by the simulations when compared to the measurements. As shown in Fig.

5.14 they peak closer to the burner surface. At lean condition, the OH* in the simulation

is 0.7 mm away from the experimental peak and is consumed faster than the experimental

profile. The profile peaks closer to the experiment with addition of reaction (R415) to

the mechanism.

The above investigation supports the contribution of reaction (R415) to the OH* forma-

tion and the rate coefficients of reaction (R414) and (R415) need to be reinvestigated.
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Figure 5.14: A comparison of OH* absolute concentration with reactions CH + O2

(R414) (dashed line), and CH + O2 (R414) plus CHO + O (R415) (contin-
uous line) in the simulations. The experiments are performed at (a) lean
(φ = 0.81), (b) stoichiometric (φ = 1.08), and (c) rich flame condition (φ
= 1.28). Symbols: experiment.
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A sensitivity analysis is performed at the position from burner axis where the concen-

tration of OH* reaches its maximum (Fig. 5.15). The respective profile is shown in Fig.

5.12. For φ = 0.81, 1.08, and 1.28 at distance from burner surface 6.25 mm, 4.5 mm, and

4.38 mm respectively. As expected the maximum positive sensitivity is from the OH*

formation reactions (R414) and (R415). The major OH* consumption channel is OH*

+ H2O → OH + H2O (R418) and OH* + O2 → OH + O2 (R417) and it therefore has

maximum negative sensitivity. In addition to this, the reactions which are involved in

the production (/consumption) of the precursors of OH* (ie. CH, CHO) have positive

(/negative) sensitivity. Reactions that have a high positive sensitivity are: CH3 + OH

→ 1CH2 + H2O (R68), 1CH2 + M → 3CH2 + M (R49), 3CH2 + H → CH + H2 (R41),

and CH + H2O → 3CH2 + OH (R33) which are reaction channels of CH and CHO. The

reactions CH + H → C + H2 (R25), CH3 + O → CH2O + H (R66) , CH + O2 → CHO

+ O (R29), 1CH2 + O2 → CO + OH + H (R51), and CHO + M → CO + OH + H

(R34) have negative sensitivity.
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Figure 5.15: A sensitivity analysis with respect to the OH* formation and consumption
for three different fuel stoichiometry (φ = 0.81, 1.08, and 1.28) is performed
for the premixed flame shown in figure 5.12. The analysis is performed at
peak OH* concentration (6.25 mm (φ = 0.81), 4.5 mm (φ = 1.08), 4.38 mm
(φ = 1.28)).

Very recent experiments measuring excited species such as OH*, CH(A), CH(B) and C2*

are performed in [100] for laminar premixed CH4-O2-Ar flames. The flame is measured
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at six different fuel stoichiometries (see Table 5.3). The lean to rich (φ = 0.5, 1.0, 1.2,

1.4, 1.5, and 1.6) methane flames are measured at a low pressure of 0.05 bar stabilized

on a Mckenna burner (burner diameter 63 mm). In addition to this, these flames are

diluted with additional H2 to see its effect on chemiluminescence. The inlet flows of

these CH4-H2-O2-Ar flames are summarized in Table 5.4. The CH4-H2-O2-Ar flames

are measured for stoichiometric (φ = 1.0) and rich (φ = 1.5) flame condition with H2

dilution ranging from 10 to 50%. The flame temperatures are measured via NO-LIF and

are input to the simulations.

Table 5.3: Experimental condition of CH4-O2-Ar flame measured at 0.05 bar on a
Mckenna burner [100]. The measured flowrate is given in Standard Liters
per Minute (slm).

φ CH4 (slm) O2 (slm) Ar (slm)
0.5 0.66 2.65 1.1
1.0 1.10 2.21 1.1
1.2 1.24 2.07 1.1
1.4 1.36 1.95 1.1
1.5 1.42 1.89 1.1
1.6 1.47 1.84 1.1

Table 5.4: Experimental condition of CH4-H2-O2-Ar flame measured at 0.05 bar on a
Mckenna burner [100]. The measured flowrate is given in Standard Liters per
Minute (slm).

φ H2 (%) CH4 (slm) H2 (slm) O2 (slm) Ar (slm)

1.0

10 1.04 0.12 2.15 1.1
20 0.98 0.25 2.08 1.1
30 0.91 0.39 2.01 1.1
50 0.74 0.74 1.84 1.1

1.5

10 1.33 0.15 1.83 1.1
20 1.24 0.31 1.76 1.1
30 1.14 0.49 1.68 1.1
50 0.90 0.90 1.50 1.1

The measured excited species intensities are compared with the simulated mole fractions.

Although a direct comparison is not possible, the relative comparison of OH* peak

intensity at different stoichiometry can be done with relative peak OH* mole fraction.
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Figure 5.16: Relative comparison of the measured OH* peak intensity and calculated
OH* peak mole fraction at different fuel stoichiometries. The premixed
CH4-O2-Ar flame conditions are listed in Table 5.3. Open symbols: ex-
periments, closed symbols: simulations, and line: polynomial fit to the
experimental data points.
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Figure 5.17: The measured OH* peak intensity and calculated OH* peak mole frac-
tion compared at different H2 content in fuel for φ = 1.0 and 1.5. The
premixed CH4-H2-O2-Ar flame conditions are listed in Table 5.4. Open
symbols: experiment, closed symbols: simulations, lines: polynomial fit to
the experimental data points.
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As shown in Fig. 5.16, except at φ = 0.5, the relative intensities are in very good

agreement with the calculated mole fractions.

The results from the four different flames measured for CH4-H2-O2-Ar flames at φ =

1.0 and 1.5 are shown in Fig 5.17. At both fuel stoichiometries, the OH* concentration

decreases with an increase in the H2 content from 10 to 50 %. By looking at CH

concentration at OH* peak, it is seen that the CH peak concentration decreases with

increase in H2% in fuel. Since CH is the direct precursor to the OH* formation, its

decrease in concentration directly influences the OH* concentration.

Prediction of CH* concentrations

The only CH* measurement done in laminar premixed flame conditions are from Smith

et al. [63]. As discussed earlier, the simulations of CH* formation and consumption

are rather difficult as it is unclear through which reaction it is formed. They measure

CH* in methane-air flames at lean, stoichiometric and rich condition. The measured

CH* intensity increases as the flame gets richer. The major species forming CH* is

C2H (R427), (R428) and as mentioned in [63] its model uncertainty can be more than

±50%. This uncertainty directly translates to uncertainties in the prediction of CH*. In

addition to this, there is a channel which forms CH* from C2 (R429). So far there are

only few mechanisms which are capable of predicting C2 concentration [46,93]. Therefore

the accurate prediction of CH* is very challenging.

A reaction flow analysis is performed for the above condition of Smith et al. with all the

three formation reactions of CH* in the mechanism. Figure 5.18 shows such comparison

at lean, stoichiometric and rich flame conditions at the distance from the burner where

CH* peaks i.e., at z = 7.25 mm, 5.75 mm and 5.25 mm respectively. The CH* in lean

condition is formed about 40% in the reactions (R427) and (R428) and with a minor

contribution from (R429). In stoichiometric and rich condition the later reaction (R429)

becomes important with the other two reactions having only a limited contribution.

The major consumption channels are reactions of OH* with N2 and H2O at all three

conditions.

A sensitivity analysis with respect to CH* formation and consumption is performed for

the premixed flame condition shown in Fig. 5.20. The analysis is presented in Fig.
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Figure 5.18: A reaction flow analysis of CH* formation and consumption for the pre-
mixed flame condition calculated with three different fuel stoichiometries
(φ = 0.81, 1.08, and 1.28) shown in Fig. 5.20. The analysis is performed
at the peak CH* concentration: 7.25 mm (φ = 0.81), 5.75 mm (φ = 1.08),
5.25 mm (φ = 1.28).

5.19, where the normalized sensitivity coefficients are calculated at CH* peak position

of 7.25 mm (φ = 0.81), 5.75 mm (φ = 1.08), 5.25 mm (φ = 1.28). The major sensitive

reactions, apart from the CH* formation and consumption reactions which is apparent,

are the ones that plays important role in C2H2 consumption channel. The maximum

negative sensitivity is from the most important chain branching reaction O2 + H →
OH + O (R1) which is an important source of O atoms in reaction (R428). However,

(R1) is not as sensitive under rich condition as it is with lean and stoichiometric cases.

This is due to the fact that (R428) is not a key reaction at rich condition (see Fig.

5.18). Another important reaction with negative sensitivity is C2H2 + O → HCCO +

H (R128) for all three fuel conditions. Other than the CH* formation reactions, the

reaction C2H4 + M → C2H2 + H2 + M and other acetylene consumption reactions have

positive sensitivity. In addition to the acetylene sub-mechanism, reactions consuming

C3 to form C2 and C2H have little sensitivity.

However, these analysis is highly dependent on the reaction rates of these formation

channels and does therefore not give any information on important CH* reaction.
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Figure 5.19: A sensitivity analysis with respect to CH* formation and consumption for
three different fuel stoichiometries (φ = 0.81, 1.08, 1.28) is performed for
the premixed flame shown in Fig. 5.20. The analysis is performed at the
peak CH* concentration: 7.25 mm (φ = 0.81), 5.75 mm (φ = 1.08), 5.25
mm (φ = 1.28).

When the reaction of C2H + O2 is in the mechanism, the CH* in lean flames is predicted

very well with respect to the absolute concentration, peak position, and shape of the

profile. However, in stoichiometric and rich case it is underpredicted by a factor of about

0.5. Therefore, in the later two cases, the other two reactions are also important. Taking

only C2 + OH (R429) reaction into account, results in an underprediction of the CH*

concentration by a factor of 3.5 to 6.5 when fuel composition is varied from lean to rich

condition. And with this reaction in the mechanism, the profile of the calculated CH*

appears much later than measured CH* (lean condition) whereas in rich case it precedes

the measurement. This explains that CH* at lean condition is formed much earlier than

C2 is formed and therefore reactions (R427) and (R428) are the likely source of CH* in
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addition to the fact that C2 concentrations are very little in lean mixtures. An analysis

with these three reactions and their rate coefficients showed that better agreement with

measured absolute concentration, shape of profile, and distance from burner is obtained

when (R427) is the only formation reaction in lean case whereas in stoichiometric and

rich conditions both reaction (R428) and (R429) are included in the mechanism. The

reported estimated measurement uncertainty of the CH* absolute concentration is about

35%.

At lean conditions, a good fit to the measurements is obtained when it is assumed that

only reaction C2H + O2 is forming OH*. The rate coefficient suggested by Elsamra [88]

(k = 6.02×10−4T 4.4 cm3mol−1s−1 exp(9.6 R−1T−1 kJmol−1) overpredicts CH* by factor

of eight and therefore a good fit is obtained with k lowered by factor of eight. Otherwise

with (R428) and (R429) in the mechanism, the shape and peak position of CH* profile no

longer fits the measurements. In addition, it is seen that at CH* peak there is more O2

available to react via (R427) compared to O atoms which is formed later in the flame.

This supports that the reaction (R427) is a major source of CH* as the CH* profile

obtained by (R428) is shifted away from the burner compared to the measurement. And

since there is nearly no C2 formed in lean flames, it rules out the possibility of reaction

(R429) as a possible source of CH* in lean methane-air flames.

At stoichiometric condition, the amount of fuel increases compared to the amount of

oxidizer in lean case, therefore it is naturally assumed that less O2 is available for CH*

via reaction (R427). On the other hand, at the position where CH* peaks, sufficient

amount of O-atoms has been formed (60% of total O-atoms formed) whereas O2 is 80%

consumed. The amount of C2 is about an order less compared to the rich case. Therefore,

the most likely source of CH* in stoichiometric mixtures is reaction (R428). It is seen

that the shape of CH* profile fits to the measurement very well. With the reaction rate

suggested by [63] in the mechanism, CH* is overpredicted by a factor of 2.

In rich flames, only 10% of the O2 is left in the reaction mixture at the position of the CH*

peak. However sufficient amount of O atoms and C2 concentrations are available to react

and form CH*. With reaction (R428) in the mechanism, the CH* peak concentration

is underpredicted by factor of 1.3. Therefore, it is assumed that the rest of the CH* is

formed in the reaction (R429). It is seen that with these two reactions in the mechanism,

the shape and position of the CH* profile is very well reproduced compared to the

experiments. The reaction rates of these two reactions suggested by [63] are modified,



5.2 Simulations of laminar one-dimensional flame 85

Table 5.5: Reaction channels of CH* formation and their rate coefficient that best fits
the experiments from [63].

CH*-model Reaction no. Rate coefficient Reference
k (×factor multiplied to k)

Lean (R427) 7.5·10−5T 4.4exp(9.6/RT ) [88](×1/8)
Stoic (R428) 6.25·1011 [34] (×1/4)

(R429) 4.4·1013 [63] (×4)
Rich (R428) 6.25·1011 [34] (×1/4)

(R429) 4.4·1013 [63] (×4)

where (R428) is reduced and (R429) is increased by factor of 4, to obtain a better

agreement of the CH* concentrations in the stoichiometric and rich flame. Table 5.5

summarizes information on the CH* formation reactions and their rate which provide

best fit to the CH* experiments shown in Fig. 5.20.
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Figure 5.20: A burner stabilized premixed flame calculated with three different fuel sto-
ichiometries. The simulated CH* concentrations are compared with the
measurements done by [63] at low pressures (0.33 bar (φ = 0.81, 1.08) and
0.04 bar (φ = 1.28)).

The measurement of CH(A) and for the first time CH(B) is performed by [100] for the

conditions presented in Table 5.3. A relative comparison of peak CH* intensities and

simulated CH* mole fractions at six fuel stoichiometries is presented in Figs. 5.21-5.24.
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Figure 5.21: Relative comparison of CH(A) peak measured intensity and CH(A) peak
mole fraction at different fuel stoichiometries. The premixed CH4-O2-Ar
flame conditions are as presented in Table 5.3. Open symbols: experiments,
closed symbols: simulations, and line: polynomial fit to the experiments.
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Figure 5.22: Relative comparison of CH(B) peak measured intensity and CH(B) peak
mole fraction at different fuel stoichiometries. The premixed CH4-O2-Ar
flame conditions are as presented in Table 5.3. Open symbols: experiments,
closed symbols: simulations, and line: polynomial fit to the experimental
data point.
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Figure 5.23: The measured CH(A) peak intensity and calculated CH(A) peak mole frac-
tion compared at different H2 percentage in fuel and at φ = 1.0 and 1.5.
The premixed CH4-H2-O2-Ar flame conditions are listed in Table 5.4. Open
symbols: experiments, closed symbols: simulations and lines: polynomial
fit to the experiments.
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Figure 5.24: The measured CH(B) peak intensity and calculated CH(B) peak mole frac-
tion compared at different H2 content in fuel and at φ = 1.0 and 1.5. The
premixed CH4-H2-O2-Ar flame conditions are listed in Table 5.4. Open
symbols: experiments, closed symbols: simulation, and lines: polynomial
fit to the experimental data points.
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About 80% of total CH* chemiluminescence seen in the flames is from CH(A) state

whereas rest 20% is from CH(B) state. This is apparent from the measured CH* inten-

sities (Figs. 5.21 and 5.22), where at given stoichiometry, the measured CH(B) intensity

is 5 times lower than the CH(A) states.

There is no recommendation of CH(B) state reaction rates in literature. Therefore for

CH(B) state, 20% of k used for CH* is considered in the simulations. Also the informa-

tion on radiative decay and quenching reaction rates is still unknown and therefore, the

rate same as CH(A) are considered in the mechanism. As seen in Figs. 5.21 and 5.22,

the general trend of measured intensity at different φ is reproduced by the simulations in

both cases. However, the CH(B) state reaction rates shall require further improvement

with respect to its consumption channel.

In addition, the measurement done for CH4-O2-Ar flame diluted with hydrogen is shown

in Fig. 5.24. Here, the H2 content in flame varies from 10 to 50 % in the fuel (see Table.

5.4). CH(A) concentrations at φ = 1.5 are about 3 times higher than at stoichiometric

condition (Fig. 5.24). With increase in H2 content, the CH* (-A and -B states) intensities

decrease as the carbon content in the fuel decreases. For both CH(A) and CH(B) cases,

this experimental trend of the CH* intensity against H2 content is reproduced by the

calculated concentrations.

Prediction of C2* concentrations

Only few measurements on C2* chemiluminescence have been done. This includes the

measurement of a premixed methane-air laminar flame by [63]. Later the same group

studied stoichiometric and rich ethane- and ethylene- air flames [46]. The profiles of C2*

for the stoichiometric and rich methane-air flame, as shown in Fig. 5.25, are in good

agreement with the measurement. The shape of the simulated rich profile matches very

well with the measurement. However, in the stoichiometric case it slightly precedes the

measurement. With the recommended reactions and their rates in the mechanism, the

absolute value of C2* in both stoichiometric and rich cases are in agreement with the

measurements.
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Figure 5.25: A comparison of C2* absolute concentration measured by Smith et al. [63]
with the simulations. The experiments are performed at stoichiometric
(φ = 1.08) and rich flame condition (φ = 1.28). Symbols: experiment, line:
simulation.
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[63] with the simulations. The experiments are performed at stoichiometric
(φ = 1.08) and rich flame condition (φ = 1.28). Symbols: experiment, line:
simulation.
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The peak C2* measured in stoichiometric and rich ethane- and ethylene- flames are com-

pared against the simulations in Fig. 5.26 where it shows that there is underprediction

of C2* in these flames by factor of two to three. However, in stoichiometric and rich

methane-air flame, the predictions are comparable to the measurements.

In addition, the C2* concentration in CH4-O2-Ar flames at 0.05 bar and φ = 0.5 to 1.6 is

measured (Table 5.3). The relative comparison of the peak C2* measured intensity and

the calculated mole fractions is shown in Fig. 5.27. As seen, the calculated mole fractions

and measured intensities are in very good agreement at the given fuel stoichiometries.

Similarly, for CH4 mixtures containing H2, the trend of measured intensity and calculated

concentration at given H2% in fuel is very well reproduced (shown in Fig. 5.28). The

C2* intensity decreases with fuel dilution with hydrogen. The C2* concentrations at

rich condition (φ = 1.5) are about an order of magnitude larger than those found at

stoichiometric condition (φ = 1.0).

0.0E+00

3.0E-11

6.0E-11

9.0E-11

1.2E-10

1.5E-10

0.3 0.8 1.3 1.8

Fuel stoichiometry

C
2
* 

m
o
le

 f
ra

c
ti
o
n

0

40

80

120

160

200
C

2
* 

in
te

n
s
it
y
 /

 a
. 

u
.

Simu.

Exp.

Figure 5.27: Relative comparison of C2* peak measured intensity and C2* peak mole
fraction at different fuel stoichiometries. The premixed CH4-O2-Ar flame
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Figure 5.28: The measured C2* peak intensity and calculated CH2* peak mole fraction
compared at different H2 content in fuel and at φ = 1.0 and 1.5. The
premixed CH4-H2-O2-Ar flame conditions are listed in Table 5.4. Open
symbols: experiments, closed symbols: simulations, and lines: polynomial
fit to the experimental data points.

5.2.2 Chemiluminescence as a heat release marker

Chemiluminating species are considered as important intermediates that characterize

the reaction zone due to their appearance in the flame front and are a potential marker

for the heat release and the reaction zone in combustion systems [4, 6, 11, 12]. So in

order to get a more detailed picture on the potential of excited species as a heat release

marker, a comparison of displacement of peak excited species location from the peak heat

release location has been done [5]. A numerical experiment is performed in a premixed

methane-air-flame with fuel stoichiometry from lean (φ = 0.5) to rich (φ = 1.6). The

methane-air mixtures are at 298 K initial temperature and one bar pressure.

Figure 5.29 shows the location of the peak heat release and peak species mole fractions

plotted for different fuel equivalence ratios of CH4-air mixtures. It is known from the

literature that the appearance of formaldehyde (CH2O) is comparable to that of the

peak heat release location. Its concentration product with OH ([CH2O][OH]) is also

considered as an important marker for the heat release [6]. Therefore, in Fig. 5.29,

the location of CH2O and [CH2O][OH] are also shown in addition to the peak location

of excited species and heat release. The appearance of formaldehyde is found closest
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Figure 5.29: Comparison of the location of peak heat release with the location of peak
excited species and important ground state species at different fuel stoi-
chiometries. The calculation is done for CH4/air flame at 1 bar.

to the heat release location. The location of peak CH2O is closely followed by the

OH* location. The appearance of [CH2O][OH] product concentration and CH* and C2*

chemiluminescence is found at the same displacement from the heat release location.

The maximum deviation of species and heat release are found at very lean (φ = 0.5)

and rich (φ = 1.6) fuel conditions. In the intermediate fuel stoichiometries (φ = 0.7 to

1.3), the maximum deviation of excited species from the heat release location is about

0.13 mm (OH*), 0.16 mm (CH*), and 0.18 mm (C2*).

The distance between the peak excited species and heat release location are plotted in

Fig. 5.30. The displacement between heat release and excited species location is minimal

at near stoichiometric flames. At lower (φ < 0.6) and at higher (φ > 1.6) equivalence

ratios, the displacement increases. The maximum of which is ∼0.47 mm for OH* (also

CH* and C2*) at φ = 0.5 and φ = 1.6. The trend of such variation in displacement with

fuel stoichiometry is due to the change in reaction zone thickness.

From this numerical study it can be seen that OH* is closest to the peak heat release

location and gives results similar to the concentration product of [CH2O][OH]. Although

CH2O is the species that is closer than the OH*, its online measurement will require

sophisticated excitation techniques for detection. On the other hand, chemiluminescence

emission can be detected by simple optical detection setup. The difference in location
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lease (HR) location plotted against equivalence ratio in methane-air flames.

of CH* is not significant from OH* (about 0.03 mm) and therefore can also be used as

heat release marker. The position of C2* appears nearly at same location as CH* except

at very lean (φ < 0.8) condition and at φ > 1.3 where C2* appears much later in the

flame. At lean conditions (φ < 0.8) the concentration of C2* is negligible (< 10−16) at

atmospheric and at high pressure. Therefore, C2* peak position at such conditions is

not suitable as heat release marker. The difference in OH* and CH* positions (and C2*

at intermediate stoichiometries) from the peak heat release location are relatively small

compared to the resolution of measurement techniques (few mms for laboratory flame).

This, results indicates OH* and CH* as important potential markers for the heat release

zone.

5.2.3 Simulations of laminar non-premixed flames

In the counterflow diffusion flame, the mixture composition varies from pure oxidizer

to pure fuel. Therefore, it provides the advantage of validating the reaction kinetics

at varying mixture composition within a single experiment. De Leo et al. [22] studied

chemiluminescence of OH* and CH* in opposed-flow methane oxygen-enriched air dif-

fusion flames. They reported the comparison of measured absolute intensities to the

numerical model results. The earlier works on diffusion flame were restricted to the
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qualitative results however De Leo and coworkers provided for the first time the abso-

lute concentrations of these species. They measured flames varying in O2 content in

oxidizer from 21 - 100%, with a global strain rate maintained in the range of 20 - 40

s−1. The overall uncertainty to the concentration measurement is reported to be ±18%.

The maximum temperature (translation temperature of reacting gas) in their flame is

about 2900 K where thermal excitation plays important role in OH* and CH* formation

rather than chemical excitation. Therefore the OH* and CH* concentrations are formed

from the ground state OH and CH. In chemical excitation the ground state OH and CH

are not involved rather the reactions (R414), (R415), (R427), (R428), and (R429) are

important. The CH* is formed in the part of flame where the hydrocarbon concentra-

tion is high, whereas the OH* is formed in the lean (oxygen-rich) zone. With increased

O2-content of the air, the OH* profile becomes wider whereas CH* is unaffected.

Figure 5.31: Comparison of experimental and simulated OH* and CH* concentrations in
methane-oxy diffusion flames (O2 = 20%). The experiments are performed
at strain rate of 20 s−1 by De Leo et al. [22]. The temperature profiles
are calculated from the energy balance equation. Symbols: experiments
(except for temperature which are simulated profile presented in [22]), line:
simulation.

Figure 5.31 shows comparison of measured and simulated OH* and CH* profiles and

simulated temperatures. Since the flame temperature is about 2900 K, the OH* and CH*

are formed from ground state OH and CH respectively and therefore provides validation

of these ground state species.
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In this work, a reaction mechanism to predict chemiluminescent species by modeling

and numerical simulation has been developed. The developed mechanism is validated

against experimental species profiles. Numerical simulations of chemiluminescent species

concentrations in shock-tubes and in laminar flame conditions have been presented and

compared to experiments.

This work is comprised of three parts. (1) Modification of a basic hydrocarbon mech-

anism, with respect to acetylene chemistry and important ground state species concen-

tration (e.g. CH, and C2H), (2) Addition of a sub-mechanism predicting ground state

C2, and (3) Addition of a chemiluminescence sub-mechanism.

A hydrocarbon reaction mechanism developed earlier that simulates the oxidation of C1-

C4 hydrocarbon fuels is the starting point of this work. The major limitation of the base

mechanism is its prediction of acetylene ignition delay times that are about two orders of

magnitude lower than measurements. Acetylene is the main precursor to the formation

of all chemiluminescent species. Therefore, the base mechanism is reinvestigated for its

prediction of acetylene chemistry. The reactions sensitive to the C2H2 ignition delay time

and flame velocity are identified and their rate coefficients are modified within the limits

of rate data available in literature. In addition to this, it is seen that the prediction of the

chemiluminescent species depends strongly on the species that are direct precursors to

its formation (i.e. CH, C2H, and 1CH2). These species are not important for the global

validation (e.g. ignition delay time, flame velocity) of the base mechanism, however they

are important for chemiluminescence sub-model in the mechanism. Therefore necessary

modifications in the base mechanism are done to achieve correct prediction of such

precursors. Sufficient amount of experimental flame concentration measurement of CH,

C2H, and 1CH2 is available in the literature. Validation of these species concentrations is

done at different fuel stoichiometries and good agreement with measurements is found.

95
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The formation of chemiluminescent species also depends on additional species such as

C2, C3 which are not part of any existing reaction mechanisms predicting fuel oxida-

tion. Therefore, a sub-mechanism predicting such C-containing species is added to the

base mechanism in the second part. These species, due to their low concentration,

are difficult to measure experimentally. For their validation not many experiments are

available in literature until recently measured C2 in methane and propene flames. This

sub-mechanism is validated for its prediction of C2 in methane and other hydrocar-

bon flames where the C2 concentrations are about twice overpredicted compared to the

measurements. The rate coefficients of most of reactions forming and consuming these

species are estimates based on similar reactions. Therefore, the twice overprediction of

C2 is likely. However, a good agreement of simulated C2 concentration with respect to

peak position and profile shape is found compared to the measurements.

A chemiluminescence (CL) sub-mechanism is added to the validated base mechanism.

The CL sub-mechanism consists of reactions leading to the formation and the consump-

tion of the excited species. The mechanism of chemiluminescent species is based on

an extensive literature review of reactions and rate coefficients responsible for their for-

mation and consumption. The literature value of major formation reactions vary from

two to four orders of magniture from each other and so selection of reaction rates is

difficult. In addition, the major CL formation reactions are not clearly understood. The

validation of the CL mechanism is done for shock-tube and for laminar flame conditions.

There is no direct relation available between the CL intensities measured in shock-tube

and calculated CL concentrations. Therefore, a calibration factor is required for the

conversion of the measured intensity to concentrations. In H2/O2 mixtures it is found

that above 3000 K initial temperature, the OH* is formed due to thermal excitation

rather than chemical excitation and so the OH* intensities are independent of rate of

reactions forming OH*. So based on the simulated OH* concentrations, the measured

intensities are converted to the concentrations. A rate coefficient of the reaction H + O

+ M → OH* + M is recommended in the present work. This is relatively easy with OH*

measurements where the H2 oxidation mechanism is relatively well known. However, the

CH* formation is more complicated with three different reactions and many degrees of

freedom arising from acetylene and C2 chemistry. And therefore, a direct comparison of

measured CH* intensities with simulated concentrations is not possible with shock-tube

measurements. The absolute concentrations measured in flames provide a more stringent

test for mechanism validation. The absolute species concentration of OH*, CH*, and C2*
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measured in laminar premixed flames is available in the literature and the mechanism

prediction is validated against these measurements. For the very first time, the CH(B)

state is measured in the literature and so a relative comparison of measured intensity

and simulated concentration at different fuel stoichiometries is done. A good agreement

with respect to peak concentration, position of flame along the burner axis and the

profile shape are found for the OH*, CH*, and C2* for lean to rich stoichiometry.

An attempt is made to investigate the potential of chemiluminescence as a heat release

marker. It is seen that the peak of the OH* and CH* concentration is found close to the

location of the heat release. The differences between the peak heat release and excited

species location are relatively small compared to the resolution of most measurement

techniques (few milimeters for laboratory flame). Therefore, OH* and CH* can be

considered as potential heat release markers for heat release zone.

In the future, research can be extended to focus on identifying main formation path-

ways of CH*, as soon as new experiments become available. The chemiluminescence of

CO2* is also considered as a potential heat release marker. However, no absolute flame

concentration measurements are available for the validation of the mechanism. Further-

more, the CL mechanism can be extended for such and other excited species. The CL

mechanism can be further used to simulate larger combustion devices and investigate

the relation of chemiluminescence as heat release and reaction zone marker not only for

laminar but also for turbulent conditions.
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A Reaction Mechanism

No. Elementary reaction A n E

1. H2–CO oxidation

1.1. H2–O2 reactions (no HO2, H2O2)

R1 O2 + H = OH + O 2.06·1014 -0.097 62.85

R2 H2 + O = OH + H 3.82·1012 0.0 33.26

H2 + O = OH + H 1.02·1015 0.0 80.23

R3 H2 + OH = H2O + H 2.17·108 1.52 14.47

R4 OH + OH = H2O + O 3.35·104 2.42 -8.06

R5 H + H + M(1) = H2 + M(1) 1.02·1017 -0.6 0.0

R6 O + O + M(1) = O2 + M(1) 5.40·1013 0.0 -7.4

R7 H + OH + M(2) = H2O + M(2) 5.56·1022 -2.0 0.0

1.2. HO2 formation/consumption

R8 H + O2 + M(3) = HO2 + M(3) 1.75·1017 0.0 0.0

Low 2.37·1019 -1.2 0.0

Troe 0.5 0.0 0.0 0.0

R9 HO2 + H = OH + OH 4.46·1014 0.0 5.82

R10 HO2 + H = H2 + O2 1.05·1014 0.0 8.56

R11 HO2 + H = H2O + O 1.44·1012 0.0 0.0

R12 HO2 + O = OH + O2 1.63·1013 0.0 -1.86

R13 HO2 + OH = H2O + O2 9.28·1015 0.0 73.25

1.3. H2O2 formation/consumption

R14 HO2 + HO2 = H2O2 + O2 4.22·1014 0.0 50.14

HO2 + HO2 = H2O2 + O2 1.32·1011 0.0 -6.82

R15 OH + OH + M(1) = H2O2 + M(1) 1.57·1013 0.0 0.0

Low 5.98·1019 -0.8 0.0

Troe 0.5 0.0 0.0 0.0

R16 H2O2 + H = H2 + HO2 1.69·1012 0.0 15.71

R17 H2O2 + H = H2O + OH 1.02·1013 0.0 14.97

R18 H2O2 + O = OH + HO2 4.22·1011 0.0 16.63

R19 H2O2 + O = H2O + O2 4.22·1011 0.0 16.63

R20 H2O2 + OH = H2O + HO2 1.64·1018 0.0 123.05

H2O2 + OH = H2O + HO2 1.92·1012 0.0 1.79

1.4. CO reactions

R21 CO + O + M(1) = CO2 + M(1) 1.54·1015 0.0 12.56

R22 CO + OH = CO2 + H 1.00·1013 0.0 66.93

CO + OH = CO2 + H 9.03·1011 0.0 19.12

CO + OH = CO2 + H 1.01·1011 0.0 0.25

R23 CO + HO2 = CO2 + OH 1.50·1014 0.0 98.7

R24 CO + O2 = CO2 + O 2.50·1012 0.0 200.0

2. C1–hydrocarbons oxidation

2.1. C reactions

R25 CH + H = C + H2 5.00·1014* 0.0 0.0

R26 C + O2 = CO + O 6.02·1013 0.0 2.66

108
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2.2. CH reactions

R27 CH + O = CO + H 4.00·1013 0.0 0.0

R28 CH + OH = CHO + H 3.00·1013 0.0 0.0

R29 CH + O2 = CHO + O 1.69·1013 0.0 0.0

R30 CH + CO + M(2) = HCCO + M(2) 1.02·1015* -0.4 0.0

Low 3.79·100 -2.5 0.0

Troe 0.6 0.0 0.0 0.0

R31 CH + CO2 = CHO + CO 6.38·107 1.51 -2.99

R32 CH + H2O = CH2O + H 4.58·1016 -1.42 0.0

R33 CH + H2O = 3CH2 + OH 4.58·1016 -1.42 0.0

2.3. CHO reactions

R34 CHO + M(1) = CO + H + M(1) 1.14·1014 0.0 65.02

R35 CHO + H = CO + H2 9.03·1013 0.0 0.0

R36 CHO + O = CO + OH 3.01·1013 0.0 0.0

R37 CHO + O = CO2 + H 3.01·1013 0.0 0.0

R38 CHO + OH = CO + H2O 1.08·1014 0.0 0.0

R39 CHO + O2 = CO + HO2 7.59·1012 0.0 1.7

R40 CHO + CHO = CH2O + CO 3.00·1013 0.0 0.0

2.4. CH2 reactions

R41 3CH2 + H = CH + H2 1.20·1014 0.0 0.0

R42 3CH2 + O → CO + H + H 1.23·1014 0.0 2.24

R43 3CH2 + O = CO + H2 8.19·1013 0.0 2.24

R44 3CH2 + O2 = CO + OH + H 1.81·1012 0.0 0.0

R45 3CH2 + O2 = CO2 + H2 1.81·1012 0.0 0.0

R46 3CH2 + 3CH2 = C2H2 + H2 1.81·1014 0.0 49.88

R47 3CH2 + 3CH2 = C2H2 + H + H 1.63·1015 0.0 49.88

R48 3CH2 + CH3 = C2H4 + H 7.23·1013 0.0 0.0

R49 1CH2 + M(1) = 3CH2 + M(1) 6.02·1012 0.0 0.0

R50 1CH2 + H2 = CH3 + H 1.26·1016 -0.56 66.5

R51 1CH2 + O2 = CO + OH + H 3.10·1013 0.0 0.0

2.5. CH2O reactions

R52 CH2O + M(1) = CHO + H + M(1) 4.87·1015 0.0 316.35

R53 CH2O + M(1) = CO + H2 + M(1) 2.83·1015 0.0 266.96

R54 CH2O + H = CHO + H2 4.10·108 1.47 10.23

R55 CH2O + O = CHO + OH 4.16·1011 0.57 11.56

R56 CH2O + OH = CHO + H2O 1.39·1013 0.0 2.53

R57 CH2O + HO2 = CHO + H2O2 4.10·104 2.5 42.73

R58 CH2O + O2 = CHO + HO2 2.44·105 2.5 152.56

R59 CH2O + CH3 = CHO + CH4 3.19·101 3.36 18.04

2.6. CH2OH reactions

R60 CH2OH + M(1) = CH2O + H + M(1) 2.80·1014 -0.73 137.31

Low 1.50·1034 -5.39 151.46

Troe 0.96 67.2 1855.0 7543.0

R61 CH2OH + H = CH2O + H2 2.44·1013 0.0 0.0

R62 CH2OH + H = CH3 + OH 1.05·1013 0.0 0.0

R63 CH2OH + O2 = CH2O + HO2 2.89·1016 -1.5 0.0

CH2OH + O2 = CH2O + HO2 7.23·1013 0.0 15.63

2.7. CH3 reactions

R64 CH3 + M(1) = 3CH2 + H + M(1) 2.92·1016 0.0 379.0

R65 CH3 + M(1) = CH + H2 + M(1) 1.89·1016 0.0 355.84

R66 CH3 + O = CH2O + H 6.74·1013 0.0 0.0

R67 CH3 + OH → CH3O + H 1.20·1010 0.0 58.11

R68 CH3 + OH = 1CH2 + H2O 3.00·1013 0.0 11.64

R69 CH3 + OH + M(1) = CH3OH + M(1) 4.34·1015 -0.79 0.0
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Low 1.10·1038 -6.21 5.58

Troe 0.25 210 1434.0 0.0

R70 CH3 + HO2 = CH3O + OH 1.60·1013 0.0 0.0

R71 CH3 + O2 = CH2O + OH 6.86·101 2.86 40.87

R72 CH3 + O2 → O + CH3O 1.99·1018 1.57 122.3

R73 CH3 + O2 + M(1) = CH3O2 + M(1) 7.83·108 1.2 0.0

Low 1.55·1026 -3.3 0.0

Troe 0.36 0.0 0.0 0.0

R74 CH3 + CO + M(1) = CH3CO + M(1) 5.06·1011 0.0 28.77

Low 3.11·1014 0.0 15.88

Troe 0.5 0.0 0.0 0.0

R75 CH3 + 1CH2 = C2H4 + H 7.23·1013 0.0 0.0

R76 CH3 + CH3 + M(1) = C2H6 + M(1) 3.61·1013 0.0 0.0

Low 3.63·1041 -7.0 11.6

Troe 0.62 73.0 1180.0 0.0

2.8. CH3O reactions

R77 CH3O + M(1) = CH2O + H + M(1) 6.80·1013 0.0 109.49

Low 4.66·1025 -3.0 101.68

Troe 0.45 0.0 0.0 0.0

R78 CH3O + H → CH3 + OH 1.63·1013 0.0 2.49

R79 CH3O + H = CH2O + H2 3.79·1013 0.0 2.49

R80 CH3O + O → O2 + CH3 1.13·1013 0.0 0.0

R81 CH3O + O = OH + CH2O 3.76·1012 0.0 0.0

R82 CH3O + OH = CH2O + H2O 1.81·1013 0.0 0.0

R83 CH3O + O2 = CH2O + HO2 2.17·1010 0.0 7.3

R84 CH3O + CH2O = CH3OH + CHO 1.15·1011 0.0 5.2

2.9. CH3O2 reactions

R85 CH3O2 + HO2 = CH3O2H + O2 2.28·1011 0.0 -6.24

R86 CH3O2 + CH3 = CH3O + CH3O 1.50·1013 0.0 -5.0

R87 CH3O2 + CH3O2 → CH2O + CH3OH + O2 3.43·1010 0.0 -3.24

R88 CH3O2 + CH3O2 → CH3O + CH3O + O2 2.29·1010 0.0 -3.24

R89 CH3O2 + H2O2 = CH3O2H + HO2 2.40·1012 0.0 41.8

R90 CH3O2 + CH2O = CH3O2H + CHO 1.30·1011 0.0 37.7

R91 CH3O2 + CH4 = CH3O2H + CH3 1.81·1011 0.0 77.8

R92 CH3O2 + CH3OH = CH3O2H + CH2OH 1.81·1011 0.0 57.7

2.10. CH4 reactions

R93 CH4 + M(4) = CH3 + H + M(4) 1.45·1040 0.0 439.0

Low 4.70·1047 -8.2 492.18

Troe 0.0 1350 1.0 7834.0

R94 CH4 + H = H2 + CH3 6.14·105 2.5 40.12

R95 CH4 + O = OH + CH3 4.40·105 2.5 27.52

R96 CH4 + OH = H2O + CH3 1.37·106 2.18 11.22

R97 CH4 + HO2 = H2O2 + CH3 4.70·104 2.5 87.88

R98 CH4 + O2 = CH3 + HO2 4.88·105 2.5 219.24

R99 CH4 + CH = C2H4 + H 1.32·1016 -0.94 0.24

R100 CH4 + 3CH2 = CH3 + CH3 8.40·1012 0.0 -2.08

2.11. CH3OH reactions

R101 CH3OH + H = CH2OH + H2 2.75·109 1.24 18.79

R102 CH3OH + H = CH3O + H2 6.87·108 1.24 18.79

R103 CH3OH + O = CH2OH + OH 1.98·1013 0.0 22.2

R104 CH3OH + O = CH3O + OH 4.94·1012 0.0 22.2

R105 CH3OH + OH = CH2OH + H2O 5.27·106 1.92 -1.2

R106 CH3OH + OH = CH3O + H2O 9.30·105 1.92 -1.2

R107 CH3OH + HO2 = CH2OH + H2O2 6.20·1012 0.0 81.1
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R108 CH3OH + O2 = HO2 + CH2OH 2.05·1013 0.0 189.1

R109 CH3OH + CH3 = CH4 + CH2OH 9.94·100 3.45 33.42

R110 CH3OH + CH3 = CH4 + CH3O 2.02·101 3.45 33.42

R111 CH3OH + CH3O = CH2OH + CH3OH 1.50·1012 0.0 29.3

R112 CH3OH + CH2O → CH3O + CH3O 1.53·1012 0.0 333.2

2.12. CH3O2H reactions

R113 CH3O2H = CH3O + OH 6.00·1014 0.0 177.1

R114 CH3O2H + O = OH + CH3O2 2.47·1013 0.0 19.95

R115 CH3O2H + OH = H2O + CH3O2 1.08·1012 0.0 -1.83

3. C2–hydrocarbons oxidation

3.1. C2H reactions

R116 C2H + O = CO + CH 5.96·1013 0.0 0.0

R117 C2H + O2 = CHO + CO 1.0·1015* -0.35 0.0

R118 C2H + O2 = H + CO + CO 1.92·1015* -0.35 0.0

R119 C2H + O2 = CO2 + CH 8.15·1012* -0.35 0.0

R120 C2H + O2 = HCCO + O 8.15·1012* -0.35 0.0

R121 C2H + CH4 = C2H2 + CH3 2.17·1010 0.94 2.73

3.2. HCCO reactions

R122 HCCO + H = 3CH2 + CO 1.06·1013 0.0 0.0

R123 HCCO + O → CO + CO + H 1.53·1014 0.0 0.0

R124 HCCO + 3CH2 = C2H3 + CO 3.00·1013 0.0 0.0

3.3. C2H2 reactions

R125 C2H2 + M(1) = C2H + H + M(1) 3.60·1016 0.0 446.0

R126 C2H2 + H = C2H + H2 5.01·1010* 1.64 126.79

R127 C2H2 + O = 3CH2 + CO 1.48·108 1.4 9.23

R128 C2H2 + O = HCCO + H 9.40·108 1.4 9.23

R129 C2H2 + OH = H2O + C2H 2.42·1014* 0.0 56.54

R130 C2H2 + O2 = HCCO + OH 5.00·107* 1.5 126.0

R131 C2H2 + C2H = C4H2 + H 7.83·1013 0.0 0.0

3.4. CH2CO reactions

R132 CH2CO + M(1) = 3CH2 + CO + M(1) 1.00·1016 0.0 248.0

R133 CH2CO + H = CH3 + CO 3.25·1010 0.85 11.89

R134 CH2CO + O = CH2O + CO 3.61·1011 0.0 5.65

R135 CH2CO + O → CHO + H + CO 1.81·1011 0.0 5.65

R136 CH2CO + O = CHO + CHO 1.81·1011 0.0 5.65

R137 CH2CO + OH = CH3 + CO2 6.24·1011 0.0 4.24

R138 CH2CO + OH = CH2O + CHO 3.37·1010 0.0 4.24

3.5. C2H3 reactions

R139 C2H3 + M(1) = C2H2 + H + M(1) 7.80·108 1.62 155.06

Low 3.24·1027 -3.4 149.82

Troe 0.35 0.0 0.0 0.0

R140 C2H3 + H = C2H2 + H2 4.22·1013 0.0 0.0

R141 C2H3 + O = C2H2 + OH 3.01·1013 0.0 0.0

R142 C2H3 + O = CH3 + CO 3.01·1013 0.0 0.0

R143 C2H3 + O = CHO + 3CH2 3.01·1013 0.0 0.0

R144 C2H3 + OH = C2H2 + H2O 5.00·1012 0.0 0.0

R145 C2H3 + O2 = CH2O + CHO 7.71·1012 0.0 -1.0

R146 C2H3 + O2 = CH2CHO + O 8.15·1012 0.0 -1.04

R147 C2H3 + O2 = C2H2 + HO2 4.65·1011 0.0 -1.04

3.6. CH3CO reactions

R148 CH3CO + H = CH2CO + H2 2.00·1013 0.0 0.0

3.7. CH2CHO reactions

R149 CH2CHO + H = CH2CO + H2 2.00·1013 0.0 0.0

3.8. C2H4 reactions
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R150 C2H4 + M(1) = C2H2 + H2 + M(1) 2.92·1017 1.0 327.49

R151 C2H4 + M(1) = C2H3 + H + M(1) 7.40·1017 0.0 404.06

R152 C2H4 + H + M(1) → C2H5 + M(1) 3.98·109 1.28 5.4

Low 1.18·1019 0.0 3.2

Troe 0.76 40.0 1025.0 0.0

R153 C2H4 + H = C2H3 + H2 2.35·102 3.62 47.14

R154 C2H4 + O = CH2CHO + H 4.74·106 1.88 0.76

R155 C2H4 + O = CHO + CH3 8.13·106 1.88 0.76

R156 C2H4 + O = CH2CO + H2 6.77·105 1.88 0.76

R157 C2H4 + OH = C2H3 + H2O 6.48·1012 0.0 24.9

R158 C2H4 + CH = C3H4 + H 1.32·1014 0.0 -1.44

R159 C2H4 + 1CH2 = C3H6 7.24·1013 0.0 0.0

R160 C2H4 + CH3 = C2H3 + CH4 6.02·107 1.56 69.6

3.9. CH3CHO reactions

R161 CH3CHO + M(1) = CH3 + CHO + M(1) 2.10·1016 0.0 342.0

Low 7.83·1017 0.0 342.0

Troe 0.5 0.0 0.0 0.0

R162 CH3CHO + H = CH3CO + H2 2.05·109 1.16 10.06

R163 CH3CHO + H = CH2CHO + H2 2.05·109 1.16 10.06

R164 CH3CHO + O = CH3CO + OH 5.26·1012 0.0 7.6

R165 CH3CHO + O = CH2CHO + OH 5.84·1011 0.0 7.6

R166 CH3CHO + OH = CH3CO + H2O 2.69·108 1.35 -6.58

R167 CH3CHO + OH = CH2CHO + H2O 2.02·107 1.35 -6.58

R168 CH3CHO + HO2 = CH3CO + H2O2 4.10·104 2.5 42.69

R169 CH3CHO + O2 = CH3CO + HO2 1.20·105 2.5 157.14

R170 CH3CHO + 3CH2 = CH3CO + CH3 2.50·1012 0.0 15.9

R171 CH3CHO + CH3 = CH3CO + CH4 3.49·10−10 6.21 6.82

3.10. C2H5 reactions

R172 C2H5 + M(1) → C2H4 + H + M(1) 4.10·1013 0.0 166.8

Low 3.65·1018 0.0 139.68

Troe 0.75 97.0 1379.0 0.0

R173 C2H5 + H = CH3 + CH3 4.22·1013 0.0 0.0

R174 C2H5 + O = CH3CHO + H 5.32·1013 0.0 0.0

R175 C2H5 + O = CH2O + CH3 3.98·1013 0.0 0.0

R176 C2H5 + O2 = C2H4 + HO2 2.41·1010 0.0 0.0

R177 C2H5 + CH3 = C2H4 + CH4 9.03·1011 0.0 0.0

R178 C2H5 + C2H5 = C2H4 + C2H6 1.40·1012 0.0 0.0

3.11. C2H5O reactions

R179 C2H5O = CH3CHO + H 2.00·1014 0.0 97.0

R180 C2H5O = CH2O + CH3 8.00·1013 0.0 90.0

R181 C2H5O + H = CH3CHO + H2 1.00·1014 0.0 0.0

R182 C2H5O + O = CH3CHO + OH 1.21·1014 0.0 0.0

R183 C2H5O + OH = CH3CHO + H2O 1.00·1014 0.0 0.0

R184 C2H5O + O2 = CH3CHO + HO2 6.00·1010 0.0 7.0

3.12. CH3CHOH reactions

R185 CH3CHOH = CH3CHO + H 1.00·1014 0.0 105.0

R186 CH3CHOH + H = CH3CHO + H2 3.00·1013 0.0 0.0

R187 CH3CHOH + O = CH3CHO + OH 1.20·1014 0.0 0.0

R188 CH3CHOH + OH = CH3CHO + H2O 1.51·1013 0.0 0.0

R189 CH3CHOH + O2 = CH3CHO + HO2 8.43·1015 -1.2 0.0

CH3CHOH + O2 = CH3CHO + HO2 4.82·1014 0.0 20.1

3.13. CH2CH2OH reactions

R190 CH2CH2OH = C2H4 + OH 1.00·1014 0.0 140.0

R191 CH2CH2OH + H = CH3CHO + H2 5.00·1013 0.0 0.0
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3.14. C2H5OH reactions

R192 C2H5OH = CH3 + CH2OH 3.10·1015 0.0 337.2

R193 C2H5OH = C2H5 + OH 5.00·1016 0.0 381.6

R194 C2H5OH = C2H4 + H2O 1.00·1014 0.0 320.9

R195 C2H5OH + H = CH3CHOH + H2 4.40·1012 0.0 19.1

R196 C2H5OH + H = C2H5 + H2O 5.90·1011 0.0 14.4

R197 C2H5OH + O = CH3CHOH + OH 5.42·105 2.5 7.73

R198 C2H5OH + O = C2H5O + OH 3.01·104 2.5 7.73

R199 C2H5OH + O = CH2CH2OH + OH 3.01·104 2.5 7.73

R200 C2H5OH + OH = CH3CHOH + H2O 2.14·107 1.78 -3.53

R201 C2H5OH + OH = C2H5O + H2O 9.03·105 1.78 -3.53

R202 C2H5OH + OH = CH2CH2OH + H2O 1.13·106 1.78 -3.53

R203 C2H5OH + HO2 = CH3CHOH + H2O2 6.30·1012 0.0 81.1

R204 C2H5OH + CH3 = CH3CHOH + CH4 4.70·1011 0.0 40.57

R205 C2H5OH + CH3 = CH2CH2OH + CH4 3.61·1010 0.0 39.91

R206 C2H5OH + CH3 = C2H5O + CH4 9.03·1010 0.0 39.32

R207 C2H5OH + CH3O = CH3CHOH + CH3OH 2.00·1011 0.0 29.3

R208 C2H5OH + CH2O = C2H5O + CH3O 1.53·1012 0.0 333.2

R209 C2H5OH + C2H5O = C2H5OH + CH3CHOH 2.00·1011 0.0 29.3

3.15. C2H6 reactions

R210 C2H6 + H = C2H5 + H2 9.82·1013 0.0 38.58

R211 C2H6 + O = C2H5 + OH 1.00·109 1.5 24.4

R212 C2H6 + OH = C2H5 + H2O 9.15·106 2.0 4.16

R213 C2H6 + HO2 = C2H5 + H2O2 1.10·105 2.5 70.5

R214 C2H6 + O2 = C2H5 + HO2 7.29·105 2.5 205.69

R215 C2H6 + 3CH2 = C2H5 + CH3 2.20·1013 0.0 36.3

R216 C2H6 + CH3 = C2H5 + CH4 5.60·1010 0.0 39.41

C2H6 + CH3 = C2H5 + CH4 8.43·1014 0.0 93.12

R217 C2H6 + CH = C2H4 + CH3 1.08·1014 0.0 -1.1

4. C3–hydrocarbons oxidation

4.1. C3H2 reactions

R218 C3H2 + O2 = CHO + HCCO 1.00·1013 0.0 0.0

R219 C3H3 + OH = C3H2 + H2O 2.00·1013 0.0 0.0

4.2. C3H3 reactions

R220 C3H3 + O → CO + C2H3 3.80·1013 0.0 0.0

R221 C3H3 + O2 → HCCO + CH2O 6.00·1012 0.0 0.0

4.3. C3H4 reactions

R222 C3H4 + O = CH2O + C2H2 1.00·1012 0.0 0.0

R223 C3H4 + O = CHO + C2H3 1.00·1012 0.0 0.0

R224 C3H4 + OH = CH2O + C2H3 1.00·1012 0.0 0.0

R225 C3H4 + OH = CHO + C2H4 1.00·1012 0.0 0.0

R226 C3H4 + M(1) = H + C3H3 + M(1) 1.00·1017 0.0 293.0

R227 C3H4 + H = CH3 + C2H2 2.00·1013 0.0 10.0

R228 C3H4 + H = H2 + C3H3 1.00·1012 0.0 6.3

R229 C3H4 + C2H = C2H2 + C3H3 1.00·1013 0.0 0.0

R230 C3H4 + CH3 = C3H3 + CH4 2.00·1012 0.0 32.2

4.4. C3H5 reactions

R231 C3H5 = C3H4 + H 3.98·1013 0.0 293.1

R232 C3H5 + H = C3H4 + H2 1.81·1013 0.0 0.0

R233 C3H5 + O2 = C3H4 + HO2 1.02·1012 0.0 94.78

R234 C3H5 + OH = C3H4 + H2O 6.02·1012 0.0 0.0

R235 C3H6 + O2 = C3H5 + HO2 1.90·1012 0.0 163.8

R236 C3H5 + CH3 = C3H4 + CH4 3.61·1011 0.0 0.0

R237 C3H5 + C3H5 = C3H6 + C3H4 6.02·1010 0.0 0.0
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R238 CH3 + C2H2 = C3H5 6.00·1011 0.0 32.4

4.5. C3H6 reactions

R239 C3H6 = C3H5 + H 1.00·1013 0.0 326.0

R240 C3H6 = C2H3 + CH3 1.10·1021 -1.2 408.8

R241 C3H6 + H = C3H5 + H2 5.00·1012 0.0 6.3

R242 C3H6 + O = C2H4 + CH2O 5.90·1013 0.0 21.0

R243 C3H6 + O = C2H5 + CHO 3.60·1012 0.0 0.0

R244 C3H6 + O = CH3 + CH3CO 5.00·1012 0.0 2.5

R245 C3H6 + OH = C2H5 + CH2O 7.90·1012 0.0 0.0

R246 C3H6 + OH = CH3 + CH3CHO 5.10·1012 0.0 0.0

R247 C3H6 + OH = C3H5 + H2O 4.00·1012 0.0 0.0

R248 C3H6 + CH3 = CH4 + C3H5 8.91·1010 0.0 35.6

R249 C3H6 + C2H5 = C3H5 + C2H6 1.00·1011 0.0 38.5

4.6. n-C3H7 reactions

R250 n-C3H7 = CH3 + C2H4 9.60·1013 0.0 129.8

R251 n-C3H7 = H + C3H6 1.25·1014 0.0 154.9

R252 n-C3H7 + O2 = C3H6 + HO2 1.00·1012 0.0 20.9

4.7. i-C3H7 reactions

R253 i-C3H7 = H + C3H6 6.30·1013 0.0 154.5

R254 i-C3H7 = CH3 + C2H4 2.00·1010 0.0 123.5

R255 i-C3H7 + O2 = C3H6 + HO2 1.99·1010 0.0 -10.72

4.8. C3H8 reactions

R256 C3H8 + M(1) = CH3 + C2H5 + M(1) 4.00·1023 -1.87 377.41

Low 2.24·1019 0.0 271.87

Troe 0.76 1946.0 38.0 0.0

R257 C3H8 + H = H2 + n-C3H7 1.30·1014 0.0 40.6

R258 C3H8 + H = H2 + i-C3H7 1.00·1014 0.0 34.9

R259 C3H8 + O = n-C3H7 + OH 3.00·1013 0.0 24.1

R260 C3H8 + O = i-C3H7 + OH 2.60·1013 0.0 18.7

R261 C3H8 + OH = n-C3H7 + H2O 3.70·1012 0.0 6.9

R262 C3H8 + OH = i-C3H7 + H2O 2.80·1012 0.0 3.6

R263 C3H8 + HO2 → n-C3H7 + H2O2 1.14·1013 0.0 81.2

R264 n-C3H7 + H2O2 → C3H8 + HO2 2.33·1012 0.0 41.1

R265 C3H8 + HO2 → i-C3H7 + H2O2 3.40·1012 0.0 71.2

R266 i-C3H7 + H2O2 → C3H8 + HO2 4.16·1011 0.0 31.1

R267 C3H8 + CH3 → CH4 + n-C3H7 4.00·1011 0.0 39.8

R268 n-C3H7 + CH4 → CH3 + C3H8 3.12·1012 0.0 68.9

R269 C3H8 + CH3 → CH4 + i-C3H7 1.30·1012 0.0 48.6

R270 i-C3H7 + CH4 → CH3 + C3H8 1.01·1013 0.0 77.7

R271 C3H8 + O2 → n-C3H7 + HO2 2.52·1013 0.0 205.2

R272 n-C3H7 + HO2 → C3H8 + O2 2.08·1012 0.0 0.0

R273 C3H8 + O2 → i-C3H7 + HO2 2.00·1013 0.0 199.3

R274 i-C3H7 + HO2 → C3H8 + O2 2.08·1012 0.0 0.0

R275 C3H8 + CH3O → n-C3H7 + CH3OH 3.00·1011 0.0 29.3

R276 n-C3H7 + CH3OH → C3H8 + CH3O 1.22·1010 0.0 38.5

R277 C3H8 + CH3O → i-C3H7 + CH3OH 3.00·1011 0.0 29.3

R278 i-C3H7 + CH3OH → C3H8 + CH3O 1.22·1010 0.0 38.5

5. C4–hydrocarbons oxidation

5.1. C4H2 reactions

R279 C4H2 + O = C3H2 + CO 7.89·1012 0.0 5.64

R280 C4H2 + OH = C3H2 + CHO 6.68·1012 0.0 -1.71

5.2. C4H6 reactions

R281 C4H6 = C2H3 + C2H3 4.03·1019 -1.0 411.0

R282 C2H3 + C2H4 = C4H6 + H 7.83·1010 0.0 0.0
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R283 C4H6 + O = C2H4 + CH2CO 1.00·1012 0.0 0.0

R284 C4H6 + O = CH2O + C3H4 1.00·1012 0.0 0.0

R285 C4H6 + OH = C2H5 + CH2CO 1.00·1012 0.0 0.0

R286 C4H6 + OH = CH2O + C3H5 2.00·1012 0.0 0.0

R287 C4H6 + OH = C2H3 + CH3CHO 5.00·1012 0.0 0.0

5.3. C4H7 reactions

R288 C4H7 = C4H6 + H 1.20·1014 0.0 206.4

R289 C4H7 = C2H4 + C2H3 1.00·1011 0.0 154.9

R290 C4H7 + H = C4H6 + H2 3.16·1012 0.0 0.0

R291 C4H7 + O2 = C4H6 + HO2 1.00·1011 0.0 0.0

R292 C4H7 + C4H7 = C4H6 + 1-C4H8 3.16·1012 0.0 0.0

R293 C4H7 + CH3 = C4H6 + CH4 1.00·1013 0.0 0.0

R294 C4H7 + C2H3 = C4H6 + C2H4 4.00·1012 0.0 0.0

R295 C4H7 + C2H5 = C4H6 + C2H6 4.00·1012 0.0 0.0

R296 C4H7 + C2H5 = 1-C4H8 + C2H4 5.00·1011 0.0 0.0

R297 C4H7 + C2H5 = trans-2-C4H8 + C2H4 5.00·1011 0.0 0.0

R298 C4H7 + C2H5 = cis-2-C4H8 + C2H4 5.00·1011 0.0 0.0

R299 C4H7 + C3H5 = C4H6 + C3H6 4.00·1013 0.0 0.0

5.4. 1-C4H8 reactions

R300 1-C4H8 = trans-2-C4H8 4.00·1011 0.0 251.0

R301 1-C4H8 = cis-2-C4H8 4.00·1011 0.0 251.0

R302 1-C4H8 = C3H5 + CH3 8.00·1016 0.0 307.4

R303 1-C4H8 = C2H3 + C2H5 2.00·1018 -1.0 405.2

R304 1-C4H8 = H + C4H7 4.11·1018 -1.0 407.7

R305 1-C4H8 + H = C4H7 + H2 5.00·1013 0.0 16.3

R306 1-C4H8 + O = CH3CHO + C2H4 1.26·1012 0.0 3.6

R307 1-C4H8 + O = CH3 + C2H5 + CO 1.62·1013 0.0 3.6

R308 1-C4H8 + O = C3H6 + CH2O 2.50·1012 0.0 0.0

R309 1-C4H8 + O = C4H7 + OH 1.30·1013 0.0 18.8

R310 1-C4H8 + OH = CH3CHO + C2H5 1.00·1011 0.0 0.0

R311 1-C4H8 + OH = CH3 + C2H6 + CO 1.00·1010 0.0 0.0

R312 1-C4H8 + OH = n-C3H7 + CH2O 6.50·1012 0.0 0.0

R313 1-C4H8 + OH = C4H7 + H2O 1.75·1013 0.0 29.1

R314 1-C4H8 + CH3 = C4H7 + CH4 1.00·1011 0.0 30.6

R315 1-C4H8 + O2 = C4H7 + HO2 4.00·1012 0.0 167.4

R316 1-C4H8 + HO2 = C4H7 + H2O2 1.00·1011 0.0 71.4

R317 1-C4H8 + C2H5 = C4H7 + C2H6 1.00·1011 0.0 33.5

R318 1-C4H8 + C3H5 = C4H7 + C3H6 8.00·1010 0.0 51.9

R319 1-C4H8 + C4H7 = C4H7 + trans-2-C4H8 3.98·1010 0.0 51.9

R320 1-C4H8 + C4H7 = C4H7 + cis-2-C4H8 3.98·1010 0.0 51.9

5.5. trans-2-C4H8 reactions

R321 trans-2-C4H8 = H + C4H7 4.11·1018 -1.0 407.7

R322 trans-2-C4H8 = CH3 + C3H5 6.50·1014 0.0 298.3

R323 trans-2-C4H8 + H = C4H7 + H2 5.00·1012 0.0 14.6

R324 trans-2-C4H8 + O = C2H4 + CH3CHO 1.00·1012 0.0 0.0

R325 trans-2-C4H8 + O = i-C3H7 + CHO 6.03·1012 0.0 0.0

R326 trans-2-C4H8 + OH = C4H7 + H2O 1.01·1014 0.0 12.8

R327 trans-2-C4H8 + OH = C2H5 + CH3CHO 1.51·1013 0.0 0.0

R328 trans-2-C4H8 + CH3 = C4H7 + CH4 1.00·1011 0.0 34.3

5.6. c-2-C4H8 reactions

R329 cis-2-C4H8 = trans-2-C4H8 1.00·1013 0.0 259.4

R330 cis-2-C4H8 = C4H6 + H2 1.00·1013 0.0 274.1

R331 cis-2-C4H8 = C4H7 + H 4.07·1018 -1.0 407.3

R332 cis-2-C4H8 = C3H5 + CH3 1.25·1015 0.0 298.3



116 A Reaction Mechanism

R333 cis-2-C4H8 + H = C4H7 + H2 1.00·1012 0.0 14.6

R334 cis-2-C4H8 + OH = C4H7 + H2O 1.26·1014 0.0 12.8

R335 cis-2-C4H8 + OH = C2H5 + CH3CHO 1.40·1013 0.0 0.0

R336 cis-2-C4H8 + O = i-C3H7 + CHO 6.03·1012 0.0 0.0

R337 cis-2-C4H8 + O = C2H4 + CH3CHO 1.00·1012 0.0 0.0

R338 cis-2-C4H8 + CH3 = C4H7 + CH4 1.00·1011 0.0 34.3

5.7. p-C4H9 reactions

R339 p-C4H9 = C2H5 + C2H4 2.50·1013 0.0 120.6

R340 p-C4H9 = 1-C4H8 + H 1.26·1013 0.0 161.6

R341 p-C4H9 + O2 = 1-C4H8 + HO2 1.00·1012 0.0 8.4

5.8. s-C4H9 reactions

R342 s-C4H9 = 1-C4H8 + H 2.00·1013 0.0 169.2

R343 s-C4H9 = trans-2-C4H8 + H 5.00·1013 0.0 158.7

R344 s-C4H9 = cis-2-C4H8 + H 5.00·1013 0.0 158.7

R345 s-C4H9 = C3H6 + CH3 4.00·1014 0.0 139.0

R346 s-C4H9 + O2 = 1-C4H8 + HO2 2.00·1012 0.0 18.8

R347 s-C4H9 + O2 = trans-2-C4H8 + HO2 2.00·1013 0.0 17.8

R348 s-C4H9 + O2 = cis-2-C4H8 + HO2 2.00·1013 0.0 17.8

5.9. C4H10 reactions

R349 C2H5 + C2H5 = C4H10 8.00·1012 0.0 0.0

R350 C4H10 → n-C3H7 + CH3 1.00·1017 0.0 357.6

R351 n-C3H7 + CH3 → C4H10 2.00·1013 0.0 0.0

R352 C4H10 + H → p-C4H9 + H2 5.63·107 2.0 32.2

R353 p-C4H9 + H2 → C4H10 + H 9.12·1012 0.0 60.6

R354 C4H10 + H → s-C4H9 + H2 1.75·107 2.0 20.9

R355 s-C4H9 + H2 → C4H10 + H 1.54·1013 0.0 66.5

R356 C4H10 + O → p-C4H9 + OH 1.13·1014 0.0 32.9

R357 p-C4H9 + OH → C4H10 + O 1.48·1013 0.0 51.3

R358 C4H10 + O → s-C4H9 + OH 5.62·1013 0.0 21.8

R359 s-C4H9 + OH → C4H10 + O 7.35·1012 0.0 40.2

R360 C4H10 + OH → p-C4H9 + H2O 4.13·107 1.7 3.2

R361 p-C4H9 + H2O → C4H10 + OH 7.17·107 1.7 93.3

R362 C4H10 + OH → s-C4H9 + H2O 7.23·107 1.6 -1.0

R363 s-C4H9 + H2O → C4H10 + OH 1.28·108 1.6 89.1

R364 C4H10 + HO2 → p-C4H9 + H2O2 1.14·1013 0.0 81.2

R365 p-C4H9 + H2O2 → C4H10 + HO2 4.58·1012 0.0 41.1

R366 C4H10 + HO2 → s-C4H9 + H2O2 6.80·1012 0.0 71.2

R367 s-C4H9 + H2O2 → C4H10 + HO2 1.63·1012 0.0 31.0

R368 C4H10 + CH3 → p-C4H9 + CH4 1.30·1012 0.0 48.6

R369 p-C4H9 + CH4 → C4H10 + CH3 1.01·1013 0.0 77.7

R370 C4H10 + CH3 → s-C4H9 + CH4 8.00·1011 0.0 39.8

R371 s-C4H9 + CH4 → C4H10 + CH3 6.24·1012 0.0 68.9

R372 C4H10 + O2 → p-C4H9 + HO2 2.50·1013 0.0 205.2

R373 p-C4H9 + HO2 → C4H10 + O2 2.50·1012 0.0 -9.2

R374 C4H10 + O2 → s-C4H9 + HO2 4.00·1013 0.0 199.3

R375 s-C4H9 + HO2 → C4H10 + O2 4.07·1012 0.0 -15.2

R376 C4H10 + CH3O → p-C4H9 + CH3OH 3.00·1011 0.0 29.3

R377 p-C4H9 + CH3OH → C4H10 + CH3O 1.22·1010 0.0 209.4

R378 C4H10 + CH3O → s-C4H9 + CH3OH 6.00·1011 0.0 29.3

R379 s-C4H9 + CH3OH → C4H10 + CH3O 2.44·1010 0.0 209.4

6. Iso mechanism

6.1. i-C4H7 reactions

R380 i-C4H7 = C3H4 + CH3 1.00·1013 0.0 213.6

6.2. i-C4H8 reactions
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R381 i-C4H8 = C3H5 + CH3 5.00·1018 -1.0 307.4

R382 i-C4H8 = i-C4H7 + H 1.00·1017 0.0 368.5

R383 i-C4H8 + H = i-C4H7 + H2 1.00·1013 0.0 15.9

R384 i-C4H8 + O = i-C4H7 + OH 2.50·105 2.6 -4.7

R385 i-C4H8 + O = i-C3H7 + CHO 7.23·105 2.3 -4.4

R386 i-C4H8 + OH = i-C4H7 + H2O 9.60·1012 0.0 5.2

R387 i-C4H8 + OH = i-C3H7 + CH2O 1.50·1012 0.0 0.0

R388 i-C4H8 + CH3 = i-C4H7 + CH4 6.03·1011 0.0 37.23

6.3. i-C4H9 reactions

R389 i-C4H9 = C3H6 + CH3 2.00·1013 0.0 125.34

R390 i-C4H9 = i-C4H8 + H 1.00·1014 0.0 151.88

R391 i-C4H9 + O2 = i-C4H8 + HO2 2.41·1010 0.0 0.0

6.4. t-C4H9 reactions

R392 t-C4H9 = H + i-C4H8 8.30·1013 0.0 159.63

R393 t-C4H9 = C3H6 + CH3 1.00·1016 0.0 193.0

R394 t-C4H9 + O2 = i-C4H8 + HO2 6.02·1010 0.0 -13.22

R395 t-C4H9 + t-C4H9 = i-C4H10 + i-C4H8 7.23·1016 -1.73 0.0

6.5. i-C4H10 reactions

R396 i-C4H10 = CH3 + i-C3H7 1.10·1026 -2.61 377.98

R397 i-C4H10 = t-C4H9 + H 1.00·1015 0.0 390.7

R398 i-C4H10 = i-C4H9 + H 1.00·1015 0.0 410.4

R399 i-C4H10 + H = t-C4H9 + H2 6.02·105 2.4 10.81

R400 i-C4H10 + H = i-C4H9 + H2 1.81·106 2.54 28.27

R401 i-C4H10 + O = t-C4H9 + OH 1.56·105 2.5 4.66

R402 i-C4H10 + O = i-C4H9 + OH 4.28·105 2.5 15.25

R403 i-C4H10 + OH = t-C4H9 + H2O 5.73·1010 0.51 0.27

R404 i-C4H10 + OH = i-C4H9 + H2O 2.29·108 1.53 3.24

R405 i-C4H10 + HO2 = i-C4H9 + H2O2 3.01·104 2.55 64.85

R406 i-C4H10 + HO2 = t-C4H9 + H2O2 3.61·103 2.55 44.07

R407 i-C4H10 + CH3 = t-C4H9 + CH4 9.04·10−1 3.46 19.24

R408 i-C4H10 + CH3 = i-C4H9 + CH4 1.36·101 3.65 29.9

R409 i-C4H10 + O2 = i-C4H9 + HO2 4.04·1013 0.0 213.1

R410 i-C4H10 + O2 = t-C4H9 + HO2 3.97·1013 0.0 184.08

R411 i-C4H10 + CH3O2 = i-C4H9 + CH3O2H 3.01·104 2.55 64.85

R412 i-C4H10 + CH3O2 = t-C4H9 + CH3O2H 3.61·103 2.55 44.07

7. Chemiluminescence reactions

7.1. OH* reactions

R413 H + O + M(1) = OH* + M(1) 1.5·1013 0.0 25

R414 CH + O2 = OH* + CO 1.8·1011 0.0 0.0

R415 CHO + O = OH* + CO 2.89·1011 0.0 1.93

R416 OH* = OH 1.45·106 0.0 0.0

R417 OH* + O2 = OH + O2 2.1·1012 0.5 -2.02

R418 OH* + H2O = OH + H2O 5.93·1012 0.5 -3.61

R419 OH* + H2 = OH + H2 2.95·1012 0.5 -1.86

R420 OH* + CO2 = OH + CO2 2.76·1012 0.5 -4.06

R421 OH* + CO = OH + CO 3.23·1012 0.5 -3.3

R422 OH* + CH4 = OH + CH4 3.36·1012 0.5 -2.66

R423 OH* + OH = OH + OH 6.01·1012 0.5 -3.19

R424 OH* + H = OH + H 1.31·1012 0.5 -0.7

R425 OH* + N2 = OH + N2 1.08·1011 0.5 -5.19

R426 OH* + Ar = OH + Ar 1.69·1012 0.0 17.32

7.2. CH* reactions

R427 C2H + O2 = CH* + CO2 1.8·1011 0.0 0.0

R428 C2H + O = CH* + CO 1.8·1011 0.0 0.0



118 A Reaction Mechanism

R429 C2 + OH = CH* + CO 1.8·1011 0.0 0.0

R430 CH* = CH 1.86·106 0.0 0.0

R431 CH* + O2 = CH + O2 2.48·106 2.14 -7.2

R432 CH* + CO2 = CH + CO2 2.4·10−1 4.3 -7.1

R433 CH* + CO = CH + CO 2.44·1012 0.5 0.0

R434 CH* + CH4 = CH + CH4 1.73·1013 0.0 0.7

R435 CH* + H2O = CH + H2O 5.3·1013 0.0 0.0

R436 CH* + H = CH + H 2.01·1014 0.0 5.7

R437 CH* + OH = CH + OH 7.13·1013 0.0 5.7

R438 CH* + H2 = CH + H2 1.47·1014 0.0 5.7

R439 CH* + N2 = CH + N2 3.03·102 3.4 -1.6

R440 CH* + Ar = CH + Ar 3.13·1011 0.0 0.0

7.3. C2* reactions

R441 1CH2 + C = C2* + H2 2.4·1012 0.0 0.0

R442 C3 + O = C2* + CO 5.2·1011 0.0 0.0

R443 C2* = C2 1.0·107 0.0 0.0

R444 C2* + O2 = C2 + O2 4.8·1013 0.0 0.0

R445 C2* + CO2 = C2 + CO2 4.8·1013 0.0 0.0

R446 C2* + H2O = C2 + H2O 4.8·1013 0.0 0.0

R447 C2* + CO = C2 + CO 4.8·1013 0.0 0.0

R448 C2* + CH4 = C2 + CH4 4.8·1013 0.0 0.0

R449 C2* + H = C2 + H 4.8·1013 0.0 0.0

R450 C2* + H2 = C2 + H2 4.8·1013 0.0 0.0

R451 C2* + OH = C2 + OH 4.8·1013 0.0 0.0

R452 C2* + Ar = C2 + Ar 4.8·1013 0.0 0.0

8.1. C reactions

R453 C + H2O = CHO + H 3.0·1012 0.0 0.0

R454 C + OH = H + CO 5.0·1013 0.0 0.0

R455 C + OH = CH + O 2.41·1014 0.0 91.0

R456 C + CH = C2 + H 1.0·1013 0.0 0.0

R457 C + 1CH2 = C2 + H2 3.0·1012 0.0 0.0

R458 C + 3CH2 = C2 + H2 3.0·1012 0.0 0.0

8.2. C2 reactions

R459 C2H + O = C2 + OH 1.2·1013 0.0 0.0

R460 C2H + H = C2 + H2 6.2·1013 0.0 73.0

R461 C2 + OH = C2O + H 5.0·1013 0.0 0.0

R462 C2 + O2 = CO + CO 9.0·1012 0.0 4.1

R463 C2 + O = CO + C 1.0·1014 0.0 0.0

R464 C2 + OH = CH + CO 5.0·1013 0.0 0.0

R465 C2 + CH4 = C2H + CH3 3.0·1013 0.0 2.47

R466 C2 + C2H2 = C2H + C2H 1.0·1014 0.0 0.0

R467 C2 + C2H4 = C2H + C2H3 1.0·1014 0.0 0.0

R468 C2 + C2H6 = C2H + C2H5 5.0·1013 0.0 0.0

8.3. C2O reactions

R469 C2 + O2 = C2O + O 2.0·1014 0.0 33.8

R470 CH + CO = C2O + H 1.9·1011 0.0 0.0

R471 C2O + H = CH + CO 4.8·1013 0.0 0.0

R472 C2O + O = CO + CO 4.8·1013 0.0 0.0

R473 C2O + OH = CH + CO2 2.0·1013 0.0 0.0

8.4. C3 reactions

R474 C + C2H = C3 + H 2.0·1016 -1.0 0.0

R475 C2 + CH = C3 + H 5.0·1013 0.0 0.0

R476 C3 + OH = CO + C2H 2.0·1013 0.0 0.0

R477 C3 + O2 = CO2 + C2 9.0·1012 0.0 46.1
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R478 C3 + O = CO + C2 5.0·1013 0.0 0.0

8.5. C3H2 reactions

R479 CH + C2H2 = C3H2 + H 9.4·1013 0.0 -2.09

R480 C3H + H2 = C3H2 + H 4.0·1005 2.4 4.2

R481 C3H2 + O = CHO + C2H 4.0·1013 0.0 0.0

R482 C3H2 + OH = CHO + C2H2 1.0·1013 0.0 0.0

8.6. C3H reactions

R483 C3 + H2 = C3H + H 4.1·105 2.4 92.0

R484 CH + C2H = C3H + H 5.0·1013 0.0 0.0

R485 C3H + O = CO + C2H 4.0·1013 0.0 0.0

R486 C3H + OH = CO + C2H2 2.0·1013 0.0 0.0

R487 C3H + O2 = CO + HCCO 3.0·1013 0.0 0.0
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