
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Computational Studies of Flame Structures

Permalink
https://escholarship.org/uc/item/8qw7x7xp

Author
Amin, Vaishali

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8qw7x7xp
https://escholarship.org
http://www.cdlib.org/


 

 

 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

SAN DIEGO STATE UNIVERSITY 

 

 

 

Computational Studies of Flame Structures 
 

 

A dissertation submitted in partial satisfaction of the requirements for the degree 

Doctor of Philosophy 

 

 

in 

 

Engineering Sciences  

(Mechanical and Aerospace Engineering)  

 

by 

 

Vaishali Amin 

 

 

 

 

 

 

Committee in charge: 

 

University of California, San Diego 

 

Professor Forman A. Williams, Chair 

Professor Kalyanasundaram Seshadri, Co-Chair 

Professor Mohan M. Trivedi 

 

San Diego State University 

 

Professor Gustaaf Jacobs, Co-Chair 

Professor Eugene Olevsky  

 

 

2015 

  



 

Copyright 

Vaishali Amin, 2015 

All rights reserved. 



 

iii 

The dissertation of Vaishali Amin is approved, and it is acceptable in 

quality and form for publication on microfilm and electronically: 

 

____________________________________________________________ 

 
 

____________________________________________________________ 

 
 

____________________________________________________________ 

Co-Chair 
 

____________________________________________________________ 

Co-Chair 
 

____________________________________________________________ 

 Chair 
 
 
 
 

University of California San Diego 

San Diego State University 

2015 



 

iv 

DEDICATION 

 

To my husband Tarak, whose love, support, and encouragement made this 

journey through Doctoral degree possible. 



 

v 

TABLE OF CONTENTS 

SIGNATURE PAGE ......................................................................................................... iii 

DEDICATION ................................................................................................................... iv 

TABLE OF CONTENTS .....................................................................................................v 

LIST OF FIGURES .......................................................................................................... vii 

ACKNOWLEDGMENTS ................................................................................................. xi 

VITA ................................................................................................................................ xiii 

ABSTRACT OF THE DISSERTATION ..........................................................................xv 

 Introduction .........................................................................................................1 

 Theoretical Background .....................................................................................1 

 Carbon Monoxide ..............................................................................................4 

 Toluene ..............................................................................................................6 

References ................................................................................................................7 

 The Influence of Carbon Monoxide and Hydrogen on the Structure and 

Extinction of Nonpremixed and Premixed Methane Flames ...............................................9 

 Introduction ........................................................................................................9 

 Nonpremixed Combustion of CH4 with CO Addition .....................................10 

2.2.1 Formulation .......................................................................................10 

2.2.2 Boundary Values for Computational Study ......................................15 

2.2.3 Chemical Kinetic Computations .......................................................17 

2.2.4 Results and Discussion .....................................................................18 

 Premixed Combustion of CH4 with H2 or CO Addition ...................................25 

2.3.1 Boundary Values for Computational Study ......................................25 

2.3.2 Results and Discussion .....................................................................26 

 Concluding Remarks ........................................................................................30 

Acknowledgments..................................................................................................31 

References ..............................................................................................................31 

 The Influence of Hydrogen and Carbon Monoxide on the Structure and 

Extinction of Counterflow Premixed Flames ....................................................................34 

 Introduction ......................................................................................................34 

 Counterflow Configuration for Premixed Flame .............................................35 

 Chemical Kinetic Computations ......................................................................37 

 Premixed Methane Air Flame ..........................................................................37 

3.4.1 Boundary Values for Computational Studies ...................................37 

3.4.2 Results ...............................................................................................39 



 

vi 

 Hydrogen and Carbon Monoxide Addition .....................................................41 

3.5.1 Boundary Values for Computational Studies ...................................42 

3.5.2 Results ...............................................................................................43 

 Concluding Remarks ........................................................................................52 

Acknowledgments..................................................................................................53 

References ..............................................................................................................53 

 Chemical Kinetic Study of Extinction and Autoignition of 

Nonpremixed Toluene Flames ...........................................................................................55 

 Introduction ......................................................................................................55 

 Boundary Conditions for Computations ..........................................................56 

 Description of Computational Studies .............................................................59 

 Results ..............................................................................................................59 

4.4.1 Nonpremixed Ignition (Counterflow) ...............................................59 

4.4.2 Premixed Ignition (Shock tube) ........................................................60 

4.4.3 Nonpremixed Extinction ...................................................................63 

4.4.4 Flame Structure .................................................................................64 

 Mechanism Reduction .....................................................................................69 

4.5.1 Sensitivity Analysis ..........................................................................71 

Nonpremixed ignition (Counterflow configuration) ......................72 

Premixed ignition (Shock tube configuration) ...............................73 

4.5.2 Rate of Production and Consumption Analysis ................................76 

Nonpremixed flame .......................................................................76 

Premixed flame ..............................................................................83 

4.5.3 Reaction Pathways Analysis .............................................................86 

 Conclusion .......................................................................................................92 

Acknowledgements ................................................................................................93 

References ..............................................................................................................93 

 Future Directions ...............................................................................................95 

References ............................................................................................................100 



 

vii 

LIST OF FIGURES 

   

Figure 1.1 Plot of maximum temperature as a function of Damköhler number. 

Figure is from Ryan Gehmlich’s thesis [6]. .......................................................3 

Figure 2.1 The strain rate at extinction, aq as a function of mass fraction of CO in 

the oxidizer stream, YCO,2, and mass fraction of CO in the fuel stream, 

YCO,1 at fixed ξst = 0.055, and (a) Tst = 2000K, (b) Tst = 2100K. ......................19 

Figure 2.2 The strain rate at extinction, aq at fixed ξst = 0.3 and Tst = 2000 K as (a) 

a function of mass fraction of CO in fuel stream, YCO,1 and in oxidizer 

stream, YCO,2, (b) a function of r for fuel and oxidizer stream. The 

predictions are obtained using the San Diego Mechanism [17][18]. ...............22 

Figure 2.3 Net rates of production of CH4, CO, O2, and H2. at Tst = 2000, ξst = 

0.055. Positive values indicate production and negative values 

consumption. The computations were done using the San Diego 

Mechanism [17][18].........................................................................................25 

Figure 2.4 The laminar burning velocity, sL, as a function of the mass fraction of 

hydrogen, YH2,u, for two different values of Tc, with YCO,u = 0, and ϕ = 

1.0.....................................................................................................................27 

Figure 2.5 The burning velocity sL as a function of the mass fraction of carbon 

monoxide for various values of Tc. The calculation are performed at 

YH2,u = 0, and equivalence ratio, ϕ = 1.0. .........................................................27 

Figure 2.6 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

premixed flames at Tc = 2000 K. .....................................................................29 

Figure 3.1 Schematic illustration of the counterflow configuration [5]. ...........................36 

Figure 3.2 The local strain rate at extinction as a function of the equivalence ratio. ........40 

Figure 3.3 Laminar flame speed as a function of equivalence ratio for premixed 

CH4-air freely propagating flame.....................................................................41 

Figure 3.4 The local strain rate at extinction as a function of YH2,1 for 

stoichiometric CH4/H2/O2/N2 flames at fixed values of Tad = 2173 K. ..........45 

Figure 3.5 The ratio a1,E / a1,YH2=0 at extinction as a function of YH2,1 for 

stoichiometric CH4/H2/O2/N2 flames. ..............................................................45 

Figure 3.6 The predicted local strain rate at extinction as a function of YCO,1 for 

stoichiometric CH4/H2/O2/N2 flames at fixed values of Tad = 2173 K. ............46 



 

viii 

Figure 3.7 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/O2/N2 flames at a1 = 250 s−1 with a1,E = 338 s−1, YF,1 = 0.05094. .............48 

Figure 3.8 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/H2/O2/N2 flames at a1 = 250 s−1 with (a) a1,E = 550s−1, YF,1 = 

0.0457, YH2,1 = 0.0023 and (b) a1,E = 3348s−1, YF,1 = 0.02124, YH2,1 = 

0.01335.............................................................................................................49 

Figure 3.9 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/CO/O2/N2 flames at a1 = 250 s−1 and a1,E = 570 s−1 with (a) YF,1 = 

0.03763, YCO,1 = 0.05256 and (b) YF,1 = 0.01587, YCO,1 = 0.1385. .................51 

Figure 3.10 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/CO/O2/N2 flames at a1 = 250 s−1, a1,E = 628 s−1 with YF,1 = 

0.027684, YCO,1 = 0.0918. ................................................................................52 

Figure 4.1 Schematic illustration of the counterflow configuration. .................................57 

Figure 4.2 The temperature of air at autoignition, T2,I, as a function of the strain 

rate, a2 at fixed values of XF,1 = 0.15. The temperatures of the fuel 

stream is 375 K. ...............................................................................................60 

Figure 4.3 Predicted and measured ignition delay times of toluene/O2/Ar mixtures 

under shock tube condition ..............................................................................62 

Figure 4.4 The strain rate at extinction, a2,E as a function of the mole fraction of 

fuel, XF,1 in the fuel stream. .............................................................................63 

Figure 4.5 The temperature profile as a function of the distance from the fuel 

boundary. .........................................................................................................64 

Figure 4.6 Profiles of mole fractions of the major species as a function of the 

distance from the fuel boundary. .....................................................................66 

Figure 4.7 Profiles of mole fractions of the major species as a function of the 

distance from the fuel boundary. .....................................................................67 

Figure 4.8 Profiles of mole fractions of the major species as a function of the 

distance from the fuel boundary. .....................................................................68 

Figure 4.9 Profiles of mole fractions of the major species as a function of the 

distance from the fuel boundary. .....................................................................69 

Figure 4.10 Criteria for keeping or eliminating elementary reactions. Figure is 

adapted from Saylam et al [22]. .......................................................................71 



 

ix 

Figure 4.11 Sensitivity of the OH radical concentration to changes in individual 

rate constants under nonpremixed conditions near autoignition (strain 

rate = 200 s−1, oxidizer temperature T2 = 1233 K) for fuel consumption 

XF = 10%, 50% and 90% . ...............................................................................73 

Figure 4.12 Sensitivity of the OH radical concentration to changes in rate 

constants under the shock tube conditions for pressure P = 2 bar, 

equivalence ratio ϕ = 1 and temperature T = 1458 K [21] for fuel 

consumption XF = 50% and 90%. ....................................................................75 

Figure 4.13 Rate of production and consumption pathways for toluene (C6H5CH3) 

fuel for fixed value of fuel mole fraction XF,1 = 0.15 and strain rates a2 

= 450 s-1 for oxidizer temperatures Tox (a) just below ignition and (b) 

at ignition. ........................................................................................................78 

Figure 4.14 Rate of production and consumption pathways for toluene (C6H5CH3) 

fuel for fixed value of fuel mole fraction XF,1 = 0.18 for strain rates (a) 

a2 = 100 s-1 and (b) a2 = 178 s-1. .......................................................................79 

Figure 4.15 Rate of production and consumption pathways for hydroxyl radicals 

(OH) for fixed value of fuel mole fraction XF,1 = 0.15 and strain rates 

a2 = 400 s-1 for oxidizer temperatures Tox (a) just below ignition and 

(b) at ignition....................................................................................................81 

Figure 4.16 Rate of production and consumption pathways of hydroxyl radicals 

(OH) for fixed value of fuel mole fraction XF,1 = 0.18 for strain rates 

(a) a2 = 100 s-1  and (b) a2 = 178 s-1. ................................................................82 

Figure 4.17 Rate of production and consumption pathways for toluene (C6H5CH3) 

at (a) equivalence ratio ϕ = 0.5 and pressure P = 1.95 atm (b) ϕ = 1.0, P 

= 1.95 atm. .......................................................................................................84 

Figure 4.18 Rate of production and consumption pathways for toluene (C6H5CH3) 

at (a) equivalence ratio ϕ = 1.0 and pressure P = 1.83 atm, and (b) ϕ = 

1.0, P = 7.24 atm. .............................................................................................85 

Figure 4.19 Reaction path analysis from toluene fuel (C6H5CH3)  to carbon 

monoxide (CO) at location of 50% fuel consumption for condition 

very near auto-ignition XF = 0.15 and a2 = 400 s-1. ..........................................88 

Figure 4.20 Absolute rate of production from toluene fuel (C6H5CH3) to benzyl 

(C6H5CH2) radical at location of 50% fuel consumption for condition 

very near auto-ignition XF = 0.15 and a2 = 400s-1. ...........................................88 



 

x 

Figure 4.21 Reaction path analysis from toluene fuel (C6H5CH3) to hydrogen (H2) 

at location of 50% fuel consumption for condition very near auto-

ignition XF= 0.15 and a2 = 400 s-1. ...................................................................89 

Figure 4.22 Reaction path analysis from benzyl radical (C6H5CH2) to carbon 

monoxide (CO) at location of 50% fuel consumption for condition 

very near auto-ignition XF = 0.15 and a2 = 400 s-1. ..........................................91 

Figure 4.23 Rate of production Consumption from benzyl (C6H5CH2) to 

C6H5CH2O at location of 50% fuel consumption for condition very 

near auto-ignition XF = 0.15 and a2 = 400 s-1. ..................................................91 

Figure 5.1 Strain rate at extinction as a function of O2 Mass fraction for methane 

and diluted air nonpremixed flame for stoichiometric mixture fractions 

(a) Zst = 0.054542, (b) Zst = 0.070199. Experimental data is taken from 

Tei Newman-Lehman’s work. .........................................................................97 

Figure 5.2 Forward and reverse rate of progress from CH4 to CH3 and of H to CH4 

by reaction CH3 + H (+ M) = CH4 (+ M). .......................................................98 

Figure 5.3 Specific reaction rate constant from various sources against 

temperature for reaction CH3 + H (+ M) = CH4 (+ M). ...................................98 

Figure 5.4 The strain rate at extinction as a function of the equivalence ratio. .................99 

 



 

xi 

ACKNOWLEDGMENTS 

I express my sincere gratitude to my advisors Prof. Forman A. Williams and Prof. 

Kalyanasundaram Seshadri for their expert guidance and continuous support during my 

entire journey of the doctoral degree. I am also grateful to Professor Gustaaf Jacobs for 

all his support during my doctoral studies. I express my special gratitude to Professor 

Eugene A. Olevsky for all his help and continuous support during my graduate studies. I 

am grateful to Professor Mohan M. Trivedi and his family for their moral support during 

my graduate studies and stay in San Diego. 

I would like to thank Donovan Geiger and Rita Baumann from SDSU, and 

Charlotte Lauve and Patrick Mallon from UCSD for their prompt help on administrative 

matters. I am also thankful to my fellow graduate students Ulrich Niemann, Ryan 

Gehmlich, Michael Gollner, Reinhard Seiser, and Rob Hogle for making my experience 

at UCSD pleasant and memorable. 

I convey my special thanks to Georg Katzlinger, Roel van Duren, Joshua Lee, Tei 

Newman-Lehman for sharing experimental data with me. 

Chapter 2 is based in part on the material published in the Proceedings of the 

Combustion Institute, 2015. Vaishali Amin, Georg Katzlinger, Priyank Saxena, 

Kalyanasundaram Seshadri, and Ernst Pucher. “The Influence of Carbon Monoxide and 

Hydrogen on the Structure and Extinction of Nonpremixed and Premixed Methane 

Flames.” Volume 35, Issue 1, Pages 955-963, doi:10.1016/j.proci.2014.05.121 

Chapter 3 is based in part on the material published in the Technical Meeting of 

the Western States Section of the Combustion Institute, March 2014.Vaishali Amin, Roel 



 

xii 

van Duren, and Kalyanasundaram Seshadri. “The Influence of Hydrogen and Carbon 

Monoxide on the Structure and Extinction of Counterflow Premixed Flames.”  

Chapter 4 is based in part on the material published in the 8th US National 

Combustion Meeting, May 2013. Vaishali Amin, Joshua Lee, Kalyanasundaram 

Seshadri, and Forman Williams. “Chemical Kinetic Study of Extinction and Autoignition 

of Nonpremixed Toluene Flames.”  

The research described in the thesis was supported by the U.S Army Research 

Office through by award # W911NF-08-1-0124 (subaward 3712-UCSD-USA-0124) 

Grant # W911NF-09-1-0108, and Grant # W911NF-12–0152, and the National Science 

Foundation, award # CBET-1404026. 

 



 

xiii 

VITA 

 

1991 Bachelor of Science, Xavier’s College, Gujarat University, India 

 

2003 Master of Science, Gujarat University, India 

 

2004 Master of Science, Cranfield University, United Kingdom 

 

2014 Internship, NASA Kennedy Space Center 

 

2015 Internship, Northrop Grumman Corporation 

 

2015 Doctor of Philosophy, University of California San Diego and San Diego State 

University 

 

 

PUBLICATIONS 

 

Kalyanasundaram Seshadri and Vaishali Amin. Fundamental Aspects of Structure of 

Laminar Premixed Flames Based on Rate-Ratio Asymptotic Analysis. 2015 Fall Meeting 

of the Western States Section of the Combustion Institute, Brigham Young University, 

Provo, UT October 2015. 

 

Vaishali Amin, Bruce Vu. Simulation of Unburned Hydrogen Combustion in Flame 

Trench during Launch Pad Abort. Joint Army-Navy-NASA-Air Force, 10th Modelling and 

Simulation, Nashville, TN, June 2015. 

 

Vaishali Amin, Georg Katzlinger, Priyank Saxena, Kalyanasundaram Seshadri, and Ernst 

Pucher. The Influence of Carbon Monoxide and Hydrogen on the Structure and 

Extinction of Nonpremixed and Premixed Methane Flames. Proceedings of the 

Combustion Institute, Volume 35, Issue 1, Pages 955-963, 2015. 

 

Vaishali Amin, Roel van Duren, and Kalyanasundaram Seshadri. The Influence of 

Hydrogen and Carbon Monoxide on the Structure and Extinction of Counterflow 

Premixed Flames. Paper #087LF-0063. 2014 Spring Meeting of the Western States 

Section of the Combustion Institute, California Institute of Technology, Pasadena, CA, 

March 23-25, 2014. 

 

Vaishali Amin, Joshua Lee, Kalyanasundaram Seshadri, and Forman Williams. Chemical 

Kinetic Study of Extinction and Autoignition of Nonpremixed Toluene Flames. Paper 

#070RK-0351. The 8th US National Combustion Meeting, University of Utah, May 2013. 

 

Junichi Furukawa, Yasuko Yoshida, Vaishali Amin, and Forman A. Williams, Changes 

of Gas Velocities in Passing through Flamelets in a Premixed Turbulent Bunsen Flame. 

Combustion Science and Technology, Volume 185, Issue 2, February 2013. 



 

xiv 

 

Vaishali Amin, Joshua Lee, Reinhard Seiser, and Kalyanasundaram Seshadri. The 

Structure, Extinction, and Autoignition of Nonpremixed Toluene Flames. Paper #12S-54. 

2012 Spring Technical Meeting of the Western States Section of the Combustion Institute, 

Arizona State University, Tempe, AZ, March 19-20, 2012. 

 

Yasuko Yoshida, Junichi Furukawa, Vaishali Amin, and Forman A. Williams, Three 

Dimensional Measurement of Vectors of the Flamelet Motion and Gas Velocity in a 

Turbulent Premixed Flame. Conference on Modeling and Diagnostics for Advanced 

Engine Systems, Japan, July 2012. 

 



 

xv 

ABSTRACT OF THE DISSERTATION 

 

Computational Studies of Flame Structures 
 

by 

 

Vaishali Amin 

 

Doctor of Philosophy in Engineering Sciences 

 (Mechanical and Aerospace Engineering, Joint Doctoral Program)  

 

University of California, San Diego, 2015 

San Diego State University, 2015 

 

Professor Forman A. Williams, Chair 

Professor Kalyanasundaram Seshadri, Co-Chair 

Professor Gustaaf Jacobs, Co-Chair 

 

 

This thesis is concerned with computational studies of laminar flame structures 

using detailed and skeletal chemical kinetic mechanisms. Elementary reactions in these 

mechanisms control the observable combustion properties such as flame speed, 

autoignition temperature, ignition delay time, and extinction characteristics in 

nonpremixed and premixed flame phenomena. 

First part of thesis deals with computational investigations of influence of carbon 

monoxide and hydrogen addition on methane flames stabilized in counterflow 

configuration. Computations were performed employing detailed chemical kinetic 

mechanism – the San Diego mechanism. In case of nonpremixed flames, effect of carbon 
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monoxide addition on structure and critical condition of extinction were examined. 

Differences between addition on fuel and oxidizer sides were investigated and plausible 

explanation given for the differences. For premixed flames, effect of addition of 

hydrogen and carbon monoxide to reactant mixture was studied. Critical conditions of 

extinction were predicted using computations for various compositions. Rates of 

production and consumption of various species were calculated and flame structure was 

analyzed for nonpremixed and premixed flames. It was found that moderate amount of 

carbon monoxide addition to methane enhances flame reactivity. However, with large 

amount of carbon monoxide addition, additive chemistry dominates. Addition of 

increasing amounts of hydrogen in premixed reactant stream enhances methane flame 

reactivity. 

In second part of thesis, kinetic modeling was performed to elucidate the structure 

and mechanism of extinction and autoignition of nonpremixed toluene flames in 

counterflow configuration. Computations were performed using detailed chemistry to 

determine flame structure and to obtain values for critical conditions of extinction and 

autoignition. Sensitivity analysis of rate parameters, reaction pathway analysis, and 

spatial reaction rate profiles were used to identify reactions controlling critical conditions 

of autoignition and extinction. Reactions were classified based on reaction rates and 

sensitivities of species to rate parameters. Chemical kinetic pathways of toluene 

consumption leading to formation of hydrogen and carbon monoxide were analyzed. All 

three analyses were employed to form a skeletal mechanism consisting fewer species and 

reactions than the original detailed mechanism. Predictions from skeletal mechanism of 
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flame structures and critical conditions of extinction and autoignition were found to agree 

with those from detailed mechanism. 

 



1 

 Introduction 

Theoretical Background 

Combustion is a chemical process that releases heat. Numerical simulation of 

practical combustion problem requires study of chemically reacting flow. Study of 

chemically reacting flow requires detailed understanding of thermodynamics, chemical 

kinetics, fluid mechanics, and transport phenomena.  

In a premixed flame, fuel and the oxidizer are mixed at molecular level prior to 

occurrence of any significant chemical reaction. A flame is caused by self-sustaining 

propagation of a combustion zone which occupies a small portion of combustible mixture 

at any time. Combustion is governed by thermo-chemical parameters such as 

temperature, pressure and reactant concentration. Flame propagates through the reactive 

mixture at a characteristic velocity. Numerical model representing steady, isobaric, quasi-

one-dimensional flame propagation is often employed to calculate characteristic flame 

speed of the fuel-oxidizer mixture [1].  

In a nonpremixed flame, initially separated fuel and oxidizer mix at molecular 

level through convection and diffusion and form a mixing layer. Combustion occurs in 

the mixing layer. Combustion is governed by the rate of diffusion of reactants and then 

on chemical reaction rates, as time scale of reaction is shorter than time scale of 

diffusion.  

Numerical model representing counterflow flame is used for computational study 

of nonpremixed and premixed systems. Steady state solution for axisymmetric 

nonpremixed or premixed flame established between two opposing nozzle is computed. 
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Critical condition of extinction and auto-ignition are computed. Experimental 

configuration of opposed flow flame offers a simpler system to study, for the complex 

diffusion flame involving three-dimensional special and temporal scale. Nonpremixed 

counter flow flame is generated by a fuel jet impinging on an oxidizer jet. Premixed 

opposed flow flame is generated by either impinging a premixed fuel-air mixture on an 

inert jet or impinging fuel-oxidizer jets on each other for a twin flame configuration. 

Counterflow geometry offers a smaller buoyancy effect, stable and symmetric flame, and 

characterization of flow by single spatial parameter [2]. Opposed flow model of 

simulation is derived from model developed by Kee et al. [1][3]. Self-similarity 

transformation is used to mathematically reduce three-dimensional or two-dimensional 

flow to one dimension. Here, the radial velocity is assumed to be varying linearly in 

radial direction. Thus, fluid properties are function of axial distance only [1].  

Concept of critical condition of extinction and ignition for flame can be presented 

by plotting maximum flame temperature against Damköhler number Da resulting in S 

curve [4][5] as shown in Figure 1.1. Damköhler number is the ratio of a characteristic 

flow time to a characteristics chemical time. S curve consist of three possible solution 

branches. Along the lower branch, i.e. weakly reacting branch, temperature is the 

maximum temperature in the reaction zone prior to ignition which is higher temperature 

of the two reactant streams. Increasing temperature of the any one reactant stream will 

increase the reaction rate and heat generation, and increase the radical pool. At some 

critical Damköhler number Da = DaI, steady-state solution can no longer exist along this 

non-burning branch and the solution jumps to upper branch, i.e. the intensely burning 

branch. DaI represents the ignition state where reactant temperature is sufficient to ignite 
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the mixture. On the upper branch, temperature is the maximum flame temperature. 

Decreasing Da or increasing flow rate results in decreasing residence time of reactants in 

the reaction zone and decreasing temperature. At critical flow rate corresponding to 

extinction strain rate, the flame extinguishes dropping the maximum temperature back to 

the lower branch and solution jumps to the lower branch. In the middle branch, increase 

in flow rate is accompanied by increase in reaction rate making the solution unstable and 

physically unrealistic. 

 

Figure 1.1 Plot of maximum temperature as a function of Damköhler number. Figure is 

from Ryan Gehmlich’s thesis [6]. 

Numerical simulation of fluid flow with chemical reaction requires the description 

of combustion chemistry. Combustion chemistry proceeds at finite rate and involves 

numerous species and elementary reactions. Chemical kinetics of combustion is 

description of these species and elementary reactions. Chemical kinetic mechanisms are 



4 

 

 

long detailed comprising hundreds of species and thousands of reactions, the skeletal 

mechanisms having tens of species and hundreds of reactions, and reduced mechanisms 

comprising of global steps derived from skeletal mechanism. Reactions described in 

mechanisms control the observable combustion properties, such as flame speed, auto-

ignition temperature, ignition delay time, extinction, flame stabilization, and emissions 

characteristics. 

Carbon Monoxide 

In view of uncertainties in the supply of fossil fuels and environmental concerns 

arising from pollutant and green-house gases emissions from these fuels, there is 

considerable interest in exploring alternate sources of energy. Renewable and short 

carbon-cycled fuels such as coke oven gas, biogas obtained by wood pyrolysis, reformate 

gas, synthetic gas from biomass gasification, and blast furnace gases are now considered 

to be environmentally friendly, and economically viable and profitable [7][8]. Although 

the specific composition of such gases depends upon the fuel sources and processing 

techniques, a typical mix mainly contains methane (CH4), hydrogen (H2), carbon 

monoxide (CO), carbon dioxide (CO2), nitrogen (N2), and trace amounts of ethane and 

propane. The application of these fuels in the existing energy infrastructure requires 

modifications in the current combustion systems to burn the fuel efficiently with low 

emissions and mitigate the risks of accidental fires and explosions. Depending on the 

sources, there is a substantial variability in the fuel composition, and heating values [9]. 

Design of combustion systems that can run efficiently on a wide range of operating 

conditions employing these fuels is challenging. In order to understand the impact of the 
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variability in fuel compositions on the combustion performance and emissions, 

understanding of the changes in combustion properties of methane and kinetic coupling 

in presence of additives such as hydrogen, carbon monoxide, and carbon dioxide is 

required. Park et al. [8] studied fundamental properties of mixture of fuels representing 

such alternative gaseous fuel to provide experimental flame data for archival and insight 

in underlying kinetic coupling. They performed experimental and numerical study of 

laminar flame speed, ignition and extinction limit of mixture of hydrogen, carbon 

monoxide, and C1-C4 saturated hydrocarbons with air. They found that substituting 

methane by propane or n-butane in hydrogen flames reduce the mixture reactivity for pre-

ignition as well as vigorous burning conditions [8]. Vagelopoulos et al. [10] conducted 

experimental and numerical study of hydrogen and methane addition on the laminar 

flame speed and extinction of carbon monoxide-air flame. They found that small amount 

of hydrogen and methane addition to carbon monoxide flame increases the mixture 

reactivity. However, for large amount of additives to carbon monoxide, the flame 

chemistry of additives dominate [10]. Zhang et al. [11] studied effect of fuel composition 

for mixtures of H2, CO, and CH4 on lean blowout limit. Increasing amount of hydrogen 

addition to fuel mixture enhances the mixture reactivity [11]. Niemann et al. [12] 

conducted experimental and numerical investigation of influence of hydrogen addition on 

the structure and critical conditions of extinction of nonpremixed methane flames. They 

found that addition of hydrogen enhances overall reactivity of methane flame. Niemann 

et al. [13] also conducted experimental and numerical study to characterize nonpremixed 

combustion of producer gas and methane mixture. They found that increasing amount of 

producer gas addition enhances overall reactivity of the mixture [13]. 
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Present work addresses characterization of the influence of CO on the structure 

and critical conditions of extinction of nonpremixed methane flames, characterization the 

influence of H2 and CO on the structure and burning velocities of stoichiometric 

premixed methane flames, characterization the influence of H2 and CO on the structure 

and critical conditions of extinction of stoichiometric premixed methane flames. 

Toluene 

Practical fuels, such as gasoline, diesel and kerosene comprise of very large 

number of different hydrocarbon components [14]. Hydrocarbon content of these 

practical fuels vary depending on refining process, crude oil source, geographical 

location of purchase, and season [15]. These fossil fuels are primary source of energy for 

transportation needs. Decreasing availability of fossil fuels, harmful effects on the 

environment, and stringent regulations for emission standards necessitate optimization of 

performance and efficiency of engines. Computational study of chemically reactive flow 

is an important part of research and development of advanced engines. Numerical study 

of reactive flow requires description of underlying chemistry of combustion processes in 

terms of small number of reactions. Derivation of global chemistry well encompassing 

combustion of any fuel start with detailed chemical-kinetic mechanism describing many 

reactions occurring when the fuel burns. Since the fossil fuels are mixtures of large 

number of species, chemical kinetic mechanisms are often developed using surrogates for 

these fuels [16]. Surrogate fuels are developed from mixture of few hydrocarbon 

compounds. Relative concentrations of these compounds are adjusted to approximate the 

physical and chemical properties pertinent to combustion of commercial fuel of interest 
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[16]. Aromatic hydrocarbons including alkylated benzenes are an important class of 

hydrocarbons because they comprise a significant portion major fuels including gasoline 

and diesel. Aromatic compounds are resistant to auto-ignition, and are used as antiknock 

additive to enhance the octane number of gasoline. They are also present as combustion 

products and play role in PAH formation [17]. Toluene (C6H5CH3), which is the simplest 

substituted aromatic hydrocarbon, is the largest aromatic component of many fuels [17]. 

In the present study, computations are conducted to predict critical conditions of 

extinction and autoignition for combustion of toluene under nonpremixed conditions. 
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 The Influence of Carbon Monoxide and Hydrogen on the Structure and 

Extinction of Nonpremixed and Premixed Methane Flames 

Introduction 

Design of combustion systems that can run efficiently on a wide range of 

operating conditions employing environmentally friendly and economically viable fuels 

such as coke oven gas, biogas obtained by wood pyrolysis, reformate gas, synthetic gas 

from biomass gasification, and blast furnace gases is challenging. A typical mix of such 

fuels mainly contains methane (CH4), hydrogen (H2), carbon monoxide (CO), carbon 

dioxide (CO2), nitrogen (N2), and trace amounts of ethane and propane. Understanding of 

changes in combustion properties of methane in presence of hydrogen and carbon 

monoxide is necessary to design combustion systems utilizing these fuels. 

Previous studies have addressed laminar flame speed, ignition and extinction 

limits of such fuel mixtures [1][2]. Experimental and computational studies were also 

conducted to characterize the influence of hydrogen on structure and critical conditions of 

extinction of methane flames [3]. The strain rate at extinction was computed as a function 

of the hydrogen concentration in the fuel or oxidizer stream. It was observed that strain 

rate at extinction increases with hydrogen addition to fuel as well as oxidizer stream. The 

present study complements and extends this previous study. Nonpremixed combustion of 

CH4 with added CO is considered first followed by premixed combustion of CH4 with 

added H2 and CO. 

A Burke-Schumann (flame-sheet) formulation was applied to laminar counterflow 

diffusion-flame framework, reported here, in which CO is added to either methane-
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nitrogen mixtures or oxygen-nitrogen mixtures at normal atmospheric pressure, with both 

feed streams at normal room temperature. Selected values of the stoichiometric mixture 

fraction and the adiabatic flame temperature were used. Computations were performed 

employing detailed chemistry and compared with experimental results described in 

George Katzlinger’s thesis [4] and [5]. These were found to be in close agreement. The 

estimated strain rate at extinction was plotted as a function of the CO concentration in the 

fuel or oxidizer stream. A numerical investigation was also carried out to characterize the 

influence of hydrogen and carbon monoxide on the structure and burning velocities of 

stoichiometric premixed methane flames. The mass fraction of the reactants in the 

mixture were so chosen that the adiabatic temperature is constant.  

Nonpremixed Combustion of CH4 with CO Addition 

A general formulation is presented first, followed by the description of 

computations performed. The results of numerical computation were carried out using a 

detailed chemical-kinetic mechanism. 

2.2.1 Formulation 

Consider two counterflowing streams flowing toward a stagnation plane. The fuel 

stream is made up of CH4 and N2 and the oxidizer stream, is made up of O2 and N2. CO is 

added either to the fuel stream or to the oxidizer stream. The mass fraction, temperature, 

and injection velocity of CH4 in the fuel stream are YF,1, T1, and V1 respectively, and those 

of O2 in the oxidizer stream are YO2,2 , T2, and V2. When CO is added to the fuel stream, 
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its mass fraction is YCO,1 and it is YCO,2 when added to the oxidizer stream. Subscript 1 

refers to conditions in the fuel stream and subscript 2 to conditions in the oxidizer stream. 

A convenient parameter to characterize the residence time is the reciprocal of the 

strain rate, a2, given by [6]: 

𝑎2 =
2|𝑉2|

𝑙
 (1 +

|𝑉1|√𝜌1

|𝑉2|√𝜌2

) 

(2.1) 

Here, ρ1 and ρ2 are the densities of the reactant streams at the fuel and oxidizer 

boundaries, respectively and l is the separation distance between the boundaries. The 

momenta of the counterflowing streams are kept equal to each other, according to: 

𝜌1𝑉1
2 = 𝜌2𝑉2

2 

(2.2) 

In comparing influences of CO addition to different streams, choices must be 

made about what parameters to keep fixed. It has been established from activation energy 

asymptotic analysis [7][8][9][10] and rate-ratio asymptotic analysis [11][12] that the 

Damköhler number: 

𝐷𝑎 =
𝜏𝑓

𝜏𝑐
 

(2.3) 

plays a key role in establishing the critical conditions of extinction. Here, τf is the 

characteristic flow time and τc the characteristic chemical time. The characteristic flow 

time depends on the scalar dissipation rate given by [13]: 

𝜒𝑠𝑡 =
𝑎

2𝜋

3[(𝑇𝑠𝑡/𝑇𝑢)1/2 + 1]

[2(𝑇𝑠𝑡/𝑇𝑢)1/2 + 1]
𝑒𝑥𝑝{−2[𝑒𝑟𝑓𝑐−1(2𝜉𝑠𝑡)]2} 

(2.4)  
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which in turn depends on the strain rate a and the stoichiometric mixture fraction, ξst. The 

chemical time depends on six parameters, given by the mass fractions of reactants YF,1, 

YCO,1, YO2,2, and YCO,2, and the temperatures, T1, and T2. Because of strong temperature 

dependencies of reaction rates, it is most important to make comparisons at fixed values 

of Tst. Otherwise, the differences associated with different reaction-zone temperatures are 

likely to dominate the results. After removal of effects of temperature variations, 

structures of reaction zones still vary with the stoichiometric mixture fraction [14]. It is 

therefore also desirable to make comparisons at fixed values of ξst. Hence comparisons 

are made at fixed values of ξst and Tst so that differences in values of the strain rate at 

extinction can be directly related to differences in chemical kinetic pathways arising, for 

example from differences in flame structure. 

The selections for the boundary values of mass fractions of CH4, O2, and CO are 

made using a formulation developed in the previous experimental and computational 

study of the influence of hydrogen on methane flames [3]. In this formulation, the 

products of combustion are presumed to be carbon dioxide (CO2) and water vapor (H2O). 

Lewis numbers of unity are good approximations for the reactants CH4, O2, CO as well as 

for the diluent N2 and products CO2 and H2O. Here, the Lewis number for any species is 

defined as the ratio of its thermal diffusivity to its molecular diffusivity. 

It is convenient to introduce a conserved scalar quantity ξ, called the mixture 

fraction. It is defined to be unity in the fuel stream and zero in the oxidizer stream 

[7][8][9][15]. For convenience, the quantity Xi is defined for each specie i as: 

𝑋𝑖 = 𝑌𝑖𝑊𝑁2/𝑊𝑖 

 (2.5) 
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Here Yi and Wi are mass fraction and molecular weight of specie i respectively. 

Conservation of the elements carbon, hydrogen and oxygen give 

𝑋𝐹 + 𝑋𝐶𝑂2 + 𝑋𝐶𝑂 = 𝑋𝐶𝑂,2 (1 − 𝜉) + (𝑋𝐹,1 + 𝑋𝐶𝑂,1) 𝜉 

2 𝑋𝐹 + 𝑋𝐻2𝑂 = 2 𝑋𝐹,1 𝜉 

2 𝑋𝑂2 + 𝑋𝐶𝑂 + 2 𝑋𝐶𝑂2 + 𝑋𝐻2𝑂 = (2𝑋𝑂2,2 + 𝑋𝐶𝑂,2) (1 − 𝜉) + 𝑋𝐶𝑂,1 𝜉 

(2.6) 

Energy conservation gives: 

∑ 𝑋𝑖𝐻𝑖 − [𝑋𝐹,1 𝐻𝐹(𝑇𝑢) + 𝑋𝐶𝑂,1 𝐻𝐶𝑂(𝑇𝑢)]𝜉 − [𝑋𝑂2,2𝐻𝑂2(𝑇𝑢) + 𝑋𝐶𝑂,2 𝐻𝐶𝑂(𝑇𝑢)](1 − 𝜉) = 0

𝑖

 

 (2.7) 

Here Hi is the molar enthalpy of species i and Tu = T2 + (T1 − T2). The temperature is 

represented by T. In the classical Burke-Schumann formulation [8][9], the thin flame 

sheet is at ξ = ξst, where XF = XO2 = XCO = 0, the flame temperature is Tst, and the mass 

fractions of CO2, H2O and N2 are, XCO2,st, XH2O,st and XN2,st, respectively. From equations 

(2.6), the values of XCO2,st and XH2O,st are given by: 

𝑋𝐶𝑂2,𝑠𝑡 = 𝑋𝐶𝑂,2 + (𝑋𝐶𝑂,1 − 𝑋𝐶𝑂,2 + 𝑋𝐹,1) 𝜉𝑠𝑡 

𝑋𝐻2𝑂,𝑠𝑡 = 2 𝑋𝐹,1 𝜉𝑠𝑡 

(2.8) 

It follows that: 

𝑋𝑁2,𝑠𝑡 = 𝑌𝑁2,𝑠𝑡 = 1 − 𝑋𝐶𝑂2,𝑠𝑡

𝑊𝐶𝑂2

𝑊𝑁2
− 𝑋𝐻2𝑂,𝑠𝑡

𝑊𝐻2𝑂

𝑊𝑁2
 

(2.9) 

The value of ξst is obtained from equation (2.6) is given by: 

𝑋𝐶𝑂,2 + (𝑋𝐶𝑂,1 − 𝑋𝐶𝑂,2 + 4𝑋𝐹,1)𝜉𝑠𝑡 = 2𝑋𝑂2,2(1 − 𝜉𝑠𝑡) 

(2.10) 

This is rewritten as 

𝜉𝑠𝑡 =
2 𝑋𝑂2,2 − 𝑋𝐶𝑂,2

2 𝑋𝑂2,2 − 𝑋𝐶𝑂,2 + 𝑋𝐶𝑂,1 + 4 𝑋𝐹,1
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(2.11) 

 

At the flame sheet, the absolute value of the flux of CH4 entering the reaction 

zone is proportional to the gradient of mass fraction of fuel given by YF,1 / (1 − ξst). The 

mass flux of CO added to the fuel stream is proportional to YCO,l / (1 − ξst) and that of CO 

added to the oxidizer stream is proportional to YCO,2 / ξst. Thus, the quantity r, defined as 

the ratio of the fraction of oxygen flux that reacts with CO in the reaction zone, to the 

fraction of O2 that reacts with fuel, for stoichiometric combustion of CO and fuel, is 

𝑟 = [(
𝑌𝐶𝑂,1

1 − 𝜉𝑠𝑡
+

𝑌𝐶𝑂,2

𝜉𝑠𝑡
)

𝑊𝑂2

2𝑊𝐶𝑂
] [(

𝑌𝐹,1

1 − 𝜉𝑠𝑡
)

2𝑊𝑂2

𝑊𝐹
]

−1

 

(2.12) 

It follows from equations (2.11) and (2.12) that: 

𝑟 =
𝑋𝑂2,2

𝑋𝐹,1
 
1 − 𝜉𝑠𝑡

𝜉𝑠𝑡
− 1 

(2.13) 

 

The caloric equation is: 

𝐻𝑖(𝑇) = 𝐻𝑖(𝑇0) + 𝑊𝑖 ∫ 𝑐𝑝,𝑖𝑑𝑇
𝑇

𝑇0

 

(2.14) 

where cp,i is the heat capacity per unit mass of species i, and T0 is the reference 

temperature. In the present formulation, T0 = Tu = T1 = T2. It follows from equation (2.7) 

that: 

∫ ∑ 𝑌𝑖,𝑠𝑡𝑐𝑝,𝑖
𝑖

𝑇𝑠𝑡

𝑇𝑢

𝑑𝑇 =
𝑄𝐹 𝑌𝐹,1 𝜉𝑠𝑡

𝑊𝐹
+

𝑄𝐶𝑂𝑌𝐶𝑂,1 𝜉𝑠𝑡

𝑊𝐶𝑂
+

𝑄𝐶𝑂 𝑌𝐶𝑂,2(1 − 𝜉𝑠𝑡)

𝑊𝐶𝑂
 

(2.15) 

for i = CO2, H2O, N2. 
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Here QF = 802,570 J/mol, is the heat of reaction at 298 K for the reaction: 

𝐶𝐻4 + 2 𝑂2 → 𝐶𝑂2 + 2 𝐻2𝑂 

and QCO = 283,000 J/mol for the reaction: 

𝐶𝑂 +
1

2
 𝑂2 → 𝐶𝑂2 

2.2.2 Boundary Values for Computational Study  

The computations are performed for fixed adiabatic flame temperatures 𝑇𝑠𝑡 = 

2000 K and 2100 K, and stoichiometric mixture fractions ξst = 0.055 and 0.3. Mass 

fractions of reactants at fuel and oxidizer boundaries YF,1, YCO,1 and YO2,2, YCO,2 are 

calculated for these values of ξst. The selections for the boundary values of mass fractions 

of CH4, O2, and CO are made using a formulation developed in the previous experimental 

and computational study of the influence of hydrogen on methane flames [3]. 

Stoichiometric equation for combustion of methane with oxygen is given by: 

𝐶𝐻4 + 2 𝑂2 + 𝑎𝑁2 𝑁2 → 𝐶𝑂2 + 𝐻2𝑂 + 𝑎𝑁2 𝑁2 

with  

𝑎𝑁2 = 𝑎𝐹,𝑁2 + 𝑎𝑜𝑥,𝑁2 

(2.16) 

where aN2 is the stoichiometric molar ratio of total N2 to CH4, and aF,N2, aox,N2, are the 

corresponding ratios for N2 on fuel and oxidizer sides respectively. 

Stoichiometric mixture fraction is given by relation: 

𝜉𝑠𝑡 = (1 +
2 𝑊𝑂2 𝑌𝐹,𝑟𝑒𝑓

𝑊𝐹 𝑌𝑂2,𝑟𝑒𝑓
) 

(2.17) 

The reference mass fractions of methane and oxygen are given by: 
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𝑌𝐹,𝑟𝑒𝑓 =
𝑊𝐹

𝑊𝐹 + 𝑊𝑁2𝑎𝐹,𝑁2
 

𝑌𝑂2,𝑟𝑒𝑓 =
2 𝑊𝑂2

2 𝑊𝑂2 + 𝑊𝑁2𝑎𝑜𝑥,𝑁2
 

(2.18) 

The fuel mixture fraction at stoichiometric ratio is then given by: 

𝜉𝑠𝑡 = (1 +
2 𝑊𝑂2 𝑌𝐹,𝑟𝑒𝑓

𝑊𝐹 𝑌𝑂2,𝑟𝑒𝑓
)

−1

= [1 +
2 𝑊𝑂2

𝑊𝐹

𝑊𝐶𝐻4

𝑊𝐶𝐻4 + 𝑊𝑁2𝑎𝐹,𝑁2

2 𝑊𝑂2

2 𝑊𝑂2 + 𝑊𝑁2𝑎𝑜𝑥,𝑁2
⁄ ]

−1

=
𝑊𝐹 + 𝑊𝑁2𝑎𝑓,𝑁2

𝑊𝐹 + 2 𝑊𝑂2 + 𝑊𝑁2𝑎𝑁2
 

(2.19) 

After calculating Number of moles of aF,N2 and aox,N2 are adjusted to satisfy equation 

(2.19) to give: 

𝑎𝐹,𝑁2 =
𝜉𝑠𝑡  (𝑊𝐹 + 2 𝑊𝑂2 + 𝑊𝑁2𝑎𝑁2) − 𝑊𝐹

𝑊𝑁2
 

𝑎𝑜𝑥,𝑁2 = 𝑎𝑁2 − 𝑎𝐹,𝑁2 =
𝑊𝑁2𝑎𝑁2(1 − 𝜉𝑠𝑡) − (𝑊𝐹 + 2 𝑊𝑂2)𝜉𝑠𝑡 + 𝑊𝐹

𝑊𝑁2
 

 

 (2.20) 

Mole fraction aN2 is calculated for fixed adiabatic flame temperature Tst = 2000 K 

and 2100 K, assuming complete combustion of methane with oxygen. Chemkin-Pro [16] 

equilibrium_gas module is used for this computation. aF,N2 is calculated from YF,ref and 

YO2,ref . Initial guess for specific heat at constant temperature Cp is calculated form 

equation: 

𝐶𝑝 =
𝑌𝐹,𝑟𝑒𝑓𝜉𝑠𝑡𝑄𝐹

𝑊𝐹(𝑇𝑠𝑡 − 𝑇𝑢)
 

(2.21) 

Here QF = 802,570 J/mol is heat release from per mole of CH4 consumed. The unit of Cp 

is J/kg-K. 
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Next, we determine mass fraction of CO added to fuel boundary or oxidizer 

boundary. The stoichiometric equation for combustion of carbon monoxide with oxygen 

is given by: 

𝐶𝑂 +
1

2
 𝑂2 → 𝐶𝑂2 

QCO = 283,000 J/mol is the heat release from per mole of CO consumed.  

For the case where a specified mass fraction YCO,2 of CO added at oxidizer 

boundary, the mass fraction of fuel at fuel boundary and oxygen at oxidizer boundary are 

calculated from equations: 

𝑌𝐹,1 =
𝑊𝐹

𝑄𝐹𝑍𝑠𝑡
[𝑐𝑝(𝑇𝑠𝑡 − 𝑇𝑢) −

𝑄𝐶𝑂𝑌𝐶𝑂,2(1 − 𝑍𝑠𝑡)

𝑊𝐶𝑂
] 

𝑌𝑂2,2 = 𝑊𝑂2 [
2 𝑌𝐹,1

𝑊𝐹

𝑍𝑠𝑡

(1 − 𝑍𝑠𝑡)
−

𝑌𝐶𝑂,2

2 𝑊𝐶𝑂
] 

(2.22) 

For the case where a specified mass fraction YCO,1 of CO added at fuel boundary, the 

mass fractions are calculated using: 

𝑌𝐹,1 =
𝑊𝐹

𝑄𝐹𝑍𝑠𝑡
[𝑐𝑝(𝑇𝑠𝑡 − 𝑇𝑢) −

𝑄𝐶𝑂𝑌𝐶𝑂,1𝑍𝑠𝑡

𝑊𝐶𝑂
] 

𝑌𝑂2,2 = 𝑊𝑂2 [
2 𝑌𝐹,1

𝑊𝐹
−

𝑌𝐶𝑂,1

2 𝑊𝐶𝑂
]

𝑍𝑠𝑡

(1 − 𝑍𝑠𝑡)
 

(2.23) 

2.2.3 Chemical Kinetic Computations 

The chemical-kinetic scheme employed in the calculations [17][18] involves 53 

species with 470 elementary reactions when forward and backward steps are counted 

separately. This San Diego Mechanism has been tested by comparing predictions of 

aspects of combustion of hydrogen [19], carbon monoxide [19], methane [20][21], ethane 

[22], ethyne [23], propane [24], methanol [25][26][27], and ethanol [28][29] with 
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experimental data. Computations were performed using Chemkin-Pro [16]. The 

calculations employ mixture-average diffusion including Soret effects and heat losses by 

radiation. Critical conditions of extinction were obtained. 

2.2.4 Results and Discussion 

Figure 2.1 shows the strain rate at extinction, aq, as a function of the mass fraction 

of CO in the oxidizer stream, YCO,2 and the mass fraction of CO in the fuel stream, YCO,1, 

respectively. In these figures the symbols represent experimental data from Georg 

Katzlinger’s thesis [4] and the solid lines and broken lines represent predictions obtained 

using the San Diego Mechanism [17][18]. The symbols and lines mark boundaries 

separating flammable mixtures from extinguished states. At fixed mass fraction of CO, 

the region below these boundaries represents flammable mixtures and the region above 

represents extinguished states. Figure 2.1 (a) shows results obtained at fixed ξst = 0.055, 

and Tst = 2000 K, while Figure 2.1 (b) shows results obtained at fixed ξst = 0.055, and Tst 

= 2100 K. The experimental data and predictions in both figures show that with 

increasing amounts of CO in the oxidizer stream (YCO,2), the strain rate at extinction first 

increases and then decreases. Thus, addition of CO to the oxidizer stream first increases 

the overall reactivity and then decreases the reactivity. At a given value of YCO,2, the 

predicted strain rate at extinction is lower than the measurements. On the other hand, for 

the range of CO addition to the fuel stream shown here, predictions and experimental 

data show that addition of CO to the fuel stream does not have a significant influence on 

the overall reactivity of methane flames. Predictions were made with other mechanisms 

[30] and results are similar to those shown in Figure 2.1.  
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(a) 

 
(b) 

Figure 2.1 The strain rate at extinction, aq as a function of mass fraction of CO in the 

oxidizer stream, YCO,2, and mass fraction of CO in the fuel stream, YCO,1 at fixed ξst = 

0.055, and (a) Tst = 2000K, (b) Tst = 2100K. The symbols represent experimental data 

from Georg Katzlinger’s thesis [4] and the solid line and broken line are predictions 

obtained using the San Diego Mechanism [17][18]. 
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In a previous experimental and computational study on the influence of hydrogen 

on critical conditions of extinction of methane flames, the strain rate at extinction was 

measured as a function of the hydrogen concentration in the fuel stream or in the oxidizer 

stream [3]. It was observed that small mass fraction of H2 addition to the oxidizer side 

causes comparable increment in extinction strain rate as a large mass fraction of H2 

addition on fuel side [3]. However, since the compositions on fuel and oxidizer side are 

different, the ratio of the fraction of the mass flux of oxygen that consumes hydrogen to 

the fraction of the oxygen flux that consumes fuel was calculated. This ratio is similar to 

the quantity r defined in equation (2.12). It was found that, within experimental 

uncertainty, the ratio of the extinction strain rate with hydrogen addition to that without 

was the same at any given value of this oxygen flux ratio, irrespective of whether the 

hydrogen was added on the fuel or oxidizer stream [3]. High reactivity of H2, can be the 

cause of increase in overall reactivity of methane flame irrespective of whether H2 is 

added to oxidizer side or fuel side [3]. H2 added to oxidizer stream can be forming 

oxidizer side reaction zone in addition to reaction of H2 produced in CH4 consumption 

zone [3]. Thus, H2 addition to oxidizer stream can be increasing overall reactivity of the 

methane flame [3]. H2 added to fuel stream supplements the H2 produced from methane 

consumption and being consumed in broader but still narrow O2 consumption zone, 

which can be attributed to the high diffusivity of H2 [3]. 

 It is of interest to investigate if a similar correlation holds for CO addition to the 

oxidizer stream and to the fuel stream. The range of value of r calculated using equation 

(2.12) at conditions shown in Figure 2.1 for CO addition to the fuel stream was too small 

for meaningful comparison to be made. For this reason, the critical conditions of 
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extinction were computed at fixed ξst = 0.3 and Tst = 2000 K for CO addition to the 

oxidizer stream and to the fuel stream. Figure 2.2 (a) shows the strain rate at extinction, 

aq, as a function of the mass fraction of CO in the oxidizer stream, YCO,2 and the mass 

fraction of CO in the fuel stream, YCO,1 for ξst = 0.3, and Tst = 2000 K. In these figures, 

solid lines and broken lines represent predictions obtained using the San Diego 

Mechanism [17][18]. Similar to the case of ξst = 0.055, and Tst = 2000 K, the addition of 

CO to the oxidizer stream first increases the overall reactivity and then decreases the 

reactivity. Addition of CO to the fuel stream, increases overall reactivity in very small 

amount and then decreases the overall reactivity. Thus CO addition to fuel stream does 

not have a significant influence on the overall reactivity of methane flames. Small 

amount of CO addition to oxidizer side initially enhances the methane flame reactivity 

considerably. On the other hand, even large amount CO addition to the fuel side only 

slightly increases the reactivity of methane flame. 

Figure 2.2 (b) shows the ratio, aq / aq,0 as a function of r, for both oxidizer-side 

and fuel-side addition of CO. Here aq,0 is the strain rate at extinction without CO addition 

(YCO,l = YCO,2 = 0). Predicted strain rate at extinction for no CO addition is aq,0 = 208 s−1. 

Unlike the case of H2, addition the difference between oxidizer-side and fuel-side 

addition of CO is observed whether extinction strain rate is plotted against CO mass 

fraction as in Figure 2.2 (a) or against quantity r as in Figure 2.2 (b). Thus, the influence 

of CO addition on critical conditions of extinction of methane flames is qualitatively 

different from the influence of H2 addition on critical conditions of extinction of methane 

flames. Initial increase, peak, and decrease of extinction strain rate for CO addition to 

oxidizer stream and fuel stream is discussed in subsequent section.  
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(a) 

 
(b) 

Figure 2.2 The strain rate at extinction, aq at fixed ξst = 0.3 and Tst = 2000 K as (a) a 

function of mass fraction of CO in fuel stream, YCO,1 and in oxidizer stream, YCO,2, (b) a 

function of r for fuel and oxidizer stream. The predictions are obtained using the San 

Diego Mechanism [17][18].  
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Figure 2.3 shows the net rates of production of CH4, CO, O2, and H2 at Tst = 2000, 

ξst = 0.055. Other conditions employed in the computations are marked in the figure. For 

YCO,1 = YCO,2 = 0, CO is not added to the fuel stream or to the oxidizer stream, YCO,1 = 0.16 

(YCO,2 = 0) refers to CO addition to the fuel stream, and YCO,2 = 0.12 and 0.19 (YCO,1 = 0) 

refer to CO addition to the oxidizer stream. The cases for CO addition to the oxidizer 

stream are on either side of the peak strain rate shown in Figure 2.1 and have nearly 

similar extinction strain rates. All cases show that consumption of CH4 and O2 take place 

in different layers of the reaction zone. This is indicated by the location of the peak value 

of the rate of consumption of CH4 and O2. These layers are called the CH4-consumption 

layer and O2-consumption layer. In the CH4-consumption layer, fuel reacts with the 

radicals to form intermediate species CO and H2. In the O2-consumption layer, H2 and 

CO are consumed and CO2 and H2O are formed. Radicals are also produced in the O2-

consumption layer from the principal chain-branching step: 

H + O2 ⇋ OH + O 

This step together with the fast reactions: 

H2 + O ⇋ OH + H, 

2 (OH + H2 ⇋ H2O + H) 

gives the overall step: 

3H2 + O2 ⇋ 2H + 2H2O 

Thus consumption of H2 and O2 is chain branching and leads to formation of radicals. 

Carbon monoxide is consumed by the chain propagating step: 

CO + OH ⇋ CO2 + H 

Thus, the consumption of CO is not chain-branching.  
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For the case where no CO is added to the reactant streams, the rates of 

consumption of O2 and H2 are larger than the rate of consumption of CO. When CO is 

added to the fuel stream indicated by YCO,1 = 0.16 (YCO,2 = 0), the relative order of the 

rates of consumption of O2, H2, and CO are similar to that with no CO addition. The CO 

added to the fuel stream does not react in the CH4-consumption layer. It moves into the 

O2-consumption layer where it is oxidized to CO2. Thus, the influence of CO addition to 

the fuel stream on the overall reactivity can be expected to be small as indeed is shown in 

Figure 2.1.  

The flame structure with moderate amounts of CO addition to the oxidizer stream 

for YCO,2 = 0.12 (YCO,1 = 0), shows that the rate of consumption of CO is larger than that 

of H2, but it is still lower than that of O2. Thus chain-branching reactions continue to be 

dominant. The flame structure with relatively high levels of CO addition to the oxidizer 

stream for YCO,2 = 0.19 (YCO,1 = 0) shows significant qualitative differences from the other 

cases. Here the rates of consumption of CO is higher than the rate of consumption of O2 

and H2. The two-layer structure is no longer apparent, and CH4-consumption and O2-

consumption appear to take place in a merged, broad region. The main source of radicals 

in the flame is from the reaction between H2 and O2. With addition of significant amounts 

of CO to the oxidizer stream, O2 now reacts with CO and there is less of it is available to 

react with H2 to form radicals. Thus chain-branching reactions are less pronounced in 

comparison to the case with moderate levels of CO addition. This decreases the radical 

level and as a consequence the overall reactivity. The consumption of CH4 must now take 

place in a broader region for it to be completely consumed, as indeed is shown in Figure 

2.3. This explains the decrease in reactivity with increasing CO. 
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Figure 2.3 Net rates of production of CH4, CO, O2, and H2. at Tst = 2000, ξst = 0.055. 

Positive values indicate production and negative values consumption. The computations 

were done using the San Diego Mechanism [17][18]. 

Premixed Combustion of CH4 with H2 or CO Addition 

Computational studies are carried out to characterize the influence of H2 and CO 

on the structure and laminar burning velocities, sL, of premixed methane flames. Reactive 

mixtures made up of CH4, O2, H2 or CO, and N2 are considered.  

2.3.1 Boundary Values for Computational Study  

The initial mass fraction of these species in the reactive mixture is YF,u, YO2,u, 

YH2,u, YCO,u, and YN2,u respectively. The initial temperature of the reactive mixture is Tu. 

Here, subscript u represents the initial conditions. The reactive system is thus 
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characterized by five independent variables. In the calculations, the initial temperature is 

set equal to 300 K, and pressure equal to 1 bar. The values of the mass fraction of the 

reactants are so chosen that the equivalence ratio is unity. These selections reduce the 

number of independent variables to three. Two sets of calculations were performed. In 

one set of calculations the value of YCO,u = 0. The concentrations of the other two 

independent variables were so chosen that the adiabatic temperature for complete 

combustion Tc remains constant. The value of Tc is that obtained for complete 

combustion of the reactants to form the products water vapor (H2O) and carbon dioxide 

(CO2). The reactive system now has only one independent variable. The burning velocity 

and flame structures were calculated for various values of YH2,u. The second set of 

calculations were performed with YH2,u = 0 and various values of YCO,u. Computations 

were performed using the San Diego Mechanism [17][18]. Chemkin-Pro [16] was used, 

including multicomponent diffusion and Soret effects and radiant energy loss from CO2 

and H2O bands. The adaptive meshing feature was used. 

2.3.2 Results and Discussion 

Figure 2.4 shows the burning velocity sL as a function of the mass fraction of 

hydrogen for two different values of Tc. At a fixed value of Tc, the value of sL increases 

with increasing YH2,u, and at a fixed YH2,u, the burning velocity increases with increasing 

Tc. Thus, the addition of hydrogen enhances the overall reactivity of the methane flame. 

Figure 2.5 shows the burning velocity sL as a function of the mass fraction of 

carbon monoxide for various values of Tc. The value of sL first increases with increasing 

YCO,u and then decreases.  
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Figure 2.4 The laminar burning velocity, sL, as a function of the mass fraction of 

hydrogen, YH2,u, for two different values of Tc, with YCO,u = 0, and ϕ = 1.0 

 

Figure 2.5 The burning velocity sL as a function of the mass fraction of carbon monoxide 

for various values of Tc. The calculation are performed at YH2,u = 0, and equivalence 

ratio, ϕ = 1.0. 
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A noteworthy observation is that for premixed combustion of CH4, the second 

derivative of sL with respect to YH2,u is positive, while it is negative with respect to YCO,u. 

This is similar to changes in extinction strain rate with changes in the mass fraction of H2 

added to either the fuel stream or to the oxidizer stream at fixed Tst and ξst [3], and to 

those shown in Figure 2.1 for CO addition to the oxidizer stream. This highlights the 

validity of the previously postulated similarity between extinction strain rates and 

burning velocities obtained from rate-ratio asymptotic analysis [31]. Measurements of 

laminar flame speeds in mixtures of CH4, O2, CO, H2, and N2 show similar qualitative 

behavior [1]. 

Figure 2.6 shows the net rates of production of CH4, CO, O2, and H2, for 

stoichiometric flames at Tc = 2000. Other conditions employed in the computations are 

marked in the figure. The first case is for a stoichiometric methane flame with no H2 or 

CO addition. For the second case, marked YH2,u = 0.014, H2 is added to the reactant 

streams, and the other two cases refer to moderate and high levels of CO addition and 

mark conditions on either side of the peak value of sL shown in Figure 2.5. For the first 

case, the rate of consumption of O2 is greater than the rates of consumption of H2 and CO. 

The reaction zone shows a two-layer structure with a CH4-consumption layer where CH4 

is consumed and H2 and CO are formed and an O2-consumption layer where H2 and CO 

are oxidized. 

For the second case, YH2,u = 0.014, the rate of consumption of H2 is the highest 

followed by those for O2 and CO. The two-layer structure is no longer apparent and the 

structure resembles that of a hydrogen flame. The high reactivity of hydrogen is possibly 

the reason for the increase in sL with increase in YH2,u.  
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For the case YCO,u = 0.028, where sL increases with increasing YCO,u, the structure 

shows the rate of consumption of O2 to be greater than that of H2 and CO. The structure 

shows the presence of two layers. For YCO,u = 0.191, where sL decreases with increasing 

YCO,u, the rate of consumption of CO is larger than that of O2 and H2. The two-layer 

structure is no longer apparent and it most likely closer to a CO flame. The lower 

reactivity of CO together with the decreased rate of radical production, as a result of 

lower rates of consumption of O2 and H2 is likely to be the reason for the decrease in the 

value of sL. 

 
 

Figure 2.6 Net rates of production of CH4, CO, O2, and H2 for stoichiometric premixed 

flames at Tc = 2000 K. Positive values indicate production and negative values 

consumption. The computations were done using the San Diego Mechanism [17][18].  
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Concluding Remarks 

Rate-ratio asymptotic analysis shows that for nonpremixed and premixed methane 

flames, there is a narrow fuel-consumption zone where the methane disappears and H2 

and CO are produced, and these species are consumed in a broader but still narrow zone 

where O2 is consumed, the oxygen-consumption zone [11]. Therefore H2 and CO are 

special additives because they also play essential roles in the chemistry even when they 

are not added. There is, however, an important difference between the roles played by 

these additives in the reaction zone. It has been shown from rate-ratio asymptotic analysis 

that radicals are produced in the oxidation-zone by the global chain-branching step 

3H2 + O2 = 2H + 2H2O,  

and consumption of CO is by the global reaction  

CO + H2O = CO2 + H2 

Radicals are removed by the three body reaction  

H + O2 + M = HO2 + M 

where M is any third body. While consumption of O2 and H2 contribute to production of 

radicals, CO does not. This is the reason for the increase in overall reactivity when 

hydrogen is added to the reactant streams. At low levels of CO addition, the rate of 

consumption of O2 is larger than the rate of consumption of CO. This appears to be the 

reason for increase in overall reactivity of methane flames at low levels of CO. At high 

levels of CO addition, the rate of consumption of CO is larger than the rate of 

consumption of O2. This decreases the overall reactivity. Rate-ratio asymptotic analysis is 

required to thoroughly elucidate the influence of CO and H2 on hydrocarbon flames and 

confirm these qualitative observations. 
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 The Influence of Hydrogen and Carbon Monoxide on the Structure and 

Extinction of Counterflow Premixed Flames 

Introduction 

In previous studies, experiments and computations were conducted to elucidate 

influence of hydrogen addition to laminar nonpremixed methane flames [1]. It was found 

that when hydrogen was added either to the oxidizer stream or to the fuel stream, the 

strain rate at extinction increased with increasing amounts of H2 addition [1]. Previous 

chapter addressed influence of carbon monoxide on the structure and critical conditions 

of extinction of nonpremixed methane flames [2] and influence of hydrogen and carbon 

monoxide on the structure and burning velocities of stoichiometric premixed methane 

flames [2][3]. It was found that when carbon monoxide was added to the oxidizer stream, 

the strain rate at extinction first increases and then decreases with increasing amounts of 

CO addition [2]. When CO is added to the fuel stream, the strain rate at extinction does 

not change considerably with increasing amounts of CO addition [2]. It was also found 

that with increasing amount of CO addition to premixed methane mixture, laminar 

burning velocity of the mixture first increases and then decreases [2][3]. With increasing 

amount of H2 addition to premixed methane mixture laminar burning velocity of the 

mixture monotonically increases [2][3].  

This chapter addresses influence of hydrogen and carbon monoxide on the 

structure and critical conditions of extinction of premixed methane flames. Here, 

computational studies are carried out employing the San Diego Mechanism to predict the 

influence of hydrogen and carbon monoxide on critical conditions of extinction of 
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premixed methane flames at fixed values of overall equivalence ratio as well as the ratio 

of the mass fraction of oxygen to the sum of the mass fraction of oxygen and the mass 

fraction of nitrogen. Critical conditions of extinction are predicted and compared with 

experimental data from van Duren’s thesis [4] and [2]. 

Computational studies are carried out under premixed conditions employing the 

counterflow configuration. This configuration was first proposed by Seshadri [5] and is 

employed by many investigators in their studies on premixed flames. Many experiments 

have been conducted employing this configuration [6][7][8]. 

Counterflow Configuration for Premixed Flame 

Figure 3.1 shows a schematic illustration of the counterflow setup [5][6][7][8]. 

The flow-field in the counterflow arrangement is axisymmetric. In this configuration, 

counterflowing streams flow towards stagnation plane where axial components of flow 

velocity vanish. The premixed reactant stream consists of up of methane, oxygen and 

nitrogen, and the inert-gas stream consists of nitrogen.  
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Figure 3.1 Schematic illustration of the counterflow configuration [5]. 

In the asymptotic limit of large Reynolds number of the counterflowing streams, a 

thin boundary layer is established at the stagnation plane [9]. The flow outside the 

boundary layer is inviscid and rotational. The velocity distribution in this inviscid and 

rotational zone is described by Euler’s equations. Boundary conditions are prescribed on 

reactant and inert gas sides. The axial component of the velocity profile is prescribed, 

while the radial component of the flow velocity is zero. The strain rate a is defined as the 

normal gradient of the axial component of the flow velocity in the inviscid flow. Exact 

solution of Euler’s equations describing the inviscid flow gives a [9]. The value of a 

changes along the axis of symmetry and is discontinuous across the stagnation plane. On 

the premixed reactant stream side of the stagnation plane, the local strain rate is 
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represented by a1, and on the inert-gas stream side of the stagnation plane, the local strain 

rate is represented by a2. Flame is stabilized on the premixed reactant stream side of the 

stagnation plane. The local strain rate a2 is given by (2.1), where ρ1 and ρ2 represent the 

density of the premixed reactant stream and inert-gas stream, respectively. Momentum 

balance constraint gives [9]: 

𝑎1 = 𝑎2 (
𝜌2

𝜌1
)

1/2

 

(3.1) 

Chemical Kinetic Computations 

Computations were performed using Chemkin-Pro [10]. The calculations 

employed mixture-average diffusion including Soret effects and heat losses by radiation. 

Critical conditions of extinction were obtained and flame structures were calculated. 

Chemical kinetic scheme called San Diego Mechanism was employed for reactive flow 

computations. This mechanism is described in section 2.2.3 . 

Premixed Methane Air Flame 

In first study, premixed methane air flame is investigated. The fuel stream 

consisting of methane, oxygen and nitrogen and inert stream consisting only nitrogen. 

Flame is stabilized at the stagnation plane. 

3.4.1 Boundary Values for Computational Studies 

At the fuel boundary, the mass fractions of reactants YF,1, YO2,1, YN2,1, temperature 

T1, and velocity V1 are specified. At the inert boundary, the mass fraction of nitrogen 

YN2,2, temperature T2, and velocity V2 are specified.  
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Computational flow field is characterized by local strain rate on the premixed 

reactant stream side of the stagnation plane [9] given by equation (3.1). Premixed 

reactive mixture is characterized by equivalence ratio 

𝜙 =
𝜈𝑂2𝑌𝐹,1𝑊𝑂2

𝑌𝑂2,1𝑊𝐹
 

(3.2) 

where WO2 and WF are molecular weights of oxygen and fuel, νO2 is the molar 

stoichiometric ratio between oxygen and fuel (2.0 for methane), and YO2,1 and YF,1 are the 

mass fractions of oxygen and fuel. 

The ratio YO2,ox of oxygen mass fraction to the sum of oxygen and nitrogen mass 

fraction is the measure of the dilution of air with nitrogen, given by: 

𝑌𝑂2,𝑜𝑥 =
𝑌𝑂2,1

𝑌𝑂2,1 + 𝑌𝑁2,1
 

(3.3) 

The mass fraction nitrogen is therefore given by: 

𝑌𝑁2,1 =
1 − 𝑌𝑂2,𝑜𝑥

𝑌𝑂2,𝑜𝑥
 

(3.4) 

Since the total mass fraction of reactant mixture in fuel stream is one: 

𝑌𝐹,1 + 𝑌𝑂2,1 + 𝑌𝑁2,1 = 1 

(3.5) 

Substituting YN2,1 + YO2,1 from equation (3.4) gives: 

𝑌𝐹,1 +
𝑌𝑂2,1

𝑌𝑂2,𝑜𝑥
= 1 

(3.6) 

Dividing equation (3.6) by YO2,1 and using ϕ from equation (3.2): 
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1

𝑌𝑂2,1
=

𝑌𝐹,1

𝑌𝑂2,1
+

1

𝑌𝑂2,𝑜𝑥
=

𝑊𝐹𝜙

𝜈𝑂2𝑊𝑂2
 

(3.7) 

From this equation, the mass fraction YO2,1 can be calculated from YF,1 / YO2,1 and YO2,ox 

using the above equation. Then, YF,1 is found using equation (3.2). 

For air, the mass fraction of oxygen is 0.233. There are five independent 

parameters at fuel boundary: YF,1, YO2,1, YN2,1, T1, and V1. Extinction studies for premixed 

methane flame are carried out for oxygen mass fraction 0.233 and also for 0.21. 

Temperatures and velocities at fuel and inert boundary are specified. Thus, now there is 

only one remaining independent parameter YF,1. Critical conditions of extinction are 

computed for various values of equivalence ratio from lean (0.7) to rich (1.3).  

3.4.2 Results 

Figure 3.2 shows critical conditions of extinction of counterflow methane 

premixed flames at fixed values of YO2,ox = 0.233 and YO2,ox = 0.21. The symbols 

represent measurements from experiments described in van Duren’s thesis [4] and in [2]. 

The lines show predictions obtained using the San Diego Mechanism [11][12]. At low 

values of the equivalence ratio, the predictions agree with measurements. For 

stoichiometric and rich flames, at a given value of ϕ, the predicted value of the strain rate 

at extinction a1,E is less than the measured value. 
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Figure 3.2 The local strain rate at extinction as a function of the equivalence ratio. The 

symbols are experimental data from van Duren’s thesis [4], and lines represent 

predictions obtained using the San Diego Mechanism [5][12]. The data was obtained for 

YO2,ox = 0.233 and YO2,ox = 0.21 and T1 = T2 = 298 K. 

Laminar flame speed is a fundamental property of a fuel-air mixture and an 

important property in validating kinetic mechanism. We also performed laminar flame 

speed computation for methane-air premixed flame. Laminar flame speed is determined 

from freely propagating flame configuration. In this configuration, the reference frame is 

fixed on flame. Hence, the flame speed is defined as the velocity of unburnt gas moving 

towards flame, with the flame staying in a fixed location. Pressure and temperature are 

specified at the inlet boundary. Computations are performed by assuming no heat loss to 

the surroundings (adiabatic) and flat flame with plug flow velocity profile. Hence, the 

flame is one-dimensional. 
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Figure 3.3 shows the computation of CH4-air laminar flame speed performed 

using San Diego mechanism for equivalence ratio varied from 0.6 to 1.4. Computations 

are compared with experimental data described in Vagelopoulos et al [13]. Computations 

are in reasonable agreement with experimental data. Numerical results predict a trend of 

laminar flame speed increasing and then decreasing with equivalence ratio, with a peak 

around the stoichiometric equivalence ratio.  

 

Figure 3.3 Laminar flame speed as a function of equivalence ratio for premixed CH4-air 

freely propagating flame. The experimental data is from Vagelopoulos et al [13].. 

Hydrogen and Carbon Monoxide Addition 

In the second study, the effect of hydrogen addition to premixed stoichiometric 

methane flame was investigated. For this study, adiabatic flame temperature of 

stoichiometric methane flame was calculated. This flame temperature was used to 
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determine mass fraction of reactant species when known mass fraction YH2,1 of hydrogen 

is added to the reactant mixture. 

3.5.1 Boundary Values for Computational Studies 

Adiabatic flame temperature for stoichiometric methane flame for YO2,1 = 0.233 

and YO2,1 = 0.21 is calculated using Chemkin-Pro [10] equilibrium_gas module. This 

module uses gas-phase equilibrium calculation to determine the adiabatic flame 

temperature. The adiabatic flame temperature is a measure of the maximum temperature 

that could be reached by combustion of gas mixture under a specific set of conditions. 

Real system includes heat losses, chemical kinetic and/or mass transport limitations. 

Consequently, the flame temperature is lower than the adiabatic flame temperature. For 

Chemkin-Pro [10] equilibrium_gas module, the input is reactant and likely product 

species for complete combustion, including radical species as well as stable species. 

Stoichiometric molar chemical equation for methane is: 

𝐶𝐻4  +  2 𝑂2  +  c 𝑁2  →  𝐶𝑂2  +  2 𝐻2𝑂 + c 𝑁2 {𝑚𝑜𝑙} 

(3.8)  

where c is the molar ratio of nitrogen to methane. For stoichiometric methane flame for 

YO2,1 = 0.21, the adiabatic flame temperature was calculated to be Tad = 2173 K. This 

adiabatic flame temperature was used to determine the mass fractions of species when 

fixed percentage of hydrogen or carbon monoxide is added to the methane mixture. 

Molar chemical equations for reaction with methane, hydrogen or carbon monoxide, 

oxygen and nitrogen are: 
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𝐶𝐻4 + 𝑏 𝐻2 + (2 + 𝑏/2) 𝑂2 + 𝑐 𝑁2 → 𝐶𝑂2 + (2 + 𝑏) 𝐻2O + 𝑐 𝑁2 {𝑚𝑜𝑙} 

 

𝐶𝐻4 + 𝑏 CO + (2 + 𝑏/2) 𝑂2 + 𝑐 𝑁2 → (1 + 𝑏) 𝐶𝑂2 + 2 𝐻2O + 𝑐 𝑁2 {𝑚𝑜𝑙} 

(3.9) 

where b and is the molar ratio of hydrogen or carbon monoxide to methane and c is the 

molar ratio of nitrogen to methane. To analyze the influence of hydrogen or carbon 

monoxide addition to methane flame, number of hydrogen-to-methane ratios (0.1, 0.2, 

0.3, 0.4) and carbon monoxide-to-methane ratios (0.1, 0.2, 0.3, 0.4) were investigated. 

Heat released from combustion of reactants in equation (3.9) is absorbed by the 

products. Hence, the enthalpy of combustion is equal to the enthalpy of formation of 

products at Tad = 2173 K. 

𝛥𝐻𝐶𝐻4 + 𝑏 𝛥𝐻𝐻2 − 𝛥𝐻𝐶𝑂2 − (2 + 𝑏) 𝛥𝐻𝐻2𝑂 = 𝛥𝐻𝑐,𝐶𝑂2 + (2 + 𝑏)𝛥𝐻𝑐,𝐻2𝑂 + 𝑐𝐻𝑐,𝑁2 

 

𝛥𝐻𝐶𝐻4 + 𝑏 𝛥𝐻𝐶𝑂 − (1 + 𝑏)𝛥𝐻𝐶𝑂2 −  2 𝛥𝐻𝐻2𝑂 = (1 + 𝑏)𝛥𝐻𝑐,𝐶𝑂2 + 2 𝛥𝐻𝑐,𝐻2𝑂 + 𝑐𝐻𝑐,𝑁2 

 

(3.10) 

The difference in enthalpies of all species were obtained from the NIST-JANAF tables 

[14]. For a given b, the quantity c is then calculated from equation (3.10). 

3.5.2 Results 

 

Figure 3.4 shows critical conditions of extinction of stoichiometric CH4/H2/O2/N2 

flames. Boundary values of reactant mass fractions were chosen so that Tad = 2173 K. 

The symbols represent measurements of experiments described in van Duren’s thesis [4]. 

The lines show predictions obtained using the San Diego Mechanism [5][12]. 

Experimental data and computations show that with increasing values of YH2,1, the strain 
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rate at extinction increases. Thus, addition of hydrogen promotes combustion. At a given 

value of YH2,1, the predicted a1,E is less than the measured value. This is primarily 

attributed to inaccuracies in predicting the extinction strain rate for methane flames as 

seen in Figure 3.2. To artificially remove these inaccuracies, the measured and predicted 

strain rates at extinction are normalized by division by a1,YH2=0, where a1,YH2=0 represents 

the measured and predicted value of a1,E for CH4/O2/N2 mixtures with YH2,1 = 0. Figure 

3.5 shows the ratio a1,E / a1,YH2=0 at extinction as a function of YH2,1. The predicted values 

of a1,E / a1,YH2=0 agree well with the measurements. 
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Figure 3.4 The local strain rate at extinction as a function of YH2,1 for stoichiometric 

CH4/H2/O2/N2 flames at fixed values of Tad = 2173 K. The symbols are from 

experimental data described in van Duren’s thesis [4] and the line represents predictions 

obtained using the San Diego Mechanism [5][12]. 

 

Figure 3.5 The ratio a1,E / a1,YH2=0 at extinction as a function of YH2,1 for stoichiometric 

CH4/H2/O2/N2 flames. The symbols are from experimental data described in van Duren’s 

thesis [4] and line represents predictions obtained using the San Diego Mechanism 

[5][12]. 
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To evaluate the influence of carbon monoxide on premixed methane flames, 

critical conditions of extinction were calculated for stoichiometric mixture of methane, 

carbon monoxide, air, and nitrogen. The boundary values of the mass fractions of the 

three reactants, YO2,1, YF,1, and YCO,1 were selected using the same procedure as that for 

addition of hydrogen. The adiabatic temperature was Tad = 2173 K. For stoichiometric 

combustion: 

𝑌𝑂2,1

𝑊𝑂2
=

1

2

𝑌𝐶𝑂,1

𝑊𝐶𝑂
+ 2

𝑌𝐹,1

𝑊𝐹
 

(3.11) 

where Wi denotes molecular weights of species i. 

Figure 3.6 shows predicted critical conditions of extinction of stoichiometric 

CH4/CO/O2/N2 flames. With increasing values of YCO,1, the strain rate at extinction first 

increases and then decreases. 

 

Figure 3.6 The predicted local strain rate at extinction as a function of YCO,1 for 

stoichiometric CH4/H2/O2/N2 flames at fixed values of Tad = 2173 K. The predictions were 

made using the San Diego Mechanism [5][12]. 
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Figure 3.7 shows the net rates of production of CH4, CO, O2, and H2, for 

stoichiometric CH4/O2/N2 flames at a1 = 250 s−1 without any H2 or CO addition. The 

extinction strain rate for this mixture was a1,E = 338 s−1. The reaction zone shows a two-

layer structure with a CH4-consumption layer where CH4 is consumed and H2 and CO are 

formed and an O2-consumption layer where H2 and CO are oxidized.  

Figure 3.8 shows net rates of production for various species for stoichiometric 

CH4/H2/O2/N2 flames with H2 addition at a1 = 250 s−1 with extinction strain rates a1,E = 

550 s−1 and 3348 s−1. Figure 3.8 (a) refers to the case where moderate amounts of 

hydrogen is added to the premixed reactant mixture. It shows a two-layer structure with a 

CH4-consumption layer where CH4 is consumed and H2 and CO are formed and an O2-

consumption layer where H2 and CO are oxidized. Added H2 supplement the H2 produced 

from CH4 reaction and enhances the overall reactivity. Figure 3.8 (b) refers to the case 

where large amounts of hydrogen is added to the premixed reactant mixture. The two-

layer structure is no longer apparent and the structure resembles that of a hydrogen flame. 

The high reactivity of hydrogen is possibly the reason for the increase in a1,E with 

increase in YH2,1. 



48 

 

 

 

Figure 3.7 Net rates of production of CH4, CO, O2, and H2 for stoichiometric CH4/O2/N2 

flames at a1 = 250 s−1 with a1,E = 338 s−1, YF,1 = 0.05094. Positive values indicate 

production and negative values consumption. The computations were done using the San 

Diego Mechanism [5][12]. 
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(a) 

 
(b) 

Figure 3.8 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/H2/O2/N2 flames at a1 = 250 s−1 with (a) a1,E = 550s−1, YF,1 = 0.0457, YH2,1 = 0.0023 

and (b) a1,E = 3348s−1, YF,1 = 0.02124, YH2,1 = 0.01335. Positive values indicate 

production and negative values consumption. The computations were done using the San 

Diego Mechanism [5][12]. 
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Figure 3.9 and Figure 3.10 show net rates of production of various species for 

stoichiometric CH4/H2/O2/N2 flames with CO addition at a1 = 250 s−1 with extinction 

strain rates a1,E = 570 s−1 and 628 s−1. Figure 3.9 (a) refers to the case where moderate 

amounts of CO are added to the premixed reactant mixture. Added CO supplement the 

CO produced from CH4 reaction. Increased concentration of CO increases rate of CO 

reaction. Hence the a1,E increases with increasing YCO,1, the structure shows the presence 

of two layers. Figure 3.10 refers to the case where extinction strain rate reaches 

maximum value. Here, increased CO addition increases CO concentration and enhances 

CO reaction rate. Sufficient H2 is also produced from CH4 reaction. Thus, enhanced CO 

consumption together with H2 consumption increases heat release and sustain the 

combustion. Hence extinction strain rate peaks. Figure 3.9 (b) refers to the case where 

large amounts of CO are added to the premixed reactant mixture. Mass fraction of CH4 is 

decreased with increased CO addition for constant Tad = 2173 K. This leads to lower H2 

generation from reaction of CH4. The two-layer structure is no longer apparent and it 

most likely closer to a CO-flame. Here the a1,E decreases with increasing YCO,1, The lower 

reactivity of CO is likely to be the reason for the decrease in the value of a1,E. 
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(a) 

 
(b) 

Figure 3.9 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/CO/O2/N2 flames at a1 = 250 s−1 and a1,E = 570 s−1 with (a) YF,1 = 0.03763, YCO,1 = 

0.05256 and (b) YF,1 = 0.01587, YCO,1 = 0.1385. Extinction strain rate in both cases is. 

Positive values indicate production and negative values consumption. The computations 

were done using the San Diego Mechanism [5][12]. 
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Figure 3.10 Net rates of production of CH4, CO, O2, and H2 for stoichiometric 

CH4/CO/O2/N2 flames at a1 = 250 s−1, a1,E = 628 s−1 with YF,1 = 0.027684, YCO,1 = 

0.0918. Positive values indicate production and negative values consumption. The 

computations were done using the San Diego Mechanism [5][12]. 

Concluding Remarks 

The influence of hydrogen on critical conditions of extinction of premixed 

methane flames is similar to its influence on critical conditions of extinction of 

nonpremixed methane flames analyzed previously [1] and its influence on burning 

velocities of methane flames [3]. In all cases, hydrogen promotes combustion. It has been 

established from rate-ratio asymptotic analysis that for premixed and nonpremixed 

methane flames, the reaction zone is made up of two layers, a “fuel-consumption layer” 

where CH4 is consumed and CO and H2 are formed, and an “oxygen-consumption layer” 

where CO and H2 are oxidized to CO2 and H2O. For moderate amount of H2 addition the 

“two-reaction zone” structure is maintained, while for higher amounts of H2 addition this 

no longer applies. The higher reactivity of H2 in comparison to that for CH4 is the reason 
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for the increase in value of a1,E with increasing YH2,1. Similar observations can be made of 

the influence of carbon monoxide on critical conditions of extinction of premixed 

methane flames considered here and previous studies on nonpremixed flames [2] and 

burning velocities [3]. In all cases, for moderate amount of CO addition the “two-reaction 

zone” structure is maintained, while for higher amounts of CO addition this no longer 

applies. The lower reactivity of CO in comparison to that for CH4 is likely the reason for 

the decrease in value of a1,E with increasing YCO,1 for high amounts of CO addition. 

Moderate amounts of CO addition promotes combustion, while large amounts of CO 

addition decreases the overall reactivity. 
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 Chemical Kinetic Study of Extinction and Autoignition of Nonpremixed 

Toluene Flames 

Introduction 

Alkylated benzenes are an important class of hydrocarbons because they comprise 

a significant portion of gasoline and diesel fuels. Knowledge of the oxidation chemistry 

of alkylated benzenes is needed in developing predictive models that can treat 

autoignition, and premixed and nonpremixed burning of transportation fuels in internal 

combustion engines. Toluene (C6H5CH3) has one of the simplest molecular structures of 

the alkylated benzenes and is a reasonable starting point for the development of detailed 

chemical-kinetic reaction mechanisms for alkylated benzenes. Much previous work has 

been done on the oxidation of toluene. Several research groups have developed detailed 

chemical-kinetic reaction mechanisms for toluene. Most recently, Klotz et al. [1] 

supplemented the toluene mechanism of Emdee et al. [2] to improve the predictions for 

the intermediates 1,3 butadiene, acetylene and benzaldehyde. Zhong and Bozzelli 

[3][4][5] developed a more accurate description of radical additions to cyclopentadiene 

and associations with cyclopentadienyl radical; they included these reactions in a detailed 

chemical-kinetic mechanism for toluene that they developed. Lindstedt and Maurice [6] 

developed a very comprehensive toluene mechanism whose predictions they compared to 

experimental results from counterflow diffusion flames, plug flow reactors, shock tubes 

and premixed flames. Emdee et al. [2] developed a detailed chemical-kinetic mechanism 

for toluene that was benchmark for many years. 
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There are quite a few experimental studies of toluene oxidation whose data are 

very useful for mechanism validation. Several experimental studies of toluene oxidation 

in a flow reactor were performed at Princeton University by Glassman et al. [1][2][7][8]. 

Ignition of toluene in a rapid compression machine was performed by Griffiths et al. [9] 

and by Roubaud et al. [10]. Their rapid compression machine results show that toluene 

oxidation chemistry lacks the two stage ignition observed in paraffinic fuels. 

Experimental data for the critical conditions of autoignition of toluene in the counterflow 

configuration are given in [11]. Using this experimental data, overall chemical-kinetic 

rate parameters that characterize the rate of one-step overall reaction between fuel and 

oxygen were obtained [11]. 

In present study, computations are performed are performed to elucidate the 

structure and mechanism of extinction and autoignition of toluene flames in a 

counterflow configuration under nonpremixed conditions. Three different mechanisms 

developed elsewhere are applied and the results compared with experimental data to 

select the appropriate mechanism for further study. Reaction rate analysis, sensitivity 

analysis of rate parameters, and reaction pathway analysis are performed to identify the 

reactions controlling critical conditions of autoignition and extinction for mechanism 

reduction.  

Boundary Conditions for Computations 

Steady, axisymmetric, laminar flow of two counterflowing streams towards a 

stagnation plane is considered. Figure 4.1 shows a schematic illustration of the 

counterflow configuration. In this configuration, the fuel stream is made up of 
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prevaporized toluene and nitrogen, and the oxidizer stream consists of air. The mass 

fraction of fuel, the temperature, and the component of the flow velocity normal to the 

stagnation plane at the fuel boundary are represented by YF,1, T1, and V1, respectively. The 

mass fraction of oxygen, the temperature, and the component of the flow velocity normal 

to the stagnation plane at the oxidizer boundary are represented by YO2,2, T2, and V2, 

respectively. The tangential components of the flow velocities at the boundaries are 

presumed to be equal to zero. The distance between the fuel boundary and the oxidizer 

boundary is represented by L. 

 

 

Figure 4.1 Schematic illustration of the counterflow configuration. 

The momenta of the counterflowing reactant streams ρiVi
2, i = 1, 2 at the 

boundaries are assumed to be equal to each other. Here ρ1 and ρ2 represent the density of 

the mixture at the fuel boundary and at the oxidizer boundary, respectively. This 

condition ensures that the stagnation plane formed by the two streams is approximately in 
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the middle of the region between the two boundaries. The value of the strain rate, defined 

as the normal gradient of the normal component of the flow velocity, changes from the 

fuel boundary to the oxidizer boundary [12]. The characteristic strain rate on the oxidizer 

side of the stagnation plane a2 is given by equation (2.1) which is described in [12]. 

The computations were performed assuming fuel stream temperature, T1 = 375 K, 

and oxidizer stream temperature, T2 = 299 K. The distance between the fuel boundary and 

the oxidizer boundary is taken as L = 10 mm. At some selected value of the strain rate, 

the flame is established. The strain rate is increased by performing computations with 

increasing velocities V1 and V2 until extinction is observed. The strain rate at extinction is 

denoted by a2,E.  

Computations were also performed to predict the critical conditions of auto-

ignition with T1 = 375 K, and mole fraction of fuel in the fuel stream equal to X1 = 0.15. 

The distance between the fuel boundary and the oxidizer boundary was L = 12 mm. At a 

given strain rate and oxidizer temperature T2 < T2,I, the flow field was established. The 

temperature at the oxidizer boundary was gradually increased until autoignition took 

place. The value of T2,I was recorded as a function of a2. 
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Description of Computational Studies 

Calculations were performed using detailed chemistry, applying the same 

boundary conditions as in the experiments. The computer program Chemkin-Pro [13], 

was used in the computations. The detailed chemical kinetic mechanisms employed here 

are described in: 

 Dryer Mechanism [14] comprised of 1888 reactions among 329 species. 

 Andrae Mechanism [15][16] comprised of 615 reactions among 129 species.  

 Polimi Mechanism [17] comprised of 6086 reactions among 187 species. 

 High Pressure Toluene Oxidation Model [18][19] comprised of 654 reactions among 

125 species. 

 Skeletal mechanism derived from Dryer Mechanism comprised of 1100 reactions 

among 174 species. 

Results 

The following figures compare the predictions with experimental data. In these 

figures, the symbols represent experimental data and the lines are predictions. 

4.4.1 Nonpremixed Ignition (Counterflow) 

Figure 4.2 shows the plot of oxidizer temperature T2,I at ignition against the 

oxidizer strain rate a2. It is seen that the computations capture the trend of increase in 

oxidizer temperature with strain rate, but somewhat overpredict T2,I for any given strain 

rate. 
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Figure 4.2 The temperature of air at autoignition, T2,I, as a function of the strain rate, a2 

at fixed values of XF,1 = 0.15. The temperatures of the fuel stream is 375 K. The symbols 

represent experimental data from Joshua Lee’s thesis [20] and the lines are predictions 

using Dryer [14], Andrae [15][16], Polimi [17] mechanisms, and skeletal mechanism 

derived from Dryer Mechanism. 

4.4.2 Premixed Ignition (Shock tube) 

Ignition in shock tube is simulated as zero-dimensional and begin at onset of 

reflected shock period. Constant volume and homogeneous adiabatic conditions are 

assumed behind the reflected shock wave. Initial pressure and temperature are taken from 

reflected shock pressure and temperature respectively. Simulated Ignition delay time is 

defined according to the diagnostic used in each set of experimental measurement. Dryer 

Mechanism is validated against shock tube experimental data [14]. 
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Figure 4.3 shows the ignition delay times of toluene, oxygen and argon mixture as 

a function of temperature for a given fuel concentration, based on shock tube experiments 

[21]. It is seen that of that the numerical models well capture the trend of decrease in 

ignition delay time with increase in temperature. 
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(a) 

 
(b) 

Figure 4.3 Predicted and measured ignition delay times of toluene/O2/Ar mixtures under 

shock tube condition from Vasudevan et al. [20] using Dryer [14], Andrae [15][16], 

Polimi [17] mechanisms, and skeletal mechanism derived from Dryer Mechanism at (a) 

pressure P = 1 bar, equivalence ratio ϕ = 1, (b) P = 2 bar, ϕ = 0.5. 
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4.4.3 Nonpremixed Extinction 

Figure 4.4 shows that the predicted values of critical conditions of extinction 

capture the trend of increase in strain rate with increasing fuel mole fraction. Computed 

strain rates of extinction are lower than the measured values. Thus, in both extinction and 

ignition experiments, the numerical model predicts lower overall reactivity of toluene 

with air than observed in the experiments. 

 

Figure 4.4 The strain rate at extinction, a2,E as a function of the mole fraction of fuel, XF,1 

in the fuel stream. The temperatures of the fuel stream and the oxidizer stream are 375K 

and 299 K, respectively. The symbols represent experimental data described in Joshua 

Lee’s thesis [20] and the line represents predictions using Dryer [14] and Andrae 

[15][16], mechanisms, and skeletal mechanism derived from Dryer Mechanism. 
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4.4.4 Flame Structure 

In order to study the flame structure, the temperature profile is plotted against the 

distance from fuel boundary as shown in Figure 4.5. It is seen that the predicted peak of 

the temperature is shifted left toward the fuel boundary in comparison to the measured 

peak. 

 

 

Figure 4.5 The temperature profile as a function of the distance from the fuel boundary. 

The symbols represent measurements from Joshua Lee’s thesis [20] and the lines are 

predictions using Dryer mechanism [14]. The mole fraction of fuel and temperature of 

the fuel stream at the fuel boundary are XF,1 = 0.15, and T1 = 375 K respectively. The 

temperature of the oxidizer stream is 299 K. The strain rate is a2 = 100 s−1. 

Figure 4.6 to Figure 4.9 compare the predicted and measured profiles of species 

mole fraction as a function of the mixture fraction, Z. The mixture fraction is defined as 

the ratio of the local mass fraction of carbon to the mass fraction of carbon in the fuel 
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stream. The predicted profiles of C6H5CH3, O2, CO2, H2O, CO and H2 agree well with 

measured values. Computed profile of C6H6 (benzene) is in reasonable agreement with 

the measured data. Measured and computed profiles of C3H6 (propene/propylene), CH4 

(methane), and C2H6 (ethane) are also in reasonable agreement. The computations 

significantly underpredict the mole fractions of C3H8 (propane) and C4H8 

(butene/butylene). However, in both cases measured and computed structure of profile is 

similar. Mole fraction of C2H4 (ethene/ethylene) is also somewhat underpredicted.  
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Figure 4.6 Profiles of mole fractions of the major species as a function of the distance 

from the fuel boundary. The symbols represent measurements described in Joshua Lee’s 

thesis [20] and the lines are predictions. The mole fraction of fuel and the temperature of 

the fuel stream at the fuel boundary are XF,1 = 0.15, and T1 = 375 K respectively. The 

temperature of the oxidizer stream is 299 K. The strain rate is a2 = 100 s−1. 
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Figure 4.7 Profiles of mole fractions of the major species as a function of the distance 

from the fuel boundary. The symbols represent measurements described in Joshua Lee’s 

thesis [20] and the lines are predictions. The mole fraction of fuel and the temperature of 

the fuel stream at the fuel boundary are XF,1 = 0.15, and T1 = 375 K respectively. The 

temperature of the oxidizer stream is 299 K. The strain rate is a2 = 100 s−1. 
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Figure 4.8 Profiles of mole fractions of the major species as a function of the distance 

from the fuel boundary. The symbols represent measurements described in Joshua Lee’s 

thesis [20] and the lines are predictions. The mole fraction of fuel and the temperature of 

the fuel stream at the fuel boundary are XF,1 = 0.15, and T1 = 375 K respectively. The 

temperature of the oxidizer stream is 299 K. The strain rate is a2 = 100 s−1. 
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Figure 4.9 Profiles of mole fractions of the major species as a function of the distance 

from the fuel boundary. The symbols represent measurements described in Joshua Lee’s 

thesis [20] and the lines are predictions. The mole fraction of fuel and the temperature of 

the fuel stream at the fuel boundary are XF,1 = 0.15, and T1 = 375 K respectively. The 

temperature of the oxidizer stream is 299 K. The strain rate is a2 = 100 s−1. 

Mechanism Reduction 

Mechanism reduction was based on reaction rate and sensitivity analysis and also 

on kinetic pathway analysis. For reaction rate and sensitivity analysis, the approach 

described in [22] was employed. Approach used for kinetic pathway analysis is described 

in subsequent section.  

Reaction rate and sensitivity analysis were performed for nonpremixed 

autoignition, for condition very near autoignition as well as at ignition for mole fraction 

of toluene XF = 0.15 and strain rates a2 = 200 s-1, 450 s-1 and 700 s-1 at 10%, 50% and 

90% fuel consumption locations. Chemkin-Pro [13] software was used for all the 

computations.  
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Reaction rate analysis was carried out to separate fast and slow reactions. For this, 

the net reaction rates are normalized between zero and one by dividing by the rate of the 

fastest reaction as in [22]. Normalized rates of reactions are then arranged in descending 

order. The normalized reaction rates are compared with a threshold to group them into 

fast and slow reactions. The fast reactions are retained in the reduced mechanism whereas 

slow reactions are candidates for removal. 

However, some of the slow reactions are rate limiting and removing them would 

significantly change the overall mechanism behavior. Hence, the reactions are also 

grouped according to whether they are rate limiting or not. For this purpose, the relative 

sensitivity of selected species with respect to each of the reaction rate constants can be 

used to classify the reactions. Since the OH radical plays a critical role in combustion 

chemistry, its sensitivity is used. The reactions are then ranked from high to low 

sensitivity and a threshold is applied to separate them into rate-limiting and non-rate-

limiting reactions [22]. 

Thus, only the reactions which are slow and are not rate limiting are removed 

from the mechanism as shown in Figure 4.10. 
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Figure 4.10 Criteria for keeping or eliminating elementary reactions. Figure is adapted 

from Saylam et al [22]. 

4.5.1 Sensitivity Analysis 

Sensitivity analysis was used to identify the rate-limiting reactions of the detailed 

mechanism. We performed sensitivity analysis using Chemkin-Pro [13] to recognize 

reactions having high sensitivity to the species which play leading part in the overall rate 

of reaction. Decomposition of fuel into fuel fragments, and generation of H and other 

active radicals is essential for auto ignition. Hydroxyl radical is main chain carrier in the 

oxidation and autoignition chemistry of hydrocarbons. We selected C6H5CH3 and OH 

concentration as indicator of overall reactivity of the system. Sensitivity analysis was also 

performed at 10%, 50% and 90% fuel consumption locations in the reaction zone. 

Positive sensitivity indicates that an increase in rate constant increases the species 

concentration. Negative sensitivity indicates that an increase in rate constant decreases 

the species concentration. 
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Nonpremixed ignition (Counterflow configuration) 

Figure 4.11 shows sensitivity results at near auto ignition under nonpremixed 

condition. It is seen that the chain branching reaction: 

H + O2 = O + OH 

gives a very high positive sensitivity. The reaction  

CO + OH = CO2 + H 

also gives a high positive sensitivity, possibly due to H radical generation. Other reaction 

enhancing OH radical concentration are cresol radical decomposition:  

OC6H4CH3 = C6H6 + CO + H 

and the reaction of toluene with OH radical giving an active methyl-phenyl radical: 

C6H5CH3 + OH = C6H4CH3 + H2O 

However, the following reaction has negative sensitivity as it removes more 

active OH radical and generates less active benzyl radical. 

C6H5CH3 + OH = C6H5CH2 + H2O 

Reaction forming hydroperoxyl radical also gives negative sensitivity as it removes the 

active H radical: 

H + O2 = HO2 
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Figure 4.11 Sensitivity of the OH radical concentration to changes in individual rate 

constants under nonpremixed conditions near autoignition (strain rate = 200 s−1, 

oxidizer temperature T2 = 1233 K) for fuel consumption XF = 10%, 50% and 90% . 

Premixed ignition (Shock tube configuration) 

Sensitivity analysis of OH concentration under shock tube condition is shown in 

Figure 4.12. Analysis is performed when fuel is 10%, 50%, and 90% consumed. Here, 

results are shown for 50% and 90% fuel consumption. H + O2 chain branching reaction 

gives high sensitivity for OH concentration. Similarly, the reaction of benzyl radical with 

atomic oxygen and decomposition of benzaldehyde gives positive sensitivity as they 

create H radical. Toluene decomposition also produces H radical and therefore gives 

positive sensitivity. Reaction of toluene with OH gives positive sensitivity as it produces 

methyl-phenyl (C6H4CH3) which reacts with O2 and produces two radicals, cresol and 
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atomic oxygen. On the other hand, the reaction of toluene with active radicals H and OH 

generating less active radical benzyl gives negative sensitivity for OH concentration. 

  



75 

 

 

 

 

Figure 4.12 Sensitivity of the OH radical concentration to changes in rate constants 

under the shock tube conditions for pressure P = 2 bar, equivalence ratio ϕ = 1 and 

temperature T = 1458 K [21] for fuel consumption XF = 50% and 90%. 
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4.5.2 Rate of Production and Consumption Analysis 

We further investigated rate of production and consumption of OH, H, fuel 

fragments and kinetic pathways of toluene reactions forming benzyl, cresol, methyl-

phenyl, phenyl radicals, and benzene, leading to CO and H2 to identify important 

reactions and associated species. 

First, we investigated the overall production and consumption of OH, H, fuel 

fragments and volumetric rate of heat production by spatially integrating rates for 

nonpremixed ignition, extinction and premixed ignition, in order to identify reactions 

contributing most to production and consumption of those species. 

Next, we examined kinetic pathways from toluene, leading to carbon monoxide 

(CO), hydrogen (H2), and intermediate species. Aim was to identify intermediate species 

generation and major reactions contributing to their generation at various spatial 

locations, corresponding to 10%, 50%, and 90% in the reaction zone. 

Nonpremixed flame 

For nonpremixed flame, autoignition, analysis was performed for condition very 

near auto-ignition for mole fraction of toluene XF = 0.15 and strain rates a2 = 200 s-1, 450 

s-1, and 700 s-1. For nonpremixed extinction, we considered conditions at strain rate of 

100 s-1 and strain rate very near extinction for toluene mole fractions XF = 0.14, 0.18, and 

0.22. Rates of production and consumption from numerical computations were spatially 

integrated for both autoignition and extinction to analyze overall trend of significant 

reactions.   
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From Figure 4.13 (a), examining toluene (C6H5CH3) consumption pathways for 

near auto ignition conditions at strain rate of 450 s-1, it is seen that fuel is mainly 

consumed by reaction with hydroxyl radical (OH), H and O atoms. Significant toluene 

consumption takes place by reaction with OH radical forming less active benzyl 

(C6H5CH2) radical followed by reaction with O atom forming cresol radical (OC6H4CH3) 

and H atom. Then, the reaction with OH forms active methyl-phenyl (C6H4CH3) radical 

and reaction with H atom again forms benzyl radical and hydrogen (H2).  Fuel reactions 

with O and H atoms forming benzyl and benzene are less significant. Figure 4.13 (b) 

shows the pathways at autoignition. Here, benzyl is mainly formed by reaction of toluene 

with H atom followed by occurrence of unimolecular reaction: 

C6H5CH3 (+M) -> C6H5CH2+H (+M) 
 

Formation of benzyl by reaction of toluene with cyclopentadienyl (C5H5) and 

formation of benzene by reaction of toluene with cyclopentadiene (C5H6) forming 

benzene (C6H6) take place in lesser amount.  

Figure 4.14 (a) and (b) show the rates of production and consumption for 

extinction computation at strain rates a2 = 100 s-1 and 178 s-1 for toluene mole fraction   

XF = 0.18. The extinction strain rate for this case is a2,E = 180 s-1. Significant toluene 

consumption takes place by reaction of toluene with H atom forming benzyl radical and 

H2. Toluene is consumed by reaction with OH radical forming benzyl, reaction with H 

atom forming benzene, and reaction with cyclopentadienyl forming benzyl and 

cyclopentadiene in decreasing order for both strain rates.  
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(a) 

 
(b) 

Figure 4.13 Rate of production and consumption pathways for toluene (C6H5CH3) fuel 

for fixed value of fuel mole fraction XF,1 = 0.15 and strain rates a2 = 450 s-1 for oxidizer 

temperatures Tox (a) just below ignition and (b) at ignition. 
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(a) 

 
(b) 

Figure 4.14 Rate of production and consumption pathways for toluene (C6H5CH3) fuel 

for fixed value of fuel mole fraction XF,1 = 0.18 for strain rates (a) a2 = 100 s-1 and (b) a2 

= 178 s-1. 
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We also looked at major channels producing OH, H and O. Toluene is mainly 

consumed by reactions with these species, hence the reactions and species involved in 

production of these species are important. Figure 4.15 (a) and (b) show OH production 

and consumption for near autoignition and ignition conditions for toluene mole fraction 

XF = 0.15. Figure 4.16 (a) and (b) show the rates of production and consumption of OH 

for extinction computation at strain rates of a2 = 100 s-1 and 178 s-1 for XF = 0.18. 

Extinction strain rate for this case is a2,E = 180 s-1.  Near auto ignition and ignition 

condition, the following reaction gives maximum contribution to OH production: 

H + O2 = O + OH 
 

Other major OH producing reactions are:  

HCCO + O2 = OH + 2 CO 
 

O + H2 = H +OH 
 

Major OH consumption pathways are reaction of fuel and fuel fragment with OH and the 

heat producing reactions forming CO2 and H2O.  

We also examined overall production consumption reactions for H and O for near 

auto-ignition for mole fraction of toluene XF = 0.15 and strain rates a2 = 200 s-1, 450 s-1 

and 700 s-1. For nonpremixed extinction we considered conditions at strain rate of a2 = 

100 s-1 and strain rate very near extinction for toluene mole fractions XF = 0.14, 0.18, 0.22 

not shown here. Near auto ignition, H is mainly produced by reaction of O atom and OH 

radical with fuel and fuel fragments and consumed by reaction 

H + O2 = O + OH 
 

At ignition and for extinction case, H is mainly produced by reaction of smaller species 

like HCO, C2H2, H2, CO with O or OH. 
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(a) 

 
(b) 

Figure 4.15 Rate of production and consumption pathways for hydroxyl radicals (OH) 

for fixed value of fuel mole fraction XF,1 = 0.15 and strain rates a2 = 400 s-1 for oxidizer 

temperatures Tox (a) just below ignition and (b) at ignition. 
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(a) 

 
(b) 

Figure 4.16 Rate of production and consumption pathways of hydroxyl radicals (OH) for 

fixed value of fuel mole fraction XF,1 = 0.18 for strain rates (a) a2 = 100 s-1  and (b) a2 = 

178 s-1. 
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Premixed flame 

For premixed flame configuration (shock tube), rate of production consumption 

analyses for toluene reactions were performed for toluene, oxygen and argon mixture at 

equivalence ratio ϕ = 0.5 and 1 and pressure P = 1.95 atm as well as ϕ = 1.0 and P = 1.95 

atm and 7.24 atm. Rates of production or consumption were temporally integrated. 

Figure 4.17 (a) and (b) show the rate of production and consumption pathways of 

toluene (C6H5CH3) for ϕ = 0.5 and 1 and pressure P = 1.95 atm to observe the effect of 

lean and stoichiometric mixtures. Thermal decomposition of fuel by unimolecular 

decomposition by third body reaction and forming benzyl and H radicals is significant. 

C6H5CH3 (+M) -> C6H5CH2+H (+M) 
 

This unimolecular reaction is more dominant in stoichiometric mixture compared to lean 

mixture. Other major reactions contributing to toluene consumption are reactions with H 

and OH forming benzyl. Toluene reaction with O forming cresoxy (OC6H4CH3), with 

oxygen (O2) forming benzyl and with H forming benzene occur in smaller amounts.  We 

also plotted the rates of production consumption for ϕ = 1.0 and P = 1.95 atm and 7.24 

atm to see the effect of increased initial pressure as shown in Figure 4.18 (a) and (b). 

Major reactions contributing to consumption of toluene are similar as for ϕ = 0.5 and 1 

and pressure P = 1.95 atm initial conditions. We also examined rates of production 

consumption for OH, H and O and found that major contributing reactions are similar as 

that of nonpremixed at ignition. 
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(a) 

 
(b) 

Figure 4.17 Rate of production and consumption pathways for toluene (C6H5CH3) at (a) 

equivalence ratio ϕ = 0.5 and pressure P = 1.95 atm (b) ϕ = 1.0, P = 1.95 atm. 
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(a) 

 
(b) 

Figure 4.18 Rate of production and consumption pathways for toluene (C6H5CH3) at (a) 

equivalence ratio ϕ = 1.0 and pressure P = 1.83 atm, and (b) ϕ = 1.0, P = 7.24 atm. 

  



86 

 

 

4.5.3 Reaction Pathways Analysis 

Principal pathways of toluene consumption and pathways leading to formation of 

CO and H2 and generated species were investigated for nonpremixed ignition and also for 

premixed (shock tube) ignition conditions. Production and consumption fluxes of those 

species for multiple reaction paths were analyzed to identify important reactions 

pathways and associated species [23]. 

Previous section shows the investigation of the overall rates of production and 

consumption of toluene, OH, H and O. In this section, reaction pathways were analyzed 

at 10%, 50% and 90% fuel consumption locations in reaction zone. Toluene is mainly 

consumed by reaction with OH, O, and H radicals forming radicals like benzyl, cresol, 

methyl-phenyl and benzene. Pathway analysis also shows the relative distribution of 

among channels from fuel to formation into various species. We identified major 

pathways and species formation from fuel to carbon monoxide and hydrogen. Then we 

identified pathways for formation and consumption of those species. We sorted 

production and consumption rates of species in descending order and kept only those 

species having production and/or consumption value above a threshold. 

To demonstrate the path flux analysis, we generated reaction path diagram for 

species from C6H5CH3 to CO and C6H5CH3 to H2 as shown in Figure 4.19 and Figure 

4.21. It is seen that major species formed from toluene consumption are benzyl 

(C6H5CH2), cresoxy (OC6H4CH3), methyl-phenyl (C6H4CH3), cresol (HOC6H4CH3), 

benzene (C6H6), cyclopentadiene (C5H6), and ethylbenzene (C6H5C2H5). The thickness of 

the arrows depict the relative distribution of fuel consumption into next species. Figure 

4.19 shows abundant formation of benzyl radical (blue arrow). Figure 4.20 shows the 
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reactions contributing to the formation of benzyl from toluene. Toluene reaction with 

OH, H, C5H5, and OC6H4CH3 are major channels contributing to the benzyl formation. 

We kept these reactions and associated species in skeletal mechanism. 
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Figure 4.19 Reaction path analysis from toluene fuel (C6H5CH3)  to carbon monoxide 

(CO) at location of 50% fuel consumption for condition very near auto-ignition XF = 0.15 

and a2 = 400 s-1. 

 

Figure 4.20 Absolute rate of production from toluene fuel (C6H5CH3) to benzyl 

(C6H5CH2) radical at location of 50% fuel consumption for condition very near auto-

ignition XF = 0.15 and a2 = 400s-1. 
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Figure 4.21 Reaction path analysis from toluene fuel (C6H5CH3) to hydrogen (H2) at 

location of 50% fuel consumption for condition very near auto-ignition XF= 0.15 and a2 

= 400 s-1. 
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Next, we analyzed pathways from benzyl to carbon monoxide Figure 4.22. From 

Figure 4.22, major channels of benzyl consumption are to ethylbenzene (C6H5C2H5), 

bibenzyl (C14H14), benzyloxy (C6H5CH2O), and benzaldehyde (C6H5CHO). Relative 

thickness of arrows show the distribution of benzyl into subsequent species. There is 

significant amount of formation of C6H5CH2O from benzyl (blue arrow). Figure 4.23 

shows reactions of benzyl with HO2 as major contributor for C6H5CH2O formation.  

From rate of production consumption analysis described in previous section 

together with reaction pathway analysis, we identified major species forming (first 

generation) from toluene and significant reactions contributing the most to formation of 

those species. In the next step, we identified species formed from these first generation 

species and reactions contributing the most to formation of second generation of species. 

We identified direct and indirect species and reactions leading from toluene to CO and H2 

and kept those species and reactions for skeletal mechanism. 
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Figure 4.22 Reaction path analysis from benzyl radical (C6H5CH2) to carbon monoxide 

(CO) at location of 50% fuel consumption for condition very near auto-ignition XF = 0.15 

and a2 = 400 s-1. 

 

Figure 4.23 Rate of production Consumption from benzyl (C6H5CH2) to C6H5CH2O at 

location of 50% fuel consumption for condition very near auto-ignition XF = 0.15 and a2 

= 400 s-1. 
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Conclusion 

Numerical computation and chemical kinetic analysis were performed to elucidate 

the structure and mechanism of extinction and autoignition of toluene flames in a 

counterflow configuration under nonpremixed conditions. Computations were performed 

using detailed chemistry to determine the flame structure and to obtain values for critical 

conditions of extinction and autoignition. Three different mechanisms were applied and 

the results compared with experimental data to select the appropriate mechanism for 

further study. Computations performed for critical condition of extinction agree with 

experimental data for the mechanism employed. Computed temperature and species 

profiles are agreement with experimental results. Non–premixed ignition computations 

are well predicting the trend of increasing ignition temperature with increasing strain rate. 

However computational ignition temperature is higher than experimental data for the 

mechanism employed.  

We also performed sensitivity analysis of rate constant, reaction pathway analysis 

and spatial reaction rate profiles for the mechanism to identify the reactions that control 

the critical conditions of autoignition and extinction. Based on these analyses we 

generated a skeletal mechanism comprising 174 species and 1100 reactions. 

Computations performed for critical condition of ignition, extinction and shock tube 

ignition delay time with skeletal mechanism are within 5% to 10% agreement with 

predictions of detailed mechanism. 

We would further perform chemical kinetic mechanism analysis for discrepancy 

of predication for nonpremixed ignition temperature. We would also perform more 
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iterations of mechanism reduction leading to quasi-steady state analysis and reduced 

mechanism development. 
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 Future Directions 

A computational study was carried to elucidate the influence of carbon monoxide 

(CO) addition to nonpremixed methane (CH4) flames. A numerical investigation was 

carried out to characterize the influence of hydrogen and carbon monoxide on the 

structure and burning velocities of stoichiometric premixed methane flames and to 

elucidate the influence of hydrogen and carbon monoxide addition to critical condition of 

extinction of premixed methane flames. Computational results were compared with 

experimental data for carbon monoxide (CO) addition to nonpremixed methane (CH4) 

flames, for hydrogen addition to critical condition of extinction of stoichiometric 

premixed methane flames and for critical condition of extinction of premixed methane 

flames at various equivalence ratios. Experimental data for burning velocities of 

stoichiometric premixed methane flames with hydrogen and carbon monoxide addition 

and for critical condition of extinction of premixed methane flames with carbon 

monoxide addition can be useful for validation of our analysis. Numerical computations 

carried out with San Diego mechanism for critical condition of extinction of premixed 

methane flames at various equivalence ratio is well predicting the trend of increasing 

extinction strain rate as equivalence ratio increases from lean up to stoichiometric and 

decreasing extinction strain rate as equivalence ratio increases from stoichiometric to 

rich. However, computational results predict overall lower reactivity of methane with air 

than observed in the experiments. This discrepancy of lower overall reactivity of methane 

with air is also observed for computational results of Figure 5.1. In previous study we 

found that critical condition of extinction is very sensitive to rate of reaction: 

CH3 + H (+ M) = CH4 (+ M)                                                                                         (A) 
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Increasing rate of reaction (A) reduces the methane flame reactivity and 

decreasing the rate of this reaction increases the reactivity. Rate of production and 

consumption analysis of above reaction showed that reaction proceeds predominantly in 

forward direction (Figure 5.2). We plotted specific reaction rate constant of reaction (A) 

against temperature using various specific reaction rate constants found in literature. 

Purpose was to compare rate from various sources to revise our rate if needed. As we see 

from Figure 5.3 the overall rates are of same order of magnitude. Next we artificially 

increased the rate of reaction (B) to examine effect of reduced concentration of methyl 

radical on reaction (A) and calculated extinction strain rate of premixed methane flame 

for equivalence ratio 1.0, 1.1, 1.2 (Figure 5.4). 

2 CH3 (+ M) = C2H6 (+ M)                                                                                            (B) 

As we can see from Figure 5.4 this revision did not increase methane flame reactivity. 

We will continue kinetic mechanism analysis by identifying reactions responsible for 

methane flame reactivity and revising rate parameters and minimizing their uncertainties 

to achieve better agreement of predictions with experimental data. 
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(a) 

 
(b) 

Figure 5.1 Strain rate at extinction as a function of O2 Mass fraction for methane and 

diluted air nonpremixed flame for stoichiometric mixture fractions (a) Zst = 0.054542, (b) 

Zst = 0.070199. Experimental data is taken from Tei Newman-Lehman’s work. 
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Figure 5.2 Forward and reverse rate of progress from CH4 to CH3 and of H to CH4 by 

reaction CH3 + H (+ M) = CH4 (+ M).  

 

Figure 5.3 Specific reaction rate constant from various sources against temperature for 

reaction CH3 + H (+ M) = CH4 (+ M).  
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Figure 5.4 The strain rate at extinction as a function of the equivalence ratio. The 

symbols are experimental data from van Duren’s thesis [1], and lines represent 

predictions obtained using the San Diego Mechanism [2][3]. The data was obtained for 

YO2,ox = 0.21 and T1 = T2 = 298 K. 

 

In present work, numerical computation and chemical kinetic analysis were 

performed to elucidate the structure and mechanism of extinction and autoignition of 

toluene flames in a counterflow configuration under nonpremixed conditions. 

Computations were performed using detailed chemistry to determine the flame structure 

and to obtain values for critical conditions of extinction and autoignition. Three different 

mechanisms were applied and the results compared with experimental data to select the 

appropriate mechanism for further study. Mechanisms employed for kinetic modeling are 

well predicting the trend of experimental data for nonpremixed flame. Mechanisms were 
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also validated for laminar flame speed and ignition delay time with experimental data 

elsewhere. However all three kinetic models predicted lower overall reactivity of toluene 

with air than observed in the nonpremixed experiments. We will continue kinetic 

mechanism analysis by revising rate parameters and minimizing their uncertainties. We 

will further reduce the improved Toluene mechanism based on sensitivity, reaction rate 

and species production/consumption path flux analysis. After developing skeletal 

mechanism we will reduce mechanism based on quasi-steady state analysis. 
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