
Dr. Giancarlo Sorrentino 
Assistant Professor 

  Department of  Chemical, Materials and Production Engineering  
  University of  Naples “Federico II”

COMBUSTION FUNDAMENTALS



																																																	Naples (Italy)
The University of Naples Federico II was the first public university founded by Frederick II in 1224.
It is considered to be the oldest public and state university in the world.



PYMICOLAB WORKING GROUP

RAFFAELE RAGUCCI
ragucci@irc.cnr.it

CORINNA MARIA 
GROTTOLA
cm.grottola@irc.cnr.it

MARCO LUBRANO 
LAVADERA
m.lubranolavadera@irc.cnr.it

GIOVANNI BATTISTA ARIEMMA
ariemma.g.battista@gmail.com

ACKNOWLEDGEMENT

ANTONIO CAVALIERE
antcaval@unina.it

MARA DE JOANNON
dejoannon@irc.cnr.it

GIUSEPPE CERIELLO
giuseppe.ceriello@unina.it

VIRGINIA MANNA
mv.manna@irc.cnr.it

PINO SABIA
sabia@irc.cnr.it

PAOLA GIUDICIANNI
giudicianni@irc.cnr.it

PIO BOZZA
p.bozza@irc.cnr.it

MARCO AGRILLO
m.agrillo@irc.cnr.it

mailto:ragucci@irc.cnr.it?subject=
mailto:cm.grottola@irc.cnr.it?subject=
mailto:ragucci@irc.cnr.it?subject=
mailto:ragucci@irc.cnr.it?subject=
mailto:ariemma.g.battista@gmail.com
mailto:antcaval@unina.it
mailto:dejoannon@irc.cnr.it
mailto:giuseppe.ceriello@unina.it
mailto:mv.manna@irc.cnr.it
mailto:sabia@irc.cnr.it
mailto:giudicianni@irc.cnr.it
mailto:p.bozza@irc.cnr.it
mailto:m.agrillo@irc.cnr.it


Giancarlo Sorrentino
University “Federico II” of Naples 

Combustion research started many years ago  

�4

COMBUSTION SCIENCE

Study of chemically reacting flows with highly 
exothermic, temperature-sensitive reactions

CHEMISTRY

FLUID MECHANICS

THERMODYNAMICS

COMBUSTION

The Chemical History of a Candle was the title of a series of six lectures on 
the chemistry and physics of flames given by Michael Faraday at the Royal 
Institution in 1848, as part of the series of Christmas lectures for young 
people founded by Faraday in 1825 and still given there every year.
The lectures described the different zones of combustion in the candle flame 
and the presence of carbon particles in the luminescent zone.
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COMBUSTION SCIENCE
Everyone knows what combustion is, 
but a generally accepted definition does not exist. 

A possible definition: 
Combustion is chemical transformation with significant heat release. 

Several typical combustion reactions: 
combustion of  methane                   CH4 + 2 O2 = CO2 + 2 H2O 
hydrogen-chlorine flame                   H2 + Cl2 = 2 HCl 
termite reaction                                 2 Al + Fe2O3 = 2 Fe + Al2O3 

Wrong definitions of  combustion: 
- reaction of  oxygen with a fuel 
-reaction of  gases accompanied with light emission 

flame: high temperature reaction front
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COMBUSTION SCIENCE

COMBUSTION IS A 
MULTI-PHYSICS & 

MULTI-SCALE 
SCIENCE

IT IS BOTH A 
COMPLICATED AND 

COMPLEX PROCESS.
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COMBUSTION AND TECHNOLOGY ADVANCEMENT

time
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COMBUSTION APPLICATIONS…  

COMBUSTION

Incinerator

Boiler

Furnace

Gas 
Turbine 
Engine

Rocket 
Engine

Power 
Generation

Micro 
Combustor

Pulse 
Detonation 

Engine

Fires

Wankel 
Engine

IC Engine
Material 

Synthesis
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WORLD ENERGY CONSUMPTION

Source: EIA’s International Energy Outlook, 2016 
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EMISSIONS, CLIMATE IMPACT AND GLOBAL WARMING…
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EMISSIONS, CLIMATE IMPACT AND GLOBAL WARMING…

CLEAN COMBUSTION 
EXTREMELY IMPORTANT! 
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OPPORTUNITIES AND NEW FRONTIERS…

Primary energy and conversion processes

•Cleaner fuels and technologies (MILD, LTC, …) 

•Biofuels 

 Tailor-made fuels from biomass 

•Carbon-free fossil fuel 

• Renewable Electricity  

Storage  

 - E-fuels 

 - Ammonia 

 - Hydrogen 
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INTEGRATION IN THE ENERGY MIX…

energy  
supply  
system

The accessibility and affordability of 
energy supply across the populationEquity

Efficient and from renewable, (low-
carbon) sources

Sustainability

Effectiveness of primary 
energy supply

Security
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Develop understanding of  combustion processes from physical and chemical 
perspectives  

• Fundamentals:  
− Thermodynamics  
− Kinetics  
− Fluid mechanics  

• Elementary Structures:  
− 0D  
− 1D 
− 2D ??? 

FOR A CLEAR UNDERSTANDING OF MODELLING and 
APPLICATIONS (see parallel courses)  
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AIM OF THIS COURSE…
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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 System  
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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COURSE OVERVIEW 
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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 Steady Diffusion flames. Strained/Unstrained. 
d.  1D Unsteady Diffusion flames. Strained/Unstrained. 
e. Diluted conditions. Diffusion Ignition processes. 
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COURSE OVERVIEW 
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DAY 3 
Complex Flame Structures  
    
a. The Structure of  Triple Flames      
b. Lifted flames and lift-off  height 
c.    Triple flame propagation 

Turbulence, Mixing and Aerodynamics   
  
a. Characteristics and Description of  Turbulent Flows   
b. Turbulent Premixed Combustion. Scales and Dimensionless Quantities.  
c. Borghi Diagram  
d.  Flame stabilization, Ignition and Extinction 
e. Flashback and Blowoff  
f. Swirl and reverse flows 
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COURSE OVERVIEW 
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COURSE OVERVIEW 
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We assume that the fluid is continuous and homogeneous in structure (the 
properties of  the smallest subdivisions are the same as large samples). 

Two common ways to describe a fluid motion 

Lagrangian - we follow individual particles   

Eulerian - we fix our attention on a point in space x,y,z and consider the 
primitive variable distributions (velocity, temperature, density, etc…) 

 19

GOVERNING EQUATIONS OF MULTI-COMPONENT 
CHEMICALLY-REACTING GAS MIXTURES  
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Governing equations for multicomponent chemically reacting gas 
mixtures can be described through primitive variables (intensive properties): 

Eulerian Velocity                                     
Mass Fraction of  species i                         
Density  
Temperature  

for each of  them we can obtain the corresponding conservative quantities 
(extensive): 

Momentum 
Mass of  species i                         
Total Mass  
Sensible enthalpy  

 20

GOVERNING EQUATIONS … 
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for each of  them we can obtain the corresponding densities : 

  

where the vector        is related to n species, 3 velocity components and 2 scalar  

quantities     and    

Therefore it has n+5 components. 
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GOVERNING EQUATIONS … 
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- Basics: equations of  continuum mechanics  

balance equations for mass and momentum  
balance equations for the energy and the chemical species  

- Associated with the release of  thermal energy and the increase in 
temperature there is a local decrease in density which in turn affects the 
momentum balance.  

- Therefore, all the equations are closely coupled to each other.  

 22

GOVERNING EQUATIONS … 

NON-LINEARITY 
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For each component of  the vector       it is possible to obtain a balance 
equation  on a generic fixed control volume.   

We obtain the general form of  the Governing equation:   

 23

GOVERNING EQUATIONS … 
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1    CONTINUITY 

3    MOMENTUM 

N   SPECIES 

1    ENERGY 
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GOVERNING EQUATIONS … 
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MOMENTUM 

SENSIBLE ENTHALPY 

SENSIBLE ENTHALPY 

SENSIBLE ENTHALPY 

SENSIBLE ENTHALPY 
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GOVERNING EQUATIONS … 

neglected terms…

GRAVITY 

COMPRESSIBILITY 

VISCOSITY 

RADIATIVE FLUXES 

MASS DIFFUSION 
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ENTHALPY OF FORMATION 

ENTHALPY 

TOTAL ENTHALPY
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GOVERNING EQUATIONS … 

Derived ones…
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GOVERNING EQUATIONS … 

The conservation equations are supplemented (i.e. completed) by the 
specifications of  diffusion fluxes:  

MOMENTUM 

SPECIES 

ENERGY 
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GOVERNING EQUATIONS … 

Production term: 

Arrhenius Law

Difference between products stoichiometric 
coefficients (νi,j" ) and reactants ones (νi,j' ), 
related to reaction j for the species i.

REACTION RATE 
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GOVERNING EQUATIONS … 

Stoichiometric Ratio
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AUXILIARY RELATIONS
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AUXILIARY RELATIONS
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AUXILIARY RELATIONS
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A gas mixture consists of  N species (i=1,2, …, N) 

The quantitative description of  chemical reaction 
between species requires a precise definition of  
Concentration  

The Concentration Ci is defined as the number of  moles of  species i 
per unite volume: 

where ni is the number of  moles of  species i in the mixture. 
From the definition of  the Avogadro number, there are 6.023 1023 molecules in 1 
mole. 
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MULTICOMPONENT MIXTURE
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MULTICOMPONENT MIXTURE
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MULTICOMPONENT MIXTURE
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MULTICOMPONENT MIXTURE
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MULTICOMPONENT MIXTURE
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COURSE OVERVIEW 
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First law of  thermodynamics - balance between different forms of  energy  

-Internal Energy                                                     du 
 Specific Work due to volumetric changes :             δw = -pdv 
 Specific heat transfer from the surroundings:         δq  

- Related quantities  
specific enthalpy (general definition):                       h=u+pv 
specific enthalpy for an ideal gas:                             h=u+RT/M 

-Energy balance for a closed system (no mass exchange):   du = δq + δw 
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THERMODYNAMIC QUANTITIES
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Specific internal energy and specific enthalpy of  mixtures  

Relation between internal energy and enthalpy of  single species  

 40

MULTICOMPONENT SYSTEM
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Partial molar enthalpy hi,m is  

and its temperature dependence is  

where the molar specific heat at constant pressure is  

- In a multicomponent system, the specific specific heat at constant 
pressure of  the mixture is  

 41

MULTICOMPONENT SYSTEM
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Reference enthalpies of  chemical species at reference temperature are 
listed in tables  

Reference enthalpies of  chemical elements (O2, N2) and solid carbon Cs 
were chosen as zero, because they represent the chemical elements  

Reference enthalpies of  combustion products such that CO2 and H2O are 
typically negative  

 42

DETERMINATION OF PROPERTIES
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DETERMINATION OF PROPERTIES

aj for each species i are listed in tables  
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POLYNOMIALS…
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First law of  thermodynamics for a system at constant pressure   

du = δq + δw  
h=u+pv 
dh=du+pdv+vdp=δq + δw+pdv+vdp=δq-pdv+pdv+vdp=δq+vdp 
if  dp=0 (constant pressure) 
dh=δq 

Heat release for combustion : 

Example:            CH4+2O2=CO2+2H2O 

Reaction Enthalpy:    

 45

ENTHALPY FOR COMBUSTION

Δhm = hCO2 + 2hH2O − hCH4 + 2hO2
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Enthalpy is a state function and therefore  
we can assume that reaction occurs at T = Tref  : 

Example : formation reaction of  H2O      H2+1/2O2=H2O 

hi,ref (enthalpy of  formation) is the chemical energy of  a species with 
respect to its chemical state 

 46

REACTION ENTHALPY

hi,m = hi,m,ref + Cpi,m
Tref

T

∫ dT

ΔhH2O = hH2O − hH2 −
1
2
hO2 = hH2O ,ref
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ENTHALPY OF FORMATION
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REACTION ENTHALPY

Type  of  reactions:  
Exothermic reaction:    Δℎ𝑚<0  
Endothermic reaction:  Δℎ𝑚>0  

Lower heating value (LHV)  

Higher heating value (HHV)  

 HHV = LHV + Hv (
nH2O,out

nfuel,in )
For Hydrocarbons : HHV is ~10% larger than LHV  

HV is the heat of  vaporization of  water 
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ADIABATIC FLAME TEMPERATURE
First law of  thermodynamics for an adiabatic system at constant pressure (δq = 0, 
dp = 0) with only reversible work (δw = -pdv)  

          
du = δq + δw = - pdv 
dh = du+pdv+vdp= -pdv+pdv+vdp 

if  dp=0 then dh=0 

Integrated from the unburnt (u), to burnt (b) gives : 
          

                           hu=hb 

and therefore  

Yi,uhi,u
i
∑ = Yi,bhi,b

i
∑
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ADIABATIC FLAME TEMPERATURE

If   

          

then: 
          

hi,m = hi,m,ref + Cpi,m
Tref

T

∫ dT

(Yi,u −Yi,b )hi,ref
i
∑ = Cp ,b dT −

Tref

Tb

∫ Cp ,u dT
Tref

Tu

∫

Yi,uhi,u
i
∑ = Yi,bhi,b

i
∑
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ADIABATIC FLAME TEMPERATURE 
 COMPLETE CONVERSION

For a one-step global reaction (A+B=C+D)  
  

          

and therefore: 

(Yi,u −Yi,b )hi,ref
i
∑ = Cp ,b dT −

Tref

Tb

∫ Cp ,u dT
Tref

Tu

∫



Giancarlo Sorrentino
University “Federico II” of Naples 

 52

ADIABATIC FLAME TEMPERATURE 
 COMPLETE CONVERSION

We define the Heat of  Combustion: 
  

          

         Assumption that it is not dependent on the temperature and therefore:

    Simplification: 

• Tu = Tref and cp,b approximately constant  
• For combustion in air, nitrogen is dominant in calculating cp,b  
• We can set the specific heat for burnt gas of  about 1.40 kJ/kg/K  

Q = − ν iMihi
i
∑ = − ν iMihi,m

i
∑

Q = − ν iMihi,ref
i
∑
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ADIABATIC FLAME TEMPERATURE 
 COMPLETE CONVERSION

Under the assumption of  cp constant and Q = Qref,  
the Adiabatic flame temperature at complete conversion for a lean mixture 

(YF,b = 0) is calculated from: 
  

          

         and therefore:

(YF ,u −YF ,b )
ν F MF

ν iMihi,ref
i
∑ = Cp ,b dT −

Tref

Tb

∫ Cp ,u dT
Tref

Tu

∫

(YF ,u −YF ,b )
υF MF

υiMihi,ref = Cp (Tb −Tu )
i
∑

ΔTad = Tb −Tu =
QrefYF ,u
CpυF MF
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ADIABATIC FLAME TEMPERATURE 
 COMPLETE CONVERSION

For a rich mixture  
the Adiabatic flame temperature at complete conversion (YO2,b = 0) is 

calculated from: 
  

          

         and therefore:

ΔTad = Tb −Tu =
QrefYO2 ,u
CpυF MF
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ADIABATIC FLAME TEMPERATURE 
METHANE/AIR

Adiabatic flame temperature at complete conversion for stoichiometric 
CH4/Air mixture at Tu=298 K 
  

          

CH4 O2 N2 CO2 H2O

Unburned 16 64 2*3,76*28 0 0

Burned 0 0 2*3,76*28 44 36

YF,u=0,055 
Cp=1,4 kJ/Kg 
MF=0,016 Kg/mol 
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ADIABATIC FLAME TEMPERATURE 
METHANE/AIR

Adiabatic flame temperature at complete conversion for stoichiometric 
CH4/Air mixture at Tu=298 K 
  

          

YF,u=0,055 
Cp=1,4 kJ/Kg 
MF=0,016 Kg/mol 

  

                                                    Tb=2260 K 
          

ΔTad = Tb −Tu =
QrefYF ,u
CpυF MF
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ADIABATIC FLAME TEMPERATURE
FUEL FLAME 

TEMPERATURE
acetylene 2,400 °C

butane 1,970 °C 

carbon 
monoxide

2,121 °C

ethane 1,960 °C

hydrogen 2,045 °C

methane 1,957 °C

propane 1,980 °C
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ADIABATIC FLAME TEMPERATURE
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EQUILIBRIUM

Complete combustion is approximation, there is the possibility of  dissociation 
of  combustion products  

          
Another important formulation is Chemical Equilibrium 

Complete combustion represents the limit of  infinitely large equilibrium constant 

Chemical equilibrium and complete combustion are valid in the limit 
of  infinitely fast reaction rates only, which is often invalid in 
combustion systems  
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EQUILIBRIUM

Chemical equilibrium assumption over-predicts formation of  
intermediates such as CO and H2 for rich conditions by large 
amounts  

E q u i l i b r i u m a s s u m p t i o n r e p r e s e n t s a n e x a c t 
thermodynamic limit  
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ENTROPY

Partial molar entropy si,m of  chemical species in a mixture of  ideal 
gases depends on partial pressure : 

values of  the reference entropy are listed in tables… 
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GIBBS FREE ENERGY

Gibbs Free Energy  

G=H-T*S      G=G(p,T, ni) 

is a thermodynamic potential that can be used to calculate the maximum 
of  reversible work that may be performed by a thermodynamic system at 
a constant temperature and pressure (isothermal, isobaric). 

It is the maximum amount of  non-expansion work that can be extracted 
from a thermodynamically closed system. This maximum can be attained 
only in a completely reversible process. 
• Equilibrium, when Gibbs Free Energy reaches minimum, 

i.e. dG = 0 

GIBBS EQUATION 
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CHEMICAL POTENTIAL AND GIBBS FREE ENERGY

Gibbs Equation  

total differential of  G = G(p, T, ni)  
    

   Chemical Potential 

Chemical potential is equal  
to partial molar Gibbs free energy  
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LAW OF MASS ACTION

Chemical Potential 

where       is the chemical potential at 1 Atm 

Chemical Equilibrium :  dG=0    
    

µi = hi,m −Tsi,m = µi
0 (T )+ RT ln

pi
p0

µi
0
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LAW OF MASS ACTION

By coupling: 

               and        

   

µi = hi,m −Tsi,m = µi
0 (T )+ RT ln

pi
p0
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LAW OF MASS ACTION

Definition of  the equilibrium constant Kpl: 

                

Depends only on temperature and thermodynamics,  
not on composition 

law of  mass action  

     
Kp                                     Kp only depends on temperature  
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LAW OF MASS ACTION

EXAMPLE: 

A+B=C+D 
                

Kp determines composition  
as a function of  temperature: 𝑋𝑖=𝑓(𝑇)      

Kp (T ) =
pC ⋅ pD
pA ⋅ pB

=
XC ⋅ XD
X A ⋅ XB

⋅
p0
p0

=
XC ⋅ XD
X A ⋅ XB
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LAW OF MASS ACTION
By combining: 

               

with the ideal gas law 

pi=CiRT

We can also obtain Kc 
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LAW OF MASS ACTION

For Elementary Reactions : 

               

At Equilibrium: 

Equilibrium constant determines ratio of  forward and reverse rate  

ν AA+ν BB = νCC +νDD

KC (T ) =
CC

νCCD
νD

CA
ν ACB

νB

dCA
dt

= k fCA
ν ACB

νB − kbCC
νCCD

νD = 0

k f
kb

= KC (T ) KC (T ) = Kp (T ) ⋅
p0
RT

⎛
⎝⎜

⎞
⎠⎟

νs
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EQUILIBRIUM CONSTANT

ν AA+ν BB = νCC +νDD
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LE CHATELIER’S PRINCIPLE
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TEMPERATURE DEPENDENCE OF K

Van Hoff's equation establishes the 
rate of change of the equilibrium 

constant K with temperature:
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EQUILIBRIUM COMPOSITION
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COURSE OVERVIEW 


