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Abstract

This thesis presents the development and validation of detailed and systematically

reduced reaction mechanisms for the modelling of C i-C3 hydrocarbon combustion. The

present work aims to improve the quality of predictions for flame structures as well as

intermediate species related to pollutants formation. An extensive survey of kinetic

information available in the literature has been conducted and used to compile a detailed

reaction mechanism which arguably is not too complex, but still contains the major

kinetic features required for the accurate predictions of the combustion characteristics of

C i-C3 hydrocarbons within reasonable computational time. The resulting reaction

mechanism is made up of 466 reactions with 87 species.

The detailed reaction mechanism was subsequently refined by an extensive

validation process which involves computations of 1minar premixed and nonpremixed

flames burning a variety of fuels and under a wide range of combustion conditions.

During these calculations sensitivity and reaction path analyses were conducted to

identify those reactions which have substantial influence on the predictions for global

flame characteristics as well as individual species concentrations. The results of these

analyses show that there are still substantial uncertainties in the kinetics of some key

reactions which can affect the quality of predictions. However, the present

computational results show that the detailed . reaction mechanism can produce

predictions for the b'niinm burning velocities and extinction limits ofC1-C3 hydrocarbon

within experimental uncertainties. Excellent agreement for intermediate hydrocarbons

and radical species concentrations has been obtained for a number of validation

conditions. Moreover, quantitative predictions for the formation of C4-C6 hydrocarbon

species during the combustion of fuels with low molecular weight has also been
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achieved. The present computational results show that benzene is min1y produced by

C3/C3 reaction paths for flames burning hydrocarbons which contain less than four

carbon atoms.

A global soot formation model has been incorporated in the detailed reaction

mechanism. The soot model considers soot mass and number density as independent

variables. Computations have been made for the predictions of soot formation in

counterflow C2H4/07JN2 and C3HS/02/N2 diffusion flames, as well as for coflowing

diffusion flames burning methane, ethylene and model kerosene. The global soot model

was found to produce excellent agreement for ethylene flames. The largest discrepancy

was found in the computations of methane flame, in which case the overpredictions of

benzene concentrations in the early part of the flame resulted in exaggerated soot growth

near the burner exit. However, the results of the present validation work show that the

soot model can produce reliable predictions for soot formation during the combustion of

a wide range of fuels.

A systematic approach has also been adopted in the present work to reduce the

detailed mechmiism to much smRller mechanisms. Reduced mechnims con1ining 9 and

7 reaction steps have been derived and validated for the modelling of counterfiow

propane-air diffusion flames. The reduced mechanism have generally been found to

provide good agreement for the major as well as the intermediate species. The use of

steady state approximations for radical species has also been shown to produce good

agreement in most cases.
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Chapter One

Introduction

1.1 Background

Combustion processes have been fundamental to the technological advancement

throughout hnmcrn history. The utilisation of combustion can be found in a wide range

of applications. Power production by coal and oil burning power piants are yet a

predominpnt source of energy for our society. A vast chemical industry exists based on

feedstocks produced by the controlled pyrolysis of hydrocarbons. Pyrometallurgy is

the back-bone of our industrial development. Various types of internal combustion

engines provide the impetus for our vehicles and aircraft. Domestic gas and oil burning

equipment are widely available for heating and cooking purposes. In spite of their

fundamental importance and practical application, combustion processes are far from

fully understood. In fact, many of the development in combustion technology have been

largely advanced by trial and error and invention, rather than based on a thorough

understanding of the underlying principles.

In contrast to the history of applied combustion, the science of combustion only

emerged at the beginning of this century. The fundamentals of combustion are both

chemical and physical. Its study involves four different disciplines, which are chemical

kinetics, thermodynpmics, fluid mechanics and transport processes. The starting point

is of course chemical. It is perhaps described most simpiy as a self-supporting
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exothermic reaction of a fuel and oxidant. Such reaction is accompanied by the

transformation of chemical species and the release of energy in the form of heat and

light. Once combustion occurs, it is followed by the transportation of chemical species

and heat due to the concentration and temperature gradients existing in the

neighbourhood of the reaction zone. The changes in temperature distribution also lead to

dynRnlic flow chmiges by influencing the viscosity and density of the combustion

mixture. It is the interaction of the various physical processes and chemical kinetics

which leads to the observed combustion phenomena. The primary concern in practical

application of combustion is to determine which of these factors, either chemical or

physical, dominates and controls the remalning ones. Thus, it is necessary to know

something about the speed of the chemical reaction and how it is affected by the

temperature, pressure, and composition of the reacting mixture, by the presence or

absence of surfaces, and by sources of energy introduced into the reacting system.

It was known from the beginning of combustion science that the chemistry of

hydrocarbon combustion is complex. Combustion reactions occur as a consequence of a

number of elementary reactions thking place on molecular level. Many intermediate

species are formed and destroyed in the course of the reaction. Most of these are highly

reactive. The mechanism becomes increasingly complex as the temperature rises due to

the increasing reactivity of atoms, radicals and intermediates so that, at a temperature

above 2000 K, reactions can occur between almost every species present. Frequently,

information of these molecular events is not available. Moreover, in the early

development of combustion science, there was no practical way to combine known or

estimated molecular-level knowledge into descriptions of the complete combustion

process. In many cases, the combustion chemistry has been assumed to be

instantaneous or irrelevant. Sometimes that assumption is justifiable under high-

temperature combustion conditions where chemical reaction occurs so quickly in

relation to the other physical processes involved, that only the total amount of energy

released by the chemical reaction need to be known. However, for aspects such as
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premixed flame propagation, combustion efficiency, engine knock and pollutant

formation, consideration of the fundamental chemistry is necessary.

Over the last two decades there has been a dramatic increase in the activity of

combustion chemistry research. Continuous development and application of

sophisticated research techniques is gradually incteasing the amount of elementary

kinetic data available. The development of efficient "stiff equation" solution techniques,

and continual growth in the size, speed and availability of digital computers have

contributed to the increasing application of detailed chemical kinetic modelling.

1.2 Recent Development of Chemical Kinetic Modelling

Numerical modelling based on chemical kinetics has become a powerful technique for

the analysis of many combustion phenomena. Its implementation requires knowledge of

the reaction mechanism and relevant reaction rates, as well as thermochemical

information and transport properties of the species involved. Successful modelling relies

on accurate kinetics data, efficient numerical methods and computer software for solving

highly nonlinear differential and algebraic equations.

The construction of reaction mechanisms is based on comprehensive knowledge of

chemical reactivities, elementary reactions and their rate constants. Within the last few

decades the development of a whole range of spectroscopic techniques such as flash

photolysis-kinetic spectroscopy, laser induced fluorescence, atomic resonance

absorption spectroscopy, together with photo-ionisation mass spectrometry has

permitted the precise measurement of atom and radical concentrations and their decay in

real-time. The combination of pulse technique with advanced computer-based data

handling systems permits the rapid and accurate determination of rate constants over

wide temperature ranges. The application of these improved techniques in experiments

using shock tubes (Michael and Lim, 1993), stirred reactors (Westbrook et al., 1988),

plug flow reactors (Westbrook et al., 1977) and static reactors (Wilk et al., 1990) have

produced much new information on elementary reactions.
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The past twenty years has also witnessed the increasing role played by

theoretical chemistry in combustion modelling. Ab inlijo calculations of thermochemical

values, potential surfaces, and the theory and numerical calculations of reaction

dynamics are now making significant contribi:tions. Use of the group additivity method

(Benson, 1976) provides reasonably accurate estimations of thermochemical properties

of molecules and radicals. Owing to the recent development of methods handling

electron correlation such as the fourth order Moller-Plesset perturbation (Miller and

Melius, 1988), one may calculate heats of formation of free radicals and potential

energy barriers of chemical reactions often to an accuracy of 1 or 2 kcal/mol.

For elementary rate constants estimation, the use of transition-state theory

(Benson, 1976; Golden, 1989) appears to be adequate for reactions with potential

energy bariiers. To deal with reactions with no intrinsic potential energy barriers,

variational transition-state theory has been applied successfully to several combustion

reactions (Troe, 1988). Classical trajectory methods have also been applied to all sorts

of problems, most notably the unimolecular dissociation and isomerization of small

polyatomic molecules and collisional energy transfer to and from highly vibrationally

excited states of such molecules. Such collisional energy transfer processes are

extremely important in the understanding and prediction of "weak-collision effects"

(Gilbert et al., 1983) in unimolecular reactions. Weak collisions can cause the low-

pressure limit values of the rate coefficients of such reaction at high temperature to be

reduced by as much as two orders of magnitude below what one would expect from the

strong-collision assumption.

The general mathematical formulation of the problem of chemically reactive flow

systems consists of equations for the conservation of mass, momentum, energy, and

concentrations of chemical species, together with the equation of state and other

thermodynamic relationships. Chemical kinetics provides the coupling among the

various chemical species concentrations and with the energy equation through the heat

of reaction. When spatial transport effects can be neglected, the conservation equations
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become a coupled set of ordinsny differential equations for the species concentrations

and the energy - with time as the independent variable. If transport terms must be

considered, then the equations are coupled partial differential equations involving

derivatives with respect to both time and space. The kinetic rate equation systems are

often very stiff- with widely differing time constants. During the early development of

solution methods for kinetics equations these stiffness difficulties caused severe

problems, but there are now many convenient techniques available (Hindnimsh and

Byrne, 1977) for solving such equations. General computer software packages (Kee et

al., 1980) implementing these methods are also in common use.

As reaction mechcinims grow larger and more complex, the subject of sensitivity

analysis becomes increasingly important. Uncertainties in reaction rate parameters,

transport coefficients, thermochemical properties, initial and boundary conditions, and

other kinetic model quantities may result in corresponding uncertainties in computed

results of combustion problems. Sensitivity analysis provides a means of evaluating

response of the computational results towards these uncertainties. Moreover, computed

sensitivity data can be used to provide improved estimates of reaction rate parameters,

reaction mechanisms, or to guide in the design of kinetic experiments. Models developed

for formal sensitivity analysis of chemical kinetics include the Direct Method

(Dickinson and Gelinas, 1976), the Fourier Amplitude Sensitivity (FAST) procedure

(Culder et aL, 1978) and the Green's Function Method (Dougherty et al., 1979).

Today, detailed chemical kinetic mec1inisms have been routinely applied for the

numerical study of spatially homogeneous systems and one-dimensional reacting flows.

Recently, the development of computational combustion has also moved from one-

dimensional systems to two-dimensional configurations (Smooke et al., 1989).

However, three-dimensional combustion models combining both fluid dyrnmiical effects

with full chemistry are still not feasible computationally. Therefore, strong efforts have

been made to extract simplified schemes from these large systems of elementary

reactions. Systematic approaches have been developed for the construction of reduced
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mechanism (Packzko et aL, 1986; Lam and Goussis, 1988; Maas and Pope, 1992) and

two monographs (Smooke, 1991; Peters and Rogg, 1993) have been published on this

topic.

1.3 Progress in the Development of Detailed Kinetic Mechanisms

Chemical kinetic reaction mechanisms are strongly hierarchical in as far as mechanisms

for the combustion of more complex fuels contain within them submechanisms for

simpler fuel molecules. As pointed out by Westbrook and Dryer (1984) this hierarchical

structure can be used to great advantage in establishing kinetic mechanisms for the

reaction of complex practical fuels. A mechanism can be developed systematically,

beginning with the simplest species and reactions which are common sub-elements in

the combustion of more complex species, and sequentially constructed by incorporating

new species and reactions in order of increasing complexity.

The oxidation of hydrogen and carbon monoxide is a key subprocess in almost all

hydrocarbon combustion. Historically, the hydrogen-oxygen system was the first to be

used in the earliest numerical models. At the 11th International Combustion

Symposium, detailed modelling studies of hydrogen combustion in a well-stirred reactor

(Jenkins et al., 1967) and in a shock-tube (Hamilton and Schott, 1967) were presented.

In the same year, Dixon-Lewis (1967) published a paper on the detailed numerical

modelling of a premixed burner stabilized 1minRr hydrogen flame. The carbon

monoxide/hydrogen/oxygen system has been reviewed in detailed by Dixon-Lewis and

Wi11imc (1977), by Gardiner and Olson (1980) and subsequently by Westbrook and

Dryer (1984). The general conclusions of these reviews are that most of the important

elementary reactions and chemical species have been identified and that the rates of

most reactions are reasonably well known over an extended temperature range.

Recently, numerical studies of this system have been conducted for shock tube and

reactor conditions by Yetter et al. (1991) and for low pressure burner stabilized flames

by Olsson and Olsson (1992).
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The next level of complexity is the reactions of methane and methanol. They are

the simplest hydrocarbon fuels, with methane being the primary component in natural

gas and methanol an important alcohol fuel. More modelling work has been devoted to

methane oxidation than to all other hydrocarbon fuels combined. The earliest numerical

modelling studies of methane oxidation and ignition appeared at the end of the sixties

(Higgin and Willimns, 1969; Seery and Bowman, 1970; D'Sonza and Karim, 1971). Since

then, the mechanisms have gradually been refined until current models (Warnatz, 1981;

Sloane, 1989; Frenldach et aL, 1992) can involve more than one hundred elementary

reactions. Most currently available methane-oxidation mechanisms have been validated

for simulation of various types of experiment such as induction times (Olson and

Gardiner, 1977), temporal histories of H and 0 atom concentrations in shock tube

(Gardiner and Olson, 1980), flame speeds (Warnatz, 1981), flame profiles (Coffee,

1984) or a combination of combustion phenomena (Sloane, 1989; Frenklach et aL,

1992).

The first comprehensive mechanism for methanol oxidation was developed and

validated by Westbrook and Dryer (1979). Since then, this mechanism has been used

either directly or with a few modifications to study a wide variety of applications,

including premixed lRnhinm flames (Westbrook and Dryer, 1980; Andersson et al., 1984;

Olsson et al., 1986), flame quenching by walls (Westbrook et aL, 1981), knock in an

ethane-fueled engine (Leppard, 1985) and flow tube ignition (Koda and Tanaka, 1986).

Several mechanisms have also been developed independently by other researchers

(Natarajan and Bhaskaran, 1981; Dove and Warnatz, 1983). Recently, Norton and

Dryer (1989) revised the previous scheme of Westbrook and Dryer (1979) to analyse

their flow reactor data as weli as published data obtained from static reactors and shock

tubes. Follow-up modelling studies have also been done by Egolfopoulos et al. (1992)

and Grotheer et aL (1992).

Ethane, ethylene and acetylene are major intermediates formed during the early

stages of higher molecular weight hydrocarbon combustion as well as in fuel-rich
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methane flames (Warnatz, 1981; Westbrook et al., 1982). Consequently, an

understanding of the oxidation of C 2 hydrocarbons is an integral step in the

development of chemical kinetic reaction mechanisms for larger hydrocarbons. Several

comprehensive mechanisms for C2 hydrocarbon combustion were developed-in the

early eighties by Warnatz (1981), Westbrook et al. (1982) and Miller et al. (1982).

Subsequent mechanistic development was focused min1y on the oxidation and

pyroiysis of ethylene (Cathonnet et aL, 1984; Dagaut et al., 1988a Westbrook et aL,

l988a;Wi1ketaL199O)andacetylene(HwangetaL, 1987;BastinetaL, 1988;Kieferet

aL, 1992; Miller and Meius, 1992), with only a few kinetic studies dedicated to ethane

oxidation (Notzold and Algermissen, 1981a and 1981b; Dagaut et aL, 1991). This

emphasis on alkenes/alkynes is due to the observation that formation of ethylene and its

subsequent reactions to acetylenic derivatives play a significant roles in the kinetics of

gas phase soot formation (Haynes and Wagner, 1981). Current interest in polycycic

aromatic hydrocarbons (PAH) and soot has arisen from environmental concerns that

some PAH are carcinogenic and others may be mutagenic. Considerable effort has been

expended in recent years to identify reactions for ring formation in flames of aliphatic

fuels, particularly those of acetylene. Noteworthy in this effort is the series of papers

by Frenklach and co-worker (1984, 1986, 1987 and 1989), who were the first

attempting to develop a quantitative chemical kinetic model to predict the formation of

aromatic compounds and soot in combustion processes. The key cyclization reactions

in their model involve recombination reactions of acetylene and linear C 4 species.

However, recent kinetic studies (cf. Miller and Meius, 1992; Leung and Lindstedt,

1995; Lindstedt and Skevis, 1995) have suggested that recombination of C 3 species are

responsible for ring formation in C 1-C2 hydrocarbon flames.

In the past ten years or so substantial progress has been made with the

mechanisms describing the pyrolysis and oxidation of hydrocarbons with more than

two carbon atoms. At the 18th International Combustion Symposium, a numerical

study of the pyrolysis and oxidation of propane and n-butane in flow reactor was

presented by Cathonnet et aL (1981) and Warnatz (1981) proposed a mechanism which
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enable the description of the oxidation of aliphatic hydrocarbons up to n-butane for lean

and moderately fuel-rich conditions. A few years later, Warnatz (1984b) extended his

previous mechanism to account for the combustion of aiknes up to octane. A detailed

mechanism for the oxidation of propane and propene was developed by Westbrook and

Pitz (1984) and was validated with experimental data from shock tubes, turbulent flow

reactor and 1n1inRr flames. This mechanism was subsequently extended by Wilk et aL

(1989) for studying propene oxidation in a static reactor at temperature of 530-740 K.

Significant improvements in the C3 chemistry resulted from a series of kinetic studies

conducted by Dagaut et al. (1987, 188b, 1990, 1992) for the oxidation of propane,

propene and propyne in jet-stirred reactors. For fuels with more than four carbon

atoms, the most advanced oxidation mechanisms are for alkanes, such as n-butane (Pitz

et aL, 1984), n-pentane (Westbrook et al., 1988a), heptane (Westbrook et al., 1988b;

Lindstedt and Maurice, 1995) and octane (Axelsson et aL, 1986). These mechanisms

have been applied for the modelling of a wide variety of applications, including flame

speeds (Warnatz, 1992; Lindstedt and Maurice, 1995), flame structures (Axeisson et al.,

1986; Lindstedt and Maurice, 1995), high temperature ignition (Westbrook et al.,

1988b) and flow reactors (Westbrook et aL, 1988a; Lindstedt and Maurice, 1995). For

large hydrocarbons other than alkanes, the oxidation mec1inism is less well known,

nevertheless recent detailed numerical modelling studies have been published on the

oxidation of benzene (Bittker, 1991; Lindstedt and Skevis, 1994b) and toluene (Emdee

etai, 1992).

1.4 Thesis Objectives

The mRin purpose of this research is to establish a comprehensive reaction mechmiism

for the modelling of C 1 -C3 hydrocarbon combustion. Although many reaction

mechanisms, of varying degree of complexity, have been published in the past, only a

few mechanisms have been applied for a wide range of fuels and combustion conditions

as required for practical purposes. Despite the extensive efforts reviewed above, many
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kinetic aspects of these mechanisms are incomplete and uncertain. Moreover, with the

increasing amount of updated kinetic information available in recent years, there is a

demand to incorporate these new reaction rate parameters into a validated detailed

reaction mechanism	 -

Another emphasis of the present work is to improve the quality of predictions for

intermediate hydrocarbons and radical species in flames. Many of these species are

related to the molecular growth processes and pollutant formation in combustion

processes. A quantitative understnnding of the chemistry controlling the formation and

destruction of these intermediate species is a prerequisite for the realistic modelling of

pollutant formation in flames. Moreover, the oxidation chemistry of these intermediate

species also affect the prediction of global flame properties such as lniinrn burning

velocities and extinction limits.

Validation is an important phase during the development of detailed reaction

mechmiism The present work strives to cover as wide a range of combustion conditions

as computational resources permitted. The resulting mechanism has been validated by

simulating lcminr premixed and diffusion flames for a wide range of conditions.

Computational results are compared with available experimental data such as 1siniinm

burning velocities, extinction limits and species concentration profiles.

Modelling soot formation in flames using simplified mechanisms is also a key

aspect of this research. Several simplified soot formation models have been proposed

previously, but they suffer from a lack of generality due to their simplistic gas-phase

chemistry-soot interaction description. Based on the successful prediction of flame

structures with the developed detailed kinetic meclirniism, a two-equation model for

soot formation is formulated. This model relates the kinetic steps of soot nucleation and

mass growth to the formation of intermediate species, namely acetylene and benzene, in

flames. Calibration of the modelling parameters and their validation have been done for

1minr diffusion flames burning methane, ethylene, propane as well as model kerosene.
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The final objective is to reduce key aspects of the kinetic mechanism to a

manageable size for the application to multi-dimensional combustion computations.

This has been achieved for a range of fuels through the use of a systematic approach

relying on sensitivity analysis and steady-state approximations for the e1imintion of

minor species. The reduced reaction mechanisms can significantly reduce the

computational time required as compared to the detail mechanisms and still provide

accurate predictions for the flame structure and global properties.
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Chapter Two

Detailed Reaction Mechanism for CJ-C3
Hydrocarbon Combustion

2.1 Introduction

The principal goal of chemical kinetic modelling is to interpret non-reaction-specific

experiments in terms of all available reaction-specific data and theory. To serve this

purpose, a generalised reaction mechanism has to be constructed to reproduce without

modification all of the available experimental data and, furthermore, to predict with

some degree of confidence, the kinetic behaviour of systems for which experimental data

are not available. Such a comprehensive reaction mechanism consists of all the chemical

species 'wbich affect a given combustion event, together with the elementary reactions

among those species. At first glance this might seem to require an enormous number of

reactions. However, many reactions which are mathematically possible either do not

occur at all, for chemical reasons, or with rates which are too small. Therefore the

construction of a realistic reaction mechanism involves principally the identification of

those reactions which actually occur and are rapid enough to have an impact on the

overall progress of the combustion event.

Direct experimental evaluation of reaction rates is the fundamental source of

kinetic data for use in modelling. Realistic kinetic models must adhere strictly to these

rate expressions which have been measured experimentally, with variations only within

43
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their stated uncertainty limits. When experimental data are not available, reaction rate

parameters may be estimated by theoretical calculations or by analogy with similar

types of reaction. In all cases, the most recent and/or reliable data evaluations need to be

sought. A number of compilations and reviews of elementary rate data for reactions

involved in hydrocarbon oxidation have appeared (Warnatz, 1984; Tsang and Hampson,

1986; Tsang, 1987, 1988, 1991; Baulch et al., 1992, 1994; Westley et aL, 1993),

consisting of critical evaluations of experimental, theoretical and modelling values for

specific reaction rates. These provide a valuable data base of kinetic information for the

construction of detailed reaction mechanism for hydrocarbon combustion.

The combustion of a hydrocarbon fuel consists primarily of the sequential

fragmentation of the initial fuel molecule into smaller intermediate species which are

ultimately converted to final products. In many cases these intermediate species can be

fuels themselves. It has been shown (Wamatz, 1981) that in flames of higher silltmes

and alkenes, reactions leading to C-C3 fragments are too fast to limit the overall rate of

combustion. Many differences in flame speed among different higher hydrocarbon fuels

can be attributed to their relative propensity to form the relatively unreactive CH3 or

the more reactive C2H5. Reactions of these free radicals and derivative species control

the overall rate of oxidation. Clearly, understanding the combustion mechanism of the

C 1 -C3 hydrocarbon fuels provides the foundation for understanding high-temperature

hydrocarbon combustion in general.

In the present work a detailed chemical kinetic mechrniism has been assembled

with recent kinetic information for the modelling of C 1-C3 hydrocarbon combustion in

flames. Kinetic information was mRinly obtained from the compilation of Baulch et al

(1992, 1994), Tsang and Hampson (1986), Tsang (1987, 1988, 1991) and the modelling

work of Dagaut and co-worker (1987, 1988a, 1988b, 1990, 1992). The present

mechanism also includes a reaction sub-mechsnim for the formation and oxidation of

C4-C6 hydrocarbons which has been developed based on the work by Miller and Melius

(1992), Kiefer et aL (1985, 1992), Kern et aL (1988), Alkemade and HomRnn (1989),
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Stein et al. (1990), Melius et al. (1992) and Lindstedt and Skevis (1994b, 1995). The

latter mechanism has been used as a basis for the further investigation of aromatic ring

formation in aliphatic fuel combustion.

A complete referenced listing of the reaction mechfinism consisting of 87 species

and 466 reactions can be found in Table 2.1. The first 284 reactic,ns in Table 2.1

represent the basic reaction mechanism for C1-C3 hydrocarbon combustion. The

remaining reactions describe the formation and destruction of higher hydrocarbons

containing up to six carbon atoms. All reactions are assumed to be reversible with the

reverse rates calculated from the appropriate equilibrium constants. The thermodynamic

data coefficients adopted for the calculation of the equilibrium constants were obtained

mainly from the compilation of' Burcat and McBride (1994) or from the CHEMXJN

database (Kee et aL, 1989). For species not found in these sources thermodynzrniic data

were estimated using Benson's method (1976). A list of molecular structure for C1-C6

species considered and their heats of formation and entropy values can be found in

Table 2.2. Recombination and dissociation reactions are pressure dependent and their

rate expressions are treated in a format proposed by Troe (1983), where the reaction

rate is related to the high (Ic) and low (k0) pressure limits as shown in the following

expression,

k— 
Ic0lc[M] 

F
lç,[M]+k..

where F is a broadening factor which is given by

logF=	 logF
1 ^ {Iog(k0[M]/k1.)/N}2

and N = 0.75— 1.271ogF. The parameter F is temperature dependent and the

expression for individual pressure dependent reaction is given in Table 2.1.

The following sections discuss the main features of the present mechanism, the

selection of elementary reactions and the assignment of rate parameters for those

reactions which have substantial uncertainties in their reaction kinetics.



E
kWm

62.10

26.30

13.80

0.42

0.00

3.66

5.90

-2.08

7.20

0.00

6A4
15.00

15.70

16.60

5.57

190.00

0.00

0.00

0.00

0.00

0.00

0.00

-2.08

98.93

-19.00

200.00

0.00

2.90

0.00

0.00

0.00

-2.16

0.00

0.00

0.00

-0.50

-1.44

0.00

0.00

0.00

0.00

0.00

71.10

0.00

0.00

0.00

0.00

0.00

0.00
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form

No.1	 Reactions	 I	 A	 I n

0.00

2.67

1.60

1.14

-0.80

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

-1.00

-0.60

-1.25

-2.00

-2.00

-1.00

1.50

0.00

0.00

0.00

0.00

0.00

0.00

0.00

-0.75

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
-1.00

0.00

0.00

0.00

0.00

0.00

0.00

1. H+02

2. o + H2

3. OH + H2

4. 20H

5. 02 + H + M

6. HO2 + H

7. HO2 + H

& HO2 + OH

9. HO2 + H

10. HO2 +0

11. HO2 +

12. 11202 + H

13. H202 + H

14. 11202+0

15. H202 + OH

16. H202 + M

17. 2H + M

18. 2H + H2

19. 211 + H20

20. 2H + CO2

21. H + OH + M

22. 20 + M

23. CO + OH

24. O + HO

25. CO + 0 + M

26. cO+O2

27. CH+02

28. CE + CO2

29. Cli + 0

30. Cli + OH

31. CE + H2O

32. CE + cH2O

33.

34. cH + cH3

35. CE + cR.4

36. CE + C2H2

37. Q1 + C2H.

38. cHO + H

39. cEO + 0

40. CHO + 0

41. CEO + OH

42. CEO + 02

43. CEO + M

44 'CE2 + H2

45. 1 CH2 + H

46. 1CH2+O

47. 'CH2+O

48. 1CH2 + OH

49. 1CH2+O

OH+O

OH+H
H20+1!

H2O+O

HO2+M

2011
112+02

H20+O

HO+O

OH+O

H2O+O2

HO+OH

HO+H2

HO+OH

H2O+HO

2OH+M'
H+Mc

H+H2O

112 + CO2

H2O+M

O+M"

CO+OH

c02+O

cHO+O

cHO+CO

cO+H

cHO+H
CH20+H

CH0H

02li+H

02HH
C2H+H

CH2+H

a-C3H+H

CO+H2

co + OH
cO2+H

cO+H20

. cO+HO

CO+H+M
CH3+H
cH+H

cO+2H
CO + H2

co + H2

CO+OH+H

!	 O1!L8

9.760E+I0

5.120E+01

1.000E+05

1.SOOB+06

2.300E+12

1.686E+1 I

4.270E+10

2.890E+1O

3.000E+10

3.190E+10

1.860B+09

1.000E+i0

1.700E+09

6.600E+08

7.830E+09
1.200B+14

1.000E+12

9.200E+10

6.000E+13

5.490E+14

2.200E+16

1.0008+11

6320E403

1.500E+11

2.S1OE+07

2.500E+09

3.300E+10

3.400E+09

4.000B+10

3.0008+10

L17OE+12

9.460E+10

4.0008+10

3.000E+1O

6.0008+10

2.IOOE+11

1.323E+1 1

9.000E+10

3.000B+10

3.000B+10

1.000E+1 1

3.000E+09
1.860E+14

7.230E+10

7.000B+10
1.500E+10

L500E+10

3.000B+10

3.000E+10

Baulch eta! (94)

Baulch eta! (92)

Bau!ch eta! (92)

Baulch eta! (92)

Warnalz (84)

Baulch eta! (92)

Baulch eta! (92)

Baulch eta! (92)

Baulch eta! (92)

Bau!ch eta! (92)

Baulch eta! (92)

Baulch eta! (92)

Baulch eta! (92)

Baulch eta! (92)

Baulch eta! (92)

Warnalz (84)

Bau!cb eta! (92)

Miller & MaIms (92)

Miller & Melius (92)

Miller & Melius (92)

Baulch eta! (92)

Warnalz (84)

Baulch eta! (92)

Tsang & Hampson (86)

Warnalz (84)

Tsang & Hampson (86)

Ban!ch eta! (92)

Baulob eta! (92)

Baulch eta! (92)

Miller & Me!ius (92)

Miller & MaIms (92)

Baulch eta! (92)

Miller & Melius (92)

Miller & MaIms (92)

Miller & Mellus (92)

Berman eta! (82b)

Berman eta! (82b)

Bau!ch eta! (92)

Baulch eta! (92)

Bau!cb eta! (92)

Bau!ch eta! (92)

Baulch eta! (92)

Timonen eta! (87)

Tsang & Hampson (86)

Boul!art & Peeters (92)

Tsang & Hampson (86)

Tsang & Hampson (86)

Tsang & Hampson (86)

Tsang & Hampson (86)



No.

50.

51.

52

53.

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66

67.

68.

69.

70.

7'.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96

97.

= A7exp(-E/RT)
E

kJ/mol

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

12.56

0.00

12.00

12.00

12.00

12.00

12.00

4.187

3.32

0.00

0.00

27.70

0.00

13.70

11.56

-1.87

170.00

48.97

37.00

326.00

4.44

0.00

11.55

0.00

34.46

20.47

0.00

58.32

131.36

37.40

0.00

0.00

382.44

345.00

0.00

315.89

Rc

Teang & Hampson (86)

Tsang & Hampson (86)

Teeng & Hempson (86)

pw,Canosa-Mas Ct al (84a)

pw, Canosa-Mas eta! (84a)

Baulch eta! (92)
Baulch at a! (92)

Baulch eta! (92)
Baulch at a! (92)
Baulch eta! (92)

BOhiand & Tampa (84)

Baulch at a! (92)

Baulch eta! (92)

Miller & Melius (92)

Miller & Malius (92)

Dombrowsky at a!. (92)

Doinbrowsky at a!. (92)
Dombrowsky at a!. (92)

Dombrowsky at al. (92)
Dcmbrowsky at aL (92)

Grotheer at a! (92)

Banich at a! (92)
BauIh at a! (92)

Miller & Melius (92)

Bohland at a! (86b)

Tsang & Hampson (86)
Baulch at a! (92)

Baulch at a! (92)

Baulch at a! (92)

Baulch at a! (92)

Grotheer at a! (92)

Baulch at a! (92)

Baulch at a! (92)
adj, Stewazt at al (89)

Baulch at a! (94)

Baulch at a! (92)
Grotheer at a! (92)
Orotheer at a! (92)

Doinbrowsky at aL (91)
Dean & Wcstznoreland(87)

Baulch at a! (92)

Baulch at a! (92)

Banich at a! (92)

Tsang & Hainpson (86)

Markus at a! (92)

Markus at a! (92)

Baulch at a! (94)

Hidaka at a! (89)

n

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.00

(1.00

2.00

(1.00

3.30

3.30

3.30

3.30

3.30

0.00

0.00

0.00

0.00

0.00

0.00

1.05

0.57

1.18

0.00

0.00

0.00

0.00

0.10

0.00

7.00

0.00

0.00

0.00

0.00

0.23

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form

Reactions	 A
, kmol, s

'CR2 + CO2	C'20 + CO	 3.000E+09

1.800E+10
+ cH4	 cH + cH3	 4.270E+10

1 CH2 + C2H2	C3H3 + H	 8.000E+10
1CH2 + CiH2	 c-C3U	 8.000E+10
'CR2 + 02H20	 C2H + CO	 1.260E1-11
1 CH2 + C2H4	CH6	 6.600E+10
'CR2 +C2H6	O2H5cH3	 1.140E+u
'CH2 +M	 3CH2+M1	 i.000+io
3CH2 + H2	CR3 + H	 3.000E+06

+ H	 H + H2	1.100E+1 1
3cH2 +0	 CO+2H	 7.220E+10
3CH2 +O	 cO+R2	 3.610E+10
3CH2 +OH	 cH+H20	 1.130E404
3CH2 + OH	 CH2O + H	 2.500B+IO
3CH2 + 02	 CO + H + OH	 1.642E+18
3CH2 + 02	 CO2 + 2 H	 3.285E+18

+ Oi	 CH2O + 0	 3.285E+18
3CH2 + 02	 CO + H2	3.285E+18
3CH2 + 02	 CO + H20	 2J35E+19
3CH2 + CO2	CH2O + CO	 1.100E408
3CH2 + 3CH2	02H2+2H	 1.200E+11
3cH2 + CR3 	 C2H, + H	 4.B+1O
3cH2 + C2HO	 CH3 + CO	 3.000E+10
3CH2 + C2H2	c-C3H	 1.200E+10
3CH2 + C2H4	CH6	 1.800E+07
CH2O + H	 CR0 + H	 2.288B+07
CH2O +0	 CHO + OH	 4.150E+08
CH2O + OH	 CR0 + H20	 3.400E406
CH2O + 02	 cHO + HO	 6.000E+10
CH2O + HO2	 CR0 + 14202	2.000E+09
CH2O + CR3 	 CHO + CH4	4.090E+09
cH2O+M	 cR0 +H+M	 1.260E+13
2cR3	CH5 + H	 1.800E
2CH3	2H6'	 k e	 3.613E+10

	

k0	1.270E+35
CH3 + 0	 cH2O + H	 8.430E+10
CH3 + OH	 CH2OH + H	 1.SOOE+11
CH3 + OH	 + H20	 4.000B+I0
CR3 + OH	 CR20 + H2	1.000E+09
CH3 + OH	 CH0 + H	 5.740E+09
CR3 + 02	 CH3O + 0	 1.320E+1 1
CH3 + 02	 CH2O + OH	 3.300E+08
CR3 + HO2	CH3O + OH	 1.800E+10
CR3 + CR0	 CH + CO	 1.200E+11
CH3 + M	 + H + M	 1.900E+13
CH3 +M	 cH+H+M	 6.900E+11
CH3 + OH	 CH3OH	 6.000E+10
CH3OH + M	 CHOH + H + M 2.000B+14



No.

98.

99.

100

101.

102.

103.

104

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

B
kUm

277.99

25.50

25.50

22.17

12.90

19.59

-3.70

-3.70

30.00

17.04

0.00

0.00

0.00

10.88

56.50

0.00

0.00

0.00

21.00

143.00

438.98

379.95

33.63

35.50

11.60

103.09

238.00

0.84

0.00

0.00

0.00

0.00

0.00

0.00

0.00

3.57

3.57

0.00

0.00

12.60

246.00

0.00

0.00

0.00

0.00

6.57

6.57

54.00

30.00

Ref.

Dombrowsky eta! (91)

Orotheer eta! (92)

Grcthcer at a! (92)

Westbrook & Diyer (79)

Orotheer at a! (92)

Warnaiz (84)

Grotheor eta! (92)

Grothear at a! (92)

Grotheer at a! (92)

Tsang (87)

Tsang & Hampson (86)

Tsaug & Hampson (86)

Tsang & Hampson (86)

Tsang & Hampson (86)

Grotheer at a! (92)

Warnatz (84)

Tsang (87)

Tsang (87)

Grotheer at a! (92)

Hidaka at a!. (89c)

Baiilch at a! (92)

Baulch at a! (92)

Baidch at a! (92)

Baulch at a! (92)

Baulch at a! (92)

Baulch at a! (92)

Kiefbr at a! (92)

Baulch at a! (92)

Miller & Melius (92)

Miller & Melius (92)

Tsang & Hainpson (86)

Baulch at a! (92)

Baulch at a! (92)

Miller & Melius (92)

Baulch at a! (92)

Baulch at a! (92)
Miller & Melius (92)

Miller & Melius (92)

Miller & Melius (92)

Frank at a! (86a)

Miller & Melius (92)

Miller & Meliijs (92)

Miller & MaIms (92)

Miller & Melius (92)

Baulch at a! (94)

Baulch at a! (94)

Baulch at a! (94)

Wood and Haynes (92)

=A
n

).00

3.00

3.00

2.00

2.50

2.00

2.65

2.65

3.20

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2.50

0.00

0.00

3.00

1.56

1.83

0.00

0.00

2.40

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2.10

2.10

0.00

0.00

48
	

Chapter Tho

Table 2.1
Reaction Mechanism Rate Coefficients in the Form

Reactions	 A

CH3OH + M	 1CH2 + H20 + M	 7.000E+12
cH3OH + H	 + H2	4.000E+10
CH3OH + H	 cH3o + H2	4.000E+09
cH3OH+H	 CH+H2O

cH3OH + 0	 CH2OH + OH	 3.880E402

cH3OH + 0	 cE30 + OH	 1.000E+10
cH3OH + OH	 cHOH + H20	 3.000E+01
CH3OH + OH	 cH3O + H20	 5.300E+00
CH3OH + CE3	20 + CH4	 3.190E-02

CH3OH + CH3O	 CHOH + cH2OH 3.010B408

CH3O + H	 cH2O + H2	2.000E+10

CH3O + 0	 cH2O + OH	 6.000B49

CH3O + OH	 CH2O + H20	 1.800E+1O

CH3O +02	2° + Ho2	6.600E+07

cH30 + M	 H20 + H + M	 5.450E+10

CH2OH + H	 20 + H2	3.000E+10

CH2OH + o	 CH2O + OH	 4.220E+10

CH2OH + OH	 CH2O + H2O	 2.410E+10
cH2O+HO	 1.000E411

CH2OH + M	 CH20 + H + M	 4.510B+22

CH	 cH + H e,2 k = 2.400E+16

8.430E+14

CH4 + H	 cH3 + H2	1.325E+01

CE4 + 0	 CH + OH	 9.033E+05

CE4 + OH	 CH + H2O	 1.560E+04

CR4 + HO2	CH + H202	 9.033B*09

CH4 + 02	 CH + HO2	 3.970E+10

C2H + H2	C2H + H	 4.074E+02

C2H+O	 co+cH	 1.000E+10

02H+OH	 cHCO+H	 2.000E+10

ZCO+H	 3.520E+10

C2H+cH3	C3H3+H	 2.410E+10

CHcO+H	 ea 'CH2 +CO	 1.SOOE+11

cHcO+O	 ea 2O+H	 1.000B+11

CHCO + OH	 020 + H20	 5.000E+10

cHcO + 02	 2C0 + OH	 4.000E+09
c02 +cHO	 4.000E+09

cHOO+cH	 C2H+CO	 5.000E+10

2HC0	 02H22cO	 i.000+io
HcO + C2H2	CH + O	 1.000E+08

CHCO+M	 ea CH+CO+M	 6.000E+12

C20 + H	 CE + CO	 5.000B+10
C20+O	 ea O+0	 5.000E+10

020 + OH	 ea CO + CO + H	 2.000E+10

020+02	 CO+CO+O	 2.000E+10
C2H2 + 0	 CH2 + CO	 2.170E+03
C2H2 + 0	 cRCO + H	 5.060B+03

C2H2 + OH	 CH + 1120	 6.000B+10
C2H2 + OH	 CH2O + H	 1.I00E+10



158.
159.

160.
161.
16

163.
164.
165.

166.

167.
168.

169.
170.
171.
in.
173.

174.
175.

176.
177.

178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.

189.
190.
191.
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form k1 =

No.	 Reactions	 - - - A

146. C2H2 + 02	 + HO2	1.200E+1O
147. C2H2 + 02	 CHCO +	 2.000E405
148. 02H2 +M	 02H +H+M	 4.200E+13
149. 02H20+M	 CH2+cO+M	 1.000B+13
150. C2H2O + H	 CH + CO	 4.540E+06
151. 021320 + H	 CHCO + H2	5.E+1O

+ ()	 CO2 + 3CH2	1.750E4()9
153. 021320+0	 CHCO + OH	 1.000E+10
154. C2H2O + OH	 CH2OH + CO	 7.SOOE+09
155. 02H20 + OH	 CHCO + 1320	 7.500E+09
156. 021320 + CH3	 ea CHCO4- CR4	 s.000E+09
157. C2R3	C2H + H lc	 2.000E+14

E

311.70
126.00
448.00

248.00
13.22
33.50

5.70
33.50

8.37
8.37

0.00
16628

190.39

0.00
0.00
0.00

-1.05

0.00

0.00
0.00

62.35

0.75

24.86
410.70

0.00
-9.14
0.00

125.60
427.70

448.40
31.00
24.30

3.61
0.00
0.00
0.00
0.00
0.00
0.00

424.80
12.60

0.00
0.00

12.00
410.22
297.00

0.00

0.00

).00
L.50

).00
1.00
us
).00

).00
).00
1.00
1.00

).00
1.00

'.50
1.00
1.00
1.00

1.00
1.00
).00
).00
1.00
1.88

1.00
1.00
1.00
1.00

1.00
1.00
123

5.43
1.50
1.50

L00
1.00
1.00
1.00
1.00
0.00
0.00

CLOD
0.00
0.00
0.00
0.00
8.50
0.00
0.00

0.00

Jr0	 4.1SSE+38
+ H	 ea C2H2 +	 4.000E+i0

02H3 +0	 02H2OH	 3.000E+10
C2H3 +OH	 CH2+H2O	 2.000E+10
C2H3 + 02	 CH2O + CR0	 3.970E+09
C2133 + 02	 02H2 + H02	 4.000E+08

4CR	 02H2+3CH2	 s.000E+Io
C2H3 + C2H	 02H2 + OiH2	 3.000E+10
C2H4 + H	 CH +	 5.420E+1 1
C2H4 + 0	 CH + CR0	 1.355E404
C2H4 + OH	 C2H3 + 1320	 2.047E+10
C2H4 + M	 02H3 + H + M	 3.800E+14
C2H5 + H	 C2H + H2	3.000E+10
C2H5 + 02	 C2H + HO2	 1.020E+07
C2H5 + 0	 cH3 + cH2O	 6.600E+10

02H5 + M	 C4 + H + M	 2.000E+12
C2H6	+ H e,4	 8.850E+20 -]

Jr0 - 4.900E+39
C2H6 + H	 C2H5 + H2	1.445E+06
C2H6 + 0	 02H5 + OH	 1.O00B6

+ OH	 02Hs + H20	 7.226B403
C3H + 0	 CH + CO	 6.800B+10
C3H + OH	 02132 + CO	 6.800E+10
C3H + 02	 CHCO + CO	 2.000E+09
c-C3H2 + 0	 0213 + CO + H	 6.800B+10
c-C3H2 + OH	 02112 + CO + H	 5.000E+10
c-C3H2 + 02	 02H2 + CO2	2.000E49
c-C3H2 + M	 CH + H + M	 1.000E+12
C3H3 + H	 c-CH2 + H2	2.500E+10
C3H3 +O	 02H20+H	 1.400B+11
C3H3 + OH	 C3H2Of H2	1.000E+10
C3H3 + 02	 02H0 + CHO	 3.000E+07
C3H3 + M	 c-02H2 + H + M	 000E+45
C3H20	 02H2 + CO	 8.510E+14
C3H20 +0	 02H0 + cHO	 1.000B+10
C3H20 + OH	 02HO + cHO	 1.000E+10

Ref.

Tsang & Hampson (86)
Miller & Malius (92)

Warnatz (84)
Warnatz (84)

Frank eta! (86b)
Miller & Mdlius (92)
Miller & Melius (92)
Miller & Melius (92)
Miller & MeIlus (92)
Miller & MaIms (92)

Woods & Haynes (94)
Baulch eta! (94)

Miller & Melius (92)
Miller & Melius (92)
Miller & Melius (92)

Slagle eta! (84)
Westmoreland (92)

Miller & Melius (92)
Miller & Melius (92)

Baulch eta! (92)
Baulch eta! (92)

Baulch eta! (92)
Warnalz (84)

eat
Baulch eta! (92)
Baulch eta! (92)

Westbrook and Pitz (84)
Frenklach eta! (92)

Banlch eta! (92)
Baulch eta! (92)
Baulch eta! (92)

eat.
eat
eat

Warnatz (84)
Miller & Mellus (92)

eat
eat
eat.

Slagle eta! (90a)

cat
Slagle & Gutnian (86)

Kiefrr & Kumaran (93)
Michael and Lu (93)

cat

eat.

( LGllb111.
H'TTV



No.

192.

193.
194.
195.
196.
197.

198.
199.
200.
201.

2
203.
20
205.
206.
207.
208.
209.

210.
211.
212.

213.
214.
215.

216.
217.
21&

219.

221.

223.
22
225.

226.
fl7.
22&

229.
230.
231.
232.
233.
234.

235.
236.
237.
238.

239.
24

B
kn

54.00
69.00

116.70
8.37

11.30
62.80

-17.80
-1.66
17.50

257.50

32.20
0.00

270.88

32.24
334.72
211.00

182.96
8.37

12.98

62.80
8.41
8.41
8.41

-4.19
0.837

126.00

213.00
32.20

0.00
32.24

334.n
0.00
0.00

0.00
0.00

75.00
-0.55
0.00

-0.55
-1.09
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

Ref.

Diau et at (94)

Diau et at (94)

Dian at at (94)

Wagner & Zeilner (72)
Wagner & ZeIlear (72)

Kern at at (95)
Dagaut at at (92)
Dagaut at at (92)

Dagaut at at (92)

Dagaut at at (92)

Wu & Kern (87)

Wu & Kern (87)

Dagaut at at (92)

Dagaut at at (92)

Hidaka at at (89)

Karni at at (88)

Karni at at (88)

Wagner & Zetlner (72)

Wagner & Zellner (72)

Kern at at (95)

Dagaut at at (92)

Dagaut at at (92)

Dagaut at at (92)

Dagaut at at (92)
Dagaut at at (92)

Dagaut at at (92)

Dagaut at a! (92)

Wu & Kern (87)

Wu & Kern (87)

Dagaut at at (92)

Wu & Kern (87)

Dagaut at a! (92)

Slagla at at (90b)

eat

Batdwin at at (90)

Baldwin at at (90)

Tsang (91)

Tsang(91)

Tsang (91)

Tsang (91)

Dagaut at at (92)

Dagaut at at (92)
eat

Dagaut at at (92)

Dagaut at at (92)
Dagaut at at (92)
Dagaut at at (92)

Dagaut at at (92)

eat

n

1.42

1.21
1.70
).00
).00
1.00
161

1.00
1.00
3.00

3.00
3.00
1.00
1.00
0.00
1.00
0.00
0.00

0.00

0.00

0.00

0.00

(1.00

4.50
3.00
1.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.32
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00

0.00

0.00

0.00

0.00
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form

Reactions	 A
113,Icn' s

C2H2 + CH3	p-C3R4 + H	 1.915E+0I
C2H2 + CR3 	 a-CH5	 1.397E401
C2112 + CR3 	 s-C3H5	 3.85E+53 -1
a-C3H4 + H	 t-C3H5	 8.500E+09
a-C3H4 + H	 a-C3H5	 4.000B4()9
a-CR4 + H	 C3H +	 2.000E+11
a-C3H4 + 0	 C2H3 + CR0	 1.IOOE-05
a-C3H4 + OH	 C2H20 + cH3	3.120B49
a-C3H4 + OH	 C3H3 + H20	 i.i.s+io
a-C3H4 + 02	 C3H3 + HO2	4.000B+10

aC3H4 + CR3 	 C3H3 + CR4 	 2.000E49

a-c 3H,4 + C2H	 C3H3 + C2H2	1.000E+10
a-C3H4 + a-C3H4	a-C3li5 + C3H3	5.000E+11

a-C3H4 + a-C3H5	CH3 + C3H6	 2.000E+09

a- H4 + M	 C3H3 + H + M	 2.000E+15
c-C3H4	a-CR4	 1.513E+14
c-C3H4	p-C3R4	 7.080E+13
p-C3R4 + H	 t-C3H5	 6.500E+09
p-C3H4 + H	 s-C3H5	 5.800E9

p-C3H4 + H	 C3H + H2	2.000E+1 1
p-C3H4 + 0	 C2H20 + CR2	6.400E+09
p-C3R4 + 0	 CH + CR0	 3.200E4)9

p-C3H4 + 0	 CHCO + CR3	 6.300E+09
+ OH	 CH + CR0	 5.000E-07

p-C3R4 + OH	 C3H3 + H2O	 3.E4O
p-C3H4 + 02	 CHCO + 3CH2 + OH 2.000E405

p-C3H4 + 02	 CH3 + HO2	 5.000E4()9
p-C3H4 + CH3	C3H + CR4	 2.000E4()9

+ C2H	 C3H3 + C2H2	1.000F.+lo

p-C3H4 + a-C3H5	C3H3 + C3H6	 2.000E+09
p-C3H4 +M	 C3N3 +H+M	 4.700E+15
a-C3H5 + H	 a-CR4 + H2	 1.000E+09
a-C3H5 + 0	 O2H + cH2O 	1.807E+1 1

a-C3H5 + OH	 C2H2 + CH2O + H2 1.500E+10
a-C3H5 + HO2	 02113+0120 + OH 5.300B+09
a-C3H5 02	 C2H2 + 0120 + OH 2.100E+09
a-C3H5 +013	 a-CH + CR.4 	 3.000E+09

a-cH5 + 02H3	 a-CR4 + C2H4	 2.410E4419

a-C3H5 + C2H5	a-CH + C2H6	 9.600E+08

2 a-C3H5	a-C3H + C3R6	 8.43OE47
s-C3H5 + H	 a-CH + H2	 3.333E+09
s-C3H5 +0	 C2H20+013	 1.807E+11
s-C3H5 + 02	 cH3+ cH0 + CO 2.000F.+09

s-C3H5 + cH3	a-C3H4 + cR4	 1.000B408

3-02115 + C2H3	a-C3H + C2H4	 1.000E+08
s-C3H5 + 02Ils	 a-C3R4 + C2H6	 1.000E408

t-C3H5 + H	 a-CR4 + H2	 3333E+09
t-C3H5 + 0	 CHCO + CE3 + H	 1.807E+1 1
t-C3R5 + 02	 CR + CR0 + 010 2.000E41)9



E
U/mol

0.00
0.00
0.00

197.00
197.00

0.00
408.84

372.20
424.12
410.56

10.42
40.98
51.39

12.14
-2.63
-2.63

-2.63
-1.25
6.07

11.62

16328
19929
184.22
23.74

48.77

53.76
27.77

0.00
20.91

139.00
12.14

0.00
12.50

123.50
5.44

353.09

271 .87
40.60
34.90
24.10
18.70

1.63

-669
29.90
22.90

276. 14
268.00
178.77

0.00

Ref.

Dagaut at al (92)
Dagaut at al (92)
Dagaut at al (92)

Ondrnschka at aL (86)
Ondrnschka at aL (86)

Tsang(91)
Tsang (91)

Dagaut at al (92)
Dagaut at al (92)
Dagaut at al (92)

Tsang(91)
Tsang (91)
Tsang (91)
Tsang (91)

Dagaut at a! (92)
Dagaut at a! (92)

Dagaut at a! (92)
Tsang(91)
Tsang(91)
Tsang(91)

Dagaut at al (92)
Dagaut at al (92)

Dagaut at al (92)
Tsang (91)
Tsang(91)

Tsang (91)

Tsang(91)
Warnatz (83)

Warnaiz (83)
Warnaiz (83)

Tsang(91)
Warnatz (83)
Warnatz (83)

Westhrook and Pitz (84)
Westhrook and Pitz (84)

Baulch at al (94)

pw, Warnatz (83)
pw. Warnatz (83)

WaTnatz (83)
Warnatz (83)

Tuily at a! (83)

Tally at al (83)
Tsang (88)
Tsang (88)

Benson (89)
Durán at al (88)
Kiefbr at a! (92)

Miller & Malius (92)
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form kj =

No.	 Reactions	 A	 a
m3 ,kinol, s

241. t-C3H5 + CR3	 a-C3H, + CR4	 1.000E+08
242. t-C3H5 + C2H3	a-CH4 + C2H4	1.000E+O8
243. . t-C3H5 + C2H5	a-C3H4 + C2H6	 1.000E+os
244. t-C3H5	a-CH5	 2.000E+13
245. t-C3H5	s-C3H5	 1.000E+13
246. C2H3 + CH3	a-C3H5 + H	 3.000E+10
247. C3H6	C2H + CH3 '	 1.100E+21	 -]
248. C3H6	a-CH5 + H	 4.570E+14
249. C3H6	s-C3H5 + H	 7.59E+14
250. C3H6	t-C3H5 + H	 1.450E+15
251. C3H6 + H	 a-c3H5 + H2	1.728E+02
252. C3H6 + H	 s-C3H5 + H2	4.096E+02
253. C3H6 + H	 t-C3H5 + H2	8.036E+02
254. C3H6 + H	 CH + CR3 	 7.230E+09
255. C3H6 + 0	 C2H5 + CHO	 5219E+04
256. C3H6 + 0	 C2H + CH2O	 3.484E+04
257. C3H6 + 0	 2 CR3 + CO	 6.960E+04
258. C3H6 + OH	 a-CH5 + H20	 3.120E403
259. C3H6 + OH	 s-C3H5 + H2O	 1.1 10E403
260. C3H6 + OH	 t-C3H5 + H20	 2.138E+03
261. C3H6 + 02	 a-CH5 + HO2	1.950E+09
262. C3H6 + 02	 s-CH5 + HO	 2.000E+10
263. C3H6 + 02	 t-CH5 + HO2	2.000E+10
264. C3H6 + CR3	 a-CH5 +	 2.216E-03
265. C3H6 + CR3 	 s-C3H5 + CR4	 8.420E-04
266. C3H6 + CR3	t-c3ii5 + CR4	1.351E-03
267. C3H6 + cH5	a-CH5 + C2H6	2.220E-03
268. n-C3117 + H	 C3H8	 2.000E+10
269. n-C3H7 + °2	 C3H6 + HO2	1.000E+09
270. n-C3H7	 ea C2H4 + CR3	 3.000E+14
271. C3H6 + H	 n-CH	 7.230E+09
272. i-C3H7 + H	 CH8	 2.000B+10
273. i-C3H7 + 0.2	 C3H6 + HO2	1.000B+09
274. i-C3H7	C2H + CR3 	 i.000+io
275. C3H6 + H	 i-CH	 7.230E+09
276. C3H8	C2H5+ CR3 6 k	 1.100B+17

Ic	 7.828E+15
277. C3H8 + H	 n-C3H +H2	L300E+11
278. C3H8 + H	 i-C3H7 + H2	6.000E+10
279. C3H8 + 0	 n-CH + OH	 3.000E+10
280. C3H8 + 0	 i-c3H + OH	 2.600E+10
281. C3H8 + OH	 n-CR7 + 1120	 4.710E+02
282. C3H8 + OH	 i-CH + H20	 o3ssoO
283. C3H8 + CR3	 n-CH7 + CR4	9.000E-04
284. C3H8 + CR3 	i-C3H7 + CR4	 1.sOoE-o3
285. C2H2 + C2H2	n-C4H3 + H	 1.0OoE
286. C2H2 + C2H2	i-CH3 + H	 2.000E+09
287. C2H2 + C2H2	CH + H2	I.513E+10
288. c-C3H2 + 3CH2	i-CH3 + H	 3.000E+10

).00
).00
1.00
).00

).00
1.00
1.20
1.00
).00
1.00

1.50
1.50
1.50

1.00

1.57
1.57
1.57
1.00
1.00

1.00
0.00
0.00
0.00
3.50
3.50

3.50
3.50
1.00

1.00
(LOU
1.00

0.00
0.00
1.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
2.37

3.23
3.65
3.46
0.00
0.00
0.00
0.00



No.

289.

29ft

291.

292.

293.

29t

295.

296.

29

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

B
hn

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.84

0.00

0.00

502.40

178.77

234.50

178.77

234.50

178.77

234.50

7.23

.1.716

0.00

150.n

125.52

0.00

0.00

163.30

230.27

200.83

0.00

0.00

0.00

0.00

247.00

25.17
7.57

12.60

0.00

50.24

77.87

44.38

20920

175.73

0.00

4.18

283.27

154.81

12525

0.00

4.18

Ref.

Miller & MCIIUS (92)

Miller & Melius (92)

Miller & Melius (92)

Kiefer at at (92)

Kiefer et .1(92)

Kiefer at .1(92)

Kiefer etal (92)

KIefbr eta! (92)

Kiefbr etal (92)

Kiefer at .1(92)

Kern at at (90)
Kielbr atal (92)
Kiefer at at (92)

Kiefer at .1(92)

Kiefer at .1(92)

Kiefer eta! (92)

Kieftr at at (92)

Homann & Wellmann (83a)

Perry (84)

Bastin etal (88)

Miller & Melhis (92)

eat.

eat.

eat

Miller & Matins (92)

Miller & MaIms (92)

Miller & Melius (92)

Miller & Melkis (92)

Miller & Melius (92)

Kern eta! (90)

eat

Hoinann & Wellmann (83a)

eat

Tanzawa & Gardlner (80)

Wang and Freniclach (94)

Wang and Frenklach (94)
Wang and Frenklach (94)

eat

eat

eat

Kern etal (88)
Miller & Melius (92)

pw

Miller & Melius

=A
n

).00

0.00

0.00

0.00

0.00

1.00

0.00

1.40

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2.00

0.00

2.00

0.00

8.76

10.98

1.68

0.00

0.00

0.00

2.00

0.00

0.00

0.00

0.00

2.00
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form

Reactions	 A
nno1,s-1

C3H3 + CR	 n-CH3+ H	 7.000E+10
C3H3 + CR	 i-CH+ H	 7.000B+10
C3H3 + 3cH2	C4H4 + H	 4.000B+10
C2H + C2H2	C4H + H	 I.200E+11
C2H + 4 12	 C6H2 + H	 1.200E+11
C2H+C6H2	C8H2 + H	 1.200E+11
2 C2H	 CH + H	 1.00+11
c4n +	 C4H2 + H	 4.074E+02
C4H + C2H2	C6H2+ H	 1.200E+11
C4H + C4H2	C8H2 + H	 1.200E+11

C4H2	CH+ H	 7.800E+14

C4H2 + C4H2	C5H2 + H2	 L500E+10
C4H2 + C4B2	 C8H2 + 2H	 1.500E+11
C2H2 + c4H2	 C6H+ H2	 1.500E+IO
C2H2 + c4H2	C6H2+ 2H	 1.SOOE+11

C2H2 + c6H2	 C8H2 + H2	1.500E+10

C2H2 + C6H2	C8H2+ 2H	 1.SOOE+11

C4H2 + 0	 O + c-C3H2	2.SOOE+10

C4H2 + OH	 CH2O + H	 6.690E49

C4H20 + OH	 C2H + 2O + H	 1.000E+12

n-C4H3	C4H2 + H *	 = 1.000E+14

- 1.000E+11

n-C4 H3 + H	 CH2 + H2	5.000E+1O

n-C4H3 + OH	 CH2 + H20	 3.B+1O

n-C4H3	i-CH3	 1.SOOE+13

i-C4H3	C4H2+H *	 - 1.000E+14

10 = 2.000E+12

i-C4H3 + H	 CH2 + H2	5.000E+10

i-C4H3 + 0	 C2H20 + C2H	 2.000E+10

i-CR3 + OH	 CH2 + H20	 .000E+io

i-C4H3 + 02	 C2H20 + C2HO	 1.000E+09

C4H4	 i-C4H + H	 8.630E+09

C4H4 + H	 n-CH3 + H2	2.000B44)4

CH4 + 0	 a-CH + CO	 3.000E+10

CH4 + OH	 n-CH3 + H20	 1.000E404

CU4 + 021	i-CH + C2H2	2.000E449

C2H2 + C2H3	(I,3)-CH5	 9.300E+35

C2H2 +C2H3	 i-CH5	 1.600E+43	 -

C2H2 + C2H3	CH4 + H	 2.000E+15

(1,2).C4H5	CjR + H *	 - 1.000E+14

Ic0 - 2.000E+12

(1,2)-C4H5 + H	 CH + H2 	 i.000E+io

(1,2)-C4H5 + OH	 CH + H20	 2.000E+04

(1.2)-C4H5	(1.3)-CH5	 1.500E+13

(1,3)-C4H5	CH.1 + H * k	 1.000E+14

- 1.000E+11
(1 13)-C4H5 + H	 CH + H2	 1.000E+10

(1,3)-C4H5 + OH	 C4H + H20	 2.000E404



No.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.
376.

377.

378.
379.

380.

B

247.40

20920

175.73

0.00

4.18

248.90

387.10

0.00

60.71

0.00

69.00

0.00

41421

25.10

0.00

3.59

-3.89

242.00

60.70

1.20

75.31

0.00

177.00

183.00

305.43

0.00

0.00

0.00

0.00

12.56

10.46

131.00

4440

126.00

12.56

10.00

9.378

19.26

45.64

2260

0.00

0.00

0.00

0.00

0.00

0.00

138.07

208.00

0.00

Rd

Wang and Frenklach (94)

Miller & MeIlus (92)

eat

eat

eat. Dean (85)

eat. Dean (85)

Kern at al (88)

Kern et al (88)

Olda (83)

eat

Bon (89)

eat, Dean (85)

Weissman & Benson (88)

Kiefer at al (85)
Adusei & Foutijn (93)

Liii at al (88)

eat

Kiefer at al (85)

cat

eat

Koch at a! (90)

Hopf at a! (85)
Hopf at al (85)

Lifehitz at aI(88)

cat

Alkemade & Homann (89)

Alkemade & Homann (89)

Alkemade & Homann (89)

Westmoreland at 81(89)
Wang and Frenldach (94)
Wang and Frcnklach (94)

Wang and Frenldach (94)
Wang and Frenldach (94)

Weatmoreland at 81(89)

Kubilza at a!. (94)
Wang and Frenklach (94)

Wang and Frenklach (94)

Wang and Frenklach (94)
Wang and Frenklach (94)

eat

eat

eat

eat

eat

eat

eat
Braun-Unkhoff Ct 81(88)

eat

n

6.89

0.00

0.00

1.00

1.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.70

0.00

1.45

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1.65

:7.77

0.56

:0.01

0.00

0.00

1.79

5.46

1.02

1.33

0.00

0.00

0.00

0.00

0.00
0.00

0.00

3.80

0.00
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form

Reactions	 A
n3,kmol,

(1,3)-C4H5	i-CH5	 1.500E+66
i-C4H5	+ H *	 1.000E+14

Ic0 -	 2.000E+12
i-C4H5 + H	 C4H4 + H2	 1.000E+11
l-C4H5 + OH	 C4H4 + H20	 2.000E+04
(1,2)-C4H6	C3H3 + CR3	 1.000E+12
(I,2)-C4H6	i-C4H5 +H	 4.200E+15
(I,2)-C4H6 + H	 C2H3+ C2H4	4.000B+08
(1,2)-C4H6 + H	 (1,2)-C4H5 +H2 	 1.000E+ii
(1,2)-C.Ha + OH	 (1,2)-C4H5 + H20 1.620B+10
(1.2)-C4H6 + cH3	 (1,2)-CH5 + R4 2.500E+1I
2 C2H3	(1,3)-CH6	 2.000E+10
(1.3)-C4H6	 i-C4H5 + H	 4.200B+15
(1,3)-C4H6 + H	 (1.3)-C4H5 + H2	 6.300B407
(1.3)-C4H6 + H	 C2H3+ 02H4	 5.000E+08
(1,3)-C4H6 + 0	 C4H60	 6.300E445
(1,3)-C4H6 + OH	 (1,3)-C4115 + H20	 8.380E+09
(I.3)-C4H6 +02	(1,3)-C4H5 + 1102	4.000E+1O
(I,3)-C4R4 + C2H3	(1,3)-C4H5 + C2R4 6.310E+10
(1,3)-C4H6 + cH3	(1,3)-C4H5 + CR4	7.000B+10
(1.3)-C4H6 + C3H3	 (1,3)-C4H5 +a-C3H4 l.000E+10
1 CH2 + p-C3H4	c-C4H6	 1.800E+11
c-C4H6	(1,3)-C4H6	 3.000E+13
c-C4H6	(1.2)-C4H6	 3.000E+13
C4H60	 CO+C3H6	 1.090E+16
C3H2 + C3H3	 l-C6H4 + H	 2.000E+10
C3H3 + c 3H3	 (1,2)-C6H6	 1.000E+10
C3H3 + c3H3	 (1,5)-C6H6	 1.000E+10
C3H3 + C3H3	 (1,2,45)-C6H6	 1.000E+10
C3H3 + a-C3114	1-CH7	 3.000Ef08
n-CjH3 + C2H2	(1,,3)-C6H5	 4.120E-I'03
n-C4H3 + C2H2	 C6H5	 9.600E+67
n-C4H3 + 02H2	 I-C6H + H	 2.500E+11
n-C4H3 + C2H2	C6R4 + H	 6.900E43
C4H4 + 02H3 	l-C6H	 3.000B+08
C4H4 + C2H3	(1,2,4,5)-C6H6 + H 2.000E+09
(1.3)-C4H5 + C2H2	l-C6H7	 1.750B+03
(1,3)-C4H5 + CH2	c6H.	 5.000E+21
(1.3)-C4H5 + 02H2	 (1,3)-C6]16 + H	 5.800E405
(1,3)-C4H5 + C2H2	C6116 + H	 1.600E+13
C6H3 + H	 C6H2 + 112 	1.000E+11
C6H3 + 0	 c6H + OH	 2.000E+10
C6H3 + OH	 C6H2 + H20	 2.000E+10
l-C6H4 + H	 C6H3 +H2	1.000B+11
l-CeR4 + 0	 CH3 + OH	 2.000E+I0
1-C6H4 + OH	 CH + H2O	 2.000B+l0
C6}14 	 l-C6R4	 1.000E+12
(1,3)-C6H5	1-C6R4 + H	 2.500E+58
(1.3)-C6H5 + H	 I-C6H.4 + 112	1.000E+11



No.

381.

382.
383.
384.

385.

386.
387.
388.
389.
390.
391.
392.
393.
394.
395.

396.

397.
398.
399.
40
401.
402.

403.
404.
405.

406.
407.
408.
409.
410.
411.
412.
413.
414.
415.
416.

417.
418.
419.

420.
421.
422.
423.

424.
425.
426.

427.
428.
429.

B
:kJ/mol'

0.00
0.00
0.00

188.00
0.00
0.00
0.00

303.40
372.38

0.00
0.00
0.00
4.18

31.25
149.66
92.30

132.40

206.00
144.00

224.00
342.00
200.00

309.00
326.60
326.60

0.00

0.00
0.00
0.00
0.00
0.00

4600
0.00

12.60
37237

66.99

19.53
61.52

6.10
44.32

251.04
51.50
0.00

105.62
51.92
30.78
0.00

183.68
18.04

Ref.

act.
act
eat
act
eat
act
eat

Baulch at at (92)
act

act
eat
act

Bittker (91)
Blttker(91)

Stein et at (90)

pw, Maims at at (92)
pw, Melius et at (92)

Matins at al (92)
pw, Meihis at at (92)

pw. Matins at at (92)

pw1 Melius at at (92)
pw, Melius at at (92)

Melius et at (92)
act
act
act
eat
act
act
act
act
act
act

act
Kern at at (84)

Kier at al(85)
Leidreiter & Wagner (89)
Laidreiter & Wagner (89)

Baulch at at (92)
Bautch at at (92)

Emdee at a! (92)
Vaughn at at (91)
Bautch at at (92)

Lovell at at (88)
Emdee at at (92)
Emdee at a! (92)
Emdee at at (92)

pw, Lin & Un (86)
Bautch at at (92)

n

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
1.42
0.00

0.00
5.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Table 2.1
Reaction Mechanism Rate Coefficients in the Form

Reactions	 A
m3,kmol,s1

(1,3)-C6H5 + 0	 I-C6H.4 + OH	 2.000E+10
(1,3)-C6H5 + OH	 1-C6H4 + H20	 2.000E+10
(1,3)-C6115	 (1,5)-cH5	 1.000E+11
(1,5)-C6H5	ea 1-C6H4 +H	 6.000E+11
(1,5)-CH5 + H	 I-C6ft1	 1.000E+11
(1,3)-C6H5 + 0	 i-C6H4 + OH	 .000E+10
(1,5)-C6H5 + OH	 1-C6H4 + 1120	 2.000E+10
C6H5	(1,3)-C6H5	 4.000E+13
C6H5	C6H4 * H	 3000B+13
C6H5 + H	 C6H +H2	I.SOOE+11
C6H5 + 0	 CH + OH	 2.000B+10
CH5 + OH	 C6H + 1120	 2.000B+10
C6H5 + 1102	CH5O + OH	 5.000B+J0
c6Hs + 0	 C6H5O + 0	 2.090B+09
(1,5)-C6H6	(1,2.4.5)-C6H6	 5.400E+1 1
(1.2,4.5)-C6H6	CM)- C6H6	5.000E+1 1
(12.4,5)-C6H6	 Fuivene	 5.000B+1 1
(M)- C6H6	Fulvene	 4.260E+13
(1,2)-C6H6	Fulvene	 5.000B+11
(1,2)-C6116	 (1.3)-C6H6	 1.000E+12

Fulvene	 (13)-C6H6	 1.000E+13
(1,3)-C6H6	 c6H	 5.000E+11

Fulvene	 C6H6	 7.580E+13
(1,5)-C6H6	(1,5)-C6H5 + H	 1.400E+15
(12)-C6116	 (1,5)-C6H5 + H	 7.000E+14
(1,5)-C6H6 + H	 (1,5)-C6H5+H2	 1.00DB-ui
(1,5)-C6H6 + 0	 (1.5)-C6H5 + OH	 2.000E+10
(1,5)-C6H6 + OH	 (1,5)-c6H5 + H2O	 2.000E+10
(1,2)-C6H6 + H	 (1,5)-C6115 + H2	1.00+11
(1,2)-C6H6 + 0	 (1,5)-C6115 + OH	 2.000E410

(1.2)-C6H6 + OH	 (I,5)-C6H5 + 1120	 2.000B+10
(1,3)-C6H6 + H	 (l.3)-C6H5+H2	 1.000E+l1
(1.3)-C6H6 + 0	 (1.3)-C6H5 + OH	 2.000E+10
(1,3)-c6H6 + OH	 (l,3)-C6H5 + 1120	 2.000B+i0
C6H6	C6H5 + H	 4.570E+13
C6}16 + H	 C6H5 +Hi	2.500E+11
C6H6 + 0	 C6H5OH	 2.400B+10

C6H6 + 0	 C6H5 + OH	 2.000E+10
C6H6 + OH	 C5H5 + H2O	 1.630E+05
C6H6 + OH	 C6H5OH + H	 1.320B+10
C6H6 + 02	 C6H5 + HO2	6.300B+10
C6H6 + cH3	c6H5 + Cl4	4.365E-07
C6H5O + H	 CH5OH	 2.500E+11
C6H5OH + C5H5	C6H5O + C5H6	2.670E+11
C6H5OH+H	 C6H5O+H2	 LISOB+1i
C6H5OH +0	 cH5O + OH	 2.S1OB+10
C6H5OH + OH	 CH5O + H2O	 6.000B409
C6HSO	 C5H5 + co	 4.500E+l I
C6H6+ H	 C6H	 4.000E+10



B
kThnci

20920

104.14
0.00
0.00
0.00
0.00
0.00

12.55

12.87
-1.87
48.78

104.60

86.66
183.68
200.83
326.57
235.00
334.00

0.00
0.00
0.00

126.00

0.00
0.00
0.00
0.00

155.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
18.10
0.00

Ref.

Colket (86)
Tsang (91)

Emdee ate! (92)
Emdee at a! (92)

Blttker (91)
Enidee ate! (92)
Emdee eta! (92)
Emdee ate! (92)
Emdee eta! (92)

Emdee ate! (92)

Emdee ate! (92)
Eindee eta! (92)

Bittker (91)

pw, Emdee eta! (92)
Emdee ate! (92)
Emdee ate! (92)

eat
eat
eat
eat.

eat
eat.
eat.
eat.
eat
eat
eat
cat.
eat
eat
eat.

cat
eat.
eat

Miller & Melius (92)
Miller & Meiius (92)
Miller & Melius (92)

n

0.00
0.00
0.00
0.00
0.00

0.00
0.00
1.77
0.00
1.18
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.00
0.00
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Table 2.1
Reaction Mechanicim Rate Coefficients in the Form

No.	 Reactions	 A
ni3,kmoI,s

430. C6H7	 l-½H7	 3.000E+14
431. a-C3H5 + C2H2	C5H6 + H	 4.000E+1 I
432. C5H5 +H	 C5H	 1.000E+11
433. C5H5 +0	 (13)-C4H5+CO	 1.000B+11
434 C5H5 + 0	 C5H5O	 I.000E+10
435. C5H5 + OH	 C5HOH + H	 3.000E+10
436. C5H5 + HO2	C5HSO + OH	 3.000E+l0
437. C5H6 + H	 C5H5 + H2	2.190E+05
438. C5H6 + 0	 C5H5 + OH	 1.810E+10
439. C5H6 + OH	 C5H5 + H2O	 3.430E+06
440. C5H6 + HO2	C5H5 + H202	2.000E49
441. C5H6 + 02	 C5H5 + HO2	2.000E+10
442. C5H6 + 02	 C5H5O + OH	 1.000E+10
443. C5HSO	 (1,3)-CH5 + CO	 2.510E+11
444. C5H.4OH	 C5H0+H	 2.100E+13
445. C5H40	 CH + CO	 1.000E+1s
446. C5H6	l-05H6	 1.000E+14
447. C5H5	l-05H5	 1.000E+14
448. C3H3 + C2H2	I-05H5	 1.000E406
449. I-05H5 + H	 l-05H6	 1.000E+10
450. . 1-05H6 + H	 1-05H5 + H2	1.000E+09
451. l-05H6 + 0	 C3H20+C2H3 + H 2.0005+10
452. l-05H6 +OH	 I-05H5 +1320	 1.000E+10
453. l-05H5 + H	 l-05H4 + 112	1.0005+10
454. l-05H5 + 0	 i-CH5 + CO	 I.000E+1 I
455. l-05H5 + OH	 l-05H, + 1120	 1.0005+10
456. I-05H5 + °.2	 C2H + C2HO+CHO 1.000E49
457. l-05}14 + H	 l-05H + 2	 1.000E+10
458. l-05H4 +011	 l-05H +1120	 l.000E+10
459. l-05H + H	 1-05H	 1.000E+10
460. l-05H3 + H	 l-05H2 + H2	1.000E+10

l-05H3 + 0	 j-C4H3 + CO	 1.0005+11
462. l-05113 + OH	 l-05H2 +

463. l-05H2 + OH	 CH + CHO	 i.000+o9
464. C4H2 + 'CH2	I-05H + H	 3.E+1O
465. C4H2 + 3CH2	l-05H3 + H	 1.300E+1O
466. C4H2 + CII	 l-05H2 +H	 1.000E+11

All third-body collision efficiencies are equal to 1 unless othewise stated.
*on in Lindemann form.
a Enhance Collision Efficiencies :1120 -6.5; 02 =0.3; CO -0.7; CO2 1.5; N2 -0.4
b Enhance Collision Efficiencies : 2o - 12.0; H2 '2.5; CO 19; CO2 -3.8
C Collision withH2O,H2 and CO 2 arenotconsidered. -
d EnhanceCollisionEfflciencies:H20=4.0;N2=0.4;CO-0.4;CO2-0.4;CH4=0.7;C2H2-1.4;C2H6-22

Enhance Collision Efficiencies : H2O 5.7; 02-1.9; CO =1.9; CO2 3.3; H2 -1.1; N2 -1.6
/ EnhanceCollisionEfficiencics : H205.0;CO2.0;CO2=3.0;H2=2.0
' F 0.38exp(-T/23) + 0.63exp(-T/1180)
2 F = 0.3lexp(-T190) + 0.69exp(-T/2210)
- F0=0.35

F - o.4761exp(-161821r) + exp(-T13371)
S log(klk..) = -0.349 + 1.3495-3 x T - 1.408E-6 x T2 + 2.1325-10 x T3
6 F0 = 0,76exp(-T138) + 0.24exp(-T11946)
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Table 2.2

	Molecular Structure and T1
	

amicDataforC1-C6E
Symbol	 Structure

	
Ref.

(lrT/nin1p	 (Jlmole)

ci!

cR0

1cH2

cH3

cu3o

CH2OH

cH3OH

C2H

cco

C2H2

C2H3

C2H4

C2H5

C2H6

C3H

c-C3H2

C3H20

C3H3

a-C3R4

p-C3H4

c-C3H4

a-C3H5

s-C3B5

t-C3H5

C3H6

n-C3H7

i-C3H7

C3H8

C4H

C4H2

n-C4H3

i-C4H3

183.04

224.34

16672

194.90

218.76

193.96

229.39

243.92

239.81

186.37

213.30

246.67

200.92

241.92

233.95

219.18

247.12

229.08

226.74

235.31

301.92

25330

243.43

248.30

243.62

258.74

275.47

277.61

266.54

289.46

289.34

270.18

25464

255.98

272.92

273.55

278.65

cH

HO

cH2

H2CO

cH3

H3CO

CH2OH

cH2OB

c

cc

cco

HH

HccH2

cH2cH2

cH2cH3

CH3CH3

HXHO

cH2ccH

H2cccH2

HcccH3

cH2cHcH2

cH3cHcH

cH3cXH2

cH2cI!cH3

cH2cH2cH3

cH3cHcH3

cH3cH2cH3

HccOcH

HcCcHcH

}lccccH2

HcccHcH2

597.36

42.00

424.73

390.42

-108.58

14686

16.32

-890

-200.94

-74.60

566.93

161.08

227.40

-51.87

299.74

52.29

118.66

-83.86

684.08

477.00

112.97

346.00

190.92

185.431

276.99

161.92

270.70

255.22

20.41

100.50

93.29

-103.85

803.33

464.42

523.38

476.98

280.32

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94):

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Kern et aL (94)

eat

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Miller & Melius (92)

?vfihler & Melius (92)

Miller & Melius (92)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Burcat & McBride (94)

Kec at al. (90)

Kce at al (90)

Kee at al. (90
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Table 2.2

	

Molecular Structure and Themi 	 iic Data for C1-
I	 Symbol	 Siructure	 Ref.

(Jhnole)

289.21

288.54

283.22

291.62

278.19

289.95

333.05

299.19

319.32

347.69

321.33

291.09

332.33

339.20

288.34

307.81

339.20

332.80

340.30

328.90

300.00

300.00

269.06

314.86

353.27

305.83

274.15

279.48

307.80

280.87

310.02

320.50

318.11

29330

295.14

(1,2)-C4H5

(1,3)-C4H5

i-c5

(1,2)-C4H6

(1,3}.C4H6

c-C4H6

C4H60

C6H2

C6H3

C8'.'2

c-C6H4

(1,3)-C6H5

(1,5)-C6H5

C5

C6HSO

(1,2)-C6H6

(1,3)-C6H6

(1,5)-C6H6

(1,2,4,5)-C6H6

(c6H6

flulvene

C6!.'6

c6H5OH

l-C6H7

C6H7

C5H6

C5'.!5

C5HSO

C5H40

C5H4OH

1-05H6

l-05H5

l..C5H4

l-05H3

cH3cHCcH

2cccH2

cH2ccHcH3

2HcHcH2
H3

H2cHcHcH0H

HcXCXH

HcXXXHcXH

HcCccH

HccHcHcXH

0
cHccHcHcHcH

cHCcHcHccH

H2CH2ccH

CH2aIjcHccH

QWcH2cH2CcH
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2.1 The H21021C0 Mechanism

The oxidation of H2 and CO plays a predominsrnt part in the hydrocarbon combustion

process. The oxygen-hydrogen reaction mechanism consists the well-known four chain

reactions that produce the 0, H and OH radicals which attac' the hydrocarbons,

H	 +02	 = 0	 +OH
	

(1)

o
	

= H	 +OH
	

(2)

OH +H2	 = H20 +H
	

(3)

OH +OH
	

= H2O +0
	

(4)

On the other hand, CO is the primary product of hydrocarbon oxidation, and is

converted to co2 in a subsequent slow reaction with OH radicaL

CO +OH
	

= CO2 +H
	

(23)

It has been shown (Warnatz, 1981) that lsIniinRr burning velocities for hydrocarbon fuels

calculated by detailed chemical kinetic modelling are very sensitive towards the reaction

rates of a number of non-fuel specific reactions in the H2/02/CO system, in particular to

that of reactions (1) and (23). The reaction mechanisms of H2 and CO combustion and

the rate coefficients of the elementary steps involved are well established (Warnatz,

1984a Tsang and Hampson, 1986; Baulch et al, 1992, 1994). In the present mechanism

these reaction rate parameters were taken from a recent compilation of Baulch et aL

(1994). This reaction set has been applied by Grotheer et al. (1992) to satisfactorily

model lRminm burning velocities of H 2/air flames and H2/CO/air flames over a wide

range of stoichiometries. It should be noted that the activation energy of reaction (1)

suggested by Baulch et aL (1994) is lower than their previous suggestion (Baulch et aL,

1992) by about 9 kJ/mol. This modification has been made following the recent work of

Masten et cii. (1990). The current rate expression is slower than the previous suggestion

by about 20% at temperatures above 2000 K.
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2.2 The C1 Mechanism

The oxidation scheme for C 1 hydrocarbons may be subdivided into several smaller

systems which are CH2O/CHO, CH3OH/CH3O/CH2OH, and CH4/CH3/CH2/CH

submechanisms.

Formaldehyde is an intermediate in the oxidation of most hydrocarbon fuels. It is

consumed primarily by reactions with 0, H, and OH radicals to produce formyl radical.

CH2O +H
	

CHO +H2	(76)

CH2O +0
	

CHO +OH
	

(77)

CH2O + OH
	

= CHO +H20
	

(78)

The formyl radicals produced by reactions of formaldehyde and other species are in turn

consumed in a variety of elementary reactions to produce carbon monoxide. The major

reactions of CHO are

CHO +H	 = CO
	

(38)

CHO +02	 = CO	 +HO
	

(42)

CHO + M	 = CO	 + H	 + M	 (43)

All the reaction rate coefficients for the CH2O/CHO submechanism were obtained from

Baulch et al. (1992) except for the decomposition of the formyl radical, reaction (43).

The rate coefficient of the latter reaction was taken from Timonen et aL (1987).

The methanol subsystem essentially consists of a simple series of steps

composed of only C 1 species : CH3OH = CH2OH/CH3O CH2O. Methanol is

attacked by the OH radical, the H atom and to a moderate extent by the 0 atom

producing CH2OH or CH3O radicals. The latter species are mRinly lost by thermal

decay and reactions with molecular oxygen or H atoms. The rate coefficients for the

reactions of this subsystem were taken from a recent study on methanol oxidation by

Grotheer et aL (1992).
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The oddation chemistry of methane and its pyrolysis have been studied by

numerous researchers and its combustion mechm,im over a wide range of conditions is

relatively well understood. All major consumption reactions of methane lead to the

formation of methyl radicals. The main problem in the C1 chemistry concerns the

identification of the primary paths for methyl radical consumption. Due to its thermal

stability, milike other aikyl radicals, the imimolecular decomposition reactions

CH3 +M
	

= 'CH2 +H
	

(94)

CH3 +M
	

= CH
	

+M	 (95)

are too slow to compete against bimolecular reactions with itself or with oxygen

containing species such as 0, 02 and OH. It is only at elevated temperatures

(>2700 K) that the above reactions need to be considered (Markus et al., 1992). While

there is substantial agreement regarding the rate constant and mechmiism of the reaction

with 0 atom (cf. Warnatz, 1984a; Tsang and Hampson, 1986; Baulch et aL 1994),

CH3 +0
	 = CH2O +H

	
(85)

there continues to be conflicting opinions on important features of the reactions of

methyl radicals with molecular oxygen and OH radicals. The reaction between the

methyl radical and molecular oxygen has two channels,

CH3 +02	 CH3O +0
	

(90)

CH3 +02	 CH2O + OH
	

(91)

The formation of CH3O is usually followed by rapid decomposition to yield CH 2O +

H, such that the reaction becomes chain branching. Therefore, it is important to know

the branching ratio of these two chmmels. In recent years a number of more or less direct

determinations of the two ch pnnels have been performed (Brabbs and Brakow, 1975;

Bhaskaran et al., 1981; Hsu et al., 1983; Saito et al., 1986; Fraatz, 1990; Klatt et aL,

1991). Despite this, the rate constant for reaction (91) has a scatter of almost 2 orders

of magnitude between 1500 and 2000 K, while reaction (90) shows differences in the

rate constant of about a factor of three. In the present mechanism the rate constants for

reactions (90) and (91) have been taken from the experimental work by Klatt et al.



(96)

(86)

(87)

(88)

(89)

CH3 +OH

.CH3 +OH

CH3 +OH

CH3 +OH

CH3 +OH

= CH3OH

= CH2OH+H

= 'CH2 + H20

= CH2O +H2

= CH3O 4-H
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(1991) and Fraatz (1990) respectively. Klatt et al. (1991) investigated the reaction

between the methyl radical and molecular oxygen by measuring 0 and H atoms

fonnation using atomic resonance absorption spectroscopy (ARAS) and suggested a

rate constant for reaction (90) which is about 3 times slower than that reported by Saito

et al. (1986). In order to resolve the discrepancies with reaction (91), Fraatz (1990)

measured the CH3 profiles using a supercharged lamp and OH profiles using a ring-dye..

laser and observed the low activation energy channel, reaction (91) - as predicted by

Zellner and Ewig (1988). However, the suggested rate constant is one order of

magnitude smaller than that estimated by Zeilner and Ewig (1988).

The reaction between the methyl and OH radicals proceeds via excited CH3OH*

as an intermediate and consists essentially of the following channels,

In alkane flames this system acts as a sink for OH and CH3 radicals and may be chain

terminating or chain propagating depending on the dominmce of reaction (96) over the

others. Experimental rate coefficients for the possible product channels are very scarce.

Above 1000 K, where the contribution of the recombination chmmel should be small,

data includes the recent measurements of Bott and Cohen (1991) on the total rate of the

various channels (kt()t), the results of Dombrowsky et aL (1991) for the pyrolysis of

methanol behind shock waves and the early expression of Roth and Just (1985). Data on

the low temperature side consist essentially of the recent measurements of Oser et al.

(1992a, 1992b) on the 1 CH2 chnne1. Calculations on this reaction using unimolecular

rate theory have been performed by Tsang and Hampson (1986), Dean and

Westmoreland (1987) and by Green et al. (1990). The results of Dean and
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Westmoreland's calculations indicate that at normal pressures and not too high

temperatures the association channel into CH3 OH dominates. However, for

temperatures higher than about 1500 K, the CH2OH + H climmel becomes significant.

By contrast, based on the room temperature measurements of Hack et aL (1988a) on the

reverse of reaction (87), Green et cii. (1990) suggested that the 1CH2 channel dominates

under all conditions leading to a thain propagating character for this reaction. In order to

show the effect of the CH3 + OH reaction on flame models, Grotheer and Just (1993)

have calculated laminar burning velocities of premixed CU4-air flames by inserting rate

coefficients according to either Dean and Westmoreland (1987) or Green et al. (1990).

They showed that the computed burning velocity for a stoichiometric composition

varied from 36 cm/s to 49 cm/s when the data set of Dean and Wesimoreland (1987) and

Green et al. (1990) were used respectively. In the present mechanism, the rate constants

for the methanol channel are expressed in a pressure dependent form as suggested by

Baulch et al. (1994). Both reactions (86) and (87) were considered to be important at

high temperature conditions and their rate constants were obtained from the work of

Grotheer et al (1992). The rate constant of reaction (88) is estimated to be less than

1* 1010 m3/kmol-s (Dombrowsky et cii., 1991).

Two reaction channels are considered for the bimolecular recombination of methyl

radicals, they are,

CH3 + CH3	 = C2H5 +H
	

(83)

CH3 + CH3	 = C2H6	 (84)

Reaction (83) is a chain propagating channel due to the rapid decomposition of the ethyl

radical into CR4 + H. These reactions are responsible for the formation of C2 species

in methane flames. Both channels are pressure dependent and the rate constant

parameters for reaction (83) were originally obtained from the work of Stewart et aL

(1989) with the low pressure limit rate constant reduced by a factor of three as

suggested by Frenklach et cii. (1992). The rate constant parameters for the ethane

formation channel were obtained from Baulch et cii. (1994).
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Methylene radicals are produced in the combustion of acetylene and other

unsaturated hydrocarbons and play an important role as highly reactive intermediate

species. Their consecutive reactions with alkenes and alkynes contribute to the

formation of higher unsaturated hydrocarbons which eventually lead to soot (Homnn

and Schweinfurth, 1981; Homann and Wellmann, 1983b). Many of the distinct

properties of methylene arise from the existence of two low-lying electronic states, the

triplet electronic ground state and the singlet first excited state (hereafter they are

referred to as 3CH2 and 1 CH2 respectively). Both electron configurations exhibit

significantly different reactivities. Triplet methylene is generally believed to abstract an

H-atom from saturated hydrocarbon and to add non-stereospeciflcally to unsaturated

hydrocarbons (cf. Böhland etaL, 1985a, 1986a, 1986b). Both types of reactions exhibit

considerable activation energies. On the contrary, singlet methylene inserts into single

bonds and adds stereospecifically to multiple bonds without having to surmount

sizeable energy barrier (Böhland et al., 1985a; Hack et al., 1988a, 1989; Koch et al.,

1990).

Despite the fundamental importance of the above reactions experimental data on

the rates and products of specific elementary reactions of methylene are still very rare.

In the past decade a better picture of methylene kinetics at room temperature has

emerged through improvements in the sensitivity and time resolution of experimental

techniques. Significant contributions have come from a series of experimental studies

conducted by Wagner and co-workers. Absolute removal rates of 'CH 2 by inert gas

(Ashford et aL, 1981; Langford et al., 1983), saturated (Langford et al., 1983) and

unsaturated (Hack et al., 1988b, 1989) hydrocarbons and by some hydrogen containing

organic and inorganic compounds (Hack et al., 1988b) have been determined using LIP

detection of 1 CH2. Additional important information on the reactions was derived from

the direct observation of the ground state methylene formed by collision induced

intersystem crossings CISC) with the Laser Magnetic Resonance (LMR) absorption

technique (Böhland et al., 1985a). These experiments have yielded quantitatively the

contributions of ISC to the total removal of 'CH 2. Rate constants for the reactions of
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3CH2 with 0 atoms (Bohland et al., 1984a), H atoms (Bohland et al., 1987), 02

(Böhland et aL, 1984b; Bley et aL, 1992; Dombrowsky at al., 1992; Dombrowsky and

Wagner, 1992; Alvarez and Moore, 1994) and hydrocarbons (Débé etaL, 1985; Böh]and

et al., 1985a, 1986; 1986b, 1989; Kraus et al., 1993) have also been determined.

However, kinetic information at high temperatures have min1y been obtained through

indirect analysis of complex systems (Vinckier and Debruyn, 1983; Peeters and

Vinckier, 1975, Lohr and Roth, 1981; Frank et al., 1986b). Only recently has a direct

experimental measurement of the reaction between triplet methylene and molecular

oxygen at high temperature appeared (Dombrowsky et al., 1992; Dombrowsky and

Wagner, 1992).

The reaction of triplet methylene with the H atom has been suggested as the

primary source for CH radicals in hydrocarbon combustion (Homnn and Schweinfurth,

1981; Homairn and Wellmmm, 1983b),

3CH2 + H	 = CH	 + H2	(60)

Böhland and Temps (1984b, 1987) reported that this reaction is very fast at room

temperature with a rate constant of k = 1.6*1011 m3/kmol-s - close to gas kinetic

collision frequencies. HomRnn and WellmRnn (1983b) investigated the formation of 0,

CO, C3H4 and C4H2 in the C2H2/0/H system and reported a room temperature value of

k 5 * 1010 m3/kmol-s. In a study of CR4 and C2H4 flames, Peeters and Vinckier

(1975), concluded that reaction (60) proceeds with a rate constant near k = 1*1010

m3/kniol-s at temperature of 2000 K. Lohr and Roth (1981) used a value of k = 3* 1010

m3/kmol-s to model the H-atom concentration measured in C 2H2/N2O/Ar mixtures

behind shock waves at temperature between 1400 and 2000 K. From an analysis of the

measured H and CO profiles in a shock tube study of the thermal dissociation of ketene,

Frank et al. (1986b) inferred k (2400 K) = 8* 10 m 3/kmol-s. A RRKM calculation by

Zabarnick et aL (1986) based on their experimental data for the reverse of reaction (60)

reproduced the results of Böhland and Temps (1984) and they suggested a rate

expression which has positive temperature dependence. There seems to be a factor of 20
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uncertainty in the rate of reaction (60) between the low and high temperature

experiments. However, it has been suggested that reaction (60) may proceed via a

excited CH3 intermediate which can be stabilised at high pressures (Böhland et al.,

1987). At high temperatures, such as in the experiment of Frank et al. (1986a, 1986b),

the excited CH3 may decompose back to the reactants with a fast rate which resulted in

the apparent reduction in the forward rate of reaction (60). The rate constant suggested

by Boehiand and Temps (1984) was used in the present mechanism.

The reaction of triplet methylene with atomic oxygen has two product chRnnels,

3CH2 +0
	

= CO	 +2H
	

(61)

3CH2 + 0	 = CO	 + H2	(62)

From a computer simulation of the C2H2/O system at room temperature, Homann and

Schweinfurth (1981) obtained a rate constant of k = 5*1010 m3/kmol-s. Modelling

studies of the reaction 0+ C2H2 behind shock waves (Lohr and Roth, 1981) and ketene

decomposition in the presence of 0 atoms (Frank et al., 1986a) reported k (2000 K) =

1* 1010 m3/kmol-s and k (1900 K) = 8.9*109 m 3/kmol-s respectively. Böhland et al.

(1984a) measured the 3CH2 profiles directly for the above reaction at room temperature

and reported a rate constant k = (8.1 ± 3.0) *1010 m3/kmol-s. However, Frank et al.

(1986a) found it necessary to use a total rate of about 1.2* 10 11 m3/kmol-s and

branching ratio of k61/k62 = 2 to fit their measured profiles. This latter suggestion was

adopted in the present mechanism.

There are a number of thermodyn pmically available product chmnels for the

reaction between triplet methylene and molecular oxygen,

3CH2 + 02	 = CO	 +H20
	

(65)

3CH2 + 02	 = CO2 +2H
	

(66)

3CH2 + 02	 = CH2O +0
	

(67)

3CH2 + 02
	 CO2 +H2	 (68)

3CH2 +02	= CO	 +H
	

+ OH	 (69)
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The total reaction rate at low temperature has been measured to be about (1.93 ± 0.18)

*109 m3/kmol-s (Böhland eta!., 1984a, 1984b; Bley et al., 1992). A slight temperature

dependence of the rate constant was measured over the ranges 233-433 K (Bley et a!.,

1992) and 295-600 K (Vinckier and Debruyn, 1983), suggesting the presence of sm11

barrier (4.2-6.3 Id/mol) to the formation of the initial CH 202 adduct or to its

subsequent isomerization or fragmentation. Recently, Dombrowsky measured directly

the formation of 0 and H atoms (Dombrowsky et a!., 1992), OH radicals, CO and CO2

(Dombrowsky and Wagner, 1992) for this reaction behind shock waves for pressures

near 1 bar and temperatures from 1000 to 1800 K. A negative temperature dependence

was observed and the channels producing H, 0 and OH radicals account for less than

25 % of the total reaction rate. Moreover, their analysis suggested a total reaction rate at

1500 K which is 15 times slower than the extrapolation from low temperature data.

These findings are clearly significant. In terms of the product distribution, all

experimental data has indicated that CO and CO 2 are the major products. However,

there are discrepancies in the branching ratios between the various chpnnels.

Experiments at low temperature yield a CO:CO 2 ratio of about 1. On the other hand

Dombrowsky and Wagner (1992) determined CO:CO 2 ratio to be 4:1 by IR emission in

their high-temperature shock wave studies. Recently, Alvarez and Moore (1994)

determined quantitatively the absolute yields of principal C-containing products for the

above reaction at room temperature and reported a product ratio for CO:CO 2:CH2O to

be 0.34:0.40:0.16. Moreover, they suggested that the OH yield is comparable to the CO

yield. There seems to be significant uncertainties in the kinetics of the reaction between

the methylene radical and molecu]ar oxygen. Since the present interest is the flame

temperature kinetics, the total rate constant measured in high temperature was used

with the branching ratios as suggested by Dombrowsky and Wagner (1992).

The reactions between methylene and hydrocarbons are mainly complex

exothermic addition and decomposition reactions. Singlet methylene is removed very

efficiently by all unsaturated organic compounds (Böhland et a!., 1985a Hack et a!.,

1988b, 1989: Koch et cii., 1990). The removal is due to both chemical reaction and
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collision deactivation. The contribution of physical quenching to 'CH2 removal vary

between 20-30% of the total removal rate (Böhland et al., 1985a; Hack et al., 1988b,

1989). There are two types of chemical reactions for 1 CH2 which are known to be

insertion into C-H bonds and electrophilic addition to multiple C-C bonds. The

reactivity ratio of addition versus insertion per C-H bond is about 1 to 6 (Hack et al.,

1989). The addition of 1 CH2 to unsaturated hydrocarbons follows a concerted

mechanism which proceeds without energy bather and with a rate constant close to

collision frequencies (Hack et al., 1988a, 1988b, 1989: Koch et al., 1990). On the

contrary, triplet methylene add nonstereospecifically to the multiple bonds to form a

triplet biradical intermediate, in which rapid internal rotation precedes ring closure

(Bohland et al., 1986q, 1988b; Kraus et al., 1993). For both spin states in the high

pressure regime, the direct addition products are collisionally stabilised, whereas at low

pressures isomerisation and fragmentation reactions compete with the stabilisation for

the other product chRnnels.

For the combustion of C 1 -C3 hydrocarbons the major addition reactions occur

between methylene and acetylene to produce various C3 species. In the primary step

'CH2 adds to C2H2 and a highly energetic cyclopropene molecule is formed.

1CH2 + C2H2	 =	 c-C3H
	

(53)

1CH2 + C2H2	 = C3H3 +H
	

(54)

At high pressures the initially formed hot cyclopropene may isomerise to

methylacetylene and allene, which have both been found with relative yield of about 1

to 1.5 (Canosa-Mas et al., 1984; 1984b, 1985). At room temperature and pressures of

a few hundred mbars or below, C 3H3 + H are thought to dominpte (Hack et al., 1988;

1988b; Canosa-Mas et al., 1984a).

The primary addition product in the reaction between 3CH2 and C2H2 is a highly

vibrationally excited vinylmethylene biradical,

3CH2 + C2H2	 = CH2CH=CH*	 (74)
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The excited vinylmethylene may either redissociate back to the reactants, undergo C-H

fission to C3H3 + H, fragment to C3H2 + H2, be collisionally stabilized or isomerise to

cyclopropene which subsequently forms methylacetylene and allene. Experimental

measurement (Böhland et al., 1986b) has shown that this reaction has an activation

energy of about 30.7 kJ/mol. Therefore the addition reaction of 3CH2 is much slower

than that of 1 CH2 at room temperature. However, at flame temperature reactions of

both singlet and triplet methylene are fast and therefore of great importance.

The methylidyne radical, CH, is one of the most reactive radicals in the

hydrocarbon combustion systems. It is highly reactive with hydrocarbons and

participates in hydrocarbon oxidation (Butler et al., 1981; Berman et al., 1982b;

Messing et aL, 1981) and chemi-ionization processes (Vinckier, 1979). In addition, the

reaction of CH with N2 is considered as the niin source for the "prompt" NO in

combustion systems (Blauwens et al., 1977). As discussed above, the formation of the

CH radical is likely to be due to the reaction between 3CH2 and H atom. A number of

experimental investigations have been performed to elucidate the kinetics of the

reactions between the CH radical and stable molecules, i.e. N2, 02, CO and CO2

(Berman et al., 1982a; Becker et at., 1989), saturated (Butler et at., 1981) and

unsaturated (Butler et al., 1981; Berman et at., 1982b) hydrocarbons. However, most of

these experiments have been done for temperature below 700K. A summiy of the rate

constants for these reactions can be found in the review of Baulch et at. (1992) and a

factor of ten uncertainty is commonly accepted. A major interest of the present work

are reactions between the CH radical and hydrocarbon species. The reaction of CH with

an sillrmie may occur via the following two possible paths:

CH + RH	 =	 RCH2	 (insertion)

=	 CH2 + R	 (abstraction)

where R = H, CH3, C2H5......,n-C3H7 etc. The insertion process is very exothermic,

whereas the abstraction reaction is nearly neutral. It has been suggested (Butler et at.,

1981) that only triplet state CH2 is produced for most 1kne abstraction reactions.
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Because of the larger amounts of energy release in the insertion process, the alkyl

radicals thus formed beyond C are expected to undergo fragmentation reactions.

The reactions of CH with unsaturated hydrocarbons proceed via an addition

mechrniism in which CH adds to carbon-carbon double or triple bonds forming a three-

niemhered ring, followed by rapid ring-opening. For exwnple, the reactions

CH	 + C2H2	= cyclopropenyl = C3H2 + H	 (36)

CH	 + C2H 1	= cyclopropanyl = a-C3H4 + H	 (37)

may make significant contributions to the formation of C 3 species in C1-C2

hydrocarbon flames. Experimental investigations of the above reactions in the

temperature range 160-657 K (Berman et al., 1982b) have indicated that these reactions

are fast and proceed with near gas-kinetic rate constants. Negative temperature

dependences have also been observed (Berman et al., 1982b).

2.3 The C2 Mechanism

The key reactions for ethane consumption are the H-atom abstraction reactions to form

ethyl radicals,

C2H6 +H
	

C2H5 +H2
	 (174)

.C2H6 +0
	

C2H5 +OH
	

(175)

C2H6 + OH	 = C2H5 + H20	 (176)

The rates of these reactions exhibit substantial non-Arrhenius behaviour. The principal

reactions involving ethyl radicals are shown below.

C2H5 +02	= C2H4 +H02	(170)

C2H5 = C2H4 + H (172)

The thermal decomposition (172) of ethyl radical is in the falloff region in most typical

combustion environments (Warnatz, 1981). Rate constants for reactions (170) (172)
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were obtained from the compilation of Baulch et al. (1994), which also provides a

pressure dependent rate expression for reaction (172).

Reactions of ethylene with radicals fall into two general classes. One consists of

H-atom abstraction reactions,

C2H4 + H
	

=	 C.H3 +H2 	 (165)

C2H4 + OH	 = C2H3 + H2O	 (167)

However, the other fRmily of reaction involves the formation of an activated complex

followed by rearrangement and fragmentation,

C2H4 +0
	 = CH3 +CHO

	
(166)

Rate constant expressions for these reactions were obtained from the compilation of

Baulch et at. (1992).

Similrn to other ailcyl radicals, the consumption of the vinyl radical is min1y via

thermal decomposition and reaction with molecular oxygen.

C2H3
	

C2H2 +H
	

(157)

C2H3 + 02
	 CH2O + CHO

	
(161)

C2H3 + 02
	

C2H2 + HO2
	 (162)

The kinetics of the reaction between the vinyl radical and molecular oxygen has been a

subject of constant debate (Baldwin and Walker, 1981; Slagle et al., 1984; Westmoreland

1992). Early flame calculations assumed that the reaction products are C2H2 + HO2.

This assumption can lead to problems in predicting OH radical concentrations at

temperature below 1000 K, as shown by Westmoreland et at (1986) for C2H2/02

flames. Experiments by Baldwin and Walker (1981) and Slagle et at. (1984) have

indicated that CHO + CH2O are indeed the correct products. After noting production of

CH2O and an absence of C2H2 from C2H4 oxidation at 673 K and 500 Torr, Baldwin

and Walker (1981) proposed a mechanism of C 2H3 +02 addition, cyclization, and beta-

scissions to form CHO + CH2O. Slagle et at. (1984) measured rate constants and

conclusively established that C2H3 +02 formed CHO + CH2O at 297-599 K and 0.48-
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3.6 Torr He. Furthermore, HO2 was not observed, so any C2H2 + HO2 contribution to

the overall rate constant was suggested to be less than 10%. The overall rate constant

measured by Slagle et al. (1984) is pressure independent and is nearly constant with

temperature, k = (3.97 ± 7.8) *109 exp [(1.047 ± 0.42 kJ)/RT] m3/kmol-s.

Recently, Westmoreland (1992) has applied the Bimolecular Quantum-RRK to

predict rate constants of the various product chsrnnels of the reaction C 2H3 + 02 at

conditions of elementary reaction studies and of flames. All reaction chrninels were

assumed to proceed via a chemically activated adduct, C2H300*, which may isomerise

one or more times to other hot isomers before decomposing or being stabilised. At low

temperature and pressures, CHO + CH2O were predicted to be formed without thermal

intermediates and there was good agreement between the predictions and measured

reaction rates (Slagle et al., 1984). However, the calculations showed that the rate

constants of all reaction chminels decrease significantly at high temperatures, where the

adduct C2H300* reverts back to the reactants preferentially. Although the production

of CHO + CH2O is still the major reaction chRnnel up to 2000 K at 1 atm, the reaction

rate is 39 times slower than the linear extrapolations of Slagle's rate expression at this

temperature. As a result, it was suggested that direct H atom abstraction reaction could

domimte all clumnels at temperature above 1500 K. A upper limit of 4*108 m3lkmol-s

was suggested for this reaction.

Bozzelli and Dean (1993) have also conducted simllrn calculation for the reaction

C2H3 + 02. However, the predicted decrease in the total reaction rate with increasing

temperature is much less than the calculations of Westmoreland (1992). Moreover, they

suggested that the formation of vinoxy ( CH2=CH-O ) become an important channel at

high temperature. This new channel for the production of atomic oxygen might have

substantial effects upon model predictions under certain circumstances. Furthermore,

the vinoxy would be expected to quickly split off a hydrogen atom to form ketene. The

net effect of this chRnnel would be to convert one reactive radical, vinyl, to both 0 and

H atoms while also producing the reactive ketene species - leading to chain branching.
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Due to the substantial uncertainty related to the reaction between vinyl radical and

molecular oxygen, the product chRnnel and rate constant measured by Slagle et a!. (1984)

are used in the present mechnfrmi.

The H-atom abstraction reactions of acetylene are markedly endothermic and

therefore their rates are generally slow. As a result, the reaction with atomic oxygen is

the main consumption path for acetylene. However, it should be noted that these

reactions have been the object of speculation for a long time. There are two product

chsinnels for the reaction between acetylene and atomic oxygen,

C2H2 +0
	

= 3CH2 +C0
	

(142)

C2H2 +0
	

= CHCO +H
	

(143)

There is an extensive experimental literature on the above reactions both with regard to

absolute rate constants and probable products from the reaction (Fenimore and Jones,

1963; Hon,nn and Weflmrnm, 1983a Harding and Wagner, 1986; Peeters et al., 1986;

Schmoltner eta!., 1989; Michael and Wagner, 1990; Boullart and Peeters, 1992; Peeters

et a!., 1994). In most of the early work (Fenimore and Jones, 1963; Homann and

We11mrrn, 1983a), Cl!2 was reported to be the doniinnt product However, the ab

iniflo calculations by Harding and Wagner (1986) Indicated that the branching ratio of

the C2H2 + 0 reaction shows little temperature dependence and that it predominantly

leads to CHCO formation with k143/kt0t ^ 0.5. Several more recent investigations

support this view. From an indirect calibration of the CHCO concentration, Peeters et

al. (1986) deduced a ketyl yield of (62± 23) %, without temperature dependence

between 285 and 535 K, in close agreement with the earlier rough estimate of k142/k143

1 of Vinckier et a!. (1985). Frank et a!. (1986a) studied the product distribution of

the primary reaction in the temperature range of 1500 to 2500 K in shock tubes and

reported a channel fraction ki43/k 0 of 0.64± 0.15, regardless of temperature.

Schmoltner .et a!. (1989) concluded from their crossed molecular beam studies that

CHCO accounts for (58 ± 21)% of the reaction products. More recently, Michael and

Wagner (1990) deduced an even higher CHCO share of (80± 15) % at 900K to 1200K
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from the measured H production rate, while Boullart and Peeters (1992) and Peeters et

al. (1994) reported an CHCO yield of (85±6) % at 290 K based on a 3CH2 and 1CH2

analysis in C2H2/O/H systems. A branching ratio of k143/kt0t = 0.7 is adopted in the

present mechm,ism with the rate expression suggested by Michael and Wagner (1990).

The reaction between acetylene and the OH radical is also problematic. No

consistent set of rate coefficients, or even a clear determin ption of the dominmit product

channel, has emerged from experimental investigations at temperatures of direct interest

to combustion applications. Low-temperature measurements (Perry and Williamson,

1982; Hatakeyama et al., 1986) are doniinted by the pressure dependent addition

reaction, which is arguably insignificant under most combustion conditions. Almost all

high-temperature determinations are indirect, involving a complex analysis of flame

(Fenimore and Jones, 1963; Vandooren and Van Tiggelen, 1977; Bar-Nun and Dove,

1980; Warnatz et al., 1982; Smith et al., 1984) or shock tube (Kaiser, 1990) data.

Limited data from direct measurement of OH profiles have been obtained by Smith et al.

(1984) for temperature between 900 and 1300 K and various sets of products have been

proposed for the high-temperature reaction - although CH2CO + H and C2H + H2O are

the most prevalent. Miller and Melius (1988) used BAC-MP4 potential-surface

parameters and statistical-theoretical methods to calculate thermal rate coefficients for

the following product chminels,

(a) C2H2 + OH
	

C2H +H20
	

(144)

(b) C2H2 + OH
	

HOC2H+ H

(c) C2H2 + OH
	

CH2CO + H
	

(145)

(d) C2H2 + OH
	

= CH3 +CO

The results indicate that, in the absence of collisional stabilisation, the abstraction

reaction (a) and exchange reaction (b) are the dominant channels at high temperatures,

whereas the ketene channel is dominant at low temperature.
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Recently, Woods and Haynes (1992) have studied experimentally the formation of

C 1 and C2 hydrocarbon species in the post-flame zones of fuel-rich ethylene-air flames

at alniospheric pressures. These authors have suggested that ketene is the dominant

product of the reaction between acetylene and the OH radical and that the reaction is

effectively irreversible under post-flame conditions. Based on this study a rate constant

for the ketene production dwmel, independent of pressure, is estimated to be k =

1.1* 10 10 exp (-30 kJ/RT) m3/kmol-s. This expression gives a rate constant which is

four times faster than that suggested by Miller and Meius (1988) at 1500K.. This faster

rate was found to provide better agreement for ketene profiles in rich acetylene flames in

the present study. The H-atom abstraction reaction (144) is also included in the present

reaction mednism with the rate constant suggested by Baulch et al. (1992).

The reactions between ketene and other atoms or radicals, usually have many

different thermodynamically allowed product channel. Varying mechanisms and

products can arise depending on whether the CH2CO is attacked at the CH2 or at the

CO end. To date, only the kinetics and products of the reactions with 0, H and OH

radicals at room temperature appear to be more or less established. Little is know

quantitatively about the kinetics at temperatures relevant to combustion conditions. The

kinetics of CH2CO + H has been determined by Frank et al. (1986b) between 1650 -

1850 K by means of transition-state-theory calculations and through the use of the data

of Michael et al. (1979) obtained at 300-500 K.

CH2CO + H	 = CH3 + CO	 (150)

The deduced rate constant expression is used in the present mechanism. At flame

temperatures this expression give rates which are five times faster than the extrapolated

values from the expression obtained in the low-temperature experiments of Michael

etal. (1979).

The reaction between ketene and the 0 atom leads primarily to the formation of

3CH2 + CO2 . which account for about 60% of the observed products at room

temperature (Bley etal., 1990). In addition, ma11 amounts of CH2O + CO and CHO +
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CHO are also observed (Bley et al., 1990) . The methylene and formaldehyde formation

chmrnels are considered in the present mechanism.

CH2CO + 0	 = 3CH2 + CO2	 (152)

CH2CO ^ 0	 = CHCO+OH
	

(153)

The kinetics of the reaction CH2CO + OH at low temperature has been studied by

several groups (Brown et al., 1989; Oehlers et al., 1992; Gru3dorf et cii., 1994). Brown

et al. (1989) observed a negative temperature dependence over the temperature range

193-423 K and reported a value of k (296 K) = 2*1010 m3/kmol-s. Oehlers et cii. (1992)

has also investigated this reaction at room temperature and reported a rate constant of

k (296 K) = (7.2± 2.0)* 10 m3/kniol-s. More recently, a quantitative deterniinRtion of

the reaction pathways has been made by Gruf3dorf et al. (1994). This latter study

concluded that the formation of CH2OH + CO is responsible for more than 60% of the

consumption of ketene with OH at room temperature, 25% for the CH3 + CO2 chrniel,

and leaving a fraction of up to 15% for other minor reaction channels. In the present

mechanism only the product channel producing CH2OH + CO is included with rate

constant suggested by Baulch et al. (1992) which lies between the two limits for the rate

constants mentioned above.

CH2CO + OH	 = CH2OH + CO
	

(154)

It is likely that at high temperatures the addition of radicals to the carbon-carbon double

bond is secondary to abstraction of H-atoms. Abstraction reactions involving ketene and

leading to CHCO are also included in the present mechanism with rate constants

obtained from the work of Miller and Melius (1992).

CH2CO + H
	

CHCO + H2	 (151)

CH2CO + OH
	

CHCO + H2O
	

(155)

Very little is known to date about the elementary reactions of the ketyl radical. A

few indirectly obtained data have been reviewed by Warnatz (1984a). More recently,

direct investigations have been made by Peeters et al. (1986,1992) concerning the
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reactions with 0 and H atoms. The kinetics of these reactions has also been investigated

by Frank et al. (1 986b) in their shock tube study of the reaction C2H2 + 0. By

simulating the measured profiles of H and CO, the authors provided estimates of the

rates of reaction between ketyl and 0 and H atoms.

CHCO +H
	

= 1CH2 +C0
	

(129)

CHCO +0
	

= CO	 +CO +H
	

(130)

The rate constants suggested by Frank et al. (1986b) are used in the present mechanism.

Similrn to other alkyl radicals, the reaction of the ketyl radical with molecular

oxygen may also be important for ketyl consumption in environments where 02 is

present. However, there is only one direct measurement of this reaction - at room

temperature - reported in the literature (Temps et aL, 1992). A rate constant expression

for this reaction has been suggested by Baulch et al. (1992) for temperatures below

550K with an uncertainty factor of five. Two product chRnnels are postulated in the

present mechanism with rate constants equal to the upper limit suggested by Baulch et

al. (1992).

CHCO +02	 = Co
	

+C0 +OH
	

(132)

CHCO +02	 = Co2 +C0 +H
	

(133)

2.4 The C3 Mechanism

A number of reaction medirniisms have been published in the literature for the modelling

of pyrolysis and oxidation of propane (Warnatz, 1983; Westbrook and Pitz, 1984;

Dagaut et al., 1987), propene (Dagaut et al., 1986b, 1992; Wilk et al., 1989) and

propyne (Dagaut et al., 1990; Wu and Kern, 1987; Hidaka et al., 1989a). Although the

mechanisms are quite different in detail, the findings of these modelling studies provide

the basis for the development of a C 3 hydrocarbon chemistry model in the present

work.
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The thermal decomposition of propane is a major initiation reaction in the

combustion of propane,

C3H8	=	 C2H5 +CH3	(276)

The rate constant of this reaction has been studied by many groups (Simniie et al., 1982;

Chiang and Skinner, 1981; Al-Alami and Kiefer, 1983; Hidaka et al., 1989b). However,

the reported values are somewhat scattered. The major difficulties in the evaluation of

the rate expression for this reaction are caused by its pressure dependence and the

influence of secondary reactions. High temperature shock tube studies (Simmie et al.,

1982; Al-Alami and Kiefer, 1983) indicate that this reaction is in the falloff region for

flame conditions. Therefore a pressure dependent expression suggested by Baulch et al.

(1994) was used for reaction (276) in the present mechanism.

Hydrogen atom abstraction from propane occurs through radical attack on both

primary and secondary sites to produce n-propyl and iso-propyl radicals respectively.

Reactions with H, 0 and OH are generally the most important, with abstraction by

HO2, CH3 and other hydrocarbon radicals usually less significant. An important factor

in predicting the correct product distributions in propane combustion is to describe

accurately the relative rates of the production of the two propyl radicals. Overall, the

higher probability of abstraction of a secondary H atom is approximately balanced in

C3H8 by the greater number of primary H atoms, so the total rates of primary and

secondary H atom abstraction are nearly equal. For the reaction of propane with H

atom,

C3H8 +H
	

n-C3H7 + H2	 (277)

C3H8 +H
	

i-C3H7 + H2	 (278)

there is a variation of about a factor two for the overall rates suggested in the literature.

However, the branching ratio between reaction (277) and (278) varies from 0.44 (Dagaut

et al., 1992) to 3 (Westbrook and Pitz, 1984; Hidaka et al, 1989b) at 1600 K. From a

study of propane pyrolysis in a flow reactor at a temperature of 1100 K, Hautmn et aL

(1981) suggested an expression of 4.6*exp(1 360/1') for the ratio of n-propyl and iso-
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propyl formation. This provides a branching ratio of 1.8 at 1600 K. The rate

expressions suggested by Warnatz (1983) were adopted for reactions (277) and (278)

but with the rate constant of reaction (278) reduced to reproduce the branching ratio

suggested by Hautmsin et al. (1981).

The reaction of propane with OH radical has been studied experimentally by

Tullyetal. (1983, 1986),

C3H8 + OH
	

n-C3H7 + H20
	

(281)

C3H8 + OH
	

i-C3H7 + H2O
	

(282)

The experimental results indicate that at low temperatures the iso-propyl radical is the

dominsuit product. However, at temperatures above 1000 K, the formation of the n-

propyl radical was found to doniinte. The rate constants for reactions (281) and (282)

were adopted ñom Westbrook and Pitz (1984), who assumed an equal branching ratio

and fitted a non-Arrhenius expression to the data of Thily et al. (1983).

The abstraction reaction involving the methyl radical is important for propane

pyrolysis (Haulnianetal., 1981; Al-A1ni etal., 1983; HidakaetaL, 1989b)

C3H8 + CH3	 n-C3H7 + CH4	 (283)

C3H8 + CH3	 i-C3H7 + CH4	 (284)

There is a variation of about a factor 3 for the total reaction channel suggested in the

literature (Westbrook and Pitz, 1984; Hidaka et aL, 1989b;Tsang, 1991; Dagaut et al.,

1992). The rate constants used in the present mechanism were obtained from a recent

compilation of Tsang (1991).

The reactions of propyl radicals form a very important part of the overall reaction

mechanism for propane oxidation. Wamatz (1983) has shown that in ianiinRr propane-

air flames, the thermal decomposition of the propyi radicals are far more important than

reactions with 02. The thermal decomposition reactions of propyl radicals include,

n-C3H7	= C2H4 + CH3	(270)
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n-C3H7	 C3H6 +H
	

(-271)

i-C3H7	 C2H4 + CH3	 (274)

i-C3H7	 =	 C3H6 +H
	

(-275)

As discussed by Westbrook and Pitz (1984), the decomposition of iso-propyl radicals

essentially produces only H atoms and C3H6. By contrast, the decomposition of n-

propyl radicals leads predominmitly to the channel producing methyl radicals and

ethylene (270). Production of iso-propyl radicals has an overall effect of accelerating the

oxidation of propane because the H atom produced by the reverse of reaction (275) can

provide chain branching in the subsequent reaction with 02. This is in contrast to the

products of the major decomposition reaction of n-propyl radicals which are the

relatively less reactive C2H4 and CH3 . Reactions (271) and (275) were written in the

reverse direction as discussed below with rate constants obtained from a recent

compilation of Tsang (1991). The rate constants for reactions (270) and (274) were

obtained from the work of Westbrook and Pitz (1984) and Warnatz (1983) respectively.

A number of shock tube studies have been conducted to investigate the pyrolysis

of propene (Burcat, 1975; Yano, 1977; Kiefer et al., 1982; Rao and Skinner, 1989). The

results of these studies showed that there are two major product chRnnels for the

thermal decomposition reaction,

C3H6	 = C2H3 + CH3	 (247)

C3H6	 =	 a-C3H5+H
	

(248)

Although reaction (247) has generally been said to be the msiin initiating step, recent

work of Rao and Skinner (1989) has shown that both climinels have equal importance

for propene pyrolysis. It was also suggested (Rao and Skinner, 1989) that both

reactions are in the intermediate falloff region at high temperature conditions. Based on

available experimental data, Tsang (1991) conducted RRKM calculations for these

reactions and suggested temperature dependent falloff expressions for both reactions at

pressures of 0.1, 1.0 and 10.0 atm. The suggestions of Tsang (1991) were used in the

present mechanism.
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Reactions between propene and H atoms include both addition and abstraction

chminels,

C3H6 + H	 =	 n-C3H7	(271)

C3H6 + H	 =	 i-C3H7	 (275)

C3H6 + H	 =	 a-C3H5	(251)

C3H6 + H	 =	 s-C3H5	 (252)

C3H6 + H = t-C3H5 (253)

Above 1000 K, both addition reactions have nearly the same rate, although some studies

(Wamatz, 1983; Westbrook and Pitz, 1984; Tsang, 1991) indicate that the activation

energy of reaction (275) is 4-8 kJ/mole smaller than for reaction (271). Since n-C3H7

does not produce C3H6 + H in appreciable quantities through reaction (-271), as

discussed above, the sequence of reactions (-275) and (271) is equivalent to an

isomerisation reaction between iso and n-propyl radicals. Three C3H5 isomers were

considered in the present mechanism as the products of abstraction reactions from

propene. They are allyl (CH2CHCH2), 1-methyl vinyl (CH3CCH2) and 2-methyl vinyl

(CH3CHCH) radicals which are coded as a-C3H5, t-C3H5 and s-C3H5 respectively. The

rate constants for abstraction by H atoms (reactions (251)-(253)), by OH radicals

(reactions (258)-(260)), and by CH3 radicals (reactions (264)-(266)) are those estimated

by Tsang (1991).

Propene also reacts with 0 atoms through addition reactions

C3H6 ^ 0	 = C2H5 + CHO	 (255)

C3H6 + 0	 = C2H4 + CH2O	 (256)

C3H6 + 0 = CH3 + CH3 + CO (257)

The rate constants for these reactions were obtained from a recent modelling study of

propene oxidation by Dagaut et al. (1992).
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The ally! radical has a resonance-stabilised structure and is more thermally stable

than other alkyl radicals. It is often present at significant concentrations both in flames

and in high-temperature pyrolysis processes (Edelson and Allara, 1980; Westbrook and

Pitz, 1984). Detailed experiments (Baldwin et al., 1990; Slagle et al., 1990b; Tsang and

Walker, 1992) have confirmed that the allyl radical resists pyrolysis as well as high-

temperature oxidation by molecular oxygen - the two processes that account for most

of the loss of unsaturated free radicals under combustion conditions. In consequence,

radical-radical reactions have been suggested to be important sinks for allyl radicals in

combustion processes (Westbrook and Pitz, 1984; Wilk et al., 1989). However, the

kinetics of these reactions is largely unknown. It is only recently that studies of the

reactions of ally! radicals with 0 atom and HO2 radical have been reported (Baldwin et

al., 1990; Slagle et al., 1990b). The reaction between the ally! radical and the 0 atom has

been studied over the temperature range 300-600 K by Slagle et al. (1990b). They

reported a temperature and pressure independent rate constant of k = (1.8 ± 0.6)* 1011

m3/kmol-s and concluded that acrolein (C 3H40) was the only product of this reaction.

In the present mechrniism acrolein was assumed to break up quickly to form C 2H3 and

CHO under combustion conditions.

a-C3H5 + 0
	

= C2H3 + CHO + H	 (224)

Baldwin et al. (1990) studied the decomposition of 4,4-dimethylpentene-1 in the

presence of 02 in the temperature range 650-800 K and obtained a rate constants of k =

(5.3 ± 0.7) *109 m3/kmol-s for the reaction between ally! and HO 2 radicals. For the

reaction with 02 a rate constant of k = (1.35± 0.30) *104 m3lkmo!-s was suggested at

753 K with an activation energy of 75 kJ/mo!. The pre-exponential constant was

obtained by fitting these parameters with an Arhenius expression.

a-C3H5 + HO2	 C2H3 + CH2O + OH
	

(226)

a-C3H5 + 02
	 C2H2 + CH2O + OH

	
(227)

The decomposition of C3H5 radicals to form allene and propyne may become

important at high-temperature combustion conditions. Wagner and Zeilner (1972a,
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1972b) have determined the mechanisms and rate expressions for hydrogen atom

addition to allene and propyne in an isothermal flow reactor over the temperature and

pressure ranges of 273-473 K and 1-20 Torr. They suggested four different reactions

which result from H atom attachment to either the terminal or nontermimil carbon aton,j

in allene and propyne.

a-C31L + H
	

=	 t-C3H5	 (195)

a-C3Ij + H
	

=	 a-C3H5	 (196)

p-C3H4 + H
	

=	 t-C3H5	 (209)

p-C3H4 + H = s-C3H5 (210)

The rate constants for H-atom abstraction from C 3H5 by H, CH3, C2H3 and C2H5 were

obtained from the modelling studies of Dagaut et al. (1992).

A major feature of the kinetics of C3H4 is the fast isomerisation between allene

and propyne. This isomerisation reaction is faster than the decomposition of C 3H4 at

combustion temperatures (Wu and Kern, 1987; Hidaka et al., 1989a). A complex

c1innel involving cyclopropene (c-C3H4), propyne = cyclopropene = allene, was

considered in the present mechanism,

c-C3114	=	 a-C3}1
	

(207)

c-C3H4 	 =	 p-C3H4 	 (208)

and the high-pressure rate expressions calculated by Karni et al. (1988) were used.

The pyrolysis of allene and propyne in shock tubes have been studied by several

groups (Lifshitz et al., 1976; Wu and Kern, 1987; Hidaka et al., 1989a). The

decomposition of allene and propyne occurs mainly through C-H bond cleavage to form

C3H3 + H,

a-C3}L1 + M
	 = C3H3 +H

	
+M	 (206)

p-C3R4 + M
	

= C3H3 +H
	

(222)
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The rate constants of these reactions were obtained from Hidaka et al. (1989a). The

abstraction reactions of C 3B by H atoms can be important for fuel-rich combustion.

a-C3H + H
	

C3H3 + H2
	 (197)

p-C3H4 + H
	

C3H3 + H2
	 (211)

However, there are no direct measurements of these reactions. All of the rate constants

reported in the literature (Wu and Kern, 1987; Hidaka et al., 1989a) were estimated by

computational analysis. A recent suggestion by Kern et al. (1995) was used for these

reactions. The reactions of C3H4 with OH radicals are either addition or abstraction,

whereas the reactions with 0 atoms are mainly addition channels. The rate constants

and product channels of these reactions were obtained from the modelling studies of

Dagaut et al. (1992).

Information on the elementary reactions of minor C3 species (C3H3, C3H2 and

C3H) are scarcely available. Many of their rate constants have to be estimated. Simibir

to the aflyl radical, propargyl (C 3H3) is a resonance-stabilized radical. Kinetic studies of

the reaction of propargyl with 02 and 0 atoms have been reported by Slagle et al.

(1986, 1990a). These authors concluded that propargyl is relatively stable, reacts only

slowly with molecular oxygen and resists pyrolysis. At temperatures above 350 K,

Slagle and Gutmii (1986) concluded that a cyclic rearrangement of the initial adduct of

the reaction between propargyl and molecular oxygen leads to the formation of ketene

and the forniyl radical,

C3H3 + 02
	 = C2H20 + CHO

	
(187)

The kinetics of the reaction between propargyl radical and atomic oxygen has been

studied in the temperature range 295-750 K (Slagle et al, 1990a). A temperature and

pressure independent rate constant of k = 1.38* 10 11 m3/kmol-s was reported and

propynal has been suggested to be the product of this reaction,

C3H3 +0
	

= C3H20+H
	

(185)

The consumption paths of propynal include its thermal decomposition and reactions

with 0 and OH. The rate constant for the decomposition reaction is obtained from the
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work of Stafast et al. (1985), whereas the parameters for reactions (189) and (190) are

estimated.

C3H20
	

C2H2 + CO
	

(189)

C3H20 + 0
	

CHCO + CHO
	

(190)

C3H20 + OH
	

CH2CO + CHO
	

(191)

Abstraction reactions of propargyl by H and OH may lead to the formation of

singlet cyclopropenylidene, c-C3 H2. This cyclic species has been predicted as the

global minimum on the C3H2 potential energy hypersurface (Jonas et al., 1992). Rate

constants of these abstraction reactions are those estimated by Miller and Melius

(1992). Decomposition reactions of C3H3 and c-C3H2 are also considered in the

present study with rate constants of these reactions as estimated by Kiefer and

Kumaran (1993).

c-C3H2 + M	 = C3H + H	 + M	 (183)

C3H3 + M = c-C3H2 + H + M (188)

Peeters et al. (1994) studied the formation of C2H in the oxidation C2H2 by 0 atoms

and suggested that 0-attack of C3H and c-C3H2 are the major C2H formation paths in

those systems,

C3H +0
	 = C2H +CO

	
(177)

c-C3H2 + 0	 = C2H + CO + H	 (180)

Reactions with OH and 02 are also considered for the consumption C3H2 and C3H with

estimated rate constants.

2.4 Higher Hydrocarbon Formation

The presence of unsaturated radicals such as C2H, C2H3, C3H3, C4H3, C4H5 and their

reactions with alkenes and alkynes has been suggested to be responsible for the

formation of higher aliphatic and aromatic hydrocarbons in the oxidation zone of fuel-
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rich flames (Bittner and Howard, 1981; Cole et al., 1984). In the present mechanism

reactions are included to account for the formation of various C 4-05 species and

benzene.

Studies on the pyrolysis of acetylene have shown that diacetylene is the major

product of these processes (Colket, 1986; Kiefer et al., 1988; Kern et cii., 1990). Both

molecular (Kiefer et al., 1988; Durán et cii., 1988) and fragment chain (Colket, 1986;

Benson, 1989) mechanisms have been proposed, but neither seems consistent with all of

the data. Recently, a review paper by Kiefer and Von Drasek (1990) summprised the

earlier results and proposed a mechanism based on the work on vinylacetylene (Kiefer et

al., 1988). The first step involves isomerization of acetylene to vinylidene (:CCH2)

followed by the insertion of vinylidene into the C-H bond of C2H2 forming an excited

vinylacetylene, C4H4*, which may be stabilised or decomposes to form i-C4H3 or

C4H2. In the present meclumism only the decomposition chRnnels are considered, while

the formation of C4H4 is taken care of through the recombination reaction of C4H3 + H.

C2H2 + C2H2 	n-C4H3 + H
	

(285)

C2H2 + C2H2 	i-C4H3 + H
	

(286)

C2H2 + C2H2 = C4H2 + H2 (287)

At high temperatures ethynyl radicals are formed via H-atom abstraction reaction from

acetylene,

C2H2 + H	 = C2H + H2 	 (-124)

Addition of C2H to a triply bonded C atom is a very exothermic process which lead to

the formation of various polyacetylene,

C2H + C2H2	 = C4H2 +H
	

(292)

C2H + C4H2	 = C6H2 +H
	

(293)

C2H + C6H2 = C8H2 + H (294)

Bimolecular reactions between acetylene and polyactylene were also considered in the

present mechniRm to produce both atomic and molecular hydrogen, e.g.,
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C2H2 + C4H2 	 = C6H2 + H2	(302)

C2H2 + C4H2 	 = C6H2 + H	 + H	 (303)

The mechanism and rate constants for the reactions involved in acetylene pyrolysis

were tmin1y obtained from the work of Kiefer et al. (1992).

Several addition reactions of radicals to acetylene were also considered,

C2H2 + CH3	 = p-C3H4+H
	

(192)

C2H2 + CH3	 =	 a-C3H5	 (193)

C2H2 + CH3	 =	 s-C3H5	 (194)

C2H2 + C2H3	 =	 (1,3)-C4H5	 (323)

C2H2 + C2H3	 = i-C4H5	 (324)

C2H2 + C2H3	 = C41L1+H
	

(325)

C2H2 + C3H3	 =	 l-05H5	 (448)

C2H2 + a-C3H5 = c-05H6 + H (431)

All the above reactions proceed through the formation of energised adducts. The

products of these reactions depend on the fate of the energised adducts, whether they

are stabilised, decompose to smaller fragments, or isomerise to a different structure.

Hence, the effect of pressure on the overall rates and product distribution of these

reactions may be quite prevalent. The reaction C 2H2 + CH3 has been studied

theoretically by Dean and Westmoreland (1987) and Diau et al. (1994). Both groups

concluded that at low temperatures (300-5 00 K), the reaction was dominated by the

pressure-dependent addition-stabilisation process producing CH3CHCH. However, at

temperatures greater than 1400 K, the decomposition reaction forming p-C 3H becomes

dominsnt, while the stabilisation clisnnels diminish rapidly with increasing temperature.

The rate constant for the p-C3H4 formation channel estimated by Diau et al. (1994) is

about eight times higher then the estimate of Dean and Westmoreland (1987) at 2000 K.

The faster rate is in agreement with those obtained experimentally by Hidaka et al.
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(1990) over the temperature range 1400-2000 K. The rate expressions suggested by

Diau et al. (1994) was therefore used in the present mechanism. The rate constant of the

reaction C2H2 + C2H3 have been measured by Fabr and Stein (1988) over the

temperature range 1000-1330 K. Recently, Wang and Frenldach (1994) studied the

pressure effect on this reaction using RBXM theory. Both studies showed that the

formation of vinylacetylene is the dominmit chrnrnel at high temperatures. The rate

expressions estimated by Wang and Frenklach (1994) were used in the present work.

Similarly, the adduct of the reaction C2H2 + a-C3H5 is expected to decompose rapidly

at high temperatures to form cyclic-05H6 with rate constant obtained from the

compilation of Tsang (1991). There are no suggestions in the literature for the reaction

C2H2 + C3H3 . However, the decomposition channel to form 1-05H4 + H is

endothermic. Therefore, stabilised l-05H5 was assumed to be the product with rate

constant equal to the estimates of Diau et al. (1994) for the stabilisation chnne1 of the

reaction C2H2 + CH3 at 1500 K.

Following the work of Miller and Meius (1992), radical-radical reactions between

C3H3, c-C3H2, 3CH2, and CH were also considered to be contributing to the formation

of C4 hydrocarbons,

c-C3H2 + 3CH2	 i-CH3 + H
	

(288)

C3H3 + CH
	

n-C4H3 + H
	

(289)

C3H3 + CH
	

i-C4H3 + H
	

(290)

C3H3 + 3CH2	= C4R + H	 (291)

There are several pathways leading to the formation of the various C4H6 isomers,

C3H3 + CH3	 =	 (1,2)-C4H6	 (337)

C2H3 + C2H3	 =	 (1,3)-C4H6	 (343)

'CH2 + p-C3IL
	

=	 c-C4H6	 (353)

The product of singlet methylene addition to methylacetylene is specified as 1-methyl-

cyclo-propane. This compound quickly isomerises to form (1,2)-C4H6 and (1,3)-C4H6,
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c-C4H6 	 =	 (1,3)-C4H6 	 (354)

c-C4H6 	 =	 (1,2)-C4H6 	(355)

The rate constants of these reactions were those suggested by Hopf et al. (1985).

There are only a few experimental investigations of the kinetics of high

temperature combustion of butadiene. Cole et al. (1984) studied the flame structure of

stoichiometric and near-sooting premixed flat flames of 1 ,3-butadiene at pressure of

2.67 kPa. Species concentration profiles of 1,3-butadiene oxidation and pyrolysis at

1100 K in a flow reactor were measured by Brezinsky et al. (1984). Studies of the

kinetics of high temperature pyroiysis of 1,3-butadiene and 1,2-butadiene in shock

tubes were also reported by Kiefer et cii. (1985) and Kern et al. (1988) respectively.

Recently, Hidaka et al. (1993) has also studied the isomerisation and decomposition of

2-butyne in shock waves. Although there are lack of information on the high

temperature elementary reactions of butadiene, the results of these previous

experimental studies provide the basis for assembling the mechanistic property of

butadiene oxidation. Recently, Lindstedt and Skevis (1995) have made significant

progress in modelling the structures of premixed butadiene flames (Cole et aL, 1984).

The mechanistic findings of the lattei investigators are used in the present mechsmism.

The molecular structure of 1,3-butadiene is similar to ethylene with two double

bonds available at the termit1l carbons. Consequently, the reactions of 1,3-butadiene

with radicals can proceed through addition and abstraction. Radical attack may occur at

either the terminal or central carbon atoms to produce (1,3)-butadieneyl and 1-

butadieneyl radicals respectively. However, Cole et cii. (1984) has argued on the basis of

entropy considerations that H-atom abstraction by H tmthtly occur at the terminal

carbon. Presumably, a similar path is also likely for the reaction with OH radical.

Therefore, in the present mechanism 1,3-butadieneyl radical is assumed to be the

product of H-atom abstraction from 1,3-butadiene. The addition of H atom to the

double bond of 1,3-butadiene produce an excited C4H7* which decomposes readily to

C2H3 and C2H4.
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(1,3)-C4H6 +	 H
	

=	 (1,3)-n-C4H5 +	 H2	 (345)

(1,3)-C4H6 + H
	

=	 C2H3	 + C2H4	(346)

(1,3)-C4 H6 + OH = (13)-n-C4H5 + H20 (348)

The rate constant of the addition reaction (346) was the suggestion of Kiefer et al.

(1985). The rate parameter of the abstraction reaction (345) was calculated by

Weissmen and Benson (1988). Liu et at. (1988) measured the absolute rate constants for

the reaction of OH radical with 1,3-butadiene at pressure of 1 atm over the temperature

range 305-1173 K. They concluded that the reaction at low temperature proceeds

through addition. However, at high temperatures, the abstraction reaction is suggested to

take place with increasing importance with an upper limit of about twice the predicted

rate for H-atom abstraction from ethylene. In the present mechanism reaction (348) is

assumed to have the same rate parameter for the reaction between ethylene and OH

radicaL

Experimental evidence (Brezinsky et at., 1984; Adusei and Fontijn, 1993) have

shown that the reaction of 1,3-butadiene with 0 atom primarily proceeds via an

addition channel,

(1,3)-C4H6 +	 0	 =	 C4H6O
	

(347)

A triplet biradical is formed initially by the addition of the oxygen atom to the terminal

carbon atom. Subsequent isomerisation of the biradical by 1,2-hydrogen shift produce

the stable 3-butenal. The 3-butenal is expected to react in a way characteristic of

aldehydes. In the presence model it is assumed to decompose quickly forming propene

and CO.

C4H60
	

= C3H6 +CO
	

(356)

The existence of a methyl group in the molecular structure of 1 ,2-butadiene

enables the estimation of the oxidation characteristic to be made by analogy to the

reactions of ethane or propene. Radical attacks are assumed to occur msin1y on the

methyl group to abstract an H-atom to produce the 1,2-butadienely radical. Rate
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constants for the abstraction reactions are estimated to be half of the corresponding

reactions of ethane. The addition of H atom to 1,2-butadiene may also occur to produce

allene and the methyl radical with rate constants similar to that of 1,3-butadiene.

(1,2)-C4H6 +	 H
	

=	 CH3	 +	 a-C3B	 (339)

(1,2)-C4H6 +	 H
	

(1,2)-C4H5 +
	

H2	 (340)

(1,2)-C4H6 +	 OH
	

(1,2)-C4H5 +
	

H20	 (341)

Three isomers of the butadieneyl radical are considered in the present mechanism.

The heats of formation of these isomers decrease in the order (1 ,3)-C 4H5 > i-C4H5>

(1,2)-C4H5 . Isomerisation between these species were assumed to occur via 1,3-

hydrogen shift with rate constants estimated from the work of Kern et al. (1988) and

Wang and Frenklach (1994).

(1,2)-C4B5	 =	 (1,3)-C4H5	(329)

(1,3)-C4J15	=	 i-C4H5	(333)

Similar to other unsaturated radicals, butadieneyl radical may decompose through C-H

bond scission to form vinylacetylene. Rate constants for these decomposition reaction

are those estimated by Miller and Meius (1992). The 1,3-butadieneyl also decomposes

by C-C bond fragmentation, via the reverse of reaction (323), to produce C 2H3 and

C2H2.

(1 ,2)-C4H5	 =	 C4H4 +H
	

(326)

(1 ,3)-C4H5	 =	 C4H4 +H
	

(330)

i-C4H5	 =	 C4H4 +H
	

(334)

Since there are no directly measured kinetic data for the reactions of

vinylacetylene with H and OH radicals, the kinetics of these reactions have to be

estimated by analogy. Radical attack is assumed to occur at the terminal carbon, similar

to the reactions of 1 ,3-butadiene, to produce n-C4H3. These reactions are assumed to

have rate constants identical to that for the abstraction from C2H4.



n-C4Ji3

n-C4H3 + H

n-C4H3 + OH

i-C4H3

i-C4H3 + H

(309)

(310)

(311)

(313)

(314)

C4H2 +H

C4H2 + H2

C4H2 + H20

C4H2 +H

C4H2 + H2
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C4H4 + H	 = n-C4H3 + H2	(319)

C4}14 + OH = n-C4H3 + H20 (321)

The experimental study of Homnn and Wellmrnn (1983a) has indicated that 0 atom

primarily adds to the triple bond of vinylacetylene to produce allene and carbon

monoxide and their rate constant measured in the temperature range 300-1300 K has

been adopted.

C4H4 +0	 =	 a-C3}] + CO
	

(320)

Isomerisation between n-C4H3 and i-C4H3 is assumed to occur by internal 1,2-

hydrogen shift with rate constant similar to that of the isomerisation of butadieneyl

radicals. Thermal decomposition of these radicals and reactions with H and OH radicals

lead to the formation of diacetylene (C4H2). Rate constants of these reactions are those

estimated by Miller and Meius (1992).

i-C4H3 + OH	 =	 C4H2 + H20	 (316)

The reactions of C4H2 with the 0 atom and OH radical proceeds via addition channels.

Horrnrnn and WellnlRnn (1983a) have measured the rates of the reaction between C4H2

and the 0 atom in the temperature range 300-1300 K. Their results showed that the

adduct mainly decomposes to form CO and C3H2. The rates of reaction of the OH

radical with C4H2 over the temperature range 296-68 8 K have been measured by Perry

(1984). The results of the latter experiment indicated that the rate of reaction between

OH radical and C4H2 is significantly slower at elevated temperatures than earlier

estimates (Warnatz, 1984a).
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Many mechanisms have been suggested for benzene formation from smaller

hydrocarbons in flames (Cole et al., 1984; Bastin et al., 1988; Westmoreland et aL,

1989) and in pyrolysis processes (Coilcet, 1986; Frenklach et al., 1984). The

recombination reactions of C2 and C4 species and the subsequent cyclisatic'n of the

adducts have been favoured in the past to account for benzene formation. However, a

recent modelling study by Miller and Melius (1992) of a fuel rich C2H2/02/Ar flame

showed that the concentrations of the C4 species relevant to benzene formation are too

low to be effective. On the other hand, the outstanding work of Alkemade and HomRnn

(1989) on benzene formation by the propargyl radical seif-recombination has heightened

the interest of the combustion community in this process as probable major source of

"the first aromatic ring" in the combustion of hydrocarbons. The significance of the C3

recombination path is also supported by the high concentrations of propargyl radical

observed in fuel rich flames (Cole et al., 1984; Westmoreland et al., 1989). In the present

mechanism all these various paths are included to access their relative importance in

different conditions. Moreover, a benzene oxidation scheme recently validated by

Lindstedt and Skevis (1995) is also included to provide reasonable benzene

consumption paths.

A tabulated snmmary of hypothesised reactions has been given by Westmoreland

et al. (1989). The potentially important C2/C4 paths are the following,

n-C4H3 	 +
	

C2H2 =

n-C4H3 	 +
	

C2H2 =

n-C4H3	 +
	

C2H2	=

n-C4H3 	 +
	

C2H2 =

C4H4 	 +
	

C2H3 =

C4H4 .	 +
	 =

(1 ,3)-C4H5 +	 C2H2	 =

(1,3)-C4H5 +	 C2H2	 =

(1,3)-C6H5

C6H5

l-C6H4 + H

C6H+H

1-C6H7

(1,2,4,5)-C6H6 +

l-C6H7

C6H7

(362)

(363)

(364)

(365)

(366)

H	 (367)

(368)

(369)
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(1,3)-C4H5 +	 C2H2	 =	 (1,3)-C6H6	 +	 H	 (370)

(1,3)-C4H5 +	 C2H2	 =	 C6H6	 +	 H	 (371)

In the present mechpnism only the association reactions of the n-isomers of C4H3 and

C4H5 radicals are considered to be effective for ring closure. Because the linear adducts

foxmed by the association reactions of other isomers have two hydrogen atoms on a

single carbon, thus requiring H-atom transfer to take place before or during cyclisation.

Kinetically this imposes extra energy barriers for the cycisation reactions. The l-C6H7

is a linear species which can cyclise to form cyclohexadienyl and produce benzene by

subsequently splitting of one H atom.

l-C6H7	=	 cyclohexadienyl	 (-430)

cyclohexadienyl	 =	 benzene + H	 (-429)

Similarly, the linear (l,3)-C 6H5 formed in reaction (362) also cydlises to form phenyl

radical directly,

(1 ,3)-C6H5	=	 phenyl
	

(-388)

Alkemade and Honinn (1989) studied the self-recombination reaction of the

propargyl radical and found l,5-hexadiyne (CHCCH2CH2CCH), l,2,4,5-hextetraene

(CH2CCHCHCCH2), and l,2-hexadien-5-yne (CH2CCHCH2CCH) as the primary

products, benzene and 1,3-hexadien-5-yne (CH2CHCHCHCCH) were observed as

consecutive products. The formation of the primary linear C6H6 species according to

the various possible recombination paths of the propargyl radical are listed below.

CH2CCH + CH2CCH = CH2CCHCH2CCH
	

(358)

CHCCH2 + CH2CCH = CHCCH2CH2CCH
	

(359)

CH2CCH + CHCCH2 = CH2CCHCHCCH2	 (360)

The rate constants of these reactions were obtained from the work of Alkemade and

Homann (1989) with an equal branching ratio between the three product channels. The

above recombination reactions are extremely exothermic with heats of reaction of more

than 260 U/mole. Therefore the chemically activated linear C 6H6 species have sufficient
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energy to enable internal rearrangement which may eventually lead to the formation of

benzene. Stein et al. (1990) studied the subsequent unin,olecular reactions of 1,5-

hexadiyne. They observed the formation of 1 ,2-dimethylenecyclobutene, fulvene and

benzene. More recently, Meius et al. (1992) have applied the quantum chemical BAC-

MP4 methods to investigate the reaction pathways and rate constants involved in the

miniolecular rearrangement of C6H6 species. Their computational results show that the

availability of concerted reaction mechanisms involving ringed transition state structures

provide low-activation-energy pathways for the cyclisation of linear C6H6 isomers.

Based on the work of these authors a series of isomerisation steps are assembled in the

present mechanism to account for the formation of benzene as shown below.

(395)

(396)

(397)

(398)

(399)

(400)

(401)

(402)

(403)

(1,5)-C6H6

(1 ,2,4,5)-C6H6

(1 ,2,4,5)-C6H6

1,2-dimethylenecyclobutene

(1 ,2)-C6H6

(1 ,2)-C6H6

fulvene

(1,3)-C6H6

fulvene

(1 ,2,4,5)-C6H6

1,2-dimethylenecyclobutene

fulvene

fulvene

flilvene

(1,3)-C6H6

(1 ,3)-C6H6

benzene

benzene

The rate constant expression of reaction (395) is that suggested by Stein et al. (1990),

while the rate coefficients for reactions (398) and (403) are those estimated by Melius

et al. (1992). Energy barriers for the rem pining isomerisation reactions are equal to the

transition states calculated by Melius et al. (1992). The pre-exponential factors of

reactions (396), (397), (399) and (402) are assigned a value of 5*1011 which is typical

for this type of Cope-rearrangement reaction (Meius et aL, 1992; Hopf et al, 1993).
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339.13
3224
32.87

7.58
339.13

C6H13

C6H13

C5H11

472.
473.

474.
475.

118.50

104.67
118.90
120.58

C5H11+C6H3

C1H2+H2

C11H+OH

C11H+H2O

C6H13

CH6 + n-C3H7

C2H + C4R9

C2H+n-CH

CH+C2H5

No.

467. c11H24

468. C11H24+H

469. C11H24+O

470. C11H24+OH

471. C11H23

• A	 a

•m,kmo1.s1

	

3.160E+16	 0.00

	

1.000E+11	 0.00

	

1.670E+10	 0.00

	

1.430E+06	 1.02

	

3.160E+16	 0.00

	

1.600E+13	 0.00

	

2.000E+13	 4.61

	

3.200E+13	 0.00

	

2.500E+13	 0.00
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2.5 Undecane Pyrolysis mechanism

Most practical fuels are made up of high molecular hydrocarbons which contain more

than 7 carbon atoms. Fuels containing aromatic compounds are also in common use. It

has been attempted in the present work to model the combustion characteristics of

kerosene, a typically aviation fuel. The chemical composition of kerosene contains both

aliphatic and aromatic compounds. The aliphatic components are made up of

hydrocarbons which have 10 to 13 carbon atoms. As a simplification it is assumed that

undecane (CiiH) is a representative aliphatic compound for kerosene. Limited kinetic

information is available for the combustion of endecane. However, high molecular

hydrocarbons are mainly consumed by pyrolytic reactions under diffusion flame

conditions and the correlation proposed by Warnatz (1984b) and Westbrook et al.

(1988c) has here been extrapolated to endecane. Therefore several global reaction steps

with estimated rate constants are assembled to describe the consumption of endecane. A

list of these reactions and their rate constants can be found in Table 2.3.

Table 2.3
Reactions for the Consumption of Endecane
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2.6 Summary

The major features of the detailed reaction mechanism developed in the present work

have been discussed in this chapter. After an extensive literature survey, it has been

found that there are still significant uncertainties for some reactions which are crucial for

the modelling of C1-C3 hydrocarbon combustion. This is mainly the case for the

addition reactions involving ailcyl radicals and molecular oxygen reactions, as well as for

those between unsaturated hydrocarbons with 0 and OH. The various product channels

suggested in the literature and the error bounds of the rate constants for these reaction

have also been discussed. The impact of these uncertainties on the quality of modelling

results will be investigated in following chapters.

A reaction mechanism for the modelling of C 4-C6 species formation from m11

hydrocarbon fuels has also been discussed. The formation of C 4 species from the

addition reactions of unsaturated stable species and radicals are included in the present

mechanism. Isomerisation reactions between the various possible C4 isomers have been

considered. Various possible benzene formation paths from the recombination of

unsaturated C2-C4 species are included in the present mechanism. In particular, an

account for the milmolecular rearrangement of the linear C6H6 species to benzene has

been given4
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Chemical Kinetic Modelling of Laminar
Flames

3.1 Introduction

Validation forms a central part in the development of models for combustion processes.

The viability of using the structure and propagation speed of one-dimensional planar

flame for the study of flame kinetics has been firmly established by a number of

researchers, i.e. Warnatz (1981), Westbrook and Dryer (1984) and Miller et al. (1982).

By comparing the experimental results with the numerically calculated values obtained

by a given chemical kinetic data set, and through appropriate applications of sensitivity

analysis, the relative importance of the various reaction steps can be usefully assessed.

The information gained from these studies thus complements that obtained from the

purely chemical devices such as shock lubes and flow reactors.

- Comparisons with global flame properties, i.e. burning velocities and extinction

limits, are usually conducted as part of the validation of chemical kinetic mechanisms.

However, these predictions are a necessary but not sufficient test of a reaction

mechanism. For example, Coffee (1984) has shown that widely differing models can all

predict the 1minr burning velocities very well. A more stringent test is provided by

comparing computed profiles with experimental measurements for both the major and

minor species. The latter is particularly important for the investigation of higher

97
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hydrocarbons formation in flames where accurate predictions of unsaturated

hydrocarbon radicals is prerequisite. In the past decade the use of probe and optical

techniques has enable accurate measurements of concentration profiles of intermediate

species in both lean and rich flames. Such measurements provide a valuable data base for

the validation of chemical kinetic models and has stimulated considerable advances in

our knowledge of combustion chemistry.

Previous modelling work has niinIy focused on lsiniin'r premixed flames with

relatively little attention given to diffusion flames. This is partly due to the large

amount of experimental data available for the premixed systems. However, the great

majority of all practical combustion systems currently in use are based on non-premixed

flames. In these cases the fuel and oxidiser are initially separated. Only after mixing

occurs when fuel and oxidiser molecules come into contact, can chemical reactions take

place. In most practical situations chemical reaction rates are faster than the mixing rates

so that the chemical reactions occur in a narrow zone at the interface between the fuel

and oxidiser, and the combustion rates are controlled by the rate at which fuel and

oxidiser flow into the reaction zone through the combustion products.

Significant interest in the study of the structure of diffusion flames also arises

from the inherent problem of pollutant formation and flame extinction under highly

strained turbulent conditions. A major difference between premixed flames and diffusion

flames is that in the former the fuel-air ratio is constant while in the latter it varies from

very rich on the fuel side of the flame to lean on the air side. The existence of a

pyrolysis zone on the fuel rich side of the flame enh pnces the formation of higher

hydrocarbons related to pollutant formation. In order for a diffusion flame to exist, the

"residence time" (ti.eg) of a fuel molecule in the reaction zone must be larger than the

characteristic "chemical time" ('V m) required for chemical reactions to proceed. It is

clear on physical grounds that if a fuel molecule does not spend a sufficient amount of

time in the high-temperature region of the reaction zone, it may escape into the low-

temperature environment without reacting. Once in the environment, the temperature is
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essentially low enough so that chemical reactions are negligible, and the unburned

hydrocarbon then becomes a pollutant. In the extreme case, ft is much smaller than

'rchem and the fuel molecules pass through the reaction zone so rapidly that chemical

reactions necessary to sustait the flame simply do not have sufficient time to occur.

Under these conditions, the flame must extinguish, and the unburned fuel will escape

into the environment

In the present work the detailed chemical reaction mechanism has been validated

against experimental data for both premixed and non-premixed flames. Comparisons

have been made for species concentration profiles, extinction limits of diffusion flames,

and lRnhirIRr burning velocities of hydrocarbon-air mixtures. The formation of higher

aliphatic and aromatic hydrocarbons in flames burning C1-C3 fuels has also been

investigated.

3.2 Mathematical Model

3.2.1 Conservation Equations for Laminar Diffusion Flames

Laminar diffusion flames occur in boundary layer flows. The more commonly

encountered flow configurations which support such flames are (a) counterfiow

diffusion flames, established in the forward stngn*ition region of a porous cylinder or

between two opposed jets (see Figure 3.1) and (b) initially parallel flows, or coflowing

jets, of nnniixed reactants (see Figure 3.2). The former configuration has been widely

used experimentally both for the determination of chemically controlled extinction limits

of diffusion flames, and for the experimental study of diffusion flame structures.

Moreover, the flow field of laminm counterfiow diffusion flames is simple enough to

permit a quasi-one-dimensional analysis. Both configurations of diffusion flame are

modelled in the present work. For the coflowing case, calculations have been done for

diffusion flame established on a Woithard-Parker burner.
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Figure 3.1 Burner configuration for a counterflow diffusion flame

Figure 3.2 Burner configuration for a coflowing diffusion flame
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Simulations of flame structure have been done using the numerical progrrnmes

developed by Jones and Lindstedt (1988a, 1988b). In these programmes the governing

two-dimensional equations for overall-continuity, momentum enthalpy and species are

simplified by applying the boundary layer assumptions. The time dependent

conservation equations describing the boundary layer flow are given below.

Continuity:

(3.1)
dt ax dy

Momentum:

du	 du	 9u	 a	 d ( du	 (3.2)

Species:

PL+pu+pv=_-+RkMk

Energy:

ah	 dh	 dli a	
-	

(3.4)

	

P+PU+PV_ã 	 - k

In these equations, x andy represent the tangential (or axial in the coflowing case) and

radial coordinates respectively; u and v are the corresponding tangential and radial

velocities; Mk is the molecular weight of species lç u is the mixture viscosity; 2. is the

mixture conductivity; c,, and h are the specific heat and the enthalpy of the mixture

respectively; 1k is the diffusion flux term and Rk is the species formation rate which is

expressed as,

n,1"1

=	 Jk I1d(fl '7* —kH$'l	 (3.5)

1=1	 L 1=1	 1=1	 J
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Fickian diffusion has been presumed,

YkVL

where Vk and Dk are the diffusion velocity and diffusion coefficient of species k

respectively. The diffusion coefficient is computed using the approximation of

Hirschfelder and Curtiss (1949). A correction velocity term (va) has also been included

to ensure that the diffusive fluxes sum to zero,

=0

this technique has been used elsewhere with good results (Oran and Boris, 1981; Coffee

and Heimerl, 1981). Thus the expression for the flux tenn is,

k =_PDk(-_Y)_PVCYk	

(3.6)

Physically, the lRminsw counterfiow diffusion flame (shown in Figure 3.1) consists

of a laminar fuel flow with a velocity v, in the y direction emmiting from a porous

cylinder of radius R into a hmiinrn air stream with velocity Ve in the -y direction. A

stable reaction zone is established in the forward stagnation region of the cylinder. Both

the fuel and the oxidiser diffuse toward the reaction zone with velocities proportional to

the concentration gradients. There is a strong coupling between the fluid mechanics and

chemical kinetics leading to reaction zone structures which are strong functions of the

velocity gradient. For the modelling of these flames, the above equations are further

simplified by assrmiing an outer potential flow. For incompressible, inviscid potential

flow in the neighbourhood of the stagnation point at x 0, y = y,. as shown in Figure

3.1, the velocity distribution is described by

u=ax	 v=—a(y—y0)

where a is the velocity gradient The local streamwise pressure gradient can be written

as
ap_
•; - PA'



(3.7)

(3.8)
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the subscript e indicates the edge of the boundary layer. The flowfleld described by the

above equations is imposed upon the viscous, chemically reacting boundary layer near

the stagnation point. The conservation equations may then be written in a similarity

transformed coordinate system by the introduction of dimensionless velocities D' and

V and a density-weighted coordinate (ii).

	

v=___	 Ia
.Ipdy

UI	 JPjt/S	 V Pelte

Replacing u and v by ' and V and ni1cing the coordinate transformation (x, y) to

(x, 77), the following set of equations can be obtained.

1 a'	 az'	 a" 
Ft)^1..!._F2')

)

!+v!ii+ R*Mk

adt	 ai1 pa

1 dh	 a	 a ('u' ah '+ a ItkIj	 ' a1
a J]

and the flux term k may be rewritten as,

	

= _LJ.^	 I dn''	
VYk

where,
__	

'—.2..IL—	 ,p-
pelt1	 p1

(3.9)

(3.10)

(3.11)

To complete the specification of the problem, appropriate boundary conditions are

imposed. At the outer edge of the free stream, the conditions consistent with the model

used for the outer flow are:

11 = 771 , c1' = 1 , T = T1 , lc =
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and zero gradients of all dependent variables except V. At the burner surface (subscript

w), the tangential component of the flow velocity is presumed to be zero and the

boundary conditions are:

= 0 ,	 = 0	 T = T	 k = 1k.w ' V = V.a,

For the coflowing diffusion flames considered here, if the axial convective fluxes

are much larger than the diffusive fluxes, the streamwise diffusion can be neglected to

allow use of the boundary layer type conservation equations. The subsequent system

may be considered in principle as an unsteady one-dimensional problem in the cross-

stream direction, with time represented by the streamwise coordinate. Hence the

governing equations for the coflowing case can be obtained from equations (3.l)-(3.4)

by dropping the time derivative tenns. Calculations are here performed with initial

conditions for the axial velocity, the temperature and the species concentrations as

prescribed at the burner exit The radial velocity component is assumed to be zero at the

burner exit with zero gradient conditions assumed for all variables at the symmetry line.

The air side is treated as a free stream boundary condition. For some calculations ad hoc

modifications to the buoyancy term were found necessary in order to produce

reasonable agreement with the measured velocity proffles.

The differential equations discussed above are discretised by finite difference

method using two point backward time differencing and central differences for the

spatial derivatives. The resulting system of algebraic equation is nonlinear. To obtain

solutions, a Newton linearisation of the source term is utiuised.

p4k'	

1=1	 Yl •.
	 (3.12)

The resulting equation system for the species transport equations is block in-diagonal

in structure. This block structure is solved using a direct method (Hindmarsh, 1977). In

the outer sweep the species transport equation are iterated with respect to the nonlinear
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contributions (i.e. rate expressions and diffusion correction velocity). The enthalpy

equation is solved using a conventional fri-diagonal equation solver.

The flame structure of the counterfiow case is obtained by integrating the

governing equations in time until steady conditions prevailed. For the coflowing case a

marching integration is performed until a sufficient distance downstream has been

reached. Mesh distributions in the flames are set to ensure a large number of mesh nodes

in the portion of the flame where the maximum gradients occur. This is achieved by

using distributed mesh spacing with a minimum of 110 nodes for the counterfiow and

165 nodes for the coflowing cases respectively.

3.2.2 Conservation Equations for Laminar Premixed Flames

The general equations for a one-dimensional freely propagating flat flame can be

simplified by ignoring the effects of radiation, viscosity and thermal diffusion. Since the

burning velocity is small enough for viscous effects to be neglected, the momentum

equation is replaced by the assumption that the pressure is constant through out the

flame. The governing equations are gimihr to those discussed above (Eq. 3.1 - 3.4) but

the derivatives with respect to x may be removed. This equation system is transformed

into a dimensionless stream function coordinate system following the work of Spalding

et cii. (1971). The transformation is done by introducing a new variable 'P , defined by

t_ä=_Pv

This transformation removes the convective terms in the conservation equations which

become

___	 (3.13)
dt a'i'	 p
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dh_ a (A., ah+a[tk(JPl	
(3.14)

k=1	
c,, dIP)]

If the flame is bounded by two propagating boundary points, 'P(t) and ''b(t) at the

unburned and burned edges respectively, then A'J! = - 'P is a stream-length for the

flnie. To transform the 'P coordinate system into one which is stationary with respect

to the flame, Spalding etal. (1971) proposed anon-dimensional cross stream coordinate,

w ,deflnedas

,_ 'P(t)—'P,(t)
-

The steady state solution is obtained by integrating the conservation equations in time

with procedure similar to that described in previous section. For the simulation of

burner stabilised flames, measured temperature profiles are imposed in the calculations

to elin,inte the uncertainty due to heat loss to the burner. Consequently, only the

species conservation equations are solved in the latter case.

3.3 Modelling Results for Counterfiow Diffusion Flames

Tsuji and Yamaoka (1967, 1969, 1971) have made extensive measurements of methane-

air and propane-air counterfiow diffusion flames established in the forward stagnation

region of a porous cylindrical burner. Detailed measurements of the velocity,

temperature and species profiles in an undiluted methane-air flame with a velocity

gradient of 100 s- i have been reported (Tsji and Yamaoka, 1971). Calculations of the

structure of this flame have previously been done by Dixon-Lewis et al. (1984) using

detailed chemistry. In this section, modelling results using the present detailed kinetic

mechanism for this methane-air flame and a propane-air flame with a velocity gradient

of 150 r1 çrsiji and Yamaoka, 1969) wilibe discussed.

In presenting their experimental results, Tsuji and Yamaoka (1969,1971) used a

normal velocity gradient as the single most important parameter in characterising the
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flow in each experiment. The nomincil velocity gradient was calculated from inviscid

potential flow conditions outside the reaction zone, which can be expressed as a = 2v/R,

where R is the radius of the cylinder and v is the free stream approach velocity. It has

been shown that (Dixon-Lewis et al., 1984) the use of the nominsil velocity gradient in

the simulations of the experiments by way of a similarity solution of the boundary

layer equations, as adopted in the present work, resulted in mis-alignment of the

velocity and temperature profiles in comparison with the measurements. In order to

restore the agreement it was found necessary to increase the noniin1 velocity gradient

used for the calculations from 100 s- to 130 s-1 . The change from the nominsil value has

been suggested to be associated with pressure gradient effects inherent in the specific

combustion chamber geometry or by the flame itselL In a subsequent theoretical study

Bloor et al. (1986) have suggested that the assumption of outer potential flow boundary

conditions based on a zero thickness of the reaction zone may not be appropriate for

the study of counterfiow diffusion flames. The authors also concluded that the intense

internal energy ch 9nges in the fluid, resulting from chemical reactions, become don,inrnt

in the combustion zone on a scale comparable to the kinetic energy of the gas. The

viscosity of the gas and the high tangential velocities provides the meclurnism for a shear

layer to be generated separating the combustion zone from the cold outer flow. This

gives rise to a larger normal velocity gradient than that expected on the basis of simple

potential flow theory. Recently, Chelliah et al. (1990, 1992) have applied both

irrotational (potential flow) and rotational (plug flow) boundary conditions in the

calculations of the structures of diffusion flames established between two opposed jets

to exsm,ine the effects on the computed flow fields. The computational results showed

that the different outer flow boundary conditions lead to deviations in the computed

velocity gradients just in front of the thermal layer. However, the structure of the

mixing layer, where chemical reactions occur, was found to be nearly the same under

low stretch conditions for calculations employing rotational and irrotational boundary

conditions. Since the nithi focus of the present work is on the chemical aspect of
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diffusion flames, for simplicity, calculations were performed with irrotational flow

boundary conditions.

3.2.1 Methane-Air Counterfiow Diffusion Flame

Within the framework of a similarity solution the flow field can be changed by

modifying the rate of strain or the fuel injection velocity. While the width of the flame is

reduced with increasing strain rate, the influence of the latter is simply to chsmpe the

physical location of the flame. The detailed measurement of a methane-air flame

reported by Tsuji and Yamaoka (1971) corresponds to a fuel injection velocity, v 4,, of

0.195 rn/s and nomirnl velocity gradient of 100 s- 1 . It was found that using a velocity

gradient of 115 s- combined with a fuel injection velocity of v = 0.145 rn/s gives good

agreement with the measured velocity and temperature profiles (see Figures 3.3 and 3.4)

for this particular flame. Figure 3.3 shows that the computed peak velocity and the

relative minimum velocity on the lean side are in good agreement with the

measurements. However, the computed velocity and the temperature profiles are

slightly shifted to the air side relative to the measurements. The shift can be attributed

to the simplifications adopted in the present model. The discrepancies in the magnitude

of the temperature in the hot parts of the flame have been attributed to the lack of

compensation of the thermocouple readings (Dixon-Lewis et al., 1984).

The measured and calculated concentration profiles of the major species in this

methmie-air flame are shown in Figures 3.5 and 3.6. There is clearly good quantitative

agreement for the absolute concentrations, locations of the peak concentration and

profile shapes for these species. Figure 3.5 shows that the concentrations of methpne

and oxygen decrease rapidly towards the high temperature reaction zone, whereas the

nitrogen concentrations decrease monotonically toward the burner surface. Figure 3.6

shows that the peak concentrations of H2, CO and CO2 are predicted correctly.
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Figure 3.3 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1971) for velocity along stagnation point streamline in
a counterfiow methane-air diffusion flame with a strain rate of 115/s.
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Figure 3.4 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yainaoka (1971) for temperature along stagnation point
streamline in a counterfiow methane-air diiThsion flame with a strain rate of
115/s.
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Figure 3.5 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1971) of CH4, 02 and N2 profiles in a counterfiow
methane-air diffusion flame with a strain rate of 115/s.
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Figure 3.6 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1971) of H2, CO, CO2 and H20 profiles ins counterfiow
methane-air diffusion flame with a strain rate of 115/L
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However, the computed H20 concentrations are somewhat higher than the

measurements in the reaction zone of the flame and it is difficult to explain this

discrepancy in terms of the present computational results.

The profiles of C2H2, C2H4 and C2H6 are shown in Figure 3.7. The C2

intermediate hydrocarbons are found on the fuel rich side of the flame and they

disappear almost completely in the high temperature reaction zone. The agreement for

the peak concentrations of the C2 species is very good. The location of the computed

peak C2H6 concentration appears further away from the flame than the measurements.

However, considering that the formation of C2H6 proceeds mainly via methyl radical

recombination on the fuel rich side of the flame, the location of the peak C2H6

concentration should arguably appear on the rich side, rather than near the flame front

as indicated by the measurements.

Figure 3.8 shows the computed profiles for H, 0, OH and CH3 radicals. The

computational results show that the peak CH3 concentration appears on the fuel rich

side of the flame while the peak concentrations of H, 0 and OH appear on the lean side.

Sick et al. (1990) have measured the OH concentrations for a 5imilrn flame with velocity

gradient of 125 s-I and a fuel injection velocity of 0.114 rn/s. The slightly different flow

field parameters give rise to a mis-alignment with respect to the computed profiles. For

comparison purposes the measured OH profile are aligned with the peak of the

computed OH profile. The computed OH profiles appear narrower than the measured

profiles and the peak concentration is higher than the measurements by about 15%.

A better understanding of the structure of this diffusion flame can be obtained by

analysing the profiles of net production rate and transportation flux for individual

species. Figure 3.9 and 3.10 show the computed net production rates for reactants,

major products, intermediate hydrocarbons and radical species. The rates are plotted

versus distance from the burner surface as well as versus mixture fraction.
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Figure 3.7 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1971) of C2H2, C2H4 and C2H6 profiles in a counterfiow
methane-air diffusion flame with a strain rate of 115/s.
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Figure 3.8 Computed (lines) profiles of H, 0, OH and CH3 radicals in a counterfiow
methane-air diffusion flame with a strain rate of 115/s and measured OH
profiles (symbols) by Sick et a!. (1990).
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The mixture fraction is a conserved scalar which follows the definition provided

by Bilger (1988) and is expressed as,

- 
2Zc/Wc+fZH/WH+(Z02—ZO)/WO	 (3.18)

-. 2Z 1/W + f Z, 1 / WH ^ Z02/WO

where Z and are the elemental mass fractions and atomic masses for the elements

carbon, hydrogen and oxygen and the subscripts 1 and 2 refer to values in the fuel and

air stream respectively. The stoichiometric mixture fraction value for methane-air

diffusion flame isZ 0.055.

The location of the reaction zone can be determined from the consumption rate

profiles of CH4 and 02 in Figure 3.9, which is in a region between 3 mm and 4.5 mm

away from the burner surface. Computational results show that within the reaction

zone diffusion is the dominsrnt species transportation process. Outside the reaction

zone the chemical reactivity is significantly reduced due to decrease in temperature and

deficit of radicals. Therefore the regions on both sides of the reaction zone are

characterised as convective-diffusive layers. Two different reaction zones can be

identified from the plots in Figures 3.9 and 3.10 which illustrate the two-stage oxidation

characteristic of diffusion flames. Figure 3.9 shows that there is a fuel consumption

zone on the rich side of the flame where methane is consumed to produce CO, H2 and

various intermediate hydrocarbon species. Figure 3.10 shows that the formation of

C2H6 occurs further away from the flame than the formation of C2H4 and C2H2. These

intermediate hydrocarbon subsequently diffuse toward the stoichiometric point and are

consumed. The consumption of methane and intermediate species ceases at the

stoichiometic point, hence there is no leakage of fuel to the air side of the flame. Due to

the high pffinity of hydrocarbon species for H, 0 and OH radicals, their concentrations

are very low in the fuel consumption zone. The conversion of CO and H2 to CO2 and

H2O only occur in a region close to the stoichiometric point where the fuel

concentration has effective fallen to very low value. This is also the region in which the

removal of 02 and the production of H, 0 and OH radicals occur,
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Figure 3.9 Computed reaction rate profiles for CH, 02, H20, H2, CO and CO2 in a
counterfiow methane-air diffusion flame with a strain rate of 115/s.
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Figure 3.10 Computed reaction rate profiles for C 2H2, C2H4, C2H6, H, 0, OH and CH3 in
a counterfiow methane-air diffusion flame with a strain rate of 115/s.
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which marks the second stage of oxidation in the present diffusion flame where most of

the energy is released. Radicals produced in the oxygen-consumption zone diffuse to

both the rich and lean sides of the flame. On the rich side these radicals attack the fuel

and internediate hydrocarbon species, whereas on the lean side they are removed by

third-body chain terminating reactions. It should also be noted in Figure 3.9 that there is

a region within which the consumption profiles of CH4 and 02 are overlapped. This

indicates some degree of premixing near the stoichiometric point.

The kinetic characteristics of this flame have been studied by reaction-path

analysis. This involves comparisons of the èontribution of various reactions in the

formation and consumption of individual species which are of interest in the present

study. Sensitivity analysis has also been conducted to determine which rate coefficients

have the greatest influence on the computed results. This is performed by multiplying

the rate constant of each reactions of interest by a factor of 5 or 1/5 and is followed by a

complete flame computation for every perturbation. These variations of the reaction

rate cover in most cases the range of uncertainty in rate constants reported in the

literature. Logarithmic response sensitivities are used in the present study with a

sensitivity coefficient defined as,

1= ln(YJ174k)/ln(S)

In the above expression ok1 the computed conceniration of a particular species 'k1

using the unperturbed rate constants, is the peak concentration of the same species

computed with the rate coefficient of reaction f perturbed. Figure 3.11 shows the

results of sensitivity analysis on the computed peak concentrations of C2 intermediate

hydrocarbons.
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Logarithmic Response Sensitivity

In(YkIYoYIn(5.0)

Figure 3.11 Logarithmic response sensitivities computed using the detailed mechanism
for the maximum concentrations of C2H2, C2H4 and C2H6 in a counterfiow
methane-air diffusion flame with a strain rate of 115/s. The light bars
represent the sensitivities for the rate coefficients increased by a factor of 5.
The dark bars represent the sensitivities for the rate coefficients decreased by
a factor of 5

It has been found that methane is mthi1y consumed by reactions with the H atom

and the reaction with OH .radical contributes to about 20% of methane consumption.

Reaction with the 0 atom is insignificant due to the low concentrations on the fuel rich

side of the flame.

CH4 +H
	

= CH3 +H2	 (119)

CH4 + OH	 = CH3 + H2O	 (121)

There are a number of reactions responsible for the consumption of the methyl radical

and the net rates of these reactions are shown in Figure 3.12. A large proportion of

methyl radical consumption occurs near the stoichiometric point through reactions with

0, H and OH radicals.

CH3 +H
	

1CH2 + H2	 (-44)

CH3 +0
	

CH2O +H
	

(85)
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CH3 + OH	 = CH2OH + H	 (86)

CH3 + OH	 = 1CH2 + H20	 (87)

Computational results show that reactions with OH radicals account for more than 50%

of methyl radical consumption and the renisiining contributions come from reactions

with H and 0 atoms.
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Figure 3.12 Net rates for reactions responsible for the consumption of methyl radical in
a counterfiow methane-air diffusion flame with a strain rate of 115/s.
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The majority of singlet methylene formed from reactions (-44) and(87) are

stabiised to the triplet state which are subsequently consumed by reactions with H,

OH and CH3 at comparable rates.

1 CH2 + M	 3CH2 + M	 (58)

3CH2 + H	 = CH	 + H2	(60)

3CH2 + OH	 = CH2O + H	 (64)

3CH2 + CH3 = C2H4 + H (72)

Formaldehyde is a major intermediate in the oxidation of methyl and methylene radicals

and its consumption is mRinly through reactions with H and OH to form the formyl

radical. The latter decomposes quickly to produce CO and a H atom.

CH2O +H
	

= CHO +H2	 (76)

CH2O + OH
	

= CHO +H20
	

(78)

CHO ^ M	 = CO + H	 + M	 (43)

The above reactions form the primary oxidation sequence in the methane-air diffusion

fimne.

Although the mATh chemical structure of the methane-air flame is not significantly

affected by the chemistry of the C2 hydrocarbons, quantitative predictions are of

paramount importance for the elucidation of the mechanics of higher hydrocarbon and

soot formation. Therefore, particular effort has been spent on obtaining quantitative

predictions for these species and identifying the crucial reactions which have significant

influence on the predictions. The formation of C2 hydrocarbon species in methane-air

diffusion flame is initiated by the recombination reactions of methyl radicals on the fuel

rich side of the flame,

CH3 + 3CH2	 = C2H4 + H	 (72)

CH3 + CH3	 C2H5 +H
	

(83)

CH3 + CH3	 (84)

p
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The consumption of ethane and ethylene proceed through reactions with H and OH.

Ethyl and vinyl radicals produced from these reactions decompose quickly in the high

temperature reaction zone.

C2H6 ^ H	 = C2H5 + H2	(174)

C2H6 + OH	 = C2H5 + H20	 (176)

C2H5	 = C2H4 + H	 (172)

C2R4 + H	 = C2H3 + H2	 (165)

C2H4 + OH	 = C2H3 + H2O	 (167)

C2H3 = C2H2 + H (157)

Reactions with the 0 atom form the doniinnt acetylene consumption paths and are

responsible for about 75% of the overall acetylene consumption rate. The remsiining

contributions come from reactions with OH radicals forming ketene. Computational

results show that the reactions of acetylene with H and OH leading to ethynyl (C2H)

radical are in partial equilibrium and hence their net contribution to acetylene

consumption are insignificant

C2H2 + 0	 =	 'CH2 + CO	 (142)

C2H2 + 0	 = CHCO + H	 (143)

C2H2 + OH = CH2CO + H (145)

Ketene and the ketyl radical are predorninRntly consumed by reactions with the H atom,

although reactions with OH and CH3 radicals also contribute about 20% of ketene

consumption.

CHCO + H	 = 'CH2 + CO	 (129)

CH2CO ^ H
	

= CH3 +CO
	

(150)

CH2CO + OH
	

= CHCO +OH
	

(155)

CH2CO + CH3	 = CHCO +CH4	 (156)
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Figure 3.11 shows that the computed peak concentration of ethane is sensitive

mainly to the rates of reactions (84) and (174) which are the major formation and

destruction steps for ethane respectively. The good agreement between the computed

and measured peak ethane concentrations provides support for the current rate

parameters used for these reactions. The computed concentrations of ethylene and

acetylene show high sensitivity towards the rates of reactions (72), (83) and (165). As

shown in Figure 3.12 reactions (72) and (83) are responsible for the majority of C2

hydrocarbon formation in this flame. Increases in the rate constants of reactions (72)

and (83) has positive effects on the predictions for ethylene and acetylene. On the other

hand reaction (165) is the dominrnit consumption path for ethylene which eventually

leads to the formation of acetylene. The rate of reaction (165) was found to control the

balance between ethylene and acetylene in this flame. The inherent uncertainty of the

rate constants of these reactions are more than a factor of two. In the present

mechanism the rate coefficients of reaction (165) was chosen to provide the correct ratio

between the concentrations of ethylene and acetylene as observed in the experiment.

The rate coefficients of reactions (72) and (83) were adjusted within the uncertainty

limits to provide quantitative agreement with the measurements.

3.3.2 Propane-Mr Counterfiow Diffusion Flame

Tsuji and Yamaoka (1969) also measured two counterfiow propane-air diffusion flames

with nominRi velocity gradients of 150 s- 1 and 350 s-1 . Species concentration profiles for

reactants, major products and intermediate hydrocarbon species were presented on a

dry basis. However, velocity and temperature profiles were not reported for these two

flames. In the present study the flame with the lower velocity gradient was modelled

and the comparison with the measurements are discussed below. Positioning of the

flame is based on the penetration of nitrogen to the cylinder surface. Acceptable

alignment with respect to the location of the flame was thus obtained with a rate of

strain of a = 180 r1 and a fuel injection velocity of 0.11 in/s.
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The detailed kinetic model reproduced the features of the experimental results

reasonably well. Comparison between the computations and measurements of major

species profiles are shown in Figures 3.13 and 3.14. For comparison purposes the

computed species concentrations are presented on dry basis. Good agreement can be

observed for all the major species except for an overprediction of CO and CO2 profiles

as shown in Figure 3.14. This discrepancy could be related to the overprediction of the

peak H20 concentration mentioned above for the methane-air flame. Lower H20

concentrations will result in lower concentrations for the combustion products when

expressed in dry basis. The concentrations of inteimediate Jiydrocarbon species are

higher than that observed in the methane-air flame. There is quantitative agreement for

C3H6, C2H4 and C2H6, see Figure 3.15. However, the computed CH4 and C2H2

concentrations are somewhat higher than the measurements.
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Figure 3.13 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1969) of C3H8, N2 and 02 profiles in a counterfiow
propane-air diffusion flame with a strain rate of 180/s.
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Figure 3.14 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1969) of H2, CO and CO2 profiles in a propane-air
diffusion flame with strain rate of 180/s.

Figure 3.15 Comparison between calculations (lines) and measurements (symbols) by
Tsuji and Yamaoka (1969) of CH4, C2H2, C2R4, C2H6 and C3H6 profiles in a
counterfiow propane-air diffusion flame with a strain rate of 180/s.
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Figure 3.16 and 3.17 show the net production rates for reactants, major products,

intermediate hydrocarbons and radioal speciós in the propane-air diffusion flame. The

stoichiometric mixture fraction has a value of 0.06 for propane-air flame. It can be

noticed from Figure 3.16 tliat propane is consumed rapidly on the fuel rich side of the

flame to generate a pooi of intennediates. In contrast to the methane-air diffusion flame

discussed above, the region of overlap between the consumption rate profiles of

propane and oxygen is very small. Computational results show that the peak propane

consumption rate occurs at temperatures of around 1500 K which is well below the

maximum temperature of 1900 K calculated for this flame. This feature is due to the

increased importance of thermal decomposition reactions in the consumption of

propane. Figure 3.17 shows that the fonnation of C3H6, C2H6, C2H and CR4 occur in

the same region as the consumption of propane. These species are transported by

diffusion towards the stoichiomefric plane and consumed in the high temperature

reaction zone. Acetylene is the major product of the consumption of these intermediate

hydrocarbons and its fonnation occurs at a location closer to the stoichiometric plane.

Reaction-path and sensitivity analyses have been conducted for this flame and the

results of sensitivity analysis for the intermediate hydrocarbon species are shown in

Figure 3.18. Computational results show that propane consumption mainly occurs

through thermal decomposition and reactions with H atoms. Abstraction by CH3 and

OH radicals consume only around 15% of the fueL The most important fuel breakdown

reactions can therefore be summarised as,

C3H8
	 C2H5 + CH3	 (276)

C3H8 +H
	

n-C3H7 + H2	 (277)

C3H8 +H
	

i-C3H7 + H2	 (278)

with secondary chrninels provided by,

C3H8 + OH
	 n-C3H7 + H2O

	
(281)

C3H8 + OH
	

i-C3H7 + H2O
	

(282)
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Figure 3.16 Computed reaction rate profiles for C 3H5, 02, H20, H2, CO and CO2 in a
counterfiow propane-air diffusion flame with a strain rate of 180/s.
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Figure 3.17 Computed reaction rate profiles for CU4, C 2H2, C2}L, C2H6, C3H6, H, 0, OH
and CH3 in a counterfiow propane-air diffusion flame with a strain rate of
180/s.
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Figure 3.18 Logarithmic response sensitivities computed using the detailed mechanism
for the maximum concentrations of (a) C 3H6, (b) C2H6, (c) C2H4, (d) C2H2
and (e) CH4 in a counterfiow propane-air diffusion flame with a strain rate of
180/s. The light bars represent the sensitivities for the rate coefficients
increased by a factor of 5. The dark bars represent the sensitivities for the
rate coefficients decreased by a Thctor of 5.
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C3H8 + CH3	 = n-C3H7 + CH4	(283)

C3H8 + CH3	 = i-C3H7 ^ CH4	(284)

The formation of C2H4 and C3H6 and the regeneration of H and CH3 radicals are the

result of the alkyl radical decomposition reactions,

C2H5	 = C2H4 +H
	

(172)

n-C3H7	 = C2H4 +CH3	 (270)

i-C3H7	 =	 C3U6 +H
	

(-275)

Computational results show that the decomposition reactions are not the rate limiting

steps in the present mechanism. Therefore the product distribution of intermediate

species is dependent on the relative formation rates of the ethyl, the n- and iso-propyl

radicals. Figure 3.18 shows that the computed peak concentrations of propene, ethylene

and acetylene are sensitive to the rate constants of reactions (277) and (278) which

produce the n-propyl and iso-propyl radicals respectively. The rate constants for these

reactions are adopted from the suggestion of Warnatz (1984b) but with the rate

constant of reaction (278) adjusted so that the ratio between the rates of reactions (277)

and (278) is about 1.4 - which give reasonable agreement with the measured propene

concentrations. The predictions for ethylene and acetylene are also sensitive to the rate

of propane decomposition reaction (276). Computational results indicate that a

comparatively slow rate for reaction (276) is favoured to reduce overpredictions for

ethylene and acetylene. In the present mechanism a pressure dependent rate expression

is used for this reaction.

Ethane and methane are formed niinly through the recombination of methyl

radicals in the fuel rich region.

CH3 +H
	

=	 CH4	 (-118)

CH3 +H2	 =	 Cu 4	+H
	

(-119)

CH3 + CH3	 = C2H6	 (84)



=

radicals are also significant.

t-C3H5

a-C3H5

t-C3H5

s-C3H5

a-C3H5

(-195)

(-196)

(-209)

(-210)

(-193)

a-C3H4 + H

+ H

p-C3H4 + H

p-C3H4 + H

C2H2 + CH3
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The predictions for ethane and methane are sensitive to the rates of reactions (276)-

(278), which are related to the formation of methyl radical. Figure 3.18 also shows that

the predicted methane concentrations are sensitive to reactions (283) and (284) which

produce methane directly through H-atom abstraction from propane.

Among the various propene consumption reactions considered in the present

mechanism, it has been found that reactions with the H atom are the domit,int

consumption paths. The propene thermal decomposition reactions (247) and (248)

actualiy proceed in the reverse direction to form propene and reactions with OH and

CH3 radicals account for less than 15% of propene consumption. Propene is either

consumed by H-atom abstraction reactions to form isomers of the C3H5 radical or

through H-addition reaction to produce n-propyl radical. The latter reaction account for

about 16% of propene consumption. Significant sensitivity of the computed propene

concenirations to the rates of these reactions can be observed in Figure 3.18.

C3H6 +H	 a-C3H5 + H2	 (251)

C3H6 +H	 s-C3H5 + H2	 (252)

C3H6 +H
	

t-C3H6 + H2	 (253)

C3H6 + H = n-C3H7 (271)

The allyl radical is the major C3H 5 isomers formed from propene. Thermal

decomposition reactions constitute the dominmit consumption paths for the other C3H5

radicals, whereas for allyl radical consumption, the reactions with H, 0 and CH3
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a-C3H5 + H	 =	 a-C3H4 + H2	(223)

a-C3H5 + 0	 = C2H3 + CO + H2	(224)

a-C3H5 + CH3	 =	 a-C3H4 + CH	 (228)

Allene and propyne are in partial equilibrium with each other. About 40% of

allene isomerise to form propyne via the cyclopropene intermediate with the remaining

consumption proceeding by H-atom abstraction reactions to form the propargyl (C3H3)

radical. Propyne also reacts with the H atom through the chemically activated reaction

(192) to form acetylene and the methyl iädical. This reaction account for almost 50% of

propyne consumption

a-C3}14	 =	 c-C3}L1 	 (-207)

c-C3}L1	 =	 p-C3B	 (208)

a-C3!14 ^ H	 =	 C3H3 + H2	(197)

a-C3H4 + OH	 = C3H3 + H2O	 (200)

a-C3H4 + CH3	 = C3H3 + CH4	 (202)

p-C3H4 + H	 =	 C3H3 + H2	(211)

p-C3H4 + OH	 = C3H3 + H2O	 (216)

p-C3H4 + CH3	 C3H3 + CH4	 (219)

p-C3H4 + H = C2H2 + CH3 (-192)

Propargyl is subsequently consumed through reactions with H, 0 and OH radicals to

form cyclo-propenylidene (c-C3H2) and propynal (C3H20). Computational results

show that these consumption channels proceed with comparable rates. Cyclo-

propenylidene is mRinly consumed by reaction with the OH radical, whereas propynal

decomposes quickly to from acetylene.

C3H3 + H	 =	 c-C3H2 + H2	(184)

C3H3 . + 0	 =	 C3H20 + H	 (185)
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C3H3 + OH
	

= C3H20 + H2
	 (186)

c-C3H2 + OH
	

= C2H2 +CO + H	 (181)

C3H20
	

= C2H2 +CO
	

(189)

There are considerable uncertainties in the consumption reactions of propargyl due to

the lack of direct measurements of rate constants and product chrninels. While the

propargyl chemistry is too minor to have any significant effect on the overall flame

structure, it is of paramount importance to benzene formation as discussed later.

3.4 The Effect of Stretch on Counterfiow Diffusion Flames

The structure of strained lminr diffusion flames, particularly under conditions which

may lead to extinction, is of great interest not only in its own right but also in relation to

the modelling of turbulent diffusion flames which prevail in all practical non-premixed

combustion systems. Turbulent flames are often modelled as ensembles of laminar

flames when the turbulent intensity of velocity fluctuation is not so high and the scale

of turbulence is large (Liew et at., 1981; Peters, 1986; Rogg et aL, 1986; Libby and

Williams, 1993). In this case, the local flame structure is assumed to be the same as that

of the stretched laminsir flame. In order to quantify the effect of flame stretch on the

interaction of transport and chemical processes in diffusion flames, many experimental

(Tsuji and Yamaoka, 1967, 1969, 1971; Otsuka and Niioka, 1973; Pun and Seshadri,

1986; Law, 1988; Chelliah et aL, 1990; Sato, 1991; Tsuji et al., 1994) and theoretical

(Spalding, 1961; Lir ' n, 1974; Dixon-Lewis et al., 1984; Bloor et al., 1986; Smooke et

al., 1986; Seshadri and Peters, 1988; Drake and Blint, 1988) studies have been

conducted to investigate the change in flame structure of 1tninir counterfiow diffusion

flames with increasing strain rate and the critical conditions that lead to flame extinction.

Qualitatively, it is now well known that the heat release rate, hence the rate of

combustion, of a counterfiow diffusion flame increases with the rate of strain. However,

the maximum reaction zone temperature decreases almost monotonically with the rate
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of strain. The physical effects of increases in the strain rate is a reduction of the flame

thickness and the residence time in the reaction zone. The fall in temperature is a direct

consequence of an increased breakthrough of both fuel and oxidiser past the

stoichiometric position. In situations up to the extinction limit the increased

concentrations of reactants inthe reaction zone permit the necessary increase in reaction

rate when the velocity gradient is increased. However, due to the finite rate of chemical

reaction, extinction occurs when the accompanying fall in temperature is such that

further concentration increase is unable to prevail against the temperature effect on the

reaction rate.

Quantitative analysis of the effect of stretch on the structure of lnii,ir diffusion

flames has been conducted for flames burning H2 (Dixon-Lewis and Missaghi, 1988; and

Masri et aL, 1992), CO (Drake and Bunt, 1988), CH4 (Dixon-Lewis et aL, 1984) and

CH3OH (Seshadri et aL, 1989) through numerical simulation using realistic chemistry

and transport properties. Based on the computational results for counterfiow diffusion

flames with COIH2IN2 fuel over a wide range of stretch conditions, Drake and Blint

(1988) have quantified the effect of stretch on fundamental flame processes such as

preferential diffusion, overlap of fuel and air, superequilibrium radical formation,

deviations from partial equilibrium and extinction. However, there is no similar work on

other hydrocarbon fuels. In the present work, calculations have been performed for

lanlinRr counterfiow diffusion flames burning CH4, C2H4 and C3H8 with various strain

rates up to the respective extinction limits. The computational results are here used to

discuss, quantitatively, the interactions of mixing and chemistry and the deviations from

imical equilibrium.

3.4.1 Changes in Flame Structure

In laminar counterfiow diffusion flames, increasing the velocity gradient increases the

species concentration gradients. This increases the diffusion velocities of fuel and air

and decreases the fuel-air mixing time. The high gradient also causes excess heat
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convection which leads to reduction in flame temperature. The computed maximum

temperatures for the flames burning CH4, C2H4 and C3H8 are plotted as functions of

strain rate in Figure 3.19. The flame temperatures are fuel dependent. Ethylene flames

have the highest flame temperatures among the fuels considered at similar stretch

conditions. The computed peak temperatures decrease with an increase in strain rate. At

low stretch conditions (a < 100 s-I) the drop in peak temperatures is rather rapid. The

subsequent reduction in temperature is more or less monotonic until close to extinction.

At conditions close to extinction the computed maximum temperatures drop rapidly

2g21r1 and abrupt chmge in flame structure eventually leads to extinction.

2200
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Figure 3.19 Computed peak temperatures for counterfiow diffusion flames burning
methane, ethylene and propane at different rates of strain.

Changes in species concentrations is another important effect of flame stretch.

The computed peak concentrations of stable products, intermediate hydrocarbons and

radical species for the flames burning CH4, C2H4 and C3H8 are plotted as functions of

strain rate in Figures 3.20-3.22 respectively. These plots show that the computed peak

concentrations for H2, CO2 and H20 decrease with an increase in the strain rate. The

variation in the computed peak CO concentrations is quite different from that of other

major products. Significant reductions in the computed peak CO concentrations are



0.006

0.005

$ 0.004

0.003

0.002

o.00•i

0.000
f1

134	 Chapter Three

0.10

—Hi--
- -..--.- Co

--co2
----------...---------	 -- H2O

- - - -
-------	 ----

n-n9 TTTTTT I. I.

0
	

100	 200	 300	 400	 500	 600	 700

0.008

- - - - - - - - - - - -	 - H
.......0 -

0.000 L
0
	

100	 200	 300	 400	 500	 600	 700

:006

0.006

.

0.004

0.002

vv
Strain Rate (15

Figure 3.20 Computed maximum concentrations of (a) H2, CO, CO2, H20, (b) H, 0, OH
and CH3, (c) C2H2, C2H4 and C2H6 in counterfiow methane-air diffusion
flames with different rates of strain.
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Figure 3.21 Computed maximum concentrations of (a) H2, CO. CO2, 1120, (b) H, 0, OH
and CH3, (c) CR4, C2H2 and C2H6 in counterfiow ethylene-air diffusion
flames with different rates of strain.
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Figure 3.22 Computed maximum concentrations of (a) H2, CO. CO2, H20, (b) H, 0, OH
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observed only under low stretch conditions. It stays constant for a range of strain rates

and then increases with the strain rate under high stretch conditions. There are

observable differences in the concentrations of the stable products predicted for the

different fuels. The methAne flames produce the highest H20 concentrations among the

fuels considered. On the contrary, the ethylene flames produce 20% less 1120, but

higher CO and H2 concentrations than the other fuels.

The different fuels also produce different concentrations of intermediate

hydrocarbons. Figure 3.22 shows that propane flames produce the highest amount of

intermediate species. The concentrations of CH4, C2H2 and C2H4 all decrease with an

increase in strain, but the concentrations of C2H6 and C3H6 almost stay constant

throughout the whole range of strain rate. Acetylene is the dominsint intermediate of the

ethylene flames (see Figure 3.21) and its concentration is higher than that produced by

methane and propane flames. The relatively low concentrations of acetylene and other

intermediates in methane flames is not surprising (see Figure 3.20). The build-up to

larger species from methane requires two methyl radicals to recombine to form ethane,

and subsequent dehydrogenation to ethylene and acetylene. The formation of methyl

from pyrolysis reactions is difficult due to the relatively high C-H bond strength.

However, it is interesting to note the variation of computed peak concentrations of

intermediate species with stretch. Figure 3.20 shows that the C2H2 concentrations

decrease with strain rate, while that of C2H4 and C2H6 increase with strain rate.

Increased mixing enlifinces the reaction rate of the recombination reaction in the fuel rich

region which results in the increased peak C2H4 and C2H6 concentrations.

Figure 3.20-3.22 also show that the computed peak radical concentrations are

higher than their equilibrium values for all flames. The ethylene flames produce the

highest concentrations of H, 0 and OH radicals among the fuels considered. However,

the variations of the computed peak radical concentrations with strain rate are similar

for all three fuels. Under low stretch conditions the radical concentrations increase

rapidly with an increase in the rate of strain, but different radicals attain their maximum
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at different values of strain. The OH radical attains a maximum value around a strain

rate of 60 s-1 and its concentration subsequently decrease monotonically with increase

in strain. The H and 0 atoms attain their maximum values at somewhat higher values of

strain rate (200 s-1 <a < 300 a-') depending on the fuel type. After the initial increase

under low stretch conditions, the concentrations of CH3 radical saturate at a certain

level with relatively smail changes as the strain rate is further increased.

3.4.2 Deviations from Equffibrium

Superequilibrium radical formation is the result of finite rate chemistry. While the

formation and interconversion of radicals occur through fast bimolecular reactions, the

final approach to equilibrium occurs through slow three-body recombination reactions.

These nonequilibrium effects have been observed for a wide range of combustion

conditions in lsniinr and turbulent premixed and diffusion flames (see, for example,

Drake et aL, 1984; Smyth et al., 1990). Quantitatively, the interactions of mixing and

chemistry and the deviations from chemical equilibrium can be determined from the

present calculations. Peak reaction rates (forward, reverse and net), temperature and

species concentrations at the position of peak net rate are listed in Table 3.1 for

reactions (1)-(4) which are responsible for radical formation, reaction (21) which is a

typical three-body recombination reaction, reaction (23) which is responsible for most

of the heat release and reaction (119) a typical fuel consumption reaction for methane

flames. It should be noted that the peak values of the forward, reverse and net rates of

each reaction occur at different locations in the flames.

The slowest reaction listed in Table 3.1 is the three-body radical recombination

reaction (21) (H + OH + M = H20 + M). The forward rate of this reaction is much

faster than the reverse rate which show that reaction (21) is not in equilibrium. With a

local gas density (p) of 0.157 kg/rn3 and mixture mole concentration (Mt0t) of

3.714*102 kmol/kg ,the characteristic reaction time for this reaction can be estimated as

inthea=lOs-'flamewhichisabout0.64ms.
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Table 3.1
Reaction rates, temperature and species molar concentrations for CH4-air flames

Rates (kmol/m3-s)
forward	 reverse	 net	 mole fraction	 temperature (K)

Reactioni	 H+OOH+O

a = 10/s	 3.836	 3.730	 1.6E-I (H] = 3.03E-3	 (02] = 5.18E-03	 2082
(OH] = 4.87E-3	 (0] = 7.90E-04

a = 550/s	 12.24	 9.226	 6.064	 [H] = 3.95E-3	 [Oil = 3.39E-02	 1749
lOHI = 3.69E-3	 roi = 1.54E-03

Reaction2	 O+H2=OH+H
a = 10/s	 3.209	 3.144	 7.5E-2 [0] = 7.90E-4	 (H2] = 1.34E-02	 2082

(OH] = 4.87E-3	 (H] = 3.03E-03
a = 550/s	 4.530	 2.429	 2.137	 [01= 2.15E-3	 [112] = 1.19E-02 	 1715

roin = 4.28E-3	 1111= 4.09E-03
Reaction 3	 OH + H2 = H20 + H

a = 10/s	 20.56	 20.29	 2.87E-1 (OH] = 3.77E-3 	 [H2] = 1.71E-02	 2073
(H20] = 1.79E-1	 (H] = 3.05E-03

a = 550/s	 15.42	 10.32	 5.266	 (OH] = 2.1SE-3	 [112] = 1.19E-02	 1715
(H20] = 1.46E-1	 Fill = 4.09E-03

Reaction4	 OH+0HH20+O
a = 10/s	 13.33	 13.45	 -9.OE-2 [OH] = 4.87E-3	 2082

[H20] = 1.79E-1 	 [0] = 7.90E-04
a550/s	 7.916	 8.756	 -1.551	 [OH] 3.70E-3	 1749

LH20] = 1.49E-1	 FOl = 1.54E-03
Reaction2l	 H+OH+M=H20+M
a = 10/s	 5.2E-2	 5.4E-4	 5.2E-2 [H] = 2.80E-3	 (OH] = 5.76E-03	 2084

[1120] = 1.79E-1
a = 550/s	 1.7E-1	 1.3E-7	 1.7E-1 [H] = 3.68E-3	 (OH] = 4.45E-03	 1593

[H2O] = 1.323E-1
Reaction23	 CO+0HCO2+H
a = 10/s	 2.802	 2.723	 8.3E-2 [CO] = 1.96E-2	 [OH] = 5.76E-03	 2084

[CO2] = 6.80E-2 (H] = 2.80E-03
a = 550/s	 3.420	 1.161	 2.379	 [CO] = 3.04E-2	 [OH] = 4.28E-03	 1715

(CO2] = 5.11E-2 FH1=4.09E-03
Reactionll9	 CH4+H=CH3+H2

a = 10/s	 8.7E-1	 7.5E-1	 1.9E-1 [CR1] = 2.89E-3	 (H] = 5.52E-03	 1955
[CH3] = 7.43E-4 (H2] = 4.00E-02

a = 550/s	 6.249	 1.273	 4.977	 [CH4] = 1.38E-2	 (H] = 1.22E-03	 1792
(CH3] = 3.24E-3 [H2] = 2.63E-02
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This value is not very fast even when compared to the relatively long ( 0.1 s) mixing

time in this flame. By comparison, reaction (3) is the fastest among those listed in Table

3.1 and gives t 1.110- ms in the low stretch flame. Nonequilibrium in reaction (21)

and other three-body radical recombination reactions and their relatively slow rates

result in the superequilibrium radical formation which is found in all of the flames

studied.

The data listed in Table 3.1 show that the rates of reactions (1)-(4) and (23) are of

similar magnitude and that they are nearly equilibrated in the a = lOs-' flame (the

forward and reverse reaction rates are much larger than the net rate) but far from

equilibrium in the a = 550 s-1 flame. Reaction (3) equilibrates fastest among reactions

(1)-(4) and it controls the peak H atom concentrations in the reaction zone. The net

rates of all the reactions increase by an order of magnitude as the strain rate increase

from 10 s-1 to 550 s-1 despite the decrease in temperature of more than 300 K. But the

corresponding increase in the forward or reverse rates are much smaller. For some

reactions, such as reaction (3), the forward and reverse rates actually decrease with

strain. The forward rates of reactions (1) and (119), listed in Table 3.1, increase by the

largest amount when the strain rate increases. This is brought about by the significant

increase in concentrations of 02 and CH4 (more than a factor of 6) in the reaction zone

due to increased mixing. On the contrary, the changes in the concentrations of radicals

and stable products are relatively smaller (less than a factor of 2) and the concentrations

of CO2, H20 and OH radical actually decrease with strain. A decrease in the

temperature of 300 K effectively leads to reductions in the forward rates of the

reactions listed in Table 3.1 by factors of 1.2-2.3. Therefore, the temperature effect is

more pronounced for reactions not involving 02 and CH4 as reactants. The observed

increase in net reaction rates is mpinly due to the deviations from equilibrium of the

bimolecular reactions. Such deviations are the result of disproportionate increases in the

forward rates to reverse rates (see Table 3.1) when strain rate increases from 10 s- 1 to

550 s-i.
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The deviations from equilibrium of reactions (l)-(4) is one of the causes for the

variation of H, 0 and OH concentrations with strain rate as shown in Figures 3.20-3.22.

When reaction (4) is equilibrated, the mole fraction of 0 atoms is related to [OH] by

[0] = K4 [OH]21[H20]

Similarly, when reaction (3) is equilibrated, [H] is related to [OH] by

[H] = K2[H2][OH]/[H20]

In lean flame zones the concentration of H2 is very small and a similar analysis can be

performed. Thus, we have

K2[H2] = [H][H2O]/[OH]

From the equilibrium of reactions (1) and (4) we obtain

[H][H20]/[OH] = K4[OH]21(K1[07J)

Hence, we can express [H] as

[H] = K4[OH]3/(K1[02][H20])

Figures 3.20-3.22 show that, in flames of low stretch, the mole fractions of H increase

faster than 0 which increases faster than OH. This is the result of the partial

equilibrium given by the above expressions where [0] oc [OH]2 and [H] cc [OH]3 . So

the domint radical in highly stretched flames is H atoms, while in equilibrium it is

OH. However, the peak mole fraction of all three radicals decrease with increasing

stretch due to the deviations from equilibrium of the bimolecular shuffle reactions and

the increasing radical loss through diffusion in highly stretched flames.

3.4.3 Heat Release and Fuel Consumption Rates

To examine how the rate of combustion is affected by stretch and whether it is

dependent on the fuel structure, the heat release rates computed for flames burning

CH4, C2H and C3H8 at three different strain rates are plotted in Figure 3.23. Despite

the apparent shifts of the profiles in mixture fraction space for the different fuels, the

heat release profiles have similar nisignitudes and shapes. It can also be noted that the

heat release rates increase significantly with an increase in the rate of strain. Under high

stretch conditions (a = 500 s-') it attains values of the same order of magnitude as that
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observed in premixed flames. These observations illustrate that the mixing rate is the

dominpnt factor in determining the overall reaction intensity in diffusion flames. There

is a region on the rich side of the flames where the heat release rates are negative. This

region corresponds to the fuel consumption zone where pyrolysis reactions occur and

energy is absorbed - this region is more pronounced for flames burning C2H4 and C3H8.

For methane flames this negative heat release behaviour disappear under high stretch

conditions. The saddle in the profiles of the heat release rate on the lean side is due to

energy absorption by the reactions producing the major radicals.

Although the overall combustion inf ity is rather insensitive to the type of fuel,

the rates of formation or destruction of intermediate species are dependent on the fuel

properties. Figure 3.24 shows the reaction rate profiles of the fuel, 02, CO and H2

plotted versus mixture fraction for the flames mentioned above. The increasing

premixedness of the fuel and air with an increase in the strain rate is clearly shown by

the increasing overlap between the reaction rate profiles of the fuels and 02. It can also

be noted that methane flames show a larger extent of premixedness than ethylene and

propane flames at high stretch conditions. This difference is the result of the different

chemical characteristics of the fuels. Alkyl radicals produced during the consumption of

C2H4 and C3H8 decompose quickly in the diffusion flames. The hydrogen atom is a

typical product of these thermal decomposition reactions. The regeneration of H atoms

in the fuel rich region enhances the pyrolysis of the fuels. Therefore, the fuel

consumption rates for the ethylene and propane flames peak at mixture factions higher

than their stoichiometric values (see Figure 3.24). This also leads to the formation of

molecular hydrogen occurring at higher values of mixture fraction. On the contrary, the

methyl radical, the major consumption product of methane, does not decompose

readily. Instóad, the consumption of the methyl radical depends on reactions with H, 0

and OH radicals. Therefore, the consumption rate profiles of methane peak near the

stoichiometric value where these radicals are abundant. Figure 3.24 also shows that

under similar stretch conditions, the consumption rate profiles for 02 are cimi1m for

different fuels, but the consumption rates for the fuels increase in the order of C3H8,
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Figure 3.23 Computed heat release rates for counterfiow diffusion flames burning
methane, ethylene and propane at rates of strain of (a) 20/s. (b) 200/s, and
(c) 500/s.
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Figure 3.24 Computed reaction rates of fuel, 02, CO and H2 in counterfiow diffusion
flames burning methane, ethylene and propane at rates of strain of (a) 20/a,
(b) 200/s and (c) 500/s.
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C2H4 and CH4 with ratios roughly equal to the ratios between their carbon contents.

The reaction rate profiles for CO are similar in flames burning different fuels, but the

peak formation rates are higher in the ethylene flames than in the methane and propane

flames. This correlates with the higher CO concentrations computed for the ethylene

flames.

3.4.4 Flame Extinction

Flame extinction is an important phenomena for practical combustion processes and

many assumptions have been made about the cause of its occurrence. In premixed

flames, Peters and Smooke (1985) propose that extinction occurs when the rates of

chain-branching reaction (1) and chain-terminating reaction (5) become comparable. In

the numerical study of CO/H2IN2 1niinsir diffusion flames, however, Drake and Blint

(1988) have found that reaction (5) along with reaction (1) do not account for the

consumption of the H atoms that are being produced by reactions (2) and (3). These

authors suggested that the competition between the diffusive rates and production rates

for H atoms to be the controlling factor for stretch-induced extinction in 1niinar

diffusion flames. Extinction has been postulated to occur when the gradients are so large

and reaction times so short that radical and thermal loss processes domin pte radical

generation reactions such as H + 02 = OH + 0. Theoretical studies (Seshadri and

Peters, 1988; Chelliah and Williams, 1990) of the extinction condition of methane-air

diffusion flames by asymptotic analysis using reduced mechrniisnis have also shown

that the finite rate in the oxygen-consumption zone is the cause for flame extinction.

Jones and Lindstedt (1988) have investigated the effect of Lewis number on extinction

characteristics using global reaction schemes. Their computational results show that,

along with the first Damköhler number, the Lewis numbers of both the fuel and

hydrogen (the rate controlling intermediate in the secondary reaction zone) are of

paramount importance in determining the point of extinction of strained flames. The

competing processes of heat and radical generation and diffusion can be followed in
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detail in the present numerical calculations to determine their relative importance to

extinction.

As shown in Figure 3.19 the peak flame temperatures decrease rapidly as stretch-

induced extinction is approached and the extinction limit is dependent on fuel structure.

The computed extinction limits fc,r the CH4, C2H4 and C3H8 flames are 600 s-i,

1995 s 1 and 780 s- respectively. The extinction limits determined in the present work

can be compared with the results of previous experimental and numerical studies. Tsuji

and Yamaoka (1967) have measured the extinction limits for city gas and propane

diffusion flames established in the forward stagnation region of a porous cylindrical

burner. They found that the measured extinction strain rates were dependent on the

cylinder diameter. As the cylinder diameter is increased, the observed extinction

velocity gradient decrease& This is due to the increased blockage ratio of the cylinder to

the combustion chamber which leads to higher value of the actual stagnation velocity

gradient than 2v/R. Therefore, the measured value obtained with the smlIest cylinder is

likely to provide the most accurate comparison with numerical calculations. The

measurements made with a 1.5 cm diameter burner gave a critical stagnation velocity

gradient of 675 s-1 for the propane flame. For the methane flame, a recent publication of

Tsuji et at. (1994) reported an extinction limit of 460 s- 1 measured with a 3 cm disnieter

burner.

Chellih et cii. (1990) have also investigated the extinction condition of methane-air

counterfiow diffusion flame established between two opposed jets. From the measured

velocity profiles near extinction a velocity gradient of 380 -I was deduced. These

authors also computed the flame structure near extinction with different boundary

conditions. They found that the computed extinction strain rates, defined as the

velocity gradient in the oxidiser stream just before the reaction zone, vary significantly

with the boundary conditions. The computed values were 509 s- for potential flow,

460 s-1 for a Tsji burner and 391 s- 1 for plug flow condition.



Chapter Three	 147

It should be realised that, similar to computational results, experimentally defined

extinction velocity gradients also depend on secondary factors and, therefore, are not

unique. These factors include the cylinder size as mentioned above, the axial velocity

gradients at the nozzle exits for the cotmterflow jets, the location of the stagnation

plane, and the region over which strain is defined. In the course of the present work, it

has also been found that computationally determined extinction limits are rather

sensitive to the chemical kinetics. For example, the extinction limit of methane flame can

be increased by 100/s when the rate constant of reaction (86) (CH3 + OH CH2OH +

H) is increased a factor of 3. Therefore, the agreement for the extinction limits

determined in the present work and those obtained in previous investigations can be

considered as reasonable.

Temperature effects have been regarded as one of the major causes for flame

extinction among the various assumptions made. The present computational results also

show that extinction occurs when the flame temperature drops to the range of 1650-

1750 IC (see Figure 3.19). As the flame temperature is reduced under high stretch

conditions, the chemical reaction is retarded and flame extinction can occur when the

reaction rates of fuel and oxidiser become slower than the rate at which reactants are

supplied to the reaction zone by diffusion. The data in Table 3.1 show that the peak

rates of the chain branching reactions increase strongly with increasing strain rate. This

indicates that the increase in concentrations of fuel and 02 in the reaction zone has a

stronger effect on the reaction rate than the decrease in peak flame temperature.

Therefore, flame extinction is not just caused by the limitations of the chain branching

reactions imposed by the flame temperature. 	 -

The influence of the three-body chain terminating reactions on the extinction

conditions may also be exnmined. Although the rate of reaction (5) increases strongly

with increasing rate of strain, it is still slower than reaction (1) by a factor of 10 when

close to extinction. Moreover, computed peak radical formation rates also increase

strongly with an increase in the strain rate and only decline slightly when extinction is
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approached. For example, in methane flames the peak formation rate for H atom

increases from 0.474 kmol/m 3-s to 5.264 kmol/m3-s when the strain rate is increased

from 20/s to 500/s. While it is true that the presence of three-body reactions such as

reaction (5) lowers the peak concentration of radicals, extinction does not seem to be the

result solely of a competition between the chain branching and terminating reactions.

The present computational results show that the increase in radical formation

rates is not proportional to strain rate. For example, in the methane flame the peak

formation rate of H atom increases by a factor of 11 when the strain rate is increased

from 20/s to 500/s. By contrast, the diffusive loss of radicals is proportional to the

concentration gradients. When the strain rate is increased from 20/s to 500/s, it is

expected to increase by a factor of 500/20 - 25. This is somehow larger than the

corresponding increase in the peak formation rate of H atom. Diffusive loss is thus

arguably the major cause of reduction in radical concentrations with increasing strain

rate.

it is interesting to compare the extinction conditions for the fuels considered in the

present work. Despite of the lower flame temperature computed for the propane flame,

it shows higher resistance to stretch than the methane flame. Comparing the species

concentrations of'these two flames (see Figure 3.20 and Figure 3.21), it has been found

that the propane flame produces slightly higher concentration of H2 and CO than the

methane flame. Since the formation of the H atom is mainly controlled by reaction (3)

(OH + H2 = H20 + H), the rate of this reaction is not only dependent on the

temperature but also depends on the concentration H2 in the flame. The higher

concentrations of H2 produced in the propane flames enables it to sustain higher stretch

before the H2 concentration is reduced to a critical leveL Figures 3.20 and 3.21 show

that concentrations of H2 are reduced to a mole fraction of less than 0.03 when

extinction occurs. For the ethylene flames, the combined effects of higher flame

temperature and higher concentrations of H2 and CO produced in the flame are the

determining factors for the higher extinction limit predicted in the present work. While
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the rates of the other chain branching reactions also depend on the concentrations of H2

and CO. which are produced on the fuel rich side, it is possible to suggest that the

excessive loss of these intermediate species and radicals as well as thermal loss through

diffusion are the main causes of the reduction in the radical formation rates and which

eventually lead to flame extinction.

3.5 Higher Hydrocarbon Formation in Diffusion Flames

The relative importance of alternative higher hydrocarbon formation mechanisms

depends on fuel type as well as combustion conditions (Glassman, 1988). Diffusion

flames may be considered to consist of a largely oxygen-free pyrolysis region

surrounded by a flame front. In these environments higher hydrocarbons and ultimately

soot are formed before the main reaction zone is experienced. Therefore fuel structure

effects are more pronounced than in premixed flames. The formation of benzene, the

first aromatic ring, from aliphatic fuels is a subject of significant interest in studying

soot formation. Several experimental studies (Frenklach et cii., 1983; Bartok and

Kurisldn, 1988; Sidebothani et aL, 1992; Sidebothim and Glassman, 1992a, 1992b) have

shown that the relative importance of the C2/C4 and C3/C3 class of benzene formation

mechanisms is different for every fueL

In the present study the different paths of higher hydrocarbon formation in

lsmirnir counterfiow diffusion flames burning CH4, C2H4 and C3H8 have been analysed.

The calculations featured a rate of strain of 20 s- for all three fuels. The computed

concentrations of acetylene, benzene, C3 and C4 species for the different flames are

plotted along mixture fraction in Figure 3.25. These plots show that the fuel structure

effects give rise to the differences in the relative concentrations of various intermediate

species produced. The ethylene flame produces the highest concentrations of acetylene.

The concentration of propyne (p-C3HI) is about an order of magnitude higher in the

propane flame than in the ethylene and methane flames. Allene (a-C3H4), an isomer of

propyne, is in partial equilibrium with propyne in all the flames. The ratio of propyne
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to allene is always approximately equal to 2. It is interesting to noted that the different

fuels produce similar concentrations of the propargyl (C3H3) radical. The

concentrations of C4 intermediates vary significantly with fuel structure and highest

concentrations can be found in the ethylene flame. Despite the higher concentrations of

C4 intermediates produced in the ethylene flame, the amount of benzene produced is

similar to that in the methane flame. On the other hand, the propane flames produces

three times as much benzene as the ethylene and methane flames. This indicates the

dominmice of the C3/C3 path for benzene formation in these flames. The piots in Figure

3.25 also show that the locations of intermediate species formation are different in

mixture fraction space. The concentration of C4L1 peaks at smaller mixture fraction

than C4H6. The benzene profiles for the ethylene flame peak at higher mixture fraction

than the other flames.

There are no experimental measurements of the concentrations of higher

hydrocarbons in counterfiow diffusion flames. However, Sidebothm and Glassman

(1992a, 1992b) have measured the flame structures of inverse diffusion flames burning

methane, ethylene and propene. In these experiments the oxidiser flows through the

central tube and the fuel through a concentric annulus. The fuel stream was heavily

diluted to ensure stability of the flame. Detailed profiles of C1-C6 hydrocarbon

intermediates have been reported in these experimental investigations and the data set

provides the basis for the validation of higher hydrocarbon chemistry in diffusion

flames.

Instead of direct comparison with the measured coflowing flame structure, a

flamelet approach is adopted in the present work. Computations have been made for

counterflow diffusion flames, with a rate of strain of 20/s, burning methane, ethylene

and propene with compositions as stated in the experiments (see Table 3.2).

Comparison of the present calculations and the experimental measurements can be made

in mixture fraction space. However, Sidebothsim and Glassrnsn (l992a, 1992b) did not

report any mixture fraction profiles in their experiments. Nevertheless, major species
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profiles have been measured for the ethylene flame (Sidebotham and GlasRmRn 1992a)

and mixture fraction profiles can be evaluated based on the carbon atom balance.

The computed concentrations of C2-C4 species and benzene for the ethylene

flame are compared with the measurements in mixture fraction space as shown in Figure

3.26. The measurements indicate that the peak concentrations of the intermediate

species occur in the fuel rich region with mixture fraction ranging from 0.65 to 0.75.

This feature is well predicted by the present model. There is also good agreement in the

peak concentrations for most species with discrepancies less than a factor of two.

However, there are no CO and CO2 profiles reported for the methane and propene

flames. Therefore, comparisons can only be made for peak concentrations in Table 3.2.

Table 3.2
Peak concentrations of intermediate species in diffusion flames

________	 CH4 flame a	 C2H4 flame b	 c3H6 flame C

Mole fraction measurement computation measurement computation measurement computation

C 2 	1.02E-3	 1.32E-3	 8.73E-3	 9.79E-3	 3.26E-3	 2.13E-3

a-C3H4	 2.86E-5	 1.81E-5	 1.81E-5	 2.91E-5	 -	 3.53E-4

p-C3R4	 4.23E-5	 4.91E-5	 3.37B-5	 6.17E-5	 6.17E-4	 5.63E-4

C4H2 	 1.28E-5	 1.65E-5	 8.52E-5	 6.24E-4	 5.07E-5	 4.22E-5

C4R1	 1.15E-5	 5.35E-6	 8.79E-5	 I.95E-4	 6.32E-5	 1.64E-5

(1,2)-C4H6	 -	 4.56E-6	 -	 2.80E-6	 -	 1.39E-S

(1,3)-C4H6	 9.56E-6	 9.35E-6	 1.I1E-4	 1.20E-4	 9.82E-5	 1.90E-5

C6H6	 6.05E-6	 8.19E-6	 2.78E-5	 2.42E-5	 l.41E-4	 2.41E-5

a diluted 14% CH4/ 42% 02/)12 inverse diffusion flame (Sidebotham and Glassman, 1992b).
b diluted 8.3% C2H4/ 36% 02/N2 inverse diffusion flame (Sidebotham and Glassman, 1992b).
C diluted 5% C3Hil 36% 02/N2 inverse diffusion flame (Sidebotham and Glassman, 1992b).
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(1992a).
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The peak concentrations listed in Table 3.2 are more than one order of magnitude

smaller than that computed for the undiluted flames (see Figure 3.25). There is good

agreement for the concentrations of acetylene, allene and propyne in all flames. The

predictions for the C4 species and benzene in methane and ethylene flames are well

within the experimental uncertainties. But the computed peak C4H2 concentration in

the ethylene flame is almost eight times higher than the measurements. The agreement is

less satisfactory for the propene flame where the predictions for C4H2, C4H4 and C6H6

are lower than the measurements by more than Thctor of four.

Reaction-path analysis has been conducted to examine the relative importance of

different higher hydrocarbon formation paths for the fuels considered in the present

study. For methane flame the major path starts from reactions between acetylene with

methylene and methyl radicals

'CH2 + C2H2	 C3H3 +H
	

(53)

'CH2 + C2H2	 c-C3H4	 (54)

3CH2 + C2H2	 c-C3H4	 (74)

CH3 + C2H2 = p-C3H4 + H (192)

The above reactions produce the bulk of C3 species in the methane flame. However,

reaction (192) is close to partial equilibrium. Therefore the significance of this reaction

varies with combustion conditions. For example, reaction (192) actually proceeds in the

reverse direction in the diluted methane flame. The dominant C4 formation path in

methane flame is the reaction between the propargyl and methylene radicals,

C3H3 + 3CH2 = C4H4 + H (291)

Vinylacetylene subsequently reacts with the H atom and the OH radical to form n-

C4H3. The latter species isomerises quickly to i-C4H3 and reaches a partial-equilibrium

state. Diacetylene is formed from the dehydrogenation of i-C4H3.

C4H4 +H
	

n-C4H3 + H2	 (319)

C4H4 + OH	 = n-C4H3 + H20
	

(321)
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n-C4H3	 =	 i-C4H3	 (312)

i-C4H3	 =	 C4H2 +H
	

(313)

i-C4H3 + H
	

=	 C4H2 +H2	 (314)

i-C4H3 + OH = C4H2 + H20 (316)

The recombination reaction between propargyl and methyl radicals leads to the

formation of 1,2-butadiene which subsequently isomerises to 1,3-butadiene via the c-

C4H6 intermediate. The consumption of 1,3-butadiene through thermal decomposition

and H-abstraction reactions leads to the formation of the 1 ,3-butadienyl radical. The

latter radical decomposes quickly into acetylene and vinyl radical in the high

temperature pyrolysis zone,

C3H3	 +	 CH3

(1 ,2)-C4H6

c-C4H6

(1,3)-C4H6

(1,3)-C4H6 +	 H

(1,3)-C4H6 +	 OH

=	 (1,2)-C4H6

=	 c-C4H6

=	 (1,3)-C4H6

(1,3)-C4H5 +

(1,3)-C4H5 +

(1,3)-C4H5 +

(-337)

(-355)

(354)

H	 (344)

H2	 (345)

H20	 (348)

(1,3)-C4H5	 =	 C2H2	 +	 C2H3	 (-323)

From the above reaction sequence, it is not surprising that methane flames produce

lower concentrations of C4 species compared to other fuels due to the small amounts of

acetylene formed in the flame. As a result, benzene is niin1y formed via the propargyl

radical recombination reactions (358)-(360) and the subsequent isomerisation reactions

(395)-(403) of the linear C6H6 species.

The formation path for the C3 species in the ethylene flame is similar to that in

the methane flame. The propargyl radical and c-C3H4 are produced through the

reactions between acetylene and methylene radicals (reactions (53), (54) and (74)). The

computed acetylene concentration in the ethylene flame is one order of magnitude higher



156	 Chapter Three

than that in the methane flame. It might be expected that higher concentrations of C3

species should be produced. But the data show that similar levels of C3 species are

produced in the undiluted ethylene and methane flames. This is mainly due to the

increase in reverse rate of reaction (192) under higher flame temperature and H atom

concentration in the ethylene flame. Reaction (192) becomes an effective destruction

path for p-C3H4. However, the increased C2H2 and C2H3 concentrations eventually

lead to increased C4 species in ethylene flames via,

C2H	 +	 C2H2	 = C4H2	 +	 H	 (292)

C2H2	 +	 C2H3	 = C4H4	 +	 H	 (325)

C2H3	 +	 C2H3	 =	 (1,3)-C4H6	 (343)

C2H3	 +	 C2H4	 =	 (1,3)-C4H6 +	 H	 (-346)

The recombination of vinyl radical and ethylene is the dominant reaction responsible for

the higher 1 ,3-butadiene concentrations computed for the ethylene flames. However,

these increases in concentrations of C4 species do not lead to a significant increase in the

importance of the C4/C2 path for benzene formation via the reactions shown below.

n-C4H3 +

n-C4H3 ^

(1,3)-C4H5 +

(1,3)-C4H5 +

(1,3)-C4H5 +

C2H2	 =

C2H2	 =

C2H2	 =

C2H2	 =

C2H2	 =

(1 ,3)-C6H5

C6H5

l-C6H7

(1,3)-C6H6 +	 H

C6H6	 +	 H

(362)

(363)

(368)

(370)

(371)

In fact, due to the fast isomerisation of n-C4H3 to i-C4H3 and the decomposition of

(1,3)-C4H5, the concentration of these C4 radical species are rather small in the flame and

the above reactions actually proceed in the reverse direction even in the ethylene flame.

As a result, the propargyl radical recombination reactions are still the dominant benzene

formation path in ethylene flame. The only effective C41C2 path for benzene formation

is the chemically activated reaction between C4H4 and C2H3,
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C4H4	 +	 C2H3	 =	 (1,2,4,5)-C6H6 +	 H	 (367)

This reaction contributes to about 40% of benzene formation in the ethylene flame.

The dominpnce of the C3 paths for benzene formation is further enhmiced in the

propane and propene flames by the much higher concentrations of allene and propyne

formed from the parent fuel. Although the concentration of propargyl does not increase

significantly, the partial equilibrium of the propargyl recombination reactions (358)-

(3 60) simply convert more allene and propyne to benzene via propargyl as an

intermediate. The C4/C2 paths are unimportant for benzene formation in these flames.

3.6 Modelling Results for Coflowing Diffusion Flame

Detailed validation of a reaction mechanism demands not only comparison with major

and stable intermediate species, but also good agreement for minor and radical species.

However, experimental data of radicals in lRnhinRr hydrocarbon diffusion flames are

scarce. In the last decade, a very significant data set has been produced by Smyth and

co-workers in their experimental investigation of a lmint coflowing methane-air

diffusion flame established on a rectangular Wolthard Parker burner. Measurements

have been made of species concentrations, velocity and temperature profiles (Smyth et

aL 1985). In addition to mass spectrometric detection of stable molecules, radical

concentration profiles have been obtained for CH3 (Smyth and Taylor, 1985; Miller and

Taylor, 1987), OH (Smyth et at., 1990), H atom (Smyth and Tjossem, 1990), 0 atom

(Smyth and Tjossem, 1990) and CH (Norton and Smyth, 1991). This data set provides

the basis for the further validation of the current detail mechanism as applied to

diffusion flame calculations.

The only detailed kinetic computations of this flame reported in the literature is

that of Leung and Lindstedt (1995). In previous modelling works comparisons were

made either with lAn1inr flamelet calculations derived from the counterfiow geometry

(Seshadri et cii., 1990) or with flamelets derived from kinetic computations of the

axisynimetric 1mninr coflowing diffusion flames (Norton et at., 1993). Here calculations
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have been made with full detailed chemical kinetics as well as with a lminrn flamelet

approach. Direct comparison of measured and computed species profiles on a physical

distance scale provides a critical and demanding test of the present mechanism.

Moreover, the measured acetylene and bénzene profiles can be used to validate the

benzene formation paths considered i the mechanim

Computations were performed with initial conditions similar to those reported by

Smyth et al. (1985) in their experimental investigation. The velocities for the fuel and

the air flows reported earlier (Smyth et al., 1985) have recently been re-calibrated

(Norton etal, 1993) to 11.0 and 21.7 cm/s respectively. The calculations were initiated

with a flamelet approach to generate the initial flame structure. Once a sufficient number

of high temperature nodes was obtained, typically after a distance of 0.5 mm above the

burner, the computation switched to use of the full kinetic scheme. Preliminrny

calculations showed that the vertical velocity profiles to be over-predicted near the

centre-line region. In order to improve the flow field predictions, the buoyancy term

was adjusted somewhat to account for the heating of the flame holder. The measured

velocity profiles at 9 mm above the burner exit are compared in Figure 3.27 with the

conesponding results of the calculations. The agreement is reasonable considering the

simplified boundary layer approximation employed in the numerical calculation. There

is also good agreement for the temperature and mixture fraction profiles in terms of

magnitude and shape as shown in Figure 3.28.

Figure 3.29 compares measured stable species (CR 4, 02, N2, and H20) with

calculated profiles. There is excellent agreement in terms of their absolute

concentrations, the locations and the profile shapes. Similar agreement for H2 profiles

can be observed in Figure 3.30. However, there are some discrepancies in the CO and

CO2 profiles. The computed CO2 concentrations are lower than the measurements in

the fuel rich region while there is an over-prediction of the CO profiles for most of the

fuel rich region. Mitchell et al. (1980) have measured the major species profiles of an

coflowing methane-air diffusion flame established on a cylindrical burner. These authors
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Figure 3.27 Comparison between calculations (lines) and measurements (symbols) by
Smyth et al. (1985) for velocity profiles in a coflowing methane-air flame at
a height of 9 mm above the exit of a Woifliard-Parker burner.
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Figure 3.28 Comparison between calculations (lines) and measurements (symbols) by
Smyth et aL (1985) of profiles of mixture fraction and temperature in a
cofiowing methane-air flame at a height of 9 mm above the exit of a
Woifliard-Parker burner.
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Figure 3.29 Comparison between calculations (lines) and measurements (symbols) by
Smyth et aL (1985) of CH4, 02, N2 and H20 profiles in a cofiowing methane-
air flame at a height of 9 mm above the exit of a Woifliard-Parker burner.
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Figure 3.30 Comparison between calculations (lines) and measurements (symbols) by
Smyth (1991) of H2, CO and CO2 profiles in a cofiowing methane-air flame
at a height of 9 mm above the exit of a Wolfhard-Parker burner.
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reported a peak CO concentration of 4.5% which is close to the present computational

result. Although CO concentrations may be sensitive to flame stretch, computational

results from the counterfiow geometry show that the peak CO concentrations vary

from 5.7% to 4.5% as the strain rate is increased from 10 s4 to 100 r 1 . These value are

still higher than the measured peak concentration of about 3%. On the other hand, the

variation of computed peak concentrations of H2, CO and CO2 with flame height above

the burner is moderate. For example, the computed peak CO concentration increases

from a value of 4.6% to 5.3% from a height of 1 mm to 9 mm above the burner.

Therefore it is rather difficult to explain the discrepancies in the present work.

However, it is interesting to note that the amount of overprediction in the CO profiles

can roughly compensate the amount of underprediction in the CO2 profiles. It is

possible that partial conversion of CO to CO2 might have taken place in the sampling

probe during the experiment.

Figure 3.31 compares measured profiles of H, 0 and OH radicals with

computational results. The computed 0 and OH profiles appear narrower than the

measurements and the computed profiles are slightly shifted to the lean side; otherwise

the overall agreement in the shape and locations of the proffles is very good. The

absolute concentration profile data of OH radical were determined by the combined

laser absorption and laser-induced fluorescence measurements which has been suggested

to be accurate to ^ ±10% over a dyrlRtnic range of ten (Smyth et al., 1990). The

computed peak OH concentration is higher than the measurements by about 30%. For

both the H atom and 0 atom measurements only relative concentration profiles have

been obtained, and their absolute concentrations were estimated by assuming partial

equilibrium in the flame (Smyth and Tjossem, 1990). Figure 3.31 shows that the

agreement between measurements and computations for the peak concentrations of H

and 0 atoms is very good. The computed peak OH radical concentration is less

sensitive to increasing height than the computed H and 0 atoms concentrations which

decrease by around 12% and 25% respectively - in agreement with experimental

obsçrvations.
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Figure 3.31 Comparison between calculations (lines) and measurements (symbols) by
Smyth (1991) of H, 0 and OH radical profiles in a coflowing methane-air
flame at a height of 9 mm above the exit of a Wolfhard-Parker burner.

Figure 3.32 Comparison between calculations (lines) and measurements (symbols) by
Smyth (1991) of CH and CH3 radical profiles in a coflowing methane-air
flame at a height of 9 mm above the exit of a Wolfhard-Parker burner.
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Figure 3.32 compares measured profiles of CH and CH3 radicals with the

computational results. No quantitative measurements have been reported for the CH

radical in diffusion flame. Experimental CH concentrations were normalised assuming an

arbitrary peak concentration of 1 ppm and the experimental estimates of the maximum

concentration of methyl rdical arguably provide a lower limit only, which are 5.5x1O

(Smyth and Taylor, 1985) and 1.l-1.8x10-4 (Miller and Taylor, 1987). Therefore, to

illustrate the similarity in profile shapes the peak concentration of the experimental data

are scaled to the same values as the calculated profiles for comparison. There is good

agreement in the location and profiles shape for the methyl radical. The computed CH

proffle is narrower and appears closer towards the air side than. in the measurements.

Computational results show that the peak concentrations of CH and CH3 radicals are

sensitive to the local strain rate, and their values were reduced by 55% and 45%

respectively when the height increases from 1 mm to 9 mm above the burner exit.

Figures 3.33 and 3.34 compare the evolution of measured and computed acetylene

and benzene profiles with flame height. Benzene concentrations at the beginning of

calculation were set to zero to ensure that the flamelet did not impose unrealistically

high initial concentrations. There is good agreement in the locations and shape of the

proffles and both measurements and predictions show that acetylene and benzene

concentrations increase with increasing flame height. However, Figure 3.33 shows that

the computed acetylene profiles are consistently higher than the measurements by

about 30%. The variation of computed peak benzene concentration with flame height is

somewhat less than that observed in the experiment, see Figure 3.34, and the predicted

initial growth is faster than the measurements.

The coflowing flame was also computed using a flamelet approach with flamelet

data generated in the counterfiow geometry with rates of strain of 10 s 1 and 200 r1.

This large variation in strain rate helps to exemplify the effect of strain on the flame

structure. The results of flamelet calculations for radicals (H, 0 and OH), acetylene and

benzene at height of 9 mm above the burner are compared in Figure 3.35 with the
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Figure 3.33 Comparison between calculations (lines) and measurements (symbols) by
Smyth (1991) of C2H2 profiles in a coflowing methane-air flame at heights
of 7, 9 and 11 mm above the exit of a Wolfhard-Parker burner.
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FIgure 3.34 Comparison between calculations (lines) and measurements (symbols) by
Smyth (1991) of C6H6 profiles in a coflowing methane-air flame at heights
of 3, 7 and 9 mm above the exit of a Wolfhard-Parker burner.
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Figure 3.35 Comparison between detailed kinetic and flamelet calculations (lines) with
experimental measurements (symbols) by Smyth (1991) at a height of 9 mm
above the exit of Wolfbard-Parker burner. Also shown is a computation in
which all benzene formation paths involving the propargyl radical have been
removed.
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corresponding results of detailed kinetic computations and measurements. It can be

observed that predictions for all the species shown, except for the OH radical, are

sensitive to the rate of strain. Computational results show the computed peak

concentrations for acetylene and benzene are reduced by 50% and 90% respectively

when the strain rate is increased from 10s 1 to 200 si. Calculations using the flamelet

with the low rate of strain provide better agreement in profile shapes with the results of

detailed kinetic computation than the computational results generated with high strain

rate flamelet data. However, all the profiles of the flamelet calculations appear shifted

towards the rich side.

3.7 Computations of Laminar Burning Velocities

The laminar burning velocity is one of the basic properties of any combustible mixture

and it has been used extensively to partially validate proposed kinetic mechrniism of

various fuel/oxidant systems. Although the subject of the burning velocity of

combustible mixtures has been studied for many decades, there is still a lack of

consensus both as to the most effective methods of measurement and on the reliability

of the published data for various mixtures (Rails and Oarforth, 1980). The uncertainty

is mainly due to the unquantifled flame stretch effect on burning velocity inherent to

different measurement techniques (Tseng et al., 1993). The principal set of experimental

data used for comparison with the present calculations are that obtained by

Egolfopoulos et aL (1990) who use the counterfiow flame technique to systematically

subtract the stretch effects. Lminrn burning velocities of mixtures of methane,

acetylene, ethylene, ethane and propane with oxygen and nitrogen have been determined

for extensive lean-to-rich fuel concentrations and over a pressure range of 0.25 to 3 atm.

Using the present reaction mec1lRnisn1 laminAr burning velocities were calculated

for hydrocarbon-air mixtures of various compositions at atmospheric pressure. The

results of the calculations and the experiments are shown in Figure 3.36.
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Figure 3.36 Comparison between calculations (lines) and experimental measurements
(symbols) by Egolfpouios et aL (1990) of laminar burning velocities of
methane, acetylene, ethylene, ethane and propane-air mixtures at
atmospheric pressure.
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Figure 3.37 A schematic flow chart of the oxidation pathways for C 1-C3 hydrocarbon
combustion.
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It can be observed that the comparison is reasonably close for the extensive range of

equivalence ratio covered for all the fuels considered. The compositions at which the

maximum burning velocities occur are also correctly predicted. A better understanding

of the kinetic behaviour can be obtained by analysing the major fuel consumption paths

as predicted by the calculations. A schematic flow chart describing the high temperature

oxidation of C1-C3 hydrocarbons is given in Figure 3.37.

Computational results show that the hydrocarbon fuels are min1y consumed by

reactions with 0 and H atoms and the OH radical to generate various alkyl radicals. The

relative importance between these radical attacks varies with the equivalence ratio.

Reactions with the 0 atom and the OH radical are generally important for lean-to-

stoichiometric compositions, whereas reactions with the H atom become dominant in

fuel rich mixtures. It is the subsequent reactions of the intermediate radical species that

provide the various features in the oxidation of the fuels considered in the present

study.

The methyl radical is the immediate product of the consumption reactions of

methane. Computational results show that methyl radicals mainly react with the 0

atom and the OH radical. The reactions with 0 and OH account for 45% and 30% of

methyl radical consumption respectively for lean to slightly rich mixtures. The

recombination of methyl radicals leads minIy to ethane, concentrations of which

become significant in rich mixtures. The contribution of the recombination reaction

towards methyl radical consumption increases from 10% for $=0.6 to about 55% for

4 =1.6.

CH3 + CH3	 = C2H6	 (84)

CH3 +0
	

= CH2O +H
	

(85)

CH3 +OH
	

= CH2OH+H
	

(86)

CH3 + OH	 = 1CH2 + H2O
	

(87)
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The formation of singlet methylene in reaction (87) has a significant influence on the

computed burning velocities of methane-air flames. The majority of singlet methylene is

stabilised to triplet methylene. However, methylene reacts quickly with molecular

oxygen, H, 0 and OH radicals to produce CO. and regenerate the H atom.

1CH2 + M	 = 1CH2 + M	 (58)

1 CH2 + 02	 = CO	 + OH + H	 (49)

3CH2 + H	 = CH	 + H2	 (60)

3CH2 + 0	 = CO	 + H	 + H	 (61)

3CH2 + 0	 = CO2 + H2	 (62)

3CH2 + OH	 = CH	 + H20	 (63)

3CH2 . + OH = CH2O + H (64)

The above reactions are essentially chain branching. Therefore an increase in the rate of

formation of 1 CH2 through reaction (87) increases the computed burning velocities of

methane-air flames. The good agreement between the computed and measured burning

velocities, see Figure 3.36, indicates that the current choices of rate constants for the

two major product channels of the reaction between methyl radical and OH radical,

reactions (86) and (87), are reasonable.

The oxidation of acetylene is quite different from that of other fuels. The most

important acetylene removal steps in acetylene-air flames are the reactions with 0

atoms - even in rich mixtures. These reactions account for more than 60% of acetylene

consumption at an equivalence ratio of 1.6. The reaction forming the ketyl radical

proceeds at a rate twice of the other clurniiel forming triplet methylene. The reactions

with OH radicals only play a secondary role in acetylene consumption and are

responsible for about 20% of acetylene oxidation.

C2H2 ^ 0	 = 3CH2 + CO	 (142)

C2H2 + 0	 = CHCO + H	 (143)



Chapter Three	 171

C2H2 + OH
	

C2H + H20
	

(144)

C2H2 + OH
	

CH2CO + H
	

(145)

The ketyl radical quickly reacts with the H atom and molecular oxygen, with the

reaction fonning 1 CH2 being the donaintit path in stoichiometric to rich mixtures,

CHCO +H	 = 1 CH2 +CO
	

(129)

CHCO + 02
	 = CO	 +CO +OH	 (132)

CHCO + 02 = CO2 + CO + H (133)

The computational results show that the fast formation of 1 CH2 and 3CH2 during the

oxidation of acetylene and the subsequent chain branching reactions for the methylene

consumption are the msiin cause of the fast burning velocities observed for acetylene-air

flames. The computed burning velocities are sensitive to the consumption rate of ketyl

radical. If room temperature rate constants were adopted for reactions (132) and (133),

the computed burning velocities would be underpredicted by more than 10 cm/s (

10%) for rich mixtures. On the other hand, if the rate constants of these reaction were

increased by a factor of five, the burning velocities would be overpredicted for lean

mixtures. While there is a lack of high temperature measurements for these reactions, the

rate constants adopted in the present mechanism seem to provide an adequate

description of the ketyl radical consumption.

Ethylene is oxidised by the 0 atom to produce CH3 and CHO. The reaction with

the H atom and the OH radical mainly proceeds by H-atom abstraction to produce

vinyl radicals. The abstraction reactions account for more than 75% of ethylene

consumption - except in very lean compositions where the reaction with the 0 atom

doniinsites.

C2H4 +H
	

C2H3 + H2 	 (165)

C2H4 +0
	

CH3 + CHO
	

(166)

C2H4 +OH	 = C2H3 +H20
	

(167)
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The major consumption paths for the vinyl radical is the thermal decomposition

reaction and the reactions with H atom and molecular oxygen,

C2H3	 C2H2 +H
	

(157)

C2H3 +H
	

C2H2 +H2	 (158)

C2H3	 °2
	 CH2O + CHO

	
(161)

The computed burning velocities of ethylene-air flames are sensitive to the rate of the

above reactions. Reactions (157) and (161) have a positive effect on the computed

burning velocities since the radical pool is increased by the direct formation of H atom

or through subsequent decomposition of CHO. On the other hand, reaction (158) has an

adverse effect on the computed burning velocity as it depletes the radical pooi by the

consumption of an H atom.

Ethane is attacked by H, 0, and OH to form the ethyl radical, whose

consumption is relatively complicated due to many competing reactions and due to the

pressure dependence of its thermal decomposition reaction. Calculations with the

present reaction mechanism show that reaction with the 0 atom and molecular oxygen

contribute less than 10% to the consumption of the ethyl radical in ethane-air flames.

The thermal decomposition reaction account for more than 40% of ethyl radical

consumption with the reimlining contributions coming from the reactions with the H

atom.

C2H5	 = C2H4 +H
	

(172)

C2H5 +H
	

= C2H6	 (173)

C2H5 +H
	 = CH3 +CH3

	
(-84)

The rate of the decomposition reaction (172) has a significant effect on the computed

burning velocities of ethane-air flames. With a fast decomposition rate used for reaction

(172), such as that suggested by Baulch et al. (1992), a partial equilibrium condition was

created for this reaction which resulted in a high level of the H atom which in turn

resulted in an overprediction of the maximum burning velocities by around 10 cm/s. A
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reasonable agreement between the computations and experiments was achieved by using

a somewhat slower second order rate for reaction (172), as suggested by Westbrook and

Pitz (1984), to remove the equilibrium behaviour.

The oxidation of propane is again dominated by H, 0 and OH radical attack to

produce the iso- and n-propyl radicals. Reactions with H atom and OH radical are the

dominant propane consumption paths under most conditions. The computed burning

velocities of propane-air flames are sensitive to the relative formation rates between the

two isomers of the propyl radical. The n-C 3H7 mainly decomposes to form C2H4 and

CH3 and the consumption of these species depletes the radical pooi. On the other hand

the formation of i-C3H7 enhances the radical pool by its quick decomposition into

C3H6 and H,

n-C3H7	= C2H4 +CH3	(270)

i-C3H7	=	 C3H6 + H	 (-275)

The recombination of propene and the H atom accounts for about 20% of propene

consumption with the remaining contribution coming from reactions with the H atom

and the OH radical to form the isomers of C3H5 . The allyl radical is the dominant

isomer and is subsequently oxidised by reaction with 02,

C3H6 +H
	

=	 n-C3H7	 (271)

C3H6 +H
	

=	 a-C3H5 + H2	 (251)

C3H6 + OH
	

= a-C3H5 + H20
	

(258)

a-C3H5 + 02	 = C2H2 + CH2O + H	 (227)

It should be noted that the pyrolytic reactions are of secondaiy importance for allyl

radical consumption in premixed flames. Consequently, the combustion behaviour of

premixed propane flames depend strongly on the oxidation characteristic of C2

hydrocarbon species.
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3.8 Modelling of Burner Stabilised Flat Flames at Atmospheric

Pressure

3.8.1 Results for a C2H4/02/Ar Flame

Harris et al. (1986) have measured detailed temperature and species profiles in two

ethylene flames, one heavily sooting ($ = 2.76) and the other rich but non-sooting ( =

1.68). A quartz microprobe was used to measure stable species conceniration proffles

including some C4 hydrocarbons. The relative concentrations of H and OH radical were

also measured with laser induced fluorescence techniques. At this stage the validation

exercise is focused on the pre-sooting chemistry without the consideration of soot

formation and the significant amount of soot measured in the sooting flame poses extra

uncertainties in the species concentration profiles. Therefore, only the non-sooting

ethylene flame was modelled.

A comparison of the decay of the ethylene and oxygen profiles and the growth of

CO, CO2 and H2 concentrations for the ethylene flame is shown in Figure 3.38. The

form of the decay of ethylene and oxygen is well reproduced by the model. The

calculated postflame concentrations of CO, CO 2 and H2 agree to within 10% with the

experimentally measured values. The measured and computed concentration profiles of

CH4, C2H2 and C4H2 are shown in Figure 3.39. Methane and acetylene are the most

abundant hydrocarbon species produced in this rich flames. The characteristic

concentration maximum of the methane profile observed in the measurement is

reproduced by the calculations. However, the maximum concentration is underpredicted

by a factor of two. The acetylene and diacetylene profiles are well modelled except the

predicted decay in the postflsmie region is faster than in the measurements.

Comparisons between calculated and measured H and OH profiles are shown in

Figure 3.40. Since the laser measurements are relative, they have been scaled to agree

with the calculated peak mole fractions
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Figure 3.38 Comparison between calculations (lines) and measurements (symbols) by
Harris et al. (1986) of C2H4, 02, CO, H2 and CO2 profiles in a C2H4/02/Ar
premixed flame.
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Figure 3.39 Comparison between calculations (lines) and measurements (symbols) by
Harris et al. (1986) of CR4, C2H2 and C4H2 profiles in a C2H4/02/Ar
premixed flame.
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As discussed by Harris et aL (1986), the measurements were carried out at different

facilities and some disagreement in the reported absolute heights can be expected. In

this rich flame the computed maximum concentration of H atom is higher than that of

the OH radical by one order of mAgnitude as observed in the experiment. The agreement

in shape between the measured and calculated H and OH profiles is also reasonably

good. However, the calculated relative position of H and OH maxima do not agree with

the experiments.

Figure 3.40 Comparison between calculations (lines) and measurements (symbols) by
Harris et aL (1986) of H and OH profiles in a C2H4/02/Ar premixed flame.

Reaction-path analysis show that ethylene is min1y consumed by reaction with

H atom to form the vinyl radicaL The reactions with the 0 atom and the OH radical

account for about 30% of ethylene consumption. The vinyl radical plays a crucial role

in the formation of hydrocarbons in this flame. About 60% of the vinyl radical

consumption proceeds through the reaction with molecular oxygen to produce CH2O

and CHO, with the rem pining contributions coming from thermal decomposition and

reaction with the H atom to form acetylene. The vinyl radical also recombines with the
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methyl radical leading to the formation of propene. The thennal decomposition of CHO

is the main source of H atom. Acetylene is mainly consumed by reactions with 0

atoms. Hence the major paths of the degradation of ethylene can be depicted as below,

C2}L4 + H	 =	 C2H3 + H2 	(165)

C2H4 + 0	 = CH3 + CHO	 (166)

C2H4 + OH	 = C2H3 + H20	 (167)

C2H3 	= C2H2 + H	 (157)

C2H3 + H	 = C2H2 + H2 	(158)

C2H3 + 02	 = CH2O + CHO	 (161)

C2H3 + CH3 	=	 C3H6	(-247)

C2H2 + 0	 = 3CH2 + CO	 (142)

C2H2 + 0	 = CHCO + H	 (143)

CH2O + H	 = CHO + H2 	(76)

CHO + M = CO + H + M (43)

Results of the sensitivity analysis shows that by varying the rate constant of reaction

(161) within a factor of two - well within the uncertainty limits for this reaction - the

computed maximum concentration of acetylene could be changed by more than 20%.

The uncertainly limit suggested by the measurements is around 5% and the good

agreement for acetylene proffle indicates that the current choice of rate constant for the

reaction between vinyl radical and molecular oxygen is adequate.

The early formation of methane is due to the recombination of the methyl radical

with the H atom in the preheat region. The decay of the methane proffle in the flame

region is also due to the reaction with H atom and a partial-equilibration is achieved in

the postflame region.

CH3 + H	 =	 CH4 	(-118)
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CH4 + H	 = CH3 + H2	(119)

Diacetylene is formed by the reaction between the ethynyl radical and acetylene.

The consumption of diacetylene is due to reactions with the 0 atom and the OH radical.

The good agreement in the diacetylene profile provides an assurance for the balance

between the formation and destruction paths of this species.

C2H + C2H2	 C4H2 +H
	

(292)

C4H2 +0
	

c-C3H2 + CO
	

(306)

C4H2 + OH
	

C4H20 + H
	

(307)

3.8.2 Results for C3H8-Air Flames

Kaiser et al. (1984) also used the microprobe techniques to obtain detailed concentration

profiles of C 1 -C4 hydrocarbons in premixed propane-air flames at three equivalence

ratios (0.63,1.0 and 1.46). These measurements provide crucial data for the validation

of C1-C3 hydrocarbon chemistry in the present reaction mechanism. All three propane-

air flames were modelled in the present work and the results are discussed below.

Figures 3.4 1-3.49 present the comparisons between the computations and

measurements of major and intermediate species concentration profiles for the three

propane-air flames. Figures 3.41, 3.44 and 3.47 show that the decay of propane and the

formation of CO and CO 2 are modelled very well for all three fuel-air equivalence ratios

(0.63, 1.0 and 1.46). Figures 3.41 and 3.44 also show that the characteristic maxima of

CO profiles in the lean and stoichiometric compositions are reproduced by the modeL

The computed CO and CO2 concentrations rise to their equilibrium values in the

postflame region for the rich case, see Figure 3.47, which is also in agreement with the

measurements.

The major intermediate species in the propane-air flames are CH4, C2H2, C2H4,

C2H6 and C3H6. Figures 3.42 and 3.43 shows that ethylene and propene are the

dominmt intermediate hydrocarbons in the lean flame. The maximum concentrations of
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Figure 3.41 Comparison between calculations (lines) and measurements (symbols) by
Kaiser et al. (1984) of C3H8, CO and CO2 profiles in a propane-air premixed
flame of = 0.63.
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Figure 3.42 Comparison between calculations (lines) and measurements (symbols) by
Kaiser et aL (1984) of CH4, C2H2, C2H4 and C2H6 profiles in a propane-air
premixed flame of $ = 0.63.
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Kaiser et aL (1984) of a-C3H4, p-C3H4 and C3H6 profiles in a propane-air
premixed flame of $ = 0.63.
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Figure 3.44 Comparison between calculations (lines) and measurements (symbols) by
Kaiser et aL (1984) of C3H8, CO and CO2 profiles in a propane-air premixed
fiameof$1.O.
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Figure 3.45 Comparison between calculations (lines) and measurements (symbols) by
Kaiser et al. (1984) of CE4, C2H2, C2H4 and C2H6 profiles in a propane-air
premixed flame of $ = 1.0.
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Figure 3.47 Comparison between calculations (lines) and measurements (symbols) by
Kaiser et aL (1984) of C3H8, CO and CO2 profiles in a propane-air premixed
flame of 4) = 1.46.
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Figure 3.48 Comparison between calculations (lines) and measurements (symbols) by
Kaiser et a!. (1984) of CR 1 C2H2, C2H4 and C2H6 profiles in a propane-air
premixed flame of$ = 1.46.
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Kaiser et al. (1984) of a-C3H4, p-C3H4 and C3H6 profiles in a propane-air
premixed flame of$ = 1.46.
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methane, acetylene and ethane are of similar value. It can be observed that the profiles

of these intermediate species are modelled very well with a maximum discrepancy of

about 15% in the prediction for acetylene. The total concentrations of allene and

propyne are less then 30 ppm in the lean flame and the computed allene and propyne

profiles agree very well with the measurements.

The experimental results show that the peak concentrations of the intermediate

hydrocarbon species increase as the equivalence ratio increases. Figures 3.45 and 3.46

show that in the stoichiometric flame the peak concentrations of intermediate

hydrocarbon species are increased by 1.3 to 3 times in comparison with the

concentrations in the lean flame. It can also be observed that such increases are well

modelled. Moreover, good agreement is achieved for the concentration profiles of allene

and propyne in the stoichiometric flame.

Figures 3.48 and 3.49 shows that the concentrations of the intermediate species

increase further in the rich flame. The concentrations of C2H4, C2H6 and C3H6 rise by

factors of 2.5 to 3.5 as the equivalence ratio increases from 0.63 to 1.46. These species

increase by an amount close to the increase in the initial propane concentration, about a

factor of 2.5, as would be expected if the basic formation and consumption mechanisms

of these products are unaffected by the equivalence ratio. However, the C2H2

concentration rises exponentially by a factor of 30 over this same range, and the peak

methane concentration increases by an intermediate factor of 10. As shown in Figure

3.48 there is good agreement between the computations and the measurements.

However the peak concentrations of CH4, C2H2 and C3H6 are underpredicted by about

30%. The concentrations of allene and propyne also increase significantly and their

profiles are well modelled.

Reaction-path analysis show that propane is mRinly consumed by reactions with

the H atom and the OH radical. The contribution of the reactions with the H atom

increases from 15% in the lean flame to 57% in the rich flame, while the contributions of

reactions with the OH radical decrease from 74% to 37%. The fuel consumption rate is
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highest in the stoichiometric flame and is reduced by about 30% in the lean flame. This

is related to the maximum flame temperatures which are 1640 K, 1890 K and 1880 K

for the lean, stoichiometric and rich flames respectively. The ratio of the formation rates

between n-C3H7 and i-C3H7 varies from 1.3 in the lean flame to 1.8 in the rich flame.

This variation is msin1y due to the difference in the branching ratio for the reactions

between propane with the H atom and the OH radicals. The n-C3H7 mainly

decomposes to form C2H4 and CH3, while propene is formed predoniinsmtly by the

decomposition of i-C3H7.

There are several competing paths for the consumption of propene. The reactions

of propene with the 0 atom leads to various C1 and C2 hydrocarbon species and

account for about 25% of propene consumption in all three flames. Propene also

recombines with the H atom to form n-C3H7 and this reaction is responsible for about

15% of propene consumption. The remaining contributions of propene consumption

come from abstraction reactions by the H atom and the OH radical. The allyl radical is

the doniinsrnt product of these abstraction reactions. The branching ratios between the

formation of a-C3H5, s-C3H5 and t-C3H5 is about 6:1:1. Hence, the consumption paths

for propene can be summarised as below.

C3H6 +H

C3H6 + H

C3H6 +H

C3H6 +H

C3H6 +0

C3H6 +0

C3H6 +0

C3H6 + OH

C3H6 + OH

= n-C3H7

= a-C3H5 + H2

= s-C3H5 + H2

t-C3H5 + H2

C2H5 + CHO

C2H4 + CH2O

CH3 +CH3 +CO

a-C3H5 + H2O

s-C3H5 + H2O

(271)

(251)

(252)

(253)

(255)

(256)

(257)

(25 8)

(259)



C2H3 + CH2O

C2H2 + CH2O + OH

C2H20 + CH3

CH3 + CH2O + CO

CHCO +CH3 +H

(224)

(227)

(233)

(234)

(239)

(-195)

(-209)

(-210)

a-C3H5 + 0

a-C3H5 + 02

s-C3H5 + 0

s-C3H5 + 02

t-C3H5 + 0

t-C3H5 + 02

t-C3H5

t-C3H5

S-C3H5

CH3 + CHO + CHO (240)

a-C3H4 + H

p-C3H4 + H

p-C3H4 + H
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C3H6 + OH = t-C3H5 + H20 (260)

The consumption of the C3H5 radicals min1y proceed through reaction with 0 and 02..

The allyl radical reacts exclusively with 02 to produce acetylene. This reaction

contributes to about 25% of the acetylene formation in all three propane-air flames. The

decomposition of the C3H5 radicals lead to the formation of allene and propyne.

s-C3H5 = C2H2 + CH3 (-194)

The computed concentrations of allene and propyne are sensitive to the rate of reaction

(227). If the rate of reaction (227) is reduced by one order of magnitude, the computed

peak concentrations of allene and propyne are higher than the measurements by factors

of 5 and 2 respectively in the stoichiomeiric flame.

The consumption of ethylene proceeds through reactions with H, 0 and OH

radicals. The contribution of the reaction with the 0 atom decrease from 58% in the lean

flame to 17% in the rich flame. The vinyl radical is predominmitly produced from

reactions of ethylene with the H atom and the OH radical. The reaction with molecular

oxygen is also an important consumption path for the vinyl radical in all three flames.

Acetylene is produced from the thermal decomposition of the vinyl radical and the

abstraction reaction with the H atom.
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C2}L4 + H	 =	 C2H3 + H2	 (165)

C2H4 + 0	 = CH3 + CHO	 (166)

C2H4 + OH	 = C2H3 + H20	 (167)

C2H3	= C2H2 + H	 (157)

C2H3 + H	 = C2H2 + H2	 (158)

C2H3 + 02 = CH2O + CHO (161)

The contribution of the pyrolytic reactions to vinyl consumption increases from 14% in

the lean flame to about 60% in the rich flame. The dramatic increase in the concentration

of acelylene in the rich flame is a combined effect of a higher proportion of vinyl radical

formation from ethylene and the increased significance of the pyrolytic reactions for

vinyl radical consumption.

Methane is formed by the addition of an H atom to the methyl radical and the

reaction between formyl and methyl radicals,

CH3 + H	 =	 CH4	(-118)

CH3 + CHO = CH4 + CO (93)

The consumption of methane by reactions with H, 0 and OH regenerate methyl radical

eventually.

The recombination of methyl radicals leads to the formation of etlirnic, which is

consumed by reaction with H, 0 and OH to produce ethyl radical,

CH3 + CH3	= C2H6	(84)

C2H6 + H	 = C2H5 + H2	(174)

C2H6 + 0	 = C2H5 + OH	 (175)

C2H6 + OH	 = C2H5 + H2O	 (176)

The recombination of the ethyl radical with the H atom to reform ethane accounts for

more than 50% of ethyl radical consumption in all three flames. The retniining
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contributions come from the thermal decomposition reaction and the reaction with 0

atom.

C2H5 +H
	

=	 C2H6
	 (173)

C2H5 +0
	

= CH3 + CH2O
	

(171)

C2H5	 = C2H4 +H
	

(172)

3.9 Higher Hydrocarbon Formation in C 2H2/02/Ar Flames

Spatial resolution is one of the difficulties in conventional diagnostic systems which

have limited most flame structure measurements to much broader flames at very low

pressure (a few kPa). Several experimental investigations (e.g. Bittner and Howard,

1981; Bockhom etal., 1983; Cole etal., 1984; Westmoreland, 1986; Bastin etal., 1988)

have been conducted under reduced pressure conditions to provide information on the

formation of higher hydrocarbons from aliphatic fuels. Two sets of experimental data

were chosen for the present validation work. The first set of data was obtained by

Westmoreland (1986) who has investigated extensively the structure of a premixed

C2H2102/5% Ar flame with an equivalence ratio of 2.4 and at pressure of 2.67 kPa.

Profiles of 38 stable species and free radicals were measured by using molecular-beam

mass spectrometry (MBMS). By the same method, point measurements were made for

20 additional species. In addition, microprobe sampling and GC/MS were used to

identify 174 stable species of masses 68 to 180. The second data set was obtained by

Bastin et al. (1988) who also measured the structure of a rich CH 2/02/Ar flame at the

same pressure of 2.67 kPa with the MBMS technique. The flame was diluted with 45%

Ar and the equivalence ratio was about 2.5. Major stable products, minor C2-C4 species

and benzene were measured. These two independent experimental investigations

provide an extensive data set for the validation of the chemistry of higher hydrocarbon

and benzene formation adopted in the present mechnicmi.
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Westmorelancl (1986) has applied the kinetics mechanisms proposed by Miller et

al. (1983), Wamatz (1983), Westbrook (1983) and Westbrook and Dryer (1984) for the

modelling of the flame structures obtained in his experiment Significant variations in the

quality of agreement was found for both major and minor species. Bastin et al. (1988)

have attempted to model th&x experimental data with a mechanism proposed by

Warnatz (1984) together with some additional reactions describing the formation and

destruction of C4 and C6 species. Satisfactory agreement between calculated and

measured proffles was reported. Recently, Miller and Meius (1992) have proposed an

extended reaction mechanism for benzene formation and applied their mechgnini to the

modelling of the data obtained by Bastin et al., (1988). This latter investigation

concluded that benzene is mpinly produced by the C3 path in the acetylene flames. In

comparison, the present mechanism includes a much extended reaction scheme for the

isomerisation of the various C3-C6 species as well as their oxidation chemistry.

Therefore, the contributions of different higher hydrocarbon formation paths can be

assessed more thoroughly.

A comparison of experimental species profiles with the results of calculations for

the flame measured by Westmoreland (1986) are presented in Figures 3.50-3.57. A

simiir comparison for the flame measured by Bastin et al. (1988) can be found in

Figures 3.58-3.61. The measurements show that the flame structures are very similar,

and the concentrations of minor species are of comparable magnitude in both flames.

The major effect of the higher percentage of dilution in the flame by Bastin et al. (1988)

is a reduction in the concentrations of stable products, such as CO, CO2 and H20. The

model predictions for species concentrations are very good in most cases, probably to

within experimental uncertainty for most species. However, the underprediction of H-

atom concentrations by the model (see Figures 3.51 and 3.59) leads to significant

discrepancies in a number of species profiles, particularly in the postflame region. The

ability of the current reaction mechanism to model higher hydrocarbon formation in

acetylene flames will be discussed in the following paragraphs.
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Good agreement between the predictions and measurements for the OH profiles in

the flame by Westmoreland can be observed in Figure 3.51. Although similar OH

concentrations are predicted for the flame by Bastin et al. (1988) (see Figure 3.59), the

measurements reported by Bastin et al. (1988) is lowet than that reported by

Westmoreland (1986) by a factor of two. Significant discrepaDcies in the profiles of H

atom can be observed in Figures 3.51 and 3.59. Computational results show that H and

OH are the major radicals in these rich flames with the concentrations of the 0 atom

lower than that of the H atom by one order of magnitude. Therefore the consumption

reactions of most hydrocarbon species proceed through reactions with H and OH.

However, the computational results show that more than 60% of the acetylene

consumption proceeds via reactions with the 0 atom with the renisthing contribution

from reactions with the OH radical.

C2H2 +0

.C2H2 +0

C2H2 + OH

C2H2 + OH

3CH2 + CO

CHCO +H

C2H + H20

CH2CO + H

(142)

(143)

(144)

(145)

Carbon monoxide and dioxide are produced early in the flames by reaction (142) and

through the consumption of the ketyl radical.

CHCO +H
	

= 1 CH2 +CO
	

(129)

CHCO + 02
	 = CO

	
+CO +OH
	

(132)

CHCO + 02
	 = CO

	
+CO2 +H
	

(133)

The good agreement between the computed and measured profiles of C 2H2 and 02 and

the initial formation rates of CO and CO2 in both flames, see Figures 3.50 and 3.58, give

confidence to the current acetylene consumption paths. Hydrogen atoms are formed

directly from the acetylene oxidation reaction (143) and consumed quickly by the

reaction (129) with the ketyl radical.



0.4 0.14

0.3

0.2

0.1

0.3

S

0.1

0.00.0 L

0

000

10	 20	 30	 40
Distance (mm) Distance (mm)

196	 Chapter Three

C
	 o

Co
	

Co2
0.8
	

0.14

0.12

0.6	

osnP0&84
	

0.10

0.08
0.4

0.2

0.02

'In 
0	 10	 20	 30	 40	 000W	 20	 30	 40

Distance (mm)	 Distance (mm)
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Westmoreland (1986) of C2H2, 02, CO and CO2 profiles in a C2H2/Ar/02

premixed flame.
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Figure 3.51 Comparison between calculations (lines) and measurements (symbols) by
Westmoreland (1986) of H2, H20, H and OH profiles in a C2H2/Ar/02
premixed flame.
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Figure 3.57 Comparison between calculations (lines) and measurements (symbols) by
Westmoreland (1986) of C6H6, C6H5 and C6H 4 profiles in a C2H2/Ar/02
premixed flame.
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premixed flame.



Chapter Three	 207

1.Oe-02

8.Oe-03

6.Oa-03

4.Oe-03

2.Oe-03

0.Oe+00
0

C4H

10	 20	 30
Distance (mm)

C4H

0.Oe+00 . .L.___ --- I

0	 10	 20	 30	 40
Distance (mm)

4.Oe-05

3.Oe-05

2.Oe-05

1.Oe-05

C4H4	 C4H3

2.Oa-04

1.Oe-04

0.Oe+00

5.Oe-06

4.006

:1
2.Oe-06

1.006

o-n4.nn

00	 -- i-C4H5
- (1,2)-C4H3

(1,3)-C4!!5

on0
o/\o

91	 o00Oo

0	 10	 20	 30	 10	 20	 30

	

Distance (mm)	 Distance (mm)

Figure 3.61 Comparison between calculations (lines) and measurements (symbols) by
Bastin et al. (1988) of C4H2, C4B3, C4H4 and C4H5 profiles in a C2H2/Ar/02
premixed flame.



208	 Chapter Three

The predictions for H-atom profiles are sensitive to the rate of reactions (129) and

(143). Figures 3.51 and 3.59 show that the computed peak H-atom concentrations in

both flames are of similrn magnitude, but they are lower than the measurements by

about 2.5 times and the computed profiles decay to much smaller wdues in the

postilfinle region in contrast to the measurements. Similar discrepancies have been

reported by Bastin eta!. (1988) and Miller and Melius (1992). Figure 3.53 shows that

the model already overpredicted the concentration of CHCO in Westmoreland's flame

by about factor of three. It is impossible to increase the predictions for H-atom

concentration by simply changing the rate constants of reactions (129) and (143)

without deteriorating further the agreement for ketyl radical. However, such

discrepancy can be reduced by increasing the consumption of ketyl through the

reactions (132) and (133) with 02. However, the rate constants of these reactions

would have to be increased by more than one order of magnitude than the room

temperature values recorded in the literature. The uncertainties in the high temperature

consumption reactions for ketyl radical makes it difficult to resolve this discrepancy in

the present study.

The underprediction of the H-atom concentrations does caused significant

discrepancies in the postflame region for the stable species. The lower H-atom

concentrations predicted by the model do not allow reversal of the reactions

OH +H2	 = H20 +H
	

(3)

CO +OH
	

= CO2 +H
	

(23)

in the flame. Consequently, the predicted concentrations of CO2 and H20 do not decay

as rapidly in the postflame region as they do in the experiments, whereas the H2

concentrations are underpredicted (see Figures 3.50, 3.51, 3.58 and 3.59).

Figure 3.52 shows the profiles of CHO, CH3 and CH4 in the flame by

Westmoreland (1986). The computed profiles for CHO and CH 3 agree very well with

the measurements. The peak concentration of CR4 is also well predicted by the model.

However, the computed CR4 profiles are much higher than the measurements in the
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posifiame region. This discrepancy is also due to the underprediction of the H-atom

concentration as mentioned above. Methane is formed by the recombination methyl

radical and H atom near the burner. The dip in the CH4 profiles is due to its

consumption by reactions with the H atom and the OH radical,

CH3 +H
	

= CR4
	

(-118)

CH4 +H	 = CH3 +H2	 (119)

CR4 +OH	 = CH3 +H20
	

(121)

In the posH1mie region methane is in equilibrium with the methyl radical via reaction

(119). Due to the low H-atom concentration predicted in the postflame region, reaction

(119) msinly proceeds backward which leads to the accumulation of methane as shown

in Figure 3.52.

A comparison for the measurements and computational results of major C2

species in the two flames are shown in Figures 3.53 and 3.60. Computational results

show that ketene is mainly formed from the reaction between acetylene and OH radical

and it is subsequently consumed by reaction with H atom to produce methyl radical.

The good agreement of the ketene profiles, shown in Figure 3.53, provides justification

for the faster rate constant used for reaction (145). If the suggestions of Miller and

Melius (1992) were used for the reactions between acetylene and OH radical, the

computed ketene concentration would be three time lower than the measurements.

Computational results show that ethylene is mainly produced from the reaction

between 3 CH2 and CH3 and the recombination of C 2H3 with the H atom. The

consumption of C2H4 proceeds predominpntly by reaction with the H atom to form

C2H3 and good agreement for the C2H4 profiles can be observed in Figure 3.53.

3CH2 + CH3	 = C2H4 +H
	

(72)

C2H3 +H
	

= C2H4 +M
	

(-168)

C2R4 +H
	

= C2H3 +H2	 (165)
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There are some discrepancies between the two measurements for the peak

concentrations of C2H and C2H3 . Westmoreland (1986) reported an upper limit of

about 10 ppm for the concentration of C2H which is more than one order of magnitude

sm11er than the measurement of Bastin et al. (1988). On the hmid, the measured peak

C2H3 concentration reported by Bastin et al. (1988) is about 5 times smaller than that

measured by Westmoreland (1986). However, the computational results show that

there is no significant variation in the concentrations of these species in both flames and

these differences indicate significant uncertainties in the measurements for these species.

Good agreement between the computed and measured C 2H and C2H3 profiles in the

Bastin's flame can be observed in Figure 3.60, which is similar to those obtained in

previous modelling work (Bastin et al., 1988; Miller and Melius, 1992). Computational

results show that C2H3 is formed by the recombination of C2H2 and H atom close to

the burner and consumed quickly through the reaction with 02. However, the

appearance of the peak in the C2H3 profiles is due to its formation from C 2H4 as

mentioned above, and the subsequent decomposition back to acetylene and H atom in

the high temperature region. The ethynyl radical is min1y produced by the reaction

between acetylene and OH radical, then consumed by reaction with 02 or reacts with

acetylene leading to the formation of diacetylene,

C2H +02	 = CO	 +CO +H	 (127)

C2H + C2H2	 = C4H2 +H
	

(292)

The formation of C3 hydrocarbon species is a major feature in these rich acetylene

flames. A comparison for the profiles of C 3H2, C3H3 and C3H4 in the flame by

Westmoreland (1986) is presented in Figure 3.54. Profiles of C 3 species were not

presented in the paper of Bastin et aL (1988). Recently, Vovelle et aL (1993) have

reported the maximum concentrations of C3H3 and C3H4 obtained in the flame of

Bastin et aL (1988) to be 220 ppm and 500 ppm respectively. These values are lower

than the measurements of Westmoreland by factors of 5 and 2. However, computational

results for these two flames do not show changes of such an extent in the concentrations
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of C3H3 and C3H. Figure 3.54 shows that the computed peak concentration of C 3H3 is

slightly lower than the measurement, the total concentration of the computed allene and

propyne profiles is higher than the measurement by a factor of two, and that the model

overpredicts the c-C3H2 profiles by a factor of four. Miller and Melius (1992) have also

reported good agreement for their predictions of C3H3 profiles, but they mentioned that

their model significantly overpredicts the C3H2 concentrations. Reaction-path analysis

shows that C3H3 and C3H are imiinly produced by the insertion of 1 CH2 into C2H2,

1 CH2 + C2H2	 = C3H3 + H	 (53)

1 CH2 + C2H2	=	 c-C3H4	 (54)

Cyclopropene subsequently isomerises to form allene and propene with a ratio of about

1:4. This ratio is determined by the thermodyimmic properties of the C3H4 isomers.

c-C3H4	=	 a-C3}14	(207)

c-C3H4	 =	 p-C3H4	(208)

The major consumption paths for C3H isomers are as follows,

p-C3H4 + H	 =	 C2H2 + CH3	(-192)

p-C3H4 + H	 =	 t-C3H5	(209)

p-C3H4 + H	 s-C3H5	 (210)

p-C3H4 + H	 =	 C3H3 + H2	(211)

p-C3H4 + OH	 = C3H3 + H20	 (216)

a-C3H4 + H	 =	 a-C3H5	(196)

a-C3H4 + H	 =	 C3H3 + H2	(197)

a-C3B4 + 0	 = C2H3 + CHO	 (198)

a-C3II + OH = C3H3 + H2O (199)

Reactions with H atom are the domin pnt removal steps for the C3H4 isomers. The

abstraction reaction of C31-L4 isomers leads to the formation of C3H3, while the addition
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of H atom produce the C3H5 isomers. About 50% of propyne consumption follows the

pathway to form acetylene and methyl radical.

Propargyl is predominantly consumed by reaction with the H atom to produce c-

C 3H2 . The reactions with 0 and OH only contribute to about 20% of C3H3

consumption. The consumption of c-C3H2 niin1y proceeds through reactions with OH

radical and 02.

C3H3 +H

C3H3 +0

C3H3 + OH

c-C3H2 + OH

c-C3H2 + 02

C2H2 + CO + H	 (181)

=	 C2H2 +CO2 	(182)

c-C3H2 + H2	 (184)

C3H2O + H
	

(185)

C3H20 + H2
	 (186)

Taking into account of the substantial uncertainties in the oxidation chemistry of C3H3

and c-C3H2, the agreement between the computations and the measurements can be

considered as satisfactory. In particular, the computed C 3H3 profiles are well within the

limits of experimental error. The latter point is important as this species has a

significant effect on benzene formation as discussed below.

The quality of predictions for C4 species in the present work is similm to those

obtained in previous modelling studies (Bastin et al., 1988; and Miller and Meius,

1992), but the reaction paths leading to the formation of these species are somewhat

different. Figures 3.56 and 3.60 display the profiles of C4 species measured in the two

flames. It can be observed that the measured concentration profiles for C4H3, C4H4 and

C4H5 are similar in both flames. Computational results show that the formation of

butadiene is mainly due to the insertion of 1 CH2 into p-C3H4. One-methyl-cyclo-

propane is the initial product which subsequently isomerises to form (1,3)-C4H6 and

(1 ,2)-C4H6. The early appearance of the peak of the (1,2)-C4H6 profiles is due to the

recombination of C3H3 and CH3.

1 CH2 + p-C3H4 	=	 c-C4H6 	 (353)



Chapter Three	 213

c-C4H6	=	 (1,3)-C4H6	 (354)

c-C4H6	=	 (1,2)-C4H6	 (355)

C3H3 + CH3 = (1,2)-C4H6 (-337)

Figure 3.56 shows that the computed profiles of the C4B6 isomers agree very weli with

the measurements. The C4H6 isomers are mainly consumed by H-atom abstraction

reactions leading to the formation of C4H5 isomers.

(1,2)-C4B6 +
	

H
	

=	 (I2)-C4H5 +
	

H2	 (340)

(1,2)-C4H6 +
	

OH
	

=	 (1,2)-C4H5 +
	

H20
	

(341)

(1,3)-C4H6 +
	

H
	

=	 (1,3)-C4H5 +
	

H2	 (345)

(1,3)-C4H6 +
	

OH	 =	 (13)-C4H5 +
	

H2O
	

(348)

Computational results show that (1,2)-C4H5 has the highest concentrations among

the isomers of C4H5 radical in the flames. The low concentration of (1,3)-C 4H5 is due to

its rapid decomposition in high temperature into C 2H2 and C2H3, whereas the (1,2)-

C4H5 radical mainly reacts with H and OH to form vinylacetylene,

(1,2)-C4H5 +	 H	 =	 C4}L1 + H	 (327)

(1,2)-C4H5 +	 OH	 =	 C4H	 + H20	 (328)

(1,3)-C4H5	=	 C2H2 + C2H3 	(-323)

It should also be noted that the peak C4H5 concentration measured by Bastin et al.

(1988) is lower than the measurements of Westmoreland (1986) and the computed (1,2)-

C4H5 profiles are lower than the measurements by factors of 5 and 2 respectively.

Vinyacetylene is produced by the reaction between propargyl and triplet

methylene. The n-C4H3 is formed by H-atom abstraction from C 4H4 and then

isomerises to i-C4H3. Computational results show that i-C4H3 is the dominant isomer

in the flames and eventually reacts with the H atom to form C4H2.

C3H3 + 3CH2	= C4H4 + H	 (291)
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C4H4 +H
	

n-C4H3 + H2	(319)

C4H4 + OH	 n-C4H3 + H20
	

(321)

n-C4H3	 i-CEi3	 (312)

i-C4H3 + H = C4H2 + H2 (314)

Figures 3.56 and 3.61 show that the predictions for C 4H3 agree very well with the

measurements, but the computed C 4H4 profiles are lower then the measurements by

factors of 2 and 3 respectively.

Bastin et al. (1988) do not distinguish the isomers of C4H3 and CH5 radicals.

Implicitly, they assume in their modelling that they are i-C4H3 and i-C4H5 and adopt

the reactions

i-C4H3 + C2H2	 = C6H5

i-C4H5 + C2H2	 = C6H6 + H

to be the effective route for ring closure. As discussed by Miller and Meius (1992), the

problem with the above reactions, unlike the n-C4H3 and n-C4H5 counterparts, is that

the complexes formed have two hydrogen atoms on a single carbon, thus requiring H-

atom transfers to take place before or during cydisation. This increased energy bather

leads to slower rate for the addition reactions. If only n-C4H3 and n-C4H5 radicals are

considered for the ring closure steps, Miller and Meius (1992) found that their low

concentrations in the flame simply make the reactions (362) and (368) ineffective for

benzene formation.

n-C4H3	+	 C2H2	 =	 (1,2)-C6H6	(362)

(1,3)-C4B5 + C2H2 = 1-C6H7 (358)

Similar results have been obtained in the present calculations and the doniincint C6

hydrocarbon formation paths are the recombination reactions of C 3 radical species,

C3H3 + C3H2	 =	 1-C6H4 +H
	

(357)

C3H3 + C3H3	 =	 (1,5)-C6H6	 (358)
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C3H3 + C3H3	 =	 (1,2)-C6H6	 (359)

C3H3 + C3H3	 =	 (1,2,4,5)-C6H6	 (360)

Reaction (357) is the don,incrnt formation path for l-C6H4 and the predicted maximum

concentration of l-C6H4 is only a factor of two lower than the measurements, as shown

in Figure 3.57. Reactions (358) and (359) are i'i partial equilibrium due to the high heats

of formation of (1,5)-C6H6 and (12)-C6H6. The most effective ilnear-C 6H6 formation

path is via reaction (360). Benzene is eventually formed through the fast isomerisation

of 1,2,4,5-hexatelraene via the formation of 1,2-dimethylene-cyclo-butene and fulvene.

(1,2,4,5)-C6H6	 =	 (!vf)-C6H6	 (396)

(1,2,4,5)-C6H6	 =	 Fulvene
	

(397)

(M)-C6H6	 =	 Fulvene
	

(398)

Fulvene	 =	 Benzene	 (403)

Figures 3.57 and 3.50 show that the current predictions for benzene are higher than the

measurements by factors of 5 and 2 respectively. However, the computed benzene

profile is very sensitive to the concentration of propargyl radical. Sensitivity analysis

show that by changing the rate of reaction (184), the dominsrnt consumption path of

C3H3, by a factor of two, the computed peak C 3H3 concentrations change by about

40%. However, Figure 3.57 shows that the corresponding change in the benzene

profiles is about a factor of two. Hence, if a lower concentration of C3H3 was predicted

by the model, the discrepancy between the computed and measured benzene profiles

could be smaller than a factor of two. Given the uncertainties in the measurement of this

species as shown by the two experimental studies, the present computational results

must be viewed as satisfactory.



216	 Chapter Three

3.10 Summary

The detailed reaction mechanism has been extensively validated against experimental

data of lniirnir non-premixed and premixed C1-C3 hydrocarbon flames. Flame

structures are well predicted in all cases and quantitative agreement for intermediate

species (CH4, C2H2, C2H4, C2H6 and C3H6) has been achieved. Good agreement for

the predictions of radical species (H, 0, OH, CH and CH3) has also been obtained for

both diffusion and premixed flames. The predictions for lniinr burning velocities of

methane, acetylene, ethylene, ethane and propane-air mixtures under atmospheric

pressure are well within the experimental uncertainties.

The detailed mechanism has also been used to exmnine quantitatively the effect of

stretch on lrnninr diffusion flames. The predicted extinction limits for methane and

propane-air diffusion flames agree well with experimental data. Although the overall

combustion intensity is mainly dependent on the mixing rate, the formation of

intermediate species and the resistance to stretch are dependent on the oxidation

characteristics of individual fueL Nonequilibrium conditions were found to prevail for

most reactions under high stretch conditions and the higher concentrations of H2 and

CO predicted for ethylene and propane flames are directly related to the higher

extinction limits predicted for these fuels.

The kinetics of higher hydrocarbon formation in C1-C3 hydrocarbon flames has

also been investigated and validated against experimental data. Good agreement for the

concentrations of C3H3, a-C3H4, p-C3H4, C4H2, C4L, C4H6 and benzene have been

obtained for both diffusion and premixed flames. The present computational results

show that propargyl radical recombination is the major reaction responsible for benzene

formation in C1-C3 hydrocarbon flames. Significant contributions of the C21C4 paths

towards benzene formation have only been observed for ethylene flames.

Finally, reactions which have critical effects on the quality of predictions for

global combustion characteristics, as well as for specific species concentrations, have
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been identified by the systematic use of sensitivity and reaction-path analyses. The

results of sensitivity analyses reveal that there are still significant uncertainties in the

kinetics of some reactions which can affect the quality of predictions with the present

mechm,ism. A brief sutnn1ry of the most urgent problem area is as follows:

1. The kinetics of the reaction CH3 + OH <> products have significant influence on the

oxidation characteristic of methane. The lack of kinetic information under flame

conditions hampers the further refinement of the combustion chemistry for C1

hydrocarbons.

2. The present work has shown the significance of reactions between methylene

radicals and unsaturated hydrocarbons for higher hydrocarbon formation in flames.

However, the oxidation kinetics of methylene radical at high temperatures are

unclear. In particular, the substantial uncertainty in the rate constant of the reaction

between the methylene radical and the H atom affects the predictions for the CH

radicaL

3. While the ketyl radical is the major product of the reaction between acetylene and the

0 atom, the kinetics of the reactions responsible for the consumption of the ketyl

radical also need further clarification.

4. It has been shown that the thermodynamic properties for minor C3 species along

with isomerisation reactions for C4 and C6 species are of considerable importance in

the determirnition of benzene formation path in flames. Further data are urgently

required to resolve the uncertainties in these properties as well as in the oxidation

characteristic of C3H3 and c-C3H2.
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Chapter Four

Modelling of Soot Formation in Laminar
Dffusion Flames

4.1 Introduction

Soot is a product of incomplete combustion of hydrocarbons under fuel rich conditions.

The emission of soot, or smoke, from a practical combustion appliance reflects poor

combustion conditions and a loss of efficiency. The release of soot into the environment

causes pollution problems by increasing the particulate loading of the atmosphere and

poses hazardous effects on human health due to its link with the formation of

carcinogenic polycydic aromatic hydrocarbons (PAH). The conversion of a

hydrocarbon fuel molecule continirig few carbon atoms into soot is an extremely

complicated process which is controlled by both chemical and physical phenomena

much of which is still not well known. A large number of experimental investigations

have been undertaken to further the understanding of the mechanisms responsible for

the formation of soot under a variety of combustion conditions and the field has been

periodically reviewed (e.g. Haynes and Wagner, 1981; Calcote, 1981; Homann, 1984;

Glassmrni. 1988; Bockhom, 1994) in various degrees of depth.

• Although a clear understanding of the various aspects of soot formation process

has yet to be achieved, from past experimental and theoretical work it can be noted that

there is fairly broad agreement (Tesner et al, 1971; Harris and Weiner, 1983; Moss et

219
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al., 1988; Kennedy et al., 1991; Leung et al., 1991; Fairweather et. aL, 1992) on the

basic steps required to describe soot formation. These steps include: (1) the production

of precursor molecules which react rapidly to give larger species; (ii) chemical growth

that results in the formation of numerous srnIl primary particles (diameter <2 nm); (ill)

particle growth by picking up growth components from the gas phase through surface

reactions; (iv) particle growth by coagulation and agglomeration which leads to reduction

in the particle number density; and finally, (v) destruction of soot by oxidation. An

adequate model of soot formation must account for the rates of these various steps as

the basic mechanism by which soot is formed or consumed in flames.

Detailed models of soot kinetics have been proposed by Frenidach et al. (1984).

These models concentrated on the prediction of PAH thought to lead to the first soot

particle and mass growth based on successive addition of acetylene to a growth aromatic

radical core. Apparent success in the application of these models to studies of PAH and

soot formation in shock tubes (Frenklach et aL, 1984) and premixed flames (Frenklach

and Wang, 1990; Mauss et aL, 1994) have been reported. However, these models must

still be regarded as being far from complete because the qualitative understanding of the

physical processes rempins uncertain. Indeed, Lindstedt and Skevis (1994a) have shown

that there are significant uncertainties in the reaction sequence presumed responsible for

the second ring formation. Furthermore, Lindstedt (1994) has shown that in diffusion

flame the use of IL4C1 modification (Frenklach and Wang, 1990) to the surface growth

step does not result in acceptable predictions. Moreover, the complexity of these

models will also inevitably preclude their use in flows of practical importance due to the

limitations on computer resources. The latter constraint requires that the number of

additional variables introduced into the turbulent calculation must be small.

Consequently there is currently a significant need for accurate and reliable simplified

global kinetics models.

There have been several approaches to formulating simplified soot models.

Particle inception and surface growth models have been proposed by Tesner et aL
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(1971), Gilyazefdinov (1972), Moss et al. (1988) and Kennedy et al. (1990). Soot

concentrations in terms of a scalar variable have been used by Kent and Honnery (1987)

and Gore and Faeth (1987) for ln,inm and turbulent flames. Soot mass growth rates in

terms of local stoichiometry and local temperature in the flame field have been

investigated by Kent and Honnery (1990). All these models have been developed based

on empirical parameters. For example, the model of Gilyazefdinov has been calibrated

using the experimental data of Moss et al. (1988) and applied to ianiinm (Moss et al,

1988) and turbulent flames (Syed et aL, 1990) with reasonable agreement. However,

these models have a very simple description of the gas-phase chemistry-soot interaction

whereby the formation of soot is linked directly to the fuel concentration or mixture

fraction. These approaches have been found to work well for conditions close to those

where the model was calibrated. However, the application of such models to

appreciably different conditions may yield significant errors due to the direct link

between the parent fuel concentrations and soot formation, an aspect that is not in

agreement with the experimental data. Rather, measurements (e.g. Hura and Glassinn,

1988) indicate that soot formation is dependent upon the breakdown path of the fuel

and the presence of pyrolysis products such as acetylene and PAH.

In view of the above a different approach was adopted by Leung et al. (1991),

Lindstedt (1991) and Fairweather et aL (1992) who assumed that the soot formation

process is dependent upon the fuel breakdown process. A two-equation model

considering soot mass and number density as independent variables was then developed

and the reaction steps were linked to gas phase pyrolysis products computed with

detailed chemistry. The reaction rate parameters in the model have been calibrated by

the experimental data of counterfiow ethylene diffusion flames obtained by Vandsburger

et al. (1984). It was shown that with the approximation of acetylene as the indicative

species in soot formation process good agreement could be obtained for counterfiow

ethylene and propane flames (Leung et cii., 1991; Fairweather et aL, 1992) as well as

coflowing methane flame (Lindstedt, 1991). Recently, Lindstedt (1994) has extended the

model to include benzene as the indicative species for soot nucleation and investigated
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the influence of different functions of surface area dependence for the surface growth

step.

It is here recognised that fundamental studies of soot formation in diffusion flames

are often not as conclusive as those in premixed flames (Harris and Weiner, 1983) and

shock tubes (Frenklach etal., 1984). This is largely because of the steep gradients in

concentrations and temperature in the regions of soot formations experienced in

diffusion flames. Therefore, the present work has been focused on the validation of the

soot formation models proposed by Leung et al. (1991) and Lindstedt (1994) in

diffusion flames. Models using acetylene as well as benzene as nucleation species are

tested in the present work. The following sections describe the various steps of the

model and comparisons of soot predictions are made with experimental data from

counterfiow (Vandsburger et at, 1984) and coflowing diffusion flames (Flower and

Bowman, 1984; Flower, 1986; Syed et at, 1990; and Stewart et at, 1991).

4.2 Soot Formation Mechanism

4.2.1 The Basic Soot Formation Steps

Although the detailed chemical pathways involved in the formation of soot are still not

fully known, two basic steps in the formation of particulate carbon have been identified:

nucleation and particle growth (Haynes and Wagner, 1981; Prado and Lahaye, 1981).

During the nucleation stage incipient soot particles are formed which serve as nuclei for

subsequent particle growth. Particle growth implies both an increase in total soot mass

as well as an increase in the size of individual particle or groups of particle. Two

mechanism contribute to particle growth, namely surface growth and agglomeration of

particles. The former is responsible for increasing the total soot mass through the

addition of gas phase molecules to the surface of the particles. The latter is responsible

for increasing particle size at the expense of the total number of soot particles, but it

does not contribute to the total soot mass.
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The soot formation model proposed by Leung et al. (1991) has been formulated to

model the various steps outlined above. It is based on the observation that the presence

of pyrolysis intermediates, in particular acetylene, is indicative of the propensity of

soot to form (Wagner, 1979; Glassnim, 1988). The model involves the solution of two

conservation equations for soot number density and soot mass fraction. The rate of

change of particle number density, N (particles/kg-mixture), and soot mass, C(s)

(kmoZ/m3), are expressed in the following form,

dN
dt R

N1 RA

dC(s)R	 1?

where RN is the rate at which nuclei appear, RA is the rate of agglomeration, R3 is the rate

of surface growth and R0 is the oxidation rate. Once a particular particle shape, in the

present case assumed to be spherical, is introduced the model is complete.

4.2.2 Nucleation

The nucleation process is the source of the number of soot particles formed. It is well

known (Wagner, 1979) that soot formation is accompanied by the presence of poly-

acetylene and poly-aromatic ring systems. Smyth et aL (1985) have produced detailed

measurements of incipient soot formation in coflowing methane-air flames that clearly

show that initial formation occurs in a region where intermediate hydrocarbons are

abundant. The initial soot particles, be they liquid or not, display very rapid mass

growth via radical and/or ion reactions (Calcote, 1981). Thus, hydrocarbon precursors to

soot nuclei must be stable enough to resist disproportionation at the high temperatures

encountered in combustion systems, yet reactive enough to account for the rate at which

soot particles are formed. However, this part of the soot formation process is poorly

understood, although there is increasing evidence that PAH plays an important part in

the very rapid initial growth phase (Hoimmn, 1984; McKinnon and Howard, 1992).
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Leung et cii. (1991) have made the assumption that active nuclei are formed from

acetylene which is a product of fuel pyrolysis. Later on Lindstedt (1994) extended the

model to include benzene as the nucleation species. Although the selection of benzene as

an incepting species is somewhat arbitraiy, it is justified by several facts. First of all,

benzene is the smsllest aromatic ring and it has been found to correlate directly with

sooting tendencies for a variety of aliphatic hydrocarbons (Bartok and Kuriskin, 1988;

Sidebotham et aL, 1992). Secondly, while relatively cmail uncertainties exist in our

ability to predict benzene concentrations (factor of 2-3), large uncertainties exist in the

prediction of multi-ringed aromatics (probably a factor often or more), so calculations

of inception based on concentrations of these high molecular weight species are at the

present time subject to large error. Thirdly, this assumption is acceptable as a first

approximation to the location in the flame structure where nuclei are formed. Finally,

fuels which contain aromatic compounds (e.g. kerosene) require account to be taken of

the presence of such species in the inception and mass growth processes. The

nucleation steps used in the present work can be written as

C2H2 - 2C(s) + H2

C6H6 -+ 6C(s) + 3H2

The notation C(s) is strictly speaking not correct, as particularly young soot contains

significant amount of hydrogen. It has, however, been adopted in the absence of a

generally accepted alternative. The reaction rates are formulated as first order in the

indicative species giving,
RN1 = kN1 (T) [C2H2]

RN2 = kN, (T) [C6H6]

To determine a suitable reaction rate constant for the soot nucleation step poses

difficulties. Firstly, it must accurately describe the comparatively high activation energy

process associated with the formation of incipient soot particles. Secondly, available

measurements indicate that the reactivity of the initial surface formed on the incipient

particles is significantly more reactive than that of older particles, even if the adsorbed
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species remin the same. Vandsburger et aL (1984) indicates in excess of an order of

magnitude higher specific reactivity per unit surface area for fresh particles. To address

this problem within the frame work of the soot surface growth step alone is awkward,

as it would imply a temporal dependence of the rate constant. Further equations

describing the ageing of soot particles or the depletion of active adsorption sites can

naturally be introduced. However, this adds complexity and uncertainty to the model

and consequently a different approach has been proposed by Leung et cii. (1991). This

amounts, firstly, to assuming that the initial formation of soot particles is dominated by

the formation of incipient particles and initial surface growth and, secondly, to introduce

a simple measure to account for particle ageing in the surface growth process.

The first assumption is not too serious, as only a small fraction of the actual soot

mass is formed during this stage. The model is thus formulated to reflect the

experimental observation (Kent and Wagner, 1982) that typically less than 10% of the

total soot mass is formed by incipient particle formation. However, it has been

emphfisised (Leung et aL, 1991) that the reaction step itself is of crucial importance as it

determines the initial surface area (or active sites) available for growth and the initial

soot number density. The reaction step is approximated by assuming that particles are

formed containing a certain minimum number of carbon atoms (Cmjp). This assumption

results in a source term in the number density equation which may be written as,

RN1 =	 (T) [C2H2]

RN2 =	 NAICN2 (T) [C6H6]

whçre N4 is Avogadros Number (6.022* 1026 pariYlcinol).It has been assumed that (Cj)

is equal to a C-60 shell (Lindstedt, 1994) which is the most abundant of the lower

fullerines (Löffler and HomRnn 1990). This assumption gives an initial particle size of 1

nm. Other choices are naturally possible, but it can be shown that predictions in
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diffusion flames are relatively insensitive to the initial particle size provided this

reniins in the range 1-10 nm.

For the nucleation step Tesner et al. (1971) have suggested an activation

temperature (E'1) of around 75,500 K, whereas Gilyazefdinov (1972) assigned a value

of 49,000 K. Computations with these values indicate that the temperature dependence is

appreciably exaggerated in the former case and appears still too high for the latter (Leung

et al., 1991). The most appropriate value to describe both the formation of incipient

particles and initial surface growth was found to be around 21,000 K (Leung et al.,

1991). This value is roughly twice that describing the pure surface growth on older

particles, see below, and rather interestingly is in the middle of the range of 15,000-

25000 K obtained for soot formation using shock tube studies (Wagner, 1979). It is also

close to the overall activation energy given for the soot formation process by Vandsburger

et al. (1984). The pre-exponential factors (see Table 4.1) were determined (Leung et al.,

1991; Lindstedt, 1994) from the computation of a counterflow diffusion flame burning

C2H4 with an oxidant stream consisting of 22% 02 and 78% N2 (oxygen index 0.22) and

comparisons with measurements (Vandsburger et aL, 1984). It should be noted that when

using benzene as the nucleation species in the present work, the pre-exponential factor for

kN2 suggested by Lindstedt (1994) has to be increased by about a factor of 5 to account

for the lower benzene concentrations predicted for ethylene flames by the present detailed

kinetic mechanism.

4.2.3 Surface Growth

Surface growth refers to the addition of mass to a soot particle by deposition of gas

phase hydrocarbons on its surface. It is responsible for at least 90% of the ultimate soot

loading in most systems. There is much more certainty about the species responsible for

surface growth than there is about those responsible for nucleation. The investigations

of Harris and Weiner (1983) and Harris (1990) based on premixed ethylene/air flames,

have identified acetylene and, to a lesser extent, diacetylene as the principle growth

species. And they also suggested that the soot mass growth is approximately first order
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in acetylene concentration. This approximation was adopted in the model of Leung et cii.

(1991). The surface growth step can be written schematically as

CH2 + nC(s) -, (n+2)C(s) + H2

with a reaction rate source term as,

R = k(T)f(S) [C2H2]

where f(S) is a function of the total surface area of soot, S, in m2/m3-mixture. By

assimling spherical particles, the surface area may be written as

S= ic(d)(pN)

and the particle dimiieter as

d =1.6-_1
1Pc N)

The density of soot, Pc(,) , is here assumed to be 2000 kg/rn3.

The dependence of the soot mass growth reaction step on the surface area of soot

particles is less clear and many different suggestions have been made (cf. Kennedy et aL,

1990; Moss et aL, 1988; Frenidach and Wang, 1990; Harris and Weiner, 1983; Harris,

1990; Wieschnowsky et aL, 1988). Leung et al. (1991) have pointed out that assuming

surface growth to have a linear dependence on surface area does not account accurately

for changes in conditions throughout the flame. The result of such an approximation is an

appreciable exaggeration of the influence of surface area on the soot formation process.

This finding is in agreement with studies of premixed flames (Frenidach and Wang,

1990; Harris, 1990). In order to account for the reduced reactivity of soot particles due to

the effect of ageing throughout the flame, Leung et cii. (1991) have made the assumption

that the number of active sites present locally in the flame is proportional to the square

root of the total surface area available locally in the flame. This reduces the dependence on

surface area sufficiently and gives rise to the following rate expression.

= k 1 [C2H2hd4tcpN
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Recently, Lindstedt (1994) examined different functions of dependence of the soot

mass growth step on the surface area. The results showed that a soot mass growth step

independent of surface area, but dependent on the number of particles provide the best

agreement with experimental data. Moreover, the decay in the number density with

increasing distance from the flame front provide a rudimentary ageing effect for the

surface growth step. The reaction rate can be expressed as,

R = k (T)(pN) [C2H2]

For the activation energy of k5 directly relevant measurements have been performed

by Vandsburger et aL (1984), who determined a value of activation temperature (fIR) of

around 12,100 K. Many other studies, e.g. Bockhorn et aL (1981), have suggested

similar values based on measurements in premixed flames. Leung et aL (1991) have

conducted a .large number of computations using this value and it was found to describe

the temperature dependence of surface growth step sufficiently well. Regarding the pre-

exponential factors they were determined by the solution of the complete equation set for

the same flame used in the determination of the constant for the nucleation step.

4.2.4 Coagulation

In the early stages of particle growth, collisions between incipient soot particles may

result in particles fusing together into a single particle. Thus reducing their overall number

concentration while increasing the average size of the particles. This process is known as

coagulation. Leung et al. (1991) modelled particle coagulation using the normal square

dependence which is also used by many other investigators, e.g. Kent and Wagner

(1982). The reaction step can be written as,

nC(s) —+ Ca(s)

with reaction rate

/	 \112
6*T I

= 2Cad'21p 
J 

(pN)2
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In the above expression, k is the Boltzmann constant (1.38*10-23 J/K) and C0 is the

agglomeration rate constant, assigned a value of 9. This value is higher than that used by

Kent and Wagner (1982), who have used the value of 3.

4.2.5 Oxidation

The oxidation of soot can be regard as "negative growth" which reduce the amount of

soot formed by competing with the growth and coagulation processes in those regions of

the flame where oxidising species are present. A large variety of species such as

molecular oxygen, atomic oxygen, carbon monoxide and hydroxyl radical can oxidise

soot. Considerable research work has been done (cf. Lee et cii., 1962; Neoh et cii., 1985;

Von Gersum and Roth, 1992) to determine the soot oxidation rates by different oxidising

species.

In the present work soot oxidation by 0, OH and 02 are considered with rate

constant provided by Lindstedt (1994). It has been assumed that solid carbon is oxidised

to form carbon monoxide exclusively at typical flame temperature. The various oxidation

steps are written as,

(R1) C(s)+O
	

CO

(R2) C(s)+OH -4 CO+H

(R3) C(s)+X02
	 CO

The rate constants of the above mentioned reactions and those described in previous

sections can be found in Table 4.1.

4.2.6 Thermophoretical Transport of Soot

Although the diffusion velocity of a soot particle is rather small due to the high molecular

mass, it's trajectory can be affected by the steep temperature gradient in the flame. In the

present model thermophoretical transport is considered, and the conesponding additional

velocity term is written as,

V =_0.55LL:
I	 pTdy
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Table 4.1

Reaction rate constant for soot formation steps in the form k = A 7" exp(-E/RT)

Reaction

Mode] LU

kN, C2H2 -4 2C(s) + H2

ks, C2H2 -, 2C(s) + H2

Model LT

kN2 C6H6 -, 6C(s) + 3H2

k	 C2H2 -4 2C(s) + H2

Oxidation steps

k01 C(s)+O—CO

'O2 C(s)+OH-4C0+H

k,. C(s)+1t202-4C0

A	 n

(m3/kmol-s)

I.000B+04	 0.0

6.000E+03	 0.0

4.000E+05	 0.0

l.000E-12	 0.0

	

1.978	 0.5

	

0.441	 0.5

B

174.60

100.76

174.60

100.76

0.0

0.0

4.3 Soot Formation in Counterfiow Diffusion Flames

Vandsburger et at. (1984) have measured soot particle size, number density and volume

fraction for counterfiow diffusion flames burning ethylene and propane with varying

mole fractions of 02 in the air stream. Data from these flames has been used by Leung

et at. (1991) and Lindstedt (1994) to determine the appropriate pre-exponential factors in

the nucleation and soot surface growth steps as outlined in previous sections. While

substantial modifications have been made in the present detailed kinetic model in

comparison to those used by Leung et at. (1991) and Lindstedt (1994), the soot formation

steps proposed by these authors are here applied together with the present detailed kinetic

mechanism for the modelling of the flames measured by Vandsburger et at. (1984) for

validation purposes. In the following paragraphs the soot formation steps purposed by

Leung et at. (1991) and Lindstedt (1994) will be referred as the LU and LT models

respectively.
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It has been noted that the computed flames are typically not adiabatic and exhibit an

incorrect temperature profile in the absence of heat loss (Leung et at., 1991). A simple

approach is adopted in the present work to correct this discrepanoy. This is based on

matching the experimental temperature profiles by the introduction of a heat loss factor.

This method has been used successfully by other investigators, e.g. Moss et al. (1988)

and Fairweather et at. (1991). Consequently for each flame the temperature is adjusted

from the adiabatic value (Tj) by assuming the following relationship,

T= Tad[1_P(')]

The subscript "ad" denotes the adiabatic condition and "max" the maximum adiabatic

temperature. Different heat loss factors in the range 0.09 < fi < 0.15 have been

tested but it was found that for all ethylene flames a value of 0.12 and for all propane

flames a value of 0.10 gave acceptable agreement with measured temperature proffles. A

velocity gradient 2v/R of 63/s has been estimated by Vandsburger et at. (1984) based on

a free stream approach flow velocity of 30 cm/s for the flames. This value of strain rate

was used for the present calculations. An example of temperature profiles can be found

for selected ethylene flames in Figure 4.1. The discrepancy in the vicinity of the

stagnation point is an indication of some degree of preheating of the fuel.

4.3.1 Modeffing Results for Ethylene Flames

The predicted soot volume fractions in the different ethylene flames using the LU and LT

models are shown in Figure 4.2. It should be noted that the abscissa is the physically

more meaningful variable of distance from the flame front. As observed in the

experiment, the computed soot loading is low near the flame front and increases towards

the stagnation point. The overall effect of increasing the oxygen mole-fraction in the

oxidant stream is to increase the soot volume fraction at all position along the stagnation

stream line. Such variation in soot loading is well predicted by both models.
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Figure 4.1 Computed (lines) temperature profiles for counterfiow C 2H4/02/N2 flames
with varying 02 concentrations. Measurements (symbols) by Vandsburger
etal. (1984).

LT model
	

LU model
3.0

--20%
- —22%

/ *r --28%
1*'

1*	 I

''ilk

AIJ	 Qq'
f_0.D	 \1i	 -

/ 
018%
D20%
*22%I t

I	
24

*28%1*
I * ,_

D9
, ,

00 .•I •___Ti .1.1,,.	 .,,i	 •	 •_____l._ ,	 .	 .	 I	 •	 •	 .	 .	 I

0.0	 1.0	 2.0	 3.0	 0.0	 1.0	 2.0	 3.0	 4.0
Distance from flame (mm)	 Distance from flame (mm)

Figure 4.2 Computed (lines) soot volume fractions with the LU and LT models for
counterfiow C2H 4/02/N2 flames with varying 02 concentrations.
Measurements (symbols) by Vandsburger et al. (1984).
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The agreement between the models and the experimental data must be regarded as very

good. The results also show that the LT model produces smaller errors than the IL!

model which overpredicted the soot level by about 20% for the hottest flame. The peak

soot volume fraction increases by a factor close to 6 when the oxygen mole-fraction is

increased from 18% to 28%. The good agreement for a wide range of soot loading as

well as peak temperature recorded in the flames, from 1750 to 2150 K, demonstrates the

generality established in these models.

The predictions of soot number densities (Figure 4.3) are arguably less satisfactory,

though the trends appear to be reproduced by the models. As observed in the experiment,

the computed maximum number of particles appears close to the flame front and it

decreases towards the stagnation point. The computed number density also increases with

increasing oxygen index and the LL.T model predicts higher values of number density than

the LT model. This is mainly due to the different nucleation species being used in the two

models. However, it should be realised that there are considerable uncertainties in the

measured particles number densities, as such measurements are extremely time

consuming and difficult to perform. Vandsburger et aL (1984) noted that the assumption

of the particles constituting a monodisperse spray does not apply to coagulating aerosol

and that the assumption of a log-normal size distribution would decrease the mean

diameter by up to 50% and increase the particle number density around eight fold. With

these reservations the predicted particle number densities are well within the range of

10161017 particles/rn3 observed experimentally.

The predictions for particle size are similar in both models. However, it is evident

that the simplified coagulation expression used in the model does not represent the

process accurately over the entire range of conditions. The measurements indicate that

freshly formed particles have a significantly higher rate of coagulation than older

particles. Furthermore, it appears clear from the measurements that older particles in the

cold part of the flame essentially do not agglomerate. Wagner (1979) has suggested that

the type of rate expression used in the current model accurately predicts the behaviour of



25

20

.10

•1
z5

234	 Chapter Four

LTmodel	 Lii model

0 I	 I	 LflI I	 I	 I	 I	 I	 1	 lflL_ I	 I_S I	 I	 I	 I	 I	 I	 1	 I

0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Distance from flame (mm)	 Distance from flame (mm)

Figure 4.3 Computed (lines) soot number densities with the LU and LT models for
counterfiow C2H 4/02/N2 flames with varying 02 concentrations.
Measurements (symbols) by Vandsburger et al. (1984).
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Figure 4.4 Computed (lines) particle sizes with the LT model for counterfiow
C2H4/02/N2 flames with varying 02 concentrations. Measurements (symbols)
by Vandsburger et al. (1984).
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sprays up to particle sizes of around 300 nm. The current study appears to suggest that

the range of applicability in the counterfiow flame geometry is more limited. However,

the model does yield good results both qualitatively and quantitatively for particle sizes up

to around 70 nm for the five flames predicted, as can be seen from Figure 4.4. At later

stages the simp]ifled coagulation rate expression appears to exaggerate the rate of growth,

though it should be noted that this occurs close to the stagnation point and at low flame

temperature below 900 K.

It is interesting to examine the change in flame structure and soot formation rate for

the different flames considered in the present work. The variation of the computed

concentrations of acetylene and benzene with increasing oxygen index are shown in

Figure 4.5 and 4.6 respectively. The peak concentrations of these species increase by

more than a factor of 2 when the oxygen concentration is increased from 18% to 28 %.

While similar strain rate is imposed on all these flames, the change in concentrations of

these intermediate species is mainly brought about by the significant change in flame

temperature. The increases in acetylene and benzene concentrations with increasing

oxygen index also result in the increase in the predicted soot number density as shown in

Figure 4.3. It can also be noted that the computed acetylene profiles peak closer to the

flame front than the benzene profiles. This difference in peak locations is the cause of the

different locations of peak number density computed by the two models (see Figure 4.3).

The high activation energy assigned to the nucleation step also results in the nucleation

rate peaks close to the flame front before the benzene and acetylene concentrations rise to

their maximum values.

Figure 4.7 shows the variation of the soot formation rate predicted by the LT model

with different oxygen index. Similar to the nucleation rate, the peak soot formation rate

also occurs near the flame front. Soot oxidation occurs only in a very narrow region close

to the flame front. Consequently predictions for soot formation in these flames are

comparatively insensitive to the oxidation steps. However, reaction with the OH radical

was found to be the most important soot oxidation step in the present calculations.
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Figure 4.5 Computed acetylene concentration profiles for counterfiow C2H4/02/N2
flames with varying 02 concentrations.

FIgure 4.6 Computed benzene concentration profiles for counterfiow C 2H4/02/N2 flames
with varying 02 concentrations.
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Figure 4.7 Computed soot formation rates with the LT model for counterfiow
C2H4/02/N2 flames with varying 02 concentrations. Also shown is the
computed soot formation rates with the LU model for a flame with 28% 02.

Computational results also show that on the rich side of the flame the soot formation rates

drop by an order of magnitude at around 1300 K and two order of magnitude at around

1000 K. This behaviour is plausible and in agreement with experimental studies, for

example, Kent and Honnery (1990). The soot formation rate profiles predicted by the

LU model for the hottest flame is also shown in Figure 4.7. It is interesting to see that

both models predict similar values for peak soot formation rates, but the profiles predicted

by the LU model is somehow wider than those produced by the LT model. Such

difference is due to the different surface area dependence used for the surface growth

steps in the models. A complete list of parameters can be found in Table 4.2, where

temperatures, mixture fractions, C2H2 concentrations and number densities at the location

of maximum rate of soot growth predicted by the LT model are shown. These data show

that the location of the maximum growth rate is well to the rich side of the flame and

occurs at mixture fraction ranging from 0.134 to 0.198. For cooler flames with less

oxygen enrichment, the point of maximum soot mass growth moves progressively

towards leaner mixtures as the temperature drops on the fuel side of the flame, while the
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opposite is true for the hotter, more oxygen enriched flames. The flame temperature at the

location of peak mass growth rate increases by 240 K when the oxygen index is increased

from 18% to 28%. This temperature change increases the rate of the soot mass growth

step by a factor of 2.5.. In addition there is significant increase in acetylene

concentrations, from 0.0326 to 0.0509, and number densities, from 4.84 x10 16 to

1.06x1017 for these flames. As a consequence the peak soot formation rate varies by

eight fold. Hence, the increase in total soot production with oxygen index is a

compounded effect of increase in temperature and initial soot surface area produced in the

nucleation stage. The range of maximum soot formation rates deduced from the model

varies from 1.44x10 1 to 1.16 kglm3/s for oxygen indices from 0.18 to 0.28. Comparing

to the range deduced from the experiment, which was found to be from 3.8x 10 2 to

8.8x10 1 kg/m3Is, there seems to be good agreement for the hottest flame but the soot

formation rate is overpredicted for the cooler flames.

Arguably a more appropriate measure of the behaviour of the model is the specific

surface growth rate which is defmed as the soot volume growth rate normalised by the

surface area available locally in the flame. This property is plotted in Figure 4.8, where

the measurements by Vandsburger et aL (1984) are also shown. The agreement between

measurements and predictions is generally acceptable. The computed maximum specific

surface growth rates are about two times higher than those deduced from measurements.

Moving away from the flame front a decrease of specific surface growth rate of about an

order of magnitude is observed, which is roughly in accordance with measurements.

Furthermore, the experimentally observed trend that the specific surface growth rate

increases more rapidly close to the flame front with fraction of 02 in the oxidant stream is

also obtained. Computed peak surface specific growth rates are also listed in Table 4.2,

and it varies between the range of 3.67x 10 6 to 4.6x 10 6 rn/s for all the ethylene flames.

This narrow range of variation is in agreement with experimental observations (e.g.

Harris, 1990; Hura and Glassman, 1987) that the specific surface growth rate is rather

insensitive to fuel and combustion conditions.
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Table 4.2

Mole-fractions of C2H2 (Xc2H2), Temperature (7), Mixture fraction (Z) and Soot number
density(N) at the Location of the Peak Soot Formation Rate (Ri) for C2H4 and C3H8
flames predicted by the LT model. Also Shown is the Maximum Specific Surface Growth
Rate (R).
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Figure 4.8 Computed specific surface growth rates with the LT model for counterfiow
C2H4/02/N2 flames with varying 02 concentrations. Measurements (symbols)
by Vandsburger et al. (1984).
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4.3.2 Modelling Results for Propane Flames

Computations have also been made to predict soot loading for two propane flames

measured by Vandsburger et aL (1984). These flames have oxygen mole fractions in the

oxidant stream of 24% and 28% respectively. The predicted temperature profiles (see

Figure 4.9) are similar to those obtained for the ethylene flames. The peak temperatures

of the propane flames are 100 K lower than the ethylene flames with similar oxygen

indices. Again the agreement is satisfactory other than in the vicinity of the burner, where

the predicted temperatures are considerably lower than those measured. The reason for

this discrepancy is not clear, though it should be noted that for essentially nonsooting

flames it does not occur. For example, the temperature profiles measured by Tsuji and

Yamaoka (1971) for methane-air flames are well reproduced in this region (see Chapter

3). The discrepancy is not too significant in the model evaluation for a single fuel as the

temperature profiles for all flames merge in this region. However, preheating of different

fuels may have appreciably different effects on their pyrolysis behaviour close to the

burner. This gives rise to an additional source of uncertainty in the validation of the soot

formation models.

Leung et al. (1991) have found that it was necessary to increase the surface growth

rate of the LU model by a factor of 2 in order to produce reasonable agreement with the

measured soot volume fractions in the propane flames obtained by Vandsburger et al.

(1984). However, Lindstedt (1994) has shown that the introduction of a nucleation step

based on benzene significantly improves the generality of the simplified soot model and

good predictions for soot formation in propane flames have been achieved without any

adjustment to the rate constants in the LT model. However, the predictions for soot

volume fractions in the propane flames using the LT model in the present work are less

satisfactory than that found in the ethylene flames (see Figure 4.10). For the propane

flames burning with 24% and 28% oxygen in the oxidant stream, the predicted volume

fractions are higher than the measurements by 40% and 60% respectively.
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Figure 4.9 Computed (lines) temperature profiles for counterfiow C3HilO2/N2 flames
with varying 02 concentrations. Measurements (symbols) by Vandsburger
eta!. (1984).

Figure 4.10 Computed (lines) soot volume fractions for counterfiow C 3H3/021N2 flames
with varying 02 concentrations. Measurements (symbols) by Vandsburger
eta!. (1984).
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Regarding predictions of soot number densities (Figure 4.11), the predictions are

higher than the measurements by a factor of two. The growth in soot particle size (Figure

4.12) shows the same behaviour as in the ethylene flames. While the model indicates a

continuous growth of particle size in the cooler part of the flames, the measurements

show that a constant particle size of around 70 nm is approached. This is, as discussed

above, a significantly lower value than that predicted by the current standard model used

in this and other investigations (Wagner, 1979; Kent and Wagner, 1982; Kent and

Honnery, 1990).

An examination of the parameters in the LT model shows that the higher soot

particle number densities predicted for the propane flames is due to the higher

concentrations of benzene predicted for these flames. The computed peak benzene

concentrations for propane flames are three times higher than that computed for the

ethylene flames. In contrast, the model of Lindstedt (1994), based on the mechanism of

Miller and Melius (1992), predicted similrn benzene concentrations for both ethylene and

propane flames. Since the rate constant for the nucleation step was Calibrated for ethylene

flames and propane flames. Since the rate constant for the nucleation step was calibrated

for ethylene flames and it is proportional to the concentrations of benzene, he higher

benzene concentrations predicted for propane flames by the present mechanism will

definitely lead to a higher nucleation rate. While the soot growth rate is also proportional

to the local number density in the LT model, the higher number density predicted by the

model also results in higher soot formation rates. This discrepancy may point to the

demand of searching for a PAIl as the nucleation species. However, in the context of

simplified soot formation model, an uncertainty of a factor of two can still be regarded as

acceptable.

The predicted peak soot formation rates in the two propane flames are 5.09x101

and 9.25x10-' kg/m3/s, which are factor of three higher than the values of 2.4x10 1 and

2.8x 10-1 kglm3/s deduced from the measurements. These values are lower than those

recorded in the ethylene flames with the same oxidant stream,
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Figure 4.11 Computed (lines) number densities for counterfiow C 3H8/02/N2 flames with
varying 02 concentrations. Measurements (symbols) by Vandsburger et al.
(1984).
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Figure 4.12 Computed (lines) particle sizes for counterfiow C2H41021N2 flames with
varying 02 concentrations. Measurements (symbols) by Vandsburger et al.
(1984).
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as can be seen from Table 4.2. It is also shown in Table 4.2 that the locations of

maximum soot mass growth occurs at lower values of mixture fraction for the propane

flames than for the ethylene flames. This is consistent with the lower peak temperature

observed for the propane flames. The peak acetylene concentrations in the two propane

flames varies from 2.5% to 3.1%, which are also lower than that found in the ethylene

flame. The overpredictions of soot loading in propane flames are mainly due to the high

sensitivity of the soot mass growth step towards the local soot number density. When the

nucleation rate is reduced by a factor of two, the local soot number density is reduced by

about 30% and the peak soot formation rates are also reduced by the same amount (see

Table 4.2). This is in agreement with the experimental observations (Harris, 1990) that

soot formation rate is proportional to the number of local active sites which is dependent

on the initial number of fresh nuclei formed in the nucleation stage and the subsequent

loss of active sites through annealing.

4.4 Soot Formation in Co-Flowing Diffusion Flames

It is well known that soot formation is not only dependent on the flame temperature and

fuel properties, but also depends very strongly on the local residence time. The time

scales encountered in most counterfiow geometry are shorter than those found in the co-

flowing situations. Many experimental investigations of soot formation have been

conducted for co-flowing diffusion flames (Kent and Wagner, 1982; Santoro et aL, 1983;

Plower and Bowman, 1984; Garo et aL, 1986; Moss et al., 1988; Honnery and Kent,

1990), because such flames represent a simple analogue to more complex practical

flames. The soot formation models (both LU and LT) have also been applied to co-

flowing diffusion flames established on Wolfhard-Parker burner and the results are

compared with experimental measurements in the following sections.

In the calculations for the flame structure of co-flowing flames, radiation heat loss

due to soot is considered in the enthalpy equation. It is assumed that for small flames and
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moderate soot loading, the optically thin limit is appropriate. In this limit, following the

work of Kennedy et aL (1992), the divergence of the radiative heat flux may be written as

Vq,. =4a1,a(T4_T)

where a1, is the Plank absorption coefficient and a is the Stefan-Boltzmann constant.

The Planck mean absorption coefficient may be calculated if the variation in soot

absorption with wavelength is known. For the present work, the formula of Hottel and

Sarofim (1967) is used so that the absorption coefficient k is given by

A.

where the wavelength is A. The Planck mean absorption coefficient may then be

calculated for a given temperature and soot volume fraction f, as

=

So eb(A)dA.

where eb(A.) is the Planck's spectral distribution function.

4.4.1 Ethylene Diffusion Flames

Flower and Bowman (1984) have measured the structure of two-dimensional laminar

ethylene-air diffusion flames in the pressure range of 1.0 to 2.5 atmospheres to

investigate the effects of elevated pressure on soot formation. In a later publication

Flower (1986) reported the measurements of the axial and transverse components of

velocity in these flames. This data set provides valuable information for the validation of

the present soot formation model under longer residence time as well as elevated pressure

conditions. Calculations have been done with the LT soot formation model for ethylene

flames burning at pressure of 1 and 2 atmospheres with burner configurations as stated in

the experiments (Flower and Bowman, 1984). The initial air and fuel velocities are 22

cm/s and 7 cm/s respectively for both pressure conditions.
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Figure 4.13 Computed (lines) axial velocity at a sequence of vertical positions in a
coflowing C2H4/Air diffusion flame established on a Woithard-Parker burner
at atmospheric pressure. Measurements (symbols) by Flower (1986).
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Figure 4.14 Computed (lines) transverse velocity at a sequence of vertical positions in a
coflowing C2HdAIr diffusion flame established on a Wolfliard-Parker burner
at atmospheric pressure. Measurements (symbols) by Flower (1986).
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Computed axial velocity profiles at a sequence of vertical positions in the 1-

atmosphere flame are compared with measurements in Figure 4.13. The agreement can be

regarded as very good, with the profile shape, locations and absolute values of the peak

velocities correctly reproduced. However, the computed velocity profiles decay earlier on

the air side than the measurements. The buoyancy effect on this flame is demonstrated by

the significant increase in both peak and centreline velocities with height above the

burner, and the velocity profiles become more "flaf' with increasing height (i.e. the

centreline velocity approaches the peak velocity). There is also reasonable agreement for

the computed horizontal velocities with the measurements (see Figure 4.14). The

transverse velocities are very small far from the flame and reach maximum values near the

positions of the peaks in vertical velocity. The greatest transverse velocities are found

close to the burner exit and it decreases with height above the burner. It should also be

noted that the maximum vertical velocity is several times larger than the horizontal

velocity at the same position, and their ratio becomes even smaller with increasing height

as the vertical velocity increases and horizontal velocity decreases. Hence, the flow

streamlines become more nearly vertical higher in the flame.

Similar quality of agreement between the flowfield predictions and measurements

for the flame burning at 2 atmospheres can be found in Figure 4.15. Comparing Figures

4.13 and 4.15, it can be noted that the 2-atmosphere flame is more compact than the

atmospheric-pressure flame. It also reveals that the peak vertical velocity at a given

vertical position is nearly the same in both flames. The near equality of the peak velocities

at the same vertical position in flames at different pressures is demonstrated in Figure

4.16, where the peak velocity is plotted as a function of vertical position for flames at 1

and 2 atmospheres. Computed temperature profiles at different heights above the burner

for the 1-atmosphere flame are shown in Figure 4.17. Only measurements at a height of

20 mm are available for comparison and the agreement is satisfactory. The centreline

temperature, the peak temperature and its location are well predicted. The computational

results show that the centreline temperature increases with increasing height above the
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Figure 4.15 Computed (lines) axial velocity at a sequence of vertical positions in a
coflowing C2H4/Air diffusion flame established on a Woifliard-Parker burner
at 2 atmospheric pressure. Measurements (symbols) by Flower (1986).
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Figure 4.16 Variation of computed peak axial velocity with vertical position for
coflowing C2H4/Air diffusion flames established on a Woifliard-Parker burner
at pressure of 1 (solid line) and 2 (dotted line) atmospheres.
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burner. There is no significant change in the peak temperature, but the location gradually

migrates away from the centreline with increasing height.

Lateral position (mm)

Figure 4.17 Computed temperature profiles at a sequence of vertical positions in a
coflowing C2H4/Air diffusion flame established on a Woifliard-Parker burner
at atmospheric pressure. Measurements (symbols) at a height of 20 mm by
Flower (1986).

The predicted soot volume fractions for the atmospheric pressure flame are

compared with the measurements in Figure 4.18. Quantitative agreement can be observed

at different vertical positions above the burner. The absolute values of the peak soot

volume fraction are well reproduced, but the predicted peak locations are closer to the

centreline than the measurements. The latter discrepancies are due to the slightly narrower

flow field predicted by the present model (see Figure 4.13). The peak soot volume

fraction increases and moves towards the centreline with increasing height. Most of the

soot is located in regions of the flame which are just inside the positions of peak vertical

velocity. The amount of soot produced in this flame is comparable to that found in the

counterfiow diffusion flames.
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Figure 4.18. Computed (lines) soot volume fraction profiles at a sequence of vertical
positions in a coflowing C2RilAir diffusion flame established on a Wolfhard-
Parker burner at atmospheric pressure. Measurements (symbols) by Flower
(1986).
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Figure 4.19 Computed (lines) number densities at a sequence of vertical positions for a
coflowing C2H4/Air diffusion flames established on a Wolfhard-Parker burner
at atmospheric pressure. Measurements (symbols) at 20 mm by Flower
(1986).
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Regarding predictions for the number densities (see Figure 4.19), the agreement is also

reasonable. Similar to the results in counterfiow flames, the particle number density peaks

near the flame front and decreases towards the soot bearing region. However, the

computed peak values of number density are about two times higher than the

measurements. While the measurements at a height of 20 mm suggest a constant number

density near the centreline, the predictions indicate a reduction in the number density

towards the centreline. The computed maximum number densities vary little with height,

but the predictions indicate that the number density profile spread towards the fuel size

with increasing height and a significant increase in particle number at the centreline can be

observed. Flower and Bowman (1984) did not comment on the variation of particle

number density with height. However, Kent and Wagner (1981) have conducted similar

experimental work and they found no significant change in the peak number density with

height and noted that the number density near the centreine also remained relatively

constant. The latter seems to suggest that the present model overpredicts the evolution of

number density near the centreline.
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Figure 4.20 Computed (lines) particle sizes at a sequence of vertical positions for a
coflowing C2H4/Air diffusion flames established on a Wolfhard-Parker burner
at atmospheric pressure. Measurements (symbols) at 20 mm by Flower
(1986).
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The variation of particle size with height is shown in Figure 4.20. Measurements

indicate that the particle diameter increases from a peak value of about 40 nm at a height

of 10 mm to approximately 80 nm at 40 mm. Although the computed particle size is

within this range, the predictions do not show a continuing growth in particle size with

height. On the contrary, the computed particle size decreases with height. In the present

model the particle size is determined from the local soot volume fraction and number

density. As a result, the discrepancy in the evolution of particle size can be attributed to

the overprediction of the number density in the sooting region.

Computational results for the 2-atmosphere flame at a height of 20 mm above the

burner are compared with measurements as well as the results in the atmospheric pressure

flame in Figure 4.21. The measurements show that at a fixed vertical position in the

flame, the size, number, and volume fraction of soot particles all increase when the

pressure is increased from 1 to 2 atmospheres. For example, the measured soot volume

fraction shown in Figure 4.21 increases by six times as the pressure is increased. This

substantial change in soot loading with pressure is well predicted by the present model.

As discussed by Flower (1986), since most of the soot is located close to the position of

the peak axial velocity, and the axial velocity is much greater than the horizontal velocity,

and the variation of axial velocity with vertical position is nearly the same for the 1- and

2-atmosphere flames, it then follows that parcels of soot located at the same vertical

position in the two different flames have spent about the same time in their respective

flames. Hence, the observed increase in soot loading is maiiily due to the pressure effect

rather than a change in residence time.
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Figure 4.21 Flame-structure computations (lines) and measurements by Flower (1986) at
a height of 20 mm from the burner exit for coflowing C2HdAir diffusion
flames established on a Wolihard-Parker burner at pressure of 1. and 2
atmospheres : (a) gas temperature; (b) soot volume fraction; (c) particle
diameter; and (d) particle number density.
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A useful quantity for characterising trends in the soot loading is the integral across a

horizontal plane of the product of the local soot volume fraction and the local vertical

velocity component v , which represents the flux of soot volume through the plane of

integration. Assuming that the soot volume fraction is uniform over a unit distance in the

direction parallel to the burner slot, the flux can be expressed as,

1v = S 5'fv(x,y)thct'1y = 5f(x,y)dx

The computed soot loading at different vertical positions for the 1- and 2-

atmosphere flames are shown in Figure 4.22. It can be noted that the increase in soot

loading with height is non-linear. The initial growth close to the burner is faster than the

growth further downstream. The increases in total soot flux, at different vertical positions

of the flames, with the increase in pressure are similar and range from factor of 1.5 to a

factor of 2.0.

b_f

10.2

io4

1

I
0	 10	 20	 30	 40

Height above burner (mm)

Figure 4.22 Total volumetric flux of soot through a horizontal cross-section as a
function of height above the burner exit for coflowing C 2H4/Air diffusion
flames established on a Woifliard-Parker burner at pressure of 1 and 2
atmospheres.
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The computational results also reveal the changes in flame structure at different

vertical positions above the burner. Figure 4.23 shows the variation in concentration

profiles of acetylene and benzene with increasing height for the atmospheric pressure

flame. The peak acetylene concentration does not change significantly with height, but the

peak location moves progressively towards the centreine as the height increase and it

peaks at the centreline at 40 mm above the burner. On the contrary, the maximum benzene

concentration increases by 60% as the height increases from 10 mm to 40 mm. Similar to

the acetylene profiles, the location of peak benzene concentration also moves towards the

centreline with increasing height. The significant increase in benzene concentration is due

to the reduction in local strain rate with height. Similar behaviour has been observed for

the 2-atmosphere flame, but there is no significant change in the computed mole fractions

of acetylene and benzene with the increase in pressure.
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Figure 4.23 Computed profiles for acetylene and benzene at a sequence of vertical
positions in a coflowing C2ILp'Air difThsion flame established on a Wolihard-
Parker burner at atmospheric pressure.
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Computed surface growth and nucleation rates at different vertical positions above

the burner in the atmospheric pressure flame are ifiustrated in Figure 4.24. The maximum

rates of surface growth and nucleation occur at similar locations in the flame and their

profiles spread into the fuel rich regions with increasing height. There is no significant

change in the peak nucleation rate, but the peak surface growth rate drops by 35% from

the height of 10 mm to 40 mm. Flower (1986) has estimated the soot formation rates

from the divergence of the product of the soot volume fraction and the velocity vector. He

found that the deduced soot formation profiles at heights of 20 and 30 mm above the

burner were nearly the same in magnitude and in behaviour with horizontal position. On

the contrary, Kent and Wagner (1982) observed peak soot production rates near the base

of the flame in their experiment and that the rate drops with height.

(a)
	

(b)

Figure 4.24 Computed (a) surface growth and (b) nucleation rates at a sequence of vertical
positions for a coflowing C2H4/Air diffusion flames established on a
Wolihard-Parker burner at atmospheric pressure.
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A better way to examine the variation of soot formation rate is to compare the model

parameters that control the reaction rates. The maximum soot formation rates at different

vertical positions above the burner and the corresponding temperature, C2H2 mole-

fraction, mixture fraction and number.density are listed in Table 4.3 for both 1- and 2-

atmosphere flames. It can be observed that the peak soot formation rates, in both flames,

almost remain constant up to a height of 20 mm and then reduce gradually downstream.

The temperatures at the locations of peak soot formation are around 1750 K for the

atmospheric flame and 1820 K for the 2-atmosphere flame. The mixture fraction varies

within the range of 0.132 to 0.143. The acetylene mole-fraction at the location of peak

soot formation drops gradually with increasing height. This is due to the migration of the

peak of C2H2 concentration towards the centreline with increasing height. On the

contrary, the number density only changes slightly. The peak soot formation rates in the

2-atmosphere flame is about 3 times higher than that found in the atmospheric pressure

flame. Although the temperature as well as the number density in the former is slightly

higher than that of the latter. These changes are not sufficient to produce the significant

increase in the soot formation rate observed as the pressure is increased. The present

computational results indicate that the mole-fraction of C2 and C6H6 do not change

significantly with increase in pressure, but their molar concentrations increase in direct

proportion to increase in pressure. As a result, the rates of the nucleation and surface

growth steps are increased accordingly as they are related in first order to the

concentrations of these intermediate species.
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Table 4.3

Mole-fractions of C2H2 (Xc2H2), Temperature (2), Mixture fraction (Z) and Soot number
den sity(i,,) at the Location of the Peak Soot Formation Rate (R)at different vertical
position for co-flowing C2H4-air flames at 1 and 2 atmospheric pressure.

Height
	

kH2	 T
	

z

1745
	

0.147

1766
	

0.145

1770
	

0.143

1780
	

0.137

1781
	

0.136

1778
	

0.135

1776
	

0.134

1753
	

0.133

1-atm flame

5

8

10

15

20

25

30

40

2-atm flame

5

8

10

15

20

25

30

2.49x101

2.50x101

2.48x101

2.38x 10-1

2.24x101

2.08x 10

1 .92x101

1.59x10

8.23x10

7.94x10'

7.71x101

7.1 5x101

6.65x10'

6.17x101

5.74x101

3.69x102

3.54x102

3.40x102

3.18x102

3.OlxlO2

2.90x102

2.73x102

2A9x102

3.20x102

2.96x102

2.92x 102

2.78x102

2.74x102

2.55x102

2.55x102

2.32x 10-2

7.56x1016

7.87x1016

7.87x1016

7.85x1016

7.78x1016

7.72x1016

7.60x1016

7.38x1016

1.23x1017

1 26x1017

1 .24x1017

1.23x 10'

1.22x1017

1.19x1017

1. 18x 1017

1 12v1fl17

4.4.2 Methane-Ak Diffusion Flame

It is well known that methane flames produce less soot than other hydrocarbon fuels. In

order to extend the validation of the present model, calculations have been done for a

methane-air co-flowing diffusion flame measured by Syed et al. (1990) to examine

whether the current model produce reasonable results for lower soot loading flames. The

reported air and fuel exit velocities are 19.1 cm/s and 7.4 cm/s respectively. Velocity

profiles have not been measured and only profiles of temperature and soot volume

fraction at different heights above the burner exit are available for comparison.
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Similar to the calculations mentioned in previous sections, computation was

initiated at the burner exit with a flamelet approach and then switched to full kinetics at a

height of 0.5 mm. Figure 4.25 shows that the resulting temperature field is plausibly

reproduced. The peak temperatures almost remain constant with height and the centreline

temperature gradually increases with height. The computed vertic& velocity profiles (see

Figure 4.26) are similar to those obtained for the ethylene flame as discussed in previous

sections. But the peak velocity shifts to the centreline somehow earlier than the ethylene

flame.

The predicted soot volume fractions using the LT and LU models are compared

with experiment in Figure 4.27. The amount of soot produced in this flame is almost an

order of magnitude lower than that observed in the ethylene flame. However, it is evident

that the predicted soot formation in the lower part of the flame is exaggerated. The LT

model overpredicts soot volume fraction by about five times at a height of 15 mm. The

discrepancy is reduced to about a factor of two at a height of 30 mm. The LU model also

overpredicts the initial soot growth but with smaller magnitude. This is mainly due to the

sensitivity of the present model towards the concentrations of the intermediate species in

the flame. Figure 4.28 shows that evolution of the concentrations of acetylene and

benzene with height. Comparing Figures 4.23 and 4.28 reveals that the acetylene

concentrations in the methane flame is one order of magnitude lower than that in the

ethylene flame, but the benzene concentrations are similar in both flames.

Detailed data at the location of peak soot formation are listed in Table 4.4 for the

computation using the LT modeL The temperatures at the locations of peak soot formation

are around the value of 1750 K which is similar to that found in the ethylene flame (see

Table 4.3). The much lower acetylene concentration results in the significant reduction in

the soot formation rate. However, the relatively high benzene concentrations in the flame

maintain a high value of number density (around 6x10' 6 part/rn3) at the locations of peak

soot formation.
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Figure 4.25 Computed (lines) temperature profiles at a sequence of vertical positions in a
coflowing CH4/Air diffusion flame established on a Wolfliard-Parker burner at
atmospheric pressure. Measurements (symbols) by Syed et al. (1990).
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Figure 4.26 Computed axial velocity at a sequence of vertical positions for a coflowing
CH4/Air diffusion flames established on a Woifliard-Parker burner at
^^^^^^^^^^^ pressure.
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Figure 4.27 Computed soot volume fraction at a sequence of vertical positions in a
coflowing CH4/Air diffusion flame established on a Wolfhard-Parker burner at
atmospheric pressure. Measurements (symbols) by Syed ci a!. (1990).
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Figure 4.28 Computed acetylene and benzene concentration profiles at a sequence of
vertical positions for a coflowing CH 4/Air diffusion flames established on a
Wolfhard-Parker burner at atmospheric pressure.



262	 Chapter Four

While the uncertainty in the predictions for acetylene is less than 20% (see Chapter 3), the

discrepancy is likely to be due to the uncertainty in the predictions for number density.

Since the surface growth step is directly related to the local particle number density. If the

number density at the location of peak soot formation is reduced to about lxlO' 6 part/rn3,

the soot formation rate will be decreased by roughly a factor of two and bring the

predictions closer to the measurements. It has been noted that (Chapter 3) the initial

growth of benzene in a coflowing methane diffusion flame is overpredicted by the present

model. The high benzene concentrations predicted in the early part of the flame is the

main cause of the overprediction of soot growth in the present study.

Table 4.4

Mole-fractions of C2H2 (.rC2H2), Temperature (7), Mixture fraction (Z) and Soot number
density(N1 ) at the Location of the Peak Soot Formation Rate (R,,) at different vertical
position for co-flowing CH4-air flames at 1 atmospheric pressure.

Height
	

T
	

z

5

8

10

15

20

1745
	

0.118

1766
	

0.113

1770
	

0.112

1780
	

0.108

1781
	

0.106

l.48x102

2.04x102

2.25x102

2.62x102

2.81x104

.2

4.29x103

4.39x103

4.47x104

4.67x103

4.Mx10

2x16

8x16

5.54x1016

8x16

6.15x1016

16
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4.4.3 Kerosene-Mr Diffusion Flame

The ultimate goal of any predictive methods for soot formation is their application in

practical combustion systems. Very often blended fuels are employed in these

applications which involve much more complicated combustion chemistry than those

encountered for the simpler fuels normally used for fundamental studies. In order to

assess the generality of the present soot formation model, the LT model has been applied

to the predictions of soot formation in laminar kerosene-air diffusion flames. The

experimental data has been obtained by Stewart et aL (1991). These investigators have

measured soot volume fraction, mixture fraction and temperature for laminar diffusion

flames burning kerosene with various degree of dilution on a pressurised Wolfhard-

Parker burner. Computation has been done for a nitrogen-diluted flame of which the

kerosene vapour comprises 26.3% of the total mass flow through the fuel slot and under

a pressure of 2.26 atmospheres.

The composition of kerosene is assumed to be made up 80% aliphatic and 20%

aromatic compounds by mass. These fractions are assumed to be fairly typical of aviation

fuels (Priddin, 1993). Undecane (C1 1H24) is assumed to be the representative species for

the aliphatic part, whereas the aromatic content is assumed to be mainly made up of

benzene. The latter assumption is rather rudimentary and are used here as first

approximation. Several global steps arc introduced to account for the consumption of

undecane and its transformation into C2-C4 intermediates. Details of these reaction steps

and their rate constants can be found in Chapter 2. The measured mass flow rates of fuel

and oxidant provide initial condition for the velocity prediction. Computation was initiated

with preheated fuel and air jets at 700 K exiting the burner with velocities of 8.3 cm/s and

25.0 cm/s respectively.
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Figure 4.29 Computed (lines) temperature profiles at a sequence of vertical positions in a
diluted cofiowing kerosene/Air diffusion flame established on a Wolfliard-
Parker burner at pressure of 2.26 bar. Measurements (symbols) by Syed at a!.
(1990).

Figure 4.30 Computed (lines) mixture fraction profiles at a sequence of vertical positions
for a diluted cofiowing Kerosene/Air diffusion flame. established on a
Wolfbard-Parkcr burner at pressure of 226 bar. Measurements (symbols) by
Syed eta!. (1990).
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While local velocity data is not available for the flame, the validation of the

flowfield simulation is provided by the distributions of temperature and mixture fraction.

Figures 4.29 and 4.30 illustrate the comparison between prediction and experiment at

various heights above the burner. The agreement for the temperature profiles is generally

satisfactory. The profile shape, location of the peak temperature and the increase in

centreline temperature with height are reasonable well reproduced. The computed peak

flame temperatures are higher than the measurements by about 100 K. This discrepancy

can be due to insufficient radiative heat loss considered in the present model as well as the

uncertainty in the fuel composition. As mentioned by Stewart et aL (1991), due to

increasing uncertainties resulted from probe clogging, measurements for mixture fraction

are available only for the lower part of the flame (see Figure 4.30). The agreement is

reasonable with respect to the centreline mixture fraction decrease with height.

Predicted distribution of soot volume fraction at various heights in the flame are

compared with measurements in Figure 5.31. The measured peak soot level are

reasonably reproduced at the four streamwise locations with maximum discrepancy of a

factor of two. There is also good agreement for the evolution of the centreline soot

loading. However, the initial soot growth at the lower part of the flame seems to be

overpredicted by the model, and the predicted peak soot volume fraction at 16 mm is

lower than the measurements. This non-linearity in the predicted soot formation is further

illustrated in Figure 4.32 where the peak soot volume fraction is plotted as a function of

height. The measurements also suggest a rapid migration of the location of peak soot

loading towards the centreline with increasing height, while the predictions only show a

modest shift It should be noted that there arc some uncertainties in the measured profiles

at a height of 5 mm. The measurements suggest that maximum soot loading occurs very

close to the peak temperature and that the soot profiles extend well to the lean side of the

flame. The latter seems to be in contradiction with other experimental observations that

soot is effectively consumed by oxidation near the flame front.
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The variation of peak soot fonnation rate with height and the relevant parameters are

detailed in Table 4.5. The magnitude of the peak soot formation rates is comparable with

those found in ethylene flames. The temperature at which the peak soot formation occurs

arc also similar to those discussed in previous sections (around 1700 K), but the mixture

fraction is higher than the ethylene flame. The amount of acetylene produced in this

diluted kerosene flame is about a factor three lower than that predicted for the ethylene

flames. However, a higher number density is predicted in the kerosene flame due to the

assumption of benzene being part of the fuel component. The latter compensates for the

effect of lower acetylene concentrations predicted in this kerosene flame and maintains a

substantial soot growth rate. As mentioned before, there are still significant uncertainties

in predictions of the number density. However, the present results show that the soot

formation model developed in the present work can predict the behaviour of soot

formation under conditions which are substantially different from those used for the

model development.

Table 4.5

Mole-fractions of C2H2 (C2H2). Temperature (7), Mixture fraction (2) and Soot number
den sity(N) at the Location of the Peak Soot Formation Rate (R 1,)at different vertical
position for co-flowing Kerosene-air flames at 2.26 atm pressure.

Height

(mm

2

5

8

10

12

16

5.22x10'

4.29x101

4.23x101

4.26x104

3.99x101

2.51x101

8.94x103

8.54x103

8.64x 10

9.78x103

9.75x103

8.22x103

1734	 0.307

1711	 0.291

1724	 0.269

1701	 0.257

1700	 0.243

1656	 0.209

3.16x1017

2.91x1017

2.69x1017

2.57x1017

2.43x1017

2.09*1&
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Figure 4.31 Computed (lines) soot volume fraction at a sequence of vertical positions for
a diluted coflowing Kerosene/Air diffusion flames established on a Wolfhard-
Parker burner at pressure of 2.26 bar. Measurements (symbols) by Syed ci a!.
(1990).
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Figure 4.32 Computed (lines) soot volume fraction as a function of height for a diluted
coflowing Kerosene/Air diffusion flames established on a Wolfliard-Parker
burner at pressure of 2.26 bar. Measurements (symbols) by Sycd ci a!. (1990).
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4.5 Summary

The global soot formation models proposed by Leung et aL (1991) and Lindstedt (1994)

have been applied to the modelling of soot formation in laminar counterfiow and

coflowing diffusion flames burning methane, ethylene, propane and kerosene. Both

models link up the soot formation kinetics to gas phase pyrolysis products of the fuel.

Acetylene is used as the species responsible for soot surface growth in both models.

While acetylene is also used as the inception species in the model of Leung et aL (1991),

benzene is used by Lindstedt (1994) for the soot nucleation step. Good agreement has

been obtained with both models for the prediction of soot formation in counterfiow

ethylene diffusion flames with varying oxygen contents in the oxidant stream. In regard

of the predictions of soot fonnation in counterfiow propane flames, the model by Leung

et aL (1991) underpredicted the soot volume fraction, while the model of Linstedt (1994)

overpredicted soot formation under similar conditions. These results show that the global

soot models are quite sensitive to the local soot number density.

There are good agreement for the predictions of the evolution of soot volume

fraction in coflowing ethylene diffusion flames at both 1- and 2-atmospheres. The

increase in soot loading with an increase in pressure is also well reproduced. However,

the predictions for soot number densities near the centre-line are somewhat exaggerated.

The highest discrepancy is observed when the model of Lindstedt (1994) was applied for

the prediction of soot formation in a coflowing methane diffusion flame. The soot volume

fraction is overpredicted by 5 times in the early part of the flame. However, this

discrepancy may be related to the significant overprediction of benzene close to the burner

exit. Reasonable agreement has also be obtained for the predictions of soot formation in a

diluted kerosene flame with maximum discrepancy less than a factor of three.

Considering the significantly different flame structures, as well as the different fuel

characteristics, considered in the present validation work, the quality of predictions can be

regarded as a significant improvement compared to previous modelling studies,



Chapter Five

Reduced Reaction Mechanisms

5.1 Introduction

Simplified reaction mechanisms have been used in to compile flame properties for

hydrocarbon-air mixtures for many decades. These mechanisms consist mainly of global

one-step reactions in which fuel and oxidiser react to form stable products. Reaction rate

parameters for such models have mainly been obtained by curve fitting to limited

experimental observations. Although detailed chemical kinetic models have been applied

successfully for the prediction of global flame properties (e.g. Warnatz, 1981; Dixon-

Lewis et aL, 1985), the consideration of detailed Idnetics in the simulations of multi-

dimensional reacting flows is computationally demanding or even prohibitive for the

case of turbulent reacting flows. By comparison, the simplicity of the empirical one-

step kinetic approximation makes combustion problems amenable to theoretical analysis

and it can easily be incorporated into numerical models for the design and performance

calculation of combustors with complicated geometrical features. However, many of the

simple reaction mechanisms in common use have been found to be incapable of

reproducing experimental flame properties for a wide range of operating conditions

(Westbrook and Dryer, 1981).

Simplification of a detailed reaction mechanism is possible if there exist

independent, approximate relations which permit calculation of concentrations of some

269
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species in terms of other known concentrations. Typically, these relations are derived

based on a steady state or a partial equilibrium assumption. While the general idea of

reducing complex kinetic schemes by the introduction of these assumptions has been

known to chemists for a long time, applications in the area of combustion kinetics have

only recently begun to appear (Peters, 1985; Paczko et al., 1986; Smooke, 1991; Peters

and Rogg, 1993). Use of the above approximations makes it possible to remove species

which can be determined by independent relations from the detailed mechanism and to

treat the kinetics of the overall system in terms of combined variables (Dixon-Lewis ci

aL, 1975). Reduced mechanisms developed in this manner retain many of the important

features of the detailed chemical kinetic scheme and reduce the computational effort in

numerical calculations of flames by replacing a number of differential equations for

intermediate species - those assumed to be in steady-state - by algebraic relations.

Extensive numerical and theoretical studies (Bilger and Kee 1987; Peters and Williams,

1987; Sesbadri and Peters, 1988) have shown that systematically reduced reaction

mechanisms are capable of predicting major features of strained lnniinnr flames and the

flame extinction limits. It has also been shown that these mechanisms can be

incorporated in the modelling of turbulent flames (Chen ci aL, 1989)

The reduction procedures have been refined and documented in two recently

published monographs (Smooke, 1991; Peters and Rogg, 1993). Reduced mechanisms

contAining two to nine reaction steps have been developed and validated for inminar

flames burning hydrogen (Mauss ci a!, 1993), carbon monoxide (Wang ci aL, 1993),

methane (Bilger ci aL, 1990; Mauss and Peters, 1993; Chelliah ci at., 1993), methanol

(Chen, 1991), acetylene (Lindstedt and Mauss, 1993), ethylene (Wang and Rogg, 1993)

and propane (Kennel ci a!., 1993; Leung ci a!., 1993). The key reduced mechanisms

proposed by Leung ci at. (1993) have been modified to account for the development in

the present detailed reaction mechanism and the present chapter will discuss some

features of the reduction procedure and computational results obtained for diffusion

propane-air flames.
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5.2 The Basic Elements of Systematically Reduced Kinetic

Mechanisms

There are four basic steps in the formulation of systematically reduced mechanisms, and

these are (i) the deduction of a skeleton mechanism, (ii) the identification of steady

species, (iii) the formulation of the reduced mechanisms and (iv) the derivation of

truncated approximation expressions for the steady-state species.

While a detailed reaction mechnnim usually contains more than 200 reactions, it is

preferable to obtain a smaller reaction set for the formulation of reduced mechanisms so

that the resulting rate expressions are comprehensible. This subset of the detailed

mechanism is normally referred to as the skeleton mechRnim which is derived from the

full mechanism based on the results of sensitivity and reaction path analyses. The

skeleton mechanism is a result of a trade-off between model complexity, accuracy and

the range of applicability. Although the level of simplification may vary for different

applications, the resulting skeleton mechanism should be able to reproduce the

combustion characteristics of the fuels and conditions considered within reasonable

limits1

In the derivation of reduced kinetic mechanisms, steady-state approxinrntions are

introduced to reduce the number of chemical species for which species conservation

equations need to be solved numerically. This can give substantial savings in the

computational time. In the past various research groups (Paczko et al., 1986; Bilger ci

al., 1990) have used partial equilibrium approximations for the species eliminption

purpose. However, it was found that, in general, the validity of partial equilibrium

assumptions is more restricted than that of steady-state assumptions and, therefore,

their usefulness generally is limited to truncation.

In the discussion of reduced reaction mechanism it is helpful to define the general

convective diffusive operator L(Y) on the mass fraction Y

L(Y)=pL+puf— '	 (5.1)
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Intheaboveexpression u,isthevelocityvectorand Jisthediffiisionfluxvector.The

species balance equations may be written as

L(Y)= £(v - v)oM
	

(5.2)

where w, is the net molar rate of reaction "1" with stoichiometric coefficients v and

v for species k in the forward and reverse directions. Defining w as the forward rate

of reaction "F' and wr as its reverse rate, it follows that

Wi =w—w'	 (5.3)

Thecreation C1 anddestruction L),, ratesforspecieskinthereaction"F'maynowbe

defined as

C,=(v,—v)o
	

v&>vk

=(v—vr)o'
	

v;<v;.

D,=(vç—v,')w;

=(v—v)wr	 (5.4)

Both of these are non-negative quantities. The total creation and destruction rates are

given by

c&=T;ci.&	 (5.5)

D =
(5.6)

The species balance equations can now be written as

(5.7)

or after normalisation by the total destruction rate

D, J (5.8)

The steady-state approximation is valid for those intermediates for which the rates of

creation and destruction arc much faster than the net rates of formation. The criterion

for the approximation can more generally be written as,
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(5.9)

The application of a steady-state assumption for a species k leads to an algebraic

equation between reaction rates. Therefore each of these equations can be used to

eliminate rates in the remRinirlg balance equations for the non-steady state species. The

stoichiomeliy of the resulting balance equations defines the global mechanism between

the non-steady state species. Therefore the global mechanism depends on the choice of

the reaction rates that were eliminated.

The algebraic equations obtained by the steady-state approximations can also be

used for the solution of the concentrations of eliminated steady-state species. However,

these equations are normally nonlinear and the concentrations of the steady-state

species have to be solved iteratively. A truncation procedure is usually conducted to

delete certain terms in the steady-state expressions for further simplifications and for

fine tuning of the reduced mechanism to yield better computational behaviour.

5.3 A Reduced Nine Step Mechanism

Leung et al. (1993) have formulated reduced mechanisms for the computation of

propane diffusion flames. The starting reaction mechanism used by Leung et aL (1993)

is much simplified and it was noticed that the branching ratio between C3 and C2

species formation was not accurate. Consequently, the earlier mechanism is here

supplemented by additional reaction steps and with rate constants from the detailed

mechanism developed in the present work (see Chapter 2). The reaction steps

considered in this simplified reaction mechanism for propane oxidation are listed in

Table 5.1.
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Table 5.1

Reaction Steps of a Skeleton Mechanism for Propane Oxidation.

No. I	 Reaction	 No. I	 Reaction
1. H+02	OH+O	 127. C2H+02	2a)+H
2. O+H2	 OH+H	 129. CHCO+H	 1CH2+CO

3. OH+H2	H20+H	 130. CHCD+O	 2cx)+H
4. 2011	 1120+0	 142. C2112 +O	 3C112+CX)

5. O+H+M	 H02+M	 143. C3H2+O	 CHCO+H
6. H02+H	 2C)H	 144. C2H2+OH	 C2H+H20

8. H02 +OH	 1120+02	 145. C2H2 +OH	 C2H20+H

	

23. C0+OH	 CO2+H	 150. C2H20+H	 CH+CO

27. CH+02	CH0+o	 151. C2H20+H	 CHCO+H2

28. CH+CO2	cHO+cO	 157. C2H3	C2H2+H

	

31. cH+H20	 CH20+H	 5. CH4 +H	 C2H3+H2

36. CH+C2H2	 C3112+H	 i7 C2H4+OH	 C2H3+H20

43. CHO+M	 CO+H+M	 172. C2H5
44. 1CH2 +H2	CH3+H	 174. C2H5 +}1	 C2H5+H2

53. 1CH3 +C2H2	C3H3+H	 176. C2H5+OH	 C2H5+H20

58. 1CH2 +M	 3CH2+M	 181. ..C3H2 +OH	 C2H2+a)+H

59. 22	 CH3+H	 182. c-C3H2+02	C2H2+CO2

60. 3CH2 +H	 CH+H2	 184. C3H3+H	 c.C3H2+H2

74. 3CH2 +C2H2	C3H3+H	 185. C3H3 +O	 C2H3+C0

76. CH2O+H	 CHO+H3	 186. C3H3 +OH	 c.CH2+H20

77. CH2040	 O1O+OH	 187. C3H3 +02	C2H20+CHO

78. CH2O + OH	 CHO + IIiO	 270. -C3H7	 C2H4 + CH3

83. 2CH3	C2H5+H	 271. C3H6 +H	 a.C3H7

84. 2CH3	 C2H6	 275. C3H6 + H	 j-C3117

$5. CH3 +O	 CH2O+H	 276. C3H	 C2H5+CH3

86. CH3 +OH	 CHOH+}1	 277. C3H1 +H	 n.C3H74H

57. CH3+OH	 1CH24H20	 270. C3H5+H	 1..C3H7+H2

117. CH2OH+M	 CH3O+H+M	 279. C3H5 +O	 nC3H7+OH

110. CR4	 * CH+H	 280. C3H3 +0	 I.C3H7+OH

	

119. CHs+H	 CH3+H2	 381. C3H+CH	 n.C3H7+H20

121. CH4 +OH	 CH3+H20	 m C3H5 +OH	 I.4H7+H20

	

124. C2H+H2	CH2+H	 __________________________

The skeleton mechanism listed in Table 5.1 consists of 63 reactions and 33

species. It should be noted that the numbering sequence refers to those presented in

Chapter 2. The C3 hydrocarbon chemistiy is much simplified in this scheme to reduce

the number of C3 isomeric species to be considered. Consequently the products of

reactions (74), (185) and (186) have been changed accordingly. This simplified

mechnnism has been verified by comparison with the computational results using the

detailed mechanism for propane flames. The computed concentrations of major
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products and intermediate hydrocarbons for a counterfiow propane-air diffusion flame

with rate of strain of 150/s are presented in Figure 5.1. The species profiles are plotted

along the mixture fraction space. The agreement can be regarded as satisfactory with

maximum disagreement of about 50% observed for the methane concentrations.

However, the adjustments made in the scheme has significantly improved the

predictions for ethane and propene as compared to the results of previous study (Leung

et a!, 1993). By considering all the formation and consumption reactions for each

species in this skeleton mechanism, the following system of Iruncated balance equations

for non-steady state can be formulated,

L([H]) =-W+W+W3-05-W6+0),+W31+W43+W

+ 0)53 + 0)59- 6O + 074 076 - O)g + Wj + (Og

+0)fl7 +0)	 119 +O)14 + O)in - 0)129 13O +W

+03145 15O 0i51 +0)157 0)1 +O)1fl -0)174 +0)1

184	 271	 275	 277	 278

L([O])	 W2+O4+Wn77s013OO142

- 0)143	 185	 279	 28O

L [oHD =a+w2—w3-2xw4+2xw6—o—o+w

- 86	 87 - 121 - I44 - 145 - 167 - 176

- 181 - i86 + 03fl9 + 28O - 281 282

L([H2])	 3044059+06O+076+0)119

124 151 +0)165+0)174 +W +W +O)

L([o2D	
W5+0W7O)17O)1gO)157

L([H20]) 03+04+ 0) - 0 M + 078 k 87 121 + 0

+0167+03176+03186 +0 +W,j
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Figure 5.1 Computed concentration profiles of H2, CO, CO2, CH4, C2H2, C2}14, C2H6 and

C3H6 in counterfiow propane-air diffusion flame using detailed (solid line) and

simplified (dotted line) reaction mechanisms. Strain rate ii 150/s..
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L[CO]) =—o+o+w43+2xw27+w+2xco130+w142

+0)150+0)181+0)185

L([CO2D =w—w+o

L[cH4] = 1118 - 119	 121

14C2H2J) = —0)53-0174 + 124 - 142 - 143 - 0)144-0)145

+011 57 +O)1g +0)1

L([C2H4]) = —0)165 0)167 +0)172 +0)270
(5.10)

L(JC3H8D = 276	 277	 278	 279	 280	 281	 282

The corresponding system of balance equations for the steady state species arc as

follows,

0= Lff HO2]) = 0) - 6 -

0= L[cHD
	

272831 +0)

0= L([cHOD
	

0)27 + 0)2 0)43 + 76 + 0)77 + 0)78 + 187

0=L(J3cH2] = 58 0159 - 0)80 0)74+ 142

0= L(J1cH2] = 0144 0153 58 +0)37+0)129

0=L [cH2OD	 317678851117

0 = L(JCH2OH]) = 0)86 °)1i

0= L([CH3]) = —044 -0159 +2 x o, —2 X 0134-0135— 86 - 87

+0)118+0)119+0)121+0)150 +0)27() +0)276
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O=LffC2HD 	 127144

O=L[cHCO])

O=L([cH2COD =o,45—o—w151+w187

O=L(JC2H3D

O=L(IC2H5D

O=L([C2H6D

O=L(JC3H2D

O=L(JC3H3D

0)157+0)15+01167+01l85

= —0)83 0ifl +0)174+0)176+01276

= 0)g4 —01374	 176

= 182 181 +0)184 +0)1

= 0)53 +0)740)3g4 - 0)385	 186	 187

O=L(JC3H6D = —0)271 275

0= L([i-C3H7J)	 273V8 (D + 0)2

	 (5.11)

0= Lffn-C3H7D = —o —o +o +o +0)281

The systematic reduction of complex kinetic mechanisms can be achieved by the

use of the above steady state assumptions for intermediate species which leads to their

elimination from the parent mechanism. The concentrations of the eliminated species are

then estimated with appropriate assumptions in terms of the known species in the

reduced scheme. Based on the computational results obtained with the detailed

mechanism, the validity of the steady state assumptions for the intermediate species can

be examined. This can be done by either calculating the convective-diffusive operator

terms, which are represented by the L([X*]) in the above balance equations or, for

species with similar transport properties, by simpiy comparing the rates of formation

and consumption for each species.
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It has been found that most intermediate species can be assumed to be in steady

state except C3H6, C2H6, C2H4, C2H2 and CR4. However, the accuracy of these

assumptions depends to some extent on combustion conditions and position in the

flame. The approximation for some species (e.g CH2O and CHCO) will break down on

the very rich side of the flame. The predicted concentrations of C3H6 and C2H6 are

smaller than those of the other major intermediate species, so these two species are also

eliminated by steady-state assumptions. On the other, although the steady state

assumption for 0 and OH radicals are well justified, both species are retained in the

reduced mechanism in order to reduce the stiffness of the kinetic equations. Moreover,

the H atom and the stable species 02, CO, CO2, H2 and H2O must be retained for the

solution of hydrocarbon flame structures. As a result 12 non-steady state species

remain in the reduced mechanism following the elimination of the 19 steady state

species. Taking into account the atom-conservation conditions (for C, H and 0) a total

of nine global steps can be formulated to describe the chemistry.

The steady state approximations can be used to eliminate 16 of the 62 reactions in

the skeleton mechanism. The procedure of elimination is arbitrary. However, the

resulting stiffness of the reduced reactions mechanism depends to some extent on how

these approximations made. In the present study the steady state species are used to

eliminate the fastest consumption path of the corresponding species. By setting the

balance equations (5.11) for the steady state species equal to zero, the following

reactions 6,31,43,58,60,78, 85, 117, 127, 130, 150, 157, 172, 174, 182, 184,270,271

and 275 are eliminated by the species HO2, Cli, CHO, 'CH2, 3CH2, CH2O, CH3,

CH2OH, C2H, CHCO, CH2CO, C2H3, C2H5, C2H6, C3H6, n-C3H7, i-C3H7, C3H3 and

C3H2 respectively. Following this procedure a system of balance equations for the

remaining non-steady state species H, OH, 0, H2, H20, O, CO. CO, CR4, C2R4, and

C3H3 can readily be formulated. For example the balance equation for propane,

L([cHSD = 277 - - - - -
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and for the hydrogen atom is,

L([HD = L([HD + {-z ([H02D + L(JcHoD + L[cH2o]) + 2 x L[cH3D

+ L(JcHC0D + L(IC2HD + L(IC2H3D + L[C2H5D

+ 2 x L([cHD + L(I cH2D + L(['cH2D + 2 x L([cH2oHD

+ L [cH2COD - 14C3H3D + '4;'D

+2xL[n—C3H7D+2xL[i_C3H7D}

+Wl%+WigI+2XWI+O+3XO+3XO1+W+Wm

+2xw+2xo+2xw1+2xw

and for carbon monoxide,

L([cOJ = IIJcoD + {IJcHoD + L(icH2OD + 2 x L [cHCOD + LGcH3D

+ L(JcHD +	 +	 + 2 x L(JC2HD

+ L(JcH2OHD + 2 x L(IcH2COD + L(JC3H6D

+L(jn—C3H7D+L(ji—C3H7D}

+2xw1+2xa+2xw3+2xo+w111+w+3xw1,1

+W 6 + Wm+ Wm+ + Wao +

The convective-diffusive operators in the curl brackets correspond to those of the

steady state species and are neglected. Based on the truncated balance equations for the

non-steady state species the following nine-step global mechmiim is obtained.

(I)	 C3H8+O+OH - C2H4+CO+H20+H2+H

(U) C2R4 + OH - C2H2+H20+H

(ifi)
	

C2H2 O2 - 2CO+H2

(1V)
	

CR4 + 0 + OH - CO+H20+H

(V) CO + OH - CO2+H
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(VI) 2H+M = H2+M

(VII) 02 +H - OH+O

(VIII) H2+OH = H20+H

(IX) H2+O - OH+H

The corresponding global reaction rates are,

03j	 276+0277+0)278+0)279+0)280+0)281+0)282

0)j 083+—WM+0165+O)167

miii = 83 014 0)14 +0)142 +0)J43 +0)144+0)145+0)187

W,V	 )118+0119+0121

Wv =WW28+W53+W748I—Wl85-W187

0,vi =W5+0)53+W74+0)83W6—Wll8-WlgI

185	 187	 276

WV!! =W1+W5O)8+O7+W53W74W83+O)M

142	 143	 145	 181	 187	 187

03+04+0)8+ W + O)g - °76 - 0)77 + 083 -

+0)121 +O)j44 +0)145	 —165 +0)176+0)186+0)187

+0281+0252

(5.12)

0,i =0204+0)508+044+053+059+074+0fl

83u87I43181

279280

The truncated steady state assumptions for all the species can in principle be used

to derive algebraic relations for the concentrations of these species as required by the

reaction rate expressions in (5.12). However, the relative importance of the reactions can

change under different combustion conditions and it is frequently better to consider a

larger number of the reactions present in the original detailed mechanism. However, for
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the propyl radicals, the truncated balance expressions in (5.11) are used to determine

their concentrations,

[c3H8] x {k,,[H] + k,[O] + k,11[OH]}	
(5.13)[n - C3H71 

= kmb[H2] + k279b[°'h] + klslb[H201 +
rc3H81 x {,,[H] + k,[O] + k,1[OH]}

[i - C3H7 1 = km,[02] + k, + k[H2 ] + k[OH] + k,b[HaO]	
(5.14)

The steady state assumption for propene is not satisfactory in estimating propene

concentration on the rich side of the propane flame. However, near the flame front the

concentration can be approximated by the following expression,

[c3H]= k275b[ 3H7 ]x(1— C275)
(5.15)

kM7,

where C275 is a limiting factor to prevent overestimation of propene concentrations on

the rich side,

k274f[i - C3H7]
C275 

= k2741[i—C3H7]+k27,[C3HIH]

The steady state balance for the propargyl radical was appLoximated as,

where

W1 =k,[o21+k,[o]

the factors C and Ci correspond to the fractions of C3H2 regenerating C3H3 via the

reverse of reactions (184) and (186). These fractions are written as,

84b['21
= 86b[H2] + kUb[H2] +	 +

and
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k86b[H20]
= k[H2o] + ka4b[H2] +	 + k311[OH]

The final C3 species is C3H2 which is approximated as,

[c3H2] 
= k361[C2H2jcHJ + k ,[C3H3IHJ + k1[C3H3jOH]

k36b[H] + k,[O2 ] + kMb[H2] + k[H2o]	 (5.m

The C2 species starts from ethane which is approximated as,

[c2H6] -
	 x (1— c14)

(5.18)
- lrl4b + k 741[H] + k[OH]

with C as a limiting factor given by

C84=
kM,[cH3]2 + km,[C3HJH]

The ethyi radical is estimated as,

[c2H51 - 
Ica3b [ 0131_ + kflb[C2H4IH] +__+ w2

(5.19)
-	 k,[H]+k, +k74b[H2]+k%4H2O]

where

W2 = Ic 741[C2HjH] + k,[C2H6jOH]

The vinyl radical as,

[c2H3] = 57b[C2H2jH1 + k 1[C2H4IH] + k,[C2H4jOH]
(5.20)

+ k,[H]+ k,[o2]+ w3

where

W3 = [H2]+kb[H2O]+kb[cH31

The steady state balance applied for the ethynyl radical may be written as,

[c2H] = ___C2H2j__ + k,[C2H2jOH]

k1[H21^ k,[o2J+ k[H2o]	
(5.21)
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Ketene concentrations are approximately obtained by,

k 1[c2H2 IOHI
[cH2co] 

= ,[H] +	 ^ k M,[OH] + k1[OH]
(5.22)

The final C2 species, CHCO, is approximated as,

[HCO] 
= k 431[c2H2jo] + k 511[cH2co jH] + k1[cH2coIoH

k,[HJ+ k 1[O] + SIb[HZ] + k[H2oJ	
(5)

Starting with methyl radical, the C1 species are approximated as,

- C3H7] + k 1[cH4 ] + k l9f[cH4 jH] + w4
[] = k[H] + ksb[H] + k,,[O] + k 1[OH] + ,[OH] + W5

(5.24)

where

w. = k211[cH4IoH]^,[c2H4jo]+2xk1[c2H5IHJ+k1[c3H]

W5 = k 18 jH] + k I9b[H2] + 2lb[H20] + k247b[C2H31 + k4C2H4 ] + 2{kM, + kRJb}EcH3]

The triplet methylene radical as,

[3c1i2] -k,['cH2IM1 + k59b[cH3 jH] + k,[CHjo] + w6

- ,[HJ + k 11 [O] + k,[O2 ] + k,[O2 ] + k 41[C2H2 J + .

where

W = k[cHjH2J + k,4C3H3IH]

W7 =k,[H21+kb[cO]

and the singlet methylene radical as,

['ci12]= + kSb[cH2IM]+
41[H] + k,1[02 ] +

[HJ+k,[C2HOjH]
+kc..FM1

The formaldehyde,

[cH2o] - [HO] x {b[H2O] + b[OH1 + k,,[H2o]} + w,
(5.27)

- k,[H]+k,[O]+k,[OH]+k.,[M]+ W9
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where

W, = k311[CH][H20] + k,,[cH3 jo] + 1c911[cH3Io2] + Iç,[c3H3o2]

W9 = k[H] + k,sb[H] + k,1 [OH] + kI$7b[cHCOI

and the CH2Oq radical,

[cH2o] - 
k 1[cH3joH] + k1[cH2COIOH]

- k1131[H] + k1151 [OH] + k1371[M]

The methenyl and formyl radicals are approximated as,

cH -	 f[cH2jH]+kVb[cHoIo]+w.
-

(5.28)

(5.29)

where

and

P/I0 = k1 [C3HjHJ + k3Ob[CHOPI + k3Ib[CH2OIH]

W = k,[O1^k,[OH]+k311[H2O]

[cH] x {,[o2] + k,,[co2 ] + k,[OH]} + '2
[cHO] =

k ,,IH] + k411j0H] + k.21 [021 + k431[M] + kjob[H]
(5.30)

where

W12 = [cH2O] x {,[HJ + k 1[oH] ^ k ,[oH] +

The approximation used for hydrogen-peroxide was,

[H2o2] - 6b[oHr[M] + 11[Ho2 ]2 x (i - c) + w13

- k131[H] + k151[OH] + k161[M] + klIb[03]

where C13 is a correction factor,

=	 --lIJI.---.I

k1 11[Ho2 ]2 + 6b [OH] [M] + [H2o] x {2b[OH1 +

required to reduce the influence of reaction (11) on the lean side of the flame and

(5.31)
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W13 = [H2o] x {2b[OH] + Sb[H02J

Finally, the H02 radical is approximated as,

[l-O2 ] = 2IMJ+kbL0H]' + k7b[H2102J+
k[M] + k,[OHJ + k 01[O] +

(201021 + W14 
(532

+W15

where

= k9b[HaOIO] + k51[H2o2IoH]

W15 =[H]x{k61+k,,+k9,}+2xk11[H02]

All the steady state approximations derived above are explicit but revnkin coupled

and must be solved iteratively. The above reduced mechanism assumes that as

customary the steady state species are neglected in the elemental balance so that the

mass fractions of the non-steady state species add up to unity. This assumption

therefore implicitly ignores the elemental mass stored in the steady state species.

5.4 A Reduced Seven Step Mechanism

Further reductions of the derived 9-step mechanism can be achieved by the eHminRtion

of more species from the reduced mechanism. However, results of computation with the

9-step mechanism show that steady state assumptions for CH4, C2H2 and C2H4 are not

valid for propane diffusion flames. Therefore these species are kept in the reduced

mechanism to avoid erroneous results and numerical stiffnesL Introducing steady state

assumptions for the 0 atom and the OH radical leads to the following 7-step

mecha

(II)

(UI)

(IV) -

(V)

C3H8+H20+2H -

C2H4+M -

C2H2+02 =

CH4+H20+2H

CO+H2O -

C2H4 + CO + 4H2

C2H2+H2+M

2C0 + H2

CO + 4H2

CO2+H2
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(VI) 2H+M - H2+M

(VII) 02+3H2 - 2H20+H

with the corresponding reaction rates

0) = 0)276 + 0)777+ 278 + 0)779 + 28O + 281 +

=J+—O)Q+O)15+W167

miii = W23 - 0)84 - 0)J4 + 142 + 0)143 +0)144 +0)145 + 187

0)iv

0 v =023W28+53+W74-0)181—W185-0)187

0)W =W5+W53+074+0)536-0)118-0)181

185	 187	 276

0)viz =0)1+0)50)8+0)27+0)53-0)74-0)83+0)&$

142	 143	 145	 181	 187	 187

The approximations for the steady state species are the same as discussed in the 9-step

mechanism with an additional approximation for the 0 atom,

,IO2IH] + k2b[OHPI] + k41[OH]2 + W16
[0] 

= kb[OH] + k21[H2 ] + k4b[H20] + W17	
(5.33)

where

W16 = k 1[cHjco2] + k77b[ 0I°hi + kSSb[cH2OIHJ + k1[c2HIo2]

+ k 42b[cH2ICO] + 43b[ 0Pi + k6[C2H3jCO]

W17 = k9b[H20] + k 01[HO2] + 2 x k ,[OIM] + kflb[cHOIHI + k.4,[cH2]

+ k?7b[cH20] + k,,[cH3 ] + k b[cHco] + k,[cHco] +

+{i, + 431}x[C2H2]+{, +,}x[c3H8]
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and for the hydroxyl radical,

[OH] = k,[ojH] + k 1[H2 10] + kb[H20IH] + WI	
(534)

b[0]b[H]3f[H2] + W1,

where

W11 =2 x k [H20IO] + k[CO2 jH] + [H2oIo2] + k,JbLH2OIM]

W1, = 2 x k41[OH] + 2 x kjOH] + k 1[HO2 J + 2 x k [OHIM] + k,4H2O]

+ k 311H202] + k211[HIM] + kB,[C0] + k411[cHOJ + k,[cH2o1

+ k 211[cH4 ] + k,[c3H2 J + k,[C2H4] +	 +	 x [cii]

+ k,[cHJ + k,[c3H3 J +

The above approximations for the 0 atom and the OH radical include most of the

reactions which are important for the formation and consumption of these two species

in propane diffusion flames However, reactions involving HO2 and H202 are removed

from the formation paths for these two species. This is necessary to prevent errors in

the approximations for HO2 and H202 imparting on the approximations for 0 and OH

while they are solved iteratively.

5.5 Comparison of Detailed and Reduced Mechanisms

The first parameter to be studied with the reduced mechnnbm was the variation of the

peak temperature in the flame as a function of strain rate. Flames at atmospheric

pressure were computed with the detailed mechmiiam at a - 10,50, 150,300,600,800/s

with the last value very close to the extinction point. A comparison of the results

obtained with the 9-step mechanism is shown in Figure 5.2. The agreement is

satisfactory with the extinction point for the reduced mechanism at around 1000/s. The

same procedure was also repeated at pressures of 5 and 10 bar.

The results obtained for a pressure of 10 bar can be found in Figure 5.3. The

results are again satisfactory and the agreement between the extinction points is equally

satisfactory in the elevated pressure cases as can be seen in Figure 5.4 where the
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Figure 5.2 Comparison of maximum flame temperature obtained as a function of rate of
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Figure 5.4 The approximate extinction points as a flmction of pressure obtained with
the detailed and reduced chemistiy.

extinction points have been plotted as a function of pressure. Similar extinction points

are predicted by the 7-step and 9 step mechanisms at a pressure of 1 bar while the

extinction point is underpredicted by up to 15% with the 7-step mechanism at a

pressure of 10 bar.

The reduced mechanisms were validated further by comparing the computed

species concentration profiles with those predicted by the skeleton mechanism. A

comparison of species profiles between the skeleton and the reduced medanisms for a

flame with a rate of strain of 150/s and I bar pressure is shown in Figure 5.5, where the

proffles are plotted against the mixture fraction. There is good agreement for the profile

shapes and the differences in the computed peak concentrations for H2, CO, CO2 and

C2H4 are less than 15%. Larger discrepancies can, however, be observed for CH4 and

C2H2 profiles. While the peak concentration of the former is underpredicted, a higher

peak concentration is computed for the latter by the 9-step mechanism. Overali the

major species concentrations predicted by the reduced mechanism are slightly higher

than those predicted by the detailed mechanism. This is partly due to a larger
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proportion of the elemental mass fraction stored in these species following the

introduction of steady state assumptions for many of the hydrocarbon species

eliminated from the original detailed mechanijm. Similar results are also obtained for the

predictions of major species with the 7-step mechanism (see Figure 5.6). Considerng

the significant amount of reduction in the kinetic details, from a 87 species 464 reactions

scheme to 12 species and 9 reactions, the agreements can be regarded as satisfactory for

both reduced mechanisms. This is important as these non-steady state species are the

major pyrolysis products in propane diffusion flames. The flame structure of propane

diffusion flames is also determined by the relative concentrations of these species. It has

been found that the use of steady state approximation for these species introduce

significant errors on the rich side of propane flames which also increases the numerical

stiffness and leads to unacceptable changes in the flame structure.

Regarding the predictions of key radical concentrations, e.g. H, 0, OH and CH3,

comparisons are shown in Figure 5.7 and Figure 5.8 with the 9-step and 7-step

mechanisms respectively. Although some degree of overprediction of these radicals can

be observed, the agreement is remarkably good with the differences for these radicals

less than 15% in the case of the 7-step mechanism, where steady state approximations

have been used for both the 0 atom and the OH radical. Similar agreement is also

attained at both low and high strain rate conditions at elevated pressures. The good

agreement for 0, OH and CH3 predictions shows the validity of the steady state

assumption for these species in propane diffusion flames. This is very important for the

proper behaviour of reduced mechanism for non-premixed propane flames as CH3 is a

major pyrolysis product of propane and as it is also a parent species for a number of

C iand C2 species, e.g. CH2 and C2H6. Acceptable approximations for these species

depend to a large extent on the accurate prediction for CH3.

A comparison of the minor intermediate species predicted by the 9-step

mechanism can be found in Figure 5.9. It can be observed that the agreement for most of

the steady state species is very good. In most cases the discrepancies in the computed
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counterfiow propane-air diffusion flame using detailed (solid line) and 9-step
(dotted line) reaction mechanisms. Strain rate is 150/s.
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peak concentrations are less than factor of two and their peak locations are well

predicted. It can also be noted that these species only appear in a narrow region of

mixture fraction space (between 0.1 to 0.3) and they have 5iniilnr proffle shape. This is

an important feature for the justification of using steady state approximations for these

species and the present results clearly shows the validity of such approximations. On

the contrary, the use of steady state approximations for ethane and propene are

unsuccessful. The steady state approximation overestimated the propene concentrations

by more than 3 times on the rich side. A simi1m discrepancy for the predictions of

ethane has also been observed. The computational results using the detailed mechanism

shows that the concentration profiles of these two species decrease gradually towards

the rich side rather than peak in a narrow region as shown by the other steady state

species. This shows that significant transportation of this species occurs outside the

reaction zone which can not be account for by the steady state approximation. The

effect of this problem on the overall quality of predictions is less than might be

anticipated as reaction rates are low in this part of the flame. However, the

overprediction of these concentration profiles seriously affect the stiffness of the

numerical problems. A possible solution to this problem would be to include propene as

an non-steady state species in the reduced mechanism for the computation of propane

flames.

Comparison for the major intermediate species can be found for a flame at low rate

ofstrainofa 10/s and I barpressure inFigure 5.10, and aflame athighrate ofstrain

of a = 2000/s and 10 bar pressure in Figure 5.11. These correspond to the extreme

conditions in the range of computations of the present study. The agreement is very

good in the low strain rate case while modest differences for CH4, C2H2 and C2H4 can

be observed at the high strain rate used in the computation of the elevated pressure case.
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Figure 5.9 Comparison of predictions of minor intermediate species obtained with
detailed (solid lines) and 9-step (dotted lines) mechanism for a propane-air
diffusion flame with a - 150/s and 1 bar pressure.
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Finally, the computational efficiency of the reduced mechanism has to be

addressed. It has been shown that both the 9-step and the 7-step mechanisms can in

general reproduce the features of the original detailed mechanism vely well. However, a

significant increase in numerical stiffness has been found for the 7-step mechanism

which leads to longer computational times than those required by the 9-step mechanism.

Thus for studies where the number of species is not of paramount importance the 9-

step mechanism may be a better choice.

5.6 Summary

Computations of non-premixed propane flame have been performed for a large range of

strain and pressure conditions using a planar counterfiow geometry and a detailed

mechanism for the combustion of propane. The results of these computations show that

with the current mechanism CRt, C2H2 and C2H4 are the major intermediate species

and that steady state assumptions for these species are not well justified for propane

diffusion flames.

Two reduced mechanisms have been formulated by the systematic reduction of

the detailed mechanism The twelve remaining species in a 9-step mechanism are C3H,

C2H4, C2H2, CH4, H, 0, OH, 02, H2, H20, CO and CO2. Further elimination of the 0

atom and the OH radical leads to a 7-step mechanism Steady state approximations have

been used to calculate the concentrations of the eliminated species from the above non-

steady state species. Computations using both reduced mechanisms show that the

extinction points predicted by the detailed mechanism can be reproduced vely well from

1 to 10 bar pressure. Major species and radical concentrations can also be well

reproduced by both reduced mechanisms, However, the steady state approximations for

CHCO, C2H6 and C3H6 have been found not to be well justified on the rich side of

propane diffusion flames and improved descriptions for these species are highly

desirable.
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Conclusions

6.1 Contributions of the Present Work

The primaiy objective of the study presented is to further our understanding of higher

hydrocarbon and soot formation kinetics through detailed chemical kinetic modelling.

This has been achieved by the development of a detailed chemical kinetic mechanism

which encompasses the latest kinetic information available for C i-C3 hydrocarbon

combustion. Extensive validation work has been conducted to refine the performance of

the reaction mechanism. This involved computations of laminar diffusion and premixed

flames burning methane, acetylene, ethylene, ethane, propene and propane under

various compositions and pressure conditions. The results presented in previous

chapters have shown that the present reaction mechanism can produce quantitative

predictions for species concentrations and global combustion characteristics for C i-C3

hydrocarbons. This fully validated detailed reaction mechanicni provides a reliable basis

for further development of higher hydrocarbon combustion mechanisms.

The present mechnnim also includes a detailed reaction set to describe C4-C6

hydrocarbons formation in flames burning C1-C3 hydrocarbon fuels. This mechnnim

enables quantitative predictions of various minor C3-C6 species which are important for

the assessment of the relative significance of different benzene formation paths under

different combustion conditions.

299
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A global two-step soot formation model considering soot mass and number

density as independent variables has also been successfully incorporated in the detailed

kinetic mechanism. The quantitative predictions of acetylene and benzene

concentrations are utilised in the soot formation model for the predictions of soot grow

and destruction in diffusion flames.

Finally, steady state approximations for chemical species have been successfully

applied in a systematic reduction of the detailed mechanism. The reduced kinetic

mechanisms derived consist of nine and seven global steps and has been extensively

validated for propane diffusion flames.

The following sections provide a snmmmy of the major findings of the present

work.

6.2 Performance of the Detailed Kinetic Mechanism

The validation results obtained in the present study show that flame structures as well

as intermediate species concentrations (CH4, C2 H2, C2H4, C2H6 and C3H6) are well

predicted by the detailed reaction mecbnnim Moreover, good agreement for radical

species (H, 0, 0H CH and CH3) has also been obtained in both diffusion and premixed

flames. Quantitative predictions for the intermediate species are of paramount

important for the accurate predictions of higher hydrocarbon formation. The global

combustion characteristics of C 1-C3 hydrocarbon fuels are also dependent on the

quality of predictions for these intermediate hydrocarbons and radicals. The present

mechanism has predicted the laminar burning velocities of premixed flames burning

methane, acetylene, ethylene, ethanc and propane-air mixtures under atmospheric

pressure within experimental uncertainties.

The detailed mechmini has also been used to exnnline quantitatively the effect of

stretch on laminar diffusion flames. Good agreement between the computed and

measured extinction limits for methane and propane flames has been obtained.
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Application of the reaction mechanism in the computations of coflowing diffusion

flames also produce good predictions for the evolution of flame structure above burner

exit.

6.3 Benzene Formation Paths

The significance of C3/C3 and C2/C4 reaction paths for benzene formation have been

examined in lnniinnr diffusion flames burning methane, ethylene, propene and propane at

atmospheric pressure, as well as prenuxed acetylene flames under reduced pressures.

The computational results for the diffusion flames show that the C2/C4 reaction path is

not effective for benzene fonnation in methane, propene and propane flames due to the

low concentrations of n-C4H3 and (1,3)-C4H5 radicals computed in these flames. The

propargyl radical recombination is the major reaction responsible for benzene formation

in all diffusion flames as well as the premixed acetylene flames studied in the present

work. Only in ethylene flames are significant contributions made by C21C4 paths

through the chemically activated reaction between C4H4 and C2H3.

The quality of predictions for benzene concentrations are typically within a factor

of two in the diffusion flames. A somewhat higher discrepancy of up to factor of five

overprediction was observed for the low pressure premixed acetylene flames.

Quantitative predictions for benzene concentrations in a Inmiirnr methane coflowing

flames have also been achieved.

6.4 Soot Formation Modelling for Diffusion Flames

Computations have been made using a global soot formation model together with the

detailed reaction mechanism for the simulation of soot formation in laminar counterfiow

and coflowing diffusion flames burning methane, ethylene, propane and model kerosene.

The model parameters have been calibrated against experimental measurements of a

counterfiow ethylene diffusion flame. Good agreement for the prediction of soot volume
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fraction has been obtained over a wide temperature range (1750 K < Tm <2180 K).

The largest discrepancy, a factor of 5 over-prediction, was observed when the model is

applied to a low soot loading methane diffusion flame and this can nminly be attributed

to difficulties in modelling the early evolution of the benzene profiles in such flames.

When the model is applied for the predictions of soot formation counterfiow propane

and coflowing kerosene diffusion flames, the overpredictions in soot volume fraction are

less than a factor of three. When the soot model is used for the prediction of soot

formation in coflowing ethylene diffusion flames, quantitative agreement has been

achieved. The increase in soot loading with an increase in pressure is also well predicted.

Therefore the present validation work has established the generality of the soot model

proposed by Leung et cii. (1991) and Lindstedt (1994).

6.5 Reduced Kinetic Mechanism

The present work has also shown that the procedure of systematic reduction of a

detailed mechanism to a reduced mecbnnlam of much smaller size can still preserve the

kinetic characteristics of the original scheme. The present detailed mechanism of 87

species and 466 reactions has been simplified to 9-step and 7-step reaction mechanisms

considering 13 and 11 species respectively. The validation results obtained in propane

diffusion flames show that the reduced mechanism can reproduce the flame structure

vely well under a wide range of combustion conditions. The extinction limits of propane

diffusion flames are also predicted with 5imi1r accuracy as the skeleton mechanicm The

validation of the steady state approximations has also been illustrated by the good

agreement obtained between the predictions by the skeleton and reduced mechnnims.

6.6 Suggestions for Future Work

The compilation and validation of detailed reaction mechanicmc requires continual effort

for the refinement and extension of available mechanisms to accommodate new kinetic
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information as well as exploring unknown areas. The detailed mechanism developed in

the present work serves as the starting point for a number of further development.

Significant uncertainties have been observed in the consumption reactions for

methylene, methyl, ketyl and propargyl radicals. Although the predicted

concentrations of these species are comparatively small, they control the

oxidation characteristics of the fuels and also involved in the formation of higher

hydrocarbons. Therefore, further experimental and theoretical studies are

necessary to improve our understanding of the reaction kinetics related to these

species.

2 The validation work is presently limited to the combustion of Cj-C3

hydrocarbons. This is partly due to the lack of experimental data for

hydrocarbons containing more than 4 or 5 carbon atoms. However, it is a natural

trend to extend the validation to the combustion of C4-C7 hydrocarbons when

realistic combustion models are to be developed for practical fuels. Moreover the

formation paths for aromatic compounds also need to be validated under such

conditions.

3. In regard of the modelling of soot formation in diffusion flames. The dependence

of the soot surface growth step on the local number density and the coagulation

model for soot particle required further improvement. Moreover, the effectiveness

of using PAH instead of benzene as the nucleation species is worthy of

investigation as this may improve the generality of the model further.

4. The development of systematically reduced mechanism provide a potential

advantage of saving in computational time. However, the treatment of non-steady

state species need to be refined to reduce the stiffness introduced to the numerical

problem by errors in the approximations for these species.
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