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Introduction

Thermodynamics is the study of mutual conversions of heat energy and other forms of
energies, its conditions and necessary devices.

12.1 - Concept of thermodynamic system and environment

Thermodynamic system is a part of the universe under thermodynamic st ich can be
one, two or three dimensional and may consist of one or more objects ca omponents of
the system. A system may be made up of radiation or radiation one of the
components of the system. Remaining part of the universe surrou e system and
interacting with it is known as its environment. The boundary se in system and its
environment is called wall of the system. The type of interactions Betweeh the system and its
environment depends on the nature of its wall.

i®terms of its measurable
position and velocity are

The macroscopic description of any system in physics i
properties. For example, in kinematics of rotational

macroscopic properties which are called mechanical dinates” Potential and kinetic energy
of a rigid body are determined using these mechanical, coorflinates w.r.t. to some system of
coordinate axes. Similarly, in thermodynamics, ic quantities are thermodynamic
coordinates which help in determining internal t e system. Thermodynamic state of a
system is determined from values of its h and thermal properties like pressure,

volume, temperature, internal energy, etc.

ent is called a thermodynamic process. If no

isolated system. Thermal and mechanical
stant and the system is said to be in a definite
interaction with the environment, thermal and

interaction occurs, the system

properties of an isolated system re
thermodynamic equilibrium sta
mechanical properties of the, s

known as heat, is deno
denoted by W.

and the mechanical energy exchanged, called work, is

The thermodynamic ibripm state of a gas is decided by its pressure, volume, temperature
and quantity, ngt all ich are independent. These are called thermodynamic or state
variables. The mathematical equation of state gives the relations between these variables, e.g.,
uation of state of an ideal gas. Thermodynamic state variables are of two
variables which depend upon the dimensions of the system, e.g., mass,
nergy, and (ii) intensive variables which are independent of the dimensions

rmal equilibrium

two systems are brought in thermal contact with each other, heat flows from the
tem at higher temperature to that at lower temperature till both the systems attain the
same temperature. Now the heat exchange between the systems stops and they are said to
be in thermal equilibrium with each other.

When the system and its environment are separated by a thermal insulator (adiabatic wall),
no heat exchange occurs between them. When this wall is a good conductor of heat
( diathermic wall ), heat exchange occurs between the system and its environment till their
temperatures become equal.

When the force acting between a system and its environment is balanced, the system will be
in mechanical equilibrium with the environment. When there is no chemical reaction occurring




12 - THERMODYNAMICS Page 2

in a system and no chemical component moves from one part of the system to the other,
the system is said to be in chemical equilibrium. A system which is in thermal, mechanical
and chemical equilibrium is said to be in thermodynamic equilibrium.

12.3 Zeroth law of thermodynamics

system C f/_,_, diathermic system C diah?lti[:
wall . wa
I,
system system
A B
adi;hatic wall iathermic wall
Suppose, as shown in the first figure, syst A d B are separated by an adiabatic wall

and both are in contact with system C diathermic wall. An insulating wall covers the
whole device. It is experimentally obs ter systems A and B have attained thermal
equilibrium with C, if the adiabatic between the systems A and B is replaced by a
diathermic wall, no changes occur |
equilibrium with each other.

Thus, if A and B are in thefmal librium with a third body (e.g., thermometer ), A and B
are also in thermal equiliogi with™ each other. This statement represents the zeroth law of
thermodynamics. Whe thermal contact with each other attain thermal equilibrium,
their temperatures e \equal. Thus, zeroth law of thermodynamics indicates that
temperature is a pro of the system.

idy” liquid, gas ) in which fusion
pends on pressure and . curve
Matter can co-exist in more solid

se in equilibrium. The figure

ase diagram of some substance
shows the phase or phases in P
rium in which the substance can

at different temperatures and ] .
pressures. sublimatio

curve

liquid

vapourization
curve

fyas

AB is a fusion curve, points on which
indicate the pressures and temperatures, at

which both solid and liquid phases coexist 0 T
in equilibrium. OA is a sublimation curve, A
points on which indicate the pressures Phase diagram
and temperatures, at which both solid and

gas phases co-exist in equilibrium. Similarly, AC is a vapourization curve, points on which
indicate the pressures and temperatures, at which liquid and gas phases co-exist in
eaduilibrium .
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At the values of pressure and temperature, corresponding to point A, where the three
curves meet, all the three states of matter co-exist in equilibrium. This point is called the
triple point of that matter. Triple point of water is obtained at the pressure of 4.58 mm of Hg
and 273.16 K temperature. Triple point of water is used to fix the scale of thermometers.

12.5 Measurement of temperature: Thermometry

Unique real numbers can be assigned corresponding to different thermal equi
the body. Such a real function defined on thermal equilibrium state is
function. The zeroth law of thermodynamics ensures such a functio
device used to measure the unique real number which is the tempera
given thermal equilibrium state is called thermometer.

A thermometer can be prepared using a thermometric substance ha numerical value of
its thermal property changing in a definite manner with different th al equilibrium states.
The magnitude of this thermometric property can be rel te numerical value of the
temperature, e.g., length of a rod, resistance of a wire, p red of a gas at constant value
or its volume at constant pressure. For this it is nec r now the type of relationship
between the thermosensitive property to be used and {tempesature and select the most reliable

thermal property of a thermometric substance whjgh, cam, f the basis of universal scale of
temperature.

12.6 Ideal gas temperature scale

It is experimentally found that the t
volume gas thermometer using different
This means that the pressure of a stal
ring temperatures and the thermometer so prepared

as a standard thermal property e
is known as a constant volume mometer. For such a thermometer,
Tp = aP, ... .. (1)+ p = temperature as a function of gas pressure,

e’ of the substance measured by a constant
at very low pressures are almost the same.
volume gas at low pressure can be considered

a constant and
P pressure of gas at constant volume.

From the above eQuation, it follows that T(P1) = P
T(P2) P2
Taking t rature 273.16 K, which is the triple point of water, as standard, the value of

can be determined. If Py is the pressure of gas in the bulb of the thermometer
pt at 273.16 K, then the value of a is given by

Using this value of a in equation (1), we get

P ... (2)

Thus, when the bulb of the thermometer is in thermal equilibrium of the bath, its pressure
gives the temperature of the bath from the above equation.




12 - THERMODYNAMICS Page 4

When different gases are filled in the
bulb of the thermometer at a given high
value of Py, they all show slightly
different values for the boiling point of
water at atmospheric pressure as may 37375
be seen from the adjoining graph. T
However, if the different gases are filled
in the bulb of the thermometer at very
low pressure such that Py — 0, then
the boiling point of water obtained at 373.25
atmospheric pressure is the same. The

temperature measured in such a g0l 1 A A
condition is independent of the type of 0 20 60 §0 100
the gas used. Therefore, the ideal cm. Hg —
temperature scale is defined by the

equation, L 2

37400

37350

THK

Tp = 273.16 lim L (at constant volume of gas thegbulb of the thermometer)
Ptr -0 Ptr

When we use a very small amount of any g thermometer, the above equation is

almost the same as equation (2).

Using He® gas at very low pressure, temperature upto 0.5 K can be measured with the
help of such a thermometer.

Celsius scale:

Temperature, tc, in Celcius\scal given by tc = T - 273.15, where T is temperature
in Kelvin scale. Tempera iple point of water on Celsius scale is t = 273.16 - 273.15

= 0.01° C.
Fahrenheit scale:

ﬁahrenheit scale is given by tg = 32 + 18 t¢c.

Temperature,

ces expand with increase in temperature and contract with decrease in
e. Such expansion is called thermal expansion.

the distance between constituent particles of solids is more than some definite
tance, ro, the force between them is attractive in nature which becomes repulsive when
the distance is less than rg. There is no net force when the distance is rg. Thus at a definite
temperature, the molecules oscillate about their mean position between rmin ( < rg ) t0 rmax
( > rg) such that ro - rmin < rmax - fo- AS a result potential energy of the oscillating

molecule is less at a distance rpin than when it is at a distance rpmax. This asymmetry (also
called anharmonicity ) of intermolecular potential energy versus intermolecular distance is

responsible for thermal expansion which results in the average intermolecular distance
fmin + . . .
between molecules, r = w increasing with temperature.
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Linear expansion

For small changes in temperature, the increase in length, A, of a body is directly
proportional to its original length, I, and increase in its temperature, AT.

Al « | and Al o« AT.

Al = olAT, where o is a constant called co-efficient of linear ex Its value

depends on the material of the body and its te For small
changes of temperature, its variation with temperat negligible.
a = Al The unit of a is (°C)'1 or K1
| AT
Some solids expand uniformly in all directions. Such tanfes are called isotropic

substances. For isotropic solids,
increase in area, AA = 2aAAT and increase in ume) AV = 3a VAT.

Increase in volume is more in liquids than in d iSs maximum in gases.

anomalous. Water contracts when its
mperature is decreased from 4°C to 0°C, it

Change in volume of water with tem
temperature is reduced upto 4°C, but w
expands. As a result, the density of
water has a favourable effect for an
at 4° C, even in severe winter w water on the surface of the lake freezes, water at its
bottom remain at 4° C, which a i animals to remain alive and move near the bottom.

12.8 Heat, heat enerqg d rnal_energy
e The molecules of stance possess momentum and kinetic energy due to their random
motion. Due to r miess of motion, probability of motion in all directions is the same.
%
Hence, the al momentum associated with all the molecules of the substance, pj,;. is

%
al kinetic energy, Kint, is not zero. The total kinetic energy associated

motion of molecules of a substance (i.e., energy associated with zero
tate) is called heat (or thermal ) energy possessed by the substance.

%
s this, the molecules also possess potential energy, Uijnt, due to mutual

- -
teractions. The sum of these two energies, i.e., Kint + Uijnt, is called the internal

energy of the substance.

e Moreover, when a body as a whole is moving in the gravitational field, it also possesses

- -
gravitational potential energy, Uext due to its position and kinetic energy, Kext, due to

- -
its motion. The sum of these two energies, i.e., Kext + Uext, is called the mechanical

energy of the substance.

e When two bodies at different temperatures are brought in thermal contact with each other,
the exchange of heat energy that takes place between them is called heat.
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12.9 Work in thermodynamics

The amount of mechanical energy exchanged between two bodies during mechanical
interaction is called work. A body can possess mechanical energy but not work. Mechanical
energy of the body is its capacity to do work. When a body A does work on body B, the
body A loses mechanical energy and the body B gains it. Similarly, transf internal

energy from one body to the other is called heat. When heat is transferred f A to
body B, the body A loses internal energy and the body B gains it. | dynamics,
work done by the system is considered positive and on the system as negati
Formula for work:
The figure shows a cylinder containing a gas with an air-tight - -~
piston moving without friction. The conducting bottom of the T
cylinder is kept on an arrangement to maintain desi Ax
temperature of the gas. The graph of pressure P v 4 JL
volume V is plotted by measuring values of _vo e
corresponding to different pressures.
Gas
Suppose Pj and Vj are the initial pressure
the gas respectively as shown by point |
P and V§ are the final pressure a me of the gas
respectively as shown by point f ph after the
expansion of the gas and sliding of the Wi pwards. Temperature control
arrangement
P and V are the intermediate valli€ ressure
and volume respectively of the if the
piston moves slightly out and
volume of the gas incr o small an
amount AV that the pressu es not change Py
appreciably, then wor, the gas, P
AW = FAx 5 PA A P AV 7 \,\
L 1
If the volume gas increases from Vjto Vs ;
through Il changes, the total work p :
done, !
ror 37T
Vf ]
3 P AV .
Vi .
0 » o ’
, _ Vi Ay Vi v
= IPdV taking lim
AV -0

The work done by the gas is the area enclosed by P — V curve as shown in the figure.
Work is an extensive variable as it is the product of one extensive variable (V) and other
intensive variable (P).
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12.10 First law of thermodynamics

Suppose, a system absorbs heat, Q and does work, W and changes from initial

thermodynamic state i to a final state f. The

system can undergo this change through several #
different paths, e.g., processes iaf, ibf and icf as P i
shown in the figure. Although the values of Q and R

W for all these processes are different, it is found
experimentally that the value of Q - W s the
same. Thus the value of Q - W does not depend
on the path but depends only on the initial and
final states of the system.

Pef--- - i
Hence, it is concluded that a thermodynamic state f . !
function can be defined such that the difference in N '
its values for the initial and final states is equal to : :
Q- W. ! : ,
W U_f‘ v

Such a function is called internal energy U of
system. The system absorbs energy Q in the form

of heat, spends energy W to do work and t b @ e Q - W increases its internal energy.

If Ui and Us are the initial and final uesyof the internal energy, then
U - Ui = AU = Q - W
SoQ = W o+ (Uf - Up)

This equation is called t st of thermodynamics. This law is just another form of
the law of conservatio f engrgy”as applied in thermodynamics.

12.11 Heat capaci nd specific heat

The ratio of hea upwed, AQ, to a body to the change in its temperature, AT, is called
heat capacity, of the body. Thus,

The unit of Hc is cal/°C.

apacity of a body depends on the material of the body as well as its mass.

uantity of heat required per unit mass for unit change in the temperature of a body is

led specific heat of the material of the body. Its unit is calorie(g)'1(°C)'1. It is the heat

capacity of the body per unit mass and its value depends only on the material of the body
and not on its mass.

Specific heat, C = heat capacity _ AQ

A = mCAT
mass m AT Q

The values of heat capacity and specific heat also depend upon the temperature at which the
temperature interval AT is considered.
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Specific heats of gases

In the case of gases, specific heat is defined per mole of a gas instead of unit mass and is
called molar specific heat.

The amount of heat required to change the temperature of one mole of a by 1 K
(or 1°C) is called molar specific of that gas. The value of molar specifi t a gas
depends upon the method of heating the gas and is defined for two impo t cesses of

heating the gas as under.

(1) Molar specific heat at constant volume Cy:

The amount of heat required to raise the temperature of 1 mole of{gas constant volume is
defined as its molar specific heat at constant volume.

(2) Molar_specific heat at constant pressure Cp: ¢

The amount of heat required to raise the temperaturefof 1 e of gas at constant pressure
is defined as its molar specific heat at constant press

Relation between two specific heats (f@or

According to the first law of thermodyna infinitesimally small changes,

dQ du + dwW = dU + PdV

[ 3—¥ = 0 at constant vqume} and

(57) (%) -
dT dT
{ d—i = 0 at constant pressure}
(3)
(4) [ from equations (2) and (3)]

If the degrees of freedom of constituent particles ( molecules) of a gas are I, then the energy

of one mole of gas is U = | %

Cv = d_U :B and CP:B'*R
dT 2 2
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Cp

The values of Cy, Cp and y = oo for monoatomic and diatomic molecules are
\%
calculated using the appropriate values of degrees of freedom, 1, in the following table.
Degrees of
Type of molecule freedom, i Cv
Momoatomic 3 3R
2
Diatomic 5R 7 _
(rigid rotor) 5 - ¢ 5 - 14
Diatomic 7R 9R 9 _
(with vibrations ) 7 - - 7 =12

Specific heat increases with increase in of atoms in a molecule of a gas. Thisis so
because molecules of diatomic and p ses possess kinetic energy due to rotational
and vibrational motion besides translgti motion.

Dulong and Petit's Law

‘For many substances ( exce ome very light substances ), the product of their
atomic mass number a ific heat is almost constant.’ This is called Dulong-Petit’s
i

law. Regnault showed@ ntally that this product is equal to 6.38 calorie /(mole -°C).

One mole of a subst as Avogadro number (Na) of molecules. From Dulong-Petit’'s law
amount of heat required to raise the temperature of a substance depends
itS constituent particles and not on the mass of individual particles.

es with temperature and becomes zero at absolute zero temperature.

Some of the commonly encountered processes during the study of
dynamics are discussed below.

baric_process: “The process during which pressure of the system remains constant is
called isobaric process.” The thermodynamic equilibrium state of a
system keeps changing during such a process and its P — V graph
is a straight line parallel to the V-axis. Work done by the gas in such
a process is given by
V§ V§

W = IPdV=P jdV=P(Vf-Vi) [ = P is constant ]
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Isochoric_process: Volume of a system remains constant during this process. As AV = 0,
work, W = P AV = 0. Since no work is done, Q = AU from the first
law of thermodynamics..

Adiabatic process:

No heat exchange occurs between a system and its environment in thi ce This
happens when either the system is thermally insulated or is very rapid. A 0 in the
adiabatic process, AU = -W from the first law of thermodynamics. For iabatic process,
C
Pv’ = constant, where Y = ~=P
Cv
Isothermal process: *“A thermodynamic process durin ich .temperature of a system
remains constant is called an i | process.”

Work done during isothermal process of an i@eal

For an isothermal process, AU = uCv AT ) ence, W = Q from the first law of
thermodynamics. The total work done when mole of ideal gas changes from V;
to Vo with temperature remaining constant th Ut the process is
V2 V2
URT . .
W = Q = I Pdv = I Tdv PV = WRT for an ideal gas ]
Vi Vi
V2
= URT I 1 d . T is constant for an isothermal process ]
Vi

Vo Vo
= 2303 URTI —=
[Tl HRTod [ \%1 ]

“A thermodynamic process in which system undergoes a series of
processes starting from some thermodynamic equilibrium state and
finally returns to the original thermodynamic state is called a cyclic
process.”

yclic process, there is no change in the internal energy of the system (i.e., AU = 0)
the initial and final states are the same. Hence, Q = W from the first law of
thermodynamics. Thus, the net amount of heat absorbed by the system is equal to the net
amount of work done by the system at the end of the cyclic process.

Reversible and irreversible processes

If a gas in the cylinder in equilibrium with the environment at temperature T is quickly
compressed to half its volume and then allowed to come in equilibrium with the environment
back to temperature T, it passes through many inequilibrium states in the process. If it is
now allowed to return quickly to its original volume, and allowed to return to the thermal
equilibrium with the environment, it would not pass through the same intermediate states as
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earlier. Such processes are irreversible processes, e.g., rusting of iron, erosion of rocks,
growing of a man, etc. are irreversible processes.

Now, consider another type of process. The volume of the gas is made half by several
differential decreases of volume made very slowly. Differential decrease in volume results in
differential increase of temperature, but the process being slow, the system sufficient
time to give up the excess heat to the environment regaining its temperature i
the equilibrium state. Thus, in this process, the system passes through the
and the temperature remains constant. Such a process can be reverse ifferential
increase in volume on the same path of equilibrium states. This ig@F4% ample of a
reversible isothermal process. Here, piston was assumed to be frid . reversible
process is one that, by a differential change in the environment, ¢
path.

12.13 Heat engine and its efficiency

¢ wheel

A device that converts heat energy into

mechanical energy is known as heat engine. A

simple heat engine is shown in the figure. The

gas enclosed in a cylinder with a piston receives I I
heat from a burner, expands, pushes the pisto inder ——
upwards and rotates the wheel. To continue
rotations of the wheel, an arrangement is néeded
in the heat engine which can move th i

up and down periodically. piston = ==
Here, gas is the working substanc is g.as
the heat source and the arran release (working = s
the gas and heat after expansi e heat substance ) . e o aa
sink. The working of the erfgine xplained in
the following schematic dj \ny
burner
In a heat engine orking substance
undergoes a cyclic ess, .absorbs heat, Q, Simple heat engine
from the heat 4sourc higher temperature,
converts a part it '@to mechanical energy and
releases the ing energy, Qp2, into the heat sink.
The net of heat, W
is converted
Y Heat source Heat sink
Temperature: Ty Qy Qz | Temperature : T

only the heat Q1

absorbed by the working \ . . .
substance is of economic Explanation of heat engine by a line diagram

importance as the heat

Q2 rejected to the environment is a loss. Therefore, efficiency of an engine based on the
cyclic process can be defined as

Efficiency _ net work done _ W _ Q1 -Qp 1 - Q2
M heat absorbed Q1 Q1 Q1
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n = 1 if Q2 = 0 which is not possible. The heat engines are of two types:

(1) External combustion engines such as steam engine and
(2) Internal combustion engines such as diesel and petrol engines.

12.14 Heat pump /refrigerator and co-efficient of performance

If the cyclic process of a heat engine is reversed, it acts as a refrigerator a“heat pump.
The schematic diagram

of a heat pump / W

refrigerator is shown in

the figure.

Working substance in a
heat pump / refrigerator,
called refrigerant, draws

heat Q2 from a cold
reservoir at lower

temperature To, external
work W is done on the working substance and
reservoir at higher temperature Ti;. The -effi

Hot reservoir Cold reservoir

(Tq) Q, @ (T)

Schematic representation a heat pump { refrigerator

= Q2 + W is released into the hot
of performance of a heat engine /

refrigerator is defined as
a = Q—2 = Q—2 Here, generally more than 1 ( about 4 to 5)
w Q1 -Q2

1 - Q2).

12.15 Carnot cycle and

A Carnot engine convert
into mechanical ener

process consisting isothermal P (B Vq: Tq)
and two adiab reversible - o isothermal
processes. w8 expansion
\ 4 " 4
The parts of rnot engine are: = E b (P, ¥y Ty)
= E
(i) with insulated sides ® 3 adiabatic
conducting bottom fitted d expansion
rictionless piston, (Py» Vy, -|-2]

isothermal c (P3: V3, T,)

ideal gas as working substance, :
compression

L=

i ) Heat source at temperature Tj
and heat sink at temperature T»
(Ty > T2) both having very
large heat capacity.

Carnot cycle

The cyclic process, shown by the P —» V graph as above is completed in four stages.
A Carnot engine and its four different stages are shown in the figure on the next page. The
four stages of the Carnot cycle are described as under.
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(i) First Stage - Isothermal expansion:

Initially, the working substance is in the equilibrium state a ( P1, Vi, T1). Now, the
conducting bottom of the cylinder is placed on the heat source at temperature T; and the
gas is allowed to expand isothermally and reversibly to state b (P2, V2, T1). Q1 is the
heat absorbed by the gas and W3 is the work done by the gas in this proce the

V V
Wi = Q = pRTiIn| =2 | = 2303 pRTlog | -2 | ... .. .. (
\%1 \41
Also, for this isothermal process, P1Vi = P2V v e e (2
isothermal adiabatic adiabatic
expansion expansion compression
[ work done [] I |—| T
by the Py
systemT i
Py ¥y b
Py Wy d
qu
Stand Heat sink stand
Tz
h c d

the cylinder is placed on a thermally insulated stand and the gas is allowed to expand

diabatically and reversibly to attain the state ¢ (P3, V3, T2). The gas does not absorb heat
does the work and its temperature reduces.

For this adiabatic process, P2V2Y = P3V3y T <D

(iii ) Third Stage - Isothermal compression:

Now, the bottom of the cylinder is placed on the cooling device at temperature Tz and the
gas is compressed isothermally and reversibly to attain the state d (P4, V4, T2). If Qg2 is the
heat rejected by the gas and W3 is the work done on the gas in this process, then
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V V

Wo = Q2 = pRT2In| =2 | = 2303 pRTlog | —=> | ... ... .. (4)
Vg Vg

Also, for this isothermal process, P3V3 = PsVys (5)

(iv) Fourth Stage - Adiabatic compression:

Now, the cylinder is placed on a thermally insulated stand and the gas i
reversible adiabatic process and taken to its original thermodynap

a (P1, Vi1, T1). As the process is adiabatic, no heat exchange occurs
but the work is done on the gas and its temperature rises from T

ed by a

> jbrium state
A the environment,

For this adiabatic process, P4V4Y = P1V1Y

The efficiency of the cycleis n =1- == = [ from equations (4) and (1)]

P1V1P2 sz P3 V3P4 V4Y = P2V2P3 V3Y

Y-1 Y-1 V3

VoV = (V3V ) = —
(VaVa) (V3V1) Vi Va
Putting this result in the egu@tion efficiency, we get

To
=1 - =
) Tl @

This equation_sh@ws Qat the efficiency of the Carnot cycle depends only on the temperatures
he sink and does not depend on the working substance. The efficiency is

emperature of the source (Tip) is infinite or the temperature of the sink
zero which is impossible.

Statement _of Max Plank: “ It is impossible to construct a heat engine based on a cyclic
process, which by absorbing heat from one body only and
without producing any change in the working substance, can
convert the heat completely into mechanical energy.”

Statement of Kelvin: “ It is impossible to have any process in which as a final
result, the heat absorbed from a body at a given
temperature is completely converted into mechanical work.”






