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DAY 1 

Introduction  
       
a. Definition and relevance of  Combustion Science. Applications. 
b. Governing equations of  multi-component chemically-reacting gas mixtures  
c. Thermodynamics, transport, flame temperature and equilibrium 

Homogeneous Combustion – AutoIgnition  
       
a. Chain-branching and Thermal Explosions, H2/O2 and CO/O2 systems 
b.  Auto-ignition. CH4/O2 system. 
c. Stratified AutoIgnition. Dilution effects. 
d.  Back-Mixed Ignition. Steady and Unsteady conditions. 
e. Heat loss effects. High molecular weight paraffin systems nC7H16, iC8H18 
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• Combustion Chemistry 

- how fast chemical reactions proceed, i.e. reaction rates 
- what chemical reactions occurs in a chemical process, i.e. reaction 
mechanisms 

• Chemical kinetics is the key to understand 

- how does a reactive process is stabilized 
- why a flame can be quenched … 
- pollutants formation 
- thermo-chemical conversion pathways of  several fuels 
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COMBUSTION CHEMISTRY 
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-For many kinetically controlled systems, the number of  elementary reaction 
steps is so large that simple analytical solutions are not possible. 

-Most of  the time, a large number of  chemical species are involved. 

-Even in combustion of  simple hydrocarbons, number of  species involved is 
quite high. 

- To illustrate how the fundamental principles of  chemical kinetics apply to 
real-world problems, we will start with some examples.   AUTOIGNITION 
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COMBUSTION CHEMISTRY 
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ELEMENTARY REACTIONS

UNIMOLECULAR REACTION 

1) A+M ->A*+M 
2) A*+M ->A+M 
3) A* ->P 

M = third body = any molecules 
• third body M carry away energy formed 
k= reaction rate constant 

dC
dt

∝ kCn

dCA
dt

= −k1(T )CACM

An elementary reaction is a chemical reaction in which one or more chemical species react directly to form 
products in a single reaction step and with a single transition state. In practice, a reaction is assumed to be 
elementary if no reaction intermediates have been detected or need to be postulated to describe the reaction 
on a molecular scale.

https://en.wikipedia.org/wiki/Chemical_reaction
https://en.wikipedia.org/wiki/Chemical_species
https://en.wikipedia.org/wiki/Reaction_step
https://en.wikipedia.org/wiki/Transition_state
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ELEMENTARY REACTIONS
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ARRHENIUS LAW 

Arrhenius equation: 

or 

RT
E

Ak
-

= e

ln lnk A
E
RT
a= -

Arrhenius Plot 

A  pre-exponential factor or frequency factor 
Ea  activation energy 

Plotting ln k against 1/T gives a line 
Slope: m = -Ea/R gives activation energy Ea 
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Chain reactions are complex reactions that involve chain carriers, the 
name given to reactive intermediates that react to produce further 
reactive intermediates.  

Some examples of  chain reactions are: 

• combustion of  a fuel gas; 

• the polymerase chain reaction (PCR) used to amplify DNA samples 
for analysis; 

• many polymerisation reactions, e.g. polymerisation of  ethene to 
polyethene; 

• nuclear fission caused by neutron bombardment. 
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CHAIN REACTIONS
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The elementary steps in a chain reaction may be classified into initiation, 
propagation, inhibition, and termination steps.  

As an example, consider the reaction by which chlorofluorocarbons 
(CFCs) destroy ozone: 

CnFmCl + hν⟶CnFm + Cl              Initiation 

        Cl + O3⟶ClO + O2                       Propagation 

        ClO + O ⟶Cl + O2                        Propagation 

        Cl + CH4⟶CH3 + HCl                  Termination 
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CHAIN REACTIONS
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The various steps in the mechanism are classified as follows: 

1. Initiation step 

The reaction is initiated either thermally or photochemically. The first 
reactive intermediates/chain carriers (in this case a Cl radical) are produced. 

2. Propagation step 

The reaction of  a radical leads to the formation of  another radical, i.e. 
another reactive intermediate. In the first propagation step above, Cl reacts 
to form ClO; in the second step ClO reacts to form Cl. 

3. Termination step 

Chain carriers are deactivated. Often this occurs through radical-radical 
recombination, reactions with walls, or reactions with another molecule to 
create an inactive product. 
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CHAIN REACTIONS
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The chain length in a chain reaction is defined as the number of  propagation 
steps per initiation step, or alternatively as the rate of  propagation divided by 
the rate of  initiation. Chain lengths can be very long: in the above example a 
single Cl radical can destroy around 106 molecules of  ozone 

The reaction of  Cl atoms with ozone is an example of  a cyclic chain 
reaction. Atomic chlorine acts as a catalyst and is continuously regenerated 
until it is removed by a termination step. It is also possible to have non-cyclic 
chain reactions, involving many reactive species and elementary steps. Non-
cyclic chain reactions can have extremely complicated kinetic mechanisms. 

Chain reactions in which each propagation step produces only one reactive 
intermediate are called linear chain reactions. Branched chain reactions 
are also possible, in which a chain carrier reacts to form more than one chain 
carrier in a single elementary step.
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CHAIN REACTIONS
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It is very important to understand the conditions under which a reaction 
mixture can become explosive, in order that such conditions can be avoided 
if  at all possible. 

An explosion occurs when a chemical reaction accelerates out of  control.  

As the reaction speeds up, gaseous products are formed in larger and larger 
amounts, and more and more heat is generated. The rapid liberation of  heat 
causes the gases to expand, generating extremely high pressures, and it is this 
sudden formation of  a huge volume of  expanded gas that constitutes the 
explosion. The resulting pressure wave travels at very high speeds, often 
much faster than the speed of  sound, generating a supersonic shock wave. 
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EXPLOSIONS AND CHAIN-BRANCHING
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There are two different mechanisms that may lead to an explosion.  

These are related to the fact that the overall reaction rate depends on both 
the magnitude of  the rate constant and the amounts of  reactants present in 
the reaction mixture. 

If  the heat generated in a reaction due to the reaction exothermicity cannot 
be dissipated sufficiently rapidly, the temperature of  the reaction mixture 
increases. This increases the rate constant and, therefore, the reaction rate, 
producing more heat and accelerating the reaction rate still further, and so 
the cycle continues until an explosion results.  

Such explosions are known as thermal explosions, and in principle may 
occur whenever the rate of  heat production by a reaction mixture exceeds 
the rate of  heat loss to the surroundings-often the walls of  the reaction 
vessel.  
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EXPLOSIONS AND CHAIN-BRANCHING
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The second category of  explosion arises from chain-branching within a chain 
reaction.  

Explosions in this category are known as chain branching explosions, or 
sometimes, somewhat misleadingly, isothermal explosions. In this case, one or 
more steps in the reaction mechanism produce two or more chain carriers from a 
single chain carrier. As the reaction proceeds, the number of  chain carriers 
increases exponentially, leading to a rapid acceleration in the overall reaction rate. 
In practice, both mechanisms often occur simultaneously, since any acceleration in 
the rate of  an exothermic reaction due to chain branching will eventually lead to 
an increase in temperature.  

It is very important to note, however, that chain branching is not a requirement 
for an explosion. As an example, the detonation of  TNT (2,4,6-trinitrotoluene) is 
simply the result of  an extremely fast chemical decomposition that generates huge 
quantities of  gas. 

The reaction 2H2(g) +O2(g)⟶2H2O(g) provides an example of  a reaction in 
which both mechanisms are important. 
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EXPLOSIONS AND CHAIN-BRANCHING
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“ The oxidation of  hydrogen is the most studied oxidation process, and 
even the fine details of  its mechanism are well known.” 

A.B. Nalbandjan − V.V. Vojevodszkij, The mechanism of  the oxidation and combustion of  
hydrogen, Izd. Acad. Nauk., Moscow, Leningrad, 1949
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COMBUSTION OF HYDROGEN

Several kinetic mechanisms: 

Ó Conaire et al. (Galway, 2004) 

Konnov (Lund, 2008) 

Hong et al. (Stanford, 2011) 

Burke et al. (Princeton, 2012) 

Keromnes et al. (Galway, 2013) 

Sánches and Williams (San Diego, 2014) 

Varga et al. (Budapest, 2016) 

Why is it important? 

- “the fuel of  the future"  

- “hydrogen economy” 

- “carbon-free energetics” 

- industrial safety (H2 generation in a 
nuclear accident, Fukushima) 

- the core reactions of  the oxidation 
of  hydrocarbons
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

The 1st explosion limit depends 
on the size of the vessel and 
the quality of the wall.  

The 2nd and 3rd limits do not 
depend on these
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

1      H2 + O2 = .H + .HO2                       chain initiation

1 *     H2 + M = .H + .H +M                       chain initiation  (Very High Temp)

2      .H + O2 = .OH + :O                          chain branching

3      .OH + H2 = .H + H2O                       chain continuation

4      :O + H2 = .OH + .H                           chain branching

5      .H + O2 + M =  .HO2 + M                  chain termination

6      .H -> wall      (H+H+S->H2+S)          chain termination

7      :O -> wall      (O+O+S->O2+S)        chain termination

8       .OH -> wall   (H+OH+S->H2O+S)    chain termination

9       .HO2 + H2 = .H + H2O2                  chain initiation

10     2 .HO2 = H2O2 + O2                       chain termination

11     H2O2 + M = 2 .OH + M                   chain initiation

12     .HO2 -> wall                                    chain termination

H2, O2, H, O, 
HO2, OH, 
H2O2, H2O
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

1      H2 + O2 = .H + .HO2      chain initiation

2      .H + O2 = .OH + :O          chain branching

3      .OH + H2 = .H + H2O          chain continuation

4      :O + H2 = .OH + .H             chain branching

5      .H + O2 + M = .HO2 + M    chain termination*

6      .H -> wall       chain termination

7      :O -> wall        chain termination

8      .OH -> wall       chain termination

9      .HO2 + H2 = .H + H2O2     chain initiation*

10     2 .HO2 = H2O2 + O2         chain termination

11      H2O2 + M = 2 .OH + M    chain initiation

12      .HO2 -> wall                   chain termination

below the 1st explosion limit: 
chain termination reactions 6, 7, 8 remove the 
radicals (radical loss on the wall). 
These reactions involve a surface and 
therefore they are favoured at low pressures 
because hydrogen diffusion toward the 
surface is high at low P. 

no explosion
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

1      H2 + O2 = .H + .HO2      chain initiation 
2      .H + O2 = .OH + :O          chain branching 
3  .OH + H2 = .H + H2O          chain continuation 
4  :O + H2 = .OH + .H chain branching 
5  .H + O2 + M = .HO2 + M chain termination* 
6  .H -> wall chain termination 
7  :O -> wall chain termination 
8  .OH -> wall chain termination 
9  .HO2 + H2 = .H + H2O2 chain initiation* 
10   2 .HO2 = H2O2 + O2 chain termination 
11 H2O2 + M = 2 .OH + M chain initiation 
12 .HO2 -> wall chain termination

between explosion limits 1 and 2: 
2-3-4 chain branching steps 
2   H + O2 = .OH + :O 
3   .OH + H2 = .H + H2O 
4   :O + H2 =.H + .OH 
3   .OH + H2 = .H + H2O 
____________________ 
.H + O2 + 3 H2 = 3 .H + 2 H2O    explosion

H.

H.

H.

H.

H.

H.

H.

H.

H.

H.

H.
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

Hydrogen-oxygen explosion between limits 1 and 2

H atom is a very reactive intermediate 
its concentration first increases quickly + starts to decay 
when the concentrations of H2 and O2 decreases 
concentration of H2O: saturation curve
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

1      H2 + O2 = .H + .HO2      chain initiation 
2      .H + O2 = .OH + :O          chain branching 
3 .OH + H2 =  .H + H2O          chain continuation 
4 :O + H2 = .OH + .H chain branching 
5 .H + O2 + M = .HO2 + M      chain termination* 
6 .H -> wall chain termination 
7 :O -> wall chain termination 
8 .OH -> wall chain termination 
9 .HO2 + H2 = .H + H2O2 chain initiation* 
10 2 .HO2 = H2O2 + O2 chain termination 
11 H2O2 + M = 2 .OH + M chain initiation 
12 .HO2 -> wall   chain termination

Between the 2nd and the 3rd explosion limits: 
5      .H + O2 + M = .HO2 + M chain termination* 
12     .HO2 -> wall chain termination 
NO explosion

M any species present 
at the hydrogen/air explosion it is mainly N2 O2 H2 
but can be any other species (e.g. .H .HO2 .OH )
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2 H2 + O2=2 H2O    ΔH298°=−115kcal/mole
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H2/O2 SYSTEM - EXPLOSION

1      H2 + O2 = .H + .HO2      chain initiation 
2      .H + O2 = .OH + :O          chain branching 
3 .OH + H2 = .H + H2O          chain continuation 
4 :O + H2 =.OH + .H chain branching 
5 .H + O2 + M = .HO2 + M chain termination* 
6 .H -> wall chain termination 
7 :O -> wall chain termination 
8 .OH -> wall chain termination 
9 .HO2 + H2 = .H + H2O2 chain initiation* 
10  2 .HO2 = H2O2 + O2 chain termination 
11  H2O2 + M = 2 .OH + M chain initiation 
12 .HO2 -> wall chain termination

above explosion limit 3 
- high pressure ⇒ reaction step 5 produces much .HO2 
- reaction steps 9 and 10 convert .HO2 to H2O2 
- at high pressure the decomposition of H2O2 is fast (reaction 11) 
and it produces highly reactive OH radicals 

explosion
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Parameters effect
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H2/O2 SYSTEM - EXPLOSION

1. Temperature
Increasing the temperature increases the efficiency both of endothermic reaction steps and steps for  which 
there is an activation barrier. The termination steps are less sensitive to temperature, and may even be slowed 
down since they tend to be exothermic. As a result, the first explosion limit is lowered, the second explosion 
limit is increased because at higher temperatures a higher pressure is needed in order for the termolecular 
step to become important. The third limit is decreased, since at higher temperatures more heat is produced, 
and also the heat that is produced is harder to lose from the system.

2. Surface-to-volume ratio
The shape and size of the reaction vessel can have a considerable effect on the explosion limits. Increasing 
the surface-to-volume ratio favours processes that involve collisions with the vessel walls over gas phase 
processes, which in this case means the termination steps. The increased efficiency of the termination steps 
increases the pressure at which the first explosion limit is reached. The second limit has no dependence on 
the vessel walls and is unchanged. The third limit increases because it becomes easier to lose heat from the 
system due to the greater number of collisions with the walls.

3. Total pressure
Adding an inert gas to the mixture decreases the mean free path of the gas molecules, and disfavours 
collisions with the walls. This lowers the first explosion limit, since the termination steps become less efficient. 
The second limit is also decreased because the inert gas can act as the third body M, increasing the rate of 
termination process. The third limit is lowered due to the reduced heat transfer from the gas to the vessel 
walls.
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Effect of  the heterogeneous reactions
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H2/O2 SYSTEM - EXPLOSION

6    .H -> wall         chain termination 
7    :O -> wall         chain termination 
8    .OH -> wall       chain termination 
12  .HO2 -> wall    chain termination 

radicals collide to the wall and might get adsorbed. 
The typical sticking coefficient is 𝜀 =10-5 – 10-2 (glass or quartz wall) 
sticking coefficient 𝜀 : 
(collisions resulting in adsorption) / (all collisions) 
⇒ 𝜀 =10-3 sticking coefficient means that 1 radical is adsorbed out of 1000 radicals colliding to the wall 

Calculation of the rate coefficients of reactions 6, 7, 8, 12: 
where: 

S surface of the vessel 
V volume of the vessel 
       average flying velocity of the radical
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Effect of  the heterogeneous reactions
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H2/O2 SYSTEM - EXPLOSION

The dashed line corresponds to pressure where [M] = 2 k2/k5 
(R2  .H + O2 = .OH + :O       R5  .H + O2 + M = .HO2 + M) 
  
The wall reactions result in the non-explosive regions! 
lower non-explosive region (below limit 1):      adsorption of radicals H, :O, .OH 
upper non-explosive region (between limits 2 and 3):    adsorption of radical .HO2 
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Hydrogen-air flame
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H2/O2 SYSTEM - EXPLOSION
at pressure 1 bar: 
above about 900 K .H + O2 = .OH + :O                chain reaction 
below about 900 K .H + O2 + M = .HO2 + M       NO chain reaction

cold gas .H arrives: .H + O2 + M = .HO2 + M      NO explosion 
hot gas .H arrives: .H + O2 = .OH + :O                 explosion
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Third body Collision Efficiency
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H2/O2 SYSTEM - EXPLOSION

M can be any species present (molecule, radical, atom)

Its role is the removal of the extra energy of the excited species (here: radical .HO2*) via a collision 
Energy removal effectivity depends on the modes where M can store the energy 

it can store the energy only in translational mode 

m(He)= 0.8  
m(N2)= 1.0  
m(O2)= 0.78  
m(H2)= 2.0  
m(H2O)= 14.0
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CO/O2 SYSTEM 

Oxidation of CO is important in hydrocarbon combustion

• From a very simplistic point-of-view, hydrocarbon 
combustion (related to C content) can be characterized as a 
two-step process:

- breakdown of fuel to CO.
-oxidation of CO to CO2.

• CO oxidation is extremely slow in the absence of small 
amounts of H2 or H2O.
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CO/O2 SYSTEM 
If the H2O is the primary hydrogen-containing species, the CO 
oxidation can be described by:

CO + O2  → CO2 +O        (CO.1)

O+H2O    → OH + OH      (CO.2)

CO + OH → CO2 +H        (CO.3)

H+O2      → OH + O         (CO.4)

- (CO.1) is slow; not much contribution to CO2 formation, but 
chain inititation reaction.

-(CO.3) is the actual CO oxidation step; also chain propagation 
step producing H atoms. This is the main heat producing step

MAIN SOURCE OF HEAT IN ALL HYDROCARBON FLAMES!!!
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CO/O2 SYSTEM 

- (CO.2) and (CO.4) are chain-branching reactions producing 
OH, and OH and H, respectively.

-(CO.3) reaction is the key step in CO oxidation.

• If H2 is present, then following steps are involved:

-O+H2 → OH + H (CO.5)

-OH + H2 → H2O+H (CO.6)

-CO+HO2 → CO2 +OH (CO.7)

In the presence of H2, the entire H2-O2 reaction system 
should be included to describe CO oxidation.
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CO/O2 SYSTEM other reactions:

CO + O + M = CO2 + M

CO+O = CO2*

CO+O3=CO2+2O

CO+O3+M=CO2+O2

O3 is obtained from the following reaction:  O+O2+M=O3+M

HCO formation and consumption

H + CO + M = HCO +M 

H + HCO = H2 + CO

HCO + O = CO + OH

HCO + O = CO2 + H

HCO + OH = CO + H2O

HCO + O2 = CO + HO2
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CO/O2 SYSTEM - EXPLOSION DIAGRAM
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H2-O2 AND CO-O2 SYSTEMS

The kinetic pathways of  these H2-O2 and CO-O2 systems are 
interconnected through four reactions, grouped, below, in the two pairs 
of  direct and inverse reactions:  

CO + OH <=> CO2+H 
H + H2O <=> OH +H2 

which, when added up member by member, lead to the equilibrium 
reaction of  several combustion products obtained in most hydrocarbon 
oxidation processes. The following expression is therefore obtained: 

CO +H2O <=> CO2+H2   water-gas shift reaction  
∆H0298 = -41.09 kJ/mol  
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CH2O OXIDATION
Formaldehyde is very important as an intermediate species in 
the oxidation of  many fuels.  
In addition, its oxidative evolution has been studied in medium-
low temperature conditions. 

Main pathway: 

CH2O -> CHO -> CO 

These two reactions occur either by thermal pathway or by 
extraction of  a hydrogen atom through a radical (in the first 
reaction) or a molecule (in the second reaction). The thermal 
pathway is favoured in rich conditions and temperatures above 
600 °C, while the second one is favoured under stoichiometric 
or lean conditions and at low temperatures.
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Combustion chemistry is driven by chain reactions of  reactive radicals and the 
progress of  combustion depends on the balance of  chain-branching and chain-
terminating reactions.  
Autoignition, the spontaneous ignition of  a fuel-air mixture, happens when 
initially slow thermal reactions have a large enough chain-branching 
component to sustain and accelerate oxidation.  

The increasing radical concentration and the increase in reaction rate build on 
themselves and eventually lead to a rapid explosive rise in radical concentration, 
oxidation rate, and temperature – ignition! These reactions typically release 
heat, increasing the temperature of  the system, and at the same time their rate 
is also strongly dependent on temperature and pressure.  

In fact autoignition is very sensitive to details of  chain branching and chain 
terminating in the initial reactions, and hence depends sensitively on the 
chemical structure of  the fuel. 
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AUTOIGNITION
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Autoignition is a homogeneous combustion process where the mixture does not 
reach the ADIABATIC FLAME TEMPERATURE. 

It represents the first stage of  a combustion process, no complete oxidation 
products 

Depends on many factors (environmental parameters; system configuration: reactor 
in flow, batch) 

Different criteria for the determination (∆T, light emission, ∆p). 
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AUTOIGNITION
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DIESEL ENGINE 
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AUTOIGNITION

Ignition Delay

Crack Angle
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AUTOIGNITION
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AUTOIGNITION
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CH4-O2 SYSTEM

H2/O2 
System 

Reactions

H-Abstraction

Oxidation
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CH4-O2 SYSTEM

At the beginning we have only Fuel,Oxygen 
and diluent species

Primary Initiation mechanism
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CH4-O2 SYSTEM

Thermal decomposition

H - Abstraction

Thermal Decomposition: favoured at High Temperatures, Ea= 88000 cal/mole

H-Abstraction: Favoured at low temperatures. Ea= 56000 cal/mole
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CH4-O2 SYSTEM

CH4 + HO2 CH3+H2O2

With the Dissociation of H2O2 starts the Secondary Initiation mechanism
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CH4-O2 SYSTEM
Possible channels for H radicals:
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CH4-O2 SYSTEM

methyl radical is highly stable

H2/O2 
System 

Reactions
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CH4-O2 SYSTEM

Currently, the main product of the reaction between the 
methyl radical and the molecular oxygen is considered to 
be the CH3O radical:
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CH4-O2 SYSTEM

Parallel pathways for O and OH:
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CH4-O2 SYSTEM

H2/O2 
System 

Reactions

Oxidation

H-Abstraction
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CH4-O2 SYSTEM

Recombination
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CH4-O2 SYSTEM
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IGNITION PROCESSES
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IGNITION PROCESSES



Giancarlo Sorrentino
University “Federico II” of Naples 

 55

HOMOGENEOUS AUTOIGNITION

AUTOIGNITION PROCESS STARTS 
WHEN THE MIXTURE ENTHALPY 
LEVEL IS HIGH ENOUGH TO 
SUSTAIN THE EXOTHERMIC 
CHEMICAL REACTIONS FOR FUEL 
OXIDATION.

! "#
!$ = "̇# 	

! ()
!$ = (̇) = −+"#̇ℎ#-

�

#

t=t0 ; T=T0>Tign
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HOMOGENEOUS AUTOIGNITION

dη s

dt
= !ηs

dρ
dt

= !ρi

Homogeneous
Auto-Ignition

HAI

Homogeneous
Aggregates

Auto-Ignition
HAAI

MILD
Auto-Ignition

MAI

Parameters

Parameters

Parameters

T0

τ

Z

Rd
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HOMOGENEOUS AUTOIGNITION

Δ*i ,i+1 = max(
∂2T
∂t2

i

− ∂2T
∂t2

i+1

)

Explosion Criterion
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HOMOGENEOUS AUTOIGNITION

1) inception delay (=ignition onset)                        

2) inception characteristic                                          

3) ignition delay (=explosion onset)                       

4) ignition characteristic                                            

5) explosion characteristic                                         

6) explosion delay (=exhausting onset)                    
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HOMOGENEOUS AUTOIGNITION
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HOMOGENEOUS AUTOIGNITION

Adapted from : 
Mukhopadhyay, S., Abraham, J. 
“Influence of compositional 
stratification on autoignition in 
n-heptane/air mixtures”.  
Comb. Flame, 158(6), 2011, 
1064-1075.
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HOMOGENEOUS AUTOIGNITION



Giancarlo Sorrentino
University “Federico II” of Naples 

 62

HOMOGENEOUS AUTOIGNITION

Experimental setup ignition times Pressure/temperature

Shock tubes 1-10 ms T>1200 K

RCM 10-100 ms P=7 MPa
700 K<T<1200 K

Tubular Reactor >1 ms P = 1 atm
T>Tign
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STRATIFIED AUTOIGNITION

A stratified autoignition process is a quasi-homogeneous 
adiabatic combustion process. 

Quasi-homogeneity, referred to a combustion process, is 
defined as that process in which all the gradients of all the 
primitive variables, while being different from zero, have no 
influence on the process itself, i.e. they do not lead to 
appreciable convections and diffusions terms but generation 
and accumulation ones are the predominant.



Giancarlo Sorrentino
University “Federico II” of Naples 

 64

STRATIFIED AUTOIGNITION

Schematization of a stratified autoignition system:

1) mixing under inert (frozen) conditions involving the 
diffusive transport of species

2) process regulated point by point only by homogeneous 
adiabatic combustion. It evolves locally into total 
independence from the diffusive transport of mass and 
enthalpy.
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STRATIFIED AUTOIGNITION
Fuel/Oxidizer Ratio

φox/comb = Yox / YF
AFR = Yair / YF
FAR = YF / Yair
α = (Yox / YF ) / (Yox / YF )stoich
α air = (Yair / YF ) / (Yair / YF )stoich
Φ = (YF / Yox ) / (YF / Yox )stoich
Φair = (YF / Yair ) / (YF / YAir )stoich
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Mixture Fraction

for homogeneous systems: 

1 -> FUEL    (Z=1)
2 -> OXIDIZER  (Z=0)

Z =
m1

m1 +m2

Z =
β − β2
β1 − β2

Φ = Z
1− Z

(1− Zst )
Zst

STRATIFIED AUTOIGNITION- HAAI
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 STRATIFIED AUTOIGNITION- HAAI
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CHARACTERISTIC TEMPERATURES

STRATIFIED AUTOIGNITION- HAAI
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CHARACTERISTIC TEMPERATURES

STRATIFIED AUTOIGNITION- HAAI
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TEMPORAL EVOLUTION

STRATIFIED AUTOIGNITION- HAAI
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STRATIFIED AUTOIGNITION- HAAI
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STRATIFIED AUTOIGNITION- HAAI
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STRATIFIED AUTOIGNITION 
DILUTION EFFECTS 
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STRATIFIED AUTOIGNITION 
DILUTION EFFECTS 

CH4 / Air
Fuel-Rich Condition T0= 900 K
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STRATIFIED AUTOIGNITION 
DILUTION EFFECTS 
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BACK MIXING IGNITION

Equazioni di bilancio forma integrale 

generica  
∂ρ f
∂t

 +   
v
∫∫∫ ∇⋅ vϕ( ) dV   +     

v
∫∫∫   ∇⋅ ϕJ                          =ϕ

•
V 

massa totale      
∂ρ
∂t

 V +   
v
∫∫∫  ∇⋅ ρv( )dV                               =    0   

massa specie i-ma  
∂ρYi
∂t

 V +    
v
∫∫∫ ∇⋅ ρvYi( ) dV      +      

v
∫∫∫   ∇⋅

iY
J  dV  =ρi

•
 V  

entalpia totale        
∂ρhtot

∂t
 V +   

v
∫∫∫ ∇⋅ ρvhtot( )  dV  +      

v
∫∫∫   ∇⋅ J hs  dV  =    0  

entalpia sensibile   
∂ρhs

∂t
 V +    

v
∫∫∫ ∇⋅ ρvhs( ) dV  +      

v
∫∫∫ ∇⋅ J hs  dV  = − ρi

•
hi
o∑  V 

quantità di moto    ∂ρv
∂t

  V+    
v
∫∫∫ ∇⋅ ρvv( ) dV           +     

v
∫∫∫ ∇⋅ vJ dV     =−∇pV 

BALANCE EQUATIONS- INTEGRAL FORM
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BACK MIXING IGNITION

AUTOIGNITION

∂ρi
∂t

= ρ
•

i

∂ηS

∂t
= − ρ

•

i∑ h0i

ρ
Yi −Yi ,o
τ c

− ρ
hs − hos

τ c

−

BACKMIXING IGNITION
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BACK MIXING IGNITION

44 
 

 

)

Figure 2-13 CAD design of the reactors 

 

)

Figure 2-14 JSR with nozzle configuration 1 (right) and 2 (left) 

)

)

)

τmix << τ chem
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BACK MIXING IGNITION

Homogeneous 

HBI

Homogeneous 
Bulks 

HBBI 

MILD 

MBI

Parameters

	

	

Parameters

Parameters

ρi,0

η0
s
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BACK MIXING IGNITION 
UNSTEADY CONDITIONS
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BACK MIXING IGNITION 
STEADY CONDITIONS - TURNING POINTS
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BACK MIXING IGNITION 
STEADY CONDITIONS

Extinction	state

Ignition	state
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BACK MIXING IGNITION 
DILUTION EFFECTS

CH4/Air system
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BACK MIXING IGNITION 
DILUTION EFFECTS



Giancarlo Sorrentino
University “Federico II” of Naples 

DAY 1 

Introduction  
       
a. Definition and relevance of  Combustion Science. Applications. 
b. Governing equations of  multi-component chemically-reacting gas mixtures  
c. Thermodynamics, transport, flame temperature and equilibrium 

Homogeneous Combustion – AutoIgnition  
       
a. Chain-branching and Thermal Explosions, H2/O2 and CO/O2 systems 
b.  Auto-ignition. CH4/O2 system. 
c. Stratified AutoIgnition. Dilution effects. 
d.  Back-Mixed Ignition. Steady and Unsteady conditions. 
e. Heat loss effects. High molecular weight paraffin systems nC7H16, iC8H18 

 87

COURSE OVERVIEW 



Giancarlo Sorrentino
University “Federico II” of Naples 

 88

BACK MIXING IGNITION 
HEAT LOSS EFFECTS

for a perfectly stirred flow reactor 
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BACK MIXING IGNITION 
HEAT LOSS EFFECTS

for a perfectly stirred flow reactor 
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BACK MIXING IGNITION 
HEAT LOSS EFFECTS



Giancarlo Sorrentino
University “Federico II” of Naples 

 91

BACK MIXING IGNITION 
HEAT LOSS EFFECTS

nC7 iC8

IGNITION

COOL 
FLAMES

SLOW 
COMBUSTION

SLOW 
COMBUSTION

COOL 
FLAMES

IGNITION
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