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8.1 INTRODUCTION
In the previous Units, second law of thermodynamics has been introduced for systems
executing thermodynainic cycles only. It has also been adequately discussed as to how the
second law and its corollaries (Carnot theorems and thermodynamic temperature) can be
used for several purposes such as (1) finding out the feasibility or otherwise of a cycle, (2)
classification of all feasible cycles as reversible or irreversible cycles and (3) evaluation of
the maximum performance of a cycle operating between given two reservoirs at different
temperatures. Although these are very important, the matter does not end here. More often
than not, in every day life, we come across non-cyclic processes rather than cyclic
processes. It is needless to emphasise here that we must know how the second law of
thermodynamics can be used to predict, preferably quantitatively, the feasibility or
otherwise, the reversibility or irreversibility and performance of these non-cyclic processes.
It shall be explained in detail in the course of this unit as to how the extension of the second
law to non-cyclic processes is made possible with the use of 'ENTROPY', a property to be
introduced for the said purpose.

Objectives
After reading this unit you must be able to

*

*
*
*
*

*

visualise a clear picture of whatf 6Q / T really means, its importance with regard
to irreversible and reversible cycles, and how it leads to the concept of entropy,
define and understand what entropy means,
calculate the entropy changes in processes,
depict the processes on coordinate system with entropy on one of the axes,
use entropy for identifying reversible, irreversible and iinpossible processes,
especially using the principle of increase of entropy,
understand clearly the difference between reversible adiabatic and irreversible
adiabatic processes, and

*

have a clear understanding of available and unavailable energies, calculate them
and show that irreversibilities increases the unavailable part of the energy.

8.1.1 Similarities between Energy and Entropy
It is indeed useful to recall here that first law of thermodynamics was also introduced first to
systems undergoing thermodynamic cycles only. It was then extended to non - cyclic
processes and in doing so a new property ENERGY was introduced. it may be said that,
while the concept of ENERGY was essential to extend the first law to non-cyclic processes
the concept of ENTROPY is essential to extend the secbnd law to non-cyclic processes. The
property ENTROPY is so very useful and important that in almost all subsequent chapters
this property is used for several meaningful and essential purposes.
The word ENERGY is used very commonly in every day life, although may not always be
with the same meaning as in science or engineering. The familiarity of the word perhaps
gives a pseudo-feeling to the reader that he knows ENERGY very well. It need not
necessarily be so in practice. In comparison, ENTROPY is a word that is liot used in every
day life. It is also difficult to see physically what entropy is.
While ENERGY was introduced it was said that its change in any process is equal to the
difference between the magnitudes of the two interactions - heat and work. The mathematics
required to understand this is very simple. As we see later, a higher mathematics namely
integration using calculus is essential to define ENTROPY. This might further complicate
,
matters to make the reader fear that ENTROPY is something which is very difficult to
understand. In reality it is not so. It is as difficult or as easy as understanding what
ENERGY is. It is because of this reason a comparison between ENERGY and ENTROPY is
made here. The matter becomes cIear and simple if instead of struggling to know what
ENTROPY is, attention is focussed and efforts are made to understand what its use is and
what it can do.

8.2 SOME IMPORTANT STATEMENTS ON 6 0 1 T
As a preamble to defining and explaining what ENTROPY is, it is useful to make a few
important statements and prove thein here by using the knowledge gained so far in
thermodynamics. The first statement is the Clausius' Inequality Statement.

8.2.1 Statement 1
When a system executes a cyclic process the integral around the cycle of (6Q 1 T ) is less
than or equal to zem. This statement, popularly known as the Clausius' Inequality
Statement, can be symbolically writtell as

Let the systein enclosed by the boundary S, in Fig. 8.1, undergo a cyclic process. Let, at any
instant, 6Q and 6W be the heat and work interactions the system has with its surroundings.

Fig. 8.1 : Diigmm to prove Clausius lnequnlity

-

Entropy Available a d
Unavailable Energy

Seeond l a w Concepts

Let T be the temperature of part of the system at this instant. It is necessary to point out here
that the directions of heat and work interactions are taken to be positive, only to get a
generalised result and hence it need not be misconstrued that the system considered is
already .violating the second law. Although the system can exchange 6 Q directly with the
reservoir at To, let it be assumed that this heat interaction occurs through a reversible heat
engine R operating between To and the system temperature T such that, while 6Qo is the
heat interaction betweeii R and the reservoir, 6Q is the heat interaction between R and the
system. Under these conditions let the work output of R be 6WR.The reversible engine R is
considered to be so small that it will perform a finite number of cycles in the time taken by
the system S to undergo one cycle . Thus, 6 Q is the infinitesimal heat interaction between R
and the system at temperature Tin that time during whichR undergoes one cycle.
Conceptually R need not be a single heat engine but a multiplicity of small reversible
engines, each heat engine, one at a time, having heat interactions 6e,with the reservoir at
To and 6Q with the system at various temperatures such as T, T + dT, T + 2dT, .... etc. during
the time system S executes a complete cycle.
Applying first law to the system S,

Consider now the system inside the boundary show11by the broken lines. This system is
also undergoing a cycle (engine R undergoing a finite ilumber of cycles in the time during
which system S undergoes one cycle) having heat interaction with only the reservoir at To.
In accordance with the Kelvin-Plank statement of the second law of thermodynamics the
work output froin this systein cannot be positive and hence,

f(6wR +6w) r 0
Between equations (i) and (ii),
(iii)
Applying first law to engine R,
W
O

- 6Q

=

~ W R

(iv)

AS R is a reversible engine, by the definition of thermodynamic temperature scale,

Between equations (iv) and (v),

Substituting for 6WR from equation (vi) in equation (iii)

(vii)
In equation (vii), To is a positive number and therefore,

-
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8.2.2 Statement 2
When a system undergoes an internally reversible cycle the integral around the cycle of
is always equal to zero. This may be symbolically written a s

As shown in figure 8.2, let 1-A-2-B-1 be a reversible cycle undergone by a system. Fmm

Clausius inequality,

X

Flg. 8.2 : Diagram to show f ( 6 Q ~1T )

-

0

(9
Suppose the system now undergoes the cycle 1-B-ZA-1, in the direction opposite to that of
the cycle 1-A-2-B-1. Applying Clausius inequality to this cycle,

(ii)
In equation (i), 6QRrepresents the heat interactioil while the system undergoes the cycle in
clockwise direction, and inequation (ii), 6QR1represents the heat interaction while the
system undergoes the cycle in anti-clockwise direction. Both cycles are reversible and one is
the reversed cycle of the other. By the concept of reversible cycles the magnitudes of 6QR
and

6& have to be necessarily the same but their directions are opposite and hence,
(iii)

Substituting for 6Qi from equation (iii) in equation (ii),

For equafions (i) and (iv) to be simultaneously true the only possibility is that

8.2.3 Statement 3
When a system undergoes a change of state, the value of integral 6QR/ T is independent of
the path between the given two states. In other words, suppose a system can change from
state 1to state 2 through several reversible processes A, B, C ...etc. The value off
between states 1and 2 is the same for each reversible path.

WR

1

T

Second Law Concepts

'

As shown in figure 8.3, consider a system that changes state from 1 to ,2as the system is
subjected to a reversible process A. Assume now there exists a reversible process 2 which
can restore the system back to its initial state.
1-A-2-21 is a reversible cycle executed by the system. Hence equation (8.2) is valid for this
cycle.

This cyclic integral can now be replaced by two linear integrals, one each for the processes
A and Z.
Y

1

X

Fig. 8.3 : Diagram to sbow QtegralB

T

is lodependeat d tbc path

Now consider another reversible process B which can bring about the same state change as

- in process A. When process Z is carried out after the process B the system will execute a
reversible cycle. For this cycle 1-8-2-2-1, according to equation (8.2),

$ (F)
- 0 and hence

I
1

i

Now, equatiou (i) minus equation (ii) gives

Thus!

(F)

is same for the two reversible pmessesA and B between the states I and 2.

I
#

It can similarly be proved that for any other reversible path between 1and 2 the value of the
integral remains the same.

8.3. ENTROPY
It becomes obvious from the above statements that the quantity 6QR / T is unique in the
sense that not only its change in a cyclic process is zero (equation (8.2)) but also its change
between two state points is independent of the path between the two states (equation (8.3)).
We already know that a magnitude related to a system is a property of a system if its change
in a cyclic process is zero and its change between any two states is independent of the path

I

I

between the two states. Therefore, ~R 1T has to be a pmperty of a system and this property

1

is named as ENTROPY.

t

The entropy, S, of a system is a property whose change between two states 1and 2 is given
by ,

I

&=-

or

WR
T

(8.5)

SAQ 1
According to Clausius Inequality statementf6Q / T < O lor an irreversible thurnlody nalnic
cycle. Therefore there is a decrease in eiitmpy of the system undergoing an irrrvc.nible
cycle. Comment on this statement.

1
!

8.3.1 Remarks on Entropy
(i)
(ii)

(iii)

(iv)

.

Equation (8.4), or equation (8.5) in differential form, defines entropy ;to be precise it
defines the change in entropy and not the absolute value of entropy.
The fact that only the difference in entropy is defined indicates that entropy, similar
to energy, has to be measured with respect to a datum. If a value is fixed for eiitropy
at an arbitrarily selected datum, the entropy at any other state, relative to the datum
state, can be calculated by invoking the definition. Depending upon the state, relative
to the datum state, a system can have either positive or negative v a h q for entropy. It
is worth recalling here similar statements made with respect to energy.
As the magnitude of heat transfer in any process depends on the mass of the system it
is easy to infer from the definition of entropy that entropy has to be an extensive
property. Therefore, specific entropy s is equal to Slm, where m is the mass of the
system.
In accordance with its definition, the unit of entropy has to be J/K or kJ/K. The unit
of specific entropy is U/kg K or J/kg K.

SAQ 2
1 kl of heat is transferred froin a reservoir at 30CJ°C to a gas confined ill a friclionicsc
piston-cylinder mechanisii~and as a result of which the gas expands isothcr~nallyat 100°C.
Is AS for the gas equal t o s w 1 T 1

SAQ 3
The gas in SAQ 2 is now heated isothermally at thr same temperature of 100°C but with the
difference that the reservoir heating the gas is also at 100°C and that simullaneously the g ~ ~ s
is stirred using a paddle wheel. Is A S for gas in this case equal to 6Q / T ?

-
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8.3.2 Entropy as a Coordinate
Entropy, being a property, can be used as one of the coordinates for state diagrams. It shall
be seen later that T s and k - s diagrams are widely used in analysing several processes of
practical interest in thermodynamics.

-

Shown on the T - s diagram of figure 8.4 is a reversible process undergone by a system, in
general, between an initial state 1 and a final state 2.

Fi.8.4 I T - s diagram in general

Draw ordinates at states 1 and 2. Consider the area (hatched) below the path of the
reversible process bound by the two extreme ordinates: This area, a-1-2-b-a, according to
mathematics, is equal t o s Y dr. Temperature is represented on y-axis and entropy on x-axis
and hence,
Area a-1-2-ba = $ i d r

-

-STdF

By the definition of entropy (equation (8.5)), T & bQRand hence,

ST

dr is also equal to the area a-1-2-b-a. It a n hence be said that the area bound by a
But
reversible or quasi-static process and the two extreme ordinates on a T - S diagram is equal
to the net heat interaction the system has during the process.
It is worth emphasising here that dS = 6QR/
This fact is further elaborated below.

and that dF

is not equal to 6Q / T i n general.

Eig. 8 5 : Diagram to distinguish between reversible and irreversible proecsses

Consider the reversible process 1-A-2 on the T - S diagram in figure 8.5. The area below
1 4 - 2 is equal to the net heat transfer during the reversible process A and the entropy
change during the process is given by,

Now, consider an irreversible process B between the same two states 1 and 2. It is easy to

see from the figure that change in entropy in this process is also equal to S2- S1.But it

I

+

cannot be evaluated from SQ / T al6@ the irreversible process B. as dS 6Q / T. This
fact reveals a method by which entropy change in an irreversible process can be calculated.
Assume any convenient reversible process between the same end states as that of the
irreversible process in question. Evaluate the value of SQR/ T along this assumed
reversible process. Infer that the entropy change in the irreversible process is also the same.
This is always true as entropy is a property and its change between two states is independent
of the path between the two states.

I

8.3.3 Entropy as Quantitative Test for Irreversibility.
Consider the thermodynamic cycle 1-A-2-B-1 shown in T- s diagram of figure 8.6. This is
an irreversible cycle as process A is irreversible.

/

f i r

S
Fig.8.6 :Quantitative test for irreversibility

According to Clausius Inequality, for this cycle,

and therefore.

Process B is reversible and hence the second term on the left hand side of the above
equation, by the definition of entropy, has &,be equal to S1 - S2 as, for this process 1 is the
end state and 2 is the initial state. Therefore,

r~

'

+ (Sl - s2) r

0, and hence

1

Process A is one among the various irreversible processes that connect states 1 and 2. Thus,
equation (i) is valid for all irreversible processes between states 1 and 2. It can now be
generalised and stated that for all irreversible processes between two states 1 and 2,

However, by the definition of entropy,

-
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Equations (8.6) and (8.4) can be combined together as

1

(8.7)

where the equality holds for reversible process and the inequality for any irreversible
process.
The differential form of equation (8.7) is

Equations (8.7) or (8.8) can be used to find out whether a process is reversible or
irreversible. If during a process the value of A S.the change in entropy, is equal to

J aT

during the process, such a process must be reversible. If the change in entropy during a
process is greater than the value of

16Q

/ T, such a pmcess must be an irreversible pmess.

8.3.4 Reversible and Irreversible Adiabatic Processes
If a process is reversible and adiabatic, 6QR = 0 and hence entropy change dumg this
process is zero, as ds = 6QR / T = 0. Therefore, a reversible adiabatic process is one
during which not only the heat transfer is zero but also the change in entropy is also zero.
Therefore a reversible adiabatic process is also an isentropic process.
However, if a process is irreversible but adiabatic. 6Q = 0 during this process. During this
irreversible process dr # 6Q / T and hence ds # 0. In fact in an irreversible adiabatic
process ds > O.This can be verified by substituting zero for 6Q in eqbation (8.6).

Thus, in general, for an adiabatic process,

equality holding for reversible adiabatic process and the inequality for the irreversible
process. This fact is embodied in the principle of increase of entropy.

SAQ 4
Showu 111 f ~ p u r cX 7 are threc different adiabahc expansion processes claimed to have been
untlergta~c'tly a systcrn, cacb slartlng from the same state A and ending a1 B1,B2 and B3 on
Ihc Farnt: pmsurt: 11ncon a T - .s diagram. Identify the possible and impossible processes

eivlng reastms.

I

Fig. 8.7 :Diagram for SAQ 4

SAQ 5
Show on a T - .s diagriinl the directions of possible adiabatic compression processes starting
from any cc~nvcnientslate.

-

8.3.5 Principle of Increase of Entropy.
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The principle of increase of entropy dictates that the change in entropy in an adiabatic
process is always greater than zero or in the limiting case of a reversible adiabatic prcwcss it
is equal to zero. Thus, in an adiabatic process the change in entropy can never be negative.
The fact that ds 1 0 during an adiabatic process can be advantageously used to find out
whether a given process is reversible or irreversible. The utility of this fact is not restricted
to only adiabatic processes. It can also be used to assess the reversibility or irreversibility of
any process, irrespective of whether there exists heat interaction during the process or not.
All processes can be considered as adiabatic processes if the changes occumng in the
system and the surroundings are considered together. The interactions in any process is only
between the system and its surroundings. Therefore, in any situation, system + surroundings
together is always an isolated system as nothing crosses this boundary. An isolated system
is also an adiabatic system. The principle of increase of entropy can hence be generalised as,
dssystcm + dssmtmdings

'
0y

(8.10)

where, the equality holds for reversible processes and the inequality for irreversible
processes. It is obvious from equation 8.10 that, in a reversible process the changein
entropy of the system is equal to the change in entropy of the surroundings with regard to
their magnitudes, but their directions are opposite. In other words if the entropy of one
system increases, the entropy of the other decreases by the same extent.
In an irreversible process the entropy change of the system and the surroundings are not the
same. But the changes, in accordance with the principle of increase of entropy, will be such
that their sum is always positive. Thus, the principle of increase of entropy when applied to
the @verse takes the form
uunivase

(8.1 1)

> O.

The term universe connotes system and local surroundings.
One of the important questions raised at the beginning of the Unit on the second law of
thermodynamics is 'how to decide the feasibility of a process quantitatively'.
Equations (8.8) and (8.10) provide the answer to this question.
(a) A process is irreversible and possible if

(b) A process is reversible and theoretically possible if
1

or

usy-

+ AYsmUIIbgs= 0, and

(c) A process is impossible if

SAQ 6
A ng~d
non-msulated vessel containing a mixture of fuel and air is surrounded by a luge
hi)dy ol water at a part~culartemperature. The fuel is burnt. State whether the entropy

i h m g ~of the unlverse is +ve, -ve or 0.

Second Law Coaecpts

8.4

CALCULATION OF ENTROPY

Equation (8.4) that defines entropy is not in a very convknient form to calculate entropy
change in each and every process. This equation can be used only for either a reversible
isothermal process or any other reversible process during which heat transfer is known as a
function of temperature. Hence the utility of this relation is limited. Entropy is a property.
From the two property rule for a pure substance it must be possible to calculate the entropy
at any state in t e r n any two convenient independent properties. What follows is the
explanation of such useful relations among properties.
Consider a reversible process undergane by a pure substance between states 1 and 2 as
shown in the T - s diagram of figure 8.8. Applying the first law of thermodynamics to this
process, in differential form 6Q - 6W = dU.

-

Fig. 8.8 : Reversible and irreversible processes on T s di.grurt

As the process is reversible, 6Q = 6QR,and 6W = pdVand therefore,
Ci&R

- p d v = dU.

By the definition of entropy, 6QR = TdS and hence,
TdS = dU

+ pdV.

This relation when written in terms of specific properties takes the form,
T d s = du

+ pdv

(8.12)

By the definition of enthalpy, h = u + pv and hence,
dh = du + pdv

+ vdp

or du = dh - pdv - vdp.

Substitutingfor du in equation (8.12).
T d s = d h - p d v - v d p + p d v , or
Tds = d h - v d p

(8.13)

Equations (8.12) and (8.13) are called the Tds relations and are very important and useful
relations that are very frequently used in calculating the entropy changes in majority of the
cases. For the reversible process 1 - 2 in figure 8.8, from equation (8.12):

Similarly from equation (8.13).

Now consider the irreversible process shown in figure 8.8. ?his process also occurs between
the same two end states as thatof the reversible process. Hence, s2 - sl is the same for both
the processes. Although equations (8.12) to (8.14) are derived for reversible processes it is
now easy to realise that the Tds relations can be used for calculating entropy changes in
irreversible processes as well. This can also be ascertained from the following point. Thare
is no factor in equations (8.12) to (8.14) which is path dependent. T,p, v, s, u and h are all
properties of the substance. Hence, the Tds relations can be used to find the entropy change
between two states in reversible as well as irreversible processes.

SAQ 7
Can a cyqtenl undergo ;m tscntroptc prnccsh w h ~ c hrs nc~lreicr\~hJcand ad~abar~c
'

-

CARNOT CYCLE ON T S DIAGRAM
In figure 8.9, a Carnot cycle is shown on p - v and T - s diagrams. The p - v diagram has
8.5

already been explained in the chapter on reversibility. An attempt is now made to explain
the Carnot cycle on T - s diagram. Corresponding state points on both the diagrams afe
represented by the same alphabet and hence both the diagrams are compatible. In the
following analysis only the T - s diagram is considered.
Durlng a - b, the system executing the cycle undergoes the reversible isothermal expansion
process. Hence, a - b is along the horizontal line such that Ta = TI= Tb. During this process
net heat transfer to the system at the constant temperature of TI is Ql. For this process,
b

J

sb-sa=

QI
- TI

-

:6

a

:.

1

Ql = TI Sb - Sa = TI AS = area abfea
As process b - c is reversible and adiabatic, Sb = Sc and hence it is a vertical line.

(

(1)

Process c - d is the reversible isothermal compression process during which the system
s
transfers out Q2 at a steady temperature of T2,such that Td = T2 = Tc . For t h ~ process,
d

s,-sc

Q2
T2

=
C

:.

P

Q2 = T2 (Sd - Sc) = area cdefc

%
Q2

T
b
T;
T2

-- - -a1
d

72
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Fig. 8.9 :Carnot cycle oo p v & T
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