
Fundamentals Of Combustion (Part 1)
Dr. D.P. Mishra

Department of Aerospace Engineering
Indian Institute of Technology, Kanpur

Lecture - 07
Thermodynamics of Combustion (Contd.)

In the last lecture we discussed about, the basic definition of thermodynamics and we

learnt about the energy and as I told earlier the energy is an enticing property or entity,

that governs all the activity of the entire universe and today also in the towards end we

discuss  about,  ideal  gas  law and we will  have  to  see,  how these  actual  gas  will  be

deviating from the ideal gas law for that, we need to look at basically.
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Compressibility factor or the this thing which is Z, Z is basically V actual divided by V

ideal and V ideal I can write down RT by P keep in mind this R is basically the specific

gas constant, right? This is specific gas constant, right? And these Z, if it is Z is equal to

1 then, what will happen if Z is equal to 1; that means, it is an ideal gas if it is different

than 1 it will be real gas. So, if you consider this Z the compressible chat verses the

atmospheric or the sorry pressure in atmosphere unit at different temperature, right? 100

degree minus 100 degree Celsius 25 degree and 600 degree Celsius, right? And if you

look at ideal gas this will be Z is equal to 1.



So, this is corresponding to ideal gas, right? But, if it is you know different from the one

like  it  will  be  real  gas.  So,  if  you  consider  this  region,  which  is  something  200

atmospheric  pressure  even  like  if  I  consider  the  you  know  600  even  the  ambian

temperatures right,  green colour you see that there is not much change, but if I take

something 100 atmospheric pressure, right? The Z is for all this temperature is very, very

low, right? 

So, therefore in this region if the pressure is around 100 atmospheric pressure, right? For

air and of course, we can consider this fuel, then you can happily consider it as an ideal

gas, that does not mean that you know there would not be error, but that error will be

very negligibly small, right? So, that you can apply; so, in all practical purposes what

will be doing will be basically, using the ideal gas law.

But; however there are several other you know gas laws are being deviced, which can be

utilized for the real gas for example, for you know some of them are basically like Van

der  Waals,  Redlich-Kwong  and  Beattie-Bridgeman,  Benedict  and  Webb  Rubin  laws,

right? But, we will be using ideal gas law for our calculation because, it is quite simple

and elegant to use. And it  holds good for only for the low-density gases and for the

combustion problem the temperature being very high and the pressure would not be that

high, if it is within 100 atmosphere we can happily use ideal gas law for our calculation

in combustion.

So, question arises how to handle the gas mixture, right? Because, whenever saying the

combustion basically it is not the one gas or the component of the gas will be not one

like, even in air you are having nitrogen and oxygen majority, but there might be some

other gases we are not considering them for our calculations. 

And the product of course, there will be several carbon dioxide, carbon monoxide, water

and then unburned hydrocarbon, sox, nox several other things will be coming to be; that

means, it will be you know basically, number of gases in the combustion product and

during the combustion will be very high. Now, how will handle those things that is the

question for that you know.
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Let us, consider a container which contains like nA moles of species A, nB moles of

species B, nC moles of species C and let us say ni moles, then i can write down, that total

number of moles is basically nA plus nB plus nC and it goes on till the i th species, right?

And if I divide this by the n total, right? And each by n total, right? What I will get this

become corresponding to 1, right? What will be this nA by n total, what it would be mole

fraction; that means, if I look at these will be I can write down 1 is equal to nA by n total,

right? 

This is nothing but your XA right plus like XB plus XC plus Xi,  right?  And that  is

basically, you can write down that basically summation of Xi, Xi is your mole fraction of

is species XA is your mole fraction of species A, XB is your basically mole fraction of

species B and so on. So, 4th right, but this is about mole, but if you consider the mass

right, then it is total mass will be mass of A plus mass of B plus mass of C it goes on till i

th mass. I can do in the similar fashion, that is I will divide this m total right and this is

nothing but your mass fraction of A and of course, this will be mass fraction of B and

mass fraction of C it goes on, right?

So, what it says the summation of all the species i is equal to 1 to n, right? I can 1 to n

whatever it may be right, that is equal to 1 so; that means, mass fraction of species in a

container is equal to 1. Similarly, the mole fractions of all this species in a container is

equal to 1. So, if I look at basically I want to now, relate this mass fraction with the mole



fraction if you look at by definition Yi is equal to mi divided by m of the m mixtures and

what is mi, mi is nothing but ni into nWi this is basically end of this is a molecular

weight, and there mass of mixture is nothing but, n into MW mixture right and we know

this Xi is equal to ni by n, in this case n means basically n total you can say this is n total

according to the avow you know like notation. 

So, this is nothing but your Xi mi divided by MW mixture is nothing but your mass

fraction. So now, if I sum it up right, if I sum it up here. So, what will happen when I

sum it up this one this will be nothing but, here equal to 1 yes or no; that means, if I look

at; that means, MW mixture is nothing but, some of Xi MWi; that means, this is the by

this  way  I  can  find  out  the  molecular  weight  of  the  mixture,  right?  If  I  know the

molecular  weight  of  individual  species  plus  mole  fraction  of  individual  species  in  a

mixture.

If I know, I can find out the molecular weight of a mixture, is that clear and similarly you

can find out the molecular mixtures in terms of mass fraction, that is basically 1 divided

by  summation  of  Yi divided  by nWY what  I  suggest  that,  please  you know derive

yourself this expression let us say, this is your equation 1, I can say equation 2 I would

suggest that you derive that expression and which is very easy what you do then for

doing that, here you have summit with the starting with the definition of mass fraction, in

that case you will start with definition of mole fraction and then you will get, are you

getting it is very easy you can do that. 

Now of course, also from the ideal gas law we know the n total is equal to PV by RuT

this is we know, what will do we will basically you know use this expression for the n

total,  right? In the eq I am sorry this is basically I can say this is equation I can say

equation A, this may be I can say equation B like. So, this is your equation 1 right, and I

can substitute this values, if I substitute this values in this equation 1 right here, what I

will get in this expression if I put this thing this will be PV by RuT, right? And equal to

nA plus nB plus nC plus ni yes or no, what I will do I will find out this P is basically I

will  take  all  those  thing  into  here,  what  I  will  do  I  will  put,  RuT by V and I  will

multiplied here, RuT by V. So, this will cancel it out this is nothing but your P.

So, when will do that, what I will get, I will get this expression, right? I will get what nA

nA RuT by V is nothing but, your what this I say nA RuT by V this expression is what



you call this is a PA, and this PA am using a small p is known as partial pressure of a

species A, this is partial pressure of species A similarly, this will be PB, this will be PC,

this will be Pi and this is nothing but here, summation of partial pressure of i th species i

equal to 1 to n it can be right and what you mean by partial pressure of you know for a

particular  species  from these definition  you can see that,  if  it  will  occupy the entire

volume, right? 

At the same temperature then you call  it  as basically partial  pressure of that species,

right?  And  this  relationship  is  known  as  Dalton’s  law  of  partial  pressure,  right?

Sometimes people say Gibbs Dalton’s law of partial pressure, right?
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So, and Daltons law of partial  pressure is basically if you look at total  pressure of a

gaseous mixture is sum of pressure, which is component would exert if it alone occupies

same volume and the temperature of the mixture; that means, same temperature of the

mixture,  right?  And  of  course,  by  these  we you  can  really  connect  you know your

properties, basically the mole fractions right and if you know the mole fraction you can

connect to the mass fractions, we have learnt how to we can connect the mole fraction

with a mass fraction of individual species and also the mixture we can calculate but, we

need to also handle the internal energy of the mixture and also by knowing the species or

vice versa right? If I know, the some of the what you call species and mixture internal

energy or the enthalpy I  know, but I can find out one of them, right? That way; so,



according to Gibbs theorem the internal energy of a mixture of ideal gases, right? Is

equal  to  the  mole  or  the  mass  fraction  of  weighted  sums  of  the  internal  energy  of

individual component of mixture, right? 

And this  is basically by a you know Gibbs theorem, which is you know helps us to

calculate. As I told that, Daltons law is also known as Gibbs Daltons law it is employed

to extract properties of mixture from individual species and vice versa right and whereas,

the  Gibbs  theorem helps  us  to  basically  calculate  the  specific  molar  internal  energy

enthalpy, you know entropy and others of the mixture from the constituent species, right?

So, am doing this  laws we can really  handle the mixtures  of various components  of

gases.

So, let us now, look at enthalpy and internal energy am my question might be coming to

your mind what do you mean by internal energy? Any idea or enthalpy right how it is

related? Internal energy you know like, it is basically microscopic form of energy due to

vibration, conscillation, rotation of the molecules right, that is corresponding to internal

energy, right? 
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And of course, the specific internal energy of a mixture if you look at u mixture is equal

to sum of Xi ui where, i is equal to 1 to n, right? And this is what will be unit of this ui?

Or what will be u this will be joule per mole, right? And mass specific internal energy of

the mixture will be Yi by ui right, and this is there should be A bar also right, and this



unit will be basically joule per kg this will be, I can say kilo joule per kg and this is of

course, without any unit this is some number ratio, right? The mass fractions X is your

mole fraction, this is kilo joule per kilo mole per unit. 

Similarly, the specific enthalpy of a mixture can be you know hB is equal to summation

of Xi hi and i is equal to 1 to n and this is again will be kilo joule per kilo mole and mass

specific enthalpy of mixture will be kilo joule per kg now, a question might be coming to

your mind, right? When I will be using internal energy, when I will be using enthalpy,

what  is  enthalpy? Right?  You are having any doubt  ui  bar  is  basically  am trying to

separate the specific internal energy based on the mole to specific internal energy based

on the mass, right? Because, both are different nA right, specific means what per unit

something 1 is per unit mole other is per unit mass.

So, therefore, you will have to difference it nA is not it otherwise, you will be mixed up

nA. So now, enthalpy of species is basically you can say hiT and 0 is the basically i th

species I can be any species i is just the symbol am using, i can be nitrogen, it can be

methane, it can be oxygen and which is basically function of temperature, this enthalpy

is basically function of temperature is having hf at the reference temperature this is your

T reference, right? 298.150 and this is known as the heat of formation this portion, right?

Plus, the Cp,i, Cp is your specific heat into dT, right? And integrated over 298.15 to by

some set temperature it can be anything, you know different than that 298.15 and this is

known as a reference standard temperature and standard pressure STp what you call,

right? 

Is basically  the reference,  which being taking and this  portion is  your what you call

sensible enthalpy, right? This is your sensible enthalpy associated with temperature, due

to temperature it will be change will be keep it in mind, that this Cp is a function of

what? Is a also a function of temperature. It will be dependent on also the species, but at

the same temperature Cp of methane will be different then cp of oxygen. 

And this is heat of formation due to the bond energy, right? There will be some bond and

that, energy which is you know there with during the formation of bond whether, it will

be released or it will be what you call  absorb depending on that, we call the heat of

formation  and  this  is  always  being  used  as  a  standard  right,  298.15  Kelvin  and

atmosphere this 0 corresponding to what? 1 atmospheric pressure right. 



So, and sometimes this is also known as delta h basically, heat of formation I will put it

here hf 298, but this is a delta h now, internal energy of the species also you can write

down in a similar fashion, right? Keep in mind that this internal energy is a at a particular

temperature, if it is happens to be 298 what will happen? This will be 0 this side sensible

enthalpy will be 0, right? But, if it is different than the reference temperature it will be

this sensible enthalpy will be certain value. Now, I had asked this question when will be

using internal energy? When you will be using enthalpy? Is that clear, is that question

you been answered you know.

When the system is closed you will be using internal energy, but when the system is open

you will be using enthalpy, but why it is. So, but why in the open system you are using

that form why not internal energy? That is a mathematical you know like some algebra,

but physically yes he is saying the right the flow of work which will be taking that; that

means, flow is already taking place right you will have to pump. So, therefore, that is

taken care it will be easier to handle that is all, but; however, internal energy is already

embedded into the system through the enthalpy. So now, we will have to basically look at

enthalpy of formation. 
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And enthalpy of formation, if you look at the amount of energy absorbed or released,

when a compound is found from a stable elements during a steady flow process or at a

standard state, right? Because, if you look at enthalpy we are talking about therefore, we



will be talking about the flow system, are you getting and standard state means 298.15

Kelvin and 1 atmospheric pressure which is equal to 101325 Pascal. 

And how what is the meaning of that this enthalpy of formation, if you look at let us say,

there is a 1O atom there is another O atom is coming together, right? And then the O2 is

formed and then you know like, there will be some kind of energy will be there which

will be taken care am like will be supplied or will be removed you know like depending

upon whether, the heat of formation is exothermic or is endothermic like if it released

basically exothermic.

So, if it is absorbed it is endothermic right heat being. So, that is known as the enthalpy

of formations and various enthalpy of formation right, in you know I have given here, if

you look at oxygen of the gas is 0 how it is being done? Because, the whichever is the

standard  state  people  assume  to  be  0,  right?  And  similarly,  the  hydrogen  is  0,  but

whereas, the water it is 242 kilo joule per mole provided if it is gas, if it is liquid 286 kilo

joule per mole the difference is basically heat of what? Vaporization right. So, therefore,

one  has  to  very  carefully  use  this  heat  of  formation  whenever,  you  are  handling

combustion this thing you will have to see whether, it is a gaseous state or liquid state

depending on the temperature. So, of course, the others are given here, these values you

need not to remember, but; however, one has to be very careful to use it, right? 
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And let me look at now, the how this you know whenever you are looking at this heat of

formations at particular temperature little different than that of the reference temperature

or away from the temperature will have to look at sensible enthalpy. When you talk about

sensible enthalpy, then we will have to look at specific heat, right?

When we are dealing with internal energy will have to look at specific heat at constant

volume, and when you are dealing with enthalpy we will have to work with the specific

heat  constant pressure, and for an ideal  gas even for the real gas right there will  be

function of temperature, right? But in our calculation in thermodynamics generally we do

not  consider  to  be  the  function  of  temperature  simplicity,  right?  But;  however,  you

cannot except certain cases for example, if you consider if you are using argon, helium,

neon, krypton, xenon, all those gases you need not to bother about Cp as a function of

temperature because, it is remaining constant is a monatomic gas, right? So, therefore, it

is really does not depend on their temperature means, the Cp values and then you know

both the specific heat constant pressure and constant volume does not depend on the

temperature.

But however, if it is a di atomic molecules like hydrogen, oxygen, heat is you know

depend on the; that means, it increase temperature and it is what you call non-linear it is

not that linear fine and when you go the triatomic gases like water, carbon dioxide, heat

also changes, right? So now, this if I look at this I was asking this question internally, that

internal  energy  basically  contributed  to  the  translational,  vibrational  and  rotational

energy of the molecule, right? And the temperature specific heat temperature is caused

by vibrational and rotational, right? And translational is does not contribute to that and of

course, the argon, helium, neon and other thing they will translation there will be motion.

But; however, it would not really contribute to the temperature and therefore, the internal

energy  of  monoatomic  does  not  vary  with  their  temperature,  right?  Because,  there

internal energy contributed by translator I have earlier discussed this thing right. Now,

how it has to be dealed with if you look at some properties kind of things one can use the

table, right? 

Another way the people have used also the semi ampherical formulas, right? So, if you

look at they will be using Cp,i right and is equal to n not plus a not a 1 T plus a 2 T 3 by

R, right? T 3 sorry, cube plus goes on like that will be several coefficient will be and



knowing the coefficient and this is corresponding to various species also this coefficient

will be changing with respect to species, right? And then, you can get these values and

then you can calculate, but; however, it will be easier if you prepare a table and then you

know you can calculate, right?
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So, these are the temperature which is given here, and this is mean for water, right? And

this is the Cp values are given here, and entropies you can find out it is not only the Cp

you can also use for the what you call entropy Gibbs free energy and this is basically

delta h, this is delta hf which will heat of formation which is there for the gaseous and if

you look at this is nothing but heat of formation and this is a sensible enthalpy, right? So,

similar way you can find out I will stop over this and we will be discussing more about

the thermochemistry part in next lecture.

Thank you very much.


