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So let us continue the discussion what you are doing it that the enthalpy of formation and
enthalpy of reaction, enthalpy of combustion. And we took an example let us see what the

example was.
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Enthalpy of Combustion and Heating Values (Cont’d):

e Example:

- At standard state, the reactants enthalpy of a stoi-
chiometric mixture of CH, and air, where 1 kmol
of fuel reacts, is —74. 831 klJ.

- At the same conditions, the combustion products
have an absolute enthalpy of —877, 236 kJ.

g /h‘.,i AHp = —877,236 — (—74,831)
i [ T = —802,405kJ

So, we took an example of methane this is where we stop which is at the standard state of the
reactant and product are at the standard state so we get the enthalpy and then we find out per

unit, mass.
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So, one can also look at that so that is per kgmix is Ahg which is:

Where,

Mgyel _ Mgyer _ 1
Mpix  Mgir + Meyer (A/F) +1

So, no one can see how this can be used to find out this is:

_ —50016 -
Ahy = /(17.11+ 1) = ~27618

So, one can do this kind of simple example one can take and you this calculation.
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Enthalpy of Combustion and Heating Values (Cont’d):

e Enthalpy of combustion depends on temperature
chosen for its evaluation since enthalpies of reac-
tants and products are temperature dependent.

e The heat of combustion, Ah. (known also as the
heating value or calorific value), 1s numerically
equal to the enthalpy of combustion, but with op-
posite sign.

e HHV: higher heating value (HoO— liquid)

o LHV: lower heating value (HoO— vapor)
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Now enthalpy of combustion also depends on temperature chosen for its evaluation and
enthalpy of reactants and products are the temperature dependent because you have reactance
which are coming in and when they are reacting there is a heat release which takes place so
obviously the product will have a different temperature. Now, the heat of combustion Ah,
which is known as heating value or calorific value is typically equal to the enthalpy of

combustion but with opposite sign.

And there are two different types of heating values. One is the high heating value or higher
heating value and another is the lower heating value and that depends on what you get as a
product H»O. If the product state is in liquid form, then you get the high heating value and

when the product and H20 in the product is in vapour state it’s a lower heating value.
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Adiabatic Flame Temperatures:

e We will differentiate between two adiabatic flame
temperatures:
- constant-pressure combustion
- constant-volume combustion
e Constant-Pressure: If a fuel-air mixture burns adi-
abatically at constant pressure, absolute enthalpy
of reactants at the initial state (say, 77 = 298 K,
P = 1 atm) equals absolute enthalpy of the prod-
ucts at final state (7 = Taq. P = 1 atm).
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Now that brings to another important parameter, which is an adiabatic flame temperature. This
is again, very specific to a particular and when it is reacted with an oxidizer or reactant. So, let
us say even for example Methane is reacted with air and methane is reacted with oxygen. The
temperature of the product will be different. Similarly, adiabatic temperature would be different
but any given condition for a given fuel this is one of the theoretical temperature that what is

possible can happen.

Now we will differentiate between two adiabatic flame temperature one is the constant pressure
combustion process and other is the constant volume combustion process. Now what happens

when it is a constant pressure process? So fuel air mixture bonds adiabatically at constant



pressure absolute enthalpy of reactants are the initial state say T1 and equal to absolute enthalpy
of the product and final state. So that is at the adiabatic and pre atmospheric that means there

IS no pressure change.
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Constant Pressure T,, (Cont’d):
e Definition of the constant-pressure adiabatic flame
temperature 1s
Hreac(Ti- P) = Hprod( T;\d- P) (1.40a)
or, on a per-mass-of-mixture basis,
hreac(]‘i-P) = hprod(Ti\d-P) (1.4006)
e Conceptually, adiabatic flame temperature is sim-
ple, however, evaluating this quantity requires

knowledge of the composition of the combustion
products.
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So, the adiabatic flame temperature definition will get you the reactant enthalpy at the T; or P
would be the product enthalpy adiabatic P and per unit mass you can find out from this to this.
So, one can calculate the adiabatic flame temperature and it is a simple calculation. What is
required some knowledge of composition of the combustion products that means if | have in

Methane or propane which is reacting the combustion product needs to be known.
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Constant Volume T, ,:

e When we are dealing with constant-pressure com-
bustion systems, such as gas turbine combus-
tors and rocket engines, the appropriate approach
would involve constant-pressure 7,4.

e When we are dealing with constant-volume com-
bustion systems, such as enclosed explosions or
Otto-cycle (idealized thermodynamic cycle for
gasoline engine combustion) analysis, the appro-
priate approach would involve constant-volume
I‘t(l- /
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Now second one is the constant volume and adiabatic temperature. So that Tadiabatic and what is
dealing with constant pressure combustion systems such as gas turbine, rocket engine the
appropriate approach would involve constant pressure adiabatic temperature. Depending on the
example one can use different approach whether constant pressure temperature constant
volume is constant volume expansion. Now when you are dealing with constant volume
combustion system in enclosed explosion or Otto-cycle analysis, the appropriate approach

would involve constant volume adiabatic temperature.

So there is a big difference between these two process one is constant pressure this is T

constant, this is V constant.
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Constant Volume T, (Cont’d):
e Definition:

[--reac( Tinit- F)init )= (-prod(Tad- Pt) (1.41)

where U is the absolute (or standardized) internal
energy of the mixture.

e Most thermodynamic property compilations and
calculations provide H (or h) rather than U (or
w). So we consider the fact that:

H=U+ PV
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Now when you come to constant volume adiabatic flame temperature calculation, so you get
Ureactant that is the absolute internal energy. U stands here velocity internal energy at initial
temperature and pressure it should be the product internal energy of the absolute energy at
adiabatic flame temperature and pressure. Now most of the thermodynamics property

compilations and calculation involved H and U.

So, we now compile them the enthalpy is essentially an information gets from internal energy
and PV.
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Now what you can write that from equation 1.41 that:

Hyeqe — Hprod - V(Pinitial - Pfinal) =0

If you apply the ideal gas law here, so we apply ideal gas law so:

PinitialV = Z NiRy Tinitiat = NreacRuTinitial
reac

Similarly one can find out:

PfinalV = Z NiR,Tyq = NprodRuTad
prod

So it is just a pressure volume relationship using ideal gas one can find out.
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Now this, the first equation 1.42 what we get:
Hreac - Hprod - Ru(NreacTinitial - NprodTad) =0

Now we have:
Mumix _
/Nreac N MVVreac
Mmix = MW,
/Nprod prod

If we write we get:

=0

Tinitial Taa
h —h —R -
reac prod u (MVVreac MWprod

So that is your equation what you can get.
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Chemical Equilibrium:

e Products of combustion are not a simple mixture
of ideal products. e S
e We used ideal products approach to determine sto-
ichiometry.
e Ideal combustion products for a hydrocarbon fuel:
- Q=1 CO-_}. Hgo. Ng

Lon - ® < 1: CO,, Hy0, N@ esus R
Lich - &> 1: COy, HyO, Ny, (€O, Hy N\ g
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Now, we move to chemical equilibrium. So what one can note here what you get as a product

of combustion cannot be a simple mixture of ideal products. so se can use standard ideal

products approach to determine the stoichiometry that means for example methane is burning

with air you get CO., H20 and excess nitrogen and that the standard ideal product that you use.

So for example ideal combustion products for hydrocarbon fuel if it is stoichiometry it will be

CO2 H20 N2 Oz if it is to lean, you get CO2 H20 Nz this is a lean condition so excess oxygen.

If this is rich you get CO2 H20 N2 but then you get some CO and H: because that is a rich so

hydrocarbon this should remain, not this is completely not consume. So you get back these

kind of things.
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e Real combustion products of a hydrocarbon fuel
may include:
- CO2, H20, N2, O2, Hz, OH, CO, H, O, N,
NO, ....
e Major species, i.e.,
CO», H>0, N5, Os, Hs, CO,
dissociate into a host of minor species, i.e.,
H, N, O, OH, NO.

e Our objective here is to calculate the mole fraction
of all product species.

Now if you look at the list of real combustion products as we listed here. It Wwill be plenty
because any hydrocarbon reaction goes to a series of multiple reactions and that you will see
wants to go to the kinetics that how a particular reaction actually goes to multiple so typically
you get the global products like CO2 H20 N2 Oz H2 OH and there are plenty of other radicals.

There will be plenty of other radicals which will be there. So, the radicals they are found and
they actually carrier of any reaction but they are getting consumed. So, at the end you get to
see the global product. And rather you can say there are some major species so always any
combustion systems you can have some major species and there would be some minor species.
So, major species like CO2 H20 N2 CO and there are minor species like radicals H, N, O, OH,
and NO.

So, what we want to do here we want to calculate the mole fraction of all products species that
means if your combustion product contains major and both minor species then we can evaluate
that.
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Second-Law Considerations:

e Second-Law of Thermodynamics — Concept of
chemical equilibrium.

e Consider a V' =const., adiabatic reaction vessel in
which a fixed mass of reactants form products.

e As reaction proceeds, 7" and P rise until a final
equilibrium condition is reached.

e This final state is not governed solely by first-law
considerations, but requires invoking the second-
law.
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Now you get to the second law consideration so the second law of thermodynamics, which

actually gives you the idea of equilibrium. For example, if you considered in constant volume

adiabatic reaction vessel in which a fixed mass of reactants and products. As the reaction go

along T and P rise until final equilibrium condition is reached. So this final state what the first

law gives you that gives you the energy balance and you can find out how much heat is evolved

due to the reaction but when the second law will tell you the final state that it reaches.
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13:55)

1: Combustion & Thermochemistry

Second-Law Considerations (Cont’d):
e Consider the following combustion reaction:

CO + 0.502 — CO» (1.45)

e If the final T is high enough, CO, will dissociate.
Assuming products are CO,, CO, and O,
€O+ 0..303} £

cold
reactanto

(1 -a)COs +aCO + (a/2)02| . (146)

products
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For example consider the following reaction where CO is bond with oxygen to form CO: if the

temperature is high enough the CO> disassociate and you get to see the reverse reaction. So,

this particular reaction it is not only one way reaction it could be a reversible reaction also, so



as you mean now CO and Oz confirm CO». At the same time, if the temperature is high the
CO: itself form to form CO and Oa. So, everything would be part of your combustion product

or hot product.

And that is why we use a factor that you will get this much of dissociation will take place it is
not that complete CO> get dissociated. There is some percentage of the CO> dissociated and

that will from this much of Oxygen and CO.
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Second-Law Considerations (Cont’d):
e a = fraction of CO, dissociated.
e It is possible to calculate the adiabatic flame tem-
perature as a function of a using Eqn 1.42.

e a = 1: no heat release; 7', P, and y; remain
unchanged.

e a = 0: maximum possible heat release; P and
T would be the highest possible allowed by the
first-law.

e Variation of temperature with a:

Now this is as | said alpha (a) is the function of the CO> dissociation. If we calculate the
adiabatic flame temperature as a function of a then you can see what happened. So « is one
that means no heat release if you go back and see here @ one means CO> one. So, there is no
heat released because whatever comes in they remain CO and CO.. « is zero that means there

is no dissociation of CO..

So, Oz and COz2 in one and form completely CO- so that would be the maximum possible heat

release that is there and if « between 0 and 1 there will be variation of T with «.
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Chemical equilibrium for a fixed mass system.
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This particular curve shows how that variation actually takes place. This is a fraction of CO>
and (1 — a) so this axis you have (1 — a), a is the fraction of disassociation so that you get

and you see how the temperature and other things.
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Now if you apply the second law in these things then you can find out the entropy. And entropy

how you find out if mixture in entropy in the final we would be these are the species N; at Ta
and T;, so this will get:
Smix = (1 — “)S_coz +aSco + (a/z)s_oz

So it is 1.47. So, the mixture entropy would be:



Ty
ar P;

5= 82(Tvep)+ [ G~ Rulngt

Tref
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Second-Law Considerations (Cont’d):
o If we plot mixture entropy versus «, we see that
entropy reaches maximum at about o = 0.5.

e For our choice of conditions, the second law re-
quires that entropy change internal to the system

ds >0 (1.49)
e ; will shift toward the point of maximum entropy
when approaching from both sides.

e Oncc maximum entropy is rcached, no change in
x: 1s allowed.

Now if you plot the mixture entropy versus a you see that entropy reaches maximum at a =
0.5 around that time it will be maximum. Now for second law requires that entropy change in
internal to the system which is greater than required. And the mole fraction in shift towards the
point of maximum entropy when approaching from both side and as soon as you reach the

maximum entropy, there would be no change in the mole fraction which is not allowed.
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Second-Law Considerations (Cont’d):
e Then, formally the condition for equilibrium is:

((l‘s')l'.‘..lll =0 (IF)O)

e If we fix the internal energy, U/, volume, V', and
mass, m, of an isolated system, application of the

- first law (Eqn 1.41),

- second law (Eqn 1.49) and

- equation of state (Eqn 1.2)
define the equilibrium 7', P, and y;.
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So that will form the basis of your equilibrium and one can formally put the condition for the
equilibrium is that change of entropy is going to be zero for given U, V and m. Now if you
fixed the internal energy and volume and mass for isolated system. So, one can apply first law
which is your equation 1.41 that we have derived. It can be second law and equations of state

1.2 define the equilibrium T, P and mole fraction so, you get all these things.
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Gibbs Function:

e For an isolated system of fixed volume, mass, and
energy system, the maximum entropy approach
demonstrates the role of second law.

e In most typical sysytems, however, the equilibrium
xi are required for a given 7', P, and .

e For such cases, the Gibbs free energy, (G replaces
entropy as the important thermodynamic property.

e Gibbs free energy is defined as:
C=H-T8 (1.51)

Another important function which is the Gibbs function for an isolated system of fixed volume
mass and energy system the maximum entropy approach demonstrate the role of second law.
In most difficult system how equilibrium were is given for T, P and ¢. Now Gibbs energy
which is designated as 1 Enthalpy and T and S that gives you an idea what happens to the

reaction.
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Gibbs Function (Cont’d):

e Second law in terms of (7:
((1(")71.1’.1” <0 (lr)z)
e which states that Gibbs function always decreases

for a spontaneous, isothermal, isobaric change of a
fixed-mass system.

e This allows us to calculate equilibrium y; at a
given P, and 7T'.
e At cquilibrium:
(dG)r,pm =0 (1.53)

So, in terms of second law, Gibbs energy gives energy is always less than equal to zero which
clearly state that it always decreases spontaneously isothermal isomeric change of fixed mass
system. So, this allow us to calculate the mole fraction at a given pressure and temperature.

And when it is an equilibrium, this should be the zero.
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Gibbs Function (Cont’d):

e For a mixture of ideal gases, the Gibbs function of
the ith species

i = gipr + R,TIn(P;/ P°) (1.54)
g?p 1s Gibbs function at standard-state pressure,
B—F
: :
e In reacting systems, (zibbs function of formation is

g74(T) = g2(T) - ) _vjg5(T) (1.55)

J

Once the change is zero from equilibrium one can find out this function. Now for mixture of
ideal gases, the Gibbs function of the i species can be given. So again these are very, very
basics of your thermodynamics or rather basics of your combustion process and it should be
very much required once we go along. This is a Gibbs function at standard state and pressure.



Now we have to consider a reacting system that means there are multiple species which are

involved in the reaction.

So, which function of formation can be represented as this function at a particular temperature
at the reference 1 then the stoichiometric coefficient or the reactant this are the number of

reactants which are present in the particular system and their Gibbs function.
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Gibbs Function (Cont’d):

a I/J/- are the stoichiometric coefficients of the ele-
ments required to form one mole of the compound
of interest.

e v, = 0.5and v, = 1 for forming one mole of
CO from O, and C.

e Similar to enthalpies, g ;(7’) of the naturally oc-
curing elemets are assigned values of zero at the
reference state.

16
So as | said vj" are the stoichiometric coefficients of the elements required to form 1 mole of

the compound of interest. Let us say that the example that we had to Oz will be .5 and v, will
be 1 mole of CO from Oz and C, similar to the enthalpies Gibbs function of the naturally
occurring elements are having zero values at reference state. So, this is very, very important
when you talk about the enthalpy of formation or ah the formation energy at reference state for

a particular element.
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Now when you have a mixture of ideal gas all gases the Gmix would be:

Gmix = Z N; [Q_ET + R, Tin (Pi/Po)]

So, that is your equation. Now for a fixed T and P, these are fixed so you can find out the

equilibrium condition that Gmix is zero so that:

Jam [gtr + rurin (P )| + |mialat + morin (P, )] =0

This is your 1.57 and this is 1.58. So that will get you the equilibrium condition.
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1: Combustion & Thermochemistry
A (W)= Mbjp o TaR =0, pos
) . R, NG
Koim 0- TN E+ RT (t4+)) s
LA +p8 + TERNER {f SR LY

Now second term in the last equation essentially these term is zero because:



And,

because total pressure is constant. Then we get:

AGmix = 0= )" dN; [0 + R,Tin (/)]

Which is 1.59 for a general system one can write:

aA+ bB + - =eE + fF
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So, one can define a very generic system and do that. So, change in number of each species is
proportional to its stoichiometric coefficient, so:

dN4, = —Ka
And

dNg = —xb
And so long:

dNp = —ke

dNp = —kf

So, that is how if you do that.
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Gibbs Function (Cont’d):
substitute Eqn 1.61 into 1.59 and eliminate «
—a[gy 7 + RuTIn(Pa/P°)]
—b[gs. + R.TIn(Pg/P°)]
)
)

ks o (1.62)
2> ‘[(I’I']‘ 9= Ifu 1 l“( )1;,/1,):) ]

+ fl9%r + R TIn(Pp/P°)] +.. =0

or —(egpr+ fipr+- —agar —b3p r — )
o ([’E/IM): ,(1)1._/1)1:)'[.“ ‘
= 1.63
it ll(]')_\/llu)u.(I)U/[)o)b.“ (1.63)
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Now you put everything together so this looks little messy. Put 1.61 into 1.59 and eliminate k
S0 you get the equation that will be your equilibrium condition, zero and if you find out do little
bit of algebra, you finally get this and that is an simple algebra one can do.
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Gibbs Function (Cont’d):

Left hand side of Eqn 1.63 is the standard-state
Gibbs function change:

AGT = (egp.r + 9+ —agh - — b1 — )
(1.64a)
AGT = (egf g+ faf.p +--—agf 4 — b9 g — - )T
(1.64b)

e Argument of the natural logarithm in Eqn 1.63 is
defined as the equilibrium constant K,
_ (Ps/P°)* -(Pg/P°Y -

P = (Pa/Po)e - (Pa/Po) - .
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K (1.65)

Now what? You can look at it that the previous equation 1.63. The left hand side is a standard
state Gibbs function. So this is what we are talking about. This is a standard state Gibbs function
change so that one can write that change of Gibbs function would be this much and this should
be another one. So, natural logarithm of the previous equation. If you take you get the

equilibrium constant Kp in terms of all the partial pressure.
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So, then one can write that:
AG? = —R,TInKp

__ A0
which is your 1.66a and Kp is exponential component of [ AGr (R T)] which is 1.66b. Now
u

this 1.65 and 1.66 qualitative indication of whether a particular reaction so that means these 2
equations 1.65 and 1.66 will give you an indication whether a particular reaction favours

products or reactants are the equilibrium.

If it is reactance then if:

AG? > 0
That will give you InK, which means K, would be less than 1 or if it favour the products. Then
your AG? which would be less than zero, InKp is greater than zero, K, would be greater than

1 so that is how you get it.
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Now similar physical inside one can obtain by considering the definition of AG? in terms of
enthalpy and entropy change, which is:

AG? = AH® — TAS®
And if you put this one back in equation 1.66b you get:

AS°
K, = exp [_AHO/(RuT)] exp <R_u>

Now for K > 1 this favours products and AH° should be negative or should be always negative

and it would be also positive changes in entropy to Ky > 1.

So, this is how you can find out the relation between this Gibbs function and all these things.

So, we will stop here today and continue the discussion in the next lecture.



