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Morning friends, welcome to the last lecture of our course where we are going to discuss 

about the second part of chemical reactions. In the previous lecture you are introduced to the 

concept of stoichiometric or theoretical mixtures. And you have also learnt that using the 

information about the composition of the fuel and also the information about the amount of 

air supplied how can you frame the chemical reaction equations associated with any 

combustion. Of course, I must clarify that whatever we are discussing in this week they are 

equally applicable to any kind of chemical reaction, but primarily we are discussing 

everything in the context of combustion that is a kind of exothermic chemical reaction 

between fuel and oxidizer, because that is the primary mode of heat generation that we 

generally associated with any kind of heat engines.  

(Refer Slide Time: 01:21) 

 

Now just to have a quick recap of whatever we have done in the previous lecture. There we 

have seen that if we are given with fuel having composition of say CnHm then we now know 

how to estimate the quantity of theoretical air requirement. Because we know that if a is the 

quantity or number of moles of oxygen required to have complete combustion of 1 mole of 

this particular fuel, then we can write this to be equal to, actually do not use square bracket 

commonly.  



 

CmHn + a (O2 + 3.76 N2)  CO2 + H2O + N2 

We are a talking about stoichiometric mixture only. And now we have to perform chemical 

balance, If I assume say x CO2 moles of x moles of CO2 and y moles of H2O and z moles of 

nitrogen appears in a product.  

CmHn + a (O2 + 3.76 N2)  x CO2 + y H2O + z N2  

Then we can easily perform a chemical balance of the number of atoms. Like, 

C: n = x  x =  n 

H: m = 2y  y = m/2 

and for the one we interested in that is oxygen. Let us do in a different way, let us use O2 for 

balance, instead of O. Like in the previous lecture we have done one balance similarly using 

N2, let us do in terms of O2. Then we have: 

O2:   a = x + y/2 = n + m/4  

and nitrogen we can easily get now because if we write N2 does not participate in any kind of 

reaction. So,  

N2 : (3.76) a = z 

so z we can calculate. But the important thing that is coming out of this is that for a fuel 

having composition of CnHm we shall be requiring (n + m/4) moles of O2/mole of fuel to have 

complete combustion. I should this is the minimum quantity of oxygen required to have 

complete combustion. Accordingly, you can easily calculate the mass of stoichiometric air-

fuel mixture requirement or rather mass of stoichiometric air requirement and also the 

stoichiometric air-fuel ratio. And we have also been introduced to equivalent ratio from 

which we know that the information available to us about the amount of oxygen supply and 

the air supplied how can a couple that to the excess of air or deficiency of air. Commonly we 

know that quite often the quantity of air supplied is expressed as a percentage of this a. 

Something like say, if information is given that, 

120 % of stoichiometric air ≡ 20 % of excess air 

That is as per this calculation the number of moles of oxygen supplied is 1.2 times of this a or 

every mole of fuel. Let us quickly see another numerical application or numerical example 

for this particular concept, like the one that we have done in the previous lecture in quite 

similarly doing another one.  

 

But, last one that I would like to mention in this case is that it is not that once it take this air 

in contact with each other, with correct proportion or even excess quantity of you are going to 



have combustion. Because every fuel will start participating in the combustion reaction only 

after it receives or it is taken to certain level of temperature. That particular temperature we 

generally called ignition temperature and it is a property of the fuel.  

 

Or, I should say is a characteristic of the fuel that you are using. Some volatile type of fuels 

like say gasoline has quite less ignition temperature something of the order of about 260 0C. 

Whereas carbon have something in the range of 400 0C whatever I am writing a this is all 

approximate numbers; you can say ±10 with this. For hydrogen, it is even higher. I cannot 

remember the exact value; it is something in the order of 580 0C something like this. The 

ignition temperature for each fuel to have combustion, we have to take the fuel air mixture at 

least to this temperature or even preferably to higher temperature and then only we can have 

the combustion reaction been initiated. And also, the process that you have seen to calculate 

the quantity of stoichiometric oxygen requirement is n + m/4.  

 

That is, assuming that only carbon and hydrogen are present in the fuel, but it is also possible 

that sulphur can be present in the fuel than that also we need to take into consideration. Like 

suppose if we have a fuel CnHm and sulphur say of T quantity, CnHmSt then corresponding 

you know that we shall be having on the product side i.e, right hand side as follows: 

CnHmSt  n CO2 + (m/2)  H2O + t SO2 
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So, accordingly the number of moles of oxygen required for a mole of fuel should be equal 

to: 

→ ቀ𝑛 +
𝑚

4
+ 𝑡ቁ 

this t is the additional contribution coming because of the sulphur present. So, this is the 

exercise that I am going to talk about now. Here the fuel is octane, it is burnt in dry air.  Dry 

air means the air contains only oxygen and nitrogen and we are not having any kind of water 

vapour present in the air. Like in the previous example that we did yesterday, there it was 

moist air. So initially calculated neglecting the portion of moist air and then we added that to 

get the final composition on the product.  

 

Here it is dry air so we do not have to bother about that. The volumetric analysis of the 

combustion products on the dry basis gives certain fractions of carbon dioxide, oxygen, 

carbon monoxide and nitrogen. Now here is another important term, the analysis of the 

combustion product has been done on dry basis. Dry basis means on the product, look at that 

the composition that is given there is no water vapour present.  

 

But we know that the fuel is octane and octane is C8H18 and this hydrogen has to get 

combusted must have been converted to H2O and therefore water vapour should have been 

there in the product. But we have done the analysis of combustion of the product on dry 

basis. That means the water vapour part has been removed while performing this analysis. So, 

the proportion of combustion part that is given that is excluding the water vapour, but still 

there in the product. So, we have to determine the air-fuel ratio, the percentage of theoretical 

air used and the amount of water that contains as the product cools to a certain temperature. 

We will be coming back to the third one later on. Let us try to do the analysis first. Here let 

us first try to write the chemical reaction for this. So, we have C8H18 as the octane and 

nothing is mentioned about the proportion of fuel and here used in this.  

 

So, let us assume, we are using extraction of are x moles of fuel plus a mole of air or a mole 

of oxygen rather, so 3.76 time a nitrogen also comes into picture and because of the reaction 

then we have as the product 10.02 moles of CO2 so the we are taking this x because nothing 

is mentioned about the analysis or rather it is never mentioned in the problem statement that 

the volumetric analysis of the combustion products has been done for per mole of fuel. So, it 

is wrong to have x = 1, we have to consider x as some number. So here we are having 10.02 



moles of CO2 plus 5.62 moles of oxygen plus 0.88 moles of CO plus 83.48 moles of nitrogen 

plus some quantity of water vapour which has not been considered while performing this dry 

analysis or rather the analysis of the commercial product on dry basis.  

x C8H18 + a (O2 + 3.76 N2)  (10.02) CO2 + (5.62) O2 + (0.88) CO + (83.48) N2 + (b)H2O   

So, we can easily perform this analysis to get the values of these unknowns. We have 

unknowns as x, a and b. So from where we can start? We can easily start with the carbon, so  

C: 8x = 10.02 + 0.88 

→ 𝑥 =
10.02 + 0.88

8
= 1.36 

So, the analysis that is given that actually corresponds to 1.36 moles of fuel. Now we can 

perform for hydrogen, but let us do it for nitrogen. It is not that you always have to go by this 

route: carbon, hydrogen, oxygen, nitrogen, rather just from observation we can see that in this 

particular case, nitrogen is more or less independent I should say more or less redundant in 

most of the cases. But here it can give the state for the solution because if you balance the N2 

we can see that,  

N2: 3.76 a = 83.48 

→ 𝑎 =
83.48

3.76
= 22.2 

so this much of moles of oxygen has been supplied. And only unknown information is now b. 

To do that let us balance hydrogen. So, 

H: 18 x = 2 b 

→ 𝑏 =
18 × 1.36

2
= 12.24 

if required you can perform the oxygen balance to check whether that is satisfying it or not, 

but in this case, it is not required. So, the analysis done, let us write the equation again the 

complete equation now becomes: 

1.36 C8H18 = 22.2 (O2 + 3.76 N2) 

 (10.02) CO2 + (0.88) CO + (12.24) H2O + (5.62) O2 + (83.48) N2 

It is interesting that the product we have both oxygen and carbon monoxide present, that 

indicates that you have supplied excess quantity of oxygen probably, but the carbon 

monoxide presence in the product side indicates that has been incomplete combustion or 

because of some incomplete or imperfect mixing maybe. What should be the stoichiometric 

quantity of air requirement in this case. How can you calculate that to calculate the 

stoichiometric quantity of air requirement?  



We know that chemical composition of the fuel C8H18, so the number of moles of oxygen 

requirement will be equal to: 

1.36 ൬8 +
18

4
൰ = 1.36 × (8 + 4.5) =? ? 

this much moles of oxygen will be required. I do not need to calculate this value. So, I am not 

putting the number you can calculate this you will find that this value 22.2 is much larger 

than this. So, we have definitely we have supplied excess air. Here now generally for 

combustion reaction we would like to express the chemical equation or the equation that I 

have every time a as per moles of fuel. So, we can also write this equation by dividing all 

these numbers by 1.36, but for calculation purpose that may not be necessary. So, the next 

part that we have is to calculate the air-fuel ratio. So, can you calculate the air-fuel ratio in 

this particular case? The air-fuel ratio, A/F or whatever would you like to write that 

represents the:  

𝐴/𝐹 =
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
=

22.2[32 + 3.76 × 28]

(1.36)[8 × 12 + 18]
= 19.76 𝑘𝑔 𝑜𝑓 𝑎𝑖𝑟/𝑘𝑔 𝑜𝑓 𝑓𝑢𝑒𝑙 

 

This is the first answer that you are looking for the air-fuel ratio. Now we have to calculate 

the percentage of theoretical air used. To  have the percentage of theoretical air used, we need 

to know the stoichiometric mixture or stoichiometric quantity of air requirement which we 

have written here.  

 

So, the percentage of theoretical air, you can easily calculate. Percentage of theoretical air 

should be equal to: 

% 𝑜𝑓 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑖𝑟 =
𝑚𝑎𝑖𝑟 ,𝑎𝑐𝑡𝑢 𝑎𝑙

𝑚𝑎𝑖𝑟 ,𝑠𝑡𝑜𝑖
 

so if we divide both by the molecular weight of air, actually here we are always writing the 

molecular weight of air is a combination of nitrogen and oxygen, but sometimes the 

molecular weight of air is taken to be 29 or 28.9 as the molecular weight. So, in that case, the 

numerator of this particular calculation could have also done as: 

(22.2) (4.76) (29) 

Would have given more or less similar number.  So instead of writing [32 + 3.76 × 20] we 

can also write 4.76 multiplied by 29, you are more or less likely to get similar values. So, if 

you calculate that way, then in this particular case you can easily say that the mass of air 

requirement in actual case. In actual combustion we are using 22.2 moles of air and mass will 

be, let us use the molecular weight of air. So, 22.2 moles of oxygen we are using, so 



corresponding mass of air in actual case will be equal to 4.76 multiplied by 29 and the 

theoretical case, what you are having? We had 1.36 times 12.5, first ratio we should get 

multiplied by 4 corresponding mass of air is 4.76 multiplied by 29 see it is only little issue of 

mole.  

=
(22.2)(4.76 × 29)

(1.36 × 12.5)(4.76 × 29)
 

 

So, the molecular part actually cancels out. So, could have easily written just as: 

=
(22.2)

(1.36 × 12.5)
= 131 % 

So, 31 %, excess air has been supplied for this particular combustion to happen. But still you 

are having carbon monoxide present in the product. And now the final thing that we have to 

calculate is the amount of what are the contents of the product to cool to 25 0C and 100 kPa.  
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Now for each mole of fuel that we have burnt, the total number of things that we have on the 

product side, what is the number of moles on product side per mole of fuel? 

Number of moles on product side/mole of fuel  

=
1

1.36
(10.02 + 0.88 + 12.24 + 5.62 + 83.48) = 82.35 

So, this total approximately 82.35 number of moles are present on the products side for every 

mole of fuel participating in the combustion. Now the Dew point temperature of the product, 

if you assume that the Dew point temperature of the product is above 25 0C, then as we are 

cooling the product some part of water vapour will get condensed and only a lesser fraction. 

Like in this case, we are having 12.24 moles of H2O present. Or, rather 12.24/1.36 number of 



moles of H2O present on the product side for any mole of fuel. But as you are cooling it down 

and coming to 25 0C it will reduce to a lesser value while the other products such as carbon 

dioxide, carbon monoxide, oxygen and nitrogen will be present there. So, you have to 

calculate that, let us assume N moles of water vapour gets condensed as your cooling down to 

25 0C, then once it reaches the 25 0C, then the number of moles of H2O present in this 

composition is: 

𝑁 → ൤൬
12.24

1.36
൰ − 𝑁൨ 

For every mole of fuel this number of moles of water vapour will continue to be present in 

the product once you have cooled it down to the 25 0C value temperature. Then the total 

number of moles, So, this is the number of moles of H2O at 25 0C / mole of fuel.  

 

And total number of moles will be how much? Total number of moles will be:  

[82.35 – N] 

this is the total number of moles of product or on the product side/mole of fuel. So now we 

can easily calculate the partial pressure for this has to be as, we know that the final pressure 

of the mixture is 100 kPa. Then we can easily calculate the number of moles of water vapour 

present on the product at 25 0C. That is  

ቀ
12.24
1.36 ቁ − 𝑁

82.35 − 𝑁
=

𝑃𝑣𝑎𝑝 |250𝐶

𝑃𝑡
 

 

where  

Pvap|25
0
C is the vapour pressure at 25 0C 

Pt is the total pressure of the mixture 

And from the chart we can find that, you can use the steam table or property table, we will 

find the 25 0C as I just noted the value. The vapour pressure of water is 3.1698 kPa and total 

pressure is given to 100 kPa, i.e., 

𝑃𝑣𝑎𝑝 |250𝐶

𝑃𝑡
=

3.1698

100
 

So, we can easily solve this one to get: 

N = 6.59 kmol 

So you can find that, for every kmol of octane bound for combustion, 6.5 moles of water 

vapour will get separated out once we are cooling the product down to 25 0C. So that way 

you can use the concept of chemical combustion or combustion reaction and the 

stoichiometric mixture or stoichiometric air to perform any simple combustion reaction.  



 

Just look at this problem statement again, we are given only with two information one is the 

chemical composition of the fuel which is octane C8H18 and volumetric analysis of the 

product on dry basis. But still so many information we are able to calculate. We can easily 

calculate the equivalence ratio the stoichiometric mass of air which we have used as a part of 

calculation and several other things also.  

 

Now, this is an application of what we did in the previous lecture. Now today there are 

several other things also I have in to offer and let me go to quickly because I am in very short 

of time.  
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The first concept that I would like to introduce is the enthalpy of combustion, but before the 

right into the standard reference state. Now we know that how to identify the chemical 

reaction corresponding to a combustion, once we know the chemical combustion of fuel and 

some information about the amount of air supplied or maybe analysis of the combustion 

product. Now, we have to identify how much amount of energy that we are gaining from this 

combustion because that is ultimate objective. Ultimately, we want to have an exothermic 

chemical reaction simply to utilise the energy released during the combustion process. And so 

that is something that you are going to do in the subsequent slides. But before that I have to 

define one standard reference states. Remember that in thermodynamics like what you have 

done in your basic thermodynamics or all the previous 11 modules of this course, we always 

talked about the change in properties. We never bothered about absolute magnitude of 

properties like internal energy, enthalpy and entropy you always have to use the change in the 



property values. But that is not the case in case of combustion because assume combustion, 

we are not talking about the same spaces rather we talk about different spaces. And therefore, 

whenever we are going for combustion calculation or combustion related thermodynamic 

analysis.  

 

We have to identify your standard reference state and this standard reference date can be 

defined such a way that for a given particular state point we know the values of properties for 

whatever chemical spaces that we are dealing with. You know that internal energy for any 

substance can as several components likes say if U represent the internal energy, we can have 

a sensible part of that as I am mentioned yesterday also, sensible energy is there is phase 

change involved. We can have latent part of that, then in certain cases we can have nuclear 

energy as well. And the final form is the chemical part. For nuclear case the internal energy 

that we are talking about that is associated with the orientation of the subatomic particle 

inside the atom unless you are breaking the atoms, we do not need to bother about that.  

 

But in case of chemical part, we are talking about the orientation of atoms inside the 

molecules. During the chemical reaction as the orientation of atoms gets altered so the 

chemical part is important. So, for the moment let us neglect the latent and nuclear parts, we 

have only the sensible energy part which is associated with the temperature change and the 

chemical part which is associated with the atomic orientation inside molecule.  

 

Then the change in energy of a system during any chemical reaction ΔE system can be given 

as the sum of ΔE associated with the state point which is the conventional that you are always 

using and the energy that has been released because of the chemical reaction are changing the 

orientation of atoms inside the molecules.  

ΔEsys = ΔEstate + ΔEchem 

So, the second part we are not bothered about so far. It is the first one that you have dealt 

through are entire analysis. Now, the first part is associated with the change in energy 

because of the change in state. Now if the change the state of the product and of the reactant 

that remains to be same, then ΔEstate also will not come into picture. And then whatever 

change in energy that you have to talk about that is only the one associated with the chemical 

reactions.  

 



And that is why the concept of standard reference state comes into play. Generally, for 

combustion calculation we consider 25 0C temperature and 1 atmospheric pressure, i.e., 

1.01325 bar pressure as the standard atmospheric condition. So, 25 0C i.e., 298.15 K and 1 

bar pressure or rather 1.01325 bar pressure is only considered as the standard reference point. 

 

And to denote any property at the standard reference point or corresponding standard 

reference point, we use the superscript zero. Like if we are talking about the enthalpy 

corresponding this condition, we shall be putting h⁰, if we are talking about internal energy 

we shall be writing u⁰, if you are writing for entropy we shall be writing again s⁰. These are 

the standard reference properties.  

 

And in combustion calculation we generally use property values on molar basis and not mass 

basis. In all previous 11 weeks have always defined enthalpy or entropy on per unit mass 

basis, but here it is much easier to work on molar basis because it is the chemical reactions. 

We write chemical equations in molar basis. So, if we have to write in molar basis, then there 

is over bar coming to picture, these are properties, specific properties and are defined as per 

unit mole on molar bases and evaluated the standard reference state of 25 0C and 1 

atmospheric pressure. They are represented as follows: 

ℎത⁰ , 𝑢ത⁰ , 𝑠̅⁰  

And once we know the value of these at any condition you can easily calculate the properties. 

Like suppose we want to evaluate the property of something or the change in the value of 

enthalpy at a particular temperature that is given. Then we can easily calculate the value of 

the enthalpy at that temperature minus this h⁰ over bar. 
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Now, we have the enthalpy of combustion. Let us talk about a simple chemical reaction. 1 

kmol of carbon at the standard reference state is supplied to combustion chamber which is 

also receiving 1 kmol of oxygen again at the same state. And at the end of combustion, we 

are having carbon dioxide coming out of the chamber. It has also been reduced back to the 

end state. And as a result of the entire reaction we are having this much amount of energy 

being released from this combustion chamber. Now as this chemical reaction, for this 

chemical reaction both the reactants and products are all the same standard reference state. 

So, the ΔEstate has to be equal to zero in this case. 

ΔEstate = 0 

So, the change in energy content is only because of this chemical part, that is because of the 

orientation of the carbon and oxygen atoms to form carbon dioxide. And now if we perform a 

simple first law balance, then the amount of energy released from this Q should be equal to 

the enthalpy on the product side minus enthalpy on the reactant side and Q in this case is 

found to be 393520 kJ. 

Q = Hprod − Hreact = 393520 kJ 

rather minus of this, because it supplied to the system is taken as positive. So this 393520 kJ 

is negative. That is, we can write as: 

Q = Hprod − Hreact = −393520 kJ 

That means  

Hprod = Hreact  − 393520 kJ 

and this particular thing this Q is called the enthalpy of reaction and it can be associated to 

any chemical reaction process. When the enthalpy of reaction is negative, like in this case the 



enthalpy of the product is less than enthalpy of the reactants and therefore, the chemical 

reaction is going to be an exothermic one. Whereas in case of endothermic reaction energy 

will be absorbed by the combustion chamber so the enthalpy of reaction will be positive and 

the product is going to have enthalpy higher than the reactants.  

 

So, I repeat for exothermic chemical reaction enthalpy of reaction is negative and the product 

is having lesser enthalpy compute the reactants. For endothermic chemical reaction enthalpy 

of reaction is positive and the product is going to have higher enthalpy compared to the 

reactants. Now when we are talking on the combustion reaction, we generally call this more 

commonly we call this enthalpy of combustion. There is no difference between the definition 

of these two quantities, but enthalpy of reaction is a more generalized term, enthalpy of 

combustion is associated with the combustion process.  

 

So, the enthalpy of combustion for then hc is for this carbon dioxide is going to be – 393,520 

kJ, that is going to be the enthalpy of reaction rather per kilo mole the enthalpy of combustion 

is going to be this much for carbon dioxide.  
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Now, there is another term let we use that is called the enthalpy of formation. The enthalpy of 

formation is obviously very useful for analyse the combustion process of fuels. However, 

there are so many different kinds of fuels or fuel mixtures that quite often it is useless. Like to 

calculate the enthalpy of combustion during the particular reaction, you need to know the 

enthalpy for all the reactants and the products. 

 



And then only we can calculate the amount of heat released. Rather the concept of enthalpy 

of formation is more fundamental and is also much easier to make use of. Now, what is the 

enthalpy of formation then? Enthalpy of formation is that also, I should also mention that 

when we are talking about incomplete combustion then enthalpy of combustion is of no use. 

Because enthalpy of combustion is always associated with the complete combustion or 

stoichiometric chemical reaction. 

 

But when you are having excess or when you have incomplete combustion, then the enthalpy 

of combustion is not usable. Then we go for this enthalpy of formation which is a more 

fundamental one. Enthalpy of formation can be viewed as the enthalpy of a substance at a 

specified state point due to it is own chemical composition. The enthalpy of formation of all 

elements are set to zero. Like carbon, oxygen, they all set to zero. But that is not true for 

products like this or compounds like this. They will be having certain value of enthalpy of 

formation, like the one shown here this same chemical reaction that we use your previous 

slide. 1 kmol of carbon and 1 kmol of oxygen coming to the combustion chamber at the 

standard condition and we are having 1 kmol of carbon dioxide coming out in the same 

condition. Then that amount of heat released is the enthalpy of formation.  

 

Because that is the amount of energy required to form this 1 kmol of carbon dioxide at the 

standard reference state. And as shown here is a symbol hf⁰ over bar to denote this enthalpy 

of formation. Here the subscript f refers to formation over bar represents that it is a per mole 

quantity or per kmol quantity that this on defined on molar basis and that superscript zero 

represents that it has evaluated at the standard reference condition.  

 

So, enthalpy of formation, quite similarly we can calculate for different kind of substances. 

Like I have a table shown here, there are several things given. This one we do not need to 

bother about for the moment or at least for this particular course. You make a note of this on 

or I should be coming back to this in the last slide. But here our interest is this one: 

ℎ𝑓
തതത⁰ 

 

You can see that for basic elements like carbon, hydrogen, nitrogen, and oxygen, enthalpy of 

formation is equal to zero, because for elements it is equal to zero. But for other substances it 

is having some value some cases negative and some case it is positive. Also, there are some 

interesting things to note that for water and water vapour there are two different values 



because under 1 atmospheric pressure at 25 0C, water generally remains only as a single-

phase liquid.  

 

But if you change the pressure then it is possible have water vapour under 25 0C and water as 

vapor state also at 25 0C. Now enthalpy generally is very weakly variant on pressure and 

accordingly we can define water vapour and water as two different stable state of the 

substance. This enthalpy of formation always corresponds to a stable state like here water 

vapour and water.  

 

Both are considered to be stable state and the difference between their enthalpy of formation 

values, that is actually associated with, what it can be from, where the difference can come 

in? That is nothing but hfg, the latent heat of vaporization. The solid substances like say 

carbon can have two stable state at this temperature: one is graphite and other is diamond. 

Then in that case it is defined in case of graphite.  

 

And similarly, other substance we can see carbon monoxide and carbon dioxide. They have 

negative values; certain substances are positive values as well. Like benzene is one we have 

ethylene or acetylene in this case. Oxygen molecules, hydrogen molecules, nitrogen 

molecules they all can be formed through endothermic chemical reaction and so they are 

having positive values of enthalpy of formation.  

 

The values of the enthalpy formation shown in this table make the combustion calculations 

very easy. Because as we have seen in the previous slides, we can easily calculate the 

enthalpy of a chemical spaces using the value with respect your standard reference state and 

the standard reference state now, we know the values in terms of the enthalpy of formation. 
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The final one that I would like to incorporate that is the heating value or calorific value, the 

name probably you have already heard, it refers to the amount of energy that we can get by 

complete combustion of 1 kg of fuel. The previous two definitions are on molar basis this is 

on mass basis. If we burn 1 kg of fuel and we have complete combustion, then amount of 

energy that is released is called the heating value or calorific value.  

 

But there are two definitions: one is LHV, that is the lower heating value, other is the higher 

heating value which is HHV. Now the difference between them is in terms of the water 

vapour that can present in the product. Now the heat that is released immediately on 

combustion that we call the lower heating value and then once we allowed the water vapour 

present in the product to condense back to the liquid water., then some more energy will be 

released which will be equal to the corresponding mass of water vapour multiplied by the 

corresponding latent heat. So there we have: 

HHV = LHV + (mhfg)H2O 

The lower heating value is quite often also called the net calorific value. The higher heating 

value is called the gross calorific value. We always want to use fuels having higher calorific 

value simply because we are going to have more amount of energy released from a given 

quantity of fuel or a given mass of fuel. 
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This is a table shown again, I am taking all the tables from the book of Cengel and Boles and 

the for some common fuels and hydrocarbons in the enthalpy of vaporization and higher or 

lower heat values are given. Just look at these two columns higher and lower heating values. 

So, like for carbon you can see both values are equal because for combustion of carbon, the 

product is carbon dioxide and there is no water vapour present in the product. So, we cannot 

get any additional amount of energy released by combustion. But for hydrogen we have H2O 

produced and once that get condensed, we have this additional amount of energy that is 

released. Accordingly, we are having the values for several other products. For natural gases 

it is quite high in the range of 50,000 which is quite high value of higher heating value. 

Hydrogen has extremely high heating value, but again hydrogen has its own problems as a 

fuel, but is very prospective as a fuel.  
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Now, let us quickly try to do the thermodynamic analysis of a reacting system, first for an 

open system and then for a closed system. So, for an open system, enthalpy of a component 

on molar basis if you like to define, then that can always be represented as the enthalpy of 

formation plus the change enthalpy corresponding to the change in state from the standard 

reference state.  

Enthalpy of a component on molar basis 

= ℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ ) 

Here the concept of enthalpy of formation comes into play. The first part, that is this one this 

is giving with the enthalpy of formation at the standard reference state and also the amount of 

energy required to form this one. Like elements which are having stable atoms like oxygen, 

hydrogen and carbon, for them this is value is 0, for others like for carbon dioxide we have 

seen the values. That is the enthalpy of formation, the amount of energy required to form this, 

to make this atom happen. And then we have this second part, which talks about the change 

in its enthalpy once you are taking it away from the standard reference to some other state. 

So, this is the enthalpy of a component on molar basis at any given condition. So, let us say 

this is a chemical reaction that we are talking about. We are having reactants coming in, we 

are having product going out and we would like to write the energy balance for this. 

Assuming that there is no heat loss from the system, then we can easily write that, assuming 

steady flow condition rate of energy coming in should be equal to the rate of energy going 

out.  

𝐸̇𝑖𝑛 = 𝐸̇𝑜𝑢𝑡  
 



So, we can write the first law of thermodynamics that is, 

𝑄̇𝑖𝑛 + 𝑊̇𝑜𝑢𝑡 + ෍ 𝑛̇𝑟

𝑅

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ = 𝑄̇𝑜𝑢𝑡 + 𝑊̇𝑜𝑢𝑡 + ෍ 𝑛̇𝑝

𝑃

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ 

And now if we divide this entire equation by the number of by per mol of fuel or fuel flow 

rate. Let us say, n dot f refers to the molar rate of supply of fuel that is per unit time, the 

number of fuel moles that is kmols supplied to the combustion chamber. If we divide the 

entire equation by this, then this become: 

𝑄𝑖𝑛
∗ + 𝑊𝑖𝑛

∗ + ෍ 𝑁𝑟

𝑅

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ = 𝑄𝑜𝑢𝑡
∗ + 𝑊𝑜𝑢𝑡

∗ + ෍ 𝑁𝑝

𝑃

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ 

where 

 Qin* star actually is equal to the total amount of heat supplied by the molar flow rate of the 

fuel here are let is exclusively, 

𝑄𝑖𝑛
∗ =

𝑄̇𝑖𝑛

𝑛̇𝑓𝑢𝑒𝑙
 

Here Nr refers to the molar flow rate of any particular reactant divided by molar flow rate of 

the fuel; it is mathematically expressed as: 

𝑁𝑟 =
𝑛̇𝑟

𝑛̇𝑓𝑢𝑒𝑙
 

 

here in the similar way Np refers to the molar flow rate of a particular product divided by the 

molar flow rate of the fuel. So here we have divided this entire equation by the molar flow 

rate of the fuel because that is quite convenient in most of the cases. Now, we can write this 

equation in several ways, but generally in combustion analysis we do not bother about the 

work transfer does not involved in the process involved work transfer. And we generally also 

do not have any kind of heat input so we interested primarily at the amount of heat output that 

we are getting. 

 

So, Qout* can then be written as: 

𝑄𝑜𝑢𝑡
∗ = ෍ 𝑁𝑟

𝑅

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ − ෍ 𝑁𝑝

𝑃

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ 

or maybe you can write this one as: 

= HReac − HProd 

where 

HReac is the total enthalpy for the reactant  



HProd is the total enthalpy for the product. This also we can write but generally not required 

for most of the cases. If we have the enthalpy of combustion available during a particular 

case then we can also simplify this equation. If the enthalpy of combustion is available. Then 

we can also write as: 

𝑄𝑜𝑢𝑡
∗ = ℎ𝑐

തതത⁰ 
+ ෍ 𝑁𝑟

𝑅

൫ ℎത − ℎത⁰ ൯ − ෍ 𝑁𝑝

𝑃

( ℎത − ℎത⁰ ) 

 

This is of course once we have the enthalpy of combustion available to us with a minus sign 

on this. Because this enthalpy of combustion under standard reference state can easily be 

calculated using the enthalpy of formation. We have seen earlier right? When the enthalpy of 

formation is known, then from there we can easily calculate the enthalpy of combustion for 

this. 

 

Like in this particular case, 

ℎ𝑐
തതത⁰ 

= ෍ 𝑁𝑝

𝑃

ℎ𝑓
തതത⁰ 

− ෍ 𝑁𝑟

𝑅

ℎ𝑓
തതത⁰ 

 

which is the enthalpy of combustion. If that is known we can easily go by this particular 

route. So for one final time combustion chamber does not involve any kind of heat input and 

any kind of work interaction, then this is the way we can easily calculate. We just need to 

know the molar composition. So, if Nr and Np are commonly known, then if we write any 

standard chemical reaction as you are always writing earlier. 
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So, say, 



𝐶𝑛 𝐻𝑚 + 𝑎(𝑂2 + 3.76𝑁2) = 𝑛 𝐶𝑂2 +
𝑚

2
𝐻2𝑂 + (3.76𝑎)𝑁2  

we know that in this case, 

𝑎 = 𝑚 +
𝑛

4
 

Now, how many reactants you have? In this case you have three reactants: we have 

hydrocarbon, we have oxygen and we have nitrogen.  

 

And we have on the product side, as this is a complete reaction. We have CO2, we have H2O 

and we have nitrogen. So, you can get the value for each of them. For each of them you can 

get the enthalpy of formation for this. And also their enthalpy values, the sensible enthalpy 

values can be obtained from the table, assuming each of them as an ideal gas or some relevant 

assumptions and accordingly, you can easily calculate then whatever we wrote earlier this 

equation you can easily make use of to get the total heat output. Where  

𝑄𝑜𝑢𝑡
∗ =

𝑟𝑎𝑡𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒

𝑚𝑜𝑙𝑎𝑟 𝑓𝑢𝑒𝑙 𝑟𝑎𝑡𝑒
=

𝑄̇𝑜𝑢𝑡

𝑛̇𝑓𝑢𝑒𝑙
 

 

is going to be equal to just look at what we wrote earlier from this particular thing so here on 

the reactants side we are having three elements. So, 

= ෍ 𝑁𝑟,𝑖

3

ቂℎ𝑓,𝑖
തതതത⁰ 

+ ( ℎ𝑖
ഥ − ℎ𝑖

ഥ ⁰ 
)ቃ − ෍ 𝑁𝑝,𝑗

3

ቂℎ𝑓,𝑗
തതതതത⁰ 

+ ( ℎ𝑗
ഥ − ℎ𝑗

ഥ ⁰ 
)ቃ 

This we can calculate and if you know the rate at which fuel is being supplied to the 

combustion chamber then you can easily calculate, 

𝑛̇𝑓𝑢𝑒𝑙 =
𝑚̇𝑓𝑢𝑒𝑙

𝑀𝑓𝑢𝑒𝑙
 

from there we can calculate this molar flow rate of the fuel itself. So, once we multiply this 

entire equation using suitable parameter you are going to get the total heat output from this 

combustion chamber in per unit mass basis or flow rate of mass. I am going to read quickly to 

this, but I hope I am able to reach all of you. This just a sample to show how to do such 

combustion calculations.  
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I shall be showing one numerical example quickly. And then if you are talking about a closed 

system, for closed system, we generally do not talk at rate basis rather we take in quantity 

basis. So, in that case, 

𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = ∆𝐸 

that is, energy in minus energy out is equal to change in the total energy content of the 

system. Accordingly, we can write, 

(𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 ) − (𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑛 ) = 𝑈𝑃𝑟𝑜𝑑 − 𝑈𝑅𝑒𝑎𝑐  
 

because conventionally we take heat input as it is positive and work done by the system is 

positive, to be equal to rate of change of, neglecting any changes in potential and kinetic 

energies is going to be internal for the product (UProd) minus internal energy for the reactants 

(UReac). And the internal energy can be calculated, if calculating U we know that as per the 

definition it can be written as: 

𝑢ത = ℎത − 𝑃𝑣̅ 

Pressure is an intensive property but h and v here are represented on mole basis.  

 

Now, you can have similar representation of like similar to enthalpy of formation, we can 

define an internal energy for formation, as the equation below: 

ൣ𝑢𝑓തതത⁰ + ( 𝑢ത − 𝑢ത⁰ )൧ = ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ − 𝑃𝑣̅ 

so, from there we can easily take this into this equation and solve for closed systems as well.  
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Now, one final term that I would like to define is adiabatic flame temperature. What do you 

mean by adiabatic flame temperature? Adiabatic flame temperature refers to the maximum 

temperature which can be reached by the combustion products. Now during the combustion 

reaction, the energy is going to get lost to the surrounding or I should say not lost, energy will 

be going to the round stream application.  

 

If we make the combustion chamber perfectly insulated so that no heat is able to come out of 

the combustion chamber, then your Q dot is also 0. Like in the previous case we have written 

that  

𝑄𝑜𝑢𝑡
∗ = 𝐻𝑃𝑟𝑜𝑑 − 𝐻𝑅𝑒𝑎𝑐  

Now if the combustion is insulated this is equal to zero, that means  

𝐻𝑃𝑟𝑜𝑑 = 𝐻𝑅𝑒𝑎𝑐  

In that case the temperature of the product, will be reaching the maximum temperature in that 

case that temperature is called the adiabatic flame temperature. So when we perform the 

combustion equation is perfectly insulated chamber we stop any kind of heat leakage or heat 

loss. Then the combustion product will be available to, is the maximum temperature and 

maximum temperature is defined as the adiabatic flame temperature.  

 

It since quite straight forward the calculation procedure, for practically it is not. Because 

while we can easily calculate the enthalpy of the reactant, we cannot directly calculate 

enthalpy of the product, because that itself is a function of this temperature. So generally, we 



have to go for some kind of iterative procedure. We guess a temperature for the product 

calculate HProd and compare that with the HReac.  

 

And depending upon how much difference is that we modify our guessed temperature and try 

to get a better solution. Some kind of iterative computational algorithms are generally 

followed to get these values. Those who of you are those of you who are interested in 

numerical simulation or computer simulations this will be really very good exercise for you 

to do. You can pick up any standard chemical reaction, like the one that we are showing 

earlier and you can perform the chemical analyse for this. Now, I would like to quickly solve 

one problem to show the first balance for a reacting system. Liquid propane enters a 

combustion chamber at a given temperature and mass flow rate it is given as 0.05 kg/min.  
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It is burned with 50% excess air which enters the combustion chamber at 7 0C. So, 

combustion product analysis has been done. It is shown that complete conversion of all 

hydrogen to H2O, but combustion of only 90 % of carbon to CO2 with rest remaining at CO. 

Taking a gas exit temperature of 1500 K, we have to define the mass flow rate of air and the 

rate of heat transfer from the combustor.  

 

So, let us first try to calculate the stoichiometric quantity of air requirement in this case. So, 

we have the fuel is C3H8, then the minimum number of oxygen molecules required is: 



𝐶3𝐻8    → 3 +
8

4
= 5 

So, let us write the chemical reaction. It is 50 percent excess air so for theoretical case or 

stoichiometric equivalent reaction we need to have 5 moles of oxygen. 

 

In this case we shall be requiring 1.5 times of 5 that is 7.5 kilo moles of oxygen is required. 

So, let us write the chemical reaction: 

𝐶3𝐻8 + 7.5(𝑂2 + 3.76𝑁2) = 2.7 𝐶𝑂2 + 0.3 𝐶𝑂 + 4𝐻2𝑂 + 𝑎𝑂2 + 𝑏𝑁2  
 

Now, had it been complete combustion it would have had 3CO2. Here it is mentioned that 

only 90 % of carbon gets converted to CO2. So, 90 % of 3 that is 2.7 kilo moles of CO2 is 

getting, rest this 0.3 remains as CO. Hydrogen has been completely converted to H2O. So, we 

shall be having in this case as 4H2O plus some say a quantity of oxygen measurement and b 

quantity of nitrogen. 

 

 So, we can easily perform the calculation, then in this case 

𝑎 = 7.5 − 2.7 +
0.3

2
+ 2 = 2.65 

And accordingly, 

𝑏 = 28.2 

So, we can now put the values of a and b in the chemical reaction equation. And it is written 

as follows: 

𝐶3𝐻8 + 7.5(𝑂2 + 3.76𝑁2) = 2.7 𝐶𝑂2 + 0.3 𝐶𝑂 + 4𝐻2𝑂 + 2.65𝑂2 + (28.2)𝑁2 
 

Now the first part of calculation has to calculate the mass rate of air. We can do it very easily. 

Let us first calculate the air-fuel ratio. Air-fuel ratio in this case is going to be 7.5 kmol of air 

has been used, so it is: 

𝐴
𝐹ൗ =

7.5 [32 + 3.76 × 28]

[3 × 12 + 8]
= 25.53 𝑘𝑔 𝑜𝑓 𝑎𝑖𝑟/𝑘𝑔 𝑜𝑓 𝑓𝑢𝑒𝑙 

Now fuel flow rate is given. So, accordingly, 

𝑚̇𝑎𝑖𝑟 = 25.53 × 0.05 = 1.18 𝑘𝑔/𝑚𝑖𝑛 

the first part is solved. Now we calculate the rate of heat transfer, we have to do the first 

level.  
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For this let us make use of this table. Here the enthalpy of formation is given for all the 

components. Air is been supplied at 7 0C to K, so h bar for air is given at 280 K, h bar at 298 K, 

which is actually our h bar dot that is given for all the components. And at 1500 K is the final 

temperature, so h bar at 1500 K is also given. Methane is supplied at 25 0C only, so for 

methane we need not bother about this value, enthalpy of formation is available. So we can 

easily perform the analysis. Then as per our notation, 

𝑄𝑜𝑢𝑡
∗ = ෍ 𝑁𝑟

𝑅

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ − ෍ 𝑁𝑝

𝑃

ቂℎ𝑓
തതത⁰ 

+ ( ℎത − ℎത⁰ )ቃ 

So, we have to put all these values to get, I am just showing you some numbers. Let us say if 

you want to do the calculation say for the fuel C3H8 which will be coming on the reactant 

side. It is one of the reactants so far which we know that we are having total 1 kmol, so, 

number is 1. It is given hf not bar to be − 118910 plus it is being supplied at 25 0C only. So 

being supplied, h bar, this two are getting cancelled in this case because it is being supplied 

at 25 0C only. 

𝐶3𝐻8(𝑅)
    → (1)[−118910 + (ℎത⁰ − ℎത⁰ )] 

If you want to do the same calculation say for oxygen, which is again another reactant, now 

for oxygen, we are having 7.5 kmols. So, 7.5 kmols, we have, enthalpy of formation for 

oxygen is equal to 0.  Oxygen is been supplied at 7 0C at 280 K. So, we have 8150 minus 

8652 for oxygen.  

𝑂3(𝑅)
    → (7.5)[0 + (8150 − 8652)] 

 



If you want to do for any of the products let us pick up the product of carbon monoxide 

which is 0.3 moles. Carbon monoxide which is appearing on product side, it is having 0.3 

moles, it has its enthalpy of formation for carbon monoxide as minus 110530 plus carbon 

monoxide appears in the product which is at 1500 K. SO, to take this value which is 47517 

minus is corresponding enthalpy at standard reference states is 8669. 

𝐶𝑂(𝑅)     → (0.3)[−1105300 + (47517 − 8669)] 

So, this way you can calculate for any of the components that we are looking for. And finally 

the values of: 

𝑄𝑜𝑢𝑡
∗ = 363880 𝑘𝐽/𝑘𝑚𝑜𝑙 𝑜𝑓 𝐶3𝐻8  

Remember the entire calculation has been done for 1 kmol of fuel. So, if we want to calculate 

Q dot out. We have to multiply this 363880 to the molar flow arte. And mass fluoride it is 

given as 0.05 kg/min, so the molar flow rate it is going to be: 

𝑄̇ = 363880 × ൬
0.05

44
൰ 𝑘𝐽/𝑚𝑖𝑛 

 

where 44 is the molecular weight 

So final number is going to be coming as: 

= 6.89 kW 

This way using the information all the constituents and the corresponding states, we can 

calculate the total amount of energy released during combustion chamber.  
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And very quickly to transfer upon the second law it is we have never done second law 

analysis for any of the cases. But here it is important because here the second law this 

calculation requires a concept of the third law of thermodynamics. Because we know that for 



performing the second law base calculation unit know the entropy. And now for any system 

though if you want to perform in energy balance, 

𝑆𝑖𝑛 − 𝑆𝑜𝑢𝑡 + 𝑆𝑔𝑒𝑛 = ∆𝑆 

While these quantities can easily be calculated using the concepts of heat transfer and 

corresponding temperature, but to calculate the enthalpy of the reactant and the product for 

this ΔS corresponds to: 

∆𝑆 = 𝑆𝑃𝑟𝑜𝑑 − 𝑆𝑅𝑒𝑎𝑐  

We need to set up a common base. Again, we need a standard reference condition for which 

the third law of thermodynamics comes into play. The third law, I think I have mentioned that 

earlier but just to repeat it. Third law of thermodynamics says that the entropy of a pure 

crystalline substance at absolute zero temperature is equal to zero. That sets up a base for 

calculating the absolute entropy of any substance. Remember in all the non-reacting 

thermodynamic systems, we can always calculate with the entropy change. So, we do not 

need the value of absolute entropy, we can always take entropy with respect to any particular 

level. But here as we are talking about different substances quite similar to the enthalpy based 

analysis we need to know the absolute entropy value and therefore the third law is important. 

I do not want to go any further on this because that will take me to more complicated 

constants like the Gibbs function etc. which are beyond the scope of this course.  
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Just before stopping I would like to show one table where we can get the absolute entropy 

values for some common substances, these are available in standard books. These are the S 

not bar and also I referred to one of the tables earlier where the enthalpy of formation was 

given. there the third column give this absolute entropy per unit mole or per unit kilo mole for 



common substances. It varies with temperature as you can see it is continuously increasing as 

we are going to higher temperature.  
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So, in this module 12, we have talked about the theoretical and actual combustion process. I 

introduced you to the concept of stoichiometric mixture, stoichiometric air and equivalence 

ratio, which can also be expressed in terms of excess of air or deficiency of air. Then today 

you are introduced to the concept of enthalpy of combustion and more fundamental concept 

of enthalpy of formation.  

 

Then we talked about the higher and lower heating values and the concept of adiabatic flame 

temperature is the maximum possible temperature if substance or rather the combustion 

products can reach. It is actually very important term from design point of view because the 

metallurgical limits always has to be adhered with and so your combustion chamber design 

should be such that it is able to sustain up to the adiabatic flame temperature. 

 

Practical cases of course temperature will be much lower because of incomplete combustion 

and dissociation reaction and also by supplying excess air, we can lower the temperature 

because additional quantity of air left after combustion can provide a bit of cooling effect by 

absorbing energy from this. And finally I have shown a brief way of performing the first law 

analysis of the system and just touched upon the second law analysis. 

 

So, that take me to the end of the module number 12 and also to the end of this course. I hope 

I have been able to reach you by all the concepts that I have discussed. I am continuously 



getting your feedback. And if you have any query, please write keep on writing back to me 

and it is a really happy association for 12 weeks and I hope we shall be able to meet in some 

other course very soon and if you have any queries even beyond this course also keep on 

writing to me on my personal email ids, which have definitely all of you must be having by 

now. So, hopefully I shall be able to meet you sometime again, discussing sometime again. 

And with this I am signing off for one final time on this particular course. Thank you very 

much. 


