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PREFACE TO THE SIXTEENTH EDITION

The present edition of the book has been revised. A new Chapter on

Statistical Thermodynamics is included in this edition. This chapter deals with

Statistical Equilibrium, Maxwell Boltzmann Distribution, Fermi-Dirac

Distribution and Bose-Einstein Distribution. The statistical behaviour of an

ideal yas, an electron gas and a photon gas has also been discussed and the

comparison of the three statistics 1s discussed.

The whole chapter on thermodynamics is thoroughly reoriented. The

tollowing new topics have been added :

1. Richardson’s equation 2. Reversible and irreversible processes.

3, Gibb’s function. 4. Helmholtz function. 5. Enthalpy. 6. First order phase

transitions. 7. Second order phase transitions. 8. Theory of adiabatic

demagnetisation. 9. Maxwell’s thermo-dynamical relations. 10. Properties of

matter near critical point. 11. 7-ds equation. 12. Heat and Work as path

functions. 13. Quasi-static process. 14. Gibb’s phase rule. 15. Joule-Kelvin

coefficient 16. Cp, Cy and wu.

A few new topics have been included in the Appendix at the end of the

book.

Temperatures on the thermodynamic scale are denoted as 7 and the unit

used is Kelvin (Symbol K). It may be noted that the symbol in SI units is K

and not “K.

The exercises at the end of each chapter are brought up-to-date and

questions from recent university papers have been added. We are grateful to

the students and teachers fur the favourable response given to the book.

Suggestions for further improvement of the book will be highly appreciated.

Our grateful thanks are due to Shn R.K. Gupta for printing the book in time.

BRU LAL

DELHI N. SUBRAHMANYAM



PREFACE TO THE FIRST EDITION

This book on ‘‘Heat and Thermodynamics” is primarily intended for
students preparing for degree examinations of Indian Universities.

The subject matter is divided into eight chapters. Much of the elementary

material with which the students are already farniliar at the higher secondary

level is not included. The material is presented in a comprehensive way and

the sequence of articles in each chapter enables the students to understand the

development of the subject.

The chapter on thermodynamics includes a large number of topics viz,

zeroth law of thermodynamics, concept of heat, problems concerning entropy,

Maxwell’s thermodynamical relations, the first, the second and the third laws

of thermodynamics, practical working of heat engines, refrigerators and the

concept of negative temperatures. Based on the syllabus for degree classes of

different universities, equal emphasis is also given to chapters concerning

thermometry, specific heat, kinetic theory, liquefaction of gases, production

of low temperatures, pyrometry and transmission of heat.

A large number of diagrams to illustrate the basic principles are given in

the book. Solved numercial examples are also given at the end of each chapter

to enable the students to apply the formulae and principles studied. Fhe

exercises at the end of each chapter contain a large number of questions

including numerical problems and these are mainly selected from question

papers of different Universities.

We are greatly indebted to Prof. Y.V.S.R. Sastry, M.E., Ph.D., Professor

of Mechanical Engineering, Delhi College of Engineering, Delhi, for his

valuable help in reading and suggesting improvements in the chapter on

thermodynamics. We are also thankful to Mr. Raj Kumar Seth, Sales Manager

and P.N. Kapoor for the interest they took in getting the book published.

We hope that this book will be found useful by the students and teachers

in the various institutions in India. We will appreciate any suggestions for the

improvement of the book.

BRiJ LAL

N. SUBRAHMANYAM
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Thermometry

1-1 Concept of Heat and Temperature

It is not possible to speak of work in a body. Similarly, it is not

possible to speak of heat in a body. Work is either done on a body

or by a body. Similarly, heat can flow from a body or to a body. If

a body is ata constant temperature, it has both mechanical and

thermal energies due to the molecular agitation and 1 is not possible

to separate them. So, in this case, we cannot talk of heat energy.

It means, if the flow of heat stops, the word heat cannot be used. It

is only used when there is transfer of energy between two or more

systems. Therefore, heat can be defined as energy i tranatt.

Temperature of a system can be defined as the property that

determines whether or not the body ia in thermal equilibrium with the

neighbouring systems. Ifa number of systems are in thermal equili-

brium, this common property of the system can be represented by

a single numerical value called the temperature. It means that if

two systems are not in thermal equilibrium, they are at different

temperatures.

Example. In a mercury in glass thermometer the pressure

above the mercury column is zero and volume of mercury measures

the temperature. If a thermometer shows a constant reading in two

systems A and B separately, it will show the same reading even when

A and B are brought in contact.

Measurement of temperature of a body accurately is one of the

important branches of heat in physics. It also becomes necessary

to measure high temperatures and low temperatures. To make this

measurement possible, it is necessary to construct a suitable scale of

temperature. The scale chosen must be precise and consistent and

the temperatures measured on this scale must be accurate. Assessing
the temperature of a body by mere sense of touch or comparing the

degree of hotness of a body with respect to another body does not
help in measuring the temperature quantitatively and accurately.

12 Thermometry

The branch of heat relating to the measurement of temperature



2 Heat and Thermodynamics

of a body is called thermometry. Thermometer is an instrument

used to measure the temperature of a body.

The essential requisites of a thermometer are :

(1) Construction,

(2) Calibration, and

(3) Sensitiveness.

(1) Construction. The physical property of a substance plays

an important rele in the construction of a thermometer. In a mer-

cury thermometer, the principle of expansion of mercury with rise
in temperature is used. The platinum resistance thermometer is

based on the pr:nciple of the change in resistance with change in
temperature. ‘ihe gas thermometer is based on the principle of

change in volume or pressure with change in temperature. Thus, for

the constructio:. of a thermometer, the proper choice of a substance,

whose physical property varies uniformly with rise in temperature,
is essential.

(2) Calibration. When a thermometer is constructed, it should

be properly calibrated. The standard fixed points are selected for
calibrating a thermometer. Melting point of ice, boiling point of
water, melting ocint of silver and melting point of gold are taken as
fixed points. ‘I‘he scales are built by dividing the interval between

the two fixed ¢ ints into equal parts. Centigrade scale is built by

dividing the in:-rval between the melting point of ice and the boiling

point of water ‘ ander normal pressure) into 100 equal parts and each
part represents i°C. Similarly, Fahrenheit scale is built by dividing
this interval into 180 equal parts

(3) Sensitiveness. The instrument, once constructed and cali-
brated, should 1!so be sensitive. The thermometer will be sensitive
if (t) it can detect even small changes in temperature, (##) it shows

the temperaturz of a body in a short time and (#8) it does not take
large quantity cf heat for its own heating from the body whose tem-
perature is beis.y.measured.

Fized pointe Degrees Celsius

Boiling ,»oint of oxygen —182-97

Ice point 0-00

Steam point 100-00

Boiling point of sulphur 444-60

Melting point of silver 960-80

Molting point of gold 1063-00

Melting point of sobalt 1492-00

Melting point of platinum 1769-00

Melting point of rhodium 1960-00

Melting point of tungsten 3380.00

, —-



Ther mometry 3

13 Types of Thermometers

There are different kinds of thermometers :

(1) Liquid thermometers. These thermometers ar: based on the
principle of change in volume ofa liquid with chang: in tempera-

ture. Mercury and alcohol thermometers are based on this principle.

(2) Gas thermometers, These are based on the principle of
change in pressure or volume with change in temperature, ¢.9.,

Callendar’s constant pressure thermometer, constant \olume hydro-

gen thermometer etc.

(3) Resistance thermometers. These are based on the principle
of change in resistance with change in temperature, -.g., platmum
resistance thermometer.

(4) Thermo-electric thermometers. These are pased on the

principle of thermo-electricity, t.¢., production of « ermo-E.M.F.

in a thermo-couple when the two junctions arc at different

temperatures.

The various thermocouples commonly used are :--

(1) Copper and constantan

(2) Iron and constantan

(3) Chromel and constantan

(4) Chromel and alumel

(5) Platinum and Rhodium.

(5) Radiation thermometers. These are based 0: the quantity
of heit radiations emitted by a bedy e.g., furnaces. These instru-

ments are known as pyrometer.

(6) Vapour pressure thermometers. These are based on the
principle of change of vapour pressure with change ir temperature.

These are used to measure low temperatures, ¢.g., | elium vapour

pressure thermometer etc.

(7) Bimetallic thermometers. These thermometers are based on

the principle of expansion of solids. A bimetallic st::p is taken ia

the form of a spiral. Its one end is fixed and the other end is

attached to a long pointer. The pointer moves on a scale, calibrated

in degrees. These thermometers are used in meteoro:sgy for record-

ing the changes in temperature during the day. They are also used

to measure temperatures at high altitudes.

(8) Magnetic thermometers. These thermomete:s are based on
the principle of change in the susceptibility ofa substance with

temperature. These therinometers are useful for measuring low tem-

peratures near the absolute zero temperature.

1-4 Centigrade and Fahrenheit Scales

The earliest thermometer was constructed by Galileo in 1593.

Newton suggested the necessity of the fixed points. The temperature
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of the melting point of ice is taken as the lower fixed point and the
temperature of steam at a pressure of 76 cm of Hg (normal pressure)
is taken as the upper fixed point.

Centigrade (or Celsius) scale. Celsius, in 1742, suggested
the centigrade zystem of temperature. He marked zero at the lower

fixed point anc 100 at the upper fixed point. The interval between
the two fixed points is divided into 100 equal parts. Each part or
degree represer.is 1°C or 1° Celsius. The scale is also known as

Celsius scale.

Fahrenheit scale. Fahrenheit, in 1720, suggested this scale by
taking zero as the temperature of the freezing mixture. It appears

that he took 100 degrees as the

CENT;RADE © FAM@ENHEIT. «0s: temperature of the human body.

Later the correct temperature

212 of the human body on this scale
~~~ was found to be 98°4°F. The

lower fixed point is marked as 32

and the upper fixed point is

marked as 212. The interval is

divided into 180 equal parts.

worn -- "7 Each part or degree represents
a °F.

Relation. Consiger two

identical thermometers marked

pe 2. in Centigrade and Fahrenheit
scales. Place the two thermo-

meters in a bath at a certain

fixed temperature. Mercury in

big. 1-1 each thermometer stands to the
same level M (Fig. 1:1).

ML C—0

NL ~ 100—0

F-32

= 212—32

or EC _, FA32.
100 180

1/5. Relation between Celsius, Kelvin, Fahrenheit and

Rankine Scales of Temperature

In Fig. 1:2, the temperatures of the absolute zero, the melting

point of ice and the boiling point of water as measured on the Celsius

(Centigrade), Kelvin (absolute), Fahrenheit and Rankine scales are
shown.

Celsius and Fahrenheit scales show the same reading at —40°
#.e., —40°C =—40°F. The Kelvin scale and the Rankine scale agree

at zero degree only.
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The temperatures represented in Fig. 1:2, have been rounded

off to the nearest degree.

Relation.

C-o _ F-32 _ K~273 _ R—492

100 130 100 180

K R

CELSIUS KELVIN
OR OR FAHRENHEIT RANKINE

CENTIGRADE ABSOLUTE

100 Hr 373 F 212 f 672 ih - -STEAM POINT

20 HR 293H- ea Ht §28Hr
OHH 273HH 32 HH 492 HH- ~—iCE POINT

-40lh ~40 HH

oO“

Example 1-1. The temperature of the surface of the sun 18

about 6500°C. What is this temperature (1) on the Rankine scale and

(it) on the Kelvin scale ?

C0 _K—273 _ R—492

_ _ _ ABSOLUTE

' ~460 ' 0 \ ZERO

Fig. 1-2

——_
0 le

100 — 100 «+180,

Here, C = 6500 °C

6500 K-273 _ R—492

100 ~~ 190 ° & #&«3180

K = 6§500+-273 = 6773 K

R = 12,192°R

The temperature of the surface of the sun corresponding to

6500°C is (4) 6773 K and (#t) 12,192° R.
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Example 1-2. The normal boiling point of liquid oxygen is

— 183°C. What is this temperature on (t) Kelvin scale and (it) Rankine

ecale ?

C-~0 K-~273 R—492

“yoo ~ ~j00 ~ ~ 180

Here, C= —183 °C

—183 K—273 R—492

“100 ~ 100 ~ £180

K = 90°K

R = 162:6°R

The boiling point of liquid oxygen corresponding to — 183°C is
(t) 90 K and (tt) 162-°6° R.

Example 1:3. At what temperature do the Kelvin and Fehren-

hest scales coincide ?

K—273 F—32

~100. 180°

~ 100 ~—*180

x = 574-25°

974-25 K = 574-25°F

Example 1:4. At what temperature do the Celsius and the

Fahrenhett scales coincide ?

C—G F--32

100 ~—<‘—«‘w B'S

2-0 _ 732
100 ~~ = =180

= —40°

—40°C = 40°F

Example 1:5. The boiling point of liquid hydrogen is 20-2 K.
Convert this temperature into degree Rankine.

K —273 R+.492

~ 100 ~~ ~~~ 180 >

Here K = 20-2°K
. (202-273 R—492

.° 100 ~~ 380

R == 36:96°R

202 K = 36:96°R
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1-6. Liquid Thermometers

Liquid thermometers are based on the principle of change of

volume of the liquid with change in temperature. These thermo-

meters are suitable for a narrow range of measurement. The most

commonly used liquids are (¢) mercury and (4) alcohol. The range

of mercury thermometer is —39°C to 357°C, Alcohol thermometers

are used only to measure temperature near ice point.

Mercury Thermometer

Mercury is usually selected for use in liquid in glass thermo-

meters for the following reasons :

(1) It has a low specific heat and hence it absorbs little heat

from the body whose temperature is being measured.

(2} It is a good conductor of heat and takes the temperature of

the body quickly.

(3) It can be easily seen in a fine capillary tube and the

thermometer can be made sensitive.

(4) It does not wet the wall of the glass tube. This is an

important point for the construction of a thermometer.

(5) It has a uniform coefficient of expansion over a wide range

of temperature.

(6) It remains a liquid over a large range. Its freezing point is

—39°C and the boiling point is 357°C.

i-? Errors and Corrections in a Mercury Thermometer

(1) Ghange of zero. When a thermometer is graduated after

sealing, there will be shift in the zero mark. This is due to the fact

that when a thermometer is subjected to a high temperature during

construction, glass takes a long time for contraction. Consequently

when the thermometer is placed in melting ice, the level of mercury

will be above the zero mark (say at +0:5°C). To correct the error,

0-5°C is subtracted from the observed reading. While manufacturing,

the sealed thermometer tubes are allowed sufficient time and are

graduated after a number of years.

(2) Recent heating and cooling. When a thermometer is

used to measure a very high temperatur+, the thermometer bulb

expands. If the same thermometer is immediately used to measure

low temperature, the level of mercury will be lower than the correct

reading. Suppose the thermometer when placed in melting ice, reads

—0-3°C, the correction to be applied is +-0-3°C.

(3) Due to exposed stem. While calibrating a thermometer,

the thermometer as a whole is kept in steam. While measuring the

temperature, only the bulb is immersed in the bath whose tempera-

ture is to be micasured. Due to this reason the observed reading is

lower than the correct reading. To correct this error, maximum

possible length of the stein should be immersed in the bath whose

temperaiure is to be measured.
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(4) Inequality of the bore. The thermometer is calibrated

after marking the lower and the upper fixed points. The distance
between the two fixed marks is divided into equal parts assuming
that ihe bore of the thermometer is uniform. If the bore is not uni-
form, at positions where the bore has lesser diameter, the observed
reading is higher than the actual reading. Similarly, when the bore
has a higher diameter, the observed reading is less. To correct this

error the capillary tube is initially calibrated and a graph is provided
which gives the correct readings against the observed readings.

(5) Position and pressure, While grad wating. if the thermo-
meter was held in the horizontal position and while taking the tem-
perature it is kept in the vertical position, the observed readings will
be lower than the correct readings. This is due to the pressure of
mercury column. To avoid this error, the thermometer is used in
the same position in which it was calibrated.

(6) Surface tension. Mercury is depressed in a capillary tube
because it does not wet the glass tube. The depression is different
at different positions of the stem if the bore is not uniform. To

correct this error, the reading of the thermometer is taken with a

rising mercury column.

(7) Thermal capacity. If the thermal capacity of the bulb is

large, a part of the heat from the bath is used in heating the bulb.
Therefore, the thermometer reads a lower temperature. To correct
this error, small thermometer bulbs with low thermal capacity
are used.

(8) Effect of the bulb. In a mercury thermometer the
glass bulb has an insulating effect. Due to this reason the mercury
inside the bulb may not attain the temperature of the bath.

18 Gas Equation

Consider a perfect gas at a pressure P, temperature T and
volume V.

Let the pressure of the gas change from P to P, at constant

temperature T such that the volume changes from V to »v.

Applying Boyle’s law,

Py == PV

v Pv (2)or = P, eee

Now, let the temperature of the gas change from T to T, at
constzint pressure.

Initial Pressure = P, Volume = 4, Temperature = 7

Final Pressure = P, Volume = V,, Temperature = 7,

Applying Charles’ law,

V -
7 = T .o (48)
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Substituting the value of v in equation (é)

PV V, PV _ PV,

TF KX P=

T= constant .+ (388)

Universal gas constant. When one gram molecule of a gas

at N.T.P. is taken, the constant in equation (tt) is R& and is called
‘universal gas constant’. Its value is the same for all gases.

PV
Go=R or PV = RT ..-(8)

One gram molecule ofa gas at N.T.P. has a volume=22,400 cc
At normal pressure

P = 76x 13°6 x 980 dynes/sq cm

V = 22,400 cc

T = 273K

76 x 13-6 x 980 x 22,400

273

== $3110? ergs/g-mol-K

. 7

R = Gr = 1-986 cal/g-mol-K

For gram molecules of a gas, the gas equation is

PV = nkRT ooo (98)

Ordinary gas constant. When one gram of a gas at N.T.P. is
taken, the gas constant is rand is known as ordinary gas constant.
Its value is different for different gases.

Here cl =r or PY =r7

(t) For Oxygen. One gram of oxygen at N.T.P. has a volume

22,400
= “Go — ee

_ _ PV _ 76x13-6x980 x 22.400

T 273 x 32

_ { 83! erate.= (4°) 10°/ergs/g-K

(it) For Hydrogen. One gram of hydrogen at N.T.P. has a

volume

22,400
9 cc—

—-7
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Sw SJ

273 X2

x 10 ergs/g-K

and r for CO, = 10? ergs/g-K

(=)

= ( 8°31 ) x 107 ergs/g-K

(=)
In general,

R

Molecular wt. of the gas in grains

1-9 Advantages of a Gas Thermometer

T=

1. The coefficient of expansion of gases is very large as com-

pared to liquids. Therefore, gas thermometers are sensitive.

2. The coefficient and the rate of expansion of all gases are

the same under similar conditions.

3. The coefficient of expansion of the material of the bulb of
the thermometer is negligible in comparison to the coefficient of
expansion of a gas.

4. The gases expand uniformly and regularly over a wide
range of temperature.

5. The thermal capacity of a gas is low as compared to liquids.
Hence even small changes of temperature can be recorded accurately.

6. Gases can be obtained in a pure form.

7. Gas thermometers can be used over a wide range of tem-
perature. They are suitalsle to measure high and low temperatures.

8. The temperatures measured with a gas thermometer

agree with the temperatures on the thermodynamic scale.

Gas thermometers are not suitable for routine work. They are
large and cumbersome. They can be used only in one position. They

are mainly used to standardize and calibrate other thermometers.

1:10 Callendar’s Compensated Constant Pressure Air Ther-

mometer

It is based on the principle that, pressure remaining constant,

the volume of a given mass of gas varies directly as its absolute
temperature. It consists of a silica bulb A connected to the reservoir
# containing mercury (Fig. 1:3). HF is the connecting tube. The
compensating bulb B is exactly similar to the silica bulb A. C,C, is
the compensating tube having a volume equal to the tube AF.

Initially, the reservoir & is filled with mercury up to the zero
mark and the stop-cock is closed. The bulbs 4, B and R are immers-
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ed in melting ice. The tubes are sealed when the pressure on the two
sides as shown by the manometer is the same. Therefore, pressure

of air in A and B is the same.

SILICA

BULB

MANOMETER

KS) Ay
COMPENSATING

BULB

Fig. 1:3

The manometer ¥ contains sulphuric acid. When the pressure
cn the two sides of the manometer is the same, the levels of
sulphuric acid in the two limbs will be the same. In this way
the pressure of the gas or air can be maintained constant at all
temperatures.

Suppose, the bulb A and the connecting tube EF contain n
gram molecules of air. Also the bulb B and the compensating tube
C,C, contain » gram molecules of air. The bulb A is immersed in the
bath whose temperature is tc be measured. The bulb B is kept in mel-
ting ice. Tubes ZF and UC, are at the room temperature. The air in
the bulb A attains the temperature of the bath. Pressure of air in A
increases and the manometer shews the difference in level. Mercury
is allowed to flow out of the rese-voir R through the stop-cock 8 and
the stop-cock is closed just at the moment when the pressure on the
two sides of the manometer is the same.

Volume of the bulb 4 = Volume of the bulb B = V

Volume of the connecting tube EF = Volume of the compen-
sating tube C,C, = 2

Volume of air in the reservoir R at the end = v

Pressure of air on each side = P

Temperature of the bath = 7

Room temperature = 7,

Temperature of melting ice= 7",
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For the thermometric part,

FV Px _ Pv .
a + a — nkR ene (#)

For the compensating part

PV Px ..
T TF =x nR ee .(tt)

Equating (%) and (#2)

PV Px Pv PV. Pz

Te tt Te
Vv vas
T §6Ts,

J V wes
T = caw -| va | 273 eee ( 288)

Here T will be obtained in degrees Kelvin

Let the temperature of the bath be ¢ °C

Then, TL = (273+%)

V2734 t=( y=; )273

t = [ (vo) 273 |*c (80)

This thermometer is useful to measure temperatures upto

600 °C. However, the results obtained with this thermometer are not

very accurate.

Example 1-6. The bulb of the Callendar’s compensated cons-
tant pressure air thermometer ts 1,000 cm*. When the bulb ts immer-

sed in a bath, 100 cm* of mercury has to be drawn out of the reservotr.

Calculate the temperature of the bath on the Celsius scale.

liere V= 1,000 cm?

v= 100 cm?

v

_ ( ___100
~ \ 1000—100

==30 33 °C

) 273
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Ltt Jolly’s Constant Volume Air Thermometer

It consists of a glass bulb & connected to a glass tubing, The

end of the glass tube is connected to the reservoir of mercury through
arubber tubing. M isa fixed mark on _
the glass tube. The difference in the f
levels of mercury in Rand M is obser- 7

ved on the scale S. The bulb & is S

filled with 1/7 ofits volume with mer- :

cury so that the expansion of the bulb _ sult
B is compensated by the expansion of fi ri
mercury in the bulb. This keeps the | Mg

J|
volume of air in the bulb up to the

mark M constant (Fig. 1-4).

Working. (1) The bulb Bis kept 7
in melting ice. The reservoir F is suitably B it:
adjusted so that the level of mercury oe

stands at M. Suppose the difference in Mercury | i. |
level between Rand M is hy. If P is

the atmospheric pressure, then Fe

P, == P+hg. (3) Hh!

(2) The bulb B is kept in boiling | S“~
water. The reservoir & is adjusted so

that the level of mercury is at M. Let Fig. 14
higg be the difference in levels.

Pigg = P+Aroo »»»(28)

(3) The bulb B is kept in the bath whose temperature is to be

measured. The reservoir R is adjusted so that the level of mercury
is at M. Let A, be the difference in levels.

BF, = Ph, (iit)

oe erm on -

2d

Volume remaining constan‘, the pressure increases according

to the relation

Also Prog = Po (1+7100)

or P, —P, <= Poyt w+ (8P)

and Pio — o9= Poy lv .o2(¥)

Dividing (tv) by (v)

P,—P, ,
f= | ———— |x100 woe (Ut( PaaP | )

hy—he '

Hence ¢ can be calculatea.
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1:12 Constant Volume Hydrogen Thermometer

It was first designed by Harker and Chappius and is known as

the International standard thermometer. It is based on the principle
that when the volume is kept cons-
tant, the pressure of a gas increases

with rise in temperature accord-

ing to the relation

Py = Po (1+)
It consists of a platinum-iridium

bulb B connected to the tube A.

The reservoir K containing mercury

is connected to the tubes C and A

as shown in Fig. 1-5. A movable

barometric tube 7’ with a bulb D is

clamped to a stand. It can be movec

vertically up or down as desired. P;

and P, are the two ivory tipsin the
same vertical line. Above the level

of mercury in JD, there is Toricellian
vacuum (Fig. 1°5). -

Working. Initially the bulb

is filled with pure dry hydrogen at

a pressure higher than the atmos-

pheric pressure.

(1) The bulb B is kept in

melting ice. The reservoir R is

adjusted so that the level of mercury
Fig. 1-5 in A just touches the tip of the ivory

peg P,. The tube T is adjusted so that the level of mercury in D

just touches ¢ ie tip of the ivory peg P,. Suppose the difference in
levels of merc ury in A and C is Ag and the atmospheric pressure is P.

Then P, = P+hy. The difference in levels of mercury in C
and D is equai to the atmospheric pressure P. It means the distance
between the ips of P, and P, as measured on the scale (or with the
help of a cat}:etometer) gives Py directly.

(2) The bulb B is kept in steam or boiling water. KH and T
are adjusted so that the level of mercury in A just touches the tip of
P, and that ia D just touches the tip of P,. The difference in the

levels of P, and Pg gives Pig.

(3) Place the bulb B in the bath whose temperature is to be
measured. & and T are adjusted in the same way and the difference
in levels of P, and Pg, gives P,.

Here P, = P,(1+yt)

Prog = Po (147 100)

P,—P, = Povt woe(4)

Pipp— Pp = Poy 100 .«(#8)
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Dividing (+) by (43),

{—. (p= ) x10 .. (688)
100 —Po

The constant volume hydrogen thermometer can be used over

a wide range of temperature. With hydrogen and piatinum-iridium
bulb, the range is —200 °C to 500 °C.

Beyond 500 °C, hydrogen diffuses through platinum. With a

porcelain bulb temperatures up to 110 °C can be measured. Beyond

1100°C hydrogen creeps along the wall of the bulb. So it is replaced
by nitrogen for measuring temperatures up to [500°C. Below

—-200 °C: hydrogen is replaced by helium.

1-13. Gas Thermometer Corrections

While discussing the constant volume hydrogen thermometer,

the following assumptions were made :—

(t) The whole yas attains the temperature to be measured and

that the volume of the gas remains constant.

(1t) The gas obeys the perfect gas Jaws.

"In practice, however, these two assumptions are not true and

corrections are to be applied.

First correction, The main sources of error in a constant

volume gas thermometer are :

(t) The gas in the dead space is not at the same temperature

as the gas in the bulb. The dead space consists of the space inside

the capillary and in the manometer between the mercury level and

the index.

(it) There is increase in the volume of the bulb due to rise in
temperature.

(#83) There isa change in the volume of the bulb due to

change in pressure.

Let the volume of the bulh at 0 °C be V, and Py the pressure

of the gas at 0 °C. Suppose the volume of the dead space is v and

the temperature of the dead space throughout the experiment is °C.

The reduced volume of the whole gas at N.T.P.

v P, .ms ( Votre \5 --o(t)

Here *; is the coefficient of expansion of the gas.

When the bulb is heated to?#°C, the pressure of the gas

becomes (P+).

The reduced volume of the gas at N.T.P. will be,

f{V (1+ y7,t)-+bh v (A -

"T+ ~)+ ig} 75 ) A)
Here, y, is the volume coefficient of expansion of the bulb and

b is the volume coefficient of expansion of the bulb due to interna

pressure.
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Equations (#) and (#¢) represent the reduced volume of the ¢-
at NTP at 0 °C andé#°C. As the mass of the enclosed as is cov
ant, these two volumes must be equal. ot

Equating ‘s) and (##) we get,

7p, = Waltret)+0hPoth) oh
1+yYt 1+y¥6 ty

Poth\( Voll + vot) +5h hv ( 1+¥

or t= (“Ee \ We )+-pyA ae)!
»o.(80)

Here # is the temperature of the gas and it occurs on both sides

of the equation (sv). In case the above corrections are not taken

into account, equation (sv) reduces to,

h

"=P
h

or (= eaelD
Po ()

Initially the value of ¢ is calculated from equation (v) and this

approximate value is substituted on the right hand side of equation

(sv). After substituting, a new value of ¢ is obtained for the left hand

side. This new value is again subsituted on the right hand side and

the value of f on the left hand side is once again’ calculated.
This method of successive substitution is performed two or three

times depending upon the accuracy desired.

1:14. Second Correction (Perfect or Ideal Gas Scale)

All practical gases viz. hydrogen, oxygen, nitrogen etc., show

deviations from Boyle’s law at high pressures and low temperatures.

Hence the temperatures obtained with a constant volume or a _ cons-

tant pressure gas thermometer have to be corrected so as to com-

pensate for the departure from the ideal gas. On the constant

Jolume scale, the temperature ¢,, is written as,

P,—P. ;
f = — 0. - 100 aoe 4»=[ por, “

Similarly on the constant pressure scale the temperature ¢, is

written as

Ve---Vo esty = ( Vico—Vo_ )x 100 »o(68)

If the mass of the gas enclosed is the same in both the thermo-

meters, then at 0 °C, both wil] haye the same pressure P, and volume

Vy. In the case of constant volume gas thermometer, when the tempe-

rature is increased tu t °C, the pressure becomes P,. In the constant
pressure gas thermometer, at é °C, the volume is Vy. If the gas is
ideal, in that case

V.P, = (PV), = VPs .aa(ti8)
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res

° Multie'ying and dividing the right hand side of equation (3)

(P,—P,)V, ]
t, =

(Proo— Pol 4 100
i, PV, —PV |x 100

P,,.V,— PI, +)
But from equation (12),

PWV, = (PV):

ard P Vo = (PV),

Prog = (PV )io9

[=P 7tp =e) ee EK 100 ves

LPP hoo (PV 0 J” ”
Similarly it can be shown that

(PV)—(PV)y 7 ;
= | — eC «1:00 wa(UE

>= 1PM (PV J wn
Thus for an ideal gas, the temperatures measured on the cons-

tant pressure scale and constant volume scale are identical and both
can be written as

t

' (PV),—(PV

=| erymir, pm
But 1n actual practice no gas is ideal.

In the case of real gases, an empirical relation suggested by

K-Onnes is

PV = A+BP+CP!4 DP*+.,,.... (08)

Here A B, GC, D etc., are constants.

These constants are functions of temperature but are inde-
pendent,of pressure. The values of these coelf cients are determined
by performing compression experiments, These values for oxygen at

0 °C are

A = 1:00130

B= —1:30143 x 10-°

CGC = 3-689e x.40-¢

Here P is measured in metres of Hg and when P = 1, V is also
equal to one. -

It can he seen that the constants 4, B,C, D are of rapidly
decreasing ma-,'itude In actual practice, far the measurement of
temperature, constants C and D are usually neglected. Therefore,

PV = A+BP ave(¥84)

Using equation (v2), it is clear that when P + 0, PV = Aor

the gas is ideal and obeys Boyle’s law.
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in order to obtain the temperatures corresponding to an ideal

gas, observations are made with areal gas and the values of the

témperature, tiz, when P > 0 are obtained. Here t,,, will corres-

pond to the idea] gas temperature.

Constant Volume Scale

On the constant volume scale

ty =( a ) 100 .. (iis)

From the equation

PV = A+BP, we have

PWV o = An t+BoPo

PyqV 9 = Ajoo+ Broo! 100 (#2)
PV, = A,+B,P

Multiplying and dividing the right hand side of equation (vist)

by Vo,

_ PV yp—P Vo
i= (Fay Par,)*'TM

(A,+B,P,)—(49+ BoP o) ]
b= 5p, |X 100. | GTB LP 100) — (Ag+ BoP o)

(A,— Ay) + (BeP,—B, Po) ]
ty = x 100" foes Ay) +: (Biool 100 — Bol Po

~ ( B,.P,— BP,
14-0

ty = ( gt ) x 100 Ar-Aa
a Ajoo — Ao ( } +4 Broo? 199 —BoPo }

Ajy9— Ap

A,—A, ) ( B,P,.—ByP }
ty = [| > 100; 1( domay ) x 100 1+¢ GG ) x

( | — tne

Ajyg— Ag

Ay—Ag (14 BE cBPe
ty = ——-—--— |} x 100 1 -+ ——--—- -ats + A,—Ay

ByooP 100—Bo?o
‘A,co—Ao .. (2)

When P > 0

( Ar- Ayhire. = _— ( wt _ wk AQQ
- fe == legen ( i +R _. P00? 199 Bolg |

B Aigo— A, ) 12 (22,
Or biim—ty = tum( 100!” 100° ByPy B.P,—~ Bp

100— Ag “4 —4~ ) .++(244)
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Equation (tt) gives the ccrrection that has to be applied. The

value of ¢, is obtained with a tnermometer and the value of the

constants Ay, By, Az, Br, Ayoo, Bigg are obtained by actual comp-
ression experiments.

[nitially the value of t, is substituted for tj, on the right hand

side of equation (77t) and the correction tijim—ty is calculated. This
gives a new value of liga. This is again substituted on the right

hand side and this process of successive subsuitution is done two or

three times. Finally ¢,., gives the accurate value of temperature on

the ideal gas scale.

Constant Pressure Scale,

On the constant pressure scale

—_ (ot) x 106 (ait)
. Pio Vo

From the eqr:ation

PV = A+BP we have

PV = Apt BoPy

Po® 109 = dion + Brool’s

Pi = Ap+B,P,o

Muitiplying and dividing the right hand side of equation (x##1)

by Po,

PV ,—PV,

= (Pier)
? (Ajo9 + Broo) —- (Ag+ BoP)
_ A,—Ay B,—B,

ty = (ging, ) x00 [1476 ( G3 |
_P, Biyo— Bo )]

Aygy— Ag

When P -» 0

A,-—Aglum = ss) x 100

B,—B, Bion —B,

ty = tum 14P( amas )—Pe (aaa ))
Bigg —B, B.—B; .

tim—ty = ttm Po [ (sat) -( Aa") | aa( TAU)

Equation (ztv) gives the expression for the correction to be
applied. The value of ty is obtained with a thermometer. By the
method of successive substitution, the value of ¢,,,, 1s obtained.

From equations (ztt) and (xiv) it is clear that in both the cases



Heat and Thermodynamics

the value of

A,-A
t 0

him = |——— | x 100

Ajo ~ Ao
Thus the ideal or perfect gas scale (Celsius scale) can be defined as

follows: ;

t= (PV), — (PV)y

(celsius) | lim P—> 0 lin PO
x 100 ... (av)

(PV)ign ~ (PV)o

- lim P— 0 lim P-0-

These corrections obtained from equations (xi/) and (xiv) are applicable

in the range of — 183°C to 400°C. Beyond 400°C. the corrections are negligibly

small.

Example 1.7. The pressure of air in a constant volume thermometer is

80 cm and 109.3 cm at 0°C and 100 °C respectively. When the bulb is placed

in hot water, the pressure is 100 cm. Find the temperature of the hot water.

(Punjab 1966, Dethi 1973)

P, = 100 cm of Hg

Prog = 199.3 cm of Hg

P, = 80 cm of Hg

f P,- Py | f 100-80 1
I= PnP” x 100 = |———— 1 « 100

Pion P 109.3 ~ 80 \"

{= 68.2 °C

Example 1.8. A constant volume hydrogen thermometer is used to

measure the temperature of a furnace. The excess pressure in the bulb over the

atmospheric pressure ts found to be equal to 152 cm of Hg. AtO’C the pressure

in the bulb is equal to that of the atmosphere. Calculate the temperature of

the furnace, assuming that the atmospheric pressure throughout the experiment

remains constant, 6; oy 3%

4 Here £4 FSP =.76 cm of He
i as

ie i, pan las P i= 152+76=228 cm of He
yn a eh AOE ee 7

ee ee oe S/o = 273K
¥~ i. Py TR Pe , ‘ S. )

fi & a f. ms he ’ ‘ ‘ - . /

: “ . ‘ * P

is » $8 me Eranes % 1
{ Ge i S2f¥us BEI Sate. Ty
$e

a e . LEY
A. 228 x 278aa cai vars! ji ey ==

T = 819 K = $46 °C
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1:15 Platinum Resistance Thermometer

It is based on the principle of change of resistance with change

in temperature. It was first designed by Siemen in 1871 and later on

improved by Callendar and Griffiths.

A platinum resistance thermometer consists of a pure platinum

wire wound in a double spiral to avoid inductive effects. The wire
is wound on a mica plate. The two ends of the platinum wire are

connected to thick copper leads (for lower temperatures) and
connected to the binding terminals B, B,. For higher temperatures
the leads are of platinum. C,and C, are the compensating leads
exactly similar and of the same resistance as the leads used with the
platinum wire. The platinum wire and the compensating leads are

enclosed in a glazed porcelain tube. The tube is sealed and binding
terminals are provided at the top. The leads pass through mica

discs which offer the best insulation and also prevent convection

currents (Fig. 1-6).

The resistance of a wire at (°C = R; and at0°C = Ry. These

resistances are connected by the relation

Ry = Ry (1+ a+ Be). -»-()

Here « and § are constants. The values of « and B depend on

the nature of the material used. To find the values of « and 6, the
resistance of the platinum wire is determined at three fixed points

(t) melting point of ice, (+t) boiling point of water, (s+) boiling point

of sulphur 444°6°C for high temperature measurement and (tv) boil-
ing point of oxygen —182-5°C for low temperature measurement.

Using these values of resistance in equation (+)

Ryo = RSI +a 10048100] .o0(98)

and Ruae = Rll + 444°6+4-8(444-6)*] .»0(886)

The values of « and 6 can be determined by solving the simul-
taneous equations (+) and (tt).

From (%) R, = R,{1+-at+ Be?)

Neglecting ft? (because 8 is very small)

Ry — Ry [1+ al] w0.(80)

and Rigg = Rofl +a x 100]

R,—R, — R, a é mr ))

Rigo —Ro — Ry g. 100 ++.(08)

Dividing (v) and (v+)

R,—R, _ t

Rio Ro (100

, Re—Ry ie
_ ( ep )* 100 -.-(U18)

Knowing the values of Ro, Rigg and R;, f can be calculated.
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The resistance of the platinum wire is found accurately using

Callendar and Griffiths’ bridge.

Callendar and Griffith's Bridge

This is a modified form of Wheatstone’s bridge, used to

measure the change in resistance with temperature of the platinum

wire used in a platinum resistance thermometer.

P and Q are two resistances of equal value and S is a standard

fractional resistance box. The platinum wire whose resistance is to

be caiculated is connected in one of the arms of the Wheatstone’s
bridge as shown in Fig. 1-6. The compensating leads are connected

in series with the resistance S. XY is the bridge wire of length 2l

and of resistance per unit length p. Let r be the resistance of the
compensating leads and O the mir-point of the bridge wire. & is the

resistance of the platinum wire at the temperature of the bath. Let

D be the balance point, with some suitable value of S, 2 cm to the

left of O.

HE A.}—

C

_#

PORCELAIN
TUBE R jee wee

Fig. 1-6

Then length AD = l--z

As P = Q, the resistance of the arm AD = resistance of the
arm CD .

R+r+(l—x)p = 8+r+(l+2)>



Thermometry 23

R+r+lo—zp = S+r+lptxp

(If the balance point is obtained to the right of O, it can be

shown that R = S—2zp).

Thus, using a Callendar and Griffith’s bridge the resistance R,

of the platinum wire can be determined at temperature t.

A scale can be fixed along the bridge wire XY to read plati-

num scale temperatures directly. The range will be different for
different values of 9.

Correction. The temperature ¢ measured on the platinum

scale according to equation (v#) is not accurate because Bt? term has
been neglected. Therefore, the correct thermodynamic tempera-
cure @ will differ from é.

Here @—t = 8 ( “or ) — (+00 )] .oo(BE48)

The value of 8 can be calculated by knowing the values of «

and 8.

Equation (vttt) can be derived as follows :

R,—R@—t = 06 (4% ) x 100

Take R, = R,(1 +6 +86?)

and Rigg = Ry (1+ 100+8(100)*]

Ri— Re ad -}- BA

Rioo—p #100 +8 (100)?

a8 + 66?

ot = 6-( Thor)
ot = 268+ 10036—od —6 08

a+ 100

Ot = 10080— p62

(x+8 100)

g—t u- (100) 8 8 —TH0 |
(«4-8 100) | 190)" — 100

male (ay)

_ _—(100)* 6
Here $= “(x+-68 109)

The value of 8 for pure platinum is approximately equal to 1:5.

Advantag:s. The platinum resistance thermometer can be

used with great accuracy to measure temperatures ranging from

— 200°C to 1200°C. Its accuracy is 0:1°C. Once the platinum resis-

tance thermometer has been standardised with a constant volume

hy drogen thermometer, it can be used as a standard thermometer,



2¢ Heat and Thermodynamics

Its main disadvantage is that the adjustment of the Callend<r

and Griffiths’ bridge takes a long time. Moreover, the wire may

not attain the temperature of the bath in a short time.

Example 1-9. The resistance of the platinum wire of a plati-

num resietance thermometer at the ice point ts & ohms and at the

steam point 5-93 ohms. The pressure exerted by the gas tn a constant

volume gas thermometer is (1) 100 cm of Hg at ice point (is) 136-6 cm

of Hg at the steam point. When both the thermometers are inserted

in @ hot bath the resistance of the platinum wire is 5:795 ohms and

the pressure of the gas is 131-11 cm of Hg. Calculate Celsius tempe-

rature of the bath (1) on the platinum scale and (it) on the gas scaled

(Berhampur 1972)

(s) On the platinum scale

R, = 5 ohms

Rigg = 5°23 ohms

R; == 45°795 ohms

t= ( giz ) x 100
Ryyg— Ry

5-795—5 -_= (a ) x 100 = 85-48°C

({t#) On the gas scale

P, = 100 cm Hg

Py = 136°6 cm Hg

P, = 131'11 cm Hg

P,—P,
_ x 100(a

131-11—100 ;= ( ee Too )x100 = 85°C

Example 1:10. If the platinum temperature, corresponding to
50°C on the gaa scale is 50°:25°, what will be the temperature on the

platinum scale corresponding to 150°C. on the gas scale ?

Let 9 be the temperature on the gas scale and ? on the

platinum scale.

vind) 8)
= s € = 50°25

50-50-25 = 8 2 y -( To) | saa(i)
(48) @= 150: taz

2 150—z = 1 (oa) ~( iger) (it)
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Dividing (tt) by (#) and simplifying

z = 149-25°C

Example 1:11. The resistance of a platinum wire at 0°C,

100°C and 444:6°C ts found to be 5:5, 7:5 and 14:5 ohms res-

pectively, The resistance of a wire af a temperature t°C is given by the

equation

R, = R,(1 +06 +56?)

Find the values of x and 6.

Here R, = 5:5 ohms

Ri 00 =: 7°5 ohms

Raye = 14-5 ohms

Ry = Ra(1-+ot-+Bt?)

Broo == Hof] +2(100) + B(100)?} (8)

Ryee = Kof(l +(444-6) + 8(444-6)7] -+ (89)

.. Substituting the values in equations (1) and (#1)

75 = 5:5{1 +100«+-(100)? B) wa0(482)

145 = 35{1 + 444:6a+ (444°6)? B] PC)

Simplifying equations (t#2) and (sv)

2
c& -- 1008 = 5-5 x 100 .o(¥}

6% ex 9a+444 6 6 = 5-5 444-6 .».(v8)

Subtracting equation (v) from (vt)

ass.e @ .. 900-2 x 444-6

3440 B= 55 FFG x 100
8 = 1-281 x10°7/°C’

Substituting the value of 8 in equation (v)

_ 2
5°50 « 100

a = 363-6 x 10°5—1-281 x 10°

a = 362-319 x 10-5

a = 3-62x10°3/°C

a+ 100(1°281 x 1077) =

1:16 Seebeck Effect

In 1821, Seebeck found that a current flows in a circuit con-
sisting of two dissimilar metals when one junction is heated while the
other junction is kept cold. ‘Chis was a remarkable experiment be-
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cause no cell was used in the circuit. He connected a plate of bismuth

between copper wires connected to a galvanometer [Fig. 1-7 (#)].

He found that if one of the junctions was heated while the other was

kept cold, then a current flowed through the galvanometer. He

repeated his experiment by taking a thermo-couple of Fe and Cu

[Fig. 1-7 (#2)]}.

GALVANOMETER

.-

GALVANOMETER Cu Cu
) ff.
pte) —

ICE~ = 4 Ot, BATH

(i) aii)

F'g. 1-7

If both the junctions are at 0°C, there is no deflection in the
galvanometer. When one of the ‘junctions is kept at O°C, #.¢, at
the temperature of melting point of ice and the other junction is
heated gradually, current flows in the circuit. It was found that
current flows from copper to iron at the hot junction and iron to
copper at the cold junction. The current increases until the hot
junction is ata temperature of 270°C. If the heating is continued
beyond 270°C, the current decreases and finally at 540°C the current
is zero.

It was discovered by Cumming in 1823 that, on increasing the
temperature of the hot junction beyond 540°C, the direction of the
current is reversed. It flows from iron to copper through the hot
junction and copper to iron through the cold junction.

The current produced in this way without the use of a cell or
a battery is known as thermo-electric current and this branch of

electricity is known as thermo-electricity. The effect is known as
Seebeck effect.

The temperature of the hot junction at which maximum

current flows in a circuit is known as neutral temperature for that
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couple. The neutral temperature for a given thermocouple is fixed

and remains constant whatever may be the temperature of the cold

junction. The E.M.F. produced in this way is called thermo-2.M.F.

If a graph is plotted between the temperature of the hot junc-

tion and the thermo-E.M.F., the cold junction being kept at 0°C the

COPPER-IRON
THERMOCOUPLE

THERMO E.M.F. ——
—— el

TEMPERATURE

Fig. 1-8

graph is a parabolic curve. The thermo-E.M.F. £E varies with tem-
perature according to # = at+-bé?, where a and 6 are constants. The
point A represents the neutral temperature. The point B is the

temperature of inversion, beyond which the current is reversed (Fig.
1°8).

The temperature of inversion is not fixed. It is as much above

the neutral temperature as the cold junction is below the neutral
temperature.

Suppose the tempe: .ture of the cold junction = @;

Neutral temperature = 6,

Temperature of inversion = 6,

Then, 0,—0; = 0.—0,, OF 0, = ( ut" \
/

In the case of Gu—Fe thermocouple, if the cold junction is at

100°C temperature of inversion == 440°C.

1:17 Thermo.Electric Thermometer

It is based on the principle of Seebeck effect (Refer article

1-16}. Two dissimilar metals are selected. The thermo-E.M.F.

oroduced, depends upon the difference of temperature between the

hot and the cold junctions. For measuring temperatures up to 300°C,

copper-constantan the:mocouple is used. Iron-nickel is used between

300°C and 60v U and nickei-nichrome is used between 600°C and

1000°C. For temperatures between 1000°C and 1600°C, a thermo-

couple of platinum and an alloy of platinum and rhodium is used.

Beyond 1600°C, up to 2000°C iridium and an alloy of iridium and

rubidium is used. For measuring temperatures between 2000°C and

3000°C, tungsten and molybdenum thermocouple is used.
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The hot junction is made by welding the junction of two
metals and the junction is enclosed in a fine capillary tube. The

whole arrangement is enclosed in an _ outer
porcelain tube (Fig. 1-9). The wires 1 and 2
inside the tube are kept separate with the help

of mica strips.

Measurement of Temperature

The most important part of the experi-
ment for the measurement of temperature is
the accuracy with which the thermo-E.M.F.
can be measured. Two methods are usually

employed, e.g.

(t) Using a sensitive galvanometer,
PORCELAIN 7 (12) Using potentiometer.

TUBE (1) Using a galvanometer, A sensitive
Fig. 1-9 galvanometer is connected with the thermo

couple (Fig. 1:10). One of the junctions is kept

in meiting ice (0°C) and the other junction in an oil bath. The oil
bath is heated and thermo-E.M.F. is produced in the circuit. The
temperature of the oi] bath is determined by using a constant volume

hydrogen thermometer or some other sensitive thermometer.

Corresponding to the various temperatures of the hot gunction
(oil bath) the corresponding deflections in the galvanometer are
observed. A graph is plotted between the deflection along the
y-axis and the temperature of the hot junction along the z-axis
(Fig. 1-11), Thus for the given thermocouple the galvanometer is

calibrated.

- ae (Apa )

DEFLECTION ———
TEMPERATURE ———o

Fig. 1°10 Fig. 1-11

The bath whose temperature is to be measured, is taken. The
hat junction of the thermocouple is immersed in the bath, other
junction being kept in melting ice. The deflection produced in
the galvanometer is observed. From the graph, the corresponding
value of temperature is determined. Moreover, the scale of the
galvanometer can be directly marked in °C to show the temperatures

directly. Such a thermo-electric thermometer is not very sensitive.
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(2) Using a Potentiometer. The thermo- E.M.F. produced
in a thermocouple is of the order of 10°§ volt. Therefore the

Ay __8

yp eo =
a, =A

CF

Fig. 1-12

potentiometer should be sensitive to measure up to 10°¢ volt. For
this purpose the circuit used is as shown in Fig. 1:12. To check

the correctness of the connections, first close the key «. If on closing

the key K, the deflection in the galvanometer decreases, then the

connections are correct.

The standard cadmium cell # has an E.M.F. = 1:0183 volts.

The potentiometer has ten wires of length one metre each. The
potentiometer whose wire has a resistance of one ohm per metre is
used. The distance AD = 30cm. ‘The jockey is kept at D.

A resistance of 1018 ohms is introduced in R and the key = 1s
closed. The rheostat R’ is adjusted so that the deflection in the
galvanomete: is zero. T ten, the P.D. across CD = 1-0183 volts.

Ix30
ey

The resistance of CD = 16:8+0°5 = 1013°3 ohn

The resistance of AD 03 ohm

Fall of potential for one olim-resistance

_ 10183

= Fores

The potentiometer wire has a resistance of one ohm per metre.

Therefore the fall of potential for .i.c metre length of the potentio-

meter wire == 10 5 volt and the fall of potential per mm length of

the potentiometer wire

= 10° volt

10°" = 10°* vol= joo > voit per mm.

Thus the pot: atiomete: wire is calibrated.

The key « is taken out and the key # is introduced. For the

various temperatures of the hot. junction, the corresponding balance
points are observed. The lengths are measured from the point 4.

Thus the corresponding thermo- E.M.F. produced in the circui: can
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be calculated. The temperatures of the hot junction are measured

with a standard constant volume hydrogen thermometer. A graph is

plotted between the thermo-E.M.F. produced and the corresponding

temperature. The potentiometer wire can be directly calibrated to

measure the temperatures.

The hot junction is kept in the bath of the furnace whose

temperature is to be measured and the balance point is found. From

the balancing length, the corresponding temperature is either read

from the graph or from the chart provided.

For practical purposes charts are provided with each thermo-

couple.

Advantages. (1) It has a wide range and can measure tem-

peratures from —200°C up to 3000°C. (2) It is useful to measure

rapidiy varying temperatures. (3) It can be easily constructed and

itis cheap. (4) It is useful to measure the temperature of hot

furnaces and does not require any calculations, once it has been

calibrated.

Limits and Drawbacks. This thermometer does not give

accurate temperatures ovcr a wide range. Different thermocouples

are to be used for different ranges. The potentiometer is to be cali-

»rated for different thermo-couples separately. Moreover, the neutral

temperature of a thermo-couple also limits its range.

118 Helium Vapour Pressure Thermometer

This thermometer is used to measure temperature up to 0°7 K.

The apparatus consists of a bulb A containing liquid helium. This

bulb is connected to the manometer limbs Jf, and M, through a

connecting tube C. The tube C is surrounded by a copper tube B to

ensure uniform temperature of the vapour, A isa reservoir contain-

ing mercury (Fig- 1°13).
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Initially the reservoir #& is lowered so that the mercury u: the

manometers M, and M, is below the stop-cock 8S. The tube is con-
nected to an evacuation pump to remove air in the tube ( and the
bulb A. The stop-cock SS is closed after evacuation and the bulb 4

is placed in the bath whose temperature is to be measured. The
pressure of saturated helium vapour is measured from the difference
in levels of Hg in the limbs M, and M,. With the help of constant

tables, giving the vapour pressure of the liquid at various tempera-
tures, the temperature corresponding to any observed vapour
pressure is determined. For lower temperatures, the graph between
saturated vapour pressure and temperature is extrapolated.

Table

Vapour pressure of helium (He‘) at different temperatures

Temp. Pressure

K mm of Hg

5-00 1460

4-50 980

4-09 615

4-50 353

3-00 (81

2-50 v7

2-00 23-2

> 40 3:6

1-00 0-12

0-40 16x11-5

0:10 3:4 x 10-88

1:19 Standardization and Temperature Scale

The various thermometers depend upon the property otf a

substance. The temperature scule shown by a thermometer will

also depend on the property of ithe substance selected. Due to

this reason, the scale of temperature is arbitrary depending on the

property of the substance. The thermometers thus manufactured

agree only at the fixed points and not at any other temperature.

Let the -nagnitude of the property selected be

Le, Lice, Leteam at (°C, O°C and 100°C,

The temperature ¢ can be cal-:ulated from the relation

t _ Li— Xe °

100 Xgteam — Tice o@)
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It means that the temperature scale selected and the property

of the substance chosen vary uniformly. But it has been found

that the properties ofa sub;tance eg. expansion with rise in
temperature in mercury thermometer, change of resistance with

temperature in a platinum resistance thermometer etc. do not vary

unifarmly at all temperatures. Due to this reason, all the thermo-
meters do not show the ‘same temperature readings at one fixed
temperature. Suppose the temperature of the liquid is measured by
(#) a mercury thermometer (#2) a constant volume hydrogen thermo-

meter and (#2) a platinum resistance thermometer at the same time.
All these thermometers will not show the same reading. The
readings may be 40°11°C, 40°C, and 40-36°C. Thus it is found that
the temperature shown by the thermometer depends, upon the
nature of the thermometer used. However, these thermometers will
show the same temperatures at fixed puints ¢.g. melting point of ice

and boiling point of water.

Comparison of different thermometers

Constant volume hydrogen Pt. resistance Mercury |
thermometer thermometer _ thermometer

are o°c GC! .

20°C 20-24°O 20-09°C

60°C 60:36°C §0-08°C

100°C 100°C | 190°C

In 1887, an international committee of scientists suggested that
a scale of temperature shown by constant volume hydrogen thermo-
meter be taken as a standard scale, 0°C being that of melting ice and

100°C. being the temperature of steam at normal pressure. But

hydrogen also is not a standard or a perfect gas.

Later on it was thought that temperature scale suggested by

Kelvin be used as a standard scale because it dces not depend upon

property of a substance. The Kelvin scale of temperature (K)

{work scale] agrees with the absolute gas scale.

As it appears difficult to realize the Kelvin scale in practice it

is suggested in 1933 that an international scale of temperziture be

adopted. The melting point of ice and boiling point of pure water

at normal pressure etc. are given the fixed values and the tempera-

tures between these points are calculated by a specific formula, The
international scale of temperature is the nearest practical approach

to the Kelvin scale of temperature

Fixed Points

(1) Oxygen point, Temperature of equilibrium between liquid
oxygen and gaseous oxygen at normal pressure = —182°97°C.

(2) Ice point. Temperature of equilibrium between ice and

air saturated water at normal pressure == 0:000°C.
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(3) Steam point. Temperature of equilibrium between liquid
water and its vapour at normal pressure = 100-000°C.

(4) Sulphur point. Temperature of equilibrium between

liquid sulphur and its vapour at normal pressure = 444-°60°C.

(5) Silver point. Temperature of equilibrium between solid

silver and liquid silver at normal pressure == 960°8°C.

(6) Gold point. Temperature of equilibrium between solid
gold and liquid gold at normal pressure = 1063°C.

The scale is divided into four parts for the purpose of deter-

mining the temperature between two fixed points.

(2) From —190°C to 00°C. The platinum resistance thermo-

miter is used and the relation is

Ry = Ry [1 +ot-+Be*—y (t—100) #3)

(5) From O0°C to 660°C, The platinum resistance thez:mo-

meter is used and the relation is

Ry, = Ry (14+ af +B?)
(c) From 660°C to 1063°C. The thermocouple of platinum

and an alloy of platinum-rhodium is used. One junction is kept in

melting ice. Vhe thermo-E.M.F. produced is measured and the

relation used is

E = o-+ft+yt?
(2) Beyond 1063°C. The ratio of the intensities of mono-

chromatic heat radiation emitted by the black body at #°C and at

1063°C is determined and the temperature is calculated using

Planck’s radiation law.

1:20 Absolute Zero and Ice Point

For approximate purposes, the value of absolute zero or zero
degree Kelvin is taken as —273°C. But near abuut absolute zero

its correct determination is a necessity. For accurate work the value

of absolute zero is taken as —273-16°C. Similarly the temperature

of melting point of ice was suggested by the International Advisory

Committee of Thermometry in 1948, as 273-15 K. But in 1954, the
international committee fixed 273-16 K (triple point of water) as ice

point. Thus for accurate purposes,:

Ice point = 01°C ~ 273-16 K

Steam point = 100°C = 373:16 K

Zero degree Kelvin me —273° 16°C.

1:21 Low Temperature Measurement

The various . :ermometers used to measure low temperatures
are discussed below :

(1) Liguid Thermometers. With alcohol thermometer tem-
peratures up to —100°C can be measured. With mercury in glass,

temperatures up to —30°C can be measured. The accuracy is about
01°C. These are convenient and their response is quick.
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(2) Gas Thermometers, Constant volume hydrogen thermometer

can be used to measure up to —250°C and with constant volume
helium thermometer temperatures up to —268°C can be determined.
These thermometers are quite accurate but they are quite bulky.

(3) Resistance Thermometers. With platinum resistance ther-
mometers temperatures up to —190°C can be measured accurately.

Its accuracy is 9°01°C. It is quite accurate but its response is slow.

(4) Thermo-electric Thermometers. With copper-constantan

thermocouple or platinum and silver thermocouple, temperatures up

to —250°C can be measured. Its accuracy is 0:05°C.

(5) Vapour Pressure Thermometers. These can be used to mea-

sure up to —268°C. Below —-268°C, helium vapour pressure thermo-

meter is used. It can be used up to —272°C.

(6) Magnetic Thermometer. Near about the absolute zero

temperature, magnetic thermometers are used. They are based upon

the principle of change in susceptibility with temperature according

to Curie’s law.

1-22 High Temperature Measurement

The various thermometers used to measure high temperatures
are given below :

(1) Liquid Thermometers. Mercury in glass can measure up to
300°C. If the space above mercury is filled with some inert gas like
nitrogen or helium, it can be used up tu 600°C.

(2) Gas Thermometere. Constant volume hydrogen thermo-
meter having a platinum bulb, can be used to measure up to 500°C.
With a porcelain bulb temperatures up to 1100°C can be measured.
Beyond 1100°C, using nitrogen in place of hydrogen, temperatures
up to 1500°C can be measured. They are quite bulky for use.

(3) Resistance Thermometers. The platinum thermometer can
be used up to 1200°C when properly calibrated. Its accuracy is 0°1°C.
It is a slow measuring instrument.

(4) Dhermo-electric Thermometers, For measuring up to
300°C copper-constantan thermocouple is used. Iron-nickel thermo-
couple is used between 300°C and 600°C. Nickel-nichrome thermo-
couple is used between 600°C and 1000°C. A thermocouple of
platinum and rhodium is used between 1000°C and 1600°C. Between
1600°C and ~000°C a thermocouple of iridium and an alloy of
iridium and rubidium is used. For measuring between 2000° and
3000°C, tungsten and molybdenum thermocouple is used.

(5) Pyrometers. For measuring the temperature of furnaces
and the sun, optical pyrometers are used.

Exercises |

1. Writc an essay on the measurement of high and low tempe-ratures. (Agra 1960, 1961)
2. State with reasons the type of thermometer which you
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consider most suitable for use at temperatures (2) —250°C (8) 700°C
and (c) 2000°C. Indicate briefly the methods of their use.

(Agra 1962)

3. Describe a platinum resistance thermometer. Explain

how it works with the help of Callendar and Griffith’s bridge. How

does the platinum temperature of a body differ from its true tempe-

rature ? (Agra 1963, 1966; Delhi 1960; Lucknow 1963.

Berhampur 1972)

4. What do you understand by the absolute scale of tempera-

ture ¢ Is the negative temperature possible on this scaie ?(Agra 1964)

3. Describe the Callendar and Griffith’s method of determin-

ing the temperature coefficient of platinum. In what respects it is

superior to Carey Foster's method ? What do you understand by (3)

platinum leads (11) compensating arm (it) non-inductive winding of

the platinum wire ? (4gra 1965)

6. Give the theory and construction of a constau: volume gas

thermometer. In what respects is this thermometer s‘iperior to mer-

cury in glass thermometer ? (Punjab 1962)

7, Give an account of the thermoelectric the nmometry and

discuss the range, sensitivity and usefulness of some ir*portant ther-

mocouples, (4zucknow 1964)

8. Describe carefully the methods for measuriny low tempe-

ratures in the range —100°C to —273°C. Explain the concept of

absolute zero of temperature. (Rijasthan 1964)

9. State the advantages of using a permanent gas as a thermo-

metric substance. Describe the working of a constant volume

hydrogen thermometer. (Mudrus 19,4, Detht 1968)

10. Describe a resistance thermometer. Explain how it is

used to measure temperatures accu'itely. Discuss its advantages

over a thermo-electric thermometer. f Deths 1969)

11. Describe and explain how the platinum resistance thermo-

meter can be used to measure temperatures accurately in the region

200°C to 500°C. (Lelhe 1971, 76)

12. Give the construction of a thermyelectric thermometer

and compare its performance with a standard gay thermometer.

What precautions should be taken in ...casuring temperatures with

a thermoelectric thermometer ? (PDelhe 1972, 76)

{3. Describe the construction and working of 2 standard gas

thermometer. (Delhs 1973, 76)

14. What :. meant by a scale of temperature ? On what does

the definition of ay particular scale depend ? (Delhs 1975)

13. Give a detailed account of the experiment you would

perform to determine the temperature of boiling aniline on the plati-

num resistance scale of tempcrature. By how much dves the tempe-

rature measured by this thermometer differ from that measured by

gas thermometer ? (Deth+ 1975)
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16, Discuss the advantages of using one of the permanent

gases as a thermometric substance for defining a scale of temperature.
Describe some convenient and accurate form of gas thermometer.

Explain its mode of use and show how the temperature is_ calculated
from the cbservations made with it. (Dethé 1975)

17, State briefly the principles underlying the working of the

following thermometers :

(1) Constant volume gas thermometer.

(#8) Resistance thermometer.

(#8) Thermo-electric thermometer

(tv) Vapour-pressure thermometer. (Delhs 1974)

18. Describe Callendar and Griffith's bridge for measuring the

resistance of a platinum resistance thermometer at various tempera-

tures. Deduce by how much a_ temperature measured by this

thermometer differs from that measured by a gas thermometer.
(Delhi 1974)

19. Describe a platinum resistance thermometer. How

would you caliurate and use it for measuring the temperature of a

body ? Men ion the advantages of this thermometer. (Delhi 1976)

20. On what principle is the working of a platinum resistance

thermometer based !? Describe Callendar and Griffiths bridge for
the accurate measurement of resistance. How is the true tempera-

ture deduced from the measured platinum temperature !
[Delhs, 1978}

21. Write short notes on :—

(i) Calliendat’s compensated constant pressure air thermo-

meter

(tt) Platynum resistance thermometer.

(#23) Constant volume hydrogen thermometer.

(tv) Thermo-electric thermometer.

(v) Measurement of high temperatuze.

(vt) Meacurement of low temperature.

(cts) Rankine and Kelvin scales of temperature.

(v324) Errors and corrections in mercury thermometers.

(iz) Advantages of gas thermometers.

(x) Universal gas constant.

22 The temperature of a furnace is 2000°C. What is this
temperature {., on the Rankine scale and (#8) on the Kelvin scale ?

[Ams, (i) 4092°R ; (if) 2273 K}

23 The normal boiling point of liquid hydrogen is —253°C.
What is this temperature (3) on the Kelvin scale and (#8) on the
Rankine sca.¢ ? [Ams. (%) 20 K ; (8) 36°6°R]

24, At what temperature will the Kelvin scale reading be
double the Fahrenheit reading ? [Ams. 176°7°F = 353-4 Kj



Thermometry &7

23. Find the value of the universal gas constant.
[Ans. R = 8°31 x10? ergs/per g mol. K]

26. Find the value of the ordinary gas constant for nitrogen.

[Ans. ¢ = 2:97 x 10* ergs per g-K]

27. The resistance of a platinum resistance thermometer at the
ice point is 5 ohms and at the steam point is 6:93 ohms. The pres-

sure exerted by the gas in constant volume gas thermometer at the

ice point is 100 cm of Hg and at the steam point it is 136-6 cm of

Hg. When both the thermometers are placed in a bath, the resis-

tance of a resistance thermometer is 5°795 ohms and the pressure of

the gas is 114-9 cm of Hg. Calculate the Celsius temperature of the

liquid (+) on the platinum scale and (it) on the gas scale.

(Ans. #, = 4]°19°C; 6 = 40:71°C)

28. The bulb of the Callendar's compensated constant pressure
air thermometer is 800 cm*. When the bulb is immersed in a bath,

200 cm? of mercury has to be drawn out of the reservoir. Calculate

the temperature of the bath on the Celsius scale.
(Ans. 33:°33°C]

29. If the platinum temperature corresponding to 60°C on the

gas scale is 60:25°C, what will be the temperature on the platinum

scale corresponding to 120°C on the gas scale ?

(Ams. 119-25°C]

30. If the platinum temperature corresponding to 60°C on the

gas scale 1s 60:36°C, what is the platinum scale temperature corres-

ponding to 15]-7°C on the gas scale 1 [Ans. 150°C]
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Expansion

2:1 Introduction

All bodies change in size when they are heated. In general all

bodies increase in size on heating except water (between 0°C and
4°C) and some aqueous solutions. This increase in the size of a body
by heating or thermal expansion is present in solids, liquids and
gases. In the case of solids, the increase will be in length, area o1

volume, In liquids and gases only expansion in volume is possible
as they do not possess any fixed shape. In the case of vases, the state
of a gas at any instant is dependent on its volume, pressure and
temperature. Hence a gas can be heated at constant volume or at
constant pressure. ‘The property of thermal expansion of substances
is different for different substances and it also depends on the state
of the substance viz solid, liquid or gas, Thermal expansion is an
important effect of heat and hence it has many piactical applications.
Constructicn of thermometers based on the ptoperty of expansion of

liquids or gases is one of them, and this application has been dis-

cussed inthe chapter on Thermomeiry. Some other applications of

this property are discussed in this chapter.

2:2 Expansion of Solids

Solids can be divided into two categories (+) ssotropic and (ss)
anisotropic, Metals, glass and some regular systems of crystals come

under isotropic solids These substances have the same properties in

all directions and hence have the same coefficient of expansion in all

directions. There are certain irregular crystals, which when heatcd

expand in one direction and cuntract ina perpendicular direction.

Hence their coefficient of expansion is different in different direc-

vons. ‘They are called anisotropic bodies. ‘The expansion of isotro-
pic solids is discussed in this chapter.

2:3 Coefficient of Linear Expansion

The expansion of a solid can be in length, area or volume.

Expansion in tength is called linear expansion. As different bodies

38
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expand to different exients for the same rise of temperature, the
property of linear expansion is denoted by a term called the cveffi-
crent of linear expansion, The coefficient of linear expansion of a
body (designated as x) 1s defined as the increase in length per unit
length per umit degree rise of temperature. If L,; and Ls are the
lengths of a rod at temperatures ¢,°C and #,°C, then x the coefficient

of linear expansion of the material is given by

L,—I,

Ly,(ts—ty)
a L, = Ll t a(fe—#)]

If L, and f, refer to the Jeneths of the rad at 0 C and t C, then

XK —e=

Li—Ln

* — “Text
or DT = D,(1 +a)

Phe equation, [4, =. Ly (1+ ot) 1s applicable to the ten.pezature

ranve 0°C to 100°C. In this range, the expans‘on of the material can

be taken to be uniform. lor a wider range of temperature the length

LE, at temperature ¢ is given by the equation

Ey = Lal 4 ait | ot? ot +...)
where /, is the length of the rod at O°C and 2, 7,, @ ete. are co-

efficients of a rapidly decreasing order.

since the values of 72, 73 etc. are very small, for all practical

purposes the relatioz. Lp = Ly (1 + af) is used.

24 Coefficient of Superficial Expansion

Tt is vefined as the increase in area per unit area pei unit

desree rise of temperature If A, and A) are the areas of a solid at

temperatures #, and f then 3 the coefficient of superficial expansion

1 given by the relation

g 2 Ag— Ay

~~ Ay{ty--t))
If Ay and A, are the areas of a solid at @ anu ¢'C respectively

then

_ Ar—Ap
P= Axe

or A, = A,{1 4-34)

25 Relation between « and (3

Consider a square plate of side Ly at O Cand Z; at tC.

Let the area of the plate be Ay at O°C and 4; at fC

Then L, = Ly (1+) w+ (t)

A, = L,? (tt)
A,= Lf oe (922)

and A, = A,(1 +t) oof tt)

L? -= L%(1+86) ...(v)

Substituting the value of Z, from equation (+) m (e)

Lg*(1 + at)? = Ly? (1 + BF)
or 1-+-Qot+ o%3 == 1 +(e
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Neglecting the term a*#,

2a =. Bt

B = 2a

Thus the coefficient of superficial expansion of a substance is

approximately twice its coefficient of linear expansion.

26 Coefficient of Cubical Expansion

The coefficient of cubical expansion is defined as the increase

in volume per unit volume per unit degree rise of temperature. If

V, and V, are the voluines of a substance a* temperatures ¢, and ?¢,,

then Y the coefficient of cubical expansion of the substance is given

y

_ _Va—V;

r= V s(t2—t)
If Vy and V; are the values at 0°C and (°C respectively then

Vi-—Vo
T= Voxt

or Ve == Vo(l+yt)
2:7 Relation between « and y

Consider a cube of side Zy at 0°C and LZ, at ¢°C. Let the volume
of the cube be V’, at 0°C and V; at °C

Then Ey = £,(1 +a) ...(7)

Vo — Lé ~. (98)

Y,= L? ...(828)

and Ve = Vo (1+!) .20(20)
LP = L (1+¥#)

Substituting the value of ZL; from equation (¢) in (iv)

Ls(i--aty = L,? (1+ Yt)

or Lt Sol 302? + 258 o= 1-76,

Nevlectune the higher powers of «

3aé == yt

or Y = 3a

Thus the coefficient of cubical expansion is approximately
three times its coefficient of linear expansion.

As a close approximation, the ratio between the three coeffici-
ents is

a:B:y=1:2:3

As it is somewhat difficult to determine 6 and y directly, for
solids, the value of « 1s determined and the values of Band y are
taken approximately equal to 2a and 3a respectively.
2:8 Change of Density of a substance with Temperature

When a soild is heated its volume increases and consequently
the density of the substance decreases.

Let m be the mass of a solid. Let v, and v, be the volumes of
the soild at the temperatures é, and #,°C, Let p, and p, be thc cor-
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responding densities. Then, since the mass of a solid remains cons-
tant at the two temperatures,

m= UP) =— VaPs

te PR
Us fy

But ¥, = %(1 +74)

and U, = Uy (1+ Yee)
TM) 14 ws
v, _ 1+ Yi;

or & _ Ith

P: 1+

or 2, = ef! + W&)1+v4)77]
=z ofl + yt,—rl,] (meglecting the y* term)

fi == Pal 1 -1-¥(t2—F,)]

taY(ba—fti) = FL. —Ps

. Pao Pe

ve C= palt;—b)
29 Coefficient of Linear Expansion (Spherometer Method)

This is the simplest method of determining the coefficient of
linear expansion in the laboratory. The specimen whose coefficient
of linear expansion is to be measured is

taken in the form of a rod and its initial

length (£,) is measured at room tempera-

ture. The rod 1s placed in the Iimear ex- Al

pansion apparatus showr in Fig. 2:1 The rt

lower end & of the rod 1 sts ugainst a fixed

support and the upper end A is free to

expand. The central screw of the sphern- Te
meter is just above the end A of the rod.
Initially, the central Jeg of the sphero- |

meter is rotated gentiy so that, it isjust in _| | C
contact with the upper end. The just T

position of contact can be judged wit] the |

fq

help of an electrical circuit shown in the

figure. The point of contact serves as the

electrical switch and when the c. "tact is 5)

made the butb in the circuit glows The

initial reading @ of the spherometer is ,

noted. Let the room temperature be L— og
t,°C. The spherometer screw is slightly [STEAM

rotated up so that there is a gap for expan-

sion of the enc’ 4

Now steam is passed through the

outer jacket @ continuously till the tempe- 8

rature of the enclosure becomes constant

and equal to the temperature of steam Fig. 21

(fC). After the steady state is reached, the spl.erometer screw ?y

mend
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rotated down so that it comes in contact with the end A of the rod.

Let this reading of the spherometer he b.

The coefficient of linear expansion « can be calculated as

follows :

Initial length of the rod at temperature ¢,°C = Z,

Initial temperature = #,°C

Initial reading of the spherometer = a

Final temperature = f,°C

Final 1eading of the spherometer = 6

Increase in length = (6—a)

Coefficient of linear expansion

Tucrease in length

Original length x Change in temp.

_ 6-4)

Ly(t.—t)
This method can also be employed to measure the coefficient

of linear expansion of a tube.

2:10 Optical Lever Method

This is a more sensitive methnd for determining the coefficient

of linear expansion of the material of a rod in the laboratory. If

Q am

per °C

SCALE “E
mM: Mo

AAA SAA Rn
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The apparatus is shown in Fig. 2-2. The image of the scale
in the mirror‘is viewed with a reading telescope Let the initial
reading of the scale corresponding to the position of the horizontal
cross-wires be d,.

Now, steam is passed through the outer jacket till the tem-
perature of the whole enclosure becomes constant and equa! tu the
temperature of steam. Due to heating, the rod expands and_conse-
quently the leg of the opzical lever resting on the :od is tilted up by
a distance ¢, equa! to the expansion of the red. Let the inirror of
the optical lever be rotated to the pusition GM, Ly an angle #. Let
the reading of the scale, when the temperature «! the enclosure is
constant, be dg When a mirror is rotated by an anule @ the reflected
rays 15 rotated through 2é.

. L BAC = 26

In the 4 Oah, =: vw, -= tan 0 =: £
p p

wiere p is the perpendicular distance between the front legs an J the
hind leg.

Inthe 4 BAC,

BC dy - -d; a
2d == fan 206 = dD = dD = Tr

(Here the angle @ is small and hence the tangent values can be
tuken equal to the angles). 21; the distance between the mirror
and the scale and d = (d,—d,)

€ d
= “p> and 96 = "iD

2e d pd

“. pp ~ Dp °= on
Initial length of the rod at temperature 4,°C = JZ,

Initial temperature = ¢,°C

Final temperature = 4,°C

ase i _ pa
Increase in lengthe = oD

”. Coefficient of linear expansion

a =. _Jcrease in length _

~ Origisal length x Change in temp.

_ __ Pa 0
= SDE, (yh) Per G

p the distance between the front legs and the hind leg is

measured by taing the impressions of the legs on a sheet of paper.

- The optical lever method is suitable to measure the coefficient

of linear expansion of a material given in the form of a tube (Fig.
2:3). One end of the tube is fixed and the other énd of the tube is
free to expand. The optical lever is fixed over the free end as ex-
plained earlier. The tube is covered with cotton or felt so that heat
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is not lost to the surroundings. Observations are taken as explained

earlier in this article and the value of the coefficient of linear ex-

pansion is calculated.

The coefficient of linear expansion of a rod .or a tube can also
be determined by using a screw gauge instead of a spherometer.

INLET __|

FOR STEA

In this case, the reading of the screw gauge when it is in contact

with the free end at the initial and final temperatures is noted and
the difference between the two readings measures the expansion of

the rod or tube (Fig. 2:4). Here the tip of the screw serves as the
movable jaw and the free end of the rod as the fixed jaw of the
screw gauge.

2:11 Comparator Method

The comparator method is very accurate for determining the

coefficient of linear expansion of rods. The results obtained are of

high precision. This method is used by the International Bureau of
Weights and Measures for standardising measuring rods.

The method consists of comparing the length of an experi-

mental rod maintained at a constant temperature with a standard

rod maintained at the temperature of melting ice. The experimental
rod is supported on two rollers and is kept inside a double walled
vessel. The rod is surrounded by water and the temperature is

maintained constant at any desired value with the help of a ther-
ynostat. The standard rod is supported in a similar vessel and the
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temperature of the standard rod is maintained constantly at 0°C.

The two rods have fine scratches at the two ends approximately at
a distance of one metre. The two vessels are supported on wheels
capable of movement on two parallel rails fixed on a table. 7’) and
7’, are two microscopes fixed to two sturdy stone pillars P, and Py.

The two scratches can be viewed with the help of the microscopes.

The microscopes themselves are capable of movement parallel to

the length of the rod with the help of the micrometer screws M, and

M, (Fig. 2 5). The vessels containing the rods can be brought under

the microscopes one after the other. The microscopes are fitted with

cross-wires.

Th Te

_—-A =
LTR ETL LLL LE LEETTOR LE:
== C)R) -— — —— -— Roe) -

17?
B

ee)

UE
Fig. 2°5

raeUL

Initially the readings of the micrometer screws when the cross
wires are focussed on the scratches are noted with the standard rod

first and then with the experimental rod, maintaining the tempera-

tures of both at the temperature of melting ice. Then the experi-

mental rod is maintained at the desired temperature and the read-

ings are again noted at this consta..! temperature. Thus, the read-

ings corresponding to the two scratches of experimental rod at

different successive temperatures are observed. At the end, the

standard rod is brought under the microscopes to check any dis-

placemer.t of the support during the experiment.

With th: help of the observations mentioned above, it is

possible to calculate the increase in length of the rod for different

changes in temperature and the coefficient of linear expansion can

be calculated in each case. This method also enables us to find the

change in the length of the rod at different temperatures in com-

parison with the length of the standard rod at 0°C,
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2:12 Henning’s Tube Method

This method is convenient to find the
coefficient of linear expansion of the mate-

rial of a rod accurately. The apparatus
consists of a fused silica tube 7’ having a

pointed projection P. XY is the experi-
mental rod, one end of which rests on the
projection P and the other end is in contact
with a fused silica rod 8. The rod XY

expands upwards and displaces the rod &

upwards The free end ol the red S carries

a scale O engraved on the rod itself FP is

another scale A engraved on the outer sur-

face of the silica tube (Fig 2:6). The tube

T is enclos~:| in a water bath and tre level

of water in the bath is up to about half the

height of the rod &. The water bath is first

maintained at a lower temperature and then

ata higher temperature. The relative dis-

placement of the scale A with respect to B

as observed with a microscope, measmes

the expansion of the rod for the correspond-

ing change in temperature. To determine

the absolute value of the expansion of the

rod, the expansion of silica is also taken

into account. The expansion of silica for

the temperature change under consideration

Coefficient of linear Expansion

Substance ax 108 per °C

Quartz 0-4

Invar 0-9

Glass 4to9

Platinum 8-9

Steel 12

Gold 13-9

Copper 14

Silver 18-8

Brass 20

Aluminium 24

Zinc 26
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213 Expansion of Crystals

In the case of isotrenic bodies the coefBcieut of linear expansion

is the same in all directions. The expressions derived carlier in this
chapter refer only to isotropic bodies. In the case of anisotropic
bodies like the crystals, the coefficient of expansion 15 different in
different directions, If a crystal is cut such that its taces are parallel

to the three mutually perpendicular axes, then the coefficients of
expansion of the crystal are different in the three directions. Let J, 6
and d@ the length, breadth and height of a crystal and 2, a, and @,

be its coefficients of expansion in the thre directions. Let I’, b’ and
d’ be the dimensions of the cry-tal when its temperature is increased

by °C.

Then

b’ = b(14 of)

and UT «=z U() $asf)

Initial volume Vs - lbd

and final volume =" = UA’

ve - Tod’

= [hd (1 4-9, 0)(1 + 2of)(1 + asf)

== V, l (7; + y+ %g)e*

taking only the terms of the first degree.

But V' bfl+yety

where ¢ is the coefficient of cubical expansion of the crystal.

. Y= 1t%2 1%

Uniaxial crystals have an axis of crystalline symmetry and
their physical properties are the sar ¢ in a plane perpendicular to the

axis of the crystal. Hence uniaxial crystals have only two coeffici-

ents of expansion. Nezaitive coefficients of expansion are obtained

with certain negative crvstals However, it is observed that their

coeflicients of cubical (v ‘lume) expansion are positive.

2:14 Coefficient of Expansion of a Crystal (Fizeau's method)

This method is suitable to measure the expansion of small

specimens ¢.g, .rystals, The experinsent is based on the principle of

interference of light.

The apparatus consists of a highly polished (plane) metal plate

MN, which is supported on three metal screws passing through the

pate. 1’Q isa smooth class plate resting on the tips of the three

screws (Fig. 2:7 The specimen (crystal) whose expansion is to be

determined is piaced on the plate MN and the screws are rotated

such that the thickness of the air film between the upper surface of

the crystal @ and the lower surface of the glass plate PQ is very small.
Sa monochromatic source of light, Dis a condensing lens, @ isa

glass plate inclined at 45° to the path of the parallel beam of light
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from the lens and ¥; is a microscope fitted with cross wires. A para-
liel beam of light is incident on the glass plate PQ by this arrange-

ment. Interference takes place due to the light reflected from the

lower surface of PQ and the upper surface of the crystal. If these

two surfaces are exactly parallel, the field of view just appears to be
coloured without any fringes. But in practice it is not possible to

have the two surfaces to be exactly parallel. A wedge shaped air

film of very small angle is formed between the two surfaces #.e., the

thickness of the air film gradually changes from one point to the
other of the crystal surface. This means that the path difference bet-

ween the two reflected beams gradual'y increases. According to the

M, M:iC ROSCOPE

NEWTON S RINGS

@is

Fig. 27

theory of the colours of thin films viewed by reflected light any point

in the field of view appears dark or bright depending on whether

the path difference 247’ cos r is even or odd multiples of A/2. Here

p is the refractive index of air. 7 is the thickness of the air film, r

is the angle of refraction and A is the wavelength of light used.

2h T cosr = 2nA/2 dark

2u T cos r = (2n-+-1) A/2 bright

But a |

and r =z ( for normal incidence

A cos f =:

2T = 2ndr/2 dark aoe(3)

2T = (2n+1) A/2 bright exn( if)
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As the thickness of the air film gradually changes, the interfer-
ence pattern observed in the field of view consists of alternate bright
and dark bands parallel to one another. The apparatus is enclosed
in an outer bath and its temperature is maintained constant thermo-
statically at any desired value. The interference pattern is obtained
and the cross wire is fixed on one of the dark bands. Now the tem-
perature of the bath 1s gradually increased and the number of dark
bands (p) that cross the field of view with reference to the cross wire is
observed, ull the temperature becomes constant at the desired higher
value and till no more fringes cross the field of view. The change

in the thickness of the air film can be calculated as follows. If ¢, and
t, are the thicknesses at the two temperatures, then from equation
(t) above

A
TT, =n -.-i % 9

> A
and T, = (n—}) a

rit n eoe
or P,-Pr= a, oo .(tTE)

where 2 or the number of fringes that cross the field of view.
(PT measres the dectegse in the thickness of the air film die to
the expansion of the crystal and the expansion of the supporting tegs
between the places ALY asd PQ. The increase in the thickness of
the air film due te che exparsion of the supporting legs alone can be
determined separately for the same rise of temperature by removing
the crystal and bringing the plates 4£N and P@ very near one
another. Let tae number of frinves that cros, the field of view

be ”.
; a eT A

Increase in the ibiekness cf the air film = "

. A
.. Correct expansion of the or:stal = (pip, 7

This gives the expansion of the crystal. Knowing the initial and

final temperatures of the crystal and the thickness of the crvsial in
the direction of expansion, the coefficient of linear expansion of the
crystal can be calculated.

,
ney

gy = etre ¢ = AP+Pi)A_
by(tg—ty) 2(h)(ts—t)

Here (¢,—#,) is the change in temperature.
Similarly, the coefficients of expansion in the other two per-

pendicular direcy’ons also can be determined. lf a), a and o are
the coefficients G expansion in the three mutually perpendicular
directions, then the coefficient of volume expansion y is given

approximateiy by Y = a4--ag-fag.

Lf the glass plate PQ is replaced by a piano-convex iens of large

racius of curvature |Fig. 2°7 (s)] the interference pattern consists
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of alternately bright and dark concentric rings called the Newton's
rings system. When the temperature of the crystal is increased, the

thickness of the air film at any point gradually decreases and the

rings appear to expand outwards. With reference to the cross-wire

on any particular dark ring, the number of dark rings (p) that cross

the field of view is noted. Then the decrease in the thickness of the

air film (7',—T7,) is given by

A
T,—T, = P5

The displacement of one fringe is equal to a change in the

thickness of the air film corresponding to half the wavelength of
light used. Even a shift of J of a fringe can be detected. If the

wavelength of light used is 6000 A = 6x10 5cm, then a change in
the thickness of air film equal to 6 x 10°§ cm can be detected. Thus

the expansion of the crystal can be measured very accurately

The experiment is repeated for the samerise of temperature

without the crystal. If p, 1s the number of rings that cross the field

of view, then the increase in the thickness of the air film due to the

expansion of the supporting legs = 7,A/2.

The correct expansion of the crystal = (p+) A/2

Tutton's modification. Tutton modified the apparatus by

placing the ciystal over a small table having aluminium legs and

resting on the plate MN, the sup-

| J screws and the hesght of the legs of

7 | the increase in length is the same

Fig. 27a: the thickness of the air film is only

Increase in the length of the crystal == p 4/2

Example 2:1. In Tutton’s experiment for determining the

= 589010 &cm, When the temperature of the crystal was increased

Here A -= 5890 x 10-§ cm

i porting screws are made of platinum

Fa TT. acuMinium [Fig. 2-7 (@)].
| A a \{ LEGS The height of the platinum

M nasa N aluminium are adjusted such that
i

\ in the two cases. When the easperi-
ment is performed, the decrease in

due to the expansion of the crystal

Let the number cff ringes that cross the field of view be p

pa
0, = -,—-——-

* 2h(te—h)

coefficient of lineur expansion of acrystal the following data was

observed. Thickness of the crystal = 1 em, wavelength of light used

from 20°C to 50°C, the number of fringes that crossed the field of view

wise 14. Calculate the coefficient of linear expansion of the crystal,

p--14,l = lem

te- ty = 50 -20 _ 30°C
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— —PA_
20 (tz—t)

14 «x 5890 x 1078

2x1 30

= 13°74x10 °C

215. Force due to Expansion or Contraction

The forces of expansion or contraction in metal rods and

beams due to changes in temperature are very large. This 1s the
reason why gaps are provided in the railway lines or in the rock

pillars for bridges so as to allow for the expansion of the material in

summet.

Consider a steel beam of length ZL metres. Assuming that this
bar is subjected to a temperature change of 30°C, the increase in

leneth of the bar

=Leat

Here

y - 12y¥ 10-8 per °C

and f= 30°C

Increase in leneth

+ 12.30x%10°° J metres

Strain produced in the beam

Increase in length

~ ~ Original length —

12x 30x 10-8 x ti

L

= 12x30x10 §

According to Hooke’s law (witiin the elastic limit)

} = Stress

~ Strain

ur

Stress = Y x Strain

Young's modulus of elasticity o° s-eel

== 210" dynes/sq cm

Stress = 2x 104% x 12x 30x 10-® dynes/sq cm

== 72x 107 dynes/sq cm

745 kg wt/sq cm

If the bar has a cross-sectional area of 30 sq cm then the force
due to the expansion of the specimen

= 745 x 30

== 22,350 kg wt
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The force of expansion is independent of the length of the bar. If

the bar is prevented from expansion or contraction, a force of

magnitude calculated above will act on the bar. The force of con-

traction in metals due to increase in temperature has many useful

applications. The boiler plates are riveted with red hot rivets and

when the rivets cool, they produce steam proof joints. Shrinking

of iron tyres on cart wheels is also done the same way.

Example 2:2, A steel rod of length 5 metres is fixed rigidly

between two supports, The coefficient of linear expansion of steel
= 12x 10°*/°C. Calculate the stress in the rod for an increase in

temperature of 40°C. The Young’s modulus of elasticity of steel

= 2 1012 dynes/sq cm.

Here

a = 12x 1079/°C,

Y = 2x10 dynes/sq cm

é = 40°C

EL = 500 cm

Increase in length,

t=Lat

Strain = I
L

Lat

=" DL

af

Stress =< Y x Strain

= Yat

=t 2x 10!8 x 12 x 10°§ x 40

= 960 x 10* dynes/cm?

Example 2°3. A steel wire 8 metres long and 4 mm in diameter

ts fixed to two rigid supports. Calculate the tncrease in tension when

the temperature falls by 10°C.

c= 12 x 10-*/°C

Y = 2x 10"8 dynes/sq cm

Here

c= 12x10-4/°C

Y = 2x10! dynes/sq cm

¢ = 10°C

EL = 800 cm

r = 02 cm
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Increase in length, ? = Lat

Strain _ + ~ oat = at

Stress = Y x Strain

= Yat

Area of cross-section = tr?

Increase in tension = stress X area of cross-section

=: Y «tx xnr® dynes

2x 10% x 12 x 10°§ x 10x22 «0-2 x 0-2—
_——

ie

= 30°17 10° dynes

Example 2:4. 4 uniform rod of 2 sq mm cross-section is heated

from 0°C to 20°C. Find the force which must be exerted lo prevent tt

from expanding. Find also the energy stored per unit volume, a =212 x

10°¢/°C and Y = 10" newtons/sq metre.

Here a= 12x 10-£/°C,

Y -= 10" newtons/sq metre

¢ = 20°C, a = 2 sq mm

= 2X10 * sq metre

Increase in length, f= Lat

. i Lat
Strain = 7 = L = al

Stress = Y xStrain = Y at

Force = Stress x area of cross-section

Yatyxa

=: 10Ux% 12> 10°§x20x2 x 10°*

— 48 newtons

Energy stored per unit volume = > x stress x strain

> xY af x af

_ 10% x (12 x 10°%)* x (20)?
= 5 —_

= 2880 j/m,

Example 75, A steel wire of diameter I mm supports a load

which is sufficient to keep the wire taut at 20°C, Calculate the addt-
tional load that will be required to restore the length of the wire to sis

snitial value when the temperature falls to 0°C.

y = 2x10" newtons/sq metre
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a = 10°9/°C, diameter = 1 mm=10-* metre

xa* 22 x 10-6
Area of cross-section @ = —~— = Sq metre

4 28

Decrease in length = Lat

Strain = une = at

Stress = Y x Strain=Y at

Force required to maintain the original length

=. Stress X area of cross-section

=yatxa

2x 10% 12x 10-*§x 20 v 2220) &
= -- 98 — new tons

2:16 Expansion of Liquids

When a liquid is heated, its volurne changes. Liquids hue no

shape of their own but conform to the shape of the contaiying vese!
When a liquid is heated, the containing vessel also expand, and
hence the measured increase in volume of the liquid is the appirent
increase in volume. The real increase in volume of the tiquid is equal

to the sum of the apparent increase in volume of the liquid and the
increase in volume of the containing vessel. ‘Thus, a liquid has two
coefficients of expansion, yg and Y, called the coefficients of appa-
rent and real expansion of the liquid respectively.

The coeffic ent of apparent expansion of a liquid (vq) is defined
as the apparent crease In volume per unit volume per unit deeree
rise in temperature when the liquid is heated in a vessel that
expands with heating.

The coefficient of real expansion of a liquid (y,) is defined as

the ac.ual increase in volume per unit volume per unit degree rise in

temperature.

The expansion of most of the liquids is irregular except

mercury whose expansion is uniform. Due to the irregular expansion
of liquids, two coefficients of expansion called the zero coefficient and

the mean coeffictent are used. Zero coefficient is the increase in
volume per unit volume at 0°C per unit degree rise of temperature.

If V, and V, are the volumes of a liquid at 0°C and ¢°C respectively,
then the zero coefficient 1s given by

_ Vi—V,
r= Vext

If V, and V, are the volumes of a liquid at ¢,°C and ¢,°C respectively
then the mean coefficient of expansion is given by
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2:17 Relation between 1, and y,

Consider a liquid contained in a graduated vessel which read.

the volume correctly at O°C. Let V, and V, be the volumes of the
liquid at 0°C and °C. Then the coefficient of apparent expansion
of the liquid is given by

Vi—V, V,
= or —-— = ({1-+7,f)Y V ot Vo { -+- la

If y, is the coefficient of cubical expansion of the containing vessel,
then the real volume of the vessel at ¢°C corresponding to a reading

V, will be given by V,{1+-,¢]

Hence the co-fficient of real expansion of the liquid :s g ven

= Hall +yet]- Mo
,- Vet

_V,--F, Mm

— Fe Py

=Yet (I + Yat)Y,

~- Yo! Yot Yael

Neglecting the term + 4%,/,

Yr =e ~Yo

Thus, the corfu ient of real expansion of a liquid is approximately
equal to ue sum oof the coetlicient of apparent expansion o1 the
liquid on fiche coefbcient of cubical expansion of the containing
vessel [ft s, is the coefficrent of linear exp insion of the material of

the cantaming vessel y, 32, (approximately).

2:18 Determination of _, with a Dilatometer

~~
A chlatometet consists of a of os bull attached

to a stem. ‘The stem is. alibrated to read the voluine
directly (Fig 2 8). The dilatomete: method is suit-
able to measure the mean coefficient of apparent
expansion ot a liquid ove: different ranyes Jf tempe-

rature. The volumes of the liquid Vy an] 1. at 0°C
and ¢°C are noted and y, is calculated irom the

formula wae 20 pty ota tn ys
=
|

oe
Ct

x.7]Cc

pew‘aeetr
The dila. acter method is inost suitable to.

finding the coefficient of expansion of volatile liquids

219 Determination of ;, by weight thermo
meter Method
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_. The weight thermometer consists of an elongated glass or' fused

silica bulb fitted with a narrow glass tube bent twice at right angles

(Fig. 2-9), The mass of the empty dry
weight thermometer is initially deter-

mined (W, g). Now the weight thermo-

meter is filled with the given liquid at

0°C by alternate heating and cooling.

The mass of the thermometer when it is

filled with the liquid is determined (W,

g). The mass of the liquid filling the

whole bulb at 0°C is given by My, =

ee
Optyrhaty
rl'

'

ene
a (W.—IV,). If p» is the density of the

og liquid at O°C, then the initial volume of

om the liquid

ro M
Lt. 4 = P= 9

ed Pg
. Now the weight thermometer is

Hig. 29 heated in a beth 10 a constan’ hich tem-
pe csure (iC) sav che boiling pelut ed water. Due to the expansion,

tn liquid overflows and when the expansion i coraplete, the buils is

rev oved frosa (he bai and is cooled. The mass of the weight

thermometer ond the liquid ieft behind is noted (W3ya, Mass of

the quid lef veniuad My a 47,— Wy.

Volu: aie Ca gil. ATES Fs vega cat} udotd

yo.i —_ ~—es el

Ps

This aar.as that a «lume Vy of the liquid at O°C when heated
co8'O ocnunies a volume I gic. the cosnplete volume of weight

tagmoamecer, Therefore, the coeficient of appareat expansion of

the Hquid 6 given ivy

Increase in volume
Yo ST omen .

Orxigina! volume 2% Change im tempecratue

My db;
Bs a _ Pe

MyM,
7 — AS oo OA EE aeD AS

“8 Mx!

(But 3f,--Af, is the mass of the Hauid expelled and MM, is the mass of

liquid teft behric’.

Miass of the liquid expelled

Mass of ike liquid left behind xrise in temperature

e as nen

ae it

| Tn the LAS OLALOT Ys 2 apecthic gravity bottle may also be used to

determine the coefficient “f apparent expansion of a liquid.
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To find the coefficient of real expansion of the liquid, the co-

efficient of cubical expansion of the vessel is found from tne
constant tables

Then Yr = YotYe-

2:20 Determination of the Coefficient of Real Expansion of a
Liquid byDulong and Petit's Method

Dulong and Petit carried out the first direct determination of

the coefficient of real expansion of a liquid in 1817. The apparatus
consists of a long glass tube ABODE FGG bent in the shape shown
in Fig. 2:10. The tube contains the liquid whose coefficient of real
xpansion has to be determined. The vertical limbs CD and EF

are surrounded by two outer jackets. Through the jacket of CD,

steam is passed and through the jacket of EF cold water is circulated.
Let the temperatures of the cold and the het limbs be ¢,°C and #,°C
respectively. The horizontal limb DE is trapped with a piece of cloth
and cold water is poured over it continuously so that there is no
conduction of heat from the hot to the cold limb. When the
temperatures ‘in the two limbs are constant the hquid in the
projecting limbs AB and @H stands at constant levels. The
ditference in levels between the two limbs can be determined. As the
points 2 and £ are at the same horizontal level, the pressure at =
the pressure at D. Let h, and hg be the heights of the liquid columns
and p,; and py the densities of the liquid at temperatures ¢,“C and
(°C respectively.

Pressure at 2 = Pressure at D

Path = Patsy

where Pais the atmospheric pressure
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hy Ps

or Ts
But Po = 0:(1 +-Yr4;)

and Po = pa(1+-Y-ts)

, fs lth
°° G; 1-+*Yrbs

Ay 14%
he 1 4-Yrts

Ai thivets = he+heyt,

Ye(hyly—Agts) = hy—hy

hy—h,
or Yr = hite——haty

In the origina] experiment of Dulong and Petit, the cold limb

is surrounded by melting ice and the hot limb is surrounded by an

oil bath heated by a furnace. The temperatures are measured with

the help of an air thermometer. Heights 4, and h, are measured

using a cathetometer. y, is calculated on the basis of the pressure of

the liquid column which is dependent on the height of the liquid

column and the density of the liquid at that temperature. “It is not
dependent on the volume of the liquid. Hence the value of y, ob-

tained from this method measures the coefficient of real expansion of

the liquid. It is necessary that the projections 48 and GH of the

glass tube above the level of tre jackets are small.

This simple arrangement has the following sources of error :

(t) Convection currents along the horizontal tube DE and the neces-

sity of the projecting portions AB and Gd result in unequal heating

of the liquid. {t1) As the two limbs AB and GH are widely separa-

ted, the difference in levels 4,—A, cannot be accurately determined.
(stt) As the temperature of the two limbs is different, the effect of

surface tension on the two liquid surfaces will be different. The

error due to this is minimised by using tubes of wider bore, but this

again means smaller value of 4,—h,.

2-21 Regnault’s Modification of Dulong and Petit’s Method
(First Method)

To avoid the errors in the Dulong and Petit’s method, Reg-
nault modified the experiment in two ways. In the first experiment,
the arrangement consists of a U-tube ABCD consisting of two
vertical limbs AB and CD of wide bore. The two tubes are connected
at the top by a glass tube having a hole at EF. This will enable the
pressure over the surface of liquid to be equal to the atmospheric
pressure. The lower ends of the limbs are connected by a horizontal
tube and an inverted U-tube as shown in Fig. 2-11. Pressure is
applied through the tube G. Initially when the temperature of the
limbs is the same, liquid stands at the same height in the limbs of
the inverted U-tube. The vertical limb AB is maintained at the
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higher temperature and the limb CD and the inverted U-tube are
kept cold. The temperature of the hot limb is measured with an air

thermometer.

OIL
BATH

Then for the hot imb

P = He,—h,. 6,

and for the cold limb

P = Hoy—hypy

H ¢,—hye- = App—hyp

He,— Hp, = (hy —h) Po
Pp [H —(hy—Ay)] = Ae,

fe i
Pe H— \h,—h)

But Po = (1+Y8)
be

H

(hy ~ 1 tTM
hime h

Y= (H—(h—hy)t ~ (H—Aye

Knowing H, kh and ¢, y can be calculated.

2:22 Reguault’s Modification of Dulong and Petit’s Method
(Secor.’ Method)

In the second method due to Regnault, the experimental ar-

rangement consists of two glass tubes ABCD and EFGH joined by a
flexible iron tubing DE (Fig. 2°12). The tubes CB and GF are

narrow. The projecting limbs 4B and @H are maintained at a
constant temperature f,; the vertical limb CD is maintained at a
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high temperature ¢,; the vertical limb EF is maintained at a tem-
perature f,; and the connecting limb DZ is exposed to air and let

this temperature be f&. The tubes BC and GF are adjusted to be
accurately horizontal. When the temperatures are constant, let the
heights of the mercury columns be hy, 42, k3, H,; and A, in the limbs
AB, GH, ED, CD and EF respectively. If p,, p, etc. are the densi-
ties of the liquid at the temperatures ¢,, ¢, etc. then the pressures at

D due to the columns of mercury in the hot and the cold limbs

must be équal.

Hy
HOT

t

Fig. 2-12

yas + Eye, == Aeey + Hops + hap,

PoBut a.
Pt 1+ yey

a- - 1
a= j + Yi,

_. #6

ts 1 -> yt
a)and = - =

Pa I-+yl,
. & , A _ hy H, , 4%,
“e +yi,t l+ye; 1 Fy T +1fy "l+yty

hh, H, Hy hg

rey py, pve Ty
The heights and the temperatures are known in the above equation.
Hence the value of y can be calculated. The temperature ¢, is not
accurately known. But this does not involve appreciable error

because the height hy is very small.

2:23. Experiment of Callendar and Moss

In the second method of Regnault described in Art 222, the

or
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total length of the liquid column

“

62

was 1°5 metres. Callendar and

VF ¢ os 3 gt ap canny eon sls re
oe |

panpeypan oh dh
oy

Fa!

_ - 48

rH fl ima
be

- - 4

yd a

> 7 P=

1.
:

H LS
cH C

A EL
c HC H C

Fig. 2 13 (a)

Moss modified the experiment by using six hot and six cold limbs

arranged in series [Fig 213 (a)] and each hmb had a iength of
2 metres. This will mean that

the difference in levels of the

liquid in the projecting limbs

will be eight times approxima-

tely. The hot columns are

arranged side by side and en-

closed in a constant temperature

bath. Similarly all the cold

columns are arranged side by

s'de (Fig. 2°13 (b)}.

With this experimental
arrangement Moss was able to
fird the absolute coefficient of
expansion of mereury Sf. OC
try 300°C.

Fig. 2-13 (5).

Coef€ cient of cubical Expansion

Subsian e

—e | Ob — ew ~ — ee -

Mercury

Givceriue

Ethyl Alcohol

Patruleum

Trrpentine

Ca* son disu'phide

Water 5°C to 10°C

"Vater 10°C to 20°C

Watar 20°C ta 40°C

- eee oe age

Yr X 108 per °C

¢ +182

QO 485

0 745

0-899

0-940

1140

0-053

0 150

0-302
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2:24 Anomalous Expansion of Water

Most of the liquids expand uniformly over moderate ranges
of temperature except water. Water shows a marked exception

; when it is heated from

0°C to 10°C, initially it
contracts in volume up to

. 4°C, its volume is mini-

mum at 4°C and beyond

4°C the volume increases.
4 

A graph between volume

and temperature is shown
in Fig 2-14,

The variation in the
volume of water can be
studied with a volume

-_

VOLUME ————-
a Bide ~ ow aw = «~o 1 2 3 4 5 6 7 8 9 10 — dilatometer. It consists of

TEMPE RATURE('C)——— a glass bulb fitted with a
Fig. 2°14 narrow graduated = glass

tube. The bulb is filled

to 1/7th of its volume with mercury so as to compensate for the

expansion of the bulb. A fixed volume of water is tak@én in the
bulb at 0°C and its volume is noted at various temperatures up to
10°C. The graph shows that the volume is mintmum at 4°C. It

means water possesses maximum density at 4°C,

Hope's Experiment. Tlic apparatus consists of a cylindrical

jar containing water and surrounded by a jacket containing ice in

the middle of the jar as shown in Fig. 2°15. T,; and T, are two
thermometers to record the temperatures of water below and above
the jacket respectively.

Water at 10°C is taken in the

jar and the temperature shown by

the thermometers 7’, and 7, are

recorded after equal intervals of

time (say $ minute).

A graph between tcmpera-

ture along the y-axis and time

along the z-axis is plotted. The

graphs for the two thermometers

are as shown in Fig. 2:16.

The thermometer T, shows a

sudden fall of temperature up to

4°C. The thermometer T, shows a

slow fall in temperature When

the temperature of 7',; remains at

4C, the temperature 7, falls
rapidly. Then thermometer 7,
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records a temperature of O°C first and the thermometer 7, after-
wards. The point of intersection of the two curves gives the tem-
perature of maximum density.

aD

TEMPERATURE °C——>
TIME IN MINUTES -—————?

Fig. 2-16

When water in the middle of the jar is cooled by ice, its

deusity increases and the heavier layers move down. Due to this
reason the temperature of 7, shows rapid fall in the beginning.

When the temperature of water in the lower portion of the jai is

4°C, its density is maximum. When water in the middle cools to

a temperature below 4°C, its density decreases and these layers move

upwards. Due to this rea.on the thermometer T, shows a rapid fall
of temperature. When the upper layers have attained a tempera-

ture of 0°C, the lower layers start cooling below 4°C.

The temperature of maximum density of water has been found

by Joule and Playfair. By a series of experiments they found the
temperature of maximum density of water to be 3:95°C.

With the increase in pressure over water the temperature of
maximum density of water decreas $s

tmez = (3°98 —0-0225 (P—1)PC

where P is the pressure in atmospheres. According to this relation,
1 kg of water bs a voluine of 1000 028 ce at 4°C.

Thus } cc of water at 4°C has a mass not exactly equal to

1 gram. Therefore a standard kg cannot be .aken as the mass of
1 cubic decimetre of water (1000 cc) at 4°C. But it is defined in
terms of a prototype kg made of platinum-iridium alloy.
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( U-98987 1-13

g 020007 | 1 00003

4 1-Ou0tH) TKK

6 0-99907 1 00WW3

8 0°99988 1 O0012

iv 0 99973 1-40027

20 0-99823 a

30 0:99567 1-00433

40 0-99220 1-00790

50 0-98810 1 01200

2:25. Thermostats

A thermostat is a device used to maintain the temperature of a

water bath or an oven at constant temperature.
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Toluene Thermostat. A liquid thermosta i‘ t

elongated glass bulb A which contains a liquid having. high coef
GAS SUPPLY aie

TO THE
“|

MERCURY

Fig. 2°17

cient of expansion ¢.g., toluene or alcohol. The bulb A is connected

to another bulb B through a glass tubing as shown and the connect-

ing tube and also partly bulbs A and B contain mercury. Mercury
is in contact with the expansible liquid in A and is almost up to the
nozzle in B. The Fe supply is connected at C and the burner is

connected at D. S is a stop cock used for regulating the supply of
gas from CO to D (Fig. 2-17) The bulb is immersed in the water bath
and when the temperature of the bath increases, toluene expands
and pushes mercury down. Consequently the level of mercury in B
rises and when the desired temperature is reached, the gas supply

to the burner through the nozzle is cut off. The stop-cock S helps
to maintain a feeble supply of the gas so that the burner is not put

off. When the gas supply 1s considerably cut off, the temperature

of the bath decreases, toluene contracts and the level of mercury
in B goes down. Thus the gas supply to the burner through the

nozzle is restored and the temperature of the bath increases again.

The process repeats and the temperature of the liquid thermostat is
limited by the boiling point of the liquid. Inthe case of toluene,
this temperature 1s 111°C.

Bimetallic Thermostat. For higher temperature control

bimetallic thermostats are used. The bimetallic strip works as an
electric contact breaker in an electrical heating ¢ircuit. 

The circuit
<s broken when the desired temperature of the bath

 is reached.
Due to the difference in the coefficients of linear exp

ansion of the
two metals, when it 1s heated the metallic strip curves and the
circuit is broken. The metal of higher coefficient of expansion
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‘say brass) bends more than the other of lesser coefficient of expan-
sion say (invar steel). In Fig. 2-18 (a) the metallic strip is in contact

O
OWELELEEZE
SSCeDwyg, Ki P

VL ll dilddidis
Ro SS

|
INVAR
STEEL |

{Q) (b)

Fig. 2-11

with the screw S and in Fig. 2°18 (5) due to heating the strip curves
downwards and the contact at P is broken and the current through
the heating coil stops. When the temperature falls, the strip con-
tracts and the contact at P is restored. The two metal strips are
well riveted.

2:26 Expansion of Gases

A gas can he heated at constant pressure or at constant volume.

Hence there are two coefficients of expansion for a gas viz., the

pressure coefficient and the volume coefficient.

Pressure cueffictent (Y,) is defined as the increase in pressure

per unit pressure per unit degree rise of temperature at constant
volume If P, and P; are the pressures of a given mass of gas at
temperatures 0°C and ¢°C respectively, then

I,—Po
Yp = BXt (at constant volume)

or Py = Po[l +p!)

Volume coefficient (Y») is defined as the increase in volume per

unit volume per unit degree rise of temperature at constant pressure.
If Vp, and V; are the volumes of a given mass of gas at temperatures
O°C and ¢°C respectively, then

a Pe Xt

or Ve = Vo fl +Y, t]

Y (at constant pressure)

Study of the properties of expansion of gases is as important
as the study of the expansion of liquids and solids. The property
of expansion of a gas has provided an accurate and standard method
of measuring temperature (vide chapter | on thermometry). Further,
the properties of expansion of gases has led to the deduction of the
univers. gas laws.

The expansion of gases 1s much more than liquids and the

expansion of the container 1s very small.
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2:27 Determine of the Pressure Coefficient of a Gas

The apparatus consists of a glass bulb B connected to a glass

tube bent twice at right angles. This tube is connected toa reser-

voir R containing mercury through a rubber tubing (Fig. 2-19).
The bulb B is filled with mercury to approximately it} of its volume

so as to compensate for the expansion of the bulb. The bulb 1; kept
in a bath and the temperature of the bath can be kept constant at

any desired value.

Initially the bulb is maintained at the temperature of meltiaz

ice and the pressure P, of the gas is determined at 0°C. Now the

—— 2 Po P|
’ hae
ink . M 1="
i 8 | | - MERCURY

ws YE
N=

Pig. 219

bulb is maintained at different temperatures #,°C, #,°C etc. and the
pressures of the vas Py, P, etc. are calculated at each temperature.

Before uoting the difference in levels at any temperature, the level

of mercury in the closed limt is brought to the fixed mark M so that

the voluine of the gas is kept constant at each temperature.

If hy, Ay, Rg etc. are the differences in levels at 0 C, #,°C, t’C

etc. and Pa is the atmospheric pressure, then

Po = Pat hy;

P,=Path;

P, = Pa + hy ete,

according as the Jevel of mercurv in Ris ahove or helow the fixed
mark M. Then

P,-P, P,-~P,
Yop = FZ = etc.
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The value ot 1, is calculated in each case and the mean value
is taken.

Ifa is drawn between temperature in °C along the 4-
axis and thet Pe of the gas along the Y-axis, the graph will be a

8

{

A i
, i

vow f
F&F |

a” uy i
ee” «| 4

Pt

o”
C- {

-27316°C oc 100°C
TEMPERATURE —=———>

Fig. 2-20

straight line ‘Fig. 2 20). If the graph is extrapolated, it will meet the

X axisat — 273°16°C and this temperature is called absolute zero.

The vatue of the pressure coefficient is

l
= T9516 = 0:0036608 per a @

wd

Py an 7 ve the presses. of a eieen rags Of cas of tem.

peratures foc wal he aad Pye he pee sure abou et

?

n= Poi tY¥p 4}

Py == PlitYy ee]

My _ lrots
Pi, layeh

19 = PRP yh

Using aba 6 2 uu pvan be calculated for diflerert ranges of tem-
perature

The vaiae of 7, can also be calculated by finding the absolute
zero from tle graph = he reciprocal of this temperature measures
Yy Ifthe vavue of absolute zero is —273°16°C, then

)
Ys = 37a0e

/ .273°16
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2:28 Determination of the Volume Coefficient of a Gas

The volume coefficient of a gas can be determined in the

laboratory by the following method. The apparatus consists of a
glass bulb B connected to a re-
servoir R containing mercury.

The bulb B is surrounded by the

outer glass jacket through which

steam can be passed. A thermo-
meter is fixed to note the tem-

perature.

Initially water at 0°C is cir-

culated through the jacket and
the reservoir 2 is adjusted so that

the level of Hg in B and 2 is the
same. It means that the pressure

of air in the bulb B is equal to

the atmospheric pressure. Let

the volume of the gas in the bulb

B at 0°C be V4.

Now, steam is passed thro-

ugh the jacket and when the

temperature is constant as indi-

cated by the thermometer, the

levels of Hg in Band BR are

adjusted to be the same. It

means the pressure of the gas in

the bulb 8 is again equa) to the atmospheric pressure. Let the
volume of the gas at °C be V,,.

a]

e

Fig. 2-21

V,—F, °Then Y= ue (°C

ius

é;

=
4’ So ae

oo
“y t

oo ° '
7 {

-” '
a “ f

on | (
Oe on — te x
“27316 C ¢

TEMPERATURE —————»

Fig. 2-22

The volume coefficient calculated is about

} ©
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To plot a graph between the volume and temperature, a large

number of readings are obtained after the steam is cut off. A graph

is drawn between temperature along the X-axis and the volume
along the Y-axis. The graph is a straight line. If the graph 1s extra-
polated it meets the X-axis at —273-16°C. This corresponds to
absoiute zero. Also, the reciprocal of this temperature measures the
volume coefficient, 4.¢.,

i

= 97516
= ()0036608/°C

It is found that the volume coefficiert of a gas 1s equal to the

pressure coefficient provided the gas obeys the .Boyle’s law and the

Charles’ law.
a ess owen oe

Gas Preasure co- Volume co- |
efficient 5 efficient y, |

—_—— — - ; ~a--- = -- |

Hydrogen 0-0036610 0-0036611 |

Heliutn 0 0036609 0-0036607

Nitrogen 0-0036606 0-0036609

fee eee —_— -_ — ~~ Se eee eee ee eee eee

Exercises II

1. Define coetficient of linear expansion, cubical expansion

and superficial expansion. Derive the relation between them.

2. Describe Fizeau’s method for determining the coefficient of
linear expansion of a crystal. Discuss Tutton’s modification.

3. Describe how the coefficient of linear expansion of a solid
can be determined with the help of an imterference method.

(Agra 1966)

4. Describe an experiment to determme the cvefficient of

cubical expansion of mercury.

5. Describe an experiment to find the volume coefficient of a
gas.

6. Describe an experiment to find the pressure cvefficient of

agas. Are the volume and pressure coefficient of a gas equal ?

7 Asteel beam oflength 6 metres is fixed mgidly between

two supports Calulate the stress in the rod for an increase in
temperature of 20°C

(x — 12x 10°9/°C and ¥ -- 2108 dynes/sq cm)
[Ams. 480 x 1U® dynes]

8. Asteel wire 10 metres long and 2 mm in diameter 1s
fixed hetween two rigid supports. Calculate the increase 1 tension

when the temperature fal!s through 30°C.
(x = 12x10 $C and ¥ =2 x 10?* dynes/sq cm)

[Ams. 22:627 x 108 dynes]
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9. A uniform rod 4 sq mm in cross-section is heated from 3°
to 40°C. Find the force which must be exerted to prevent it from

expanding. Find the energy stored per unit volume.

(a= 12% 10 ®/Ckand Y=. 10!! newtons/sq m)

Ans, Force = 192 newtons, Energy per unit volume

= 11,520 joules/cubic metre]

10. A steel wire of diameter 2 mm supports a load which is

sufficient to keep the wire taut at 50°C. Calculate the additional

load that will be required to restore the length of the wire to its

initial value when the temperature falls to 40°C.
[Ans. 7-694 kg wt]

Il, Write short notes on :

(a) Expansion of crystals

(6) Anomalous expansion of water.

(c) Dulong and Petit’s method.

(d) Thermal stress in beams due to expansion.

(e) Callendar and Moss experiment.

(f) Optical lever method for determining «.

12. In Tutton’s experiment for determining the coefficient of

expansion of a crystal], the following data were observed. Thickness

of the crystui = 5 mm, wavelength of light used =5,890x 1078 cm.

When the temperature of the crystal was increased from 25°C to

55°C, the nuinber of fringes that crossed the field of view was found

tobe 7. Calculate the coefficient of linear expansion of the crystal.
[Ans. 13-74 x 10°¢/°G}
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Calorimetry

$1 Definitions

When a body 1s heated, its temperature rises. If 100g of

copper and 100 g of water are heated by similar burners for the

same time, the rise in temperature is not the same in the two cases.

The rise in temperature depends on the quantity of heat given to

the body and the nature of its material. Let H be the quantity of

heat given to a body of mass m and let the rise in temperature be @.

Then, A = mC8 .

where C is a constant that depends upon the nature of the subs-

tance. C is called the specific heat of the substance.

Calorie. Iiicthe quantity of heat required to raise the

temperature of one gram of wa er from 145°C to 15:5°C. Thus ts
the standard unit recormmended by International Committee of Pure
Physics.

Kor ordinary purpcses, the specific heat of water is taken as

1 but specific heat of water is not} at all temperatures For practi-
cal purposes Calorie may be defined as the arnount of Leat requn td
to raise the temperature of ] gram of water through 1°C.

Kilogram Calorie It is the amount of heat required to

rvise the temperature of 1 kg of water through 1°C.

1 kg calorie — 1000 calories = | kilocalorie

British Thermal Unit. 1t is the amount of heat required to

raise the temperature of | pound of water through L°F.

1 B.T.U. = 252 calories

Therm. It is the amount of heat required to raise the tempe-
rature of 10° pounds of water through 1°F.

1 Therm = 2°52 x 10? calories

Pound Calorie. lt is the amount of heat required to raise

the temperature of 1 pound of water through 1°C.

1 pound calorie = 453-6 calories

It is called ventigrade heat unit.

72
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Units of Heat

Unit Quantity of | Rise in | Relation
water bemp.

Calorie | lg | 1°C a I Calorie
Kg Calorie ] kg eC = 1900 Calories

BTU 1 pound | 1°F om 252 .

Therm 105 ponnds; 1°F es 2 52 10?,,

Pound Calorie 1 pound 1°C | 4536 8 ,,

Specific Heat. It it defined as the quantity cf heat required
to raise the temperature of unit wiass of a substance through one
cegrec.

Suppose,

Mass of the substance ~ 7

Sp. hea: of th« sucstance -- &

Rise in veriperature -.7

if —- v

wt fv
wy

Puts oF apectfice her iu COGS sve em, ths unt of Aisin
che arse cin genes dustin CooL, eerfare the unit of specifi:

heer vill be

O = euiove

gy °G

= CALOMIt; 2.

Ths aurie heat cro snbstence ae net constant on] + is uiffe-

rem at diriferent temperateres ©) ainatiuy, the specthe heat deter-

mined is the mein specific hear Suppese om oss the mass of the

substance, @ the mean sperific heat arC sl Hout ts of heat is requir:
ed to raise irs tempecatire from oy in tg shea the sage necific heut

H

oy (5g-- "7 )

Fur qaalitative work af d@ beat gs ven tora the tempera-
tures mg os a substarce darcugh J,

dH = nC de

¥

! to

C= m dt
Thermal Capacity [tis die quantity ©. ‘eat required to

raise the temperature af the whole of the substan-e through ‘‘C,
Let the mess of the enberance he m and .ts specife leat

Therma. canacits —-— mr Oy]

=: mC calories/‘C

Water Equivalent. itis the amount of wate- that will
steers hue same quantity of heat ai the substance for the same rise
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in temperature. Lei the mass of the substance be m, specific heat

C and rise in temperature 0.

If the water equivalent = w

H=wx!lx?é

2s wxlxé =m 0
or w = mC grams

Water equivalent is numerically equal to the thermal capacity
but the unit of water equivalent 1s grams and that of thermal capa-

city is calories.

32 Regnault’s Method of Mixtures

Specific heat of solids Regnaul: was the first to devise the
apparatus commonly used in the laboratones to find the specific
heat of a solid or liquid employing the method of mixture, In
this the given solid 1s heated to a constant high temperature and
then it is quickly transferred into a calorimeter contaming water
at1unm temperature The final temperature of the mixture 1s noted.

From the principle that heat lost by the solid 1s equal to the heat
gained by the calorimeter and contents, the specific heat of the

given solid 1s calculated

3-3. Copper Block Calorimeter

Specific heat of a solid at high tempetature cannot be deter-

mined by ordinary apparatus used in the lahoratory., Steam or

vapours produced would cause contiderable lors of heat whea a

hot sale! ig mixed with water eraliqud The resul obtatned will

not pe accurate [fo everenme this «ifficultv, Nerist and Linde-

8 mann desigr el a calorimeter cal od

| the opper black calc rameteri

omen | pata at oan le nomsts ofa Dew at ttisk 9
T fi , uy (LC RR3 T having acepper blo (' fixed aa

a ! side it. [, fare the terminels of
| the leads of the thermocouple to

|! | | ineasure the temperature ul the
blak G The flask ws covered from

| mtsile to prevent inv loos ot heat
at A te the surrcundings ~ Lhrough the

| | tube B, a hot solid vin be dropped
| (Fig 31)

i The substance whose specific— = apa aguas heat is to be determins dis beate J

toa known high temperature and

|
i

3 ! Cc ther g ntly dropped through the
j | tube B into the block C Lhe

~ ~s ai

capper block has high thermal con-
ductivity and a unitorm f.nal tem-

perature is reached ina short 1 ¢

Che temperature 13 ineasure 2 ovath
Vv the heip of a caskrated thermo.
31 cuple, the capper biock (' Mane
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as the hot end. To avoid air cur.cnts the tube B 1s closed with an
automatic electrical arrangement after the substance has been

dropped into the block C The whole apparatus can be mimtained
at a desired temperature From the heat guned by copper block and
the heat lost by the substance, the 4 ccifie heat of the substance ca

be calculated

Maenus determined the specifi heat of tlituiwn ind other

metals up to QUOG fieszer and hi co-workers determined the

specifi, heat of Pt tunesten Rh, Tt and other metals up to 1600 C

In neder te find the specihe Heata high temp > ares, Say between

700 C and $00 C the eapermment is performed t vice, first at 700°C
and then at 800 (othe mean value of tne speciti heat as Cale ulated.

34 Nernst Vacuum Calorimeter

This alormeter is used to fied the neat heat ef seluls at

ln temperature | Nerest and Lindema:n pert ined a ovurneber of
afnclrate experiment: to determine the speahe !eatot ohes at low

temperatures

The Nernst calorimeter consi ts of an oes uated flask D in

which the metal whose specific heatas to be dete uned, 1s suspended

as shown iu Fie 32 P ind @ are

two noncanductine oops The

eyhnder Rand the csundrne al plug *

le——

|

A are mide of the Sime metal Ihe ; |

/

| | —el

| S

heating cil (1s made of platirum | | [
and is wound aruund .{ The leads [
LU are connected to an electrical | °
heating arrangement Ihe cylinder . |
A fits completely inside the cylin-

der B The heatine coil C also uf
serves as a platmium resstar7e

theromometer to measure the

temperature uf the metal.

|

Suppose the resistance of the |
platinum wire is R, at temperature
0,. R, 1s found by measuring the
current in che wire and the poten-

tial difference across the two ends
of the wire Let the potential
difference be & and the current J).

Que eens eee see ew ee ee jh a 0

E
7 R, - I At temperature 9,)

1 cSinularly resistance R, at
temperature @2 1s given by Fig. 32

R, = T (At temperature 6.)

The platinum wire is initially calibrated and from these values
corresponding to 2, and Ry, the values @, and 6, are found.
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The flask D is kept ina bath containing ice, liquid air etc.,
depending upon the low temperature at which the specific heat of

the given metal is to be determined. After the flask D has attained

the temperature of the bath, it is evacuated. This initial temperature

-of the metal is found. Let it be 4,. Electric current is passed through

the coil C for a known time so that the rise in temperature is about

1°C. Suppose the final temperature of the metal is 4,.

Mass of the metal = M grams

Specific heat = C

Rise in temperature == (6,—4;)

Voltmeter reading = & volts

Ammeter reading = / amperes

Time for which current is passed = ¢ seconds

HCH) = “Ye
EIlt

~ 42 M(0,—6)

In this expersment, the heat losses are practically eliminated

as the experiment is performed in vacuum. However, a correction is

required for the little loss of heat due to radiation.

Cc

To determine the specific heat of non-metals, the substance is

kept inside a silver vessel. The heating coil is wound round the

silver vessel. The experiment is performed in vacuume by suspending
the silver vessel inside the flask D.

Specific Heats and Atomic Heats of Solids at 20 °C

| Biemeni | Specific Heat Atomic Heat

Aluminium 0-212 &-72

Boron 0-307 3-32

Carbon 0-160 1.92

Copper 0-091 5-79

Gold 0-031 6-11

Iron 0-110 6°12

Lead 0-030 6-21

Silicon 0-182 6-11

Silver 0-056 6-04

Tin 0-054 6-31
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3:5 Newton's Law of Cooling

Newton’s Law of Cooling states that the rate of loss of heat of
a body is directly proportional to the difference of temperature of
the body and the surroundings. The law holds good only for small
difference of ternperature. Also, the loss of heat by radiation depends
upon the nature of the surface of the body and the area of the
exposed surface.

aHi «a (9—6)) or — a = k (0@—6,)

Consider a body of mass TM, specific heat C and at temperature
6. Let @, be the temperature of the surroundings. Suppose, the

temperature falls by a small amount dé in time dt. Then the amount
of heat lost

Rate of loss of heat

aH dé .
dt — mC dt o-(8)

Fron Newton’s law of cooling

dH ee
—-aTM k (@—6y) oo (08)

where is a constant depending upon the areaand the nature of

the surfece af the hody.

From (#) and (1)

46

dé k wes
or 0-8 =~ mO° dt = —K.dt woo (888)

Integrating,

log (0—4) = —Kt+e .». (80)

Ifa graph is plotted between i along the X-axis and log (8— 6)
along the Y-axis, it is a straigh: line. Hot water is taken ina

CONSTANT Te T3
TEMPER ATURE

Y ENCLOSURE |

waTER = LiQuId 2

~ 7 Ts
-_- _ -_- = = -* 4Oo _ Log (8 - Ge)

TIME x

Fig. 3 3 (8) Fig. 3-3 (sé)
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calorimeter and is placed in a double walled vessel. Temperature
of water after regular intervals of time is noted. A graph between

log (9@—6)) and time ¢ is plotted
w [Fig 33 (t)]. It is a straight line.

,

= 60! hs verifies Newton’s law of
= (ung
«55 Specific heat of a liquid.

F 50 A and Bare two identical calori-
v meters containing equ..] volumes

4 of hot water and the hot liquid

respect vely The two calorimeters

40 it. are made of the same material

met and their outer sur fa es are equal-
tig 34 ly pohsh.d ‘The calorimeters

are kept inside a constint tenape-

Fiz 34 rature enclosure The thermcme-
ters T, and T, measure the temperature of water and liquid [ki
33 (ot)] [ ,e tem erature of the two calogmeters are noted afte:

regular intery sis of time tsay one minute) Graphs are plotted

between temperature und ume, lor water and the liquid (Fig ? 4)

From cquatin > (200)

d@ k dt

d—bp mC

In the case ¢! water, suppose

Maicot water - TM

Water equiv. cent of the cal rimeter t=

Time ken by water tu cool from 60°C to 15 0 = ft,
, 5

. li _ae - \ ty ...(t)
60 8--8 (mm ! w)

Suppese mass of the hquiud Vf

Water equi teat of the calorimeter Booz w

specite heat ot the hguid - ¢’

Tume taken by the liquid te conl from 607C to 55°C -e ¢,

65 dd ko

leo 0-67 (MC yey +++(4}
From equations (v) and (tt)

MC+w (m }-w)

tg

or C= or ~ "3 .. (vee)

Example 31. 4 liquid takes 5 minute. to- cool from 80°C to
50°C. How much time will it take to cool from 60°C to 30°C 2 The
temperature of the surrounding 14 20°C (Punjab 1964)

dé .

Jama - - 8 Ja
4, == 20 a
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In the first case,

la to = —Kyx5
so J—6,

log [ o — G ho = 5K

log (“355 v —20 )- —5K
20,

log —— = 7 = —3K

60
or log 30" = 5K

In the second case, suppose the time taken is f minutes,
30g K

30 —20log es = Kit

10
= —Ktlog D

40 a
or log 10 = —Kt .»-(8)

Dividing (11) by (2)

t _ log4

5 log 2

t = 10 minutes

Example 3-2. Equal volumes of water (denstty [ g/em*) and

alcohol (density 0 8 g/cm) when put in ssmilar calorimeters take 100

seoonds and 74 seconds respectively to coul from 5 *C to 40 °C.

Calculute the specsfic hear vf alcohol. Thermal capacity of each

calorimeter ts numerically equal to the volume of either liquid.

(Punjab 1966)

Let the volume of either liquid be V

Mass of water =m =V x]

Mass of alcohol = MxVx0°8

Water equivalent of each calorimeter - ow =V

Here t, = 100s, t& =743

MC4uw m+ w

ty ty

qc fetes we
Mt, M

(V+V) 74 r

Vx08x10u 7 F <08

C = 06 calorie'g— K
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Example 3:3. A body cools in § minutes from 60°C to 40°C.

What will be tts temperature after the next 5 minutes 1 Temperature
of the surroundings = 10°C. Assume that the Newton's law of cooling

holds good throughout the process.

® dé
_- — t= —Kll., G—Hy x [2

(1) In the first case, 6) = 10°C,

6, = 60°C, 0, = 40°C, ? = 5 minutes

42 dé

fe 0-8,
[ tog (06) To = —5K

_ {40—10) .OR (so=i0) = 5K ove(#)

(2) in tse aecond case

Uy on 10°C,

J. = 40°C & ea x,t = § mente

=i —5K

K sg

{a 4 He
; — ‘ =e wane "y OE.

. as . ¥st 2
é . tf

f a es (a5 : x, 7" 
2 oY,

LY ae ree ga 
a GEO

From equations ($) and (4)

, of Eo i0' ; f40-—10)
es bg nyg ) = 08 (eg cy

> \ 40-10, GO—10!

¢-~—10 3G

30 50

¥ sx 26°C

Examipie 3-400 A isquid takes f minutes fo cuol from TOC bs

ni iiuw tatioh tame will ittake to cool from 40 °C ia 40°C? Phe

femperalure 7 cas surroundings ¢s 25 °C. Newton's (aw of cooing os

agpiiagle vraughond fhe prucesa,

$ di
yoo oat wa wom Fo St — non Ht

9, 9¥—O

(13) Tn ihe fueycase,

i. =: 7 “Co f. at oe "C, t == 4 minutes

r 2 i
Ho aé 17

is “nremewene a he wwe “LE
gev vue Og

PG — 25 . ,aya 7 \ = — 4h vvel}
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(2) In the second case

Uy = 25°C,

é, —= 50°C, 85 = 40°C, t = ’

40 dé
bs “6—4 = -— Ki

40—25 .log, (sons) = Kf woo ( 42)

Dividing (1%) by (4)

lop, (2
to 25

4 lo (+3 )

Se | G5

t= 4X 2°3026F logis (f 6)

= 93020 L logis (0°55)

Jogi (0°6)_

logis (0-55)
1-7782 2218=4 n 17404 |= 4{ = 52006 |

8872

2596

= 3-418 min,

Example 3-5, A liquid cools in 6 minutes from 80 °C to 60 °C.

What will be tts temperature after the next 10 minuies ? Temperature
of the surroundings ts 30 °C, Assume that the Newton's law of cooling

ss applicable throughout the process,

@ dé
——— = —K = —[. i [ at Kt

(1) In the first case,

6, == 30°C,

6, = 80°C, 0, = 60° C, # = 6min

6 8 dé

so 6—6, —6K
60—30

log 0-6 = —6K «o(8)

(2) In the second case,

95 rs 30 °C,

ne == 60 °C, 0, = x,t c= [0 min,

( o 77 ;- = —10K
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r—30

Dividing (+) by (8)

, r— 30

8 \ 60 —30 10
log (06) sC«

x— 30 5log (60-30 = 3 log (0°6)

log Sa" = log (0 6)*3

x— 30 R83
3 = (0°6)

x =- 42-80 °C

Example 3-6. 4 body initially ut 80°C rooly to64‘Cin 35

minutes and fo 42 ‘Cin 10 minutes. What will be ita temperature
after 13 minutes and whut is the temperature of the surraundings 4

[Delhi (Addittonal Physics) 1975]

G@, dé .
- = ..K dé = —~ Kinoon 7 78 |

(1) In the fast case

4, = BN°C, 8, =. 64C,f ~ 5 min

63 «dé
— —5Klv G— °

61—@, © LZ” slog (pn a) 0, = —oK »+(4)

(2) Jr the second case,

0, -~ 64°C, bg -- 52°C,

t#-10—5 = 5 min

fa 6d

lee 8-0, 5k
— ft, ,log (a2 =a) = = —54A wo (88)

From equations ($) and (it)

64-6, 52—4,
_——-

—

80--9, 64—86,

s 6, = 16°C

(888) Let the ternperature after 15 minutes be @,

4, - 52°C, @, - 16°C,

f= 15—10= 5 minutes
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9 dé
=: —3K

@.-—16 . weelog (sia) == —jK wou (G02)

Equating (¢2) and (i74)

PB, 16 12-16

32-16 7 ot—It

to = 43 C

Example 37. bind the > Jie fle hratoj a (rj ud uhe litncs

2 minutes tn couling from 30 Cito d0° Can cisssel in which the same

colume of walter takes Od minutes fr cooling through the ome range of

temperature, Musv of water ~ 1009, mess of liquid Sdar, qeuler

equivalert of the reseel -= 10 g,

[Deli 1976;

MC tw mtw

ty t,
Hlere ul - 8% g

2-1

w:2 lO ge

m ~= Love

tf, - 2ininutes = 120) s

f, -- Sminutes = 300 s

[mt 10) ts |- 1
Mt, M

C = [ acan a lO
85 XK 300 85

C .: 0-4 calories/g-K

36 Specific Heat of a Liquid -Joule’s Electrical Method

The apparatus consists of a calorimeter in which a_ heater coil
(wire) of resistance R is enclosed. The two ends of the wire are

1 _K connected to the terminals
-+| Heve -**— Reh onthe lid. The calorimeter

‘ is enclosed in a wooden box.

Th Y iN oo. ‘Lhe wire 8 is connected in
rah — ~---." L series with a battery, a key,

A a sheostat and an ammeter.

A voltmeter is connected

parallel to the wire (Fig.

3°5).

The liquid whose spe-

cific heat is to be determi-

ned is taken in the calori-

Fig, 3-5. meter. Current is passed
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through the wire for a known interval of time. The rise in tempe-

rature of the calorimeter and the liquid is noted with the help ofa

thermometer. The current is passed for such a time that the rise

in temperature is about 10°C.

Suppose, the mass of the liquid is M, specific heat of the

liquid is C and water equivalent of the calorimeter is w.

Initial temperature of the liquid = 0,°C

Final temperature cf the liquid = 6,°C

P.D. across the wire = E volts

Current flowing = I amperes

Time = € .econds

Heat produced = iO calories

Heat gained by the hquid and the calorimeter

=. (MC+w) (8,—A)
ER I.t

420

Et w

= 42 (6,--0,) OM

2 (MC {wy 6,--f,) =m

Cc

a? Specific Heat ofa Liqrid—Callendar and Barnes’ Conti-

auous Flow Method

The apparatus cunsists of a glass tube in which a resistance
wire is enclosed. The ends of the wire are connected to the terminals

waTER

To}} JOUTLET

Fig. 36

outside the tube. Thermometers 7, and T, measure the temperature
of the incoming and outgoing liquid. The liquid is passed through

the tube at a uniform rate. The electrical connections are made as
shown in Fig. 3-6. A vacuum jacket surrounding the glass tube is
provided to avoid loss of heat by conduction and convection. Current

and the rate of flow of water are adjusted so that the thermometers
how a difference of about 10°C, :
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Let, £, IJ and ¢ be the potential difference, current and time
for which the liquid is collected. If the mass of liquid collected is
m and the difference of temperature between the two thermometers

iS (8,--9;), then

EI.

4°2

where ff is the loss of heat by radiation. The current through the
wire is changed The rate of flow is adjusted so that the difference

of temperature (92,--0;) remains the same. Suppose the amount of

liquid collected in time ¢ 1s m’

mC (6,—6,)+R = -+e(8)

E’l't
m'('(A,— 053 1. — 7 .«(88)

Subtracting (2) from (7)

ney kI--El'y)t(m—~—m )C(d,--8,) -= ( 49

(h7- K’r'ye

42 (m_ m')(Os - Uy)

Dhis cs an accurate satthod became the observations are taken
under steady state. The thermal capacity of the apparatus does not

cura the calculations, Moreover, the etror due to loss of heat

by tomefie dion, ¢omvectsan and radiation have been practically elimt-

rated

38 Experimental Determination of Heat Capacities

In moder methods, measurement of heat capacity of substances

involves the supply of heat to the system from an electrical source.

From the energy received from the source in a given interval of time,

a part of 1 may be used in raising the temperature of the system

and the remainder 1s lost to he surroundings at a lower temperature

(Fig. 3°7),

H = SURROUNDINGS atHt caso dH, LOWER TEMPERATURE
L

A

Fig, 3-7

Let dH be the quantity of heat drawn from the electrical

source in time d#. Here dH, is the amount of heat retained by the
system to raise its temperature by d@ and dA, is the amount of heat
lost to the surroundings.

dH = dH,-+-dH,

dH, = 1x0,xaT
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Here C, is the specific heat of a substance at constant pressure.
If the potential differerce across the heater wire is # volts and the
current flowing is / amperes, then

EI dt
dH = —-

ee AH = djl -~dH,

ti at_ O,xuT = = _ an, (i)

Ti the $, stem does not lose heat to the surroundings, then

di], =

C,xdT = h ‘ dt woof 22)

El a" .J _ C, di | aeo(@te’

ep, d .
Vo find a ee the rate of mee of temperature of the system

with tune, a curve 1s drawn between temperature (7) and time (£)
v

f

From the yraph a 8 found for the temperature at which C', 15 to

be dete:mimed.

3:9. Adiabatic Vacuum Calorimeter

This calorimeter was designed by Nernst and late: on modified

by Simon and Lange. Inside a thin copper vessel (, the substance

is taken. The vessel C also

contains heatme coils and a

| To vacuum sensitive platinum = resistance
—__—— thermometer to note the tem-

perature. A thermostat B is

jy rT y made of copper and surrounds
the vessel C. It is also heated

Sa] electrically. The two junctions

==>=) | 7-3 of the sensitive thermocouple

GIQUID, | ew | are in contact with the inner
HYDROGEN | [———" VACUUM surface of B and the outer sur-

FLASK face of C.

The outer vessel A is sut-

rounded by liquid hydrogen

contained ina vacuum ilask.

The current through the heater

coil of B is adjusted so that the

thermocouple shows no deflec-

tion. This ensures a uniform
temperature enclosure for C.
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The space inside A is evacuated with the help of a vacuum pump.
If the rise in temperature of 1 gram of the substance is d7' in time

dt,

Kl aT .

The method is useful in determining the heat capacity of sub-

stances at low temperatures.

To find the value of C,, it is difficult to find its value experi-

mentally at low temperature. Its value is calculated from the

equation

C, = Cp --(t)
e

3-10 T'wo Specific Heats of a Gas

Con.ider a gas of mass mat apressure Pand volume V. If
the gas is compressed, there is rise in temperature. In this case, no

heat has been supplied to the gas to raise its temperature.

+ H
”. Specific heat, C = mo

But H =O

C= 0

Qn the ether hand, if heat is supplied to the gas and the gas is

dhewed to expand such that there 1s no rise of ternperature, then

H

mu

He.c ¢@= 0

ff
“ = mxo TM

Thus, the specifi: heat of a gas varies from zero to infinity.

In order to fix the value of the specific heat of a gas, the pres-

sure or voluine has to be kept constant Consequently, a gas has

two spr ific heats.

(1) Specitic heat at cou-t ant volume C,,

(2) Specific heat at constant pressure C,.

C,. It is defined as the quantity of heat required tu raise the

temperature of one gram of a gas through 1°C: at constant volume.

C,. It is defined as the quantity of heat required to raise the

temperature of one gram of a gas through !'C at constant

) Tessure.

CG, is greater than C,. When a gas is heated at constant

volume, the heat supplied to the gas is wholly used up to raise its

temperature. On the other hand when a gas is heated at constant
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pressure, a part of the heat is used to raise its temperature and a

part is used to do external work to keep the pressure constant.

Cl >C.

Relation, Consider one gram of a gas at a pressure P, volume
V and temperature 7. Heat is supplied to the gas to raise its tempe-
rature through d7', As the pressure has to remain constant,

Work done, W == Px Axz = PxdV

where @/ is the change in volume.

r

rr | —_—— }x

Pp

L . _

Fir, 3-9

From the gas equation

PY -€7,

Diflerentiating,

PaV+VdP = + ar

But di’ = 0

. PdV = rdT

Work done in heat units

r.aT .
=F calories

Heat supplied = 1x0O,xdT

= 1x0,xaTy SS

or C,—C, = “7

where r is the gas constant for one gram ofagas If (, and C,

represent gram molecular specific heats, then

R
0,-C, = >

where & is the universal gas constant.

Example 38. Find the value of the universal gas constant R

for one gram molecule of a gas,

One gram molecule of a gas at N T.P. occupies 22400 cm?
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P = 76 cmof Hg = 76x 13-6 x 981 dynes/cm?

V = 22400 cm®

T = 273 K

PY = RT

_ pa PY _ 76x13-6x981 x22400

° = FF = 573

R = 8-31 x10? ergs/mole-K

Note. The value of 2 is the same for all guses, provided the inase of

the gas is one gram molscule.

Example 3:9. Calrulate the specific heal of air at constant

volume, given that specific heat at constant pressure is 0-23, denesty of

a af N.T.P. 1-293 gram/litre and J - 42 10° ergs/cal.
(Punjab 1966)

O, = 9:23, J = 42x10? ergs/cal, Cy == !

Density of air at N.T.P. = 1-293 gflitie

Voluine of one gra of air at N.T.P.

1000
= 205

PY <= «+f

Py
fi . _-

T

_ 76% 14°6 X 9B0 x 1000

~ 273%1-293

oot oo ;

Oy 22 Og y

= y2g— 76X13 6x 980 x 1000

U, = 0°23—0'0083

= 0-1617

Example 3:10, Calculate the difference in the two spectfic heats

of one gram of helium, given that the molecular weight of helium = 4
and the gram molecular volume of helium at N.T.P. = 22-4 litres.

(Dethi 1975)

r

0,—C, = TT

Volume of one gram of helium at N.T.P.

VY= 22400 = 5600 cm®
4
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PV = rT

PV

TT

76 x 13-6 x 980 x 5600

a73
or °=

C,—C, — aa
J

__ 76 x 13°6 x 980 x 5600

~ 973 x 4-2 x 107

= 0-4946

3-11, Specific Heat of a Gas at Constant Volume—Joly's

Differential Steam Calorimeter

C is a chamber in which steam can be admitted. P, and P,

are scale pans suspended from the scale pans 8, and 8, of a balance.

a

Si S2

H, H-

peer nee | Ui > — Uj <—
STEAM] |

Cc

B A

a,_ Bea AS

uyu =
Fig. 310

A and 8B are two identical hollow metal spheres. The two

spheres ale initially evacuated and by placing them in the pans P,

and P, the balance is counterpoised. In one of the spheres, the gas

whose C, is to be determined is admitted at a pressure of about 10

atmospheres and the balance is counterpoised again Suppose the
gas is filled in B. The balance will tilt to the left and the extra mass
that has to be kept in the pan S, for counterpoising corresponds to

that mass of gas enclosed in B (M grams). Now steam is admitted
into the chamber and passed continuously till a constant tempera-
ture is reached (temperature of steam). Steam condenses and the

mess of steam that has condensed on the pan P, is more than that

condensed on the pan P, because in the case af pan P, the enclosed
gas also has to be heated from the room temperature to the tempe-
rature of steam,
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The balance tilts and an extra mass has to be kept in the right

hand pan to balance it again. ‘This cxtra mass corresponds to the
extra mass of steam condensed on the pan P.

The umbrella-shaped vanes U, and U, will not allow the

steam condensed on the rest of the chamber to fall on the scale pans
P,and P,. The heating coils H, and H, will heat the suspension

wires to a temperature higher than the temperature of steam and

therefore, no steam condenses on these wires.

Suppose,

Mass of the gas = M grams

Sp. heat of gas at constant volume = C,

Initial temperature of the gas -- t,°C

Temp. of steam = {°C

F.xtra mass of steam condensed on the scale pan P, = m grams

Latent heat of vaporisation of water = IL cals/g

Heat lost by steam = mL

Heat gained by the gas == MC,(t,—t,)

MC,(t,—t,) = mB

Ce y(t able: °C

In the second part of the experiment the gas is enclosed in the

sphere of pan ?’, and the sphere of pan P; iskept empty and C, is

calculated again. The mean of these two values gives the specific

heat of the gas at constant volume.

3-12, Specific Heat of a gas at Constant pressure —(Regaault’s

Method)

The apparatus consists of a reservoir f comaining the gas at

high pressure and at a constant temperature. The preiure of the

gas in the 1eservoir is shuwn by the pressure gauge. The apparatus

is as shown in Fig, 3-11.
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The regulator A allows the gas to flow at a constant pressure

through the spiral tubings immersed in the oil bath B and the calori-

meter. The pressure of the gas flowing through the spiral tubing

is shown by the manometer M. Regulator A helps in keeping the

level of the liquid in the manometer limbs constant.

Suppose the initial pressure of the gas at any instant in the re

servoir is P,, its temperature is 7’, and volume is V. The temperature

shown by the oil bath is 7; and the calorimeter is at a temperature

T',. Gas is allowed to flow for about half an hour. The gas after
passing through the oil Lath gets heated to temperature 7, and after

passing through the caiorimeter, gets cooled and gives heat to the

calorimeter and its contents. Suppose, the final pressure of the eas

in the reservoir is (,, voiume is V and the temperature ofthe caiori-

meter C and its conteuts i5 7'3.

Caiculations

Suppose, Mass of the gas flown =: M

Mass of water in the calorimeter —= Ti

Water equivalent of the calorimeter =: -

Rise of temperature of caiorimete: and its contents

ra (T;- T 3

Mean fall of temperature of the as

y Ft

= (7% - ms

Heat vained = Heat Jost

Nope rey & i ( 1 t's |. P, &

yng wi(Ty Ty) = MO, (TY2
; “Tae : ra f, . v .

Lp —_ * : rly “~ 7 _

i’,-» f ‘
ag F a 4

\ fim
To find the mass of the gas (41), suppose the density of the gas

at NTP = p. In the experiment, V cc of the gas ata pressure

(P,—P,) and temperature 7K has flown through the apparatus.

Reduting the volume of the gas to NTP,

(Pi-PyW _ 76,
T' ~ 273

(P, —P s)¥ X273
76xT

(P,—P,)V x273 xe

76xT

Thus, knowing the value of M, C, can be calculated from
eyuation (s).

or V> =

.. Mass M = Vyxo
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3:13 Continuous Flow Electrical Method

The specific heat of a gas at constant pressure by electrical

method can be determined by using Callendar and Barnes’

continuous flow apparatus. Here D is a special glass vessel. The

heating coil is at the axis of the vessel. The incoming gas takes a
long zig zag path as indicated by the arrow heads (Fig. 3:12).

The reservoir & contains the gas at high pressure and at a cons-

tant iemperature. The pressure of the gas is read by the pressure

gauge. The regulator A allows the gas to How at a constant pressure

through the vesse] D. ‘The pressure of the gas owing through D is

indicated by the manometer HM. he regulator helps in keeping the
pressure of the gas constant throughout the expsrunent. The &la-

ment is heated by electric current. The incoming vas is hezted due

to the heat generated by the filament. The inlet and the cutlet
termperatures of the gas art measured with the help of the vlatinum

resistance chermorneters T, and 7".

é if

PH E SSUPE ao , “ |
= TU AGE i._ ag? ‘ ae TT

an, Sel hy
| ooo ES oe Sepaensss9 faa vf

* i i a 4 we me a . _ owe

Hos theo || =e ie
HE ced ih 0 Vj 2

t: 4 i
to. : v

py ORE: .
bi “SS

— —_ = _ -

an A SON saree SRSA OSG AE UPcf

Fig, 2s

The gas is allowed to flow through the apparatus foi some
time till the steady state is reached. When the steady state is

reached, the thermometers 7', and 7', show constant readings. After

the steady state, note the pressure (P,) of the gas in the reservoir.
Allow the gas to flow for half an hour and note the final pressure (23)

of the gas in the reservoir. During this half an hour, the manometer

M and the thermometers T; and 7’, should show constant readings.

Calculations

Suppose, the mass of the gas flown = M

Temperature of incoming gas = 7,

Temperature of outgoing gas = T,

Specific heat of the gas at constant pressure = C,

Voltmeter reading = E volts

Ammeter reading == I amperes

Time == § seconds
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Heat produced = al calories

Heat gained by the gas = MC,(T,—T;)

Heat gained = Heat produced

Elt
MC,(T,—T1) = 5

Oe Elt

>= a0mT,—7)
To find the mass of the gas (M), suppose the density of the

gasat NTP. = p. Inthe experiment V cc of the gas at a_ pressure
(P,—fP,) and temperature 7 has flown through the apparatus. Here
Vis the voluine of the reservoir R. Reducing the volume of the
gas to N.T.P.

(Pi- PV T6V,
T ~ 273

y — (2:—P2) Vx 279

° 767

P,--
Mass Moc: oVy = nie x273 grams

Thus knowing the value of M4.C, can be calculated trom
equation (2).

The chief advantages of this method are -

(1) he temperature of every portion of the apparatus remains

constant when the steady state is reached.

(2) The thermal capacity of the flow tube and its contents is
eliminated in the calculations.

(3) The loss of heat due to radiation is minimised due to zig-

zag path taken by the gas. The gas flows from outer to the inner
region of the tube and absorbs any heat radiated from the inner to

the outer portion.

(4) The temperatures can be measured accurately under steady

state,

(5) The heat produced by electrical arrangement can be calcu-

lated accurately.

3-14. Specific heat of a gas at low temperatures

The continuous flow method can be used to determine the

specific heat of a gas at low teinperature. Before the gas is passed

into the tube D, the gas is initially cooled to a desired low temper-
ature. The experiment is performed in a similar way as discussed

in article 3°13.

This method is also used to find the specific heat of a gas at
different high pressures. In this case, the gas at high pressure is
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passed through the tube D. Scheel and Heuse employed /tisis
method to find the specific heat of various gases up to—180°C. Hol-

born and Jakob used this method to find the specific heat of gases at

high pressures.

Molecular Heats of Gases at 20°C

Gas Cy Cy |

Hydrogen 6-87 4-88

Nitrogen 6-95 4-96

Oxygen 7 03 &-(4

Chlorine 8 279 6-15

Air 6-95 4-96

Carbon dioxide 8-83 6 80

Helium 497 2-98

Argon 497 2-98

The specific heats of hydrogen (for 1 gram) are

C, = 3435 and C, = 2 44

3:15. Calorific Value of Fuels

Calorific value of a fuel is defined as the quantity of heat
released when a unit quantity of the fuel is completely burnt and
the products of combustion are brought to

the original temperature. I- is expressed as

calories per gram or B.T.U. per pound. ,

The fuels commonly used are coal, petrol,

spirit, diesel oil, wood etc. The calorific

value of different fuels can be dete. mined

with the help of a bomb calorimeter.

Bomb Calorimeter. It consists of a

vesse] D made of steel or gun metal. A

plaunum bow! B 1s suspended inswJe 2. f~

The fuel # in the form of powder fora [> --
solid or a liquid is taken in B. A heating § -
wire is immersed in the fuel and its ends_ f[-

are connected to the terminals 7, and 17’.
R is a regulating valve for the free supply

of oxygen inside D. The vessel D is ciosed Fig. 3-13

with an air tight lid. The whole apparatus is immersed in a

calorimeter C containing water. ‘The fuel is ignited by passing
current through the heater wire. The heat produced due to the
combustion of the fuel is taken by the surrounding water in the
calorimeter.

Suppose, the mass of the fuel = H

w

1 i , ii,|

Fry a!

»y!
gibt!

ow " QO
1 Ht

‘ ! j

{ !

Oo“af of !

‘ylWV
t }

’|a
i

4
—_

WATER
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Initial temperature of water = 9,

Final temperature of water = 0;

Mass of water =m

Water equivalent of the calorimeter and the vessel D = w

(m -+-w)(6,—9)

_ (m+) (85- - 4)
- M

Heat produced

”. Calorific value

3-16 Bell Calorimeter

It as used to find the calorific value of fuels. Ihe apparatus

cousists of a bell jar B arranzed inside a calorimeter containing
water at room temperature In the crucible C, the substance is taken

in the powdered form. he leads L, E ure connected to a heating
Alainent dipped inside the fuel in the crucible GC (Fig. 3:14). Diva

nerforated disc through which the burnt gases inside the bell can

escape into water, Aisa pipe throng) which oxygen is fed into the
combustion chamber,

The fuels igmtedt hy eeonerctaw the leads J) LZ to a battery.

The fuel burns and the Darat hot gases es ape ito water iw the

r > ~

t cyay
| i

rr —
»

yl

4 te

oe=r ampewaete aren 7m ee 2 Wee ere te,—_——— oe = oe mee Gere mewre — = ww —-
@ a Pe,

—---- ——4 —y Ree ee ore _ me oe awn ne 6 ee ames

calorimeter, through the disc D. When the fuel is completely burnt,

the final temperature of water in the calorimeter is noted.
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Suppose, the mass of the fuel = M

Initial temperature of water = 4,

Final temperature of water =: 6,

Mass of water = TM

Water equivalent of the calorimeter =: w

Heat produced = (m-+-w) (d,—4,)

. m+w) (8, --6Calorific value = ei 1)

Calorific Value of Fuels

Fuel Calg

Wood Sod ;

| '
| Gas coke odd !

Mothylated aprrit 640")

Steam ¢cal TOO

| {

| Anthracite coul | nSfitr

| ;
| ifeavy Diesel ul $15.0

| Prtre} [ PO,

ParafSiu oil | 11200

Example 311. An engine consumes 25 litres of gasoline per
heur. The enlorijic value of gasoline ia 6» I0* calories per litre. The

output of the enaine is 36 kilowatts Calculate the efficiency of the

engine,

Fatal heet produced by sasoline in one hour = 2) 6X 10 cals

neHeat prodvced per second = 227 xs cal/s

Input ax 22%O% 108x #2

pur = ——~ "3600 jeule. = i ¢., watts

{1 calorie = 4-2 joules)

Output == 35000 watts

Useful ouput ===» 35090 x 3600

Input ~ 25x6x 108x 4-2

l

9

Efficiency =

% efficiency = 20%

3:17 Dulong and Petit’s Law

Dulong and Petit, in 1819, studied the specific heat of \ viuu;
elements in a solid state and enunciated a law, called Yulon. ana

Petit's Jaw. According to this law, the product of tie «pecifc heat
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and the atomic weight i.e. atomic heat of all the elements in the

solid state 1s a constant. The value of this constant was fixed as 6 4

but it is taken as 6 at present. The exact value is 5°96 which also

agrees with the value derived from the kinetic theory of matter.

The justification of Dulong and Petit‘s law was obtained from

Boltzman’s consideration of the law of equipartition of energy.
According to it, the energy associated with one gram atom of a
substance for each degree of freedom at temperature 7’ = } RT.
Here RB is the universal gas constant. If the atom is considered to
be vibrating about the mean position, its mean kinetic energy will
be equal to its mean potential energy.

For each form of energy there are three degrees of freedom.

Therefore an «tom has got six degrees of freedom. Thus the total

energy associated with one gram atom of a substance at a_ temper-

ature T = 3R7

. U -- 3RT

dU

Ay; is the atomic heat of the substance

3x 8°31 x 107
Ay = “F18x 10" cals/g-atom-K

Ay = 5:96 cals/g-atom-K

Atomic Heat of Substances at 20°C

Subsiance | Atomic Weight | Specific Heat Atomic Heat
_ | |
Aluminiura 20 0.212 5-72

Boron | 10-8 0-307 3-32
Carbar ; 12-0 0-160 1 -92

Copper ! 63-6 0-091 5 79

Gold | 197-2 0-081 611

Iron | 558 0110 6-12

Load | 207-2 0-030 6-2)

Silicon 28-1 0-182 5-11

Silver ; 107-9 0-056 6-04

Zine 654 0.092 6-02

Dulong «and Petit’s law was modified by Woestyn for metallic

compounds, According to him, the molecular heat of a compound
is equal to the sum of the atomic heat of its constituents. Further,
it was found by Newmann that the molecular heat of the compounds
of similar nature is also constant. The molecular heat in the case
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of NaCl, AgCl and KCI was found to be nearly 13 and that of Sb,O,,Fe,O,, As,O, was found to be equal to 26.
3-18 Variation of Specific Heat and Atomic Heat with

Temperature.

It is found that Dulong and Petit’s law is not true in the case
of carbon, boron and silicon. Iu the case of these clements the

6-+-- - we ee - & =

“
5

my ~1 3 C
s 9 , 8¢
x 2 Ss oot

w SY PZ
5?

< ]

0 100 200. 300 400 acc
TEMPERATURE f ABSOLUTE) —-—am

Fig. 3-16

atomic heats at 20°C are 1 92, 3-32 and 5-11. Thesc values differ
from the constant value of 6. This variation in atoniic heat could
not be explained on the basis of kinetic theory of matt -r. However,
1t was found by Nernst that the specific heat of a subst ..ce decreases
with decrease in temperature and at absolute zero the specific heat
tends to be zero. Further, he was able to show that the specific heat
increases with the rise in temperature and tends to a maximum
value. Therefore, the atomic heat of a substance tends to a maximum
value of six and decreases with decrease in temperature. In the case
of carbon, boron and silicon also, the atomic heat is 6 at high tempe-
ratures (Fig. 3°15),

In the case of silver, the ate pic heatis 6 at 0m tempera-
ture but it is also less than 6 at lower temperatures.

Atomic Heats of Silver at Low Temperature

| Temperature (K) Atomic heat
J mee a

| 406 5 6)
| 144 5 37

108 480

7 4:04

56 8-19

36 | 1-69

20 0 40

10 0-05

5 0-005

1-4 0 00025
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3-19 Quantum Theory

Dulong and Petit’s law has heen explained on the basis of

quantum theury of heat radiation. According to quantum theors,

heat is radiated in the form of discrete particles called photons

Each particle lias energy equal to Av where 4 is the Planck's constant

and vis the frequeucy of heat radiations Einstein alsu explained
Dulong ana Tf ‘ut’s liw on the basis of quantum theory and said

that the atur > heat 1s equal to 6 only at higher temperature , avd

this asthe m= =o tuum value The atomic heat of the elements decrea-

ses vith de oseuntemperature Most of the substances real. the

miimumny «of iat room temperatuc: but carvan Woo. aud

iron ae | +, miaatmunt value of say Wt room oft ok tule

Lhe. ater: *eat « tend ‘othe masomim vatue afl oa halk

tery ature

Deve ry hed Foasrenm’s taro aod cau h ted thet os

SCINE Ud who «cpper, amr um, nonce, the aterm be.

abide fem, on decreases more owl tiuaa sspla ner 4
Tantei

Vc eo elye b ustean thecry

(,, Tie cer beatot all he eleawert ‘ends ta the aon 1

vata 1S

p> te ny) oheat af all che elements derres esc.rthoc fall
uf lemprry

yf oorts heat tend, to the value zero, aor about

abs ute 7

(ly A ft persue, the atomic heat varies as the cube of
oats tos ‘po ature

Atume fieut > £3

\ r? Vervas FB ay

, vetween vu mit Heats and alsulute tcl part

ia’ eomende fthe temperature scale i stata’,
inodified according to the «xprer-

a "s0n,t

-

a

/ 4 (a)
Here, A ss the atomic

heat of the element at absolute

/ temperature T' and @1s a para

/ meter called Debye temprature.

meee este
’

Debye temperature is a constant
for a particular elemen: but 1s

L different for different elements
Ml oe oe —_—p y

{; 7 ) - The value f ( - is the same

Fig. 316 for all the elements at ahsolute
temperature 7 ‘Thus according to this theory a single graph between

a and f (+ } for all the elements 1s obtained (Fig 3-16).

Fromi* HE Av = o>
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Exercises Il

I. Describe the continuous flow calorimeter. What are the
advantages of this method ? How do you determine 0, of a gas b
using this method ¢ (Delhi 1969 ; Agra 1961)

2. Describe fully the working of the continuous flow calori-
meter of ‘Callendar and Barnes’ What are the advantages of this

method # Whar information has it given regarding the specific

heat of water ¢ (Agra 1563; Delhe 1971)

4. Derive an expression tor the d.ference in the two sperific
heats of a gas (Agra 1966)

4° Yescride and exrdais July's steam calorimeter method for

Srodinsy whe spe ue hear oto. za. at camctant volume. (Agra 1966)

9 Pom out the dufercace beween the two principal sorcifc

heat ofa vas anu show that for an ideal «1s

s —O ; R e *
(Lucknow £961 + Delhi 1972)

& Describe the bum calorrneter method to find the calorific
valie ofa bused, (Lucknow 1972)

4 Undhate the warner in whr houte specidic heat of a solid

varie. with temperature and outime the the ay which explains this

variation

Bo Duause Newt, Taw ote aol Pow wall vu determine

she sore ih heat of a bquid by Newran’s baw of coolir *
{Dethi (Add Physies) 1975 , (DChi 1973)]

9 WMewribe the Revue tts meted ty tind the «pec tic heatuv

efadoy atconint pressure

0 De on in vo 6 fa Ayedd o deoraseter sc dete nnining

ie ‘ vyeeeraly? \ al if £ fat i

IL Daca Dulune ue Peto stay sad eapue a tue var ation of

the atomt heat ota subste + werh temperature.

12) How > vou axpliun Dulor?: and Petit’s hav .c otding to

quantum theory of rad.atiw.

13) = Discuss Debye-Emstein theory regarduc s atomic heats of

solids. Discuss Debye’s T? liw. (Madras 1974)

14. Deduce the relation between the specific heat of a gas at

constant pressure and .t constant volume. (Delhs 1968)

15. Describe how the specific heat of a gas at constant pressure

is determined accurately. (Delht 1968)

16. Describe f° rnst vacuum calorimeter and indicate briefly

how it may be used to determine the specific heat at low tem-
peratures. (Delht 1972, 1974)

17. Describe fully the working of a continuous flow elec‘ric

calorimeter for the measurement o: C, of a gas. (Delhi 2073.
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18. Distinguish between the specific heat of a gas at constant

pressure and at constant volume. Describe an accurate method to
determine the specific heat of a gas at constant pressure.

(Delhi, 1976)

19. Describe Joly’s differential steam calorimeter. How will

you use this apparatus for determining the specific heat of a gas at

constant volume ? Mention the sources of error. (Dethi, 1976)

20. Point out the difference between the two principal

specific heats of a gas. Describe an accurate method to determine

the specific heat of a gas at constant pressue. (Delhi, 1976)

2t. State and explain Newton’s law of cooling. How will you

find the specific heat of a liquid by the method of cooling ?
(Delhi, 1976)

22. Describe Nernst vacuum calorimeter for determining the
specitic heat of a goor!l-conducting solid at low temperatures.

| Delhs, 1978]

23. Describe the nature of variation of specific heat of solids
with temperature. Discuss important regions of this curve.

[Delhi, 1978]

24. A liquid takes 10 minutes to cool from 90°C to 60°C ~How
much time will it take to coul from 70 C to 40°C ’? The teneperature
of the surroundings ts 30°C, [Ans. 20 minutes]

25. A body takes 6 minutes to cool from 80°C to 50°C. How
much time will it take ta cool from 60°C to 30°C 2? The temperature
of the surroundings is 20°C. [Ans. 12 minutes]

26. A body cools from 70°C to 50°C in G6 mmutes, What will
be its temperature after the next 6 minutes ? The temperature of
the smroundings is 15°C. (Ans. 32:27°C}

2¢ A liquid cools in 7 minutes from 60°C to 40°C. What will
be its temperature after the next 7 minutes? The temperature of
the surroundings is 10°C, [Ans. 28°C}

28. A liquid takes 5 minutes to cool from 70°C to 50°C. How
much time will it take to cool from 50°C to 35°C ? The temperature
of the surroundiygs is 20°C, [Ans. 6°785 minutes]

29. A body takes 3 minutes to cool from 70°C to 60°C. What
will be its temperature after the next 6 minutes? The temperature
of the surroundings is 25°C. [Ams. 46-]7°C]

30, A liquid takes 4 minutes to cool from 65°C to 50°C. What
will be its temperature after the next 10 minutes ? The te:nperature
of the surroundings is 35°C. (Ans. 37-65°C}

31. A petrol engine consumes 25 kg of petrol per hour. The
calorific value of petrol is 11:4 10* cals per kg. The power of the
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engine is 99°75 kilowatts. Calculate the efficiency of the envine.

[Ams. 30%]

32. A Nernst calorimeter of lead weighing 396°3 gams and sur-

rounded by a bath at temperature 61 K, on being heated electn-
cally for four minutes showed a rise in temperature of 1-219 K under
condition of no heat leakage. Calculate the atomic heat of lead at
6] K, if the potential drop and average current during the interval
of heating were 1-586 volts and 0°1444 ampere respectively. (Atomic
weight of lead = 206°4 and J = 4-18 joules/calorie.) (Delhi 1972)

[Ams. 5-619}

33. A copper calorimeter of mass 100 g conjaining 150 cm?® of

a liquid of specific heat 0°6 and specific gravity 1:2, is found to cool

at the rate of 2°C per minute when its temperature is 50°C above
that uf the surroundings. If the liquid is emptied out and 150 cm?

of a second liquid of specific heat 0°4 and specific gravity 0°9 are sub-

stituted, what will be its rate of cooling, when the temperature is

40°C above that of its surroundings ? (Sp. heat of copper 0°1.)
(Delhi 1973) [Ans. 2:76°C per minute]
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41 Change of State

A suv tame rates: tin thiee states az, old higuig ane yas

The particalar tite of a ub tance depends on ats teinperati re

Accomhoe 1) the hinets. theary the melecules of a substance in the

Ohl state have 'e y derrees of freedo ut than a substarce in ethe lig-

ullor zasegu state Chea tccules are more free ty move an the

waovous tafe bhe chance of tate canbe brought abeat by sap.

ply ng ow thdrawing heat from the sub vince Tee as the sud «tate

dW at By oda cheat ne atean be changed into cater,

“moo ety aprte ty heat a uaer at an be coaertes 1 to th

fasesa state fo oaray Th reves. pracessey or ar wae’ eat as

Known fo ansiean Fasastroeaur allsabstumee Even perma

re tere Lleaxvecr, 7 tt ven, nydrager ete canbe |e efed at

tow © ath erattare

boravives substance, the cange oft state takes plu ¢ ata tied

cemperdure and at a giveth pressare and vac irsa When the

substance hinges Poin the solid to the uqaid state, the heat sup-

pled at coustant temper atare (called imeltang point) iy used move ~

coming the force of intermolecular attraction; The mea, molec.

lar distance increases and the snolecules are more free to move.

similarly, when the substance changes from the liquid to the gase-
ous stite at afixe ] temperature (called the boiling point) at stan

daid atmosyvhern pressure, the heat supplied is used im increasing

the mean molecular distaace he molecules become free to move

abuut in the whole spice available tc them

42 Latent Heat of Fusion

Take small pieces of ice in a be rker. Fix a thermometer to note

the temperature of ice in the beaker. Heat the beaker slowly Ice

melts but the thermometer does not show any rise in temperature.

When the whole ice has melted the temperature of water rises and

104
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it is indicated by the thermometer. During the processes of conver-

sion from ice to water (change of state from solid to liquid) the heat
supplied is used to change the state of ice from solid state to liquid

state. This heatis called latent heat. Latent means hidden 3.e.
which is not indicated by the thermometer.

{It has been found that one gram of ice takes 80 calories of heat

1o get itself converted to water. This heat is called latent heat of

fusion of ice. Its unit is cals/gram

Latent heat of fusion of a substance is defined as the amount

of heat required to change the state of one gram of a substance from
sulid to liquid without any change in its temperature.

The melting point of ice is O°C ata pressure of 76 cm of Hg.

+3 Laws of Fusion

(1) very substance changes its state from solid to liquid at
a particular temperature (under normal pressure) called the melting

point.

(2) As long asthe change of state takes place, there is no
change in temperature.

(3) One gram of every substance requires a definite quantity

of heat for change of state fiom solid tu liquid and it is called the

latent heat of fusion of that substance. It is different for different

substances.

(4) Some substances show increase in volume on melting e.g.

wax, ghee etc. while some other substances show decrease in -rolume

on melting ¢.g., ice.

(5) The melting point of those substances which decrease in
volume on melting, is lowered with inc:ease in pressure.

(6) The melting point of those substances which increase in
volume on melting, 1s mcreased with increase in pressure.

Note. (1) Tuc decreases in volume un melting and its mel ing point ia
lowored with increase in pressure.

(2) The melting point or solidificut:on point 1s the same for a substance.

44 Practical Applications

(1) Aquatic animals live underneath water in ponds and

lakes in winter. Ice is formed on the ‘urface of the pond, and it
remains on the surface due to its increase in volume and hence lesser
density.

(2) Rocks in the mountains break in frosty weather.
Water, which may be locked up in the pores of the rock, may freeze
intu ice and there is increase in volume. This produces cracks in
the rocks.

(3) Fertility of the soil increases due to the splitting of the soil
in frosty weather. Water freezes into ice and there is increase
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in volume. This increase in volume of ice disintegrates the soil.

(4) Alloys which expand on solidification are used for better

casting The alloy in the liquid form 1s put into the cast When it

solidifies, there is increase in volume and a sharp casting is obtained

Type metal expands on solidification.

45 Effect of Pressure on Freezing Point of Ice—Regelation

Melting point of ice is lowered with increase in pressure.
Take a slab of ice. Take a wire and fix two weights (5 kg each) at its

two ends Put the wire over the slab

nn as shown in Fig, 41.

-— tr tey ‘The wire passes through the ice slab

° f | Just below the wire, ice melts at a lower
} tempcrature due to increase In pressure

,

FTPs
j ae above the wire freezes apun = Lhus the

. wire passes through ihe sla ard = the

. slob docs not split Lhis pheromenon

et refreezing i, called Reyelatian

' -| _

a 7 =- a When the wire has passed the water
'

| ty

5

‘rc
Fiy 41 In a sumilar wiy at as possble t

freeze two pieces of ice by app’ving

pressure and then releasing them

Examples. (1) Water pipes burst 1) winter in cold countries

due to solidification of water into icc |= When water 1s converted into
ice there is increase in volume and the pipes are likely to Lurt

(2) When wheels of a cart poss over snow, atancl s due to in-

crcase in pressure exerted by the whecl Wh ou the wheel passes

over, the water formed on the wheel solidifies due to regelation Doe

to this reason wheels are covered with snow

(3) Skating 1s possible on snow due to the formation of a thin

layer of water formed below the skates. Ihe water is formed due

to the increase of pressare and it acts asa hubricant

46 Impurities lower Freezing Point

When salt 1s mixed with ice, some ice melts taking heat trom

the salt The temperature of the mixture decreases. lurther, tne
valt dissolves in the water formed and takes Jatent heat .t0m the

mixture The temperature of the miature 1s decreased further. In

this way, with a freczing mixture of salt and icein the ratio] 3,
temperatures as luw as —13°C can be obtained = A freezing mixture
censisis of powdered ice, common salt and ammonium nitrate

Similarly when sugur is dissolved in water, the water is cooled
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4:7 Determination of Melting Point of Wax

Take sufficient quantity of wax in a test tube and fix a cork

along with a thermometer. Adjust the test tube in a beaker containing

water (Fig. 4:2). Heat the water to its boiling
point. Vhe wax in the test tube melts and

1s in the liquid state. Extinguish the burner
and allow the water and wax to cool. Note

the temperature of wax after every one
minute till the temperature of wax is about

30°C. Draw a graph between temperature
and time. The temperature corresponding

to the horizontal line in the graph gives the

melting point of wax. At this temperature,
liquid wx 1s converted into the solid wax

withe ut change of temperature (Fig. 4-3).

Plot a graph between temperature

along the Y axis and time in minutes

along the X-axis.

The tempetature corresponding tu the

line BC gives the melting point of wax

The portion 4B shows the liquid state of

wax and below C' the graph represents the solid state.

Q() - A

‘

0 5 10 18 20 °5 30 35
(TIME IN MINUTES)

Fig, 43

48 Determination of Latent Heat of Fusion of Ice

Take a calorimeter. Weigh the calorimeter ulong with the
stirrer Weigh the calorimeter with stirrer and the hd. Heat som:
water in a beaker to a temperature of about 10°C higher than t’
room temperature. Fill the calorimeter to about half, with]
water. Weigh the calorimeter, hot water, stirrer and lid. Place ‘t
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in a wooden box. Note the temperature of water in the calorimeter.
It should be about 4 to 5°C higher than the room temperature. Take

small pieces of ice in a blotting paper. Add dry pieces of ice

gradually into the calorimeter and stir. Continue adding dry pieces

of ice into the calorimeter, till the temperature of water is about
4 to 5°C lower than the room temperature. (This is done to

avoid radiation error). Note the final temperature and weigh the
whole contents. See that before recording the final temperature the

whole of ice has melted.

When oue gram of ice melts into water at 0°C, the amount of

heat absorbed is called the latent heat of fusion of ice. Suppose M

grams of ice is added to m grams of water at ¢°C in a calorimeter

whose water equivalent is WV. I'he tinal temperature reached -=7T°C.,

Heat lost by water and calorimeter == (m+ W)(t—T)

. Heat gained by ice

- MZIMT

Heat gained = Heat lost

ML+~-MT - (n EW)E—T)

Ly = Se

Hience Jatert heat of fusion ofice can be determined.

49 Heat Absorbed in Solution

When a solution is forined by dissolving a solute (sofid suhs-
tance) in a solvent (liquid) the followmg possible changes take place.

(1) The solute gets dissolved in the solvent and takes the

neces.ary lateni heat from the solvent. The temperature uf the

soluuon decreases. fowever, in sume rater cases there is absorption

of heat.

(2) When a solute is dissolved in a solvent, a chemical rea: tion

may take place. This reaction is generally accompanied by evolution

of heat.

(3) When au electrolyte is dissolved in water eg. CuSO,

dissolved in water, ionic dissociation takes place. In this process

heat is absorbed.

However, depending on the nature of the substance 1.e. solute

and the solvent, the total effect may be absorption or evolution of

heat.

4:10 Vaporization and Condensation

The conversion of a substance from the liquid to the vapour

state is called vaporization. Boiling is the phenomenon of vaporization

accompanied by ebullition t.e., violent ebullition of bubbles. However

vaporization can take place without boiling. The water ket on an

open plate in summer evaporates and there is a change of state.

But there is no boiling. Conversion of water to steam is vapori-

zation. The conversion of the substance from the vapour state to

the liquid state is called condensation. Conversion of steam into

water is called condensation. Rain is caused due to the condensation

of water vapour in the clouds.
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4:11 Laws of Ebullition or Boiling

(1) Every liquid changes its state from liquid to its vapour at

a particular temperature (under normal pressure) called the boiling

point.

(2) As long as the change of state takes place, there is no

change in temperature.

(3) One gram of every liquid requires a definite quantity of

heat for change of state from liquid to vapour and it is called the

latent heat of vaporization of that liquid. Latent heat is different

for different substances.

(4) All liquids show increase in volume on vapor ‘ation

(5) The boiling point of a liquid increases with imerease in

pressure of a liquid.

(6) The liquid can boi at a lower temperature under reduc-

ed pressure.

412 Change in Boiling Point with Pressure

The effect of pressure un the boiuins port (st ration tempe-
rature) of a liquid can be studied with the help or the apparatu-

shown in Fig. 44 The temperature at which the change of state

from liquid to vapour takes place is calied suuatiot temperature.

The saturation temperature i reases with increase in ynessure. If

the pressure is 1 atmosphere, the saturation temperature 1s called the

boiling point. The vessel A contains the aquid fsay water). It is

TO PUMP

T

THERMOMETER

CONSTANT

TEMPER ATIRE

ENSLOCURE

Fig. 44

connected to the flask B through a tube C surrounded by a water
condenser To measure the pressure of air over the surface of the
liquid in 4, a manometer is used.

The pressure of air inside A and B can be changed with the
help cf the compression pump or evacuation pump.
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The stopcock S is opened. With the help of the compression

pump, air is compressed into B. The stopcock is closed. Pressure

of air in A and B is shown by the manometer. Itis more than the

atmospheric pressure.

The liquid is heated and the temperature at which it boils is

recorded by the thermometer. At the boiling point, the temperature

of the liquid remains constant. The condenser through which cold
water is circulited prevents steam to enter the vessel B. The steam

is condensed ar:.1 condensed water flows back to A.

In this way at various pressures, the corresponding boiling

points of the liquid can be determined. For low pressure, the
vacuum pump is used. Itis found that the boiling point of a liquid

increases with increase in pressure and decreases with decrease in

pressure.

The boiling point of water at 76 sm of Hg pressure is 100°C.

The boiling pointe of water at double the normal pressure (t.¢.,

152 cm of Hg) is about 128°C.

Applications

Papin’s Digestor and Pressure cookers are based on the

principle that the boiling point of a liquid increases with increase in

pressure.

The pressure inside the pressure cooker is much highere than

the atmospheric pressure. The steam produced inside the cooker is

not allowed to escape and the pressure over the surface of water

increases. It means water inside the vessel will be at a temperature

higher than the normal boiling point. Vegetables cooked with

a pressure cooker are prepared in a short time,

When the pressure increases beyond the desired pressure, the

weight placed on the lid lifts up a little and allows the steam to

escape slowly and maintains constant pressure inside it. For safety

purposes, a safety valve is also provided on the lid. The safety valve

on a pressure cooker is a fusible plug. In case, the weight fails to

lift, the pressure inside tne cooker may increase enormously and

may lead to explosion. To prevent this, a fusible plug is provided.

It has a small stem made of a material of low melting point. When

the pressure inside increases, the saturation temperature also

increases and the plug melts. Due to this the steam escapes and the
pressure inside the cooker gets lowered.

When a pressure cooker is kept on a stove, on filling it with

water to the normal level, vaporization takes place. The water

starts evaporating at temperatures lower than the boiling point

temperature because of the pressure of air and hence the actual
pressure of evaporation is the difference between the atmospheric

pressure and the partial pressure of air. As the temperature increases,

the rate of evaporation increases and the air is expelled. Gradually,

due to the expulsion of air, the vapour pressure of water increases
and hence the temperature. After all the air is expelled, boiling

takes place. The steam starts rushing out through the opening.
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The weight is now placed on the opening. Further, steam that is
produced increases the pressure and hence the boiling point is also
raised. As soon as the upward force due to the steam pressure is

sufficiently high, the weight lifts and allows the steam to escape.

This maintains constant pressure and hence constant temperature.

If the weight is placed before the expulsion of steam, the partial

pressure will not be as high as it ought to be and hence the tem-

perature is not high.

413 Franklin's Experiment

Take a flask containing water. Heat it till the water begins to

boil. When the water is boiling, the air escapes to the atmosphere.

After some time, close the mouth of the

flask with an air tight rubber cork. Invert

the flask and fix it on the retort stand

(fig 45). Pour cold water over the flask. Due ie

to the condensation of steam, the pressure

over the surface of water decreases. Water

inside the vessel begins to boil. This experi-

ment shows that water boils at a lower

temperature under reduced pressure.

In the laboratory, while preparing
steam, the temperature of steam is usually
less than 100°C because the atmospheric
pressure is less than 76 cm of Hg. Fig. 4-5

414 Latent Heat of Vaporization

latent heat of vaporization of a liquid is the amount of
heat required to convert one gram ofa liquid into vapour without
any change in temperature. For water, latent heat of vaporization
is 937 cals/gcam at a pressure of 76 cm of Hg. Latent heat of vapori-
zation is different for different substances.

Determination of latent hcat of steam

THERMOMETER or

rr A

LPP yon |
— wf

Fig 4-6
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Take a calorimente:. \Weigh the calorimeter along with the

stirrer. Weigh the calorimeter along with the stirrer and the lid. Fill
the calorimeter to about 2/3 with water and weigh along with the stir-
rer and the lid. Heat the water in the boiler to produce steam. The

boiler is fitted with a steam trap as shown in Fig. 4:6. The whole of
the delivery tube is covered with wool. When steam starts coming

out of the end of the tube, note the temperature of steam. Note the
temperature «f water in the calorimeter. Now clean the end of the

tube with a blottine paper to remove water drops. Insert the tube
quickly into the calorimeter and pass steam. When the tempera-
ture of water is raised through abuut 10°C, take out the tube care-
fully. Continue stirring. Note the final temperature. Remove the

thermometer carefully and weigh the calorimeter. The calorimeter

should be covered with a lid and no water drops should be sticking
to the thermometer

Suppose, m grams of steam is passed into Mf grams of water at
#,°C in a calorimeter of water equivalent w. ‘The temperature of

steam is to°C and fina] temperature is 7°C,

Heat gained by water and calorimeter = (V+) (7 —f,)

Heat lost bv steam = mi-+-m (ty---T)

Heat gained - IJeat lost

(M+w)(T t,) ~ mL pm (,-T)

L= (M+w) (T—1,)
m

—(t,—T)

Hence, latent heat of steam can be determined.

Example 4:1. One kilogram of tce at —10°C ts heuted untsl

the whole of tt evaporates. How much heat is required 2 Latent heat
of fusion of ice = 80 cals per gram and that of steam = 540 cal per

gran.

Mass of ice = 1 kg = 1000 g

Sp heat of ice = 0:5 cal/g- K

(1) Heat required to raise the temperature of ice

from —10°C to U°C = 1000x0°5x10 = 5000 cals

(2) Heat required to melt ice at 0°C

= 1000 x 80 = 80000 cals

(3) Heat required to raise the temperature of water

from 0°C to 100°C = 1000x100 = 100000 cals

(4) Heat required to convert water into steam at 100°C

= 1000 x 540 == 540000 cals

Total quantity of heat required

5000+ 80000 + 10000 -+ 540000

= 125000 cals
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Example 4:2, One gram of steam ts passed inio a calorimeter

containing 100 grams of tce. Calculate the amount of ice melted.

Heat given out by one gram of steam when converted from

steam into water at 100°C = mZ = 1537 = 537 cal.

Heat given out by one gram of water when cooled from 100°C
to 0°C

= 1100 = 100 cal

Total quantity of heat given out by one gram of steam

= 537+100 = 637 cal

Suppose the amount of ice melted

= m grams

Latent heat of ice == 80 cal per gram

Heat absorbed by ice

== 80 m cal

Heat lost by steam -= Heat yained by ice

ee 637 = 80m

or m = 7:96 g

Example 43. What will ve the result uf adding 52 ¢ of tce to

100 « of water at {OC

Mass of water ~ 100¢

Temperzture of water

= 4NC

ileat wust by water when its temperature falls from

10°C to OO = 100 * 40

= 4000 cal

If 52 g of ice melts, heat giuned by it should be 52 x80 = 4160

calories But water car lose only 4090 calories of heat. Therefore,

the whole of ice -vill not melt.

Amount of heat gained by ice

= 4000 cal

Amount of ice that melts

= 4000 = 50 g
80

Remaining ice = 52—50 = 2g

Hence the result will be 2 g of ice and 150 ¢ of water at 0-C.

Example 4:4 = /t takes fiftecn minutes for an electric kettle to

heat a certain quantity of water from U © lo the bowling point 100°C,

Tt requtres 8O minutes te turn all the water at 100°C into steam. Deter-

mine the latent hest of steam, (Arssume the radiaiion losses to be

nceglegible).

Suppose inass of ‘water = m

Heat required to raise its temperature from U°C to 100°C

= 100m

.. Heat produced by electric kettle in 15 minutes = 100 m
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Heat produced by electric kettle in 1 minute

__ 100 m

~ 45

Heat produced by electric kettle in 80 minutes

_ 100 mx 80

a 15

Suppose latent heat of steam -= LZ cal per gram

Heat required by m grams of water to boil off into steam

cal

= mL cal

100 mx 86
mL = —j.——

or EL = 533-33 cai/g

Example 45. A refrigerator converts 50 g of water at 15°C tn-

fo ire at —20°C in one hour, Determine the quantity of heat removed

perminute. (Specific heat of ice = 0-5)

Here m == 502

Heat removed in cooling water from 15°C to 0°C

= 5O0x1»15 = 750 cal

Heat removed in converting water into ice at O°C

= 50x80 = 4000 cal

Heat removed in cooling ice from 0°C to —20°C

~ 50%0°5220 -= 500 cal

Total heat removed in one how

== 750 | 4000 4 500 =: 5250 cal

Mleat removed per ininute

9250

60

= 87:5 cal/minute

415 Bunsen's Ice Calorimeter

Bunsen’s ice « alorimeter 1s used to find the specific heat of a

solid or a liquid available in a small quantity. It is based on the

principle uhat when ice melts there is decrease in volume. Wheu one

gram of ice melts, the decrease in volume is 0 09 cc.

‘The apparatus consists of a metal calorimeter C fitted inside a

bulb B. The bulb B is connected to the cup A through a glass tube.

The cup 4 is fitted with an air tight hd. A capillary tube EF is

fixed whose one end dips inside mercury in the cup 4d = The hori-

zontal portion of the capillary tahe is fitted on a graduated scate.

‘The upper portion of the bulb B contains water at 0 C. The lower

portion of B, the connecting tubes and the cup 4 contain merculy-



Ohange of State 1135

By adjusting the position of the screw T the position of the mercury

meniscus in the capillary tube HF can be suitably adjusted. Th

whole apparatus is enclosed in a bath of melting ice.

Working. Fther 1s poured in the calorimeter %. It evapn-

rates and takes heat for evaporation from the surrounding water in

B As water in B 1s already at 0°C, a small quantity of water

surrounding C freezes into ice.

The substance whose specific heat 1s to be determined is heated

to a desired temperature (89°C). The position of mercury in the

capillary ZF is noted on the scale.

The substance is transferred quickly into the calorimeter C

Phe calorimeter is clored with the rubber cork The substance loses

—-
wya |

X

— FT a eT hrs
=o

MELTING ICE

Fig 47

heat to the surrounding ice and cool to 0°C. A small quantity of
ice melts and there is decrcase in volume Consequently the mercury
in the capillary tube HF recedes Suppose the length thiough which
mercury has moved = | cm and area of cross-section of the capillary
tube — @sq cm

Decrease in} volume = 2 — al

When decrease 1n volume 1s 0°09 cc the amount of ice that mcIts

.- Ll oram
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When decrease in volume is v cc the amount of ice that melts

v
= 7% = 009" grams

Latent heat of ice = 80 cal/g

Heat gained by ice = 80m = as cal

Heat lost by the substarice

= MS 6

Heat lost = Heat gained

80 u

80 v ° ;
or S = 609 Ho cal/g-°C (8)

Advantages :

(s) This method is accurate and sensitive.

(it) It is suitable to find the specific heat of a substance avail-

able in small quantity.

(i88) Water equivalent of the calorimeter does not come into

the calculation as the calorimeter remains at 0°C throughouts

(tv) There is no need to note the final temperature.

(v) There is no loss of heat by radiation or conduction.

Example 46. 20 ¢ of a substance at 100°C, placed in the tube

of a Bunsen's tce calorimeter, moves the mercury in the capillary tube

1 sq mm area through 5¢ mm. Find the specific heat of the substance

4f 1000 cc of water becomes 1090 cc of tce on freezing.

1000 cc of water becomes 1090 cc of ice on freezing.

It means 1000 g of ice on melting decreases in volume by

1090 —1000 = 90 cc

s.e., when one gram of ice melts decrease in volume

90
jo00 = 0°09 cco—-

Mass of the substance

= M = 20 gz

8 = 100°C, S =?

Area of cross-section = @ = | sq mm

Length of the column through which hquid moves

= 50 mm = 5 cm
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l
D 

=v=elxa=
ecrease in volume = v = lxa = 5x 100

== + CC
50

80 o

0-09"

80 »

0°09x Mx 6

80 x1

TM 90x 0-09 x 20 x 100

= 0°022 cal/g-°C

Example 4:7, A substance wetghing 27 g and at 100°C was

dropped into a Bunsen’s ice calorimeter and the liquid column in the
captllary tube recedes through a distance of 10cm. Calculate the

specific heat of the substance. Area of cross-section of the tube = 3 sq

mm,

Here M = 272,85 = 1,8 = 100°C

[= 10 cm,

MS6 =

S =

= 3sq mm = 3 cm
=~ Sq mm = 160 “4

3 3
ee ? = Ixa = lOXitg = 10 cc

80 v

80x3

27x8X100 = TAT O00
S = 0-098 cal/g-°C

4:16 Cooling Effect due to Vaporization

If a person pours a little spirit ou his hand, he feels a cooling

effect. The spirit evaporates and takes latent heat of vaporization
from the spirit left behind and the hand. Due to this reason one
feels a cooling effect

Thus, whenever evaporation of a liquid takes place, the remain-
ing liquid shows a fall in temperature.

The molecules of a liquid are always in a state of random
motion. They collide with each other and they may or may not
change their respective kinetic energies. Due to the collision a
certain molecule may acquire more energy than the energy with

which it is held. As soon as this happens the molecule flies off, 1.e.,

it leaves the liquid surface. This is called evaporation. If no exter-

nal heat is supplied it is obvious that the mean kinetic energy of the
inuiceules decreases and the temperature of the liquid falls. This
explains cooling caused by evaporation. If the moving vapour

molecules come near to each other at sufficiently low velocities, they
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experience a greater magni.ude of force of attraction. The molecules
coalesce and this results in condensation. Rate of evaporation in-
creases with increase in temperature of the liquid and decrease im
pressure over the liquid surface.

417 Cryophorus

c

A

we
Fig. 4-8.

A cryophorus consists of two glass bulbs A and 8 connected
through a glass tubing C (Fig. 4-8). The bulb 4 contains water.

Air in B and the tube is removed with an evacuation pump
and the tube is sealed. The space inside Band the tube contains
water vapour only. The vessel B is surrounded by freezing mixtures.
Water vapour in B condenses and the pressure over the surface of

water in A falls. Evaporation of water takes place. The process

continues at a rapid rate and the temperature of water® in A
decreases. After some time water in A begins to freeze.

To prevent any heat from the surroundings to flow into A, it

is covered with a non-conducting material like cotton or flannel.

4:18 Examples of Cooling Caused by Evaporation

1, In hot weather, we perspire. Water from the body comes

out of the fine pores of the skin. Water evaporates and takes heat

of vaporization from the body. Due to this reason we feel a cooling

sensation.

2. A person wearing wet clothes feels chill. Water evaporates

taking the latent heat of vaporization from the body and the person

feels chill.

3. Water in an carthen pot remains cool in summer. Water

comes vut of the pores of the vessel and evaporates. During evapo-
ration, the latent heat is taken from the remaining water. Therefore
water remains cool in an earthen vessel.

4. Streets, floors, gardens, lawns etc. are watered in summer.
Water evayorates taking the latent heat from them and keeps them

COO.

5. Dogs keep their tongues usually out in summer. Water
«vaporates from the tongue and keeps it cool.

6. Khas-khas screens arecommonly used in summer. Water

is poured on them. Water evaporates and takes heat from them and

the air in the room. Due to this reason the room is kept cool.
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7. During high fever, a wet cloth soaked in ‘Eau de cologne’
or ice cold water is kept on the forchead. The liquid evaporates
rapidly and takes heat from the head and the body.

8. Hot liquids are poured in a plate to increase the surface
area. The rate of evaporation increases and the liquid cools quickly.

9. When a wet muslin piece is wrapped around the bulb of a
thermometer, the thermometer records fall of temperature. Water
evaporates and takes latent heat from mercury in the bulb.

10. Ina packed hall in summer a person feels uneasy. Pers-
piration from his body does not evapbrate. As soon as he comes out
of the hall he feels a sudden cooling sensation. Perspiration evapora-
tes rapidly and takes heat from his body.

419 Refrigeration

The second law of thermodynamics as given by Clausius gives
the principle of working cof a refrigerator and ice plants.

‘It is impossible to make heat flow from a body at a lower
temperature to a body at a higher temperature without doing

external work on the working substance.”

This part is applicable in she case of ice plants and refrigera-

turs. Heat itself cannot flow from a body at a lower temperature to

a body at a higher temperature But, it 1s possible, if some external

work 1s done un the working substance. Take the case of an ammonia

ice plant. Ammonia 1s the working substance. Liquid ammonia at

low pressure takes heat from the brine solution in the brine tank and

is converted into low pressure vapour. External work 1s done to

compress the ammonia vapour to high pressure. This ammonia at
high pressure is passed through coils over which water at room
temperature is poured Amn nia vapour gives heat to water at room

temperature and gets itself converted into liquid again. This high
pressure liquid ammonia 1s throttled to low pressure liquid ammonia,
In the whole process ammonia (the wurking substance) takes heat

from brine solution (at a lower tempcrature) and give, heat to water

at room temperature (at a higher temperature). This is possible

only duc to the external work done on ammonia by the piston in

compressing it. The only work of electricity im the ammonia ice
plant is to move the piston to «lo external work on ammonia. If the

external work is no done. no ice plant or refrigerator will work.

Hence, it is possihle to make heat flow trom a body at a lower tem-

perature to a body at a higher temperacure by doing external work

on the working substance.

4:20 Ammonia Ice Plant

Ammonia ice plant is commonly used to nianufacture ice. It is
based on the prin ple that evaporation causes cooling. Moreover in
this plant, heat flows from a body at a lower temperature to a body
at a higher temperature by doing external work on the workir;,
sul stanice The schematic sketch of an ammonia ice plant is show 1
in Fip. 4°9.
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AcE CANS PRESSURE 7
AG» my;

Low PRESSURE OG, NN er
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COILSBRINE SOLUTION
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AMMONIA

(2) Ris a regulator called the expansion valve or throttle vaive.

Flizh pressurc liquid expands towards the low pressure sde and with

the fali im pressure there as ¢ fallin saturation temperature Liquid

ammonia: at low temperature and pressure entering the coils evapo-

rates and takes heat from the surrounding brint solution

(4) [be br ae tink contams we cane, and (, contaming pure

water.

4) Phe compressiot pump Ps worked with the help °%of an

electrm motor Tt hus two valves Vy and Ve When che piston 3s

movid outwards, valve Vy opens and V’, is closed = Aramoavia vapour

entas une cylind)sr = When the piston is moved inwards V, closes
arn} V2 cyeus. Gompressed ammonia vapour is passed through the

condensing cuils ¢

(5) G, is the low pressure gauge and @, is the high pressure

gauge. When the pump works, the rate of evaporation of ammomia

liquid in the evaporating coils incre ses and the temuerature of the
brine colutivun gradually falls.

(0) ‘The compressed ammonia vapow 6 passing the condensing
coils give heat to water falling over the coils. Ammonia vapours get
condensed and liquid ammonia is formed. The liquid ammonia

enters the reservoir,

The cycle of upcrations is 1reprie ' and the temperature of
brine solution in the tank decreas. ¢ - ¢C. Water in the cans

freezes tu ice.

(QQ) If the pump stops working, then fhe cyclic process does not

take place «3 i the temp cure of the brine tank does not fall

WW The fur ction of electricity is to mov> the piston to and fro
with che help of the clecita: motor and to compress the vapours.

(iva) Animoi sa 18 the working substance It takes heat from the
brine solution (at low temperaturc) and trarsfers heat to the water
falling on the condensing coils at the room temperature It means

heat is transferred trom a body at a lower ‘emperature to a body at
a higher temperature. O1 dinarily afi, not po, ible = =Bur by doing
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external work (with the help of the pump) on the working substance

this transfer of heat is possible and this is in accordance with the
second law of thermodynamics.

421 Solid Carbon Dioxide—(Dry Ice)

A cylinder containing liquid CO, is taken. A muslin bag is tied

to the nozzle. The cvlinder is placed in a slanting position (Fig. 4:10).

The valve V is opened and the

liquid CO, enters the muslin

bag. The liquid CO, evapo-
rates rapidly and takes the

latent heat of vaporization

from the remaining liquid in .

the bag. Liquid CO, solidifies ue
and solid CO, is formed in the

muslin bag Fig. 4-10

The temperature of solid CO, is —78°C and it is also called
dry ice. It is commonly used by doctors for dressing the wounds.
It serves as refrigerant when mixed with ether. Solid CO, does not

melt when exposed to air. It directly evaporates and forms its
vapours.

4:22 Gasand Vapour

Gas and vapour states are the two distant stages of the same
continuous phenomenon. These two states have distinct boundary

which is governed by a particular temperature called the critical

temperature. Above the critical temperature the substance is in the
gaseous state and below the critical temperature it is in the vapour

state.

A gas cannot be liquefied by mere application of pressure, how-

soever high the pressure may be A vapour can be liquefied by apply-
ing pressure. Therefore to liquefy a gas, first it has to be cooled to

a temperature lower than its critical temperature It means It 18

converted from a gaseous state to the vapour state. Then a high

pressure is applied and the vapours get liquefied.

Critical emperature of a gas is that temperature above which

the gas cannot be liquefied by mere application of pressure, howso-

ever large the pressure Tay be.

tiquip CO,

TABLE

Critical Temperature

_ _ Substance __ Pritical temperuture °O ~

Water 
$74

Ammonia 132

Carbon dioxide gq)

Oxygen —119

Hydrogen 940

Helium 268
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4:23 Saturated and Unsaturated Vapours

Take three clean barometer tubes 4A, Band C as shown in
Fig. 4-11. The level of mercury in each tube is up to the same
height. The space above mercury in all the tubes is Torricellian
vacuum.

With the help of a bent pipette introduce water into the tube
B. Water rises to the top and evaporates. Level of mercury in the
tube B falls. The space above mercury in B contains water vapours.

There is no water left on the surface of mercury. These vapours

are unsaturated and the pressure exerted by ‘he vapours is h.

Similarly continue introducing water in tne tube C. The level

of mercury gradually falls. A stage is reached when no more water

A C

£
H

Jt

introduced in the tube C evaporaters (Fig. 411). It means the space
above mercury in (C is completely saturated with water vapours. It

cannot contain more vapours, The difference in the levels of mercury
in A and C is H and it represents the saturated vapour pressure of
water at the room temperature.

A space is said to be saturated with water vapours if it cannot
contain more vapours It is unsaturated if it can contain more

vapours.

(1) The saturated vapour pressure of a liquid depends on its
temperature. The saturated vapour pressure increases with rise in

temperature and decreases with fall in temperature.

(2) The saturated vapour pressure depends on the nature of

the substance.

(3) The saturated vapour pressure does not depend on the

volume occupied by the vapours.

(4) The saturated vapour of a liquid is independent of the

presence of the vapours of other liquids present. The vapours should

not have any chemical action.

(5) The total pressure exerted by the vapours of all substances

is equal to the sum of the pressures exerted by the vapours of indivi-
dua substances,

P = Pi+P,+Ps+...
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(6) The saturated vapours do not obey the gas laws whereas
unsaturated vapours obey the gas laws.

In Fig. 4-12, the curve AB shows that with decrease in volume
the pressure increases. From A to B the vapour is unsaturated and
obeys Boyle’s law.

At B the vapour is saturated and exerts maximum pressure.
With decrease in volume beyond, B, the pressure is constant. From
B to C it represents the change from the saturated vapour to the
liquid state.

If the temperature of a saturated vapour 1s gradually increased
the pressure increases From A io B the vapour is saturated

f
|

SATURATED

UNSATURATEO P

Fig. 4-12 Fig. 413

(Fig. 4:13). Beyond B if the temperature is increased, the vapour is

unsaturated and pressure increases with tempcrature. In the region

BC, the pressure of the unsaturated vapour is directly proportional

to its absolute temperature.

4:24 Vapour Pressure of Liquids

The vapour pressure of a liquid is dependent only on its tem-

perature. The vapour pressure, in general, increases with rise in

temperature. The normal

boiling point is that tem-

perature at which the

vapour pressure of the

substance is equal to the

normal pressure t.e. 76 cm

of Hg. If the atmospheric

pressure is lower or higher

than the normal pressure,

the liquid will boil at a
temperature lower or higher

than the normal boiling

point. Usually the atmos-

pheric pressure i. Delhi is

less than 76 cm of Hg and

water boils at a tempera-

ture lower than 100°C. For

the measurement of vapour
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The bulb B contains the vapour in contact with its liquid. HM
is a manometer limb and £ is a reservoir containing mercury. At

high temperatures, the stop-cock & is kept open and the tube is filled
with a gas at high pressure. Adjust the reservoir & such that the

liquid appears in the tube inside the oven. If the pressure of the

gas in the limb A is P, and the difference in levels of mercury in the
nometer limbs is 4, hen vapour pressure of the liquid at the

temperature 7 is given by

P = Py+h -+0(t)

In this way the vapour pressure of the liquid ut any temperature can

be determined.

For low vapour pressure measurement (#.e., at low temper-

atures) the reservoir R is raised su that the level of mercury in the
limb A is above the stop-cock 8S. The stop-cock S is closed The

vessel B is surrounded by the low temperature bath and the reservoir

R is adjusted so that the liquid in the tube is within the bath. The

difference in the levels of mercury in the manometer directly

measures the vapour pressure. In this case Py = ()

< P=xh ooe( 88)

As the temperature of the liquid is lowered, a state is reached

when the liquid begins to solidify. The temperature and pr€ssure

correspond to the treple point. At the triple point the substance exists

as a solid, liquid and vapour simultaneously.

4:25 Triple Point

(t) The melting point of ice decreases with increase in pressure.
It means that ice melts at a temperature lower than 0°C at a pressure

higher than the normal
| pressure. The curve 4B

8 (Fig. 4°15) represents

_ the relation between

on pressure and temper-
ol ature. The curve AB is

i LIGUID called the ice line The
substance will exist in

the solid state (ice) to| A eA ero the left of the curve
p Lo se AB and in the liquid

¥-"-e state to the right of the
F A& curve AB. The curve
a VAPOUR AB represents the equi-

Ee librium between the
liquid and the solid

T states.

, (ss) The boiling
Fig. 4-15 point of water increases

with increase in pres-

sure. The curve CD represents the relation between pressure and
ter iperature and it 1s called the steam line. Above the curve CD, the
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substance is in the liquid state and below the curve UD it is in the
vapour state. The curve CD represents the equlibrium between ii
liquid and the vapour states.

(##) The curve EF represents equilibrium between the solid

and the vapour stutes of a substance and is called the Hoar Frost line.
Above thecurve #F, the

substance is in the solid

state and below the
curve EF it is in the
vapour state.

These three curves

should rneet at a point O

as shown in Fig. 4°15.

Suppose these curves do

not mert at a point as

shown in Fig. 4:16 and Pp

they enclose an area

ACF. It means, accord-

ing to the ice line, the

substance must be only

m the solid state in the

shaded portion. Accord- T —>

ing to the steam line,

the substance must be Fig. 4-16
only in the liquid state and according to the hoar frost line the
substance must be only in the vapour state. Thus in the shaded

portion, the substance must exist simultaneously in the solid, liquid

and the vapour states. It is not possible. Therefore, the three curves

must meet at a single point Q, called the triple point.

For water, the temperature and pressure corresponding to the
triple point are 0-:0075°C and 4:58 mm of Hg respectively. The
triple point of water is not fixed but is different for different
allotropic forms of ice.

Triple Points

Preseure

T (Ky (mm of Hg)

H, 13-84 52-8

ro 54 36 1-14

CO, 216 65 3-880

H,O 273-1675 4-58

I 387 90-0

; {
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446 Gibbs’ Phase Rule

Gibbs’ phase rule represents the condition of equilibrium
between the number of coexisting phases and the components.

Consider a heterogeneous system consisting of P phases and
Containing C components in equilibrium. Let the different phases

be represented by the superscripts a, 6, c...p and let the components

be represented by the subscripts 1, 2, 3,...C. ‘The concentration
of any of the components in the different phases may be different.

The system is assumed to be in mechanical «nd thermal equilibrium.

This means that all the phases are at the same temperature and

pressure. It is further assumed that there 1s no chemical] reaction

between the components in the system.

Let the chemical potentials of the different components in the

P-phases be written as

$449, Ketrese oof?
uy”, py’... wot?

f243, Ha? ,... ofc?

Now consider that small amounts (dz) of the components are

transferred under equilibrium conditions, from one phase to another,

It follews that

dn, +dn,'+dn,°... 42,” = 0

dng? +d n,>+dn,°... -eONg? == 0

we wes wee wes ..+(8)

dncit+dnco’ +-dnc... dN? = 0

From Gibbs-Duhem relation, at equilibrium, the change in
Gibbs’ potential

Op dn = (4,9dn, 9+ pe, °dn,? fo. ooo fty Pd ny?)

+ (4g°dng? + peg’d ght... 1. HgPdng?) (ii)

++ (uctdncs+pchdne? + ee pcPdnc®) =0

Mulwuplying the set of equations in (¢) by C different multipliers,

A;, Ag... «Ac;
A,dn,¢ +A,dn,> aoe +4A,dn,? = 0

sales PMNS eb ain = 0 i)
Acdnc#4Acdng’+ |. -Agdne? = 0
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Adding equations (tt) and (###) and equating the coefficients of
fn terms to zero, we get

—Ay = pw? = pr = coe = fy?
—A, = fy? = py? = oe = py?

ee0 @#e6@ aee (1v)

—Ac = pc? = pe? == see oe == fle”

The set of equations in (iv) are the equations of phase

equilibrium It means that at equilibrium, the chemical potentials

of a component in all its phases must be equal. However chemical
p tentials are different for different c »mponents.

In every phase there are C different components having (C

different concentrations. But for a closed system 1f concentrations

of (7-1) components are arbitrarily chosen, the concentration of the
last component is automatically fixed. Therefore, there are (C—1)
composition variables in each phase = For P phases the number of

composition variables would be

P(C--1)

In addition to this value, there are two other variables viz ,
pressure and temperature. Uhus the total number of variables will

he,

== P(C—1) $2 (0)

Further it has been shown that if chemical potential of any

one of the P phases is defined then the chemical potential of the

remaining (P—1) phases is fixed. Therefore for C components the

Invaniant Composition variables will be

= C(P- 1) wo2(V2)

Therefore the number of independent variables of a system

will be given by

Fox P(C—11+2—C(P—1) ..(V93)

Here F represents the number of degrees of freedon.

From equation (tit)

F =C—P+42 ..(U184)

or P4+F = C4+2 ooe(62)

Water can exist in three states, vsz., solid, liquid and vapour.

These are called the three phases of water. A component is defined

as a distinct chemical substance different from others Ice, water and

steam refer to the same comiponent viz., water.

In Fig. 4°15, above the curve CD, water exists only in the

liquid state In the space BOD, the pressure or temperature can

be changed independently without any change in the phase of a

substance. Thus a substance has two degrees of freedom (temper-

ature and pressure) and onlv one phase (liquid).

Along the curve OD, the substance has two phases (liquid and

vapour) but only one degree of freedom (temperature or pressure).
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If the pressure is changed the temperature also changes along the
curve OD.

At the triple point the substance has three phases (solid, liquid

and vapour) and no degree of freedom.

According to Gibbs’ phase rule, the sum of the number of pha-
ses and the number of degrees of freedom is equal to the number of
components plus two.

Let P represent the number of phases, # the number of degrees
of freedom and C the number of components. Then

P+F = C42

(t) For the liquid state, (region BOD)

P=1,F =2and@0 =]

142 = 142

(#8) For the liquid-vapour state (curve OD)

P=2,F=-1,C=1

2+1 = 142

(sit) For the solid-liquid-vapour state (triple point)

P=3,F=0,C=1

3+0 = 1+2

The phase rule has practical applications when the components

involved are more than one, ¢.g., freezing mixtures (ice and salt).

4:27. Hygrometry

It is that branch of physics which deals with the study of water

vapour in the atmosphere.

Relative humidity. It is defined as the ratio of the mass of

water vapour (m) actually present in a certain volume of air at room

temperature to the mass of water vapour (M) required to Saturate the

same volume of air at the same temperature.

m

R.H. = i

Also R.H, = 4. where p is the actual vapour pres-

sure and / is the saturated vapour pressure at room temperature.

Dew point. It is the temperature at which the water vapour
actually present in the atmosphere is just sufficient to saturate it.
It means that the actual vapour pressure at room temperature is
equal to the saturated vapour pressure at dew point.

Absolute humidity. 11 is the amount of water vapour actu-
ally present in one cubic metre volume of atmospheric air.
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428 Deniell’s Hygremeter

Daniell’s hygrometer consists of two glass bulbs .4 and B con-
nected by a glass tubing and the space inside is evacuaced and seal
ed (Fig 4:17). The bulb A contains ! VACUUM

an evaporating liquid and the space € SEAL
above it, its vapour. The thermome- ( ——

ter 7', fixed on the stand measures the

room temperature and the thermo- coup

meter 7’, fixed inside the glass tubing WATER

dips in the liquid of bulb A and mea-

sures the dew point temperature.

A piece of cotton ts tied around

B and ether is poured over it. The

vapours inside the bulb B condense,

some vacuum space is created and the

liquid evaporates and this causes

cooling of the liquid in the bulb A.

When the temperature of the bulb A
reaches the dew point, the water

vapours present in the atmospheric Fig. 4:17

air condense on the bright metallic
ring and it becomes dim. By continuously pouring ether on the

bulb B, the temperatures at which dew just appears and disa
are noted and the mean temperature measures the dew point

temperature.
és

4

From the standard tables the saturated vapour pressure# at

dew point and room temperature are noted and the reiative humi-

dity is calculated

Saturated vapour pressure at dew point (7',)

RH = <ccurated vapour pressure at room temp.(7,)

Saturated vapour pres.ure at dew point (7)
0 _ - mame/oRH = ( ssrarated vapour pressure af room temp. cr} x 100

429 Regnault’s Hygrometer

Regnault’s hygrometer consists of two glass tubes A and B in
which two thermometers 7, and 7’, are fixed (Fig. 4°18). 0, and C,
are two bright silver caps fixed at the bottom of the glass tubes. One
of the test tubes say A contairfing a volatile liquid (ether) is connec-
ted to an aspirator and when water is drawn from the aspirator an
equal amount of atmospheric air bubbles through the liquid in A
and thi@causes evaporation of the liquid. The temperature of 4
goes down and when it reaches the dew point temperature dew
appears on the metallic cap C, and the cap becomes dim. With the
help of a telescope kept at a distance, the temperatures at which
dew appears and disappears are noted and the mean of these two
tempcratures measures the dew point. The thermometer T, mez-
sures the room temperature.
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From the standard tables. the saturated vapour pressures of

water vapour corresponding to the room temperature and the dew

point temperature are noted and relative humidity is calculated.

Saturated vapour pressure at dew point
RA ox | = ———. — x 100Saturated vapour pressure at room temp. °

Advantages of Regnault’s hygrometer over Daniell's

hygrometer. (1; In the Regnault’s hygrometer, the rate of cooling

is controlled and is quicker as conpared to the Daniell’s hygrometer.

(2) In the Regnault'’s hyerometer, the air bubbling through the

whole mass uf ether keeps the same temperature throughout the

liquid whereas ina Daniell’s hygrometer the temperature at the

surface of the liquid is less than the interior of the liquid.

(3) Due to the silver caps at the bottom of the tubes in

Regnault’s hyerometer, temperatures inside and outside are the

same. In the Daniell’s hygrometer the metal ring is notin direct

contact with the liquid due to the glass bulb.

(4) In Regnault'’s hygrometer, ether is not wasted as in the

case of Daniell’s hygrometer.

(5) In the case of Regnault’s hygrometer, observations are

taken at a distance with the help of telescope. Therefore, the breath

of the cbserver and the heat of the body do not affect the humidity.

It is not so in the case of the Daniell’s hygrometer.

(6) Due to silver caps, the moment when the dew just appears

or disappears can be noted very accurately in the case of the Reg-
nault’s hygrometer, But it is not so in the case of the Daniell’s

hygrometer. ‘
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4:30 Wet and Dry Bulb Hygrometer

Take two half degree centigrade thermomecers
show the same temperature when immersed in water.
change one of them Take a piece of clean
m islin cloth or wash the muslin cloth

with soap) = Remove any grease ftom the

muslin piece Finally wash the piece with

clean water. Tre one end of the musliu

piece to the bulb of one of the thermo-

meters. Suspend the thermometers from

the iron rod of the retort stand (Fig + 19).

Adjust the height of the iron stand,

so that one end of the muslin piece dips in

water. The bulb of the thermometer

should not dip in water Water will rise

through the muslin piece an] will evapo-

wate Note the temperature of the dry

bulb thermometer. Also record the tem-

perature of the wet bulb thermo.neter

{thermometer having muslin piece) after

every one minute. Do not place the appa-

ratus near an open window or under a

fan. When the wet bulb thermometer

shows a constant temperature, record it.

Also note the temperature of the dry bulb

thermometer after the experiment. Calcu-
late RH and dew point with the help of

constant tables.

131

See that both

If they differ,

Relative humidity is defined as the ratio of the actual vapour
pressure at room temperature to the saturated vapour pressure at
room temperature.

rH. ‘Actual VP at room temperature

SVP at room temprrature

Dew point is defined as that temperature at which water

vapours actually present in the atmosphere are just sufficient to
saturate it. The actual vapour pressure at room temperature is
equal to the saturated vapour at dew point. Theretore,

RH =
Saturated VP at dew point

Saturated VP at room temperature

Suppose, dry bulb reading before the experiment

= t£.°C = wee

Dry bulb reading after the experiment

= °C = oe

,+0,

2
Mean dry bulb reading = ( rc =...
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re

No, Wet bulb reading

20

pet

Calculations, Dry bulb reading A = ......

Wet bulb reading

(Consiant reading at the end) B = ......

Difference between the dry and wet bulb readings

From wet and dry bulb humidity tables :

Saturated vapour préssur [Note the reading for dry bulb tem-
perature (A) under zero column]

Actual vapour pressure [Note the reading for wet bulb tem-

perature (B) under difference column for (4—B)]

a PP = ceccee

%RH = 2 x100

Dew point (Find the value in the zero column for the value of

p, and find the corresponding temperature)

= ccocee
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WET AND DRY BULB HUMIDITY TABLE

Temperatures in °C and Saturation Pressures

in mm of mercury

,

$4 Difference between dry and wet bubb in °C

: |SP re re

Ol 46) 4211 $6 | 82] 26] 21) 16] 11: 06

21 53] 48 | 43 | 88] 33] 28) 23) 18) 18
4/611 66] Gl | 46] 42) 36) 32) 26) 21

6\ 70| 651 60 | 55 | 5&3] 45] 40) 35 | 30) 20
| so0| 75 | 70] 65} 60) 55] 50] 45] 40) 30

10| 92 | a7| 82 | 77 | 72) OF] 62) 57) 52) #1

1/98! 98] 88] 83! 78] 78; 68] 68] 58) 48) 88) 27
12/105 | 100] 95 | 90| 85 | 80] 75] 70) 65] 54) 44) 34
13} -2 (10-71 102 | 97 | O92 | 87 | SB] 77) 72) GL] SL] al
14/190 111-5 | 11-0 | 1056 | 10-0] 94) 89] 84) 79! 69) 591 49
15 | 128 | 123 | 11-8 | 11-3 | 108 | 102] 97] 92) 87; 77) 67) 57

11-6 | 11-1 | 10-6 | 10-1 | 9-5 oe 71 | 665
5

16 | 13.6 | 13.1 | 126 | 121

17 | 14:5 | 14-0 | 18-5 | 18-0 | 12-5 | 12-0 | 11-5 | 110 | 105 | 95 | 84 | 74

181 155 | 150 | 14-5 | 18-9 | 184 | 129 | 124 | 11-9 | 14 | 104] 03 | 88

19 | 165 | 16.0 | 165 | 14-9 | 144 | 190 | 13-4 | 129 | 12-4 | 114 | 103 | 9-8

20 | 176 | 27-1 | 165 | 160 | 15-5 | 15-0 | 14-5 | 18+ | 18-4 | 124 | 1-4 | 103

cee | ip eeueemeens — tee

ey | is-7 | 18-2 | 17-6 | 17-2 | 146 | 161 | 15-6 | 15-2 | 146 | 185 | 125 | 115

32} 198 | 193 | 188 | 183 | 178 | 17-8 | 168 | 16-2 | 157 | 14-7 | 18-7 | 12-6

33 | 21-0 | 20-8 | 20-1 | 195 | 19-0 | 18-5 | 18-0 | 175 | 17-0 | 150 | 149 | 13-9

lo] 224 | 219 | 21-4 | 208 | 208 | 198 | 19-3 | 188 | 183 | 17-8 | 162 | 15-2

a5 | o38 | 233 | 228 | 22:3 | 21-7 | 21-2 , 20-7 | 20-2 | 19-7 | 18-6 | 18-6 | 16-6

og | 25-2 | 24-7 | 242 | 23-7 | 23-2 | 226 | 22.1 | 21-6 | 21-1 | 21-0 | 19-0 | 18-0

a7 | 368 | 26-2 | 26-7 | 25-2 | 2-7 | 242 | 28-7 | 231 | 226 | 31-6 | 206 | 195

oy | 284 | 278 | 27-3 | 268 | 263 | 258 | 25:3 | 24-7 | 24-2 | 232 | 22-2 | 21-1

20 | 301 | 29.8 | 29.0 | 285 | 280 | 27-5 | 27-0 | 26-4 | 250 | 24-9 | 289 | 22:8

30 | 31-9 | 31:3 | 30-8 | $0-3 | 20-8 | 20-3 | 28-8 | 23-2 | 27-7 | 26-7 | 256 | 24-6
!

gs | 35-7 | 35-2 | 34-7 | 34-1 | 386 | 38-1 | 936 | 82-0 | S15 | 30-5 | 20-5 | 28-4

34 | 39-9 | 39-4 | 38:0 | 38-4 | 37-0 | 37:3 | 368 | 36-8 | 2466 | 347 | 88-7 | 32-7
wy | 446 | 44-1 | 436 | 43-0 | 425 | 42-0 | 41-5 | 40-9 | 40-4 | 30-4 | 38-4 | 37:3

{ 38 49-7 | 49-2 | 48-7 | 48-2 | 47-7 | 47-1 | 46-6 | 46-1 | 45-6 | 44-5 | 43-5 | 42-4
fe 55-4 | 64-9 | 64-4 | 53-9 | 588 | 628 | 52-3 | 51-7 | 51-2 | 50-2 | 49-1 | 48-1
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4:31 Weather

Dew, rain, clouds, fog, mist, hails, snow, hoar frost etc. are

due to the condensation of water vapours present under different

conditions in the atmosphere.

Dew. Dew is formed on grass and leaves in the early hours of

the morning. ‘Ihe temverature of the atmosphere during the night

gradually falls. Inthe early morning if the temperature of the

atmosphere is fess than the dew point temperature, formation of dew

takes place. The saturated vapours when they come in contact with

grass or leaves condense in the form of fine drops of water.

If the night is cloudy, the temperature of the earth does not

fall and dew is not formed. A clear sky free from wind is helpful in

the formation of dew.

Hoar Frost. If the temperature of the atmosphere falls below

0°C, the dew formed on the leaves and grass freezes and it is_ called

hoar frost.

Fog and Mist, When water vapours present in the atmos-

phere condense on dust particles in the atmosphere, fog 1s _ t -med.
There is no basic difference between fog and mist. _Thick mist is

called fog. A clear cold night is favourable for the formation of fog
and mist.

Clouds and Rain, When the fog is formed at high “altitudes
it is called a cloud. When small drops of water in the cloud com-

bine together, bigger water drops are formed and fall in the form of

rain.

Snow and Hail. When the cloud suddenly passes through a

very cold region .ne water drops freeze and fall in the form of snow

and hail. Snowfall is common in hill stations because of very low

temperature in winter. Hails are caused due to the freezing of rain
drops in the atmosphere. Hails are hard and of different sizes

whereas snow is quite soft.

Example 4:1. /f the temperature of air is 16:5°C and dew
point ts 6-5°C, find the % relative humidity of atr.

S.V.P. at 6°, 7°, 16° and 17° are 7-05, 7-51, 13-62 and 14-42

mm respectively.

Dew point = 6:5°C

Room temperature = 16°5°C

SVP. at 65°C _ SVP. at 6°+S8.V.P. at 7

2

p= mete = 7,28 mm

S.V.P. at 165°C _ SVP. at rene at 17

P= 13°62 + 14°42 — 14:02 mm

2
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B.H. = © x 1000

7:28 ec

Example 4:2. Calculate the dew point when the relative

humidity of air at 20°C, 18 52%. Given the S.V.P. of water at 20°C,
10°C and 9°C are 17-5, 9:2, 8-6 mm of Hg respectively.

(Punjab 1966)

RH. 8.V.P. at dew point _ ?

S.V.P. at room temperature

wy PP.
O92 = 17°5

p = 9:1 mm

For 1°C difference = 9:°2—8-°6 = U-6 inm

Dew point ternperature

0'5

Exercises IV

1. What do you understand by change of state ?

2. What is triple point ? Show that the steam line, the ice line

and the Hoar frost line meet at a single point.

3. Discuss Gibbs’ phase rule. What do you understand by

phase, degree of freedom and component ?

4. Define hygrometry, relative humidity, dew point and abso-

lute humidity.

5. Describe the construction and working of a Daniell's

hygrometer.

6. Describe the construction and working of a Regnault’s

hygrometer. How is it used to determine the relative humidity ?
Compare it with a Daniell’s hygrometer.

7. What is the difference between a gas and a vapour ?

8. Distinguish between saturated and unsaturated vapours.

9. What do you understand by relative humidity and dew
point ?

10. Describe briefly a wet and a dry bulb hygrometer.

11. Explain briefly the following .

(i) Dew (it) Hoar frost (81s) Fog (iv) Mist (v) Clouds (vi) Snow
(vit) Hail (vi.t) Rain.

12. Derive Gibbs’ phase rule and discuss the equilibrium of a

saturated solution and the solid of the dissolved substance.
[Detht (Hons) 19763
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13. On a certain day the R@ is 66°67%. The saturated

vapour pressure at room temperature is 186mm. Calculate the
saturated vapour pressure at dew point. (Ans. 12:4 mm]

14. Ona certain day the dew point is 18 6°C and the room

temperature is 23:7°C. The saturated vapour pressures of water at

18°C, 19°C, 23°C, and 24°C are 15:46 mm, 16:46 mm, 21:02 mm and
22 32 mm of Hg respectively. Calculate the relative humidity.

(Ans. 73:23%]

15. Ona certain day the dew pont is 85°C and the room

temperature is 18-4°C. Find the RH if rwaximum vapour pressure

for 8°C, 9°C,18°C, and 19°C are 8 04, 8°61, 1546 and 1646 mm of

mercury column respectively. [Ams. 52°5%]

16. Find the result of mixing 10 g of ice at --10°C with 10g

of water at 10°C. Sp heat of ice = 9:5 and latent heat of ice = 80

cal/g. (Ans. A mixture of 9-375 g of ice and 10°625 g of water
at 0° )

17. What will be the result of mixing 400 g of copper chips at

500°C with 500 g of melting ice ?
[Ans. 250 g of ice melts. Final temperature = 0°C]

18. The density of ice is 0°93 g/cc at O0°C. A piece of metal

weighing 1-50 g is heated to 100°C and is then placed in a Bunsen’s

ice calorimeter. The decrease in volume is found to be®l 876 cc.

Calculate the specific heat of the metal Latent heat of ice = 80
cal/g. {Ans. 0°133 cal/g-°C]

19. A solid of mass 20 g is heated toa temperature of 80°C

ahd quickly dropped in a Bunsen’s ice calorimeter. The contraction

in volume observed is 0:9 cc. The contraction in volume when one

gram of ice melis is 0-09 cc. Latent heat of ice = 80 cal/g. Calculate

the specific heat of the solid. [Ams. 0°5 cal/g°-C]

20. Calculate how much steam from water boiling at 100°C

will just melt 200 g of wax at 15°C. (Melting point of wax = 55°C,
Sq. heat of wax = 0°7, Latent heat of fusion of wax = 35 cal

per g) [Ams 21:54 g]
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Nature of Heat

5-1 Iatroduction

In the previous. chapters ‘he various effects of heat and its

properties have been discussed. At this stage it becomes necessary

19 fewaniite a cogent theory to explain the different heat pleno-

mena and tose how far the proposed theory can explain the vast

amount of data collected cxperimentally ard otherwise. The theory

shoud satisfactorily explain, primarily the following observed

facts (4) thermil « xpansion, (b) conservation of heat energy. When

there 1s transfei of heat between two bodies the heat lost by one

bodv is equal to the heat gained by the other, (c) specific heat of

bod.es, (@) thermal capacity of boclies, (e) change of state from solid

to liquid or liquid to gas, (f) propagation of heat radiations in space

with the velocity of light.

Two rival theories have beet: proposed to explain the properties

and the effects of heat. The two theories are: (+) Caloric theory of

heat and (11) Dynamic theory or the Kinettc theory of heat. The caloric

theory of heat assumes heat as son.e fltid and in the course of heat
transfer from one body to another, this fluidis transferred. This

theory held ground till the end of the eighicenth century.

‘The experiments of Joule, } umford and Davy have shown that
neat is a form of energy associate’ with the mechanical motion of
material particles Thus the kine « theory of matter favoured the
vnamical theory .n preference t the caloric theory.

2 Caloric Theory of Heat

According to this theory 1‘ +t is considered to be invisible,
weishtless fluid called caloric, Tr s fluid can be produred when
substances are burnt and this fir +‘ can flow from a het body te 2
cold body The hot body is as .incd to have more of this fluid
aad the cold bedy comparatively !+ . When a hot body is brought

137
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in contact with a cold body, the fluid flows from the hotter to the

colder body, just as water flows from higher to lower level. This fluid

is supposed to be all-pervading. uncreatable and indestructible. The

fluid is highly elastic and the particles of this fluid repel one another

very strongly. When this fluid is added to a body its temperature

rises and when the fluid is removed its temperature decreases. This

fluid occupies the interstices of matter. Just as water can be obtaimed
from a sponge by squeezing, heat can also be obtained from a body

by extracting the caloric by friction. The caloric theory could explain

in a crude and clementary way, different heat phenomeua like

conduction, thermal conductivity, latent heat etc.

5:3 Failure of Caloric Theory

The caloric theory held eround till the end of the eighteenth
century. The work of Rumford, an artillery engineer began to cast

doubts about the validity of the caloric theory. Rumford was engaged

in,the supervision of boring of cannon for the government of Bavaria.

The boring process produced tremendous amount of heat and to

prevent this overheating the cannon was immersed in water. Jiven

this water boiled off during the process and the boring process had

to be stopped. According to the caloric theory, it was admitted that

the caloric had to be supplied to water to raise its temperature to the

bosling point. he continuous extraction of caloric during the process

of boring was explained on the hypothesis that when matter was

finely subdivided its capacity to hold the caloric decreases, and ithe

caloric thus released causes the water to boil.

li was interesting to note that the water surrounding the
canon continued to boil even after the borer became biurt and

wien there was no further cutting This proves that even a blunt

drill continuously produced an inexhausnble supply of heat which is

contraty to the explanauon given on the hasis of the calone theory.

¥ urther, while explaining the production of heat the conservation

principle which is very vital to the concepts of pnysics has not been

hept in mind. During the boring process, mechanical work was

wOutinuously expended and caloric was continuously cxtravied. Kum

furd s observation gave him an oppurtunity of eliminating the two

ees of non-conservation. This process of elimination is possiule cnly
wiien heat also is considered as a form of energy. What 1s invu'ved

is not the disappearance of the mechanical energy and the appearance

of heat energy but it is the transformation of one form of energ; Into

another. Runmtord made some measurements regarding the work clone
ig the corre ponding heat produced, though his experiments lacled

precegon It ...s later the work of Joule duuing the yeurs 1843 to

167% that establi hed the equivalence of heat and work as two forms
ad Gherpy

54 Mechanical Equivalent of Heat (Joule’s Experiments)

Jataes Prescott Joule (1818—1889) performed a series of exyeri-
mcs ts to prove convmcingly that heat is also a furm of energy. His

fiisdiogs that there isa definite + yuivalence between the work done

avd the corresponding amount of heal and any other form of energy,
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put an end to the controversy that existed between the caloric theory

and the dynamical theory of heat. The dynamical theory of heat

was firmly established.

He developed the argument that if an amount of work W (or
any other form of energy) disappears a definite quantity of heat is.
produced.

WeH

or Weo-aJH

Ww
J = FH

The constant J is called the mechanical equivalent of heat.

The mechanical equivalent of heat (J) is defined as the amount of
work done to produce a unit quantity (1 calorie) of heat. The value
of J in C.G.S. system is 4:18 x 10? ergs/calorie. In the M.K.S. system
its value is 4°18 joules/calorie.

Joule’s method for determining the mechanical equiva-

lent of heat. The apparatus consists of a calorimeter with the fixed

P, R

M
M
> t

G

h h
b

‘ c- 7 074

Fig. 5-1

blades a. a etc. fixed to the calorimeter radially. 4 is a spindle
which is fitted with the vanes 6, 6 radially and these vanes are called

the movable vanes (Fig. 5:1).

When the spindle rotates, the vanes a, @ are stationary and

the vanes b, b rotate. The water between any two vanes gets warmed
up due to the frictional forces between the two vanes.

W is a wheel with a handle H, which can rotate about a verti-
cal axis. Two strings are wound in the same direction ow the

drum W and these strings pass over the pulleys F, and Ps and they
carry the masses M, M at the other ends.

When the masses are moved up and left free, they move down
due to gravity, thus rotating the drum and the spindle. When 1i..
masses are moved up the pin P is removed and when the Mast.
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smove down the pin P is fixed. This is done because when the masses

ate rhoved.up, the work done is not taken into calculation.

Let the masses move down by a distance of 4 cm

Loss of potential energy of the two masses = 2 Mgh

If the mages fall down n times, the loss of energy

=x "xX 2Mgh

Let the velocity of the masses at the end of the fall be » cni/s

To find v, the time taken by the masses to fall througha height

4 is noted. The average velocity = > Therefore the velocity

at the end of the fall will be twice the average velocity because

‘ie initial velocity is zero.

+=2(4)
K.netic energy of the two masses

= 2x 4Mv

=z Mv?

For n times the KE = nx Mv?

Energy used up in heating the water and the calorimeter,

W = n[2Mgh—Mov)

Let the total water equivalent of the calorimeter, water, fixed
vanes, movable vanes etc. be w

Initial temperature = 0,

Final temperature = 4,

Heat produced = H

= (9,—0;)

J, the mechanical equivalent of heat

W

~~ Ht

n{2 Mgh— Mo*)

1(4,—6;)

The value of J as a mean of a number of observations is
taken. The value of J is 4-18 x 107 ergs/cal.

55 Rowland’s Experiment

Rowland found the value of J accurately in the year 1879. In

the Joule’s original experiment there were two main defects. (i) ‘The
rate of rise of temperature was small [about 0°6°C per hour] and so
the loss of heat due to radiation was appreciable and (#) the observ-
ed temperatures were not corrected to the standard gas scale.
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Rowland's apparatus consists of a calorimeter C fitted with
' vanes on its inner side (Fig. 5-2). The calorimeter is suspended from
a torsion wire. D is a drum over which cords are wound. The ends
of the cords are connected to the masses M and 4M, passing over the
pulleys. The cords leave the drum at diametrically opposite points.

Thus a couple is applied on the calorimeter. AB is a rod having
sliding masses m and TM and are used to increase the moment of
inertia of the system.

The spindle S has paddies attached to it and itfis rotated with
a very high speed with the help of a steam engine. The counters C;
and ¢, are used to measure the number of rotations of the spindle.
A sensitive thermometer 7 already corrected with a standard gas

T

PUSEENSION
WIRE

scale is used to measure the temperature of water in the calorimeter,
The calorimeter is surrounded by a water jacket in which water is
circulated at constant temperature to find the cooling correction.

The initial temperature of water in the calorimeter is noted.
The spindle is set rotating and the masses M, M are adjusted quickly
so that the calorimeter does not rotate and remains in the equili-
brium position. The rotation is continued till there is sufficient rise
in temperature. Suppose the initial temperature of water is #, and
after * rotations of the spindle, its temperature is 03. The rotations
are measured with the help of the counters. The couple applied by
the masses = MgD. Here D is the diameter of the drum.
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For n rotations, the work done,

W = 2nn Mg D

Heat produced, H = (m+w)(0,—8,)

Here m 1s the mass of water and w is the water equivalent of
the calorimeter, the vanes, the paddles and the spindle

J = W

H

2nn MgD
= (m + w)(03—6,) ergs/cal

Following corrections are to be applied (i) cooling correction
and (3) correction for the tors.onal couple, $¢, the weight Mg in
au, should be reduced to vacuum

[he results obtained by Rowland at various temperatures were
as follows

Lemperiture °C | J (joules per calerie)

| 10 4 196

| 18 4 188

: 20 4 181

26 | 417¢

30 | 4174
+7 | 4175

fhe rietan .uue of J is taken as 118 joules per calorie or
413K 107 ergs pet cale rie

56 Searie’s Friction Cone Method

The apparatus ¢ ons,ots of two trurcated friction cones 4 and
Bima of ore Th cone Bis fixed to un ebonite disc C titted
msize . brass cviinder # & san ebonite ting which holds Ban

pour wa S38 4 yindie attached to the hase of the cylumder # [he
spon tie is rotated at high speed by hard o:1 wath an eiertiic motor
Tre it aber or: tatay+s made by the spindle is measured with the
help Ji the cs ancers , and (, (Fig 5 3)

A grooved wooden isc D 1s fixed to the inner cone A with the
help of ins passing through the iron ring J. Ihe iron ring also
provices the necessary weight for the cone A to be in its posttiun.
A cord passes around the groove of the diss Dand the other ends
conne‘ted toa mass M The chord passes over a pulley A raercury
thermometer cal.brated tc gas scale » used to meawure the tempera-

ture of water in the cone A

Tne outer cone B 1s rotated wich the help of the spindle and it
tends to rotate the cone A The mass M 1s adjusted quickly so that
the cone A does 10t rotate A couple Mgr is provided by the mass
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in the opposite directicn. Due to friction, heat is produced and water

in the cone A gets heated.

Suppose,

Initial temperature of water = 4,

Final temperature of water = 45

Rise 1n tempei ature == (9,—8@,)

Number of rotations inade by the spindle = a

Mass of water =

Water egnivalent a= Ww

Radius of the disc DP) =f

Work done, W = 2n 1 (Mor)

Heat produced H = (m+w) (8,—0;)

ya &
ee A

Inn Mor .

* (mw) iO) --()
Radiation Correction. The time for which'the spindle is

rotated isnoted. The fall in temperature is noted for the same time
after the experiment. Let 86 be the fall in temperature. Then
radiation correction = (86/2)

*. The correct rise in temperature

36
= [ (a4—8) +> ]
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. J= Quan Mer °

(mu) | (—o)+ “D
=— ergs/cal

2

5:7 Joule’s Calorimeter (Determination of J)

The apparatus consists of a copper calorin eter containing water

to about } of its volume. A resistance coil 2 is ‘mmersed in water

and the two ends of & are connected to two bin ing terminals fixed

to te lid. A stirrer and a thermometer are insei ted through holes
in the lid.

The caivrimeter is closed in a wooden box tc minimize the loss

of heat (Fig. 5-4).

Fig. 6°4

The electrical cunnections are shown in Fig. 54. IZfa curient

of I amperes is passed through the resistance coil R at a potential
difference of V volts for a time ? seconds, then the amount of energy
liberated == Vt x /07 ergs.

Knowing the total water equivalent w, and the initial and final

temperatures of the calorimeter 0, and 2, the heat produced H can

be calculated

H = w(0,—6,}

To apply the radiation correction, the calorimeter is allowed t+

cool for the same interval of time ¢ as that of the passage of current,

and the fall in temperature 6, is noted. Half of this fall in tempera-

ture is added to the final observed temperature @3.

5s
2

“. Corrected final temperature —- @,-4-

Mechanica} equivalent of heat

_ Work done

Feat produced



Nature of Heat 145

7

J = Vitx 10 ergs/cal
tO (+ 6,

In case, the resistance of the voltmeter is not high, the actual

value of current passing through # is calculated, knowing the values

of H and the reading of the voltmeter The drawback of this

cxperiment i, the gmall rate of rise of temperature due to low

current, that can be drawn from accumulators used as the source of

sunpiy

58 Callendar aud Barnes Continuous Flow Method
(Determination of J)

The Callendar and Barnes apparatus consists of a resistance

coil # erclosed inside a natrow glass tube (Fig. 5-5). The two ends
ofthe wire are connected to two thick copper connectors. Con-

tinuous flow of water can be maintained through the tube and the
temperatures of inlet and outlet water are measured with thermo-
waereas 7, and T, The central tube containing & is surrounded by
a vacuum jacket which niunimises the loss of heat hy conduction ind
ccnvection. ‘The vacuum jacket is surrounded by an outer jacket
thieugh which water is circulated continuously. This ensures the
loss of heat by radiztion to be steady.

Che cuil B 1s connected in series with a battery, a rheostat, an

ammeter and a key. <A voltmeter is connected across the terminals

K =—/\+
——— A

+ -

——_ +=
WATER YY WATER
INLET | {17 Ta{f {OUTLET

“VACUUM JACKET

R7\_- Sf

Fig. 5-5. Callender and Barnes’ Continuous Flow Apparatus.

of R For more accurate work, the current through the coil and the
potential difference across its ends are measured using a potentio-

meter, initially calibrated with a standard cell.

When the rate of flow of water and the current passing through
Rare maintained constant, a steady state will be reached and the
thermometers 7’, and 7, will show constant readings. At this stage,
the temperatures of every part of the apparatus will remain steady.
When the thermometers 7’, and T, show constant readings, say 8,
and 64, the mass of water (m) flowing in a time #é seconds is measured.
If 8S is the mean vale of .uc specific heat of water between the
temperatures 0, and. and H vbe quantity of heat lost by radiation
etc , then the amount of heat produced by passage of electric current
thr"igh the coil
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= S(b,—0,\ +H ft)

If V and J are the voltmeter and ammeter readings then the
amount of energy liberated in time ¢ seconds = VIt x 107 ergs. The

corresponding quantity of heat produced

- Taxi cals (68)

From (3) and (i#)

eee = mS(6,—0,)+H «(tdi

To eliminate Hf, a second set of observations is taken by

altering the values of the current and the rate of flow of water such

that the difference of temperature 9.—6, remains the same after

the steady state is reached. IfV’, f’ and m’ are the corresponding

values for the same time f, then

yp’ ’ . ,

EXT © = m'S(0,—6,) +H (0)

As the temperature difference (0, —98,) is maintained the same in
the two cases, the temperatures of the various parts of the apparatus

will be the same and hence the loss of heat by radiation etc. will also

be the same.

Subtracting (iv) from (#7)

(VI—V'L)t x 107

J
= (m—m’)S(6,—9;)

_ WI-V'T)x 107

7 = “Gian j(0,— 6) TBP
All the quantities in the above expression can be measured very

accurately. With calibrated platinum resistance thermometers, the
temperature difference can be measured with great precision.
Similarly, the values of the current and the potential difference can
also be measured very accurately. Thus, this method ensures an
accurate determination of the value of J.

5-9 Jaegar and Steinwehr’s Method

In 1921 Jaegar and Steinwehr performed an experiment to find

the value of J accurately. Their method has an accuracy of | in

1,000 The value of J obtained by them is equal to 4-186 x 107 ergs
per calorie. sy

The apparatus consists ofa laige cylinder containing about

50 kg of water. Ris,a heater coiland 7 is a sensitive platinum
resistance thermometer calibrated to the gas scale. S, and S, are two
electrically rotating stirrers (Fig. 5 6). The cylinder is surrounded by
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an outer jacket through which water is circulated at constant tem-

perature. This will @elp in estimating the cooling correction accura-

Cc
= ss ae ee eee ees elle el

St -- GE oe~~ 2 §)- - - Re a -S =ein “IL fons 2 ~~.

Fig. 56

tely. The current is measured with a standard res:stance placed in

series with the heating resistance R The potential difference across
the standard resistance is obtained witha sensitive potentiometer

initially calibrated with a standard cell. The time for which the

current is passed is measured accurately with a chronograph.

Let the potential difference across R be V volts and the current

flowing for tf seconds be J amperes.

Work done = VIt joules

Heat produced = (m-+w) (64—6;)

Here mas the mass uf water and w is the water equivalent of

the apparatus

= rie joules/calorie
= (ma + w)(8.—6,) 7

Vit x 107 ;
w j= ergs/calorie

T0664)

‘Lhis method has tLe following advantages :—

(1) Lhe mass of water used ss very large. Hence the correction

tor the thermal capicity of the vessel is small.

(2) A small rise an temperature of the order of ! 4°C is obtain-

ed Thais will enable to apply the coolint correction accurately

because Newton's law ot cooling is applica +.

(3) Efficient stu ring of water is provided. Thus the temperature

of water and the « ilorimeter remains uaiorm.

(+) A» the surrounding temperature of the cylinder is kept con-

stant by curculating water at constant temperature, cooling correc-
tion can be accurately determined.

Example 5’ A lead bullet strikes a target witha velocity of

480 m/s. If the bullet falls dead, calculate the rise tn temperature,

asvuening that all the heat developrd is equally shared between st and
the target (Sp heat of lead — 00.)
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Suppose mass of the bullet = m grams

Rise in temperature = 0

Velocity v = 480 m/s

Work done =a ¢ mv

== 4 m (48,000)* ergs

W
A = 7

m(48,000)?
= ———————— 1 cals.

2x 4-2 x 107

| Half of this heat energy is used to raise the temperature of the

bullet.

; m(48,000)*
Useful heat 2 == xD ~ED 10? cals

m(48,000)?

4x42x 107

48,000 x 48,090

~ 0°03 x 4x 42% 107

- 457-14°C

Example 5-2 ('alrulate the increase wn eneryn per atm ff

aluminium t. ergs when the temperature of a prece af aluminium 9

creases by (°U'\27 g of aluminwum contiias Gy 108 atume and ap

heat cf aluminium =- 0-22).

meg =

Tieat required to raise the teitperature of 27 grams of alumi-

nium by 1°C

= 27xXO0°22x 1 cal

Energy gained by 6 x 10* atoms of aluminium

= 27x 0°22 x 4°2 x 107 ergs

Increase in energy per atom of aluminium

27 x 0°22 x 4*2 x 10°

6 x 10

= 4158 x 10°) ergs

Example 5:3 What will be the rise in temperature of water sf

tt falle from a height of 50 metres, assuming that all the energy is used
4n heating the water % (Punsab 1966)

h = 50 metres = 5,000 cm

Suppose, rise in temperature = °C

Mass of water == mM

Work done = W = mgh

= mx 980 x 5,000 ergs
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Heat produced = H = mS@

= mx1x 6 calories

W = JH

mx 980 x 5,000 = 4:2x 10’xmx 0

a = 980 x 5,000

4-2 x 107

= 0-117°C

5:10 Kinetic Theory of Matter

The experiments on the conversion of work into heat have

shown clearly that heat is a form of energy. This energy is connected

with the motion of molecules of which the matter is made of.

Kinetic theory of matter gives an explanation to the nature of this

moti .u and the nature of heat energy.

According to Kinetic theory of matter, every substance (in the

form of solid, liquid or gas) consists of a very large number of very
small particles called the molecules. The molecules are the smallest

particles of a substance that can exist in free state. The molecules

possess the characteristic properties of the parent substance. The

melecules are in a state of continuous motion with all possible velo-

erties. The velocity of the molecules increases wit rise in tempera-

ture,

The energy possetsed by the molecules cat: be of two forms,
hinetic or potential Wh.en the stop-cock of an evacuated flask is
opener airrushes in quickly to fl in the space. This shows that

the mulecules possess rapid motion and hence they possess kinetic

energy. When a solid expands on heating, the molecules are pulled
upart against the forces of intermolecular expansion. The amount

of work done in separating the molecules to larger distances mani-

fests itself as the potential ene ‘zy: f the molecules. Thus the amount
of heat given to a solid substance increases the energy of the mole-
cules and this increase in energy is partly kinetic and partly potential.

‘Thus, the kinetic theory of matte: is based on the following

three points : (1) matter is nade up of molecules, (it) molecules are

in rapid motion, and (#tt) molecules experience forces of attraction
between one another.

The validity and the soundness of any theory depends on its

capability tu explain the observed facts, viz., the three states of

matter, expansion, change of state and conduction.

511 The Three States of Matter

Solid. In the case of a solid the intermolecular distances
are sinall and hence the forces of intermolecular attraction are large.
The only motion permissible to a molecule is oscillation or vibration

about its mean pos)-ion which is fixed. Hencea solid has definiee
size and shape. Hcating a solid means giving more energy to the
molecules. This will enable the molecules to vibrate more violently
about their mean position. The molecules move further apart and



150 Heat and Thermodynamics

this results in the expansion of the solid. With the supply of more
heat to the solid, the amplitude of vibration of the molecules in-
creases to such an extent that the molecules will be free to leave
their mean position because the kinetic energy of the molecules is
greater than the potential energy due to the forces of intermolecular
attraction. Now the molecules are free to move about within
the body of the substance and this corresponds to the liquid state of
the substance. The amount of heat supplied, which is equivalent

to the work done in pulling the molecules apart against the forces

of intermolecular attraction, determines the latent heat of fusion of
the solid.

Liquid. In a liquid, the molecules a:c farther apart than the

solid. The molecules are not confined to any fixed mean position.
They are free to move about within the volume of the liquid. Hence
the liquids have their own size but no shape.

The definite size of the liquid is due to the mutual forces of
attraction between the molecules. The molecules present on the

surface of the liquid experience a resultant downward force due to
the presence of the molecules present within the sphere of influence
and hence the surface of a liquid behaves asa stretched membranc.

This is the phenomenon of surface tension. The volume of the
liquid is fixed at a given temperature but the molecular distances

are comparatively larger than that of a solid. Therefore the mole-
cules experience less force of attraction and they can occupy any

position within the liquid. Hence the liquid occupies the shape of
the containing vessel.

The molecules are always in a state of random motion. They
collide with each other and they may or may not change their
respective kinetic energies. As already explained, every molecule
on the surface of the liquid is held in its position as a result of the
forces of intermolecular attraction and surface tension. Due to the

collisions a certain molecule may acquire more energy than the
energy with which it is held. As soon as this happens, the molecule
flies off, t.€., it leaves the liquid surface. This is called evaporation
If no external heat is supplied it is obvious that the mean kinetic
energy of the molecules decreases and the temperature of the liquid
falls. This explains cooling caused by evaporation. Ifthe moving
vapour molecules come near to each other at sufficiently low velo-

cities, they experience a greater magnitude of force of attraction.
The molecules coalesce and this results in condensation. Rate of

evaporation increases with increase in temperature of the liquid and

decrease in pressure over the liquid surface.

Gas. In the case ofa gas, the inter-molecular distances are

much larger than that of a solid or a liquid and the molecules of

a gas are free to move about in the entire space available to them.
Hence a gas has no shapeor size. Ifthe space occupied by a gas

is increased, the gas will occupy the whole of the new space uni-

formly. This is due to the fact that the molecules possess rapid

random motion and the force of inter-molecular attraction is negligi-
bly snall The molecules move about independently in straight lines
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and the only restriction to this movement is collision with another
molecule or collision with the walls of the containing vessel. Ina
gas the more predominant factor is the movement of the molecules
than the force of attraction between the molecules.

5:12 Concept of Ideal or Perfect Gas

At very low pressures, the forces of inter-molecular attraction
are negligible. Therefore, at low pressures only, a real gas obeys

the equation PV = RT. An ideal gas can be defined asa real gas
at low pressure. Fora real gas the internal energy is a function of
pressure and temperature. By definition, the ideal gas should satisfy

the equation

PV = RT woe(8)

dU ..
and aP |, = Q +o (88)

dU _ fa dP

(a7), ~ [ iP Ip | ov |,
From equation (8)

dP RT
vw =~

Pp

-{¥I4]--+

F ~ [ + L{- |, -aa(4i8)d

a

) is not equal to zero and

dU

Vv

I
As (_ -

| aP |p = 0
al’ .[ a |, . 0 ese (tv)

7 aU
Since for an ideal gas | ie |e and [ jv |, are both equal to

zero, the internal energy of an ideal gas isa functior of temperature

only.

ame U — f (T) »+=(¥)

In a large number of calculations, a real gas can be taken
approximately as an ideal gas. This involves anerror that can be
tolerated in the calculations. For all practical purposes, real gases
below a pressure of ' vo atmospheres can be considered as ideal gases.

A saturated vapour in equilibrium with its own liquid can be con-
sidered to have the properties of an ideal gas. The error involved is
low.
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513 Kinetic Theory of Gases

The continuous collision of the molecules of the gas with the

wa'ls of the containing vessel and their reflection from the walls

results in the change of momentum of the molecules. According to

Newton’s second law of motion, the rate of change of momentum

per unit area of the wall surface corresponds to the force exerted by

the vas per unit area. The force per unit area measures the pressure

of the gas.

Postulates of the kinetic theory of gases

(i) The gas is composed of small imdivisible particles called
m: i ules The properties of the individual molecules are the same

as tnat of the gas as a whole.

(it) The distance between the molecules is large as compared
to that of a solid or liquid and hence the forces of mtet-molecular
attraction are negligible

it) The molecules are continuously in motion with varying

velocities and the molecules move in straight lines between any
wwo consecutive collisions = The collisions do not alter the molecular
density of the gas, ¢, on the average the number of molecules pre

sent jn a unit volame remains the same. Also, the ynolecules do not
accumulate at any place within the volume of the gas

ito, The size of the molecules is infinitesimally esmall as

compared to the average distance traversed by a molecule between
any two consecutiye collisions The distance between any two con-

secutive collisions is called free path aud the average distance is

called the mean free path The mean free path is dependent on the
pressure of the gas. If the pressure is high the mean free path is less

and if the pressure is low the mean free path is more.

(v) The time of impact is negligible in comparison to the time

taken to traverse the free path.

(vi) The molecules are perfectly nard elastic spheres and the

whole of their energy is kinetic.

5-14 Expression for the Pressure of a Gas

As mentioned earlier, the continuous impact of the molecules

on the walls of the containing vessel accounts for the pressure of the
gas.

Consider a cubical vessel ABCDEFGH of side | cm containing
the gas (Fig. 5-7). The volume of the vessel and hence that of the
gas is cc. Let” and m represent the very large number of

molecules present in the vessel and the mass of each molecule
respectively.

Consider a molecule P moving ina random direction with a

velocity C,. The velocitv can be resolved into three perpendicular
components %, T; and w, 2long the X, Y and Z axes respectively.
Therefore,

18 wae Bt we 2 an 2
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The component of the velocity with which the molecule P

will strike the opposite face BCFG is wu, and the momentum of the

molecule is mu,. This molecule is reflected back with the same
momentum mu, in an opposite direction and after traversing a

distance U will strike the opposite face .1DEH.

év uLY 2 dj
[% 7,

Yj

A 8

Fig. 5-7

The change in momentum produced due to the impact is

Mu,—(—-Mu,;) = 2Zmu,

As the velocity of the molecule is w,, the time interval between
¢wo successive impacts on the wall BCFG is

21
—- seconds
Uy

.”. No. of impacts per second

Change in momencum produced in one second due to the im-

pact of this molecule is

ty, mu?

emi X57 =

The force Fy due to the impact of all the » molecules in one
second

= r | Uy? Ue? + ...-+ Uy? ]
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Force per unit area on the wall BCFG or ADEG is equal to the
pressure Py

Py poy (tat bts ta see ft)

Similarly the pressure Py on the walls CDEF and ABGH is
given by

Py = = (v,7-+ v.7+-...... +19?)

and the pressure Pz on the walls ABCD and EFGH is given by

Pz = € (,7-+ 47 -+-...... + t,5)

As the pressure of a gas is the same in all directions, the mean

pressure P is given by

P= Py +Py+Pz

3

= EO cag tetsu tut beet
LL

+. (1,7 +05? -+- 5) + sevees

+ (4a? + tg? 4 09?) ]
_ a C24 CP +CsF +... C;? | o+o(t}

But volume, V .- 2. Let U he the root-mean-square velocity of
the molecules (R.M.5. velocity).

Then (2 = Cr $a? | Cs? -Cn?
n

Or nC? = C2402 4 C',? + eovnes Ch?

Substituting this value in equation (¢), we get
2

p . mnt wa o(t8)
3V

But M =. mn where Mf is the mass of the gas of volume V, m is

the mass of each molecule and 2 is the number of molecules ina
volume V.

“3VC

P= > eC? .oa(t8i)

P=

or

y =P the densitv of the gas,

From equation (ttt)

Gi =. 2
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or C= f La .oo(40)

Note. R.M.8, velocity C ie the square root of the mean of the squares

of the nn velocities and it is not equal to the mean velocity of the
molecules.

TABLE

Molecular Velocities at 0°C

Gas Molecular Weight | Root meorin em/s velocity

Hydrogen 2-016 | 184x104
Helium 4 | 13-1 x 106

Nitrogeu 28 : 4-95 x 104

Oxygen 32 | 4-61 x 104

Argon 40 | 4:34 104

Carbon dioxide 44 | 3-95 x 104
Chlorine 7 ) 3-11 x 106

R.MS. velocity of hydrogen

The density of hydrogen at N.T.P. 1s 0-000089 g/cc. There-

fore C for hydrogen can be calculated as follows :

/3P
C -: V/

_ 3x 76 x 13-6 x 981

a ~ ~0-000N89

== 1-84 10° cin/s

(6) For oxygen the density at N.T.P.

= 16x0-0000i

J 3x 76x 135x981
10 x 0000089

== 4°6 >. 10* cm/s

(c) For air the density at N.T-.P. is 0°001293 g/cc

0 for air = J 3x 76x 13-6 x 981
0:001293

== 4-850 x 104 cm/s

Example 5:4 Calculate the number of molecules tn one c.c. of

oxygen at N.T.P. using the following data :—

C for oxygen =
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Density of mercury = 136 g/cm?

R.M.S, velocity of oxygen molecules at 0°C

= £62 x 104 cm/s

Mass of one molecule of oxygen = 52:8 x 10-* g

a l 3
P= sz 0

Let the mass of each molecule be m and the number of

molecules in one cc = n

l
P= 3 mnC?

na OF
m2

Here P = 76 x 13°6 x 980 dynes/cm?

m = 528x10-"4 g

C = 4°62 x 104 cm/s

. i _ __3x76x15°6 x 980

-° 92-8 x 10°*4 x (4 62 « 10®)?

m =: 2°697 x 101°

5315 Kinetic Energy per Unit Volume of a Gas

Loon
P= — ot 2

2
“= “3 ° E

where # == 4 eC? and is equal ts the kinctic energy per unit volume

of the gas. eis the mass per unit volume. Hence, the pressure of a

gas is numerically equal to two-thirds of the mean kinetic energy of

translation of a unit volume of the molecules

916 Kinetic Interpretation of Temperature

The pressure of a gus, according to the kinetic theory, 1s

l
P = C23 P

1 MC

] 2PY = = MC

Consider 1 gram molecule of the gas at a temperature T K

PV = RT

1 MC? = RT
3 ¢

ss ad 3 .
a MO = py RT vee (8)
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Let the mass of each molecule be m and Avugadro’s number be
N.

M =mxN

| aNG? = > RT
5 9

1. 3 8

3 mO@= >
3 .
3x FT . oo(88)

Here & is called Boltzmann’s constant.

Thus, from equation (##), the mean kinetic exergy of a molecule

is directly proportiunal to the absolute temperature of a gas. When

the temperature of the gas is increased, the mean kinetic energy of

the molecules increases. When heat is withdrawn from a gas, the

mean kinetic energy of the molecules decreases. Thus, at absolute

zero temperature, the kinetic energy should be zero. It means at

absolute zero temperature, the molecules are in a perfect state of rest

and have no kinetic energy. But before the absolute zern tempera-

ture is reached, all gases change their state to liquids and solids.

Also from equation (#1), C2 « T

It means that the root mean square velocity of the molecules is
also directly proportional to the square root of the absolute
temperature.

Example 5:5 Ai what celsius ‘emperature will oxygen mole-
cules have the same root mean square'velurity as that of hydrogen
molecules at —100°C 2

The energy of a gas molecule 3s,

] 3
my mC* = 9 ke

For hydrogen molecules

l 3 .
92 mC, — 9 kT, o+(8}

For oxygen molecules

3» mCP = SET, (6)

Dividing (#) by (#)

m,C,2 T, .

mC? Tr, .» (848)

Here C, = C0;

T, = —100°C

== —100+273
6
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= 173K

T, =!

om = 16

From equation (111)

T, = m,(",*7

m0
T, = 16173

— 2768 kK

T, = 2768—273

= 2495°C

Example 5-6 9 Culrulate the RMS velocity of the oxygen mole-
cules at 27°C.

First calculate the RMS velocity of oxygen at N.T.P.

CO = J SP
pr)

Here P = 76x 13-6 x 980 dynes/cm*

p = 16x0 000089

ne J 2x 13°6 x 980
16 x 0:000089

C == 46x 104 cm/s

Let the RMS velocity of the molecules at 27°C he C,

0; TT,

Gg "

C1 = Cx a

Here C = 46x 104 cm/s

T = 273 K

T, = 27°C

= 274273

C, = 46% 104 mia

Cy = 484x104 cm/s

5:17 Derivation of Gas Equation

From kinetic theory,

p=zs
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1 M
— (itP zy Cc

1
PV = — ya5 MC

Consider one gram molecule of a gas at an absolute tempera-
ture JT. The mean energy of the molecules

!
—- . Me5 M

= Nin
~ 2

I
2 —_— }
PV = 3 Nm

2 N | mU?3 . *°

Mean kinetic energy of a molecule

= > ma

= 2EP

2 3
PY = > N, > kT

PV = NkT

Rut Nxk =R

mL)

Note on the Gas Equaiion,

In the gas equation

PV = RT

P is in dynes/sq cm

R = 8°31 x10" ergs/g mol-K

T isin K

V is the volume ‘n cc per gram molecule.

Example 5:7 Calculate the volume occupied by 3:2 grams of

oxygen at 76 cin of Hg and 27°C

Here P = 76x 13°6 x 980 dynes/sq cm

T = 274273

= 300 K

R == 8:31 x 107 ergs/g mul-K

PV = RT

V = 8°31 x 101 x 300 cc per g-mol
= FxiF6xge0 “PS

V == 24610 cc per g mol
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Volume for 3:2 g of oxygen = v

24610 x 3:2

32

== 2461 cc

5-18. Derivation of Gas Laws

(t) Boyle's Law

According to the kinetic theory,

1 M

l .
PV = 3 MC? ++0(8)

At a constant temperature 7’, C? is constant. Therefore at a

constant temperature

- SIC? = constant

Hence PV = const. — at constant temperature.

(83) Charles’ Law

According to the kinetic theory

I
) - —- 3i 5 eC’

1 M
30%

PV = _ MO

P =x

Consider one grain molecule of a gas at absolute temperature

, l ;
PV = 3 NmC? oo(8)

The mean kinetic energy of a molecule

] 3
-— C2 =

g Mim a

Substituting this value in equation (9),

a PV = NkT v+o(44)

where N is the Avogadro’s number and & is the Boltznann’s
constant.

If P is constant,

Vc Tl

It means that for a given mass of gas, the volume is directly
proportional to the absolute temperature provided the pressure

remains constant. This is Charles’ Law.
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(stt) Regnault’s Law

From equation (ff)

PV = NkT

When FP is constant,

PafT

It means that for a given mass of gas, the pressure is directly

proportional to its absolute temperature provided the volume remains

constant.

Example 5:8 Show that n, the number of moleculea per unit

volume of an ideal gas ia given hy

PN
i=

RT

where N ts Avogadro's number.

For an ideal gas, for one gram molecule of a gas,

PY = RT

Rut R = Nk

PV = NkT.

Let ” be the number of molecules per cc. In that case,

P = nkT

, ea
es kT

But k =x +

na EN
RT

Example 5-9. Calculate the number of molecules in one cubtc

metre of an tdeal gas at N.T.P.

Let the number of molecules per cc be .

_ PN
~ RP

Number of molecules in one cubic metre volume

Zan 106

ea JN X10
RT

Here P = 76x 13-6980 dynes/cm?

N = 6:023 x 10”

R = 831x107 erg/g mol-K



162 Heat and Thermodynamics

T = 273K

c= 76 x 13-6 x 980 x 6-023 x 10** x 108

8°31 x 107 x 273

x = 2-688 x 1025

Example 5:10 Calculate the number of molecules in one litre

of an ideal gas at 136-5°C temperature and 3 armospheres pressure.

Let the number of molecules per cc =

n= PN

RT

Number of molecules in one litre,

* =n x10

PNx 108
=

P = 3x76x13-6x980 dynes/cm*®

N = 6023x102

R = 8°31 x 10? ergs/g mol-K

T = (273-4 136°5)

c= 3 x 76 x 13°6 x 980 x 6-023 x 10% x 10°

a 8-31 x 10? x 409°5

x = 5°376 ~ 1033

Example 5-11 The number of molecules percc of @ gas ts
2-7%10% at NT.P. Calculate the number of molecules per ce of the

gas.

Here

(t) at O°C and 10-* mm pressure of mercury and

(is) at 39°C and 10-* mm pressure mercury.

For a unit volume of a gas

P= = mnC

(s) At O°C, R.M.S, velocity is equal to C

At N.T.P.

Py = z mn, C* wae (8)

At 0°C and 10~* mm pressure

Py = mn,0" ve (if)

From (¢) and ($)

P, Ny
“P, = “Te

nN, xl 3
Ne =
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Here my = 2:7 x 1099

P, = 76x 13-6980 dynes/cm?
P, = 10° mm of Hg

10°? cm of Hg

10TM? x 13°6 x 980 dynes/cm*

2°7 X 10'® x 1077 x 13°6 x 980

76 xX 13°6xX9800

MN, == 3°553 x 1010

(1s) Let the R.M.S. velocity at 0°C be Cy and at 39°C be Qs.
Number of molecules per rc at 0°C and 10°* mm of Hg pressure

P,

Ny =

= Ne

and at 39°C and 10~* mm of Hg pressure

= Neg

= mnC?
~ §

Here pressure is the same in both the cases

= mn, C,* = + mn,C',?

nC,* = nC,"

C3
Ng — Ne 7s

3

But Ca VT

- Ct TT;

mxts
sm T s

Here Ne = 3°553 x 10%

T; — 0° C

== 273 K

T", — 39° C

= 273439

= 312K

3-553 x 101° x 273

ms 312

= 3-109 x 110

5-19 Avogadro's Hypothesis

Consider two gases A and B at a pressure P and each having a
volume J’.

Mass of each molecule of the first gas = my

Number of molecules of the first gas = TM
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Mean square velocity of the molecules of the first gas = 0,

For the first gas

]
P= > aC?

l nC? ;
= 3 ae ooe(8)

Similarlv for the second gas

_ 2 C
= 3 Pas

] n,C,* -
= aa -- (48)

where m, rep <sents the mass of each molecule, 2, the number of

molecules an “,* the mean square velocity of the molecules.

From (t and (#2),

> MyNC® sign"

Po 8 V
or ,n,C;? = m,n,C,* wa (t28)

Ifthe gasesare at the same temperature 7, the mean
kinetic energy of the molecules of both the gases 1s the samg¢

]
3 mC? — J m,C,*

Aa m,U,4 = in,C,? woo (9?)

From (: ) aud (%),

Nh, =—- Ng

ifence, ual volumes ot all gases under similar conditions 0}

temperature dd pressure have the same number of molecules. This

represents Ax pudro’s hypotiesis.

5-20 Grahzu.s Law of Diffusion of Gases

Accord.:y to the kinetic theory

1
ew 2P = 3 oC

“2 >) -

Or C= 3a"
Q

Ce
Vp

It means that the root mean square velocity of the molecules

of a gas 1s inversely proportional to the square root of its density.

Consider two gases whose root mean square velocities are O, and Cy.

CG _ Of fs
C; F1

or 1 Pa

ue} PL
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Here, *, and fy represent the rates of diffusion of the two
gases.

Example 5:12. Calculate the total random kinett
gm-molecule of oxygen at 300 K. random kinetsc energy of one

Total random kinetic energy per gram-molecule of oxygen

mC? N

kT.N

R
. ay TAN

RTos nol G9 No| G0 hs] 99 rol —
= > x 8:3 x 107 x 300

3°735 x 10° ergs

:= 3735 joules

Note. The total random kinetic energy for one gram-moleoule of any
gas é.c , hydrogen, oxygen, belium, nitrogen, air eto. 18 the saine at the same
temperature.

Example 5-13. Calculate the averuge kinetic eneryy of a mole-
cule of a gas at a temperature of 300 K.

Average K.E. of a molecule

1 3
= —- a. += 5 mC 5 kT

Here kis Boltzmaun’s c nstant

k- 1°33%107!8 erg/moleculce-deg
g@

Average K.E. of a molecule = -—, x 1-38« 107'* x 300

= 621 10 ergs

Note. The average kinetic energy of a molecule uf any gas 1.6.,

hydrogen, oxygen, helium, nitrogen, air, etc., ia the same at the same

temperature.

Example 5:14. Calculate the mean translational kinetic energy

per molecule “of @ gas at 727°C, given R == 5°32 joules/mole-K
(Delhi, 1974)

Avogadro’s number,

N = 6°06 x 10"

T = 6274273 = 1000 K

Here R = 8-32 joules/mol-K

N = 6:06 x 10*

k = + ( stex Te) joules/molecule-K

Mean translational kinetic energy per molecule = = kT
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_ 3x8-32x 1000

2x 6-06 x 10%

== 2:059 x 10° * joule

Example 5:15. Calculate the total random kinetic energy of one

gram of nitrogen at 300 X.

Total random energy for one gram molecule of nitrogen

3

Total random energy for ] gram of nitrogen

_ 3RT

~ 2M

where the molecular weight of nitrogen M = 28 g

SRT

2M

3 xX 8:3 x 107 x 300

2x28

= 133-4 x 10" ergs

=: 133-4 joule

Note. The total random kinetic energy for 1 gram of a gas is different
for different gases at the same temperature.

KE =

Example 5:16. Calculate the total random kinetic energy of 2 g
of helium at 200 K.

Energy for | g of helium

Energy for 2 g of helium

2x3 x RT

9M

SAP

3 x 8-3 x 107 x 200

4

= 1245 x 10" ergs

== 1245 joules

Example 5:17. Calculate the root mean square veloci

molecule of mercury vapour at 300 K. quare velocsty of a

Mean kinetic energy of one molecule of mercury

8]
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Let N be the Avogadro’s number.

Then + mNC? = > kNT

> MO = SRP

Here the molecular weight of mercury, M = 221

C= Jf 2x81 x 300
Sa DD

= 1-93 x 104 cm/s

Example518 With what spred would one gram molecule of

oxygen at 300 K be moving in order that the translational kinetic

enegry of its centre of miss is equal to the total random kinetic energy

of all sts molecules ? Molecular weight of oxygen (M) = 32.

Total random kinetic energy of 1 gram-molecule of oxygen

22 5 AT = 5x8 3x10"X300
be

= 3°735 x 10! ergs

Kinetic energy of M grams of oxygen moving with a velocity »

=) Me

yuo = 3°735 x 101°

> x 32x08 = 3°735 x 101

3 735 > 1010
=

x = 48x10‘ cm/s

Example 5:19. Calculate the temperature at which the r.m.e.

velocity of a hydrogen molecule will be equal to the speed of the earth's

first satellite (i.e. v = 8 km/s).

Energy for 1 gram molecule of hy drogen

] 3
= q Mt = > RT

My?

Y= "sR
_ 2x(8x 10°)?

~ 3x83 x10?

le 5:20. At what temperature, pressure remaining cons-Examp
tant, will the r.m.e, velocity of a gas be half its value at 0°C 1

[Delhi (Hons.) 1975}
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Cs ty
Ty

ed

nN] s
pa

+= ot
7 = 273

Lot
4 = 273

273
T, = 4 = 68-25 K

or T, = --204-75°C

5:21 Degrees of Freedom and Maxwell's Law of Equiparti-
tion of Energy

A molecule in a gas can move along any of the three co-ordi-

nate axes. It has three degrees of freedom. Degrees of freedom

mean the number of independent variables that must be known to
describe the state or the position of the body completely. A mono-
atomic gas molecule has three degrees of freedom. A diatomic gas

molecule has three degrees of freedom of translation and two degrees

of freedom of rotation. It has in all five degrees of freedom.

According to kinetic theory of gases, the mean kinetic energy

of a molecule at a temperature 7' is given by

mo = 3-0 afi)

But C? = ut+4y2 +t

As x,y and zare all equivalent, mean square velocities along

the three axes are equal

uw? = y* = wt

or $ m(ut) = § m(v*) = 4 m(w*)

$ mC? = 3 [} m(ut)] = 3 [} m(v*)]

= 3 [} m(w*))
3
= kT

6... 4 mu? — 4 kT ooo(88)

+ mo = 4 kT ooo (888)

$ mv* = 3 kT oo0( $0)

Therefore, the average kinetic energy associated with each

degree of freedom == $kT
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Thus the energy associated with each degree of freedom
(whether translatory or rotatory) is 4 kT.

This represents the theorem of equipartition of energy.

322 Atomicity of Gases

(©) Mono atomic gas A mono atomic gas molecule has one

atom [ach mo.ecule has three degrecs o© freedom due tu translatory

motion ony.

Energy a-sociated with each degree of freedom -= = kT

Energy assoc ‘ated with three degrees of freedou:

3
= 5 kT

Conaicer one gram molecule of a gas.

Energy assoc ited with ome gram molecule of a gas
9

_ Nx ) kT

3 Nxt) T- 5 (

(But, N«k — ®]

3 pmU= 4 RI

This energy of the gas is duc to the energy of its molecules.
It iscalled internal energy (7. For an ideal gas, it depends upon
temperature only.

aly 3
Ce: ~p = 7 B

(37 is the increase in internal energy per unit degree rise of

temperature |

But Cp—Cy = RF
Cp = Cy+h

3 3
=> R-K = of

For a mono-atomic gas

Y= Gy

5
5 R

| = 1°67

rah es |
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The value of y is found to be true experimentally for mono-
atomic gases like argon and helium.

(ss) Dsatemsc gas. A diatomic gas molecule has two atoms.

Such a molecule has three degrees of freedom of translation and two
degrees of freedom of rotation.

Energy associated with each degree of freedom

l
= o HF

Energy associated with 5 degrees of freedom = > kT

Consider one gram molecule of gas.

Energy associated with ! gram molecule of a diatomic gas

5 5
- Nx 5 kf =-5 RT

5
U = >-RT

dU
(My = _

v~ a?

5
5 R

But Cp—Cy — R

Cp Cyt+R

7 ; R+R = 7/2 R

Cp
Y= Cy

ak
~ = - = 140

”_R
a

The value of y == 1:40 has been found to be true experi-
mentally for diatomic gases like hydrogen, oxygen, nitrogen etc.

(111) Triatomtc gas. (a) A triatomic gas having 6 degrees of

freedom has an energy associated with | gram molecule

= Nx oer = 3RT
2

(7 = 3RT

dU
yy we es
Cy = WT = 3K

But Cp—Cy = R

Cp = Cy +R
3R+R = 4R
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Cp
Y= =—-=

Cy

4R

(6) A triatomic gas having 7 degrees of freedom has an energy

associated with | gram molecule = NW x + kT =. : R

U= | rr

, _ aU 7
y= aT -—= > R

But Cp—Cy — KR

Cp = Cy+R

7 9
= 35 R+k.- 9 R

Cp
Y= Cy

9/2 R

= gi R = 128

Thus the value of y, Cp and Cy can be calculated depending

upon the degrees of freedom of a gas molecule.

5:23 Maxwell’s Law of Distribution of Velocity

At a particular temperature, a gas molecule hasa fixed mean

kinetic energy. It does not mean that the molecule is moving with
the same speed throughout iw movement. After cach encounter the

speed of the molecule changes and due to a large number of
collisions, the speed is different at different instants. But the root
mean sqyare velocity (r.m s.) @ remaius the samc at a fixed tempera-
ture. At any instant, all the molecules are not inoving wit1 the same
velocity. Some are moving with a velocity higher thanC and the
ethers with a velocity lower than C But the mean kinetic energy of
all the molecules remains constant at a given temperature.

Derivation of Maxwell's law of Distribution of Molecular
velocities

The mean square velocity of molecules is defined by the
equation

N

Here dN is the number of molecules having velocities between
cand c-+dce. If the total number of molecules is V, then a fraction

aN ill have the components of velocities in x direction in the range
Ww”

C8 = \" ct dN
G
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“and u-+du. However, the fraction x is a function of U only
and is proportional to dw.

aN,
ee WT = f(u)du

aN, = N f(u) du

The equations for y and z directions are

aN, = Nf(v)dv

and dN, = Nf(w)dw

Also the value of N is too large and dz is small compared with
u but in range u and u-+du, there are a large number of mole-

cules. The fraction of dN, molecules whose y components of

velocity lie in the range v and r+dv is given by the equation

dng, y dN

“aN, ~ y= Sede
d2Ny,y =~ N fiu) f(eidu doe

Phe number of molecules represented by dNz, y is still large

Suppose that the fraction «f these uoelecules d49Nz.4,, whose
components uf velocity in Z direction in the range w aud wide

giver hy the equation °

DN y,2 ~ NE(u) fee’ foidu dv aw

The density of velocity potnts is given by the equation

CN= Tee _ N tog} 5 w

du dv dw ft Se ) i

As there is no preferred direction of the velocities, the density
of velocity points ¢ is constant t.e,, velocity space is isotropic.

Also {j2 u* | 34 ya .

Nf(u) f(v) f(w) == const. 
waa(8)

when u?--rt+w? = constant vaa(it)

hese equations (7) and (#1) must be simultaneously satisfied.

Equation (##) limits the values of the variables in equation (t)
and reduces the number of independent variables to two. Therefore

it is called an equation of constraint.

Differentiating equations (+) and (8)

jo) fo) 222) du foo) fu) 240) a

+ Su) (0) LO dw = 0 (Gis)

and Qu du+2v dv+2w dw = 0 ...(40)
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Simplifying equations (i) and (iv)

I af(u) 1 aftr)
fay aut Qo

1 afw) ,
+. Feo) ~ ow dw = Q -.()

and u du+vdvjtwdw = 0- »oo(Ut)

As there are only two independent variables, arbitrary values

cannot be given to all the three differentials. Suppose the arbitrary

values are given to dv and dw. Multiply equation (vi' by mB where
m is the mass of the molecules and 6 is an arbitrary, unknown func-

tion. Ihe product m6 is called Langrange undetermined multiplier.

. mB[udu+-udo+wdu] = 0 wo0(UH4)

Adding equations (vr) and (tt)

i af(u) fol afr) . lan| pa - +mpu | duqf p22) 4-1. ja

| w we-{- aft t mew | dw . orel 447}
fiw qu |

\s the nu variables ¢ apd a are cousiaeren * e nidéepern-

dent, sheie ch@erentialy are atbiteary and ths va, da 2 OQ and
de - mar be ssagned ta them.

broin ¢@ puaton (7 06t)
é

{f i af(u iu)- _———— = t : C sos tz
"fy gu 7)

Taking dv -- U, and dow 2 (. we pet

1 | f(t) . )
fw) “au + mB a 0) ees (vt

Yaking dw = O and dv ~ 0

1 afte) ;ne ee Nov -_= {) pee xt

J(v) ae tmp (*)
To satisfy equations (ix), () and (x4), would either be a cons-

tant or a function of the variable in that equation. A constant value

of B 1s the only value that can satisfy all the eguations. It 1s clear

from the above equations that the function f satisfies the same

differential equation irrespective of the «omponent.

For the x component

d
du Hor f(ui] -- --mBu

f§ dling f(u)] = —m ob fadu

log f(u) == —8(4mtu*)+ log A «+.(248)

Here A is a constant of integration.
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From equation (z#t)

f(u) = AePlimeu) os(2H8)

Similarly fv) = Ae—Blime?) (xv)

and f(w) = AeWBlirmTM) ...(20)

From these three equations, the density of velocity points is

given by

9 = NAte—Plim(u? +o8+08)]

~— 3

or p = NAb e tml -aa(x08)

d3N,, y,
But p= a ..("vi8)

4.6. the number of molecules with components of velocity

lying in a small cubical volume divided by the volume element.
However pe is constant within the infinitesimal spherical shel] within
the radii ¢ and c+dc. The volume of this element is 4zxc%dc.
This volume element contains dN molecules.

dN se
= 4nxc® de %..(2vtes)

From equations (vt) and (zvit+)

dN —Bl geno?)
Znetde =: NA® e

aN ~B[ gees) .
or a 4nN A®cte ...(2tx)

aN = 4nxNA5 e etde -+.(@2)

where JN represents the number of molecules per cc and

A= J 2 and b == Pm
Te 2

I
a

— m ee
= op = op

Here & is Boltzmann’s constant.

and b

The graph representing dN/de and speed is shown in

Fig. 5:8.

The shaded area in the figure represents the number of mole-
cules dN having velocities between ¢ and c+dce. The number of
molecules possessing the root mean square velocity C is maximum.
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‘The number of molecules having very low or very high velocity is
smal]. The total area under the curve represents the tolal number
of molecules.

From equation (72)

aN m 3/2 _ mc
“ic” = nn] onbT ct ec 2K

GF SS —

Fig. 5-8

dN 4N fm \si8 | _ met ;

“ie = a (ser) Ce eer veo(7a8)
Taking 4 mc* = H where E is the mean kinetic energy ofa

molecule,

dN 4N/(m yl cots

Fc 7 alae) OO? veo (a¥8)
Thus, Maxwell’s law of distribution of velocities shows that

the mean kinetic enerry of all the m>lecules of a gas remains cons-
tent at a fixed temperature, though it any instant the molecules are
moving with different velocities.

5:24 Experimental Verification of Velocity Distribution

Zartman and Ko (1934) performed an experiment to study the

distribution of velocity. The apparatus consiets of an oven with an
opening at A. S, and S, are two yavrallel slits, A drum D can be
rotated about an axis passing thro.ghO. / is a glass surface on
which a beam of silver atoms will get deposited (Fig. 5:9).

Metallic silver is melted 1n the oven. A beam of silver atoms
is ejected through A. The drum J is rotated with a speed of 6000
r.p.m. approximately. When the drum is stationar,, the silver atoms
get deposited at the same ; int on the glass plate. When the drum

is rotated a fine beam of silver molecules enters through the slit Sj.
Molecules with very high speeds reach the plate P first, s.e., on the
right end of P and molecules with very low speeds reach the other
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end of the plate. After a short time, sufficient quantity of silver is
depepited on the plate P. Using a spectro-photometemTM the relative

\

PPR
oO

| |

1>

Fig, 6-9

intensity of sver on ihe plate P is studied and this represents the

velocity distribution: f the molecules. The graph representing the
number of mo’ecules and velocity agrees with Maxwell's distribution

of velocity

In 1947, Estermann, Simpson and Stern designed a inore

precise apparatus to study the velocity distribution.

Cesiurn atoms from the oven emerge from the opening A

(Fig. 5°10). Sisa slit and Dis a hot tungsten wire. The whole
apparatus is enclosed in an evacuated chamber (pressure 1078 mm of

Hg). The opening A and the slit § are horizontal. In the absence

of a gravitational field, cesium atoms will strike the wire at D.
But due to the gravitational field, the path is a parabola. The atoms

a Te) = awe eee

y y =
eae ae ~ ~~ ~ ~\ ~~ 0;

Fig. 510

going along the path 3 do not reach the wire. The atoms going
along the paths | and 2 reach at D, and Dg respectively. The velo-

city of the atoms in path 1 is higher than the path 2.
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When cesium atoms strike the wire they get ionized and re-
evaporate. They are collected by a negatively chitged detecting
cylinder surrounding the tungsten wire The magnitude of the
current indicates the intensity of the atoms at var:ous pusitions ‘The
detector can be unnved to different positions of the wire Tus atoms
raching at D, have hicher velo ity thin those reaching at D, The

vertical height of the detector represents the magoitile «of the

velocity and ths iunvation current indicates the number nf atoms
striking the wire at 1 partrculac punt Agaph 1. drawn between

the «nization current alg the y-axis and the vertical heigh (speed
of the atoms) of :.e detecto. along the «axis ‘The velocity distri.

bution is found to be in agreement with the Maxwellian distribution

law of velocity.

525 Mean Free Path

In deriving the expression fur the pressure of a gas om the basis

of kinetic theory, it was assumed that the molecules are of negligible

U

Fig. 5°11

size. They were assumed to be geometrical] points. A geometrical

‘nt has no dimensions and hence inter-molecular collisions will not
possible. But, a molecule has a finite _ size (though small) and

moves in the space of the vessel containing it. It collides with other
molecules and the walls of the containing vessel. The path covered

by a molecule between any two consecutive collisions isa straight
line, and is called the free path. Th: direction of the molecule is
changed after every collision. After a umber of collisions, the total
path appears to be zig-zag and the free path is not constant (Fig.
5-11). Therefore, a term scan free path is used to indicate the
mean distance travelled by a molecule between two collisions. If the
total distance travelled after N collisions 1s S, then the mean free

path A is given by §

A = N oo (8)

Let the molecules be assumed to be spheres of diameter d. A
collision between two molecules will take place it the distance bet-
ween the centres of the two molecules iv d. Collision will also occur
if the colliding molecule has a diameter 2d and the other molecule
is simply a geometrial point. Thus, assuming all other molecules

to be geometrical points and the colliding molecule of diameter 2d,
this molecule will cover a volume 2d?v in one second, ‘Thus correse
ponds to the volume vf 4 cvhnder of diameter f 2 oid length v,
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Let = be the number of molecules per cc.

Then, the number of moiecules present in a volume wd*y

a: td“y xn

This value also represents the number of collisions mad

cule in one second. made by the mole-
The distance moved in one second = ¢ and the nuwee, = mbercollisions in one second = nd*¥v xn. of

Mean free path A =-
_v

id

one l eS
~ naan +o-(8)

This equation was deduced by Clausius,

l
Ax aq o« (88)

The mean free path is inversely proportional to the square of
the diameter cf the molecules. TMe

Let m be the mass of each molecule.

Then, mXn = Pp

m

nd2p

The mean free path is inversely proportiesal to the density of

the gas.

The expression for the "aean path according to Boltzmann. is
3

= Gndin
He assumed that all molecules have the same average speed.

Maxwell derived the expression,

\= — l

~ \/2.ndin rs
He calculated the value of A on the basis of the law of distri-

bution of velocities

ae »(148)

.os(80)

TABLE

Mean Free Path (A)

— | rere1 Gas 1 d x

HyJdrvger | 2-47 > 10-8 om 1-83 1)3-5 om

Nitrogen 9-50 x 10-4 em 0-044 x 1u-5 om

Helium 2-18 x 10-6 om 2-85 x 10-5 om

| Uxygen 3:20 10-8 om 0-999 x 10-8 om
‘
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Determination of mean free path. As discussed in article
5'27, the relation between coefficient of viscosity and the mean free

path of a molecule is given by

l
= > mnCr

For unit volume,

mn = Pp

l

3 .
A =: ar .+-(8)

The root mean square velocity C of a molecule can be calculat-
ed knowing pressure, density and temperature. The coefficient of
visosity of the gas is determined experimentally. Hence the value of

the mean free path of a molecule can be calculated from equation

(*).
5:26 Transport Phenomena

According to Maxwell’s law of distribution of velocity

dN = 4nNA¥ e—" ctde saa(')

But 4x cide — du dv dw

dN = NA® e—** du do dw wo. (88)

Also c8 = ut+tvi+w?

“ dN = NA® eH +O+0) dude dw —... (sé)

Equation (###) has to be modified in case the gas as a whole
possesses mass motion,

Let Uo, U and wy be the components of the mass velocity.
Therefore, the actual velocat, of a molecule consists of two parts :

(i) the mass velocity components to, % and ty

(#*) the random thermal velocit components

U—y, U —Ug and w- Wy

Corresponding to thermal motion without mass motion, simi-
lar quantities with mass motion are

¥ = 0— Us

and W = w—wWy

From equauon (ttt), Maxwell's law of distribution of velocity
can be written as

Ui,ya ys
dN = NAte TT G0 ap aW...(iv)

Equation (:+ holds goord only if ug, 9, #9, 7’ and N are cons-
tant throughout the gas.

If the gas is mot in an equilibrium state, there are three possi-

bilities occurring singly or jointly.
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(1) Thecomponents of velocity, uo, ¥%, and w, may not have

the same value in all parts of the gas. This will result in relative
motion of the gas layers with respect to one another.

There is relative velocity between different layers of the gas.

This gives rise to the phenomena of viscosity.

(2) The temperature of the gas may not be the same _ through-
out. This results in the transference of thermal energy from regions

of higher to lower temperature. This gives rise to the phenornenon

of conduction.

(3) The number of molecules per cc +¢., N, may not be the

same throughout the volume of the gas. This results in the move-

ment of molecules from regions of higher value of N to lower value
of VN. [his gives rise to the phenomenon of diffusion.

From the above disussion it is clear that the transport of mo.

mentum, energy and mass represent viscositv, conduction and ditfu-

sion respectively ‘These are called frunsport phenomena, From the

thermodynamic point of view, the transport phenomena are srre-

versible.

lhe transport phenomena occur due to the thermal agitation

of the morecules The molecules in a particular layer are assoriated

with cettamn values of veluctty components, temperature and mele-

cular deusitv. [hey tend to minimise the differences in up, cop ts, T

and WV. Phe molecutes actually possess jarge velucitie, whereas

these phenomena of viscosity, conduction and diffusion are compara-

tively slow. This anomaly is explained on tue fact that the mole: utes

frequently collide. Therefore tke transport phenomena are basic-

all, governed by the mean free path A of a molecule. A mulicule
moving through a free path X 1a actually transferring momenium,

energy and muss through a distance 2X.

The transport phenomena occur only in the non-equilibrium

state ul a gas.

3°27 Viscosity of Gases

Consider a gas flowing along a horizontal surface. The layer

in contact with the wall of the surface is atrest. The velocity of

the layer increases with increase in distance from the fixed layer.

Viscosity is defined as the tangential force per unit area

required to maintain a unit velocity gradient.

Fa — q A “diz ° (t)

Here 7, is the coefficient of viscosity and A is the area of the layer

du, :and 5. is the velucity gradient.

The velocity of a molecule at any layer at a height 2 above

the fixed layer = zx im If the mean free path of a molecule is
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A, then the distanee for the first collision to occur == (s—A). The

average velocity of these molecules = (z—A) az

The molecules are moving at random in all directions. Appro-

xim ately it can be assumed that about one-third of the molecules

are moving along each axis. As the molecules in a given space
will be free to move in any direction, one-sixth can be assumed to

be moving in one direction and the other one-sixth in the opposite
direction.

Let C be the r.m.s. velocity of the molecules, » the number of

molecules per cc and m the mass of each molecule. Then, the
number of molecules crossing unit area in one direction in one

second = = nC.

Mass of the molecules = < mnC = M

Mounentum in the forward direction

du= M [ (eas |

Momentum in the opposite direction

Total change in momentum in one second

du du

Fo -2M) a
r

= ——— mal A-5— oo o(88)

But A = 1 sq cm

,=— mnOnd «oo(888)

yj = $./2 not »oo(80)
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But Ca VT

° N oc of T .o(@)

The coefficient of viscosity of a gas is directly proportional to

the square root of its temperature in K.

5-28 Thermal Conductivity of Gases

The thermal conductivity of gases can be explained on the

basis of kinetic theory of gases. The gas molecules are free to move
between the hot end and the cold end. They are also free to move

. vs a6
in any direction. Let the temperature gracient be i and the

mean free path A. The temperature decreases from the hot to the
cold end and when the steady state is reached, the temperature
gradient will be uniform.

The mean temperature of the molecules crossing the layer P

from the cold side = ( 8 — * A and the mean temperature of

the molecules crossing the layer P from the hot end=( 6+ A )

Let * be the number of molecules per cc, m the mass of each

molecule and C the r.m.s, velocity of the molecules. On the aver-

af

od

=

HO COLO

ho

jo—X —of

Fig. 5-12

age only = of the molecules will be moving from the hot to the cold

end and . of the molecules will be moving from the cold to the hot
end. Consider one sq cm area of cross-section at the layer P
(Fig. 5°12).

The mass of the molecules crossing a unit area of cross-section

in one second
l

= —zmal == M

.. Heat energy carried by the molecules crossing the unit area

of the layer in one second from the hot to the cold en

= MO, ( 040A )
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Heat carried by the molecules crossing the crea of the layer in
one second from the ccld to the hot end

ae

Therefore, the net heat conducted per unit area per second
from the hot to the cold end

H= MC, [ 6+ - A jaol 2 A ]

‘)H = 2MOC,A = af

H ~ 2[ -mno Joa se
J a@ .s

H = > mal .C. A dz ooe(88)

From tbe definition of thermal cuaductivity

ae
H - KA. =.

Here A = I sqcm

# == | second

da res
H=K, dz oe »(888)

Comparing (it} and (its)

b «= ~ mnt C. A .+.(80)

j }

Kem . Cyx oa
mU,

~~ 34/2. ae +«0(0)

But Co rT

Re VT

The coefficient of tuermal conductivity of a gas is directly

pr speriional to the square 10 1 of the absolute temperature.

529 Atomic Heat of Solids

A solid is made up ofa aumber of atoms. The atoms can be
considered as elastic spheres vibrating about the'r z.ean positions,
Tne atoms wili have three degrees of freedum ina solid. The
kinetx energy for each degree of freedom = ¢ &7. But an atom has

potential energ. ato. The mean potential energy is equzl to the
wean kinetic ener. y Theretore, the total energy associated for each

Gepree of ireeiom of an atom «+ ?x3kT. The total energy associa-
ted tor three J+prees of freedom = 3k7. The energy associated
vith | gram molecule
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= Nx3kT = 3RT

U = 3RT

au
4a = on

== 3R = 5 96 cals;g-mole K

Thus, the atomic heat of sulids (Ay, is 34 and this value agrees

with the Zvulorg and Petit's Law.

Example 521. In an expersment, the viscosity of the gus wae
found ta he 1:66 10-4 dynesjcm? per unit velocsty gradient. The

B.M S. selecity of the molecules te 45 x 104 cm/s. The density of

the gas is 1-25 prams per litre.

Calculate (1) the mean free rath of the molecules of the gas, (si)
frequency of collision and (itt) molecular dsameter of the gas mole-

cules

Here 7, = 1°66 10 * units

(' -= 45x10" cm/s

p= 1°25 1078 g/cc

(3) A= a

_ 3x 1°66 x 1074

1-25 x 107? 4°5 x 104

a= 9x10 cm

A

(3) x.equeacy of colliien = number of collisions per second

R.M.S. velocity

Mean free path

Cc
No —

4°5 x 104

~ 9xloe
N = 5x1l@

(ss¢} Avogadro’s number

= 6°023 x 10*

Number of molecules per cc = 1

- 6023 x 10”

22400

According to Marwell’s relation

l

4= FT adn
j

het
Edy m8
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Gd... —- weer. 7 i- _ -_
- = at | —

Ly (0°23 X 108)
414x35°1491 - - 7 i,i xX 3°14 x{ 99400 )x9xt

d --3> x10 ‘cm

Example 5:22. Is «an exrperime .t the viecutsly oy . gas wae

found to Se 2-26 10-4 CGS unite, The RUS vel esty of ti vw ecules

tad dx 104 cm/s. The density of the gus is I gram per hire. Calcu-

lait. the mean free path of the molecules.

Here q — 2:25 10°48 GGS wnits

Q = 45x10 cm/s

pe -~ 1 g/lttre

<e @ = 10°3 gice

hie= 0

, = 3X2252 10"
" ~ 10 ®*« 45 104

A ce 15 x 10-6 Crm

Exanrple 5:23 Calculate the mean free path of a gas molecule,
given that the molecular diameter is 2x 10-9 cm and the number of
molecule per cc is 3x 108,

,-_

din

l

3 14x(2x 19 8x3 x 10

A= 3 > 4 10—* cm

Note. The mean free path is low than the wavelength .! Laht in the
visible spectrum.

Example 5°24. Calculate the mean free path of gae molecules
in a chamber of 10-* mm of mercury pressure, aseuming the molecular

diaweter to be 24. One gram molecule of the gas corupies 22:4 litres at
N TP Take the temperature of the chamber to be 2738 KK. (Agra 1975)

At 760 mm Ug rressure end 273 K temperature, the number
of molecules in 22-4 litres ofa gas

= 6 023 x 10"

Therefore, the number of molecules per cm® in the chamber at
19°& mm pressure and 273 K tempe> ture

__ 6023 x 109 x 10 °

~ 99400x 760

ws == 3:538 x 10! molecules /cm®

d a 2A = 2x 1078 cm

Mean fre. path,

l

nd® n

_ ]

3-14 x (2 x 1078)? x 3-538 x 102°

A =

== 2°25 x 10* cm
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530 Change of Strate

The molecules in a liquid have random motion. The avciage

kinetic energy of the molecules depends upon the tempetature The

molecules are held together to occupy a particular vobime dus to

inter-molecular attraction.

Consider: water kept ina tray and exposed to the atmosphere.

Generally, the atmophere is not saturated with water vapours,
The molicules of che hquid which are in a state of constant random
motion cuolhde with each other resniting ‘n exchinge of kinetic
erergies Thus, there esitis the posability of a particular m Jecule
in the © oanuty of sater air interfa oo acquiring suffisieatly hivh
Kan beewrtey hi eneyy of the molecule may be high enough
to osyah ibe riroleeide cp breay ¢ cay feu the jorces ct atfracaen
wie ot oadramalecutes Us fact, a molecule on th saterlere
eer oucesomrroin : tore of at ractive Suh am tee pes ob
woevags aeetae Area the rivlecule leaves the heraid, the mein

kKoaer, omer affine emiaunme ly yaid m lecules decreases and were

is fFallavtemmeratice = This eephains coning caused by ¢ caper atom
Some vaoonr molec 'es im tat atmosphere, als> coalesce and ver

absorbed vy the vitet surface = Pins ws called condensatron 1 tapes
rom std condercanon cornu waaltaneousiy but rate of

e137 bey MS wae ob at 2 Feonlens ats +33. °

Niue cotsae Dror orbtron fir wooling due toec. orate

the capatiny >f air to alyurb mere moisture

ff che bypad 3 heated, ind ifthe rise iu temperature of the

hquid 13 more than the cooling caused by evaporation, the tempera
cure of the liquid increases in addition to the increase in the rate of

evaporation .<A stage wal come when the raie of heat supply ts
exactly equal tn the energy needed for evaporation. At this stage

evaporation takes place without change in temperature. This 1s
boiling At the boiling point the molecules are pulled further apart
and theit positions are no longer restricted to the space occupied by
tr uquid. This explains the change cf state from liquid to gas or
‘apour. The amount of work done in pulling the molecules apart

1easures the latent heat of vaporisation. At the boiling point, the

neat supplied to the liquid is used up cnly in pulling the molecules
apart against the forces of intermolecular attraction and hence no

rise in temperature of the liquid is noticed till the whole of the

liquid is changed to the gaseous state. 1 cc of water when converted

to steam occupies a volume of 1600 cc. This means that the mean

inter-molecular distance is approximately 11-7 times more (¥ .600=
11-7 approximately) in a gas than the corresponding liquid.

5°31 Continuity of State

A substance can exist in three states v#z., solid, liquid and gas.

For a long time it was supposed that like hydrogen, nitrogen,
oxygen, helium etc. exist only in the gaseous form. It was also
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supposed that liquid and gaseous states are not continuous ‘but are
distinctly separate from one another. It was found that at high
pressures and low temperatures, there are marked deviations from
Boyle’s law. At high pressure, the molecules of a gas come close to
each other and the forces of inter-molecular attraction become
appreciable. If these molecular distances become equal to those of
the corresponding liquid, the gas gets liquefied.

The three states of a substance are continuous #.e., solid, liquid
and gaseous states are the three different stages of a continuous

phenomenon. If ice is heated, its molecules become more free to
move and it is converted to the liquid state (water). Further heating

increases the molecular movement and when inter-molecular forces

become small, at a particular stage it is converted into the gaseous

state (steam). The reverse process is also possible by continuously

withdrawing heat.

Faraday was able to liquefy chlorine under its own pressure
with the help of a freezing mixture.

Cagniard de la Tour’s Experiment

The apparatus consists of a tube having a bulb B. It contains.
mercury and above the surface of mercury in B, the bulb contains
water or alcohol (Fig. 5°13). There is air at the top end of the
tube A.

The space above the liquid in the bulb B contains only the
saturated vapours of the liquid at room temperature. The free
surface of the liquid is visible and there is a marked distinction in
the boundary oi .he liquid and its vapour. The bulb B is gradually
heated. After some time the ~vhole space in the bulb B appears
foggy though the whole of the liquid has not evaporated. There is no
free surface of the liquid at this stage. This shows that there 1s no
distinction in the boundary of the liquid and the gaseous states.
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When the bulb is allowed to cool, a cloud appears and it gets

condensed. Again the free surface of the liquid is visible. This

shows that thete is a continuity between the liquid and the gaseous

states of a substance. They are two different stages of a continuous

phenomenon.

5-32 Andrews’ Experiments on Carbon Dioxide

The apparatus used by Andrews to study the isothermals of
carbon dioxide at various temperatures is shown in Fig. 5°14. Aand B

; 02
AIR

CU WS.

7&

aa] "4 oetl ce A eels
ait)pear Perey vee teeta! t

8

1
1 ‘

eoe 6

ry

F ig. 5-14

are two similar glass tubes having thick capillary tubes at thé top
and bulbs in the middle. Initially in the tube 4 pure dry’ air is
passed for a long time and it is sealed. In the bulb B carbon dioxide
is passed for a long time (say 24 hours) and the ends are sealed. The
lower ends of both the tubes are immersed in mercury and the lower
ends of the tubes are opened under mercury. A small pellet of
mercury is drawn in both the tubes by alternately heating and cool-
‘ing the tubes. These mercury pellets act as stoppers. Both the tubes
are fixed in a H-shaded copper vessel having steel stoppers 8, 8,

the Te vemttlon in the two tubes arg rows arc turned 2°
meroury pellets in the two tubes appear above the vessel. °

capillary tubes of 4 and B are calibrated to read volume directly.

Since thé pressures of air in A and CO, in B are the same,
from #e volume of air in A, pressure of GO, in B can be calculéted.
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The volume of CO, is read directly from the tube B,

The experiment is performed by maintaining the capillary

tube of A at a fixed temperature and the capillary tube of Bat any
desired temperature. Different pressures are applied at a fixed
temperature of CO, and the readings are taken until the volumes
are too small. Pressure can be increased by screwing in the plungers
S, S.

The experiment is repeated, maintaining CO, at different tem-

peratures. Thus different sets of readings of pressure and volum~

\ *

AY\
\.\

OH \ \ ar CURVES

| \ \

PRE SSURE ——————
355

325

J 314

C ~ 215
' ~

! Tse| ~ aio"

1 ~~

VOLUME —————

Fig. 5°16

for carbon dioxide at various temperatures are obtained. A graph
is plotted between pressure and volume at various temperatures
(Fig. 5-15).

The isothermals of CO, at various temperatures are shown in
Fig. 5 15.

At 13-1°C, the portion AB represents the gaseous state of CQO,.
Upto the point B, it obeys Boyle’s law. From BtoC it shows an
enormous decrea.e in volume with slight increase in pressure. The

portion BC represents the change of CO, from the gaseous to the

liquid state. At C the whole of the gas has been liquefied. The por-

tion CD represents the liquid state of CO, + ¢., there is no appreciable

decrease in volume with increase in pressure.
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At 21:5°C the curve is similar, The horizontal portion of the
curve (FG) has decreased.

At 31°1°C the horizontal portion vanishes. It shows that the
cannot be liquefied any more and its volume diminishes with

crease in pressure.

The isothermals at 32:5°C and 35°5°C show the same
behaviour and the portion of large compressibility decreases.

At 48°1°C the curve becomes smooth and it is similar to that of
a permanent gas and it obeys Boyle’s law.

Andrews found that the liquefaction of CO, occurred only

below 31-1°C. This temperature is called the critical temperature.

Critical temperature of a gas is defined as that temperature
below which the gas can be liquefied by the appiication of pressure

alone. Above the critical temperature, the gas cannot be liquefied

howsoever large the applied pressure may be.

In the graph, the pressure, volume and temperature corres-

ponding to the point P are called the critical pressure (P.), critical

volume (V,) and critical temperature (Pe).

Critical pressure is the pressure applied to the gas at its critical

temperature so that it gets liquefied.

Critical volume is the particular volume of a gas at critical

pressure and critical temperature.

Results

(s) There is no physica! distinction between the liquid and the

gaseous state of a substance. This is shown by the horizontal portions

of the isothermals.

(3t) Below the critical temperature a gas can be liquefied under

the application of pressure alone. The critical temperature for oxygen

is —1188°C; for nitrogen —147°1°C; and for hydrogen —240°C.

Even these gases can be liquefied under the application of pressure

if they are below the critical temperature. These gases have also

been liquefied and they are no longer permanent gases.

(tt) The density of the vapour and the liquid became equal at

the critical point. At the critical temperature the boundary line
between the vapour and the liquid vanishes. Moreover, the com-

pressibility of the vapour is infinite at the critical point.

§-33 Amagat's Experiment

Amagat performed a series of experiments with hydrogen (1878)

and nitrogen (1893) to study their behaviour at high pressures. The
apparatus consisted of a large metallic cylinder containing mercury
having a screw 4 fitted to its one end. The apparatus was arranged
at the base of a mine. A steel manometer tube of length about
300 metres was fixed along the shaft of the coal mine. The mano-
meter tube was open at the top end. A calibrated inverted tube 4
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containing nitrogen (a* bydeoge :) was fitted to the cylinder contain-
ing mercury (Fiz. 5°16). Ano bath surrounded the tube 4 and

me AAS FT oi?
T Ut

OW BATR-TS

MITTUGE le

MERCURY

Fy. 816

dhe teapperatar’ of niutre cea could be kept fixed ot nv desired

salce The che .f was cabbreved tu read the vein + af the gag

dere ‘tis.

The titer sa level riane, avcsemaa the be 4 ong

Lew, somerer tube menue the presse a7 the gat With this

abet pement prescures vp to 4 2) atu ospheres cor’l be applied,

Am .z-t plotted the wothermals between PV ard ? from the

experimen’. 1] data He obtained the follo:ving results -

(1) For gases hke air, oxygen, nitrogen, COs, ethylene etc., at
low pressure, the product 7V decreases with increase in P.

(2) With increase in pressure, the product PV attains a mini-

mum value and then shows a steady increase with increase in P.

(3) In the case of hydrogen, the value of PV increases steadiiy

with increase in P.

§-34 Holborn's Experiment

In 1915, Holborn and his co-workers ormed a series of

experiments to study the behaviour of gases at high pressures.

The apparatus consists of a glass bulb A connected to a mano-
meter M, the globes B;, B,, B,..., etc.. and the pressure balance
(Fig. 5:17).

The pressure balance consists of a fixed block 3. A piston 0

fits into the hole in the block £. The piston C balances the ure
exerted by the gus through the oil in fie cavity of the block. The
piston C is kept at a fixed mark by adjusting the weight W. The
total weight exerted on the oil is due tothe weight of W, D, 8,
and 0. Let the total weight be Mg and the area of cross-section
of the piston C be a. The downward pressure due to the
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weight = =o. This js also equal to the pressure of the gusin the
bulb A.

6 eof po so oe eee...

Hr
MER. JPY

Fig. 6°17.

Initially the bulbs B,, By and By... etc. and d are evacuated.

The stop-cock 7, is closed. Gas at high pressure is admitted by

opening the stop-rocks 7; and 7, The stop-cock 7's is closed and
the pressure of the gas in A is measured with the help of the pressure
balance as explamed above.

The stop-cock 7’; is closed and the stop-cock 7, is opened.
The stop-cocks of the bulbs By, 8, etc. are opened one aiter the
other till the pressure of the gas in .f and the bul is approximately
equal to the atmosphe:ic pressure. The volume cof the bulbs, the
connecting tubes and the bulb 4 is accurately known. The bulb 4
15 enclosed in a bath contaming the gas at high pressure to avoid the
breakare of the bulb at high pressure.

Let the pressure of the gas as measured witu the pressure

balance be ,, where Py = =f, Let m, be the mass of the gas
enclosed in .4 and m be the gram molecular weight of the gas. Then.

P V i= my e RT
m

Here V, is the volume of the gas after expansion.

From this, the value of m, is calculated. Here P is the pressure
of the gas after expansion and T is the temperature of the gas. If
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the volume of the gas admitted initially in the bulb 1= JF,, then a.

grams or the gas at a pressure P, occupies a vu'ur: 4 «’ 4 tempt.
rature 7.

Suppose in the sevund set of readings Py os °, 0 < oure of the

vas and Vygis ths volume after expausen Ui is Qase of the
pas in 4, then

PV, = ORT

From this equation m, 18 calculated.

if Vo is the voiture of the gas an A heferrs ee. - ‘on, then the

volume af the gas ft TM, prams at a preosure P,

Von my,
—e——— ee oe

Ms

Thus the volume orcupted by thesame mnas tiheywie a

range of pressures and at different temperatures “un +: calculated

335 Bchaviour of Gases at High Pressure

The ise‘hermals between PV and P for variou. oses have been
drawn ane the general nature of the curves is as sho 11 in Fig. 5°18.

The ¢e:.eral nature of the curves 1s the same for al] es.

(1) Athyh temperature, the value of PY ncreases with

increase in P.

(2! At lower temperatures, the vajue of PV decreases initially

with increase in P. It becomes a mmimum at a_ par‘icular pressure

aud then increases with increase in pressure. Tl> scus of these

minima is shown by the dotte ' curve A.

(3) At temperatures below the critical temper ure, there is a
sudden decrease in the value of PV with increase in ,ressure. This
corresponds to the change of state frem gas to liquid. When the

liquefaction is complete, Pt’ gradually increases with .ucrease in P-
The shaded area represents the region of liquefact. x1

Based on the experimental results of Andrews Amagat and

h olborn, K Onnes suggested an empirica: relation

PV = AL BP}CP44DP%........ .. (4)

Here A, B, C, D etc. are constants depending co i « nature of the
gas. These constants are called virtal coefficients, “bese constants
change with temperature. The constant B has a spec’al importance.
Its value is negative at low temperatures and its salue increases
through zero tu positive values at higher temperatus: . The temper-
ature at which the: efficient B is zero is called the B-yle tempera-
ture. At the Boyle temperature,

PV = A = constant

é [PV]
and B= P= 0
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Below the Royle temperature, the gases are highly compressible
and this sugse-t. the existence of inter-mulecular attractinas Boyond

-

— a C ivi &
-_—_— 1ETM> LRAIURE

T

eet Crit“ abl
ne - Ye OINT

}*——-—— — ~—>

aw. “Th,

wee Bowie ta vate Boyle's law is st eyed 7c ad intermolecular

tb iPbCLisar ate * oF sh sviys fie ait

536 Van der Waals Equation of State

While det.ving the orefect gas equation PV = RT on the hasis

of Kinet © theer,, if Was assumed that (1) the size of the molecule of

the vas is neghrible and (13) the forces of inter-molecular attrarciion
are absent. But in actual practice, at high pressure, the size of the

molecules of the gas becomes significant and cannot be neglected in

comparison wi’: the volume of the gas Also, at high pressure, the

molecules come closer and the forces of intermolecular attraction are

appreciable. i herefore, correction should be applied to the gas

equation.

(i) Correction for Pressure. A molecule in the interior of a

gas experiences forces of attraction in all directions and the resultant

cohesive force is zero. A molecule near the walls of the container
experiences a resultant force inwards (away from the wall). Due to
this reason the observed pressure of the gas is less than the actual
pressure. The correction for pressure p depends upon ($) te number

of molecules striking unit area of the walls of the container per

second and (ss) the number of molecules present in a given volume.
Both these facturs depend on the density of the gas.

.. Correction for pressure p « ¢* « —

a

P=ys



Nature of Heat 196

Here a is a constant and V is the volume of the yas

Hence correct pressure

= (P+9) = (P+77)
where P is the observed pressure.

(st) Correction for Volume. The fact tha the molecules
have finite size shows that the actual space for the n. ‘vement of the
molecules is less than the volume of the vessel. The nolecules have

the sphere of influence around them and due t. -his factor, the

correction for volume is 6 where 6 is approximate]: four times the

actual volume of the molecules. Therefore the corre ed volume of
the vas = (V—b).

Let the radius of one molecule be r.

The volume of the molecule

w= ges. ar
3

The centre of any two molecules can approach ach other

by a minimum cistance of 2r t.c., the diameter of -ach molecule.
The vulume of the sphere of influence of each molec:''e,

Sm - x (2) = Sz

Consider a container of volume V. If the molec -es are allowed
to enter one by one,

The volume available for first molecule

on V

Volume available for second molecule

= VS

Volume available for third molecule
= V—28§

eae S8@ceeveoeeoge trad

Volume available for mth molecule

Average space available for each molecule

_ V+(V —S)+ (V—28)+..... ”"—(n—1)5}

%

= V— Su +-2+-3..0.00(%—1))

_ pS . (1)
% 2

nw S
Y— ——

QT 9
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As the number of molecules is very large Ls can be neglected.

.. Averege space available for each molecule

= v8)
Y——9

ad V—4(n2z)

a VP}

. b w 4(nz) = four times the actual volume of
the molecules

Thus th. ‘an der Waals equation of state for a gas is

(7 a ) (V—b) = RP waft)
ya

P =

ar

131 °C

VOLUME ——————e>

Fig. 5-19

Graphs betw’ . pressure and volume at various temperatures are
drawn using ¢ }’.ation (#). The graphs are as shown in Fig. 5°19.

In the graph, che horizontal portion is absent. But in its place, the
curve ABCDaz is obtained. This does not agree with the experimental

isothermals { CO, as obtained by Andrews. However, the portion
AB has been explained as due to supercooling of the vapours and the
portion HD dve to super-heating of the liquid. But the portion BCD

carnot be e. lained because it shows decrease in volume with
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decrease in pressure. It is not possible in actual ctice. The statAB and ED, though unstable, can be realized in practice by careful
experimentation. At higher temperatures, the theoretical and
experimental isothermals are similar.

Until now as many as 56 different equations of state have been
suggested. But no single equation satisfies all the observed facts.

Dicterice (1901) has suggested an equation

a

PV—b) = RT e PAV

Berthelot has suggested an equation

a(P+ pap )P—2) = RT

3°37 Critical Constants

The critical temperature and the corresponding values of
pressure and volume at the critical point are called the critical cons-
tants. At the critical point, the rate of change of pressure with

volume (a7 } is zero. This point is calledthe point of inflexion.

According to Van der Waals equation

( P+ 7) (V—b) = RP (i)

RT a .
P= (Fs) — ooo (88)

Differentiating P with respect to V

dP —RT 2a a
aV — (V —6)? -+ ps ooo (868)

At the critica] point ar = 0

T — 7’.

V =/V,

(V.—be tvs =°
2a RT, .

or v= (.—b)3 oo0(89)

Differentiating equation (iit)

aP 2RT Ga

ari = W—— We
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At the critical point os = 0,

T’ = T.,

V = V.

2RT, 6a __,

(V.—b)* ~ Ve -

6a 2RT,
Ve =a (Ve—t" oe-(¥)

Dividing (tv) by (v)

Ve Ve—b

3° 2

or 2V, = 3Y, —3b

V, =: 3b w(t?

Substituting the value of

V, = 30 in equation (1?)

Qo sR,

“2768 48

84 .
or T. - 37 Rb .--(088)

Sub ttuting these values of 7, and 7, in equation (17)

P. - x Ba u

© 7 OF Rb(Qb) — Ghe

a

P, ah wo o(tate)

5-38 Corresponding states

Two gases are said 10 be in corresponding states f the ratios of

ther actual pressure. volume and temperature and critical press sre,
critical volume and critical temperature have the same value tt
means

Pi _ Ps
Pa = Pes

vy, Vs
Ver Ves

and eo = Ts
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TARE

Critical Teuip: 1 atare and Pressure of Common Gases
_—, =e wae eee - _—= eae eee ~ —

’| Cetc l { Crpiaed Preaar reYori tfS "seine [ Serpernture ery | (tatenoe pheress
poe eS -|----- -- |

} Eetum | eH HOCN 2 Nn, |
| Wy trugen | — 241)" 12%)
|VON te, 46 ‘ am 3 40)? * | aut
| | | !, AL | asi a9 3}

a +» ' we POP ICE is &

' '

, ’ | 1} * aL

| ya t | a ee 3 }

Ara ¢ 3 $e { vy, 1

boo | “e 4
i

ve | t °

roa af 4!

fa

i aon i.

,

a rt (viz)

c » Rs

From eyaauionus (tt and (22)

T'.- Ht a 272

l’. On Par we

hia

~ 27 Re

27 & T.3 .
a= 64 P. “ .oo(8¥)

Dividing (114) by (12)

T. — &a _ 2762

P, 27Rb*% a

8b

—="R-

b — RT. ooe(¥)
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Also

are _ i (Sa) . = 1b

LV 2 Rb aw (3b)

RL. a

PY. = % +f 08)
i e RT, e 4 e e

The quantity -5—-- is calied the crttaral eneficteat of a ga.
PY,

$ wsIts calculated value = ; and it is the sa .¢ fe 9)) pases

Tae expenmental values .f whe critical coefficient for different
a'¢ weivea below.

CABLE

Kxperimental Values of Critical Coefficient ry

- ” a
1 Susbstarean foam |e ! “pecnhe eobume te ‘ |

ee ee

' Heliem sv) 1 9% | 154 ! 323 |
| Hydevee 21 | 128 | $2 2 | 23
| Nitrogen a | 08 6 | 3 ft | 3 42
"Oxygen [42 437 2 32 3 42
ieybor todo mat ob oma 217 | 348 |

| Water 637 | 218 3181 | 4 du |

Note Harel. cam ie ulas wt x speeric volume

The eapermmental value of ue crite) coeficiert of al gases ss

gicater than the theoretical value of 2 67

Lxample 524. Calculuts the Vander Waals constants for iry

air, given that

T, == 183K, P, -- 37-2 ulmoacpleree,

R per mile - '¢-07 coy atmus K-), (Delhe 1975)

Here P= 37-2 atmospheres

I, = 132 K

& == 82-017 cm’ atinos K ?

($! Q x: a7 MT?
’ 64 = iP,

a = (2 ozone
~ \ 64 37°2

or a = 13:31 x 10° atmos cm‘
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- _ RT,
(ts) b = “pp.

, . 8207x132

~ BX S72

or b&b = 36-41 cm?

540 Reduced Equation of State

Taking tne pressure volume ard temperature of a gas in terms

of reduced pissunze, volume aad te:nperature,

P yo CUD .

Pooh Fp
PazaP,,V= 6,7 = 77,

According to Van der Waais equation

q e( P tps | (7--b) _- RP (8)

Pit 2 \aVv, b) = Ry T01 ( a + apa} r ) =- Y¥ r

a@

But P. a 07 b

V, = 30

8a

and te > 57 RD
o a 9 _ Ry Qt

to b- Fae aa | [936-0] = on Re
| « + 3 | I -1,- ey (it)

Thie is the reduced equaton of state fur a gas. If two gases

have the save valves of 7, 3 and y they are said tu be in correspond-

ing states

541 Properties of Matter Near Critical Point

Basea on the expcer:ment. of Andrews, Amagat and others, the
state of mutter nea. the critical point can be summarised as

follows :--

(1; [he aensities of the vapour and the liquid gradually

approach each other and their densities are equal at the critical
point.

(2) the cmtical powt or just near the critical point, the

lire of demarcat n between the liquid and the vapour clisappears.

Gonsequertly, there must exist mutual diffusion between the two
phases and the surface tensicn must be zero. This also means that
the forces of inter molecular attraction in the liquid and vapour
states must be equal at the critical point.
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(3) The whole mass of the substance exhibits a flickering

experience which indicates that there may be variations of density
inside the mass. This has been experimentally verified.

(4) The compressibility of the vapour becomes infinite at the

critical teniperature.

The experiments performed by Caliendar and others have

shown that the densities of the liquid and vapour are not equal at
the critical temperature. The densities arc equal at a temperature

slightly higher ‘than the critical temperature. The critical tempe-

rature of water is 374°C. It was found that the densities are equal

at 380°C. At 374°C the latent heat of waiter was found to be 72°4

calories per gram. At 380°C the latent heat of water }s zero.

To conclude, the critical point for any substance is not a parti-

cular temperature but it isa narrow region (critical region), The

critical point is that point at which the properties of the
two phases become identical,

542 Experimental Determination of Critical Constants

(1) ‘Lhe critical constiasts can be determined by ydotting the

ismthermals betweea fand Fat different temperatures of the gas.

The crivval poiat is found onthe sraph, where the horizontal portion

ofthe curse (Change creai ga cous tothe bout state; just vanishes.

The pressure, volurae and temperature corre ponciag to the critical
pout pive the crilical cousttate or the ous.

i2) With che betp of Caeutard de da Tius’s spparatus, thecud

temperatnres at stich che iiguid menieous dieeppears and reappears

¥

LIGUS

spe

koi bab boo, ~e

" Q fy 4 ~
—_ = ie, - 2 a ‘“.
zen tm J ~ SSS coment D

wt { ' i i et
oO ro, a ¢]

I ; o” !
mS AT UR ATED

\ ‘ a ae VAPOUR

o— 2—d 4 %
qj To Vs 4 Tt

TEMPERATURE ———————e

Fig. &20

aic care cry noted. The mean of these tivo temperatures cives the

critic: temperature ofthe cas. The bulb is serrounded by a bath

whose temperaturs’ is contrelled bv asensitive thernuostat and the

temperature is vaiied by small amounts (sav O-1°C). The pressure

igs read with the helpofa manometer. The pressure corresponding
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to the critical temperature gives the critical pressure. However,

the measurement of critical volume offers a practical difficulty

because even if the temperature is slightly below the critical tem-
perature, the change in volume is enormous even for a small change

in pressure.

(3) Cailetet and Mathias have suggested a method for the

determination of critical volume. Density of the liquid is deter-

mined accurately at different temperatures. The density of the
saturated vapour is also determined accurately for the same tempe-

rature range. A graph is plotted between density and temperature

(Fig. 5-20).

The density of the liquid decreases with rise in temperature
and that of the saturated vapour increases with rise in temperature.

On the graph the points A, B, Cand D represent the mean density of

liq .id and the vapour at temperatures 7, 72. 7'3, 7, etc. respectively.

‘The points he on a straight line The line is prod'iced and
the curves are extrapolated to meet the line atthe point P, The
density corresponding tothe pomt P is obtained from the graph.
Let this density be op.

The specific volume t.¢. volume pet unit mass

re. -
n

~

This represents the critn ul volume. The temperature corresponding
to the point P gives the critical temperature.

543 Inter-molecular Attraction

Joule’s Ea periment, Joule perfurmed an experiment to study
the inter-molec ular attraction between the molecules of a gas. He
desigued an apparatus to mesure the change im energy ot a gas
when ifs pressure and vulume are chanved

land B are two flashy connected by a tube and fitted with
astop cock S.A was olled with the eas at high pressure and B was

perfectly evacueted (Pig. \ 21). The bulbs were surrounded by a
water bath and its temperature was neicd with a sensitive

Fig? 5:21

thermometer. The stop-cock was opened and the gas rushed fro.>
Ato B If work was done during expansion, cooling was expected.
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But in this experiment no cooling was observed. This was puzzling

as the work had been done by the gas in overcoming the forces of
inter-molecular attractions. Joule was able to explain the drawback

in his experiment by assuming that the gas has expanded into

vacuum and so no cooling was observed.

In this experiment only the pressure and volume of the gas

changed and as the bath did not show any change in temperature, it

is evident that the temperature of the gas remained constant.

According to Joule, this experiment also shows that the internal

energy of a gas is a function of temperature on'y, irrespective of the

changes in pressure and volume

The porous plug experiment designad by Joule and Kelvin,

however. showed cooling due to the work done by a gas in over-

coming the inter-molecular attraction when it was passed from the

high pressure to the low pressure side.

3°44 Porous Plug Experiment

The apparatus consists of a porous plug having two perforated

brass discs 29, D. The space b. tween them is packed with cotton
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thermometers and they measure the temperatures of he incoming
and the outgoing gas. The gas is compressed to a high pressure with
the help of the piston P and it is passed through a spiral tube
immersed in a water bath maintained at a constant temperature. If

there is any heating of the gas due to compression, this heat is taken
by the circulating water in the water bath.

The compressed gas is passed through the porc u- slug. The gas

gets throttled (wire drawn) due to cotton wool. W "kis done by

the gas in overcoming inter-molecular attraction. T!* temperature

of the outgoing gas is measured with the help ft a platinum

resistance thermometer 7',. The pressure of the 1.c ming gas Is

measured with the help of a pressure gauge and the >» essure of the

outgoing gas ‘s equal to the atmospheric pressure.

The behaviour of a large number of gases + .s studied at

various inlet temperatures of the gas and the resuits ‘tained are as

follows :

(+) At sufficiently tow temperatures all gases... w a cooling

effert.

(tt) At ordinary temperatures afl gases except nydrogen and

heiium show cooling effect. Hydrogen shows hea‘.u;: insteaJ of

cooling at room temperatue

(702) The fall in temperature 1s directly pro, itional to the

difference in pre-sure on the two sides of the porous *) ug.

iv) The fall in temperature per atmosphere Ud erence of pres-

sure decreases as the initial temnperatureof the gi: .s raised. It

becomes zero ata particular temperature and at temperature

higher than this temperature, instead of cooling, heat uv is ubserved.

This particular temperature at which the Joule Tomson effect
changes sign is called the temperature of inversion.

In the case of hydrogen heating was observed it room tem-
perature because it was at a temperature far h'zher than its
temperature of inversion. The temperature of inversior for hydrogen
is —80°C and for helium it is —258°C. If helium is 1 1ssed through
the porous plug at a temperature lower than —25 C it will also
show cooling effect. It means any gas below the ‘*mperature of

inversion shows a cooling effect when it is passed through the porous

plug or a throttle valve.

545 Theory of Porous Plug Experiment

The simple arrangement of the porous plug experiment is

shown in Fig.52]. The gas is allowed to pass through the porous
plug from the high pressure side to the low pressure side. The

velocity of the gas as it emerges from the porous piug is very high
and there is increase in the kinetic energy of the molecules. Consider
one gram molecule of a gas to the left and to the right of the porous

plug. Let P,, V; and P,, Vz represent the pressure and volume on
the two sides of the porous plug. When the piston 4 is moved
through a certain distance dz, the piston B also moves through the
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same distance dx, The work done on the gas by the piston A = P, A,
dx = P,V,; The work done by the gas on the piston B is
P,A, dz = P,V,. Thus, the net external work done by the gas is

PV.—PiV i.

: 5POROUS |
PLUGS

Toate fk
ast A ee 20 Ad 5 7
— ___2&,

dx |

“dx
Fig. 6 28

If w is tre work done by the gas in separating the molecules

against their ‘- ter-molecular attractions, the total amount of work

done by the cis 1s

(PV2—P,F,) +o

Ne heat s gained or lost to the surroundings, There are three
pussible cases 3

(1) Below the Boyle temper: ture,

PW,< PV;

and P}4- Fo, is +4 re. wmust be either positive or zero. Thus a

net ,# wah s done by the yue and there must be cooling when the

gas pascs thie ah the porous plug

(14) At tte Boyle temperature if P, is not very high

PY, = PVs

and iV .—P,V, — Q

The te ..' work done by the gas in thiscaseisw. Therefore

cooling effec t this temperature is only due to the work done by

the gas in ove’ coming inter-malecular atcactions.

4 SN
so Naa \e Verner alte

‘ PW i> PW,
oy PVe~—Pi, is —ve

Thy "he opserved effect will depend upon wheter
(Fly PO. cpr ater or les than Ww,

Wa Pe P.V',), cooling will be observed.
Huw PP, - PV), heating will be observed.

thee ett! roo ine or heatme of a gas due to free expansi

“on a lugh pressure twa low pressure
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will deper.d on (1) the deviation from Boyle's law and {ii} work done
in overcoming ante:-molecular attractions.

5°46, Joule-Kelvin Effect—-Temperature of Inv “rsion

Assumits that the Van de: Waals ecuatien . obeyed, the

attractive forces between the molecules are equivale: to an internal
a

pressure jo,

When the gas expands fromt }, 10 Vg, the work done in over.

conling inter mm uccular attractions

Ve ,w= [, p. dt

ul

Cut pa ory

= ’ pad
(L a

OT
WT, acd M, represent the gram molecular volumes on the high

and the luw pressvre sides re-pectively, the external work done by
the ya |

(Pe¥.-— PV)

Hence the tc tal work done by the eas

Woss (Pah — Py) be

- (PVa— PV) - +0 + Y
2

Van der Waals equation of state for a gas ts

(Pi-) fi ee ) - RP

or Py+ — Tr —1P— -: RT

or PY .. RT +bP-- y

Ee ic rier, « “€ I
a - g a a

Parser. y-|- “ee r |-Ftr,
~ ; | ! LT
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P,. W = b [ AF, ‘+20 [ —zr

2aoy VW= sal P,—P, + pr [ P.—Pa |

, 2 .or wy = Pi--P; \ i — } oon (8)

Suppose . fallin temperature is 7

W “=o TH

= J[MCp 8s? }

where Mist.e sani-molec ular weight of the gas

MCp AT { Pi—Py \( 24 4
RT

' [ Pw—Sl. y 2a
or i L imc, \*( Rr —O ooo( tt!

(t) Since o’,- Pri 4 ve

8T will be tve (eect Ji +ve

sb Te ~" ‘ii.¢, ye >b or Te 7, .oo(808)

Thereture coo.me wall take place ifthe temperoture cf the gas

Di
1s less than pr

s

(47) For &7 19 be zero, from equivon (it,

Qu
RT _ Lb = 0

2a
or T - “BE

This temperature is called the temperature of inversion and is

represented hy T,

2n

Tr, = Rb oon (80)

(ist) 37 will be negative, if

Za b } is —ve
RT

2a
b —_—

> RT
a

or T> —~
~ Rh

Tl > Tf,

Trerefore heating will take nlace ‘f the temnerature of she as
ie mare sna the tempera.ure of inversion.

$¢.,



Nature of Heat 209

Results

(2) [f the was is at the temperature of inversion, then no cooling

or heating 1s observed when t is passed through the porous plug.

(17) Tf the gas is ata temperature lower than the temperature
of inversion, coche wil take place when it is passed through the

prous plug Thisascalled eeqeua thtee eqalemg or duule-Kelrin cool-

eng This principe has been used ip the liqaetaction of the so-called
rermainent ses like nitrozey oxyyven, hydrogen and helium.

(it) If the gas i. at a temp rature higher than the temiperature

of inversion, instead: of cooling, heatine i observed when the gas is

passed through the porous plrig.

547 Relation between Boyle Temperature, Temperature of

Inversion and Critical Temperature

semnprrature Of invers an,

a¥

er .

P, Lh (9)

Basle ternipena are

. ‘A oe

Mae Ri ove (tt)

Cactmal temperature,

ba e@pn
Me 07 Eth wae (488)

Brome (a) ane (72)

My - 20 .0o(88)

From (t) and (77%)

T, 2a 27 Rh

T, ~ Ro 8a—

, T
The experimental value of 7 for actual gases is just less

¢€

than 6.

It means that the temperature of inversion is very much higher
than the critical temperature. For hydrogen 7, -- 190 K and
.= 33K. As T, +7... the methods employing regenerative cooling

(Joule-Kelvin ceoling) are preferred to those employing the initia!

cooling of the gas below the critical temperature.

Exercises V

1. Describe Andrews’ experiments on carbon dioxide. Discuss

the results obtained by him Show that the liguid and the gaseous

states are two distant stages of a continwous phencmenon.

2. Derive on the basis of kinetic theory of gases the laws for
an ideal gas. (Agra 1962)
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3. Give the theory of the porous plug experiment.

(Agra 1961)

4. What are the critical constants of a gas * State and explain

Van der Waals equation Calculate the critical constants of gas in

terms of the constants of this equation. (Agra 1961)

5. State the lawof equipartition of energy. Prove the law

for a perfect eas, whose molecules have ” degrees of treedom. Show
that for a mono-atumic gas y = 1°66 and for a diatomic gas
y = 1-40. (Agra 1963 ; Gorakhpur 1967)

6, What is Joule-Thomson effect 2 Obtain an expression for

the cooling produced in a Van de: Waals gas. Hence explain why

bydrogen and helium show heating effect at ordinary temperatures.
[Delhi (Hons.) 1971, Delhi [972 ; Agra 1963 ; Lucknow 1964)

7. Exp'ain what you mean uy degrees of freedom. State the

law of evuipartition of energy. Prove that fora perfect was whose
molecules have n degrees ot {seedum

Cp 2

Oy 7 tt

Hence show that for a mono-atomic gas y -= } 67, for a Giatonne pas
= {4 and for triatumic gas y = 1:33 (Agra 1965)

8. Derive Van der Waals equation. Deduce expressiorts for

the critical constants in terms of @ and 6.
(Agra 1964 ; LDethi 1969 ; Delhs (Sub) 1966)

8, WDeduce from the kinetic theory of gases, an expression for

the pressure of a gas. Also prove that

PV = RT (Nelhi 1971 ; Agra 1966)

10. Explain the corrections introduced by Van der Waals in

the gas equation. Show that for a gas obeysng Van der Waals

equation

RT, 8
wae G 9EY, 3 (Gorakhpur 1967)

11, Discuss briefly the considerations which led Van der Waals

to modify the gas equation. What are the critical constants ofa
gast Calculate the values of these constants in terms of the
constants of the Van der Waals equation.

(Calcutta 1965 ; Detht 1971, 72)

12. Show that the pressure exerted by a perfect gas is } of the
kinetic energy of the gas molecules in a unit volume. (Calcutia 1966)

13. Derive and discuss the Van der Waals equation of state of

a gas. Mention its defects. (Rajusthan 1966)

14. Define mechanical equiviient of beat and give its unsis in

ibe C.G.5, system. Describe fully Searle’s fricdion-cone we ihod of

leteraiming the value of J. Discuss the pecessary forma a.”
drew ce tect ug ch tle mae seh oe Bow ate |
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15. Deduce Van dar Waals equation of state. How far does

it conform to Andrews’ experimental results on carbon dioxide ?

What is the importance of Andrews’ experiments in the problem of

liquefaction of pases ? (Panjab 1964)

16. Describe the porous plug experiment. What conclusions
have been drawn from it ! (Deths 1961)

17. Describe Joule-Thomson effect and give its theory.

(Detht 1967)

18. Derive Maxwell's distribution law of velocities for

molecules and discuss its experimental verification. (Delhi 1966)

19. What is meant by Joule-Kelvin effect ? How is it experi-
mentally established # How will you interpret the effect !

(Panjab 1966)

20. Describe Callendar and Barnes’ continuous flow method
for finding J.

21. Describe jaegar and Steinwehr’s method for finding the
value of J.

22. Describe Holborn's experiments to study the behaviour of
gases at high pressure.

23. Describe experiments to find the value of the critical
constants of a gas.

24. Derive the relations between the Boyle temperature, tem-

perature of inversion and critical temperature.

25. Derive an expression for the pressure exerted by on

the basis of kinetic theory. (Delht 1969, 72, 73, 76)

26 Describe the porous plug experiment and derive an expres-

sion for the Joule-Thomson cooling of a gas. What is inversion
temperature ! (Delhi 1968, 69, 77)

27. Derive an expression for the mean free path of a molecule
of a gas and describe a method for its determination.

28. Obtain an expression for the pressure of a gas on the basis
of the kinetic theory of gases. Show that, according to the law of
equipartition of energy the ratio of the two specific heats of ozone is
1-33. (Delhi 1971)

29. Distinguish between a perfect gas and a real gas. Derive
Van der Waals equation of state and use it to obtain the expressions
for the critical constants in terms of the constants of the Van der
‘Waals equation. [Detht B.Sc, (Hons.) 1972}

30. What is the kinetic model of a gas? How is pressure of
a gas explained on this model ? Deduce an expression for the pres-
sure ? (Delhi B. Se, (Hons.) 1973)

31. Describe briefly the porous plug experiment. Deduce
a theoretical expression for the Joule-Thomson cooling for | gram

molecule of a gas obeying Van der Waals equation of state. Why
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does hydrogen show a negative Joule-Thomson effect ?
(Berhampur, 1972, Delht B.S.c. (Hons.) 1973)

32. Distinguish between an adiabatic process and Joule-

Thomson effect. Prove that for a Van der Waals gas the Joule-

Thomson coefficient is given by

sr \ 1 f 2a b

( 7) = 0, LRP
(Delhi, 1974, Delhi B.Sc. (Hons.) 1972

33. What is Joule-Thomson effect? Derive an expression
for Joule-Thomson cooling. What is temperature of inversion ?

Prove that it is equal to 2a/R6_ (Delhi 1973)

34. Show from the kinetic theory of gases that the mean

kinetic energy of translation of a molecule of a gas is 3/2 kT’, where
k is the Boltzmann’s constant. (Delhs 1971)

35. How is the ideal gas equation modified whe.. mutual

attraction between molecules and the finite size of the molecules are
taken into consideration ? Ob.ain relations between critical cons-
tants and the cunstants appearing in the Van der Walls equation

(Delhi 1971)

360 “Derive the reduced equation of state for a gas starting

from Van der Waals equation of state. Show that uf the tw gases
have the same reduced pressure and volume, they also have the same

reduced temperature f (Delhi 1972)

37 Starting from elemertary ideas set up Van der Waals’

equation 0! state aud show how the constants ¢f the equation can he
expressed in terms of the critical constants. What is the experimen-

tal bearing of this equation ” (Delhs 1975, 1974)

38. Assuming the various postulates underlying the kineuc

theory of gases, show that the mean kinetic energy of translation of

a molecule is 3/2 kT’. (Delhi £972)

39. Werive Van der Waals equation for gases and calculate

the theoretical values of the critical constants.

[Delha (Hons.) 1974, Delhi 1977]

40. Show that the pressure exerted bya perfect gas 1s 2/3 of

the mean kinetic energy per unit volume.

[Madras 1974, Delhi (Hons ) 1975]

44.) On the basis of kinetic theory of gases, derive expressions

for the thermal conductivity and viscosity of the gas. Hence obtain

the relation between the two. (Bumbry 1974)

42. Explain the basic principles of the kinetic theory of gases

and show that the pressure of an ideal gas is proportional to its
density. (Delhs 1976)

43. Deduce Van der Waals equation of state and obtain

expressions for critical constants in terms of the constants of the

ecjuation. (Kanpur 1975, Delhi 1976)

44. Describe Andrews’ experiments on carbon dioxide. Dis-
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cuss the results obtained. What is the importance of these results
in the liquefaction of gases ? (Delhi 1976)

45. How do you interpret (7) pressure and (i#) temperature
on the basis of the kinetic theory of gases. (Delhi 1976)

46. What is the meaning of mean free path of the molecules

ofa gas? Show that it is equal to wast (Delhi 1977)

47. Give a discussion of Maxwellian distribution of speed C

amongst VV molecules per cm’ enclosed in a chamber at a tempera-

ture T. (Agra 1975)

48. Express Maxwell’s law of distribution of speeds in terms

of the kinetic energy of the molecules. Hence find the most prob-
able and the average energy of the molecules.

[Delhi (dons.) 1977]

49, Derive an expression for the viscosity of a gas on the basis

of the kinetic theory and discuss its dependence on temperature and
pressure. [Delhi (Hons.) [376]

50. Obtain an expression for the thermal conductivity of an
ideal pas on the basis of kinetic theory. Discuss its dependence on

pressure and temperature. [Delhi (Hons ) 1977]
91. What do you understand hy degrees of freedom of a

molecule in a_ thermal system? State the law of equipartitinn of

energy.

Apply this law to obtain specific heats, (, and C, of gases.

Compare the values of y, the ratio of C, and C,, so obtained with

the experimental results in the case of monoatomic, diatomic and

polyatomic gases. Discuss the discrepancies wherever they occur.

[Delht, 1978]

92. Describe the aim of the porous-plug experiment and_ its

predictions, Outline the important results of this experiment.

33. Derive an expression for the change in the temperature of

a gas undergoing Joule-Thomson expansion. Discuss the role of’ in-

version temperature in it. [ Delhi, 1978]

34, Define viscosity of a fluid. Obtain an expression for the

viscosity of an ideal gas on the basis of kinetic theory.

(Dethi (Hons.), 1978}

55. Calculate the total random kinetic energy of | gram

molecule of nitrogen at 300 kK. [Ans. 3,735 joules]

56. Calculate the average kinetic energy of a hydrogen

molecule at 27°C. [Ans. 6:21x10 TM ergs]
57. Calculate the total random kinetic energy, of 2 grams of

nitrogen at 27°C. [Ans. 266°8 joules]

58, Calculate the total random kinetic energy of 8 grams of
nelium at 200 K. [Ans. 4,980 joules]

59. Calculate the r.m.s. velocity of a mercury atom at
1,200 K. [Ams. 3-86 x 104 cm/s)

60. With what speed would 1 gram molecule of hydrogen

at 27°C be moving in order that the translational kinetic energy of
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its centre of mass is equal to the total random kinetic energy of all
its molecules ? (Molecular weight of hydrogen = 2)

[Ams. 1-93 x 105 cm/s]

61. Calculate the temperature at which the r.m.s. velocity of

a helium molecule will be equal to the speed of the earth’s first

satellite i.e., v = 8 km/s. [Ans. 10°28~x 10? K]

62. Calculate the mean kinetic energy of a molecule of a gas

at 1,000°C. Given,

R = 831 x 10? ergs/gram mol-K

N = 6:02x 10%

(Deths 1969) [Ans. 2°07 x 107! ergs]

If the density of nitrogen is 1-25 g/litre at N.T.P., calcu-

late the R.M.S. velocity of its molecules.
[Delhi 1972 ; Delhi (Hons.) 1973] [Ans. 4-95 10* cm/s]

64. At what temperature is the R.M.S. speed of oxygen mole-
cules twice their R.M.S. speed at 27°C ?

(Delhi 1973) (Ans. 927°C}

65. Calculate the R.M.S. velocity of the molecules of hydro-

gen at O°C. Molecular weight of hydrogen = 2:016 and

R = 8-31 x 107 ergs/gram mole °C

(Delhi 1971) [Ans. 18:4 104 cm/s)

66. Calculate the R.M.S. velocity of the hydrogen molecules

at room temperature, given that one litre of the gas at room tempe-

rature and normal pressure weighs 0-086 g.
(Delhi 1976) (Ams. 1-88 x 10® cm/s) j

67. Write short notes on:

(#)

(#8)
(#88)

(+)

(2)

(vt)
(vat)

(vies)

(iz)

(2)

(zi)
(x14)

(xst#)

(xiv)

(2v)

(xvt)
(xvis)

(zvss4)

(xiz)

(2)

Mean free path

Joule-Thomson Effect

Continuity of state

Rowland’s experiment for finding J

‘Van der W2.ls equation of state

Pressure exerted by an ideal gas

Critical constants

Degrees of freedom

Atomicity of gases

Maxwell’s law of distribution of velocity.

Andrews’ experiments

Amagat’s experiments

Halborn's experiments

Behaviour of gases at high pressure

Critical point

Corresponding states

Intermolecular attraction

Temperature of inversion

Reduced equation of state for a gas [Delhé (Hone.) 1976}

Porous plug experiment.

[Agra 1962 ; Delhi (Sub.) 1966}

(Agra 1962 ; Delhi 1974, 75)

(Delhi 1975)
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Thermodynamics

6:1 Thermodynamic System

A thermodynamic sysiem is one whick can be described in

terms of the thermodynam ¢ co-ordinates The co-ordinates of a

thermodynamic system can be specified by any parr of quantities riz.,

pressure (2’), volume (1), temperature (7) and entropy (8S). The

thermodynamic svstems in enginees ing are gas, vapour, steam, mix-

ture of gasoline vapour and air, ammonia vapo' rs and its liquid. In

Physics, thermodynamics includes besides the above, systems like

siietched wires, thermocouples, magnetic materials, elecirical con-

denser, electrical cells, solids and surface films

Examples-1 Stretched wire. Ina stretched wire, to find

the Young's modulus of a wire by stretching, the complete the: mo-

dynamic c-ordinates are

(a) the stretching force F

(6) the length of the stretching wire and

(c) the temperature of the wire

The pressure and volume are considered to be constant.

2. Surface Films, For liquid films, in the study of surface

tension, the thermodynamic ¢ -.1d:nates are

(a) the surface tension

(5) the area of the film and

(c) the temperature.

3. Reversible Cells. The thermodynamic coordinates to

completely describe a reversible cell are

fo the EMF cf the ccc

yp ne Charge iba flaw «ar

Ca WNT
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62 Thermal equilibrium and Concept of Temperature

[Zeroth Law of Thermodynamics’

A thermodynamn syoterti said tu be in thermal equilibrium

if any two of ats independent therricdsnimuc co ordinates ¥ and }

remain constant as lone 2. the external conditions remain unaltered

Consider a sas enclose Lit a eviinder fitted with a piston Tf the
pressure ind volume of the en loved mass of coy ae P and F at the

temperature of the currouncdne,, these vilues of Po and Vo sill
remain ¢ n tint as long as the external cond tions faz) temperityre
and ,1¢s .re rerpain unutered The pas i sid to be i: thermal
equihbrium with the svtronndirgs

The zroth law of thermodynamics was formulated ifter tlhe

first and the second laws of thermodynarnics Live been enunciated
This lav helps to define the term femperuture of a system

This law states that if, of three systenis, 1° ard C Aand B

are separately wn thermal eca ihrem wih C,th «to anl Rae alsa
an thermal cquelehrium with owe another

Conversely the Law can be «tated is foll avs

Ji three or moze systems are un therm. | contact, each 19 cach,

by mean of diathermal walls and are all an’ thermal equilibrium

togethe: then anv two . stems taken separately are in thermal
equilrbrium with ene another

Gonsider three fluids af, BoandC Tee Pa, Va repre ent the

pressure and volume of 1, Pp, Mg the pressure ind velime of B,
and J’, Pe are the pressure aad volume of C

If i and J are in thermal equilibrium, then

dyPa tay - ¢(Pa, ba)

oO” Fi[Pa, Va, fy, bal ) . (+)
Eapression (¢).an be solved) and

Py = fi'Pa, Va. bal . (82)

it B and © are «= thermal equiltbrinom

diPs, Vn) — galPo, Vo)

or FAPs, Va, Pc, Vc] = 0

Also Pa =faVy Pe, Ve! ... (098)

From equations (22) and (122) fen 1 and C to be in thermal!

equihbrium separately,

filPa, Va, Ve) -— flan, Pc. Ve} ooo (20)

Mf A and C are in thermal equilibrium with B separately, then

according to the zeroth Jaw, A and C are also in thermal equilibrium
with ore another.

2 PuPaVaPealG 0. 1a (0)

Equation (77) contains a variable Vp, whereas equation (r)

does nvi contain the vari:ble Vg It means

d(Pa, Va) = Ps{4'c Ve) -- (U8)
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In ceneral,

diiPa, Va) -2 bP a, Var = fa(l’c, Ve) 1. (V8)

These three functions have the same numerical value though

the parameters (/?, Vy) of each are different. This nwnencal value

is cermed us tempersture (T) of the body.

oP, Vy) = 7 .(UUGi)

This is called the equation of state of the fluid.

Therefore, the temperature of a system can he defined as

the property that determines whether or not the body is in thermal

equilibrium with the neighbouring systems. Ifa number of systems

are v1 thermal equilibrium, this conimnnn property of the system can

be represented by a single numerical value called the temperature.
It means that if two systems are not in theimal equilibrium, they

are at different temperatures.

Example. Jn a mercury in glass thermometer, the pressure

above the mercury column is zero and volume of mercury measures

the temperature. Ifa thermometer shows a constant reading in two
systems 4 and B separately, it will show the same reading even

when 4 and B are brought in contact.

63 Concept of Heat

Heat is defined as energy in tranwit. As it is not possible to

speak of work in a body, i! is also not pussible to speak of heat in a

body. Work is either done on a body or by a body. Similarly, heat

can flow from a body or to a body. Ifa _ body is at a constant tem-
perature, it has both mechanical and thermal energies due to the

molecular agitations and it is not possible to separate them. So, in

this case, we cannot talk of heat energy. It means, if the flow of

heat stops, the word heat cannot be used. It is only used when
there is transfer of energy between two or more systems.

Consider two systems A and B in thermal contact with one
another and surrounded by adiabatic walls.

Yor the system 4,

H = U,—U,+W ---(8)

where HZ is the heat energy transferred. U,is the initial internal

energy, Uy is the final internal energy and IV is the work done.

Similarly for the system 8,

H! ~ U,—Uy +" (it)

Adding (i) and (#)

’. H+H’ = (U,—U;)4W+(U,'—U0y')4+W'

A 4H == ((Us+02')— (914-0, J +(W+W') .s.(iii)

‘The tota! change in the internal energy of the composite system

= [(U,+0,)—(0, + 0,'))
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The work done by the cormposite system = W+W’

Tt means that the heat transferred by the composite system

== H+H’. But the composite system is surrounded by adiabatic
walls and the net heat transferred is zero.

H+.H’ =0

= —/ff' ». (#0)

Thus, for two systems A and B in thermal contact with each

other, and the composite system surrounded hy adiabatic walls, the

heat gained by one system is equal to the ieat lost by the other
system.

6-4 Quasistatic Process

A system in thermodynamical equilibrium must satisfy the

following requirements strictly :—

(t) Mechanical Equilibriam For a system to be in mecha-
nical equilibrium, there should be no unbalanced forces acting on

any part of the system or the system as a whole.

(ss) Thermal Equilibrium. For a system to be in thermal
equilibrium, there should be no temperature difference between the
parts of the system or between the system and the surroundings.

(sti) Chemical Equilibrium. For a system to be in chemical
equilibrium, there should be no chemical reaction within the system
and also no movement of any chemical constituent from one part of
the system to the other.

When a system is in thermodynamic equilibrium and the
surroundings are kept unchanged, there will be no motion and also
no work will be done. On the other hand, if the sum of the exter-
nal forces is altered, resulting in a finite unbalanced force actirz on
the system, the condition for mechanical equilibrium will not be
satisfied any longer. This results in the following :—

(t) Due to unbalanced forces within the system, turbulence,

waves etc, may be set up. The system as a whole may possess an
accelerated motion.

(1s) Due to turbulence, acceleration etc. the temperature dis-
tribution within the system may not be uniform. There may also
exist a finite temperature difference between the system and the

surround ags.

(itt) Due to the presence of unbalanced forces and d.. crence
in temperature, chemical reaction may take place or there may be
movement of a chemical constituent.

From this discussion, it is clear that a finite unbalanced force
may cause the system to pass through zon-equilibrium states. If
during a thermodynamic process, it is desired to describe every state
of a system by thermodynamic coordinates referred to the system as
a whole, the process should not be brought about by a finite un-
balanced force.
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A quasistatic process is definea gas the process in which the

deviation from thermodynamic equilibrium is infinitesimal and all
the states through which the system passes durir.g a quasistatic

process can be considered as equilibrium states.

In actual practice, many processes closely approach a quasista-

tic process and may be treated as such with no significant error.

Consider the expansion ofa gas ina closed cylinder fitted witha
piston. Initially weights are on the piston and the pressure of the gas
inside the cylinder is higher than the atmospheric pressure. If the
weights are small and are taken off slowly one by one, the process
can be considered quasistatic. If, however, all the weights are re-
moved at once, expansion takes place suddenly and it will be a non-
equilibrium process. The system will not be in equilibrium at any

time during this process.

A quasistatic process is an ideal concept that is applicable to
all thermodynamic systems including electric and magnetic systems.
It should be noted that conditions for such a process can never be
satisfied rigorously in practice.

65 Heat—A Path Function

Heat is a path function. When a system changes from a state

1 to state 2, the quantity of heat transferred will depend upon the
intermediate stages through which the system passes 1.¢., its path.

Hence heat is an inexact differential and is written as 3H.

On integrating, we get
2A 2A

(a tH H,
Here, .H, represents the heat transferred during the given

process between the states 1 and 2 along a particular path A.

66 Work—A Path Function

Suppose that a system is taken from an initial equilibrium

state 1 to a final equilibrium state 2 by two different paths A and B
(Fig. 6:1). The processes are quasistatic.

v———-_

Fig. 6-1
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The areas unde: these curves are different and hence the

quantities of work done are also different.

For the path A,

21 2A

Wa=[i, sv - [i Pd .--(#)

2B

For the path B

2B
_ _ Pp aliWe [is SIV le dV (is)

The values of Wa and Wg are not equal. Therefore work

cannot be expressed as a diftcrence between the values of some

property of the system im the two states Therefore, wt 1s not correct

to represent

WwW .VW ~ lw. w= W.-W, (i101)

It may be pointed out that it 13 meaningless to say ‘‘work ina

system or work of a system” Work canrot be interpreted simular to

temperature or pressure of a sy fem

In terons of calculus oJ as an mexa t differential. it means

that W is not a property of the svstem = an-l | SH cannot he eafress-

ed a. the difference Letween t'vo quantities that depend entirely

on the imtial and the final states

Hence, heat and woah are path functions and they depend

only on the process Uhey are rot puint functions such as pressure

or temperature Work dune in takiny the system from state | to

state 2 wall be different for different paths

67 Companzis s1 of Heat and Work

There ire many smilanties between heat ind work Jhee

are ‘—

] Eleat and work uc¢ both transient phenomena. Systems do

not possess hea or wn kh

2 Wher oa system under ives a change, heat transfer or work

done may occur.

3. feat and work are boundary phenomena. They are obser-

ved at the boundary of the system

4. Heat and work represent the energy crossing the boundary

of the system.

5. Heat and work are path functions and hence they are inexact

differentials, ‘They are written as 84 and 5H’,

6. (4) seat 13 defined as the form of energy that is transferrec!

across a boundary by virtue of difference of temperature or tem-

perature gradient.

(>) Work 1s said to be done hy a system if the sole effect on

things external to the system could be the raising of a weight.
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It is customary to represent, work done by the system as +-ve,
work done on the system as —ve, heat flowing into the system ‘as
4-ve, and heat flowing out of the system as —ve.

68 First Law of Thermodynamics

Joule’s law gives the relation between the work done and the

heat produced. It 1s true when the whole of the work done is used
in producing heat or ce versa. Here. W - JH where J is the Joule’s

mechanical equivalent of heat Butin practice, when a certain
quantity of heat is supplied to a system the whole of the heat energy

may not he converted into work. Part of the heat may be used in

doing external work and the rest of the heat might be used in
increasing the internal energy of the molecules. Let the quantity
of heat supplied to a system be 4H, the amount of external work

done he 8W and the increase in internal energy of the molecules be
dU, The term (7 represents the internal energy of a gas due to mcle-

cular agitation as well as due to the forces of inter-moiecular attrac-

tion. Mathematically

SH = dU 4 5W »+0(8)

Equation (f) represents the first law of thermodynamics All

the quantities are measured in heat units. The first law of thermo-

dynamics stutes that the amount o: heat g@ven to a system is equal

to the sum of the increase in the internal eneren of the svstem= and

the external work done

For a cyclic process, the chines in) the internal energy of the

system 1s zeru because the system os brought back to the criacaiit

condition, Theretes aa aoovehe meocess, par dy

an! ; if - ‘f pal

[Both aie ovyre seddae Te at un ty]

(tas

Pus equiva os represents Joules biw

For aso oucotried thie css a cycle process, its initial and
ita’ aiferna: Chergies are ecqual Frown the faust law of thermedyna-

macs, for a system undergoing any number of complete cycles

Mmh—U, -— 0

fp sa = paw

H-=W {Both are in heat units]

69 First Law of Thermodynamics for a Change in State of
a Closed System

Fora closed system during a complete cycle, the first law of
thermodynamics 18 written as

fi 3H = fi si



222 Heat and Thermodynamics

In practice, however, we are also concerned with a process

eather than acycle. Let the system undergo a cycle, changing its

2

V——

Fig. 6-2

state from | to 2 along the path A and from 2 to | along the path B.

This cyclic process is represented in the P—V diagram (Fig. 6:2).

According to the first law of thermodynamics

fp tH = ff 37

For the complete cyclic process

24 1B Zus 1B

{ sH+ [3H = | 3H + [37 .a(8)
LA 2B 1A 2B

Now, consider the second cycle in which the system changes

from state | to state 2 along the path A and returns from state 2 to
state | along the path C. For this cyclic process

24 10 34 10

| 8H +- | 3H = { sW +- | sw .o.(#8)
14 20 1A 20

Subtracting (#%) from (§)

1B 10 iB 1d

| sH— [2 = [ 7 | 37
3B 2C 20

1B id

or | (H—3W) = { (337) .a(i8)
B 20

Here B and C represent arbitrary processes between the states
land 2. Therefore, it can be concluded that the quantity (3H —38W)
is the same for all processes between the states 1 and 2. The quantity
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(8H —sW) depends only on the initial and the final states of the
system and is independent of the path followed between the two
states.

Let dE = (3H—3W)
From the above lovic, it can be seen that

2
c

| d& s= cunstant and is independent of the path.

1

This naturally suggests that & is a point function and dZ is an
exact differential.

The point function # is a property of the system,

Here dE is the derivative of # and it is an exact J.derential.

oe 3H- 3 = dk «oo (80)

oF $H -- dE738Ww vae(¥)

Integrating equation (:}, from the initial state 1 to the final

state 2

,4, = (¥,—H,)+,W,
(Note. ,5¢ cansct be written as (H,- H)), because it dspends upon

the path}.

“

Similarly, ,W', cannot be written as (W,—W)), because it also
depends upon the path.

Here 1H, represents the heat transferred,

iW, represents the work done,

£, represents the total energy of the system in

state 2,

E, represents thr total energy of the system in

state 1.

At this point, it is worthwhile discussing what this Z can
ssibly mean. With reference to the system, the energies crossing

the boundaries are all taken care of in the form of H and W. For

dimensional stability of Eq. (v), this # must be energy and this must
belong to the system. Therefore,

E, represents the energy of the system in state 2

E, represents the energy of the system in state |

This energy # acquires a value at any given equilibrium con-

dition by virtue of its thermodynamic state. The working substance,
for example a gas, has molecules moving in all random fashion.

The molecules have energy associated by virtue of mutual attraction
and this part is similar to the potential energy of a body in macro-
scopic terms. They also have velocities and hence kinetic energy.

This energy £ therefore can be visualised as comprising of molecular
potential and kinetic energies in addition to macroscopic potential
and kinetic energies. The first part, which owes its existence to the
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thermedynanic nature is often called the internal energy which is
completely dependent on the thermodynamic state and the other
two depend on mechanical or phys'cal state of the svstem

E=U+KF! PL Others which depend upon chemical
nature etc

For a closed system (non-chemical) the changes in all others
except U are mnsignificant and

de _- dU

Prom equation (0)

SH =~ dU+8W -+0(73)

Here all the quantities are in ccnsistent units

Example 61. Wher a sy tem is taken from the state A to the

sinte B, along the path ACB &0 jonles of heat flows into the system,
and the wstem dees 30 joules of u rk (Fig 6 3).

(a) Huw mach heat flows anto the ‘ystem along the puth ADL,

uf the work don iz 10 joules.

(b) The system is returned from the state B tothe tafe aA alony

the curved path. The work done on the system 75 20 joules. Doc. the
sustem absorb or liberate heat and how muck ?

()4fUA - 0, Up ad joules, find the herp uhs rbed in the
proaess AD und DB

“3S - —

{|

|g J
at hh Se ee ee

Fig 3

Along the path AUB,

Hacrn = Us—Ua+W

Here H == +80 joules

W = 4-30 joules

g -+80 = Us—Ua+ 30

Usg—Ca = 80 ~-30 —~ 50 joules

(a) Along the path ADB,

W = +10 joules
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Hans = Up—Ua+W

A = 50+10 = 60 joules

(5) For the curved path from B to A,

W = —20 joules

A = (U,—Us)+-W
=: —50—20 = —70 joules

(—ve sign shows that heat is liberated by the syrtem)

(c) Ua = 0, Up = 40 jowes

Us—U, == 50

Us = 50 joules

In the process ADB, 10 joules of work is dors. Work done
from A to D is 4-10 joules and from D to B is zero.

For AD,

Hap = (Up— Ua) +W

= 40+10 = 50 joules

For DB

Hp, = Uc—Up + W

=z 50—40-+-0 = 10 joules

6:10 Applications of First Law of Thermodynamics

Specific Heat of a Gas (T and V Independent)

The internal energy of a system is a single valued function of
the state variables viz., pressure, volume, temperature etc. In the
case of a gas, any two of the variables P, V, 7 are sufficient to de-
fine completely its state. If V and T are chosen as the independent
variables,

U = fv, T) eae (8)
Differentiating equation (s)

dU (2 ), an (+ ) a7 seal}
If an amount of heat 3H is supplied to a thermodynamical

system, say an ideal gas and if the volume increases by @V at a
constant pressure P, then according to the first law of thermodyna-
mics

3H = d0U+3W

Here 8W = P.dV

8H = dU+4-P.dV

Substituting the value of dU from equation (ss)

sf = (2) ar+ (22) avepar (Gis)
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Dividing both sides by 47

sq (4 oU qU\ dV PAV
of ar )y +(3), ar + ar"

sH\ (aU aU dV

« (a@)= (ar) +l +4), Jar
, If the gas is heated at constant volume,

( 3H \ =e
Lat Jy .

and AV = 0
ud

(88, (vy _| (a7 \- (=, ), = Cy aft)

When the gas is heated at constant pressure,

8H * Cp

a’, =

.. Fren quation i

= Car )val +37), \
Y

vp = C PPp v4 (7 ) | 7 P

or / Cp—Cy = | pa ( 22 a r) (oi)
From Joule’s experiment, for an ideal gas on opening the stop-

cock, no work was done and no heat transfer took place.

So 8H = 0 = dU+0. Therefore,dU = 0. Even though the
volume changed while the temperature is constant, there is no

change in interaal energy.

(2, == 0

From the ideal gas equation

PV = RT

or P 4) =R .».(vit)

Cp—Cy = P ( + ), +( v-)r (=r ),
guyBut (37). = Q

2, Cp—Cy = P( 2 ), =R

eo 0-—R ooo (visi)
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Here Cp, Cy and & are expressed in the same units.

From equation (88)

w= (Hers [ es (3), J7
For a process at constant temperature

aT = 0

(GH) = Pa yn+ (27 ). (dV) saa)

This equation represents the amount of heat c1.ergy supplied

¢0 a system in an isothermal reversible process and is equal to the

sum of the work done by the system and the increase in its internal

energy.

For a reversible adiabatic process

sH = 0,

Therefore, from equation (sz),

o~ oval re (8F),
or CydT = — | P+ (=), kr

Dividing throughout by @/,

or oU .ov (3, )--[ + (F), | a)

The isobaric volume coefficient of expansion

“= (i),

Cp—Cy = P (20)
_ Cp—Cy
° aV

But (4 ),- X= P—P

or ( a), a (“*)-? ~+o( 2666)

«(25 )--[ +37), ) a

Ree
= P
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From equations (zié) and (sie)

? or’ = Op—Cy
~v\ ov —

or ( ry ) = Cy—Cp
oF aC, .0.(2U)

This ex; <ession holds good for an adiabatic reversible process.

611 Isothe -mal Process

If a system is perfectly conducting to the surroundings and
the temperatu ¢ remains constant throughout the process, it is called

@ ew
V————o

Fig. 6-4

an isotherma ocess. Consider a working substance at a certain

pressure and * *:rerature and having a volume represented by the

point A (F:z = #},

Pressui—s :'ecreased and work is done by the working sub-

stance at the of sts internal energy and there should be fall in

temperature =. , th e system is perfectly conducting to the surround-

ings It ahs heat from the surroundings and maintains a cons-

tant tempera* +. Thus from .4 to B the temperature remains cons-

tant. Thecu-+¢ AB is called the tsothermal curve or tsothermal.

Conside e working substance at the point B and let the

pressure bes cased. External work is done on the working sub-

stance and th-+= should be rise in temperature. But the system is

perfectly con: <ting to the surroundings. It gives extra heat to the

surroundings :.nd its temperature remains constant from B to 4.

Thus, during the isothermal process, the temperature of the
working subs. ave remains constant. It can absorb heat or give

heat to the su..i,undings. The equation for an isothermal process is

FP} = RT = constant [For one gram molecule of a gas.}

For * gr.sa molecules of a gas PY = nRT

612 Adiabs..ic process

" During an adiabatic process, the working substance is perfectly
irenlated fror the surroundings It can neither give heat nor take

- ak, ~ a
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substance, there is rise in temperature because the external work

done on the working substance increases its internal energy. When
work is done by the working substance, it is done at the cost of its

internal energy. As the system is perfectly insulated from the

surroundings, there is fall in temperature.

Thus, during an adiabatic process, the working substance is
perfectly insulated from the surroundings. All along the process,

there is change in temperature. A curve between pressure and
volume during the adiabatic process is called an adiabatic curve or

an adiabatic.

Examples. 1. The compression of the mizture of oil vapour
and air during compression stroke of an internal combustion is an

adiabatic process and there is rise in temperature.

2. The expansion of the combustion products during the
working stroke of an engine is an adiabatic process and there is fall

in temperature.

3. The sudden buffing of a_ cycle tube is an adiabatic
process. ;

y Apply the first law of thermodynamics to an adiabatic process,
3H = 0,

3H = dU+3W

or 0 = dU+3¥ (8)
The processes that take place suddenly or quickly are adiabatic

processes.

613 Isochoric F-ocess

If the working substance is taken in a non-expanding chamber,
the heat supplied will increase the pressure and temperature. The
volume of the substance will reali constant. Suvh a process is

called an tsuchoric procees. The wo1x done is zero Uecause there is
nochange in volume. The whole of the heat supplied increases
the internal energy. Therefore, during the isochoric process 3W =0,

8H = aU mn ())

The heat transferred in such a process

3H = O,dT

Cat = dU .00(68)

Hence C, is the specific heat for one gram-molecule of a gas at
constant volume.

614 Isobaric Process

If the working substance is taker in an expanding chamber
kept at a constant pressure, the process is called an isobaric process.
Here, the temperature and volume change. Ifan amount of heat
3H is given to the working substance, it is partly used in increasi
the temperature of the working substance by a7’ and partly u
in doing external work. Considering one gram of the working
substance.
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3H = 1x Oar vae(8)

But 3H = 0,47 (48)
P.dV = r.aT

OAT = 0,47 + £5

0,—C, = > .o (866)

Here C, and 0, represent the specific heats for 1 gram of a gas
and r is the ordinary gas constant.

If C, and C, are the gram-molecular specific heats of gas, then

R
0,—C, = a .--(80)

Here & is the universal gas constant.

615 Gas Equation During an Adiabatic Process

Consider 1 gram of the working substance (ideal gas) perfectly
insulated from the surroundings. Let the external work done by the
gas be 3.

Applying the first law of thermodynamics

8H = dU+4-3W

But 8H = 0

where P is the pressure of the gas and dV is the change in volume.

P.dV .
0 = dU + —>- ooe(8)

As the external work is done by the gas at the cost of its inter-
nal energy, there is fall in temperature by a7’.

P.dV
C,.4T +—- = 0 «oe (88)

For an ideal gas

PV = rT one (868)

Differentiating,

P.dV+V.adP = rdT

Substituting the value of dT in equation (is),

PdV4+V.dP) P.dVCe [ee = 0

OfP.AV4V.AP|+r. 7 = 0

But. 7 = C,—C,
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0,.P.dV+C,.V.dP+C,.Pd¥ —O,PdV = 0

C,.P.dV¥+C,.V.dP = 0

Dividing by C,.PV,

o a aP
CG° VtPp”~

C,But G =

dP dV
—p t¥ > = 0

Integrating, log P-+-y log V == const.

log PVY = const.

or PV? = const. ».-(80)

__ This is the equation connecting pressure and volume during an
adiabatic process.

Taking PV =: rT

or P= ae

(+) . VY = const.

But ¢ is const.

eT'V ¥-1 = const.

TV y¥-1 == const. ove(¥)

rT
Also v=

*¢f' TyA | == const.

vvT'y
or “pri == Const.

Pyr-1
or “Ry = Const. CY

Thus, during an adiabatic process

(\) §PVY == const.

(sé) TV" = const. and

en ® yn4

Example 6:2. A motor car tyre has a preseure of 2 aimos-
pheres at the room temperature of 27°C. Ifthe tyre suddenly bursts,
find the reaultina temmarasure



232 Heat and Thermodynamics

2 atmospheres

2734-27

300 K

1 atmosphere

?

1-4

PY P,Y-}

ay = T,”

P, \7-! T, \7

(et) = (a)
1 \ 0-8 1’, \r4

( 2 ~ (x06)
0:4 log (0.5) = 1°4 [log 7,—log 300)

—(°}204 = 1:4 log 7',—3-4680

1-4 log T, == 3°4680—0-1204

Here, P,

T;

2 Jb oe

3°3476
log T, = 4

T; = 246-1 K

sx —-26°9°C

Example 6:3. A quantity of air at 27°C and aimuspheric pres-
eure ta euddenly cumpressed to half sts original volume. Find the
final (5) pressure and (4%) temperature.

(i) P; = latmosphere; Py =?, y = 14

V
Vv; — V . V; = 9

During sudden compression, the process is adiabatic

PV," = Pie”

V Y

Pom Pl 7 |
== ]{2}-4

== 2-636 atmospheres

(i), =7; y= >

T, = 300 K -7', = f
Y= 1:4

Py(V,)7") = T, (Vs)%-?
T,. = T2p1

=m SOY2}P-«

= 395°9 K

a= 129.99
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Example 64. Air 19 compressed adiabatically to half sts

volume. Calculate the change in tts temperature. (Detht 1969)

rK Let the initial temperature be 7, K and the final temperature

s K.

Inidal volume = FV;

Final voiume = V,

- Vy
= >

Dunng ar adiabatic process
é v %

Tt ,ro = T.} ot
Y~-1

marty |
Py, = Ty2j7?

But > for arr -~ J°40
T, — P,Q}

fT, = 7,2
T's all l 319 T,

Change in temperature

—= T,—T;,

= 1319 T, —T,

= 0-319 T; K

Example 65 I yram mulecule of a monoatomic (y = 5/8)

perfect gas at 27°C 19 adtahatically compressed in a reveratble process
from an initial pressure of I atmosphere to a final pressure of 50

atmospheres. Calculate the resulting difference tn temperature.
(Delhi (Hons.) 1973}

In a reversible adiabatic process
P,Y7 P,y7)

T,y 7,
P,\% (73 \7

or (et) =( 7)
Here, P, = 50,

P, — l,

T, = 273427

= 300K

T', = q

5
Y= Fs

8/3

oye = (-séo-)
or = log (50) = > [log %4—log 300]

= 1,161°C
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_ ._ Example 66, A quantity of dry air at 27°C is compressed
(8) slowly and (it) suddenly to I/3 of tts volume. Find the change in

temperature in each case, assuming y to be 1-4 for dry air.

{Agra 1969 ; Delhi 71, 74)

(1) When the process is slow, the temperature of the system
remains constant. Therefore, there is no change m

temperature.

(2) When the compression is sudden, the process is adiabatic.

Here Vi=T, Ve= =r

7, = 300k, T, ==?

Y= 14

Ly (Vqj77) = Fy [Vy
=~ p=]

T, — T, My 7

Vs
Fy -1

or T. xx 300 E ]
== 300 [3}!-4-1

er 7, = 465°5 Iv

== 192°5 °C

The temperature of air increases by

192°5—27 = 165°5°C or 1655 K

Example 6-7, A certain mass of gas ut NTP ts expanded to

three times its volume under adiabatic conditions. Calculate the

resulting temperature and pressure. ‘y for the gas te 1:40.

(Dethi (Hons.) 75}

(1) Here, Py = J, Vo = 3

T, = 273K T, =?

T.V,Y) = T, Vay"!

1

or T, = T, o |’
Ve

T “ ] 1.4=]

: = 273 =}

fy = 176 K == —97°C

(2) Here, Vy —= V, v $= 3V

P, = | armosphere, P, =?

P, V37 — P, Vea”

ey, iy
Pe ox PB. _ y

ae a tL P d

: 4 Jed
4

fi ‘a wre 3 { - . -
‘,

7) HRT BE yey we aeJU ee 14h a ORE Le



Thermodynamics 236

6:16 Slopes of Adiabatics and Isothermals

In an isothermal process

PV = const.

Differentiating,

PdViVdP = 0

or aP LP .
dV V -«(8)

In an adiabatic process

PV = const.

Differentiating,

PyVy-1 aV4VdP = (0)

dP P a
“dV = + oo (#5)

Therefore, the slope of an adiabatic is y times the slope of the
isothermal.

Fig. 6-5

Hence, the adiabatic curve is steeper than the isothermal curve

(Fig. 6°5) at a point where the two curves intersect each other.

6:17 Work Done During an Isothermal Process

When a gas is allowed to expand isothermally, work is done

by it.

Let the initial and final volumes be V; and V respectively. In
Fig. 6°6, the area of the shaded strip represents the work done for
a smal] change in volume dV. When the volume changes from J,

to Vs;
V.

Work done = (,. P .dV = area ABba mn ())

Fig. 6°6 represents the indicator diagram. Considering one
gram molecule of the gas

PV = kT

RT
or P= —>
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V, av
‘ Waals

!

{
|

P
{
(

‘

i

gi
4

(ir)

Woe RE «© TQ dow "2 (zt)hw ‘ a0) "3

Ais Py, - Pty

; \, _ r

Ly Ps

p . “a

ORE 23M0- log, » aa Is)

Here the chonge tp the mtertal energy of the svatem 1. zero (be ase

the temperature remains copstant) Soa the heat (rinsfe:red rs equal to the work

done

6.18 Work Done During an Adiabatic Process

During, an adiabatic process, the gas eapands trom volume V7) to V2 As

Shown by the indicator diayram (rig 67) the work done tor an increase itt

ee Oe
volume dV = & dV Work done when the gas expands from Vj to V2 15 given

by,
AV;

W = =) PaV = Area ABba
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During an adiabatic process,

PV? = const = K

K
or P = “jr

Vg GVW=Kk [, +r

1 ] 1-
-ralyer-yr] }0

Since A and B lie on the same adiabatic

PV? = PV,’ =—K

W l K .¢

~ T=7 Ly ~ WY r
wi 2 fF Pa” Py 7 |

i—y | Vy Vt
~

l .= 425, | PaVs—PiV, | --- (48)

Taking T and 1, as the temperatures at the _oints A and B
respectively and considering one gram molecule of th gas

PV, = RT,

and PVs — RT,

Substituting these vaJues in equation (f+)

W = — >| Bts— RT, | saa( iti)

Here, heat transferred is zero because the syst « is thernially

insulated from the surroundings. The decrease i> the internal

energy of the system (due to fall in temperature) is equal to the
work done by the system and vice verea,

6-19. Relation Between Adiabatic and Isothermai Elasticities

1. Isothermal Elasticity

During an isothermal) process

PY = const

Differentiating,

PdV+VadP = 0

or ar = P ov(8)

From the detuition of elasticity of a gas
aP

Ein = =avV

os =a aoe (8)
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From ($s) and (#4)

Ei, =P woo( $88)

2. Adinhatic Elasticity

During an adiabatic process

PV? = const

Differentiating, PyV’"1d4V+V7%dP = 0

or “4 = P ...(iv)
From the definition of elasticity of a gas

E dP
edi = —dV/V

V.dP
= =i eee (0)

From (tv) and (v),

Fea = YP wo. (Vi}

Comparir yz (1%) and (vi)

Baas = yz feo

Thus, th= adiabatic elasticity of a gas is y times the isothermal
elasticity.

6:20 Clement and Desormes Method-—- Determination of

Clement and Desormes in 1819 designed an experiment to find

¥, the ratio between the two specific heats of a gas.

a
T

4 HOVe
{

‘| > HO
yi

A is slightly greater than the atmospheric pressure. Let the

difference in level on the two sides of the manometer be ZA and
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the atmospheric pressure be Py. The pressure of air inside the vessel

18 Jy.

The stop-:ock S is suddenly opened and closed just at the

moment when the levels of the liquid on the two sides of the mano-

meter are the samc. Some quantity of air escapes te the atmosphere.

The air inside the vessel expands adiabatically. The temperature of

air inside the vessel falls due to adiabatic expansion. ‘The air inside

thé vassel is allowed to gain heat from the surroundings and it finally

attains the temperature of the surroundings. Let the pressure at the
end be P, and the difference in levels on che two sides of the mano-
meter be h.

Theory. Consider a fixed mass of air left in the vessel in the

end, This mass of air has expanded from vulume VF, (less than the

volume of the vessel) at pressure P; to volume J’, zt pressure Pe.

The process is adiabatic as shown by the curve AB (Fig. 6°9).

PY,” = PV,"

Pi (Vy ;

r, ~ (7) th
Finally the print C is reached. The peints 4 ard C are at the

room temperature. Therefore AC can be considered as an isother-

mal.

PW, = PVs

V, = P, ooo (88)

Substituting the value of i in equation (f),
2

P, i (f\'
POOP:

Taking logarithms.

Ing Py--iny Pees vilog Py --bog st |
a > o

soy i S is q ee5 zu ren at oo = t very
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But P, = P,+H and Py = Py+h

Y= log(P)+H)—log Po

7 ~ log(Py+H)—log (Po+ h)
P,+f

log (=)
Yr

P.o+H

08 (ats)
H \

~ Hi

es (+ pr)

Approxim.‘ely, Y — Hk” H—k

Hence Y - 7 ..(it}

Similarly, ‘¢ for any gas can be determined by this method

Drawbacks. When the stop-cock is opened, a series of oscilla-

tions are set 15) Th. 1s shown hy the up and down movement of

the liquid in che manometer Therefore, the exact moment
when the stoper: kh shou'd be closed is not kuown = The pressure may

mot be equal t» the atmospheric pressure when the stop-cock is

closed. It may be hagher o: less than the atmospheric pressure.

Thus the result obtained will not be accurate

6:21 Partington’s Method

Lummer, Pringsheim and Partington designed an apparatus

to determine ti:e value of y. In this method, the pressure and

temperature are measured accurately before and after the adiabatic

expansion.

S +.~

At. —F- } a:

ry B ee
L = 2 : ae

=a AEE

Fig. 6:10

The apparatus consists of a vessel 4 having a capacity between

130 and 150 litres. The valve L can be opened and closed suddenly.
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It 1s controlled by a spring arrangement (Fig. 610). Dry air («t gas)

ata pressure higher thon the atmospheric pressure 13 forced iitu the

vessel] A und the stopcock Sis closed The o! marnoneter M is

need fo racasure tLe pressare of a inside the vessel oO fhe balo-

mete: B (a platmum wire) and a sensitive rarvanoneser we ced in

the Wueatstere’s budge arrangemen',

‘Lhe vessel is sarrgun ler by a constant ccnperacire ah Let

the initia) pressur- and temperature be Fy and 7, (re oa tempera-

ture), Phe bridge is kept shehtly disturbed from the balanced

nastion The valve Z is suddenly opened and clved Pie Wheat-
stones bridge is at once a dusted for balanced positon. ‘The tempera:

tire of air insice A hac der reaced due to adiabatic expansion of air.

Let the remperetnre inside be T, and the atmesphenc pressure Py Th

the apparatus is allowed to remaim as such for some ume, 1 4/1 gain

heat from the enrroundings and the balance yo ont pets do curbed. In

order that the balance point remaims undisturbed, orar yarces of ire

are added into the water surrounding the vessel 4. When the ‘em-

perature of water bath is the same as that of air yust after adiabatic

expansion, the bridge will remain balan ed

The temperature Ty of ths bith represents the teniperature of

att alter the adiahatic expansion.

Py! Poy }

T 7 T,Y

’\7' ( T,\7

P| ~ tr)
(y—1)(log Py—log L’g) = ¥ (log T--low fy]

| log Py—log Po _

~~ (log P;—log P4)—(log 7,—log Tq)

As P,, Py, 7, and 7, are known, y can be calculated. The

value of y for air at 17°C is found to be 1°4034,

Advantages. (1) Due to the lage volume of the vessel, the

expansion is adiabatic.

(2) The temperatures are measured accurately just before
and after the adiabatic expansion.

Drawbacks. This method cannot be usec to find the value

of y at higher temperatures because it is not possible to determine
the cooling correction accurately.

622 Ruchhardt’s Experiment

In 1929, Ruchhardt designed an apparatus to find the value of

y. It is based on the principle of mechanics. Air (or gas) is enclosed
in a big jar (Fig.4°11). A tube of uniform area of cross section is
fitted and a ball of mass m fits in the tube just like a piston. In the
equilibrium position, the ball is at the point A. The pressure P of
air inside the vessel, is given by

Y

m



242 Heat and Thermodynamics

where P, is the atmospheric pressure and A is the area of cross-
seciion of the tube.

P=R+—~

t voweev |
Fig. 6-11

The ball is given a small downward movement througp a dis-

tance y. It moves up and down and _ executes simple harmonic

motion. Let the change in volume be dV and change in pressure

be dP.

and

df?’ = yA

F

where F is the restoring foice

As the ball moves quite rapidly, the process of change in P and
V is adiabatic.

or

PV” -- const

Differentiating, PyV¥-1dV+4V7,.dP = 0
yPdV 4VaP = 0

Substituting the values of dV and dP,

yPyA+- 27 =O,

But Fam oY

= — ve ¥ ooo(8)

dy YPAY yw = 0 alii)
at ye Y=

Equation (t3) represents S.H.M.
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Let the time period be ¢

t= On \/ displacement
acceleration

= 4 __.=n { — dy/at
“VM

yPA?

4n2 VM ves

“pae (8)

¢=—2nx

AsV, M, P and A are already known, only the time period ¢ is

to be determined.

Hence y can be calculated.

This experiment ic not very accurate because the ball comes

to rest in a short time due to friction and the time period cannot be
determined accurately.

Rinkle’s Modification. Rinkle suggested a modification in

Ruchhardt’s experiment. The ball is kept in the equilibrium position
where the pressure of air (or gas) is exactly equal to the atmospheric

pressure. The ball is allowed to drop and the distance L through

which it drops before starting to move un again is noted. This dis-
tance is f und accurately by taking a series of photographs of the
moving ball.

L
Work done = {, F dy

V

P,A2 (LWom of (; ydy

yP,A®L? .
as oP oe. (20)

Work done = MgL ...(¥)

Equating (tv) and (v)

yP,A°Le
— Ww = MgL

2MgV .
Y= PAL .- (U8)

As M, 9, V, {, and A are known, £ is measured from the
photographic film. Hence y can be calculated. The error in the
result is due to the following assumptions: (t) that there is no
friction, (it) that the gas is ideal and (17+) the process is completely

adiabatic.
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6:23 Irreversible Process

The thermodynamical state of a system can be defined with

the help of the thermodynamical coordinates of the system. The

state of a system can be changed by altering the thermodynamical

coordinates. Changing from one state to the other by changing the

thermodynamical coordinates is called a process.

Consider two states of a system ¢te., state A and state B.

Change of state froin A to B or vice versa is a process and the direc-

tion of the process will depend upon a new thermodynamical coor-

dinate called entropy. All processes are not ,ossible in the universe.

Consider the following processes :

(1) Let two blocks A and B at different temperatures J, and
T, (Ty_--14) be kept in contact but the system as a whole ts insulat-
el fram the surroundings, Conduction of heat takes place betwoen

the blocks, the temprracure of 4 falls and the temperature of JF
rises and therinvdvaanncal equilibraum will b+ reached.

(2) Gonside. a fiswhee: rotaung vith an angular velocity «

lts ata’ kareti one. nw bias After some time the wheel cones
ty restand har. Cana rs uulied Ga Ove mma, fino at the

bears | The temperature of the wanect ane the he oaaygs pists aba

the increas: in theoconter abome ry ts enuabte he sttaa. Ried
encrpy ofthe fly wheel °

(4, Conader two Hasks 4 and FB oconeecre? Ly a glass t ue

provider with a stop ceck Ler 4 contann wir ot hath pucssure and
Bis evacuated The vstiems isolated from the Ss scroundan sf

the er percek Cueuec, we nushes from 4 to 8, de pressure wa f

wm? &AcS Aa Gt ce veduuee ob alr ces eases

\ouhe above theee eoamples (Fone) ditterert ars therm aly-

Panetta precesses OW were Onange an thermody, emnce! coordina ,
Vso. on acrondince Voth the fiest law cf thermodynamics, the pre.

ple of contervation of energy is not violated bevanse toe total encryy

of the syttein is conserved. Itus also clear that, with the audual com
ditions described above, the three processes will take place

let us consider the possibilicy of the above three pracesses

tuking place in the reverse direction In the first case, i{ che reverse

process 1, posible, the biock B should transfer heat to A and imual

condi‘juns should be restored. In the second case, fo the reverse
provessis possible, the heat energy must again change to kine ts

encrev and the fly wheel should start rotating with the initial aniu-
lar velocuy w Inthe third case, if the reverse process to pussiute

the aw in 8 inus* dow hack to 2f and the initial condition should be

oltained,
Bur ats io meattes of common experience, that none of t]abo. conditions fo- the reverse processes are reac bed. Tr m i

that the direction of the process cannot be determined b kne vinethe the .nody namical courdinates in the two end states T o deter
mine ste direction of the process a new thermodynamical coordinate
his been devised by Clausius and this 13 called the entsystem. Simular to internal energy, entropy is also a function of the
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state of a syst*m. For any possible process, the entropy of an isolat-
ed system should increase or remain constant. The process in which
there is a possibility of decrease in entropy cannot take place.

If the entropy of an isolated system is maximum, any change

of state will mean decrease in entropy and hence that change of
state will not take place.

To conclude, processes in which the entropy of an tsolated
system decreases do not take place or for all processes taking place
snan tsolated system the entropy of the system should increase or
remain constant, It means a process 1s irreversible if the entropy

decreases when the direction of the process is reversed. A process is
said to be irreversible if it cannot be retraced back exactly in the
opresite direction During an irreversible process, heat energy is
always used to avercome friction. Energy is also dissipated in the
form of condu tinn and radiation. This loss of energy always takes
pluce vibethe: the engine works in Que direction or the reverse di-
tection Such energy cannot be regained In actual practice alt
the encines are irreversible If elertric current is passed through a
wire, heat s oreduced Ef the direction of the current is reversed,

heacis igun giaduced. This is also an example of an irreversible
vroces? A chemvcal reactans are irreversible In yweneral, ali
tatural ner) esses ure irreversible.

624 Reversible Process

From the tnermndvnamical point of view, a reversible process
ise cam whch in infin stecunally small change in the exte:nal con.
dations wall result in all the changes taking place in the direct pro-
cess but axacdy repeated in the reverse order and in the opposite
.enre | The process should take place at an extremely slow rate. In
ste rrssule evele, there should not be any loss of heat cue to friction
xaiadjation In this process, the ‘mtal conditiens of the working
- bstance can Le obtained.

Consider a cylinder contaming a gas at a Certain p'essure and

temperature. The cylinaer is fittea with a frictionless piston. If

the pressure 1s decreased, the gas eapands siowly and ma:ntains a
constant temperature yisethermal process) The energy required for
this expansion as continuously drawn trom the source (surroundings).
If the pressure on the piston is oncreased, che gas contracts slowly
and maimtains constant ‘emperature (. © hermal process). The energy
liberated durisg conipression is yiven to the sink (surroundings).
This is also true foi an adiabatic p:ocess provided the process takes
place infinitely slowly.

The process will not be reversihie if there is any loss of heat

due to triction, re Niation «1 conduction. If the changes take place
rapidly, the proce. will not be reversible. The energy used in over-
coming friction cannot be retraced.

The condiuons of reversibility for any heat engine or process
can be «tuted as follows :—

(1) The pressure and temperature of the working substance
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must not differ appreciably from those of the surroundings at any

stage of the cycle of operation.

(2) All the processes taking place in the cycle of operation

must be infinitely slow.

(3) The working parts of the engine must be completely free
from friction.

(4) There should not be any loss of energy due to conduction

or radiation during the cycle of operation.

It should be remembered that the complete reversible process

or cycle of operation is only an ideal case. Inan actual process,
there is always loss of heat due to friction, conduction or radiation.
The temperature and pressure of the working substance differ appre-
ciably from those of the surroundings.

625 Second Law of Thermodynamics

A heat engine is chiefly concerned with the conversion of heat

energy into mechanical work. A refrigerator is a device to coola
certain space below the temperature of its surroundings. The first
law of thermudynamics is a qualitative statement which does not
preclude the possibility of the existence of either a heat engine or a
retrigerator. The first law does not contradict the ¢xistence of a
1U0% efficient heat engine or a self-acting refrigerator.

In practice, these two are not attainable. These phenomena

are recognized and this led to the formulation of a law governing
these two devices. It is called second law of thermodynamics.

A new term reservoir is used tu explain the second law. A

reservoir is a device having infinite thermal capacity and which

can absorb, retain or reject unlimited quantity of heat without any
change in its temperature.

Kelvin-Planck statement of the second law is as follows :

“Tt is impossible to get a continuous supply of work from a

body (or engine) which can transfer heat with a single heat reservoir.
This is a negative statement. According to this statement, a single
reservoir at a single temperature cannot continuously transfer heat
into work. It means that there should be two reservoirs for any heat
engine. One reservoir (called the source) is taken at a higher tem-
perature and the other reservoir (called the sink) is taken at a lower

temperature.

According to this statement, zero degree absolute temperature

is not attainable because no heat is rejected to the sink at zero deg-
ree Kelvin. If an engine works between any temperature higher

than zero degree Kelvin and zero degree Kelvin, it means it uses a
single reservoir which contradicts Kelvin-Planck’s statement of the
second law. Similarly, no engine can be 100% efficient.

In a heat engine, the engine draws heat from the source and

after doing some external work, it rejects the remaining heat to the

sink. The source and sink are of infinite thermal capacity and they
maintain constant temperature.
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First Part. According to Kelvin, the second law can also be

stated as follows :

“It is impossible to get a continuous supply of work froin a

body by cooling it to a temperature lower than that of its surruund-

ings”.

In a heat engine the working substauce toes some work and

rejects the rcmmaining heat to the wrk, The temperature of the

source must be higher than the surrouadinugs and the engine w.,i! nor

work when the temperatures of the source and the sink are the same,

‘Lake the: se of a steam engine. [he steam (working substance) at
high pressure is introduced into the cylinder of the engine. Steam
expands, and it does external work. The contents remaining behind
after doing work are rejected to the surroundings The temperature

of the werking substance rejected to the surroundings is higher than
1'e temperature of the surroundings.

If this working substance rejected by the first engine is used ir
anuther engine, it can do work and the temperature of the working
substance will fall fe.rther.

It means that the working substance can do work only if its

temperature is higher than that of the surroundings.

Second Part, According to Clausius :

‘Tt wimpossible to make heat flew froma body at a lower

temperature to a body at a higher temperature without d-ving ex-

ternal work on the working substance ”

rhis part is applicable in the case of ice plants and refiigera-

tors Heat itself cannot flow from a body at a lower temperature to
a body at a higher temperaiure But, it is possible, if some external

work is done on the working substance. Take the case of ammonia

icc plant) = Ammonta is the working substance = Liquid ammonia at

low pressure takes heat froan the brine solution in the brine tank and

is converted to luw pressure vapour, External work 1s done to com-

press the ammonia vapcurs to high pressure ‘This ammonia at high

pressure is passed through coils over which water at room = tempera-

ture 1s poured. Ammonia vapour gives heat to water at room tempe-

rature and gc ts itself converted into liquid again. This high pressure

liquid ammonia 1s throttled to low pressure liquid ammonia. In the

whole process ammoni (the working substance) takes heat from

brine scJution (ata lowe: temperature) and jzives heat to water at

room temperature (at a higher temperature) This is possible only

due to the external work done or ax. noma by the piston in comp-

ressing it. The only work of electricity in the ammonia ice plant is

to move the piston to do external work on ammonia If the exter-

nal work is not done, no ice plant or refrigerator will work. Hence,
itis possible to make neat flow fiom 1 body at a lower temperature

toa body at a higher temperature by doing exte:fal work on the
working substai e.

Thus, the second law of thermodynamics plays an important

part fur practical devices ¢.g., heat engines and refrigerators. The

first law of thermodynamics only gives the relation between the
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work done and the heat produced = But the second Jaw of thermo.

dynamics gives the conditions under whith leat can be converted

into work.

6:25 Carnot’s Reversible Engine

Hleat engines are usd to convert heat mto mechanic ul work,

Sadi Carnot (Freneh) conc veda theerendcal engine which is free

frorn a'l the defect ofpra Gcoslencines be ctheie.cy i misimum

and it a: wn ideal heat cure.

Tor any engine, there are three es catia requisites .

» Source Phe source sgould be at a fixed hieh temperature

7, trom which the heat en. e can draw beat. It has infiuite thermal

capagt, ind any amount cut beat cam be drawn from at constant

tenperit ne Ty

“ Sink, ‘The sek Vould be ato f eeu lower temperature

T, tos > hany amount of hest can be rejected TM also has i frie

thern..' apacity and ite temperature remains constant at 7's

3: Working Substance, A cylinder with non conducting

sie O-enuducting he tton contains the perf t casas the uerking

substan

| }

Ubi t itl suk a CYLINDER

WORKING — [4 > ;
SUBSTANCE £4

CONDUCTING > CONDUCTING
— or

INSULATING
SOURLE SINK

77

AT Ty AT To

Fig. 6-12

A perfect non conducting and frictionless piston 1s fitted into
the cylinder. The working substance undergoes a complete cyclic

operation iFig. 6°12).

A perfectly non conductine stand is also provided so that
the working substance can undergo adiibatic operation.

Carnot’s Cycle

(1) Place the engine containing the working su »stance over

the source at temperature 7, The working substance is also ata
temperature 7. Its pressure is /, and volume is V, as shown by
the point A in Fie. 6:13 Decrease the pressure. The volume

of the working substance increasrs. Work is done by the working
substance. As the bottum is perfectly conducting to the source at
terrperature T',, it absorbs heat. The process is completely isother-
wal. The temperature remains eonstant, Let the amount of heat
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absorbed by the working substance be H, at the temperature %,.

The poms B ic obtained.

Consider one gram molecule of the working substance,

Work done from A to B (isothermal process)

r V
W,—- |" P.av -: RT, log ,?

y Vy
1

- arva BCE woo(8)

(2) Place the engine on the stand having an insulated top.
1 crease the pressure on the working substance. The volume

|

A(P,,Vy)

|
| |

| B(B,,V,)
{

7 |
;

He (Fy Vg ID!

i ‘ (

i (

} \ '

Po |
- Look _t i

E F G Hi

VY

Fig. 6:13

increases. The process is completely adiabatic Work is done by

the wurking substance at the cost of its internal energy. The tem-

perature falls. The working substance undergoes adiabatic change
from B to C. Ac C the temperature is 7’, (Fig. 6°13).

Work done from B to C (adiabatic process)

Vs But PV = constan’ =- K
= P.dV | .

Ws a av P,s 2 = RT,
8

~ | v, vy PV, = RT,
KV,! 7—KYV,'°7

~~ 1-—Y | PVs” = PV,” = K

PV 3—PsV 2
1—¥

RUT,»—T) ALT - Ta)
~1=-y

W, = Area BOHG .2o(88)
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(3) Place the engine on the sink at temperature 7. Increase

the pressure. The work is done on the working substance. As the
base is conducting to the sink, the process is isothermal. A quantity

of heat H, is rejected to the sink at temperature 7. Finally the
point D is reached.

Work done from C to D (isothermal process)

V
W,= |_‘ Pav

Vs

Vi
= RT, log Tr,

= — a log -e o1-(188}

W, = area CHFD

(The —ve sign indicates that work is done on the working

substance.)

(4) Place the engine un the insulating stand. Increase the

pressure. The volume decreases. Ths process is completely

adiabativ. The temperature rises and finally the point 4 is reached.

Work done from D to A (adiabatic process).
V

V,= Ir, Pav

_ _ AMT
y—1

W, = Area DFEA .o(80)

(W, and W, are equal and opposite and cancel each other.]

The net work done by the working substance in one complete

cycle

== Area ABGE+Area BCHG--Area CHFD

—Area DFEA

= Area ABCD

The net amount of heat absorbed by the working substance
= H,—H,

Net work = W,+W,+W3+W,

V, RT ,—T;) V, RT,—T,)
= RT, log-- +—yayp Rs log Vy, ——~Sy=T

W = RT, log’? —RT, log ~? (v)= 1 10g V, 3 We eee

The points 4 and D arc on the same adiabatic

TV,% = T,V,"")

mo (rn) “
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The points B and C are on the same adiabatic

TV,"" = TV,7")

T Ve \*" es

7 = (+) .o0( 088)

From (vé) and (ts)

(4) = (ae)
¥%, Vs

or V, = Vs

Vs Va
ur Vi -—= V,

From equation (7)
V V

W = RT, log —RT, log Tv,

W = R| log "s [7-7 ]wri

W = H,—H,

_ Useful output _ W
Efficiency 7 = Input = 3

Heat is supplied from the source from 4 to B only.

H, — RT, log Pa
I

_ W H,—A,

1" HE
VsRT ,—T3) log( Vv, )

_ — 1

RT, log ( Vy }

Hy
or y= I- A,

T aos

y= I- 7 »..(0868)

The Carnot’s engine is perfectly reversible. It can be operated

sn the reverse direction also. ‘hen it works as a refrigerator.
The heat H, i: taken from the sink and external work is done on the
working substance and heat H, is given to the source ata higher
temperature.

The isothermal process will take place only when the piston
moves very slowly to give enough time for the heat transfer to take
place. e adiabatic process will take place when the piston moves
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extremely fast to avoid heat transfer. Any practical engine cannot

satisfy these conditions.

All practical engines have an efficiency less than the Carnot’s

engine.

6:27 Carnot’s Engine and Refrigerator

Carnot’s cycle is perfectly reversible. It can work asa heat

engine and also asa refrigerator. When it works asa heat engine,
it absorbs a quantity of heat H, from the sxurce at a temperature 7),

does an aniount of work W and rejects an amount of heat H, to the

sink at temperature 7',. When it works as a refrigerator, it absorbs

heat H, from the sink at teinperature 7,. W amount of work is done

on it hy some external means and rejects heat //, to the source at a

temperature 7; (Fig.t} 14) Inthe second case heat flows froma

body ata lower temperature to a body ata higher temperature,

with the help of external work done on the working substan: e and 1

works as a refrigerator This wil! not be possible if the cycle is not

completely reversible

Coefficient of Performance Lhe amount 01 heat absorbed

1. the lower temperate is H,. The amount of work done by the

external process (input energy) = Wand the amount of heat rejected
- Hy, Here H, is the desired refrigerating effect.

HOT HOT

Lo T,

Hie la,

L- Iy wl ----
HEY i

T2 T>

COLD COLD

(1) HEAT AW) REE

ENGINE (J) REFRIGERATOR

Fig. 6:14

Coefficient of performance

A, . A,
W } #—H,

Suppose 200) joules of energy is absorbed at the lower temper-
ature and 10( joules of werk is done with external help. Then
200+ 100,= 304 joules are rejected at the higher temperature.

The coefficient of preformance

H,
= EH
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H,
H,—H,

_ 200 _

~ 300° 200 ~

Therefore the coethcient ct performance of a refrigerator -= 2.

2

In the case of a heat engine, the efficiency cannot be more
than 100% but in the case of a refrigerator, the coefficient of per-

formance can be much higher than )00%.

Example 68 Find the efhivency of the Carnot's engine work-

gq between the steam port and the ice point

T, - 273+100 - 373 K

Py, -— 27340 = 273K

273°~=«100

~ 373 374

100

373

-. 26 81%

O/ efficiency - x 1H)

Examnle 69. Find the effictenct, of a Carnat’sengene working

between 127 Gand 27°C.

TM, = 273+127 = 400K

4, = 273427 — 300K

{= 1--=2
‘1

300

%, efficiency = 25%

Example 6:10. A Carnvt’s engine whose temperaiure of ine

source 18 400 K takcs 200 calortes of heai at thts temperature and
rejects 150 calorses of heat to the wnk, What 13 the temperature of

the asnk ? Also calculate the efficie.cy of the engine,

H, = 200 cal; H, = 150 cal

T, =: 400K; T, =?

H, i,

T, «Tre

H,
T= Hy, xf,
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T

1= Ita
300

% efficiency = 25%

Example 6:11. A Carnot’s engine ts operated between two

reservoirs ai temperatures of 450 K and 360 K. If the engine receives

1000 calories of heat from the source in each cycle, calculate the

amount of heat rejected to the sinkin each cycle. Calculate the

efficiency of the engine and the work done by the engine in each cycle.
(1 calorie = 4:2 joules).

T, = 450K; T, = 350K

H, = 1000 cal ; A, =?

A, T,

A,” 7,
T

H, = ALx Fr

1000 x 350
=—{7 C= 777°77 cals

T's
q.= —F

— | 350 _ 100

~ «450 ~— 450

== 0°2222

% efficiency = 22-22%

Work done in each cycle

= H,—H,

= 1000--777°77

== 222-23 cal

== 222-23 x42 joules

== 933-33 joules

Example 6:12, A Carnot’s engine working asa refrigerator
érhucen 260 K and 300K receives 500 calories of heat from the
reservotr at the lower temperature. Calculate the amount of heat rejected
to the reservoir at the higher temperature. Calculate also the amount
of work done in each cycle to operate the refrigerator.

[Deths (Hons.) 1972)

H, =1 H, = 500 cal

T,=>300K T,= 260K

Aon.
yn TM 7:
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T

500 x 300
H, = —z— = 57692 cal

ii = H,—H, == 76°92 cal

== 76°92 X 4-2 joules

= 323-08 joules

Ezample 6 13. A Carnot’s refrigerator takes heat from water at

UC and discards it toa room at 27°C. I1kg of water af 0°C ta to be

changed into ice at 0°C. How many calories of hent are discarded to

the room? What is the work done by the refrigerator tn thie process }

What is the coefficient of performance of ihe machine !
[Deths 1974;

H, =?

H, = 1000x80 = 80,000 cal

T, = 300K

T, = 273K

H T
(1) i = Tr

H, = H,T,

a

- 80,000 x 300

273

H, = 87,900 Cal

(2) Work done by the refrigerator

=: W = J (H,—H,)

W = 42 (87,900 —80,000)

W ex 42x 7900

or W = 3-183 x 10‘ joules

(3) Coefficient of performance,

_
Hy--H,

80,000

TM 87,900—80,000

__ 80,000.
~ F900
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Example 6-14. A carnot engine whose low temperature reser-
voir 13 at 7°C has an efficiency of 50%. Its destred to wncrecese the
efficiency 0 70%. By how many degrees should the temperature of

the high tempcrature reservoir be increased ¢ (Delhi 197 7)

In the first case

n = 50% ~05, IT, = 273}+7 = 280K.

T, =?

T.
i= 1-H

280
or O95 we I~

or T', = 560 K

In the second case

7 w= 70% = 07,

T= 250 K,

T! = 1

’ Z's

v= lH
280

0-7 = 1l— 7

or T,' = 840K

Increase in temperature = 840—560 = 280 K

6:28 Carnot’s Theorem

The efficiency of a reversible engine does not depend on the
nature of the working substance. It merely depends upon the tem-

perature limits between which the engine works.

All the reversible engines working between the same tempe-

rature limits have the same efficiency. No engine can be more effi-

cient than a Carnot’s reversible engine working between the same
two temperatures.”

Consider two reversible engines A and B, working between the

temperature limits 7, and 7, (Fig. 6°15). A and B are coupled.
Suppose A is more efficient than B. The engine A works as a heat
engine and & as a refrigerator. The engine A absorbs an amount
of heat H, fiom the source at a temperature 7',. It does external
work W and transfers it to B. The heat rejected to the sink is H, at

a temperature T,. The engine B absorbs heat H,’ from the sink at
temperature J’, and W amount of work is done on the working subs-
tance. The heat given to the source at temperature 7’, is Hy’.

Suppose the engine A is more efficient than B.
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Effictency of the engine A

_. AK,

=o Hn aE

SOURCE 1

or a
—

[H;
w(a ) (8 )w

Hel tH,
r I % )

1 me S|
Fig. 6 16

Efficiency of the engine B

‘ H,’ ~~ H,’ W
— ~ @,’ = H,’

Since n>; Hy > A,

Also, - W = 4,—H, = H,'—H,’

ee H, > A,

Thus, for the two engines A and B working as a coupled
system, (H,’— H;) is the quantity of heat taken from the sink at a
temperature 7’, and (4,’—4)) is the quantity of heat given to the
source at a temperature 7. Both (H,'—H,) and (H,’—4H,) are posi-
tive quantities. 1t means heat flows from the sink at a temperature
T. (lower temperature) to the source at a temperature T, (higher
temperature) t.e., heat flows from a body at a lower ‘+mperature to
a hody at a higher temperature. Rut. no external work has been
done on the system. This is contrary to the second law of thermo-
dynamics. Thus. 4% cannot be greater than 7’. The two engines
(reversible) working betwecn the same two temperature limits have
the same efficiency. Moreover, in the case of a Cuarnot's engine,
there is no loss of heat due to friction, conduction or radiation
(irreversible proresses). Thus, the Carnot’s engine ha, the maximum
efficiency. Whatever may be the nature of the worzing substance,
the efficiency depends only upon the twu temperature limits,

In a practical enyine there is always loss of tnergy due to
friction, conduction, radiation ete. and hence its efficiency is always
lower than that of a Carnot’s engine.
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Example 5:15. An inventor claims to have developed an engine
working between 600 K and 300 K capable of having an efficiency of
52%. OCommeri on his claim.

The efficiency of a Carnot’s engine working between 600 K
and 300 K,

T's

300

=l1- to =v
= 50%

The effi. ency claimed = 7 = 52%

It mea. . that the efficiency of the engine is more than the

efficiency of ~ Carnot’s engine working between the same two
temperature livnits. But, no engine can have an efficiency more than
a Carnot’s en, ‘“e, so his claim is invalid.

6-29 Thermodynamic (or Work or Absolute) Scale of

Tempe -ature

The efficiency of a Carnot’s engine does not depend upon the

property of the working substance but it depends upon the tempera-
ture limits between which the engine works. The scale of tempe-
rature based on the working of the Carnot’s engine is a standard

scale and it does not depend upon the particular property of any
substance, as in the case of other thermometric scales. Kelvin

worked out the theory of the absolute scale called Kelvin’s or
thermodynamical scale and also showed that it agrees with the
perfect gas scale.

Suppose an engine works between the temperatures 6; and 04.

Here H, is the heat absorbed at 0, and 4, is the heat rejected
at 0,

1 = f(x, 9s)

H,—H,
1 Fr as f(0,, 93)

1 - = (0s, 6)

H l
or Fi. = 1—f(6r, 4s) = F(6;, 64) aeo(8)

Similarly, if the engine works between the temperature 6,
and 6, and 4H, is the heat absorbed and Q, is the heat rejected,
then

A,
Hy = Flu Oe) soo( 88)
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If the engine works between the temperatures 8, and 6, and H,
is the heat absorbed and 4; is the heat rejectec’, then

z= F(8,, @5) ooo(868)
3

From ($), (#1) and (818),

H, _ A, H,

H, ~ Hy * Fy,
oe F(6,, 63) = F(0;, O)xF (85, @3)

_ F (6, 4)
TOO) = FG Gy

This temperature 6, is arbitrarily chosen.

This relation can be satisfied only if

F (Oy 64) = $5")

F(4, 65) = fot

and F(6,, &) = a

where ¢ is another function.

H $(41)ae = Fb 6) = 40,

The expression on the right hand side represents the ratio of
the two Kelvin temperatures and this can be denoted az 6,/65.

H g .
“H. = a, ove( 80)

The relatinn (tv) is used to represent a new scale and this does

not depend upon the property of the working substance,

Efficiency 7 = -— Hi, “eo oo-(t)

y= l— | 3)

6:30 Absolute Zero on Work Scale

Consider an engine working between the steam point and the
ice point. The isuthermal AB is at the steam point and the isothers

mal OD is at the ice point (Fig. 6°16).

n= I--
steam

1 ogee
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If the distance between the isothermals AB and CD is divided

into ‘100 equal parts by drawing isothermals parallel to AB or CD,
then any isothermal will be at a temperature 1° higher than the

isothermal just below it. The difference in temperature between the

steam point an the ice point is 100 on this scale also. In this way,
the work scale Kelvin) of temperature is fixed. Similarly, isother-
mals below the «¢ peint can be drawn and an isuthermal represent

ing absolute «-ro can be obtained (Fig. 6-16). The isothctmal GK

represents abs" ite zer#.

Consider an engine working between the stcam point and
absolute zero {., = WU).

#.¢., the ensine has efficiency equal to 1.

Simuarly an engine working between ice point aud ausolute

zero, wil] have an efficiency -

ff
f uae j— -—*- j

’ Oses
A,—H H

But efficienc = ~ —f.i- —}efficsency Hi; H,

A, A,
If \— 7 = ‘a, = ° or H, = 0

It means that if the sink is at the temperature of zero degree

absolute, no heat is rejected and the whole of the available energy

has been used up in doing useful work and in this case the engine

will have 100%, efficiency.

Thus the ubsolute zero temperature on the work scale is defined

as the temperatsre at which a system undergoes a reversible isothermal

process without uny transfer of heat.

Absolute zero on the work scale can also be defined as that

temperature of the sink at which no heat is rejected to it.
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According to Kelvin-Planck statement, no engine can have
100 per cent efficiency. Thus the absolute zero temperature is not
attainable.

6:31 Work Scale and Ideal Gas Scale

Consider a Carnot’s reversible cycle ABCD (Fig. 6:17). The
two isothermals are AB and CD. The temperature on the work

H2+6272

V —-——_

Fig 6-17

scale is @, and the ideal scale is 7, for the isothermal AB and the
temperature on the work scale is 4, and the ideal gas scale is 7, for
the isothermal CD. Let the pressure and volume for the points 1, B,
Cand D be P,, Vi; P:, Vs 3 I's, Vs and Py, V, respectively. Consider
that 1 gram of an ideal gas is used as the working substance.

From A to B, the process is isothermal.

V.

Work done = | "Pav
1

Vs dV= rT, ly. Tt

H, = rT, log I a «2 (8)
V;

Here r is expressed in heat units.

From C to D, the process is isothermal and a quantity of heat

A, is rejected by the gas.

V,H, = —| «ray

" Ve dV‘— —rT, [. 7

H, =: rT’, log mas .oe(88)
‘

Dividing (2) by (#)

Vs

A he va (SH)
Hy rT’, log mat

‘
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Also, A and B lie on the same isothermal

PV; — PV,

PV; .
or P, — Vs eee (80)

0 and D lie on the same isothermal

P.V a PV,

Pp OV,
or P, = y, ooo(8)

B and C lie on the same adiabatic

PV,” — PV," oo-(08)

A and D lie on the same adiabatic

PV,y = PY,” .+.(U48)

Dividing (vt) by (vit)

GAH)1

x (7)

or = 7 ... (0888)

Substituting this value in equation (144)

fi = 7 .-- (82)

From the work scale of temperature,

Z = 3 oee(Z)

z = r (8)

Special considerations, (i) If 9, is zero, 7’, is also zero. It
means the two scales are identical at absolute zero temperature.

(is) Consider that the Carnot's engine works between the steam

point and the ice point and there are 100 degrees between the ice

puint and the steam point on the two scales.

Beam _ T' ste am
_ —_

Gree T sce

G1ee+100 _ T seet 100

Ft00 | PT tes
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or Giese = T tee

Therefore, the ice point is the same on the two scales.

Similarly O.tecm == T'steam

Hence the two scales are completely identical.

Efficiency. The efficiency of a Carnot's engine,

A,
H — li

1,72 _T 2
a 1 f;

Let the adiabatic expansion ratio be p

Vs

m= 7,
The points B and C lie on the same adiabatic

PyVg" = DV y" 4
Ps (42)"*
TT, 7)

(1)
T 1 \%-4

7 qT; p
6-32 Rankine Cycle

In a steam engine, water 1s used as the working substance.
Witer is converted into steam in the boiler. The steam is super-
heated above the boiling ‘emperature. This superheated steam is
introduced into the cylinder. For the first part, steam from the
boiler enters the cylinder and moves the piston. The inlet valve

°° # o TM%

Fig. 6-18

remains open and the steam enters at a constant pressure. In the
second part, the inlet valve closes and the steam expands adiabati-
cally. The piston is moved through the rest of the working stroke.
As soon as the piston reaches the end of the stroke the exhaust valve
opens and the steam goes to the condenscr. The steam gets condens-
ed in the condenser.



264 Heat and Thermodynamics

This cycle of operations 1s huown as the Rankine cycle, which
is an ideal case. Its working is divided into the following parts :

l. Atc B (Fig. 6 18) represents the compression of water and
the boiler pressure is reached.

2. BtoC represents the heating of water in the boiler at

constant pressure aud the boiling point is reached.

3. C to D represents conversion of water into steam at

constant pressure.

4. Dio EB represents sup -rheating of steam beyond its boiling
point.

5 Eto F represenis the adiabatic expanse of steam in

doing external work = Steam is cooled and gets condensed.

6. Fito A represents the rejection of steam to the condenser

where the whole uf the steam gets condensed. Finall, the po.at 4

is reached.

Efficiency. From 5 to £, the amount of heat absorked 15 fH,

and from F tu 1, the amount of heat rejected is H,.

fi,
1 I~ yp

6:33 Steam Engine

STE AM (HEST
re, POT ETD,

: pain es ane te

rrce Qtr P . vy

irre {x ee U22 INLET FOR
| br — STREAM
| . ! i

Pad SG ~evedl t
LY fr = gl Lyre ow fn §
tpi Ltae te | Pape arerr

CYLINDFS [4B
| l

d

e

a
vALvE

RCu

a rf
r te 4] L FA FLY WHEEL

PISTOH
Rn

bC2
~-{F

1 | | Do
Ls! — _. 4 +H,
if - ~ | _ ~\ — * Pmt Ww

AN SELEY hy tS
‘4h ; 3

E
=

Fig. 6-19

It con‘ists of a steam chest and a cylinder. These are connect-
ed by the stearn ports P, and P, P 1. a piston that moves imide
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the cylinder. Vis a sliding valve which can also move to and fro
such that the port P, ur Py 1s spen to the steam chest The piston

and the sliding valve are connected to the mun shaft eccentrically

at diametrually opposite points such that when the shaft rotates

they move ins pposite duectiuns Wo 1 a flywheel attached to thd

ina isbaft Phe .oupling between the miu. roa and the prcon roe

such that the ‘inear metan of the seston rad is converted t)

cueular motor of the shaft ‘The macturery 3 be operated is

conneced ts themiun baft

Working | Sein + pic sate tton th howe enters

the steam chest [The ¢ mer as aeegt trthre 2h tie port Py

Jae pst es Pas ,a ed fom ue how pre ore of team

(ir ob) TS Inevalscransesup Bir the pots and P,

eecclocd ahe steamuns ue the whnde sxosands iu! moves the

po mimte anticdowiwad dic ton | \t this postion, the port

27, ced at ted to che os atasl sadve & oud 1% us ope ed

2 When ta vent re through the pore 2s, the pistcr 13 push-
¢ lo up and the sliding valve moves down

The deid steam in the cv'inder 1 exhavsted out to the atmos-

phere through the exhaus valve & Both the ports P; and Pg, are

cio ed uc whe steam in the cylinder expand, The yuston 1s pushed

further to» complete the troke Tainally the port Py 1s closed and P,
opens Jhe process is cortimuously repe ited

B, and B, are the s.u Fing boxes These boxes allow for the

free and smooth shding of the valve rod and the piston rod = (C, and
C, are the cross heads © When the piston moves to and fro, the shaft

is rotated and finally the machinery rotates

Dead centres ‘Tsiuein the :otaticon of the shaft, the force

acts atuicht angles to th: shaft Theoretically a force does not
produce any effect when it act at rigit argles to the shaft For this

purpose the flywheel 1s used so that the momentum gained by the

flywheel enables the shatt t rotate beyond the Cead centre in each
half rotation ‘Thus, the flywheel makes the motion of the shaft

smooth and not jerky

Power 5S uppose tle average pressure of steam =. P newtons/

metre* The length of the stroke - ZL metres and the area of cross
section of the piston = .1 sy metres

Total force on the piston = (7A) newtons

Distance moved by the piston in 4 double acting steam engine

= 2L

- Work done for one rotation of the shaft

= (PA) x2 Z joules.

Lew the shaft rotate \ times per second.

Work done per second — (PA)x2LxWN watts

AN2PL .
Power of the engine — 1000" hilowatts
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Efficiency. Most of the he it energy in the steam engine is

wasted. Therefore, its efficiency 1. very Jow. It is of the order of

8 to 10%. Efficiency is the ratio of the useful mechanical work (W)

done by the engine to the amcunt of heat (#) supplied by the fuel

for the same time.

Example 616 Ju a double ccting sicam engin, the average

pressure of steamis 10 newtons/metre?, The length of the stroke ss

I metre and the creaof the pistons O15 89 metre, Find the poner

of the engine, tf it mikes o strokes per second

Here P = 10’ newtons/me tre?

i == | metre

A = 015 sq metre

N = 5 strohes/second

Powe 2PLAN
owe! Tn

Power ct the enoine 2xlOedxO15x)
, TT)

— 150 kilowatts

6%4 Otto Cycle

Inthe Otto cngine (internal commbus ion engue), afi che

C (T,)

H:

| (T2)B
‘

J .
| (

| | B13)

TM H>

| cb «<a — = A(T)

pS |
‘ 1 ~ 4 —- «.

Vy V2
V -

Vig. 6 20

working substance and petrol vapour act, as the fuel. A set of ileal
conditions are atsumed wlule discussing an Otto cycle

lL. ‘Lhe working substance 15 air all the tame and it behaves

as a perfect yas

2 There is ne fiction.

On the basis cf thesc assumptic 0 ’ Chto CV cle Aan Lr f1\ ided

into tue followmg operauion: .
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1. Eto A (Fig. 6-20) represents the charging stroke. The mix-
ture of air and petrol vapour is allowed to enter at atmospheric

pressure. The final volume is V, at temperature 7’.

2. Ato Brepresents the adtabutic compression. There is no

friction and no flow of heat through the walls of the cylinder. The

volume chang: s from V, to V, and the temperature changes from

T,toT,. There is change in pressure also. This represents the

compression stroke, ‘l'he compression ratio is nearly 8 t.e., 7 = 8
1

nearly. The pressure chanees from one atmosphere to about 18

atmospheres.

3. BtoC represents the agnition stage. A spark is produced

and the mixture of air and petrol vapour is ignited. The pressure

increases from 18 to about 80 atmospheres and the temperature

changes frum 7’, to Ts ‘from 500 € to 2000 ©)

4, Cto J represents the working otrckhe The gas expands

adiabatically and the engine works The velume changes frum Vy

wy. The pressure and temperature decrease

5. As the point Das reached, the exhaust valve opens. 2 to A

represents (he change of pressute to the atmospheric pressure and the

tempcrature changes from 2’ to T).

6. Ato Hrepiesents the exhaust stroke. The exhaust gases are

completely discharged {rom the cylinder. Thus, the initial condition
uf the cngine is restored.

Efficiency. Consider that } gram of the working substance is

used in the process. A quantity of heat #; ata higher temperature
is absorbed from B to C,

Hy, - ixs(T,—-T:)

A quantity of heat /7, is rejected at a lower temperature

from D to A
BH, - KC, M4—T;)

Hi, T, -T, :
“, " 4-7, wea (8)

H,
7"

T,—T:

P,—T;

The points J) and C he on the same adiabatic

ae TV.Y 1} = 7,0," .-.( 848)

The points A and B he on the same adiabatic

TV ,771 = Ty," vee (10)

Subtracting (iv) from (444),

(T,—T, V7) = (T,—T2)h 77}

= (h)"Toi, \ Vs

y= |

= ]— aoe(48)

os (Lv)
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Substituting this value in equation (#),
¥-1

=F)
i (~varyr)

] \¥7! .
y= |-- ( =) os, U2)

here 9 is the adiabatic compression ratio.

Yn an actual petrol engiue ¢ cannot be made greater than 10

Vi pis more than 10, the mixture gets ienited by ttself due to com-

pression n uch betore the sparkms, takes place

pene)
it - qa an | oa ] j

| \"

695 luternal Combustion cegine Petroi Lagine,

Pes yrastec fae Pater vase aa att tu. fascas Uf hasan.

valves 2. he wales salve and Gis che cucdet vase reectl ceare

opens doa cored atthe araper tines with ao swdole wae ha. en

The rewol vapours aod dremiethe rarhierct rose adiaitted inte

the cvtander throuyh the valve 200 dere No oatt os. Soarhepe pers

tas also tnown as a four stroke cues,

\, Charging stroke Dhe moxture of petror vapours aud

ar enters the cylinder The pitarmne duwn Fie, b 2! pe]

2, Compression stroke. Vhe inlet vawe closes ard the

piston moves up. The miature as con, oressed to a high pressure and

the temperature tices t> about 500°C [Fig. & 21 (ar)

3. Working stroke Aspark 1» produced at the sparking

plug and the compressed mixture of petrol and air igmites. The

tempera ire rises te about 2000°C and a high pressure of abcut 15
atmospheres 1s developed inside the cylinder The piston 1s pushed

down and the shaft rutates Fie. 62] (471)} Only in’ this strche,
work is lone oy the piston

4 Exhaust stroke, [he omle:vilve open: and dv burnt

Juniaent mrases are extiauie beut iseche atmosphere {lig 62]

yj.

‘Lhe cvele repeats aul Me engie work,,
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Engine Cooling. The internal combustion engine requires

cooling, although the efficiency of the engine will be higher without

van Lerrepetey pte derar SW pees, od sade thy

ander, atho wh this temper.te esaay lat ai, oor i very short

"yt red yn oteten of pas un) Gf the engin ut cooled the

tulwang dawta ko valae pres mt

il) Pring of the wistan und exhaust valve

(ey tries alar tuut oa Y eb toe fre}

(3) Scrzure of §)) 8 foe due i exnansinn

,4) Barong of the 'ubrizant, and

", Meltwep ofth b atin ma cn

636 Diesel Engine

fache case ut lresel enyine, ur is admitted ist. the cy liader

ur the be saramin They ariscompressed aqiabatnast so that the

temperitare asuiph enough vo ignite he ol sprayec anto the cylin-

der Phe ideal conditions are assumed while dis i. sine tne com

pl tecvcle mz the workmg substarce is air a! ine teme anit

behaves woapertect ts owmd (4) th reasno frictine = The cycle 18
ralied tle deceet ey le

i. Hom Lab ¢ + 22) represents the witake of air and its
Volume chanr sti |). sas the cl arging atr ke

2 {te Brepresent tne orspreswunm séroa+ Are is compresced

adiatatiooan'y [he temperature charges from Ty) ts Jy and he
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voluine changes from V, to V3. The temperature rises to about

1000°C and the pressure to about 40 atmospheres.

ae hc

1 | _._}
V. Vv UUM
2 3 v ~ }

Fig. 6:22

3. Br € represents the stage when the vil is sprayed into the

cylinder, Tl.- oit burns immediately. Vhe joessure is) maintaied
constant. Ths temperature changes from 7, to T, (to 200°C) and

the volume ct inges [rom 1’, to V3.

4. Ct Drepresents the working stroke The mixture of air

and diesel oil vapour expand adiabatically

5. As the point D is reached, the exhaust valve opens and the

pressure droj, to the point 4. The volume remains constant, but

temperature . nd pressure decrease.

6 Ato #H represents the exhaust stroke. The unburnt vapours
of the oil and the mixture of gases in the cylinder are exhausted out
of the cylinde:.

Efficiency. From B to C, the pressure remains constant. Con-

sidering 1 gram of the working substance, the quantity of heat

absorbed,

H, = 1x0,(T7,—T,)
From D to A the volume remains constant.

The quantity of heat rejected,

H, = 1x0, (1.--7))
A, Ce (%—T1)
HH, , * (f;—7;)

l T,—T;,

HR) ww
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To evaluate (3 , all the temperatures are to be
s+

expressed in terms of 7's.

a e a * V
Let p be the adiabatic expansion ratio. Then pe = y. and ¢

8

; . , V
the combustion expansion ratio or tue] cut off ratio = 7 ;

2

(1) The points A and B are on the same adiabatic,
TW, — TV,’-

T, =T, vl]

= I, | E yr .«0(2)

(2) The points B and C arc at the same pressure

yr, 7s

Or T’s = ry on =~ T., fe] mm ))

(3) The points CU and D are on the same adiabatic.

TV yr) => T4V4%-}

(Bur by - Vil
naa "

V, 1-1

- T 4 |
1% ° Md

7 fey Li Ty “1

r,— Tyner |

oo ee woo(4)

aan

fer tsT ET)
“FJ rn fej— —7,

-( evr—|1 = 1——-( =} “Ts eal =| o«.(9)
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Fo the ame cores ion ratio, the efficiency of an Otto
engine inte than a aiesel engine [n practuce, the compressior

ratio foc au tae eis fran 7 ta 9 ard for «diese! ergine it is
from 14 ‘te % Yee tytne bh vhee compression ratio, an actual diesel

«engine “as tt mMiaency thin the Otte (Petrol) engine The

cylinder muss stronz enough tu withstand very high pressure

G37 Multics nde: Exincs

Wh . np ue having one cylinder, the engine works cul?

during the v v4 ag stroke. The p.ston moves during the rest of the

threc vt one >to the momerturrot the shaft In a mutlucylinder
engine oay Fos tan eagane, one wur Cylimcers are voupled = The

working of ¢: VuRGEr IS mse he lOW —

{ 1

Fiesi Second Thar’ | Peart

| -
. | i

Firet quarts V"orkirs | Lx sei st , Ce mprosa or (t pargioy

{
Second qvartce at wus? Urarg) ig | Works ¢ Con reegsien

Lird q ‘Artes ta Ups | Comoresnen Fabanat Wath

{

Fourth quarter 9 Contpraesid1 | Working | Charyzu g Lvhaus!

In this way, the power of the engine mere es and the chats
getsmomnentu> during eich quirter cycle

638 Clapevren Latent Heat Equation

Consider theiothermals FBAH at temperature 27'-d7 and

GCDH at temperature 7. Here FA and AD show u ¢ J.quid state

“2 ©
4

—

Le

Vi Ve
yoo

Fig. 6:23

of the substam.e At A and D the substance is purely in the lquid

state (Fig. 6 23) From Ato Bor DtoC the substance is in transi-

tion from the liquid to the gaseous state and tree rersa At B and
C the substance is purely in the gascous state. From B to F or ('

to @ the substance is in the gaseous state. Join 4A to Mand BtoC

by dotted lines
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The cycle ABCD represents a complete cycle and Carnot’s
theorem can be applied. Suppose the volume at the point A is V,

and temperature is 7+d7'. The pressure is just below its saturation

pressure and the liquid begins to evaporate and at the point B the

volume is V, The substance is in the vapour state. Suppose the

mass of the liquid at Bis one gram The amount of heat absorbed

is HI,, Here H,=-L+d0, where LF 4-d£ ic the latent heat of the liquid
af temperature (T 4 dT’).

At the point B, the pressure 1s decreased by ¢P. The vapour
will expand and it, temperature fall. The temperature at C is 7.

\. this pressure and temperature 7’, the gas begins to condense and

converted into the Hyuid state. At the point D, the substance is in
the teaid state | From C to 7, the amount of heat selected {given

won 7. Uere Hy Lowhere is the latent heat at temperature

7 8, increasing the pre suce a ttle the orizinal point 4 is restored,

Lhe cle das comperely reversible | Applying the p owsple

Tre Cael areversaple « cle

hy if;

v T's

B .

Ay l,

Y #, h-T,

ih, T,

lIeve H, -- b4dh, Hy - CU,

T, - '+d?, 7, = T

H, - Hy, —_ + éL.-f “ ui,

T,-T, TidV—T = aT

dl aT

Phe area nf tne firure

ABCD = I—H, — al.

= dPV,—V,)

df (V,y—F)) _ dT
“ BO T

dP ~ L 3)
aT’ ~ T (V,—F,) ooe(

This is val'ed the Clapeyron’s larent heat equation.

Applications. (1) Effect of change of pressuse on the melting
point,

Whe: a solid is converted into a liquid, there is change in

volume.

(i) Tf Py is greater than ?,

dP ., . .
aq positive quantity. It means tliat the rate of change of
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pressure with respect to temperature is positive. In such cases, the
melting point of the substance will increase with increase in pressure
and vice versa,

(t%) If V, is less than V;.

dP. . ;

avs a negative quantity. It means that the rate of change

of pressure with respect to temperature is negative. In such cases,

the melting point of the substance will decrease with increase in

pressure and rice versa. In the case of melting ice, the volume of
water formed is less than the volume of ice taken. Hence V2, < }}.

Therefore, the melting point of ice decreases with increase in
pressure. Hence ice will melt at a temperature lower than zero
degree centigrade at a pressure higher than the normal pressure

Ice melts at 0°C only at a pressure of 76 cm of He

(2) Effect of change of pressure on the borling point.

When a liquid is converted into a gaseous state, the volme J’,
of the gas is always greater than the corresponding volume V’, of

the liquid t.e. Vy > V;.

dP

di! .

With increase in pressure, the boiling point of a substance 1-

creases and rice versa. The liquid will boil at a lower temperature

under reduced pressure In the case of water, the builing point in-

creases with increase in pressure and rue versa. Water bails at 100 C
only at 76 cm of He pressure. In the luboratories, while preparing

steam, the boiling point is Jess than 109°C: because the atmospheric

pressure is less than 76cmofHg In pressure cookers the liquid
boils ata higher temperature: because the pressure inside iy more

than the atmospheric pressure

Example 6:17, Calculate the depression in the melting point cf

ice produced by one atmosphere increase of preseure, Given latent

heat of ice = 80 cal per gram and the specific volumes of [ pram cf

ice and water at OC are 1:091 co? and 1-000 cm! respectively.

Here L = 80 cal == 80%42 IQ! ergs

fT = 273K

dP = | atmosphere

= 76x 13:6 x 980 dynesjcm*

V, = 1-091 cm?

V, = 1:000 cm’

7 L,

ap TVW)

ap .. 22Ta)

Therefore, isa +ve quantity
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_ 26% 13-6 x 980 x 273(1 — 1-091)
80 x 4:2 10?

Therefore, the decrease in the melting point of ice with an

increase in pressure of one atmosphere

= 0:0074 K -- 0-:0074°C

Example 618. Find the increase in the botling point of water

at 100°C when the pressure ts tncreased by one atmosphere. Latent

heat of vaporisation of steam ts 540 cai/gram and I gram of steam

occumes a volume of 1677 cm’.

dP = 76 x13 6 x 980 dynes/cm!

T = 1004273

= 373 K

L -- 540 4:2 x 107 ergs

V, = 1-000 cm?

VV. == 1677 cm

ae
dT T(V,—V¥3)

dPxT(V,—V,)

L

__ 16X13 6 x 980 x 373 x 1676

= 540x 42x10"

== 27-92°C

Therefore, the increas. in the boiling point of water with an
increase in pressure of one atmosphere

== 27:92 K

Example 6:19. Calculate the change in temperature of boiling

water when the pressure is increased by 27-12 mm of Hg. The normal
boiling point of water at atmospheric pressure is 100°C.

Latent heat of steam = 3387 cal/g

and specific volume of steam = = = It74 cm? (Delhs 1974)

dP = 2:712 x 13-6 x 980 dynes/cm?

T = 1004273 = 373 K

L = 537x42 « 107 ergs

aT =

V, = 1-000 cm?

I’, = 1674 cm?

aP L

df ~ F¥,— V1)
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Py T (V,—V;)

_ 2712 x 13 6 x 980 x 373 x 1673

| 537 «42x 107

= 1Corl K

Example 620 Calculate the change 1n the melting pont of

naphthalene for one atmosphere rise tn pressure given thut sta melting

posnt sa 80°C, Latent heat of fusion 38 4562 cal/mol and encrease an

tolume on fuston vs 15? cm? per mol and f calorie = 4 2 x 10° ergs

(Dethy 1907)

dP DL

qr Fy")
aT 1 atriaphere

7TH. Ldh eV lye crt

aT 2

i, 4563 caliinn

4.tt, 4 JG erp

a 137 om? mol

T 8427

355K

>

yr PEM

WO*X IZ OR hue 34, 18s

106 tA 4 “ «30 ~

0 63488 K

therefore the surease in the melusg pout of naphtha

with an incr. ase in pressure of one atmosphere

= 0 03488 K

= 0 03488 C

Example 621 Calculate the bniling point of benzene under a

pressure of 80 cm of mercury. The normal boring point re 80°C
Latent heat of vaporization t+ 380 joules/g, density of vapour at the
boiling purat ss 4 g/litre and that of the liquid 0 3 g'cm!

(Leeths 1968)

Here dP — 80-76

= 4cm of Hg

= 4136x980 dynes/cm’

T = 80°C = 804273

= 353K

EL — 380 joules/g
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== 380x107 ergs/g

]
= ——= 3y,= 09 1-11 cm

v, = ee. == 250 cm?

ap DL

ar oT (V,—¥ iJ

WT =< ext

i, +x 13 13 6'900,«.358 [280--1-1 11)
To 380 «10?
- 1233 K

= 1233 C

the Gouin pont of pesvene ata presse of RO ca) Hg

= 80} 1-233

- 81233 6

Example 622 Caliudade the *haowje 1 the bling point af

Io fhe pr gears th aheame anats aeface raoen rease ll from SF
‘ rtp) oe cap? ts

ye feo

‘ et

sop pos but oa fg"

wa? valle

bol. f re gron of sleamat fer!

_ 1676 cme

LD the Hod

foo | due]

~ Olf}atr ophere

dF -Q0 10% 76x 126%, 5d0 dyne ,«m?

T -- 100 + 273

373 K

L = 537 cals/g

== 537 4°?» 107 ergs/g

Vy, ~ ] ‘O0 cm?

VY, 1,676 cm?

dP L

a7 ~ TW-V3

an = OXT hh

aT .
0 1x 76% 13 6 x 980 x 373 » (1,675)

537 x 4-2 x 197



“¢ Heat and Thermodynamics

= 2 792°C

Therefore, the tncrease in the boiling point of water with an

increase of 0-1 atmosphere pressure

= 2°792°C

Example 6:23. Calculate the change tn the melting potnt of tce

when tt ts subjected to a pressure of 100 atmospheres.

Density of ice = 0-917 g/cm? and

Latent heat of ice = 336 J/g

(Delhi 1972)

dP
dT = § T(V,—PV;)

dP = 100-1

= 99 atmospheres

dP = 99x 76x 13-6 x 980 dynes/cin?

L = 336 J/g

== 336 x 107 ergs/g

T= 273K

Mr-%) = 1 = got
_ _ 0085

0°917

=s —0°09] cm?

. ar — 7 aPUs—"1)
L

ap = 213%99%.76x 136 x980 x (—0 091
336 x 10?

aT = —0°7326 K

= —0-7326°C

The decrease in the melting point of ice with a pressure of 100

atmospheres

= 0-7326°C

Example 6:24 Calculate the pressure required tu lowe

melting point of ice by 1°C.

(L = 79-6 cal/g, specific volume of water at 0°C =m 1-000 cm

spectfic volume of sce at O°C = 1091 cm‘ and I atmosphere pressure

-: L013 x 10* dynes/cm!). (Delhi 1973)

aP L

tT TV,—TV))
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dT = —! K

T -= 273K

V4— Vy = —0-091 cm?

L = 796 cal/g

== 79°6 x 4°18 x 107 ergs/g

L- aT

= TV)
79°6 x 4°18 x 107 x 1

>, [TOA tem

iP = --—Sasyooar Cynesicm

Or dP = 79 Ox4 18x10! atmospheres
274x0 091% 1 O13 x 10%

dP? =. 135 2 atmospheres

Pressure reqiured

— lto2 41

136-2 atmospheres

Example 625. Water boils at a temperature of 101°C ut a

pressure of 787 nm of Hy. J gram of water occupier 1,601 cm on

evaporation, Cal. ulate the latent hu.t of stcam, J =. £2 x 107 ergsjcal.

[Dethi (Hons.) 1970

dP L

dT ~~ i't¥, —V,)

dl’ ~ 787 760

-- 27 nm of Hg

= "7 cm of Fy

= 271436 980 dynes/cm?

qT - Va Ik

TP = 373K

Va— V, = 1,691-- 1 = 1600 cm?

L 2

p= PSE Wa--P a
= ar

1, 23X27 13.6 X980%1,000
ce ie

p - 3U3¥ 27x 136x980 1,600

~ 42x 107 B
LL = 511-3 cal/g

Example 626. When lead ts melted at atmospheric pressure,
(the melling puint is G00 KY) the density decreases from 11:01 to 1? 65

g/m and the lutent heat of fusion is 245 J/g What is the melitay
po. «ata pressure af 100 atmospheres ? [Delhi (Hona.) 194)
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éP L

dt ~ TV5—V;)
dP = 99 atmospheres

@P = 99x 76 x13 6x 980 dynes/cm*

== 24°5x107 ergs/g

}
Pee ee 3

= aer TM
7 . . wie

Ma- gy
\

¥ » .

Ve by Oo bie
{ t; Rt \ 3

y (Wore EEO
7 3 F

ii T ea Ju

OOO ROY “boa tibe ty i 2;
aT -
e IwodA LP ol s2t® 1 Oe
dT 97539 K

- 97539 C

J Mer rearet of lead at 100 etiospherc piess ue

= 600+ 0 7939

- 6060 7539 K

Example 628 (s'culule ander uh lo pre sure mater urtl bal
at 220 CG, of the change re specific cobeme whee bo prom of ot ater ¢

connertedl cate ateum a L,ATG vr

Latest heal of steam

= 040 ca) /g

J we £2918 ergs.)

i atmosphere preavure

- 1 dynes;cm
{[Dethi (Hons) 1072)

Here ar ~— —— bo
aT T(¥5—V;))

aT — 120—100

= 20K

Pi... 373K

i - Y= 1,676 cm3
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L = 540 cal/g

= 540 4:2 x 10° ergs/g

aP = 1

L.daT
dP == -

T'(Vs—V3)

540K 4:2 x10’?x20 3
dP =: - “375 x1 676 dy nes/cns

540% 4:2 x 107» 20
dP _- “373 sc 1.676010" atmospheres

dP ~~ 0 7254 atmosphere

Pressure required -- 1-40-7254

es 1:7254 atmospheres

639 Thermionic Emission

The electrical conductivity of metals is due to the free electrons

present in the metal and not attached to any particular molecule.

These free electrons continuously move within the metal and the

velocity of the electrons increases with the increase in tempera-

ture of the metal. ‘These electrons exert a pressure similar to that of
a gas. However, the electrons cannot escape to the outer space be-
cause of the attractive forces at the surface that tend to keep the
electrons within the metal. The attractive forces are much greater

than the electron gas pressure. In order to escape from the surface,

an electron has to do a_ certain amount of wok called the work
function ($) of the surface and this is different for different metals.
This energy is obtained fron: the kinetic energy of the electrons. At
ordinary temperatures the kinetic energy of the elections is much

less than the work fanction and hence the electrons canuot escape

from the surface. With the increase ‘n temperature of the metal
surface, the kinetic energy of the electrons increases and if the kinetic

energy exceeds the work function, electrons can escape from the

curface of the metal’ This phenomenon is called thermitonte emission

and the electrons are called thermo-electrens or thermtons. The
thermiouic current (Z) is given by the equation

#9
I= AT%e~ fF

where A is a constant, T is the abs»lute temperature of the metal,

$. is the work function of the surface at zero degree K and & is the
Boltzmann's constant. J measures the thermionic current in amperes

per sy «m of the emitting surface. The must commonly used

Cimitters are (4) ti ysten (11) thoriated tungsten and (1st) ocude coated

cathodes containing barium or strontium,

640 Richardson's Equation

Richardson derived the equtaion for the thermionic emission

froma heated metal He applied Clawiu:-Clapeyron’s fatent teat

equation for the ejection of electrons from the surface of the metal,
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Let the vxlume for | gram molecule of electrons within the

metal be v. and outside the metal be tr, 9 ‘The volume ¢, is very high

as compared tor,, The pressure of electrons under equilibrium con-

ditions is P. The energy absorbed by NV electrons during ejection

from the metal surface = W. Here N is the Avogadro's number.

Applying Clapeyron’s latent heat equation

iW |dt —! T (te—";) oval )

As '3 > >» %, 1; can be neglected

qapté<C‘i

“df ~ Ty

, dP pes
or M Tv, ar weet)

The energy W consists of two parts. (¢) The work function of

the surface 7.¢ , cnerzy required tor ejecting N electrons just outside

the metal é.¢., in crussing the potential barrier. ‘This energy = Nd

where ¢ is the work function of the surface.

(tt) Che work done in admitting the ejected electrons into the

electron cloud already present outside the metal. This energy is

Pv,. For one gram molecule of electrons

Pov, = R T — N k: T

Here & is Boltzmann’s constant

W=NG4+NKT .»o(t88)

From equations (1%) and (t#)

dP

ikTBut ',s = a

1 (NKE\ dP
N(p+kT) = T (= )x ar

kT dP

dP $+kT

Integrating

dP ¢ dT

\-- | pe e+ \-7
_{ ¢

loge P = “Wr aT + log, T + constant

Let the constant be equal to Jog, Ay

log. Plog, 7’—loge Ay = [Fe aT
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P J |loge (a3 = lr aT wee (t?)

Richardson suggested that ¢ also depends upon T. If ¢, is the
work function at 0 K, then

¢ = do + SkT

? _- dot ght ’ma OT = ee q7

— +3 log, T

d 8

- = <P + loge 7%

Substituting this value in equation (ir)

P\ | $o 4log, ( iw) =z += rT + loge T

log ( LP ) du
| Ye -_— ~~ — Tyr

A,Tt kl

s _ #0
or P=A,TMe 4&? aee(t')

If the number of electrons per unit volume - 2 then

P=nkT »2(V8)

Equating (v) and (tt)

s __»0
(7 k T = A,T? e kT

a #o

n= ( 4 ) T' ¢ kF ...(Uit)

Assuming the perfect gas laws to hold good in the case of an

electron cloud, the mean energy of the electron,

4 my v® — + kT

or v= (2
Mo

But Kundsen has shown that the number uf electrons passing

unit area In one second is,

kh nv

evox

na, = ON 3kT’ \it x/ sam )
kT \4

-*( =)
Substituting the value of 7 fiom equation (rt)

Ge .

Ng = (+) 7 e aT?{ F \*}
L i. \2M,
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A k _*,
= [F«( sem)! ee”te =

Taking

nA k| mm, }! = A, = constant

te
Ro — A,T? é kT

Taking the charge on the electron ¢, the current density

due to clec tron emission,

Po
L_nge 'geT8 7 EF

I= Are” i vea( ttt)
Here A — (Aw) = ennstant

Equation (7/8) represents the Richardson's equation fu iber-

mionic emission

The electron emitter can be heated directly or indirectly. In
the casc of direct heating, the current is passed through the filament

which itself serves as the cathode Tingsten and thoriatcd tungsten

filaments are the cominonly used directly heated electron emuiters

The indirectly heated electron emitter consists of a heater wire

surrounded by a metal sleeve in the form of a cylinder whose surface

1s coated with electron emitting materials The most commonly

used cathode is the indirectly heated cathode. In both the cases,

filaments can be heated either by DC on At.

The operating temperatures for tungsten

aud oxide coated emitters are given below.

2200 to 3000 K

therzuted tunemscen

‘Tungsten

Thoriated Tungsten 1900 K

Oxide coated cathode 1000 to 1150 K

Values of the Emission Constants

Material | Go in eV A in Melting point in K
Ajm8t—K

Carbon 47 — _

Nickel 50 » 68 » 105 1725

Platinum 5 32 320.106 2047

Taatelum 41 6 03 x 105 3123

fungstor 4-52 6 O2 x 105 3650

oe we
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6-41. Clausius Inequality

Before considering entropy, it is necessary to establish the

Clausius inequality which states that

8H

7 S°
This relation is between the temperatures of an arbitrary num-

ber of heat reservoirs and the amounts of heat transferred (given up

or lost).

I I

|; «| Hy Hop |
| F 4

| | |

ARNO? Hm ee —- |
ENGINE CARNO'-\ | ; L——~| ENGIN

|Le J BJ: Wa FL wet |)

to

Fig , 6.24,

ion-ider three heat reservo.rs at temperatures 7',, 7; and 7,

‘Fig () 24)

The engine C works asa heat engine. It absorbs neat 4, from

tesersoir at temperature 7, and H, from reservoir at temperature
T,. The system as a whole does an amount of work W and rejects a

quantity of heat H, to the reservoir at temperature 7',.

Carnot’s engines A and B work as refrigerators. The engine
A absorbs heat H,a from the reservoir at temperature 7’), an amount

of work W’, is supplied to it and it rejects a quantity of heat H,a to
the reservoir at temperature 7';. The engine B absorbs heat Hop
from the reservoir at temperature 7,, an amount of work Ws, is
supplied to it and it rejects a quantity of heat Hgp to the reservoir at
temperature 7’.

In the ge:.ral discussion given below, no restriction on the
direction of interchanges of the energy is made except that the inter-
changes must be consistent with the first and the second laws of
thermodynamics.

The engine A working as a refrigerator rejects heat Ha to the
reservoir at temperature T’,.
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Here, Aya+H, = 0 -(4)

Similarly the engine B working as a refrigerator rejects heat

Hp to the reservoir. at temperature 7',.

Here Al.g +A, = Q .o0(88)

It means that when the three engines work simultaneously, there is

no outstanding change in the temperature of reservoirs at tempera-

tures 7, and T,.

Thus, there has been no change except for the reservoir at

temperature 7’, and the mechanical system that supplied or absorbed
work. If /fy is not equal to the sum of Hoa and Hyg, the reservoir at

temperatwe 7', must have gained or lust heat. Similarly, if W is not

equal to the sum of W’, and Wg, the mechanical system must have

gained or lost work. According to the first law, the net flow of heat

from or to a heat reservoir must necessarily be equal to the amount

of work done on or by the mechanical system. As far as the first law
is concerned it is a matter of indifference whether the reservoir

gains or loses heat as long as the mechanical system loses or gains

the same quantity of work. The consideration is different with

reference to the second law.

If the heat reservoir Joses heat and the mechanical system,gains

an equal amount of work, it means that the whole of the heat absor-

bed from the reservoir is converted into work but this violates the

Kelvin Planck statement of the second law of thermodynamics,

Therefore, [gy must always be greater than the sum of Hoa and

Huy except in the limiting case when they are equal.

For the engine A,

Ha Hoa aa
T, _ tT, ove ( tl?)

For the engine B,

Hy Hep _
TT. _— 1", «+ ( 82)

Also the quantities, H, and H, are positive, fH, is negative, Hi
and fg are negative, Hoa and Hy are positive. Mathematically we

write all the quantities as positive.

From equation (tit)

— Ty (Aya) _ Ta (A) _ H, ;Hoa = a = —F =. Te op Pr 2)

Similarly, Ho = aw) _ 7 = 7, (=z )

«+ .(Ut)

The net quantity of heat drawn from the reservoir at tempera-

ture 7’, is

H,-! Aoa+ Aon
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According to the second Jaw, this quantity should be less than
or equal to vero.

1.€, Hy tiyat Hos & 0

Substituting the values of Hoa and Mop

H H,Ho+ To( - ) tT (7 <0

Dividing by 7,

ty n+ f " <0 (88)

In general, for a system using a large number of reservoits, it

ean be written as,

H
T

When the number of ieservoirs is infinite and the heat ex-

changes take place by infinitesimal amounts, it can be written as

BH
T

i quations (viii) and (ir) represent the Clausius inequality.
The relation holds guods for any cyclic process, reversible or

irreversible.

<= 0 oo o(@222)

< 0 woe(8L)

Examples. Consider two blocks at temperatures 300 K

and 200 K that are in contact. The block at higher temperature con-

ducts heat to the block at the Jower temperature. Suppose, 200 joules

of heat is transferred. ITere,

H, = 209 joules; T, = 300K

H, = —200 joules, 7, = 200K

HM, Hy

yr TTT,
_ 200 . (—200) !

~ 300 * 200 ~~ 3
== --Q°33 joule/dcgree

(2) Consider an actual heat engine working between the tem-
peratures 500 K and 300 K.

Suppose its efficiency is 20% and it takes 1000 joules of heat

from the high temperature reservoir. As the efficiency is 20%,

= ]— iM,
A,

20 = J— H,
100 100

or H, = 800 joules

yi - 2 H,

T° TT
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eacre A, = 4-1000 joules

H, = —800 joules (since heat is rejected)

T, == 500 K

1’, = 300 K

H _ 1000, —800

> 7 ~ 500 * 300 _
”

= — 5 joule/degree

(3) Consider a Carnots reversible engine working between the

temperatures 500 K and 300 K. Suppose 1000 joules of heat energy

is drawn from the high temperature reser voir.

A, Ff
Here r == 7.

1000s

500 300

or H, = 600 joules

H H H

rant 7,
Here H, = +1000 joules

H, =—600 joules

T, = 500K

T, = 300K

> H _ 1000 , (--600)

’ ~ 500 * 300 —

> H
or - = Q

e H s + * eThis example shows S = 0, only in the Inniting

a H a
case and in no case a 3s greater than zero.

6-42. Entropy and the Second Law of Thermodynamics

Gonsider a closed system undergoing a reversible process from
state | to state 2 along the path A and from state 2 to state 1 along

the path 8 (Fig. 6:25). As this is a reversible cyclic process

24 3H =f 18 8H

[a T Joa ,-=° -+-(9)



Thermodynamics 289

Now consider the reversible cycle from state 1 to state 2 along

the path A and from state 2 to state | along the path U

For this reversible cyclic process

24 3H 10 3H s

Iie T \0 7 =? veo(8)
From equations (#) and (#4)

IB 3H 1C 3H ves

[oe 7 {oo Tt woo(888)

2

A

p C

’

L _.

Vv ———o

Fog 6°25

This shows that | 8H has the same value for all the reversible
T

oaths from state 2 to state 1. The quantity | or is independent of

the path and is a function of the end s*ates only, therefore it is a
property.

This property is called entropy. Entropy is a thermodynamical

property and is defined by the relation

3H
aS = ar .02(80)

or S,--S, “= [ a -o-(%)

The quantity S,— 8, represents the change in entropy of the
system when it is changed from state | to state 2.

643 Entropy char.ges of a Closed System During an

Irreversible Process

Consider a reversible cycle where the state is changed from !
to 2 along the path A and 2 to | along the path B (Fig 6°26).

For a reversible cyclic process

f dH = 0
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—ar- + aa = 0 ma ))

' wees

hee oe ee ee ee eee

Y—-

Fig. 6 26

Now consider an irreversible path @ from state 2 to state l.
e

Applying Clausius inequality for the cycle of processes A and qd

oF <s
a4 + 1c ne 0 

ee

F A q .oo(88)

From equations (+) and (##)

1B 3H 10 8H

on fF joo T 2 0
Since path B is reversible and entropy 1s a property

1B 8H 1B

\s5 — = See OO (0
a

* So ar (it)

or §,—5, 2 ql so »«(30)
To conclude,

For a reversible process

oS, = ae aH

and for an irreversible process
2 $H

S,—8, ? I “T
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Equation (tv) shows that the eftect of irreversibility is always

to increase the entropy of a system.

644 Entropy

Consider adiabatics L and M on the P—V indicator diagram

(Fig. 6:27). All along the adiabatic Z, with change in pressure

there is change in volume and temperature. This stows that all

along the adiabatics L or M, there is change of temperature. Consi-
der the isothermals at temperatures T,, 7; and 7's. ABCD represents
the Carnot’s reversible cycle. from A io B, heat energy A, is
absorbed at temperature T;. Fiom Cto D, heat energy Hg is
rejected at temperature 7.

A, OU;
/

Similarly considering the cycle DCEF

Ay Bs
7 860;

A, H, Hy;
F, = FF, = T’, = constant

From one adiabatic to the other adiabatic, heat energy is

either absorbed or rejected. The quantity of heat absorbed or
cejected is not constant but it depends upon the temperature. Higher

the temperature, mor * is the heat energy absorbed or rejected and
vice versa. The quantity H/7 between two adiabatics is constant

and this is called the change in entropy. Let the entropy for the
adiaba.ics L and M be S,; and Sy, respeetively.

Here 8S, and S, are arbitrary quantities.

S,—S, = a constant.
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If the adiabatics are very close, and the heat absorbed or

rejected is 5£: at a temperature T',

Change in entropy

3H
is =", (1)

In gene al, the change in entropy

Ss B $H
_ = 1 = = wee= [;, 8 = 3,8, = | a (2)

B (Sl ie — ' 5 dS represents the thermodynamic co-ordinate of a
1

system. Th: integral refers to the value of the function at the final

state minus i + value at the initial state. This function is called

entropy and s represented by 8S. Moreover, @S is an exact differen-

tial since it 1 the differential of an actual function.

All alo. 2 the adiabatic, 8H = 0. Therefore, the change in en-

tropy along « 1 adiabatic is zero or the entropy all along the adia-
batic is cons’ «st. Thus entropy remains constant during an adsabatre

reversible pr. as. When heat ia absorbed during a process there is
increase in« tropy and when heat is rejected during a process ther: 18

decrease in + ‘ropy.

6-45 Ghani "in Entropy in a Reversible Process (Carnot's
ycle

_ Consid -a complete reversible process [Carnot's cycle] ABCDA

(Fig. 6:28). From 4 to B, heat energy A, is absorbed by the work-

H; ,T;

Vv ——_—_-»

Fig. 6-28

ing substance at temperature T;. The gain in entropy of the working

substance frem A to B = H,/T,. (H,/T, is the decrease in entropy of
the source fr +m which the amount of heat H, is drawn at a tempera-

ture 7). From 8 to C there is no change in entropy because BC is
an adiabatic. From C to D, heat energy H, is rejected by the work-

ing substance at a temperature T,. The loss in entropy of the
working subs.ance from C to D = H,/T,. (H,/7, is also the gain in

entropy of the sink to which the amount of heat H, is rejected ata

temperature 7). From D to A there is no change in entropy. Thus
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the total gain in entropy by the working substance in the cycle

ABCDA : Y
—7 As
a ee

But for a complete reversible process

HH, A,

rT «of,
Hence the total change in entropy of the working substance in

a complete reversible process

HA, H,= fies = i i

646 Change in Entropy in an Irreversible Process

In an irreversible process like conduction or radiation, heat is

lust Ly a body at a higher temperature 7’, and is gained by the body

at a lower temperature 7',. Here T, is greater than 7.

Let the quantity of heat given out by a body at a temperature

1, be H and the heat gained by the body at a temperature 7, be 4.

Consider the bot and the cold bodies as une system.

Loss in entropy of the hot body = 4
1

H
(sain mn entropy of the cold body -< r-

2

Therefore, the total increase in entropy of the system

_H H

TT,

It is a positive quantity because 7, is less than 7. Thus the

entropy of the system increases in all irreversihie processes,

647 Third Law of Thermodynamics

In all heat engines, there is always loss of heat in tie form o,f

conduction, radiation and friction. Therefore, in actual heat engines

H
Hy is not equal to 7 .

2P,
A, A, e * ° re.) °
TT, is not zero but it is a positive quantity. When

cycle after cycle is repeated, the entropy of the system increases and
tends toa maximum value. When the system has attained the
maximum value, a stage of stagnancy is reached and no work can
be done by the engine at this stage. In this universe the entropy
is increasing and ultimately the universe will also reach a maximum
value of entropy when no work will be possible. With the increase
in entropy, the disorder of the molecules of a substance increases.
The entropy is also a measure of the disorder of the system. With
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decrease in entropy, the disorder decreases, Af absolute zero tem-
perature, the entropy tends to zero and the molecules of a substance or

a system are in perfect order (well arrenged). Thts is the third law of

thermodynamics.

Example. ‘The molecules are more free to move in the

gaseous, state than in the liquid state. The entropy is more in the

gaseous state than in the liquid state. The molecules are more free

to move in the liquid state than in the solid state. The entropy is
more in the liquid state than in the solid. Thus when a substance is

converted from a solid to a liquid and then from the liquid to the

solid state, the entropy increases and vice versa, When ice is conver-

ted inte water and then into steam, the entropy and disorder of the

molecules increase. When steam is converted into water and then

into ice, the entropy and disorder of the molecules decrease. Hence

entropy ts a measure of the disorder of the molecules of the sy+tem.

By any ideal procedure, it is impossible to bring any system to

absolute zero temperature performing a finite number of operations.

This is called the principle of unattainability of absolute zero. Thus

according to Fowler and Guggenheim, the unattainability principle

is called the third law of thermodynamics.

648 Temperature-Entropy Diagram

The temperature-entropy diagram is used in engineering anc
meteorology. Consider the Carnot’s cycle ABCDA [Fig. 6-29 (4)).
From A to B, heat energy 4, is absorbed at temperature 7;. The
increase in entropy 9, takes place from A to B [Fig. 6°29 (it)}. From

HT; $155

8

>
0p é D C

He, © S2,Te

v a) (fl) ENTROPY (S)
Fig. 6-20

B to C, there is no change in entropy. The tempetature decreases

at constant entropy. From C to D, there is decrease in entropy (Ss)
at constant temperature 7',. From Dto A, there is no change in
entropy but the temperature increases.

‘The area 4BCD in the temperature-entropy diagram represents.

the actual amount of energy converted into work [Fig. 6°29 (24).

The area ABCD = S, (T,—73) = Ss (T,—T,)

H H
But 8, a= ee and S, = a
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_9 _% HH, AA,Here S; = S; = T, = FT, == “? tT,

* Area ABCD = {h= A) (NaF) = H,—H,
TP 3

Therefore, the area 4BCD represents the energy converted to
work

Efficiency = A, H A, = | — at = — ef
1 1 1

Here EH, is the unavailable energy.

H
H, —_ 7 “xT, — SixT,

j 1

The unavailable energy depends on the change in entropy at
temperature 7, and the temperature 7’.

6:49 Entropy of Perfect Gas

Consider one gram of a perfect gas at a pressure P, volume V
and temperature 7’. Let the quantity of heat given to the gas be 84.

of = dU+38W

am, Pav ,éH .= lxCy xdT+ Jj «oe(8)

8H .= TdS

. ' PdV .
. TdS == CydT + a »oo(88)

Also PV ="T
rf'

or P= TT

yg rT dV
TdS = (ydT 4+ JV

aT r ay

= NT tT
. Ss Ts aT r Ve aVIntegrating, | 8, dS = Cy [m a ty vy, VO"

7’. r V. esS, —S, == Cy log, T, +7 loge v, -+4(886)

Tl, f° V
8,—S, = 0, X2-3026 logig pty X2 3026 loge 7 .».(60)

The change in entropy can be calculated in terms of pressure
Iso.

a PV = a

Differentiating

PdV+VdP = rdT
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‘ ubstituting the value of PdV in equation (ti)
Ti ¥

Td8 == CyxaT+ ha 7 yap
r

TdS = (vt +) ar 1"

But Cy+ > = Cp

dT /dP

ee aS = Cp 7 _ IT

Also PV = rT

Vo. Of

or a
_ aT -r dP

di a Cp POT Pp

Integrating 
»

Ss T, dT r (Ps dP

S1 as = On| TS lp, P
T P,

S; —S, = (lp loge 7 5 - loge a .o(U)

T ron P .

S,—S, = Cp X 23026 » Logo T — -7 X 23026 logie-p- «.(08)

onstant aud has to be taken in units of
Note. fis the ordinary gas ¢

fur 1 gram of a gas et constant pressure.

work, Op represents the specific heat

If Cp represents gram molecular specific heat 
of a gas at

constant pressure and R the universal gas constant, then
T, _ P .

8,—45, = Op x 2°3026 logie . an x 2°3026 logio P- -2.(?'%4)

Example 6:29. Calculate the change in entropy when
 10 grams

of ice at O°C ts converted into water at the same temp
erature,

(Punjab 1963, Delhs 1975)

Heat absorbed by 10 g of ice at 0°C when it is converted into

water at O°C = 10x80 = 800 cal

: $H = 800 cal

T = 0°C = 273K

The gain in entropy

3H
dS = 7

800
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Example 630 Calculate the change in entropy when 5 kg of

water at 100°C ta converted into steam at the same temperature.

Heat absorbed by 5 ke of water at 100°C when it is converted

into steam at 100°C

= 5000 « 549

2700000 < al

AD PT OON0F cat

The alin UL GPF reo

re oh
& = "

-- " ,, " 7245 cal K

Mxacaple 639 ¢ leudah she tneres crterle teuien Eram

ot bee om evted tu dean TID CO Npeeefe Fer of ace
= GG, Wh bent mrad ef ace av catiz, letent heat of steam - 349
enlig (Bombay 1874 - Deths 19, 3)

mraeane py to? th emperss reef) pram of

Cus ft ¢ 7 Wo we GL

chs oT
un ‘

jr. 7

‘T, at
- mt 7

Ff

int loge “He
I

ns » 2 3026 lopiy~)*
1

8

= 1 08x 2026 tgs ps

~ 001865 cal/K

(2) Increase in entrupy when | pram of ive at O°C 1s conve ted

into water at U0 G

"

dS 7

a0

273

(3) irs cease in entropy when the temperature of If of water

1s raised from 0°C to 100°C.

Py, 8Hd8 = [ =

=. 029% cal/K
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= ms x 2:3026 logie a
1

= 1x 12-3026 logi, a

— 0312 cal/K

(4) Increase in entropy when } g water at 100°C is converted
into steam at 100°C

8H

T

510

474

dS —

= 1417 cal/K—

Total increase in entropy

=~ POL86S +0 299 £0312 + 1 447

— 207065 cal/K

Example 6:32 One gram mulkcule of a gay excpand. tenthermal.

ly to four times atx volume Cateulute the change in abs cacropy im

terms of the gas constant

j’

Work done |, Pav
1

But PV RT

or P ve
{ y

W _ RT | 3 dy

v, 1

’ Vy
- RT log, ,,

V,

Vy
Hiere V, = }

W - RT yx 2°3026 logy, 44)

Here, WV and 2 are in the units of work

. SH
(jain in entropy — - T

W — - RT 23026 logiy 4

"JIT Ip

-= 1-387 > cal/K

Example 633 di grams of water at O°C ta mized with an

equal mass of water at 83°C Calculate the resultant increase in

entropy. (Punjab 1963)
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(1) m, = 502; 7, = 273 K

m = 50¢;7, = 353 K

Let the final temperature of the mixture be 7 K

m, 6x (P—T)) = m, 5(T,—T)
50 x 1x (f—273) = 50x 1 x (353—T)

T= 310K

(#t) Change in entropy by 50 g of water when its temperature

rises from 273 K to 313 K.

_ aul
7

= me |" ar
T, T

313,
273

313

= 50x 1 xlog,

= -! 6829 cal/K

Jere, the -+-ve sign indicates gain in entropy.

(ss) Change in entropy by 50 g of water when its temperature

falls from 353 K to 313 K

_ 8H ms ” aT

— Po” \ T
313

— 50x1lx logs gag

= 50% 2-3026 x logis a

== —6-023 cal/K

Here, the —ve sign indicates loss in entropy.

Therefore, the total gain in entropy of the system

= §°829 —6-023

== 0 806 cal/K

Example 6:34. Calculate the change in entropy when 50 grams
of water at 15°C ts mized with 40 prams of water at 40°C. Spectfte

heat of water may be assumed to be equal to 7. (Rajasthan 1961)

(3) m, = 50 ¢

T, = 154273 = 288 K

m, <= 10 grams
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Let the final temperature be 7’ K.

Mm, X8X(T—T;) = my x8 x (T;—T)

50x 1x (7'—288) = 80x 1 x(313—7)

T = 3034K

(st) Change in entropy when the temperature of 50 g of water

rises from 288 K to 300°4 K

3H aT

T \7, Tp
— 50 «1 x 2 3026 x logig ai

— +2°602 cal/K.

(¢9%) Change in entrapy when ‘t« remperature of 80 2 ol water

decreases from 313 K to 3)3°4 K

‘A PS r iTI \ T
Bayt

BO V2 estore

2487 cab

the pet chance mith entropy ef de system

‘Ooh 9 18,

rOll” ca, K

Hence the net increase mi the cutroapy afthe system

0115 cal K

Example 635, ig cf eteam at MY C1e blows tnty 90 yrams

of water wt OC, cuntauned tn acaleramcter if water aguante: t 10

trams. The whole of the steams rdensed Calenlite the tree age
tn the entropy of the system | Dethi (Bons ) 1973)

(8) m, = lg

T, = 1000 = 373K

m, = W+1lu = 100¢

T, -~ 273K

Jet the final temperature be 7 K

10» 540+10(373— 7) — 107' -273)

T = 331-24K

(tt) Change in entropy when the temperature of water and

calorimeter rises from 273 K to 3312 K

BH (7 aT

Tt eo
sn8 a

Therefore,

_ 100 |
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= 100 X 2:3026 x logio ( ae

z= -+ 19-32 cal/K

(#88) Change in entropy when 10 grams of steam at 373 K is
condensed to water at 373 K

_ (22) = — 0x30
~ \ 273

a> —1447 cal/K

(—ve sign indicates decrease in entropy)

(17) Change in entropy when 10 grams of wat r at 373 K is
eoole t to water at 331-2 K

$8 T dif
ms

rT - 7, T

= 10xX2°3026 logiy (33

-" L184 cals/K

“et mane oN ety

-- TU SPT gTM op toc

$662 cal K

neree tte pet on reves the entropy of the -

3 66? cal K

Example 636 / ¢ o; witerarc WC: ov wth ando ice at
Wf toustant preesure Meat caparcidy cor ly of water se d 2

dpa Ro onl that of ace ta 2b fe A Heat of sus on of 108 a
Wi. 5 Yg

oN

Culentate the fotul change im the ecutropu cf the

A

te) Change mm entropy when che temperatwe ot 2 of water at
244 K falls ty 273K

ds = 7p = ms (Se
T T, T

; 273 «dT
= Iy42 |i, ir

42 » 2-3026 logy, ( ug

zz ~—Q'2969 J K

(tt) Change in entropy when | g of wacer at 273 K is convert-

ed into ice at 273 K

$i —1 x 335 7 )
ds = ar = Hag ex -—~1'227 J/K
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(ss:) Change in entropy when the temperature of | g of ice at

273 K falls to 263 K

5H T, dT

263= 1x2°1 x 2°3026 logio 973 )

== —0:07834 J /K

Total change in entropy of the system

== —( 2969 —1°227—0-07834

== ~-1-60224 J/K

Negative sign shows that there is decrease in entropy of the system.

Example 637, 1 kg of water at 273 K is brought in contact

with a heat reservoir at 373 K (1) what «+ the change in entropy of

water when its temperature reaches 373 K 2

(2) What ts the change in entropy of (%) the reservoir and (11)

the universe.

(1) Increase in entropy when the temperature of 1000 ¢ of

water is raised from 273 K to 373 K

( $H
dS =S= |i

= ms x2 3026 logig 7
1

373
= 1000 x 1 x 2°3026 logio 9735

(2) (¢) Change in entropy of the reservoir,

—$H
dS = a"

1009 x 1 » 100
= gag —- = — 268-1 cal/K

Negative sign shows decrease in entropy

(2) (##) Change in entropy of the universe

== 312—268°1

= 439 cal/K

Therefore, the net increase in entropy of the universe

= 43-9 cal/K
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650 Zero Point Energy

According to Kinetic theory, the energy of a system at absolute

zero should be zero. It means the molecules of the system do not
possess any motion. But accerding to the modern concept, even at

absolute zero, the molecules are not completely deprived of their
motion and hence possess eneipy. The energy of the molecules at

absolute zero temperature is called zero point energy.

651 Negative Temperatures

The specific heat of a substance decreases with increase in

temperature. However, the specific heat does not tend to zero as the
temperature tends to infinity. This shows that the temperature has
a 4 ve sign only.

But recent experiments by Ramsey (1956) have shown that a

part cf a system 2 ¢., the nucleus of a solid, can have a negative tem-
perature This sub-system is considered isolated from the main sys-
tem (/.¢., solid Juttice). The specific heat of the sub-system tends to
zero at high temperature. A small amount of heat energy tends to
raise the temperature of the system tu infinity. It is possible to add
still more e:rergy to the sub-system at infinity and it forces the sub-
system into the negative temperature region. It has been shown by
microscopic statistical analysis that there is no distinction between
the teinperature of +00 and --oo. In thermodynamics, the para-
meter 1/T is more significant than 7’.

The negative temperatures are hotter than the positive tempe-

ratures and minus zero (—0) is the hottest temperature and plus
zero (+9) is the coldest temperature.

The negative temperature is not possible with the system asa

whole and is only an exception to the rule that only positive tempe-
ratures exist. The negat*ve temperatures are possible only for 1sola-
ble sub-systems. For all normal purposes the teny-eratures are always
positive.

652 Maxwell's Thermodynamical Relations

From the two laws of thermodynamics, Maxwell! was able to
derive six fundamental thermodynamical relations. The state ofa
system can be specified by any pair of quantities vtz pressure (P),
volume (V), temperature (7') and entropy (4). In solving any _ther-
modynamical problem, the most suitable pair is chosen and the
quantities constituting the pair arc taxcn as independent variables.

From the first law of thermodynamics

8H = dU-FPdV

or $8U = dH—PdV

From the second law of thermodynamics,

&H
dS - T

or 8H = TdS
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Substituting this value of 8H in the first equation

dU = TdS—PdV va (6)

Conside Oe 8, U and V to be functions of two independent
variables x y [here z and y can be any two variables out of P, V,
T and Sj,

_ a8 q8

ws = (32), ar +(55),4

= (B)ee( i
dV” -= (2"' da + (s), dy

Sup ots eagle aie ytaton ti

U af? ’ Ye ie
(@- ' 'y i Ln ) l r( ) dv “(i ) a |

iy

fay \ fvy *

i LA ), Orda, \ in

gly ‘a r t ? c% pe cov "} ,

(Hoda ii’ LP Nee I (52 },
+f (° coy alee di

\e Jf

Camo ma the coefficients of d: and dy we vet

ee) ate) Hee) ()
4y

gu SoF \-2 - (sa ) (3 fe » (194)
Diftere: atang equation (ft) with respect to oy a! ¢ gaetion

(#8) with respect to 2

et = (7) (2 gas
+T . —

oy. ar or jy ay ex

-(¢-) chy pa
cy Age ly ayar

nit” oT (f) aS
—— = | — + Torand aray (5 ay Je axdy

(Gy). ~* aay|e Cx oy oroy
Che cnange maternal energy brought about by changing V’

and FT whether 7 « Changed by @V tirst and T by dT late: or vce
2ersa 1s the same
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Tt meaus dU .s a perfect differential

340 _ j2U

ary are

ae Woe | fal tt

(ar } +P oysr ( d/ 1 da ) -# ous
gas

-(7" aX (= tT =
-P \ se

—p *ba~ bi en ) avay
u _

vale b (n “) (a),

= (718) 728),
‘yar be any tuo varinahter uut of P, F, 7 and §

and

34

G4 )

tf re

Dersivatiu: of “elntions

‘a, bab og ard Po uv adepe ie itv. sublesanl

r T"

aif y — 1”

yf , oF

R20

r i”
'

a" v iv

Sah oer hese values bi ey rat on fe )

= FP
¥

(3) \ 6 v ")
H

ut a> ie

aly nw far

(2, Js =P Gr} i")
yy J akiniy TudPw widepend- it variables a dd

== T

y= P

ov, oP

gt ay
at Pp

ail d

=I,
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Substituting these values in equation \+v)

oS) | av ..
(£5 \ =| op ), .-. (088)

oy av -.or ( aP Ye - = r(tr), ee (ptt)

(3) Taxing 8 and P as independent variables and

r=

and y-V

35 _, OV
ac 7 ay

ee 4, OF a
ey "Qn

Substituting these values in equation (22')

af _ aP }
or = (“5 y os0{tt)

at _ aP

or ( 7s r( alt \, weft)
(4) Taking 8 and P as mdepeudent variables and = °

r— S

and y — P

Cn
er ay

ov 0 iP 0
ay " Aa

Substituting these values in equation (17)

al eV

(5p l, = (4a ), tat)
ar ev .

or ( aP \, « T ( yp oo.( 244)

(5) Taking P and } as independer t variables and

r- f and y -V

oP, ry Ph
’ }, - = ,

Ox ey cy gx
= f)

Substrating these values in equatic n (20)

fof es | ‘ar (*( gl \ ( ol p> —{ ay’ | aP \ = |

16) Taking T and S as indeper dem: variables and

- T and yon

5 (tt v)
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ox - I, oY ~— I, ay — 0, or == Q

Substituting these values in equation (iv)

aP f aV oP aV _ _

(0) (= by -( ae (4, ), = | ».. (780)
These are the important thermodynamical relations. While

olving a particular problem, the suitable equation 3s used.

6:53 Helmholtz Function

Helmholtz function /, is the property of a system and is given

by the equation

F =U-TS8 .--(2)

In practice, the primary function of heat engines and other

devices is to perform mechanical work. From the first law of thermo-

dynannics. far a system working between two equilibrium states,

JT - dU t8W »«. (8)

or SW. 8H- dU .. Cite)

It means that the energy converted mto work is provided

partly bv the heat reservou with which the system is in contact and

which gives up a quantity of heat 8H and partly by the system

whiose internal energy decreases by ( —dU).

When a system undergoes a procers between two equilibrium

states, how much maximum work can be done by it ¢ ‘This can be

derived by assuming that the system exchanges heat energy only

with a single heat reservoir at a temperature 7’.

From the principle of increase of entropy, it is known that the

sum of the increase in entra; of the system and that of the surruund-

ings is equai to or greater than zero = Stppose,

Increase in entropy of the syste: = dS

Increase in entropy of the surroundings (reservoir) = dS,

lirat absorbed by the system from the reservon -- 5H

Temperature of the reservoir = T'>

dS +dS, > UV -. (tv)

--0H Since reservoir
cervoir, doe leFor a reservoir, dS, i has given heat |

' olf

or T ds “> 8il --{t)

From equations (it) wad (e)

SW < Ty.dS —dU .-- (tt)
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The quantities U and S are the properties of the system and
T, isa constant. Therefore, for a finite process between state 1 to
state 2, by integrating equation (v3),

W < 1, (8:—8,)—(U;—Uj) -o»(U44)
W «& (U,—U,)—T(S,—S8s) .+.(0898)

Suppose that the initial and the final temperatures are equal

and are the same as that of the heat reservoir.

-° T = T.

Here T is the temperacure of the svstem.

Equation (vit2) can be written as,

.s Wr & (U,—U;,)7 —T(8,-- 83) 7 »»+(82)

The Helmholtz function,

F -. U—T7S8

Therefore for two equilibrium states } and 2 at the same

temperature 7’,

(f,—F,) = (U,— T8,)—(U,-TS,)
= ( — U,)—T(S, — Se)

or (Fi—Fs)r = (0,-U,)r —T(8,—S 2) .. (2)

From (tz) and (2)

Wr & (Fi— Fy) 1 a+ (7t}

Thus the maximum work that can be dune im any process

between two equilibrium states at the same temperature is equal to
the decrease in the Helmholtz function of the system. Here the
system exchanges heat with asingle heat reservoir at the same tem-
perature. Moreover maximum work is done when the process 1:
reversible. If the process is irreversible, the work done is less tian
the maximum.

It is to be remembered that the maximum work that can be

done is equal to the decrease in the Helmholtz function of a system
but the energy converted into work is provided partly by the system
and the remaining by the heat taken from the heat reservoir.

654 Thermodynamic Potential or Gibbs Function

The Gibbs function G@ of a system is given by,

Consider a system that can do other forms of work, in addition
to P.dV work, e.g., a voltatic cell. In the case of a vo'taic cell, the
electrical work is —2#.d7. Similarly for a magnetic material, the
magnetic work is —m.dH. In general, the work will be given by
P.dV plus a sum of terms each being the product of intensive vari-

able (such as P, # orm) aud the differential of an extensive vari-
able (such as dV, dl and dH). In the case of a voltaic cell, the
wrenaive variable is # and differential of eatensive vamable is dJ.
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Suppose, in general, in addition to PdV the intensive variable

is y and differential of extensive variable is dz. The work done for

any reversible process,

Vs Zz
W = [,. pay +{* ydz

Take [* ydz = A
ry

sonsider a process where the system works at constant pressure

P, and the change 1n volume is (7,—V)

V.
: | * pav — P,V,—Vi]

Py

W -- P{V,—Vi]+A4 .-.(8)

For a system that exchanges heat with a reservoir temperature

Weg (U,—C)—T (5; --83) -».(88)

Fuva—Vilt A & (U1 — Ug)— ToS — Ss)

or Aq (U,--Ug)— TS —5a) + PfVi—Vs} (888)

Consider a specific process, where the initial and the final

states of the ssstem aud the surroundings are at the same tenipera-

wore (75) and pressure (Po)

T -T and P,--P

From equation (81)

Apr & (U,—U,)p,r- TS, -85)p,¢-+ PIV ~Vs)p.7 ... (40)

But, for the Gibbs function,

G = U—TS+Fy .+(¥)

Therefore, tur two equilibrium states at the same pressure and

temperature,

[(G,—G,)p,r = (01 —Us)p, rx —T[S, —S] pr +-P[V 1 —V s)p,1....(v8)

From equations (sv) and (v8)

Apt & (G,— Gs)p,7 .--(v8s)

Thus the difference between Gribbs function of a system bet-

ween two equilibrium states sets the maximum limit to the work in

addition to PdV work, provided the initial and the final states are at
the same pressur- and temperature and the system exchanges heat

with a single hes. reservuir. The work done will be maximum when

the process is reversible. The process in this case will be isothermal

— isobaric. If the process is irreversible, work done will be less than

the maximum.
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655 Enthalpy

Enthalpy in an extensive thermodynamic property and ir given

the symbol 4. Enthalpy is given by the equation

h=- U+PV oo (8)

Enthalpy is defined as the sum of the internal energy and the
product of pressure and volume.

To study the properties of this function, assume that the system

undergoes an infinitesimal process from an initial equilibrium state

to a final equilibrium state.

From equation (+)

dh = dU + Pdi’ +VdP «o.(18)

Also

8H = dU+PdV . .(888)

. dk = 8H+VdP ...(80}

Dividing by d7'

aware 0
At constant pressure (isobaric process),

oh 8H

( ar ), ~ (ar p
8H

(ar ),-%
gh \y( \, == Cp (08)

From equation (iv), during isobaric process, dP = 0

a dh = 5H

or h,—~—hg H .oo(U88)

But

Therefore change in enthalpy during an isobaric process is

equal to the amountfof heat transferred during the process,

In a throttling process, applying first law of thermodynamics

H = U,—U,4+W

Here H =O

and W = PVi—-P

0 = U,—U,4- PV ,—PiV

or U,4+PV, = U,+ Pl,

or h, =: hy, .».(v86s)

Therefore in a throttling process, there in no change in en-
thalpy of the system. The initial and the final enthalpies are equal.



Thermodynamice 311

656 Cp, Cy and pz

The specific heat at constant pressure (p, the specific h-at at

corstant volume Cy and the Joule-Kelvin cocilen pe se defined as
follows ©

(p= ( ar ). -20(8)

«- (ar), o
»-(%), (388)

These three quantities are detined . 2 terms of the thermod vna-

mic yroperties tz pressure, voluine t mperature, interna! energy

and entha'py Hence, Up Cy and p» are abo thermody:oumic
propert es of a sub.tauce

657 Maxwell's Equations (Alternative Method)

The properties of pure sub cances can «conveniently ive cepre-
septe iin terms of the four { inctinns: anrernal energy, enthalpy,

Helmnoltz furction and Gil bs function

luternal ent rzy i

I nthalpv h= UrFV

Helmholtz function

F U TS

Gobstunction Goeoh TS

or G U-TS, PRI

All the abuve fo ir quantities can pe rezga ded a funcuons of

PVT, and 4

Now, Comsiad @& Syote 2unaery of nm intinitesumal reversible

process fron une equilibrium oa to another

(1) Lhe internal energy clianges by an amoum

au 8H—PdV

ay dl} fais— Pdf (1)

Here 7,7 und P ues v media tie functions cf 4 ing b

.2) Tne enthupy chantes by an amount

dh ~ dl j PIVibiIP

dh (TdS—PFdV)-P dV 4 VdP

dh - 1dS4 dP ‘s8)

Heel Sf’ and V are suposed to bet nti uvof Sand £

jv) Lhe Helmholtz function «hanges Ly an amount

df ~ dfJ—s'dS— Sut
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or

or

CAC
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iP — (TdS—PdiV)—TdS --84T

adF _ —SdT--PdV »oo( 884)

ilere F, Sand P are su, posed to be fun tions of 7 and V.

(3) Phe Gibls rurction changes by an ammount

ade - dh—TdS- sd?

did — (TUS4V4P)- TdS—sd7

ofl = -~ SAT LVdP ne of BL)

Tere O, 3 aud -” are supposed ty be fua tions of 2 and P
4

'sU a, Pami Gace vu tual functiows, thu dvfees ive ure

for exact d fierentials

af Mera Nily sea(t)

Here 7, Man! Nase a'l functionsof2 oidy

- ( | — (=) {er}
av dr ex fy TM

Cy derive the Maxwell's equations esrvatun (lay car be

VT) From equitioa ©

dU ~ PIS -PYy

tiere ay. T,N - Pe - Rye

From ¢auativa (17)

aive ny

( us \, ~ as \, 088)
pe) CT ADE YT. ea ae

T4 Tad 1 pk

ileie Af i, iw b,1 wf a”
From eguatirn /?t)

at | ar ate
( “Py ~ ( “y), ooo (DEINY

(2) Erotae yuatio nr (tt)

OP 2 = SUT—PdVv

klere M-S,V- Pare Poy F

From ¢ yua i (72)

33 aP 
.

"94 ), - (Sr), ao.(?2)
64) Prom eau ition (it)

tat nt oe) 17'+ VdP

“fere WY -S hb --V re PTs P

Tey equations (as

° 1% i aV\
~ y ~ am _ Tey uy

~ -,° 4 é
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Note. The oquations for dU, dh, dF und d@ can be ubtsined by temen:ber-
ing the sentence, ‘Good Physicwts have Studwd Under Very Fine
eachere’. In this sentence, t he letters, G, P, 4, S, U0, ¥, FP, and 7 are
to be used.

The diagrem to be used 13 shown in Fig. 6°30.

G6 —- Pp

hh =6Y

|

c

j-—- -

Vv ~ “YU
Fig. 6 20

To obtain the expression for dU, note the quantities on the
two sides of U, viz. they are Sand V. Sison the +4-ve direction of
y-axis and I is on the —ve direction of 2-axis.

dy = +( )dS—( )aV

Phe quantity associated with @S is 7' and with @V is P.

, dU = TdS-—-PdV (8)

Similarly for dh

dh - Td& + VdP .»(88)

For dF

dF = —( ji "—( dV

dé — .-Sdf — PdV ona (886)

For d@

dG@-.—( )dT + ( jdP

aG = —S8dT1.VdP --(90)

658 Joule-Kelvin Coefficient

‘Lhe Joule-Kelvin effect was discussed in the chapter ‘‘Nature
of heat”.

The Joule-Kelvin coefficient is defined as the slope of the is-

entbaipie curve at any point on the temperature pressure curve.

p= (2), saa(i)

From the definition of enthalpy

h == U+PV «+ o(86)
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or dh = dU4PdV+PdV ooa (886)

Also 40 = TdS--PdV

° 404+ PdV = TdS

an adh = Td84VdP .».(80)

a8 as
Also 4S = ine( or r), ar +( oP )aP

8 as
dh =T(-— }) dT Tf( er ), : ( sP),+? fP

3 oe.(U)

a ’ .

The volume coefficient ¢ is yiven by

a- 3 ie
f

av" 58"~ (S) -L 28) ay

SP I), — ah My
Substituting these values in equation (v),

) bP ...{tssi)
|

dh -- Cpd T Y-" (ca

ar = i dh of? (2, \—-¥ jer
Jp Up

-0(82)
_ { af orBut a? = 4r), dh +(- oo ),@ (2)

Comparing the coefficients of equations (tr) and (2),

ar yt av

(aps > ol” (ar), -"]
. {2But p= (+). ),

a
3, my

l av ,

Op [7 (- et »* |
pC p = k (-Gr) -? | »+0(3')

V ..
pCp = T? ‘re | ¢ } .0o(2i8)

From equation (vst),oh _p_ ( av . a.
es rr V7 aT |p woo(T188)

From equations (x3) and (7it1)

ull p =—( oF ), ...(Zb0)
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The Joule-Kelvin coeticient

cr A 0T

EEE)
or p= C | aT — 1} ] o-o(T006)

For a Van der Waals xas

(P+ -F5 } (Vb) = AT

PY—Phy-- 3 =: RP

Differentiating, keeping P constant,

adV 2ab dj’
PdV — pr ys -- RdT

. dV’ R
av a4

aT us 2ab

pP— ya t+ ps

ar ~F Ln(0), era a ta
Vi-b WF ya tH

av\ __——sCRV3(V—b) -

(ar), ~ “REV —2a(V— by evn)
Substituting this value in equation (xv)

_ V RTV8 (v —b) \

ee “Oph, RIVI—2aV—by> |
_ VP RTV(Y — 6) —RTVP+-20(F —8)"7}

~ Cpt RTV8--2a(b—-bjt

V ¢ 2a (V—by—~RTV2b 7

al ~ RTV3—2a(V—b)* |
From equation (1vit), as V and Cp are always positive, the

value of » and hence the temperature of a Van der Waals gas passing

through a poreus plug will depend on the value of a7'—1.

(1) If a7 > 1, the temperature of the gas will increase.

(2) IfaT << 1, the temperature of the gas will decrease.

(3) If a7" = 1, the temperature will not change,

This temperature at which the inversion tikes place is called
the temperature of inversion 7',. In this case, from equation (zvtt)

# == Oand from equation (rir)

2a(V —b)? = RT ,V*
_p)2

1, = a ..0(2)

-aa( 22)
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IfV> >b

2a

RB

Ideal Gas. From equation (211)

a4 F

Kee = ml an r ),)
_ Pr e r)

ne vel arr P
Tor an ideal gas 7 = 3

_2” dIFF) _ 4= Cp orl |,
Thus the Joule-Kelvin coefficient for an ideal gas is zero and

the ideal gay passing through the porous gas does net show any

change iv temperature

T, = veo(t2t)

6:59 Equilibrium Between Liquid and its Vapour

Applying Gibbs putential (G) itis possible to investigate the

equilibrium between a liquid and its vapour or betwees any tw
phases of a substance. Consider a closed system cuntaming a liquid
in equilibrium with it* saturated vapour. The temprrature and

pressurc are equal in both the phases As each of the phases 1s in

equilibrium, the temperature and pressure must remiin constant
throughout the phase and hence the thertnodynamical coordinates FV,
9, 0 and G@ will be equal to the product of the specific value and the

mass of the substance in that phase.

Suppose m, and TM, are the masses in the haurl i’ v ayeen

phases and g; and 4 are the specific values of tue Geobs p nntal im
the two phases. Then, for the whole system

G == M9, +My --(8)

lf a small quantity of liquid changes into vapour, differentiat-
ing equation (6)

dG - bm, g,+dmg gy .-o(48)

As the change takes place at constant temperature and pressure,

the process is isothermal and isobaric

an 8G = 0

From equation (#?)

8m, git 8m, gy = O

But $m, — — ms,

.s J: == 9s soo(#88)

This shows that the thermodynamical potential per unit mass
will be equal in the two phases. Equation (it) is applicable to the
processes of evaporation, usion and sublimation.
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660 First order Phase Transitions

Consider an enclosure containing a liquid and its satur ated

vapour in equilibrium. If this system undergdes qn isother mal,

isobaric change, then

9, = 9: «oo(8)

Let the temperature of the system be increased from T to
f+adf. For equilibrium

Qi+d9, = g2t+d9, »+-{82)
or dy, — dg, .o-(488)

If the condition of saturation is satisfied,

Rack _ 95 ‘
av Vent. =| OTT Joa. ---(10)

The pressure also changes from P to P+dP,

O91 041
dg, == |——- ) dT —— } AP itgi (4 ), +(#), . (ev)

a1 \ (Am an \ ( aP icr (3 } a= ( aT ) +( oP ).( ar } ooo (t's)

But, for a unit mass,

dq -- VA@P—SdT ...(t't4)

og .

(-$F \, ¥
cg _

and ( oT I. =-8
Substituting these vulues in equatiun (PF)

ag _ oP
(30 Jaat. (Sr ra

Similarly,

09s - { oP

(7 Jeat. = —Si4Ns ( oo eat
Substituting these values is equaticn (sv)

. aP ap
—S,+F, (FF == —S,+VP, (SF

dP S,—S, -or (FF Vat = ( voy} aoa (2584)

3H L
But S,—S, = a = ai

Here 1. is latent heat of vaporization

( 7) ~ ri —5 wo {¥-r)
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This is Clausius-Clapeyron latent heat equation.

This equation holds good in the first order phase vwransitions.

In these processes there is transference of heat and hence there is

GIBBS + Je ICR ENTPOPY VOL Uatt

a Pa ,

oo 4 ” 1
ca . —

> t _ a7 a a?

| 

.

a 2

' “4
‘ | '

LL eal t eee eee oe } ie, Gee Mbheeeys if —_ aL _ ene me
t T t

t

wn ft fh

‘it wn" ‘ AG x

é or | au
|

!

|

\ ~ we eee
*s

Wig. 6 31

change in entropy and volume. Therefore a first order phase transi-

tion can he defined as that one in which the Gibbs function with

respect to pressure and temperature change discontinuously at the

transition point. However, the vaiue of the Gibbs function is the
same in both the phases at equilibrium. These change. are represen-

ted graphically in Fig. 6-31,

661 Second Order Phase Transitions

Some recent investigations have revealed that during phase

change there 15 no transference of heat and there is no change of

volume. It has been found in the case of transition from liquid

helium I to liquid helium IT, that there is no transfer of heat and

no change in volume. Such transitions are called second order

phase transitions Second order phase transitions can be defined as

the phenomenon that takes place with no change in entropy und

volume at constant temperature and pressure. The examples of

second order phase transitions ate :

(1) Transition of liquid helium I to liquid hel:um IT.

(2) Transition of a ferromagnetic material to a paramagnetic

material at the Curie point

(3) Transition of a superconductiug metal into an ordinary

conductor in the absence of a magnetic field.

(4) Order-disorder transitions in chemical compounds and

alloys.
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In the case of second-order phase transitions there is no dis-

continuity of & ), and (=), (Fig. 6°31]. However, the second

order derivatives change discontinuously.

For a phase transition,

J. = 9s

or Je—g, = 0 ooe(8)

—( 5%) 4 (3%) = S, —S, = 0 ooo(88)

(3) (8) a%r “
Also

|

G) (),> aL-Cedd- UH),
. 0

0

> wW\ <a fa

nv = ~(55).= spl (aP eh
or KV — -(3 ). a

4 = J avM\ar ),
> _ fav a [fag

w= (57 \.= aT (SP )
, 0 .or ay = (#7 »+(1t)

Here K is the isothermal compressibility and x is the volume
coefficient of expansion

From equation (tv)

C 079 s7 — (on ), «+o(U86)

Cpe _ 3° Jo een

and ro -(3 qT? ), veofosts)
Subtracting (pitt) from (vt?)

O° Ge (org Cp: —Cpe ‘

Similarly from equations (v') and (vé)

( 9 \e-(37 ), = V(R\—K:) -oo(2}
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s 2

and (5, )-( sarap ) _ V (t%—04) (21)

For second order phase transitions, there is no change in

entropy and volume.

S,= 8, (at constant temperature 7 and

pressure P)

5,448, — S, t aid, (at temp. T+ dT and
pressure P+dP)

« aS, _s dS, «0(288)

_ av oSBut ds - ( ar ), ar +( F | aP

Cp ' dVor as — ( \ar--( op ), aP

Cpd8 = (=; )ar—Ve dP

a8, —= ( “mn jar—Ve, dP

and is, = ( Cre dT —V t% dP

Cr \ ap_ye, ap = (6) ar.-vraaPTm —— 1 — T Cy

dP Cry—Cry
oo TUE)

aT = TV (04 - %)

Similarly by assuming V, = V; for second order phase
transition,

Vi=V, (at temp. 7 and pressure P)

V,+4V, -= V5+d¥, (at temp. 7+4T and pressure

P 4-dP)

ee dV, — dV,

_ (aw aV }
But ay = ( or), OT+( op ),aP

dV = V adT—VKdP

dV, = Va,dT _— VK,dP

and aV, =— Va,d7T—_VK,dP

Vo,dT—VK,dP = Va,dT—VK,dP

ai = (- Ko } woo(THt8)

Equatons (zit) and \zsif) are called Ehrenfest's Equations.
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Maxwell's Thermofynanivel Relatiogs

‘e ), ~ (+7 )e sae)

(5 7TM -( 7 e « «(86)

. (> go (45 ). »» (Ot

esneee

Note. he first four Maxwell's thermodynamical relations reed not be
memorised. These cen be easily written by remembering the word
SP or T, V, (eportive). In this SPTV represent entropy, pressure,
temperature and volume. In derving the firat two ions, 9S 13

written in the numerator on the left hand side of the equation and
the reat of the quantities 3P, 37 and gV are written ‘;} in the clock.
wise order and (71) in the anticlookwise order. In the ise direc-
tion, the right hand side expression is with a + sign and for the

anticlockwise ‘Jirection, it is —ve. These equations are

Gr) ~ (ir v -oaf8)

( rt -( ir \, w+ (88)
Similarly to wmte the other equations, aS is written in the

denominator of the nght hand aide of the equation and the other
quantities are written (t) in the anticlockwise direction and (si) ir

uLe clockwise direction, These equations are

a2’ aP wo(> g = (43 y - -(t68)

a7" av .(+3 Js oo ($s P -+0(80)

6:62 The T dS Equations

(1) The entropy S of a pure substance can be taken as a func-
tion of temperature and volume.

os ( es .

$ ( at ), m av ), ” v(t)
Multiplying both sides by 7

’ a8 cs -.TdS = 7 (=F ), av +1 av ) aV oo (88)

. But Cy ~—= (2),

and from Maxwell’s relations

(7). - (arr),
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Substituting these values in equation ($3)

_ oP , oeT d§ = Cy dT+T (fF ), dy (tit)

Equation (11) is called the first 7 dS equation.

(2) The entropy S ofa pure substance can also be regarded as

a function of temperature and pressure

S fas = ($ ), dT’. ( a ) ap oo-(82')

Multiply ing both sides by 7'

‘ 5 as
T.dX\ = TT (| —} dT ~— | &P oae(?!(5 ), +t (ip), ("

as
Op = ——But P T ( at ),

and from Ma: \\ell’s relations

ay (i)(Sp rt al jp
Substituting these values in equation (1)

- a’ .T dS = CpaT—T (=, ), dP saat)

Equation (¢2) is called the second 7 dS equation.

Exampte 6:38. Deduce Clupeyron’s latent heat equation from

Maxwell's the: nodynamical relutions.

From Article 6°52, equation (v2)

oA _ oP

( ov iF ~ "A aF \, 7 @)
‘HHHere ( Ft iF represents the quantity of heat absorbed per

unit increase .n volume at constant temperature. This quantity of

heat absorbe:' at constant temperature is the latent heat. If aH is

the latent heat (Z), when a unit mass of the substance changes in
volume for } , to Vat constant temperature, then

of = JD and oV = VV;

Substituting these values in equation (2)

= -7{ oFPov, a — (4 ),
Lb _ 4 @P

or V,-V, = aT

dP L .

oF a = FW. volt)
This is Clapeyron’s latent heat equation.
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Example 6:39, Show that for a homogeneous fluid

_ aP aV

Cp Oy = 7 (Sr), ( or )p
Alsa show that for a perfect gaa Cp —Cyp = R and for a gas

obeying Van der Waals equation

(p —Oy = R(1+ pay |
Here,

fay. mf as

(p= (rp ; r ( aT )
and Cy =( ar ), ~ r ( Ye

Consider.nz 8 1s a function of temperature and + ‘ume

as ak
N -{—. - =~ ‘d ( ai ), dT +( wv \. t

(5), (3 ), (Sr) Hae . ( ),
t t ‘ oF? aS _— oP iBut from equation (r) [§6°52], ( oF \, ( wit

gS _ a8 WP aV

T (5m) -T( oo )y 1 (5 je (=r )»
/ oP cv

oT /¥

' . al av’ .tip —( y= t ($F), (Sr), ou (e}

For a Perfect Gas

PV =x RT

aP R a ( av x

(4), =F MO \ oF Jp ~ FT
a aF aV

pat, de ~O=3 (ia )y (Fr)
R ROp ~—Cy = T ( r\(+)

TR: kT

Cp -°, = py — ar = *
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Hence Cp —Cy = R o» o(88)

[RZ is in heat units]

For a gas obeying Van der Waals equation

(P+p,)("—2 } = RT

a RT

(P+) ~ (V=6)
(2 _ R

or Jy = “V6

[a RT V R
d ¢an ( ys 53) Sp) = Ps

" noe 1\ oF ), or},

" RT 22a

v7 |
gy, RT (V—b) R

Cp —CY = Fry=mF| ; B05)
v* RT

Neglecting 5 as compared to V,

Cp -Cyp = > a

( '-vE)
Since a iy a'so small as compared to

Cr —Cy = R( \+yr ) o«o(868)

(RF is in heat units.]

Example 6-40. Derive the specific heat relation or show that

av \* (faP

Cr —Ov = —T (En Jp (37 a
and Cp —Cy = —TEaV

where T is the absolute temperature, EF the bulk modulus of elasticity,
a the coefficien: of volume expansion and V the specific volume,

on (#) -7()
and Cy = (a) (2),
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Considering S as a function of temperature and volume,

a= (Fn), o+(57 en a
(50 n= (5 Jy (sor) +37 (Sede

But from equation (%) of article 6°52,

08 = (3
Tle 07 ) ,
aS o8 aP oV

(5p em? (Se ly +2( Ge )v (are
1 oP av .Cp = Cr +7(3-), (Sr P +«(8)

Taking the general eT of state for 2 gas as

ap = (3, Py ara (2% 7p AV
mm = (sp) +(3 eS)

At constant pressure,

dP = 9

(Fr), ~ -(ér) (37),
Substituting this value in equation (4)

Op —Cy = -1 (2 ), (27 Je (i)

V wesCp —Oy = —T (3 (5 ov T . --(d68)

‘ aPBut B= V ( ale

and go +( ar

Substituting these values in equation (#4)

Cp —Cy = —THatV won 40)

Example 6-41. Show thai

aa
0,—C, oa ar ~ 7

where C, and C, represent the ~pecific heat of a liquid and ite saturated
vapour and L is the latent heat of the vapour.
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For a change of state from liquid to vapour,

L
S; —8, = 7 e -(8)

Here 8, and S, are the entropies in the liquid and vapour
states respectively.

Differentiating equation (s) with respect to 7

dS, dS, | L ] 4 l dL

dv df — "fa f° i

dS, as; L, ab

r (th) - (1) -- 448
dL iL os

0,—C, = di RT ee (#1)

This equation is known an Clausius latent heat equation.

Example 6 42. Calculate under what pressure water would

bost at 150°C ef the change in specific vilume when 1 gram of water is

converted into steam ts 1676 cc. Given latent heat of vaporization of

ateam = 540 cal per gram, J = 42x10? ergs/cal and one atmos.

phere pressure = 10* dynes/cm?.

Here SH = 540 cal =» 540 4'2 x 10” ergs

av = 1676 cc

T = 373 K, and 150°C = 423 K

af = 423—373 = 50K

aP a= §

Applying these values in the Maxwell's thern-odynamical
relation

$H oP

(sr r= 7 (ar),
540 x 4 2 x 10° — 373 (3; }

1676

oP = 540 x 4°2 x 107 x 50

i 373 x 1676

=: 1-814 x 10° dynes/cm*

== #814 atmospheres

Therefore, the pressure at which water would buil at 150°C

=: 2-914 atmospheres

Example 6 43, Calculate under what pressure ice would freeze

at —1°C, if the change in specific volume when 1 gram of water freezes
into ice ta 0-091 cc.

Given latent heat of fusion of ice = 80 cal/g, J = ¢2x 107

ergs/cal and one aimosphere pressure = 10° dynes/cm*.
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Here, SH = 80 cal = 80x 4-2 « 107 ergs

oV = 0°091 cc

T' = 273 K

Applying these values in the Maxwell’s thermodynamical

rel..tion,

$f _ oP

(57 ee 7 (oF ),
80 x 4-2 x 10? 273 xaP

0-091 ~ |

gP = 135-2 x 10° dynes/cm?

== 135°2 atmospheres

Therefore, the pressure under which ice would freeze =

atmospheric pressure; aP = 141352 = 136-2 atmospheres

Example 6:44. Calculate the specific heat of saturated steam
given that the enectfic heat of srater at 100°C — I-01 and latent heat
of vaporization decrcoases with rise in temperature at the rate of 0-64

cal K. Latent heat of vaporization of steam = 540 cal

m— 101 “=! i. A738K

op = — 066 cal

= 1-014(—0-64)— 9

<= —]:°077 cal/g

It shows that the specitic heat of saturated steam is negative.

Example 6:45. (Culculate the specific heat of saturated steam
at 100°C from the following data :

Lat 90°C = 545-25 cal

E at 100°C = 539°30 cal

Bat 110°C = 533-17 cal

Specific heat of water at 100°C = 1-013 cal
peovt / 's [Dethé 1975]
H dE 533:17—545-25

ere aT ~ ~— 9%
—12-08

= = 5 — = —0:604 cal/K

L = 539-3 cal

T = 373K
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C; =z 1/013

C; = ?

aL L
C,—C;, | ar — a

dL =i
CO, = O+ ar p

939 3
C, = 1:013—0:604— 373

Example 6-46. Using Moxwell’s thermodynamical relatsona,
prove that for any substance, the ratio of the adiabatic and tsothernal

slasticities is equal to the ratio of the two specific heats.

From definition,

2s _ oPTsotherma! elasticity t= —V ( ),af

Adiabatic elasticity Zo = —V (4
“eV Js

5P

Es “V ( av }s
Ey “y (a

7 (47),
P

But from the first four Maxwell » equations

(4% = (2oP F (Nar lp
(=r), -- ae
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aw\ | (2; }
( av ), _ of VY

Sul stituting these values in equacon (+)

Wy vy

oy a4 )..( y> /¥
Cr “4 ab if c!

( a> JP \ ¢
“ C7

Ep “(a® yp Pe
(22. \ 7 )
(37)at je

~ |

al Iv

f or)

| yl pe
oll

( wv ),.
‘oH /

ba \ it \, L’

(ad .2 if \ 7 \ (y

ay _ Up

Ey OP
Exasngi 2470 Uang Mus

proes thal Sh

OT LE ny? 48

“una f tHe advabais (> the rt

I

(1—)
Ad.abatic volume coz dicient of expans on.

=}

a= (in)
Toubartc Vuie me coeficient of expar on,

° a{7

eT \.L ;
v \
} ¥

Vs +(2r);
l

V

S29

(en

’

ws flee dues cu reubions,
enepictes! of

os {#)

.. (48)

.. (16f)
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T P \

m (H),- (3)
Ss . _!f .

(SS (Se be
rary TRO) Be 3

(47), (4s I Sp | ip |

(25), (&el iF or \e
oS

(Sr),
aP fav

7 o'( T ),-( al ),
' _ af aP aV

But Vp-Cy (5 JA av ),
, aN |\

and ‘y= ($7 ly
s oN
7p ~ (lp ¢y)

~ t+ _
or 7p ~ } C ‘

Cy

Xy I oy
or ie = Ty »» (tt)

Example 6:48. Using Mazwell's thermodynamical relations,

prove that the ratio of the adiabatic to the isochoric pressure coefficsent

of expansion is equal to

’

(¢—1)

Adiabatic pressure coefficient uf expansion,

n= 3(28), 7
Isochoric pressure coefficient of expansion.

By = (ar), (88)

Bs _ rar )s wool)
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But (4 \, = (4 ), .»-(80)

or fs (a) = a -.0(vi)
By (= _] Y—

Example 649. Using Muvwell’s thermodynamical relations,
show that

acy \ 1 as \ ( Sr)

oV J NaV.az'] a7? Iv

From Maxwell's relations,

os ~9P

( av )y ~ ( ar )y (9)
Differentiating equation (1) with respect to (emperature,

os _ oP os

(srr) = ($9e ), veo)
But Cy = (2 \, saafitt)
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Differentiating equation (iii) with respect to volume,

(3" )=7 (ater) (io)
From equations (is) and (iv)

aN a

a) a 2 (fay =f (5), (0)
Example 6:50. Using Marwell’s thermodynamical relations,

show that

aCp \ as \ ay

: )= T ($5n) - 2 (om )p
From Maxwell’s relations,

eS ( eV
( P )r — ole »

Differentiating equation (¢) with respect tu temperarurc

( os (7

at =p) 7 a) p (thy
But Cp = T (*, \ oo)

Differentiating equation (724) with respect to pressure,

Pa aigUp y

(ie )= 7 (arp) “fo
From ¢cquotions (tt) and (1)

oC p 3s . 1 (on

( a) " Ta) ~ NTE pe "
Example 651 Show that for a perfect yas

wy 4
(5s 7

From the Maxwell's first equation,

av _ (=

(39 F - ty
lf so = (2)

T Vv )2 = on }V
H P

or (50° Jo =? (Ep \,
But 8H = dU+PV
. (22 Par) _ r (2)
° dV gl }v

dT oP

wt? =7(F),
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U P

°F (Gv)e= "(Gry -?
But from perfect gas equation,

PV = RT

aP R

any V

or (S

aU

Exercises VI

1, Deduce the adiabatic equation for an ideal yas and give

Clernent and Desormes’ method for determining ¥.
(Agra 1960 ; Detht 1972, 73)

2. 3tate the Second Law of thermodynamics. Describe

arnot’s cycle and deduce the efficiency of an ideal heat engine.

(Agra 1960, 61, 62)

3. Explain what you understand by thermodyramic scale of

temperature. Show that it agrees with an ideal gas swale. What is

zero on this scale 7 (Agra 1962)

4 Derive Clapeyron’s latent hea. equation.

dP L .
ar = Tir (Detht 1974, Agra 1872)

5. State and prove Carnot’s theorem. (Agra 1963)

6. Decfine Entiopy. What is its physical significance ? Show
that the entropy of a perfect gas remains constant in a reversible
process but increases in an irreversible process.

(Agra 1963 ; Delhi 1971, 78)

7. Prove that

aL, L
ar — ar = 0,—C-,

What is the physical significance of negative specific heat f
P ” (Agra 1963)

8. Prove that PY” = constant in an adiabatic transformation.
(Madras 1974 ; Agra 1912 ; Delhs 1976)

9, What do you understand by the absolute scale of tempera-

ture! Show that the zero and the size of the degree on this scale
and the gas scale are coincident. Isa negative temperature possible

on this scale
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, 10. Prove the thermodynamic relation

oH) __ (3(45), = p T),
Hence show that the increase of pressure heats a body that expands
with rise of temperature and cools the one that contracts on heating.

(Agra 1964)

Il. Describe with diagrams the working of an Otto engine and

deduce an exrression for its efficiency.

12. Prove the thermodynamical relatiun

HraV jr av jy

and hence shew that

my yy? r ap :L = TW.—V)) ( a | (Agra 1965)

13. State the two laws of thermodynamics and explain their

significance erive an expression for the efficiency of a Carnot’s
engine. (Delhi 1876, Agra 1966)

14. Defiie Kelvin’s 4bsolute or thermodynamic scale pf tempe-
rature. Show how this scale agrees with that of a perfect gas scale.
Is a negative temperature possible on this scale ? (Agra 1966)

15. Der:ve the relation between volume and pressure of a gas

undergoing adialhatic changes. (Rajasthan 1960)

16. Derive an expression for the elliciency of an ideal heat

engine, workin Letween the temperatures 7; and 7K. Prove that
the efficiency cf a reversible engine is maximum fcr the given source
and sink. (Rajasthan 1961; Deths 1972)

17. Discuss the Second Law of Thermodynamics and the prin-

ciple of increase of entropy. (Rajasthon 1964)

18.) Explain fully what you understand by entropy. Show that

the change in entropy of a substance in a cyclic process is zero
(Panjab 1964)

19. Deduce Clapeyron’s equation. How does it explain the

effect of pressure un (4) the melting point of solids and (8) the buil-
ing puint of liquids.

(Berhampur 1972 ; Panjab 1963 ; Delhi [Hons.} 197 1)

20. What is a reversible thermodynamic process ! Describe a

reversible heat engine and find an expression for its efficiency.
(Lucknow 1963)

21. State Carnot’s theorem, Show how Kelvin used this

theorem to define a new scale of temperature which js independent
of the nature of the working substance. Compare this temperature
scale with the perfect gas scale. (Berhampur 1972 ; Lucknuw 1962, 64)
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22. Describe the absolute scale of temperature. Why is it

adopted as the standard scale? What is the meaning of absolute

zero on the scale ? (Delhi IGT [Sub] 1966)

23. Expluin the concept of entropy. Deduce he expression

for the entropy of a monoatomic gas. (Nelhi 1966)

24. Derive an expression for the efliciency of a Uarnot's engine

u, terms of the temperatures of the source and the sink. Show how

an absolute scale of temperature can be defined with the help of the

:dea' Carnot’s engine (Punjab 1966)
29. Deduce Clausius Clapeyron’s equation (Dethi 1967)

26 = Deduce the Clapeyron'’s latent heat e uation from

\faxwell’s thermody namical relations

27. Deduce Maxv ell's thermodynamical relations.
(Deths {Hons,} 1971)

28. Show that (Detht {Aone} 1976)

. S gP

® (4F),- (ar),
(21) (“i
(#2) (+ ) = —T f

nw) (Fr ),> ;
( ¢(")

a oS f

(er) ( oP \( cl ),- \
(P * iP vand (222) ( aT’ \.( -) -( a’ ) 4 7 “5

29° Show that for a homogeneous fluid

aP av
Cr—Cy = PT -oS cl | af \

30. Show fiom the .ousideration of Maxwells thermodvnami-

cal relations that

(t) for a perfect gas

('p ( — R

and (it) far a gas oheying Van der Waals equation

2a(p—-Uy = R (1+ ‘arr )
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310 Dec’ tve the sper ific heat relation

. Cp—Cy = —TEAV (Deths (Hons) 1970]

32, Ws do you understan Sy the ‘nternal energy ofa

system Sta. the first law of thermodynamics ind use it to derive a
relation het seen the volume and temperature of a perfect gas

undergoing ar adiabetic chance of state (Delht 1969)

33) Decuce Clausius-Clapeyror’s equation and discuss the

eftect of change cf press ire on the melting and boiling points of a
subsiance (Delhi 1968, 71, 7h)

S$ Te -abe Ch. av (lapeyron’s eg iation for the shange

of equilibr}, 7 -ressure of tuo phases with tem perature
(Delhs 1989, 1972)

35. Deseribe Partungton’s method in the determination »*

the ratio of th ‘wo specific heats of 2 gas Delay 1873

360 Wh: are sothermal and adiabatic charges & Derive 1"

equation P} ¥ constant tor an ideal pas (Deths 1971)

37, Woa i mrant vy a reversible proce s ? Des r he Carno

cycle and sh» taut all reversible cugues worling betw e the saine
two tempera... » have the same efficiency

[Madras 79:1 Jselhy JW

38 Ualuule e the work aone in a Carnot s¢yele of operation .
Deduce the e «.e. y «fa Carnot’s ermine ir terms cf the tempers
tures between s h bh 1st works (Delhi 1473,

39) Dei evtropy State and p ove the pune ple Fain reare

of entropy

40. Deine work otale of tenperctures show that ibe ideal

gas scale and the work scale are id-nircal [Delhr 1971;

41 Sh w that

m8 f th h f[ p 3 independent of the path for a seversubte

chance {Dethe Huns) 1977}

42 Cal: lat te change in euiropy when TM grams of a aqued

of specihc hea’ § u heated ium T 1s to 7, K ani then converte |

into vapour v. hout raising its temperature 1 1'ent heat of vaporisa-
tion at 71s L [Delhs (Hons) 138 1|

43 Show that

oF
oF y

Ler
(Dethi (Hons) 1971, 1976)

44, What is meant by thermodynamical equilili.um ? Discuss

the equilibrium between a liquid and its vapour and hence deduce
Clausius-Clapeyron’s e122 ion, (Delhs (Hone) 1972}
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45 Explaim the cencept, of reveruble an | icreversible p ocerye

haw ane pressicn for the «ficie acy of a reversible Carnot en vine

4 th aperfect gas asthe wa! az uy time Show that for the same

pair of werking temperatic »o the cfuciency of a reversible eal re

azotyw same and 1; the miarmum value att unable

[Dethe 1975, Delha tHe * 1973]

46 Show howthe second Lav “tuermodynamics eaables us to

de. ae as ale of temperature indspen lent of the propertie, ot a4

wot’ arsubstince Wow os the seale reahsed i) practice ?

[Delhe (Eon , (97 |

47 Ulerive Maxwells thermodynamical «csuition and show

7f oY Ft” |
m C 7if Vv | ny i p {_ A} {

[Delhi (Hons) 1472]

tha

48 Wesrbe m detald Cle nent end Desorme’s ni tuud at

m ling the . atv of the two sper fic heats of a2 giving the simple

theory cfthe method What are the ofyecQan, to the method and

wh f media ations and iriprovements have hb en prop wed ?

[Delhe 1975, 76, 77

499 Ty bh hthe relating con ctin th temperit ae and the

cebrme fa centering adeabane conenres 1 [Dethe 7974)

MW ot taobish sie date at heat cquati

dl i

afr r’

vor Op ands wethe poaufi ceatefshe aged amtlt vaturared

Vapour 7) pect ely [Pedhy Pts Pay

5S) ok xplumn the teria, eatrop vy an dase ath pucs Sno thi he

Nhupy ora system fends tea maaumem Repersent the Cacneg

vule on a temperat ce top; diaeram and pete thatut, area
represents available caeryy Jstablish dure tly from the above con.

dertenons that the efftcrxency of the encine tb

T, T

T'

[Jielar 19791

52 Detinecnutrupy wWrhatigits ohys al sigut ane ? Show

that the entropy remains constane in a rerveirsbae praes VA let

happens im cast the proces is ca reese atte me ?
[Desks f° >]

53) Enun uate the second tiv of thermodvniamu = Define a

temperature sale without mikhing use of the peculrintse of any

selected thermometric sub tance Show that Kelvin « work .cale is

such a scale and that the ratio of he tw> temperatures as measured

on the Kelvin scale 1s identical wiih the ratio of the same two tem

peratures on a perfect va scale ‘Deths 1975]
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34 State the first law of thermody: .mics and use it tu derive

a relation between pressure and temperature of a perfect gas under-

gomg an adiabatii change (Dethi, 197 f

53 Under suitable conditions the Joule-Thomson effect +

sults 11 cooling and so docs an adizhat« expinsio. of a mas

Justinguich bewween these two types of cooling
[Delh> 1974, Raprsthar £479!

56 Deduce the followin, Maavwells relations

(H ar), (Br),
(4) (25), - Un),

i OtH on ) 1974)

57) With the help of appropmate Maarels relatons chow

that for a sulsstance

em Cy ThE

{(Rapisthe , 14035, Della Ho eV VF

58 State Cirnot the: rem and deduce it from the secon !

Jaw of thermodynamics tAan,ur, 2479, Delha Toe ete dl

59) Derive the Claas Clapeviras dated be t en at 9 for

first order phase charges

al L

aa" TU, 4,
(Agri 1970, Oelhe (Hone) 1974, Dethe 1970]

60 Testiuguish between mothermal ana adabad cha apres

Show tnat for an adiabatic ch nge ina perfect gas

PREY venta

(We hi «Hon ) 0?

61 What do you understand by the Kelvin s thermodynamu

scale uf temperature ? Prove that the ritia of two temperatures on

the thermodynarnic ‘scale 1s. lentical with the ratio of the same two

temperacures measu * 1 on ‘he perfect gas seule
ffielne, 19%, , Delhs (Mure) §97 3, 197 3

62 Lxplun whit sou mein 55 entropy of a substance

Show thac the entropy remains cco. taut na reversible process bui
1 here ases In au urevers'b € process

(Kanpur, 1975 Delhi (Hone) 19e0|

63 Prove that

Ks
Ee”

[Dethr (Hons) 1970

64 State tne first law of thermodynamics Express it mathe
matically and explain 19 physical sign fcance

(Deths (Additivnul Phyartess 1976}
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65. Deduce the first latent heat equation. Discuss how the

boiling point of a liquid and the melting point of a solid are affected
by change of pressure. [Bombay, 197 4]

66. Describe Carnot’s cycle and obtain an expression for the

efficiency of an ideal heat engine in terms of temperatures.
[Bombay, 1974]

67. Derive the relation between the volume and temperature

of a perfect gas undergoing adiabatic compression. [Dethi, 1976]

68. Explain what you mean by entropy of a substance. Show

that for any reversible cyclic change of a system, the total change of
entropy is zero, Show that this statement is not true for an
irreversible change. [Delht, 1977]

69, Disc uss the equilibrium between a liquid and its vapour

and hence deduce Clausius Clapeyron’s equation. Explain, how the
boiling point of a liquid and the melting point of a solid are
affected by change of pressurc. | Detht (Hons.) 1977}

70. Derive Maxwell’s first and second thermodynamical

relations and deduce the Clausius Clapeyron’s latent heat equation
from Maxwell's second relation. [Kanpur 1975]

71. Define Carnot’s cycle. Explain the working of a Carnot’s

heat engine. Calculate its efficiency when a perfect gas is the
working substance. [| Rajasthan, 1975)

72 What is meant by the order of a phase change ?

Juscuss it giving examples, [Detht (Hons ), 1977]

State and discuss Zeroth law of thermodynamics. [Delht, 1978]

73) = [Define isothermal and adiabatic transfurmations. Give

examples.

Obtain equation of state for an ideal gas undergoing (2) an

isothermal transformation and (1) ar adiabatic transformation.
[Dethi, 1978]

74. Dry air at N. T. P. (normal temperature and pressure)

8 compressed adiahatically tu one-third of its original volume. Cal-
culate the resulting pressire. Given that the ratio C,/C, of air is
L #0) | Delhi, 1978)

75. What is the importance of Clausius-Clapeyron latent heat

equation? Der.ve this equation and sudine its applications.
[Detht, 1978]

76. For a quasi-static adiabatic process of an ideal gas, prove

T
(Py = constant

[Delhi (Hons.), 1978}

77. State Carnot’s Theorem and _ show that it is a necessary
consequence of Second Law of Thermodynamics. Prove that the
efficiency of a Carnot engine using an ideal gas as a working subs

, T,—T'
tance is y ~= a (Dethi (Hons ), 1978}
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78 =Denive the following relations -

-7( 7 \( 2@ 0, -c, - T( 8, )t oY

(b) TiS Cpa - (+5 dP
oT jp

PRT
(0P/eT Y—-!

79 Write shert notes on

(t) Isothermal Process

(12) Adiabatn Process

(ect) Tsochuric Process

(2) Carnet’s cngine

(t) Carnot’s theorem {Delha, 1975)

( 2) Second Law of thermodynamics

(ter) Cement and De ormes’ method

(raze) Rachhatdts experiment for ,

(24) Aly olute gas se ile

(1) Rankine cycle

(42) Diesel cnpine

(vee) Steam “nermne

(rata) Otto cycle

(rin) Entropy 1. a measure of disorder

(tr) Entre py teuds to a maximum

yroty Third Law of thermodynamics

(coat) Absolute zero temperature

(rote) Entropy ofa perfect gas [Pelhe (Hons) L40¢3

(zr) Lemperature-Entropy diagram

(xx) Thermodynamic system

(zat) Thermal Equilibrium

(2 rut) Concept of Femperature

(22212) Concept of Heat

(2 riv) Zeroth Law mn Thermodynamic,

(271) Phase chanees of the sccond order [Dethi (]ne) , J]

(« sa [Detht (Hons ), 1978}

$0 =A motor car tyre has a pressure of 3 atmospheres at the

room temperature of 27°C 1 the tyre suddenly vursts what 1s

the resulting temperature ¢ [Ans 21860K = — 544°C,

81 A quantity of air (v - | 9) at 27°C: 1s compressed sud

denly to } of ats original volume =] ind the final temperature.

[Ans 5223 K c= 249 3°C]

82 A quantity of air at 27 C and atmospheric pressure is

suddenly compressed to } of its original volume = Find_= (2) the final
pressure and (11) the final tempc uture

[Ans (1) 8 29 atmospheres (#t) 571 1 K == 298 1°C}



Thermodynamics 341

83 Find the efficiency of the Carnot’s engine working

between 150°C and 50°C. ‘Ans. 23°64%,]
$4. Find the efficiency of a Carnot’s engine working between

927°C and 27°C. [Ans. 40%]

85. A Carnot’s engine whose temperature of the source is 100

K takes 500 calories of heat at this temperature and rejects 400 calo-
ries of heat to the sink. What is the temperature of the sinh ‘
talculate the efficiency of the engine. .

Calculate the (Ans. (i) 320 K, (#1) 20%]
86. A Carnot’s engine is operated between two reservoirs at

temperatures of 500K aud 400 K. If the engine receives 2000

caories of heat fium the sowce in eich cycle, calewate (a) the

amount uf he at reyected to the sink in cach cycle, (4) the etficiency
of the engine aad (c) the work done by the cngine in eaca cycle m

t) joules (te) kalo-Wa‘t hours

we Wo fAns = (a) 1600 calories, (6) 20%, (¢) (#) 1780 juules,
(38) 4-944 x10 * kKWhi

87. A Carnot’s engine working as a teftigerator between

757) K and 300 K receives 1000 calories of heat from thé reservoii

at the lower temperature (i) Calcu'ate the amount uf heat re-
jected tu the reservoir at the higher teraperature. (tt) Calculate

also the amount of work done in each cycle toa operate the

fsigerator,
oe [Ans. (2) 1200 cal, (22) 840 joules]

88. Calculate the depression in the melting paint of ice

produced by 2 atmospheres increate of pressure. Given latent heat
of ice -- 80 cal/g and the specific volumes of | gtam of tce and
water at GO are 1:09! cn and 1 000 cm? respectively.

[Ans. 0-0148 K or 0-0148°C]

89. Find the increase in the }:viling point of water at 100°C
when the pressure is increased by 2 atmospheres. Lrtent heat of

vaporisation of steam is 540 cal/g and 1 ¢ of steam occupies 1677
cm? volume. [Ams. 55°84 K or 55°84°C]

90. Calculate the change in the me'ting point of naphthalene
for 2 atmospheres rise in pressure, given that its melting point is
80°C. Latent heat of fusion is 456? cal/mol ana increase in volume

on fusion is 13 ~ cm*/mol. 1 cal =: 5. <107 ergs.

[Ans. —0 06976 K or —0-06976°C]

91, Calculate the temperature at which ice will freeze if the
pressure is increased by 135:2 atmospheres. The change in specific

volume when 1 gram of water freezes into ice ‘s 009] cm® One
atmospheric pre’ re = 19* dynes/cm*®. Latent heat of fusion of ice
= 80 cal/e. and J = 42x10? ergs/cal [Ans. —1-0’C)

92. Calculate the temperature at which water will boil if the
pressure is increased by 1-814 atmospheres. Given that the change
in specific volume when one gram of water is converted into steam
is 1676 cm*. Latent heat of vaporization of steam == 440 cal/g.
J = 4:2 % 107 ergs/cal and onc atmosphere pressure - 10° dynesjemi?.

jAns, JF
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os eo Calculate the change in entropy when 20 grams of ice at
0°C is converted into water at the same temperature.

[Ans. 586 cal/K]

94. Calculate the change in entropy when 10 kg. of water at
100°C is converted into steam at the same temperature.

[Ans. 14480 cal/K}

95. Calculate the increase in entropy when 5g of ice at
—10°C is converted into steam at 100°C. Sp. heat of ice = 0:5;

Latent heat of ice = 80 cal/g; Latent heat of steam = 540 cal/g.

fAns, 10-35325 cal/K]

96. Two gram molecules of a gas expands isothermally to

four times its initial volume. Calculate the change in its entropy

in terms of the gas constant.

[ Ane. 2-774 5 cal/K. |

97. 100 g of water at 0°C is mixed with an equal mass of

water at 80°C. Calculate the resultant increase in entropy.

[Ams. 1-612 cal/K]

98. Calculate the change in entropy when 100 g of water at

15°C is mixed with 160 g of water at 40°C. Specific heat of water

may be assumed as equal to }. [Ans -—-6'130 cal/K]

99. Calculate the change in the melting point of wax for a

pressure of 5() atmospheres from the following data. Melting point

of wax = 640. Specific volume of solid at 64°C = 1-161 and that

of the liquid at 64°C =- 1:166. Latent heat = 97 cal/g.
[Ans. +0°1702 K or +0:°1702°C}

100, Calculate the change in temperature of the boiling point

of water due to a change of pressure of | cm of Hg. £ == 536 cal/g.
Volume of 1 g of water at 100°C = 1 cc and volume of 1g of
saturated steam at 100°C = 1600 cc. [Agra 1962]

[Ans, +0 3531 K or +0°3531°C]

101, Calculate the pressure required to make ice freeze at
—1°C. Change in specific volume when one gram of water freezes
into ice is equal t0 009] cm’. J = 4:2 107 ergs/cal. One atmos-
phere =: 106 dynes/cm?. Latent heat of ice == 80 cal/g.

(Agra 1963)

[Ams. 1362 atmospheres}

102. Calculate the change in entropy when one gram of ice is

mixed with 2 millilitres of water at 55°C. Assume that the specific
heat and the specific gravity of water remain constant (1.e. equal to
1 in both the cases) between 0°C and 55°C. Latent heat of ice—80

cal/g. [Agra 1964)
jAms. -+0°03372 cal/K]

103. A Carnot's engine takes in 1000 kilocalories of heat from
a reservoir at 627°C and exhausts it to a sink at 27°C. (a) What is its

efficiency * (6) How mucb work does it perform ? Express it (i) in
ergs (it) kilo-Watt hours (tit) electron volts. (Agra 1965)

(Ans. (a) 66-67% (6) (1) 14x 10! ergs.

(4#) 0 39 kilo-Waitt hours (tt#) 8-75 x 10TM eV]
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Liquefaction of Gases

71 Introduction

Fyt along time it wat tie upht that air remains in the oaseous

tate at all temperatures, Gases fihe oxygen, mitrogen, hydrogen,
Kejasm ete were termed as permaneut gases, Fieezing mixture
cod liquefy eblonine, hydrogen sulphide. sulphur dioxide, amimenia,
lived storie acid ete under high pressure, Andrew's experiments on

Ci), it 1802 ch owed that below the ciiucal temperature, a gas can
be uqaiened by mere application ol pressure but it cannes. be lique-

hed above the critical temperature, however large the applied pres-

sare nay he Below the critical teraperatme ‘he was ga tecyred as

sate atand iocse the critical temperature st & ca le Tc gas.

da’, Pictet diquehed osyzeo oy f aseade pt cess Linde was

use te dgquely au in 96 Ly Joule -KRelun feet Pisa the prnciple

Pde ule Kelsea Rect aydrosen wml heim wer also Liquefied

' b

7 6 cat Temp Boing Pons

(nae ne - | ome eee eee mee --— -+ —-

UO, — 311°C —78-6°C

yen | lisse ! ~ IRC
}

Niutrogan | ~L1R. —195 VC

! Hydrogen | me — 252-8°C

| Hel um | —267 8U —209 8°C |
h -~— —_ _ —_— — ~ een o

72 Cascade k.ocess —Liquefaction of Oxygen

In 1878 Pictet was adle to lig 1efy exyyen Later on EK Onnes
modified the apparatus as shown iu Fig. 7!

ode
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The apparatus consists of compressi.4 puinps Pi, P. and P 3
A, Band are the outer jackets coutaining cold) wat«r, liguitl

racthy! chluride aud! Hquid ethylene, ‘The pump Py compresses
methyl chloride ga, and its cooled by cold water circulating im the

jacket A. As the critical temperature of methyl chloride is 149°C,

it is liquefied. Liquid methyl culoside c:rculates in the outer

jacket B. _

The pump 2; compresses ethylene gas and 11 is surrounded by
the outer jicket 2 containing liquid methy! chloride at ahont —24 ©

R COLO
WATER
een

Bi te
“ae =

= — = S—_”
— ar

=n Se
~

he

LiQUiID METH

2” CHLOMDE

The liguid ethylene in the jacket ( is allowed to boil under

reduced pressure with the help of Gh. puinp P, and finally a tempe-

rafure of ---160°C is reached. The critical temperciure for oxygen is

TB YC. Oxygen is compressed to a pressure of about 25 atmos-

pheres and is passed through 4 spiral tube surrounded by the jacket

C. Oxygen gets liquefied and is collected in a Dewar flask. Oxygen

in the form of cas in the Dewar flask is circulated back to the pump

Py and the process is repeated.

Liquefaction of Nitrogen. Liquid oxygen has a normal

boiling point —-183°C. It is allowed to boil under reduced pressure
and a temperature of --218°C is reached. The critical temperature of
nitrogen is -146°C. By adding a fourth unit containing liquid oxy-
gen, nitrogen can be liquefied. Cascade process cannot be used to
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juefly hydrogen (7, — —240 Ci neon (T, -229°C) and |e. im

(7, = —2b8°C), because in this process the lowest temjx ature

ebtamable 1, 240°C.

73 Liquefaction of Air —Linde’s Process

In this process, Joule-Kelvin eflect is applied = Lande was able

tu hquefy arr m 1896 using this effect The apparatus wed 15 shown

inlay 72

{

The pronp 2, compre es air te apressure cf about 2o atmos

cers aindas passed thro hoo tube snr unded by vyacke = through

, uch co ld water men alate? Ths ompree ed anos passed throu,!,

KOR srt on ta rem we CO end otter vapors

lows ar, free fram CO, 1 water apsut, 1s compressed to a

pees ute OF LOW cdmimayiere oy the pita, 2d. ait passes through

asperal ube son cuanded by agaclhct comtere freezing mixture

th. coole awa wehorestre anda 2 teuperatune of — 200 15

loved to coment of Fe navel V, fencte-Kelvin effect ‘ake.

place 2 Eth uwemung arocac led Pe ceded arr as cre Pated

hack te the pann Ployad wo conpreseed It passes thiouch the

uo7zle Vy erecais further c oe} obs cooled au ra low)d ( mass

hrouth the nozzle Ng tfrom dn hpres ure to lowe pressv re ide anc

sftorther canted A thy proce cone nues alter a few cval > air

evscrvatrvasme antl Ps tempe ture al adler cumuog ort

cFthe ne zle Nage based ame tsa ncctecthin the Joewar flash

Lhe unhquctied ust maculae dbad toche puny Py aid the

ytc ost repeated

Puc vhole of the cepa cis as puke dane tty ool te aod

2 onduction or red atio2
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74 Liquefaction of Hydrogen

Hydrogen cannot he hquefied by Cascade process because its

critical temperature 1») —240 CC Linde’s ordinary apparatus used

for the hquefaction of air cannot be used for hydrogen because the

temperature of inversion for hydrogen is - 83°C The gas must

mitiilly be cooled to a temperature lower than the temperature of

inversion for the cooling to take plice due to Joule-Kelvin effect

The vugmal appuatis devgned by Dewar (189d) was mnproved

SUPPLY OF
KYUPOLEN
ef

1)
COMPRE 95 ON

PUMP

Fig 73

later by Travers, Olszewski, Nernst and others (Fig 73) To have

complete msulation the whole apparatus 1s enclosed in an outet

Dewar flask L

Hfydiopen under a pressise of 200 atmospheres 1s passed

throug): a coil immersed in solid CO, and alcohol. It enters the coi!

in the chamber A where it is further cooled by the outgoing hydro-

gen The chamber B contains hquid air and cools hydrogen in the

coil # In the chamber C liquid air 1s allowed to boil unde. reduced
pressure (10 cm of Hg) and hydrogen in the coil F 18 cooled to a

temperature of —200 C. This cooled hydrogen passes through the
regenerative coul G@ and the nozzle N Hydrogen 1s cooled turther

due to Joule-Kelvin effect. The cooled hydrogen commg from the

nozzie WV 1s allowed to circulate back to the pump as shown in

Ing 73 #8 The process of regenerative cooling continues and after

sore fime hydrogen gets liquefied and 1s collected in the Dewar
k 2,
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75 Solidification of Hydrogen

By boiling liquid hydrogen under reduced pressure (10 mm of

Il) Dewar was able to solidify hydrogen. Liquid hydrogen was

contained in a double walled thermos tube which was immersed in

an outer bath containing liquid hydrogen. ‘The pressure inside the
tube was reduced and the temperature of hydrogen in the tube

decreased below —259°C. Liquid hydrogeu did not solidify but was

only super-cooled below the freezing point By allowing a little trace

of air to leak into the apparatus 1t was possible to obtain solid

hydrogen. Solid hydrogen 15 white in colour.

76 Claude's Process Liquefaction of Air

The experimental arranyement is shown m Vie 7-4. Air, free

from CO, ind water vapour, is compressed to a pressure of 40

~%&_ f:

——ae—————)
COMPRESSOR

A |

_ ane

HEA” | a
XCHANGEM _

==) EXPANSION
CHAMBER

Fig. 7-4

atmospheres by the compressor P;. Initially air is cooled by passing

it through a coil immersed in a freezing mixture. At the point 4,

8059 of the compressed air goes to the expansion chambe: and 20%

to the heat exchanger. In the expansion chamber air expands, does

external work and drives the piston P, outwards. Due to adiabatic

expansion, air gets cooled The expansion chamber and _ the

compressor are coupled so that when P, moves outwards, P, moves

inwards and compresses the air in the compressor.

The cooled air fiom the expansion chamber passes through the

heat exchanger and takes heat from it. 20% of air, passing through

the tube in the heat exchanger, gives heat and consequently gets

cooled. This regenerative cooling process continues and when the
temperature of air reaches the liquefaction temperature, it gets
liquefied and is collected in the Dewar flask D.
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The main problem m this process is that of solidification of

lubricants at low temperatures. Petroleum ether is found to bea
useful lubricant at low temperatures. Once air gets liquefied, it
itself serves as a lubricant.

This process is complicated apart from the problem of lubri-
cants. Linde process is commercially used for the liquefaction of air.

77. Liquefaction of Helium —K. Onnes Method

K. Onnes liquefied helium in 1908. The temperature of

inversion of helium 1. —240°C. Kapitza has liquefied helium by pre-

cooling it and passing it through a coil surrounded by a bath con-

taining liquid hydrogen boiling under reduced pressure. In this wry

helium was cooled to —258°C.

Nhe apparatus used for liquefaction of helium is shown in

Fig. 7° Helium gas at a pressure of 4U atmospheres enters the epiral

HELIUM

a _— ne

19 PUME

| ; LIOGUID
a "TJ HYOROGEN

Fou?

tube at qd. Wiis chivided in) two portions. Helium pas.ing through

the spir.t in # is cooled bec use it is surrounded by hydrogen boiling

under reduced presse. he othe: portion of heliuin gas passing

through the spralin F is cooled due ta outvaing cooled helium gas
Similar procesees take pice in the spirals 8, and 8, ‘The process is

repeated and when the remperatme of helms sufficiently low, it

vets hquehed after passing through the nozzle A At N’ cooling takes

ace duc to Joule-Relvin effect This outgoing helium is compressed
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again by P and fed back to the spirals S,; and S,. Liquefied helium
is collected in the Dewar flask. The whole apparatus is surrounded
by Dewar flasks to provide perfect heat insulation.

Simon has been able to liquefy helium by using activated char-

coal, When helium is adsorbed by charcoal, heat is evolved and
when it is desorbed (removed), the temperature of the gas falls.

Helium is adsorbed in large quantities by activated charcoal

immersed in liquid hydrogen. The apparatus is enclosed in an

evacuating vessel to minimize heat exchanges with the surroundings.

On pumping off helium, its temperature falls considerably and it

gets liquefied.

7-3 Helium I and Helium II

K. Onnes observed ne sign of solidification when liquid helium

was cuoled at erdiaary pressures, It was found that at a temperature

» }
om. ‘

$ :
us

|
t
{

i
{
i

Tv lal v 4 ¥ —
1 226 3 4

TK) —->

rig 70

af 219 K, the liquid which was contracting when cooled, suddenly
bezan to expand (Pip 7 6).

‘The specific heat of liquid heliw iictease, ups to 279K and

at this temperatuic there is a sudden and absormal increase in the
specific heat. Beyond 2:19 K, the specitic heat first decreases aad
then increases (Fig. 7°7).

The specific heat--temperature graph resembles ) and hence
this temperature at which the specific heat changes abruptly (2-19 K)
is called the A-point. Liquid helium above 2 19 K is cailed helium
I becanse it behaves in a normal way and below 2°19 K itis called
helium II because of its abnormal properties.

Viscosity of liquid helium 1 decreases with decrease in tempera
ture and this property is contrary to the property of a liquid but it
resembies that of a gas. [he viscosity of helium I! is practically
zero and it can flow rajadly through narrow capillary tubes.

The thermal conductivity of heliam II has an abnormally high

value and it is many times more ‘thon that of copper and silver.
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Helium IT forms a thin film on all solid surfaces This film is
called the Rolling film. It is through this film that helium II flows

/—ee
roars oa

TUK) ———»

rig. 77

from one vessel tu another, This behavicur of helium I] oi very

peculiar, It can creep into a vessel when the vessel is iovefed into

fl

(i) ut) il)

Vig 78

the hquid (Fig. 7:8 (#)]. On the other hand when the vessel contain-
ing helium IJ is taken out of the liquid, it creeps out of the vessel
and continues to flow until the level outside and inside is the same.

[Fig. 7:8 (s)]. Even when the vessel is completely out of the liquid,
helium 11 creeps out and flows down the outer surface of the vessel
(Fig. 7-8 (st8)]. It continues to flow until the vessel is empty.

Helium II has a higher heat of vaporization and smaller

surface tension. The large specific heat anomaly of liquid helium

at 2:19 K is due to rapid decrease of it: entropy with decreasing

temperatures. This is a complicated phenomenon and statistical

mechanics cannot be applied. However, Bose-Einstein statistics can
x¢ applied in this case.
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79 Production of Low Temperatures

Quite long ayo is was noticed that there isa lower limit fora

temperature scale. There is no limit for high temperatures but there

1s a limit for low temperature. ‘The lowest temperature corresponds

to 0 K (—273 16 C) called the absolute zero temperature. Attempts

have heen made to reach absolute zero temperature.

Temperatures below zero degree centigrade can be obtained

with the help of freezing mixtures. Temperatures up to —65°C can

he obtained with KOH and ice. With the liquefaction of gases

emperatuics lower than - 64 C could be achieved. Wath hquid

helium builing us.cer normal pressuse a temperature of —208 9°C can

be reached. Ry builing liquia fielium under reduced pressure tempe-

rature of the order of 1K could be obtained = With liquid helium

Usetope, Fes} builing under reduced presse a temperature of 0-4 K

vet be reached. Teaperatines helow 04 K can be reached by

aPabaue demagne vation methods’ due te Debye (1926) aid
Myatngue 1997),

7i4) Adiabativ Demagnetisation

eh e, Giauque and Macd veal were able to produce temper-

sintesoelew CK with the help of gadolinium sulphate Haas and
int ratis sed the ndaeeetie valance foro number of paramagnetic
whoaanees Chey found that pasasssum and chromium alum give a
much dlewer temperature

he apparatus sed as shown am hig 79. ‘Lt ¢ paramagnetic

salt is suspended in a vessel, which is surrounded by liquid helium.
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be a Dewar flask containing liquid hydrogen. The salt is in contact

with the helium gas. A magnetic field of the order of 30,000 gauss

is applied.

When the magnetic field is switched on, the temperature of the

salt rises. But the heat is conducted by the helium gas rapidly and

the temperature of the salt falls to the original temperature of the

helium bath. The helium gas is pumped out and the salt is thermally

isolated.

Now the magnetic field is switched off and the temperature of

‘the salt falls due to adiabatic demagnetisation.

To measure the temperature of the salt, the susceptibility is

measured with the help of magnetic thermometers. Accorcing to

Curie’s law

“7 is constant

A T.

er

X, is the sesceptibility at temperature 7, of the helium bath.

X, is the susceptibility after adiabatic demagnetisation at temperature

x
T'. — % T,

The thermodynamical behaviour of a paramagnetic crystal,

placed in a magnetic field, depends also on the strength of the

magnetising field in addition to pressure and volume. The usual
relation

SH =< dl/4-PdV

is modified in the form

8H = dU 4.PdV—-Badl ...(t)

Here B is the magnetic flux density and d/ is the change in the
intensity of magnetisation per gram molecule. Therefore

l= ZVB .. (78)

where # is the susceptibility per unit volume

From the second Jaw of thermodynamics, the change in enropy

is given by

TdS = dU “+ P&V ~Bdl

or au! -= TdS+ Bdl —PaV ...(#1f)

Mf x and y are a pair cof independent thermodynamical!
Variables, then from the condition

et

aaay Yaa

PA) ORD ath)
or, y¥) © ov, ¥) d(2, ¥)

s ve ¢ pe t

«+. ( 48)
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In the adiabatic demagnetisation experiments, ...2 change in

volume is negligible. It means 9V¥ = Qie. V = con-?snt.

a(7, 8) _ a (B, 1) (v)
d (7, 9) 0 (7, 9) -

This is a general equation connecting 7, -, 8 and J. The

virious thermodynamical relations can be derived ‘by choosing aay
two out of these fou: variables 7’, 8, B and J.

(1) Taking z - Bandy =T

(i lr * ‘(ar \ ooo (t'8)

(2) Taking + = Bandy -—

(G)y = - (2% a Ye (ved)

From equation (vet)

(5 )e > “

But T (i), = (p, the speritic heat of the <«vbstance at

ar) (at) 2(Si s \ar )s Koy
/

faery af at swl Bs —_ CR ar ), o> (7 42t)

Rquation (vit) gives the change in tempe ature “UNing adiabi-

tic demagnetisation This phenomenon, where there is change in

Lemiperature due us adiabati demagnetisation i cared magneto-
caloric effect.

When the field ts chauacd frou By t. By we bas

constant field.

Ky, T ca a .T. Pom - | Op (-"., ), . -of3T)

gt

Boe fe LB sad 7 7 ‘ream Cuete law:

n 1; Ff 4
fygm 7, = | Cn up (AEN) da

B, TBV a _ >

ln ue an (22
B, TBYC i \

-\e-ae—-(- gs , oB
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_ OV [By

OBT JR,

cv (BA—Bi)

Bas +o0(2)

T W~- -—— ‘=M,—-T, Cat: 9

Wher ti * niuagnetic field 13 switched off,

B, -~ 0

m ChB?
T, —T iu CRTs (x2)

As (7 iy asm gative, 1t means there is fall im temperature
due to wadiakk le ogretisationn, Therefore fall in temperature,

T ()B)

(“2 ONT, ae

711 Cour: wn of Magnetic Temperature to Kelvin
Temy ature

The th occ + macal beh. vow ef a pa tare ory dt

placed in. roy tiellis given bs tl relarton

AH dl 4 Vd) ~-bdl

As the zen vulume ic neghgthle,

SH = d' - Rdl (a)

When te magne.ic tield is kept zero and constant, we have

4 (2, )
Cy fh 4

af

( yt Yo
as \

(Or }B-0
{1}

Here @ x» he temperature expressed on the Kelvin scale and 7
is the magneti. temperature

ct’To deter une the value of @, the value: of (<- es 0 and
a8 .( at Verno are to be evaluated. It is done as follows —

The para :agnetic substance 1s taken at a known in‘ual tempe-
rature 4;. Her> 0; is found using a helium vapour pressure thermo-
meter.

The initia: state of the substance, when B = 0, is represented
by the point A ,Fig. 710). The entropy at 4 = S,. When the field
is increased, ke.ping temperature constant, the point B, is reached.
Let S, be the e tropy of the substance at B,. The quantity of heat
8ii produced d ring magnetisation is directly measured. The change

in entropy dS — S, -S,; = ——.
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Now, the substance is adiabatically demayneti‘e.’ *ntil the field

he mnes zero and the point (, is reathed = During thi

6 B
Aét-- - ? )

yp 4
f 4

4 f

0 wen 4”

}? a .

eeC i

o7:

f -

hig, 7-10

wnechanye ia entropy Lhe difference ino entrc;

poiri¢' and fis cqual tw difference in ertrapy be

Bo ond f

Suppose, the temperature at the porst Cy ous

oF devrces magnetic. The values 7 and 8S, Sy ws:

she vobie or the magnetising held B The experi

with diferent initial helds and a graph ts plotted bet

(lig 7 U1).

| f

a! /
| a

4s ! “oT

|
|
1

{

| --»_> :

Fig. 7-11.

From this graph, the value of ( aT

aU

process there

Detween the

nthe points

siees Kelvin

depend upon

wm reneated

en aS and T

a8 \, 0 to for od.

To determine the value of ( ap Vane the sal. is heated from

a temperature T to 7" and the heat absorbed is estimated directly.
This can be done by introducing y-rays or radiations .rom a_ heated

filament.
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. as aU ;Substituting the values of ( ai Veo and (- at Vee in
equation (68) tue value of @ in degree Kelvin can be calculated.

A lower .»mperature can be reached by using a mixed salt

because magn ‘1: interactions between the paramagnetic ions are
weakened wh : the paramagnetic salt is mised with a non para-

magnetic salt A rmuxed crystal can also be wed

Hlaas as. Whrersim1 (1935) were able tu: produce ten:peratures

up 129003 Bo wines feruc ammonium abu and potassium chrome
alum.

712 Heliun Vapour Pressure Thermometer

Phis then. vneter iy used to measuie temperatures upto 7 K

The appat itu consii's of a bulb 4 containing liqued helrmm = ‘This
bulb 13 conne. el to the minometer limbs Jf, and If, through a
connecting tu: @. The tube Cus surrounded by a copper tube B
to ensure uni’ . 0 temperature of the vapours Ff is a reservoir con

taining mere: cv (Fiz. 7°12)

C
Cr)

~

A

M, M2

8

“SL

Initially the ceservoir & is lowered so that the mercury in the
manometers #, and Af, 13 below the stop-cock S. The tube is
connected to. n evacuation pump to remove air in the tube C anu
the bulb 4 the stop cuck & is closed after evacuation and the bulh
Ais placed tas bath whose temperature is to be measured. The

pressure of set ated helium vapour is measured from the difference
in levels of Hie in the limbs MW, and M, With the help of constant
tables. giving the vapour pres,ure of the liquid at various tempera-
tures, the termmerature corresponding to any observed vapour pres-
sure is determmed. For lower temperatures, the graph between

saturated vapou pressure and temperature is extrapolated.
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Vapour preseure of Helium (He‘) at different temperature

Temp. Preaeure
K nm of Hy

50 146) |

4-30 40 !

4-00 61h

3 st) | $u3

3! Is] |
|

; gm | 77

| 200 | 33d

| ron | 36
|

| Jun 012

| 50 16, 10-%

may | 34x 10-33

\

713° Super conductivity

Phe electrical resistance of metals decreases with decrease in

temperatuce. ‘Lhe decrease in resistance is almost proportional to

the decrease in temperature Before the production of low tempera-

tures, ot was thought that the electrical resistance of a conductor

becomes zero only at absolute zero. K. Onnes in 1911] performed

experiments tu determine elects 1 resistance of pure mercury at the

temperature of liquid heluun. It was noticed that at 42 K the

electri al resistance became zero and the metal acquired the property

of super-conductivity. ‘Phe phenomenon of super-conductivity

openc.] a new se..es of prolicme a. scope for new experimentation.

It was found that 21 metallic elements and many alloys show the

property of super-couductivity

The transition temperature (the temperature at which super-

conductivity appears) varies from 8K for niwbium to 0-25 K for

Hafnium Niobium nitride has a transition temperature of J5:5 K.

The absence of electrical resistance trelow the transition temperature
is illustrated by the fact that a current of about 1000 amperes

passed through a tin wire at about 3 K shows no heating at all. If

a current is passed through a ring of lead at a temperature of 7 K

(say inductively) the current circulates undiminished through the

ring for a number of days.

The recent experiments on super conductivity reveal that this
property is net confined to a few metals or alloys but may be present

in all metals or alloys previded they can be cooled to temperatures

nearer absolute zerv.
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714 Electrolux Refrigerator

The schematic diagram of an electrolux sefrigcrator is shown.
in Fig, 7°13.
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The weak ammonia solution m the buder is forced intu the

absorber. The strong ammonia solution goes into the boiler and

the gaseous ammunia enters the condenser. I: is cooled and is con-

densed. Liquid aminonia enters the evaporator and is mixe | with

hydrogen Hydrogen reduces the partial pressure of ammonia belaw

its saturation point and causes evaporation, This evaporator is

surrounded by the chilled compartment. Hydroven and gaseous

ammonia leave the evapurator and enter the abserher. Here they

meet the weak ammonia selution. The ammonia gas is dissolved

and hydrogen gas rites through the absorber and enters the

evaporator. The strong ammonia solution is forced up into the

boiler again, The process continues and a sufficiently low tempera-

ture is produced in the chilled compartment. The advantage of this

apparatus is that no compressor is required and the circulation of the

liquid and the gas is automatic.

Exercise VII

1. Give the experimental arrangement of the cascade prowess

for the liquefaction of oxygen. (Punjab 1964)

2. Describe Linde’s process for the liquefaction of air.

(Lucknow 1963 ; Agra 1962 ; Detht 1973)
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3. Give the industrial process for the liquefaction of hy-
diogen. Explain the principle on which it 1s based [Agra 1963]

4, Describe Claude's process for the tiquefaction of air.

+ Discuss K. Onnes method for the liquefaction of helium.

6. Discuss the properties of Helium I and Helium II. What
do you understand by A-point ? Give the properties of helium II.

_ 7. Write a short account on the production and measurement
of low temperatures.

8 Describe the methods for the Lanefaction of hydrogen and

helium using Jou'e-Thomson effect ‘Panjab 1963]

9. Describe Joule-Thomson etiect and me it, theory. How

has it heen utilised in the liquefaction of gases -

| Delhi 1867 , Calcutta 1966]

IG Describe with necessary theory, the method of adiahatr

demagoactsation for producing very Joe tonperatures Vou are

Neh temperature un asured on absolute scale? [Lelha (Hoes 1970)

Wo Des ribe with necessary themy the method of produciry

very iow temperatures by adiabatic demaguetisation, Give a

niethed te measure such iow temperatures [Lethe ‘Hone ) 1972

AZ. Weserbe fully one method of Injuefyng a gas. State

learls the poncephe underlving the method and explain how the
ieiaperature of Lquefaction may be measured.

[Delhi 1978]

13° Lxpiain the phenumenon of adiabatic Q@ctmagnetisation.

ifow will you employ this phenomenon to produce and measure

very low temperatures, [Dethi (Huns.) 1975, 76]

14 Give an account of liquefaction of gases Explain re-

yenerative cooling method [Delhi 1976]

15. Distinguish between adiabatic process and Joule Thomson
effert Show that the Joule-Thomson effect 1s zero for a perfect was.

[J%thi (Hons.) 1978]

16 Obtam an expression for the fall in i mperature duc to

adiabatic demagnetssation im a paramagnetic gas obeying Curie’s

Law. (Delhi (Hons ), 1978]

17 =Write short notes on

(t) Adiabatic demagnetisation

[Berhampur 1972, Ara 1969, licths (Hons.) 1971]

(#3) Super conductivity [Delhi 1972, 74]

(itt) Helium vapour pressure thermometer

(tv) Helium II [Deths (Hons.) 1972, 1977]

(v) Electrolux refrigerator

(vt) Froduction of low temperatures (Panjab 1966]

(vis) Liquefaction of gases

[Berhampur 1972 ; Detht (Sub) 1966]

(vits) Approach to absolute zero. (Deths 1971, 73)
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Transmission of Heat

8-1 Introduction

Heat can be transferred from one place ta the other by three

different ways vtz. conduction, convection and radiation.
Conduction is the process in which heat is transmitted froin

one point to the other through the substance without fhe actual

mution of the particles. When one end of a metal bar is heated,
the molecules at the hot end vibrate with higher amplitude (kinetic
energy) and transmit the heat energy from one particle to the next

and soon. However, the particles remain in their mean positions

of equilibrium. This process of conduction is prominent in the case

of solids. The property of transmission of heat has heen used In
Davy’s safety lamp. Materials having less conductivity e.g. granite,

brick walls etc. are used in the construction of a cold sturage,
furnace of a boiler ete The space between the two walls o! a
thermos flask is evacuated because vacuum is a poor conductor of

heat. The air enclosed in the woollen fabric helps in protecting us
from cou, Le ‘use air is a poor conductor cf heat.

Convection is the process in which heat is trun:mitted fron

one place tu the other by the uctuai movement of the heated

parucles. it 28 prominent in the case of liquids and gaves. Land

and sea breezes and trade winds are formed due to convecticn.

Convection plays an important part in ventilation, gas Siied clectric
Jamps and heatung Uf buildings by hot water circulation.

Radiation is the process in which heat is trantmitted {rom

one place to the other directly without the necessity uf the inter-
veringaine dium We get heat radiations directly from the sun

without affecting the mtervening medium Heat radiations cen

pass through vacuum. Their properties are similar to light radia-

tions. Hear radiations also form a part of the clectromagnetic.

spectriim.

560
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$-2 Coefficient of Thermal Conductivity

Consider a cube of side x cm and area of eaci: face A sq cm.

The opposite faces of the cube are maintained a. tempe
ratures @,

and 0, where U; > 9. Heat ‘; conducted .a the direction of the
fali of temperaiure. Quaniiy of heat conducted across the two
oppasite faces

Ga A

Qa (0, —U3;

Ga ft

]

x
cr

A

‘ Q Ate, 4)
e- 

Oo sce
Y
rd

KACO, Fait
pee oe

LZ

Fig, Sd

Were Koes. cansant called cor eo iicie.t ub thereal cenduc-

Livity ef the materi of the cube.

it A = ‘ oid cm, id, . it) = i°i, f ra | 5, % = ) en

then Q. K

‘herefore, (he cueMiueat of thermal combuctivity os defined 43

the amoan' of beat Mowing in one second jicrass the opposi
te faces of

a cube of side one cm misintained at a difference of temperature

of 21°C.

. , Gy--B,

Temperature gradient. The quantity 9 = represents the

aor . . . dad
sate of fail of temperature wilh respect to distance.

 The quantity 5.
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represents che rac of change of temperature with respect to the

distance As temperature decreasc, with increase in distance from

. db, .
the hot end, the quantity ie * negative and is called the tempera-

ture gradient.

y -- —KA E dy ié

Dimensions of K.

A — 1a > - atA i aa 6d

de

QGrepreseat «nergy and us dime tan s are

(VY, - [MLAT

[2] JAAP fet feep an - OP
oy (MIT Ay Fh) MTs

Mm Cuyiairp | )
Thermal Diffusiviiy = 1t 1. defined as the ratio ut therma!

onducivaty to thermal capacity per unit volume ott tha ven its

of tue substance be ¢ and its specific hear S

AK K

rms os

Lr |
has ats vallecl thermo ietric conduc peaty.

8% Rec tilinear Flow of Heat along a Bar

Const cdo of umfomm area of cress see nou say tae

uoone cid Heata. Haims afena the leneun of the bay fooiusde, tw

_ a. pe et
I=

Vig. 82

planes P, and P, perpendicular to the leneth of the bar at distances

rand +; 4r fron the hat end. Fhe temperature gradient at the

tf

plane /’, - there @r the excess of temprrtare tahove the
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surrounding?) of the bar at P;. The excess of temperature at

Py = 04+ “—bz

: d déThe temperature gradient at P; = dt ( 6 | ar > ot }

Heat flowing through P in one second

qd: — — KA do. ooo(t)
dr

Heat flowing throuvh Ps in one second

dd |
fe. —KA - dt (e+ dr?’ } .o(#t)

Heat gained per second by the rod between the planes P, and

WW U—-%,;
dé d li

~ Kis ph ie Oba, br |

d2 d
- KA |, (781)

Before the steady state is reached | he « uantity of heat Y
is useciin two ways before the steady state is rei hed Partly the

he its used io raise the temperature of the tod and the rest 1s lost

due to radiiton, Let the rate of mse of tempersiure of the bar be

dg
di The heat used per second to raise the temperature of the rod

dd

di
= mass» speci heat

(Ax8rjpx.s mr (79)

where fs the arca of cross section of the red, ¢ is the denssty of the

maternal and S is the specific heat

Lhe heat lost per second due to radiation

-Ppsex é woa(t)

where # 1s the emussive power of the surface, p 1s the persmeter and

(is the average excess of temperature of the bar between the planes

P, and P,

i — AS10824 Bp ot @
dt

Substituting the value of Q from equation (#2)

d29 ng 26 ,,
AA de 8: = AdxpS ay + hpard

d2@ as d@ up

“" ae ~ “kK at Ka’ wo
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This is the general equation that represents the rectilinear flow
of heat along a bar of uniform area of cross-section.

Special Cases

_ (1) When heat lost by radiation is negligible. When the
rod is completely covered by insulating materials, the heat lost hy
radiation Ep $2.0 is zero. In that case the total heat gained by the
rod is used to raice the temperature of the rod. From equation (vs)

d?g oS dé 1 d@

ait Kat ~ Vat At)
K

Hete, aot the thermal diffusivity of the rod
ss

(2) Alter the steady state is reached Whien the .teady
state is reached, the rod dors notequire any further heat to raise
istemperature. At this stage,

Lo ()

dt

Prom equation (et)

d2@ . Lp e

di? Af

wae Ep °
r - oc pfPaking K 4 i!

2

os a6 . (rare)

Phe eeneral solution of thus equation is

bh = Aeter4 Br ee - (ty

where A and & are ty'o unknown constants to be determined frem

the boundary conditions of the problem.

If the bar 1s sufficiently long, we can assume that under steady

state, no heat is lost from the free end of the bar This 1s due to the

fact that nearly the whole of the heat energy is lost from the sides

as radiation and the free end will be at the temperature of the

sutroundings

(a) Suppose the bar is of infinite length.

Let the excess of temperature above the surroundings of the

Lat end be @ and of the other end be zero

From cquation (12)

é, == A+B

At £ = 09O, U 0

From equation (1+),

) — Aex



Tranemission of Heat 865

But e® carnot be zero, therefore

A= 0

Taking Az=Q

6, =~ B

Substituting the values of A and 2B in equation ‘tz)

v = ty ee -o(%)

This equation represents the excess of temperature of a point

at a distance « from the hot end after the steady state 1s reached and
this represents an exponential curve. This equatrn 13 useful in

Ingen-Hausz experiment

(2) Suppose the bar 15 cuff. rently Jong and is of «ate length Z.
shen the boundary conditions are

Ai r - 0

@ — G4

d
and s = 0 at r-

11

the values af f aud & ian this case are

A ne i
{4 ¢t?el

;

and R= fe =
tLe bl

Phe solution of equation (#1) will be

“a ee é “2

- 4 a T 1507 vs |
84 Ingen-Hausz Experiment

Ingen-Hausz devised an expcriment tocompare the thermal

conductivities of several materials

hy . pe yy Y A.

Fig 82

ake a box containing hot wateror cil. Rods of different

materiale of the same length and area of cross-section (same size and
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shape) are taken. Their outer surfaces are electroplated with the same

material and ..c equally polished. ‘This is done such that the emis-

sive power # ; » all the rods is the same. Rods are fixed at the base

of the vessel (! ¢. 8-3) and their portions outside the vessel are coated
uniformly wit? wax. Hot water or oil is put into the vessel and the

wax starts me'‘ing. [tis found that the wax melts upto different

lengths on dit’erent rods.

Let th: ‘engths up to which the was has melted be |, 2, 3 ...

etc., 9, be the excess of temperature of the hot bath above the roam
temperature » 1d 9, the excess of temperatut* of the melting point of
wax above t!.: room temperature.

As, O = flge TM*

For the ust rod,

Dn = Oy ¢ — yb;

For the ,econd rod,

Am = Uy e— By!g

Fo. the hid rod,

weaeasee eusb pee sec eaeuvneueaane

Gan a foe yl, — Ny € Pals

= Be e ~ Bals

Hyly = poly — ptsly = «.-

kipBut omi: amy J K,A
_ Ep

“hey”

Ms = K,A

Here, £4 p and A are the same for all the rads

1, [AP = yg AP
on ! K,A “= 3 KA

_ 1] 4h...
— 3 K,A -—= en6

ly ly

VK, VA,
l, .

- ==> = constant

VK,”

K, Ky * = constant ...(t)
i a a
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Thus, the thermal conductivity of the material of the rod is
duectly proportional to the square of the length up to which the
wax melts on the rod.

From cquation (t), the thermal conductivite of any two
materials can be compared ‘If the conductivity of 0. + of the rods

is known, the thermal conductivities of other rods an be deter-
mined This experiment is not used for finding the thermal] con-

ductivity because the results obtained are not accurate = It1s, how-
ever, useful for demonstration purposes.

Example 81. Jn an Ingen hausz erperiment, a ve melted over

10 cr of copper rod aid over I um of won rod, Whit: rhe conduct.

miu of won when the con luctivity of copper 1s 0 Gn ?

Here, i 10 cm

l, ~: 44cm

kK, 9490

AK, =?

kK, _ Li?

Ky, s4

A, = cm ” hy
(,?

a ¥ 190

K, = 0 144

85 Searles Method

X} warod whose coeflicient at thern.d cord yuvitv. is) to

be determmnued. The end X is enclused in 2 stein > Ket and steam
: continuousiy passed through § Heatisconda ted aong the red

aud when the steady state 1s reache!, the ther ver steers th, Oa.

and 4, record constant temperatures. The mas of water (7 grams}
collected 10 a known interval of trae (f seconds, mp verted (Pig 3 4)
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flows through the seciion at ¥. The rod is well covered with a non-
conducting material like felt, cotton etc. to avoid conduction and

convection of heat to the atmosphere.

Quanti: of hear that dows from the section at P to Q in one

second,

_ KA 0,-- ] ;ey A) x oe (4)

Amount of haat gained by water in one second

m (0, - 8,
= a 3} 2 (1t )

Equatin, {t) and (ti)

WA (8,—6,} om (04--9.,)
a d me ST eee —_

é

K x mil (fy— 95)

At “(Hy — Oy)

Knowia,, all the quantities, K can be calculated.

Example 3-2. The oppesile faces of a metal plote of #2 cin

thicknsss are «<a difference of temperature of JOV°C and the area of

the plate ts 20) sq om Find the quantity of heat that will flow throanh
ihe plate tn one minute if KR = 02 CGS unite

Here N= 0-2

A =- 200 sq cm

ft = 0-2 cm

(#;—6@,) =. 100°C

f= 60s

Q «2 KA (0,—9) ¢

d

02 x20 x 100 « 60

rn >
=: 12% 10° cal

Example 83, Adurof length odom und aniforia urea of
Ty, 1

cross-section o cm! consists of two halves AB of copper and 2 uf tron

weldet lugett ~ at Bo Ths end Acs muintarned at 200°C and the end

Cat Oa. Tha sides of tie bar are thermally insulated. Find the

rate of flow of izat along the bar when the steudy stale is reacked,

Thermal conductivity of caper is 09 and thermal conductivity of iron

ig G12 CGS nits, (Delhi 1973;

COPPER | IRON

zo0°c | WZ Lil lla AY

* Fig. eb
Suppose the temperature at the interface B is 9 after the steacly

state is reached.
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K,4 (200-0) _K,A (8—0)
a ar

0°9 (200—@) = 0°12 8

@ == 176°5°C

After the steady state is reached, the rate of flow of heat is the
same in both the bars.

_ KA (6,—8)
2 Qa

0-9 x5 x (200— 176-5)

e= 15 ~~
or Q ee 7-05 cal/s

Example 8-4, An ice boz ts butlt of wood 1-75 cm thick, lined
inside with cork 3 cm thick, If the temperature of the inner surface
nf the cork is 0°C and that of the outer surface of wood is 12°C, what
ts the temperature of the interface ? The thermal conductivity of
wood and cork are 0-0006 and 0-00012 CGS units respectively.

[Deths, 1975}

Suppose the temperature of the interface is @ after the steady
state is reached

K,A(12—6) K,A (@—9)
we OG a

Here K, == 00006, K, = 000012
d, = 1:75 cm, dy = 3 cm

0:0006 (12—@) _— 00012 (4)

TP, COS

86, Lee's Method for Metals

The thermal conductivity of a metal is different at different
temperatures. This method is useful in measuring the thermal

)

ryYrTYyyyuXttenaSCeeeves es ees eee ryyuy)
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conductivity of a metal at various temperatures, preferably at low

temperatures.

The apparatus consists of a copper frame C surrounded by a
heating coil 4,. The specimen rod AB about 10 cm long and 0:5 cm

in diameter is fitted inside the frame (' (Fig. 86). The end A of the

rod is heated by a heating coil H and 7, and 7, are two platinum

resistance thermometers. ‘hese thermometers roeasure temperatures

at the two points distant @ apart onthe rod 4B. The end B is

fixed in a socket inside the frame C. The whole arrangement is

surrounded by a Dewar flask F.

The whole apparatus is immersed in Jiquid air so that its

temperature is below the temperature at which the thermal conduc-

divity is to be measured ‘The liquid air is removed and with the

help of the heating coil 2H, the -vhole apparatus is brought to the

desired temperature. The heating coil H is heated by passing a

knowing current through it and the temperatures cf 7’; ana 7, are

noted, after they show constant temperatures, 6; and 0, 4.e., after the

steady state hay been reached. Let the current flowing be 7 amperes

and potential difference across the heating coi] H be F vults,

1

RYeat produced per second = a calories

, BY RAG +A)
* 42 °° d

Eld .

k= 7570, t) (8)

Hence, the thermal conductivity of the given metal uta de acd

temperature can be calculated.

Correction. When the end A of the rod AB iy heated by the

heating coil Hi, the copper frame conducts some heat and its tem-
perature rises. This heat does not escape and thece is backward
finw of heat from theend B. Due to this reason, (4, —) will be

less than the correct value. Therefore, correction is a necessity,
The resistances of H, and HW are made equal. Before pertorming
the main experiment, the same current / is passed through Jd;,

without passing the current through H. The difference of tempera-
ture d0, between 7, and 7’, is noted after the steady state 1s reached.

The observation is repeated after passing the same current / through
H. Let the difference of temperature be d@,. The correction to be
applied

d6,+d0,

~ 2

Hence the correct difference in temperature is

(0;—6) +-(d6,+-46,)/2
K Eld

~ 42 A [(0)—89) + (40, +04.) /2]
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Lee found K for various metals between ~—170°C and 18°C.
For silver, copper, zinc and aluminium K increases with rise in tem-
perature between — 170°C and 100°. For iron and lead, & decreases
with rise in temperature. This method is very useful in finding the
thermal conductivity of metals at different temperatures.

8:7 Forbes’ Method to find K

Forbes’ method is used to determine the absolute conductivity

of different metals.

Consider a long... of uniform area of cross section heated at

one end (Fig. 8:7). After whe steady state is reached, the amount

STEAM_;>———

Fig. 8-7.

of heat passing per second across the cross-section at the point

. dA dd . .R=KA ( i Ye » Here | “5 ls is the temperature gradient at

B. The aranunt of heat lost by radiation from the point B up to the
end €

dé

dt

, dé CG doKA | 3 le == [ (e A dz) 8 a

(O dé

oy, a *
dé soe(8)

lp
Cc dé ag . ogee .To find (; on dz and | dz |. the experi:nent is divided into

two parts,

(t) Static Experiment. A long rod about 2 metres in length

is taken and its one end is heated (Fig 8:7). Forbes heated the rod
for about six hours. After the steady state is reached. the thermo-
meters fixed in the rod at various positions are read. A graph is
plotted between the temperature (4; and the distance (z) from the
hotend The graph is an exponential curve as shown in Fig. 8.8.
Take the point B and draw a tangent to the curve corresponding to
the yoint B.

K =
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Here & | == tan «

= v\
Le

Vig. 8-8

(is) Dynamic Experiment. The original bar or a small bar

of the same material having the same area of cross-section is heated
to the temperature of steam. The bar is exposed to the atmosphere
and a thermometer is fixed at its middie portion (Fig. 8 9}. Note the.

TEMPERATURE 6
TIME (t}

Fig. $9 Fig. 8-10

temperature of the bar after regular intervals of time (say one
minute). Draw a graph between temperature and time.

From the graph in Fig. 8-10, for various values o. 6, ad , is

determined Thisisdone by drawing tangents to the curve at
various points on the curve.

From the two graphs given in Figs 8-8 and 8 10, the values of

, corresponding to # and x are determined A graph is plotted
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between sel and 2. The graph is produced to meet the z-axis.
Corresponding to the point B, a point is Jocated on the graph

ag
Th dz, The

area is measured with the help of the planimeter or from the graph
directly.

Cc

{Fig. 8:11). The area of the shaded portion = [

a

5 —_——

Fd ~

dz |
K= e8 (area of the shaded portion)

Hence K can be calculated.

This method is tedious because it takes a long time and three

graphs are to be drawn. Moreover, the specific heat 8 does not

remain constant at all temperatures. Also the distribution of heat

is not the same along the bar in the two experiments. Therefore,

this experiment is not accurate. But the advantage of this experi-
ment is that the absolute conductivity of the material of the rod can

be determined.

$8 Lee’s Method for Bad Conductors

This meth: d is used to determine the thermal conductivity of

poor conductors vtz., rubber, glass, ebonite, wood, cork etc. The
specimen is taken in the form of two thin discs D, and D, about
10 cm in diameter and 2 to 3mm thick. The disc D, is pressed

between two copper plates C, and (, and D, is pressed between the
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per plates O, and C, (Fig. 8:12). Discs C, and C, ensure normal
flow of heat throug h the experimental plates D, and D,. H is a

C4
a «Ty

0, .

Cs

RAY |
H

Cy
<= Fy

0, tb
C2

Fig. 8-12

heater coil and 7, T,, T3 and T, are four thermocouples used to
measure temperatures. The surfaces of D, and D, are coated with
glycerine so that these surfaces make good thermal contact with the

copper plates.

A steady current / is passed through the heater coil H ‘The

potential difference across the heater coil is #.

Aiter the steady state is reached the temperatures of the

thermometers 7, T,, 7; and 7, are noted. Let the temperatures be
8,, A, 8g and @, respectively. In the steady state, hear generated in

the heater coil is lost from the surface of Cy and ¢4, and heat lost
from the rims of C,, C,, D, and D, is negligible due to the small
thickness of the plates.

Let d, be the thickness of the disc D, and d, the thickness of
the disc Dd,

Heat produced by heater coil in one second

= Ty calories ooo (8)

Heat passing through D, and 2, in one second

KA (6,—4,) , KA (8, -4) .
er + — dy : .oo( 88)

Equating (#) and (#4)

EI _ KA (8,~-6,) KA (6,—) wee“79 = a rr -o.(828)

The value of K is calculated from equation (#1).

8-9 Lee and Charlton’s Method for Bad Conductors

The apparatus consists of a cylindrical steam chamber 4, the

specimen disc D and brass or copper block C. The whole apparatus
is suspended from the stand (Fig. 8:13). 7, and T are the thermo-
meters used to determine the temperature after the steady state is
reached.
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Steam is passed through the chamber and the readings of the

thermometers 7, and 7’, are noted after the steady state 1s reached.
The heat passing through D in one second 1s equal to the heat
radiated by the exposed surface of C in one second.

KA (6,—6,)_ ,,, 48 ats)

d
“dt QALS ooe(6)

A+8S .Here | aes jis the fraction of the total area exposed to

the surroundings

Here A is the area of cross section of DandC ‘1s the area of

de. .
the curved surface of C, ar 3s the rate of cooling at temperature 4,

mi the mass and $ 1s the specific heat of C.

oe = an

STeaM ——~ ee
rT) A

Lyj == —»>
ey yr reo - B
(hhh, hectntuhntl tt tad adacht

|

|

i ey C |

i

——— ~---J

4 oll,
— mae

fig SJ»

td
lo tind dt the disc Das removed and ( 1iakes contact with

the team chamver ¢(' i removed thea its teanpecature is about

JUG: iugher than @ It as placed over «so knife edges and its
temperature i observed ate equal intervals of ume (sav one

inmute) A gra uas drawn bet seen vraperature and time. From the

graph, the value of oy at temperature 6, 1s found.

Trem equation (t), A can be ca'culated.

810 Lees Method for Liquids

lo determine the thermal conducusity of a liquid, convection

current shuuli be deternuned To ovescome this difficulty, heat

should flow from the upper sutface to the «cr surface of the hquid.
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Lee designed an apparatus shown in Fig. 8:14. (,, Cy, Cs and C;, are
the copper plates of uniform thickness. H is the heater coil. A_ glass
plate is pressed between C, and Cs. The thermocouples 1), 7';, T'; and
T, are used to determine the temperatures.

in a cylindrical tube having an ebonite ring.

A steady current of J amperes is passed through the heater coil
H, After the steady state 1s reached, the temperatures shown by

the thermocouples are noted Let these temperatures be 9,, 2, 4s

and 6,.

ring

t > ey

ted

R

H

CT, 2

T 35

Quid

Ts Cs
ESUNI“F bo
_

Cte “ 4

Fig % 14

Area of cross-section of the glass plate - A

Thickness of the glass plate = d

Area of cross section of the quid surface = 4;

Area of cross-section of the cbonite surface = A,

Thickness of the hquid = 4,

Thickness of the ebonite ring -= d,

Therma) conductivity of glass = A

Thermal conductivity of hquid = A,

Thermal conductivity of ebonite -- A,

Heat flowing per second througn the glass plate

The liquid is contained

vo+(?)

Heat flowing per econd throuch the liquid and the ebonite

dh d,

Equa , tf) and (19)

K 11, - Oy K,A (Gy~-Us) | K,A,(@,—€,)

H d, d,

_ KA, (9g i), Keds (8s~ 3)
o..(at)

we (t08)

Vhe valkee oat By vor the uquid can be calculated from equ wtica
fo vever, there s+ wall ervor due to the heat lo t by the ade.

POA ty Oe the ab ty tate ind the ebonite ring
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$11 Spherical Shell Method (Radial Flow of Heat)

Consider two thin spherical shells A ind B of radii r, and fy.

The specimen 1 contasned beiwren these ‘wo shells A and 8 (Fig.
oly A heatiny elements placed at the cntre of the shells Heat

is Cu ducted through the specime, from th rine: co the outer shell

Lev the temperatures of the inter athe out . shelle pe dy) snd (3,

ifter the teadv state us reached

Coop ther am mammary shel ot saliw rand thickness dr

fhovar Steamer ats er FD aned 6 door ut ani cand the outer surfaces
rewpe ively Uhequantits of heat conducted per second through

si ste ll

qa
i! i 4 hy . \t)

There { ire

i A ote ;

tr _ del dy

rT y

Inte rat,

[" roa (my
amy fF QJM

| ] 4-kh {¢d, -v_)

ror, 7 “Q

Ore— 71)

Farts (Oy ts) vo (4)
Kas calcul te} from equation (1)

812 Cylindrical Flow of Heat

Consider a cylindrical trhe of length [, mmer radius 7, and
Outer radius r, After the steady state is reached, the temperature on
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the inner surface is 6, and on the outer surface it is 95. Here 6,> 03.
Heat is conducted radially across the wall of the tube. Consider

an element of thickness dr and leugth J at a distance r from the axis
(Fig. 8 16)

Q2

de

§

Mua oe
Oh _
Ci? fe JL. ben th . 2 LAL

4

Fig 8136

Lhe giants y of heat tlowing per second acroe, th elciuit rine

-, at
G@- KA dh

But 4 = Inrl

VYi- Jn&el a
b

Q? ” ~ —-27Al da .(t)

Q is ce nstant after the stead: state 1. re wheel

Tote rrats yz e puts ot (2)

g( 2 Lanka
1 7 A;

of Che i |- —Irki fA,--(0,]

Q log, 7 =. 2. Al [do —Oy

@ log, °
K = Oal (;— ,) ° (tt)

W x2 3026 x los4, =.
_. __ 1

Oak (0, — 9) 1)
$13 Thermal Conductivity of Rubber

The coefficient of thermal] condi ctivity of a rubber tubing can

be determined in the laboratory applying the principle of cylindrical
flow of heat.

or K=



Transmission of Heat 379

A known quantity of water is taken in a calorimeterC. A

rubber tubing whose inner and outer radii are 7, and fe, is taken and

C

-

—_

Lt

eT Ce ~~ STEAM

_ -

q
Vf

WATER y = =
nr,” 5

1

Fig. 817

a huown length (say 50 cm) of it is immersed in water as shown in
Fig.817. The initial temperature of water is noted. Let it be A,
Steam as passed through the rubber tubing for a known time ?¢

sr cond, (say 900 seconds). Let the final temperature of water be

(after applying radiation correction) and temperature of steam be 4.
The average temperature on the outer surface of the rubber tubing

A540,
2

= 0, =

Suppose, mass of water = m

Water equivalent of the calorimeter = w

Rise 1 temperature — (6,- 43)

Heat gained by water = (m-+w) (2, - @)

Quantity of heat flowing per second

Q = ("% +) {a

Ox 2°2026 ¥ logig é
J

Oat (0,— 0.)

Substitu’ ing the values of 6.11 @

But K -=

(m | w) (Ug 95) X2 3026 > logig (4)
l

K = _— —

2xl 9, — ate t

Thus, K tor rubber can be calculated.

8:14 Thermal Conductivity of Glass

A glass tube whose inner and outer tadii are r, and ry respec-
tively is fixed inside an outer jacket (Fig. 818). The apparatus is
kept in the slanting position and water is allowed to flow inside the
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glass tube from lower to the upper end. The thermometers 7’ and

1’, are used to determine the temperature of incoming and outgoing

water. The rate of flow of water can be adjusted with the help of a

pinch cock.

Steam is passed inside the outer jacket and the rate of flow of

water is adjusted such that the two thermometers show sufficient

difference of temperature (say 5 to 10°C). When the two thermo-

meters show constant temperature, water flowing through the glass

tube for a known time # seconds (sav 900 seconds) 15 cullected in i

beaker. The spiral wire inside the glass tube helps in making good

contact of water with the wall of the tube.

Suppose,

Length of the tube inside the jacket = /

Cemperature of steam == (,

Temperature of coming water - @;

Lemperature of outgoing water == 0,

Mass of water collected = m

Time taken = ¢ seconds

Quintity of heat gained by water in ¢ seconds

oo m (6,—945)

Quantity of heat tnat flows in one second across the wall of the

tube,

Q = m (uO)

Average*temperature of the inside of the glass tube

6 -+- 0,
2

on 0, =
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Q x 2°3026 xX logie (+
1

ani g,— fet Me
2

Substituting the values of Q in equation (f)

m(64—9s) x 2°3026 logig +
1 ve

oo (34)

2ni( i= a4 O f

But K = t so(4)

K =

Hence, K can be determined,

815 Heat Flow Through a Compound Wall

Consider a compound wall (or a slab) made of two materials

A and B of thickness d, and d@, (Fig. 819) Let A, and K, be the co-

efficients of thermal co:.ductivity of the two materials. @, and 0, are

the temperatures of the end fuces (0, > 6,) and @ is the temperature

of the surface in contact. After the steady state 1s reached, the heat

flowing per second (Q) across any cross-section is the same.

+ d; “hb

Fig. 819

For the material A,

K,A(0;—6 .Q =: a oo(8)
1

For the meterial B,

Q = ait) Qs) alii)
:

From equations (%) and ($9),

Ki(6—0) K,A (8—6,)

d, dy
Kid, Kyés

G =z dT ds
K, &;
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Substituting the value of @ in equation (4),

_ A (8;—8s)
Q = d, d, -. (ttt)

Ait bh;

In gencra!, for iny umber ol w!'s or slabs,

1 (Hi- dg)
4 a ~

d\n}
#16 Accretion of Ice on Ponds

C)oyvider TP yer ofa remit Foon the sarfiece of ay ond,

Jo uthe tera) ri mre of arco er oa of oe of ace be OC vars lave

.(4v)fj—

- = = WATER ATC

Fig 8 20

of waiter below co OC Suppose a thichue s Troface is) for ned am

time Pt (bis & 0,

Mass of 1c lovrie |

- fdr»

Here 115 the area of the pond, e the density of we and 2 the larent

heat of fision of ice

Heat lost by w eter

idrpL caiorics --+(t)

This heat 15 conducted across a Laver of ace of thickness 2 up-

wards

Heat conducted — K 4, ° dt calories (18)

Equating (2) and (77)

h4 ~ dt AdroL

de K@

dt ~ pe -+(181)
dr
ap lepresceit the rate of growth of the thickness of 1ce.

(el
uw | Kg |e
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Total ume taken by the laycr of ice to increase in thickness

ay 7 L

_ Pfae = ky x ix

pL 44
= Aw 2 4+ coustant

‘ven f{- U,r- 0

Hence the constant 18 7¢10.

el.

. t- aR r v20(t0)

Example 85) 0 Pind the tim a uhh clay nfice 38cm the k

wth serfa cof ap nd unillacrerse ube theckues hy Cir when the

ternporetare of Ge surieondarg tra 7 EO

Therm iondutiaty of ie — 0-90;

Latentaeatofie Ocall/g

DerstyoferatOG- 91 gjcau if al-utia 1966)

pla| dt Ad | a dt

ef
ong) ut]

Llere ao -~)91 p'cm

L 30 catig

K 0003

Q@ wc

vy >cmM

t - dlen.

Gy *® Gu FF, ° ry

2 000T 20 (3 IF - @) ]
M208 s

3 min 42 s approaimately

Example 86 How much time will tt take for a layer of tce

if thickness 10 cm te merease by &om on the ourface of a pond when
the temperature of the eurrcundings as = 1hC?

kK = 0005

L — 80 cillg

e= 0°90 ¥jcm?

_ obHere | at Re | yr de

L

t= ogg (at 1"
Here x= Wem, res 15cm
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817 Wiedemann-Franz Law

In 185%, Wieden ans anc Franz, based on experanental results,

put forward alas relatiar to the thermal couducnvit, and electrical

conductivity of metals. Aci ording to this ‘aw ¢

The vclis 0) he thermul and electrical criductivetces te the same

for aly metas at the same temperature, Bore sver, the ratw 1s derectly

mroporisaniiie hes obede temperature othe m tal

Pet Ben. oy bem thermal and electrical conductwaties of a

metala’ + ‘*Mpemreture 7! ieprees abl ute,

,

nA
—_— = Yr” T

fF

or —_ roustan. for all metals
aT

“Lhistaw hole veod for a Jarge muunter of metals betwerr
PO Ganrd ne’ Atl» 4 temperat ares the rat.o A/a dev reases

and the veiue ‘euds to be zeru at absolute zero As the temperature
of the .netal is de rea.ed, the thermal and electrical conducuvities

of the metab increaie But che increase in the electrical couductivity

is highe: and its value tends tv infinity at absolute zere

This corresponds to the super-condurunr state of the meta}.

Diude explained that thermal and electrical conductivities are

due to free electrons in metals He derived the expression

K 3R?
oT = JN = constant,

where & is the universal zas constant, WV 1s the numbe: of molecules
in one gram molecule, J is the Joule’s mechanical equivalent of heat
and ¢ is the charge on the electron

Values of x x 104
aL

or ee

id evai — 106°C PC FU | 1&°C

Alaminium } 81 ' 198 209 743

Copper 217 2 2 30 2 32

Iron 293 293 297 2 99

Lead | 2-54 2-52 253 2 51
Bilver : 2°29 2 36 2 33 233

2100 239 2-40 245 2 43
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8:18 Practical Applications of Conduction of Heat

Metals are good conductors of heat and wood, felt, brick, glass,

pranite, cotton, wool, cork, ebonite, rubber are bac: conductors of

heat.

(1) Sauce pans, hot water buckets, kettles and ‘ther utensils

are made of metal. They are provided with, worden or ebonite
Landles so that heat from the utensil is not conducted 19 the hand

(2?) Ice box has a double wall made of tin or ir The space

in between the two walls is packed with cork or felt This is done

lyecause cork and felt are pnor conductors of heat am prevent the
flow of the vutsile heat into the box.

(3) Thick hrick walls are used in the construr. . of a cald
stra. Brick is a bad conductor of heat and due, .t allow out-
sie heit to fow ‘rside the cold storage.

‘t) Woollen clothes have fine pores filled with ar Air and
woot ire bad cond ictors of heat) Heat from the body ‘ves net flow

attade ta the samusphere. Therefore woollen clo’ ex keep the

body warm in winter.

(5) Two shirts keep the body warmer than a «°.'e shirt of the

same material and double the thickness Between tre two shirts a

fine jayer of aty acts as a bad condu tor and does not « «ow the heat

froma the body to flow out to the surroundings.

(5) Quilts and bed clothings filled with cotton are ‘sed in

winter lhe au layers in the pores of the cotton are cd ec nductors

of heat Therefore the flow of heat to ontside 13 preve nted.

(7) A steel blade appears colder tnan a wooden handle in

winter. Steel is a good conductor of heat. As soun as a person

touches the blade, heat flows from the nand to the bla‘!e. Therefore

it appears colder. Since wood is a bad cunductor of heat, heat does

not flow from the ham t. the handle.

(8) In cold countries, the windows are puovided with double

doors. Air in between the two loors furins a non-conducting Jayer

and does not allow heat tu flow {om inside to outsid:

in hot countmes alxo, double door windows are used, Heat

does not flow from outside to inside because ast forms ston-conduc-

ting laver in between the two doors.

(9) When a stopper fitted tignii, * the bottle 1s 1 be remuved

the neck is gently heated (slass 1s a pour coud tore heat. Neck

expands but heat is not conducte’ =the stopper Jhr stopper can

he removed easily.

8-19 Davy’s Safety Lamp

It also us based on the principle of conduction «vf heat. A wire

gauze is placed over a bunsen burner and the gas is lit above the

wire gauze Vig.821). The gas comes opt of the we gauze. A
flame appears at the top surface of the wire gauze. Thr gas below
the wire gauze does not get sufficient heat for ignition. The wire
gauze conducts away the heat uf the flame above it aud the tempe-

rature at the lower suriace does not reach the iguition temperature.
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In a Davy’s safety lamp, the cylindrical metal gauze of high
thermal conductivity surrounds the flame (Fig. 8:22). When this
lamp is taken inside a mine, even if explosive gases are present, they
do not get ivnited because the wire gauze conducts away the 

heat
of the flame. ‘The temperature outside the wire gauze remains
lower than the ignition temperature of the gases. In the absence of
the wire gauze the gases outside can explode.

COPPER

GAUZE ~

Ig. 82 Vig. 8°22

As soon as a miner notices the presciice of the explosiv
e gases

from the colou: of the flame, he gives a warning signal. The work
is stopped and the mine is thoroughly ventilated.

$20 Conve: tion

eriment 1, Take a flask containing water. Add a large

crystal of KMnQ, Heat the flask (Fig. 8°23). Coloured streaks of

Ss
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water rise up and move to the sides. Water at the bottom gets
heated and moves up. Water from the sides reaches the bottom,

gets heated and risesup. The process continues. This phenomenon

is called convection. Every molecule of water comes to the hot
point, takes heat and moves up.

Experiment 2. ‘Take a rectangular glass tube and fill it with
water (Fig. 8 24) Pour a little charcoal powder in the tube. Heat

ie side tube gently, Ihe convection currents are set p due to the

movement of the heated water molecules. The directson of move-

ment of water molecules is indicated by the mvvement of the char-

coal particles.

i! '
—»> 2. 1...) trtitt ‘xr s _' ‘

¥

6

eee et el v1! ‘

stata

Experiment 3) Take «a candle and fix it at the bottom ofa
vylindcr \Fig 823). Light the candice. The flame becomes weaker

and weaker and finally wets extinguished. Airin the linder gets
heated and is pushed out Tere is no fresh supply +t air for the
4 uument the candle

c.1#D B3ARD

Fig. 8-25

Now, take a cardboard and hold it inside the cylinder. The
space above the candle is divided into two parts, Light the candle.
The candle continues to burn. Here air above the flame gets heated

and moves up through one of the sides of the cardboard. Through
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the other side of the cardboard fresh air moves in. Convection

currents are s¢t up and the candle continues to burn.

In mines, two chimneys are used. Underneath one of the
chimneys fire s produced. Through the other chimney fresh air

enters into the mines. Convection currents are produced. This

provides prop-r ventilation in the mine.

8:21 Applications of Convection

(1) Ver tilation. Rooms are provided with ventilators near

the ceiling. A.r in the room gets warmer due to respiration of people
in the room. Warm air containing more of CO, and water vapour

has less den ity and moves upwards. Fresh air from outside
enters the r »m through the doors and windows. The impure air
moves outsid. through the ventilators. The phenomenon is conti-

nuous:

(2) Chi mmeys. Ina kitchen, chimney is provided. Hot air

moves up the «himney and fresh air enters the fire place from out-
side. This pr vides enough oxygen for the continuous combustion of
the fuel. Si: ilarly in oil lamps, oil stoves, principle of a chimney
is used. Wt 1 the wick is lighted, air and kerosene oi] burn above
the wick. He ed air moves up and fresh air from the holes provided
at the bottoun of the chimney entezs the inside. The phenomenon
is continuou: 2nd the convection currents set up help °in supplying
enough oxyge 1 for combustion. If holes are not provided, the flame
gets extinguissed quickly.

In a fac ory, a high chimney is provided. The rate of circula-

tion of air de»cends on the difference in pressure between the two
ends of the chimney. Higher the chimney, greater is the rate of
circulation of air. Due to this reason, sufficient supply of oxygen
is provided a..d the complete combustion of the fuel takes place.

(3) Trade Winds. The surface of the earth gets heated more

at the equator than at the poles. Warm air at the equator moves up
and cold air from the poles moves towards the equator. In the
northern hernusphere, it is coming from the north and due to the
rotation of tle earth from west to east, the wind appears to come

from north-east. In the southern hemisphere, the wind appears to
be from souto-west. These winds are called trade winds because
they were used by traders for sailing their vessels in ancient days.

Monsoons are also based on the principle of convection.

(4) Ocean Currents. Water in the ocean at the equator gets

heated more than at the poles. Heated water at the equator expands
and the level of water rises near the equator. This hot water flows
towards the j:sles. This current is called hot current or gulf streams.
The cold water from the poles moves towards the equator beneath
the ocean and this current is called the under current.

(5) Land and Sea Breezes. Near the sea, water becomes less

warm than the land during day time. The heated air on the land
surface moves up. Air from the surface of the sea moves towards the
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sea shore. This is called sea breeze. Convection currents are set up
During night when the land becomes cooler than water, the air over

the surface of water is warmer and moves upward. Air from the land.

moves towards the sea. This is called land breeze.

8-22 Central Heating System

In cold countries, the temperature in winter falls below 0°C.

The rooms ofa building are kept warm by a central heating system

qased on the principle of convection.

(rh
( Lo

RAVIATER IN

= 1
Hi Alta _—.

1 | hh ——

l |

HOT — | !

pie
t COLD

—_—* WATER

| i

BOILER

Fig. 8-26

Water is heated in the boile: at the basement of the building

The rooms are fitted with pipes having racliators fixed on the walls.
Hot water from the boiler rises up. I+ passes through the radiators
of different rooms. Radiators get heated and radiate heat to the
room, After losing heat to the radiator, water becomes cold and
returns back to the boiler as shown in Fig. 8 26. Hot water also

reaches the cold water tank at the top of the building. The hot
water flows {rom the boiler to the « sld water tank and the cold water

fluws from the tank to the boiler. Convection currents are set up

and the building is kept warm continuously at a constant

temperature.

$:23 Change of Pressure with Height

The pressure of the atmosphere decreases with increase in
height from sea level. The density of air is not the same at all levels.
If the density of air were the same at all levels, the atmospheric pres-

sure at sea level would correspond to a vertical column of 8 km of
air only, But it has been found that air exists even at a height of
200 km.
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Consider that the pressure of air ata height 4 = P. For an
incre se in height dh, the decrease in pressure is dP (Fig. 8°27). +

Ld PoP
dh I {or
Pa

EARTH

Fig. 8:27

aP = —(dh) og weft)

[—te sign shows that the pressure decreases with increase in heicht]

Let M be the molecular weight of the gas and V :ts volume

Then, p = 4

and dP = — (dh) ce g

But for a perfect dry air

PY = RT

or V _ Ar
P

M.P,
dP = - (dh) — pr

aP My

pT kr (a
Integrating

Mg .
log P = — “par &K4+C [where C is a constant]

When h=0,

P = P,

C = log Ps

and log P = — a h+-log Po
oe, Pe = a
OBe Pp, = — par woo (282)

Mo,
P = Pe RT (0)
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Equation (3) will be true only under isothermal conditions.

But air temperature decreases uniformly with height. Assuming

that the lapse rate is « in the lower portion of the atmosphere

(troposphere),

where 7’, is the temperature of the ground.

Substituting this value in equation (i)

oP as — Mtg, th
Po ~ R (Ty — ah)

log P = me log (T)>—ah)-+K woe(U)

When A = 0,

P == P,

: My .
ie Pe = “Ry log 7,4-A

or kK -- log Py— = log Jy

Subst rating this value of A in equation ()

bu P= “2 Io (75 —2h) Flog P 8 6 T5 ~ Py Blo Gio Re Be

P Mq Ty, —oh .log Pr, ° Ry lo ( a | -+-(t't)

Mg To— ah

or P = Pye Re mel } wae(taty
824 Coovective Equilibrium of the Atmosphere

Ehe atmospheric temperature decreases with altitude upto a

height of about 20 km The rite of fall of temperature is about
» Go per him heiht and 1s known a the lapse rate. The atmosphere

1s divided into two regions.

(1) Troposphere or the convective zone. It is the region

in which the temperature falls with increase in height from the

grcund.

(2) Stratosphere or advective zone. It is the region in

which the decrease in temperature aves nut take place with increase

in Leight.

Che layer that separates these two regions is known as tropo-
pause. The height of tropopause is different at different places on

the earth. It is about 14 km at the equator and about 10 km at

the poles.

The fall in temperature with altitude in the troposphere is due
to convection. When the heat radiations from the sun fall on the
surfece of the earth, it gets heated. The atmospheric air surrounding

the earth gets heated by conduction and radiation. Thg heated air
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moves up and convection currents are set up. The heated air that

moves up from the regions of higher to lower pressure is adiabati-

cally cooled, Similarly when the colder air moves down from lower

to higher pressure regions it is adiabatically heated. Thus a convec-

feve equilibrium ts set up and there is a gradual fall of temperature

with increase in height.

The earth gets heated up due to the heat sadiations from the

sun. The layers of the atmospheie close to the ground get heated

up and convection currents start in the atmosphere. As the wann

ar rises up) into the region of low pressure, it expands adiabati
cally. For au atmospl ere, in convective equilibrium there as a

vertical fall of temperature from the eatth’s urtace. Fhe dry

adiabatic lapse rate is. aiwulated as follows:

The relation between pressure and tempcraiure foe or editsI f
tic process Is

PY.

ly ronst

i PY-1T Y x .onst.

ID) ffercntiatiny

(r= VD) PY aAP PEE yee Tet dT og

Dividins by £%-" 7-7

dP dT
(y—1) P +(—1) io7 0

dP _ sd dT ;

POR yy )

For an m-rease un heiht dh, the decrease mn presonre is df!

Mf
oe JP = — py dh =: — | 7 th

But Pl -- Ri'

y= RT
or = pp

MP
a —di Re adh

dP Mg
or —p" = — opr ah ...(0)

Byuating (1) and (11)

¥ {1P Mg

(4); = — Rp oh
oe. (248)—_ a aa

aT Mg ( Y—1

dh RR Y
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This equation holds good only for perfect dry air. The lapse

wate—7, can be calculated from equation (it#).

Substituting the values,

M == 29 g

g = 981 cm/s*

R = 8:31 x 107 ergs per gram mol per K,

and Y= 1 +4

dT 29 ~981 f{ 140-1

dh i sccr\ 140)
== 10-4 K per cm

= 107§ °C per cm

Thus, the lapse rate for a height of 1 km = 10-*« 105 -= 10°C.

But it has been found that the average lapse rate is lower than this

value. Under average conditions the lapse rate has been found to

be between 5°C and 6:5°C per km.

However at night, when the earth is radiating heat to the
atmosphere, the layers of air nearer the surface may cool toa

temperature lower than that of the upper layers. Then a negateve
lapse rate +8 set up.

$:25 Differential Air Thermoscope

A differential air thermoscope consists of two glass bulbs A and
BR connected by a narrow slass tubing. The U-tube contains

=

‘@ || C »
" yy

COATED wiTH ; :
.4vuy Bb. AGE } 4

Hoi} p
7 :

| lo Ds

Hy
f P\N Of ff
a rf

hip & 2a

sulphuric acid = The bulbs of and 8 contain air and when they are

at the same .emnerature, there is no dtffe:ence in leyel cf the

liquid in the two limbs, ‘The bulb A 3s coated with Jamp black so

that rt can completely absorb the whole of the beat radiations falling

on it (Fig. 8-28)
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>

When A is exposed to heat radiations, it absorbs heat energy,

Air inside the bulb A expands and there is difference in level of the

liquid in the two limbs. This thermoscope is very sensitive and

can detect heat radiations of even feeble intensity (t.¢., from a candle

ata large distance).

826 Thermopile

The thermopile originally designed by Jfellont consisted of a
number of thermocouples joined in series The thermocouples are

made of bismuth and antimony ‘The junctions on one side are

coated with lamp black and are exposed to heat radiations The
junctions on the other side are hept co'd. The two ends of the

thermupile are connected to a sensitive gulvanometer (Fig 8 29)

The deflection in the galvanometer measures the intensity of

heat radiations and the scale can be cahbrated

The improved form ol a thernopile, which 1s commeunly used,
consists of a large number of thermeynies. Phe bars of antimony

4

Lares re

—— 7
HEAT | L

-_—>PADIATIONS | 4 YG
——— >

a =
Pat

“ (ly fly

Lage ~ )

anu bismuth ure arranged isthe formotacabe [he ninctions are

soldered but the bars are imwulated frome: othe. with mica strips
(Fir. 629). All the yunciion, on one ide ate coated vith lamp.

black he rilviwometers is connected to the pomts .f and B. When

not in use, the hot Jue iw covered wit) vy inetuluce cup Sucha

thermopile can detect heat radiations from 1 cindie a’ a distance of

1N0 metres, When the thenmno clott.s Current vroduced in the

thermopile flows through the salvanometer, viere is a deflectics in

the galvanometer The galvanometer scale catt be calibrated

The linear thermopile is used in research tor the study of enfra
red radiations It consists of only a few ypuirs of thermocouples

connected to a seusitive galvanometer ‘The uot junctions are
arranged in a line

The thermopiles can be made sen*itive by mounting the thermo-
pile in vacuum and using very short connecting wires The chief
drawback of a termopile consists in the comparative slowness of its
indication and also the long time it takes to return to its zero reading.
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8°27 Properties of Thermal Radiations

Heat radiations have properties similar to light radiations.

They are electromagnetic waves of longer wavelength. The range

a oO o

@-| 0-j----] o-f---4 o-
ey

Fig. 8°30

of wavelengths of heat radiations is from 3 cm to 8x 10-5 cm.

(1) Heat radiations travel in straight lines.

‘Take three similar cardboards having holes at the same height.
Place a red hot ball in front of the hole of the first cardboard.
Bring the blackened bulb of the differential air thermoscope near the
hole of the third cardboard (Fig. 8:30). When the hot ball, the
three holes and the bulb of the thermoscope are in the same. straight
lire. maxiinum difference in Jevel is noted. When one of the card-
ty ards is displaced, the thermoscope is not affected. This shows that
heat radiations travel in straight lines.

(2) Heat radiations travel with the velority of Jight.

When the sun rises, heat and light are received simultaneously
ou the earth. During the solar eclipse heat and light are cut

off at the same moment. When the cclipse »s over, heat and light
reach the earth shmultancously. It shows that the heat radiations
travel with the velocity o: light equal to 3% 108 m/s.

(3) Heat radiations obey inverse square law.

Take a red hot ball. Place he thermpile ata tixed distance
from the ball. Note the reading in the galvanometer. Now, place
the thermopile at double the distance from the ball. It is found that
the deflection of the galvanometer is one fourth of the deflection in
the first case It shows that heat radiations obey inverse square law.

(4) Heat radiations obey the laws of reflection,

Take two tubes A and B hinged at C (Fig. 8-31). Keep the
metal ball at the mouth of A. Adjust the position of B to get the
maximum difference in level in the thermoscope. It is found that the
difference in level is maximum when the two tubes are equally in-
clined to the narmal at C. It means 7 + = / r.

Take a concave metallic reflecting surface. Direct it towards
the sun A small piece of paper placed at the focus of the mirror
catches fire. All the heat radiations incident on the mirror after
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reflection converge at its focus (Fig. 8-32). Room heaters are pro-
vided with concave or elliptical reflectors. The heater element is
kept at the focus of the mirrors.

POLISHFD

SUME ATE »
Pere

(5) Heat radiations obey the laws of refraction.

Take a convex lens and keep a small paper at its focus.

When the lens is directed towards the sun’s rays, the paper catches
fire. The parallel heat radiations from the sun after refraction from
the lens converge at its focus,

(6) Heat radiations get diffused when they are incident on a
rough and unpolished surface.

(7) Heat radiations can travel through vacuum.

(8) Heat radiations do not affect the medium through which

they pass. When sun’s rays are allowed to pass through a convex

lens, they converge at the focus of the lens. The lens does not get
heated but a paper at the focus catches fire.

$:28 Applications of Heat Radiations

(1) White clothes are preferred in summer and dark coloured

clothes in winter.

When heat radiations fall on white clothes, they are reflected

back. No heat is absorbed by the clothes and a person does not
get heat from outside in summer. Dark clothes in winter will absorb

the heat radiations falling on them and keep the body warm.

(2) Cooking utensils are blackened at the bottom and _ polished

on the upper surface. Black surface will absorb the whole of the
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heat from the furnace and the upper surface will not allow the heat
inside the utensil to flow out.

(3) Hot water pipes and radiators used in rooms are painted

black so that they can radiate maximum amount of heat to the
room. ‘The same pipes outside the rooms are painted white so that

they do not lose heat to the surroundings.

(4) The thermocouple junction exposed to heat is blackened to

absorb maximum quantity of heat.

(5) Polished reflectors are used in electric heaters to reflect

maximum heat in the room.

8:29 Thermos Flask

A thermos flask consists of a double walled glass bottle. The

space in between the two bottles is evacuated and scaled. The inner

surface of B and the outer surface of A are highly polished
(z.e. silvered) (Fig. 8°33).

B

VACUUM

_ VACUUM

SLAL

= =
Fig. 8-33

When a hot liquid is kept in the bottle, it remains hot for a

Jong time. The outer polished sur‘ace of A does not radiate heat.
Even if a litte quantity of heat is radiated by A, most of it is reflec-

ted back by the polished surface of B.

The evacuation of the space in between A and B helps in the
elimination of the loss of heat by conduction and convection.

Similarly ice kept inside the flask will not melt for a long time

hecause heat tadiations from ocutsic« cannot enter the inside of the

bettle.

8:30 Black Body

A perfectly black body 1s one which absorbs all the heat radia-

tions (correspording to all wavelengths) incident on it. When such
a body is place. inside an isothermal enclosure, it will emit the full

radiation of the enclosure after it is in equilibrium with the enclo-
sure. These radiations are independent of the miture of the
substance, Such heat radiations in a uniform temperature enclosure
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are known as black body radiations. Also the black body comp-
letely absorbs heat radiations of all wavelengths. Thus the black

body also emits completely the radiations of all wavelengths at that

temperature.

In practice, a perfectly black body is not available. A body

showing close approximation to a perfectly black body can be

constructed,

A hollow copper sphere is taken and is coated with lamp black

on its inner surface (Fig. 834] <A fine hole 1s made and a pointed

. INCIDENT
RADIATIONS

Black body wehaorber

Pig & 34

projection is nade just in front of the hole. When the radiations

enter the hole, they suffer multiple reflections and are cc mpletely
absorbed ‘This budy acts as a black body absorber. When this

body is place 1 in a bath at a fixed temperature, the heat radiations
come out of .he hole [Fig. 8 35]. The hole acts as a black body
radiator. It should be remembered that only the hole and not the
walls of the body, acts as the black body radiator.

HEAT
= ‘> RADIATIONS

Black body em'tter

Fig 8-36

Wien also constructed a black body inthe form ofa cylinder.

This black body is commonly used now a days.

Tt consists of a hollow metallic cylinder and fitted with heating

coils wound around it =The inner surface of the cylinder is coated

with lainp black. The cylinde: 1s placed in concentric porceiain
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tubes (Fig. 8-36). The temperature is measured with the help of a
thermocouple arrangement. Heat radiations emerge out of the hole.

HEAT
RADIATIONS

*THERMOCOUPLE

HOLE

HE PORCEI AIN

COLS TUBES

Fig 8°36

ihe radiations from the inner chamber can be limited with the help

of diaphragms provided on the inner side. This hole will act as a

black body radiator.

8-31 Kirchhoff's Laws of Heat Radiation

Absorptive power. It is the ratio of the amount of heat

absoihed in a given time by the surface to the amount of heat inci-

dent on the surface in the same time

Emissive power = It is the ratio of the amount of heat radia-

tions emitted by unit area of a surface in one second tu the amount

of heat radiated by a perfectly black body per unit area in one

second under identical conditions,

The law states that the ratio of the emissive power to the
abserptive power for the radbations of a particular wavelength and

ata particular temperature is constant for all bodies. Moreover,

this ratio is equal to the «missive power of a perfectly black body.

Suppose ey and @) are the emis,.ve and ai sorptive powers of a

body. Let Q be the quantity of heat radiations incident on the sur-

face in one second, Q, is the quantity of heat adsorbed by the surface

and Q, is the quantity of heut reflected by it.

As the body radiates heat, at all temperatures, the heat emit-

ted by it in une second = e)dA

Total heat falling on the surface -- @ wae(8)

Total heat given out by the surface

= (Q—Q,)-+e,dA --2(88)

For equilibrium, (+) and (18) are equal

(Q—Q,) 4+ exdA = Q

But ay = 3

7, = a,Q

Q—a,Qp°, ds = Q

fl
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ey Q
@, ar

For a perfectly black body, emissive power = 4, and absorp-

tive power @) = I.

or = const. .s0(388)

EX Q leT =D ..2(3v)

From equations (t2#) and (éy)

€4
a, = Hy, = const. -»(¥)

Result, If ¢, is large, a, is also large. But

—_ oa

= l—a@)

Therefore 7, issmall. Here r, is the reflecting power of the surface.
It means good emitters are good absorbers but bad reflectors. Dull
black surfaces are good emitters and good absorbers but bad
reflectors.

(1) If ¢, is small, a, is also small and vr, is large. It means

bad emitters are bad absorbers but good reflectors. Efighly polished
surfaces are bad emitters and bad absorbers but good refi¢ctors.

These results are verified by Ritchie’s experiment.

Ritchie's Experiment. It consists of two cylindrical vessels
A and B connected to the glass tubing XY (Fig. 8°37). One set of

faces of A and B is blackened while the other set of faces is polished.
a = “B

I
tly

| |

— -H—_— — ow ee a OE ae

Fig. 8°37

C is another cyjindrical vessel containing hot water and fixed on a

stand between A and B so that the three cylinders aie co-axial. One
face of C is blackened while the other is polished. XY serves as a
differential air thermoscope.

Initially, the blackened face of © is towards the polished face of
A and the polished face of C is towards the blackened face of B. The

level of the liquid in the limbs X and Y will be the same Now, turn
C so that the polished face of C is towards the polished face of A.
The quantity of heat emitted by the polished face of ( is very small.
Also the quantity of heat absorbed by the polished face of A is srnall.
Therefore the rise in temperature of air inside A is very small. On
the other hand the quantity of beat emitted by the blackened face of

To
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( is large and also the quantity of heat absorbed by the blackened,
face of B is large. Therefore, rise ia temperature of air inside B is

higher than thatin 4. Consequenily the level of liquid in the limb

Y is lower than that in X.

Hence, good absorbers are good emitters and bad alsorhers are

bad emitters.

$32 Prevost Theory of Heat Exchange

According to this theory, every body radiates heat continuous-
ly at all temperatures, The quantity of heat radiated per unit area
of the surface in unit time is dependent on the temperature of che
body and not on the surroundings. Suppose a body 4 is at a higher
temperature than the surroundings. It will radiate more quantity
of heat to the surroundings and it will absorb less heat from the sur-
roundings Consequently the temperature of the body falls. When
the temperature of the body becomes equal to that of the surround:
ings, it 1s in thermal equilibrium with the surroundings. The amount
of heat radiated is equal to the amount uf heat absorbed by it.
Similarly, when a body is at a temperature lower than that of the
surroundings, it will radiate less heat and absorb more heat.

Thus, all bodies at all temperatures are ina state of dynamic
(ermal equilibrium when they are at the same temperature. More-
over, the amount of heat radiated fram a body decreases with the
fall in temperature of the body. When the body is at the absolute
zero temperature ( -273°C), it will not radiate any heat energy

because the kinetic energy of the inolecules is zero at the absuiute
zeru temperature.

$33 Lummer and Kurlbaum Bolometer

It 1s used to measure the intensity of heat radiations. It con-
sists of four similar grids mae cf platinum. The prids | and 4 are

, eT

otf { }--- ey ity

Pls

-_
~“

wv

mm,> —

Fig. 8-38
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coated with platinum black and ace exposed to the heat radiations.

The grids 2 and 3 are shielded.

The grids are ccnnected in the four arms of a Wheatstone’s

bridge as shown in Fig. 8-38. Initially the balance point is adjusted.

When the heat radiations fall on 1 and 4, their electrical resistance
increases and the balance point is disturbed. The deflection in the
galvanometer is observed. The scale of the galvanometer can be
initially calibrated with heat radiations of known intensity. This
bolometer is very sensitive and can detect very small changes of
temperature of the order of 10-* °C,

8-34 Boy’s Radiomicrometer

It is a combination of a moving coil galvanometer and a ther-

mocouple. It consists of a single loop of silver or copper wire A, to

—-

N Ss
——JI} JL

SbBi

COPPER OSC

Fig. 8:39

the lower end of which two strips of antimony and bismuth are
attached The lower ends of these strips are soldered to a copper disc
coated with lamp black. When the heat radiations fall on the disc,
thermo-electric cucrent is produced in antimony-bismuth thermno-
couple and the current flows through the silver wire as shown in
Fig 8-39. The deflection produced in the galvanometer can be
measured with a lamp and scale arrangement. This instrument is
very sensitive and can detect even feeble heat radiations,

835 Stefan'’s Law

The experimental! study of the rate of emission of heat energy

by a hot body by Tyndall helped Stefan (in 1879) to enunciate the

law called Stefan’s Jaw In 1884, Boltzmann gave a theoretical proo!
of Stefan's law on the basis of thermodynamics. Therefore, this law
is also called Stefan-Boltzmann law.
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According to this law, the rate of emission of radiant energy by

anit area of a perfectly black body is directly proportionat to the fourth
power of sta absolute temperature

Rao T4 or R= aT mr ())

where o is cailed Stefan's constant If the body is not perfectly
black and its emissitivity or relative emittance 1s e, then

R=eal ...(i)
Hence ¢ varies between zero and one, depending on the nature

of the surface For a perfectly black body e = 1. The law is not

only true for emission but also for absorption of radiant energy.

The hot body will continue emitting heat upto zero degree absolute
temperature, if the temperature of the surroundings is zero degree
absolute. But, in actual practice, the hot body is surrounded by a
wai. at some lower temperature. Due t> this the body 3s continu-
ously emitting and absorbing the heat radiations. When the body
has the same temperature as that of the surroundings, the rate of
emission and absorpticn are equal.

Hence, sf a perfectly black body at temperature T, ts surrounded
hy a wall (surroundings) at a temperature T,, the net rate of losa (or
garn) of heat energy per untt area of the surface is given by,

Ra (T,;'—T;4)

R =o (T,‘- T;') w+.(S84)

Inthe budy has an emussitivity e¢,

then R -: «a (PA—Tyt) (60)
Example 8-7. Two large closely spiced concentric spheres

(ruth are Slack body radiators) are matniained at tempera-
tures of 290 Wand 300 K respecturely. The spacetn between the two
spheres ss evacuated Calcuwie the net rate of energy transfer between
thetuc spheres [os - 360? 410 TM BKS units]

Ifere T, — 300 K

T, = 200K

s= Y672K10" MKS units

R sx ae — T',4)

— 5672 K107*% 4 309)8 = (200)8}

R %68-68 watts/m’

Example 88 = Calculate the rag . +t emittrnce of a black budy
at a femperature of (2) 4)0 KK (tr) 4000 K.

[oe - 5°672>% 1078 MAN. unite |

Here R=ofT!

(3) Ro 5h72x«K 107% [4007

1452 watts/m?

(ue RE jo 2K per, OOM 1452 ¥ 104 watts/m*

14520 hilo watts ‘m?
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txample 39. The relutwe emittance of tungsten t¢ approas

mately 035 A tungsten sphere of surfa + urea 10 ® sq metres 18 aus-
pends tainside t large evacuated ex-iosure wavar walls are at 300) K

Whit poner input requsred ts miiuta, Ue sphere at a temper iture

of CUNO K t The conduction of heat amg he supoerie can be

Tegle ted fxs 2 FAP, IDEM BS anits!

ae i [8 Ty

Hes @ lu sq ine rey

e- Fy

ae tate at Stas un

R- St owt %, 10 5
> Ci 1 yyy qed ia

1609 watts

The power npr: 1609 watts

Example 810 cla ulumanium fale fareiete em ttarce V7) 4

Plael an between tu concentric spheres at tempreritercs 800 WA a dd

LU IS respecturele Calenlute the temperature of the fiat aster ty

steady atite ig reteted Ascume that the anheres ure perfec Ale h

fod pradiaturs {les calculate the rate of ereray trinsfer hetucen 1

cf the spheres and the fool [eo - 2672, 10 © ME RS nits!

Tleve 7, = 300K

Ts = 200) K

¢ -01

om 5672 x10 °M.K S. units.

(t) Let re te the temperature of thefoul After the steady
state is reached,

e(T A) = ¢~(rt-f 4)

or [(300)*—- r4] = [»4—200)4]

x4 = 48 5,10

x= 2638K

(38) R = eo(T'\4~—2x4)

R = 01 x 5 672 » 10-%[(300)*—(263 8)4]

KE = 18:5 watts/m!

Example 811. Calculate the energy radiated per minute from.
the filament of an incandescent lamp at 2000 K, of the surface area 15
50x 10 § sq metres and us rilatice emittanre 1s 0 88.

E = Ae st (7)

A = 31075 m?

e= 085

o = 39672xK10°M KS. units
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t

fT :-- 200K

Fo 4. 105 085% 5-672 » 1078 x 60 ¥ (2000)

Fo 2415 joules

Fxample $2 4a oe fuen crt 1534 le cone, per

tur throtgh ar upeniorg of crass Getta TM 4 sq metre TF the

rec rene enaliirnce of ‘he furpice te ON rieulide the remnerafure of
the furnace, Queena =. 256% 10 “essim?® y KS

KB — Age y Ty

Hes- EM cares es

A = J} “im?

? HO

t - 36.90 ¢

IT é

7 i

ss Ae at
. E

on ( Ae a)
_ | qaToRe NTs 10" }
7 1G *x 0-80 x 1-36 x 10-§ x 3600

T = 2500 K

8-36 Mathematical Derivation of Stefan’s Law

The fact that black body radiations exert pressure similar to

a gis, helps in applying thermodynamics to heat radiations.

Let } be the energy density of radiations inside a uniform

temperature enclosure at temperature f. P is the pressure and V’ is
the volume.

Applying the first law of thermodynamics

SH = dU+P.aV ooe(8)

Applying thermodynamical relation

oH _ { of .

(are = (are a

(Fir), = (ar)jr ar jy
av \ — mf aP vas(<7 ), = r( ry ), —P ooo(8tt)

Now U=Vy

and = —
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a0
or ~~» =[ wt
Here ) is a function of temperature alone.

Substituting these values in equation (#6),

T d

t= 5 OF
Ay OT dy

5 $$ a@T

or =“ = 4

Integrating, log } = 4 log T'+constant

or yp = KT* AC)

Here X is a constant

Also the total rate of emission per unit area ofa black body is
proportional to the energy density.

Rae ba T

, R = oJ" .-(Y)

where o is Stefan's constant.

The value of Stefan's constant in C.G.5. system is 5672 x10 §
C.G.S. units and in M.K.S. system it is 5°672 x 10 * M.KS. units.

8:37 Derivation of Newton's Law of Cooling from Stefan's
Law

Stefan’s law is applicable for all temperatures of a hot body.
But Newten’s Law is applicable when the difference of temperature
between the hot body and the surrounding is small. Consider a hot
body at a temperature 7, placed in a uniform temperature enclosure
at 7, According to Stefan's law,

R = eo(f ,‘—T,*) mt)

Here ¢ is the emissitivity of the surface of the hot body

R = eo(T,—7;) (T2470 +7, 7 P+T,')
As (7,—T,) is small, 7, can be taken approximately equal

to Z's:

Then, R = eo(7 ,—T;) (7)+7 +7 +7,*)

R = 4eoT 3(T,—T,)

Taking 4eoT',® — k

R = k(7,—T,)

R « (T,—T,) aoo(88)

This equation represents Newton's law of cooling and is true
when the difference of temperature is small.

or
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8-38 Experimental Verification of Stefan’s Law

In 1897, Lummer and Pringsheim experimentally verified
Stefan’s law over a wide range of temperature (100°C to 1,300°C).

The apparatus consisted of a black body C. For temperatures

between 200°C and 600°C, a hollow copper sphere coated inside with

h
BOLOMETER

$2 8 S3

J a A
WATER COOLING

DEVICE AGIL ING
WATER

Fig. 8 40

platinum biack was used. The fused nitrates of sodium ard _ potas-
sium having a melting point of 219°C were used as the bath sur-

rounding the black body. For temperature between 00°C and
},300°C, ar iron cylinder coated inside with platinum black was used

as & black body and :t was enclosed in a double walled gas furnace.

\ thermocouple T was uted as a thermometer. A bolometer B was
useu ty measure the intensity cf the emitted heat radiations. S,, Js
and 53 were ihe water-cooling shutters (Fic. 8°40).

Anothe: black body A at 100°C was used to standardize the

Folometer. ‘The double walled vessel of the black body A contained
boiling water at 100°C. The bolometer B was allowed to face the
opening of the black body A and the shutter 83 raised. The de-
flections in the galvanometer of the bolometer at various distances
were noted ancl if was founJ that the deflection was inversely propor-
tional to the square of the distance between the bolometer and the
opening of the black body A Thus the deflection in the galvano-
meter was proportional to the intensity of heat radiations

The shutter S, was closed and the bolometer B was allowed

to face the opening of the Llack body (. The shutters of 8, and S,
were raised. The bath surrounding the black body was maintained
at a constant temperature and the maximum deflection produced in
the galvanometer of the bolometer was noted. Thus at various cons-
tant temperatures of the black bey, corresponding to constant
deflections (iu the galvanometer of tlhe bolometer) were observed.
Then the data was reduced to a common arbitrary unit in terms of
the total radiations from the black body 4 at 100°C,

Let 0 be the deflection in the galvanometer, 7, the tempera-
ture of the black body and 73, the temperature at the entrance of
the bolometer. It was found that

bo (TK — Toh)

Rit Ga R
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@ ox (T4—T 4)

This verifies Stefan’s law.

Recently Coblentz has verified Stefan’s law more accurately.
He took an electrically heated black body whose temperature was

measured by an accurate therrnccouple An absolute bolometer was

used to measure the amor nt of heat radiations emitted by the black
body. He was ablc to show the correctness of Stefan’s law eaperi-
mentally up to | 40%C

839 Determination of Stefan’s Constant (Laboratory

Method)

The laboratory apparatus used to determine the Satefan s cons-

tant is shown in Fig 841 A hollow hemispherical metallic vessel

T T

STEAM Ja

J

,
|

ie)
Awercloseay a & oden box bh } ttner surface of A 1s -nated

with par p Liackh and the we ot)er Tot oy Laedlweh taplates. ite
whole ap, arsine i olaced ou 2 words. base having a smell hole at

ascentre Dhe vessel 41s heated fy nossing steam inside the box

} ’ t iat Lhe tt TT 'an} Jat a a black bods radiate 1e ther nometer, record
ite vempcerature of |

Asmail. iver dive Aowh ose up es surface is coated with lam»
noo wpaced et the cen val hele | Phe ebomite covering C 18 used
10 wt, anu un over the disc & rom the rediations of the enclosure
1 ean be ananged from o tade wath the help of tne nandle H The
Gi ae ad wounTMcter toa thorn COUP Arrongement One jsuncth 2°

Jig & 4]
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of ihe thermocouple os aamerced in 2 tube ¢i.taining oil, The tube
y ourrounded by a bealer contumne water A. sensitive pel eno-

metw @etouectun the caemt The leads connected to the terminals

of the calvanometer are immersed in cotton wool in the bux F to
avoid any distrinution effect due to the difference of te mperotire in
the lead, A rheo tat Rh can be uced in the cheut to bla the

defection withn the ringe Jhe actual excerrmerr cor sists of two
t #4

1 The therais oupie as ite. tandarized befne , . ung
teatiatm athe chaade cb ace Me sete am rem ere te Fhe

x

?i

>

te

">

ES | |
st | é a. 'aa

Ma

wt a
{

SS Te Oe oe wee ee

DEFLECTIIN 9 ———— —-—=ge

Pig. & 42

ate; Doth #oa ts w 3 not yoncuion ftw nested and at various

nom atte softacs hot meoo2, the eorressondia dh Accugns a. the

Zavawueie waernoeted A sapadewer oh d teen ¢ of tem.

pote ure the aot yparet mpaimd the rer. mrteratare duny the

Nis co dy eke dtl a Tele te partic Vavvisn piotied Pos 8 42).

Dtata (ts ely fa,

dd iB ’
~Go TERE OH as 1}

Poth ty 8 ce onde rts © cred vals Ca isteem is vay ed

tye the ona her Sner some ane ore vieraometers & PT show
cr stattemperature The bath & whkept ov cosm demneriunre.

With the heto ofthe handle Hy t awe (we tied 6a thatthe upper

corfice Wthe bs Breccaves the radiations trom the enciosure. The

detfertion an the caly ei iere are alserved afs requis iptervals of

time ts, Hieee ndsy AV eeraphi pootte Dbemmeet ci a 4 iefe-

var (ae td) tamed dawn or ch@ en ee a cpu |

te Rr
—_ - tah -_ e oot)
de boar

Theory

Let, at any instant, the tempers.ure of sheen osnre and the

aise he T, and 7, (dearees Kelvin} respecuvels “ae ac art) cbsorhe
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more heat from the suircvindings and radiate less heat to the sur-
roundings. Its ternperature will rise. From Stefan’s law,

R, =r aT',é and R, = of af
(R, —R,) == o( T'4—T6) 

ooo (884)

IME (SEC)
eet en ne —

Se Ft WN mong»

MZ 8 43

Here Ry is the amount of heat radiation absorbed pet unit area
per second by the disc and &, is tae amount of heat radiation ean:

ted per unit area per second by the disc.

Let the mass« fine disc be m, specific heat 5S, rate of rise of

temperature 47 /d?, and area of the upper surface A,

(RR) A aT
Then Samay = mS ar

o(7;*—T,)A dT
po 8 ay

7 Jams dT

oA YT) * ae = (iP)

To find -: equations () and (#2) are used.

aT aT do tan a

“dt ~ do* dt TM~ tang

To find 7,, the deflection in the galvanometer corresponding
to the point D on graph in Fig. 8-13 is n ted and for this deflection.
the temperature difference from the graph (Fig. 8:42) is noted. To
this reading add the room temperature and find 7, in degrees
Kelvin.
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Substituting these values in equation (tv)

_JmS tana 0}
A(T S—T,9 tan 8 vel

Hence ¢ can be calculated.

‘=

8-40 Disappearing Filament Optical Pyrometer

The instrument was designed by Holborn, Kurlbaum and

Henning.

EYE

G

an ,
ms oO
Fig &-44

lec weasts of a teles: ope and its cross wires ate rcplaced by the

hlament / of the electric lamp (fig #44) The filament is heated
with the help of a battery and the cutrent passing through it can be

edjusted with the help of a rheostat §,S are two diaphragms
and O and BF are the objective and the eye-piece respectively The
filament 1 viewed throu,h the eye piece by slacing red glass filter
between the cye and the eye-piece

‘Lhe rediatious passing through the hole H are allowed to enter

the objective of the ‘tlescope. By adjusting the position of the tele-
scope, the hole is focussed on the filament FP. Che filament is visible
against a backhmiound. The current through the filament is adjusted
such thit it begins to glow and the tilament becomes rariaible against
treamave of abught hete The red elas filter @ helps in obtaining
perfect matching for monochromatic radiator The current passing
throuvh the Wament, when it dtsyypears, is noted. Since the bright-
ness or beat enerzy emitted per sq emis the same in the two cases,

the temperature of the sovree froin which radiations are allowed to
enter the telescope is the same as that of the filament

Initially the invtrument is calibrated by teking sources at known

temperatures «nd the corresponding currents passing throngh the fila-
ment are noted. A graph 1s plotted between the current and the
temperature. From the graph, for a paitiular value of current

passing through the filament (for disappearing position) the corres-

ponding unknown temperature can be determined. The ammeter
can also be calibrated to measure the temperatures directly.
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8-41 Total Radiation Pyrometer

This pyrometcr was first devised by Fery. It 1s used to measure

the total energy of radiation of all wavelengths.

It consist! of 2 concave minor Af made of copper and plated

with nicke! on the front surface 4 1. an cye-piece fitted ut the pole

of the mirror through a hole = Disa diiphragm placed in frent of

the mirtor and at its focus. ‘The positior of Jf can be adjusted with

the help of rack and pinion ariangement P. Here S is a metal strip

painted black on the side facing the mirro- and one of ihe janctions

ot a thermocouple 7 as conuccted toS A sensitive calibrated

gal.anometeris connected in the thermocouple arrangement A

shield Q 1s used to surround S s> that the radiation is not inchlent

drectly on S (Lie. & £5)

v
Cf om
=

qi} Cait

Big. 8 45

When the radiaftna 1 omeadent on the moor, the focussed

image fai. the cpeuts of GH DYueto the incidew: rc idiation
falling on S, the calvanumeter shuws a aeflectior in ord tty ocus

the image accurately the diaphras mn 21s made ot two semicucular
mirrors inchned ata small angle to cach other When the diaphragm

Dis viewed trough the evepiece oitoteears tea euemlar as shown

in Tig 8 45 (2,,.f che focussing os accurate Ef (seuss ts not pix er,

the two halves anpear displaced i show ain fag 39 £59 (an

The iraaxze formed on O must completely cover the aperture

The reading {the valvarometer of the thermore wiple p independent

of the distene: of the source provided the aperture of 2 15 completely
fie 1 bs the uma ef the source cfuruace ete Che rcacing of the

Yatvanaometer de sound only oa the intensity of the .wnaee li th: dis-
Laake Ot the suc te deh awed, oie at Que of radna oon tecened 1 yz

the tnd uw bere a one tourth But ‘ae arca of the .aage as aise

rec aad toon! wound bus the watenaty ul the mag seins the

dbclle

Calibration

If the temp watare se Pibe ogne is 7 uid thet of the receiving
instruments i 7, the defiections of thc galvonometer are not
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proportional to (T*— 7,4). This is because 7' is large as compared to
T, The instrument is directly calibrated with source at various

temperatures (The temperature of the source is measured with a

standard thermocouple or an optical pyrometer) A graph is obtained
between the logarithm of the deflection of the galvanomete: and the
logarithm of the absolute temperature 7,

log 0 = K log T

The graph will be a stv ught Jine and this method gives better

results Accurate experiments show that due to the conduction along

the wires of the thermocouples and strav « mf generated, Stefan’s
fourth power law is not stnctly apphcable The power of T varies

from 38 to 42

Rotating Sector Device

Ic measure the temperiture over a wide range, a rotaling
sector device is used (Lug. 846) It consists of a circular disc with a

sector of Suitable angle @ cut from the dise The disc 1s rotated about
the axis of (he pyrometer and it limits the amount of rasliation

incident on the murror

herd bethe ver pers ce ofthe sour amt £0 tle temperature

roeasured ss th the aise ment. Then

Le 300.
7 - @

je r,s (340)
g

{ ff

$42 LDistrabuticn of Fne>gy in the Spectrum of 4 Biath Gedy

Lammer wo Prougstheam mivecngoted th) ct sare tener

amonesst che ditferart wavelangths of athe e pee rom ot. bla?

mody raiders (ful emister)

The evpenmental arrangement const, Gta arhon tube heated

electrically (Fur 847) Phe radiations from. ths ‘whe ave alowed vw
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be incident on a reflector M, through a slit 8,. The parallel reflected
beam is dispersed by a fluorspar prism. The dispersed beam is

he

focussed on 4 line bolometer with the help of the mirrur Mf, ‘The
intentity of the radiations corresponding to different wavelenmth

1646, “K

Fig. 8 47

is measured with the botometer. The deflection in the galvano-
meter (of the bolometer) ts proportional to the energy of the heat
radiations.
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To find the energy distribution for different wavelengths the

fluuispar prism 1s gradually rotaced.

The resi ft. obtaned by Lurmer and Pr ngsheim arr shows in
Fig vu 48 Earh curve represents the intens.ty of ta. radiations (£4)

with aavelenpth fora giveu .emperature of the source

Results (1) Ata given temperature, the energy 13 not uni-

Jormily distributed in the radiation spectrum of a ‘ot body

(43) At a given temperature the intensity of heat radiations

iicicases With ancrcase in waselength and at a particular wavelength
wy salue ts moaxamum With further im_rease n wavelength the
mten ity uf heat radiatious Iccreases.

(st1) With increase in temprrature, Aq decreases Here Ag it

tne wavelength at which maxiruum emission ci euergy .ake. place,
Phe points on the detied line represent \p at various terper tures

(.) Fo: all wavelengths, an increa.¢ aeftempeiature cums anj

mreaein the energy emusion.

(1) Tne area under each curve repisyeuts the total energy

emitted for the complete spectrum ata parncula temperature This

aciinsiea eg with ancreise in temperature of the bods = It 1 found

thet the area as aurec ly preportinal to the frurth power of the
amperature af the bidy, 6, Mia 74,

Th. ot ores at Sto wm L lemma las

Wien s Displacement Law. lLrom thermudyuamicil con-

s.d, alions, Vuacn bas shown that the picditc of the wavelength

worrespurdin’ to masinum cuergy aud absotute tereperature is

emustant

Am?’ ms ontant 0°2892 cin K a» (8)

Thi as called Wiens displacement law It also shows that with

rucrease in temperature, Am decreases, Wien has also shown that the
curtgy Enur ts directly proportional to the fifth power of the absolute

temperature

Ln, « 7

Lp, — constants 78 «o0(94)

Wien deduced the radiation law for the energy cmitted at a

gaven vatelength A and at a temper ture J’.

Ey = Sf A?) =f 888)

With ce.tauin assumptions Wien was able to deduce the relation

Os
SAT) = C,e aT

os
ee E, = C; A~5e ar oo.(8v)

Here C; and C, are constants,

Equation (i) represents the Whien’s law of ditmbution of
energy.
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Rayleigh Jeau’s Law The energy distribution in tie thera!
spectrum according to Kayleigh, *s given by the formula

, 8~ kT
Ey = ——1 (2)

Here & the Boltzmann’s constant

The expenmenta: tesult) of bum ato ara Phe sheam ba che

inty, ** Dregisy, te wever, Show that the "ens law nolis yood n'y

m the regy n of sher‘ey wave'eneths It doesn t hold gond at le ig

wavelencths ‘Che Ravleigh Jein’s lew ralds gee tar whe regior of

longer wavelength but not ‘or shorter woeieveths Th» vas shown

by Rubers conch ku lbarm Thus Wiee’s "aw and Raysciph Jear’s

law do uo pr? asely agree woth tic caperame otal results

Planch’s Law Planck (14C1, vu abte to derive 2 theeret cal

expiet.icn for Uae cnerg, dssttibutio am the bases qe astuan thee,
of heat rad.ateone = Accorcing ‘6 quinium theory, ne ews emu ed

inthe furm of “ackets rcuarts wled phatuns Ta b photon has

an energy Av where 41s th, Planch’s constant and y is the frequen .
of rachaueon A corting tu this theoy, the body does mot emit

energy continudusit but omy in certain muluples of the fundarieu
tal frequiomcy of the resonator (energy emuiter). As the energy o! a

phator +s Ay, the enerev envited 1 cqual to fv, 244, Fy. eg ete He

deduced the } emul,

Ath:
Ey= — —-- (72)

hy ~

Ae [ ekT —} y

Mere ~ sake vetocaty ofedectroma, neue wave, 2-3 ¢ 10' metres

per second’

Equitior (vs) agrees with the xperimental resu’ «

(s) For shorter wavelength.

av

kT >t

From ,Uather tote,

_fy

4. E.- Swrhcl 5 ¢ kt

“3

Fyxy=ryabe at fent)
h

where (.e trheard Cs = i

Feuaan (7! repesrt’s Wier’s radiitiion law

ti} Loot Jomeer wiavelen ths i 5 smal].
hy

brome ¢ + tt,expondinge ’ ond negiecting = hugher
wens,
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B, = ——8the_
as[ 14 1]

kT Jj

8x ho.vAkT

he

by = aval ooo(U428)

] guatior (976) .t presents Rayleigh Jean 5 i414

Thus P.aa h’s tommuds fom the enercy dd oubal on or 4 thermal
specttun 1 pp uable for al wavelengths

813 Solar Constant

fhe umis the ouce ot heat redianous ant it emits heat

tadsiuions mal d ~ wns theearth receives «ly cuon ot the

eaerzy omitted by the un The atmosphere ako a 45 «7 part of

the peat radhatiaus and a, cloads, dust particles ¢ » the atmos

» here scatter the neat and Jight radiations fallime pr vy From the

quar tity of heat radiations received by the ea 4 1 poss.ble to

e ‘tite the te:per.ture of the sun Therefo-e + “mine the

a’ .- of a constant, called to/ar constant, certati tle. suditions are

tiken into consideration

Solar Constant If 1s the amount of heat ent 3, (radiation)

throrhed per rarnute by one sqeoem of a perfectly bla hudy surface

placed at 1 mein dtotance of the earth from the sun, +n ‘he absence of

the atre sphere the surface bernz held perpendicular? suns raye

The instruments usea to measure the solar const. wl are called

pyrheliometers The heat energy absorbed b, a sit area ina
tived tune 3s “ound with the help of le pyrhehoiaet 1 To eaammate

the eff-cts of abs nption by the atvnosphere, tie va of ihe solar

constant 1s found at vaniou attudes of thesun « he same day

minder similar sky conditions If Ss, the observed su constant S,

the thue solar constant and Z the altatude tangular « ation) of the

un, then

Wi ~ No qsee Z -(t)

ur log NS — lng Sy ec Z log 1 woe (#8)

Here @.5 4 conotant.

\maphi plotted berween log S along tke “. amid sec Z

slung the rants. = The graph a straight line =Pioc ce the graph

ts» meet the yaxis Jhe intercept on the y-axis give. 97 S, From

che value of log %y, the value of So, the sola: const, can be cal

culated he ‘alue obtained varies between 1% a 19 60 calories

Der sy Cm per minute

844 Temperature of the Sun

Thesun consists ofa cential hot per isa aided hy the
photesphere The central portion has a temperature of the order
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of 107K = Iks photosphere has 1 temperature of about 6000 K

This tempera io #1. also called tle effective temperature cf the sun

Considering t!'~sun is a perfect black body rad.ator, the tempera

ture of the wun an be calculated

Let the mean distince of the sun from the eerth be Aint SN

the solar cons.ert) Thea, the total amount of heat enetoy re eaved

by the sphere “radsu A mone mnute = 47 RAS

frist) radius of thesun, chen the amount of heat energy

tadiated by 1 cm: surface of the sun in one minute

' 4nR-S R \ék = 4p? (= ¥

Fakvay fF LAS ad Treg

r & 4°8 « f') hm

Phe mea” vali e or

SL 84S cols per em? perm vr ite

(pth BRO TT |

= | Ha9B 10} * ew Cal Pee feon
Als»? Boa fA

But a- IORI erusperim me son)

v7 xWwe ol eri’ De, eactar’
~ 42s 107 Per Cin” Pee ‘

' 5 75x10 5 a
#o= 2,107 ° / (20)

Equatin, ts) ard yee)

47x10? \, 48 tsxild VF 193
-_- = TA — - 4 -—
4. x10" b 928 x LU b0

T= 570K (reat

This ter »erature gives the effective temperature of the sun

acting as a bla k body radiator The actual temperature of the sun

is higher thar. this va'ue [he temperature of the sun is usually

taken as (006 KK

Tempe: *utecfi the suncan abo be calculated bom Wien’s

displaceient la v,

\ oe T = (2892
The wavelength of the radiations fo: which the energy 1s

maximum in the spectrum 1s 4900 x 10 ® cm.

Substituting the value of Ay, the value of 7' comes out to be

5902 K This vilue 1. 1n agreement with the accepted value. Hence,

the effective te.uperature of the sun (photosphere) 1s about 6000 K

Example 813. Calculate the black body temperature of the sun

from the following data : (Punjab 1966 , Delhi 1971)

Stefan‘s constant =s 1-37 x 107 cal/em!?/s
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Solar constant =x 2°3 cal/cm®/minute

Radius of the sun = 7» 10° cm

Distance between the sun and the earth

= 1-5 10% cm

40S (; y 8

4-rr?

Here R=13KiWF im

r- 7X10 om

S = 2 $ cal/em?/runur

C1-5 x 108 T 23

r

Mg = | 7~ rq jj Aka) a ».(?)

E=c«aT!4 wee (Mt)

equating (apa cay,

15~ Loy oo
4 —of 72 7x10" 4 * Ww

Swe oS

LL 5 x [M0 qe ty)
T -. 5987 K

%$4> Augstrom’s Pyrheliometes

rare (Oey 7!

Pyedehometer os at instiument which aw ouse 4. find the

ruount ot racidient heat radiations aad mic sdat cooste 7. Anestrom’s

pyvrheiometer cunssts of two identical strips dAand ff blackened

etinann ton (lig, & 49).

The strip 4 as ¢sposed to the suuand Baysshelde boa cover

(. A thermocouple having a sensitive galvinonetery th Aas one

yuncuion and B as the «ther yunctior is used = The st}. A can he

Heated bs un electrical arrangemen and cuitale cur ent passne

hough B can be adjust ‘d with the help of a theostat

When both the strips 4 and B are shieldea from ..e sun, thew

junctions are at the same temperature and the galvan meter shows

no deflection The strip 4 is exposed to the sun and J s kept shield-

ed. The strip 4 receives beat radiations from the sur and its tem-

pevature rises and the galvanosneter s/ows deflection. ‘the strip B is

gradually heated by passing current through it and the current is

adjusted so that there is no deflection in the galvanomster.

It means the strips A and B ore again at the sume temperature
and they are receiving heat energy at the same rate.

Let H calois2s of heat be incident on one sq «+10 surface of
the strip in one minute. we area of the plate A =;-A sq cm and

absorption coefficient =

The amount of heat radiations absorbed in one minute by the

plate A = H Aa calories. o0(8)
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Heat pr. ueed in one minute in the strip B

EI x60
= ———— ‘ cal .ao(88)
~ $2

+ om

Sue,

Rh

Fie 8 49

Here Z oits is the potential difference across the stip Band /
arperes is th current flowing through it.

Iquat: {t} and (11),

ilAa -- <1 x 60 woe (728)

Hence . can be calculated,

8-46 Water “low Pyrheliometer

This in. -wment was designed by Abbot and Fowle. It consists
of a cylindric. 1 doubled walled vessel A. The lower side 1s conical

in shape and =i ated with platinum black on its inner side Water

can be cits ui +d thiough the walls ata constam rate. T, and 1%,

are the platit =n resistance thermometers to record the temperatures

of incoming ¢ vutgoung water (Fig. 8°50).

Disa .pivagm which allows the heat radiations from the

sup through: hkuewu area of cross-section Heat radiations are

allowed to ¢u.s1 the vessel A and the rate of flow of water is adjusted

so that the th cmometers 7, and 7's show constant temperatures
(say 6, and v,’. The spiral coil helps water in making good contact
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with the walls. After the steady state has been reached ¢.e., 7’, and

f, show constant temperatures, the heat radiations from the sun are

cut off.

Now a suitable current is passed thiough the manganin coil
C’, so that the same conditions are restored i.¢e., the thermometers

T, and T, show the same constant temperatures 6, and 6, If #
volts is the potential difference and J amperes is the current flowing

through the manganin coil, then the amount of heat produced per

A

\\-G
V+ —

in “K" j
RHEOSTAT

Fig Ro

E , p . .
seronm) = $0 cal. ‘Thereioie, the amount of heat radiations recei

ved from tae sua in ore miaute by the expuscu surface of the vessel

EB! x 60 ;
A Pe Cal From thi. vaiue, the solar constant can be

ad

Calculated.

847 Water Stir Pyrhcliometer

In this type of pyrheliometcr the heat radiations are received
from the sun by the conical end of the vessel A, which is coated with
hanp black = Vessel 4 is surrounded by a calorimeter D containing
water. Ihe stirrer heips in circulating water vigorously and is dri-
ven by an electra. motor. The temperature of water is measured
with the help of a platinum resistance thermometer P, whose wire is
wound around A (Fig. 8°51). Heat radiations from the sun are
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allowed to er'ter the vessel A and the rise in temperature of water in

one second is calculated. The heat radiations are cut off and a

suitable current is passed through the manganin coil C for a known

time so that the rise in temperature of water in one second 1s the

same.

FROM SUN

/ ;
+

4

0

ARE Aw

heed

>
~4. 2

14 1.
| Ay

RHEOSTOT

Viper ‘y i

he L volty as the potential difference aud f anap. re thie

current passive through the mar yinin cel her the gt cuntef hear

Al
produred per second au al Eherefore, the aneamt at heat

radiations received froin the cue bee nee minute Ly the eap ed sar-

EIKO
face of the vesse] sf = 4 cal fiom: thi value, whe slat

constant 1at be calculated.

8-48 Solar Spectrum

The radiation received from the sun 13 similar to that of a

perfectl, black body. In asolar spectrum the wavelength corres-

ponding to maximum energy is about 5000 A for a surface tempera-
ture of 5750 K. The solar spectrum consists of a large number of

dark lines called Fraunhofer lines These lines were first observed

by Wollaston in 1802 and later studied by Fraunhofer in 1814

These lines are observed in the complete range of the spectrum ¢2z.

ultra-violet, visible and infrared. Fraunhofer measured the wave-

lengths of many of these lines accurately and found that they
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occupied exactly the same pusitions as the bright lines emitted by

different gases and vapours.

Accerdiny to Kirchhoff’s law of radiation, any substance ata

lower temperature will absorb the radiations of those wavelengths

which it will emit when excited by electric discharge. Thus the

solar spectrum is an abserption spectrum and the Fraunhofer lines

are the absorption lines of relatively cooler gases and vapours present

in the earth’s atinosphere and the sun’s outer atmosphere. The
central portion of the sun is called the photosphere which is at a very

high temperature Surroundjng the photosphere 1s the chromo:

sphere which is at a much lower temperature than the photosphete.
The posinons of the Fraunhofer lines in the solar spectrum give the

information regarding the nature of elements present in the sun’s

ttn sphere ‘The presences of more than sixty elements in the sun's

eamosphere 1 found this way. [n fact hehum was first discovered

bv tne study of the Fraunhofer lines in the scar spectrum before it

wad teen isolated in the laboratory. The most prominent of the

‘rauuhefe: line, ars denored by the letters of the alphabet. Seme

et the lynes, wih thea wavelengths ind the elements responsible four

Mew absorpuon are eiven below -

lane Alement Wavelength in A

1 Atniosutier te Uy yen 799}

3 Atmospheric oxygen o3b /

a livdrocen 6563

1h, Sodium 5896

id, Sodium 5890

F Hydroger 486!

Gy Hydrogen $341

1 Calcium 3969

K Calcium 3934

8:49 Infra red Spectrum

Extending on either side of the visible spectrum, there are

invisible radiations which do not cau. the sensation of sight. The

-adiations beyoud the red end of the visible spectrum are callsd
infra red radiations and their wavelengths extend up to 400,000 A.
sun is a powerful source of infra-red radiation. Beyond the violet

end of the ‘isible spectrum, the radiations extending up to a wave-
length of 100 A are called ultraviolet radiations.

The heating effect of the infra-red radiations is used in mea-
suring the wavelength of the radiation. An infra-red ray spectro-

meter is shown in Fig, 852. Light from a strong source of light

such as an electric arc is rendered parallel by reflection from 4

oncave stainless stecl mitror M,. This parallel beam is refracted

through the rock salt prism P anid the emergent dispersed beam
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after reflection from the mirrors M, and Xf; 1s incident on a thermo-
pile or a bolometer. M,1s a plane mirror and My; is a concave
mirror. Wien's law of radiation 1s given by

Amd’ = 0-2892

where T is the absolute temperature and Aw is the wavelergth of
the radiation. The thermopile readings help in the calculation of
temperature and from the temperature, A cin be calculated.

As infra-red radiations are not absorbed by air or thick frog,

infra-red ray photographs can be taken uv ci lune utauces ol fog

and mist where visible light cannut penetiat . Four thi, pecially

designed pyotographic plates ai, us d wiels saute wie dnters. A sulu-

i? _Jm r
7 |

{ = =mi poe 7 ie
y . THE RMUPICE

Ke -

| >4M,

Fuge, & 62

tion of indine in alcohol is a suitable fier, becanse Us iansm +

the infra-red radiations and absorhs the visible ight Inthe World

War I, inhta-sred photography played a very u efulpartan fetectoreg

obyerts an the dark through mist, fog and couds Intra-red rare.

tions have a wide application in the field of mediw.ne, ypdustry cto

Infra-red radhations can penetrate deep into the hums. body and

by thew pruperty of heaung can c.late the biood vessel at the portion

exposed tu the radiations. Th: enables increased flow of bluod

850 U..ra-violet Spectrum

The spectium that ¢aveis the vavelenyths from 4° NA to 109A
1s called the ultra-vicler spectrum $:.0 1s a natural source of ligh*

A=

hig &53

nich an ulua woler radiations. Anmce tac ae ef carbon, iron or

othe: materials, mercury vapour lamp., discharge ol electricity
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through hydrogen contained in quartz tubes are some of the artificial
sources that give ultra-violet radiations.

Ordinary glass absorbs the ultra-violet radiations. Hence

quartz lenses and prisms are used. But quartz is a doubly refracting
material Ifa single prisin of quartz 1s used, due to the property of
double refraction of the prism, two images of the sht (ordinary and

extraordinary) corresponding to a single wavelength are observed.
This will reduce the sharpness of each image. To compensate for
this, the collimating jens 1s made from right-handed quartz and the
telescope objective is made from left-handed quartz Similarly the

prism used for the dispersion of the incident beam consists of two

halves. Ihe two halves are held together by glycerine. One half
ts made fiom right-hinded quartz and the other half is made from
left-handed quartz.

In Fig 853 ARD w «4 right-angled prism of right-handed

quartz and ADC 15 of ieft handed quartz. For recording an ultra-

violet spectrum for wavelengths shorter than 1,200A, a concave
reflection grating is used. The diffracted beam 1s photographed.

The grating and the phetographic plate are enclosed in a metal
cham)er which 1s evaruatcd

Ultra-violet radiations have a var.ety of applications. Sterilisa-
tion of rooms in which blood plasma, drugs, vaccines etc. are pre-

pared and sealed in the containers is done by ultra-violet radiations.

Drugs, poisons, dyes etc. fluoresce under the iction of ultra-violet

rays The resulving power of a microscope 1s increased when ultra-

violet light is used for illumination. Fluorescent tubes depend on the

ptinciple of fluorescence effected by ultra-violet radiations.

§51 Electromagnetic Spectrum

Visible spectrum includes those wavelengths which can stimu-
late the sense of sight. But there 1s nv basic difference between light
waves and the electromagnetic waves produced by electrical oscilla-

ting circuits. The terin electromagnet spectrum is used for the
range of wavelengths from 104 metres io 14 (10 %cm). There is in
fact no limit to the production of electromagnetic waves of very long
wavelengths. [The frequency of an alternating current generator

can be made as low as possible by decreasing the speed of the gene-
rator The wavelength of wove. transmitted by 1 50 .ycle transmis-

sion line is5xX'08 cn. ‘Naves ots eter wavelength can be produ-
ced by electrical ascillaturs X rays and gamma rays represent the
waves of very short iengtns The complete electromagnetur spect 119

1s shown 1n the table at page +26.

It ss imterestug to note thar tre visible rauce of lie specu

comprises only a unelltanve or: ue electromagnene speciruna ¢%
“ y

tending anproxima‘e’y irean 00). mitae extreme violet remon 1)

B8OU0A mm the cxtreme red beyond the violet recion ef the visible
spectrum is the ultravi islet, the K-ras. rel fare Beyond the red
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end of the visible spectrum are the short radio waves and radio

broadcast waves.
eee mt

ELECTROMAGNETIC SPECTRUM

WAVELENGTHS (IN VACUUM)

Anes TOM cm METRES

X-FAYS AND ——— ] —
Y RAYS

——— 10 —— a

—10"
ULTRA- VIOLET

Po igt Ld _

ViIS'BLt

PGA OQ Ae pe on

__19’-—— acmermanese 10 a — eee

INF RA-FED

10} -— 10" =~ - =

107

! —10-

— -JO— —}- —10 '——
SHORT RADIO WAVES

- 0°- --—--1-—

—10

10 |

RADIO BROADCAST

WAVES

-7 Wo

—--10- -

—
7
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Exercises VIII

IL Describe Lees method to find the coefficient of thermal
conductivity of metals

2 Dzrscuss the rectilinear flow of heat along a bar of uniform
area of cross section

(Berharmpur 1972, Bombay 1974)

3 Discuss Ingen Hausz experiment to compare the thermal
conductivity of different materials

4 Discuss in detai] Forbes method for finding the coefficient
of thermal conductivity of a metal bar (Delhs 1976)

3 Discuss Lee and Charlton’s method fo: finding the coeffi

cient of thermal conductivity for bad conductors (Delht 1977)

6 Give the theory of radial flow of heat

7 Discuss the cylimdrical flow of heat Describe expermments

fo find the coefficients of thermal conductivity of glass and rubber

8 Disc ass the heat flow through a compound wall

9 Discuss “accretion of ice on ponds

10 Discuss Wiedemann Frans law

11 Show how the atmospheric pressure changes with height

Calculate he lapse rate

1Z What do you understand by a black bodv’ State and
explain Kirchhoff « lowe af heat radiations

(Bork impur 1972, Delht 1976)

13 State Stefans iaw of heat radiition and denve the law
mathematically

14 Desenbe an experrment far the verification of Stefan’s
law (Lucknou 1964)

13 wnve a laboratury methol for determming the Stefan’s
constant What as numerical value m MKS wits ?

(Lucknou 196 »)

16 Describe che vorking of (¢ disappearng filament pyrome
er, (2) total radiation pyrometer aid (str) pyrheliometer

17 Discuss the di tribution of encrgy in the spectrum of a
black hody What are the results vhtained by Lummer anu Pring
sheim ¢

18 Discuss Wiens displuemert 1: and Raleih Jeans law
How 18 Plauch + law applicable for all waverengths ?

(Dethr 1971)

19 Describe the cvlindiical she il method of determmme the
thermal conductivity of poor conductors Derive the formula you
vill use (Lucl nou 196v)

20 Describe Tees method for determining the thermal con
ductivity of poo conductors (Ayru 1963)

Zi What ss Stefans law of radiation ¢ Give a laboratory
method for determining Stefan s constant (Delhe 1977;

22 Whatis meant by blach body radiation? State and prove
Stefuns law (igza 1966)
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23 Describe Planck’s law of black body radiation Describe
an expe.iment to verify the jaw (Delay 1967)

24. Deduce Stefans law of ia hation fiom the principles of
thermedynamys Descnbe in experuvert us determine Stefan s
¢ mctart

Hratag £9 4% ribhyue LP67 Grethe £676)
F

Zo tne Un tC ows bone rae. © tor Measuring inch temy -
Chaco ty Pualethe i pvr me@ry

forthe pur . 87, Dethe 1963,

MR Socvrile vast oc osu, Qe ty .weth dof company the

one CLVil os Gt two mictal Gorakhpur Lio,

27. t) wrbe Lees metho! of deteata on our the therma: con

duc teat af bad comune tors (Cat utta L966

28 Veiner apertectl, oa ¢ ualy She thet an enclosure
maintune lat constant teinerstue behaves & a perfectiy Mack

body respect ve of the aatuer of ta sal oom the aintetor Wes

enbe «a black body im practice
Rajasthan 1966, Delhi 1972)

29 Wiratasb'ack bods radiation? State Stefan’s saw and

describe a method for determining, Siefau s constant
(Dilhe 1969)

30 Describe the construction and working of a total radiation

pyrometer. (Delft 1972)

31 Define thermal conductivitv and give us units Deseribe

Lee’s method of determimng the thermal conductissty of a bad

conductor (Dethe 1979)

32 Fi.xplain what vou understand by a black body State

Stefan's law of radiation and prove it from thermodynamical con-
siderations. Indicate how it can be vernfied How is this law

distinguished from Newtor s law of cooling ?
IDelhs 1970)

33. Describe in detail a suitable experimental method of deter

mining the thermal conductivity ot a bad conductor
(Delha 1975)

34 Prove that for an atmosphere in convective equihbrium,

the rate of fall of temperature with altitude for diy air 1s given by

the expression

oT — Mg (y- 1)
dh Ry

\Deths, 1974)

35 Define coefficient of thermal conductivity Describe Forbes’

method for determining the thermal conductivity of a metal rod
Mention some of the limitations of this method

(Delhe 1974, 1976)

36. Prove that at anv temperature, the ratio of the emissive
power to the absorptive power of a surface 1s constant and 1s equal

to the emissive power of a perfectly black body.

(Delhi 1974)
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37. Derive Planck’s radiation formula and shov; that Raleigh-
Jean’s law and Wien’s law are special cases of Planch’. law.

(Delhi 1974)

38. State and explain the jaws relating to ‘ada: im and tempe-

rature of a radiating body. What do you mean by

(2) perfectly black body,

‘) coefhcient of absarntion ard

(7) coefficient of cnetsston ¢ (Deaths 1976)

39. Define solar constant. Flow is it o4pers. ontally deter-

caine dd = Comment on the source o: energy in the .
Nenpur 19785}

40. Detine coefficient of therm.) conductivity. “What do you

.nderstand by a thermal steady staie ! {Deths, 1978]

41, Describe Forbes’ method for the determin. on of thermal

conducuvity of a inetat rod. Mention the merit. ani limitations of

this method. [Pethi, 1978}

42, State and prove Kirchhoif’s law of the:mal radiation.

Mention one of its illustrative examples. [Dethi, 1978|

43. Strate the basic concept on which Pianck's iaw of black-

body radiation is based. Write down Planck's forz:ula and show

that Wien’s and Rayleigh-Jeans laws are particular czses of it.

[Detht, 1978]

44, What is quantum theory of radiation?) Serive Planck’s

formula for the distribution of energy in the spectru:n of a black

body. Deduce from it Wien’s displacement law anc Rayleigh-Jeans

law. | Deth:i tHons.), 1978]

45. Find the time in which a layer of ice 6 :m thick on the

surface of a pond will increase its thickness by 2 mm, when the

temperature of the surrounding air is --20°C.

K = 0-005, LL = 80 cal/g, p= 09) g/ciut

[Ams. (3 min 48°16 s)

46. How much time will it take fora layer of ice of thickness
8 cm to increase by 4 cm on the surface of a pond when the tempe-

rature of the surroundings is —- 10°C.

K = 0:005, L = 80 cal/g, ep = 0:90 g/cm?
{[Ans. 16 hours]

47. Two large closely spaced concentric spheres (both of which
are black body radiators) are maintained at ternperatures of 400 K

and 600 K respectively. The space in between the two spheres is

evacuated. Calculate net rate of energy transfer between the two

temperatures.

ao = 5672 10°° M.K.S. units

[Ams. 5:90 kilowatts/m?*}

48. Calculate the radiant emittance of a black body at a

temperature of (+) 200 K and (#7) 2000 K.
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o=5672x10 §M.KS units

[Ams (4) 90:75 watts/m/ (8) 907-5 kilowatis/m?)

49, The relative emittance of tungsten is approximately 0 70.

A tungsten sphere of surface area 5x10 ‘ sq metres is suspended
inside a large evacuated enclosure whose walls are at 300 K.

What power input 1s required to maintain the sphere at a tempera-

ture of 3000 K = The conduction of heat along the supports can bx
neglected.

a 3672x10 °M.B S. units

[Ans. 1609 watts]

50. An aluminium foi of relative emittance 0 2 19 pluced in

hetween two concentric spheres ut temperatures 300 K and 200 K

respectively Calculate the temperature of the foil after the steady
state is reach'd. Assume that the spheres are perfect black body

radiators AjJ.o calculate the rate of energy transfer hetwern one of

the spheres and the fol.

6 =~ 56072, 10 7M KS. units.

[Ams (t) 2638 K, (28) 37 watts:m?!

31. Cake late the energy radiated per minute trom the filament

of an incand-«ent lamp at 3000 Kaif the surface atea 1s 10 4+q

metres and its relative emittance ss 9-425, [Ans, 11710 joules]

52. An ‘son furnace radiates; 765104 calories per hour

through an opening of cross section 10 4sq metres [f the relative

emittance of the furnace 1s 0 40, calculate the temperature of the
furnace. {Ans, 2500 K}

53. Write notes on

(s) Planck's law (Dethe £472)

(+t) Raleigh-Jean’s law

(141) Wien's displacement law.
(Detha (Hons), 19/6. Berhampur 1972)

(t”) Convective Equilibrium of the atmosphere.
[Delht 1972, 73, 75 Delhi (Huns) 1971775

(») Optical pvrometer (Delhi 1975)

(vi) Radiation pyrometer (Delht 1974, 75, 77)

(v7t) Black body radiation (Delhi 1975)

(82) Radiation Pyrometry. (Delhi (Hoas.) 1977)
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Statistical Thermodynamics

9:1 Statistical Mechanics

Statistical mechanics deals with systems consisting of many
particies and the methods employed are to get a collective or macro-

scope property of the system without taking into accomnt the indivi-
duai motion of the particles The word particle is used in a broad
sense meaning a iundamental particle ¢g an electron, an atom, a
molecule ete The partucle isa well defined and a stable unit of a

given physical system As itis not practically possible to determine
the property of each particle individually, a statistical approach is
made bv using the concept of probability of distribution. This
Statistical approach helps in determining the bulk or macroscopic
property of the svstem as a whole. The idea of probability does not
imply that the particles muve in a random way without obeving

the laws For a many particle system, the statistscal analysis is valid

regarding the applications of probability distribution of particles,

92 Statistical Equilibrium

Consider that a thermodynamical isolated system consisis of V

particles. The energy states available to the particles are H,, Ey, #;
etc. These cneigy states may be quantized ar may be continuous
and are due to vibrationa: and rotational! energy of the particies.

Suppose, that at any given instant cf time, ”, particles are in

state of energy 4,, 7, particles wit! erergy state Z, and so on.

The total number of particles in the system is,

N = nytngpnst...... = 2 ny ooo(t)
4

Here t= ), 2, 3 etc.

rhe tota! energy of the system,

U = nh, +n.B, + ngbyt+......

(T= Bn &, wuo(38)
t

431
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Equation (4%) refers to the total energy of asystem in which the
particles are non-interacting. Here, the energy of each particle

depends on!; on the coordinates of the particle in the system. Foi
an isolated sy:tem, the total energy JU is constant.

For isol. ted system.

U = £ n,H, = constant w+ (88)
$

Conside: a gas having NV molecules at a certain temperature
and pressure Its volume, temperature and pressure are kept cons-

tant te. the system is isolated The total energy of this system

remains const nt. But, the molecules of the gas collide with each
other and also with the walls of the container. Consequently, the
number of molecules change from one energy state to the other

energy state It means that the value of m, 7,, 7 etc. continuoutly

change Jt can be reasonably assumed that for each microscopic

state of a system of particles, there is a particular most favoured

distribution When this distribuuon or partition 3. reached, the

system attains statistical equilibrium For an isolated system, the

values of 2 , %,, m3 etc. vary only near the values corresponding to

the most probable distribution. Hence, the basic problem in statis-

tical thermodynamics 1s to obtain the most probable distribution
law for a given composition of the system

In practice. three most probable distributior laws are used.
They are

(1) Maxwell-Boltzmann Distribuuon Law

(it) Fermi Dirac Distribution Law (Statistics)

(ti) Bose-Einstein Distribution Law (Statistics),

93 Probability theorems in Statistical Thermodynamics

The following are the important prubability theorems commonly

used in statistical thermodynamics :

(1) The number of ways in which N distinguishable particles
can be arranved in order is equal to

N !

(2) The number of different waysin which 7 particles can he

selected froin N distingut hable particies irrespective of the or ler ot
selection is coral to

N!

(N—n) In!

(3) 4° umber of different ways in which « indistingushable

particles (ax te artinged ing distinguishable states with not more

than one po cle or cach state is ec ual vo

y'

Ho" (yay)
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94 Maxwell-Boltzmann Distribution Law

Es ; Asg=l

E, ° t t Ng=3

B3 M3

“ ef fe"

fai
Fig. 9-1

Consider a system that contains a large number of particles that

are identical and distinguishable. 'The identical particles refer to the
particles having the same structure. The distinction between the

particles is due to their energy states at a given instant. As shown in

Fig. 9 1, + particles are in energy state #,, 2in state My, zero in

vate Hyandsoon. It is assumed that all the energy states are

accessible to each particle. Consequently, it can be assumed that the
prohability of any particular partition is proportional to the number

of different way,in which the particles can be distributed in the

existing available energy states so as to produce the desired partition.

To obtain the required distribution as shown in Fie. 9-1, the

first particle @ in state #, can be selected in N ways. The second
particle 6 in state Hy, can be selected in (N—l1!) ways and so on.

Pheyctorc, the tots] number of ways in which the first four particles

in state £, van be selected is given by,

N!}
7 f eeN(N—1) (N—2) (W—3) = (W—4)y1

Moreover, the four particles in state #, can be arranged in 41
different orders. For example, abcd, beda, cdab and so on. There are

24 ways. But, itis unmaterial for these particles to be arranged in

any particular order in state £,, because they are identical. Thus,

the total aumber of distinguishable different ways are,

N!

4'(N—4)!

In veneral, if the first state consists of TM, paticles, the

distinvuishable different ways, ior arvanging n, particles in state
f), are,

= a i)Pu ail (N=)! “
For the secund state £,, only (N---n,) particles are available

and %, particles are in state #,, The number of distinguishable
different ways are,
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(N—n) ! ee

ng! (N—n,—n,) ! --o(#8)
If this process is continued for all the available states, the

total number of distinguishable ways are obtained by multiplying

Pi Ps, Ps Cte.

Py =

P= Pix PaX Pax sesees

pe | n,! Ta \eiGe sy M senees

P= n, | a ~ le. (HH)
As shown in Fig. 91, the distinguishable ways are,

P= 40 ++o(t)
Here 0 ! is equal to one.

It has been assumed so far that all the available states have the

same probability of occupation by the particles. However, 1t may
happen that the states have different intrinsic probabilities say 9,.

For example, a particular energy state may be favourable with more
different angular momentum states than the rest ang hence it is

more likely to be occupied. Taking into account this intrinsic pro-

bability factor, the value of P will be different,

If g, is the probability of locating a particle in a certain energy

state H,, then the probability of locating 2 particles in the same
state is gsX9, = 9i?. For , particles, the probability is g,", Hence

the total probability for a given distribution is given by

N lV gy"t gg" a8... .ccs0

P= tml min! eescesene os(?)

Here ”, %:, % etc. are the number of particles in states #,, &,,

B,, etc. and 91, Js, Js etc. are the intrinsic probabilities fur states £,,

E,, E, etc.

If all the particles are further assumed to be indistinguishable
i.e. particles in state #, and particles in state 4, cannot be distin-

guished, then N | permutations among the particles themselves

and occupying the different states result in the same distribution.
The probability in this case is given by

P = JI N !g,TM gs" Ja”? ..se00

~ NIL ny langl ag l......

P ee Ft Gat Oa Mosseee
es ny } Ns ! Ny |

N

P x [<4 (03)
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Here I is the product sign (since probability is the product of

such distributions.

The most probable distribution can be obtained by evaluating

the maximum valne of log, P in equation (vt). This should also
catisfy the two conditions that

Zn =N Q(t) and 22, Ey = U woo (UVEBE)
é 4

According to Stirling’s approximation

loge x1 = 2 lop, r—7

From equition (2), applying Stirling’s approximation, we get

lox, P = & (n, log, g, —loge 1, !)
*

=3 [n, loge g, —(m loge mi —24)]
2

== ¥ (m, log, ge--"; log, 24-4-%,)
é

= Zn,—£ (n, log. n;— 1 loge 9.)
t t

lg P= N-S an, loge .+0(42)
t i

Dilerentiating equation (cr)

a (loge P) -= — 2 (dn) loge te -_ a hy, d (Ing. tt
¢ Gs d q,

n dl Ny
= -2£ dnylog--——Un, ---*

t a, 4 Me

~- —X 1a, lo, " —a dn,
t

But ad n, = 0
+

-4 (log. 2) = S[ tone (2 ) Jon s(t)

To obtain the maximum value { ?, dilog, P) = 0

loge (+ ) dn, = 0 -oo(Z8)

But Zdn, = 0 voo(tt)
ooe(2Hi8)and YE,dr =0

Multiplying (zt#) by « and (z:ff) by 4 and adding to equation
(z), we get

2 [ log: (*)+248 Ey |e =a 0
$ 9s
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The equilibrium distribution is possible if

loge a te+8 Ki, = 0 «a(Zt0}

o ge
Gs

or My = gy % OR, ++o(0)

This gives the maximum probability distribution and « and 34

are two parameters that depend upca the physical property of the

system

N = hy ' g4-Mg H. .ee

N= g,e—* PH pgye—a— Pls |...
N -= e—%g, eB lay g, oP Bey]

N =e [£g, e-F% }
?

Take Lae GR, .. Z wei(4tl,
2

dere, @ is called the partition function.

N - #9 =(Z) ve (47a

N
a —o _.
.. € “i

Substituting this value m equation (1?)

N

my - ( 5 yf HB e—8 Hs woe ( ULL)

This equation refers to Maxwell Boltzmann distribution law.

Example 91. A system consists of 6900 purticles distributed

in three energy states unth equal apacany The energy of the three
states are E, ~ 9, &, = wand Fy -- 2x, All the three states have

the sume intrinsic probubility y At a certa‘n inatant there are 3000

particles in the lower level, 2300 ta the middle level and 500 in the
upper level, Compare the relative probubilities with the distribution

obtained by the transfer of one particle from the middle to the lower

devel and one particle from the middle to the upper lerel and the

orap nal distribution,

Let P, and P, be the probabiliues in the two cases

In the first case,

N se 6000, ny TM 300, Ny = cOLG), Ny = HL

aN

P= ny! ny! ny!

P, y »o-(2)
TM 3000 ' 2500 ' 5U0 |
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In the second case

N = 6000

rn = 3001, Ne — 2498, t= 501

000

P, = r
3001 | 24981501 |

Dividing (it) by (4)

P, —- 30001 2500 1 500!

P, =: 3001: 1: 2498 T 501 1

P, 2500 x 2499

P, 3001x501

P,
p= 4157

mam 42

437

(it)

...(i4)

o. (2”)

It means the transfer of one patticle from the middle to the

upper and one particle from the middle to the lower state has

changed the probability by a factor 42. ‘i‘his shows that both these

disinibutions are not near the equilibrium state.

95 Maxwell.Boltzmaon Distribution in terms of

Temperature

Che total energy of an isolated system is given by

U =. & ny i,

t

TW - ny By+ng Kyt-ny Bs+-......

_ GC anes) BE, 4 (a°* Pe eat. eee

U .e eT y bye Oe +-q Ee en Pay seoeee |

But 0% = ,

1? z| Be eB) 4g. Wy eh May. ]

Og - 2 g, H, eB

Here i= a ge PM

d
* = 43 2 Ji ef, =—% gH, eB Ee

Substituting this value in equation (f)

Nod yeh
T= — Z ap

vaa(i)
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N dZ

C= - | @

OU= -N q log. Z (i2)= — al Oke ase

The average energy of a particle 1s

U d .
Loe =-y = — de ( log. z) wee(t2l)

This shows that for a given system, the total energy U/, the
partition function Z, and the average ec. ergy of the particle Egy,
depend on the parameter 3. ‘Theretore, 8 may be taken to characterise

the internal energy of the system and has the units per joule. If T is

the tempcrature in degrees kelvin, then it is more convenient to

represent parameter 8 as

l l
B = Tr or kT = 6 wo. (0¥)

Here kT has the unit of energy it. joule and & is the
Boltzmann’s constant. Its units are J/K. The value of & 1s given by

k -- 1:3803x Lu #3 J/K

Substituting the value of

]

P= UF

in all the equations, we get

Zu Eye Ub JRE) na)

N ,
Me = = gy OM UIED saa(tt8

This equation represents the Maxwell Bulizmann distribution

law in terms of the tempesature of the system

1
As 8 = CF

aT

a= — yn
Substituting this value in equation (st)

r d .= (ENT) Fy log z ) seals)
Also, from equation (31/)

» \ @lias = ( kT" lar log. z) aoo(2'7t2)

Equation (vits) gives the relation between the average energy

of the particle and its temperature under equilibrium position.
Fence, the temperature of a system in statistical equilibrium 1s the
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physical quantity related to the average energy of the particle of the

system.

96 Maxwell’s-Boltzmann Distribution and Ideal Gas

M ost of the gases obev Maxwell-Boltzmann distribution over a

wide range of temperature Consider a gas having mono-atomic mo-
lecules. It is assumed that the gas is ideal and has only kinetic ener-
gy cf translation. Inter-molecular attraction is assumed to be absent.

If the kinetic energy is not quantized but considered to possess
continuous values of energy, then the partition function Z can be
written as

Z = | 7 7 FIRE) oR) dt
0)

Here g; is replaced by g (#) dE

4nV (2 miBut 9g (£) dE = (*4-TM ) a dk

flere V is the volume occupied by the gas and & is Planck’s
constant

z.. inl (2s) (© Et e FEM ap
hs it

Z QV tmnt fn kl
CT ABT

Van mk TY
L = - -ae(6)

Equation (t) represents the partition function fer an ideal
mono-atomic gas .«n terms of Jie volume and temperature of the gas.

Taking logarithms on both sides

log. Z= lope, "Fa | + Inge(d T'ys/3

loge Z = C'} lng kT .+o(48)

Aiso

BE Rete d loz. 2ae a= (Ko ) op Ube )

By = kT [ C+ 5 log. er |
aT

== kJ" a C+ > logek+ > log, r|

En = > salt)

The total energy,

U — N Eas
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3U = N(> LT )

3
U = 9 NkT (#2)

Equation (tv) shows that the internal energy of an ideal mono

atomic gas depends onlv on its temperature The same rel ition does

not however, hold good for real gases In the case of real gases the

internal enctrgy 1) partly potential and partly k netic The total

eneigy depends on the volume of the gas

97 Quantum Statistics

In Maxwell Boltzmann distribution it has been a.sumed thit

all the energy levels are acces sble ic ell the particles of the system

However, there may be certain Ie vels prohibited to a certam group

of particles Lach enerry st*tc 1s associated with a certian avatl ible

wave function The probability of a particular artribution 19

restricted by the avulable wave functions of any stite These

restrictions are take. into accountin quantum stat stics There

are two types of quintum .otatistics

(t:) Fermi Dir xc statisu 5

fit) Bose Einstein statisuns

In Feri Durie statist othe particles are a sume! vie

Paulas exclusion princ ple They ore hiuractersised by antisymme
ric wave functions The particles undcr this c etcgory are called
fernwons Proton neutrons and electrun ue fernaon

Ye the cre >» Bo Lom ceva stuust ce atw assauncd thar it

patuelcs are ucts eelly Paulis oxcluen a prnaple and ore

charicters d hy syniae on wae fanetiwsrs These par cle ore
cilled basen Th bas 5 aperunmentally fodud Orae ull prarta te

haviue spm zou ict omer] mely { } me beeen hel at

mucles viel mesons are be on

In be th the And cf yuu ca st fo tu the piri ses are

wdenti 1 ond mlitingusasble of teh comp it ard low
pm eoak ta tare € thts ry yp vet Ul tie mio oresult

98 Phase Space

Ir yr thes t ter vin f nor Weerasio tucs

thesurpe to y tm Tree wt oe fh wi comple elv known if che

poston aa comeatunef aha ome tie gasasspeaited la po

sib of 22.010 Gin be spe fied in ttads CL Hy te taizulu co ra
nate ,7,yande Tbemoner oof ar atomiscorpet 'y hi wn

fitsre tan ale corspor ts i, mnip, cre pele Lhere

wopaantitco er, 4 oo. cd, P for ¢ ch atom when kn wu de
eqafe of the cue abe Teer ned

the three reevar nt’ coor liraces a, y, 2 deseribing the rusi

ue Inaton andthe * eer ctangulor components of momer tum
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of the atom Pz, Py, P. together give the state of an atom ina six-
dimensional space called the phase-space.

The phase space can be further sub-divided into smal] ele-

ments cf sides Az, Ay, Az. APs, APys APs-

The volume of each state is given by

He = Az Ay Az APs Aty APs (8)
Accord.ag to Hiesenburg's uncertainty principle,

Ax Apr mh

UY AN Dy = h
\S \ De eh

MOLY SoBe NY NPy tt APs = 0 -oo(f8)
Compating (0) and (22),

Vobune of ea h state is caven by

H - 43 ‘ (#83)

Therefore, accordinp to uncertainty principle, in phase space,

the coordr ites of a particle cau be speciied only to the extent that

the partele under consideration has the poation and momentum

lve oo wathin an element of phase space of volume 4°, ‘Lhe unit of
phese .pace vorume Is

vy VU] aoe »)?

99 Fermi-Dirac Distribution Law

C ousider a systern consisting of a large number of particles. 11 is

avumced (2) that the particles are wlenéical and trdtsthimyuichalle and
(et) th. tthe particles obey exclusion principle. Tt means that no two

pariicies cm have the same dynamic ul state and the wave function

of the wl ole system must be antisymmetric. The particte satisfying

these concitions are called fermions In general, all fundamental

patu les with ¢pine 4 are fermions.

In yuantum statistics the intransic prubability gy, is governed by

the different quantum siates rmlating to a given energy te. the
cegeneracy of the enerry state. Each quantum state corresponds to

a particle wave function. “Phe wave functions are determined by

eachol the possible arrangements of quantum: number corresponding
to a given euctgy level For particles with spin 4, in the absence of
raazneuc forces each of the particle may ve in the energy states
with spin } § or —4. Hence the intrinsic probability g; in this case

is 2. hor motion ina central field, the energy of the parcicle is
independent of the crientation of the orbital angular meysepgum.
Due to this, a degcneracy of (2/7 } 1) is introduced and it is the value
of g for that particular enerzv state. Tf the particles possess spin, the
total degeneracy - 2 (2141) As no two particlhs cun be in the
same encrpy state having the same quantum numbcr, the inediasic
probabilities q,’s giv th maximum number of particles that can
be accommodated in a particular encrgy level without viclating

the exclusion principle t.e.

QI
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It means that the 2, value for a given distribution dees not exceed

‘the corre sponding value of 9;.

Let n; be the number of particles fur energy level #,. The first
particle can be placed in any one of the available g, states i.e. this

particle can be assigned to any of the g,; sets of quantum numbcis.

Thus, the first particle can be distributed in gi different ways.

Similarly, the second particle can be arranged in (g;—1) different

ways and the process continucs,

Thus, the total number of difftrent wavs of arranging 1,

particles amung the available y, states with energy level &;, is

_ = Ji (y;—1) (J4—2) cancealY ,— (ty — I]

94 { .
—sS wee(b}

~ (gi- n, i)
Further, if the particles are tiken to be indistio ruishable, it will

not be possible to detect any difference when a, particles are

reshuflled into different states ea cupicd by them in the ecucrgy level
Ei. Therelore, the total nomber of different and disitusuishable

ways is,

{
__ ay

my higg- a)!

Therefore, the total nuinber of diferent and distingiaistable

ways of gctting the distribution 2, M73. ef., among the various

encrgy levels, He, Hy, Ey...cte.can be obtained by multiolyins the
various factors.

wee

om

. pet
TM My (Gi— 7M) Eig t (Gg—mg) PO

Te wae
P = | te! Gi) 1 ws (1tt)

The most probable distribution can by obtained by evaluating

the maximum value of log. £ in equation (tit).

This should also satisfy the condition that

os n= N and a n,E, a U.
t t

According to Stirling's ‘pproximation,

log, x! = % log, rx

From equation (iti), applying Striling’s approximation,

loge P = (9, loge Jr—91) —(TM loge xi—74)
&

—[(Gi—4) loge (9s —%4)—(91 —1%4)]

loge P = x [9s loge 9i—7, loge meee)
loge (G1 —74)] .-.(iv)

Differentiating equation (tv)

—d (log, P) = 2 [log, ;—loge (gs—1;)] ar,
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To obtain the maximum value of P,
d (loge P) = 0

’ E {log %,--log (9, ~1,)] dng = 0 .«(0)
q

But XS dn, = 0 mr (LD
a

and 2 E,zdn, = 0 ...(D84)

Multupiy:ag (ci) by « and (edz) by 2B and adding io equation (t),

we get

E flog n,~iog, (yg. —n)+2+PHi] dn, = 9
4

The equilitium distribution is pos wble uf

log, #, —lnge (9, 11) +7 +68, -- 0 .0 (tad)
yon

. —_— —7 —OFOme (9. 2) vee
or Ra == e~ &- CK,

Gy—R,

at Movi et BM
4

an _ eat BR,

Ts

qs a; pk } 1
or owe = e 4

nN

Je
or ,.=>-— _. ;

( ez tB | +1 »+-(87)

Lquation (§2) represeuts the Fermi-Dirac distribution law. The

paraneter has the same role as in the case of Mixwcell Boltzmann

dvirsbution law 2.¢. for the system cousisting of fermions in statistical

equilibrium.

I
OS - —

p> kT

Meus _ He —a
feet Sek?) ) 4 |

In most cases the value of a is negative and is tahen to be

equal to

—Ep

kT

9s
un= .

[ ony 41 w00( Xi)

The value of Hy is positive and is independent of temperature.
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For T = 0, all the energy states are fully occupied and 1, = g;.
All the states with 2 > Ep, are empty ie. n, = 0.

e(Be— Be) kP _ | 0 for #,—Ep<0
~~ { eo for #,—EHp>0

Limit T — 0

! 2
n LOW TEMPERATURE

- HIGH TEMPERATURE

£ --->

Fig. 92

In the case of Fermi-Dirac statistics, the accumulafion of
particles at the ground level is not allowed and at temperature
T = 0, the particles occupy the lowest energy levels upto Hp. Here,

the energy Hp gives the indication of the waximum energy of the
fermions in the system. Hp is also called Fermi energy. For higher

temperatures, the particles occupy higher cnergy states greater than
Ey. Thecurves (Fig. 9:2) indicate that only those fermions with

energies close tu Hp can move into unoccupied higher enerzy states.

If kOp = Hp, the temperature 0p is called the Fermi temperature.

9:10 Electron Gas

Electrons in a metal belong to a most characteristic system of

{ermious hecause electrons obey the exclusion principle. For elec-
rons in a metal, the energy levels are grouped in bands. Practically

at all temperatures, the lower level energy bands are filled with

electrons. The upper level energy bands are only partially filled

with electrons. The distribution of electrons is to be considered

only in the upper bands called the conduction band. The zero

energy level is taken at the lowest level of the conduction band. It

is also assumed that the electrons have free movement withiu the

conductor, provided the energy associated with the electrons is of
(i.e order of upper level energy bands. .\s the energy of the electron

in the conduction band is continuous, the term g, is replaced by

g (&) dE. Here dn electrons have energy in the range HZ and E+d£,
According to Fermi-Dirac distribution law

[ FBT
2~~= ...(8)
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Substituting the value of g, = 9 (#) d# in equation (#) and replacing
ny by an

qdu= = g (5) di
bE Bryer | +1

As au electron has the spin + }, the total number of states in the
sphere is twice. V/(2)* refers to the translational states per unit
volume in the Fermi space Fermi sphere of radius kr has the total
number of particies accomodated,

2[ aap |(-s xr )
n= [tbe tP Wet 4 4

2 (s: ary
Here E =: om a

_ Pp. _ 2mP
A hj2n hk

voy 4 2xp \*

" 21 ia | 3” (= y]

Bip — (2m)?
V 4 2x \8

2 Foal 3% (=) (2mE 8 |

(H,—EP) nr) 41

( me) (2m) (2m)'2 B37
n= - -_ eo o—_—_—_—

| (H,—EPr eas

Differentiating
BxV 3

in ( she ) (2m) (amy 9 aed
[ eifa- EF WP |

QnV (2m)! |,

dn [ on jae
1 - — eo woe(8)

dit (#, —#F ar) +1

Equation (#) represents the energy distribution for free

electrons. This is also called Fermi-Dirac formula of free fermions,
At T = OK,

p = (2m Ey)!” ae (iH8)
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2V \/ 4and N = (Fs \( xe
BNA \1'3

ol P= sav } -o.(8t')

Equating (ttt) and (17)

(Qmip yi? = (5)

Squaring 
ao

omer = ( aaae

" ore tn ( a) 1. (0)
Knowing the value of ‘ 1.@, the numbe~ of free electrons per

unit volume, the Fermi energy for elecuons im a metal cau ve

obtained.

a

kor silver, the value-, = 5 86 « 1024 electrons ‘in’
}

. Ep = (b 624 x 10°) \ 3>5 8b 1088 2/9

, 8x9 x 10-9 34
Er = 9x 10-19 J 

;

But leV= 16yr10 ¥4 J

— 9xlo*

F~ i oxlo®
£ rF= 5 625 eV

It means that the maximum kineuc energy of free electrons in

silver at abselute zero tempcrature is 5 6 eV.

The Ferm: temperature 67 1s given by

OF =
As #Fis pracucally independent cf temperature, the value ¢r

is fixed for a given metal. The values of @# and LF are given in the

following table.

TABLE
~ 

—_—— —--_——. 
- ---

Metals hp Or (Ki

(electron volys)

a — om oe —

Potassium 2 14 24.108

Sodium 312 3°7 ~ 104

Lithium 472 55.10

Silver Bit 641M |

Gold 5-54 6 4x 106

Coppex 7 U4 8-2 104 |
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911 Bose-Einstein Distribution Law

Bose-Einstein distribution is applied to systems composed of

identical and indistinguishable particles that are not restricted by

the exclusion principle. In such systems, there ig no limit to the
nuraber of particles occupying a particular quantum state. These
particles are called bosons, Their spin is zero or 1. Mesons and
helium: nuclei are examples of bosons.

In the case of Bose-Einstein statistics the values of g, refer to

degeneracy of each energy level. Suppose, that n; particles are arrang-
edina row and distributed among g; quantum states with (g,—~ 1)
partitions in between. The total number of possible arrangements

of particles and partitions is equal to the total number of permuta-
ticas of (2g 49,—1) cbjects ina row. ‘Therefore the total possible
wos of arranging a, part:cles with 7;--1 partitions

on (mn y-by,—1) !

As the particles are identical and indistinguishable the possibile

number of distinct arrangements

a (hta—b!
ne! (g,--1)!

Lhe total number of distingiushable and distinct ways of
arranging N particles in all the available energy states is given by

P = (m4 Jy—}) I Y (%3+9GJs—1}) !
My ! (J);— 1) : . ty ! (Gs—!) !

pw [pesto al
nel (gi-—1)!

The most probable distribution can be obtained by finding the

Maximum value of leg, P.

According to Stirling’s approximation

log, #1 == = log, t—z

Alto Lm=WN aeo(18)
%

and En, By =U (tit)
t

From equation (+), applying Stirling's approximation

loge P = £ [loge (%-+-9+—-1) !—loge m4 1—loge (9s—1) 1
%

loge P = 2 [(n1+91—1) loge (24 +-9:—1)—(TM+9—1)

—(M, logs N —7N;)

—[(9i—1} loge (9.--1)—(91-—-1)]

Ings P=E [(M+91—1) loge (%1-+91~+1)
a

— 1, loge %—(91—1) loge (Gi—1)] —_—«-(80)
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The maximum value of P is obtained by taking d (log. P) =- 0

Differentiating equation P,

d (log. P) = & [loge (n,+9,—1) dm — log, n, dn,] = 0
%

—d (log. P) = 2[—log, (nye +gu— 1) dn, + lope n,an :J=0
t

or % [—loge (21-+91—1)+log. n,J dn, -0 —...(r}
4

As the total number of particles and total energy are constants,

we have,

a Gn, e Q) .o. (tt)
%

a E, dn, = 0 oo (tit)
+

Multiplying equation (vi) by a and equation (rit) by 6 and

adding to cquation (v) we get,

E [—lopge (21+ 91—l) loge a-ha tp Bi dn, ~ 6
i

— loge (1, b9s--1) Hlogs m, Fath By =U

Taking +9, very large as compared tu 1, the quentityel can

be neglected,

—log. (+9) +log, n,taty hk, — 0

Ny

w(sdtz)=—e Om
Nett

or nerds = et they
f

or 1+ a= ex thr,
4

Hi a+ Bh-— ss e~T ‘ ~ng ( |
or a, = a ao0(U8Et)

(oF
Equation (vss) refers to Bose-Einstein distribution law.

y= k ooe(t)
[ elt-+ By wry
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[he value of the constant x 1s governed by the equation 4 n,

_N Asn cannot be negative, « must always have « positive value

[he distribution of the particles for different ecaergy levels 1s
hown in Fig 93 for low and high temperatures

LOW TEMPERATURE

-~“Q s
Nw AiGh TEMPES ©" RE

‘NS
&e=—

kip 93

fte Bove Tamste > a stribution has nor cmy has, on the lower

earrey levels

91!Z Photon Gas

The mmterrct on of electromagnetic radistions wt matter, led

» the idea that electron uznetic radiations a.e comp. ed uf disciete

ener y parucles called phutons Lach photon has «1+ rergy Av and
h

mronentams Here? «the frequency anda 1s * wavelength

fthericiitions Lhe electromagnetic radiaticas tr.y ed ina cavity

ind atherma:equihbrium sith he walls of the cay v are termed
t vack body radianons Ti the equihbnum condstion, the black

body radiations an be considered as the photon ga: It is assumed
that the photons do not interact among themselves The photons

interac only with the atoms of the walls of the cavity Tt as
surther a sumed that the photons are indistinguist 'e and many

photons can have the same energy Photons are aken as bosons

ind they obey Bose-Linsteam statistics

4s the photons can either be emitted ur a] sarbe. by the atoms

of the walls of the cavity, the number of photons 1s 1 t constant ¢ ¢

the condition J dn, = 018 no longer valid
2

1)ue to this reason the value of «18 equal to zero in the Bose-

Finstein distribution law

%- oo Ie «oo(4}
( ela! walt) —

Here a= Q

np = — t—— . (18)

(i
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In case, the cavity is large as compared to the wavelength of

the radiations, the energy spectrum of the photons 13 taken to be

continuous. In this case, the energy difference between successive

allowed eneryy vulues is very small. Thus, replacing g, by g(H#) a,

and n, by da

. _9 (hb) dk
o» (102)

e BIRD \

As thee mzy ofa photon, & ~ he, the value of gy £) dE can

be taken e9. 1 te g(v) dv The factor a (4) dv corresponds to the
number of: ¢ ‘tory molesin the frequency range ly and rc lating

to the ener, + ane dh

Chem. oot otetates in volack pedy tab wion i the trequency

range v and ; ly can be obtained boy calculate ay the spher cal
( ? he

volume boenu. oy th okt res ub rads h . yaa nd ’

Ene voluae of the spheric at st esd

$4 33 ya

3 Fy (vy rily)3— 7 a v3

-- ; T TM |v jwiiv pt. - 4? ]

4 hs
=. 3 7 “od xX 3ve%dv

h8 ad
= 41 wy oy (tr)

The pha + spare has volume V — 43 and there are two states ot

polarization fc. the radiation. The number of states in the black body

radiation in il frequency range v and v } dv is piven by

yiv}ds - si v3 dy (")
3dn = ( aan dy - J _ (v2)

( € nk) —— |

For dn photons im the frequency range v+d- and vy, the
energy is equ. 1 to (hv) dn and the energy per unit volume

(hv) dn

v

Therefore, the energy density distribution for black body
radiation 1s given bys

(hv) dn
ian (dit)Bw) =
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Substituting the value of dv from equation (et), we get

Sr V y" dv e hy
Ek (vy) = - —— =

cay , al ( jer) _, |
8xh v3 J

Bw - (955 -- = = .
c ( hy/kT \ - ' «+o(t28)

?

I quation (7 i#) represents Planck's radiation law sn black body

t lations

From equaton (22)

143

BE (vy dv - Br a \ ‘| dy
hvkeE} 1

| 3

But v-- J
4

¢

t ay = \e dn

Nevlecung the nemative sign, we et

e b a .

puayar ORM ! ia
t ( one) —1

e

ay Wray - .+o(42)
8x cl }
wag 7 oO}

( aver) —|
Lie

Phi 4 ves the energy density for wavelength A in he spectrum

“othe bhik bedy Both the equations (7?) and * ¢) represent
Miuks vadiatien biw for black body radiativn

913 Comparison of the Three Statistics

— a ee ee ow a we oom = -_— om — =n me — —r

Mazwell Roltzmann Fermi-Dirae Bose Vinetetn

— ohn eet eee Oe oe oe

_ Pertx’es are indis-} Particles are diatmg- 1) Partielus are adie

Washable Uunguishahle, tungu. able

2 Only particles are 2 Only quantum 2 Gnily qaantum states

taken into cons states are taken into are taken into conri-

deration consideration, deratitn

8 There is no restic. 3 There ia restriction 3 There 15 no restric-

tion on the namber on the number of tion on the number

of parties ino a particles in a given of particles in a
riven state quartum atate. given quantum

stato.

4. Volume of the etate 4 Phasospaceizknown 4 Phase spare is
in six dimensional on known

space 18 not known. V a: A?
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2 ieee ak —-

Mozweli- Boltzmann

5. Number of disting-

uishable ways sre

given by

P = 0 “0”
4 TM

6, Maximum =o pruba

bility distridwtion

i

e(at pa,’

7. —

8. Applicable t- idcal

gas molecul.

9. Internal ereargy of

an ideal m -noa’ um

gag depend« oniy on

its femporature, At

absolute ger: enerzy

18 Zaro.

oy
10 ny = Slat BED

Heat and Thermodynamics

Fermi.Dirac

- a oo —

5 Number of disting-

uishable ways are

given by

P=-0 Gs {

s Me 'Og 7%)

6. Maximum proba-
bility distribution

J

a [ el@+BEy) , )

7. At high teroperatures,

Fermi-Dirac distr.

bution approaches

Matwell-Boltzmann

distribution,

8. Appheablo to

alectroua oof high

concentration.

9 Due to Pauh'’s ox-
elusion principle, all

the electrons cannot

occupy the lowest

energy level. Even
at absolute sero

temperaturo, some

of the electrons are

distributed at higher

energy levels. Henco,

at absolute zaro, the

energy i+ not zero.

Therefore, at tho

romplete degenerate
state, the energy is

independent of
temperature.

10 9

7 Mem 1 ofa} By) 4.)

Bose-Einstein

5, Number of disting-
uishable ways are

given by

Poy [Mte—N)Tn me! (g—g—1)!

6. Maximum probability

distribution

i

i) [ ela+ BE,) ]-1

7, At high temparat ures

Bose-Einstein distri-

bution approachos

Mazwell-Boltzmann

distrabution

8. Apphoable tu

photons and

symmetrical part:-

cles such ag a pert.

oles,

9 The emergy at

tbxolute very = 1

taken to be zerv.

g} 10, ng = (@ FAR) 7]

1}, All the three distributions can be represented by a single equation

Oe
%

Hore 8 = 4

= | e(a+BE,) +3}

Here 8 = +) Here 3 = —]

If a >lorn, < g f.¢. 8 can be neglected. In the ose of diluted
é

systems, the tures statistics lead practically to similar results. It means that

at high tempera-uros, the three atatistios give practically the same rosults

Example 92 4 gas has only two particles a and b. Show with
the help of dsagrams how these two particles can be arranged in three
quantum series 1,2, 3 using (+) Maxwell-Boltzmann (it) Fermis-
Dirac and (sit) Bose-Hinstein statistics
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(1) Maxwell Boltzmann statistics

In this case, the particles are distinguishable and there is no

hmut to the number of particles in any one state. The total number
of ways 1s 3® == 9

|
States

|
|

_— = os —_

|

] a

2 b

3 ~

we ade oon — 7 eee eee

— OE eS oe — see = ees

—_ =» —— oe ——_—

Possible Distribution an variotisa States

} { i

b -- | — a b ab — --

a a b —_ - ~ ab -—

— a a | b a | — | — ab

2 ¥Fermi-Dirac statistics

In this case, the particles are indistinguishable and not more

than one particle can be in any one state. Here a = 0 The total

nuinber of ways = 3

Nf rhea Posasble distribution in carious atater

I a

2 i oea

3

ome ae oy tee

&

a ee fee —_— -— —. |}oa |
a
ft

(3) Bose-Einstein statistics

In this case, the particles are sudistinguishable ind there as no
lit to the number of particles in any one state Trea oh The

( tal number of ways — 6

Slates

—— —_=_ —

Posable Distribution «nm various states

1

2

3

f

|
{

a — a am |

| a - | - aa

Exercises IX

1. Distinguish between classical ana quantum statrtic,

2 Explain what you understand by the term statistica

equilibrium ?

3. Discuss Maxwell-Bo! zananu distribution law and cerive
the relation,

nm, = e(—e--B FF)
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4. On the 01515 of Maxwell —Bolizmann tatistics show that the

temperature of a system in stitistical equilibrium is— related tu

avctage encrgy of the parucles of the system

3 Appiwing Mirvell-Boltzmann distribution law, s}ow that
the internal energy of an ideal mono atomic gas depends only on its

temper ature

6 Discus Lerma Die detuabution law and show that

Vs

' fe % BE yyy y |

7 Applying Ferint Divac detribuge to an electron gat shew

that

, be 3N 2s

he 8 om “hb

8 Discass Bose Fansteun disurbuctsa law and derive the

equation

Ge

1y\% t BF 4) |

9 Apoly Boe Tin tem dr ribatty Paw to phere os

Q dann Beye bo ont on totetea therumre dynam hha v (teat

ar in ]

\ TL AG

ey
fT] oloerive |= ~Prened rela alae hay t ob oaeh tye

rec oan

fA)

WZ Dastnoa ho hetween a, VMaxve bE ota om yey berm

Dirac and (@72) Boe Licsters om betse ewcanpls

3 Establish the di tobution awe f Mfiswell and Bol naan

Mthe Hans) 1978]

4) Decuss the free electron gas model for metals Obtam

the wor’! tion taw for the deetron was in a mutal ac absolute 710

[2th (Hons) 24741

IS) Distagush hetween Classaal Stateues, Permi Dina

Statistics and Bose Linstem Statistics [Delhke (Bons) 1975]

16. Obtam ar expression for Bose Einstein distribution baw

[Delhi (Hons), 19° Sj

17, Write short notes on

\t) Staustical equilibrium

(tz) Electron gus

(t3t) Photon gas

(tv) Phase space

(:) Quantum statistics
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(vt) Fermi temperature

(et) Fermi Iinergy

(ratty Planck's radiation las.

(tr) Statistical thermodynamics

(rt) Afaxwell Bolteymann distribution Liw

(zt) Ferm: Dirac distribution law

(zit) Bose-Einstein distribution law

1B A system conusts of 8000) pacucles distributed in three

ehaty states with equal ypuang The enerey of the three states

are #, i), Hy 7 ny Dr Abb ate three states hase the same

innase probabubty yo At avertiie astant there are 1000) particles

mth dover level, 3900 particles in the middle level and LQu0 parts

Gesan the upper devel Goumpaze the relative probaintities with the

Ntabatieon obtame!l by the transfer of ene parade trom: muddle tu

the ower level and one paru le from the rmeddl: to the upper level

el the civonal distribution

[Ams 2-247]



APPENDIX I

Al Variation of Surface Tension with Temperature

Jhe surface tension ofa! quid film decreases wth uicrease im

temperature = Lhe variat on of sirface tension with temnerature can

he stuched with ye help ot the fust Tas cquation

Tds ¢ A] | . ), | (4

Inthe case of a suntace i'm de corre epondite HES equation
tantecbruned by replacing V by dand i’ hy 8

(haat 0 pn) ds aa)
4

He of atepre ents the Change an eaergy of a give surtace

nim tor one depree cise in temperature

A repre ctty the aca cfoune frin ate S epresents surfa ¢

tension at temprrat ue 7

Cousider every smal drape of the quid he'd. metallic

frame os Let the surface film of the drop be incre we Lasnthermal y

such that che tinal areaofthe fim be oes fit the surface tension

Of the film i fun ton vf termmeraturc only then hevt transterred

We P| rye 4
df

f ryy LS ettur H 1 ( ip \4 (14)

Lhe work core

wo —S(A wv)

al Ho 4 ~ (14)

Pron th frst law of thermodynamics

H~ (U-Uj)+W
I (—!’s; H . (7)
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Substituting the values of A and IV

dS
UW, = --T ( ap )t~ (84)

7 + ' dS
U—UC, == [ s—7( dv ) |: veal’ OD

Here (', represents the energy of the liquid with practically no

surface and U the energy of the quid with a surface area A.

From equation ('4)

U-Ly\ . »f as ,(—-|-*-} =‘ — | ( oF} ..(vts)
‘

feds
Here S - M TF represents surface cuerey per init area.

It represents that surface tension decreases with ine rease mn

temperature It has b en observed experimentally that the surface

fenaion becomes zero at a crit.cal temperature Por water, the critical

feinperature =047 K.

For water at 647 K the heat of vaporizauion is also zere

Table

Variation of Surface Tension of Water with Temperature
—_ - _——_ —s = = eee “

—_—- .

‘ T'¢ Ont fre ralure Surface Tengrer

I Non

fo )
273 759K 10 2

! t

| 375 | 513 «1073
{ .

if 3 "90, 19 ¢

| nye ! , |
' 573 ' 09> 10 ”

| |
| OL? { “ere

- a eR ES TS eee ae a SE = - Oe ee eee en eee renee

A-2 . Root Mean Square Velocity, Average Velocity and
Most Probable Velocity y 5 y

I. Root Mean Square Velocity

! 3
— ‘2 _ 77
» m € ris ~~ a kI

Titie - mM

© oes =f wae(?)
TMm
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- Average Velocity

| (' aN

{ ale oo ,N
But, acc ording ty Vaswells liw of distripytion

dV daN 13¢ be c2 dé!

O he’
4a\ A ‘ C {~ tC

Cave --- — =
N

be a.d~ 13 1 (3, if f- 47){ ( ( j { Df,
(

bout { a ih ied / mDe kf | 2F 7

Ivy n Te wd y
b

c . I ont t | Lon |
wf!raf ery 0

Jom

4 Most Probable Velocity (/ ,,)

As Cm corresponds to the peak value, theretere, Cernvative cf
dv
da “wiih reapect to ¢ sh mal he Oro

aptdaA d . te

ar a0 | dt | tsa a O | 4
Calm

, l fc*
4 3 ’nV A It / e (2 0

(oC,

d 6c2

or = 2 |ol € | = ()

C Cm

we

— ny PO 27 62g

or B74 3- 0

Jef 4}
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m

But b_ ar

_f ary
=| (tre)

From equations (7) (#2) and (214)

Ce Can Cems = oe Y [ar } E }

1128 - ) 224

This relation gives the relative magnitudes of the three velo-

cities ata given temperature. The three velocities are shawn m
‘ip (AY

— —— SP
SI&

A-3° EME of a Reversible Cell

The fist “28 equation sy given by

LT ISa Cy rst ( Uy ot (1)
T 'v

{nthe case of a reversble cell composed of solids and lqurds

in tue above equation replace charge 4 fur Vo and EMER, —E far P

TdS 2, 1 — — \,@ ltt)

For a reversible cell, in whichthe EMF depends only on
temperature,

TdS = C, d?— r ( ar ) dg (a6)

ror a reversible cell, when a charge (¢;—1/.) 18 trans ecrea
thermally. king TdS =H we get
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82 w= —T ( a )(ar-a9 --+(80)

Here (¢;—4:) is negative when positi .
. i positive charge flows fro .
ol to the negative electrode externally. The work done | by the

80 = —K(9,—4:)=—E Aq .-.(9)

Here Aq =(%—%)
o£3H ~-1(2; ) Aq ...(vi)

From the first law of thermodynamics

dU w= tH—3W

dU =x _r( 2% jsAl E—T ( at )] ...{088)
For a thermodynamic process taking place at constant pressure

ang meng change in volume, the change in enthalpy is obtained

hm U+PV

dh wz dt) + PdV+VdP

But dP = 0 and dP is negligible

dh = dU ...{U8és)

From equation (vss) and (rss)

az

w= os] #-2( fp ) (ia
dh represents the net transfer of heat between the fi + aes

states of the reaction. ¢ final and the initial
From equation (tz)

dh azAG z—7( )
Or

ae Se)0
(B)-8

Here H 1s the heat transferred per unit charge

p= H47( oe) .. (2)

fquation (1) is called Gibbs-Helmholtz equation
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Special cases. (i) in sQ,, the temperature of the cell
c

does not change on supplying current.

(ss) If mae is positive, then E> H and the cell has to absorb

heat to keep the temperature constant. In this case, the temperature

of the cell falls if it supplies current.

(ii) If = qr is negative, B < A, the cell gives out energy to
(

maintain its temperature or the temperature of .he cell increases

with the supply of current.

A4 Brownian Motion

Brownian motion was first observed in 1827 by Brown, a

botanist. The phenomenon of Brownian movement can be easily
observed in a laboratory if a colloidal solution is examined under an
ultramicroscope. As the direction of illumination is perpendicular to
the axis of the microscope, the suspended particles in the solution
look like bright illuminated spots. These illuminated particles
continuously move to and fro in a randon haphazard way. The
particles spin, rise, sink and rise again. The movement of the
particles is continuous and spontaneous. This irregular movement
of the particles is called Brownian motion.

The motion of the particles becomes more violent with increase
in temperature and more conspicuous in a liquid of lower viscosity.
Particles of smaller size appear to be more agitated than the
bigger particles. Further, no two particles execute the same type
cf motion.

The phenomenon of Brownian movement gives a clear picture
of the gaseous state of matter. The motion of the molecules of a
gas is similar in nature to the Brownian motion of suspended particles
in colloidal solution It may be noted that the laws of Kinetic

theory of gases are applicable to Brownian party les a'so.

A-5 Distributien of Brownian Particles iu a Vertical
Column

The Brownian particles forma gas in equilibrium under the

action of earth's gravitation The concentration of the particles dec-

reases with height due tc gravity. Consider two layers of the particles

at heights 4 and 4+dh. Let P and P+ dP be the pressures respectively

and p the density of the gas at a height 4. Consider a unit area of the

layer. The force due to gravity acting on the particles between th-

two lavers

=(Ilxdh)pge, dh
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The net force on the laver

=(P4dP)—P+ig p dh)

In the equilibrium state, the net force must be ¢qual to zero

Therefore,

(P+dP)—P + (4p dh) = 0

or dP tepdh = 0

or dP = —qgpdh (t)

for 1 perfect gas

P= nkT,,

and dP =ihT d

and 9 -- mn

Here # 1s the number of molecules per unit volume and TM 1s

the mass of each molecule

Substituting these values in equation (2)

kT dn — -~gmndh

dn _ mq \ th

n hie

Also k — * Here Nis Avogadro's numb -

dn Nmg

> (FRr’ ) on
Integratin«

N

log » ( RT \h LA (a2)

Here, A isa constant

At heh, ? = My

Nm .low Ny - ( RT ) Aye

A

A - log +( Rr Ja,
/

Substituting this value of K im equation (st)

Nig Nm
loz 2 = — ( ere | h | ( or hy + log nr

log ( —) = ( “Hr Nmg ye _hy) on
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¢A-6, Determination of Avogadro s number (N

From equation (1 )

MyRT log ( ”

mg (h hy)

The effective mass of the suspended particle,

os (18)

m — * a3 (d;—do!

Here ais the radius of the partule, d,1is the density of the

part.cle and d, 1s the density of the intervening fluid

SRT log ( ve

‘ "ge at gd, -d.) (hk hg)
r (tas)

From equation (m2), the value of NY cain be calculated of the

valies of a and d, are known

Determination of d, Perrin used the mnethod of finding

densty (2,) with a specific gravity bottle Tet mand i, be the

masses of water and emulsion. filing the 9 che gravity bottle

csolame }) und mys the mass of the parnelcs left over after dessieation

in inoven Taking ¢ as the Gersity of water,

Volume of gran ies

_ ()-(4"")

* Density of granules,

my Mm, mM,

( ~ ("2
il

or dies ms ~ (ests)
(771, -+ My -My)

Determination of a [he radius of the particles 1s determined

by Stoke’s formul1

The termina velocitv >» of the partcles 1 determined by

experiment

bry ae ; md, —de)q

7 [ aM J (sr
2(d,—de)y

Substituting these values of d, and a in equation (vst) the value

of Avogadro's number can be calculated To measure the values of
n and 7, at heights 2 and 49. photographs of the suspenced particles
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are taken and the number of particles in these photographs is

counted. The value of Avogadro’s number determined by Perrin
was found, to he 6°82 x 10% moles/kg-mole which is slightly higher

than the presert accepted value of 6:023 x 10" molecules/kg-mole.

A-7 Langevin’s Theory of Brownian Motion

According to Langevin, the force experienced by a suspended
particle is of two kinds :—

(t) Frictional force proportional to the velocity

azf ( —) = Oxnav

(ss) Force due to all external influences of the surrounding

fluid.

Consider the motion of a particle ina specified direction say

z—direction The force on the particle is given by the equation

m( S52 ) = -1( $ )+F -+-(4)

Here, —f ( | represents the component of the frictional

force in the — direction. Fis the combined force du®€ to other

influences. Multiply equation (1) by r,

ma( 7) = ~fo( )+Fe »..(28)

Also - (x?) == 22 ) and sr (=) =} ‘ (2*)

[ie j-f (8)
j dx dz \* (iit)dtd 1

air —ta ar? i-(a |
Substituting these values in equation (41)

afd dz \? fd

2 at la © bole ~ 9 ag M)+Fs ...(i0)
Equation (st) represents the motion of a single particle. For

all the particles, the mean value can be written as

d (dx \8 d =—+ di [3 | —n(5 ) = — ; re’ . Fz .0(0)

As the force. F varies completely in an irregular manner, it can

be assumed that ‘

Fx = 0

Further, from the law of equipartition of velocities,

m (% y = kT
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é d —

Substituting these values in equation (v)

m (dU U

2 2

dU 2kT .or r+(5)e- — ...(vi)

The general, solution of equation (vi) is

(4)U = ci yale (m ) ] ...(vi8)
As the value of m is very small, the value of ( f/m) is very large

2)
and hence e is negligibly small

kT = d(x) os
“a= yj = a ..-(086s)

For a time interval {=0 to tar, integrating equation (visi) we
get

At ¢ = 0, %» == O and for small values, <* can be written as
Az*

Az = (>): .+o(82)

For each interval of time t, the displacement (2 of the particle

im the —direction is determined. The mean square value Az*
is calculated Jn actual practice the particle makes millions of

collisions and moves along zig-zag paths. The value /(2* is only
loosely related to the actual path.

According to Stoke’s formula,

f (iz) a= Gxnav = hry (a7 )

f = 6n7ya

. Aen UEP bes

6xya TM Sxya
R 3

‘ x eT} (nyt |vO | zi = (3 27a) ; - (xs)

This theory indicates that A\2* isnot dependent on the mass of

the narticle In the experiments of Perrin, the masses of the particles
varied in the ratio 1 to 15000. However within the limits of experi-

men.al erior, the value of Boltzmann's constant & is the same.

»+-(%)
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Further, (Az)! « 3

and ( Az )f as
7f

The effect of temperature is not very large because (Az)? «T'
However, viscosity decreases rapidly with increase in temperatur:

Thus, the pure temperature effect is negligibly small in comparisc:

to the effect of viscosity.

Diffusion, fluctuations in concentration and Brownian motior
represent a single phenomenon. Diffusion is a macroscopic pheno

menon whereas Brownian motion is 2 microscopic phenomenon.

A-8 Einstein’s Theory of Brownian Motion

According to Einstein’; theory of transitional Brownian

motion, the particles tend to diffuse into the medium in course of
time. Consequently, the diffusion coefficient must be related to the

Brownian movement.

The diffusion coefficient can be calculated in two different

ways :-—

(1) From the irregular motion of the suspended particles

(2) From the difference in osmotic pressure caused by tl.

differences in concentration of the suspended particles
e

Let J) be the diffusion coefficient. Consider an imaginar

cylinder with its axis along the z-axis. The end faces P and @ ar.
separated by a distance /\. Let n, and , be molecular concentra
tion at the end faces of the cylinder and A the area of cross-section

The number of particles crossing the surface P to the right it

time T=} 7, AA

Similarly, the number of particles crossing the surface @ in th-
opposite direction = 4 n, AA

It should be noted that half the particles contained in the

imaginary cylinder move towards right whereas the other half move
towards left.

The excess number of particles crossing a middie layér to the

right =} (m,—m,)4 A
From the definition of diffusion coefficient, the number,

I dn
> (m—ns) AA = -D ad tA

dn \. . .
Here (= ) is the concentration graJient.

dn
But (TM,—%2) = —-Aa

. ~}A? zr) =—D () :



167Appendir

- at —_ 2 D-

2

or D-= & «o-(8)

Now, D is to be calculated from the concept of osmotic

pressure. If p, and py are the osmouc pressures at the end P and

Q, then from the gas laws

Py = ny kT

fo = hie kT

Thus the cylinder experiences a resultant force, ( Pi—Pr) A
es (n,-—n,) kTA along the +ve z—direction. This force is experi-

enced by the particles cuntained in the cylinder

The number of particles in the cylinder

= n.4 “

whers % is the mean concentration.

Therefore, the force acting on a single particle

, nm, —m) ATA .f - ( 1” te (86)

dn , ,
Subsututing the value of (m,--n,) =- \ dx i" equation (72)

dn

(ze)
dOnryav of =) =

. kl dn
or ne = ~{ 6nna \(- } -(181)

Here nv is the number of particles moving to the right per unit

area per second

neo= ~ D( TM ...{80)

Equating (112) and (sv)

-o (ar )- “(sine iz)
or D..( bnfa )- ( Nv \ sax} ()

From equations ,4) and mre

- ~ -)( ser Gane
v= Bs a
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Equations (+) and (§") have been verified experimentally. Also,
with the help of equation (sv), the value of Avogadro’s number is

calculated.

A-9 Brownian Motions of a Galvanometer

In the case of a moving col galvanometer with a lamp and

scale arrangement, the initial position is adjusted so that the spot of

light is at the zero mack on the scale. Even when no current passes

through the galvanometer coil, it is sometimes noticed that the spot

of light has shifted from zero. This is due to the random 21g zag

collisions of the air molecules with ute suspended system. When

these collisions produce unequal torques in opposite directions, the

suspended system continuously fluctuates and results in unsteady,

zero setting. This shift of zero setting is due to Brownian motion

of a galvanometer,

For a suspension fibre, the elastic potential energy is } Cé?

where (" is the torsional rigidity of the fibre. Similarly, the rotation-

al kinetic energy of the suspended system is }/w%. ‘The mean elastic

potential energy = 3C 8% and mean _ rotational kinetic energy

=x 3 w*, Each of these quintities are equal to AT’. Here & 15 the
Boltzmann's constant, T' is the temperature 10 degree kclvin

40 gs = 4 kT oe (8)

and $I wt = RkT we.(i8)

The root mean square angular displacement of the suspended

system is given by

Ores oe Of OF om Ve .. (128)

For a fine quartz suspension fibre C is approximately equal to

10 29 N-m/radian.

and k= 138x10°%

For a room temperature of 300 K.

/ kT

orm = VG
1-38 x 10 *'>¢300 “}$

Bras = | —— “FQ

Orns = 2X10 4 radian

If the scale is kept at a distance of one metre from the mirror

of the galvanometer, then the displacement of the spot of light from
zero is given by

dx
2 (Bems) = 1

dz = 4x 10°! m = 0-4 mm.
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For a large value of C, the value of dz increases.

A-10 Johnson Noise

In semiconductors, the two principal sources of noise are (i) shot

noise and (it) noise due to thermal agitation.

The shot noise or the shot effect is due to the fluctuations

caused by the emission of the electrons from the cathode. The
thermal! noiso or the Johnson noise is due to random fluctuations of

charge carriers. The thermal noise in semiconductor circuits has been

studied experimentally by Johnson.

Consider a transmission line having inductance, capacitance

and zero resistance If after the steady state, the transmission line is

isulated, the waves travelling along the line are reflected at the ends

and stationary waves are produced. Fora velocity r and length | of
the transmission line, the frequency of the waves,

"

fi 7 91

The harmonic frequencies will be 2/,, 3f, etc. Each of the

‘waves has an energy k7' assuciated with it (half the energy 18 mag-

netic and half is electrostatic).

It has been observed that the uome in the bandwidth 1000 Hz

to 2000 Hz is equal to that in the bandwidth 15000 Hz to 16000 Hz.
It means that the noise spectrum is uniform. In practice, shot noise

and Johnson noise can he reduced by suitably treating the semi-
conductor surfaces.
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Miscellaneous Numerical Problems

Example A-i Calculate the total random kinetic energy of one
gram-mole of oxygen at 330 K.

[R == 8:3] J/mole-K,

[TAS 1983}

Total random kinetic of one gram mole of oxygen,

3
T xl ) RT

3
U _. 9 x 8:31 x 300

U ~ 3739 x10 J

Example A-2 . The Van der Waals’ constants a and h for
7 gram molecule of hydrogen are aw == 0-245 atoms-litre*-mole-*

6 a 2:67 x 10°? litre-mole-!

Calculate the critscal temperature. (Rajasthan 1981)

Critical temperature

8a
Il. = 9 -—
“27 Rb

Here a= 0245 x 76 x 13-6 x 980 x 106 dynes-cm#-mole ?

b = 2-67 x 10-* hitre-mole-}

=s 2-67 x 10°? x 10? cm? mole’!

R = 8:31 x10’ orgs/mole-K

. r _ 8x0 245 x 76 x 13-6 x 980 x 108

-* © 27x 8:3) x 107 x 2-67 x 10°* x 10°

T. = 33-14 K = — 239:86°C

Example A-3 The mean kinetic energy of molecules of

hydrogen at O°C és 564x10-" J and molar gas constant is 8-32
T/mole—K. Calculate Avogadro's number.

[Deihs, 198]'

3
B= -- kT
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or Va
Here B= 5-64x10-" J

R = &:32 J/mole—K

T « 273 K

N 3 X 8°32 x 273

.. 3x5-64x10 2

N = 6-182 x 10"

e A-4 The diameter of the molecule of a gas is 2x10 °
om and Boltzmann's constant is 1'38x10 *® J/K Calculate the mean

free path of NEP. [Dethi (Hons ) 1984)
Here d= 2x10 8° cm == 2x10 &m

k= 138x10 ® JK

Let n be the number of the molcules per cubic meter

PY: RT

P} NiT

N P

” (,! kT
Aw NEP

07613 6x 10° ¥&
;

138x110 * 273

no 2688+ 10°

Mein free path

tL ——__. to
rd? 34x (2> 10 1)? x2 GRY 10”

X 296110 ~ m

Example A-5 = Prove that

<t =1 for a gay

A

(Rajasthan 1981)
The expression for coefhcient of visconit y

mC

) = 3.1. ---(t)

The coefficient of thermal conductivity

_ mec, ,
K = =} .»-(68)

Dividing (it) by (4)
Kr

a uO
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ut x . 1

an ~ calculat'E tExample A 6 For vrygen al standard conuttrons, calcu

(a) Collison frequency of the molecules and (b) the mean free path

Given at standard condttions for oxpgen,

5
(3) the number of molecules per cubsc metre = 3 > 10°

N l le = 36x 10- mH(t2) Dsameter of oxygen molecu (Delha (Hons ) 1984)

Hore k =138x10 %

nd m <a - §31 x 10%},' " ~ 6033x108 7 x g
Average speed of oxygen molecule at 0°C (273 h)

pez [SET

\ a
» = 8x 138.10 #x273

314.531 - 10 %

( = 426 TM/>

Also ad 36x10-%m

nm — $v 10% molecules;m}

@) Calllsinon trequency (number of collyions per %goud)

nd? in

314 (36.10 % goyxg le

= 32> 10°

(6) Mean tree path

j ]tu

wdtn = STAN (F6° 10 RFT OH
A=819 10*m 

.
Example A-7 0 Calculute the kerny¢ nergy und pressure( absolute zero for copper assuming tut st has one free electron per

atom — Lensity of copper ~ 9000 kg/m? and atomic weight = 35

| Delha (Hons) 19;

Faking one free electron provtom, odd ky ef opper ontains0 023 « Lu* free electrons

Density of copper 9000) kin?

63 5

OM

N 023 » 1048 6 QU0u

yO 6550
,

097 7m 8536 10°
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a3

}3 ai’

Bem sm LC, eal
E (6 624 x10 TM)*173x 85 36 x 36 x Lu*7}
F Bx 9x10 2 - 314

Ey 11 46x10 3.

11-4610

B= 6x10" °*
Ky 7163 ¢\

2U

Pressure, P= a7

IN Ke

p= —3V

»- (5) )*
2

p=(q ) 85 36 » 1027 1146.,10

pe = 65215 . 10" Nj ni”

Example A& A gas occupying 1 litre al 80 cmoj
Hyg pressure ts expanded adsabatically to 1190 ¢.c.

 If the preseure
jalla to 60 em of Hg tn the process, deduce the value of ¥

(Delhi, 19812

Here Pv," - Poy 4
P; V;\

( P, ( r)
Taking logs,

P, rt)
gi ——_ — los 7ww (“7 (J ,

or 
(Ss

u 1249

Y= W076.
~ 1787

Example A-9. alculute the work done when @ ¥?

molecule of, un veal yas expands isothermally al 97°) tu dot
original volume. (R83 A/deg mote} 

pethi, I
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V
Workdone = |" Pav

Vy

But PV = RT

RT

c- —
V

W = Rr | (>)
mV V

or W - RT log, (++)
1

Here ’ == 2

R = 83 J/deg mole

7 =. 2734 27 = 303 K

W — 83x 300 log, 2

W == 1725-9 J

Example A-10. The initial temperature op a gas iv BEC
Caleulute the rise in temperature when the gases com pressed suddenly
to & times its original pressure (13) (Jiebhe 19817)

Bor an adivbatie process,
Pyro Py i

TY [TY

( r, \” t lr, 2

P, / ( My,

Here Te Sand 7,2 ;ip and 7’, 273! 27=300 h

« ” ] oD

T's \~
v i _ i

S) ( is )
Ts. \

gyhs 2 ( <2°) ( 5 }
(5 log 8 = 1-4 [log 7; - Jog 300]

05 (0 9031) = 1-5 log 7, 15,%2 477]

15 log 7, = 05x 0-903] —] 5x2 477]

Li log 7, = 0°4516- 3°7157

15 log 7, =,4 1673

4-1673
log T, - 57

log 7. = 2.7782

T, = 600 K

{, - 327 C.
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Example A-11 A Carnot engine nas an efficiency of 30%,
tahen the temperature of th. sink is 27°C. What must ve the change

in temperature of the source to make its efficsency 50%

[Rajas*han, J98T}

In the first case,

n= 30% 203 T,= 300K, T=?

T,
(= li

300
03 = L-- r,

T, = 428-57 K

In the second casa,

‘ = 450% = 05, PT, = OOK, 7,’ =?

06 m= 33
T,'

Tf,’ = 600 K

Increase in temp. rature

- 171-43 K

Example A-1Z (jn uf the most cfficrent cagincs ever
developed “ya manufacture has an efiervency of 40°, while operating
hetween 2100 K and 700 K What percentage i+ this efficiency of the

maximum posable eficin ag of an cuginc working betucen these
very temperatures * [Dethe, 29X83]

1- 2100 kK

TY T00K

1.
4, =i] ( r, }

| 700, 2

m st (3100 ) 3
\etual effir ic Wy, | 4000 TM~ te

y! ww 3 |

| OB8 BO"
Example A 13) An inventor claims to have dereloped an engrn

working b tween 600 K. and 300 K capable cf having an efficiency 0

129) Corrment on his clain
(LAS, 1983

fT, 60K, TT = 300K

stm)
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/ l

‘= 1-669 )- 2
ie 7, = 50%.

The efficiency claimed = 52%,

[t means that the efficiency of the engine is more than the
efficiency of a carnot’s engine working between the same two tem-

perature limits. But no engine can have an efficiency more than a
carnot’s engine, so his claim is invalid

Example A-14 1 ca) not’s engine adsorbs 1° calories af heat
from a rescreoir at 627°C and rejects heat toa sink at 27 C | What os
ats efficiency ? How much work docs tt perform ? yd £2 J/Catorie|

| Loedha L984,
Here Py = 627 1) 275 = 900K

Ty 2 27 27% 300K

. 1,
KE fieency, = | =( cy ‘ N

; Cpt)

(de)

?

um OF 66°67",

Also Ht 7

Here Hy —_— Lat Calor les

H, <T,
H -a T,

bo! . 300 1Q!
it, ~—* ” Calories

“OW

Work done H Hy dl,

Woo- ie ( 3)

2 lo
i] = ——-- — Calones

o}

2x Jay
Wom 2X2. 42

3

NW = 2:8x10' J

Example A-15 A 100 k-W engine is operating between

217°C and 17°C. Calculate

(: the amount of heat obsores ,

7) the amount of heat rejectea an

si the orclency of the engine. (Rajasthan, 1981)
W = 100 kW = 10° watts = 10° J/s

T, = 217°C = 400K

T, = 17°C = 300 K
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Efficiency,

H TM% 400 4
Also Hi, = T, = 300 5

H, _ 4

c (@)2-(s)}4

H,—A: = 106° J/8

||

A, = 3x 106 J/s

Hi, 4

But Ti, —"y

4 4

H, = 4x10 J/s

) Amount of heat absorbed per second

4 x 105 Jjs

(ii) Amount of heat rejected per scoond
aw 3x 10° J/s

(iis) Efficiency of the engine

a: 025 =x 25%

Example A-16 = Calculate the change in entropy when 10 g

of water at 6U'C is mized worth 30 g of water at 20°C'
[Delhi (Hors) 1962}

or

Hence (1

(2) m, = 10g, T, = 333 K

m, == 30 g, T, = 293 K°

Let the final temperatine be 7 K*°

m3 (T, -T) = ms (PTs)

10x 1 (333 Ty = 30% 1 (7-293)

T ~= 303 K°

(i?) Change in entropy when the temphature of 10g of wate

changs from 333 K to 203 F
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7

8H | dT
r ms ar

qT;
308

~ lv. ds log 335

~ 10> 2 3024 x logig (ss |
333

~ 09443 cal/K

Nagative sigu indicates decrease in entrepy,

(sit) Change in entropy when the temperature of Stor ot water

change from 23 KS to JU3 K ,

T

ait . aT
— ed —

it \F

Ts

f03
‘ } ee

303
- 30 2 WW2b logy 353

= ! 1002 cal/K?

Phe total gan in entropy of the system

=-0 0577 cai /K"

Example Al? (aleulute the increase an entropy cf LU hy
afudorat 1000 when ut changes to vrapou | dalhe (Hon \ 1483

Increase mo cutrops when LO hp of watrat JO, chanced
ta \ apo uy

vil LOx 108 & Ey 5d

T BIR

JN 14,477 cal/K

us

Example A-18 When 50 g oy water es heated from 10 €

tu WO by how mech dave ve entropy change ¢ [Delhy 1983)

Here T, = 273 +90 = $63 A

T, 273410 = 263 K

Increase in entropy whun 50g of water 1 heated trom It) 4

ts 90 C

I's

Py
T

dS = mex 2 3026 log ( r )
J

3 ay
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363dS = 50x 1x 2-3026 log ( ses)
283

dS == 12:448 cal/K

Example A-19 Calculate the change in entropy when 10
grams af we a? OC sa converted into steam at 100°. [Dethi, 1981]

(1) Increase in entropy when 19 grams of ice at 0'C is convert-
ed into water at °C.

iS =m 27

10x 80 we. *?,0)4) ,, Er
973 => ad 03 val/K

(2) Encrease in cutropy when the temperatue cf 10 g of water
is arsed from OC te LOOPC

s Sf1

" T.- asx 23026 log (7Kio T,

| 373101 23026 logy, (. oma )
= 3 J? val/K

(3) Tnetease i cutropy wher 10 ¢ of water at LQO°C is convert.

edufe steam af 100 C

yy SH
- T

1x 540) - -
77 = 14:47 cal, K

Total nerease in entiopy 2-03-43 124.14-47

Example A-20 (Calend te the change tn entropy of I

gram of nitrogen when its tommpert re rises from 59°C to 100°C while

ete volume is kept coustant, Molin speapfie hest, C2018 and

nar weight oj nitrogen o- 28,
moveenle “ (Delhr, 19ST)

t mas a, ) IsSpecitie heat of uitrogen ss 3S re

Ts;
HtChange am entropy d8 [-,

r
2

Ixtln ¢ d7is. .
23 T

l

378
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0-18 .. 373

0°18 x 2-3026 x 0-0625

as 38
dS = 9-253 x 10-4 cal/K.

Example A-210 0 Culeulute the temperature at tohich ice will
freeze uf the pressure 43 tnescased by 1352 atwospheres. Given that

ihe wncreasc in the specific solume when 1 gram of water freezes into

ice 15 0091 em) = Latent heal of fasion of ice is §0 cal/gram.

| Dethi, 1981]
dP L

ar oT (V—V))

Here dP. 1352 atmospheres

UP =- 155-2 x 1-013 x 106 dy nc vem?

}.—V, = — 0-091 cm’

L -= 80 cal/g

L ~ 80x4-18 x 107 cl ga/y

T — 273 K

(dP) T (V,—V.)
d = Ta -—~—F

ar 135-2 x 1-013 x 106 x 273 x ( #0 091)

— 40 x 4°18 x 107 °

dT 2 —1 K

or ap -. -1C

Therefore th« temperature at which ice will freeze is

—1°C or 272K.

Example A-22 7 ig of water at 273 K 2s brought in contact
with a heat reservoir at 373 K = What 1s the change in entropy of water
as its temperature reaches 373 K ?

[IAS, 1983}

Increase in entropy when the temperature of | kp of water is
rained from 273 K to 373 K

Ts

|

ry

m ~Lky,s = Mr cal/kg-K,

sH

T

dS = msx 23026 loge (32
1

373dS =. lx 10% w 2 3026 logig ( 573

dS 312 cal /K

Example A-23 Calculate the chang: in entropy, when 0 0273 kg

: O°C is converted into water at the same temperature,

of tee of [ Delhi, 1984]
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Here »¢ == 0 0273 kg

L = 80Cal/zg = 80 10° (ui kg

I''= 273 h
ned

ds — = dsm |
0 0273 80 « 10!

ds = ~ 273 ——

qs «2 8 Cal/K as = &x4 ‘= 33-6 J/K.

mxample A-24 = If the unttial temperature »¢ 27°C, Calcu-
late the drop sn temperature produced by adsabatic *rzottling in the
case of orygen when the prey ure rs reduced by 50 ainu pheres Given

a 432 1 4 Nm* (mole) ?

b —~ 312> 10 6 m3 (mole)-!

kK 8&3 TSK ! (mole) !

(, dR

af et
Tr. {| ——— — —(suv, (ar -* )
§P = 50 atmorpheres

50 x0 7h x 13 6.x 10% 9 8 N/m

J — 42 Jieal

[De! os Hons) 1982]

Herc

M 4.32%

(, 35R 35753 TK ' (mole) !

T 300 K

— 42>32K35 783 —

( 2x132x10 «
9 683 300 3h 2 10 )

df 0 0969 K

Example A-25 9 201 4 etiulic opper desc at 300 K, the

following values are known

('p — 246 J/mol K

a 5O4d~« tO Fh I

fvothermul comprewibilitu A - 678 «108 N me

. 3er (2020 Tox 18 6x10 x8 |

7 06 em3,mc!

Determine Cy

('p fy — Th #yh

]
and fh K

7 1Vea
Cp Cy = —K

WP? = 706 cm*smul = 7 Wx 10 * m*/mo!

' 300 x 7 06 x 10 ® x (50 4 10 *)?

Cp —-Cy = ——— gy
Cp~— Cy = 0 6915 J/mol-K



48% Cy = Cp--0-6915 Appenu x
Cy = 24:5—0-6915

Oy = 23-8085 J/mol-K

bxample A-26 = Calculate the drop in temperature produced
by adiamitic throt ling process in the case of oxygen when the pressure

is reduced by 50 utnowphires, Initial temperature of the qusts 2r°C.

Given that the gas obeys Van der Waal’s equation and

a= 1-32 108 emé dynes/mole®

b == 37-2 em3/mole

and Cy = 7 cal/mole-K

éT If 2a

SPT 2a

=o RT b |
sp

(Rajasthan, 1981)

oW atmospheres

50 x 76x 13-6 x 980 dynesfem*

7 cal/mole-K

= 7 x 4-2 x 10? ergs/raole-K

T .. 27°C = 300 K

RK = 8-31 x 107 ergs/mole-K

a7 n= ( 10X76 13-6x980 \/ 2x1:32x10" gg

=| 7x42 x 10? — \ warts 2 |
ST (F243) $17-7--31-2

i

Nua

Cy |4

7x42

87 =— 4935 K

Example A-27 Conssderiny mercury at OC cud fF almusph ree

pressure, drternsine y(Cp/C;). Given Cp —- 28-0 J/mul K, sperific

rolume PV =147 £10 © m3/mol, volume crpansivity 6 = Tt 108K!

and compresrrd lity 13394 710 S atm 2 (59% UI) Pa}
[Delhi Hane, 1954]

Cyt mepont > i

Here re 272K, V- 147x105 mmol

,- Lsivlo * Ko

k . 380x10°" Pa"?

TV's" 273 x 147% 1079 x (1:81 x lu-*)

on a "$89x10

= 338 x lu °

Cy = COp—338x10 © = 28 338» If; *
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= 217 999662 J mol K

Up 28

Cy 27 999662

Example A-28 — (Calculute the sidius of an orygen molecule
if sts coeffictent of thermal conductinty

K = 24x 10-5 J/m 6-K at 0°C

and C. c= 20°9x 168 Jfkilo-mole kK

Bolizmann’s constant k == 138 x 10 3 O/K

ard mass of an orsgen molecule

msz S3Ix10 “kg

(J agesthan, 1981)

_ mC,

8(4/2)08

But Joe = 3 kT or Cs y hee
2 2 m

mC C,
$ . eee me eee ee eens”

oT = “3x14 x3 142xk

(A/BLT my) C.
gf = — —

$x )414\ 93 1429xK

pind 355.10 3s 2738x5309 K 168

TF ~~ $x 14143 142x2Fx10 OT
ert oco- 3 036» 10 !' mn

Example A-29 Jf Wien aconalanth %: K*, caleutate

the temperature of th aut whose raditain his miremum cuergy

at warelength \ 000 A (RK jacthan, 1981)

According to Wien's disp! cement law

Ae Tw constant - 6

b

' o%
Here bh=OQ3emh

A, = 6500 A = WoO, LU ‘om

we

-* p TM 5600 x 10°F
T - 5455 K

Example. A-30 Dx duce the temperature ct which a black

body loses thermal energy at the rate of J watt/em?
(Rajasthan, 198 1)

R = 1 watt/em® = 10* watts/m?

R=a Tf
¢

m= (2)



fA

(2)C
10¢ 1/4

t= Eero
T = 648 K.

Example A-31 Ifa black body ut a temperaturc 6174 K

emits 4700 A with maximum energy; calculate the temperature ut
which it will emi. a wave length of 1:-4x 10 ® m with maximum energy

[Delhi (Hons) 1983}

Accordiny ‘> Wien’s displacement law

Amn 7' = constant

Am T — Ag’ T’

Am T AT) X LU 2 617:

An 14x10 5

T" = 207-27 K

Example A-32] Assume the Sun to bea black-body at tempera

ture 3800 K? 3 Stefan's law to show that the total nediant cnerqy

emitted by Sue pur seco udis 39a ¢ 0%) Also show that the cate at

which energus ° thing the tap of earth's atmosphere sd EK Wem *
[Dells (Hows) 7984]

T’ =

Hore hosotthesun,, 7 [dem

Surface reroftthe sun A <=,"

1.3142 (7 JO ue

r 5672> 10 8 SPunts

YT osook

Total enero uutted by Sun per second

u <AcTlI

Uo $B 142% (7 7 10 x0 O72. To (8004

U = 395-10 J

eaith’s atmosphere from the Sunstalls © of the

Distav =n 15x10" m

Energy coaching per unit area pet second,

U
4nr,*

3°95 x 10%

R>- ya iex (lox 10uy

R = 1:3968x 10" W/m?

R — 1:3968 kW/m’

R = 14kW/x'

R

or
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Example A-33. Calculate the energy of 6 2
oaone (Os) at 27°C Given R-83J Igoe gram molczcules of

[Lucknow, 1990)

Here =n E RT ]

u= 6

R = 8:3 J/g —mole/*K

T = 274273--300 K

_f 3 \ sU = 5x (5 } x8 3x 300

U = 18675 x10¢.J

Example A-34, Calculate the pressure required ‘o lower the
melting point of ice by IPC. Given

L= 796 caljg. Speerfie volumes of water at OC - Lem’.

Speesfie rolume of ice, ab OC - 1-091 em. 1 atwospheric
pressure = 1-013 x 10¢ dynefem?. [Deths 1990)

oP
dP ~ PF (Vz—Vi)

aT = —1K

T = 273 K

Vs—V; = —0 O91 cm?

I, = 79 6 cal/g

79 Gv T1858 x 107 cres/y

i i 1964418» 107x 1
> — ae en ee ~— ——_ = —_— ou THES 2

aD = ia 7 273xo0n7 ~~ aner/em
dP — 133932» 108 dyucs/em?®

; 1-33932 x 10°®
AP? = “THIx 108 atmosphe re

dP = 132-21 atmospheice

Pressure repuircd = 132 2]4-1 =: 133 21 atmospheres

Example A-35. A black body with temperature 127°C i> put

un an evacuated enclosure whose walle are blackened and maint. “ned

at 27°C. What is net amount of energy lost by body per second pr:

une area.

Stefan’s constants o = §:672x 10-* SI unit»
{Lucknow 1990}

Here, T, =» 2734127400 K
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T, = 273427 =300 K

o = 5-672 10-° SI units

R = of1,‘—T;*]

R = 567210 ® [(400)¢ - (300)*]

R = 9926 watts/m?

Example A 36. A Carnol’s engine whose low temperature

rexavoir is TC hasan efficiency of 60%. It1s desired to increase

the «ficiency to 70%, By how many acgrees sJould the tentpcrcture

of the source reservow be inezeased % [Delhs 1990]

Here T, =273 , 7=280 K

T, =

h = 05

T, = 560 K

In the second case,

Ta = 0 7

m= [t-(ns)]
T'., ORO a

, — . — -_ iP : aPi = 9 3. (0S 38 Js

The increase in temperature of the source,

= 933,3-—560 = 3733 K = 3733°C

Example A 37. A black body at a temponture 6174 K emits

radiation of wunclenyth 4700 A with manimim enciay. Caleulate
the temperature atarhich it wilt enatawurecdength of 14 10 5 em

tith maximum energy. (Delhi (Hons } £1990]

Here An J = constant

Ay Ti = As Ts

T, = 4174

A= 14x10 Sem = 14004

"= ?

T AT; 4700 x 6174
g = rs _ 1400 == 20727 Ke
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Example A 38, Calculate the value of Fermi energy for copper

at absolute zcro, given that the energy density of ele trons in copper

is 8-5 x 10" electrons{/m®, the Boltzmann constant k = 138 x10-*
J/K. h = 662xK10°* J.8 and m, = 91x 10 * kg.

[Delhi (Huns) 1990}

E h? 3 N \¥s

7 ~ 8m ( =)h+-)]
Here h == 6-62 x 107** J.

m 1x 10-3! ky

N K Bo] 4y= 8-& x 10°3 electrons/m

Ep =: (6:62 x 10°" TT 3x 85x 10% = A/

TT BxXOEx 10-8 IL 3-147

Hig -- 11-46 10 9 J

11:46 « 10°"

Hr - ( 16x19
Example A 39 = A Carnot engine has tls source at 100°C and

fa stuk ts matniatned aia constant temperature by means of ice at

Wo. Tfatis working at th rate of L0Q watts, how much ice will
meiten one minute ? (Delhi, 1992]

P —: 100 watts=100 d/s

Work doue in one minute +100 «x 60=000 J

T, -lweC 373K

T= OC -- 2B Aw

} eV = 7:163 eV

A, T,

WV T.—T

Hy, T; ‘(t)
it, _. T

“Hy, < F. -0.(28)

From (¢) and (77)

Woe MnP:
i, T's

He = {| — Wl, | _ v00x 272

2 1, T, | #100 —

Al, = 16380 J

Suppose, m ky of ice melts

H,; = mL

H, 16880

n= Ty 80x10 £2 = 004875 kg
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Example A-40. Jf the AIS speed of molecules of hydrogen
at NIP is 184 km]s, caleulate the RMS speed of oxygen at NTP.
The molecular weight of hadrocen and oxygen are 2 and 32 res-
pecticcly [Dethi. 1997)

Hans (, [st da!

O, =— ¢

[a
° 32 16

F -

O Pe
(', l

J 84 lo

Le
(4 —

7 i

(¢ —U40krm;. 460 m/s

Example A-41. Waiter beals at a demp rature of 100-C ata

pressure of PAZ mma Hy, Lar of wet r ecoupies 1601 emt on

Peden verte Tadend one (he Taker no eb ocf teen (7 4 {2x iv"

rants ofl [Dethe(Hons) 1997)

cP L

iT ~~ TV, Vy!

iP. TST 760 °7 mm of He

STe acl Ibe

27 136» 980 dy nes/om?

iy ove UK

T 373K

LF, OO] --1 = 1600 cn

I

, Ld PVa- 44]

ir Le

31342 7K13 6% 980 x 1609
——- - i erps/ pg

2147 6 «107 crg./y
‘&) . { 7

[a TAT OX 10" _ 51133 cal/g
$e lor

Example A 42. Calcctah the Fomicnegy and the pressuce

af clectrons ov alan vad of absalate 7010

Dersityef Al= of > MP kgfae

Alene ucophtuf Al- 20 kgfk mole

m, - BITXK 10 * ky

hk -- 663y J0-*# J .

[Delhi (Hons) 1997)
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Taking one free clectron per atom, 27 kg of Al contains
6-023 x 10® free clectruns.

Density of copper=7-7 x 10? kg/m?

27

Y= TIO
*. _ 6 exe nl = 17177 10

' 3 3 N\A

Fe “Sm (= \( 7)
k, = (6-63 x 10 *4)? (Se s/s

8x9 11 «10-3! 3°14

Kr = 18:1x10 J

My = 181x107

16x 10-%

FE, = 1131 eV

Pressure, p= ae ~ ee ~— ( >)( 7 ) er
6

ds 3 >» 177-77 x 1087 «18-1 kK 10-1

aq - 20 73 x 10 N/m?

Example A-43. An unclothed boy is in arocomat 20°C. ¢
the skin temperuture of the boy is 37°C, how much heat is lost from

his body in 10 minutes Thi surface arcu of the student ts 3 m* and
emissivity 18 090 and

o = 567K10-3 Wi/mt—h4

Here = O9

A 3 a?

3 - ob. X10 2 Wyiant—h

@, =~ 2754 37- 319K

8, = 273 +20 = 293 Kh

Rw«eAc (6,4 — G8)

R-~V9KSX5 CT x 108 [(310)4— (203)4]

R= 286 Js

f-. 10 munutes = 600 +

Total heat lost bs the ehia in 10 nuuutes,

Q- Rt = 286X600 = 1716x186 J

Examutle A 44.) Ai) in the cylinder ¢f u combustion engine at
20°C 18 com, eased fram an initial pressurc of I utmosphere and

volume 8x10 404% to a volume Gx 10-5 mt. Assume that air behaves
an ideal gas (y = 1:46) and the process is adiabatic, calculate

(a) final pressure \b) final temperature of the gas
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Process is adiabatic

(a) PV; = P Vs

Vy, 7

Po= Pil pt
Here P, = 1 atmosphere

V; 8x10 4 m5

Vs = 6 10-5 m3

T, = 273120 = 293K

8x10 4 Ps

a=} | éeci0 é ]
P, = 37-6 atmospheres

x PV
(6) Since “Fi IW always constant durmy the process a, ne

yas has escaped from the cylinder

PV
~/

Pv, — PW:
rT, OT,

m (ply )m
i” 37 6 GxXWF yo

‘= (-" ratio ) 203
T'. = 826 2 K

T, — 553 2°C

Example A-45) A point scurce of Power Povs placed at the

centre of a@ spherical shell of mein radius Ro The material of the
shell hus thermal conductivity K. If the temprruture differcue
between the outer and inner surfaes of the shalt ty aot io corcd T the
thicaness of the shill shavld not he less than .

[7.2 2. Babance Bxam, 1991)

= mR = ronstint

dQ > dTHer “=P =KA (=--}

dQ » «7 i,
“aA == K (4x 1?) “Th — f

dr 4xnk

ae (4° )ar
Integrating

13

dr 4nk[< = o | ar
rT}

l l Ac AT

~ ~ PTy rg
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(fa--71) = (=~) 1%
Approximately 1, =~ r,~ R, °°. nrg = B®

(Ya—¥y) -- ( = )R
Example A-46 =A solid copper sphere (density p and specific

heat O) of radius rat initial temperature 200 K is suspended inside
u chamber whose ually ave ut almost OK. The time required fur the
temperature of the sphere tu fall to 100 K 48 ...:.

(1.1.1. Entrance Exam, 1991}

Here 7. = ec A(T,—T,‘)

Here e = ]

and A = 4x1

aq ay’
Al —- = =0 di me ( dt )
Alzo mo ( to e

3

me ( a =- A(T! 4—- To)

T, = 0

# (42) #

fs 2 Vin ear
[a \ 4n 9? (“= } 7

200

ONEi - (5. - ){ 3 Yi ( 200° / 100
, Tre C7

~~ 1 (72 108) |

Example A-47. The molecular deaniler of an tdeal gas ts

2>10%m at a tempoutue of 20°C and pressare I atmosphere.

Criculate the

(2) mean free path

(b\ collision frequency

Velocity of molecules al

20°C == 511 mis,

Tuke I atmosphere pre-sure

= 101x110 Nin?

(4) Here T = 298 1

Integrating
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As the gas 1s ideal, the equation

PV=NET canhe appued

. N P 101 10°
a —— ~

i" kT (1 38 + 10 23) x 293

25-6 10? molecules im’
mean free path

Lalixn 2> bo %2.(2 0. 1045)

L 225 1071

(6) colhsion trequency

‘ oll

Py P23~ 107
J 227 71M pr xconed

Example A 48 ( feadste Ub wooly ef colle tons por second
of c molecule Of agi herein ame fare peh hsooe TO tm Tale
average spreh of the molecule o« Gtl n [|Delhe L493

Mean free pith A PST 410 711

re. 6)}om .

Collision frequency,

Q rl]

[ A Ifo «10 7
Example A 49 Culew! te th sured, in eatery of Lhg of

tce when its concerted rte tom Grca the speripe heat of water
te fkeallq °C lLitent hoot ofaee SOhealikhpand the lotent heat of
steam 15 340 | ¢ lihky [Lethe 1992)

(I) Incree Cancatiopy when d he of wc at °C as converte t
into writer at O°

2727108 por secon

dS - ” log kd by

~) Increvse in cntiepy whent! — femp tatare of a ky of
Water 15 rained from OC to TOO

4;
iP,dS — | _ —~m 22 dU2b lo, uy, T, |

T;

373 a
Ist 2duzb loti (p95 \— 0312 k cal/K

(3) Increase in cutropy whin Tk ot weiter at 100°C a0
converted into steam at 100 ©

Saf = 6510

WS= p = 9973
Tota! increase in entropy,

aS = 0:2034-0 319-+1:447 ~ 2052 k cal/K

- 1447 k cil/K
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Example A-50 Calculate the rise in temperature of a gas initially at
27 C, ofits pressure is suddenh doubled, y = 14

[Kerala, 1992]

r 0 y 1

Hee, fi = 2
iy Tr,

Py [_Fy tb)
Hete Pr. —- PP

[, 27 27 4+ 273K

300K

/ y

v 14

' i f \la

(") \ 300 |

04 log 2 14 | log / lug 300]

04 03010 ld ]flog fl - 24771]

log 7 0086 + 2477)

2 5671

I 360 7K

30657 973 927 C

Kist in temperature (Y27 DIP |

057 €

Kxample A-S1) (alc ulate th 4 wk done when cne ite of a mona
toma perfect gas at NTP os compres ¢ tl adiahatwally ta half its volun

Y 147

(Calicut 1992

Here } f fiere 10'cm' 107'm

b 05 litre - SUOcm' 5x 10 ‘m

y - 167

Wurk done

! t | 1
W nents ee or| 5 wrt |
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067 067

w=. ({(—lL_— _!) ft
] = 1.67 5 x 1074 197

— _ oe 3,007 4, 067
= (car) [2 x Oy - U0)

ry

=. fa | 162.8 - 1023 |

= -903]

Negative sizn shows. work is done on the gas.

Hence work done on the gas = 90.3 J

Example A-52) 7wo Carnot engines X and Y are operating in series

The first one X recvives heat at 1200 Ks and rejects to a reservoir at

temperature T K The second engine Y receives the heat resected bv X and

inturn rejects to a heat reservoir at300 K Calculate the temperature T for

the situation when:

(i) The work outputs of two engines are equal

(n) The efficiency of two engines are equal

[Acnpur, 1997

(1) When work outputs are equal.

For the first engine,

W, = Ih- Hy?

For the second engine,

Wy, = H»>- Hy

Here Woe WW,

Hy-H: H2- HA;

Mm), 2 (
Hy CHa

Also ff 1200 and He | Sf or Ay - 300
0° OH: r Hy 300° Hi; T

1200), _ 300
r J T

or r 750K

(2) When efficiencies are equal.

A)n =l- Hy
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I 300.

1200 ]

I 600 K

Fxample A 53 4(€ arnotcngine working betwecna source at temper:

ture 27 © and sink at-73 C delivers 300 calories of heat to the latter

one cicle Calculate the work performed in joules by the engine per cycle
[Calcutta 199

Wate 7 27 + 273 300 K

] —7% + 273 200 &

H 200) calories

H ?

H ty

i Tb»

AT, 200

*00 200

H 450 calones

W oh perfornid per cycle

4 Hi-fi

450 — 300

1S calon

1s0 x 42 J

630 J

Examole A-54 Inacold storage ice me.ts at the rate of 3 kg per he

when the » sternal temperature 1828 C Find the mirimum power outpul

the motor used tu run the refrigerator just to prev nt melting of ce

Specific latent heat of ice fusion 33 x 10° Jkgq'

[Calicut 19
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m= 3 kg

L - 33% 10° JkgTM!

s - 42x 10° = JkgTM'- °C
Heat taken b+ ice to melt into water and reach a temperature of 28°C in

one hour.

O= mL+ms8

= 3 x 3.33 x 10°+3 x 4.2 x 10’ x 28

- 1343 x 10°J

To prevent t:elting of ice, the refrigerator should have the power out,

P = 1,343 x 10° J/hour

1.343 x 10°

3600

373 Watts.

Example A-§5 Calculate the depression of melting pomt of ice by one

atmosphere Inc reasc of pressure, given, lutent heat of

ice = 3.35 x 10°5 ‘he and thy specific volumes of 1 kg of we and water

w0‘°C are 1.090 + 10 ? m'and 107' m' respectively

J/s

(Kerala, 1992]

Here, f = 3435» 10°) keg

7 = 273K

vy, 1090 . 10 °m'

Y. Wim

df ) atmosphere

O76. 13.0% Id’ > 98

lGl « 10°N m’

AP. fb
di { ie - Pf

ay PEN)
I

101» 10» 273 joa 108 107"7

335 x 10°

Abhi RK

"6 a”? ¢
fheres re cl rease aye

. “EMeling ouint of ‘¢ . ol
ne almus, ere PLINt Of ‘cc with an increase in pressuit
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= 14x 10° K = 7.4 x 10° °C

Example A-56 Find the change in boiling point of water for 100 cm

change in mercury pressure if the specific volume of steam is

1601 cm’/gram at 100°C and 76cm mercury pressure Take latent heat as

536 cal/gram.

[ Allahabad, 1992]

[In SI system],

Here dP - 100 cm Hg = I m Hg

- 1 « 136 « 10° « 98 N/m’

1.33 « 10° N/m?

V, tom‘ gram 10 'm'kg

F, 1601 cm'’pram 1601 « 10°’ m' kg

L 536 cal ‘pram

- 336 «42 10° Srhe

225. 10°) hp

Po - 100 C 373 WK

df?

a? _ fo
d7 Y[Vo- Ful

— aPr IV -¥4)
dgdio--— +--+

l

i33% 10°» 377 [1601 « 10 °- 10 7]
~_

=_e eee ee eee ee oe oe a a er ——- —_ -—

225 6 10°

- 34.28 K

35.28°C

Iheretore, increase in botling pomt of Water aith an increase of 100 cm
in mercury pressure

- 365.28 K 35.28 €

Example A-57) The ratio of the densities of we und water at C6

J0 Calculate the decrease in the melting point of we, even thal latent heat
1]

of fusion of we - $0 cal/em and change in specific volume - 0.1 ¢ 0.7 gm
The increase in pressure ts one atmosphere

(Osmania, !992|

[In SI system],

AP = 0.76 « 13.6 x 10'« 98 = 1.01 x 10°N’m’
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/ = 80 cal gram

- 80 x 42 10° Ike

336 x 10° Jvke

] 273K

Vv, - 4 -0! cm? gram

-Ol* 10 m' kg

di 2

dP ye
dl [ [bo- Vy]

dP» P[b = by]

1Oly 10 +» 173 1-O1- IO |

33H. 10°

-82 ~~ 10°K

-8%2. 10° €
Therefore the decrease in the meltin: point of Ive with an increase Ir

pressure of one atmosphere

8210 °K g2x« 10° €

Fxample A-S5R) Cale udute the chanve of entropy on converting a mole
9

ofa vas occupying, 20 Niecs ata pressure of 26 WO N Mm to occ ing

Whresatapressmeof Wo Nm Gner

RK 84 .mol 'R!

Cy 21 IT mal 'K!

fAcvala 1992]

Here, Py 2<«i0°Nm

by 20) fitres

Pr» - 5% 10°NMTMm

}> - SO Ittres

} or a perfect gas.

Pula Pal
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_ 5 x 10‘ x 50

~ 2x 10°» 20

6 24

by 30 | >
Also, y oT 25

(", ~ 21 J/mol - K

R - 84 J/mol -—K

Tix change in entropy,

[, ~ V2dS C, x 2 3026 log ,, [+ | 1 R x 23026 log, >)

21 > 23026 log, (625) + 84 x 2 3026 log, (2 5)

21% 23026 « 07959 + 84 » 23026 x 0 3979

3% 4552 + ° O96!l

46 181%

4618 J/k

Phortore increase inentropy 46.18 JK

Example A-59 = fssumine the spucific heat capacity of water, find the
hunge inentropy, when fl ke of water atlS Cty mixed with 0 16 kg of

etter Wt Al) €

[Calin ut, 1992]

[in Sl system],

Speciic heat of water

) } kcal’/kg- C

42x 10’ J¢kge— ¢

Hetc, m, O1 kg

Ty 15 + 273 288

m, —~ O16 kg

f, - 40 + 273 - 313 K

1 «* the final temperature be T

mys x[T-T)] m,x sx |[fr2- J] ]

m,[f- Ti] m,{7i-T ]

01 [7 -— 288] 016 [313 -/ |

T = 303.4 K
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(i) Change in entropy when the temperature of 0 1 kg of water nses from
288 K to 303.4 K

i

6H (dT

pms [CGE
Ol x 42 10’ + 23026 log ,, saR |

\

21.88 J/K

(11) Change in entropy when the temperature of 0 16 ke of water de-
creases from 313 K to 303 44K

Off a
— ms -— |
7 i |

03
O1o» 427 10's 23026 bog, OS

‘Bn,

~2)09 TK

Therefore, the net change in entropy ofthe system + 71 88 ~ 20.9%

0.95 J/K

Hence, net mcrease in entropy,

0.95 J/K

Example A-60 /25 sm of we af-24 © os comverted into sicum uf

100 C Culculate the change inentropy Itt) given that latent heat of steam

5 36 caligm latent heat of we 80 calem specshtc heat of te a4

cal gm-h

[Bhagalpur 1 992|

Jin Si system],

m 125 grams 1245 « 10 ‘he

Latent heat of ice 80 cal/gram - 80 « 10'x 42 J) kg

336 > 10° J) kg

Latent heat ot steam = 5536. cal’gram = 536 « «10° 42 J/1g

= 225» 10° J/kg

Specific heat of 1ce - 0 5 cal/pram—K

= 05% 10'« 42 J/hg-K

21x 10'S kg-K
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Specific heat water — 1 cal/gram—-K

= 1x 10'42 x J/kg-k

42. 10' I kg -K

Increase in entropy when temperature of 125 » 10 kg of xe ts(1)
incicased trom—24 C to 0 C (249k to 273 k)

‘

, SH
1s | 7

ms | dl
f

ms log p 421 |

' 273I2> 10° 215 10 bos 249 |

P28 4 77 6 73026 low as

2.42 J/ A

(") Increase in cotrop, when 12% 10) he ote at O C 1s con-

vuricd inte water at O ¢

6 H m
S

a I i

J2s x 10 *x 336s 10

273

15.38 J/K

(3) Increase in entropy when the temperature ot 125 x 10 he ot

water 15 ratsed from 0 C to 100 C (277K to 373 K)

fy

. olf
dS = 7

yy

—~ ms x 23026 8 (7 |
|

125 x 107'« 42 x 10° x 23026 log,, 5
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16.38 J/K

(4) Increase in entropy when 1245 » 10°° kg of water at 100 C is

converted into steam at 100 C (373 k)

6H mL
AS r = r

125 * lO x 225 ~« 10°

373

75.4 JK

Total increase in entropy

24? + 1538 + 1638 4+ 7% 4

109.58 J/K

Friample A Ol Mow muchtime willittahe for ulayer of icc of thickness

Jom to smorcase bv 1m on the surfer. of Coand when the to mperatun

of surroundines ys -ts (

) i} Q() ¥ im,A OOONC GS uty FO SO0 Cats

[A anpur [ov]t

Jin © GS system]

fte hi foot

Pe of
i | * \ |

° AO

iere, 9 QO9 ¢ «cm

[ 80 cal un

A 0005 € GS ants

0) is ¢

LI 20 cm

1 30 cm

Qa » 80 r 2 7
f --— (30)° — (20)°

2x 0005 18 [LO ~ OY |
24% 10° 8

66 hrs — 40 min

Example A-62 A solid copper sphere of radius R 1s at a temperature

of 121°C and it couls ut a rate of 26°C per minute 4t what rate a solid
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copper sphere of radius 2R will cool when kept at a temperature of\95°C ?
ifn both the cases the surroundings ure maintained aB0°C and Stefan's law

is applicable.

[Bhagalpur, 1992|

Here, a = 2.6'C per minute

Energy radiated per minute,

E,- m,s ($3

For first sphere,

4 R'Sm, {4} 3 7 *]

A);
77 2.6 © per minute

Abo EF, Ave ot (rT)

Here, fy - 273 + 121 - 394K

To 273 + 30 - 303K

4, 40,

Simuarly, for the second sphere

10,

dt |by ms |

f ‘
i fheatil'- 7]

Here, 4> 47 Ry

4

and mM, 3

J ~ 273 + 195 =~ 448K

dO, ' s,m, (2 | Ave ot(7'- To) -.+ ())

JQ; . -and ms (3F"| = Areot(Ts- Ti] ... (il)

Dividing (ii) by (i),
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_ (42 T2*- To"

A\ T,‘~— To‘

d02

dt |_ ae || SO Ber

| aR ) | G94)‘ - 03)"
be J

{d@, (26) R\ (48 x 10") - (084 «x 10")

~ R2}} (241 x 10"°) - (084 x 10")

But R 2 Ry

dQ. 1sm 26| 3 | 252)

3.276 C per minute

Example A-63 he temperature eradi nt of un insulated copper rad is

250 C/metre Compute the difference in temperature bc tweey two points

separated by 005 m Determine the amount of heat crossing por second per

unit area normal to the rod Given thermal conductivity of cc pper is

384Wm 'K !
[Kerala 1992|

9
1) Here, “ 00 m

ax

For x 005 m

lemperature difference,

(0,- 9) 250 « 005

12.5 C

{d0(nn) O kf oe | t

for ( — It second

A 384 Wm-kK

lm

qd) asyco m 250K m
dy

Q = 384 ~ 1 (250)!
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QO = 96 x 10‘ J/s.

Example A-64 Compare the radiant emittance of a black body at

200 K and 2000 K Gena = 5672 x 10°°M K S. unuts
{[Kerala., 1997}

Here, T, — 200K

T2 = 2000K

R, = 6 T,*

R> - G T,‘

Ri ny

R,} |{7,

‘ 200 \"
| 2000 |

- 10 *

Example A-65 4 black sphere of diameter & cm 1s heated to S00 K

wien the surrounding temperature ws 300K) Whats the rate at which energy

1 paduited * Stefan’s conviant 16+ 10 ' Wm 7K 4

[Calin ut, 1992]

Here, oo 6-10*Wm’K !'

t Is

J S00 K

i. - WOK

d Sem - OU8 sn

A nd’

314 « (008)’

- 002 m

ed

R- oAeli'-7."|

= 6+ 10%x 002 x1 | (500) - (300)*|

= 65.28 J/s

- 65.28 watts
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