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Studentsliearning Outcomes _

After studying this unit, the students will be able to:

e Describe that therma? energy is transferred from a region of higher temperature to
region of lower temperature.
Describe that regions of equal temperatures are in thermal equilibrium.
Describe that heat flow and work are two forms of energy transfer between systems
and calculate heat being transferred.

e Define thermodynamics and various terms associated with it.

e Relate a rise in temperature of a body to an increase in its internal energy.

e Describe the mechanical equivalent of heat concept, as it was historically developed,
and solve problems involving work being done and temperature change.

e Explain that internal energy is determined by the state of the system and that it can be

expressed as the sum of the random distribution of kinetic and potential energies

associated with the molecules of the system.

Calculate work done by a thermodynamic system during a volume change.

Describe the first law of thermodynamics expressed in terms of the change in internal

energy, the heating of the system and work done on the system.

Explain that first law of thermiodynamics expresses the conservation of energy

Define the terms, specific heat and molar specific heats of a gas.

Apply first law of thermodynamics to derive C,-C, = R.

State the working principle of heat engine.

Describe the concept of reversible and irreversible processes.

State and explain second law of thermodynamics.
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- Explain the working principle of Camot’s engine

Explain that the efficiency of a Camot engine is independent of the nature of the
working substance and depends on the temperatures of hot and cold reservoirs.
Describe that refrigerator is a heat engine operating in reverse as that of an ideal heat
engine. '

Derive an expression for the coefficient of performance of a refrigerator.

Describe that change in entropy is positive when heat is added and negative when
heat is removed from the system.

Explain that increase in temperature increases the disorder of the system.
Explain that increase in entropy means degradation of energy.

Explain that energy is degraded during all natural processes.

Identify that system tend to become less orderly over time,

INTRODUCTION

In the past, the scientists believed in the caloric theory of heat. According to
this theory, heat is a fluid called caloric which flows from the hot body to the cold
body. After the development of kinetic theory, it has become a well known fact that
heat is a form of energy called thermal energy and it flows from the hot body to the
cold body till the two bodies attain the same temperature. This state of the same
temperature of the bodies is called thermal equilibrium.

The kinetic theory also explains the random motion of atoms and molecules
of matter. Such motion of atoms and molecules depends upon the temperature. The
sum of kinetic energies and potential energies of the moving atoms and molecules of
a substance is called its internal energy.

Themlodynamics is the study of heat energy and its transformation into other
forms of energy and vice versa. It is an experimental science based on the study of
the behaviour of solids, liquids and gases using the concepts of heat and
temperature. In this chapter, thermodynamics can be explained under the following
two laws. The first law of thermodynamics is based upon law of conservation of
energy and it deals with the relationship between work and heat energy, that is, how
the heat energy is converted into the other forms of energy and.vice versa. The
second law of thermodynamics explains not only the proper method of conversion
of heat energy into mechanical work but also a specific direction of flow of heat.

We will study the efficiency of a heat engine,” theory of Camnot engine,
Camnot theorem, working of a refrigerator and the concept of entropy in (hIS chapter.

10.1 THERMAL EQUILIBRIUM

We have studied mechanical equilibrium in unit 2 titled as '"Vectors and
Equilibrium', But: in this chapter we deal with thermal equilibrium. The thermal
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equilibrium can be explained by an example of two
bodies at different temperatures which are made in
thermal contact. If both the bodies are good
conductor of heat, then there is a transfer of heat
energy from the hotter body to the cooler body as
shown in Fig. 10.1. A L

In other words, the hotter body loses thermal Rt test Row
energy whereas cooler body gains thermal energy, Fig.10.1: A state of Thermal
This process of transfer of heat energy continues -duilibrium of the two bodies having
till both the bodies attain the same temperature :amc i

+ transfer of heat between them.

This state of the same temperature of the bodies is
termed as thermal equilibrium which is stated as,

The bodies are said to be in thermal equilibrium when they have same
temperature and there is no transfer of heat energy between them

For example, if we feel that we have fever, we might place a thermometer in
our mouth and wait for a few minutes. There is transfer of heat energy between the
thermometer and our body. Because our body is hot as compared to the
thermometer, thercfore, the reading of the thermometer increases. After some time,
the rate of transfer of energy between the thermometer and our body becomes equal
and our body and the thermometer are then at the same temperature. At this point
our body and the thermometer are said to be in the thermal equilibrium.

10.2 INTERNAL ENERGY

All matter is made up 9[‘ atoms and POINT TO PONDER |
molecules. According to the Kkinetic theory, Newmal famporsture of @ -mii 50}
these atoms and molccules arc always in | 37°C. What will be the temperature
motion. For example, atoms in solids vibrate | ofa dead body? .J
back and forth about their equilibrium
positions. In liquids, the molecules wander around the other molecules. In gases, the
molecules are in random motion with high speeds and have frequent elastic .
collisions with ope another. The motion may be translational, vibrational and °
rotational. ; '

The atoms and molecules of a gas possess both kinetic energy due to their ¢
translational, rotational and vibrational motion and potential energy associated with
the forces between molecules.

Thus, the internal energy of the gas is defined in terms of the sum of the
random distribution of kinetic and potential energies of its atoms or molecules.

It is stated as the sum of all kinds of kinetic and potential energies of the
system, comprising of gas molecules, is called its internal energy
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In the study of thermodynamics, usually ideal gas (mono-atomic gas) is

. Considered as a working substance. The molecules of an ideal gas do not exert inter

molecular forces, therefore, its molecules do not possess potential energy. So, the
internal energy of an ideal gas is only due to the translational kinetic energy of the

~Mmolecules. In case of diatomic gas, the molecules possess transitional, vibrational

and rotational kinetic energy as well as potential energy. Therefore, the internal

tnergy of dia-atomic gas is a sum of all kinds of kinetic and potential energies of
their molecules.

10.2.1 Thermodynamics Systems

Thermodynamics is a branch of physics in
which we study about the heat energy and its
conversion into other forms of energy and vice versa.

For example, the conversion of heat energy into
mechanical. This conversion of energy from one

form to another can be studied by making a separate B
environment within a boundary has its own specific Bonnsdery
values, as shown in Fig.10.2. The boundary may
enclose a solid, liquid or gas. This is called system g’;;:“zjt":‘gz““}m“&z
and defined as; The collection of matter within a  distinet boundary.

distinct boundary is called system. '

Everything outside the boundaries of the system which has a direct bearing
on its behaviour is known as surrounding. A system may have the potential to
exchange energy with its surrounding. Because the values of thermodynamics
variables pressure, volume and temperature of a system are different from the values
of the surrounding.

There are three types of systems as shown in Fig.10.3. These are explained as;’
(i) Open System
-~ A system which can interact with its surroundings both in terms of heat
energy and matter is called open system e.g. plants and animals.

(i) Closed System -

A system ‘which can interact with its surroundings only in terms of heat
energy is called closed system e.g. balloon and cylinder.
(iii) Isolated System

A system which has no interaction with its surroundings in terms of heat
energy and matter is called isolated system e.g. thermos flask.

Surroundings -

Surroundings
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y and matier, (b) A closed system which transfers l
er energy nor matter. '

transfer both energ

Fig.10.3: (a) An open system which
system which transfers neith

only encrgy, (¢) An isolated

10.3° WORK AND HEAT

Work and heat are two different quantities but they are related to each other.
A heat engine is a good example to explain such relationship between work and
heat. For example, in heat engine, heat energy serves as input and its output is work
done. Similarly, when an amount of heat energy in a heat engine enters into a
thermodynamics system, it incrcases the internal cnergy of this system and work is
done by the system. The work done by the system is considered as positive, while

. work donc on the system is considered as negative.

A British engineer Count Rumford observed thata large amount of heat was

liberated during boring the barrel of cannon. He concluded from this experiment that

heat can also be produced by friction and its amount depends upon the mechanical

work against the friction. Later on Joules did a series of experiments and established

a relationship between mechanical work and heat encrgy. According to his results,

work done is dircctly proportional to the amount of heat generated.

W Q

w=1J0Q

J is'a mechanical equivalent of heat and its value is 4.1 86 joule per caloric.

where
" "Now we study further the relationship Aread Final
between work and heat by an example of a Piston
system (Cylinder) which contains gas at . Position
pressure P. The cylinder has a moveable piston .
of cross-sectional area ‘A’ and at equilibrium AV""‘A"{ 3
state. The volume occupied by gas is ‘V". ' e
When the pressure is reduced, the bty ({rigcnal 2

volume of the system is increased from V, to ST :::::;:m
V, at a distance ‘Ax’ as shown in Fig.10.4. Ul jj
It means that work is done by the system which '

;| ' 0 e
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But F=PA
W=PAAx . :
W=PAV “* AV = A Ax = (Change in volume)

W= P(V,=V,) .....(10.1)

This is a work done by the system. The work done at constant and at variable
pressure can be represented graphically on a PV-diagram in the form of -a straight
horizontal line and a curved line respectively as shown in Fig.10.5. The area under
these lines is equal to work done on the system.

Thus, these graphs show that the work done on or by the system depends
upon the limiting values and the path followed.

"2 ™

Pressure
Pressure

- Work =W = area = PA v ]

AVVLY, !

3 g ‘ -
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Vi Volume Vi Vi Volume Vi

Fig.10.5: Thermodynamics work (a) The area under the straight line in PV-graph shows the work
done at constant pressure (b) The area under a curved line shows the work done at variable pressure

Example 10.1

How much work is done by an ideal gas during expansion from its initial

volume of 4 litres to a final volume of 24 litres at constant pressure of 8.08x10°
Nm™? z

Solution:

Work =W = ,
Initial Volume = V, =4 litres = 4x10~'m’
Final Volume = V; = 24 litres = 24x107° m’
Change in volume = AV =V, -V,

Change in volume = AV = 20;10’3 m’
Pressure = P = 8.08x10°Nm™

Work = PAV

Work = 8.08x10°x20x10
=16.2x10°J
=16.2kJ

3y
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- 10.4 FIRST LAW OF THERMODYNAMICS

First law of thermodynamics is based upon the law of conversion of energy
i.c. when heat energy is transformed into other forms of energy or when the other
forms of energy is transformed into heat energy, then the total energy of the closed
system remains constant. Let heat energy ‘Q’ is added into a thermodynamic system
and the system does not work during the process of transfer of heat but the internal
energy of the system increases from its initial state U to its final state Ug This
change in internal energy AU is equal to Q, that is, AU = Q.

When a system does work ‘W’ due to its expansion but no heat is added
during the process then internal energy decreases that is, when ‘W’ is positive, AU
is negative and vice versa. Now when heat transfers and both change in internal
energy and work done by the system occur then the heat Q is given as;

Q=AU+W ...(102)

This is the mathematical form of first law of thermodynamics which is stated
as; "When heat Q is added to a system, a part of this heat is used to change the
internal energy of the system and the remaining energy for work done by the
system". This statement of first law of thermodynamics also provides universal
truth that energy is neither created nor destroyed in any thermodynamic system.

In using first law of thermodynamics, a proper sign should be used. That is,
Q is taken as positive when heat energy is supplied to the system and negative when
heat energy is taken from the system. Similarly, W is taken as positive when the
work is done by the system and negative when it is done on the system.

Example 10.2

When 400 J heat is transferred to the system during expansion then 350
joules of work is done by the system. What is the change in its internal energy?
Solution:

Heat energy added to system =AQ =400 J

Work done by the system = AW =350

Internal energy =AU=?

From first law of thermodynamics AQ =AV + AW
AU =AQ~-AW
AU =400-350
AU =50J

10.4.1 Applications of first law of thermodynamics

The first law of thermodynamics can be studied under the following four
processes; each has its different conditions and properties.

V




(a) Isochoric Process

It is a process in which the volume of gas of fhe '

given system remains constant.

Consider a finite volume of gas enclosed in
cylinder which has non-conducting walls and piston but a
conducting base. Let an amount of heat *Q’ is supplied to %
the system. When gas is heated at constant volume (fixed /

piston) its pressure increases from Py to P, but the work is AQ ' AV=(
neither done by the system nor on the system because

there is no expansion or compression of the system that is

AV =0 as shown in Fig.10.6.
Thus the first law of thermodynamics becomes,

AU=AQ+AW
AQ =AU +PAV
As AV = 0 therefore

AQ=AU .....(10.3)

This result shows that under isochoric
process all the supplied energy is used to increase
the internal energy of the system.

Graphically, a straight vertical line in P-V
graph represents first law of thermodynamics under
isochoric process as given in Fig. 10.7.

(b) Isobaric Process

A process in which the pressure of the gas of
the given system remains constant is known as
isobaric process. - .

Consider a finite volume of gas is enclosed in
cylinder with moveable piston. The walls and piston
of the cylinder are insulator whereas its base is
conductor as shown in Fig.10.8. Let an amount of
heat ‘Q’ is added to the system at constant pressure
. then its temperature increases from T, to T,. As a

result, gas is expanded from V, to V, due the
increase in its internal energy. If-the piston moves

l1240&:hudnﬂanwcv
wWhen volume remaing 3
constant and ng 4 nrk‘ is
done on or by the svsxc‘m

A
Ve
g AV=(
w Q = W=
B
o
VI
Volume —

Fig.10.7: A straight vertical 1;
. R10.7: A straight vertieal line in

-V graph shows isochoric process

o — !

ﬂ

Fig.10.8: Isobaric Process, where
pressure remains constant and work
is done on the system.

slowly and the displacement of the piston is kept very small, the pressure of the gas
will not change much and can be considered constant, and some work is done by the
system. Thus first law of thermodynamics under these conditions becomes,*
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AQ:AU+AW

As w =Fd
W = FAy
- - W =PAAy =PAV
AQ =AU~ PAV ...oo: (10.4)

Under isobaric process, all the supplied
heat energy of the system is converted into
work done and increase in internal energy-

Graphically, a straight horizontal lin€ in
p-v  graph represents first law of
thermodynamics under isobaric ~ process as
shown in Fig.10.9. The p-V graph of isobaric

process is called.Isobar.

(c) [sothermal Process

A process in which the temperature of
gas of the given system remains constant 1S
known as isothermal process.

7 Consider a gas which
cylinder that has non-conducting walls and

'ston but its base is conducting as shown in
Fig.?10.10. When heat cnergy AQ s added to
the system then the temperature of the gas
increases. 10 keep temperature constant, the
system is allowed to expand slowly from V, to

Va.

is enclosed in a

The internal energy of
expansion, as the temperature of the gas remains

constant temperature, the first
- AQ=AU+ AW

~ This equation shows that the heat energy
supplied appears in the form of work. Since the

work is done by the system, so AW is positive.
a curved line called isotherm

represents the first law of thermodynamics under
in Fig. 10.11.

isothermal process as shown 1

w

the gas does not change during
constant. S0, A

law of thermodynamics 1 written as;

P
Iy
S Co, Jsotherm F;pansion
sty /

LAV =AAY = change in volume

1;

--------------

Fig.10.9: A straight horizontal line in P-V
graph shows isobaric process

*-.IL""‘.Jr
e
-‘ -.-'.. g tre N :
= = Hot
AQ Reservoir

Fig.10.10: {sothermal Process in which
temperature remains constant

this isothcmml
u=0 and hence at

b ARY)

B (P:V>)

TR
\"

Fig.10.11: A curved line in p-V graph
represents the isothermal process:
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Conversely, if the gas is compressed, the work is being done on the system
and an amount of heat AQ has to be allowed to leave the system.

(d) Adiabatic Process

A process in which heat energy neither

enters nor leaves the system is called adiabatic ¥ T

process. l S lay=d
Considering a gas which is cncloscd in a v,| - woe veif]

cylinder that has non-conducting walls and {7 < ey

piston as shown in Fig. 10.12. When the system V| ." l

is placed on an insulator stand then there is no i :

transfer of heat into or out of the system, that is e i

AQ 0. Stand Stand
Now when the system is allowed to Fig.l0.12: .v\'diub:llic l‘rf\ccss in which .

heat energy is not transferred.

expand by reducing the pressure the intemal
cnergy of the system decreases due to decrease in temperature. Similarly, when the

system is compressed by applying pressure the internal energy of the system
increases by increasing the temperature. Now first law of thermodynamics under the
adiabatic process becomes
0=AU+ AW
AU =-AW | P4
AU =-PAV ......(10.6)

In adiabatic process, the work is done at
the cost of intermal energy. of the system. In
other words, if the gas expand it will be cooled u
and it will be heated on compression.

Isothermal

Graphically, a curved line in P=V graph shows . ' B
adiabatic process, but the curve of adiabatic is. -
steeper than that of the curve of isothermal as Acaete ~y C
shown of Fig.10.13, because of the rapid v

Fig.10.13: The curved lines of Adiabatic
variations in temperature in R
P adiabatic process and Isothermal P-V graph, where the cure

take place during its expansion or COmMPpression.  of Adiabatic is faster.

Example 10.3

A gas is enclosed in a cylinder with a moveable piston of cross-section area
0.1 m?. If the piston of the cylinder is allowed to expand through a distance of 5 cm
by adding heat energy of 45 J to the gas, then what is the change in internal energy
inside the cylinder at constant pressure of 8000 Nm™,
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Solution:
Cross-sectiona

Distance covered by the piston
Heat energy added to system =
Internal energy = AU="?
Pressure = P = 8000 Nm™
Work done by the system

Work = PAV

Work = PAAX

Work = 8000 x 0.1 x5 % 107

- Work = 40]
According to first law of thermodynamics

AU = AQ - AW |
© AU=45-40
AU=51
105 SPECIFIC HEAT AND MOLA

If a substance is heated then its tempera

of a substance depends upon its mass i.e., more is
se its temperature. Thus, Molar Specific Heats of

| area of the piston = A= 0.1 m’
=Ax=5cm=5x10'2m

AQ=45]

R SPECIFIC HEAT

ture raises. This raise in temperature
the mass of the substance, more

heat is required to rai
the amount of heat energy required to raise Various Gases
the temperature of any substance through 2 |l—nga Y AL o i .
unit degree Is called heat capacity. The ' ;: wasp“lgc“"C"_g{m"Kl
experiment shows that the heat energy Iis 3K e
directly proportional to the temperature, that is  |[TMonoatomic gascs -
AQ o AT - te 121 ] 13 ] 833 | K6
AQ =CAT : Ar_ |21 ] 13 833 | 167 |
: AQ Ne | 21 | 13 | 812 1.64_ |
Heat capacity (C) = (10:T) | Kr 21 | 12 | 849 1.69
AT Diatomlcgases —
1

20 8.33 .

are easier to heat than the || H: 29
N, 29 | 21 | 833 3

others. For example, it takes more energy to
raise the temperature of lkg of aluminum |8 12 21 | 833 | 12—
co. | 29 | 21 | 833 | —=——

through 1°C, than to raise the temperature of

lkg iron by the same temperature. Therefore, ,g’ - “'3'5 26 _ ..%«—:ﬁ

the amount of heat required to raise the 'Co'? ':7‘:32;;“- s |
1.29

temperature of unit mass of a substance || SO, | 40 31 9
27 837 | =

through a unit degree is called specific heat |[H0 | 35
CH, | 36 | 27 | 841 1 ——

and its value can be calculated as;
AQ x AT - ST

Some materials
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AQ oc mAT
AQ =cmAT
Ci= a0 (10.8)
mAT ‘

The unit of specific heat 'c' is J kg'K~'. As one kilogram mass of different

substances contains different number of molecules and has different specific heats
so mass of substance is replaced by mole because onc mole of any substance
contains the same number of molecules. Thus the specific heat capacity in term of
moles is known as molar specific heat. It is stated as; "the amount 0f heat energy
required to raise the temperature of one mole of a substance through one
kelvin is called molar specific heat". The equation for molar specific heat is given

by,

where ‘n’ is the number of moles of the given sample.

In case of solids and liquids, the change in their volume and pressure due to
increase in temperature are very small and can be neglected. In case of gases the
situation is different, because there is variation in pressure as well as in volume of
gas with the raise in temperature. To study the heating effect of the gas, either
volume or pressure of the gas should be constant. Thus, molar specific heat of a gas
is defined under the following two ways.

1)  Molar specific heat of gas at constant volumc

The amount of heat required to raise the temperature of one mole of gas
through 1 K at constant volume is called its molar specific heat at constant
~ volume. It is denoted by Cy and it is expressed as;

Cy =—.....(10.10
T (10.10)

2)  Molar specific heat of gas at constant pressure

The amount of heat required to raise the temperature of one mole of gas
through 1 K at constant pressure is called its molar specific heat at constant
- pressure. It is denoted by Cp and it is expressed as;

=89  qoan
nAT- S
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10.5.1 Prove that C, ~Cy =R

Consider two systems that contain equal amount of gas but heat is added to
first at constant volume and heat is added to the second at constant pressure as
shown in Fig. 10.14, When both systems are heated to raise their temperatures then
the heat energy increases their internal energy. But the experiment shows that the

system at constant pressure requires more heat than the system at constant volume
for the same temperature increase. That is,

AQ, >AQ,
AQ, =AQ, +Work donc due to expansion of the system

nC,AT =nC AT +PAV
As PV =nRT
PAV =nRAT % RAQALsA
nC,AT =nC,AT +nRAT " Constant . " Presdure *
nC,AT =nAT(C, +R) ateoses| [aeest
C; =Cy+R f 1 i
C, -Cy =R.....(10,12) 0=f)\'AT Q :(f’““
Equation (10.12) shows that Cp > Cy by an gy 16.14: picat transfer into the
amount equal to universal gas constant ‘R, system (a) al constant valume and

(b) at constant pressure

Example 10.4 ‘
The temperature of a silver bar rises by 10°C when it absorbs 1.23 kJ of heat
energy. The mass of the bar is 525 g. Determine the specific heat of the silver.

Solution: AT =10°C-0°C=10"C
AQ =1.23kI=1.23x10")
m =525 g=0.525 kg

csilm cx
cuhrr - ﬂ
mAT
_1.23x10’

c,u\‘." e —ur 234 Jkg-lco_l
0.525x%10

10.5.2 Adiabatic Equation

Consider a system (container) which contains a gas. The walls and
moveable piston of the container are perfectly insulated from the surroundings. So
heat energy neither enters nor feaves the system and AQ = 0. It means the work done
‘under adiabatic process is possible only at the cost of its internal energy during the

J,



compression and expansion of the system. Thus, 1 law of thermodynamics under
adiabatic process is given by;
0=AU + PAV
AU=-PAYV .....(10.13)
According to molar specific heat at constant volume
AQ=nC,AT
But 1* law of thermodynamics under isochoric process
AQ=AU
AU=nC,AT
Putting the value of AU in equation (10.13), we get
' nC,AT=-PAV ......(10.14)

As PV=nRT _
= VAP= nRAT (at constant volume)
= AT= VAE
nR
Substitute this value of AT in equation (10.14)
nC, - B ==PAV POINT TO PONDER
nR : Why there is space between the two
AP 'R o AV . walls of a thermo flask?
P C, V
But, C.-C, =R . v ™ T m
' | : |
AP _ (C,-C,)AV I H |
. P | G )V ' 1
|
AP (C Insulation
— =— =k-] System ‘/
P (C, J
C . . - |
But, " —F = y=Ratio of specific heats ===
CV An diabatic process is that
AP AV process in which the heat
= =) — encrgy neither enters not
P . v leaves the system..
ar _JAV AV :
P vV V

AP AV
Py




AP AV
— Y=

\Y
By the operation of integration, the followin
e pV' = Constant .. (10.15)-

This is known as adiabatic equation and 'y' i adiabatic constant.

10.6 REVERSlBLE AND lRREVERSlBLE
perated by changing the values of the

When a thermodynamic process is 0
possibilitics, the state of the system remains same

given system then there are tWo
due to the reverse direction of the process after the succession of an event or the
state of the system changes due 10 eding the process 11 one direction. Thus on

the basis of these two rcasons, a process of thermodynamics is defined under the
following two ways such as rever

1) Reversible Process
When a thermodynamics system operates

such that a change takes place and it returns 10 its

initial state after a certain fixed interval of ime
ible process.

then the process is called a reverst
For example, motion of & piston in 8 heat
engine when it completes one cycle un
steps is 8 reversible process 05 (shown ‘in
Fig.10.15. Similarly, the conversion of ice into
water then water into ice is also an example of
the reversible process. In other word, 8 reversible  Fig.10.15: Res ersible and Trreversid
process is one which can be retraced in exactly Process in one cycle
reverse order and it does not produce any change in the surrounding if the work 1S

done by the substance.

le

2) [rreversible Process:

. e thn1 a thermodynamic system operales such that its function changes from

its initial value to its final value but does not returns 10 its initial value then the:
rocess s calle'd lrrc_verSlble process. For example, the flow of heat from a hot body

to a cold body 15 an srreversible process because heat never flow from a cold body 1°

a hot body. Simitarly, bumning of fuel and burst tyre are also irreversible process:

- 10.7 HEAT ENGINE

2 A heat engine is an important device which convert
lr?lz.acham.czd energy or work. In the beginning a steam heat engine \Was
is engine water was boiled in a vessel cailed steam boiler and engin® to

s heat encrgy into
intro uced. In
: - heat
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from this steam boiler and converted a part of it into work. Now in the present age,
petrol engines and diesel engines are being used at large scale. These engines
consist of a cylinder which contains a gas such as air with a moveable piston, hot

reservoir (source) and cold reservoir (sink).

Working of heat engine

A schematic diagram of a heat engine is shown in |
" Fig. 10.16. It shows that a heat engine that works between |

hot and cold reservoirs. That is, the engine gains heat
energy from a source at a high temperature and converts a
part of this heat energy into a mechanical work and the
remaining part of cnergy is rejected through a sink as
shown in Fig.10.16.

In order to get a continuous steady mechanical

energy, the heat engine is made to operate in a cyclic
process which absorbs heat Q, and rejects heat Q,. The
initial and final internal energies of the system under this
cyclic process remain same.
Thus first law of thermodynamics becomes

AQ =AU - Work

AU =U,-U, =0
Q,-Q, =Work ...... (10.16)

But

L7

o

o -~

- Cold reservolrat T,

Fig.10.16: Schematic diagram
of heat engine, where engine is
working between hot and cold
rescrvoirs

The efficiency of a heat engine is defined as the ratio between the work done

POINT TO PONDER
What is the main difference between
stcam and dicsel engine?

by the engine to the supplied heat energy.
Efficiency (n) = Output
~ Input
Efficiency (n) = Wo.rk donc
| Supplied energy
Efficiency () = Q-Q
Q
n=1-2__ 1017
Q

This result shows that the efficiency of a heat engine depends upon the
absorbed heat Q, and discarded heat Q,. As heat energy is proportiona! to the
temperature, so the efficiency of heat engine can also be expressed as;

T
-—Z... 10.18
T )
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2ot If T, = 0K (—'773°C) called absolute temperature then the efficiency of heat.
: englnc wouﬁd bc [00% but this is an ideal or a theoretical case.

,,'\I \.unplg_,w 4 2

|mx1mume0551blc efficiency “of a heat engine operating
ure limits of 150°C and 450°C.
Solution:

Efﬁcicncy(n) =7
~ . Initial temperature= T, =450"C =450 + 273 =723 K

i e Fmal tcmpcmturc T;= lSO"C =150+273=423 K
e{‘i;;b '4}% %‘ I |
\ .'-‘ 7-‘
423

' , n=l=—

: = 723
L, e gel T =1-0.585

e *3" ok e es 1 =0415

> 4\ 3. e .u gl

.' x10 41.5%
--~rm cn&xﬁg%cy n =0415x100=41.5%
“10.8 SECONDLAW OF THERMODYNAMICS
' In first law of thermodynamics, we have
discussed the conversation of heat energy into a
 useful work: Now second law of thermodynamics
".~ not only venﬁcs the first law of thermodynamics,
* put £t a]gq gxpl,ams the proper method of
'convcrsmu of licat Yinto mechanical work and the
spemﬁc direction of flow of heat.
This law is based upon law of nature that is
erimental evidences about the nature show
::;te:;tm oW i‘rom hlgﬁhcr Ic:}l tollm\;r (licvel Flz-l.:‘::' etk dci:‘:::m
lieht ujerw ows from hot body to S S
S‘m gt ld}y';g wo{‘k can be performed as shown in ?.;‘Sﬁ?';’,f,‘{,ﬂ;f T
5‘,. o ,,.\ tq‘.,mﬁﬂm noted that it is impossible to

X ’f’fh{wc a"col‘& sescrvoir at OK. Based upon these notions, the second law of
3 thcrmodynumncs can be defined under the following two statements.

q,h in Stalcmcm

a this statement, “it is impossible to construct a heat engine
h ch absorbs heat energy from a hot reservoir and converts it

EiN

c- l Ord ‘\‘




Rudolf Clausius Statement

This 1s another statement of the second law of thermodynamics. According to
this statement "Heat energy cannot flow from cold body to hot body without
expenditure of energy ". It can be studied in the working principle of refrigerator. -

10.9 CARNOT ENGINE AND CARNOT CYCLE '

[n order to improve the efficiency of a heat engine, French military engineer
Sadi Camnot in 1824 introduced a theoretical engine which is known as Camot
engine. It consists of a cylinder that contains gas with a moveable piston. The walls
and piston of the cylinder are insulators but its basc is conductor. It is assumed that
there is no friction between walls and piston. The Carnot engine operates in a cycle
known as Carnot eycle which is completed in four steps; two under isothermal and
two under adiabatic conditions as shown in Fig.10.18. Here three parameters of gas
i.c. P.V and T arc considered which control the behaviour of gas contained in the
cylinder. '

. Adiabatic
Isothermal SR Iothermal
Adiabatic expansion T compression

LT
L

,: \. .U'.. TN '.—.
LS Insulating ] : Qc

M i A Cold resenvuir, 7

R O D SR

.

Fig.10.18: Schemauc dmgmms whuch cxplam the operation of a Camnot engine and it completes one cycle in
> four steps.

(1) lsothcx mal h\panswn

- When the system'is allowed to expand by reducing the pressure on the piston
then the temperatire decreases but lemperature should remain constant in isothermal
. process: Therefore, heat energy Q, is supplied from the hot reservoir.

: Thus, the values of parameters change from P, VT, to P,V,T,. Graphically it

is represented by curve AB in P-V graph as shown in Fig.10.19.
(ii) Adiabatic Expansion

When the system is further allowed to expand this time it foilows adiabatic
-process. Therefore, the temperature decreases and thus the values of parameters
change from P,V,T; to P3Y3T2' It is represented by curve BC in Fig.10.19.

bl




(i1i) Isothermal Compression

After the expansion, when the system is.
compressed by applying the pressure on the piston

then the temperature should increase but to keep

temperature constant heat energy Q) is released to .
the cold reservoir and the values of parameters ‘
change from P;3;V;3T: to P4V ,4Ts.

Graphically it is represented by curve CD
in P—V graph as shown in Fig.10.19.

(iv) Adiabatic Compression - c,|,£
| Finally, when the system is further compressed.
increased and the reversible cycle is completed.
Thus, the system rcturns back to its initial stage
P.V4T> to P,V ,T,. Graphically it is represented by curve
Carnot engine operates under reversible g

equilibrium is maintained in the whole process by ab
rejecting heat energy Q..

Thus the internal energy of the system remains
first law of thermodynamics becomes

AQ =AU+ Work
Q,—Q, =Work
The efficiency of a Carnot engine is defined as:

EfGoiehey (h) = 2tput

Input
Efficiency (n) = Wo-rk done
Supplied energy
Efficiency (n) =0y
. Q|
: 0. |
n =1—-=%_...(10.19)
Q, A

. . phy
As heat energy is proportional to the

- The
temperature so efficiency in terms of temperature wor
is given as; thed

T
n=1--*%
T
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wsothermal e
compeession
AV
| The P-V diagram of Camgy

ngine executing a Camot eyele
d, this time the temperature is

re and the values change from
ve DA in Fig.10.19.

process, therefore, thermal
absorbing heat energy Q, and

. constant that is AU = 0. Now

Nicolas Leonard Sadi Carnot
(1796 - 1832)

 French military engineer and
hysicist known as “Father of
hermodynamics™  His excellent
orks are Camot cycle, Camot

eorem and Camot heat engine.
_/

—

The efficiency in percentage is given as

— l T! 0
M ={ -2 [x100% ...(1020)

" This shows tl?at the efficiency of a Camot engine depends on temperature of
ot and cold reservoirs.

It is clear from Eq.(10.20) that efficiency of Camot engine will be 100
percent if either the temperature of hot reservoir is at infinity or the temperature of
cold reservoir is OK. These two conditions cannot be met experimentally. Hence, the
efficiency of Camot engine is always less than 100 percent and depends on the
temperature of hot and cold reservoirs.

/

Carnot Theorem Hot reservolr st T,
After the drawing of the nomenclature of a heat "
engine, Camot derived the following two results called 8 5

Camot's theorems. That is; W
1) No heat engine can be more efficient than a Hest Pamp D

reversible engine working between the same
Q.U
1 T
y /,j

two temperatures.
2) All the reversible engines have the same

2y

Cold reservoirmt T, |/

.

efficiency when they are working between -
the same two temperatures. =2
Fig.10.20: A Schematic diagram

10.10 REFRIGERATOR

It is a device which maintains the temperature of
a body below that of its surrounding, It operates
in a cyclic process but in reverse as that of the
heat engine as shown in Fig.10.20.

A refrigerator absorbs heat from a col'd
reservoir and gives it off to a hot reservoir. This
shows that in a refrigerator, the work is done on
the system while in a heat engine work is done
by the system.

A refrigerator consists of a compressor,
condenser, expansion valve, exporter a.md a gas
as the working substance which 15 called

of a refrigerator which shows
hat the refrigerator is working
botween the cold and hot

£ESCTVOITS.,
s
T Lo a~ed

Y

refrigerant as shown in Fig.10.21. - es S,
Toe refrigerant o Jow pressure an 1S Finl()!l:.-\ c)'cluch'o‘t.SS]?rn
o tempemmm from the CO]d ICSCWOIfme rcltl";gcralur unduvanuuns«.P*

compressed by the compressor 4%

{25/ -
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re are increased as

atic. So both pressure and temperatu
nt at high pressurc and at high

nding. Now the refrigera

denser where it loses some of its heat to the
to liquid. The refrigerant NOW expands
te controlled by the expansion valve. This
igerant in the evaporator coil, which 1is

frigerant again enters the compressor to

compression 1s adiab
compared to its surrcu
temperature passcs through the con
| surrounding and partly condenscs
adiabatically into the gvaporator at a ra
adiabatic expansion causes cooling of refr

cooler than its surrounding. Finally, the re

start the next cycle.
Refrigerator operates in a cyclic proccss, it takes heat ¢
reservoir and leaves heat encrgy Qz to hot reservoir due to work
0.. Now according

with constant internal encrgy AU =

thermodynamics
AQ =AU+ Work

nergy Q; from cold
done on the system
to first -law of

————

Qz = Q| =0+W :
Co-efficient of performance of a refrigerator is defined as the ratio of heat
extracted from reservoir at low temperature 10 the work donc on the system. That is

Co-cfficicnt of performance= W

Co-efficient of performance= e (10.22)
Qz "Ql

T

Co-efficient in terms of temperature, where Q

Co-efficient of performance=
. T, - T,

Example 10.5
A refrigerator has a Co-cfficient of performance. 8. If temperaturc in the
ser is —23°C then what is the temperature at which it rejects the heat?

free

Solution:
Co-efficient of performance = 8
Temperature of cold reservoir (freezer) =Ty = -23°C=-23 +273=250K
Temperature of hot rpscrvoir (room) =T2=7

T

e:__.-'-—

[
Co-cfficient of performanc
¥ T,-T,
g = 250
T, =250
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(T, —250) =250 B
8T, —8x250 =250
© 8T, =250+8x250 N

|

= 250+ 2000 ,

= 2250 |
2250 ‘This nuclear power plant generates |
T2 -—— clectric cnergy at the rate of |0001
8 IMW At the same time, by dcsxgn it
T, =281.25K discards cnergy:int6.the nearby river:
{ ‘at the rate of 2000 MW, This plant |
T, =8.1°C and all others like it throw ‘away |

more energy than they deliver in|
wuseful  form.  They are real

10.11 ENTROPY ‘ ‘counlcr’pms of the ideal engine. .

_ In the'laws of thermodynamics, a state of a function has been explained by
vanables such as pressure, volume, temperature and internal” energy~ Rudolf
Clausius in 1856 introduced another variable named as entropy \\(hnch.dcsc,nbes the
state of the system as well as providing a quantitative relationship to the second law
of thermodynamics and it is always being used as the measurement of disorder of
the system. For example, if a system undergoes a reversible process by taking heat
energy AQ from a hot reservoir at the thennodynamic temperature ‘T then the
increase in the state variable called entropy. It is represented by o ‘and |ts value 1 is
given by; L ey

...... (1026) G- b

The unit of entropy is J K™'" Change in entropy of
the system is positive when heat is added and is negative
when heat is removed. It is explained by an example of two
reservoirs at different temperatures T, and T, such that T,
. . > T, as shown in Fig.10.22(a). When both reservoirs are
made in thermal cohtact with each other then there is flow
of heat ‘Q’ from hot reservoir to cold reservoirs, i.e., Heat

temperatite where:”
heat flows from bof to cold
reservoir performs work.

s

is lost in hot reservoir with negative cntropy(—g-J while heat is added in cold ;. o

--. " k " .
e 53 - =3, .
« . SN (
. - - o <
PN ‘h
- . 8535 "
A Bl I ’

- - '
reservoxr-wnh positive entropy (2-

-
-




Thus change in entro =9-—9-
8 BT

2
When the temperature of both reservoirs becomes
| equal as shown in Fig.10.22(b), flow of heat stops and no |
work is possible. It means the heat energy which is present g, 1622(b): Both reservoirs
in the system but not available for useful work. Hence have same temperature. There
is no flow of heat and no work

ale " ailability of
entropy can also be defined as, "the unavailability gty
energy for useful work".

Entropy of reversible and irreversible process
Let a system undergoes a reversible process absorbs heat Q, at temperature

| T, and releases heat Q, at temperature T,. Then its total entropy as shown in Fig,.
10.23 is given as.

é-ffzo‘;}@ﬁ"—l

S =§,+8,+8, +8, Entropy differs from energy, which
does not obey law of conservation of .

S=QL+O——Q—2'+O energy.

| T2
Gl 0
T, T
As & = —Q-—z-
; T T,
Therefore, S=0

This shows that entropy of a system under reversible process remains constant.
When the system undergoes an irreversible process at temperatures T, and

Tathen according to Camot theorem the efficiency of irreversible is less than that of

the efficiency of the reversible i.e. A
nimv < r'rev




The above results show that entropy of a system under irreversible process
increases. By applying these two results of reversible and irreversible process to the
universe or a natural process we conclude the entropy of the universe either remains
constant or increases. This is called law of increase of entropy and this is another
statement of second law of thermodynamics which is stated as “in any natural
process the entropy increases and the available energy for doing work
decreases”.

Entropy and Heat Death

It is a universal truth that hot places are becoming cold and cold places are
becoming hot. This is according to law of nature. This process is continued till the
temperatures will become same everywhere. At this stage, where the temperature
difference for useful work is not available and entropy will be maximum. This is
termed as heat death i.c., the available energy could not be brought in its respective
function i.e. it could not be used for useful work.

Example 10.6
Calculate the entropy change when 1 kg of ice at 0°C melts into water at 0°C. ,

thcnt heat of fusion of ice is 3.36 x 10° J-Kg™'.

Solution:
Mass=m=1Kg
Temperature = T=0°C=273 K
Latent heat of fusion = L¢=3.36 x 10° J.Kg™'
Entropy =AS=7?

As=4Q_mL,
T T
5
AS:lx3.36xlO
273
AS=1.23x10*JK™

: o
L

SUMMARY

* Thermal equilibrium: The condition of a system in which the flow of heat
between the bodies is zero called thermal equilibrium.

* Internal energy: The sum of all forms of molecular energies of a substance is
known as its internal energy.

* First law of thermodynamics: This law states that “When heat energy is

converted into other form of energies or other form of energies are converted

into heat energy but total energy remains constant”™ Mathematically AU = AQ +

AW.
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Molar specific heat: It is the amount of heat required to raise the temperature

of onc mole of a gas through one Kelvin. ;
Molar specific heat at constant volume is the amount of heat required to raise
' the temperature of one mole of a gas through one Kelvin keeping volume

constant.
Molar specific heat at constant pressure is the amount of heat required to

raise the temperature of one mole of a gas through onc Kelvin keeping volume
constant.

Reversible process: A process in which the system is in equilibrium at any
instant due to its reverse direction is a reversible process. 3
Irreversible process: A process which cannot be retraced in the reverse
direction and the system does not remain in cquilibrium is an irreversible

rocess.
flcm engine: It is a device which converts heat energy into mechanical encrgy.
Second law of thermodynamics: This law is stated as “There is no heat
engine which takes heat and converts it completely into mechanical work™.
Carnot cycle; It is a reversible cycle which is completed under four steps, two
for expansion and two for compression. |
Carnot theorem: According to this thcorem there is no heat engine which is |
more cfficient than reversible engine working between the same (wo

temperatures. )
Refrigerator: It is a device to maintain the temperature of a body below than

the temperatuse of its surrounding,.

e  Entropy: Mcasurcment of disorder is called entropy.
Degradation of energy: It is the transfer of heat energy from hot rescrvoir (0

cold reservoir.

Q Maultiple choice questions.
When two bodies are made at thermal contact having the same temperature

| 1.
i then they are at: .
: (a) Physical equilibrium (b) Thermal equilibrium

(c) Mechanical equilibrium (d) Chemical equilibrium

2. Normal temperature of a human body is 98.6°F while its.atmosphere

, temperature is 84.6°F. What will be the temperature of the dead body in such
: atmosphere ' : :

(a) 84.6°F (b) 98.6°F (c) 92.5°F (d) 185°F

3. When the system is expanded by adding heat energy then the work done is:




13.

14,

15.
16.
17.

18.

~ (a) Positive and on the system (b) Negative and on the system

(c) Pasitive and by the system (d) Negative and by the system
Which substance possesses the largest internal energy at (°C

(a) Solid (b) Liquid ; (c) Gas (d) All of these
Internal energy of a substance is defined in terms of ‘
(a) Pand V (b)Pand T (c) Tand V (P, Vand T
The ratio between work done and heat energy is equal to:

(a) Adiabatic constant (b) Joul's constant

(¢) Specific heat constant (d) Real gas constant

A system which transfers neither mass not energy is called;

(a) Open system (b) Close system

(c) Isolated system ¥ (d) Non-tyclic system

First law of thermodynamics is based upon law of conservation off

(a) Mass (b) Encrgy (c) Momentum (d) Charges

A process in which all the heat energy is used for increasing internal cnergy of
the system is known as:

(a) Isobaric (b) Isochoric (c) Isothermal (d) Adiabatic
In which process the internal cnergy is used for doing work:

(a) Isobaric (b) Isochoric (c) Isothermal (d) Adiabatic
Specific heat of a gas in an isothermal process is:

(a) Zero (b) Remains constant

(c) Negative (d) Infinite

A process in which the system remains at thermal cquilibrium is known as:
(a) Isobaric (b) Isochoric (c) Isothermal (d) Adiabatic
The value of adiabatic constant for mono-atomic gas is;

(a) 1.40 (b) 1.44 (c) 1.60 (d) 1.66

The efficiency of a heat engine will be 100% when

(a) Enginc takes huge amount of heat from source

(b) Engine exhaust a very small amount of heat from sink

(¢) The temperature of cold reservoir is 0°C

(d) The temperature of cold reservoiris 0 K

Second law of thermodynamics provides the proper direction of;

(a) Temperature (b) Force “  (c) Pressure (d) Flow of heat
A device which converts mechanical energy into heat energy is known as:
(a) Heat engine  (b) Camot Engine (c) Refrigerator  (d) Turbine
Entropy of a system in a reversible process; o

(a) Decreases (b) Increases (c) Infinite (d) Zero
Entropy remains constant in the process of; '

(a) Isochoric (b) Isobaric (c) Isothermal (d) Adiabatic

&
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6.

10.
1.
12.
13.
14.

Give the short answers of the following guestions.
What is the condition of perfect thermal equilibrium?
Why is the earth not in thermal equilibrium with the sun?
What is the difference between the work done on the system and work done by
the system?

i of the system remains constant?

In which process
Which variable remains
Why the curve of adiabatic is steeper

Why the measurement of molar specific

heat?
Why molar specific heat at constant pressure is gre
at constant volume?

What is the difference between reversible and irreversible process?

Why the construction of a heat engine with 100% efficiency is impossible?
What is the difference between heat engine and refrigerator?

How can a Carnot cycle be completed?

What do you know about the heat death?
ts hot and cold reservoirs are at

What will be the work done by a system when i

same temperature?

LA CGONMEREHE

than isothermal process?
ferred than specific

ater than molar specific heat

NSIVEQUESTH ONS

scuss the condition of perfect

What is thermal equilibrium? Di
kinetic energics of

equilibrium.
Define internal energy of the given system in terms of the
the molecules of the gas.
ith all its kinds such as; open

thermodynamics system W

tem and isolated system.
e relation between work an

did Rumford observe th
of the work done.

amics and discuss its fo
eat. Also prove that Cp — Cyv=

State and explain
system, closed sys
Explain that how
Also show the graphical representation
State and explain first law of thermodyn
Compare specific heat and molar specific h
State and prove adiabatic equation, PV"'=Constant.

Explain reversible and irreversible processes with examples.
What is heat engine? Show the working principle and effi

d heat?

ur applications.

ciency of 2 heat

engine. . :
State and explain the second law of thermodynamics with examples.
i il
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10.

. Define Carnot engine, Camot cycle, efficiency of Camot engine and Camot

. What is refrigerator? Explain the working principle and co-efficient of

" the gas; determine the final volume of the gas. 8x10™ m’)'

theorem. .

performance of a refrigerator. ‘
State and explain entropy. Calculate entropy of reversible and irreversible
process. Also discuss the condition of heat death.

How much work is done by an ideal gas in expanding from a volume of 3 litres
to a volume of 33 litres at constant pressure of 2.5 atm.? (7.6 kJ)
A sample of gas is compressed to one half of its initial volume at constant
pressure of 1.25 x 10° Nm 2. During the compression, 100 J of werk is done on

An ideal gas undergoes an isobaric expansion at 2.5 kPa. If the volume
increases from 2m° to Sm® and 13 kJ of energy is transferred to the gas by heat, -
what is the change in its internal energy. (5.5kJ))
The temperature of 2 kg metal block is raised from 15°C to 90°C by absorbing
heat energy 86 kJ. Calculate the specific heat of the metal block.

(5735J/kg °C)
A mechanical engineer develops an engine, working between 327°C and 27°C
and claims to have an efficiency of 50%. Does he claim correctly? Explain. (Yes)
A heat engine has a power output of 6 kW and an efficiency of 30%. Assume
that the engine cxhausts 8 kJ of heat energy in cach cycle. Find (a) energy
absorbed in each cycle and (b) the time for each cycle. (11.4 kJ, 0.55s)
In a refrigerator, heat from inside at 277 K is transferred to a room at 300 K. -
How much joule of heat will be delivered to the room for each joule of
clectrical energy consumed ideally? (12
A Carnot engine utilizes an ideal gas. The source temperature is 227°C and the
sink temperature is 127°C. Find the efficiency of the engine. Also find the heat
input from the source and heat rejected to the sink when 10000 J of work is
done. (20%, 5 x 10* J, 4 x 10* J)
How much work does on ideal Carnot refrigerator require to remove 1 J of
energy from liquid helium at 4K and rejects this thermal energy to a room
temperature 293 K environment. (723 )
336 J of energy is required to melt 1 g of ice at 0°C. What is the change in
entropy of 30 g of water at 0°C as it is changed to ice at 0°C by a refrigerator?

(-36.8JK™)




