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Combustion in human history: from the early steps…

• 500,000 – 100,000 BP
First use of controlled fire

• 100,000 – 50,000 BP
Routine use of fire

• 500 BC
Heraclitus - Fire as fundamental substance

• 500 – 430 BC
Empedocles – Fire as one of the four elements

Prometheus Brings Fire to Mankind, 1817
Heinrich Friedrich Füger



We came a long way…

Combustion as Oxidation
A. Lavoisier , P. S. Laplace

Chain reaction and thermal ignition (Nobel 1956)
Semenov, Hinshelwood

“The Chemical History of a Candle”
M. Faraday

Phlogiston Theory 
J.B. van Helmont, J. Becher

Theory of gas kinetics, free radicals, elementary reactions and reaction mechanisms for 
combustion applications
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Combustion Science Today
Interference-free composite H-
atom LIF image produced with 
ps excitation in a Φ=1.2 
premixed CH4/O2/ N2 flame. 

Ab initio electronic-structure calculations and 
molecular dynamics simulations

CFD calculations: RANS, 
LES, DNS. Coupling of  
numerical chemistry and 
fluid dynamics

Molecular-beam flame 
sampling and synchrotron-
photoionization mass 
spectrometry analysis
[Science - 24 June 2005]
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CRF - Sandia
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Combustion chemistry

• Combustion is the sequential disassembly of a 
(hydrocarbon) fuel molecule, atom by atom, eventually 
producing stable products (CO2 and H2O)

• All possible chemical species are included with coupled 
differential equations

• Elementary reactions take place between these 
species, with assigned reaction rates

• Chain carriers are free radicals H,  OH,  O, HO2,  
CH3,  others



Chain reactions exist in many forms

 Populations of bacteria
 Populations of people
 Nuclear reactors
 Chemical reactions

dn/dt   =  α n
n(t )  =  no exp α t

α > 0  growth
α < 0  decay
α = 0   stable



Reaction mechanisms

 A reaction mechanism is a collection of the 
reactions that are “important” and their 
rate expressions as functions of 
temperature and pressure



Goals for modeling of large hydrocarbon fuels

• Provide validated chemistry models for combustion in:
Diesel engines
Homogeneous Charge Compression Ignition (HCCI) engines
Spark Ignition (SI) engines
Turbine engines

• Assist in mechanism reduction for simulations with computational 
fluid dynamics (CFD)

• Provide combustion insights from kinetic simulations of engine 
processes



Computational Combustion Chemistry

Fuel  +  (n1) O2 (n2) CO2 +  (n3)  H2O

Rate  =  A  Tn exp[- E / R T ]  [ Fuel ] a [ O2 ] b

Single  reaction  step: Useful  simplification  in  2D  or  3D  simulations

However,  it  misrepresents  actual  reaction  paths



An example:   propane oxidation
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Reaction mechanism construction

Reactions       N2 + O  =  NO + N
N + O2 =  NO + O

d[NO] = k1+ [N2][O]+k2+[N][O2]-k1-[NO][N]-k2-[NO][O]
dt

d[N] = k1+ [N2][O]+ k2-[NO][O]- k1-[NO][N]- k2+[N][O2]
dt

d[O2] = k2-[NO][O] - k2+[N][O2]
dt



Chemical Kinetic Model
Contains a large database of:

Thermodynamic properties of species
Reaction rate parameters

Number of species:

Number of reactions:

7 30 100 450

25 200 400 1500

Fuel: H2 CH4 C3H8 
(Propane)

C6H14 
(Hexane)

C16H34 
(Cetane)

1200

7000

Size of mechanism grows with molecular size:



Chemical kinetic modeling 
for a wide range of fuels and problems

Hydrocarbons
Methane, ethane, paraffins through decane
Natural gas
Alcohols (e.g., methanol, ethanol, propanol
Other oxygenates ( e.g., dimethyl ether,  MTBE, aldehydes )
Automotive primary reference fuels for octane and cetane ratings
Aromatics  (e.g., benzene, toluene, xylenes, naphthalene )
Biodiesel fuels (e.g., alkyl monomethyl esters)
Others
Oxides of nitrogen and sulfur (NOx, SOx)
Metals  (Aluminum, Sodium, Potassium, Lead)
Chlorinated, brominated, fluorinated species
Silane
Air toxic species
Chemical warfare nerve agents



Kinetic modeling covers a wide range of systems

Types of systems studied

Flames Waste incineration
Shock tubes Kerogen evolution
Detonations Oxidative coupling
Pulse combustion Heat transfer to surfaces
Flow reactors Static reactors
Stirred reactors Ignition
Supercritical water oxidation Soot formation
Engine knock and octane sensitivity Pollutant emissions
Flame extinction Cetane number
Diesel engine combustion Liquid fuel sprays
Combustion of metals HE & propellant combustion
CW agent chemistry Gasoline, diesel, aviation fuels
Catalytic combustion CVD and coatings
Material synthesis Chemical process control
many others . . . . Rapid compression machine

These studies provide extensive model validation



Hydrogen oxidation mechanism

Overall     H2 +  ½ O2  H2O  

Actual      H2 +  OH  H2O  +  H
H  +  O2  H  +  OH
H  +  O2  HO2

H2 +  O2  HO2 +  H
………



Rates of elementary reactions

 Reaction   A + B   C + D

Rate  =  k+ =  A  Tn exp[- E / R T ]  [ A ]   [ B ] 

Usually also a reverse reaction   C + D  =  A + B

k- = k+ / Keq with equilibrium constant from thermochemistry

Of k+ k- and Keq, only two are independent

Some authors use k+ and k-, but most use k+ and Keq





Basic parameters for combustion

 Temperature
 Pressure 
 Fuel structure and other properties
 Ratio of fuel to oxidizer
 Large body of kinetic and thermochemical quantities
 Initial and boundary conditions
 Time, residence time
 Chain branching, propagation, termination reactions



We focus on three distinct chain branching 
pathways

1) H + O2  O + OH High T

2) H + O2 + M  HO2 + M Medium T

RH  + HO2  R + H2O2
H2O2 +  M   OH + OH + M          Degenerate chain

branching

3) R + O2  RO2 Low T
RO2  QOOH   O2QOOH   3+ radicals



Chain branching at high temperatures

H  +  O2  O  +  OH
“The most important reaction in combustion”

• Activation energy is relatively high  (16.8 kcal/mol)

• H atoms produced by thermal decomposition of radicals
e.g.  C2H5 ,  C2H3 ,  HCO,  iC3H7 ,  etc.
Activation energies relatively high  ( ~ 30 kcal/mol)

• Therefore this sequence requires high temperatures

• Illustrated best by shock tube experiments



Chain branching at high temperatures  

H  +  O2  O  +  OH

• Chain branching for oxidation, not for pyrolysis

• Lean mixtures ignite earlier than rich mixtures

• Different fuels produce H atoms at different rates, 
and their ignition rates vary correspondingly

• Additives that produce H atoms will accelerate ignition,
and additives that remove H atoms slow ignition





Chain branching often occurs over a series 
of reactions

Chain branching at intermediate temperatures 

H  +  O2 +  M    HO2 +  M

RH  +  HO2  R  +  H2O2

H2O2 +  M    OH  +  OH  +  M

• At temperatures below about 900K,  H2O2 decomposition is 

inhibited, leading to degenerate chain branching (see below)

• At higher temperatures,  H2O2 decomposes as quickly as it is 

formed, leading to conventional chain branching

• Other low temperature chain branching paths can be much longer

than this sequence  (see below)



H2O2 decomposes at a fairly distinct temperature

• Reaction consuming H2O2 is:

H2O2 +  M    OH  +  OH  +  M

k+ =  1.2 x 1017 x  exp(-45500/RT)

• Resulting differential equation is:
d [ H2O2 ]   =   -[ H2O2 ]  [ M ]  k+

d t



Characteristic time for H2O2 decomposition 

d [ H2O2 ]   =   -[ H2O2 ]  [ M ]  k+

d t

define    =  [ H2O2 ] / (d [ H2O2 ]/dt)
 =  1 / ( k+ [M])
 =  8.3 x 10-18 x  exp(22750/T)  x  [M]-1

At RCM conditions, with [M]  ≈ 1 x 10-4 mol/cc, values of  are 
approximately:

7.8 ms at 900K 640 s at 1000K 80 s at 
1100K

At higher compressions (pressures), values of  are smaller at 
comparable temperatures



Rapid compression machine and some turbulent flow reactor 

experiments are controlled by H2O2 decomposition

• Rapid compression machine  (RCM) usually operates in a 

degenerate branching mode

- H2O2 produced at temperatures lower than 900K

- When system reaches H2O2 decomposition temperature, 

ignition is observed

• Many turbulent flow reactor experiments operate at temperatures

between  900  - 1100K where H2O2 decomposes as quickly as it 

is produced





The central role of the high temperature 
chain branching reaction

H  +  O2 =  O  +  OH

Ignition
Flame propagation
Flame inhibition
Sensitization of methane for natural gas
Effects of pressure on oxidation rates from 

competing H + O2 + M reaction



Laminar flames in quenching problems

 Mid-volume quenching in direct injection 
stratified charge (DISC) engine 

 Bulk quenching due to volume expansion in lean-
burn engine mixtures

 Flame quenching at lean and rich flammability 
limits

 Flame quenching on cold walls and unburned 
hydrocarbon emissions from internal combustion 
engines



Causes and implication of flammability limits

H  +  O2 =  O  +  OH
H  +  O2 +  M  =  HO2 +  M

 Law and Egolfopoulos for atmospheric pressure 
flames

 Flynn et al. extensions to engine pressures

Lean limit moves to richer compositions as pressure 
increases, and at engine pressures, lean-limit  
mixtures still produce significant amounts of NOx



Flame quenching on engine walls

 Previous concept of UHC emissions

 Idea of making wall layers thinner

 Simple flame model results at Ford weren’t 
believed

 Detailed modeling results

 Evidence had been there, Wentworth



Pictures of wall quenching

Flame approaching wall Fuel diffuses away from wall
and is rapidly consumed



Flame inhibition

 Halogens
 HBr   Dixon-Lewis, Lovachev    1970’s
 CF3Br   Biordi et al., Westbrook   1980’s

 Organophosphorous compounds (OPC’s)
 Twarowski early studies
 NIST studies, Linteris, Babushok, Gann, etc.
 Korobeinichev, Melius, Jayaweera et al.

 Net removal of H atoms from radical pool reduces 
chain branching from reaction of H + O2 = O + OH



Flame inhibition by halogens

H + HBr  =  H2 + Br
H + Br2 =  HBr + Br
Br + Br   =  Br2

H  +  H   =   H2



Other inhibitors

 Organophosphorus compounds
 Iron and other metal compounds

H + H  =  H2

H + OH  =  H2O
others

 All remove radicals and reduce the overall 
chain branching rates



Hierarchical mechanisms

 H2/O2 is the foundation

 CO/CO2 is the next level

 CH4/CH2O/CH3OH is the next level

 C2H6/C2H4/C2H2 is next

 This pattern continues to C10 and C20

 There are many side branches to this tree





One of the most significant reaction flux 
diagrams in all of combustion chemistry



Delay of final oxidation by fuel







What is next?

 We want to understand the process of 
chemical kinetics

 We want to extend our knowledge base to 
practical hydrocarbon and other fuels

 We want to be able to use kinetic models 
to understand and improve performance of 
engines and other practical combustors



Generation of Detailed Chemical Kinetic Models
for C0−C4 Hydrocarbon and Oxygenated Fuels

Kinetic Reaction Mechanisms
for Hydrocarbon Fuels

Part 1  -- Small molecules

Charles Westbrook

Tsinghua-Princeton 
2014 Summer School on 

Combustion
July 20-25, 2014



• Small hydrocarbon fuel (e.g. methane)

– 200 reactions

– 30 chemical intermediates

• Chemical mechanism

– Kinetics

– Thermodynamics

Chemical Modeling

 Fuel + O2 ‐> CO2 + H2O + Energy



CH4

H2-O2

CH2O

C3 Species

C2H6-C2H4-C2H2

CO

CH3OH

C2H5OH

Hierarchical structure

C.K. Westbrook and F.L. Dryer
Prog. Energy Combust. Sci., 10 (1984) 1–57.
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What does a mechanism look like?

H2O2

OH

HO2

H
O

HO2

H2O2

H2O

Aromatics

Soot
OH

HCO

CO

CO2

C2H3

CH4

CH3

CH3O

CH2O

CH3OH

CH2OH

O2

O2

C2H5

C2H6

C2H4

C2H2

CH3OO

CH3OOH

Hydrogen Methane

8 Species ‐ 20 Reactions 30 Species ‐ 200 Reactions

Propane

100 Species ‐ 400 Reactions

Courtesy of William Pitz, Lawrence Livermore National Laboratory





Dominance of H2/O2 Reactions

For nearly all hydrocarbon oxidation, no matter 
how large or small the fuel molecule, at high 
temperatures, the reactions of H2/O2 have the 
greatest sensitivity controlling the overall rate of 
reaction.  This is true in flames, detonations, shock 
tubes, and many other practical combustors.



CHi

O2

OH

Oxidation

CH3OOH

CH3OH

CH2OH

CH3OO

CH 3

CH3O

CH2O

HCO

CO

CO2

C2H6

C2H5

C2H4

C2H3

C2H2

Aromatics

Soot

Pyrolysis

O2

CH 4

NOx

Detailed Kinetics of Methane Combustion

More than the correct rate parameters of specific 
reaction, it is important to include   all the 
relevant reactions and the proper relative 

selectivity of parallel reaction paths.

Slide courtesy of Prof. E. Ranzi



Small molecule kinetic mechanisms

• In small molecule kinetics, each elementary 
reaction is treated individually

• Extensive validation experiments usually exist
• Many of the elementary reactions are rather 
idiosyncratic or unusual

• Principal reactions are usually
• H + O2 =  O + OH
• CO + OH  =  H + CO2



One of the most significant reaction 
flux diagrams in all of combustion 
chemistry (J. Warnatz, 18th Symposium)



Reaction       Af nf Eaf               Ar nr Ear

k = A Tn exp(‐Ea/RT)Reaction mechanism

c2h5oh = c2h4+h2o 1.25E+14 0.1 6.70E+04 1.11E+07 1.77 8.08E+03

c2h5oh = ch2oh+ch3 2.00E+23 -1.68 9.64E+04 8.38E+14 -0.22 7.02E+03

c2h5oh = c2h5+oh 2.40E+23 -1.62 9.95E+04 9.00E+15 -0.24 4.65E+03

c2h5oh = ch3cho+h2 7.24E+11 0.1 9.10E+04 4.91E+07 0.99 7.50E+04

c2h5oh+o2 = pc2h4oh+ho2 2.00E+13 0 5.28E+04 2.19E+10 0.28 4.43E+02

c2h5oh+o2 = sc2h4oh+ho2 1.50E+13 0 5.02E+04 1.95E+11 0.09 4.88E+03

c2h5oh+oh = pc2h4oh+h2o 1.81E+11 0.4 7.17E+02 4.02E+08 0.92 1.79E+04

c2h5oh+oh = sc2h4oh+h2o 6.18E+10 0.5 -3.80E+02 1.63E+09 0.83 2.39E+04

c2h5oh+oh = c2h5o+h2o 1.50E+10 0.8 2.53E+03 7.34E+09 0.91 1.72E+04

c2h5oh+h = pc2h4oh+h2 1.88E+03 3.2 7.15E+03 3.93E-01 3.83 9.48E+03

c2h5oh+h = sc2h4oh+h2 8.95E+04 2.53 3.42E+03 2.21E+02 2.97 1.28E+04

c2h5oh+h = c2h5o+h2 5.36E+04 2.53 4.41E+03 2.47E+03 2.74 4.19E+03

c2h5oh+ho2 = pc2h4oh+h2o2 2.38E+04 2.55 1.65E+04 2.88E+03 2.48 2.83E+03

c2h5oh+ho2 = sc2h4oh+h2o2 6.00E+12 0 1.60E+04 8.59E+12 -0.26 9.42E+03

c2h5oh+ho2 = c2h5o+h2o2 2.50E+12 0 2.40E+04 6.66E+13 -0.48 7.78E+03



 Large number of reactions in a combustion mechanism

 Direct experimental determination often difficult for elementary reactions over a 
wide range of temperature and pressure

 Few experimental data, limited to light species

 Estimation methods:

• Collision theory (kinetic theory gas) pre‐exponential A, radical combination

• correlations between structure and reactivity

• LFER (Linear Free Energy Relationships) ex: Evans‐Polanyi

• methods based on the Transition State Theory (estimation of the TS)

• quantum calculation and TST

Rate constant

Slide courtesy of Dr. Pierre‐Alexandre Glaude



 Review
• D.L. Baulch, C.T. Bowman, C.J. Cobos, Th. Just, J.A. Kerr, M.J. Pilling, D. 

Stocker, J. Troe, W. Tsang, R.W. Walker and J. Warnatz, Phys. Chem. Ref. Data, 
34, 757 (2006)

• Tsang,W., Hampson, R. F., J. Phys. Chem. Ref. Data 15:3 (1986)
• Tsang,W., J. Phys. Chem. Ref. Data 20:221 (1991)

 On‐line mechanisms:
• Estimated rate constants for most reactions, to handle and mix carefully
• GRI‐mech, LLNL, Leeds, Konnov, NUIG, POLIMI, Jet‐Surf, UCSD…

 Good website for general links: http://c3.nuigalway.ie/links.html

 On‐line databases 
NIST Chemical Kinetics Database, Standard Reference Database 17
http://kinetics.nist.gov/kinetics/index.jsp

Databases

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Low p, High T: 1.0% MB,  = 1.0 in Ar, P5 = 1 atm 

S. Dooley, H.J. Curran, J.M. Simmie
Combust. Flame, 153 (2008) 2–32.

Reduced reactivity

Enhanced reactivity

CH3 + HO2 = CH4 + O2

MB + H
MB + X = MB3J + XH

MB + X = MBMJ + XH
CH3 + CH3 = C2H6

MB + OH
HO2 + OH = H2O + O2

HO2 + H = H2 + O2

MB + X = MB2J + XH
CH3 + O = CH2O + H
OH + H2  = H + H2O

CH2O + H = HCO + H
MB + X = MB4J + XH

CH2O + OH = HCO + H2O
C2H4 + X = C2H3 + XH

MB + CH3

C2H3 + O2 = CH2CHO + O
CH3 + HO2 = CH3O + OH

MB Decomposition
H + O2 = OH + O

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Sensitivity coefficient

 1300 K
 1600 K



Developing a mechanism

 Detailed chemical kinetic mechanism for C1—C2 
HC and oxygenated HC species including:

– CH4, C2H6, C2H4, C2H2

– CH2O, CH3OH, CH3CHO, C2H5OH

Measured/ab‐initio rate constants if possible

 Validated over a wide range of conditions



Flat Flame Burner

Experimental Studies: Engine Relevant

Rapid Compression Machine Shock Tube

Jet Stirred Reactor



International Journal of Chemical Kinetics 45, 638-675 (2013)



Other “core” small molecule kinetic mechanisms

• Universite de Nancy (F. Battin‐LeClerc)
• Polytecnico Milano (T. Faravelli)
• University of Southern California/Stanford (H. 
Wang

• CNRS (P. Dagaut)
• Chemkin (E. Meeks, C. Naik)
• MIT (W. Green)
• Lund University (A. Konnov)
• Tokyo University (A. Miyoshi)



Important trend

It is very likely that all of these small molecule 
kinetic mechanisms will steadily converge to a 
common family of reactions, reaction rates and 
reaction pathways.  



Range of validation

Fuel
Shock
Tube

Jet‐Stirred
Reactor

Flow Reactor Flame
Speed

Flame 
Speciation

Methane     

Ethane   

Ethylene     

Acetylene    

Formaldehyde  

Acetaldehyde  

Methanol   

Ethanol     

Temperature / K 833—2500  800—1260  600—1400  295—600  300—2300 
Pressure (atm) 0.65—260  1—10  1.0—59.2 1—10 0.03—0.05
Equivalence ratio 0.06—6.0 0.25—5.0  0.05—5.0 0.4—2.2 0.75—2.4
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-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Decrease
Reactivity

Increase
Reactivity

Sensitivity Coefficient

  = 0.6
  = 1.1
  = 1.4

Sensitivity Analysis—CH4 Flame Speed
p = 1.0 atm, Ti = 298 K



Ḣ + O2 = Ö + ȮH

Z. Hong, D.F. Davidson, E.A. Barbour, R.K. Hanson
Proc. Combust. Inst. 33 (2011) 309–316.

k = 1.04× 1014 exp(–15286/RT) cm3 mol-1 s-1



CO + ȮH = CO2 + Ḣ

A.V. Joshi, H. Wang
Int. J. Chem. Kinet. 38 (1) (2006) 57–73.

k = 7.015× 1014 T2.053 exp(355.7/RT) cm3 mol‐1 s‐1
+ 5.757× 1012 T–0.664 exp(–331.8/RT) cm3 mol‐1 s‐1



Sensitivity Analysis—CH4 Flame Speed
p = 1.0 atm, Ti = 298 K
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1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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3.0x1012

3.5x1012
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103 K / T

HCȮ + O2 = CO + HȮ2

Timonen et al. 
used in AramcoMech

k = 7.58 × 1012 exp(−410/RT) cm3 mol−1 s−1



HCȮ+M = Ḣ + CO + M

0.5 1.0 1.5 2.0 2.5 3.0 3.5
101
102
103
104
105
106
107
108
109

1010
1011
1012
1013
1014

Hidaka
 Cribb
 Cherian
 Westbrook
 Bowman
 Browne
 Schecker
 Timonen
 Krasnoperov
 Hochanadel
 Campbell
 Wang
 Ahumada
 Baldwin
 Friedrichsk 

(c
m

3 /m
ol

/s
)

103 K / T

k = 5.7 × 1011 T0.66 exp(−14870/RT) cm3 mol−1 s−1
120% of the value of Li et al. IJCK 2007 39:109.



HCȮ + M: large influence on CH3OH SL

HCO+O2<=>CO+HO2

HO2+OH<=>H2O+O2

H+O2(+M)<=>HO2(+M)

H+OH+M<=>H2O+M

H2+O2<=>H+HO2

HO2+HO2<=>H2O2+O2

HO2+H<=>OH+OH

CO+OH<=>CO2+H

HCO+M<=>H+CO+M

H+O2<=>O+OH
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HCȮ + M: large influence on CH3OH SL

Li et al. HCO+M
in AramcoMech

p = 1 atm, Ti = 343 K

Li et al. 
HCO+M=H+CO+M
CH3OH+OH=CH3O+H2O
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CH3OH + ȮH = products
Xu and Lin: CH2OH + H2O

Bott and Cohen: CH2OH + H2O

Xu and Lin: CH3O + H2O

Bott and Cohen: CH3O + H2O



Alcohol + ȮH = RȮ + H2O
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ĊH3 + Ḣ (+ M) = CH4 (+ M)
AramcoMech —
USC Mech II            —
San Diego Mech —
GRI Mech 3.0          ∙ ∙ ∙ 
Klippenstein et al. – ∙ –
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Effect of ĊH3 + Ḣ (+ M) = CH4 (+ M)
AramcoMech ——
GRI Mech 3.0         – – –
+ all colliders1.0    ∙ ∙ ∙ ∙

Methane‐air SL
Ti = 298 K

Solid: Lowry et al.

Semi‐solid: Gu et al.

Open: Rozenchan et al.



Sensitivity Analysis—CH4 ST 
1250 K, 30 atm

CH3+CH3(+M)<=>C2H6(+M)
HO2+HO2<=>H2O2+O2

CH4+H<=>CH3+H2

H+O2(+M)<=>HO2(+M)
CH3+HO2<=>CH4+O2

CH4+OH<=>CH3+H2O
CH3O(+M)<=>CH2O+H(+M)

CH2O+O2<=>HCO+HO2

CH3O2+CH3<=>CH3O+CH3O
H+O2<=>O+OH

CH4+HO2<=>CH3+H2O2

CH3+HO2<=>CH3O+OH
CH3+O2<=>CH2O+OH
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ĊH3 + O2→products
 ĊH3 + O2 (+M) = CH3Ȯ2 (+M) (Fernandes et al. JPCA 2006 110:4442) 
 ĊH3 + O2 = CH2O+ ȮH (S. Klippenstein, private communication)

 ĊH3 + O2 = CH3Ȯ + Ö (Srinivasan et al. 2005 JPCA 2005 109:7902)
Sensitivity of  to thermochemistry

900 K, 20 atm 

@ 298 K
(kcal mol–1)

@ 298 K
(cal K–1 mol–1)

Original 2.20 64.36
(Simmie et al.) 2.92 64.50
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Effect of thermochemistry 
 ĊH3 + O2⇌ CH3Ȯ2 

 CH3Ȯ2 + ĊH3 = CH3Ȯ + CH3Ȯ

CH4/air oxidation
pc = 18.8 atm 
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Influence of choice of ĊH3 + O2 on 
20% CH4, 13.3 % O2, 66.7% N2

 = 3.0, p = 40 atm

AramcoMech  —–
Herbon et al.        —–
Srinivasan et al. ‐ ‐ ‐
GRI Mech 3.0       ∙ ∙ ∙
San Diego            – ∙ –
USC II       – ∙ ∙ –



CH3+CH3(+M)<=>C2H6(+M)
HO2+HO2<=>H2O2+O2

CH4+H<=>CH3+H2

H+O2(+M)<=>HO2(+M)
CH3+HO2<=>CH4+O2

CH4+OH<=>CH3+H2O
CH3O(+M)<=>CH2O+H(+M)

CH2O+O2<=>HCO+HO2

CH3O2+CH3<=>CH3O+CH3O
H+O2<=>O+OH

CH4+HO2<=>CH3+H2O2

CH3+HO2<=>CH3O+OH
CH3+O2<=>CH2O+OH
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Sensitivity Analysis—CH4 ST 
1250 K, 30 atm



ĊH3 + HȮ2 branching ratio

CH3Ȯ + ȮH  CH4 + O2
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CH3+CH3(+M)<=>C2H6(+M)
HO2+HO2<=>H2O2+O2

CH4+H<=>CH3+H2

H+O2(+M)<=>HO2(+M)
CH3+HO2<=>CH4+O2

CH4+OH<=>CH3+H2O
CH3O(+M)<=>CH2O+H(+M)

CH2O+O2<=>HCO+HO2

CH3O2+CH3<=>CH3O+CH3O
H+O2<=>O+OH

CH4+HO2<=>CH3+H2O2

CH3+HO2<=>CH3O+OH
CH3+O2<=>CH2O+OH
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Sensitivity Analysis—ST ignition delay
1250 K, 30 atm



ĊH3 +ĊH3 (+M) = C2H6 (+M)

Wang et al. 2003      –—–
GRI Mech 3.0            – – –
Kiefer et al.                 ∙ ∙ ∙ ∙
Oehlschlaeger et al – ∙ –
Klippenstein et al  – ∙ ∙ –
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H+O2(+M)<=>HO2(+M)
CH3+CH3<=>H+C2H5
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Stewart PH, Larson CW, Golden DM. Pressure and temperature dependence
of reactions proceeding via a bound complex. 2. Application to

2CH3 = C2H5 + H. Combustion and Flame 1989;75:25–31.

C2H6 SL
p = 1 atm T = 298 K

ĊH3 +ĊH3 branching ratio

ĊH3 +ĊH3 (+M) = Ċ2H5 + Ḣ (+M)

C2H6    –—–
Ċ2H5 + Ḣ – – –

ĊH3 +ĊH3 (+M) = Ċ2H5 + Ḣ (+M)

ĊH3 +ĊH3 (+M) = C2H6 (+M)
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Sensitivity Analysis—C2H6 Flame Speed
p = 1.0 atm, Ti = 298 K
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Ḣ + C2H4 high‐pressure limit

J.A. Miller, S.J. Klippenstein The H+C2H2 (+M)⇄ C2H3 (+M) and H+C2H4 (+M)⇄C2H5
(+M) reactions: Electronic structure, variational transition‐state theory, and solutions to a two‐dimensional
master equation. Phys. Chem. Chem. Phys. 2004 6 1192—1202.



Ċ2H5 = C2H4 + Ḣ high‐pressure limit

J.A. Miller, S.J. Klippenstein The H+C2H2 (+M)⇄ C2H3 (+M) and H+C2H4 (+M)⇄C2H5
(+M) reactions: Electronic structure, variational transition‐state theory, and solutions to a two‐dimensional
master equation. Phys. Chem. Chem. Phys. 2004 6 1192—1202.



Ċ2H5 = C2H4 + Ḣ

J.A. Miller, S.J. Klippenstein The H+C2H2 (+M)⇄ C2H3 (+M) and H+C2H4 (+M)⇄C2H5
(+M) reactions: Electronic structure, variational transition‐state theory, and solutions to a two‐dimensional
master equation. Phys. Chem. Chem. Phys. 2004 6 1192—1202.



Ḣ + C2H2 = Ċ2H3

J.A. Miller, S.J. Klippenstein The H+C2H2 (+M)⇄ C2H3 (+M) and H+C2H4 (+M)⇄C2H5
(+M) reactions: Electronic structure, variational transition‐state theory, and solutions to a two‐dimensional
master equation. Phys. Chem. Chem. Phys. 2004 6 1192—1202.



Ḣ + C2H2 = Ċ2H3

J.A. Miller, S.J. Klippenstein The H+C2H2 (+M)⇄ C2H3 (+M) and H+C2H4 (+M)⇄C2H5
(+M) reactions: Electronic structure, variational transition‐state theory, and solutions to a two‐dimensional
master equation. Phys. Chem. Chem. Phys. 2004 6 1192—1202.



H+O2(+M)<=>HO2(+M)
CH3+CH3<=>H+C2H5

HO2+OH<=>H2O+O2

HCO+O2<=>CO+HO2

H+OH+M<=>H2O+M
CH3+H(+M)<=>CH4(+M)

C2H3+H<=>C2H2+H2

HCO+H<=>CO+H2

C2H2+H(+M)<=>C2H3(+M)
CH3+OH<=>CH2OH+H
C2H4+OH<=>C2H3+H2O

HO2+H<=>OH+OH
HCO+M<=>H+CO+M

C2H4+H(+M)<=>C2H5(+M)
CO+OH<=>CO2+H

H+O2<=>O+OH
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Sensitivity Coefficient

  = 0.6
  = 1.1
  = 1.4

Sensitivity Analysis—C2H6 Flame Speed
p = 1.0 atm, Ti = 298 K



H+O2(+M)<=>HO2(+M)
C2H5+O2<=>C2H4+HO2

HO2+OH<=>H2O+O2

C2H6+H<=>C2H5+H2

HO2+HO2<=>H2O2+O2

CH3+HO2<=>CH4+O2

C3H8(+M)<=>CH3+C2H5(+M)
CH3+CH3(+M)<=>C2H6(+M)

C2H4+OH<=>C2H3+H2O
C2H4+H(+M)<=>C2H5(+M)

H+O2<=>O+OH
H2O2(+M)<=>OH+OH(+M)
C2H6+HO2<=>C2H5+H2O2
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p = 30 atm, Ti = 1250 K



C2H4 + ȮH = Ċ2H3 + H2O

SS Vasu, Z. Hong, DF Davisdon, RK Hanson, DM Golden, Shock Tube/Laser Absorption Measurements of the Reaction Rates of OH 
with Ethylene and Propene. Journal of Physical Chemistry A 2010;114:11529–11537.



C2H4 + ȮH

C2H4 + ȮH  = Ċ2H3 + H2O
= ĊH3 + CH2O
= CH3CHO + Ḣ
= C2H3OH + Ḣ
= pĊ2H4OH

Below 1000 K, addition is also important. Direct abstraction agrees within 35% of the faster 
Vasu et al. value from 500—2000 K. We use Vasu et al. value for abstraction.

JP Senosiain, SJ Klippenstein, JA Miller, Reaction of Ethylene with Hydroxyl Radicals: A Theoretical 
Study. Journal of Physical Chemistry A 2006;110:6960–6970.
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Evans‐Polanyi type correlations 
Empirical relationships linking the activation energy to the internal energy of the 
reaction (chemical driving force) and to an intrinsic energy barrier E0 (chemical inertia)

LFER relationships

‡G = ‡G0 + arG0

Allow to calculate k (Hammet equation)

Evans‐Polanyi relationships

Ea = ‡H0 + a rH0

Valid for reactions going through the same reaction channel (similar structures of the 
TSs). Hazardous extrapolations.

Courtesy of Dr. Pierre-Alexandre Glaude



Correlation for H‐abstractions  on a C‐atom or a N‐atom (Dean and Bozzelli, 1999)

k  = nH A Tn exp (–{E0 –f(H0 –H)}/RT) cm3 mol‐1 s‐1
nH number of equivalent abstractable H‐atoms

RH + ·X  R· + HX 

Formation of a radical center on C‐atom, reference: ethane
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Courtesy of Dr. Pierre-Alexandre Glaude

Evans‐Polanyi type correlations 



n‐Propanol oxidation

H3C CH2 CH2 OH -H

H3C CH2 CH OH

H3C CH CH2 OH

H2C CH2 CH2 OH

H3C CH2 CH2 O



H3C CH2 CH OH CH2 CH OH + CH3

+H3C CH2 CH O H

HH3C CH CH OH +

n‐Propanol ‐radical decomposition



“Enols Are Common Intermediates in Hydrocarbon Oxidation”
Craig A. Taatjes, et al. Science 308, 1887 (2005)

Photoionization mass spectrometry of flames

– Detected substantial quantities of 2, 3, & 4‐carbon enols

– Ethenol detected for: allene, propyne, benzene, cyclohexane, 1,3‐
butadiene, ethanol, propene, cyclopentene, ethene and 1‐propanol

– Ethenol below detection for: ethane, methane, propane, and 2‐
propanol flames



Alkyl radical decomposition

H

EF
ER

C2H5
C2H4 + H



H3C CH2 CH OH CH2 CH OH + CH3

+H3C CH2 CH O H

HH3C CH CH OH +

n‐Propanol ‐radical decomposition



Alkyl radical decomposition

Reaction A‐factor Tn Ea (cal/mol)
C2H4 + H = C2H5 1.70  1010 1.07 1450.
C3H6 + H = iC3H7 4.24  1011 0.51 1230.
C3H6 + H = nC3H7 2.50  1011 0.51 2620.
C2H4 + CH3 = nC3H7 1.76  104 2.48 6130.
C2H4 + C2H5 = nC4H9 1.32  104 2.48 6130.
C3H6 + CH3 = sC4H9 1.76  104 2.48 6130.
C3H6 + CH3 = iC4H9 1.89  103 2.67 6850.

iC4H8 + CH3 = neoC5H11 1.30  103 2.48 8520.



Hydrogen addition

Reaction
Ho,‡ / kcal mol–1 Ea / kcal mol–1

CBS‐QB3 CBS‐APNO 2006 Study

CH2=CH2 0.65 1.31 1.45

CH2=CH(CH3) ─ 0.81 1.23

CH2=CH(OH) ─ 0.72 ─

CH(CH3)=CH2 1.96 2.34 2.62

CH(OH)=CH2 3.51 3.68 ─



Methyl addition

Reaction
Ho,‡ / kcal mol–1 Ea / kcal mol–1

CBS‐QB3 CBS‐APNO 2006 Study

CH2=CH2 6.14 6.38 6.13

CH2=CH(CH3) 5.90 6.24 6.13

CH2=CH(OH) 6.41 6.62 ─

CH(CH3)=CH2 7.31 7.53 6.85

CH(OH)=CH2 8.70 8.91 ─



Ethyl addition

Reaction
Ho,‡ / kcal mol–1

CBS‐QB3 CBS‐APNO
CH2=CH(OH) 6.28 6.33
CH(OH)=CH2 7.74 7.86



CH3CH2CHOH = products?

Reaction Ar nr Ear
CH3CH2CH=O + H 8.00  1012 0.00 9500.
CH2=CHOH + CH3 1.76  104 2.48 6130.
CH3CH=CHOH + H 2.50  1011 0.51 2620.

Af nf Eaf
A 7.03  1009 0.99 32590.
B 5.01  1010 1.04 30450.
C 5.46  1011 0.34 35630.

H3C CH2 CH OH CH2 CH OH + CH3

+H3C CH2 CH O H

HH3C CH CH OH +



CH3CH2CHOH = products?
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Now we move on to larger fuels

 Boundary between “small” and “large” fuel 
molecules is somewhat arbitrary, however ...

 C5 fuels have much more low T kinetics than C4
 C6 fuels have much more low T kinetics than C5
 C6 and larger molecules have lots of low T 
reaction pathways, “cool flames”, and lower ON 
values than smaller fuels



Generation of Detailed Chemical Kinetic 
Models for Hydrocarbon and 

Oxygenated Fuels Larger than C5

Kinetic Reaction Mechanisms
for Hydrocarbon Fuels

Part 2  ‐‐ Larger molecules

Charles Westbrook

Tsinghua-Princeton 
2014 Summer School on 

Combustion
July 20-25, 2014



• Small hydrocarbon fuel (e.g. methane)

– 200 reactions

– 30 chemical intermediates

• Chemical mechanism

– Kinetics

– Thermodynamics

Chemical Modeling

• Fuel + O2 ‐> CO2 + H2O + Energy



Chemical Kinetic Model

Contains a large database of:

Thermodynamic properties of species
Reaction rate parameters

Number of species:

Number of reactions:

7 30 100 450

25 200 400 1500

Fuel: H2 CH4 C3H8 
(Propane)

C6H14 
(Hexane)

C16H34 
(Cetane)

1200

7000

Size of mechanism grows with molecular size:



Dominance of H2/O2 Reactions

For nearly all hydrocarbon oxidation, no matter 
how large or small the fuel molecule, at high 
temperatures, the reactions of H2/O2 have the 
greatest sensitivity controlling the overall rate of 
reaction.  This is true in flames, detonations, shock 
tubes, and many other practical combustors.
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Chemical Kinetic Modeling

Determine 
thermo‐

chemical & 
transport 
properties

Conduct 
controlled 
validation 

experiments

Simulate 
experiments 

using 
computer 
model

Compare 
experiments 

with 
computer 
simulation

Generate 
elementary 
reaction set 
and assign 
reaction 
rates

Frenklach et al. Prog. Energy Combust. Sci. 18 (1992)

Simmie et al. Prog. Energy Combust. Sci. 29 (2003)

Chemical Kinetic Modeling Process Cycle



Strategy for generation of large fuel 
molecule mechanisms

• Number of species and reactions grows rapidly
• Considerable complexity in mechanisms
• Few, if any, elementary reactions have been studied 
in laboratory conditions, few rates known

• Growing number of heavy atoms discourages many 
theoretical approaches to study these species and 
reactions

• Emergence of “bookkeeping” issues
• “Reaction classes” are a useful system to use in 
mechanism development



Reaction classes for oxidation chemistry

High temperature mechanism

1: Unimolecular fuel decomposition
2: H atom abstractions from fuel
3: Alkyl radical decomposition
4: Alkyl radical isomerization
5: H atom abstraction from alkenes
6: Addition of radical species to alkenes
7: Alkenyl radical decomposition
8: Alkene decomposition
9: Retroene decomposition reactions



Reaction classes for oxidation chemistry
Low temperature mechanism

10: Alkyl radical addition to O2 (R + O2 = RO2)
12,13, and 14: R + R’O2 = RO + R’O
15: Alkylperoxy radical isomerization (RO2=QOOH)
16: Concerted eliminations (RO2 = alkene + HO2)
17: RO2 + HO2 = ROOH + O2
18: RO2 + H2O2 = ROOH + HO2
19: RO2 + CH3O2 = RO + CH3O +O2
20: RO2 + R’O2 = RO + R’O + O2
21: ROOH = RO + OH
22: RO decomposition
23: QOOH = cyclic ether + OH (cyclic ether formation)
24: QOOH = alkene+ HO2 (radical beta to OOH)
25: QOOH = alkene + carbonyl + OH (radical gamma to OOH)
26: Addition of QOOH to molecular oxygen O2 (QOOH+O2=O2QOOH)
27: O2QOOH isomerization to carbonylhydroperoxide + OH
28: Carbonylhydroperoxide decomposition
29: Reactions of cyclic ethers with OH and HO2



Test molecule

Bond dissociation energies
Primary: ~103 kcal/mol
Secondary: ~98 kcal/mol
Tertiary: ~94 kcal/mol

4-methylheptane
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1: Unimolecular fuel decomposition

• Unimolecular fuel decomposition reactions produce either an alkyl radical and an H atom or 
two alkyl radicals. 

• Path leading to H radicals are only important in reverse directions where they can be an 
important sink for H atoms 

k = 1x1013 cm3 mol-1 s-1 Recommended by Allara and Shaw, 
J. Chem. Phys. Ref. Data 1980



1: Unimolecular fuel decomposition

• Very high activation energies are required (85-95 kcal/mol for C-C 
bond scission)

• How many unique bond scissions are there in 4-methylheptane?



1: Unimolecular fuel 
decomposition

The geometric mean rule, relates the self 
combination rate coefficients of two radicals 
and their cross combination rate coefficient

kAB = 2(kAAkBB)1/2,
where kAB is the rate coefficient for the cross 
reaction, while kAA and kBB are the rate 
coefficients for the self reactions. Klippenstein et al. Phys. Chem. Chem. Phys., 2006, 



2: H atom abstractions from fuel

• Abstraction of H atoms from the fuel by radical species (e.g., H, 
OH, HO2, CH3, etc.)

• H atoms can be abstracted from primary (1), secondary (2), or 
tertiary (3) carbon sites.  

• The rate constant depends on the radical species and the type 
of H atom being abstracted.  Primary H atoms have the 
strongest bond C-H energies are the most difficult to abstract, 
while tertiary H atoms are the weakest and most easily 
abstracted.  

• How many unique H-atom abstractions are there?



2: H atom abstractions from fuel
• Rate constant rules typically provided on a per H-atom basis

Orme et al. J. Phys. Chem. A 2006

4-methylheptane

P 

S 
S S 

S 

P 

P T 

• Which abstractors are 
the most important in 
fuel oxidation and 
pyrolysis?
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2: H atom abstractions from fuel

• Rate constants for abstraction by OH

per H‐atom basis per C site basis
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2: H atom abstractions 
from fuel

• Rate constants for abstraction by OH
• Finer considerations take into account 

next-nearest-neighbor (NNN) 
configurations and different types of H-
atoms (in-plane/out-of-plane).

Sivaramakrishnan et al. J 
Phys Chem A 2009



2: H atom abstractions from fuel

• Rate constants for abstraction 
by various radicals

• OH and H are the most 
reactive

• O radical is also very reactive, 
but usually present in small 
concentrations

• HO2 is notably less reactive, 
but it leads to H2O2 which 
decomposes to 2 OH

per H‐atom basis from a secondary site
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H-atom abstraction from fuel:
Uncertainty in HO2+fuel rate

CSM rates are a 2-4x 
faster than KIT-NUI rate 
calculations for n-
butane/iso-butane 
systems.

Aguilera-Iparraguirre et 
al., J. Phys. Chem. A 
(2008)

Carstensen et al., Proc. 
Combust. Inst. (2007)

KIT-NUI rate calculations 
appear to be in better 
agreement with 
experimental work.
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Uncertainty in HO2+fuel rate:
Effect on shock tube ignition delay time

LLNL uses KIT-NUI rate 
calculations as a rule for 
large branched alkanes.

1
2

3
4

5
6

7

1 2-methylheptane

a

a

b
c

d
e

f
g

Applying CSM estimates 
would improve 
intermediate temperature 
predictions.



3: Alkyl radical decomposition

• Alkyl radicals undergo -scission of C-C and C-H bonds 
to form a radical and an alkene.  

• Bond once removed (i.e., ) from the radical site 
breaks to form a stable molecule an radical.

• -scissions of C-H are negligible compared to C-C 
bond scissions in the forward direction. 

• How many -scissions are possible?



3: Alkyl radical decomposition

Curran, H.J. Int. J. Chem. Kin. 28 (4) (2006) 250‐275

• Recombination rates for H-atom addition to an alkene (i.e., 
reverse of -scission). 

Reaction A

(cm3 mol-1 s-1) 

n EA 

(kcal) 

Analogous reaction from

Curran et al. IJCK 2006 

H + C8H16-1-4 = C8H17-1-4 2.50E+11 0.51 2,620 H + C3H6 = nC3H7

H + C8H16-2-4 = C8H17-2-4 4.24E+11 0.51 1,230 H + C3H6 = iC3H7

H + C8H16-3-4 = C8H17-4-4 1.06E+12 0.51 1,230 H + iC4H8 = tC4H9

 



3: Alkyl radical decomposition

• Rates of -scission reactions involving C-C bonds

I.A. Awan, W.S. McGivern, W. Tsang, J.A. Manion, J. Phys. 
Chem. A 114 (2010)

Reaction A

(cm3 mol-1 s-1) 

n EA 

(kcal) 

Reference

C7H15-2a = C3H6 + pC4H9 3.68E+15 -0.56 31,359 Awan JPC A 2010

C7H15-2a = CH3 + C6H12-1 9.55E+14 -0.59 30,592 Awan JPC A 2010

C7H15-2b = nC3H7 + iC4H8 1.71E+12 0.31 26,610 Awan JPC A 2010

C7H15-2c = C2H5 + C5H10-1-2 3.08E+13 0.03 28,992 Awan JPC A 2010

C7H15-2c = CH3 + C6H12-2 1.77E+13 0.11 30,542 Awan JPC A 2010

C7H15-2d = CH3 + C6H12-1-2 6.98E+12 0.16 24,963 Awan JPC A 2010

C7H15-2d = iC3H7 + C4H8-1 9.55E+14 -0.59 30,592 Awan JPC A 2010

C7H15-2e = C3H6 + C6H12-1-2 1.06E+13 0.07 27,125 Awan JPC A 2010

C7H15-2f = C2H4 + C5H11-1-2 2.64E+15 -0.55 31,136 Awan JPC A 2010

 

2-methylhexane



4: Alkyl radical isomerization

• Alkyl radical decompositions cannot be separated from radical 
isomerizations

W. Tsang, W.S. McGivern, J.A. Manion, Proc. Combust. Inst. 32 (2009) 

• These reactions involved 
transfer of H-atoms 
within the molecule

• Typically more important 
under fuel rich conditions 
and at temperatures 
where decomposition are 
less favored



4: Alkyl radical isomerization

• The rate constant for these reactions depends on the nature of 
the broken C-H bond (i.e., primary, secondary, or tertiary) and 
on the ring strain energy barrier. 

• Isomerization reactions involving 5-member, 6-member, and 7-
member transition state ring are most important

• Radical isomerizations involving fewer than five and greater 
than seven members are much slower.  

• How many unique isomerizations are there?



4: Alkyl radical isomerization

D.M. Matheu, W.H. Green, J.M. Grenda, Int J Chem Kin 2003

• Evans-Polyani correlations 
present a general rate rule 
approach for isomerization 
rate constants

• Ers is activation energy 
compensated for ring strain

• DHrxn is the heat of reaction 
in the exothermic direction



so where are we now?

• Fuel has been 
decomposed to 
smaller radicals and 
alkenes

• Need to 
oxidize/consume 
larger intermediates to 
smaller species



5: H atom abstraction from alkenes

allylic hydrogens

vinylic hydrogens
alkylic hydrogens

• The addition of a double bond in alkene molecules presents additional 
complexity in describing/modeling their combustion chemistry.

• H-abstraction from the b-position to the double bond results in electron 
delocalization in the emerging alkenyl radical.

• The enthalpy of reaction of the initiations with oxygen molecules leading to 
allylic radicals is about 15 kcal/mol lower than those leading to alkyl 
radicals.

• A-factors are lower by about a factor of 10 due to the reduction of the 
entropy of activation caused by the loss of one rotation in the delocalized 
radical. 



5: H atom abstraction from alkenes
• When alkenes are an intermediate (i.e., not the fuel), one can treat 

abstraction reactions from large alkenes in a simplified manner
• Neglect the presence of primary, secondary, tertiary, allylic, and vinylic C-H 

sites, so abstraction reactions by radical species (i.e., H, OH, CH3, HO2, 
and O) lead to one “lumped” alkenyl radical. 

• The reaction rate constants are assumed to be identical to those of the 
analogous abstraction reactions from a secondary C-H site in an alkane 
multiplied by the number of abstractable hydrogens. 



C = C double bonds reduce low T reactivity

s     s    a     v    v     a     s     s
‐ C – C – C – C = C – C – C – C 
s     s    a                  a     s     s

• Inserting one C=C double bond changes the C‐H 
bond strength for 6 H atoms in the C chain

• Allylic C – H bond sites are weaker than most others
• Therefore they are preferentially abstracted by radicals
• O2 is also very weakly bound at allylic sites and falls off

rapidly, inhibiting low T reactivity



s       s      a v       v     a s      s       s
‐ C  ‐ C  ‐ C  ‐ C  =  C  ‐ C  ‐ C  ‐ C  ‐ C ‐
s s      a a s      s      s

s       s      a v       v      a' v      v      a s
‐ C  ‐ C  ‐ C  ‐ C  =  C  ‐ C  ‐ C  =  C  ‐ C  ‐ C  ‐
s       s      a a' a s

Two double bonds make a huge difference 

C – H   s site  >  C – H   a site   >    C – H   a’ site   



7: Alkenyl radical decomposition
• The decomposition of lumped alkenyl radicals is simplified to produce the 

“right” distribution of products.
• The activation energy changes depending on the products formed.
• Reactions leading to vinylic (i.e., C2H3) and allylic (C3H5) radicals have 

activation energies of 35,000 and 25,000 cal/mol, respectively, while all 
other reactions have activation energies of 30,000 cal/mol.



Next:  low T reactions of large fuels 



Generation of Detailed Chemical Kinetic 
Models for Hydrocarbon and 

Oxygenated Fuels Larger than C5

Kinetic Reaction Mechanisms
for Hydrocarbon Fuels

Part 3  ‐‐ Larger molecules                   
Low temperatures

Charles Westbrook

Tsinghua-Princeton 
2014 Summer School on 

Combustion
July 20-25, 2014



• Small hydrocarbon fuel (e.g. methane)

– 200 reactions

– 30 chemical intermediates

• Chemical mechanism

– Kinetics

– Thermodynamics

Chemical Modeling

• Fuel + O2 ‐> CO2 + H2O + Energy

2



Chemical Kinetic Model

Contains a large database of:

Thermodynamic properties of species
Reaction rate parameters

Number of species:

Number of reactions:

7 30 100 450

25 200 400 1500

Fuel: H2 CH4 C3H8 
(Propane)

C6H14 
(Hexane)

C16H34 
(Cetane)

1200

7000

Size of mechanism grows with molecular size:



Dominance of H2/O2 Reactions

For nearly all hydrocarbon oxidation, no matter 
how large or small the fuel molecule, at high 
temperatures, the reactions of H2/O2 have the 
greatest sensitivity controlling the overall rate of 
reaction.  This is true in flames, detonations, shock 
tubes, and many other practical combustors.

But low temperature reactions can contribute in 
many interesting and important ways
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Chemical Kinetic Modeling

Determine 
thermo‐

chemical & 
transport 
properties

Conduct 
controlled 
validation 

experiments

Simulate 
experiments 

using 
computer 
model

Compare 
experiments 

with 
computer 
simulation

Generate 
elementary 
reaction set 
and assign 
reaction 
rates

Frenklach et al. Prog. Energy Combust. Sci. 18 (1992)

Simmie et al. Prog. Energy Combust. Sci. 29 (2003)

Chemical Kinetic Modeling Process Cycle



Reaction classes for oxidation chemistry

High temperature mechanism

1: Unimolecular fuel decomposition
2: H atom abstractions from fuel
3: Alkyl radical decomposition
4: Alkyl radical isomerization
5: H atom abstraction from alkenes
6: Addition of radical species to alkenes
7: Alkenyl radical decomposition
8: Alkene decomposition
9: Retroene decomposition reactions



Reaction classes for oxidation chemistry
Low temperature mechanism

10: Alkyl radical addition to O2 (R + O2 = RO2)
12,13, and 14: R + R’O2 = RO + R’O
15: Alkylperoxy radical isomerization (RO2=QOOH)
16: Concerted eliminations (RO2 = alkene + HO2)
17: RO2 + HO2 = ROOH + O2
18: RO2 + H2O2 = ROOH + HO2
19: RO2 + CH3O2 = RO + CH3O +O2
20: RO2 + R’O2 = RO + R’O + O2
21: ROOH = RO + OH
22: RO decomposition
23: QOOH = cyclic ether + OH (cyclic ether formation)
24: QOOH = alkene+ HO2 (radical beta to OOH)
25: QOOH = alkene + carbonyl + OH (radical gamma to OOH)
26: Addition of QOOH to molecular oxygen O2 (QOOH+O2=O2QOOH)
27: O2QOOH isomerization to carbonylhydroperoxide + OH
28: Carbonylhydroperoxide decomposition
29: Reactions of cyclic ethers with OH and HO2



Test molecule

Bond dissociation energies
Primary: ~103 kcal/mol
Secondary: ~98 kcal/mol
Tertiary: ~94 kcal/mol

4-methylheptane

P

S
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S

P

PT



Low temperature combustion chemistry



What is the reason 
for NTC reactivity?



10: Alkyl radical addition to O2 (R+O2=ROO)

• The addition of molecular oxygen to alkyl radicals is the first step in the low 
temperature chain branching process. 

• Each unique fuel radical leads to an alkylperoxy (ROO.) radical
• The chemistry of alkylperoxy radicals governs tropospheric oxidation of 

organic species. In combustion chemistry however, the R+O2 reaction 
displays much more complex behavior. 



10: Alkyl radical addition to O2 (R+O2=ROO)

13

• Usually regarded to be independent of temperature, but ...
• Recent rate calculations from Miyoshi et al. suggest that these rates are 

temperature dependent.
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10: Alkyl radical addition to O2 (R+O2=ROO)

• Why do we have NTC?
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• RO2 dissociation becomes 
competitive with RO2
isomerization as 
temperature increases

• This competition leads to 
a decrease in OH 
production and thus 
reduction in overall 
reactivity.

Villano et al., J. Phys. Chem. A 2012, 116, 5068!5089 

BDEs of RO2 radicals
P – ~35 kcal/mol
S – ~37 kcal/mol
T – ~39 kcal/mol



15: Alkylperoxy radical isomerization (RO2=QOOH)
• The intramolecular H-abstraction of an alkyl peroxy radical (i.e., ROO) to 

form a hydroperoxyalkyl radical (i.e., QOOH) is the second step in the low 
temperature chain branching process.  

• Include isomerization reactions involving 5-member, 6-member, and 7-
member, and 8-member transition state rings.  

• Exclude radical isomerizations involving fewer than five and greater than 
eight members because they are much slower.  Also, products of larger 
isomerizations are not observed experimentally.



15: Alkylperoxy radical isomerization (RO2=QOOH)

• The rate constant depends on the nature of the broken C-H bond (i.e., 
primary, secondary, or tertiary) and on the ring strain energy barrier.  

 Rize Size Site A n EA

5  

1 1.00E+11 0.0 29,000 

2 1.00E+11 0.0 26,450 

3 1.00E+11 0.0 23,700 

6  

1 1.25E+10 0.0 24,000 

2 1.25E+10 0.0 20,450 

3 1.25E+10 0.0 18,700 

7  

1 1.56E+09 0.0 21,950 

2 1.56E+09 0.0 18,650

3 1.56E+09 0.0 16,650
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Alkylperoxy isomerization (RO2=QOOH)

Old estimates are based on successful 
reproduction of ignition delay times for a 
wide variety of hydrocarbons.

Theoretical calculations are 10-20x faster 
for 6-membered ring 7-membered ring 
isomerizations
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Villano et al., J. Phys. Chem. A 2012, 116, 5068!5089 

How would these new rate rules affect 
low T ignition delay predictions?



Modifying the rate rules 
the rate rules does 
appear to decrease 
ignition delay times.

1
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1 2-methylheptane
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RO2=QOOH isomerization rate effect 
on shock tube ignition delay time
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16: Concerted eliminations (RO2 = alkene + HO2)

• This concerted (direct) elimination of HO2 from the alkyl peroxy radical 
(i.e., ROO) occurs via a 5-membered transition state 

• The O-O moiety leaves the ROO molecule, and takes an H atom from the 
adjacent C atom with it.  

• Competes directly with the alkyl peroxy radical isomerization pathway, so it 
reduces overall low temperature reactivity.  It is also responsible for the 
majority of HO2 and high molecular weight alkenes formed in the low and 
intermediate temperature regimes.



16: Concerted eliminations (RO2 = alkene + HO2)

• This reaction class was a hot 
topic of debate for many years

• It was finally put to rest in 2003 
with a elegant combination of 
experiments and theory

Quelch et al 1994, J. Am. Chem. Soc

De Sain et al, J Phys Chem A 2003



16: Concerted eliminations (RO2 = alkene + HO2)

• The rate constant depends on the nature of the C-H bond broken (i.e., 
primary, secondary, or tertiary) during the direct elimination reaction.

• How many possible concerted eliminations are there?



23: QOOH = cyclic ether + OH 
(cyclic ether formation)

• The cyclization of a hydroperoxyalkyl radical (i.e., QOOH) to form a cyclic 
ether plus an OH radical is an important pathway that competes with the 
critical chain branching channel.

• A first approximation assumes that the rate constant only depends on the 
ring size of the cyclic ether formed.

• 3-member (oxirane), 4-member (oxetane), and 5-member (oxolanes) are 
important ethers that can be formed.

• How many possible cyclic ether species are there?
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23: QOOH = cyclic ether + OH 
(cyclic ether formation)

23

• The A factor for oxirane (3m) formation is a factor of ∼8‐9 higher than that for 
oxetane (4m), which in turn is a factor of ∼8‐9 higher than for oxolanes (5m) due 
to the loss in entropy as one extra rotor is getting frozen with progressive 
increase of ring size. 

• The activation energy decreases with increasing ring size.

Cyclic Ether 

Ring Size 

A n EA

3 6.00E+11  0.0 22,000

4 7.50E+10  0.0 15,250

5 9.38E+09  0.0 7,000

6 1.17E+09  0.0 1,800



These QOOH reactions provide chain 
propagation, not branching

QOOH  =  Q  +  HO2

QOOH  =  Cyclic ether + OH

QOOH  =  RO2



26: Addition of QOOH to molecular oxygen O2
(QOOH+O2=O2QOOH)

25

• The addition of molecular oxygen to hydroperoxy alkyl radicals (i.e., 
QOOH) is the third step in the low temperature chain branching process. 

• The rate of O2 addition to a QOOH radical depends on whether the radical 
carbon is a primary, secondary, or tertiary site.  The prescribed rate 
constants are the same as the R + O2 = RO2 reactions (i.e, class 10). 
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27: O2QOOH isomerization to 
carbonylhydroperoxide + OH

• In this reaction class an O2QOOH radical isomerizes, releases an OH, and 
then forms a carbonylhydroperoxide (i.e., ketohydroperoxide).  

• This is the fourth step in the low temperature chain branching process.  



27: O2QOOH isomerization to 
carbonylhydroperoxide + OH

• A basic assumption is that atom being abstracted is bound to the carbon 
atom bonded to the hydroperoxy (OOH) group, which has a lower C-H 
bond strength than a normal C-H bond and makes it easier to abstract.

• The reaction rate constant is the same as the RO2=QOOH isomerizations, 
except the activation energies have been reduced by 3 kcal/mol to account 
for the weakened C-H bond.

• Alternate isomerization may also be possible, and should be included for 
for branched molecules

First OH 
from O2QOOH



27: O2QOOH isomerization to 
carbonylhydroperoxide + OH

• The reaction rate constant is 
assumed to be the same as 
the RO2=QOOH 
isomerizations, except the 
activation energies have 
been reduced by 3 kcal/mol 
to account for the weakened 
C-H bond.

• Some theoretical calculations 
provide actual rates for these 
site-specific isomerizations, 
but their accuracy and 
testing are yet to be 
researched. 1.E+00 
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S. Sharma, S. Raman, W.H. Green, J. Phys. Chem. A 114 (2010)



28: Carbonylhydroperoxide decomposition

• The decomposition of a carbonylhydroperoxide forms an OH radical, a 
carbonyl radical, and a stable carbonyl (i.e, aldehyde or ketone). 

• This reaction pathway is the final step in the low temperature chain 
branching process because it forms two radical species from one stable 
reactant.  Plus the earlier OH produced from keto-species production.

Prescribe an estimated rate constants of 
1.0x1016 exp (-39,000/RT) s-1



O2QOOH leads to chain branching

• Two additions of O2 to R and QOOH are required to 
produce chain branching and low T ignition

• Decomposition of RO2 and O2QOOH, due to 
increase in temperature, extinguish low T ignition 
and result in Negative Temperature Coefficient



Low temperature combustion chemistry



Shock tube results from Adomeit et al.

Fuel n‐heptane    Ciezki et al., 1993



Shock tube results from Adomeit et al.

Fuels n‐heptane, n‐decane, DME, 
a‐methyl napthalene    Pfahl et al., 1996



34

nC7 – nC14

Recent experiments by 
Oehlschlaeger et al. , RPI

Recent shock tube 
experiments show all 
large n‐alkanes ignite 
within a factor of 3

12 atm
Stoichiometric mixtures



13.5 bar
Stoichiometric fuel/air

Predicted ignition behavior similar for C7-C16 n-alkanes

Low T chemistryHigh T 
chemistry



Improved component model for n-heptane simulates ignition 
over a wide temperature and pressure range:
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Experimental data: Minetti R., M. Carlier, M. Ribaucour, E. Therssen, L. R. Sochet (1995); H.K.Ciezki, G. Adomeit (1993); Gauthier B.M., 
D.F. Davidson, R.K. Hanson (2004); Minetti R., M. Carlier, M. Ribaucour, E. Therssen, L.R. Sochet (1996); K. Fieweger, R. Blumenthal, G. 
Adomeit (1997).

Experimental data 
from shock tubes 
and rapid 
compression 
machines



PRF Ignition results at 13 bar:
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Composition of Biodiesels
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Biodiesel components ignite in order of number of 
double bonds
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Biodiesel component reactivities in JSR
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JSR might be a better CN or ON test than customary shock tubes



Heptane isomers

Octane numbers of
heptanes are due 
exclusively to their 
different molecular

structures

Low octane fuels have
lots of secondary C‐H 
bonds and high octane

fuels have lots of primary
C‐H bonds and lots of 
tight, 5‐membered TS

rings



Isomers of heptane – ignition delays



High temperature ignition in shock tubes
Smith et al., IJCK 2005



ThermoChemistry 
for Kinetic Modeling

Charles Westbrook

Tsinghua-Princeton 
2014 Summer School on 

Combustion
July 20-25, 2014



Basic kinetic and 
thermodynamic principles



Thermodynamics
Properties of interest:
 Entropy
 Enthalpy
 Heat capacity (Cp or CV)

– Can be used for extrapolation of above
 Gibbs free energy (follows from S and H)
Why?
 Chemical equilibria (ln K = ‐ΔG/RT)
 Chemical insight/will a reaction happen? 

– endo vs. exothermic, spontaneous or not 
 Heat release, adiabatic flame temp. etc.

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Enthalpy of Formation
Molar standard enthalpy of formation ΔfH°:
 Is the heat involved when one mole of a substance is 
produced from its elements in their standard state (1 bar 
for gases, usually 25°C).

 Standard enthalpy of formation of ammonia
1/2 N2 +  3/2 H2 NH3

 Conventionally, standard enthalpy of elements is fixed to 0 
kJ/mol at standard state.
 H2 for hydrogen gas, O2 for oxygen etc.

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Variation with temperature:

 At constant pressure:
H(T2-T1) = QP = CP T

 CP is the heat capacity at constant pressure of the compound. 

 By integration, the enthalpy of formation of a compound at a 
temperature T is calculated by:

 Permits derivation an analytic expression as a function of T

   
T

298K 298f

T

298K 298f(T)f dTHdTHH
molecule elementsPPPr CCC 

Slide courtesy of Dr. Pierre‐Alexandre Glaude

Enthalpy of Formation



Entropy
 Linked to the number of states of the particles in the system 

 In a reversible transformation  ΔrS = Q/T

 The entropy represents the extensivity of the thermal energy 
of a system at the temperature T. 

 Entropy of elements at 0 K = 0 kJ/mol

 Free Energy (Gibbs, G) indicates spontaneity of reaction
– Dependent on Enthalpy and Entropy

– Contribution of Entropy becomes important as T increases

G = H ̶ TS

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Thermodynamics
How do we determine CP , S, H?
 Experiment?

– Foundation of thermodynamics BUT….
– Time consuming
– Difficult/expensive
– Fine for stable species, what about radicals?

 Alternatives?
– Quantum chemistry (accurate and faster than expt.)

» Not viable for large molecules (e.g. a biodiesel component)

– Group Additivity (very fast but requires some input from 
experiment and/or quantum chemistry)



Group Additivity
What is it?
 Empirical method for estimation of thermodynamics
 Pioneered by Prof. Sidney W. Benson
 Thermodynamic functions dependent on:

– Nature of each atom in a molecule and
– Nature of each of their bonding partners (short range effects)
– Long range effects can be important

 Molecule split into groups
 Each group makes a contribution 
to thermo. functions of molecule

Prof. Sidney W. Benson (1918-2011)

A B

R1

R2

R3

R4

R5

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Group Additivity
Consider Ethane:
 Simple molecule with 2 identical groups (C/C/H3) 

 Thermodynamics well known
 ΔfH = ‐84. ± 0.4 kJ/mol (NIST)

– Contribution of each group = ‐42.0 kJ/mol

 CP 298.15 K = 52.49 J/mol (NIST)
– Contribution of each group = 26.25 J/mol

 S 298.15 K = 229.28 J/mol
– Contribution of each group…..not as simple
– Corrections for molecular symmetry are applied



Group Additivity
Entropy calculations:

 Sum of the group contributions: intrinsic entropy S°i
 Correction for symmetry:

S°=  ̶ R ln 

 σ = number of symmetries in the molecule = σext  σ int
– σext number of external symmetries (rotation of molecule)
– σ int number of internal symmetries (rotations around single bonds)

 Ethane σext = 2, σ int = 9, total correction = ̶ R ln(18)
 Similar corrections for optical isomers = +R ln(# of OI)



Group Additivity
What about free radicals?

 Estimated through definition of ‘Bond Increments’ or 
‘Bond Dissociation’ values for H, S and CP

 RH ‐> R∙+H∙ ΔrH = Bond Dissociation Energy (BDE)

 ΔfH (R∙) = BDE  +  ΔfH (RH) ‒ ΔfH (H∙) 

Heat of 
formation 
of ‘parent’ 
species

Well known
ΔfH = 52.1 
kcal/mol

Varies based on 
type of C‐H bond 

broken



Group Additivity
BDE Groups

 Strength of C‒H bond depends on stability of radical
Type = primary, 101.1 kcal/mol

Type = secondary, 98.45 kcal/mol

Type = tertiary, 96.50 kcal/mol



Group Additivity
BDE Groups

 Strength of C‒H bond depends on stability of radical

 Electron delocalization leads to more stable radicals
– Reduces BDE

Type = primary allylic, 88.2 kcal/mol

Compare with primary alkane (101.1 kcal/mol)



Group Additivity
BDE Groups

 Locally bonded electronegative atoms reduce BDE

96.2 kcal/mol

Compare with primary alkane (101.1 kcal/mol)



Group Additivity
Can be applied to:

 Alkanes, alkenes, alkynes

 Alcohols, ethers 

 Ketones, aldehydes

 Cycloalkanes, aromatics

 Pretty much everything…BUT…

 Parameterization against experiment and/or quantum 
chemical calculations necessary for best results and widest 
range of applicability



Atom differentiation according to the type of liaison 

C: sp3 carbon atom, 4 single bonds

Cd: sp2 carbon atom, 1 double bond, 2 single,  divalent atom 

Ct: sp carbon atom, 1 triple bond, 1 single, monovalent atom

Ca: allene‐like carbon atom, C=C=C, ending atoms are Cd
CB: carbon‐atom in aromatic rings,  trivalent atom

CBF: “fused carbon” carbon‐atom belonging to several aromatic rings,  trivalent atom

Super‐atoms:

C=O, carbonyl group  (CO) divalent

NO, NO2, SO2, PO…

Groups and super‐atoms

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Benson’s groups

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Group Additivity
2,2,4‐trimethylpentane (iso‐octane):

C

CH3

CH3

CH2CH3

CH CH3

CH3
C-(H)3(C) 5 groups
C-(H)2(C)2 1 group
C-(H)(C)3 1 group
C-(C)4 1 group

σext = 1, σ int = 729
Correction to symmetry
‒R ln(729) = ‒ 13.1 cal/mol/K

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Gauche (C ̶ C) interac ons  

(a)

(b)



1,5 (H ̶ H) Interac on

CH3

H3C

CH3

CH3

CH3

1.5 kcal/mol

or



Group additivity in action
2,2,4‐trimethylpentane (iso‐octane):

group number H° (298K) S° (298K) Cp° (300 K)

kcal/mol cal/mol/K cal/mol/K

C/C/H3 5 ‒10.03 30.42 6.26
C/C2/H2 1 ‒4.960 9.42 5.44

C/C3/H 1 ‒2.130 ‐12.02 4.39
C/C4 1 0.100 ‐34.99 4.01

gauche 3 0.7 0 0

H/REPEL/15 1 1.5 0 0

symmetry ‒R ln729

total ‒53.54 101.41 45.14



Benson’s Additivity Method

THERM Ritter and Bozzelli (1991)

Decomposition into groups and corrections done by the user

NIST database program Stein et al. (1991) Webbook

THERGAS C. Muller, V. Michel, G. Scacchi and G. M. Côme (1995)

CRANIUM : groups of Joback, estimation of other properties

(Teb, Tfus, Tc, Pc...)

Quantum Chemistry softwares

Semi-empirical approach: MOPAC...

Ab initio : Gaussian, Spartan, Jaguar, Molpro, ...

Software

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Thermochemistry in Chemkin
Chemkin uses standard state thermodynamic properties 
given as polynomial fits to the specific heats at constant p

,

where  , is the standard heat of formation at 0 K, but 
is normally evaluated from the heat of formation at 298 K. 



where  , is evaluated from knowledge of the standard‐state entropy at 298 K.

1 ,

These are stated for arbitrary‐order polynomials, but Chemkin is designed to use 
NASA polynomials. In this case seven coefficients are needed for each of two 
temperature ranges. These fits follow the form:

Thermochemistry in Chemkin



Other thermodynamics properties are easily given in terms of  ,  , 	

Thermochemistry in Chemkin



NASA polynomials

E.R. Ritter J.W. Bozzelli 
Intl. J. Chem. Kinet., 23 (1991) 767–778.



thermo
300.000  1000.000  5000.000

h                 120186h   1               g  0300.00   5000.00  1000.00      1
0.02500000e+02 0.00000000e+00 0.00000000e+00 0.00000000e+00 0.00000000e+00    2
0.02547163e+06-0.04601176e+01 0.02500000e+02 0.00000000e+00 0.00000000e+00    3
0.00000000e+00 0.00000000e+00 0.02547163e+06-0.04601176e+01                   4
h2                121286h   2               g  0300.00   5000.00  1000.00      1
0.02991423e+02 0.07000644e-02-0.05633829e-06-0.09231578e-10 0.01582752e-13    2
-0.08350340e+04-0.01355110e+02 0.03298124e+02 0.08249442e-02-0.08143015e-05    3
-0.09475434e-09 0.04134872e-11-0.01012521e+05-0.03294094e+02                   4
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Tables
JANAF Thermochemical Tables 3rd ed., vols. 1-2 , M.W. Chase, American Chemical 
Society, 1986, SELREF/QD516.D695 1986 

Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical Data of Organic Compounds: 
Chapman & Hall, London, 1986.

Tables TRC (Thermodynamics Research Center)  Thermodynamic Tables -
Hydrocarbons - Department of Chemistry, Texas A&M University

On-line databases

NIST Webbook : http://webbook.nist.gov

Computational Chemistry Comparison and Benchmark Data Base  
http://srdata.nist.gov/cccbdb/

Active Thermochemical Tables (Branco Ruscic Argonne National Lab.) 
http://atct.anl.gov/Thermochemical%20Data/version%20Alpha%201.110/index.html

Third Millennium Ideal Gas and Condensed Phase Thermochemical Database for 
Combustion (Burcat) : http://garfield.chem.elte.hu/Burcat/burcat.html

Thermochemical databases

Slide courtesy of Dr. Pierre‐Alexandre Glaude



Use of THERM code to apply Benson’s bond 
additivity rules to compute thermochemical data

• Ritter and Bozzelli code

• Uses tables of bond energies and other data

• Examples of how to use THERM

• Other code families exist to do the same tasks

• Product is a set of JANAF coefficients



SPECIES                                                        
MOD                                                            

Thermo estimation for molecule                                        
MOD                                                        
C19H38O2  
UNITS:KCAL                                                           
GROUPS   6                                                           
Gr # - GROUP ID  - Quantity  Gr # - GROUP ID  - Quantity         

1 - C/C/H3         - 1 |     4 - CO/C/O         - 1           
2 - C/C2/H2        - 15 |     5 - O/C/CO         - 1           
3 - C/C/CO/H2      - 1 |     6 - C/H3/O         - 1           

Hf    S   Cp 300    400    500    600    800   1000   1500          
-176.74 225.79 111.09 138.64 163.25 184.19 217.39 242.00    .00       

CPINF =  328.85                                            
NROTORS:19                                                          
SYMMETRY           9                                                 
CREATION DATE:  5/19/11                                             

ENDSPECIES

C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – O - C
O=



Radicals in this fuel

p    primary         c/c/h3,1

s    secondary       c/c2/h2,15

rcoocj  end methoxy group    c/h3/o,1

ccjcoor  adjacent to C=O     c/c/co/h2,1

C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – C – O - C

O=



C – C – C = C - C – C = C – C – C = C – C – C – C – C – C – C – C – C – O - C

O=

SPECIES                                                              
MDO2H11                                                              
Thermo estimation for molecule                                        
MDO2H11                                                    C19H32O4  
UNITS:KCAL                                                           
GROUPS  12                                                           
Gr # - GROUP ID  - Quantity  Gr # - GROUP ID  - Quantity         

1 - C/C/H3         - 1 |     7 - C/C2/H2        - 5           
2 - C/C/CD/H2      - 2 |     8 - C/C/CO/H2      - 1           
3 - C/CD2/H2       - 1 |     9 - CO/C/O         - 1           
4 - C/CD2/H/O      - 1 |    10 - O/C/CO         - 1           
5 - OO/C/H         - 1 |    11 - C/H3/O         - 1           
6 - CD/C/H         - 6 |    12 - OI             - 1           

Hf    S   Cp 300    400    500    600    800   1000   1500          
-119.88 234.93 109.82 137.00 160.31 179.71 209.69 231.74    .00       

CPINF =  306.00                                            
NROTORS:18                                                          
SYMMETRY           9                                                 
CREATION DATE:  5/21/11                                             
ENDSPECIES                                                          

O–

O–

H



C – C – C = C - C – C = C – C – C = C – C – C – C – C – C – C – C – C – O - C

O=

Radicals in this fuel

p   primary      c/c/h3,1
s   secondary    c/c2/h2,5
alperox         oo/c/h,1
vins    vinyl      cd/c/h,6
allyls  allyl     c/c/cd/h2,2
bis‐allyl         c*ccjc*c
rcoocj  end methoxy group   c/h3/o,1
ccjcoor  adjacent to C=O    c/c/co/h2,1

O–

O–

H



C – C – C – C – C – C – C – C – C – C – C 

O=

SPECIES                                                              
C12KET4-1                                                            
Thermo estimation for molecule                                        
C12KET4-1                                                  C12H24O3  
UNITS:KCAL                                                           
GROUPS   9                                                           
Gr # - GROUP ID  - Quantity  Gr # - GROUP ID  - Quantity         

1 - C/C/H3         - 2 |     6 - CO/C2          - 1           
2 - C/C/H2/OO      - 1 |     7 - C/C2/H2        - 5           
3 - OO/C/H         - 1 |     8 - OI             - 2           
4 - C/C3/H         - 1 |     9 - GAUCHE         - 1           
5 - C/C/CO/H2      - 2                                         

Hf    S   Cp 300    400    500    600    800   1000   1500          
-116.59 175.02  75.55  93.40 110.37 125.39 149.41 163.91    .00       

CPINF =  215.59                                            
NROTORS:13                                                          
SYMMETRY           9                                                 
CREATION DATE:  3/23/14                                             
ENDSPECIES                                                          

–

O

H

C– C12H24ket4-1-2–
–O



C12H24ket4-1-2

Radicals in this fuel
p   primary      c/c/h3,2
s   secondary    c/c2/h2,5
t   tertiary                   
c/c3/h,1
alperox         oo/c/h,1
C‐H adjacent to C=O            
c/c/co/h2,2
C=O between C atoms            co/c2,1
OO on primary C                
c/c/h2/oo,1

C – C – C – C – C – C – C – C – C – C – C 

O=

–

O C––
–O

H



Basic Chemical Kinetic Principles I



Temperature dependence?
C2H5Cl C2H4 + HCl

k/s‐1 T/K
6.1 × 10‐5 700

30 × 10‐5 727
242 × 10‐5 765

 Conclusion: very sensitive to temperature
 Rule of thumb: rate doubles for a 10K rise



Details of T dependence
Hood
 k = A exp{–B/T }
Arrhenius
 k = A exp{–E / RT }
A pre‐exponential factor

orA‐factor

 k at T 

E activation energy
(energy barrier) J mol ‐1 or kJ mol‐1

R gas constant. 

Temperature

Rate
  of
 rxn



Arrhenius eqn. k=A exp{‐E/RT}
Useful linear form: ln k = –(E/R)(1/T) + ln A
 Plot ln k along Y‐axis vs (1/T) along X‐axis
Slope is negative –(E/R); intercept = ln A

 Experimental Es range from 0 to +400 kJ mol‐1

Examples:
– H∙ + HClH2 + Cl∙ 19 kJ mol‐1

– H∙ + HF H2 + F∙ 139 kJ mol‐1

– C2H5I C2H4 + HI 209 kJ mol‐1

– C2H6 2CH3 368 kJ mol‐1
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Practical Arrhenius plot, origin not included



Common mathematical functions

Kinetics, Arrhenius

 k = A exp{–E/RT}

Vapour pressure, Clausius‐Clayperon

 p = p exp{–HV/RT}

Viscosity, Andrade

 = A exp{+E/RT}

 But re‐define as inverse: F = F exp{–E/RT}



Examples of results of faulty thermochemical data

• High temperature ignition of natural gas

• Natural gas is a mixture of methane (~90%), 
ethane (5-10%), and higher hydrocarbons

• Methane is often used as a surrogate for 
natural gas

• Ignition and detonations are particular 
concerns



Alkane ignitions

• Methane ignites very slowly
• Influence of methyl radical

• Ethane is unusually ignitable
• Unusual in production of ethyl radicals and H 

atoms

• Larger n-alkanes ignite at intermediate rates

• Natural gas ignition is a good example of ignition 
sensitizing



A common problem in kinetic models

• If rates of addition reactions are specified, bad 
thermo can produce unreasonably large 
activation energies for dissociation reactions

• Must test new mechanisms to look for this



Transport in combustion simulations

• Characterizing the molecular transport of species, momentum, and 
energy in a multicomponent gaseous mixture requires the evaluation 
of diffusion coefficients, viscosities, thermal conductivities, and 
thermal diffusion coefficients. 



Important transport parameters

• An index indicating whether the molecule has a monatomic, linear 
or nonlinear geometrical configuration. If the index is 0, the 
molecule is a single atom. If the index is 1 the molecule is linear, 
and if it is 2, the molecule is nonlinear. 

• The Lennard-Jones potential well depth ε ⁄ kB in Kelvins. 
• The Lennard-Jones collision diameter σ in angstroms. 
• The dipole moment μ in Debye. 
• The polarizability α in cubic angstroms. 
• The rotational relaxation collision number Zrot. at 298 K. 



Determining L J Parameters

σ = L-J collision diameter

ε = L-J potential well depth

A.T. Holley et al. / Proceedings of the 
Combustion Institute 32 (2009) 1157–1163

L.S. Tee, S. Gotoh, W.E. Stewart, 
I&EC Fundam. 5 (1966) 356–363 

Pc – critical pressure
Tc – critical temperature
Tb – boiling points

The acentric factor w isevaluated using 
the Lee–Kesler vapor–pressure 

relations 

 = Tb/Tc



Obtaining Tb, Tc, and Pc

• For many stable species, these values are 
available on the NIST chemistry WebBook 
(webbook.nist.gov)



Determining Tc and Pc

• Regression 
analysis and 
interpolation/

• extrapolation can 
be used to 
determine these 
values for high 
molecular weight 
fuels.



Effects of LJ parameters of combustion

A.J. Smallbone et al. / Proceedings of the 

Combustion Institute 32 (2009) 1245–1252

• LJ parameters affect the binary diffusion 
coefficient

• Changing the collision diameter can impact 
combustion 

Dashed line 25% reduction in 
collision diameter



Dipole moments

• The dipole moment ( ) is a measure of the extent of polarity in 
covalent molecules. 

• It is dependent on the difference electronegativity of the 
bonding atoms, and is precisely defined as the product of the 
magnitude of the charge and the distance between the charges.

• Nonpolar compounds, such as fully saturated hydrocarbons 
have zero dipole moments while oxygenated compounds 
display higher dipole moments. 

A. McClellan, Tables of Experimental Dipole Moments. San Francisco: Freeman, 1963. 



Polarizability

• The polarizability ( ) of a molecule quantifies the tendency of a 
molecules charge distribution (i.e., electron cloud) to be distorted from 
its normal shape by an external electric field (e.g., a nearby dipole or 
ion). 

• Experimentally measured polarizability values in cubic Angstroms can 
be obtained from the “CRC Handbook of Chemistry and Physics” [24]. 

• Bosque and Sales have presented an empirical additive formula that 
allows the estimation of polarizability from the molecular formula (i.e., 
# of C, H, and O atoms)

R. Bosque and J. Sales, “Polarizabilities of solvents from the chemical
composition,” Journal of Chemical Information and Computer Sciences, vol. 42, 
no. 5, pp. 1154– 1163, September‐October 2002. 



Sources of Reaction Rates

Charles Westbrook

Tsinghua-Princeton 
2014 Summer School on 

Combustion
July 20-25, 2014



Some sources of kinetic rate data

• Experimental studies of individual reactions

• Chemical theory

• Estimates, based on “similar” reactions of other species

• Previously published studies

• Optimization of computed results vs. expeimental data

• Literature databases





Rates determined from production of 
different olefins from different reaction pathways























Recent theory studies provide 
new rates for reactions

• Usually based of Electronic Structure techniques





J.Phys.Chem.A 2013, 117, 6458‐6473

J. Phys. Chem. A 2012, 116, 5068‐5089



J. Phys. Chem. A 115, 3301‐3325



Optimization of computed results

Methanol modeling example

CH3OH  →  CH2OH  

CH2OH  +  M  =  CH2O  +  H  +  M
CH2OH  +  O2 =  CH2O  +  HO2

HCO  +  M  =  H  +  CO  +  M
HCO  +  O2 =   HO2 +  CO



Websites for mechanisms and 
individual reaction rates

• https://www‐
pls.llnl.gov/?url=science_and_technology‐
chemistry‐combustion

• http://c3.nuigalway.ie/mechanisms.html

• http://kinetics.nist.gov/kinetics/index.jsp
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