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ME529 Combustion and Air Pollution

Topic 03.  Combustion Stoichiometry
Balancing any chemical reaction requires equating the number of atoms on both the reactant and product side of the reaction equation.  In combustion reactions, one of the reactants is air.  Air is approximately 20.9% O2 and 79.1% N2 by volume (air also has argon, CO2 and trace amounts of many other species but we will ignore these for now); this works out to 79.1/20.9 = 3.78 moles of N2 per mole of O2.  [Sometimes you will see that calculation done as 79/21 = 3.76.]  Consider the (unbalanced) combustion of methane:

CH4 +a (O2 +3.78 N2) ===> CO2 + bH2O + 3.78a N2

In this representation, N is inert, so why bother including it?  There are two reasons.  First, if you want to calculate the mole fraction of each combustion product, you need to know how much N2 is present since it will be the predominant species.  Second, during actual combustion, atmospheric N2 can form NOx and hence nitrogen is NOT always inert - more about NOx formation later.

To balance a combustion reaction, start with C.  There is one C on the LHS, so there must be only one C on the RHS.  Next, look at H.  There are 4 Hs on the LHS so we have to multiply H2O by 2 to get 4 Hs on the RHS.

CH4 + (O2 +3.78 N2) ===> CO2 + 2 H2O + 3.78 N2

Now, count O.  This time, start with the RHS.  There are 4 Os on the RHS, so there must be 4 Os on the LHS.  Multiple air by 2 to achieve this.

CH4 + 2 (O2 +3.78 N2) ===> CO2 + 2 H2O + 3.78 N2

Finally, balance N.  The LHS now has 2 x 3.78 Ns, so balance the RHS.

CH4 + 2 (O2 +3.78 N2) ===> CO2 + 2 H2O + 2 x 3.78 N2

The complete combustion of methane and air is now balanced.

In general, a simple HC fuel with the composition CnHm will undergo complete oxidation to form CO2 and H2O.

CnHm  + (n + m/4) (O2 +3.78 N2) ===> n CO2 + m/2 H2O + 3.78 (n + m/4) N2

For each mole of fuel burned, (n + m/4) x (1 + 3.78) = 4.78 x (n + m/4) moles of O2 and N2 are involved, and 

n + m/2 + 3.78 x n + 3.78 x m/4  = 

4.78 x n + m/4 + m/4 + 3.78 x m/4 = 

4.78 x (n + m/4) + m/4 

moles of combustion products are generated.  The molar stoichiometric fuel-to-air ratio is 1 / [4.78 x (n + m/4) ]

The product mole fractions for complete combustion of this simple HC are
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________________________________________________________________

Example 3.1: calculate the stoichiometric fuel/air mass ratio and product gas composition for the combustion of heptane in air.

Heptane is C-C-C-C-C-C-C or C7H16.

C7H16 + 11 (O2 +3.78 N2) ===> 7 CO2 + 8 H2O + 11 x 3.78 N2
For each mole of heptane burned, 11 x (1 + 3.78) = 52.5 moles of O2 and N2 are involved.  The molar mass of heptane is 7 x 12 + 16 x 1 = 100.  Hence, the fuel/air mass ratio is
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The total number of moles of combustion products is

7 + 8 + 11 x 3.78 = 7 + 8 + 41.5 = 56.58

The product gas composition, on a mole fraction basis, is
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________________________________________________________________

For fuels like coal and fuel oil, the ultimate analysis may be the only data available.  This analysis can be converted into an effective molecular composition.

_______________________________________________________________________

Example 3.2: Calculate the molecular formula, the combustion stoichiometry, fuel/air mass ratio and product mole fractions for the following fuel oil.

	Element
	Weight

Percent
	
	mol per

100 g
	
	mol/mol C

	C
	84.0 g per 100 g
	

 12 g/mol
	= 7
	

7
	= 1

	H2
	15.3
	

(2 x 1) / 2
	= 15.3
	

7
	= 2.186

	S
	0.3
	

 32
	= 0.0094
	

7
	= 0.0013

	N2
	0.4
	

 (2 x 14) /2
	= 0.0286
	

7
	= 0.0041


Note:  for N2 (and H2), we need to convert from molecules to atoms, or
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 per 100 g of fuel

The molecular formula is:

CH2.186S0.0013N0.0041
The combustion stoichiometry is:

CH2.186S0.0013N0.0041 + 1.5478 (O2 + 3.78 N2) ===> 






CO2 + 1.093 H2O + 0.0013 SO2 + 5.85 N2
C:  1 = 1

H:  2.186 / 2 = 1.093

S:   0.0013 = 0.0013
O:  1 + 0.5465 + 0.0013 = 1.5478

N:  1.5478 x 3.78 + 0.0021 = 5.85

Fuel/air mass ratio: find the molar mass of the fuel

MMf = 100 g / 7 mol C = 14.28 g per mol of C

MMa = 1.5478 x (32 + 3.78 x 28) = 213.35 g per mol of C
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The product mole fractions are:

Nt = total no. of moles = 1 + 1.093 + 0.0013 + 5.85 = 7.944
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Note that the 0.3% by weight of fuel S (this is considered a low-S fuel; coal can have 3 or 4 or even higher % S) can theoretically produce 1,640 ppm of SO2 in the combustion products - the actual amount will be somewhat less, since excess air is always used in combustion systems, and not all of the fuel S will create SO2.  

________________________________________________________________

To ensure as complete consumption of fuel as possible, combustion systems are generally operated with excess air.  The equivalence ratio, 

, is defined as the actual fuel-to-air ratio normalized by the stoichiometric fuel-to-air ratio calculated in the above examples.  The equivalence ratio is also referred to as the fuel equivalence ratio.
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If 

 = 1, the combustion process is said to be stoichiometric.  If 

 > 1, the system has excess fuel and is fuel rich.  If 

 < 1, excess air is present and the system is fuel lean.

The stoichiometric ratio, 

, is the air/fuel ratio normalized with the stoichiometric air/fuel ratio, that is, it is the reciprocal of the equivalence ratio.  The stoichiometric ratio is also referred to as the air equivalence ratio or air number.
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Other terms in the literature include the percent excess air (EA = (

-1) x 100%) and the percent theoretical air (TA = 

x100%).

Combustion products will vary with the equivalence ratio.  With excess air, some oxygen remains unreacted and appears in the combustion products.

________________________________________________________________

Example 3.3 Reconsider the combustion of fuel oil in Example 3.2.  What is the composition of the combustion products if the oil is burned at 

 = 0.85?

The combustion stoichiometry is now:

CH2.186S0.0013N0.0041 + 1 /

  x 1.5478 (O2 + 3.78 N2) ===> 





CO2 + 1.093 H2O + 0.0013 SO2 + 6.89 N2 + 0.27 O2
N2:  3.78 x 1.5478 / 0.85 + 0.0041/2 = 6.89 mol

excess O2:  1/0.85 x 1.5478 - 1.5478 = 0.27 mol

Nt = 1 + 1.093 + 0.0013 + 6.89 + 0.27 = 9.25 mol
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Note that O2 now appears in the combustion products, the percentages of other major species has decreased a little, and there has been an order-of-magnitude drop in sulfur dioxide partial pressure.  

______________________________________________________________________

Sometimes the combustion conditions are specified by the percent of O2 in the combustion products, 2.9% O2 in Example 3.3.  Modern coal-fired power plants are often designed to operate with ~3% oxygen in the exhaust stream.  Wood fired boilers frequently operate with ~12% oxygen in the exhaust stream.
The stoichiometric ratio and percent excess oxygen are simply calculations made by the practicing engineer based on the fuel and air feed into the combustion system.  They do not at all reflect what actually happens inside many combustion systems, where pockets of fuel lean and fuel rich conditions swirl around in the turbulence and incomplete mixing associated with practical burners and combustion chambers. 

Calculating the exhaust composition in fuel-rich combustion is more complicated.  CO, H2, soot, unburned HCs, and H2S may be present.  Incomplete mixing, dissociation of CO2 and H2O at high temperatures, and reactions that form NOx from atmospheric or fuel N lead to the formation of these products and others even when theoretically sufficient excess air exists for complete combustion.  Hence, no combustion process is “clean.”  
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