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Learning objectives

* Apply the second law of thermodynamics to processes.

* Define a new property called entropy to quantify the second-law
cffects.

+ Establish the increase of entropy principle.

+ Examine a special class of idealized processes, called isentropic
processes, and develop the property relations for these processes.

« Calculate the entropy changes that take place during processes for
pure substances, incompressible substances, and ideal gases.

» Examine a special class of idealized processes, called isentropic
processes, and develop the property relations for these processes.

« Derive the reversible steady-flow work relations.

* Develop the isentropic efficiencies for various steady-flow devices.

+ Introduce and apply the entropy balance to various systems.

Ok, welcome back in the last lecture we introduced very important quantitative way of finding
out the feasibility of a certain process and that is inequality of process or process inequality
expression ok. So now in this particular lecture we are going to make use of that defined a term

called entropy and as well as we will specifically consider few particular process ok.
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So let me just first start with a specific reversible processes, here this is the illustration on a PV
diagram you have state one and two and here you have two different ways to have a cycle. So let
us consider a reversible cycle A and B, so you have A ok and B and in this reversible cycle this
is reversibility would be either totally reversible which essentially means your system and
surrounding and the internal reversible means just a system that means it having a very, it is

undergoing a cause static process or does not have any finite temperature based heat transfer.

So for the case of A B reversible we can come up with the expression considering A B is a
reversible and we know that reversible cycle the process expression is equal to zero ok, so that
means the equality is there of for this del Q by del T is equal to zero which it can be simply the
sum of this two path A followed by B ok for this 1 to 2 for the A plus 2 to 1 for this.

Now we can consider another cycle which will be your B and C ok, so this is for another cycle
and the same expression can be written in this following form, so again it being a reversible
cycle B C, this expression is zero which essentially can be calculated by this two paths B and C.
Now you can subtract this from this ok, B being common which essentially means that you can

write the following where 1 to 2 from path B should be same as for the case of C.

Or in other word this integral based on path A should be same as that of integral based on path C

which means it basically, this particular expression is independent of path and thus this



expression just depends on the final end point and this is what we call it as entropy ok because it

is independent of path for all reversible paths from 1 to 2.

So we write this expression in terms of del S, so this becomes your del S, is nothing but del Q by
T. We consider only at this point is internal reversible but this is as | said could be for overall
total or internal reversible, so considering only the system here we are looking at only the
internal reversible here and thus your del S is equal to simply your del Q by T. If you can
integrate this by having a relation between Q and T, you can come up with this del S the change

in entropy between state 2 and 1 ok.

Now this particular expression once you calculate ok, this will be fixed because this expression
tells you only the difference between the two points 1 and 2, it doesn’t depend on how this
particular transformation from state 1 to 2 was achieved whether through your reversible or
irreversible process, this is true for irreversible and irreversible processes as well with this
particular expression. However in order to evaluate based on this interval you need to have a

reversibility or internal reversibility then you can make use of this expression.
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So now let us specifically consider an isothermal process ok, now for isothermal process
consider this as a system and such that the heat is being supplied and the temperature is kept,
now this delta S as | mentioned is already as | mentioned earlier is can be written as 1 by 2 del Q

by T internal now considering the temperature is constant you can take out the temperature



outside and this becomes simply the integral of 1 to 2 del Q ok and this essentially is nothing but
Q which is supplied to the system considering is a internal reversible ok which essentially means
that difference between the surrounding and this should not be very finite temperature difference
ok.

So based on this you can calculate the entropy change of for the given example the Q is known
temperature is known, so is nothing but 750 divided by 300 which essentially is 2.5 kilo juice per
kelvin ok. Now let us consider a cycle which gets composed of reversible and irreversible
process, so here you have state 1 and 2 the dotted line indicates the process which can be
reversible or irreversible, essentially we are not aware of it but from 2 to 1 the process is
internally reversible ok and what we are interested in this process inequality we write this

expression.

So for this process to occur, you the process should satisfy this condition that is process

inequality must hold.
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Increase of entropy
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Now we can write this expression by including the contribution from 2 1 process and 1 2
process, note that process equality is meant for the cyclic process ok but here we are talking
contribution from individual process which is here 1 2 process and this is 2 1 process. Now 1 2

process is either irreversible or reversible which we are not aware of and this 2 1 process internal



reversible thus we can write this in terms of simply the change in entropy ok and then this is less

then equal to zero, now you can take it here, you can write this expression in terms of this ok.

So that means you would change in entropy between this two must be greater than equal to the
integral of 1 to 2 del Q by T ok and this can be written as in differential form which we have
already mentioned or in another word | can write this as that for a given change in entropy or the
system S2 minus S1 that is your delta S system is the entropy due to the heat transfer or the
entropy transfer due to the heat that is again due to the heat transfer plus the generation of the
entropy within the system due to irreversible process or due to the presence of irreversibility,
thus this is a positive value ok. This would be zero only when you have a reversible process, then

you can simply write del S by is equal to 1 by 2 del Q by T ok.

So if you consider isolated system during a process which essentially means there is no heat
transfer then this term is going to be zero and your delta S system will be just a simply S
generation ok, considering S generation is greater than equal to zero your entropy change for an
isolated system during a process will be always increasing or even constant for reversible

process.

So in other word delta S isolated system will be always greater than or equal to zero, zero will be
the case where for reversible process ok, that means if you have reversible process the entropy of
an isolated system will never decrease or in another word or for normal process there is always

an increase of entropy and this is what we call as increase of entropy principal ok.



(Refer Slide Time: 7:37)

Entropy : an extensive property

(Isolated)

ated systens -
Isolated system oy ¢
boundary,

Subsystem Q=0

N
ASioul = LAS; >0
Subsystem (=l
.
Subsystem £ Subsystem
3 = - N
I'he entropy change of an 1solated
system 1s the sum of the entropy
changes of its components, and 1s
never less than zero <
BSpant = T4 :
A system and its surroundings form an
S = AS. AS.. + AS.. =0, 1solated system
i S
* 0 lrreversible process -
0 _Impossible progess o
6

So let me just get back to the fundamentals of entropy here, now entropy is an extensive property
ok, which essentially means that the total entropy of the system is equal to the sum of the
entropies of the part of the system, so we can consider an isolated system which is made of many
sub systems and thus your change in the entropy of this particular isolated system is nothing but

sum of the changes in the sub system as we represented here ok.

Now which essentially means this analogy can be taken to system plus surrounding conditions
where you can isolate this system plus surrounding which essentially means there is no change in
mass Q or heat and work transfer though there would be exchange of the mass heat and work
between the surrounding and system but overall when we consider surrounding and system, we
can consider that to be isolated system boundary. In that case the change in the entropy of this
isolated system would be just a sum of your system change plus the surrounding change and that

must be greater than zero ok.

Considering isolated system your delta system plus surrounding should be S generation ok, thus
S generation is nothing but delta sis plus delta surrounding ok. So this tells you that universe can
be considered as a isolated system and thus S generation of the universe which is an isolated
system should be greater than equal to zero which means this entropy of the universe keeps

increasing all the time.



Now S generation should be zero as we already mentioned for reversible process and for
irreversible process should be greater than zero which essentially means it can never be less than
zero which is a impossible process ok, so the question is can the entropy of a system during a

process decrease.

As we already mentioned that for entropy of an isolated system should keep increasing all the
time or should remain constant for our reversible process but what about the system here. Now
system can have heat and work interaction ok, as well as mass flow from the surrounding or to

the surrounding.
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So in other word your entropy change for a system can be negative. This is an example, for
example if you consider this is isolated system plus surrounding, the system loses heat to the
surrounding ok and thus your system entropy decreases because your heat contribution to the
change in the entropy is negative and thus your delta S system is negative. However the

surrounding increases the overall S generation is positive, which is what the condition is.

So the entropy change of system can be negative but th e entropy generation cannot be ok, of the
overall system and the surrounding ok. Let me just touch up on the key points here about the
entropy what we know the process should occur in the direction where the S generation is greater
than or equal to zero ok, for the reversible process it should be zero but otherwise the process

should always increase, produce or create entropy.



Now the other important aspect is that entropy is a non-conserved property ok, there is nothing
called conservation of a entropy principal, only for the reversible case entropy will remain
constant ok. But otherwise the actual processes the entropy will keep increasing ok. The other
aspect is considering that S generation is synonymous for irreversibility which essentially means
the higher the irreversibility, higher the S generation is. So the performance of a device is can be

analysed by looking at just S generation or the amount of entropy being generated ok.

So the higher the entropy is generated which means the performance is decreasing ok of the
particular device. So this analysis can be used to establish criteria for the performance of
engineering devices ok, that is based on entropy generation or based on our discussion what is
evident is that entropy is a property ok and out interest is to find out the change in the entropy,

the change in the entropy can be calculated from the measurable properties.

However it is very cumbersome and thus it is easy to derive the values from with certain

reference and put it in a table as is done for steam and refrigerator fluids ok.
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So typical TS diagram, temperature versus entropy diagram for your pure substance appears in a
similar form as for the case of your PV diagram of TV diagram ok. So this is your just a
schematic diagram for your pure substance and in a similar we have seen for your TV diagram of

PV diagram, you have the left region which is a compressed liquid, the regions between the



saturated liquid vapour dome is your saturate liquid mixture and this is your superheated vapour
ok.

Now for the compressed liquid we will be making a assumption that the entropy is just
approximated with the saturated liquid at the specific temperature for your P1 and T1, again
remember that liquid properties are more dependent on the temperature than the pressure and
thus we are going to make use of Sf at T1 ok, for the case of S1.

Now for the saturated liquid vapour mixtures we are going to just simply use similar expression
as done for your Vo and Ho ok and for superheated vapour this would be the region which will
have again based on the table, so the table contains just like your table A4 and A5 which we have
used earlier has the datas for the entropy but this entropy calculations are with certain reference

such as your triple point for water ok.

The other aspect if you look at your T and S diagram as we know this entropy of the vapour is
going to be higher because note that the change in the entropy has a contribution to the heat
transfer del Q by T and thus your certain contribution comes from the heat transfer. Now this is a
typical your iso bars ok, that is here and ISO course are not constant within the dome, saturated
liquid vapour region and it has a higher slope compared to that of 1SO bars. So this is a typical

diagram for T and S ok.

So for the case of entropy change of a close system and specified mass, the change can be given
as in this form ok, so we will be making use of the tables having this entropy values for the case
of your steam and refrigerator fluids and based on this diagram we can easily calculate in the
same way as we have done for TV and your PV diagrams and this becomes very useful property
diagram for calculation of processes for the enthalpy plays a big role and we will be making use
of such diagram in our calculations shortly.
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Ok so let us take a specific process in this process you have, we call it as isentropic process, so
let us just look at what does the change in entropy for a fixed mass constitutes of. So the entropy
of a fixed mass can be changed by heat transfer ok and reversibility, ok as we already mentioned
delta S is del Q by T plus S generation ok.

So this is for a process, so if you want to change entropy of a system, you can do that by heat
transfer or for any other reversibility, so S generation is due to reversibility and this is your heat
transfer. Ok for entropy if you consider to be internal reversible which essentially means this S
generation is zero and if you consider your adiabatic then delta S should be zero or S should be

constant or delta S should be zero.

So this would be the case for internal reversal or adiabatic process ok and if you plot your TS
diagram this would be a vertical Y ok because at a specific constant. So this example of
isentropic process where the entropy is constant could be given in the form of adiabatic turbine
ok where essentially you have no irreversibility internally reversible and no heat transfer ok and
then your S is it going to be constant in such a process ok. So this is an example of adiabatic

turbine where the entropy is constant.
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Ok, so the, as | mentioned the property diagram becomes extremely useful to explain process and
similar to your PV diagram or TV diagram where we looked into the processes related to first
law of thermodynamics for a case of processes where you have to apply your cycle of
thermodynamics the TS diagram or you HS diagram becomes quite useful diagram for

explaining or analysing the process.

So this is an illustration of your TS diagram where this curve is of course the internal reversible
process and this area here would be nothing but your Tds ok. So this Tds would be your delta Q
considering your Ds is for the internally reversible is nothing but delta Q by T ok, you can
analyse your differential heat supplied or heat transferred to the system. So on a TS diagram the
area under the process curve represent the heat transform into the reversible processes, so this is
what | mentioned here, del Q internal reversible is Tds or Q internal reversible would be simply
the integral of this.

You can write this expression in terms of your per unit mass ok, so for the internally reversible
as a thermal process, this T is going to be constant, T will become your T zero and if you
integrate it, this becomes simply delta S for the unit mass bases, this can be written as simple T
zero delta small s ok. So enthalpy entropy diagram is quite valuable in the analysis of study flow

devices such as turbine compressor and nozzle ok.



So for the case of adiabatic steady flow devices this the change in the enthalpy is a major of a
work output for example for turbine and the change in the entropy is a measure of your
irreversibility associated with the process. So thus your property diagram such as your TS and
HS becomes a great visual aids in the thermodynamic analysis of the processes where the second

analysis have to be done ok.
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So let me just conclude this particular lecture with this example, this is a example of isentropic
expansion of steam in a turbine, here the steam enters in adiabatic turbine at 5 mega Pascal,
temperature is given here or 50 at least at 1.4 mega Pascal. Considering adiabatic turbine ok, so
this entropy is constant what we need to do is determine the work flow this is your diagram TS
diagram, so this is the iso bars 1.4 mega Pascal, 5 mega Pascal is here, these are all as
superheated vapour, one is here and considering as a constant entropy is a vertical line drop here

and this is your process path.

So we need to find out the work output, so one can start assuming first with a steady flow device
is a reversible which especially means that your mass your entropy energy of this particular
system or control volume here is going to be constant. The energy balances can be written in this

form E in minus E out and considering this steady flow process, this is going to be zero ok.

So thus you can write your E in, E in is nothing but your contribution due to your mass flow, so

M H1 considering your Ke and each prevents zero or the changes are zero ad Ke and Pe and E



out is your W out plus the contribution due to mass flow out of the control volume. So this is
going to be W out plus Ms, so you can write this W out in simple mass weight multiplied by the
change in the enthalpy ok. So what you need to find out is simply this enthalpy of state 1 and
state 2 ok.

Now the state 1 you can take out the table of a superheated vapour it is given here H1 and S1, the
considering that that for the case of state 2 you have the information of 1.4 mega Pascal and the
entropy again you make use of the table and find out where this condition meets that means P2 is

this and S1 is this and you may have to do some interpolation to maintain the value of S2 ok.

So this is a generic process to solve such a problem based on the information of entropy which
basically in this case we have considered entropy to be constant ok, so W out for this problem

turn out to be your 349.8 kilo juice per kg.
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Next lecture

* Apply the second law of thermodynamics to processes.

* Define a new property called entropy to quantify the second-law
cffects.

+ Establish the increase of entropy principle.

» Examine a special class of idealized processes, called isentropic
/)I'()('(ﬂ\'.\‘(’.\'.

+ Calculate the entropy changes that take place during processes for
pure substances, incompressible substances, and ideal gases.

* Develop the property relations for these processes.

* Derive the reversible steady-flow work relations.

* Develop the isentropic efficiencies for various steady-flow devices.

* Introduce and apply the entropy balance to various systems.

So that wold the end of this particular lecture, so hope it is clear the definition of entropy,
making use of clauses in inequality, the process diagram for related to the entropy or particularly
cycle of thermodynamics and how to make use of it in order to solve certain problem ok. In the
next lecture we are going to explain this entropy change for ideal gas and we look into some

other examples, ok so see you in the next lecture.



