11.1. Heat as a form of energy In Translt,

Many sclentists have tried to explain the nature
of heat. Up to the beginning of the nineteenth century, It
was considered a weightless fluld called caloric which ex-

isted In every material body. Hot bodles were sald to
contain more caloric than the cold bodles. The cawric

theory could explain satisfactorily many processes such
as heat conduction and mixing of substances in a calo-

rimeler.
This concept of heat fluld was challenged Dy
Count Rumford. He observed while supervising the bor-

Ing of cannon that as cannon barreis were belng bored,

a tremendous amount of heat was given ofl. According Lo
the caloric theory since the metal chips cul ofl by the
drill have lost caloric l.¢ the heat given oll in the drilling
process, the chips should not be the same as the origi-
nal metal, which had not lost caloric. But Rumlford was
unable to [ind any duference between the chips end the

original metal In respect to their abllity to hold or give
off heat. In order to further investigate it, Rumford made
use of a very dull drill, which was unable to cut the met-
al. rieat was evolved in apparently unlimitted quantity as
long as the borer was rotated and the supply of heat
Was Inexhaustible. He concluded that heat was due to
the rotation of the borer and not from the metal itself.

As a result of this experiment and experiment
Performed by Joule, the sclentists came to Interpret heat
“e:: as the flow of substance(caloric) but as transfer of
= ::;l when heat flows from a hot body to a cold one. It

Ty that s being transferred from the hot to the
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cold object. Thus heat refers to ene th transf;

from one body to another becauser?l" dﬂl':':rl:Mc mw‘
perature. Heat is not the energy that a body contaj tem,.
it. It refers to the amount of energy transferreq rror:s hln
to a cold body. Once the heat energy is transferreq mm
body, it is converted In to the internal energy of (ha
body. The Internal energy Is the sum of all the m!crof
scopic kinetic and potential energles of the molecules in
the body. The S.I unit of heat. as for any form of energy

is joule.
11.2. Temperaturc

If we take two bodies, we can say by the sense of
touch whether one is hotter than the other. It is not pos-
sible to determine how much hotter it is at a particular
time than the other. We find that it Is not possible to de-
termine the degree of hotness by sense of tuuch. The
quantitative determination of the degree of hotness may
be termed as temperature. Before describing the meas-.
urement of temperature it is appropriate here to define
thermal equilibrium when two bodles at different temper-
atures are brought In thermal contact with each other.
The heat staris {lowing (rom the hot body tc the cold body
till the temperature of the bodies becomes same, then

they are said to be In thermal equilibrium.
11.3. Scales of temperature

It is not possible to determine the temperature of
a body accurately by simply sense of touch or by com-
paring the degree of hotness. So a temperature scale is
needed to measure the lemperaturc quantitatively. For
this we must have two reference points that are fixed
and easlly reproduceable. That is, the valve of the fixed
points must always be the same under similar condk
tions. The scale depends upon these fixed points.

|

L |

The melting point of ice and bolling point of water ‘



at standard pressure (76 cm of Hg) are taken to be the
two fixed points and difference between these two points
is divided In different ways called scales of graduation
(Celslus and Fahrenheit, etc.). ,

On the Celsfus (Centigrade) scale this interval be-
tween these fixed point s divided Into hundred equal
parts. The lower fixed point is marked O and upper fixed
point 100. Each part thus represents one degree Celsjus
(1°c). This scale was suggested by Celsius In 1742.

On the Fahrenheit scale the lower fixed point is
marked 32 and the upper fixed point 212; and the inter-
val between them s equally divided into 180 equal parts.
Each part represents one degree Fahrenheit (1°F).

There is an other scale called the
Kelvin scale.
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100 A 212
The lowest temperature

on this scale [s~-273°. Thus the
zero on the Celsfus scale will be
273 on the Kelvin scale written
as 273K and 100 on Celsius
scale will be 373K. The size of
the degrez on the Xeivin scale s
the same as that of Celsius
scale. Fig: (11.1)
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In order to derivc relationship between centigrade
and Fahrenhelt scales let the two thermometers be
Placed in a bath and the mercury in each thermometer
rises te the same leve! Fig.11.1 .

We arrive at the relation:

CB_ _ F-32 C-0
AB 212~-32 100
P88 s AR
180 ~ 100
o T2 G p i

S S5 ‘



11.4. Thermometric Properties

Praperty of a substance which changes unifo
with the change of temperature is named thermomey
property.For example the volume of 3 llquid In 4 v:c
sel.the volume of a fixed mass of gas kept at °°nstan‘
pressure,the pressure of a fixed mass of gas malntmm;
at constant volume, electrical resistance of a metq) are
some of the many measurable physical properties which

changes with the change of temperature.
11.5. Thermal Expansion

It iIs a matter of dally observation that in general
bodies undergo change In size when they are heated.
This change In size on heating is termed Thermal Expan-
slon. Solids, when heated show increase in length, area
or volume. Whereas liquids ana gases expand in volume.
The property of thermal expansion varies from substance
to substance. When a solid is heated,its molecules vi-
brate more energetically against the action of inter
molecular forces producing greater displacement. Since
the average distances among the molecules Increase, the

size of the solia increases.

Linear Expansion

Expansion in length of solids on heating is called
linear expansion. The observed expansion in length de-
penas upon the original length and the change In
temperature.

It has been found experimentally that the change
in length is directly proportional to the original length
and the change In temperature. of the solid.

Supposc L Is the length of a unform thin metallic
rod at some Initial temperatlure. When It is heated
through a small temperature AT.an increase of length AL



takes place.So we can put it as,
AL oc L AT

therefore AL = a L AT

where a is a constant of proportionality, which depends
upon the material of rod and called the co-efficient of

linear expansion.
Equation 11.2 can be rewritien as:

AL
LAT

a =

.................... (11.3)

From Eq.11.3, the co-efliclent of linear expansion a Is
defined as the change in length pc_rlumt length per Kel-
vin rise in temperature. Its unit is K
If L s the lcngth of the rod after hcatlng then,
AL = L- L
hence equation 11.2 can be written as
L-L= alaT
or L' =L (1+& AT) -=--neeeemeemcee (11.4)

A list of the average values of common solids is
glven below in table 11.1.

Table 11.1

S. No.|Substance (k1)
1 Aluminium 24x10°° 2.4x10°°
2 Brass and Bronze 19x107® 1.9x10°%
3 Copper 17x1078 1.7x10°°
4 Glass(ordinary) 9x107° 0.9x107°
5 Glass(Pyrex) 3,2x107° 0.32x10°°
6 Hard Rubber 80x1078 8.0x107%
7 Ice 51x107° 5.1x10"5
f Invar (Ni-Cr.alloy) 0.9x10°¢ 009x10
9 Lead 20x10°® 2. 9xxo
10 |steel 111076 1.1x10°8

: \11 IConcretc 12x10°° ghic 2"10"




Example 11.1.

|

A steel rod has a length of 10m at a temperatyr, .,
25°C.What will be the increase in length If the “mpet:
ture is raised to 35°C.? Given a = 1.1 x10°® K|

Solution
L=10m

AT = 35°C - 25°C = 10°C = 10K

from eq:11.2
Since AL = L a AT.

= (10m)(1.1x10° K} x 10K )
= l.lxlO‘sm

11.6. Volumec Expansion

We discussed above expansion In one dimension
only but as a matter of fact the solids expand on heating
in all the three dimensions ie.length, breadth and thick-
ness.

. Consider a metallic body of volume V at some Inl-
tial temperature. Its volume changes by 4V when
temperaturc changes by AT. It Is found experimentally

that
AV o< VAT

or AV = § VAT cececocnene (11.5)

where 8 Is a constant of proportionality known as 0
efMicient of volume expansion, its unit is also K‘. .

Let there be an object in the shape of a reclangw
lar box of dimenslons {,w and h, Ils volume V at som¢
Initial temperature T Is given by

Vv Bch A\"

If the temperature changes to T + AT. fis volume change®
to V + 4V where each linear dimension changes followmgi




the Eq. 11.5. that Is p = Lox
V + AV
=[ e +aam)) [h 014 asn]) [wil + aan)
V+AV=th w(l +a 4T
=V (l+aa 1‘)3
=V [1+ 3 @ AT + 3a%(aT) %+ *aD%]---o--- (11.6)

The terms containing ( A ’I‘)2 and (A ’Ds are
negligibly small. Therelore the Eq. (11.6) reduces to
V+AV =V 4+ BaVAT
or AV = [3a) VAT oo (11.7)

Comparing Eq.11.5 and Eq.11.7 we see that
B=3a-am-memmnenes —eeeene 11.8)

Brass

e Invar i

Steel
Fig: (11.2)
11.7. Blmetalllc Thermostat

One of the examples of thermal expansion s of
thermostat devices. Thermostals are well known devices
tommonly used for maintaining required temperatures.
We describe below a common lype of thermostat called
bimetallic thermostat. The bimelallic strip works as an

i ——— .
clectric contact breaker in an clectrical heating circuil.
The circult Is broken when the desired temperaturc of
he bath 15 reached. Due to the difference In the coclli-

il . e

W



cients of linear expansion of the two
met
strip bends in the form of a curve m:‘st'hthe al
broken. In Fig. 11.2 (a) the metallic strip 1: Slireuy
with the screw S and in the Fig.11.2 () th, stl:: cont
P cupy,,
]

downwards as It becomes hot and contact 4 p Is b
Thus the current stops flowing through the heaunmken‘
When the temperature falls, the strip contracts é cofl
contact at P is restored. The two metal stry ;.

well joined.

Bimetallic Thermometer:

Similarly a bimetal-
lic strip can be used to
make a thermometer. In
this case the bimetallic
strip often is in the form of
a coll. Its one end is fixed
and the other end is at-

tached to a polnter as Bimetallic Thermometer
Fig:(11.3)

shown in Fig.11.3 [his
kind of thermomeier Is usually used for ordinary air

thermometer. aven thermometer, and in automobiles for
automalic choke.

11.8. Gas Laws

it is a known fact that gases have no fixed vol-
ume or shape and their volume can be altered by
changing the pressurc as well as the temperature. The
behaviour ofa gas can be described with the help of four
variables l.e. pressure, volume, mass and temperaturc.
The relation between any two variables Is found exper

mentally while keeping the other constant.

(1) Boyle's Law

Let us consider the relation between the pressur®

and volume of a given mass of gas at constant mass &
temperature. It was found experimentally by Robef




Boyle In 1660 that for a fixed mass of a gas at constant
temperature, the product of pressure (P) Volume (V) s
constant. This Is known as Boyle's Law. In

can write as: e

P V = a conelant (temp: remaining constant) 11.9.

(2) Charles’s Law

When a_given mass of a gas is heated al constant
pressure experiments show that the volume V of a glver
mass of a gas s directly proportional to its absolute tem-
perature T. In symbols, we can put as:

V/T =a constant (pressure remaining constant)--=-(11,10)

This law was investigated by Charles and is known as

Charles’s Law

On plotting a graph of volume of the gas against
its temperature, a straight line is obtained. It shows that
equal changes in temperature lead to equal changes in
volume at constant pressure. From the graph it is found
that at 0°C the gas still possesses a volume Vo. When
the straight line of the graph is, extrapolated to lower
and lower temperature axis as shown by the dotted line,

-2n3°c 0°C Temperature —e=—
Fgi11.4)

It intersects the temperature axis at a temperature of -
273°C. This implies that {f a gas could be cooled to -
273°C, t would have no volume, - 273°C Is called the
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L is accompained by a change | ‘**
‘m can be expressed mathemaum
Py V=PV
P, V.

s, B e

N@w by changing the temperature from T; to 1
nt pressure P, the volume of the gas ch

Vm V>, then according to Charles’s Law we have

=

‘ j’:;"} ‘;Eﬂmtlon,.M.n in Equation 11.12, we get
Py Vi |

T, Ty

PV

= a constant

ortior nality constant in this eqm
’ - of gas pm&’ld@d we know
Mmﬁ Apmpeiily s 'f"."




- n=m/M .
"M Is 2 quantity called the molecular weight of &&Qé
ce, usually expressed in g/mole.
In such cases Eq.11.14 may be wrilten as

PV = nRT -
Where R is called the universal gas co nt and does
not depends on the quantity of gas {n sample. I[ P Is
measured in N m?, Vinm’ and T in Kelvin then the value of
Universal gas constant s
R = 8.314 J. mol¥, K/

Example 11.2.

An alr-storage - tank whose volume fs 112 liters
contains. 3kg of ;u{\fat a pressure of 18 atmospheres.
much alr wé%\fd have to be forced iInto the tank to
Jase the pressure to 21 atmospheres assuming no

ge In temperature.
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The mass of afr which must be forced Into 1y
(3.50-3.00) = 0.5 kg. the tank g

Example 11.3.

Calculate the volume occupled by a gram.
a gas at 0°C and a pressure of 1 atmosphere,

Solution
P=1atm= 1.01 x 10° Nm 2

T=00C+273 =273 K

mO]e of

ne=l
R = 8.314 J/mole.K.
Pv=n RT

101 x10°V =1x831 x 273

1 x 8314 x273
1.01 x 10°

= 0.0224 m3/molc
= 22.4 lters/mole as 1m° = 1x103 li{ars.
11.10. The Properties of Gases; Kinetic Interpretation

The properties of matter in bulk can however be
nredicted on molecular basis by a theory known as k-
netic theory. The [irst step in the construction of 2
theory Is to set up some sort of model which is simple

ugh to be treated mathematically. The characteristics
of the model are described by a set of fundamental as
sumptions which for the kinetic theory of gases are:

1. A gas consists of particles called molecules. D¢
pending on the gas each molecule will consist
an atom or a group ol atcms. All the molecules of
a gas in a stable state are considered Identical.

2.  Any finite volume of a gas consists of very larg®

'it;;_ number of these molecules. This assumptio? -
i



11.11.

from kinetic theory. Let us consider (1)

13
JustiNed by nts. At standard conditions
there are 3x molecules in a cubic metre.
The molecules are Separated by distance large as
compared 1o thelr own dimensions. The diameter

of a r!}%lecule. considered as a sphere, is about
3x10 m.

The molecules move In all directions and with
various speeds making elastic collisions with one
another and with the walls of the container. The
walls of a contalner can be considered perfectly
smooth.

Molecules exert no forces on one another except
during collisions. Therefore In between collisions
with other molecules or with the walls of the con-
tainer, and In the absence of the external forces,
they move freely In straight lines.

Newtonian mechanics is applicable to the motion
ol molecules.

Interpretation of Pressurc on Kinetle theory of
Gases

In order to calculate the pressure of an Ideal gas
N number of

molecules contalned in a cublcal vessel whose walls are
perfectly elastic (ii) the faces of the cube which are nor-

mal to

the x-axis and having edge length L. Figure 11.5

(@) (1) A molecule which has a velocity v can be re-

solved
tdges,

into components Vx,Vy.Vz In the direction of the

v

i \
: ] 9
] — -]-——-
) T -d X >
| ’l \l ’f
£, /.V
O ) D
ﬂ‘: (11.5) YO
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will be
| mv"’ mv,; mva
¥ s s o L

If we have a molecule which
4 of the cube, it will rebound’ such that x-com
the velocity vy is reversed. the Vy and v, remamm“ent
ed Fig (11.5 (b)) Therefore the momentum beforeunm |
Is mvy and after collision -mvy Causing a r:hangec (::u |
mentum (momentum after collision ~ momentym
collision), b

collldes with o, e

mvy = (mv,) = 2mv, e {11.1¢)

normmal to the face A. Hence the momentum given to the

face A will be 2mv,, since the total momentum Is con.

served. The tire required by the i.uicculie to reach from

one face to the other without collision will be 1/v,. The

round trip will be covered In time t = 2{/v,.The number

of collisions per second against the face A would then be
1 i

o ZECY T

Thereiore the rate at which the molecule transfers its
momentum to face A is found by multiplying the number
of collision the molecule suflers at the face A, and the
momentum [t transferred to the face of each collision.

v mv

X L <
— — - ------------ .1
2mv, —5 i (11.17)

Relation (11.17) is rate of change of momentum of
the molecule on striking the face A of the cube ie. the

_ molecule is exerting a force mvy / { on striking the fac¢

A. To obtain the total force on A due to all the gas Mol
cules, we sum up mv“:‘ /¢ for all the molecules and 50 t
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ﬁw number of molecules in unit volumen is
.where N is the total number of molecules, therefore

-1
.’--h -

?;N/nv and substituting this value in equation {11.18),
we have :

P=mn, (v] +V3, +...)/N --ceommanae(11.19)

where mn, Is the mass per unit volume which we

call density p (vzlx “ vix + Vgx +.~_-.vix )/ N is the aver-

age value of vi for all the particles in the container we
call this average square \fc‘locuy (vzx). The Square root
ofyi Is referred asV__ - Eq. 11.19 can be written as

Row pu . e dee il (11.20)

The term vi s only one component of the total
Wﬁ\'@nce v =vi + v?, + vi. On the average.

;@? -_vi. due to the randomness of the molecular

mottons, v* = 3 v and "2 - —é- v, Substituting this

e Intc e ,um_ :, we find that i g
$pV? e 12.2)
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'-anualgas.t:nderthmcondmmshmr” .
density p or8.99xlo ks/m- o hag

Solution

Since p = 1.00 atm = 1.01x10° np2

sousingv_ .. = ]/ 3p/p. and subsutuung the vy |
ues of p and P we have

fxllel(anx
it

8.99 x IO’ ke .

= 183586 ms™'

This Is of the order of nearly two km per second.
11.12. Derivation of the Gas Laws

The gas laws can be derived using Eq 11.21
N 2
P = 3 g Vv

= —%—nv m v° [since p = mny) -----mm- (11.22)

Since nv represents the number of molecules per unit
volume N/V, we can write the Eq. (11.22) as

N 2
P =5y my

PV = -é— R (11.23)
Comparing it with Eq (11.15) we find that
: gk
—— Nm BRERT o e (11.24)

Substituling n = N/N,and multiplying both sides by 3/2:
we obtain the relation

1/2 m v* = (3/2) (R/N,T

i ‘~' R,N = k (Boltzmann flatany) & l 38 - J’J
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Hence <—2- m v’ = (3/2) kT. -——-(11.25)
This equation indicates that the average transla-
tional kinetic energy per molecule is directly proportional
to the absolute temperature and it could serve to define
temperature in terms of mechanical quantities.

Thus Eq.11.23 shows that if v remains constant,
the temperature remains constant which is the condi-
tion for Boyle's Law.

From Eq 11.23 and 11.25, we have

N
A N S ST (11.25)

is a constant,

If p is constant, the factor
thus V o T |, which is Charles’s L.aw.

11.13. Specific Heat Capacity

It I1s found experimentally that one kilogram of
copper requires considerably less amount of heat to raise
its temperature by 1C than one kilogram of water. Like-
wise one kilogram of paraflin requires about hall as
much heat to raise its temperature by 1¢ as does one
kilogram of water.These examples demonstrate that
equal amounts of diferent substances absorb different
amount of heat when heated to the same temperature.

The examples discussed above introduce the idea
of specific heat of a substance which Is defined as the
amount of heat required to raise the temperature of unit |
massoflhcaubstancctoumldcgrccdscoftunpu:-'
‘Pj’eolfabodyo[massbhcatcdsothauzstanpcmlm
TiSes from T to T + A T and 1t absorbs a small amount of
h“tﬁg.thennshcatapwtyCBdcmwdas

C = A_g_ ' 111.27)
AT
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“whereas specific heat capacity ¢ = ——___ - _5Q
at tem mass  mat
perature T, maT

The value of specific heat of water is 4‘2070.’

kg-l(lﬂ-l. Specific Heat is a characteristic of 1y, |

of which the substance Is made of. The valyes Orrrs‘;l:n%

heat of different materials are given in the table 119 Clllg.

TADLE 11.2,

Specific Heat of some Substances T
T e

Sr. Substance Specific Heat

No: J kg! K

Aluminium S03.00

2. Carbon 508.200

3. Copper 386.00

4. Iron 499.800

5. Lead 128.104

6. Mercury 138.600

- A Stlver 230.00

8. Tungsten 134.800

9. Water 4180.00

10. Ice 2100.00

11.14. Determination of the Specific Bzat Capacity

The method described below (s known as the
method of mixtures and is regarded as the most [unda-
mental method of determining the specific heat capacily
of solids and liquids. This method Is based on the princl
ple; that heat lost by hot bodies is equal to that gained
by the cold bodles:

Heat lost = Heat gained.
Tals is called the law of heat exchange.

The method of mixtures utilises the fact thal
when a hot substance Is mixed with the cold one. lh‘i
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holter one loses Nhicat and the cooler one absorbs heat
untll both finally attain the same temperature.

The specilic heat of the substance of known mass
and temperature is determined by mixing It with liquid
of known mass and temperature In a vessel called calo-
Ameter of known mass and temperature. The [inal
temperature of the mixture is measured. The specific
heat capacity of the substance can be calculated from
the given data. The following example will further illus-
trate the method of mixtures for calculating the specific
heat capacity of a substance.

Example 11.5.

A S50 gram piece of metal Is heated to 100°C and
then dropped into a copper calorimeter of mass 400
gram containing 400 gram of water (nitially at 20°C? If
the [inal equilibrium temperature of the system lIs
22.4°C, find the specific heat of the metal. Speclfic heat
of copper is 386 J }‘:gjl K.

Data
my = mass of Metal = my, = 50g = 0.05kg
¢ = Speclfic heat of the metal c= 7
Tyy =Temperaturc of the metal piece =T,; = 100°C
T = Final temperature = Te = 22.4°C
My = Mass of water = my = 400¢ = 0.4 kg
M. = Mass of Calorimeter = m_ = 400g = 0.4 kg
Cy = Specific Heat of Water = C. = 4200 Jkg ' K

Ty = Inital temp: of water = T, = 20°C

¢ = Specific heat of Copper = ¢ = 386 J kg ' K '

Solutions  From the law ol heat exchange.

Heal 105 by metal = Heat gained by water + Heat gained
by Calorimcter.
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'mxcxa-“ ~Tg) =mw X Cw(Tf - Tw)-!-mc C(Tp-‘!‘w) b

H@MWP heating we call it the molar specific heat

.05kg xcx(100-22.4)K=0.4kg X4200J /kg 'K 'x(25 , 20
+ 0.4 Kg x 386 J/kg' K (22.4-20)

c=1034681/kg’ k!

11.15. Molar Specific Heat

As a matter of convenience mole is often used 1,
describe the amount of substance. One mole of any sub.
stance Is defined as the quantity of matter such thay its
mass In gram Is numesiically equal to the moleculy,
weight M. If n is the number of moles and m is the magg

in gram of the substance, then

n=m/M
or m=nM = e (11.28)
For specific heat we have the relation
AQ
C=s —— = eseccccccciccce.. 11.
AT (11.29)

Substituting the mass m in 11.29 by nM from 11.28, we
get
€ = AQ/nM AT i

L - (11.30)

\ The product M. of molecular weight and specific
heat is called the molar specific heat and s defined as
the quantity of heat required to raise the temperature of
onc mole of a substance through 1 K. Its units are J
mole™'K!, |

The molar specific heat of a gas depends upon
lﬁvhclhcr or nol the gas allowed lo expand when Mt 5
healed. When the volume of the gas is kept constal
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constant volume. It Is deflined as the amount of heat en-
ergy required to raise the temperature of one mole of a
gas through 1 K at constant volume. It is designated by
the symbol C,. When the volume of the gas is allowed to
increase but Its pressure Is kept constant throughout
heating. we speak of the molar specific heat at constant
pressure. It is defined as the amount of heat energy re-
quired to raise the temperature of one mole of a gas
through 1 K at constant pressure and it Is denoted by

the symbol G,.
11.16. Heat and Work in Thermodynamics

Laws governing the conversion of energy to and
from heat and the methods employed for such transfor-
matlons are the subject matter of thermodynamics.
Belore going in the detalls of these laws, let us briefly

describe the treatment of heat and work In thermody-
namics.

i 8

AY

)

Figure 11.6 Gas contained in a cylinder at a pressure p does work on a
moving piston as the system expands lromavolumev=A v
Fig:11.6

(Fig.11.6). 1n
nd exertg a
And piston, 1r

cylinder fitted with a movable piston
cquilibrium, the gas occuples a volume V
uniform pressure P on the cylinder walls
the piston has a cross section area A. the



tlw mcreasc In volume of the gag,

ess the work done as

e A
. F-.. ' :il_
__.'l:_:.__" ’

I 1‘3
B
4

as expands, as in Fig. (11.7) then &V,
work done by the gas Is positive, whercas
compressed AV Is negatlve, indicating that

the gas is negative. (In the latter
bc_lnlcxjprclcd as work being don¢
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~qate °T In a particular way and AQ - AW s comp
‘Now this system Is changed from the same Initial State
" to the final state */* but along a dilferent path. This
i.ure Is repeatcd many times. It is observed that
AQ - AW comes out the same in all cases Inspite of LQ:\
s.

¥
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fact that AQ and AW separately depend on the pat
én. AQ - AW depends only on the initial and final s‘ﬁl e

AQ Is the energy added to the system and W is
equal to the energy that has been extracted, from the
system by the performance of work. The difference AQ
- AW which is retained within the system Is the change
In the energy of the system. It follows that the Initial en-
ergy change of a system Is independent of the path and
Is therefore equal to U, Internat energy of the system (n
state " minus the internal energy in state *t” or Ug - U,
Therefore, it follows that

B0 - AW = UsNU, = AU —oceomcmmicomnanes (11.32)

The change In internal energy of a system in any
process Is equals to net heat flow into the system minus
the total work W done by the system.

11.18,Special Cases

let us look at some special cases. First consider
aﬂ“ Isolated system, that Is, which does no extermal work
m‘l there Is no flow of heat. Then for any process taking
m“n such a system AW- AQ =0 and Uy - U; =0 or
’!0 Which says that the internal energy of a system
b D8 constant. This is the most general statement of
€rvatlon of energy. The Internal energy of an iso-
M cannot be changed by any process




" (mechanical, electrical, chemical, or biological)
place within the system. The energy of a system cap

changed only by a flow of heat across its boundary o
the performance of work.

Next consider a process in which the system
taken through a cyclic process. that is, one that g
and ends up at the same state. In this case the chang,

in internal energy is zero.l.c.
U, = U; and AQ = AW

Thus. although net work W may be done by the systen
in the process energy has not been created, since g
equal amount of energy must have flown Into the systep

as heat AQ.

Exainple 11.6.

A system absorbs 1000 Joules of heat and deljv.
ers 600 joules of work while losing 100 Joules of heat by
conduction to the atmosphere. Calculate the change In

the internal energy of the system.

Solution
AU = AQ - AW
AQ = + 1000J-100J =+ 900J
AW = 600 Joules
therefore, AU = 900 J - 600 J = 300 J
Example 11.7.

A thermodynamic system undergoes a process
which its internal energy decreases by 300 J. If at th¢
same time, 120 J of work is done on the system, find th¢
heat transferred to or from the system.

Solution

AU = AQ - AW ,
300J = 4AQ - 120 J
420J=AQ 1
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Eieé this amount o!’ heat leaves the system
sal AQ = -~ 420 J.
11.19. Applications of First Law of Thermodynamics

Let us consider the following cases.

1. Isobaric Process

Isobaric process is that process which takes place
at constant pressure. In such a process the heat trans-
ferred and the work done are both non-zero. When water
enters the boiler of a steam engine and Is heated to its
polling point, vaporized, and then the steam is super-
heated. all these processes take place isobarieally. Such
processes play an important role in mechanical engineer-

ing and also In chemistry.

In Fig.11.8. (a,b,c) we show an Isobaric process.
The system is a gas contained irn 2 cylindrical vessel pro-
vided with [rictionless air tight piston and is [ree to
move. An Infinitesimal heat AQ is transferred [rom the
surroundings to the system. The gas expands such that
the external pressure p remains unchanged as shown in
Fig.11.8. {c). The work done by the gas in moving a pls-
ton of area A to a small distance Ax is given by:

L

AW = FX Ax
= (PA) Ax
=PAV

Where AV is the Increase in the volume of the gas from

volume V) to volume V,. So we can also write the above
¢quation as:

T T S ———— (11.33)

:ubsm“llng this value of W in the relation @-W = AU
€ get

AR =PIVa = Vo )& MT . . coonsesss ceccanes (11.34)
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sochorlc Process

W

ﬁmc of the system remains constant.

er a cylinder Mted with a plston contammg a
1 _’ . of gas. 1t 1s heated by supplying an

sure of the gas Increases from p; to p,
e there is no change in the volume of the
¢« done W is zero. From the first law of ”

, putting W = 0, we get
-U; = AQ (Isochoric process)

5140 | weememecsneeenana(11.35)
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3, Isothermal Process

If the temperature of the system remain constant
(hroughout the process, it Is called an isothermal pro-

cess.
(Jir v, 7))
T A

P
3 (AT

e e
Fg. (11.18)

The pressure, temperature and volume of a gas in
a cylinder is shown In (Fig.11.10) by point A. The cylin-
der has a heat conducting base and non conducting
walls and piston and it is placed on a heat reservolr, a

body of large heat capacity at a constant temperature T),.
If the pressure of the gas in the cylinder Is decreased by

decreasing the weights on the piston there should be a
fall In temperature. But since the system is perfectly
conducting to the reservoir it will absorb heat from the
reservoir and maintain a constant temperature [rom A to
B. In order to keep temperature of the gas constant, the
changes in its pressure and volume must be carried out
very slowly.

The internal energy of the gas does not change
during this process f.e. Uy = U} = 0. Therefore from the
first law of Thermodynamics.

AQ = AW (Isothermal process)--------- -—{11.36)

| Eq.11.36 represents the 1st law of thermodynem-
,:s In an 1sothermal process and the curve in Fig 11.10.
Called an jsotherm.



4. Adlabatic Process
W

: The process tn which no heat flows into or oul o
the system is called an adlabatic process. During an - d:.‘ ‘}
abatic process, the working substance is perfeq,
insulated from the surroundings such that it does nop
exchange heat energy from the surroundings, Howcvcr' i
a process such as compression or expansion of a gag
done very quickly, It will be nearly adlabatic because the
flow of heat into or out of the system requires [finite (img

If the pressure Is suddenly reduced on the piston,

the gas expands rapidly pushing the piston up and the

temperature falls. As no heat exchange can take place,

the first law of thermodynamics reduces to
BRI AW 0 Areessececcessease (11.37)

A curve between pressurc and volume during the adia-
batic process Is called an adiabatic curve or an adiabatie

as shown in Fig. 11.11.

I A-(P1,V1,T))

P

(P2V2,T))
B

)/ by

Fig. (11.11)

11.20. Derlvation of Cp - Cv=R

When we heat a substance, its temperature
under various conditions, for example, the volume mM?)
be kept constant or the pressure may be kept constant
or both may be allowed to vary in some definite manne”
In cach of these cases, the amount of heat requircd P

¢
- mole per unit rise of temperaturc (wec define this as th
Hi ; | 4

scs

e 5



" r heat capacity) Is different. Only two kinds of T
™ ¢ capacities are important for gases. namely, that at

i

:‘. ant volume Gy, and that at constant pressure Cp.
Let us consider a piston cylinder arrangement
paving @ certain number of moles of an Ideal gas. The
Jinder 18 placed on a heat reservolr, the temperature of
which can be ralsed or lowered as needed. The gas has o
ure p such that its upward force n the frictionless
pliston just balances the weight of the piston and its

load.

Fig. 11.12. shows two Isotherms of an ideal gas
at temperature T and T + AT. Suppose that the gas is
taken along the constant pressure path » — b In fig-
are (11.12). The temperature also increases by AT
along this path. The heat transferred to the gas in this
process Is glven by AQ = nCp AT, where Cp Is Lhe molar
heat capacily at constant pressure. We nole that the vol-
ume Increases in this process. We call this increase as
AV. So the work done by the gas is W = PAV. Applying
the first law to this process, we have

AU = AQ - AW,
S BA AT = P AV, eseemsepminons —(11.38)

b
&— TeaT
T

Vv

The
wmwdaglunms of gas Is ralsed by the same amount by
a constart volume process (a—c).

Fg. (11.;2
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Apply the cquation of state PV = nRT to the constant Jf

pressure process a —» b. For P constant we have, tak.
ing PAV = nRAT, Eq. (11.38) reduces to

REERC SRS nRAT | St (11.39)

Let us consider the constant volume process that carries
the system along the path a — c (Fig. 11.12). By defl.
nition Q = n C, AT, where C, s the molar heat capacity
at constant volume.

e

Also since (AV = 0. so AW = p 4 V) is also zero. There.
fore from the first law of thermodynamics,

Q-W= A U.Wehave
AU-nCv AT

substituting this Into equation (1 1.39). we get
nGAT = nC, AT + nRAT

Which gives

Be=R @ e (11.40)

This expresslon applies to any ideal gas. It shows that:
the heat capacity of an ideal gas at constant pressure Is
greater than the heat capaclty at constant volume by an
amount R. the universal gas constant (8.313 J mol.K)

11.21. The Second Law o1 Thermodynamics

Any device which converts heat into mechanical
energy Is called heat engine. The essentlals of a heat en-
gine are the furnace, or hot body, the working substance
and a condenser or cold body. In a steam engine, the
steam absorbs heat from the furnace, converts some of it
into work by applying pressure to the piston and rejects
the rests to the condenser. The point to note Is that the
furnace Is at a higher temperature than the condenser

‘and this conversion of heat into work is possible when
the working substance falls In lemperature as shown 1
Fig 11.13(a). We can generalise it by sayin that the (w0
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wles must be maintained at dulerent temperatures for
~ {he working of a heat engine. A continuous supply of

-

work has never yet been obtalned from a single supply
of heat otherwise we could build a ship which would use
far more heat In the ocean water without needing any
fuel. This leads 16 the first way of stating the second law

of thermodynamics due to Kelvin.

“it Is Impossible to derive a continuous supply of
work by cooling a body to a temperature lower than that
of the coldest of its surrounding”.

Let us consider the fact that no one has ever
built 2 refrigerator which will work without a supply of
energy. A refrigerator {s essentfaily a machine for convey-
Ing heat from onec body at a lower temperature to
another at a higher temperature as shown in Fig 11.13
(b). In other words, it is only possible to make heat [low
from a cold body to a hot body by using up work. The
statement of second law of thermodynamics due (o Clau-.
slus comes from the consideration of this fact of
refrigerator and it is stated.

R s -
Hot Body 1 Hot Body Hot body‘ a heal reservolr
Q l Q, at high temperature T,
QQ
10‘ [ l i 2
b e / 57 ‘-\4
I’ =i \ Heat engine p 4 , Refngerator /’ g : 2
. -
g r ——— ' v —— L
l : v4 'A laeos
" ~ k e 4 :'\\_
“ | Perfect heat Refrigerator C
i engine 21
T T Q Cold bedy, a heal reservoir

Cold Body Cold Body at low temperature. 1,

Fig: (11.13) a.b.c.

'It Is iImpossible to cause heal to flow {rom a cold
W to a hot body without the expendilure of energy”.

We shall now prove that both these statements

8re equivalent by showing that if either of these state-



|
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- TMEAIS IS supposed to be false, the other must be fal

| I‘ho. We suppose that Kelvin's statement ls!-l;alse then \:: !
'mbmnhulmamwhbhhmhutfmamm

and converts it completely into work. If we connect this

perfect heat engine to an ordinary refrigerator we can

take heat from the hot body and convert it completely tq

work. This work can be used to operate the refrigerator

which conveys heat from the cold body to the hot body,

The net result is a transfer of heat from a cold bedy to 3

hot body without the expenditure of work which is con-

trary to Clausius’ statement.

According to Kelvin statement, an engine. when
converting heat into mechanical work, can not convert
all of it into work. A part of the heat must be rejected to
a cooler reservoir, the exhaust. In other words. it Is Im-
possible to device a machine that would have an
efficiency of 100 percent, even though the first law wili

be satisfled.

11.22. The Camot Engine

The law, governing the conversion of heat into
work are investigated by considering an ideally simple
heat engine concetved by French Engineer, Sadi camot.

It consists of a hot body of infinite thermal capacity. a
similar cold body. a perfect heat insulator, and a cylin-

der fitted with a piston enclosing any working substance.
The cylinder has a heat conducting base and non con-
ducling walls and piston.

A(PI'VI'TI, ‘
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The working substance Is taken through the following
Je of operations known as the carnc: cycle (Fig.11.14).
starting at the condition shown by the point A, the cyl-
inder is placed on a hot body (Fig. 11.15)at temperature
T, and the load on the piston Is decreased in order i3 al-
low the gas to expand very slowly at lemperature T).
This expanslon Is strictly isothermal as the bottom of the
cylinder Is a perfect conductor and the thermal capacily
of the hot body is Infinite. 1t is allowed to continue until
the volume of the substance reaches the point B, when
the cylinder is taken to be perfect heat Insulator.

The gas Is allowzd to expand and this expansion
is adlabatic since no heat can enter or leave the system.

This expansion is shown along BC and the temperature
of the gas falls from Tito T,

The cylinder is removed from the insulator and Is
placed on the cold body at a temperature Ty and the
working substance is compressed very slowly by putting
the weight on the piston just greater than the force due
to the pressure of the working substance. During this
compression the heal energy Q, Is transferred from the
gas to the cold body through the conducting base. The
working substance undergoes isothermal expansion
shown by CD and some work s done on the gas.

When the point D is reached. the cylinder Is once
again put back on to the perfect heat Insulator. The cy-
cle is completed by an adlabatic compression DA
because no heat can leave or enter the systuin. The tem-
perature of the working substance has risen to that of
hot body Ic_{‘lm:e more and one cycle is completed.

Fig. (11.15)
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O :f ©1 Is the heat absorbed by the working sub.
‘€ Irom Lhe hol body In the 1sothermal expansion AR
and Q2 is the heat rejected to the cold body during iso.
thermal compression CD, and W Is the external work
done by the engine In one cycle, then from the first law
of lhr.!modynamlcs

W = e Rt Eq. (11.41)

In this cycle, the system comes back to its initial
state and hence. there Is no change in Its Internal ener-
gy. The efficiency E of a heat engine Is defined as

output W Q-0 , Qg

input 2, Q| Q)

Eq. 11.42. shows that the efliciency of the engine

increases as the ratio Q,/Q, decreases. It can also be
proved that heat transferred to or from: a carmol engine
is directly proportional to the temperature of the hot or

cold body :

Q,/0, = Ta/T) ceeemmmmmmnneees (11.43)
Thus the efficiency of the carnot engine can be written

------ (11.42)

as

T2
L e N (11.44)
1

it is thus concluded from Eq.11.44 thal the smaller the
ratlo T, /T, the more is the efficlency.

Example 11.8.
Find the efficiency of the carnot’s engine working
between 150°C and 50°C.

Solution

T,= 273+ 50 = 323K




= ] . ‘2‘5‘5" = 100/423 = 238

clliciency = 23.6%
11,23, Entropy and the Second Law of Thermodynamics

ENTROPY

We Introduce here another new concept known as
entropy. We may say that entropy Is a measure of molec-
ular disorder and In any process the entropy increases
or remains constant, that 1s the disorder increases or re-

mains constant,

In order to explain this let us consider a large
number of molecules of a gas conmilned In an Insulated
cylinder fixed with a removable partition as shown In Ng
11.16 (a). To start with all the molecules are confined in
a volume V = V, we say that the molecules are localized
within a volum~ V. Suppose now that the partition Is re-
moved. The molecules instead of staying conlined to
volume V, now occupy the whole volume V, = 2V, as
shown in fig 11.16 (b) and are less locallzed then they
were before the partition was removed. Actually, the de-
gree of locallzation Is a measure of disorder. As the
system Increases In volume, the disorder increases, and
we'say that the entropy Increases. Also, there Is almost
no chance that all the molecules by themselves will col-
lect in the original volume, V,. That is why we made the

Slatement “entropy or disorder always increases are re-
Mains constant.”

& We take here another example of the increase of
b ¢ disorder of a system. Consider equal number of
k and white balls contalned in a bax. The black balls



T,

occupy one half of the box while the white balls occupy
the other half of the box. We would say that the bally
are placed In order. As we shake the box this order o
the black and white balls is disturbed. As the box g
shaken more, the order Is disturbed more. We can say
that the disorder Increases and the original arrangemen
cannot be restored no matter how we shake the box.

Sclentists describe such a situation by saying
that the entropy of the system has Increased. These con.
siderations thus lead to defilne the second law gf
thermodynamics as follows:

“"When an isolated system undergoes a change,
the disorder in the system increases’.

As sald above. entropy Is thought of as being synony-

mous with the ‘degree of disorder'. The second law of
thermodynamics is then also defined as:

*When an Isolated sysicim undergoes a change,
the entropy of the system either remains constant

or it Increases”

It is our experience also that the natural tendency
of the things is to go into disordered state.

If AQ be the heat transferred to a system at con-
suml‘@vln temp T, then :

AQ

(Change Inentropy 84S =—= oo - (11.48)

If heat is removed from a body. the change In entropy Is
written as negative. Its SI unit Jk ™’

Removable Partition

Isolater

Fia:(11.16)
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QUESTIONS
How db you distinguish between temperature and
heat? Give examples.
Why the earth Is not in thermal equilibrium with
the sun?
Is temperature a microscopic or mi:cros-coplc con-
cept?
It is observed that when a mercury In a glass
thermometer is put In a fame, the column” of
mercury first descends and then rises. Explain.
Is it correct that unit for specific heat capacity Is
m? S2 (Cr!?
What Is the standard temperature 7
When a block with a hole In it is heated, why
does not the material around the hole expand
into the hole and make it small?
A thermometer Is placed in direct sunlight. Will it
read the temperature of the air. or of the sun, or
of some thing else.

Will kilogram of hydrogen contain more atoms
than kilogram of lcad? Explain.

The pressure In a gas cylinder containing hydro-

gen will Jeak more quickly than if it !s containing
oxygen. Why?

What are some factors that affect the efMiciency of

automobile engines?

What happens to the temperature of a room In

which an air conditioner is Jeft running on a ta-
ble in the middle of the room.

g, whenaiealed thermos bottle full of hot collce is

shaken, what are the changes, if any in
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11.1.

11.2.

11.3

11.4

11.5.

11.6.

a) the temperature of the coflee and
b) the internal energy of the collee,

PROBLEMS

) The normal body temperature is 98.4 F . What
is this temperature on Cclslus scale?

(Ans: 36.88°C)
1) At what temperature do the Fahrenhell and
Celsius scales colnclde, Ans - 40°.

A steel rod has a length of exactly 0.2 cm at
30°C. What will be its lenght at 60°C?
(Ans: 0.20066 cm ),
Find the change in volume of a5 aluminium sphere
of 0.4m radius when It is heated {rom 0 to 100°C.

{ Ans: 0.0019 m®).

Calculate the root mean square speed of hydrogen
molecule at 800K (Ans: 3158.6 ms!).

a) Determine the average value of the kinetic en-
ergy of the partieles of an {deal gas at 0°C and at

50'C.
(Ans: 5.65 x 102)), (6.68 x 102'])

~b) What is the kinetic energy p2r mole of an ideal

gas at these temperatures ?

(3404.5 J/mole), (4036.2 J/mole),

A 2 kg iron block Is taken from a furmace where
its temperature was 650°C and placed on a large
block of ice at 0°C. Assuming that all the heat
given up by the lron is used to melt the ice, how
much jce is melted. (Ans: 1.93 kp).

In a certain process 400 J of heat are supplied to
a system and at the sametime 150J of work arc

" done by the system. What Is the increase in the
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'~ mtemnal energy of the system.(250.)

11.8. There is an increase of Internal energy by 400
Joules when 800 joules of work 1s done by a sys-
tem. What is the amount of heat supplied during -

this process? (Ans: 1200 J).

11.9. A heat engine performs 200J of work in each cy-
cle and has efliciency of 20 percent. For each
cycle of operation a) How much heat is absorbed
and b) How much heat is expelled?

a) (Ans: 1000 J) (b) {800 J)

11.10. A heat engine operates between two reservoirs at tem.
peratures of 25°C and 300°C. what is the maximum
efliciency for this engine? ( Ans: 48% )

11.11 The low lemperature reservoir of a carnot engine is
at 7°C and has an efficlency of 40%. It {8 desired to
increase the efliciency to 50%. By how much de-

grees the temperature of hot reservoir be increased.
(Ans: 93.4 K)



