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Motivation
• Why learn about combustion ?

• Most of the energy in the world, 80% - 90%, is produced from
different kinds of combustion processes

• Understanding of
what is combustion
 how to make it more

efficient or how to
reduce emissions

• This lecture is about
fundamental flames
and
combustion chemistry

> 80% from combustion



Contents

· Bunsen flame
· Fundamental flame types
· Reaction mechanism and Lambda
· Combustion kinetics
· Ignition
· Adiabatic flame temperature



Bunsen burner



Butane global chemistry



Premixed Bunsen flame

Butane + air

Flame speed



Premixed methane – air mixture 
combustion

Kilpinen, 1997

Residence time [s]

EEN-E2003 Combustion –course, spring 2018



Premixed methane – air mixture 
combustion

Residence time [s]
Kilpinen, 1997EEN-E2003 Combustion –course, spring 2018



Elementary reactions

· Methane chemistry 
· Detailed methane (CH4) 

chemistry involves 53 species 
and 325 reactions (GRI 3.0 
mechanism)



Fundamental gas flames
Premixed flame

M. Hupa 2000

F. Williams 1971



Flame speed in a premixed H2 -
case

M. Ghaderi Masouleh 2016 Flame front marked with hydroperoxyl (HO2) radical



Laminar flame speed

M. Ghaderi Masouleh et al., Fuel 2016

n-dodecane/air, T=403K, P=1atm methane/air, T=300K, P=0.1MPa



Diffusion ---- premixed 
combustion



Fundamental gas flames
Non-premixed flame

Diffusion flame

M. Hupa 2000



Non-premixed flame

A. Wehrfritz 2016



Diffusion flame chemistry

C(s) + O2  CO2



Properties of premixed and diffusion 
combustion processes

Premixed Diffusion

-No soot -Sooting flame
-Poor radiator -Good raditive heat transfer
-Chemical reactions -Mixing determine reaction rate
determine reaction rate

-flame speed can be -Cannot define burning velocity
determined

-applications (stove, furnace..)
-safety issues



Discuss in pairs

Discuss with the person next to you for about 5 minutes the 
following topics

1. Think about the Bunsen burner, how does it operate ?

2. What does a premixed flame mean ? Where are fuel and air 
before combustion ? Where is the flame ? Is there is flame 
speed ? If yes, into what direction ?

3. What does a non-premixed flame mean ? Where are fuel and 
air before combustion ? Where is the flame ? Is there is flame 
speed ? 



Reaction scheme

· Complete combustion
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Does it burn ?

· Complete combustion with oxygen

· Compound is incombustible if



· For example 
· CO2

· CO
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Lambda
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Lambda
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Practise writing reaction scheme

Write down reaction scheme for C2H2 (acetylene) with

· Lambda=1
· Lambda=2 



Example: If Lambda is not known
· If you know your fuel and air amount, what is your

Lambda ?

1. Define the stoichiometric air consumption
-For very many hydrocarbons, it is close to Lst ~15
(-For methane it is a bit higher 17.1)

2. What is your available air / fuel ratio L ?
-30g of air and 1g of fuel  L = 30/1 = 30

3. Lambda is now
(assuming Lst = 15)

2
15

30




· Global reaction:

· Elementary reactions

· Rate law (Law of mass action)

· Elementary reaction rate

Combustion Kinetics

Can be used only with elementary reactions 

aA+bB dD+eE… 
a, b, … are reaction 
orders respect to 
species A, B ...

M = ”third body” – molecule brings (through collision) the energy needed to 
split the molecule, or takes away energy and stabilizes the combination of 
e.g. CO + O

M* = has higher energy than M 

ଶ

௔ ௕



· Arrhenius’ relation for rate coefficient k

– Low activation energy E  low temperature sensitivity
– High activation energy E  high temperature sensitivity

Combustion Kinetics

RTEaeAk 
A = frequency factor (frequency of    

collision between molecules)
Ea = activation energy
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Energy diagram

Released energy in 
the reaction

Reactants     Products
Reaction proceeds if 
enough heat from 
combustion is provided 
back in order to the 
cross the ”threshold” 
energy

RTEaeAk 



Example: NOx emissions
Thermal NO

· Or Zeldovich-NO (1946)
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First reaction has high activation energy and hence it 
has relevant reaction rates only at high 
temperatures. It is also the rate limiting step of the 
mechanism (slowest reaction).

Combustion, 1999, Warnatz, Maas, and Dibble

NO + NO2 = NOx
Nitric oxide + nitrogen dioxide = nitrogen oxides



Example: Thermal NO

Temperature dependence of the rate 
coefficient k1 in the Zeldovich mechanism.
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Chemical bonds (in order to 
understand radicals)

· Chemical bonds are e.g. covalent, ionic, or metallic bond.
· In covalent bonds, atoms share electrones
· In chemical reactions, atoms try to reach noble gas electrone

structure = octet structure (8 electrones)
· Hydrogen atom has 1 electrone, each atom shares 1 electrone

· Oxygen atom has 6 electrones in the outer electrone shell. 
Octet is reached when both share 2 electrones

· Nitrogen has 5 electrones in the outer shell. Octet is reached
when both share 3 electrones

· Covalent bond is relatively strong. Therefore, in order to break
2-atom gas molecules, such as hydrogen, oxygen, and 
nitrogen, high energy is required.

.. ..

: :



Radicals
1. A radical has an unpaired electrone

2. Structure is incomplete. Therefore, almost always
when they collide they react.

3. Consequently, they are very reactive

Examples of radicals:
-O, H, OH, HO2, CH3, CH2, CH, C, NH2, NH, N, CN

.. ::
H

H
H

H M . ::
H

HH H+

’Whole combustion chemistry is due to radicals’



Ignition (and radicals)

· In applications where the combustion process is
intermittent or periodic, like in internal combustion
engines, ignition process becomes an important topic.

· With CH fuels ignition takes place only after a certain
ignition delay time.

· During the ignition delay period, radical pool
population is increasing but the fuel consumption rate
and temperature increase are low

· Finally, the radical pool becomes large enough to
consume a significant fraction of fuel, and rapid
ignition takes place.



Ignition in a spray flame

A. Wehrfritz 2016



Ignition delay times in a spray 
flame

A. Wehrfritz et al. 2016 H. Kahila et al. 2017

As a function of O2 concentration As a function of injection pressure



Ignition and Radicals

(0) chain initiation:

(1) chain carrying:

(2) chain branching:

(3) Chain terminating:
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Hydrocarbon 
Oxidation

D
ecom

position
into lightercom

ponents

𝐶𝐻ଶ𝑂

Formaldehyde

Such as CH4

or CH2O

Experiment
CH2O

Simulation
CH2O

Simulation
Temperature



Ignition

NTC –behavior
(Negative Temperature Coefficient)

Two-stage ignition
(Warnatz, Maas, Dibble, 1999)



Ignition

Ando and Sakai, SAE 2009-01-0948

Another view: Different set of species
responsible for low temperature and high
temperature oxidation

LTO = Low temperature oxidation

Additional material



Adiabatic flame temperature

· Adiabatic flame temperature is the theoretical 
maximum temperature that can exist in a 
combustion system 

· It is important to know what can be the 
maximum temperature 

· This information can be useful when e.g. 
designing a new combustion device or e.g. when 
assessing the validity of simulation results



Energy balance of a combustion 
system
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Energy balance of a combustion 
system

· Definition of fuel heating value (                     and            ) 

· We get from (1)

(2)

· The right side of eq. (1) can be arranged in equivalent form

· Putting this into (1) and taking into account (2) yields
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Energy balance of a combustion 
system

· Definition of fuel heating value (                     and            ) 

· We get from (1)

(2)

· The right side of eq. (1) can be arranged in equivalent form

· Putting this into (1) and taking into account (2) yields
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Manipulate the equation to get temperature
differences, e.g. hF(TF) – hF(T0)
We subtrack values and compensate this by adding
the same value

Additional material



Energy balance of a combustion 
system

Exhaust gas losses
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Adiabatic flame temperature

· Energy balance for liquids and solid fuels
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Adiabatic flame temperature

· Energy balance for liquids and solid fuels
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goes into the flue 
gases (savukaasut)
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Adiabatic flame temperature
· We obtain the equation for the adiabatic flame temperature

· If fuel and air are at the reference temperature 

· Adiabatic flame temperature is the theoretical maximum 
temperature that can exist in a combustion system 

0T

         

    







j
BjadBj

F

Bj

i
AiAAi

F

Ai
FFF

ThTh
m

n

ThTh
m

n
ThThq

0

00

     
j

BjadBj
F

Bj ThTh
m

n
q 0



Exercise
Calculate the adiabatic flame temperature for . Assume 
complete combustion to CO2 and H2O, and Lambda=1. The 
heating value of the fuel is 41.5 MJ/kg. Air and fuel are assumed 
to be at the reference temperature 273K before combustion. 
Hint: start with Tad =2200K.

The procedure:
1. Write down the reaction scheme

2. Find out the coefficients

3. Use the equation

4. Select first one temperature and select the according 
enthalpy values from the table. Then iterate to get the 
correct fuel heating value   
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Enthalpy table



Engine process with very high 
adiabatic flame temperature



http://elearning.cerfacs.fr/combustion/illustrations/whatisaflame/index.php


