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Chemical Equilibrium  

In general the combustion products consist of more than just CO2, H2O  

O2 and N2 

The opposite direction reactions are also possible  

222222 2        2        2O        2 NONOOHOHOHH 

At equilibrium the rate of the forward reaction equals the rate of the  

backward reaction. 

NONOOHOHOOHH 2        2        2        2 222222 

NONOOHOHOOHH 2        2        2        2 222222 

For rich mixtures CO also exists in the products. At high temperatures 

the molecules dissociate to form H, O, OH, NO via the following reactions: 
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Chemical Equilibrium 

At equilibrium the relative proportion of the species mole fraction is fixed 
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For the general equilibrium reaction 
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where K is the equilibrium constant which is tabulated as a function of  

temperature for different equilibrium reactions, Pref  is 1 atm and P is in  

units of atmospheres. 

The equilibrium composition for species A, B, C, D is given by: 
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Equilibrium Constants 

Source: Pulkrabek 

water gas reaction 

Log(k) 
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222222 )76.3)(
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( fHeCOdNObHaCONOHC 

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Chemical Equilibrium 

Recall that for a rich mixture (<1) the reaction equation could not be  

balanced (5 unknowns a, b, d, e, f and only 4 atom balance equations for  

C,H,O,N ) even if we neglect dissociation (i.e., low product temperature) 

The equilibrium constant for this reaction provides the fifth equation: 

atm 1              )(

22

2 








 P

fa

be

YY

YY
TK

HCO

OHCO

Note K is tabulated as a function of T 

If the product species CO2, H2O, CO and H2 are at equilibrium, an additional 

equation can be obtained from the water-gas reaction: 

OHCOHCO 222 
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Chemical Equilibrium, example 

1 kmol of CO2, ½ kmol of O2 and ½ kmol of N2 reacts to form a mixture 

consisting of CO2, CO, O2, N2 and NO at 3000K and 1 atm.  Determine the 

equilibrium composition of the product mixture. 

222222 2/12/1 eNdOcCObNOaCONOCO 

3000K and 1 atm 

C     1 = a+c                      c = 1 - a 

O     3 = a+b+2c+2d        d = 1/2(1 + a - b)     

N     1 = b+2e                    e = 1/2(1 - b)         

122203000       2/12/1     .2

327303000           2/1     .1

222

122
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



Have 2 unknowns a, b so need 2 equilibrium equations 
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ntot= a+b+c+d+e = a+b+(1-a)+1/2(1+a-b)+1/2(1-b) = (4+a)/2 
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Chemical Equilibrium, example 
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From the equilibrium constant expression 
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Substituting yields: 

 2/1 22 OCOCO 

222222 2/12/1 eNdOcCObNOaCONOCO 
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Solving equations 1 and 2 yields:    

 

   a= 0.3745    b= 0.0675 
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Chemical Equilibrium, example 

Similarly for the second equilibrium reaction  

From the atom balance equations get:   

 

                               c= 0.6255    d= 0.6535      e= 0.4663 

222 21.030.029.003.017.0 NOCONOCO 

Substituting and dividing through by the total number of moles gives: 
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



kNjNOiOHhOgH

fHeCOdOcNObHaCONOHC
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
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If the products are at high temperature (>2000K) minor species will be  

present due to the dissociation of the major species CO2, H2O, N2 and O2. 

Hand calculations are not practical when many species are involved, one  

uses a computer program to calculate the product equilibrium composition.  

 

http://www.wiley.com/college/mechs/ferguson356174/wave_s.html 

 Equilibrium Combustion Solver Applet  

Computer Programs Equilibrium Solvers 

A popular program used for chemical equilibrium calculations is STANJAN 

http://www.wiley.com/college/mechs/ferguson356174/apps/solver/solver.html
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Temperature (K) 

Equilibrium Composition for Combustion Products of Octane(C8H18)-air 

(lean) (rich) 

CH4, NO and CO 

are air pollutants 

(stoich) 

N2, H2O and CO2 

dissociate at high T 
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Adiabatic Flame Temperature for Products at Equilibrium 





kNjNOiOHhOgH

fHeCOdOcNObHaCONOHC

                                                       

)76.3)(
4

( 2222222




Again computer programs are used for these calculations: 

     http://www.wiley.com/college/mechs/ferguson356174/wave_s.html 

 Adiabatic Flame Temperature Applet  

 

and STANJAN 

One can calculate the AFT for the above stoichiometric reaction where the  

products are at equilibrium:   )()( 1
R
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P

aii ThnThn

Dissociation of the products will result in a lower AFT since dissociation  

reactions are endothermic. 

http://www.wiley.com/college/mechs/ferguson356174/apps/flame/flame.html
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Chemical Kinetics 

First and Second Laws of thermodynamics are used to predict the final  

equilibrium state of the products after the reaction is complete. 

22222188 4798)76.3(5.12 NOHCONOHC 

Global (or overall) reactions describe the initial and final states:  

DCAF DCAF  

Chemical kinetics deals with how fast the reaction proceeds. 

where [ F ] refers to the fuel concentration (kmol/m3 or kg/m3), negative sign 

due to the fact that the fuel is consumed. 
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How fast the fuel is consumed is of interest, the reaction rate ’’’ is defined 

as: 
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Reaction Mechanism 

In reality the reaction proceeds through elementary reactions in a chain 

process known as chain reactions 
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 Chain initiation 

Chain propagation 

Chain branching 

Chain termination 

The global hydrogen-oxygen reaction proceeds via the following subset 

of elementary reactions, collectively known as a reaction mechanism: 
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Chain Branching 

In chain initiation reactions radicals are formed 

In chain propagation reactions there is no net production or destruction of  

free radicals 

In chain branching reactions there is a net production of radicals 

 

Chain branching reactions lead to rapid production of radicals which  

causes the overall reaction to proceed extremely fast  explosively 

The reaction comes to completion through chain termination reactions 

where the radicals recombine to form the final products. 
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Global Reaction Rate 

Even for the simplest hydrocarbon fuels the chemistry is very complicated. 

The GRI HC mechanism has 49 species and 227 elementary reactions. 

Empirical correlations have been developed for the fuel reaction rate: 
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where   [ ] in units of gmol/cm3 

 R = 1.987 cal/gmolK 

 E typically 20 - 40 kcal/gmol 

 

Note typically l= 0 

     oductInertOFuel PiOf Pr22
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For engineering purposes easier to use approximate global reaction: 


