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DAY 2 

Combustion with Flame Propagation  
    
a. One Dimensional Steady Flow formulation. 
b. Rayleigh and Rankine-Hugoniot equations. 
c. Detonation. 
d. Deflagration. Thermal theory. Flame Speed Dependencies. 

Laminar Diffusion Flames     

a.    Flame Structure and Mixture Fraction.  
b.    Infinitely fast chemistry. Flamelet concept. 
c.  1D Unsteady Diffusion flames.  Unstrained. 
d. 1D Steady Diffusion flames. Strained. 
e.  1D Unsteady Diffusion flames. Strained. 
f. Diluted conditions. Diffusion Ignition processes. 

 1

COURSE OVERVIEW 



Giancarlo Sorrentino
University “Federico II” of Naples 

 2

PREMIXED vs DIFFUSION flames
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LAMINAR DIFFUSION flames
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A very difficult flame: the candle flame 

•The solid fuel is first heated by heat 
transfer induced by combustion. The liquid 
fuel reaches the flame by capillarity along 

the wick and is vaporized.  

•Fuel oxidation occurs in thin blue layers 
(the color corresponds to the spontaneous 

emission of the CH radical)  

•Unburnt carbon particles are formed 
because the fuel is in excess in the reaction 

zone. The this soot is the source of the 
yellow light emission.  

•Flow (entrainment of heavy cold fresh air 
and evacuation of hot light burnt gases) is 

induced by natural convection  
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Example : gas lighter 
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LAMINAR DIFFUSION FLAME STRUCTURE

In diffusion flames the fuel and 
the oxidant flows are separated 
and mixed immediately before or 
during the oxidation reaction. 
There is a difference between 
flames in which the two streams 
are par t ial ly mixed before 
reacting and flames in which 
they mix while reacting.  
Only the latter are real "diffusion 
flames" even if this diction is 
generally used also for the 
former when only a minority 
fraction of fuel is mixed before 
the oxidative phase.  

1-FUEL
2-OXIDIZER
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LAMINAR DIFFUSION FLAME STRUCTURE

MIXTURE FRACTION  
is a conserved scalar quantity 

1-FUEL

2-OXIDIZER

Opposed Counterflow Diffusion Flames 
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MIXTURE FRACTION 
CONSERVED VARIABLES

Y(C,H)2=0

Y(O)1=0

Zf = Zo  for equidiffusivity
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MIXTURE FRACTION 
CONSERVED VARIABLES

if diluent is present in the jet 
1, the mass fraction of 
Diluent is: 

if diluent is present in the jet 
2, the mass fraction of 
Diluent is: 

sum of mass fraction equal to 1
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MIXTURE FRACTION 
CONSERVED VARIABLES

and therefore is verified:
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STOICHIOMETRIC MIXTURE FRACTION

STOICHIOMETRIC RATIO

S T O I C H I O M E T R I C 
MIXTURE FRACTION
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STOICHIOMETRIC MIXTURE FRACTION
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MIXING AND EQUILIBRIUM
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INFINITELY FAST CHEMISTRY 

INFINITELY FAST CHEMISTRY ASSUMPTION:

AT

AT
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INFINITELY FAST CHEMISTRY 

INFINITELY FAST CHEMISTRY AND EQUILIBRIUM
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FLAMELET STRUCTURE 

- Assumption of  fast chemical reactions 

• If  characteristic timescales of  the flow and the reaction are of  same order of  
magnitude: Chemical reaction processes have to be considered explicitly  

•Flamelet formulation for non-premixed combustion  
- Mixture fraction as independent coordinate  
- Asymptotic approximation in the limit of  sufficiently fast chemistry leads to one-
dimensional equations for reaction zone  
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FLAMELET STRUCTURE 
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FLAMELET STRUCTURE 
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FLAMELET STRUCTURE 
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FLAMELET STRUCTURE 
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FLAMELET STRUCTURE 
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FLAMELET STRUCTURE 
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FLAMELET STRUCTURE 
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1D UNSTEADY DIFFUSION FLAMES/
UNSTRAINED

BOLTZMANN VARIABLE 
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1D UNSTEADY DIFFUSION FLAMES/
UNSTRAINED
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1D STEADY DIFFUSION FLAMES/STRAINED 
COUNTERFLOW DIFFUSION FLAMES
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1D STEADY DIFFUSION FLAMES/STRAINED 
COUNTERFLOW DIFFUSION FLAMES
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1D STEADY DIFFUSION FLAMES/STRAINED 
COUNTERFLOW DIFFUSION FLAMES
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1D STEADY DIFFUSION FLAMES/STRAINED 
COUNTERFLOW DIFFUSION FLAMES
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1D STEADY DIFFUSION FLAMES/UNSTRAINED 
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1D STEADY DIFFUSION FLAMES/UNSTRAINED 
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DILUTION EFFECTS
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DILUTION EFFECTS
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DILUTION EFFECTS

 
Z = β − βox

βfuel − βox

Zst =ξst = 1 + ν s  
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DILUTION EFFECTS

Oxidant Fuel

1 hot 
diluted HODO

2 hot diluted HODF
3 diluted hot HFDO

4 hot 
diluted HFDF

Hot Oxidant

Fuel

Diluted Oxidant
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DILUTION EFFECTS 
HODF

Dilution implies: 

- widening of  the oxidative region; 

- variation of  the relative intensity of  the 
two maxima 

- a decrease in the absolute value of  the 
minimum heat release

When Xf<0.1 :  

- profiles exhibit only a single maximum 
that decreases in intensity with Xf.  

- disappearance of  the pyrolytic region 

- The position of  the maximum heat 
release is not related to Zst.

= Zst

Hot Oxidant
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DILUTION EFFECTS 
HODF

undiluted

diluted distributed

Hot Oxidant

Fuel

Diluted Oxidant
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DILUTION EFFECTS 
HODF
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DILUTION EFFECTS 
HODF
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DILUTION EFFECTS 
HDDI (HOT DILUTED DIFFUSION IGNITION)

•Pyrolytic region disappears (Flameless)

• H no longer correlated with Zst

•Reactive Region broadening  (Distributed)

• heat release toward the hot side

IGNIDIFFUSION PROCESS
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DILUTION EFFECTS 
UNSTEADY HDDI

Hot 
Oxidant

Diluted FuelDiffusive structure growth (Zst-Zmr)

Longer Ignition and 
stabilization times

Zmr Zst
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DILUTION EFFECTS 
HOMOGENEOUS CHARGE DIFFUSION IGNITION (HCDI)
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DILUTION EFFECTS 
HOMOGENEOUS CHARGE DIFFUSION IGNITION (HCDI)
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DILUTION EFFECTS 
HOMOGENEOUS CHARGE DIFFUSION IGNITION (HCDI)
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DILUTION EFFECTS 
HOMOGENEOUS CHARGE DIFFUSION IGNITION (HCDI)
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IGNIDIFFUSION 

• Distribution of  heat release rate is wider (with respect to 
the other reference elementary processes: deflagration, 
flame diffusion) 

• The maximum heat release does not occur where could be 
expected (in terms of  local chemical composition) 

• Stabilization in mixing diffusion layer relies on autoignition

HOMOGENEOUS CHARGE  
DIFFUSION IGNITION

HOT DILUTED 
DIFFUSION 
IGNITION
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