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After studying this chapter, the students will be able to:
Descdbe the baslc assumplions of the Kinetle theory of gasses. || !@wmnn the

Wrﬂ?m. precsure and density concitions under whizh an ideal pasia
redl oas.
EBiete hatragions of equal temparature ara in themmeal equiliorium
Faskate & rizs in tsmparatuns of an chiect o an Increasa in s ntemal
Apply the squation of stats for an Hea! gacluspracsed as PV = GRT, wheta n = amount of substance
{number of moles) and as P =N, T, whera N *numbsraf
Stace thattha Botzmann canstant k ks ghean by &k, = R/ \;1
Use W = PAVior the work done whan the wtumumgsqn ges at constant pressure.
Deseabe the diference between thework ﬂmemhi thework doneonagas.
Drefire and Lse the firet [aw of thamodynam|ca = - W expressed In teme of tha Increass In
Intermal anargy, tha haaling of the systam | stemad tathe svetem by heating) and tho work
dongon the sygiam]
Explaln qualitaiively, In terms of particles, We relatonship katwaen the pressum, lemperature and
volurneof 3 gag [Speddically the hnluwm-
{a‘,l pressures and tampearsturse etEnlyolumes

wumnmﬂmnm stant preasurs
{n} presalns nndwlm nttamparatune

Use the squation, vl & graphis| repeesantation of the relfionship between pressura and
walurne fora gas at
Jutify tere e first lang of tharmodyman iss axpresess the cansarmbion of anady.

approximation of &

Rrdale arise * et evbare ol i Doy o e inc e in B infer nalenemy,
State the s -::3': piinciple of 2 hesl engine.

Daseril 11 £ eapl of revarstle and imeversible processes,

‘State andexplan the second law of flermodynamics.

State MMImpmmen‘ﬂm sngne

Describe that refrgerator iz a heat sngine oparating in reversa as ihatof an ideal heatengine.
Explainthal &n increae in tampeantine, incrassss s d isoreer of the systanm.

Explalnthat Increass I entropy msans dagradathon of anengy:

Explain thalanergy s degreded during sl nalural processes,

Identifying thel syetam jorde 1o bocome ivas arderly cvertime.

Expiain that Entropy, & 8 8 thermosiynamic quantty thet relates to the degree of discrder of the
paricles in 8 system,

Etete thatthe Camed cyclesataa linlt for the efflclency of e heat engine at tha tempanatures of e haet
ressrvor given by, Eciency = 1—%&‘1
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hermodynamics is tha branch of physics that deals with the mlationships and

conversions between heat and other forms of enengy. i encompaszes principles
goveming the behaviour of systemns al mecrescopic scales, such as temperature,
pressure, and volume. Thennogynamics thus plays a kay nole in technology, since
almest all the raw energy available for our use is licerated in the form of heat. In this
chapter, wa shall study the bebaviour of gases and laws of tharmodynamics, their
significance and applications.

6.1 ASSUMPTIONS OF THE KINETIC THEORY OF GASES

The kinelic theory of gases is a fundamental theory in physics and chemisiry that
explains the behaviour of gases based on the motion of their consbtusnt particles. This
theory provides a macroscopic understanding of gas properties such 85 pressure,
temparature, and volume. Hare are ihe key assumptions of the Kinstlc theory of gases.

1. Gas Particles are In Constant, Random Matlon

Gas molecules are in perpetual, random motion. They move in straight lines until they
colllde with elther another molecule or the walls of the contaliner,

F X Negliglble Volume of Gas Particles

The volurne of the individual gas moleculasis neg ligible as compared to the total volume
ofthe gas. This means that the particles are considered point masses with no significant
valuma.

= 8 Mo intermelecular Forcas

There are no attractive or repulzive forces between the gas melecules. The particies do
notexer any farce on eachather except during colllslons.

4. Elastic Collisions
The collisions between gas molacules, and with the walls of the container are perfectly

slastlc. This maans that thera |5 no net (0se of kingtic energy durng colllslens, The total
kineticensmgy is consarved.

5. Large Numberof Particles

A gas containg a large number of particlas. This large numbar allows for the use of
gtatistical methods to describethe properties oftha gas.

b. Average Kinetic Energy is Proportional to Temperature

The average Kinetic anargy of gas particles ia direcily proportional to the abachte
tempersture of the gas. This implies that as the temperature increases, the speed of the
gas particles also increases.

A Pressurs due to Partlele Colllsions
The pressure exgred by a gas on the walls of its container is due to the collisions of gas
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particles with the walls. The Tforce exerted by the particles during collisions generates
pressura,

B, Time of Collisions is Negligibls

The time interval of a colision between gas particles is extremely short compared to the
tima babweash collisiona. This assumption simplifies tha analysia of parficls dynamica.
Limitations of Kinetic Mclecular Theory

Real Gases

The assumptions of the kinatic theory hold true for ideal gases, bul real gases exhibit
deviations due o intermeleculer forces end finlie molecular yolume, especially el high
pressuras and low tempearaturas,

In summary, the kinetic theory of gazes provides a macroscopic view of gas behaviour,
linking mecroscopic properlies like pressure and lemperature to the motion of pas
particles, and serves as a foundatlonal concept In underatanding themnodynamics and
statistical mechanics.

Equation of Siate foran Ideal Gas

A gasthat obays kinstic theory of gases is tarmed as an ideal gas. Ideal gas squation is
given by
PV=nRT . < )(B4)

Hara Frepresents prassura, V isvolume, # is numberof moles of the gas, Ris universal
nas constant (R =8.53145.0 mol” K "yand Tis the absolute lemperature.
Equation (8.1) implies that produst of pressure and volume is direcily proportional to the
absolute temperature for an ineal gas.
Real Gas to Behavs Like an ldeal Gas
Actording to kinetic theory of gases, a gas hag no intermoleculsr interaction and
melecules are farapart from each other. For & real gas to behave like an iceal gas, some
conditions must ba satisfied. £.E, of the gas molecules ts negligible and this have only
K.E.
Number of moles ‘n'can be given by

_ _ Massofgas _ m

Molar massofgas M

5u.Eq.{E.1jbammas:PV=%RT ar PM=(%]RT

P M
We know that density; P = % - P =ﬁ as Eismnslant ,-,puc%

The density of a gas will be low at low pressure and high temperaiure due to which
moleculss of the gas will be at lerge distance from each other and the intermolecular
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forces will be negligible. So, the real gas bahavas like an ideal gas at low pressure
and high temperature.

Ideal Gas Equation in Terms of Boltzmann Constant
From ideal gas equation:
BV=0RT uvianonn {1}

A mole can be defined as the number of aloms or
maleculas parunit Avogadro's numbar (N, =8.02 x 107).

Mathematically:
n= % rereinnmremanese A1}, M (8 numbser of amuﬁ._ﬁé'ﬁnhculm
A 4 i,
Substituting Eq. (i) in Eq. (i), we have
pv= pr i) _ S Feryvurintormation B
Na < & Real gases approach ideal

The tarm Nﬂ ig termed as Bolzmann constantk,, ie, ~ oneviourunder

I {i7 kow precelrs

Ao (i} high Lemperaiune
kﬂ= i SRR RARAEE R {ﬁﬁ?] i
N i

A

Substituting the values of K and N, we have
k,=138x 107 JK'
Substinting Eq. (6.2)in Eg. (i},
PY=NReT e (B.3)
Equation (6.3} gives ideal gas aguation In terms of Boilzmann constant k..

1 Exmmple 6.1 1.One mole of an ideal gas is at a lemperature of 300 K. K the Boltzmann
constant 131,38 % 10% JK”", calculata the volume of the gas at a pressurs af 1 atom,
[_1am1 =101325 Ps]

{ sehmion)  \We know that:

PV = nRT
R = Nxk, where k,:ﬁ_
el
H’Er‘e u - M
v = 1 molx8.02x10%mal’x 1.38x 10 J K' x 300 K
- 101325 Pa
V = 0.0245m'

Thus, velume of gas would be 0.0245 m®,
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Gas Laws

Thera gra some varizbles (state funclions] which describe quantity of gas which
includes pressure, volume, and temperature (| P, ¥V, and T)with change in one vanable,
the second variable changes whike the third 15 kept constant. The laws that relate these
variables mutually for an idesl gas aretermed as gas laws.

Boyle's Law

This lawwasintroduced by Rabert Boyle in 1662, snd it providss a ralationship between
pressure and volumea of a gas at constant lamperatura. It sates that for 3 fixed mass of
an ldeal gas, the pressure P sxerted by a gas varles Inversaly withvolume Yoccuplad by
tha gas et conatant tamperature.
Mathematically; ot 67, M

Px 1F at conatant T

P = mnstmﬁ::-; or PV = constant

ar PV, = PV, — P W)
CGraphical represantation of Boyle's law iz showr in Fig. 8.1, . - 'l
Charles’ Law -

Charles’ law relates volume and temperature of an ideal gas for a fixed mass at conslant
pressure. This lew was formulated in. 1870 by a French Physicist Jacques Charies. It
staies that the volume of given mass of gas at constant pressure is directly proportional
to the absoluts termpamaturs.

Mathematically;
Vo T atoonstant P v
or ;’f = constant
v, v,
ek
o R
Graphically, lican be shown inFig. 6.2. BKor-213ec 0 T T

Fip 8.2
Joseph lussac’s Law »

it states that for a fixed mass of an ideal gas, the pressure exerted by a gas varies
directly with absolutz temperaiure of the gas at constant volume.

IMathematically;
£ o T atconzt=nty
or P = constantxT
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or % = ronskant P T
or ﬁ = E

i

Graphically, Jozsephlussac'slawiz showninFig. 6.3,

Thermal Equilibrium rig- 8

When two bodies are at the same lamperature, the thermal energy {which is related to
tha kinelic anargy of particles) of sach body is equal. As a raault, thers is nadriving force
forheat transfer between them, and thus they remain in themal equilibrium.

Example

When wa put a matal spoan into a hot cup of coffes:

(I} initiglly. the coffeeis hotter than the spoan.

(1 ovartime, haat lows from the coffes to tha spoan,

{liy  eventially, the coffes and spoonreach at the sams tamperaturs.

Thermnal equilibium s achieved at this paint, there is no net heat flow belween the
coffeeand the spoon, and thay are sald to baIn tharmal egullierdum,

6.2 INTERNALENERGY

X

The sum of all forms of molecular energies (kinetic and
polential) of a substance is termed asils internal energy. —

In the astudy of thermodynamics, usually ideal gas is . _B;-h\i:m
considered as a working substance. The molecules of an

ideal gas are mere mass paints which exerl ne forces on ' Uhsratitn
ona ancther. 5o, the irternal ensryy Of an idesl gas

system is generally the ranslational K.E. of its molecules.

Since the lemperature of a systern is defined as the : :
aversge KB of its molecules, thus for an ideal pas \‘__'

systam, the Internal energy 15 direclly proporticnal to lts

lemperature. A distomia ges miskecule Fas both
i fransiadone and sotatioral anem

A_r.m_rdlng o the kinetic 1heur?' n_l gases, the average ST bl !'!-

kinelic enengy of gas moleculesis givan by apsockited wih the opring (ke bord

bsiveimer B aloms.

sKE> =3k Tor <omv’> =247

2 T
wherek,isBozmannconstart.  NE—22=___ I
Thersfors, the rise in temparature of et syl il s
&n object reflects an increase in the  adisbstic compression or expension (na heal exchangs},
internal kinetic energy of its particles., orphass changes {whene heat enargy changas the slate

This increase in intermal ensrgy can  Tmatierwthaut changingtempereture).
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ocour due to the absomplion of heat energy, which
raises tha average kinstic energy of the pariicles and
thus increases the termperature of the object.

6.3 HEAT ANDWORK

We know that both heat and work correapond to
transfer of erergy by some means. The idea was first
appliad to the steam angine whera it was natural to
transfer heat in and get work out. Conseguently, it
mades a sense to defing both haat in and work out as
posifiva quantities. Hence, work done by the systemon
its anvironment i3 conzidered positive while work done
on the syetem by the environment |& taken as negative.
If an amount of heat Q enters the systam, it could
manifest tsalf ag eithar gn incresss in internal energy
or ag a resulting quantlly of work perfiomed by the
systemn on the sumounding or both.

We can express the work in terms of directly
measurable variables. Consider the gas enclosed in
the cylinger with a moveable, frictionisss piston of
cross-seciional ansa A as shown in Flg.6.4(a). In
equilibrium, the system oocupies volume Vand exerts
a pressure P on the walls of the cylinder and its pistan.
The force F exerted byths gasonthe pistan is FA4.

We assume thet the gas expands through AV very
slowly, 5o that Il remains.in equilipium as shown in
Fig. 6.4(b). As tha piston moves up through a small
distance Ay, thewoerk Wdcne by the gasis:

W = Fiy = PdAy
Since Any = AV

Henca W =pPaY

(6:4)

The work done can also be ealeulated by arss of the curve o

under P-V graph as shown In Fig. 6.5.

{Changeinvolume) |

| Chapmes ﬁ Huat and Thnor.‘jmml-u;d'

'.'|'| For your Infermetion :—I

Intamal onargy lp o funclon of
state. Consequeniy, it doss nol
depend on path but depends on
InitE anef final states of the systsm._
Thue, infemal enengy iz similar o
lhe gravitetional PE. So, liks [ha
poiantial anargy, it i the change in
internel energy and not ik ebsolute
valuw, whichls important.

Fig. 64

A gas is sesled in 8 cylinderby a
weightlona, frictionsless piaton.
The conslant downward appbed
forca F aquats P8, and when ihe
pigton iz displacad, downward
workiz done onlhe gaz.

1

I
i
g e
P { 1[:

/ ¥ o> w
Fin. G.5

Knowing the details of the change ininternal energy end the mechanical work done, we
are in a position to describe the genaral principles which deal with haat energy and its
transformation into mechanical energy. These principles are known as laws of
thermodynamics.
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6.4 FIRST LAWOF THERMODYNAMICS [§ For your information |

When heat is added to a system there is an increase in the b Im “Q

Irtarmal enargy dua fotha fse ntemperature, an increasa e
in pressure or change in the stata. If at the same time, a o
substance s allowed fo do work on ils emvironment by 'yl
expansion, the heat Q required will be the heat necessary e i
to change the internal energy of the substance from U, in
the first state o U, in the second state plus the work W —,—- W
done on the environment.
Thus Q= -Uj+W ' Wer

L1 S w
or Q= AU+ W R (8.5) N positive

Thus tha change In Internal enamgy AL = U,— U, |8 defined as Q— W Sinca It Isthe eame
for all processes conceming the atate, the first law of thermodynamics, thus can be
staled as,

In any thermodynamic process, when hlﬂt Qm added to a system, this
energy appears as an increass in the infemal energy Al stored in the
systam plus the work Wdone by hq#’aﬂamm its surmtndings.

1. Conservation Principle: The wunderying principle of the first law of
thermedynamics is the conservation of enangy. |t asserts thatl while snergy can
change from cne form to encther (such as from chemical potential energy o
thermal energy), the total energy in an isnlaled system remains constant over time.

2. Wider Applicablilty; Bayond mechanical sysiems, the first law of themmodynamics
applies universally to all forma of energy and all types of processes, including
chemical reaclticns, electrical systems, and nuclear reactions. It provides a

foundational understanding that allows scientists and engineers to predict and
understand energy transformationsin vanous contexts.

The first lew.of thermodynamics expresses the law of conservation of energy by
affirming that ensrgy Is a consarvad quantty in Isolatad systems. It providas a
framework to undersiand how energy is transferred and transformed within systems
without viokating the fundamental principla that energy neither be created nor be
destroyed.

A bicycle pump is & good example of first law of  Themovcuple  Trapmsd —
thermodynamics. When we pump an the handle Sl ™™ e in
rapidly, it becomes hot due to mechanical work

done on the gas, raising thereby its inlemalenergy.

One such simpls arangament iz ahown in Fig. 8.6, yiivommeter

It consists of a bicycle pump with & blocked oullet. Fg B8
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Athermocouple connected through the blocked oullst allows the air tsmparatura to be
monitored. Thermocouple thermometar can datect a minute variation of tha
tempereture. YWhen the piston |5 rapidly pushed, thermomeler shows s tempersture rise
dus ioincreass of Intarnal energy of the alr. The push force doss work on the alr, thereby,
ingreasing its internal energy, which is shown, by theincrease in temperature of the air.
Human metaboliEm also providas an azample of energy conservation. Human beinps
and other animals do work whan they walk, run, or move. VWark requires energy. Energy
is also neaded for growth to make new cells and fo replace old cells that have died,
Energy franaforming processes that accur within an organism are hamed as
metabolism. We can apply the first law of thermodynamics (AL = Q— W), loan crganism
of the hurnan body. Work done will result in the decrease in inlernal energy of the body.
Consanuantly, the body temperaturs orin ather words intamal anergy'is maintainad by
the food we sat
| Exampis 6.2 [ A gas is enclosad in a container fitted with & piston of cross-sectional
araa 0.10 m®. The pressure of the gas is maintained at 000 N m™, When heat is slowly
transferred, the piston is pushed up through & distance of 4.0 em. If 42 J hest is
transfarad to the system durng tha expanslen, what Is the change In Intarnal anergy of
the system? [ 4
[ solunion | The wark done by the gas is
W= PaV=PAAy=8000 Nm™ x 0.10 n? x 4.0 x 102 m
=32Nm=32)
The change in inlernal energy is faund from first law of thermodynamics
=i -W=42J-321=10)

Izsothermal Process
It is & process which is camied cut at constant femperature and hence the condition for
the applicaion of Boyle’s law on the gas is fulfiled. Therefore, when gas expands or
compreasas isothamailly, the product of its pressure and volume during the process
ramaing constant. 1T F. , V, are inilizl pressure and volums whereas P, , V; are pressure
and veluma after the isothermal change takes placa (Fig. 8.7-a), respectively, than

Pill{: ™ sz:v. P-=
In case of an ideal ges, the PE. associated with s
madlecules is zero, hence, the ntemal energy of an ideal T
gas daepands only on Ms temparature, which In this case P
remains constant, therefore, Al = 0. Hence, the first law of
thermodynamics reduces (o G i Eaatnaatt:

Q=W O R

Thus if gas expands and doss extemal work W, an amount of haat O has to be supplied
to the gas in order to praduce an isothermal change. Since transfer of heat from cne
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place to anothar requires time, henoe, to keep the tempersture of the ges constant, the
expanslon or compression must take place slowly. The curve representing an
isothermal process is called an isotherm (Fig. 8.7-a). . -

4 ' Hrain teaved :I
Adiabatic Process T T

An adiabatic process is the one in which no heat enters or enaAgy of &n ldeal goe
leaves the system, Therslore, AQ =0 and the first law of ~ rmBin Sonstant during
tharmodynamice gives: =—Alt SR o
Thug, ifthe gas expands and does external work, itis dona atthe expensea ofthe intemal
energy of its molecules and, hence, the temperatyre of the gas Talls. Conversely, an
adiabatic compreasion caussa the tamperature of the gas to riss bacausa of tha work
doneonthe gas.

Adlabatic change ooccurs when tha gas expands or comprassed rapldly, particulary
when the ges is contained in an insulsted cylindar. The examples of adisbatic process
aret

{I} Therapld escaps of alrfrom a burst tyra.

{ii) The rapid expansion snd compression of air
throughwhich a sound wave is passing.

iy  Gloud formation in the almaosphara.

As the temperature of the gas doss not remain constant,
s0it has been seen thal;

Pofe == (8. V. T}

=

V— ¥
PV'= constant’ Fig. 6.7ib)

where vy is the ratio of the molarspeciiic heat of the gas at constant pressure to molar

spacific heat ateonstant valume [y = Cr }. Tha eurve reprasenting an sdiabatic procass

ig called &n adiabat (Fig.6,7-b). L2

6.5 REVERSIBLEANDIRREVERSIBLE PROCESSES

A reversible progess is one which can be ratraced in exactly reverse order. without
produdng .any- change in the surmoundings. In the reverse process, he working
substence pesses through the same stages as in the direct process but thermal and
mechanical effects at each stage are axactly reversed. If heat is sbsorbed in the direst
precess, Hwill ba given cutin the raverse process and ifwork ig done by the substance in
the direct process, work will be done an the substance in the reverss process. Hence,
the working substance is restored to its ariginal conditions.

Asuccession of avents which brings the eystem backlo ile

initizl condition is called a cycle. A reversible cyde is tha

ane inwhich all tha changes ara raversible.

Although no sciual change is completely reversible but the processes of iquification and
avaporation of a substance, performed slowly, are practically reversiole. Similarly the
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slow compression of a g85 in a oylinder is reversible m

process as the comprassion can be changed to expansion
by slowly decressing the pressure on the piston fo reverse
thacperation.
If & process cannot be retreced in the badovard
diraction by reversing the conlmling factors, itisan
Ireversible procass.
All changes which cocur suddanly or which involve ficlion Firstpractical steameengine wes
or dissipation of energy through condudtion, convection or d::%":; WE 'hh“l ﬁm
radiation are irravarsible. An exampla of highly irrevarsible 55 qd 'IE!H-

process s an explosion.

6.6 HEATENGINE __;*J‘:-f‘

A heat engine converts seme themal energy 1o mechanical work. Usually, the heat
comas from the buming of a fual. The sarliest heat engine was the steam engine. Hwas
developed on the Tact that when water ie boiled in a vessel covered with a lid, the steam
inside Iries to push the lid off showing the ability to dowork. This observation helped to
develop s steam engine.

The working principle of & heat engine is basedon the conversion of heat energy into
muachanical work through a cyclic process. Hers is how a heat engine typitally operates.
The warking principle of & heat engina invelves the cyclic transfer of heat energy from a
high tamperature reservoir o a low temperature reservair, with the objective of

converting as much heat as poBsible Inte mechanical
work. This process is govened by principles of
tharmodynamics and is esgential in various applications
mammmmmlmamHMUmm heatzources.

6.7 SECONDLAW OF THERMODYNAMICS

Flrstlaw of Thmﬂﬂynamlmtalh us that haat enengy can
be converted inlo equivalent emount of worl, but it is
silent about the condiions under which this conwersion
takes place. The second law i concemed with the
circumatances in which healt can be converled into work
and dirmction of flow of haat. m e
Before initisting the discussion on Formal statement of the el
second law of thermadynamics, let us analyze briefly the o 4 5

factual aperation of an engine. The engine or the systam <. noi woressnimton of &
{Fig. 6.8) absorbs a quantity of heat @, from the hesat meawlﬁngm ﬂ:emﬁ'ﬂ{le m:
source attemperatire T,. It does work W and expels Real oo hes 0 fothe cold rasarval
&, o low temperaiure reservoir at temparaiure T,. Ag the  evddesworkiy
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working substance goes through a oydlic process, in which the substanoe eventually
retumns to its initial state, tha change in intemal enemgy is zero. Hence, from the first L
of thermodynamica, network done should be equal to thenet heat absorbed. ie.,
Ww=0,.-Q,

In practice, the petrol englne of a motor car extracts heat from the buming fus! and
converts a part of this energy to mechanical energy or work and expels the rest to the
atmosphera. It has besn observed that patrol englnas conver roughly 25% and dlesal
engines 35 1o 40% avallablea heal energy into work.

The second law of thermodynamics is a formal staiement based on these ohservations.
Itcan be statadin a number of diffe rent ways:

According to Lord Kelvin's statemant bassd on the working of a heatengine;
itis impossible to devise a process which may “-r-—
convart heat, extracted from 2 single resanrvair,

entirely intoc work without lsaving any -:'-!'lange
intheworking syslem.

This means that a single hesat reservalr, no mnﬂer how
much anergy It containg, cannot be made 10 perform any
work. Thle Is frue for oceans and our atmespheare which
contain a large amount of heat energy but cannot be
convartad Into usaful machanical work. As a consequenca
of gecond law of thermodynamics, twi bodies at different
temperatures are essentizl for the comversion of heat inta
work. Hanea, forthe working of hest anging there must ba ) }

& seurce of heat at a high tempersture and a sink at low HT ﬂ’:.ﬁg ﬁf‘.ﬁ
tempearature to which haat may be expellad. The reason  themadynamics, process
for our inability to utilize the heat contents of cceans and mﬁ h:;tgmﬁhﬂﬁﬂi
atmosphere is that there is no reservoir at a temperature m‘fﬁ@ e

lewar than ahy onsof thatwo.

6.8 GARNOTENGINEAND CARNOT'S THEOREM

SadiCarnct in 1824 described an ideal engine using only
isothermal and adiabalic processes. He showed thel a
teal engine operating in an kKeal reversible cycle
between two heat reserveirs at diferent temperatures, T
wolld be the most afficient engina. AGamot cyde using P
an ideal gas as the working substance is shown on PV
diagram {Fig. 6.8]. t consists of following four steps:
1. The gas |s allowed to expand iscthermally at
termperature T, absorbing heal @, from the hot
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resarvoir. The prooass is represented by the curve AB.

2. The gas is then allowed Lo expand adiabatically unlil its temperature dropsto T,. The
process isrepresented by the curve BC.

3. The gas at this slage is compressad isothermally al lemperature T, rgjecting heal G,
tothe cold resenvolr. The proceas s represented by the curve CD.

4. Finzlly the gas is compressed adiabatically ta restore its initial state at temperature
T.. Tha process is raprosented by the surve DA,

Thermal and mechanical equilibrium is maintained all the lime so thal each process is
perfeclly reversible. As the working substance retums to the initial stabe, there is no
changs inits intemal anargyi.e., AU =0.

The net work done during one cycle squals to the ares enclossd In"thh path ABCDA of
the P\/diagram. il can alsa be estirated from net heat AQ sbsorbed in one cyde.

Q=0-0Q .EIF!:I!H'IME lnrnrmmunﬁl
From 17 law of thermodynamics: r '
Q= AU+W
or W=0-qQ, {.. aU=0})
The efficiency n of the heat engine is defined gs:
Qutput {Work)
Input {Enargy} 4

Thus ne B BL N L e

1":

The energy trensfar in =0 isothermal axpansion or
compression turns out to be proportional to kelvin
tempearature. So @ -and Q. are proportional to kelvin
temperatures T and 7. respeutivaly and hance,

\< ToaT,
N B BT o S : Awstartall ansicgy for th
“-S: ' Lk T =t T,» (e} ruu':uir-. "

The efiiciency is usualy taken in parcantage, in thatcase:
Parcantage afficiency = [— "T'i'"_] w 100
1

Thus, the effidency of Carnot engine depends on the temperature ¢f hot and coid
reservolrs. It Is Indapendent of the nature of working substance. The larger the
temperature difference of two reservoirs, the greater is the efficiency. Butit can neverbe
one or 100% unless cold reservoir is at absolite Zero tam peraturs (T, =0K).

Such reservoirs are nol available and hence the maximum sfficiency is always less than
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ona. Mevartheless, the Carmot oycle establishes an upper limit on the efidency of all
haat enginas. No practical hest engine can be perfactly reversible and also anergy
diszipation izinevitable. Thisfactis stated in Camet's theorsm:

Mo heat engine can be maors sfficient than a Cernot
engine operating between the same two temperaiures.

The Camat's theorem can be extended ko stats that:
All Camot's engines cpersting bebwean tha sams two lemperatures have
the same efliciency. imespective of the nature of working substance,

In most practical cases, the cold resenvoir is near room temperature. So, the efficiency
can only be increased by raising tha temperatura of hot resarveir. All real heat engines
are less efficient than Camot engine due to friction and other heat [usses.

| Ewample &3 The turbine in 2 steam powsr plant takes Btﬂamfmm a boiler at 427 °C
and exhausts into a low temperaturs reserveirat 77 *C., Wl'latls the maximum possible
eficiency?
L Selutlan Maximum afflclancy for any enging nﬁmtlng betwaan temparatures
Tand T, ls O
% = L% w1009 where Ty=427+273=TODK

T
and Ta= 77+ 273 =350 K
T - TOOK-350K _ 350K

S 1—L = n_ = =

2 n= T, 0K TO0K 0.5 or 4n=05x%100= 504
6.9 REFRIGERATQR- ; Higher tairpariim maroundicgs
Refrigerator & & devica which maintzing the
temnperature of a body below that of its surrounding. It "“,‘r;: S
oparatas in a cyclic preceas butin revaraa as that of the
heat engine asshown in Fig.5.10. Arefrigeraior absorbs :
heat frorm & cold reservoir and gives it off to a hot R
reservoir. Thia shows that In & refrigerator, the work s Sk
done on the system whila in a haat engine work is dong ﬂc1~
by ha system. Healin | at temperature T

A refrigerator works on the besis of Clausius stelement
of gacond law of thermodynamics, Le., a haat englng lg | Lo Emeermbire cmpariment
operating in reverse. Heat Q. is drawn from Low
% Fig. 610

Temperature Resarvoir (LTR) T, by compressor and IS pehigartartranstom hast from 8
thrown into High Temperature Raservoir (HTR) T, with [ ismpersbie oompertment ta
the help of extemal workdans, The heat rejecte 1o HTR i he nap o sxternarwerk. 1
(€, }isgivenby mmhamwﬂh T YEN B
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Q+W=0y o W=Q,-Q
The main purpose of refrigerator is io exiract as much heat @ as possible from LTR with
tha expenditure of as litle work Was possible.
Coefficient of Performance of Refrigerator

The ratio of heat removed from LTR (@) te the work done (W) is calfed coefficient of
parformanca of a refrigeratar.

A batter refrigerator will remove a greater amount of heat from inside the refrigerator far
the expenditure of a smaller mechanical work or eledrical energy. The coefficient of
performanca of s refrigeratorcan be glven by

_ G Q.
w G A
The cosfficlentof parformanca In ierms of tsmperature, where = 7 Is:
T k, o 3
e (6.8)
L-%

A refrigerator haa & coafficient of padc:‘manceﬂ If tﬂniparahna in the freezeris <23 G,
themwh&tlsthe temperaiura atwhich rtrejamﬁﬂhaﬁt?

il!-.lﬂﬂﬂh
Gnaﬁl:luntufpﬂrfurmanm E =8
Temperature of coid reservoir {frsezer) 7, =-23C=-23+273=250K
Temperature of hotreservoir(om) T, =7
T

Coeficient of performance ey
- S 250 K
Substituting the, values =
e 8= 7, - 250k
or ' B{L -250K)= 250K or T, - 250K = %
or T,= 3125K+ 250K = 281.25K = 8.25°C

6.10 ENTROPY

The concept of entropy was infroduced into the study of thermodynamics by Rudolph
Clausius in 1856 to give a guantitaiive basis for the second law. It provides another
variable o describe ibe state of a system o go along with pressure, voluma,
termperature and intsrmel energy. if a system undergoea a reversible process during
which it absorbs 2 quantity of heat AQ at absolule temperature T, then the increase in the
state variable calad antropy 5 of the syatem is given by
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a8=5 s (8.9

Like potential enargy or intemal energy, it is the change in entropy of the systam which is
important.

The change in sntroay is positive when haat is added and negative whan heat is
removad from the system. Suppose an amount of hegt & fows from & reservoir at
temperature T, through a conducting rod 1o a reservolr al temperature T, when T2 7,
The change in entropy of the reservoir, at temperature T, which loses heat, decreases
by Q/T, and of the reservoir at temperature 7, which grins heat, increases by Q /T, As
o=, 50 Q/7T, willbe greatar than /7, , Le. Q= QT

Hence, nat change in antropy E%—%i is positiva,
il

It follows that in all natural processes whers heat flows from- one systam ta anothar,
there is alwava 8 net increase in entropy. This is another statement of 2 law of
tharmadynamice. It states fhat;

Ifasystem undergoas a naturalprocess, it m‘l‘gb in the direction that
causes the entropy of the system pimﬁﬂqn‘mmn ment oincrease.

Itls chearved that a natural procass tends to proceed towards a state ef greater disordear.
Thus, there is a relation between entropy ‘and molecular disorder. For example, an
irravarsible heat flow from a hot to a.cold substance of a system increases disordar
because the molecules are initially sorted out in hotter and cooler regiona. This order is
lost when the system comes o thermal equilibrium. Addition of heat o 2 system
incraases it disorder bacause of incressa in avarage molecular apaade and therefors,
the randomness of meolecular motion. Similarly, free expansion of gas increases is
disorder because the molecules have greater randomness of position affer expansion
than bistara. Thus, in both examplas, sntropy is said lobe incraased.

We can conclude that only those processes ere probable for which entropy of the
systerm Increases or remains constant. The process forwhich entropy remains constant
is a reversible process; whereas for all imeversible processes, entropy of the system
inGrenses,

Evary ima sntropy Increasas, the opporiunity to convert soma heatInto work s loet. For
example, thera is an increase in entropy when hot and cold waters are mived. Finally,
thawarm water cannot be separatad Into a hot layar and a eold layar, There has baen no
loss of energy bul some of the snergy is ne longsr available for conversion into work.
Therefore, increase in entropy means degradation of energy from a higher leve| where
morewaork can ba extracted toa lower laval atwhich less or no usaful work can bea dorne.,
The energy in 8 sense is degraded, going from more orderly form to less orderly form.,
eventually ending up as thermal energy.

In all rsal procesaas whers heat transfer occurs, the energy availabla for doing vaaful
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work dagreases, eventually, the entropy increases. Even if the temperature of spme
systam decreases, themby decreasing the entropy, itis althe expense of natincraasain
entropy for some other system. When all the systems are taken together as the
unlvgrse, the antropy ofthe univarse always InGraasss.

| Exmpts 6.5 ||| Caloulate the entropy change when 1.0 kg ice at0 °C melts info water
510 *C. Latant neat of fuslon of Ice £,= 3.36 x10° J kg™

Msomanli m = 1kg
T =0C=273K

£ =336 x10°Jkg' é‘,‘lr'
= AT
s of "
ol ca

where AQ = miy E@Mumm
! = ﬁ
So AS =
Subatituting the values

A5 - 100kgx336x10° JB‘K‘?\

273K

A% = 123 x10 4»923
Thus, Enirupywﬂmﬂmsaﬁﬂr;hang ter. The increase in entropy in this case is
a measure of incraase In tha disortat watarmulamlas that charige from salid to
liquid state. _{\

- A

[§ Multiple Choice Questions |

Tick (v) the corfect answaer,
61  Inanlsdthermal change. intemal ehergy’
{(a)decreases (b)increases {chremains thesame (d)becomes zero
6.2 Firstlawof themmedynamics is besed upon law of conservation of:
{e)mass (b)energy {c) moementum (d) charge
6.2  Adevice which converts themnal energy into mechanical energy is callea:
(a)heatengine (b)GCamotengine  {clrefrigerator (d] turbsine
64  When two objects are made in thems! contact having same temparalure, then
they araal:
(a)thermal Equllibrium (b}chemical Equilibrium

{c) mechanical Equilibrium {d) physical Equilibrium
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6.5 Whenthesystemis expanded by adding heat energy, then the work done will be:

(a) positive and on the system {} negative and onthe system
(o) posithve and by the systam {d} negative and by the system
6.6 Eniropyolasysteminreversible process:
{a)decreases (b}increases {chis Infinite {d}iszerm
8.7 What happensioiniemal energy of an object whenis temperature:
{a)decreases (b}remalneConstant (c)increases (d)fluctuates
6.8 Tha value of Bolzmann conatant [=:
(2)1.38x102 K" (b}1.38x 1021 K"
(c)1.38x 107 I K’ (d)1.38x 10707 K
65 In an adiabatic process, thereisno:
{aichangeintempersture {byexchange of heat
{c) change inintemal energy {dyworkdone

6.10 Thermodynamica mostly deals with:
(2] measurament of quantity of heat
{b) transfer of quantity of heat
(c] change of slate
(d) Convarslonof heat to othar forms of ahergy
@ Short Answer Questions |

6.1  Whatls meantbytharmal equillbrum? Explain briefiy.

82  Whalis meant by inlemal anergy? How is it alalted o lemperalurs of an ideal
gasz?

6.3  Stala 2nd law of thermadynamics in two different forma.

8.4 |z it possible to construct a heat engine of 100% efficiency ? Explain.

&5  DHfarentiate batween reversible andireversible processos.

6.6  Whyadisbutis steeperthan isotherm? Explain.

67  Arefrigeratorransforms heat from cold to hot body. Does this violats the second
law ofthermodynamics? Justify your answer.

6.8  Explainbriefly heat death of universe interms of entropy.

B2 s it possible for & cydlic reversible heat engine to absorb hest at constant
temperature and transforms it completely into work without rejecting some heat
at lowtemperature? Explain.

65140 How dees behaviourof real gases differ from ideal gas at high pressune and low
temparature? |dentify the raasons behind thees difarances based on kinatic
theory of gases.

#.11 Showthatarea under P-Vgreph s equal fo work done,

812 How isworkdone (i) byegss (i) onagas?
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8.1
B2

5.3

B.1

8.2
8.3

B4

E.5.

BB

8.1

8.2

6.4

|8 Constructed Resporse Questions | |

Explain how thamnodynamics ralates iz the concept of anargy consanvatian,
Explain how themmodynamics epplies to biclogical systems, such as humen
bady.

A gas is expanding adiabatically. Explain whet happens to fempemsiure and
prassura oftha the gas.

A ooffee cup is left on a teble, and overtime coffee cup cools down. Explain
thermodynamics processes cocurring during this process,

How can we explein different weather patterns through thermodymical
procesess ke wind, raln, atc.

[@ Comprehensive Questions B

What are the postulates of kinetic theory of gases? Derive a ralation for ideal gas
equation inthe form PV=Ni;, T from general gag aquation.

Biate and axplain varous gas laws.

Explain first law of thermodynamics in deteil. Give an example in support of vour
explanalion. Giva its two applications.

What is a refrigerator? Explein its working. Derive sn expression for its
co-efficient of performance.

Whatiis Camot engine? Desaribe Carnot cycle. State Camot theorem and derive
an exprassion for efficiency of Camot engine.

Define and explain the lerm “Entropy”.

L‘T MNumncrical Prot:;IE ﬁ;&_

A gaz ocecupies B.0 L of volume at 8 pressure of 12 atm. What will be the volume
of gas if the pressure i increased by 2.0 alm, assuming that temperature
remeins constant? (Ans: 5.14L)
In & vaccum chamber which is connected o a cryogenic pump, pressure &s low
as 1.00 nPa is being attained. Galculate the numbar of moleculas in 1.00 m’
vessel gt this pressure and tempergture of 300K, (Ang: 2.4 110" moleoules)
A gas undergoes a themedynamic process where it absorba 500 J of heat
anergy and parforme 300 J work on lts eumoundinge. Calculate the change In
internal energy ofthe gas. (Ans: 200.J)
A Camot engine |s operating between a high temperature reservolr at 800 K and
alow tiemperaiure reservoir al 300 K. Calculats:

(i) the maximum possible efficiency
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8.5

0.6

67

6.8

{i) the amount of work oulpul if the engine absarbs 500 J of haal fram the
high temperaturs reservair. [Aumzs: (1) 50% (i) 260.]
A refrigerator extracls 1200 J of heat from its interior (the cold reservoir) and
releases 1800. of heat to the surounding emvironment {the hol reservoir) during
each cycle, Caloulate;
{1y thawork Input required percydle.
£ii} the cosfficientof performance (COP} of the refrigerator.
[Ans: (i) 500 J (i) 2]
Calculata the entropy change when 1.0 mola of ica at 0°C malts ‘tufmm liquid
waterat the same temperature. (Heat of fusion of ice permole =6.01x10°J}
) {Ans: 22.0 J K"
A gas oocupies 400 mL at 20 °C_ What volume will itncmﬁr at B0 *G, assuming
constant pressure? {Ans: 482 mL)

A gas has a pressura of 2 atrm at 300 K Tu"-‘l'm,tpmwm will it have at 450 K,
mEsuming constantvolume 7 g Jatm)



