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

Dascribe the basle assumptions of the kinetle theory of gassas. [Includlng understanding the
tampereiure, pressure and dansity conditions under which an ideal gasig &goadappromahon ofe
redl gas |

Siats that regions of equal temperatura ara in thermal equilbrium )

Relabe arlsa Intemparature of an object toan Increasae In ks Inhrnalﬁnargsf

Apply the suuation of stale for an Ideal gaslasprassed a5 P = BRT, whera n= amount of substans
{numkarcfmoles) and as Py=N i, 7. whara N =numharofmlqm.'|lae]

Stata thattha Bolzmann canstant k ks gvenby k= RN,

Use W = PAVfor thework dona when the volure of a.gas changes at constant pressure.

Descrbe the differsnce between the work done by.a gas and the work done on £ gas.

Deflne and Use tha firet [aw ofthermodmamlca{ﬁﬂ Q-w axpragead In terme of the Increass In
Internal snargy, tha hasting of tha eystarn {amrgyt'a’nsfarrad tatha evstem by heatng) and tha work
donaonihe syetam]

Explain quelitatively, in tarms of pamclas the ralauonshlp hatween the pressure, temperatuns and
volurne of 2 gag [Speciically the bolow caze:

(&) prassuraandtamparawreatﬁmsmnwduma

() volume and termperature am:natantpraasura

[cy  preassurs nru!volmme.atnmnabarﬂhmperature

Use the wquation, includin ‘& graphical representation of the relationship betwesn pressure and
walurne far a gas at constan tamparaturs.

Justify how the first e of thermad mamics expresses the cansanmtionof enengy.

Relate arise injpmperéh.lre of 6 body ta an increese in its internal enemngy.

State the working principle of 2 hest engine.

Descrite the concapt of revarsitlaand irreversitile processes,

State andexplain the second law of thermodynamics.

State the iiiwting principle of Camot's Engine

Describe that refrigeratorisa heat engine operating in reversa as thatof an idsal heatengine.
Explainthatan increasza in tamparature, incrazses lhe disorder of the systam.

Explaln that ncrease Inentropy means dagradation of eneny.

Explain that energy ks dagraded durng all natiral processes,

Identifying that syctam tands tobecorme eas ordary cvertime.

Explaln that Entropy, S I8 £ themoedynamie quandety that relatss to the dagree of discarder of the
particles in g system.

Stats thettha Camol eycla sataa limH for the effislency of a heat angine at tha temperaturas of ks haat

reasnoir given by, Efficiency = 1—-;:'“M
! w—ve i
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hemaodynamics is tha branch of physigs that deals with the relatipnships and

conversions between heat and other forms of energy. H encompasses principles
goveming the behaviour of systems at macroscopic scales, such as temparature,
pressure, and volume. Thenmodynamics thus plays a key rcle in technology, since
almost all the raw energy available for our use is liberated in the form of heat. In this
chapter, we shall study tha bebaviour of gases and laws of tharmodynamics, thair
significance and applications.

6.1 ASSUMPTIONS OF THE KINETIC THEORY OF GASES

The kinetic theory of gases is a fundamental theory in physics and chemistry that
explains the behaviour of gasas based on the mation of their constituent particles. This
theory provides a macroscopic understanding of ges properies such a3 pressure,
temparature, and volume. Hare are the key asesumptons ofthe Kinsllc theory of gases.

) Gas Partlcles are In Constant, Random Mation

Gas molecules are in perpetuzl, random motion. They'move in straight lines until they
collide with elther another molecule or the walls of the container.

p 3 Negliglblz Volume of Gas Particles

The valurne of the individual gas moleculesis neqligible as compeared to the total volurme
ofthe gas. This means that the particles are considerad point masses with no sighificant
valume.

E 8 No intermelecular Forces

There are no attractive or repulsive forces between the gas molecules. The particlea do
hot exer any force an sachothar excapt duHng colllslons.

4. Elastic Collisions

The collisions hetween gas molecules, and with the walls of the container are perfectly

plagtlc. This means that there Is no net [oss of kingtlc energy durng colllslons. Thea total
kinetic energy is consarved.

o Large Number of Particles

A gas contains a large number of particlas. This large number allows for the use of
statistical mathods to describe the properlies oftha gas.

B. Average Kinetic Energy is Proportional to Temperature

The average Kinetic ensrgy of gas paticles iz diractly proportional to tha absolute
temperature of the gas. This implies that as the temperature increases, the speed of the
gas particles alsoincreases.

7. Pressure due to Particle Colllslons
The pressure exerted by a gas on the walls of its container is due to the gollisions of gas
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particles with the walls. The force exerted by the particles during collisions generates
pressuna.

B. Time of Collisions is Nagligible

The time interval of a collision hetween gas particles is exdremely short compared to the
tima habwesn collisions. This assumption simplifies tha analysis of parlicls dynamics.
Limitations of Kinetic Mclecular Theory

Real Gases

The assumptions of the kinetic thecry hold true for ideal gases, bul real gases exhibit
deviations due to intermolecular forces end finite molecular volume, especially at high
pressuras and low temparaturas.

In summary, the kinetic theoty of gases provides a macroscopic view of gas behaviour,
linking mecroscopic properties like pressure and temperature to the motion of gas
particlas, and serves as a faundational concept In undarstanding thamedynamics and
statistical mechanics.

Equation of Siate for an ldeal Gas
A gas that obeys kinatic theory of gases is tarmed as an ideal gas. ldeal gas equation is
given by

PV=nRT . (B1)

Here Frepresents prassura, V is volume, b is number of moles of the gas, Ris universal
gas constant (R =8.3145. mol” K and Tis the absolute temperature,
Equaticn (8.1) implies that product of pressure and volume is directly proportional te the
absolutetemperature for an ideal gas.
Real Gas to Bshave Like an ldeal Gas
According to kinetic theory of gases, a gas has no intermolecular interaction and
mlecules are farapart from each other. For & real gas to behave like an ideal gas, some
conditions must ba satisfied. P.E. of tha gas molecules is negligible and this have only
KE.
Number of moles ‘n'can be given by
_ Mass of gas
Mclar mass of gas

L5
M
50, Eq. {6.1) becomes. PV = %RT ar PM=(%} RT

PM M.
We know that density; = % . 8o, p = RT as EIS constant - p U:?

The density of a gas will be [ow at low pressure and bigh temperature due to which
molecules of the gas will be at large distence from each other and the intermolacular
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forces will ba negligible. So, the real gas behaves like an ideal gas at low pressure
and high temperaturs.
Ideal Gas Equation in Termns of Boltzmann Constant
From ideal gas equafion:
ey o) AR e

A mole can be defined as the number of atoms or
maleculas par unit Avogadre's number [N, = 6.02 x 10%).

Mathermnatically;
'} o
n= N n—— (i} , N is number of atoms. or malecules
A
Substituting Eq. (i) in Eq. {i), we have
pv=N Ry oo (i) R4 ror your informatian
. Real gases approach ideal
The term -2 ig termed as Bolzmann constantk,, i.e., B diningey,
N, {i1 kowpressure
R {ii) higgh Lewripera lura
e o T {6.2)

Substibuting the values of R and N, we have
k,=1.38 x 107 JK'
Substituting Eq. (6.2) in Eg. (i),
PY=pgeT &.3)
Equation {B.2) gives ideal gas aguation In terms of Bollzmann constant k.

Example 6.1 pb0pe mole of an kdeal gas is at a lemperature of 300 K. If the Beltzmann
conatant (21,98 % 10 J K, calculate the volumes of the gas at a presaurs af 1 atom.
[atm = 101325 Fg]

Solution We know that:

PV = nRT
R = Nxk, where kﬂzﬁ
Hers WV = % g
e 1molx6.02 % 10%mol’ x 1.38 x 10 J K' x 300 K
. 101325 Pa
V = 00245m°

Thus, veluma of gas would be §.0245 m’.
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Gas Laws

There gra some variables (state funcilions) which descrbe quantity of gas which
includes pressure, volume, and temperature ( P, V, and T} with change in one varable,
the second variable changes while the Ihird is kept constant. The laws that relate these
variables mutually for an ideal gas aretermed as gas laws.

Boyle's Law
This |lawwas introduced by Robert Boyle in 1662, and it provides & relationship between
pressure and voluma of a gas at constant tamparatura. It sates that for 2 fixsd mass of

an ldeal gas, the pressure P exarted by a gas varles Inverssly withvolume Woccupled by
the gas at conatant temperature.

Mathemat|cally; PRGARTA)
P« 1? at constant T

P = constant 1? or PY = constant
or PV, = BV, L'
Graphical represantation of Boyla's law is showr'in Fig. 5.1, " v

i Flg. &.1
Charles’ Law

Charles' law relates volume and temperature of an ideal gas for a fixed mass at constant
pressure. This law was formulated in-1870 by a French Physicist Jacquas CGhares. It
states that the volume of given mass of gas at constant pressure is directly proporticnal
to the absolubs termperaturs.

Mathematically; &
Vi T ateonstant P v
Ve
or T constant
V, vV,
F e gl
° Lo /
Graphically, itcanbe showninFig.6.2. OKor-273°G O § W

Joseph lussac’s Law Flg. 6.2

It states that for a fised mass of an ideal gas, the pressure exerted by 2 gas varies
directly with absolute temperaiure of the gas at constant volume.

Mathernatically;
£ « T stconstantV
or F = constamtxT
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or ; = constant (P T
R_ R

or Slim 0%
[ [

Craphically, Joseph lussac's lawis showninFig. 6 3.

Fig 6.3

Thermal Equilibrium

When twe bodies are at the same temperature, the thermmal energy {which is related to
tha kinelicanargy of particles} of each hody is equsl. As a rasult, thers is nodriving forca
for heat transfer between them, and thus they remainin themmal equilibrium.

Example

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

(i initially, the coffee is hotter than the spoan.

{1 ovartime, heat flows from the coffea to the spoan.

{iiy  eventually, the coffes and spoonreach at the sams temperaturs.

Thermnal equilibium is achieved at this point, thers is no net heat flow between the
coffes and tha spoon, and they are sald ta ben tharmal egull ibrium,

6.2 INTERNALENERGY

The sum of all forms of molecular energies (kinetic and
polential) of a substance is termed as-its intemnal energy.

In the study of tharmodynamics, ‘usually idezl gas is ._E;lla\ﬂ:n
congidered g a working substance. The molecules of an
ideal gas are mere mass paints which exerdne ferceson . \ibration

ohe ancther. So, theintermal ensrgy of an ideal gas
system is generally the ranslational K.E. of its molecules.
Sines the temperature of a systern is defined as the

average K.E. aof its molecules, thus for an ideal gas \u.___
systam, tha Intornal enorgy Is directly proportional to lis
temperature. A distomio gos moleculz has both

According o the kinetic theory of gases, the average IETEistional end iotional e

kinslic shergy of gas molacules is given by aseockted wih the spring ke bond
helwaar is alams.

<KE> =2k, Tor < Jmvt> =257

2
where &, is Boltzmann constant [ Tielblt |

i, 3 Diffarant processe= can l#ad to changes in infemal
Thersfore, the rise in temparature of energy and temperature, such as heating (adding heat},

an cbject reflects an increase inthe  adisbatic compression or expansion (o heal exchange),
intermal kinetic energy of its particles.  or phase changes (whare heat energy changes the stata

This increase in intermal energy can ofmaterwithoul changingtemperature).
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occur due to the absorption of heat enargy, which

raisas tha average kinatic energy of the particles and
thusincreases the temperature of the ohject.

6.3 HEATANDWORK

We lnow that both heat and work correapond to
transfer of enargy by some means. The idea was first
applied to the steam engine whara it was natural to
transfer heat in and get work out. Conaegquently, it
mads a sanse to defing hoth haat in and work out as
posilive quantitiss. Hence, work dona by the system on
its environment i3 considered positive while work done
on the gystem by the environment & taken as negative.
If an amount of heat © enters the system, it could
manifest itsalf as either an ingrease in internel energy
or as a resulling quantity of work performed by the
system onthe surrounding or both.

We can express the work in terms of directly
measurable variables. Consider the gas enclosed in
the cylinder with a moveable, friclionless piston of
crass-sactional area A as shown in Fig.6.4[a). In
equilicrium, the 2ystem occupies volume V and exerts
a pressure P on the walls of the cylinder and its piston.
Tha force F exartad by the gasontha pistan is P4.

e assume that the gaa expands through AV very
slowly, s0 that il remains.in equilibrium as shown in
Fig. 6.4(b). As the piston moves up through a small
distance Ay, the work Wdone by the gas is:

H Physls 11

W = FAy = PAAy
Sincz Ahy = AV
Herce W =PAV (E.4)

The work dome can also ba cakoulated by ares of the curve ¢

under P-Vgraph ag shownIn Flg. 6.5.
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r = |
ln_'i For your informertion ;1

Intamal enangy |l & funclon of
gtata, Consequenty, it dess nol
depend on path but depends Gn
InHlal and inal states of ha systsm.
Thus, intemal energy is similar to
lhe gravilaliovwl PE. So, ks lhe
potantial anargy, it is the changein
internel energy and not its ebsolute
valus, whichis Impartant.

E

Fig. 6.4

A gasissesled in & cylinder by a
weightless, frictionaless pistan.
The consiant downward applied
forga & equals A4, and whan the
piston is displaced, downward
workis donaonihe gas.

{Changeinwolume) _| B 3

1 .

Fig. 6.5

Knowing the details of the change in internal energy and the mechanical work done, we
are in a position to describa the genearal principlas which deal with baat energy and its
transformation into mechanical energy. Thase principles are known as lawse of
thermogynamigcs.
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6.4 FIRSTLAWOF THERMODYNAMICS [ Foryow informaiion ]

Heat

When heat is added to a system there is an increase in the _,_|—|5| .Q
Intamal energy due te the fse In temperatura, an Increase positive

in preszure or change in the state. If at the same time, a Haat
substance is allowed to do work on its environment by |
expansion, the heat Q required will be the haat necessary pATRAR

to change the intsrnal energy of the substance from L, in
tha firat state to U, in the second state plug tha work W _.;._- W
done on the environment.

Thus Q= fU-U)+W Wiork
+W._-[ ysteen |—>——
or Q= aAll+W . (6.5) positive

Thus the change In Internal enhargy AL = U, — U, & defined as Q=W Sinca It s the same
for all processes conceming the state, the first law of thermodynamics, thus can be
stated as,

In any thermodynamic process, when heat Q.5 added to a system, this
energy appears as an increase in the intemal energy AU stored in the
gyatem plus the work Wdone by tha system on its surroundings.

1. Conservation Principle: The ‘underlying principle of the first law of
thermodynamics is the conservation of snargy. It asserts that while snergy can
changs from cna form to another (such as from chemical potential anergy to
thermal energy), the total energy in an isolaled system remains constant over ime.

2. Wider Applicablilty: Beyond mechanical systerms, the first law of themmodynamics
applies universally to all forma of energy and all types of processes, including
chemical reactions, electrical systems, and nuclear reacltions. It provides a
foundational understanding that allows scientists end engineers to predict and
understand anergy fransformations in vanous contests.

The fimt law of thermodynamics expresses the law of conservation of enargy by
afinming that energy Is a conservad quantity In Isolatad systems. It providas a
framework to undarstand how energy is transferred and transformed within systems
without violating the fundamental principle that energy neither be created nor be
desetroved.

A bicycle pump is a good example of first lew of  Thermocouple  Trapped BAisia
thermodynamics. When wea pump an the handle S ™™ pehed in
rapidly, it becomes hot due to mechanical wark

done on the gas, raising thereby its intemzl energy.

One such simpls arangemant is shown in Fig. 8.6.  yilvokmeler

It consists of a bicycle pump with a blocked oullet. Fig. 6.6
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Athermocouple connected through the blocked outlet allows the air temparatura to be
monitored, Thermocouple tharmomeatsr can detact & minute variation of the
tempersture. When the pisten is repidly pushed, thermomeler shows e tempemture rise
due ioIncraass of Intarnal anergy of the alr. The push forca does work on the alr, theraby,
increasing its internal energy, which is shown, by theincrease in temperature of the gir.

Human metabolism also pravidas an axample of energy coneervation. Human beings
and other animals do work whan they walk, run, or meve. Work requires energy. Energy
is also needed for growth to make new cells and to replace old cells that have died.
Energy transforming processes that occur within an organism are hamad as
metabolism. We can apply the first law of thermodynamiscs (AL =@ — W), toan organism
of the human body. Work done will result in the decrease in infernal energy of the body.
Consaquently, the body temperature orin other words intamel anergy is maintained by
the food we eat

Exampie 8.2 [ A g5 is gnclosad in a containgr fitted with'a DIElDI"I of eross-sactional
araa 0.10 m’. The prassura of the gas is maintained at 8000 N m®. Whan heat is slowly
transferred, the pislon is pushed up through a distange of 4.0 cm. If 42 J hest ia
transfamred to the system durng tha expansicn, what I8 tha change In Internal anergy of
the systam?

Selutien ¥ The work done by the gasis
W=PAV=PAAy =800 NmM®° x 0.10 m* x 4.0 x 10% m
=32Nm=32J
The change in inlemnal energy is found from first law of thermodynamics
AUSG—W=42J-321=10J

Isotharmal Process

Itis & process which is camried cut at constant temperature and hence the candition for
the application of Boyle's law on the gas is fulfilled. Therelore, when gas expands or
compresszes iscthermally, the product of its pressure and volume during the process
ramaing constant. If 2., WV, are initial pressure and voluma whergas P, , V) are pressure
and volume after the isothermal changa takes placas {Fig. 8.7-a}, respactively, than

Y, = PV, P,
In case of an ideal gas, the PE. associated with ils
malecules is zero, hence, the intemal energy of an ideal T
gas depands only on ts temperature, which In this case  ©
remaing constant, therefore, Alf= 0. Hence, the first law of
tharmodynamice reduces to

Q=w Fiy. 6.7(a) v, v— ¥

Thus if gas expands and doea external wark W, an amount of haat (X has to ba supplied
to the gas in order to produce an isothermal change. Since transfer of heat from cne
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place to another requires time, hence, ie keep the tempereture of the gas constant, the
exXpanslon or compression must take place slowly. The curve rapresenting an

isothermal process is called an isotherm (Fig. £.7-a). I - I
. u Brain teaner!
Adiabatic Process e
An adiabatic process is the one in which no heat enters or energy of an ldeal ges
leaves the system. Therefore, AQ = 0 and the first law of s:t’:'" “‘I'“E“E'“ il
thermodynamics gives: =_AlS it i i

Thus, ifthe gas expands and does extemnal work, itis done atthe expense of the intemnal
energy of its molecules and, hence, the temperature of the gas falls. Conversely, an
adiabatic compression causss the temperature of the gas to rise bacauss of the work
done onthe gas.

Adlabatlc changa occurs when the gas expards or comprassed-rapldly, particularly
when the gas is contained inan insulated cylinder. Tha axamples of adiabatic process
are:

{3 Tharapld ascapa of alrfrom a burst tyra.

(i) Tha rapid exparsion and compression of air
throughwhich a sound wave is passing.

(i}  Cloudformation inthe atmasphers.

As the lemperature of the gas doss not remain constant,
s0it has been seenthal;

PVT = constant Fig. 6.7{b)
where y is the ratio of the molarspecific heat of the gas at constant pressure to molar
spacific hoat at constant valume (v = Cr ). Tha curve reprasenting an adlabatic procass
iz called an adiabat (Fig.6.7-b). %
6.5 REVERSIBLEAND IRREVERSIBLE PROCESSES

A reversible process is ocne which can be retraced in exactly reverse order, without
preducing .any-change in the surroundings. In the reverse process, the working
substance passes through the same stages as in the direct process but thermal and
mechanical effects at each stage are exactly reversed. If heat is shsorbed in the direct
process, itwill be given out in the reverses process and ifwork 18 done by tha substarncs in
the direct process, wark will be done an the substance in the reverse process. Henceg,
tha working substance is restored to its original canditions.

A succasszion of avents which brings the system back to its

initial condition is called & cycle. A reversible cyde is the

onea inwhich all the changeas ara raverzible.

Although no actual change is completely reversible butthe processes of liquification and
evaporation of a substance, performed slowly, are practically reversible. Similarly the
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slow compression of a gas in a oylinder is reversible | ] |

procass as the compression can be changed to expansion
by slowly decreasing the presaure on the piaton to reverse
tha operation.

If a process cannot be retraced in the backward
direction by reversing the controlling factors, itisan
Imavarsible procass.

All changes which occur suddenly or which involve fiction :irﬂllprﬂ;tiﬁl Sﬁ:m-;ng:tr;ewrh:

= : : aalgne fn Bralthwal
or d_|s§|pahnn_ of energy through cﬂndunllqn, ED_I'I'UBG’IIEII_‘I OF = od John EricssSth England
radiaticn are imaversible. An example of highly irreversible o 1838,

process s an explosion.

6.6 HEAT ENGINE

A heat gngine gonverts some thermal energy to mechanical work. Usually, the heat
comeas fram the buming of a fuel. The earliest heat shgine was the steam angine. llwas
developed on the fact that when water is boiled in a vessel covered with a lid, the steam
inside iries to push the lid off showing the ability to dowork This ocbservation helped to
tevalop a steam engine.

The working principle of & heat engine is based on the conversion of heat energy into
machanical work thraugh a cyclic process. Heva is how a haat engine typically operates.
The working principle of 2 heat engine invalves the cyclic transferof heat energy from a
high tarmperature reservoir 10 a low tamperature raservair, with the objective of

convarting a8 much heat as possgible Into mechanical T
B ; WA Hed regarvalr
work. This process is gowemed by principles of T,
thermodynamics and is assential in various applications e,
where machanical energyis required from heat sources. .

6.7 SECONDLAWOF THERMODYNAMICS

Flrst law of tharmodynamics tells us that heat energy can
be converted. into eguivalent emount of work, but it is
silent about the conditions under which this conversion
takas place. The sacond law is concemed with the
gircumstances in which heat can be converted into work
and direction of flow of heat. :

Cald reeervair

Before initiating the discussion on formal statement of the T

second law of thermodynamios, let us enalyze briefly the £ g5

factual operation of an angine. The engine ar the system  ¢yoo s moresentaton of s
{Fig. 6.8) absorbs a quantity of heat Q, frem the heat :aal wl?r:}n Thﬁ er:;lne ahsortlus
source at temperature 7,. It doss work YW and expals haat ;q,f'tha'hﬂ@sétﬂ, s e L

&, to low temparature reservoir at temperature 7,. As the  emidosswork W
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working subkstance geoes through a cydic process, in which the substance eventually
retums to its initial state, tha change in internal energy is zero. Hance, from the first law
of thermodynamica, networkdone should be equal to the net heat absorbed. i e,

W=, -6,
In practica, the petrol englne of a motor car axtracts heat from the buming fusl and
converts a part of this energy to mechanical energy or work and expels the rest to the
atmosphara. It has basn ohsarved that patrol sngines convert roughly 25% and diasal
engines 35 to 40% available heat anerngy into work.

The second law of thermodynamics is a formal stalement based on these ochservations.
It ean ba statad in anumber of diffarent ways:

According to Lord Kelvin's statement basad on tha working of a heatangine:
ltis impossible to devise a process which may ——
idbitx
convert heat, extractad from a aingle reaarvair, ‘ - -
entirely intc work without lsaving any change
in thewarking system.

This means thel a single hesat regenvair, nc matter how
much anergy it containg, cannct ba made to perform any
work. Thlg Is frue for oceans and our atmosphere which
contain a large amount of heat energy but cannot be
convertad Into usaful mechanlcal work, As a consequence
of second law of themmodynamics, two bodies at different
t=mperatures are essantial for the-comversion of heat inta
work. Hence, forthe working of heat engine thers must ba ) _

a source of heat at a hightemperature and a sink at low ey ame 2 tha Kalvin sistement
temperature to which haat may be axpellad. The reagon  themodynamics, the process
for our inability to utilize-the heat contents of oceans and ?.Ehnimg h::u';;mﬁm: Iﬂgil:;f:
atmpsphere is that there is no reserveir at a tfemperature m&ﬁfﬂf"" e corverted
lower than any one.of the two.

6.8 CARNOTENGINEAND CARNOT'S THEOREM

Sadi Carnct in 1824 described an ideal engine using only
isothermal and adiabatic processes. He showsd thel &
heat engine operating in an ideal reversible cycle
between two heat reservairs at different temperatures,
wolld ke the mopst afficiont angine. A Camat Gycla using
an ideal gas as tha working substance is shown on PV
diagram {Fig. 6.8). [t consists of following four steps:

n—>

1. The ges is allowed to expand isothermally at L ¥ W
temperature T, absorbing heal @, from the hot Fig. 6.0
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reservoir. The progess is represented by the curve AB.
2. The gas is then allowed to expand adiabatically until its temperature drops to 7T,. The
process is represented by the curve BC.

3. The gas at this stage is compressed iscthermally at temperature T, rajecting heal &,
to the cold reservolr. The process |s represented by the curve CD.

4. Finally the: gas is compressed adiabatically fo restore its initial state at temperature
T,. The process is rapresented by the Guree DA,

Themal and mechanical squilibrium ie maintained all the time so that each procass is

perfeclly reversible. As the working substance retums to the initial state, there is no

changa in its intamal anergyi.e., AU =D0.

The net work done during one cycle squals to the area enclossd by the path ABCDA of

the PV diagram. ll can alsa be estimated from net heat AQ absorbed in one cycle.

Q=0Q-Q E_L;cem:;:;:wc.g information § |
From 1" law of thermodynamics: ’ il
Q= AU+W
or W=0-4Q, {.. alt=0)}
The efficiency n of the heat engine is defined as: .
. Outpurt {Work)
Input {Enargy}
Thus n=8c9 O\ {6.6)

G

The energy transfer in an igothermal axpansion or
compression turns out to be propertional to kelvin
temperature. So @-and G, are proportional to kelvin
temperatures Toand T, respectively and hence,

T

'
ket {B_T) A watarall analogy for the

Ti Tr heat enging.

'|'| -
The efficiency is usually taken in percantage, in that case:

Percantage afficlency = E— ;—’-] % 100

1
Thus, the efficiency of Carnet engine depands on the temperature of hot and cold
rezervalrs. It 1s Independent of the naturs of working substance. Ths larger the
temperature difference of two reservoirs, the greater is the efficiency. Butit can never be
anaor 100% unless cold reservairis at absoluta zera tamperatura (T, = 0 K).

Such resarvoirs are nol available and hence the maximum efficiency is always less than
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one. Mevartheless, the Camet cycle establishes an upper limit on the efficiency of all
haat engines. No practical heat engine can be perfectly reversible and also enemy
dissipation iz inevitable. Thia factis stated in Camet'stheorem:

No heat engine can be mars afficiant than & Carmot
engine operating between the same two temperslures.

Tha Camot's theorem can be extended to state that:

All Camaf's engines cparafing batwasn tha same hwo lemperatures have
the same efficiency, imespective of the nature ofworking substance,

In most practical cases, the cold reservoir is near reom temperature. So, the efficiency

can 'DI'Il‘_p' b incraased D}I’ raising tha lam paralura of hot resarvair. All real haat anginas
are less efficient than Camot engine due toTriction and other heat [asses.

Sl The turbine in a eleam power plant takes steam from a boiler at 427 *C
and exhausts into a low temperaturs reservair at 77 °C. Whatis the maximum possible
efficiency?
Se Maximum sfficlancy for any englne operating betwsen temperatures
Tand T, is

%n = L2 100y  where 7, = 427 +273= 700K
1
and o= 77 +273=350 K
T, -T. 7OOK-3B0K _ 350K _ 1
S = 1 2 = it = -

o | T, T e T T 05T OF 9] 0.5 x 100 = 50,
6.9 REFRIGERATOR Highes tar persture muroundirgs
Refrigerator is & device which maintaing the
temperature of a body below that of its surmounding. It "h?‘atr al temparalura T,

operates in a cyclic procasas butin reveraa as that of the
heat engine asshown in Fig.6.10. Arefrigeratcrabsorbs

heat fromia_ cold reservoir and gives it off to a hot e
reservoir. Thie shows that in & refrigerator, the work is ISR
dong on the system whila in a haat enging work s dong ﬂeT

by the system, Hesiin | at temperature T,

A refrigerator works on the basis of Clausius stalerment
of sacond law of thermodynamics, Le., a haat shglng Is | Lo Femesmiure comgariment
opsrating in raverse. Heat Q. is drawn from Low v

: : k. B.10
Temperature Reservoir {LTR) T, by compressor and iS  p frigamtor ranstars hest from a

thrown into High Temperatura Raservair {HTR) T, with Ir?;ﬁfmmmpum :FEWWT:J:LQ tg

tha help of extemal work done. The heat rajected o HTR  with tha nalp af extarnal week. It s
[oTe] heat engine operating i

{Q, }isgiven by : 8 _anglnaop @ in reverse
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Q,:+ W=ﬂ,,- or W=QH 'Qc
The main purpese of refrigerator is to extract as much heat Q. as possible from LTR with
the expenditure of as littke work Was possible.

Coefficient of Performance of Refrigerator

The ratio of heat removed from LTR (&) to the work done (W) is called coefficient of
parformanca of 2 refrigarator.

A better refrigerator will remcve a greatar amount of heat from inside the refrigerator for
the expenditure of a smaller mechanical wark or electrical enemy. The coefficient of
performancs of a refrigerator can be glven by

Q &3
E = 13 = H
w Qﬂl = Qc
The cosfficlentof parfarmancas Inlerms of temperature, whare (< T |s:
T
S [8.8)
1w

Exampic §.4

Avrefrigerator has a coeflicient of performance 8. f tamperature in the freezer is -23 20,
thenwhatisthe temperaiure at which it rejects the heat?

Folution
Coeflicigntof pariormance E =8
Temperaturs of cold reservoir (freezer) 7, =-23°C=-253+273=250K
Temperaturs of ROt resarvoir (om) L=t
Coefficient of performance = TI =
Substituting the values g = 250K

T, - 250K

or 8(L -250K) = 250K or T, — 250K = zgﬁ
5 T,= 3M125K+250K =28125K = 825°C

6.10 ENTROPY

The concept of entropy was introduced into the study of thermodynamics by Rudolph
Clausius in 1856 to give a guantitative basis for the second law. It provides another
variable to describe the state of a system to go along with pressure, voluma,
temperature and intemel energy. If a system undergosa a reversible process during
whichitabsorbs a quantity of heat AQ at absclule temperature T, then the increase in the
state variable callad antropy S of the system ia given by
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_4Q
A8= T s (B8

Like potential enargy cor intsmal energy, itis the changs in entropy of the systam which is
important.

The change in entropy is posiive when haat is added and negative when heat is
removed froem the system. Suppose an amount of hegt & flows frorm & raservoir at
temperature T, through a conducting rod ta a reservoir at temperature T, when T.>T,
The change in entropy of the reservoir, at temperature T,, which loses heat, decreases
by Q/T, and of the reservoir gt temperature T,, which gains heat, increases by QfT.. As
T2T, 80T, wlibe greaterthan Q4T,, l.e. QT > Q/T..

Hence, net changs in entropy (Ti—%] is positive.
2 1

It follows that in all natural processas whars heat fiows from-one systam to another,
there is always & net increase in entropy. This is encther statement of 2™ law of
tharmedynamice. It states that;

Ifa system undergoes a natural process, it willgo in the dirsction that
causes the entropy of the system plusthe'environment to increase.

ItIs cbsarved that 2 natural process tends to proceed towards a state of greater disorder.
Thus, there is a relation between entropy and melecular disorder. For example, an
irrevensible heat flow from & hot to a.cold substance of a system incraases disorder
because the meolecules are initially sorted out in hotter and cooler regions. This order is
lost when the systern comes to thermal equilibrium. Addition of heat to 2 system
increases its disordar bacauss of increase in average maolacular spaads and therafora,
the randomness of molecular-motion. Similarly, free expansion of gas increases its
disorder because the molecules have grealer randemness of position after expansion
than bafars. Thus, inboth axamples, entropyis said o be incraased.

Y¥e can conclude that only those processes are probable for which entropy of the
system increases or remains constant. The process forwhich entropy remains constant
is a reversible process; whereas for all imeversible processes, entropy of the system
iNGreases,

Evary tima sntropy Increaseas, tha opportunity to convert scma haat Into woerkls lost. Far
example, thers is an increase in enfropy when hot and cold waters are mixed. Finally,
the warm watser cannot be separatad Into a hot layar and a enld layar. There has baen no
loes of energy but some of the energy i8 nc longsr available for convarsion into work.
Therefore, increase in entropy means degradation of energy from a higher leve| where
morework can ba extracted to & lower lavel at which less or no usaful work can be done.
The energy in 4 sense is degraded, going from more orderly form to less orderly form,
eventually ending up as thermal energy.

In all real procesasas where heat transfer occurs, the energy available for doing uaeful
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work decreases, eveniually, the entropy increases. Even if the temperature of some
systern decreases, thereby decreasing the entropy, itis al the expense of netincrsase in
entropy for some other system. When all the systems are taken together as the
unlvarse, the entropy of tha Lnivarse always InGraases.

[ Exampis 6.5 || Galculate the entropy change when 1.0 kg ice &t 0 °C melts into water
at0*C. Latent heat of fuslon of Ice L= 3.36x10° Jkg",

Wsoitionl| m = 1kg
T =0°C=273K
L; =336x10°Jkg' QA
_ AR o
= m o .
¥ does.g dack of cards
LT SHE Sk becoma more disorderad when
mi; shuffied?
So AS = _'_I" o ™

Subatituting tha values » \J
u5 o 190k x3.36x10° Jkg'
273K

AS 123 x10° JK' )

Thus, entropy increasas as it changq,é;!p water. The increase in entropy in this case is
a maasure of increasa in tha disorﬂg'; of watar malecules thal change from aalid to
liguid state. O™

LY Y

L e T

§ Multipie Choice Questions
Tick {v) the comect answer,
6.1 In an.sothermal change, intemal energy;

(a)decreases (b)increases (chremains the same (d) becomes zero
6.2  Firstlawof thermoedynamics is besed upon law of conservation of:
{a) mass b energy {c) momentum {d) charge
6.3 Adevice which converts themal energy into mechanical energyis called:
(a)heatengine (b)Carnotergine  {c) refrigerator {d] turtsine
G4  When tweo chigcls are made in thermal contact heving same temparature, then
thay are at:
(a)thermal Equllibrum (bychemizal Equilibium

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

(a] positive and on the system {b} negative and on the system
{c] positive and by the system {d} negative and by the system
6.6  Eniropyof asysieminreversible process:
(a)decreases (b)increases {c}is Infinite {d)iszero
6.7  What happens tointermnal energy of an ohjact whenits temperature:
(a)dacreazes (bjremalng Constant (c)Incraases {d} fluctuates
8.8 The value of Boltzmann constant 1s:
{(2)1.38x 102 JK" (b}1.38x 1021 K"
{c] 1.38x 107 J K’ (d)1.38x 107" K"
6.8  Inanadiabatic process, thereis no:
{8 change intemperature {byexchange of heat
{c] change in intemal energy {dywork done

6.10 Thermodynamica mostly deals with:
(2] maasuremsnt of quantity of haat
(b} transfer of quantity of heat
(c) changs of slate
(d} Converslon of heatto other forms of ensrgy

Short Answer Questions

6.1 What |s meant by thermal equilibrium? Explaln briefly.

8.2 What is meant by intemal snergy? How is it relaled to temperature of an idsal
gas?

£3  Stala 2nd law of themmodynamics in two different forms.

B.4 Isit possible to construct a heat engine of 100% efficiency? Explain.

6.5 DHfarentlate beatween revarsible and Irreversible processes.

£.86  Whyadiabetis steeper then isctherm’ Explain.

57  Argfrigerator ransforms heat from cold to hot body. Does bhis violate the second
law of thermodynamics? Justify your answer.

6.8 Explain briefly heat death of universe in termsof entropy.

£9 Is it possible for & cydic reversible heat engine to absorb heat at constant
temperature and transforms it completely imto work without rejecting some heat
at low temperature? Explain.

610 How does behaviour of real gases differ from ideal gas at high pressure and low
temperature? |dentify tha reasons behind thesg diffarsnces based on kinatic
theory of gases.

#.11 Showthatarea under P-Vgraph is equal to work done.

612 How isworkdone (i) byagas (i) onagas?
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Constructed Re SPOnNIT WUUMESTIDNS

Explain how thammadynamics ralates ko the concapt of enargy consanvation.
Explzein how thermodynamics applies t¢ biological systems, such as humen
bady.

A gas is expanding adiakatically. Explain what happens to temperature and
prassure of the the gas.

A coffee cup is left on a table. and overtime coffee cup copls down. Explain
thermodynamics processes occurring during this process.

How can we explain different weather patterns through thermoedymical
procasses llkewlind, rain, etc.

P~

™ o s = meburs S il 2 2 |
Comprehensive Questions 5.
al

What are the postulates of kinetic theory of gases? Derive a relation for idaal gas
equaticn intheform PV=NK, T from general gas aguation.

Etate and axplain various gas laws.

Explgin first law of thermodynamics in detail. Give an example in support of vour
explanalion. Give its two applications.

YWhat is a refrigerator? Explain its working. Derive an expressicn for its
ca-efficient of performance.

What is Carmoat engine? Describe Carnot cycle. State Carnct theorem and derive
an exprassion for efficiency of Camot engine.

Define and explain the term “Entropy”.

L{ Mumerical Probiems

A gas accupies 6.0 L of volume at 8 pressure of 12 atm. What will be the voluma
of gas'if the pressure is increased by 2.0 alm, assuming that temperature
remains constant? (Ans: 5.14L)
In a vaccum chamber which is connected to & cryogenic pump, pressure as low
as 1.00 nPa is being attained. Galculate the numbar of molacules in 1.00 m’
vessel at this pressure and temperature of 300K, {Ans: 2 41x10" molecules)
A gas undergoes & themmadynamic proceas wheare it absarba 500 J of heat
anergy and performs 300 J work on Its sumoundings. Calculate the change In
internal energy ofthe gas. {Ans: 200.J)
A Camot engine Is operating between a high temperature reservolr at 600 K and
alow temperature resenvoir at 300 K. Calculate:

)] the maximum possitle efficiency
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8.5

8.8

8.7

6.8

{ii} the amount of work output if the engine abserbs 500 J of heat from the

high temperatura rese nvoir [Ang: (1} 50% (i) 250 ]
A refrigerator extracts 1200 J of heat from its interior (the cold resenvoird and
releases 1800 of heat to the sumrounding emvironment {the hat reservair) durng
each cycle. Caloulate:

{h the work Input required per cycle.
{ii} the coefiicientaf performance (COP} of the refrigerator.

[Ans: (i) BOG J (i) 2]
Calculata the enropy change whaen 1.0 mola of ica at 0°C malts to'form liquid
water at the same temperature. (Heatof fusion of ice per mole =8.01x10°J)

{Ans: 22.0 JK)

A gas occupies 400 mL at 20 °C. What volume will it oceupy at 80 °C, assuming
constant pressure? {Ans: 482 mL}
A gas has a pressure of 2 atm at 300 K. What pressure will it have at 450 K,
assuming constantvolume? {Ans: Jatm)




