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1.1 INTRODUCTION

At the outset it is imperative to know about the course title- The Thermodynamics.
Thermodynamics is a branch of physics which deals with the energy and work of a system. It
was originated in 19th century as scientists were first discovering how to build and operate
steam engines. Thermodynamics does not take into account the atomic constitution of matter
1.e. its structure etc., but it deals only with the large scale response of a system which we can
observe and measure in experiments. Small scale molecular interactions are described by
the kinetic theory of gases. The methods complement each other; some principles are more
easily understood in terms of thermodynamics and some principles are more easily explained
by kinetic theory. Thermodynamics is a perfect mathematical science describing the inter-
relationship between heat and any other form of energy viz., electrical, mechanical, chemical,
magnetic etc. The basic concept is the transformation of heat into mechanical work through
any bulk material. Thermodynamics has innumerable applications in physics, chemistry &
engineering sciences. While studying thermodynamics, you will learn about some basic terms
like temperature, thermodynamical system, internal energy, thermal equilibrium and about
certain thermodynamical processes such as isothermal and adiabatic processes etc. You will
also know here about the concept of a system and its surroundings. In our day to day life we
often come across the examples of isothermal and adiabatic processes. The melting of ice at
zero degree centigrade temperature and that of sudden burst of a tyre are the practical
examples of isothermal and adiabatic processes respectively. The understanding of the
different thermodynamic process will help you to know the physics behind many such
practical examples. There are three principal laws of thermodynamics besides the one called
the zeroth law. Each law leads to the definition of thermodynamic properties which help us to
understand and predict the operation of a physical system. In the present unit you will
become familiar with the zeroth law which introduces the concept of temperature and relates
it to the thermal equilibrium.

1.2 OBJECTIVES

By the end of this unit, you should be able to-

e Get a clear picture of the system and its surrounding in thermodynamics
e Know about the macroscopic and microscopic properties of the system
e [Explain the change of state of the system

e Explain the concept of heat and temperature

e Know the condition of thermal equilibrium

¢ Enunciate zeroth law of thermodynamics

e Interpret quasistatic, isothermal and adiabatic processes

e Solve simple numerical problems based on the above concepts
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1.3 SYSTEM & SURROUNDINGS

A system may be defined as a definite quantity of matter (solid, liquid or gas) bounded by
some closed surface. The simplest example of a system is a gas contained in a cylinder with a
movable piston that can be heated by a burner. Here the system is the gas and the
surroundings are piston and burner. When a system is completely uniform throughout such as

a gas, mixture of gases, pure solid, a liquid or a solution you will
say it is homogeneous system, but when it consists of two or more Surrounding
phases which are separated from one another by definite boundary
surface it is said to be heterogeneous system e.g., a liquid and its
vapor, two immiscible or partially miscible liquids.

Anything which is outside this system and can exchange energy
with it and has a direct bearing on its behaviors called its Boundary

surrounding. The complete system and its surrounding together is
called universe. Further you can distinguish the system in three
classes as discussed in the next article.

Fig.1.1

Boundary or wall is the surface that separates the system from the surroundings. This wall or
boundary may or may not allow interaction between the system and surroundings.

1.3.1 THERMODYNAMIC SYSTEM

The thermodynamic state of a system is determined by four observable properties. These
properties are its composition, pressure (P), volume (V) and temperature (T).
On the basis of the type of their boundaries, the systems can be categorized as follows:

1. Open system: A system which can exchange both energy and matter with its
surrounding is called an open system e.g., air compressor: air at low pressure
enters and air at high pressure leaves the system i.e., there is an exchange of
matter & energy with the surrounding.

il. Close system: A system which can exchange only energy (not matter) with
the surrounding is called a closed system e.g., gas enclosed in a cylinder
expands when heated and drives the piston outwards. The boundary of the
system moves but the matter (gas) in the system remains constant.

1. Isolated system: A system which is thermally isolated and has no exchange of
heat or works with the surrounding is called isolated system e.g., a beverages
or any other liquid contained in a thermos flask .
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1.3.2 MACROSCOPIC AND MICROSCOPIC SYSTEMS

The behavior of the system can be described in two different ways namely macroscopic and
microscopic. Macroscopic properties can usually be directly experienced by our senses.
These properties describe the gross characteristics of the system and can directly be measured
in the laboratory. Macroscopic properties are not concerned with the structure of the system
(chemical composition). Pressure, temperature, volume, internal energy, entropy etc. are few
examples of these properties. A macroscopic system is one whose state can completely be
described in terms of its macroscopic properties or coordinates.

Microscopic properties cannot be directly experienced by our sense of perception. These
properties describe the internal structure (atoms & molecules) of the system and cannot be
measured directly in the laboratory.

In fact the macroscopic & microscopic properties are simply the different ways of describing
the same system so they are related to each other e.g., the pressure of a gas is related to the
average rate of change of momentum due to all the molecular collisions taking place on a unit
area. Higher is the rate of change of momentum, higher will be the pressure. Here the
pressure is a macroscopic property, whereas the rate of change of momentum due to
molecular collisions is a microscopic property. Similarly the temperature of a gas
(macroscopic property) is related to the average kinetic energy of translational motion of its
molecules which is microscopic.

1.3.3 TEMPERATURE AND HEAT

The temperature of a body is a measure of its hotness or coldness . In fact we distinguish hot
bodies or cold bodies by our sense of touch. That is by touching we can roughly distinguish
between a hot and a cold body.

Let us consider two bodies A and B kept in contact such that A is at higher temperature.
After some time they both acquire the same temperature which is approximately in between
the two temperatures. It means there is something which has been transferred from A to B.
This something is called Heat. Thus heat is that physical entity which is transferred from one
body to other because of a temperature difference between them. In fact, heat is a form of
energy which is transferred from one body to other because of a temperature difference
between them.

We can explain it with a simple example of water level. If two vessels are filled with water
up to the levels of different height and are inter connected, the water will always flow from
the higher level to the lower level side. Similarly, heat will flow from a body at higher
temperature to a body at lower temperature when they are brought in contact with one
another.

There is a distinction between temperature of a body and the heat that it contains. In fact the
heat that a body contains depends upon its mass as well as upon its temperature. For example
the sparks from a blacksmith’s hammer are white hot (at very high temperature) but they do
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not burn the hand since their mass is very small, therefore contain little heat. On the other
hand a jug of hot water (at a much lower temperature than the spark) causes a severe burn
because it contains more heat.

Hence, the flow of heat depends only on the temperature difference but the quantity of heat
flown does not depend only on temperature difference but also depends on mass and specific
heat of the body. For example, if a hot body and a cold body are put in mutual contact, heat
flows from hot to a cold body until they attain a common temperature. It means the
temperature of a hot body falls and that of cold body rises. But these temperature- changes
are not necessarily equal because the masses (and also the specific heats) of the two bodies
may be different.

1.3.4 INTERNAL ENERGY

The energy content of a system is called its internal energy. The internal energy of a system is
the energy contained within the system, excluding the kinetic energy of motion of the system
as a whole and the potential energy of the system as a whole due to external force fields. It
keeps account of the gains and losses of energy of the system that are due to changes in its
internal state. It is the sum of following forms of energy of the system-

(1) Kinetic energy due to translational, rotational and vibrational motion of
molecules, all of which depend only on the temperature

(i1) Potential energy due to intermolecular forces, which depends on the nature and
separation between the molecules and

(iii)  The energy of electrons & nuclei
In practice, it is not possible to measure the total internal energy of a system in
any given state rather only change in its value can be measured.

Let us formulate the expression for internal energy. Consider a thermodynamic system
interact with its surrounding and passes from an initial equilibrium state i to a final
equilibrium state f through a certain process (path) Let Q be the heat absorbed by the system
and W the work done by the system. W is taken positive when work is done by the system
during this process. Q is considered positive when heat is taken by the system. The Quantity
(Q-W) can be calculated here. It is experimentally found that if the system be carried from
the state i to f through different paths, the quantity (Q-W) is found to be the same although Q
and W individually are different for different paths. Thus when a “thermodynamic system
passes from state i to f the Quantity (Q-W) depends only upon the initial and final
(equilibrium) states and not on the path taken by the system between these states”. The
quantity (Q-W) is defined as the “change in the internal energy” of the system.

Ur U= AU =Q-W
(1.1)

Here U (internal energy) is a function of thermodynamical co-ordinates i.e.
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U=f(p,v,1t)
(1.2)

Eq. 1.1 can be used to measure the change in internal energy of the system, if some arbitrary
value is assumed as the value of the initial state, its value in any other state can be computed
from the above equation. However in practice the change in internal energy is only important.
Experimentally it has been observed that the internal energy of a system is a function of states
only and does not depend upon the path by which the state has been achieved.

Self Assessment Questions (SAQ) 1

Explain the followings:
Thermodynamics
Thermodynamic system
Microscopic properties
Macroscopic properties
Temperature

Internal Energy

AN

1.4. THERMAL EQUILIBRIUM

If a system 1 with temperature T1 and system 2 with temperature T2 are in thermal contact,
there will be exchange of heat between the two systems if there is a temperature gradient (i.e.
when T1 is not equal to T2). The process of heat exchange will continue until both the
temperature become equal. i.e. T1 = T2. Then the two systems are said to be in thermal
equilibrium. Hence two systems in thermal contact or a system in thermal contact with
the surrounding attain thermal equilibrium by attaining the same temperature

(Fig. 1.2)

movable piston
i
/s
System 1 System 2
P P2
™ T2
wvi V2
Fig.1.2

1.5 EQUATION OF STATE

An equation of state is a thermodynamic equation relating state variables which describes the
state of matter under a given set of physical conditions. In other words the equation of state is
the known relationship between the thermodynamic variables or properties. It is an equation

UTTARAKHAND OPEN UNIVERSITY Page 6



THERMODYNAMICS AND STATISTICAL MACHENICS BSC-PH 201

which provides a mathematical relationship between two or more state functions associated
with matter such as its temperature, pressure, volume and internal energy.

With the above description of equation of state the Boyle’s laws, Charles’ law, Dalton’s law
of partial pressures are all regarded as examples of equation of state. Some other examples of
equation of state are given below.

1.5.1 THE IDEAL GAS EQUATION OF STATE

The equation of state for an ideal gasis PV =nRT

(1.3)
where P is the pressure, V is the volume, R is the universal gas constant (R=8.314 JK 'mol™),
T is temperature in Kelvin, and n is the number of moles of the gas.

1.5.2 VAN DER WAALS EQUATION OF STATE

The equation of state for real gases, can be expressed by van der Waals Equation which is

(P+ %)(V—b) = RT
(1.4)

where quantities a and b are constants for a particular gas but differ for different gases. There
are many more equations of state that you may come across besides these two given above.

1.6 ZEROTH LAW OF THERMODYNAMICS: CONCEPT OF
TEMPERATURE

Let us analyse a situation in which two systems are separated by a diathermic (good
conductor of heat) and adiabatic (bad conductor of heat) walls. Now Let us consider the
systems A, B, C in which A and B are isolated from each other through an adiabatic wall and
both are in contact with C through diathermic wall as is shown in fig.1.3. As time passes A
and B will separately attain equilibrium with C. Now if the diathermic and adiabatic walls are
interchanged, no further change
in states of any of the three systems will occur. This indicates that system A and B
themselves are in thermal equilibrium before the walls are interchanged. This experimental
observation was first developed by R.H Fowler in 1931 and was named as Zeroth law of
thermodynamics which can be stated as follows:

“If two systems are separately in thermal equilibrium with a third one, then they themselves
are in thermal equilibrium with each other.”
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Adiabatic wall Diathermic wall
S/
Rigid adiabatic wall —{ A B
— Rigid adiabatic wall
~
A c cC
Diathermic wall Adiabatic wall
(a) (b)

Fig. 1.3

This law in a more general form, can be expressed as:

“If a system A is in thermal equilibrium with each of the several other systems B,C,D,E etc.,
separately then any pair among B,C,D,E etc., will be in mutual thermal equilibrium i.e., D

and C or B and D or B and C are always in equilibrium.”

Zeroth law permits us to assert that all systems in thermal equilibrium with each other have a
common property. We call this common property as temperature. The temperature is a
property of a system that determines whether or not a system is in thermal equilibrium with
other systems. Equal temperatures imply thermal equilibrium; unequal temperatures imply its

absence. Thus the zeroth law gives the concept of temperature.

Let us analyse the concept of temperature in mathematical terms. Let two systems A and B
with coordinates (xa, ya) and (xg, yg) respectively, be in equilibrium as shown in Fig.1.3 (b).
Now if we remove A from contact of B and change its state so that the new variables become

(xa’, ya’) and again make contact with B to find that A is still in equilibrium with B, zeroth

law tells us that the two states of A viz., (Xa, ya) and
(xa’, yA’) are in equilibrium. In this way we can find a
number of states of A as (xa, ya), (Xa”, YA'), (Xa”, yaA”)
etc., all of which are in thermal equilibrium with the
same state (xp, yg) of B so that all these states of A are in
thermal equilibrium with each other and thus, have the
same temperature. Now if all these states of A are plotted
on a x — y graph they will form a curve as shown in Fig.
1.4, the locus of all those points which represent states at
same temperature is called an isotherm. All the points on
an isotherm represent states in equilibrium with each

.«.“

G ny )

Fig.1.4 Isotherm of system A

X

other. A similar isotherm of B, all points of which are in thermal equilibrium with any of the
states of isotherm A will be called a corresponding isotherm. A process in which all
thermodynamic coordinates but the temperature are changed is called an isothermal process
i.e., in an isothermal process the pressure or volume of the system may change but the

temperature of the system does not change.

Let us now give the mathematical presentation of the concept of temperature. Suppose two
systems A and B are in thermal equilibrium. At equilibrium both the systems assume fixed

UTTARAKHAND OPEN UNIVERSITY
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coordinates. Any change in the state of one system will change the state of the second in a
restricted way. Hence equations of constraint for the two systems A and B in thermal
equilibrium is based on the fact that coordinates of the one depend upon those of the other
and thus is written in a combined way as:
JaB (Xa, YA, XB,yB) =0

(1.5)

Similarly, when A is in thermal equilibrium with B and C separately, we may write

JaB (Xa, Ya, XB, yB) = 0 and
(1.6)
Jac (Xa, ya, Xc, yc) =0

(1.7)

Functions fag and fac may be quite different from each other. However, from both these
equations the common value of x can be obtained as.

XA :f’AB (YA, XB, YB) and
xa =f"ac (Ya, Xc, Yo)

which give
S aB (YA, Xa, YA) —f'ac (Ya, Xc, yc) =0

(1.8)

But, from zeroth law, B and C should be in equilibrium. Thus we must have
JBc (XB, ¥B, Xc,yc) =0

(1.9)

Egs. (1.8) and (1.9) represent the same equilibrium conditions and thus they must
agree with each other. Comparing with eq. (1.9) we must therefore, drop the variable y, from
eq. (1.8). (In a physical example the co-ordinate y, will cancel out from two sides of
equation). Thus eq. (1.8) takes the form

S aB (X8, yB) — [ 'ac (Xc, yc) = 0 or
/78 (X8, yB) =f"c (Xc, yc) = T (say)

(1.10)
subscripts A are also dropped as f/ are functions of B and C only. Egs. (1.9) and (1.10) show
that if B and C are in equilibrium, there exists a function /' of the variables x and y for each
one, having a common value T and we may write that for any system A in equilibrium with a
reference system
Sxy)=T
(1.11)
This common value T of all these functions is the empirical temperature. The next step is to
define the difference of temperatures. Let a contact between two systems A and B result in a
net transfer of energy from A to B. Then A will be said to be at a higher temperature than B
at their initial states. Thus, the order of temperature may be given by this definition.
However, it does not give a scale of temperature which may enable us to define some unit for
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temperature by which different temperatures may be measured. Developing a proper scale of
the temperature measurements is out of scope of the present unit. For further description on
temperature measurements you may consult the book mentioned at serial number three in the
list of suggested reading given in the last section of the unit.

Self Assessment Questions (SAQ) 2

(1) What do you mean by thermal equilibrium? Explain.
(1))  What is equation of state? Give some examples.

1.7 THERMODYNAMIC PROCESSES

A system is said to be undergone a thermodynamic process when there is some sort of energy
change within the system, generally associated with changes in pressure, volume, internal
energy, temperature, or any sort of heat transfer.

There are several specific types of thermodynamic processes that often take place (and in
practical situations) in thermodynamics. Each has a unique trait that identifies it, and which is
useful in analyzing the energy and work change related to the process. Some important
thermodynamic processes are explained below.

Adiabatic process: This is a thermodynamic process in which there is no heat transfer into or
out of the system. For this process, change in quantity of heat is zero.

i.e., during this process AQ =0

Isochoric process: This is a thermodynamic process that occurs at constant volume This
implies that during this process no work is done on or by the system.

i.e., during this process AV =0

Isobaric process: This is a thermodynamic process that occurs at constant pressure.
i.e., during this process AP=0

Isothermal process: This is a thermodynamic process that takes place at constant
temperature. It is possible to have multiple processes within a single process. A good
example would be a case where volume and pressure change during a process, resulting in no
change in temperature and no heat transfer.

i.e., during this process AT =0
Cyclic processes: These are series of processes in which after certain interchanges of heat
and work, the system is restored to its initial state.
For a cyclic process change in internal energy AU=0,
and if this is put into the first law of thermodynamics which states AU =AQ - AW,

then for cyclic process Q =W
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This implies that the net work done during this process must be exactly equal to the net
amount of energy transferred as heat; the stored internal energy of the system remains
unchanged.

Reversible process: A reversible process can be defined as one in which direction can be
reversed by an infinitesimal change in some properties of the system.

Irreversible process: An irreversible process can be defined as one in which direction cannot
be reversed by an infinitesimal change in some properties of the system.

Quasi-static process: This is a process that is carried out in such a way that at every instant,
the system departs only infinitesimal from an equilibrium state (i.e. almost static). Thus a
quasi-static process closely approximates a succession of equilibrium states. A process taking
place at an extremely slow rate can be treated as a Quasi-static process.

Non-quasi-static process: This is a process that is carried out in such a way that at every
instant, there is finite departure of the system from an equilibrium state. Usually a fast

process is a non-quasi static in nature.

Let us learn about the adiabatic, isothermal and quasistatic processes in detail:

1.7.1 QUASISTATIC PROCESS

A finite unbalanced force may cause the system to pass through non- equilibrium states. A
quasistatic process is defined as the process in which the deviation from thermodynamic
equilibrium 1is infinitesimal and all the states through which the system passes can be
considered as equilibrium states.

A quasistatic process is an ideal concept which can never be satisfied rigorously in practice.
However in actual practice many processes closely approach a quasistatic process with no
significant error.

1.7.2 ISOTHERMAL PROCESS

When a thermodynamic system undergoes a process under the condition that its temperature
remains constant then the process is said to be isothermal.

The essential condition for an isothermal process is that the system must be placed in a
perfectly conduction chamber so that the heat produced or absorbed during the process at
once goes out or comes in from outside. In this way the temperature will remain constant. But
in practice we do not find a perfect conductor. Therefore, a perfect isothermal process cannot
be obtained.
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We can, however, obtain approximate isothermal process if the process is extremely slow.
For example if a gas filled in a brass cylinder(good conductor of heat) is compressed very
slowly with the help of a piston. The heat produced by compression gets enough time to go
outside the cylinder through its walls. Hence temperature of the gas remains constant i.e.,
change in temperature is zero during the process(AT = 0). Similarly if the gas is slowly
expanded it loses energy in doing work against the piston but an equal amount of heat comes
in from outside. Again the temperature remains constant.

Graphically Isothermal Process can be represented by the

curve as shown in Fig.1.5 &

If a system is perfectly conducting to the surrounding and [ Isotherm
the temperature remains constant throughout the process, it \
is called an isothermal process. Consider a working F;[’
substance at a certain pressure and temperature and having
volume represented by the point A, fig.1.5. Now the gas

expands and its volume attains point B on the curve.

PV = constant

Pressure is decreased and work is done by the working — p b foemsmmcsssemssensiis

substance at the cost of its internal energy and suffers a fall
in temperature. But the system is perfectly conducing to i Y
the surrounding, it absorbs heat from the surrounding and
maintains a constant temperature.

Thus from i to fthe temperature remains constant. The curve i.f'is called the isothermal curve
or isotherm. In going from f'to i and the system gives out extra heat to the surrounding and
maintains the temperature constant.

Thus during isothermal process the temperature of the working substance remains constant as

|
:

Fig 1.5

it can absorb heat or give heat to the surroundings. The equation of isothermal process is

PV = constant (1.12)
For an ideal gas undergoing isothermal process the change in internal is zero, i.e.,

(U, -U)=0 (1.13)

1.7.3 ADIABATIC PROCESS

When a thermodynamic system undergoes a process under the condition that no transfer of
heat takes place in or out of the system then the process is said to be adiabatic.

Such a process can occur only when the system is perfectly insulated. But such a system is
not possible and hence a perfect adiabatic change is impossible. We can however obtain

UTTARAKHAND OPEN UNIVERSITY Page 12



THERMODYNAMICS AND STATISTICAL MACHENICS BSC-PH 201

IJJ
Adiabatic

Fig.1.6

approximate adiabatic process in a way that if the process is extremely rapid so that there is
very little time for the heat to escape as it is suddenly compressed. The heat produced due to
compression is added to its internal energy and its temperature rises. That is why the bicycle
pump is heated when the air in it is suddenly compressed. Conversely if a gas is suddenly
expanded the external work done by it is drawn from its internal energy and its temperature
falls. When a motor-car tyre bursts the sudden expansion of its air into the atmosphere is
adiabatic and the tyre is cooled.

Other examples of adiabatic process are the expansion of steam in the cylinder of a steam
engine and the compression of air in a diesel engine. The compression is so rapid that the
behavior of the air is adiabatic.

Graphically adiabatic process can be represented as shown in Fig.1.6.

As you know that in adiabatic process when a system undergoes from an initial state i to

final state f'in such a way that no heat leaves or enters the system hence you can write
AQ=0

Thus when a system expands adiabatically then W (work done) is positive and its internal

energy decreases eq.(1.14), if the system is compressed adiabatically then W is negative.

Thus in case of compression, internal energy increases eq.(1.15).

Uy— U =-W (1.14)

Uz— U]Z—(—W):W (115)

The equation of adiabatic process is
P VY = constant (1.16)

where y is the ratio of the specific heats of the gas at constant pressure (C,) to that at constant
volume (C,) You will revisit these processes in more detail when you will learn about the first
law of thermodynamics in next unit.
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Self Assessment Questions (SAQ) 3
Explain the following:
1. Open and closed systems
ii. Isolated system
iii. Isochoric process
iv. Isobaric process
v. Quasi-static process

1.8 SUMMARY

In this unit you have learnt some basics for understanding thermodynamics. The initial part of
the unit is devoted to the understanding of the thermodynamic system and its surroundings.
Important features of the unit can be summarized in the following points.

e A thermodynamic system can be represented by the four properties which are its
composition, temperature, pressure and volume. Further the systems can be
categorized into three types that is open system, closed system and isolated
system on the basis of the type of their boundaries.

e Depending upon the parameters used to describe the state of the system
completely the system may be macroscopic or microscopic.

e The temperature of a body is a measure of its hotness or coldness. Heat is a form
of energy whose flow from one body to another solely depends upon the
temperatures difference of the bodies.

e The internal energy of asystemis the energy contained within the system,
excluding the kinetic energy of motion of the system as a whole and the potential
energy of the system as a whole due to external force fields. It keeps account of
the gains and losses of energy of the system that are due to changes in its internal
state.

e Two systems in contact are in thermal equilibrium when there is no exchange of
heat between them or they maintain the same temperature between them.

e The equation of state of a system is the known relationship between the
thermodynamic variables or properties. It is an equation which provides a
mathematical relationship between two or more state functions associated with
matter such as its temperature, pressure, volume and internal energy.

e Zeroth law states that if two systems are separately in thermal equilibrium with a
third one, then they themselves are in thermal equilibrium with each other. The
concept of temperature is derived from it.

e Any change in any one of thermodynamical coordinates (i.e., pressure, volume,
internal energy / temperature, or any sort of heat transfer) of a system while
others remaining invariable with time leads to different types of thermodynamical
processes to happen viz., Isobaric process, Isochoric process, Isothermal process
and Adiabatic process.
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e A quasistatic process is defined as the process in which the deviation from
thermodynamic equilibrium is infinitesimally, small and all the states through
which the system passes can be considered as equilibrium states.

These concepts will further help you in understanding the succeeding topics.

1.9 GLOSSARY

1 Miscible liquids- A distinct layer between two liquids will not form when you have
a solution that is labeled miscible. When a distinct layer does form in a
mixed solution this is called immiscibility. For example, a type of immiscible liquid
is oil and water.

2 Conservation-the principal by which the total value of a physical quantity remains
constant in a system

3 Impose - force on someone

4 Compressed - pressed into a smaller space

5 Expansion - the action of becoming larger or more extensive

6 Limitation - a restriction

7 Surrounding - environment area around a thing or person

8 Microscopic - as small as to be visible only with a microscope or sometime even

smaller like molecules.
9 Macroscopic - visible to naked eye or relating to large scale
10 Undergo — suffer
11 System - a set of things working together as part of a mechanism

12 Equilibrium - the conditions of system in which all competing influences are balanced
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1.12 TERMINAL QUESTIONS

1.12.1 SHORT ANSWER TYPE

1. Explain the term ‘heat and temperature’.

2. Distinguish between isothermal and adiabatic process.

3. Draw P-V diagram representing isothermal and adiabatic processes.

4. Show that change in the internal energy of a non-isolated system is zero.

1.12.2 LONG ANSWER TYPE

I.
2.

Explain thermodynamic system and thermodynamic variables.
Explain the terms:

1. Open system
il. Closed system
11i. Isolated system

State and explain zeroth law of thermodynamics. What is its importance? On the
basis of this deduce the concept of temperature?

What do you mean by quasi-static process? Can it be achieved in practice? State
its importance.

. What is internal energy of a system? “Internal energy is state function and not a

path function”, discuss.
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2.1 INTRODUCTION

In previous unit we learnt about the basics of thermodynamics and the Zeroth law of
thermodynamics.In this unit we will study the first law of thermodynamics which places
work and heat as the only way, the internal energy of a system of a body can be altered. It is a
version of the law of conservation of energy which states that the total energy of an isolated
system remains constant. However, a perfectly isolated system does not exist in practice. All
systems exchange energy with their surroundings through one or other process no matter how
well insulated they are. For example, hot tea or water in a thermos flask will only stay hot for

a few hours and will reach to room temperature with the passage of time.

2.2 OBJECTIVES

After studying this unit, you will be able to
e Define first law of thermodynamics
e Explain different types of specific heat capacity and relationship between them
e Relate heat, work done and internal energy for different types of processes
e Explain heat transfer into or out of the system.

e Know the insufficiency of first law of thermodynamics

2.3 FIRST LAW OF THERMODYNAMICS

The first law of thermodynamics is simply the principle of conservation of energy applied to
a thermodynamic system. This law can be explained as follows:-
If a quantity of heat dQ is supplied to a body, then in general it is used in three ways.
(1) Partially, it is used in raising the temperature of the body i.e., increasing its
internal kinetic energy dUk.
(i)  Partially, it is used in doing internal work against molecular attraction, i.e.,
increasing the internal potential energy dUp.
(ii1))  And rest is used in expanding the body against the external pressure i.e., in doing
external work dW.
So, above statement can be written as,
dQ = dUx + dUp +dW (2.1)
This is the differential form of the first law of thermodynamics.
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But,
dUx+dUp=dU (where dU is the increase in total internal energy of the body)
dQ=dU+ dW or (2.2)
AQ= AU+ AW (2.3)

Therefore, in all transformations, the energy due to heat units supplied must be balanced by
the sum of external work done and increase in its internal energy.
In equation (2.3) we should note that,

Equation (2.2) represents the differential form whereas eq. (2.3) stands for change in
respective quantities.
(1) AQ,AU and AW are to be measured in the same unit i.e., all the three either in

joules or in calories.

(11) If the heat is taken by the body then AQ is positive and if it is given by the body
AQ is negative.

(i11)  Similarly, if the work is done by the system then AW is positive and if the work

is done on the system then AW is negative.

Important features of first law of thermodynamics
The mathematical form of the first law contains three important features:
(1) Heat is a form of energy.
(i1))  Energy is conserved in a thermodynamic system process.
(i11))  Every thermodynamic system in equilibrium state possesses internal energy and
this internal energy is a function of its state i.e. temperature only.
(iv)  Itis applicable to any process by which a system undergoes a physical or chemical

change.

2.4 SPECIFIC HEAT CAPACITY OF A SUBSTANCE

The specific heat capacity of a substance is defined as the amount of heat supplied per unit
mass of the substance for per unit rise in its temperature. If an amount AQ of heat is given to
a mass m of the substance and its temperature rises by AT, the specific heat capacity C is

given by the equation

_ A
C=—= (2.4)
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The same is true when temperature is lowered by taking heat from the substance.
This definition applies to any form of the substance, solid, liquid or gas. Mathematically the
specific heat capacity of a material is defined as the quantity of heat required to raise the
temperature of unit mass of the material through 1 degree. For pure water 1 calorie heat is
required to raie its temperature by 1°C
Thus, Sp. heat capacity of water = 1 cal/gm°C
= 1 kilo cal/kg°C

4.18 x 10° joule / kg°C (- 1 cal =4.18 1)

This definition is sufficient for solids and liquids. Since the gases are compressible the
specific heat of a gas may vary from zero to infinity. For example, if a gas is compressed, its

temperature rises without supplying any heat to it (i.e., Q = 0). Hence specific heat

c=—2-=0 2.5)

mAT
On the contrary, if the gas is allowed to expand freely, without any rise in temperature
(i.e.,when AT = 0) then

c=—2 = w 2.6)

mxo0 o

Hence the specific heat of a gas is defined by considering any of the two (pressure or volume)
as constant. Thus, a gas has two specific heats
(1) Cp , the specific heat at constant pressure which is defined as the amount of heat

required to raise the temperature a unit mass of a gas through 1°C when to

. . A
pressure is kept constant. It is expressed as C, = (A—?j (2.7)
p

(i)  C,, the specific heat at constant volume which is defined as the amount of heat
required to raise the temperature of unit mass of a gas through 1°C, when its

volume is kept constant. It is represented as:

C, = (i—?)v (2.7a)

C, is always greater than Cv. Let us see how?.

Heat capacity of a gas is different under these two conditions. Suppose the heat is supplied to
a gas and is allowed to expand at constant pressure. Then the supplied heat is used up in
doing two things:

(1) It raises the temperature of the gas (i.e., increase in its internal energy) and
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(11) It does work in expanding the gas against the external pressure .

AQ = AU + AW

or AQ =AU+ pdV (2.8)

On the other hand, when gas is heated at constant volume, no work is done (AW = PdV = 0)
and the entire amount of heat supplied is used to raise its temperature. Thus, more heat is
required for raising the temperature of the gas through 1°C at constant pressure than at
constant volume. Hence specific heat of a gas at constant pressure (C,) is greater than the

specific heat at constant volume (C,) 1.e., C, > C,.

2.4.1. THERMODYNAMIC PROOF OF MAYER’S RELATION

Let us consider one gram-molecule (mole) of an ideal gas at pressure p, Kelvin temperature 7
and volume V. Let Cy and C, be the molecular specific heats at constant volume and at
constant pressure respectively.
Let the gas be heated at constant volume so that its temperature is raised by an infinitesimal
amount d7. The heat supplied will be C, dT. As the volume remains constant, the external
work done is zero. The differential form of the first law of thermodynamics is written as
equation (2.2)

dQ =dU + dWw,
where dQ is the heat supplied, dU the increase in internal energy and dW the work done (all
expressed in same units). Here dQ = C, dT and dW = 0, so that

CydT =dU (2.9)
Let the same gas be now heated at constant pressure p until the temperature is raised by the
same amount of d7. The heat supplied will be Cp dT. Now, the gas would expand and
external work against the pressure p would be done. If dV be the change in volume of the gas,
the external work would be p dV. Thus, for this process, dQ = C, dT and dW = p dV. Hence,
from the first law of thermodynamics, we have

CpdT =dU +pdV. (2.10)
The temperature change is the same in both the cases. Since internal energy U depends only
on the temperature for an ideal gas (Joule’s law), the internal energy-change dU is same in

both processes. Then, eliminating dU from eq. (2.9) and (2.10) we get
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(Cp—Cy)dT =pdV. (2.11)
Now, the equation of state for one mole of an ideal gas is

pV =RT,
where R is the universal gas constant.
Differentiating it, keeping p constant, we get

pdV=RdT
Putting this value of p dV in eq. (2.11), we obtain

(Cp—Cv)dT =RdT
or, Cpr—-Cy=R (2.12)
This relation was first obtained by Mayer in 1842 and is therefore called “Mayer’s relation”.
It is perfectly true for an ideal gas and very nearly true for real gases at moderate pressures.
In Mayer’s relation, R must be expressed in the same unit as Cp and Cy. Usually Cp and Cy
are expressed in cal/(mole-K). Hence R must also be in calorie/(mole-K).

Since R = 8.31 joule/(mole-K) and 4.18 joule = 1 calorie, we have

R= i'—i; =1.99 calorie / (mole - K).

Cp — Cy = 1.99 calorie/(mole-K) ~ 2 calorie/(mole-K).

2.5 THERMODYNAMICAL EQUILIBRIUM

Generally a system is said to be in equilibrium when its properties or state variable do not
change appreciably with time over the interval of interest that is observation time or we can
say that:

Any state of homogeneous system in which any two of the three variables P, V, T remain
constant with time as long as the external conditions remain unchanged is said to be in
thermodynamic equilibrium.

A system is said to be in thermodynamical equilibrium when it satisfies the following
requirements :

2.5.1 MECHANICAL EQUILIBRIUM

For a system to be in mechanical equilibrium there should be no macroscopic movement
within the interior of the system (no unbalance forces acting) and also none between the
system and surrounding or with another system.

2.5.2 CHEMICAL EQUILIBRIUM

For a system to be in chemical equilibrium there should be no chemical reaction within the
system and also no movement of any chemical constituents from one part of the system to the
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other i.e. the internal structure and the chemical composition of the system should remain
unchanged.

2.5.3 THERMAL EQUILIBRIUM

This occurs when two systems in thermal contact or a system that is in thermal contact with
the surrounding do not exchange any heat. This is attained when the two systems or one
system and its surrounding area are at the same temperature.

2.6 APPLICATION OF FIRST LAW OF THERMODYNAMICS

In this section we will apply first law of thermodynamics to certain basic processes to get

simple relations involving the internal energy, work done and heat.

2.6.1. ISOCHORIC PROCESS

The process in which the volume of the system remains constant is called isochoric process.
If volume remains constant then the work done AW (= pdV') by the system will be
zero (dV = 0). But by the first law of thermodynamics we have,

AU = AQ — AW
Putting AW =0, we get,

AU = AQ
Hence, in an isochoric process, the heat taken or lost by the system is entirely used in

increasing or decreasing the internal energy of the system.

2.6.2. ISOBARIC PROCESS

The process, in which pressure of the system remains constant, is known as isobaric process.
The boiling of water to steam or the freezing of water to ice are the examples of isobaric
process.

Let m gm of water is converted into steam at constant pressure and temperature also. If V; is
the volume of the water in liquid state and V, is the volume of water in vapour state, then

work done by the system (in expanding from V; to V) against the constant pressure p) will be,

Vs 2
W:fvl pdV = prl av

=p(Vv=V01)
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and heat absorbed by the mass m during the change of state is,
O=mlL,
where L, is latent heat of vaporization.
If AU be the change in its internal energy, then from the first law of thermodynamics,

AU=Q-W
AU =mL —p(Vy,-V)

It 1s the expression for change in internal energy of the system during vaporization (isobaric
process).
Similarly, we can determine the expression for the change in the internal energy of the system
during freezing (isobaric process),

AU =mL = p(Viee = V)

Here L; is the latent heat of fusion of ice.

2.6.3. ISOTHERMAL PROCESS

The process in which temperature of the system remains constant is known as isothermal
process. The temperature remains constant only in the change of state i.e., liquid to vapour or
liquid to ice as in the case of isobaric process. So we may write

AU =mL,—p(Vy—V)

and AU =mLi—p(Viee—V,

2.6.4. ADIABATIC PROCESS

The process in which the total heat of the system remains constant i.e. no heat flows into or
out f the system, is called an adiabatic process. The system is thermally insulated from the
surroundings and heat can neither enter into the system nor can leave it. So for such a process
heat Q = 0, and from the first law of thermodynamics, we have

AU=Q-W

AU = -W
Thus, in an adiabatic process the change in internal energy of a system, is equal to the amount
of work done. If work is done by the system i.e., work done is positive, the internal energy is

decreased. On the other hand if work is done on the system i.e., work done is negative, the
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internal energy is increased. When a gas is suddenly compressed (adiabatic process), the
work done on the gas is added to its internal energy so that its temperature rises. That is why
a bicycle pump becomes hot when air in it is compressed to fill in cycle tube. Similarly, when
a gas is suddenly expanded, the work against the surroundings is done by drawing heat from
its internal energy. A decrease in its internal energy decreases the temperature of the gas.
That is why when a motor car tyre bursts, the tyre gets cooled because of sudden expansion

of air adiabatically.

2.6.5. FREE EXPANSION

If a system expands in such a way that no heat enters or leaves the system (adiabatic process)
and also no work is done by the system or on the system, then this expansion is known as free
expansion.

Let us consider a well insulated vessel (adiabatic) with rigid walls and divided into two parts,
one containing a gas and the other evacuated. When the partition is suddenly removed, the
gas rushes into the vacuum and expands freely. If U; and Uy be the initial and final internal

energies of the gas, then by the first law of thermodynamics,

AU=Q—-W
But, Q=0,W=0
So, A U=0
ie, U-U=0
or U=

Thus, in the free expansion, the initial and final internal energies remain the same.

2.6.6. CYCLIC PROCESS

In a cyclic process, the system after passing from initial state to final state comes back
to its initial state. So, in this process the net change in the internal energy of the system is

zero (AU = 0). Hence, by the first law of thermodynamics, AU = Q — W, we have
AU =0 so,0—-W=0 or o=w

It means, in the cyclic process the heat taken by the system is equal to the work done by the

system. In differential form, we may write

$dQ = $aw
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Thus, for a closed system undergoing a cycle of processes, the cyclic integral of heat is equal

to the cyclic integral of work.

2.6.7. ADTIABATIC EQUATION OF A PERFECT GAS

Let us consider one mole of an ideal gas having a volume V' at a pressure p and Kelvin
temperature 7. Suppose it undergoes a small adiabatic expansion. In doing so, it does the
necessary external work at the cost of its own internal energy which therefore decreases and

hence its temperature falls.

Let dV be the infinitesimally small change in the volume of the gas at pressure p. Then the

external work done by the gas in its expansion will be

AW =pdV
(2.13)

If dT be the fall in temperature of the gas, the heat lost by it will be CydT where C, is the
gram-molecular specific heat at constant volume. Now, in an ideal gas the molecules do not
attract each other, so that its internal energy is entirely the kinetic energy of the molecules
which depends only on the temperature of the gas. Therefore, the decrease in the internal

energy of the gas by dU is equal to the heat lost by it. Thus,

dU = CV dT
(2.14)

Now, the first law of thermodynamics for an adiabatic process (dQ = 0) becomes
dU+dW=0
Substituting the values of dU and dW from eq. (2.14) and eq. (2.13) we get

C,dT + pdV =0
(2.15)

Now, the equation of state for one mole of an ideal gas is
pV =RT
where, R is the universal gas constant. This on differentiation gives

pdV+Vdp=RdT
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_ pdV+Vdp
R

or dT
Substituting for d7 in eq. (2.15), we get

Cy

av+vd
(u) +pdV =0

or Cyv(pdV+Vdp)+RpdV=0.

But R = Cp — Cy (Mayer’s relation).
Cy(pdV+Vdp)+(Cp—Cy)pdV=0

or CyVdp+C,pdV=0

Dividing by Cyp V, we obtain

dp , 4V _
or p+yV 0

where y is the ratio of the gram-molecular specific heats of the gas (y = C,/Cy). Integrating
the last expression, we have
log p +y log V = a constant

or p VY = constant.

(2.16)

This relation is known as Poisson’s law.

If pi, Vi be the initial and p;, V; the final pressures and volumes of the gas respectively, then
piV =p V)

Relation between Temperature and Volume : Let us put p = RT/V in eq. (2.16) which

gives

RT
> VY = constant
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or T VY~1 = constant

(2.17)
or TV/T' =TVt

Relation between Temperature and Pressure: Let us put V =RT/p in eq. (2.16). This gives

RT\Y
p (?) = constant

TV
or =1 = constant
or T p(= /¥ = constant.

(2.18)

Example 1: Calculate the change in internal energy when 0.004 kg of air is heated from 0°C

to 2°C, the specific heat of air at constant volume being 0.172 kilo cal/kg °C.
Solution: From first law of thermodynamics
dQ =dU+dw

Since air 1s heated at constant volume

dW =PdV =0
The heat taken by the air is
dQ = mCydT
Therefore, dU =dQ—-dw
=mCpdT — 0

=0.004 x 0.172 x 2
=1.376 x 107 kcal.

Example 2: What is the change in energy per gm of air if 15gm of air is heated from 0°C to

5°C at constant volume by adding 150 cals of heat.

Solution: We know that
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dU = dQ — dw

Since the air 1s heated at constant volume

dW =PdV =10
Therefore, dU=dQ—dw
=150-0
=150 cals
The change in internal energy per gm of air is 1550 cal =10 cal/gm
gm

Self Assessment Question (SAQ) 1
Can heat be given to a substance without rise in temperature?

Self Assessment Question (SAQ) 2

BSC-PH 201

A thermos bottle containing coffee is vigorously shaken and thereby the temperature

of coffee rises. Consider coffee as the system. (i) Has heat been transferred to coffee? (ii) Has

work been done on coffee? (ii1)) What is the sign of AU?

Example 3: Calculate the value of J from the following data : specific heat of oxygen at

constant volume Cy = 5.03 cal/(mole-K), y = 1.4, R = 8.31J/(mol-K). Why the value of J so

obtained differ from the standard value of 4.18 joule/calorie?
Solution: Cy = 5.03 calorie / (mole - K) y = g—p =1.4
14

» C,=yCy=1.4x5.03 =7.04 calorie /(mole - K)
From Mayer’s relation:
Cp — Cy =R (all in same units)
~ R=7.04—-5.03 =2.01 calorie/(mole-K)

= (2.01 calorie) J/(mole-K)
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where, J is the number of joule/calorie. But we are given that R = 8.31 joule/(mole-K).

= (2.01 calorie) J / (mole-K) = 8.31 joule / (mole-K)

__ 8.31ljoule

or =
2.01 calorie

=4.31 joule / calorie

This value differs from the standard value because the formula used above holds only

approximately for a real gas.

Example 4: The height of the Niagara falls is 50 meter. Calculate the difference between the
temperature of water at the top and at the bottom of the fall; if J = 4.2 joule/calorie.

Solution: Suppose m kg of water falls in one second. The potential energy lost in one second

is
W=mgh=(m x 9.8 x50) joule.
This lost energy is converted into heat. If Q be the heat produced, then

Q _ W _ (mx9.8x50)joule
J T 42 joule/calorie
(0.117m)kcal

m kg x 1.0 kcal/(kg— C) = 0.117°C.

This heat causes a temp-rise, AT =

Example 5: A 2.0 gm bullet moving with a velocity of 200 meter/second is brought to a
sudden stoppage by an obstacle. Assuming the total heat produced is acquired by the bullet,
calculate the rise in temperature of the bullet. Sp. heat of bullet material is 0.03 kcal/(kg -
°C). Given : J = 4.2 joule / calorie.

Solution: The kinetic energy of the moving bullet is
W ==m v’ =2 x 0.002kg * (200 m/s)’ = 40 joule

By sudden stoppage of the bullet, the whole of the energy is converted into heat. The heat

equivalent of this energy is

0= =9.52 cal =9.52 x 10 kcal.

W _  40joule
] - 4.2 joule/cal

If AT be the rise in temperature of the bullet due to this heat, then

O =mc AT. (c being sp. heat)
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~ 9.52 x 107 keal = 0.002kg x 0.03kcal/(kg-°C) x AT

9.52x1073% o
or AT = W— 159°C

Example 6: Two samples of air having same composition and initially at the same
temperature and pressure are compressed from a volume V' to a volume V72, one isothermally,
the other adiabatically. In which sample is the final pressure greater? What will be the result

in case of expansion, instead of compression?
Solution: For the isothermal compression, we have
p V = constant.
If V is changed to V/2, the pressure p is changed to 2 p.
For the adiabatic compression, we have
p VY = constant.
If V is changed to V/2, the pressure p is changed to (2)" p.

Thus, the final pressure in isothermal compression is 2 p, and in adiabatic

compression is (2)Y p. Since y is greater than 1, we have
2)Yp>2p
that is, the final pressure is greater in case of adiabatic compression.

The result will be otherwise i.e., the final pressure would be greater in case of

isothermal expansion.

Example 7: A motor car tyre has a pressure of 2 atm at the room temperature of 27°C. If the

tyre suddenly bursts, find the resulting temperature.

Solution: Given, P, =2 atm
T,=273+27=300K
P=1atm.,, T,=?, y=14

py~t  prt P\ 1 \Y
vy = 7 or, — = |—
T} T} Py T
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(6" =G

or, 2.304 x 0.4 logo (0.5) = 1.4 [logo T2 — log;o 300] x 2.304
or -0.1204 =1.4logio T»—3.4608

or 1.4 logio T, = 3.4680 — 0.1204 = 3.3476

or logio T =222 = 23911

T, = Antilog (2.3911) = 246.1K
or T, =-26.9°C

Example 8: A certain quantity of air at 27°C and 1 atm pressure is suddenly compressed to
half its original volume. Find the final (i) pressure and (ii) temperature of the air. (Given y =

1.48, 2" =2.64)
Solution:

(1) Pi=1atm;P,=?,y=1.4

V1:V sz

N <

During sudden compression, the process is adiabatic.
PV} =P
or, P, =P, [Z—jy
=1 [2]"* = Antilog [1.4 log 2] = Antilog [1.4 x 0.30]
P, =2.636 atm
(i) Vi=V, V2 =2, T =300K ; T, =2,y = 1.4

Ti(V)Y 1 =T, (Vy)¥ !
T,=T 2]

=3007[2 1"
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=3959K

T=3959K

2.7 INSUFFICIENCY AND LIMITATIONS OF THE FIRST

LAW OF THERMODYNAMICS

Limitations of the first law of thermodynamics are discussed below:

I.

No restriction on the direction of the flow of the heat: the first law establishes definite
relationship between the heat absorbed and the work performed by a system. However, it
does not indicate whether heat can flow from a cold end to a hot end or not. For example:
we cannot extract heat from the ice by cooling it to a low temperature. Some external
work need to be done.

Does not specify the feasibility of the reaction: first law does not specify that process is
feasible or not. For example, when a rod is heated at one end then equilibrium has to be
obtained which is possible only by some expenditure of energy.

Practically it is not possible to convert the entire heat energy into an equivalent amount of
work.

To overcome these limitations, another law is needed which is known as second law of

thermodynamics.

The second law of thermodynamics helps us to predict whether the reaction is feasible or not

and determines direction of the flow of heat. The second law also tells that certain amount of

heat energy cannot be completely converted into equivalent amount of work.

2.8 SUMMARY

This unit introduces the first law of thermodynamics and some other important terms

associated with it. These are summarized below -

e The first law of thermodynamics is a form of law of conservation of energy which
relates change in internal energy, heat and work done as : A Q = AU + AW
e The specific heat capacity of a substance is defined as the heat supplied per unit mass

of the substance per unit rise in the temperature and is given by the relation

AQ

mAT
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The relation between specific heat at constant pressure(Cp) and specific heat at
constant volume(Cy) is given by the Mayer’s relation, Cp — Cy =R

The modified form of the first law can be obtained for each of the known
thermodynamic processes.

The first law of thermodynamics neither puts any restrictions on the direction of flow

of heat nor specifies the feasibility of the reaction, hence is insufficient.

2.9 GLOSSARY

A S B AN I ol

—_— —
—_ O

Conservation-the principal by which the total value of a physical quantity remains
constant in a system

Impose - force on someone

Compressed - pressed into a smaller space

Expansion - the action of becoming larger or more extensive

Limitations - a restriction

Surrounding - environment area around a thing or system

Microscopic - as small as to visible only with a microscope

Macroscopic - visible to naked eye or relating to large scale

Undergo - suffer

System - a set of things working together as part of a mechanism

Equilibrium - the conditions of system in which all competing influences are balanced
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2.12 TERMINAL QUESTIONS

2.12.1 SHORT ANSWER TYPE

1. Explain how the first law of thermodynamics leads to the concept of Internal energy.
2. What are the limitations of first law?
3. Give applications of first law to- a) isobaric b) isothermal process

4. Show that first law is a particular form of general law of conservation of energy.

2.12.2 LONG ANSWER TYPE

1. Distinguish between Isothermal and Adiabatic changes. Show that for an adiabatic
change in a perfect gas PV" = constant

2. Explain why the specific heat at constant pressure Cp is greater than that the specific

heat at constant volume C,. Prove Cp — Cy = R.

2.12.3 NUMERICAL ANSWER TYPE

1. The temperature of 5gm of air is raised from 10°C to 12°C at constant volume.
Compute the increase in its internal energy. Specific heat of air at constant volume is
0.172 cal/gm °C and J = 4.18 joule / cal.

2. Calculate the change in internal energy when Sgm of air is heated from 0°C to 2°C,
the specific heat of air at constant volume being 0.172 cal/gm °C™. (J = 4.18 x 10’
erg/cal.)

3. A system absorbs 250 cal. of heat and at the same time does 83.6 joule of external
work. (i) Find the change in the internal energy of the system (ii) Find the change in the
internal energy or the system when it absorbs 250 cal. of heat and at the same time 83.6
joule of work is done on it. (iii) What will be the change in the internal energy of the

gas from which 40 calorie of heat is removed at constant volume?

2.12.4 OBJECTIVE ANSWER TYPE

1. Work done in a free expansion process is:
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(a) +ve
(b) —ve
(c) Zero
(d) Maximum
(e) Minimum
2. Energy can neither be created nor destroyed but can be converted from
one form to other is inferred from
(a) Zeroth law of thermodynamics
(b) First law of thermodynamics
(c) Second law to thermodynamics
(d) Basic law of thermodynamics
(e) Claussius statement.
3. In an isothermal process, the internal energy
(a) Increases
(b) Decreases
(c) Remains constant
(d) First increases and then decreases

(e) First decreases and then increases

2.13 ANSWERS

2.13.1. SELF ASSESSMENT QUESTIONS (SAQS)

1. When a condensed system like ice is put in contact with flame then heat from
the flame will flow into the ice due to the temperature difference. But the
temperature of ice does not rise, instead of it, the ice changes from condensed
state to liquid state at constant temperature. Thus, the addition of heat without
rise in temperature is possible.

2. (1) No, heat will not be transferred to coffee which is thermally insulated.

(i1) Yes, by shaking, work has been done on coffee against the viscous forces in
it.
(ii1) From first law of thermodynamic

AU=Q- W

Here O = 0 and W is negative, so
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AU=0—(-W)=W

This mean that AU is positive. Hence the internal energy of coffee increases.

2.13.2. TERMINAL QUESTIONS: NUMERICAL ANSWER TYPE

1. We know that
dU=dQ—dw
Since the air is heated at constant volume, therefore
dW=PdV =0
and dQ =mCydT
=5x0.172 x (12 -10)
=1.72 cal
dU=dQ -0
=1.72 cal.
2. From first law of thermodynamics
dQ =dU +dw
Since air 1s heated at constant volume, hence no external work is done i.e.,
dw =0
The heat supplied is
dQ = mCydT cal
=mCydT % J erg
Therefore, dU=dQ—dWw
=mCydT xJ—0
=5%0.172x2 x4.18 x 10’

=7.19 x 10 erg.
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3. We know that
dU=dQ—dw
(1) Here, dQ = 250 cal., dW = -83.6 joule.
83.6

dW=— ——cal

4.18

=—20 cal.
dU =250 —(-20)
=270 cal.
(i1) Here dQ = 250 cal. dW = 83.6 joule = 20 cal.
dU=250—-20=230 cal.
(111) Since the volume of the gas is constant, so dW =0

dU=dQ =—-40 cal.

Negatives sign shows that heat is extracted from the gas.

BSC-PH 201

[+ J=4.18 joule]

2.13.3. OBJECTIVE QUESTION ANSWERS

1. (c) 2.(b) 3.(c)
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3.1 INTRODUCTION

The first law of thermodynamics is based on the law of conservation of energy. Though it
helps us in determining the change in different entities such as heat, internal energy, work
done etc., it however fails to give the practical feasibility of a reaction to proceed
spontaneously. There are many examples of processes which are perfectly allowed by the
first law but are not possible in practice. For example, water kept in bucket cannot freeze by
itself. If we follow first law of thermodynamics it is possible as a part of water may absorb
heat energy from the rest of water and evaporate. The rest of water will freeze due to loss of
some heat energy. However, this is not possible practically. This leads us to the conclusion
that some more rules are need to be laid to completely understand the spontaneity of the
process. The second law of thermodynamics puts some restrictions to the efficiency of
processes and thus helps us in determining the feasibility of the process. This law is very
important while understanding the working of heat engines and refrigerators. After going
through the present unit you will find that the second law of thermodynamics implies to the
fact that the efficiency of heat engine cannot be unity and the coefficient of performance of a
refrigerator cannot be infinite. The contribution of the French Engineer-Carnot in developing
the theoretical reversible engine and his theorem forms the last part of this chapter.

3.2 OBJECTIVES

By the end of this unit, you will be able to -
e Explain work and heat as path function
Differentiate between reversible and irreversible processes
Write expression for work done for different types of processes
Enunciate different statements of the second law of thermodynamics and their
equivalence

Explain heat engine and its various parts
Learn about Carnot cycle and Carnot engine
State and prove Carnot theorem

Solve simple numerical problems based on these concepts

3.3 HEAT

Heat is a form of energy which is transferred from one part of the body to another or from
one body to another by virtue of difference of temperature. This transfer of heat can only be
by one or more of the three processes namely: conduction, convection and radiation, also the
amount of heat (thermal energy) produced is always proportional to the amount of work
done. Both are the transient phenomena and have same unit. The heat Q is taken as positive,
when it is transferred from the surroundings to the system and Q is negative when heat is
transferred from system to the surroundings.
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3.3.1 HEAT - A PATH FUNCTION

Heat is a path function. This implies that when a system changes from state 1 to 2, the
quantity of heat (Q) transferred will depend upon the intermediate stages through which the
system passes i.e. its path.

Hence heat is an inexact differential and is written as 6Q

On integrating, we get
24
[, 60=0% 3.1

Here, Q2 represents the heat transferred during the given process between the states 1 and 2
along a particular path A.

3.4 WORK

The work can be done by system or it can be done on the system. When the work is done by
the system it is taken positive but if work is done on the system then it is taken negative.

3.4.1 WORK - A PATH FUNCTION

Suppose a system is taken from an initial
equilibrium state 1 to a final equilibrium state 2 by
two different paths A and B shown in Fig. (3.1).
The processes are quasi-static.

[ =]

p—>

The area under P-V plot gives the work done in
that process. In the above plot we can see that the
areas under these curves are different and hence
the quantities of work done are also different.

vV—
For path A Fig. (3.1)
24 24
W, = flA W = flA PdV
(3.2)
For path B
2B 2B
Wy = le 6Q = le PdV
(3.3)

The values of W4 and Wp are not equal. Therefore work cannot be expressed as a difference
between the values of some property of the system in the two states. Therefore, it is not
correct to represent
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W= [776W=W,—W,
(3.4)

It may be pointed out that it is meaningless to say "Work in a system or work of a system".
Work cannot be interpreted similar to temperature or pressure of a system.

It terms of calculus 6W is an inexact differential. It means that W is not a property of the
system and oW cannot be expressed as the difference between two quantities that depend
entirely on the initial and the final states.

Hence, heat and work are path functions and they depend only on the process. They are not
point functions such as pressure or temperature. Work done in taking the system from state 1
to state 2 will be different for different paths.

3.4.2 COMPARISON OF HEAT AND WORK

There are many similarities between heat and work. These are:

1. Heat and work are both transient phenomena. Systems do not possess heat or work.
Unit of work is same as the unit of heat.
2. When a system undergoes a change, heat transfer or work done may occur.
3. Heat and work are boundary phenomena. They are observed at the boundary of the
system.
4. Heat and work represent the energy crossing the boundary of the system.
5. Heat and work are path functions and hence they are inexact differentials. They are
written as 6Q and W repsectively.
6. (a) Heat is defined as the form of energy that is transferred across a boundary, by
virtue
of difference of temperature or temperature gradient.
7. (b) Work is said to be done by a system if the sole effect on things external to the
system
could be the raising of a weight.
8. From thermodynamic sign convention heat transferred to a system is positive and heat
transferred from a system is negative, while work transferred to a system is negative
and work transferred out of a system is positive with respect to that system.

3.5 QUASISTATIC PROCESS

A quasistatic process is defined as the process in which the deviation from thermodynamic
equilibrium is infinitesimal and all the states through
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Pressure

\"4 Volume Vi
Fig (3.2)

which the system passes during the process can be considered as equilibrium states.

The given diagram(Fig. 3.2)shows the P-V plot when pressure is not constant and changes in
infinite steps (quasistatic conditions) duringcompression from initial volume, V; to final
volume, V. Work done on the gas is represented by the shaded area. In actual practice, many
processes closely approach to a quasistatic process and may be treated as such with no
significant error.

Consider the expansion of a gas in a closed cylinder fitted with a frictionless piston. Initially
weights are on the piston and the pressure of the gas inside the cylinder is higher than the
atmospheric pressure. If the weights are small and are taken off slowly one by one, the gas
inside the cylinder will very slowly expand and the process can be considered quasistatic. If,
however, all the weights are removed at once, expansion takes place suddenly and it will be a
non- equilibrium process. The system will not be in equilibrium at any time during this
process.

A quasistatic process is an ideal concept that is applicable to all thermodynamic systems
including electric and magnetic systems. It should be noted that conditions for such a process
require extremely slow rate and can never be satisfied rigorously in practice.

3.6 INDICATOR DIAGRAMS

The work done in a quasi-static thermodynamic process (e.g., a slow change in volume of a
gaseous system) can be easily obtained with the help of pressure P and volume V graph. Such
plots are called Indicator diagrams. These diagrams can be drawn with the help of a device
called the indicator which directly records the changes in the volume and pressure.

3.6.1 THERMODYNAMIC PROCESSES

A change in the thermodynamic coordinates (pressure, volume, temperature etc.) of a
thermodynamic system brings about a change in the state of the system and is called a
thermodynamic process or simply a process.
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3.6.2 WORK DONE DURING AN ISOTHERMAL PROCESS

If the change in pressure and volume of a gas (system) takes place in such a manner that its
temperature remains the same throughout, it is called an isothermal process.

Let a gas be filled in a cylinder with a piston at
room temperature under atmospheric pressure. If
the piston be pushed down a little to compress the pLl------
gas (i.e., the work is done on the gas) its internal
energy will increase and its temperature will rise a
little. If the temperature is to be maintained
constant, the extra heat must at once be conducted
to the surroundings. Similarly, if the gas is allowed
to expand (push the piston up a little) i.e., work is
done by the gas, its internal energy decreases and
its temperature falls a little. Again to maintain its
temperature constant, heat must at once be

pz ____________ -k B

Pressure,p —

conducted to it from the surroundings. Vi dv

Let 1 gm mole of a perfect gas is allowed to expand

under isothermal conditions. Let its initial volume V; and
pressure P; be represented by point A and its final volume V,
and pressure P, by the point B on P-V indicator diagram (Fig. 3.3) keeping its temperature

Fig (3.3)

constant.

Let us consider a small increase dV in the volume of the gas at pressure P. Then, the work
done by the gas,

dW=pdV  (shaded strip in the figure) (3.4)

Therefore, the total work done by the gas during the whole expansion from volume V; at A to
volume V, at B will be

W= Ydw = f‘l/ 12 pdV= Area under the curve AB (3.5)

Since, for a perfect gas pV = RT, where R is the gas constant for 1 gm mole of the gas, then
T
p=R- (3.6)

Putting the value of P in equation (3.5), we get

v2dv V2
W=RT [, — = RTlog. {-7} (3.7)
W =2.3026 RT log 19 { -} (3.8)
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Since, the temperature remains constant and Boyle's law is obeyed, therefore
Va _ Pt

P1V1 = P2V2 or —=— (39)
Vi P,

Hence, equation (3.8) become

W =2.3026 RT logjo — (3.10)

If we take 1 gm of the gas in place of 1 gm mole then the gas constant will be r and equation
(3.8) and (3.10) then become,

W =2.306rT log;o(V,/V)) and (3.11)
W =2.306rT log;o (p1 /p2) (3.12)

3.6.3 WORK DONE DURING AN ADIABATIC PROCESS

Adiabatic means heat does not go out or come in the system. So adiabatic process implies a
process in which heat is neither allowed to enter nor leave the system. Thus, it is a process
which takes place in complete thermal isolation from the surroundings.

Let, a gas be filled in a cylinder with a piston at the room
temperature and atmospheric pressure. Also the cylinder and pil----- fx
piston are perfectly insulated. If the piston be pushed a little to \l
compress the gas i.e., the work is done on the gas, its internal T |

energy will increase and its temperature will rise a little as the
heat developed cannot possibly escape out to the surroundings.
Similarly, if the gas be allowed to expand i.e., work is done by
the gas, its internal energy decreases and its temperature falls a

Pressure, p

little. Again no heat can possibly enter the cylinder from ' :

v, dv v,

Volume, V. —
Fig (3.4)

outside.

Let 1 gm mole of a perfect gas be allowed to expand
adiabatically from an initial volume V; to a final volume V,, the pressure changing from P; to
P, (P-V diagram shown in Fig. 3.4). Then, work done by the gas,

W= pdv (3.13)
Since, for a perfect gas, in an adiabatic process,

pv’ =K (constant)  or (3.14)

K
p==L (3.15)

Putting the value of p in equation (3.13), we get

Vo K
W= [ dv (3.16)
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W:L[L__L] (3.17)

Also in adiabatic expansion, we have
PlVly =K= P2V2y

Putting the value of K in equation (3.17), we have

1 [P1V1V PZVZV]
-1 v Y

1
e [p1V1-p2V2] (3.18)

or,

It can be shown that the work done by the gas during adiabatic expansion from volume V; at
pressure p; to volume V; at pressure p, given by the area under the p-V curve for the gas i.e.,

1
-1

V2
W= fv1 pdV = (p1Vi—p2Va)

= area under the curve AB

Again, we have
piVy =l =K, so,

V1= (K/py) 7rand Vo =(K/p;)"r (3.19)
Thus,
B 1 K 1/]/ K 1/7/
W= ( y-1) [P1 (E) ~ P2 (E) I
1
or W = ((’;)_1;’ [(p)" Y7 = (p)Y~1/7] (3.20)

As the temperature of the gas changes from T; to T, and also we have p;V;=RT; and
p2Vo=RT, (where R is gas constant for 1 gm mole gas), substitution of these values in
equation (3.18) results
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__R T _
W=t5(Ti-T) (3.21)

If we take 1gm of the gas in place of 1 gm mole then the gas constant will be r and eq.(3.21)
becomes,

W = ﬁ(T1 —T,) (3.22)

Since, in an adiabatic process, heat is not allowed to enter or leave the system, the external
work W is done by the gas at the expense of its own internal energy and the work done
becomes equal to decrease in internal energy of the gas.

Self Assessment Question (SAQ) 1

What is an indicator diagram? What information does it give? Draw p-V diagram for an
isothermal and an adiabatic process.

Example 1: Calculate the work done when one gram molecule of a gas expands isothermally
at 27°C to double its original volume. (Given that, R =8.3 joule/°C mol).
Solution: The work done during an isothermal process,

W=RT log. % =2.3026 R T logo %
Here, T=27 °C =273+27=300K
V=V, V,=2V and R=8.3 J/°C mole.
Putting the values, we have

W=2.3026x8.3x300 logio>

=2.3026%8.3%x300 log;o 2

=5733.47x0.3010=1725 joule

Example 2: Air is compressed adiabatically to half its volume. Calculate the change in its
temperature.
Solution: Since process is adiabatic, so

y=1_m -1 Vit 12
Vi =T,V, or ( ) (Tl)

V2
Here, Vi=Vand V,=V/2 and forairy =14
V 141 _ T2
(m) =)
or T, =T:(2)**
=1.319T;

Change in temperature, T, — T; =1.3197, - T, =0.319 T|K
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Example 3: 1 gram of molecule of a monoatomic perfect gas at 27 °C is adiabatically
compressed in a reversible process from an initial pressure of 1 atmospheric unit (atm) to a
final pressure of 50 atm. Calculate the change in temperature.

Solution: For an adiabatic process,

(B/BY " =(T/T,)
Here, p; =1 atm, p, =50 atm

T;=27°C =300 K and for monoatomic gas y =5/3

Putting the values, we get

1 \5/3-1=,300.5/3
) &)
23 _ T2 (573
or (50)" = (300)
or (2/3)log50 = (5/3) log T, — 10g300] = (5/3)[logT, — 2.4771]
or (2/3) 1.6990 = (5/3) log T, — (5/3) 2.4771

(2/3)logT, = 1.1327+4.1285
logT, = 3.1567

T, = 1434K
or T, - T = 1434-300 = 1134°C
3.7 REVERSIBLE PROCESS

A reversible process is one which can be reversed in such a way that all changes taking place
in the direct process are exactly repeated in the inverse order and opposite sense, and no
changes are left in any of the bodies taking part in the process or in the surroundings. For
example, if an amount of heat is supplied to a system and an amount of work is obtained from
it in the direct process; the same amount of heat should be obtainable by doing the same
amount of work on the system in the reverse process.

Conditions of Reversibility

A process can be reversible only when it satisfies two conditions:

(i) Dissipative forces such as friction, viscosity, inelasticity, electrical resistance,
magnetic hysteresis etc. must be completely absent. Suppose a gas is contained in a
cylinder fitted with a piston and placed in contact with a constant-temperature source.
The piston is loaded so that the pressure exerted by the piston on the gas exactly
balances the pressure of the gas on the piston. If the load on the piston is now
decreased, the gas will expand, doing external work in pushing up the piston and also
in overcoming the friction between the piston and the walls of the cylinder. The heat
necessary for this work is taken from the source. If now the load on the piston is
increased, the gas will be compressed. The work used in pushing up the piston during
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the expansion is now recovered. On the contrary, more work has to be done against
the friction. The expansion is therefore irreversible. Similarly, other dissipative effects
like inelasticity, electrical resistance, etc. make the process irreversible.

The process must be quasi-static. When the gas expands, an amount of work is done
by the gas to give kinetic energy to the piston. This work cannot be recovered during
the reverse process, but on the contrary, more work is to be done to give kinetic
energy to the piston. Hence in order to make the expansion of the gas reversible, the
pressure of the gas on the piston should be only infinitesimally different from the
pressure exerted by the piston on the gas. Under the condition the expansion or
compression will take place infinitely slowly so that no kinetic energy will be
produced. These conditions are never realized in practice. Hence a reversible process
is only an ideal conception.

3.8 IRREVERSIBLE PROCESSES

Any process which is not exactly reversible is an irreversible process. All practical processes
such as free expansion, Joule-Thomson expansion, electrical heating of a wire, diffusion of
liquids and gases etc., are irreversible processes. All natural processes such as conduction,
radiation, radioactive decay etc., are also examples of irreversible process.

Self Assessment Question (SAQ) 2

(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)
(ix)
(x)

Classify the reversible and irreversible processes from the following and give
reasons:

Isothermal expansion of a gas

Adiabatic compression of a gas

Diffusion of gases

Transfer of heat from a hot body to a cold body
Joule expansion of a perfect gas

Joule-Thomson effect

Transfer of heat by radiation

Electrical heating of a wire

A very slow extension or contraction of a spring
Production of heat by friction

Self Assessment Question (SAQ) 3

Can a given amount of mechanical energy (work) be converted into heat completely? If so,
give an example. Is the reverse possible?

3.9 HEAT ENGINE
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Any cyclic device that continuously converts into mechanical work is called a heat engine.
There are three main parts in a heat engine: a hot body called hot reservoir or source, working
substance, and a cold reservoir or 'sink'. The working substance takes certain amount of heat
from the source, converts a part of it into useful work and gives out the

rest to the sink. This series of processes is called a 'cycle' because the s#fae
working substance returns to its original state. This is shown .
schematically in Fig.3.5. By repeating the same cycle over and over Qs
again, work can be continuously obtained at the expense of heat energy. @—-‘w

Q;

Suppose the working substance takes in an amount of heat Q; from the

source and gives out an amount Q; to the sink. Suppose W is the amount Si:m
of work obtained. The net amount of heat absorbed by the substance is (T2)
Q1-Q,, which has been actually converted into work because there is no

Fig 3.5
change in its internal energy as the system returns back to its original
state. Applying the first law of thermodynamics to one complete cycle we get,
Qi-Q-W (3.23)

Thermal Efficiency: The 'thermal efficiency n of an engine is defined as the ratio of the
work obtained to the heat taken from the source, that is

Q1 Q1
(3.24)
@
n=1-=
Often the efficiency is expressed in percentage and then
s, ={1—%}x100 (3.25)
O

This equation indicates that the efficiency of the heat engine will be unity when O, = 0 (no
heat is given out to the sink). This is however not possible in practice. This means that the
engine cannot convert all the heat taken in from the source into work.

We cannot define the efficiency as W/Q,, because in that case we shall have

_w o _ ez ol
"= = o "o | (3.26)

so that the condition for the ideal value of efficiency (i.e., 1 =1) would be Q;=2Q, which is
absurd.

3.9.1 REVERSIBLE ENGINE
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In an engine the working substance undergoes a cyclic process. It takes in heat from a hot
body, converts a part of it into work and gives out the rest to a cold body, returning to its
initial state. During this cycle the conditions of the hot and cold bodies and of the
surrounding change. If this cycle can be traversed in the reverse order such that all the parts
of the engine completely recover their original conditions and no changes left in the
surroundings, the cycle is a 'reversible cycle', and the engine is a 'reversible engine'. Such an
engine can be realized (i) the working parts of the engine are free from friction, (ii) the
pressure and temperature of the working substance never differ appreciably from its
surroundings at any stage of the cycle, so that all the processes involved in the cycle are
quasi-static.

These conditions can never be realized in practice. Hence a reversible engine is an ideal
conception (Carnot had presented an imaginary picture of such an engine).

Self Assessment Question (SAQ) 4

What do you understand by a heat engine and its efficiency? What is meant by a reversible
engine?

3.10 SECOND LAW OF THERMODYNAMICS

The first law of thermodynamics states the equivalence of mechanical work and heat, when
one is completely converted into other (W=Q). Thus, it is the principle of conservation of
energy applied to a thermodynamic system.

If, however, we propose to extract a certain quantity of heat from a body and convert it
completely into work, the first law would not be violated. But, in actual practice this is found
to be impossible. If this were possible, we could drive ships across an ocean by extracting
heat from the water of the ocean. Thus the first law simply tells that if a process takes place,
energy will remain conserved. It does not tell us whether the process is possible or not.
Similarly, of a hot body and a cold body are brought in contact, the first law is not violated
whether the heat flows from the hot to the cold body or vice-versa. By experience we know
that heat never flows from cold to hot body. The purpose of the second law is to incorporate
such experimental facts into thermodynamics.

There are statements of the second law of thermodynamics proposed by different scientists-

(1) Kelvin-Planck statement

(11) Claussius statement

3.10.1 KELVIN-PLANCK’S STATEMENT

In a heat engine, a working substance takes in heat from a hot body, converts a part of it into
mechanical work, and gives out the rest to a cold body, No engine has ever been designed
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which can operate in a cycle by taking heat from a body and converting all of it into work;
some heat must always be given to a colder body. This experience led Kelvin and Planck to
state the following:

It is impossible to construct a device which operating in a cycle, will take heat from a body
and convert it completely into work, without leaving any change anywhere:

3.10.2 CLAUSSIUS STATEMENT

In a refrigerator, a working substance takes in heat from a cold body, has a net amount of
work done on it by an external agent (electric supply), and gives out a larger amount of heat
to a hot body. It thus transfers heat from a cold body to a hot body with the aid of external
work or energy. No refrigerator has ever been designed which can run without supply of
external energy. This experience led Clausius to state that:

"It is impossible to construct a device which operating in a cycle, will take heat from a cold
body and reject it to a hot body without expenditure of work by an external energy source".
In other words-heat cannot flow spontaneously from a colder body to a hotter body.

3.10.3 EQUIVALENCE OF KELVIN-PLANCK AND CLAUSSIUS

STATEMENTS
We can show that these two statements of the second law Hot Body
are equivalent k
Q Q
Let us suppose that there is a refrigerator R (Fig.3.6) RCD E C}@Qﬁ
which transfers an amount of heat Q, from a cold body to Q
2
a hot body without having any supply of external energy. ha
It 1s thus against the Clausius statement. Now, suppose an ‘ Cold Body ‘
engine E working between the same hot and cold bodies Fig (3.6)

takes in heat Q; from the hot body, converts a part (W = Q-

Q») into work, and gives up the remaining heat Q; to the cold body. The engine E alone does
not violate the law. But if the refrigerator R and the engine E are combined together, they
form a device that takes in heat Q;-Q; from the hot body and converts all into work without
giving up any amount to the cold body. This is clearly against the Kelvin-Planck statement.

Similarly, let us suppose that there is an engine E (Fig.3.7) which takes in an amount of heat
Q; from a hot body and converts it completely into work W(=Q,), without giving any

Q1+

UTTARAKHAND OPEN UNIVI
Q

Cold Body




THERMODYNAMICS AND STATISTICAL MACHENICS BSC-PH 201

Fig:3.7

heat to the cold body. It is against the Kelvin-Planck statement. Now, suppose a refrigerator
R working between the same hot and cold bodies takes in heat Q, from the cold body, has
work W(=Q);) done upon it by an external agent, and gives out heat Q;+Q, to the hot body.
The refrigerator R alone does not violate the law. But both E and R together form a device
which transfers an amount of heat Q, from a cold body to a hot body with no external energy
source. This is clearly against the Clausius statement.

The second law of thermodynamics supplements the first law. The first law simply tells us
that any device cannot deliver more energy than it receives. It does not speak regarding any
limitation, or any condition necessary for the delivery of energy. The second law, however,
does it. For example, heat taken in by a substance cannot be all delivered as work, or heat
cannot flow spontaneously from a colder to a hotter body. These phenomena are not
disallowed by the first law, but they are disallowed by the second law.

3.11 CARNOT CYCLE AND CARNOT ENGINE

Sadi Carnot, a French engineer, developed a theoretical reversible engine such that it operates
between two reservoirs and operates with maximum possible efficiency . The cycle of
processes adopted by this engine is called Carnot cycle. The Carnot cycle is a reversible
cycle, this means that all the processes involved in it are reversible.

The Carnot cycle consists of two isothermal processes and two adiabatic processes. Fig.3.8

A(P1LV1.Th)

=

Isothermal
expansion

B(P:ViT1)

Adiabatic
expansion

Ci{Ps,VeTz)
Isothermal
compression

Figure 3.8

shows the Carnot cycle for a heat engine with ideal gas as its working substance.
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The Carnot cycle has the following sequence of
operations:

Step 122 : Reversible isothermal expansion of gas (P1,V,T12>P,,V,,T))
In this step, the gas absorbs heat (Q;) from the reservoir at temperature T;. Since the
process is isothermal, there is no change in internal energy and so the temperature of

the system.
From the first law of thermodynamics,
6Q = 6U + 6w
Putting 6U = 0,we get,
6Q0=6W + 0or
SW = 6Q
_ _ V2
Wi, =Qi=uRT; In (V_1) (3.27)

Step 223 : Reversible adiabatic expansion of gas (P,,V,,T12>P3,V3,T,)
In this step, the work is done by the gas adiabatically at the expense of internal energy
which causes drop in temperature of system. From the first law of thermodynamics,
6Q =6U + W
Putting 6Q = 0,we get,

o6U+ W =0 or

W, =HR01=T2) (3.28)

Step 324 : Reversible isothermal compression of gas (P3,V3,To2P4,V4,T5)
In this step, the gas releases heat (Q,) to the reservoir at temperature T, There is no
change in internal energy and temperature of system as the process is isothermal.
From the first law of thermodynamics.
6Q = 68U + 6w
Putting 6U = 0,we get,
6Q=36W + 0 or
SW = 8Q
v
Ws3.4=Qy=uRT; In (V—:)
V.
= —uRT,In (73) (3.29)
Step 4> 1 : Reversible adiabatic compression of gas (P4,V4,T,2P,V,T))
In this step, the work is done on the gas adiabatically. This leads to increase in
internal energy of the system causing increase in temperature of system. From the first
law of thermodynamics,
6Q = 6U + W
Putting 6Q = 0,we get,
6U+ W = 0or
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oW = =8U

W, = R (%) (3.30)

3.11.1 EFFICIENCY OF CARNOT ENGINE

The efficiency of heat engine is defined as ratio of net work done to the heat absorbed in one
complete cycle. If the heat engine receives heat Q; and rejects heat Q, then efficiency is
given by-

_ Wnet _ Q1-Q2 _ _ %
~ o1~ o1 01
Now, the total work done

(3.31)

W =W+ Wiz —W3 =Wy
=Wiop + W34 (v W,_3 and W,_,; are equal and opposite and hence they cancel each
other).
— VZ V3
= uRTIn (vT) —uRT, In (V—4) (3.32)
Therefore,
V3
T In (2
n=1-(3) %) (3.33)

Now Since 2—3 is an adiabatic process,

TV, =Tt

(3.34)
. v, /=D
Similarly, since step 4— 1 is an adiabatic process
T,V =T !
: v, /=D
1.€C., V_4_ = [T_1]
(3.36)
From egs. (3.35) and (3.36)
Vs _ V2
Al (3.37)
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Using Eq. (3.33) in Eq. (3.37), we get

n=1- % (3.38)
From relations (3.31) and (3.38), we have

Q_T

Ql ’rl

i.e. in a Carnot cycle, the ratio of the amount of heat rejected to the sink to the heat received
from the source is equal to the ratio of their respective temperatures.

In other words the efficiency of Carnot engine depends only upon the temperature of
the source and te sink and is independent of the nature of the working substance.

Graphically the efficiency of a Carnot engine is measured by the area covered by the
Carnot cycle in the indicator diagram (p — V diagram).

3.11.2 CARNOT THEOREM

The second law of thermodynamics gives two important conclusions which can be taken
together in the form of a theorem called Carnot's theorem. According to this theorem "The
efficiency of a Carnot reversible engine is maximum and is independent of the nature of the
working substance".

or

"The efficiency of all reversible heat engines
operating between the same two temperatures is the same Somce.T1
and no irreversible heat engine working between the

same two temperatures can have greater efficiency than
Carnot's reversible heat engine". Y Q. s

To prove it, let us consider two heat engines Ex E, =W E %

and Er operating between a source at temperature T, and
sink at temperature T, (Fig. 3.9). Let E5 be any heat

1 : . Fo, y
engine and Er be a reversible heat engine. Let us assume = Uz
efficiency na of E, is greater than efficiency ngr of Egr. In
order to prove the Carnot theorem we have to contradict Sinke T2
our assumption. Fig. (39)

Let the rates of working of the engine E5 be Q4 and that
of Er be Q;r such that-

Q1a=Q1r=Q1

As assumed, Na > Mr
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Wnet
Q1

As we know that, n =

LW w
So we can write, — > —&
Q14 Q1R

Therefore, Wa > Wr ("0 Q4 = Or)A

Let us reverse Egr. Since Er is a reversible heat engine, therefore, the magnitude of heat
transferred and work done will remain the same but their directions will reverse (Fig. 3.10).

Since Wa > Wg some part of W4 which is equal to Wg in magnitude can be fed to drive the
reversed heat engine Eg. Since, Q;2a=Qr=Q, the heat discharged by Er may be supplied to
Ea thus the source may be eliminated. The net result is that E5 and Er together constitute a
heat engine which operating in a cycle produces a net work done W-Wr (Fig. 3.11) while
exchanging heat with a single reservoir at temperature T,, thus violating the Kelvin-Planck
statement. Hence our assumption is wrong.

Sowrce. T1
Q &
A r Q. o
vQ,, Qir Y 1R
W, W
A B
W, - ie e
- |
E, —h‘? Er y R
’ W, — Wy
&
FQ Q
A 2 R
1Q,, Qx 24
Sink, T2 ‘ ‘ Sink. T2
Fig. (3.10) Fig. (3.11)

Therefore, na <ngr and this proves the Carnot theorem.

3.11.3 CARNOT ENGINE AS A REFRIGERATOR

When a Carnot engine works in the reverse direction i.e., when it absorbs Q, amount of heat
from the sink and work W is done on the working substance and finally Q; amount of heat is
rejected to the source at higher temperature, the arrangement acts like a refrigerator.
The efficiency of a refrigerator is measured in terms of coefficient of performance.
The coefficient of performance k is defined as the ratio of the heat absorbed from the

sink to the work done on the working substance by the external agent. i.e.,
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e Q6 T
w Q1_Q2 Tl_TZ

Hence, the value of £ may be greater than unity.
Self Assessment Question (SAQ) 5

(1) Can the efficiency of any heat engine be unity?

(i1) Do all reversible heat engines have the same efficiency?

3.12 SUMMARY

In this unit, you have studied about the concept of heat and work. The unit also explains the
insufficiency of the first law of thermodynamics and hence the necessity of the formulation of
second law of thermodynamics. The unit also explains other important aspects which are
summarized below:

e Work and heat are path functions as they depend on the type of process and not just
on initial and final states.

e I[fheat is added to the system, Q > 0
If heat is removed from the system, Q <0
If work is done by the system, W > 0
If work is done on the system, W <0

e A quasistatic process is the process in which the deviation from thermodynamic
equilibrium is infinitesimal and all the states through which the system passes during
the process can be considered as equilibrium states. Practically, quasistatic process
cannot be realized but an extremely slow process can be considered as close to
quasistatic process.

e Indicator diagrams are the p-V plots of various processes. They indicate the change in
pressure with volume at any stage of the process. The area under these diagrams gives
the work done during the process.

e Work done is given by-

for adiabatic process, W= %(Tl -T)

for isothermal process, W =2.3026 RT 