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PREFACE

No nation can flourish without literacy, universal Education and particularly

without scientific Education. Realising this fact, the Education Department, Govemnment
of the Punjab prepared a new Science and Mathematics curricula which has been
approved by the Federal Government for implementation at the national level.

This book has been written according o the new curriculum. Some of the salient

features of this book are:

i)

The International System of units (Slunits) and nomenclature have beenused
throughout this book.

Important statements, definitions and numbered equations have been made
prominent by setting them in colour This is useful for easy review and quick
recapitulation.

In order to increase the interest and curiosity in the students, the subject matter
has been made more effective by adding real life figures and diagrams.

Additional information under various captions is given frequently, which is interesting
and very informative. This isrelevant but is not referred to the text.

The very important concept of Significant Figures is though: not casy 10 graspand often
is 3 case of confusion for the uninitiated. Most textbooks pay lip service to theconcept..
Although theconcept is introduced usually inthe first chapter but its spiritand use is not
followed in the subsequent chapters. Comprehensive treatment of the usc of significant
figures is given in this book to develop measuring and recording skills and accuracy in
observations. Effort has beer made to quote answers to correct scientific notation and
number of significant figures in all numerical work.

Some of the topics that have bearing on the subject given in the text but are of some -
what advanced level, are described scparately at theend ofthe book in the

form of appendices.
(0
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vii)

A summary of the chapter is given at the end of cach chapter for a quick revision.

viii) Bibliography is given at the end for further reading and reference.

ix)

x)

Mathematical review for physics study is added as an appendix.
The glossary of terms and index are also provided at the end for a quick reference.

Since there is always a room for improvement, new ideas, fresh knowledge and
information, continuous research, modern methods of teaching, national demands and
aspirations and above all the wish for a change always expect the curricula to be revised
and updated regularly,

The present effort is also a ring of this chain, Anyway, | hope that the teachers,
the swudents, the pareats and the experts will continuously keep us informed of their
opinion about the new curriculum and the textbooks, so that we may be able to improve
the next edition of this textbook.

At the end, we would like to thank the various educationists and experts who,
most willingly, came forward to review our work and gave very valuable suggestions.

Above all, we thank Almighty Allah, who provided us the opportunity and
gave us the strength to undertake this work of national importance. We pray that this effort
may prove 1o be the beginning of a new era: an cra in which Science & Technology may
make great progress in Pakistan and Pakistan may become at par with the developed
nations. (Amin!),.

Editors

(4)
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‘Chapter}|

Learning Objectives

At the end of this chapter the students will be able to:

1
&
3,

o m A

R -

10
11

12

13
14

Understand what is Physics.
Understand that all physical quanfities consist of a numericel magnitude and a unit.

Recal the following base quantities and ther units; mass (kg), length (m), m(s)
current (A), temperature (K), uminous intensity {cd) and amount of substance (mol

Describe and use base units, supplementary units, and derived units.
Understand and use the scientific notation.

Useheslandardpnﬁxesmdmeirswbusbmdmmmmmm“or
muiltipies to both base and derived units.

Understand &nd use the conventions for indicating units.

Understand the distinction between systematic errors and random errors.
Understand and use the significant figures.

Understand the distinction between precision and accuracy, |
Assess the uncertainty in a derived quantity by simple addtion of actual, fractional
or percentage unoertainties.

Quote answers with correct scientific notation, number of significant figures and
units in all numerical and practical work.

Use dimensionality to check the homogeneity of physical equations.

Derive formulae in simple cases using dimensions.

L versince man has started to observe, think and reason he has been wondering about

the world around him. He tried to find ways to organize the disorder prevailing in the observed
facts about the natural phenomena and material things in an orderly manner. His attempts
resulted in the birth of a single discipline of science, called natural philosophy. There was a
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Intardisciplinary areas
Physics

of
AStmphysics

huge increase in the volume of scientific knowledge up 1ill the
beginning of nineteenth century and it was found necessary
to classify the study of nalure into two branches, the
biological sciences which deal with living things and physical
sciencas which concern with non-living things. Physics is an
important and basic part of physical sciences besides its
other disciplines such as chemistry, astronomy, geology etc.
Physics is an experimental science and the scienlific method
emphasizes the need of accurate measurement of various
measurable features of different phenomena or of man made
objects, This chapter emphasizes the need of thorough
understanding and practice of measuring techniques and
recording skills.

1.1 INTRODUCTION TO PHYSICS

At the present time, there are thres main frontiers of
fundamental science. First, the world of the extremely large,
the universa itself, Radio telescopes now gather information
from the far side of the universe and have recently detectad,
as radio waves, the “firglight” of the big bang which probably
started off the expanding universe neary 20 billion years
ago. Second, the world of the extremely small, that of the
particies such as, electrons, protons, nautrons, mesons and
others, The third frontier is the world of complex matter, It is
also the World of “middle-sized” things, from molecules at
one extreme 0 the Earth at the other. This is all
fundamental physics, which is the heart of science.

But what is physics? According to one definition, physics
deals with the study of matter and energy and the
relationship between them, The study of physics Involves
investigating such things as the laws of motion, the structure
of space and time, the nature and type of forces that hold
different materials together, the interaction between diflerent
particles, the interaction of electromagnelic radiation with
matter and so on.

By the end of 19" century many physicists started believing
that every thing about physics has been discoverad
However, about the beginning of the twentieth century many
new expenmental facts revealed that the laws formuiated by
the previous investigators need modifications. Further
researches gave birth to many new disciplines in physics
such as nuclear physics which deals with atomic nuclel,
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particle physics which is concerned with the ultimate partices
of which the matter is composed, refativistic mechanics which
deals with velocities approaching that of light and sclid state
physics which is concemned with the structure and properties
of solids. but this list is by no means exhaustive.

Physics is mos! fundamental of all sciences and provides
other branches of science, basic principles and fundamental
laws. This overlapping of physics and other fields gave birth
to new branches such as physical chemistry, biophysics,
astrophysics, health physics etc. Physics also plays an
imporiant role in the development of technology and
anginaering.

Science and technology are @ potent force for change in ,
the ouliook of mankind, The Information media and fast |Eaie S e
means of communications have brought all parts of the  ssmiconduciac
world In close contact with one another, Events in one pan

of the world immediately reverberate round the globe.

We are living In the age of information technology. The

computer networks are products of chips developed from 2
the basic ideas of physics. The chips are made. of silicon. b_ LY Ot
Silicon can be obtained from sand. [tis upto us whather we

Do You Know?

make a sandcastie or a computer out of it. oo y
0%

1.2 PHYSICAL QUANTITIES +® hea "
The foundation of physics rests upon physical quantities in 100 | S Ofen shom
tarms of which the laws of physics are expressed. b
Therefore, these quantities have 1o be measured accurately. — Y
Among these are mass, length, time, velocity, force, density, §:
temporature, electric current, and numerous others. ' @ of the st

woe Dstarcs 1o the
Physical quantities are often divided into two categories: | car L
base quantities and derived quantities. Derived quantties rearast st
ars those whose definitions are based on other physical O L O s
quartities. Velocity, acceleration and force etc. arz usually - gt
viewed as derived quantities. Base quantities are not ] L = e

defired in terms of other physical quantities. The base
quartities are the minimum number of those physical
quantities in terms of which other physical quanities can cistancas
be dafined. Typical examples of base quantities are length,

mass and time,
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The measurement of a base quantity involves two steps-first
the choice of & standard, and second, the establishment of a
procedure for comparing the Quantity to be measured with
the standard so that a number and a unit are determined as
the measure of that quantity.

An ideal standard has two principal characteristics: it is
accessible and it is invariable. These two requiroments are
often incompatible and a compromise has o be made
between them,

In 1960, an international committee agreed on a set of
definitions and standard to describe the physical
Quantities, The system that was astablished is called the
System International (SI).

Due to the simplicity and convenience with which the units
n this system are amenabie to arithmetical manipulation, it
I8 in universal use by the world's scientific community and
by most nations. The system international (Sl) Is built up
from three kinds of units: base units, suppfementary units
and derived unils.

There are seven base units for various physical quantlties
namely: length, mass, time, temperature, electric current,
luminous intensity and amount of a substance (with special
reference ta the number of particles),

The names of base units for these physical gquantities
together with symbols are listed in Table 11. Their
standard definitions are given in the Appendix 1.

Supplementary Units

S
%43
3
A
K
o
mol

substance |
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Radian '

The radian is the plane angle batween two radii of a circle
which zut off on the crcumference an arc, equal in length
to the radius, as shown in Fig. 1.1 (a).

Steradian

The steradian is the solid angle (three-dimensiona angle)
subtended at the centre of a sphere by an area of its surface
equal to the square of radius of the sphere. (Fig. 1.1 b.

Derived Units

Fig. 1.0}

S| units for measuring all other physlcal quantities are
derived from the base and supplementary units. Some of
the detlved units are given in Table. 1.3.

Fig. 1.4(b)

charge | ey =S 5 = :
Numbers are expressed in standard form called scientific
notation, which employs powers of ten. The intemationally
accepted practice is that there should be only one non-
zero digit left of decmal Thus, the number 134.7 should
be written as 1.347 x 10° and 0.0023 should be expressed

as 23x 10"

Conventions for Indicating Units

Use of S| units requres special care, more particularly in
writing prefixes.

Following points should be kept in mind while using units,

) Full name of the unit does not begin with & capital
letter even if named after a scientist e.g. . newton,
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Table 1.4

Sorw Prafixes for Powars of Ton
Factor Prefix Symbol
10. ats e
w" fernto !
1" pico p
10* rang n
1ot micro u
10° mil "
16° cant c
10° oau d
w doca ~ ds
10t Ko k
15 noge M

1 G
10" :: T
10" " pada P
to" e C

The symbol of unit named after a scientist has
Initial capital letter such as N for newton.

The prefix should be written before the unit without
any space, such as 1 x 10™ m is written as 1 mm.
Standard prefixes are given in table 1.4,

A combination of base units is written each with
one space apart. For axample, newton metre Is
written as N m.

Compound prefixes are not allowed. For exampile,
TpuF may be written as 1pF,

A number such as 5.0 x 10* cm may be expressed
in scientific notation as 5.0 x 10° m.

When a multiple of a base unit is raised to a power,
the power appfies to the whole multiple and not the
base unit alone. Thus, 1 km? = 1 (km)* = 1 x 10° .

Measurement In practical work should be recorded
immediately in the most convenient unit, eqg.,
micrometer screw gauge measurement in mm, and
the mass of calorimeter in grams (g). But before
calculation for the result, all measurements must be
converted to the appropriate S| base units.

1.4 ERRORS AND UNCERTAINTIES

All physical measurements are uncertain or imprecise to
some extent. It is very difficult to eliminate all possible errors
or uncertainties in a measurement, The arror may occur dus
o ' negligence or inexperience of a person (2) the fauty
apparatus | inappropriate method or technique, The
uncertainty may occur due to inadequacy or kmitation of an
instrument, natural variations of the object being measured
or natural imperfections of a persen’s senses. However, the
uncertainty Is also usually described as an emor in a
measurement. There are two major types of ermors.

(1} Random error (1) Systematic error

Random error is said 1o oecur when repeated
measurements of the quantity, give different values under
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the same conditions. It is due to some unknown causes.
Repeating the measurement several times and taking an
average can reduce the effect of random errors.

Systematic arror refers to an effect that influences all
measurements of a particular quantity equally. it produces
a consisten! difference in readings. ! occurs o some
defintte rule. It may occur due to zero error of instruments,
poor calibration of nstruments or incorect markings etc,
Systematic error can be reduced by comparing the
instruments with another which s known to he more
accurate. Thus for systematic error. acarrection factor can
be applied..

1.5 SIGNIFICANT FIGURES

As stated earlier physics is based on measurements. But
unforiunately whenever a physical quantity is measured,
there Is inevitably some uncertainty about its delermined
value. This uncertainty may be due to a number of
reasons. One reason is the type of instrument, being used.
We know that every measuring instrument is calibrated to
a certain smallest division and this fact put a limit to the
degree of accuracy which may be achieved while
measuring with it Suppose that we want to measure the
length of a straighl fine with the heip of a metre rod
calibrated In millimetres, Let the end point of the line lies
between 10.3 and 10.4 cm marks. By convention, if the end
of the kne does not louch or cross the midpoint of the
smallest division, the reading is confined to the previous
division. In case the end of the line seems to be touching
or have crossed the midpoint, the reading is extended to
the naxt division.

By applying the above rule the posilion of the edge of a line
recorded as 12.7 cm with the help of a metre rod calibrated
in mitimetres may lie between 1265 cm and 12.75 cm,
Thus in this example the maximum uncertainty Is £ 0.05 cm.
It is, in fact, equivalent to an uncertainty of 0.1 ¢cm equal to
the least count of the instrument divided inio two parts, half
above and half below the recorded raading.

The uncertainty or accuracy in the value of a measured
quaniity can be indicated conveniently by using significant
figures. The recorded value of the langth of the straight line

.
—

tiverval (s)
AqsolMum 5‘10‘7
AQe ol the Earth 14x10"
One year L2107
One day B.6xt0"
Time between "
noma hearibeats 8x10
FPedod of audbie b
Sound waves X320
Penod of 2
rHog - 1x10°
P of vibration
wmna 110"
Period of vitible o
hght waves 20
Approximase Vialuas of Soms

Tima Intarvals

-
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Ordar of magnitude of some

Le. 12.7 cm contains three digits (1, 2, 7) out of which two
digits (1 and 2) are accurately known while the third digit
l.e. 7is a doubtful one. As a rule:

In other words, a significant figure is the one which is
known to be reasonably reliable If the above mentionad
measurement is taken by a better measuring instrument
which is exact upto a hundredth of a centimetre, it would
have been recorded as 12.70 em. In this case, the number
of significant figures is four. Thus, we can say that as we
improve the quality of our measuring instrument and
techniques. we extand the measured result to more and
more significant figures and correspondingly improve the
exparimental accuracy of the result. While calculating a
result from the measurements, it is impeortant to give due
attention to significant figures and we must know the
following rules in deciding how many significant figures
are to be retained in the final result,

o All digits 1,2.3.45,6,7.8.9 are significant. However,
Zeros may or may not be significant. In case of
zeros, the following rules may be adopted.

a) A zero between two significant figures is tself
significant,

b) Zeros to the left of significant figures are not
significant, For example, none of ihe Zeros in
0.00467 or 02.59 is significant,

) Zeros to the right of a significant figure may or
may not be significant In decimal fraction,
zeros to the right of a significant figure are

significant, For example, all the zeros in 3.570

or 7.4000 are significant. However, in integers

such as 8,000 kg, the number of significant
zeros is determined by the accuracy of the
measuring Instrument. If the measuring scale
has a least count of 1 kg then there are four
significant figures written in scientific notation

8
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as 8.000 x 10°kg. If the least count of the scale
is 10 kg, then the number of significant figures
will be 3 written In scientific notation as
8.00 x10° kg and so on.

4} When a measurement is recorded in scientific
notation or standard form, the figures other than
the powers of ten are significant figures.

For example, a measurement recorded as
8.70 x 10* kg has three significant figures.

(i) In multiplying or dividing numbers, keep @ number
of significant figures in the product or quotient not
more than that contained in the least accurate
factor i.e., the factor containing the least number of
significant figures. For example, the computation of
the following using a calculator, gives

5348 x107° x 364 x10* _ 3
T = 145768982 x 10

As the factor 3.64 x 10", the least accurate in the above
calculation has three significant figures, the answer should
be written to thres significant figures only. The other
figuras are insignificant and should be deleted. While
deletng the figures, the last significant figure to be retained
is rounded off for which the following rules are followed.

a) If the first digit dropped is less than 5, the last digit
ratained should remain unchanged.

n) I the first digit dropped is more than 5, the digit to be
ratained is increased by one.

c) I the digit to be dropped is 5, the previous digit which
is 1o be retained is increased by one If it is odd and
retained as such if it Is even. For example, the
following numbers are rounded off to three significant
figures as follows. The digits are delsted one by one.

43.75 is rounded off as 438
56.8548 is rounded off as 56.8
736350 is rounded off as 73.6
64.350 is rounded cff as 644
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For your information

We use many devices to meaiure
Phrsical quantitien, such as length,
trne, and lermparature. They ot have
same it of pescicion

Following this rule, the correct answer of the computation
given in section (ii) is 1.48 x 10°,

In adding or subtracting numbers, the number of
decimal places retained In the answer should equal
the smallest number of decimal places in any of the
quantities being added or subtracted. In this case,
the number of significant figures is not important. It
is the position of decimal that matlers. For example,
Suppose we wish to add the following quantities
expressad in metres,

72.1 27543
3.42 4.10
0.003 1.273
75.523 8.1273
Carrect answer: 755 m B.13m

In case (i) the number 72.1 has the smallest number of
decimal places, thus the answer is raunded off to the same
position which is then 75.5 m. In casa (ii),the number 4.10 has
the smallestnumberof decimal placas and hance, the answer
is rounded off to the same decimal positions which is
then 813 m.

1.6 PRECISION AND ACCURACY

In measurements made in physics, the terms procision
and accuracy are frequently used, They should be
distinguished clearly. The pfecision of a measurement i
determined by the instrument or device being used and the
accuracy of a measurement depends on the fractional or
percentage uncertainty In that measurement.

For example. when the length of an object is recorded as
25.5 cm by using a metre rod having smallest division in
millimetre, it is the difference of two readings of the initial
and final positions. The uncertainty in the single reading as
discussed before is taken as + 0.05 cm which i now
doubled and Is called absolute uncerainty equal to
$0.1cm. Absolute uncertainty, in fact, is equal to the ieast
count of the measuring instrument, :

Precision or absolute uncertainty (least count) = £ 0.1 em

10
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Fractional uncertainty = —%—150:" = 0.004

Percentage uncertainty = ;—L——;“n « 100 = 04%

Another measurement taken by vernier callipers with least
count as 0.01 cm is recorded as 0.45 cm. It has

Precision or absolute uncertainty (least count) = £ 0.01 cm

0.0tem

Fractional uncertainty = T 0.02

Percentage uncertainty = %’% « 100 = 2.0%

Thus the reading 25.5 cm taken by metre rule is although
less precise but Is more accurate having less percentage
uncertainty or error.

Whereas the reading 0.45 cm taken by vernier callipers
is more precise but is less accurate. In facl, il is the
relalive measurement which is mportant. The smaller a
physical quantity, the more precse Instrument should be
used. Here the measurement (.45 cm demands that a
more precise instrument, such as micromelre Screw
gauge, with least count 0.001cm, should have been
used. Hence, we can conclude that:

A precise measurement is the one which has less
absalute uncerainty and an accurate measurement
is the one which has less fractional or percentage
uncertainty or error.

To assess the total uncertainty or error, it is necessary to
evaiuate the likely uncertainties in all the factors involved in
that calculation. The maximum possible uncartainty or
arror in the final result can be found as follows, The proofs
of these rules are given in Appendix 2.

3 "61 yeor information
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Thess am rot deooration plecas
of glase but ore the ecorthest
Knawn cxgnise and  sensitive
thermomelers, bullt by .the
Accaderve del Cmento (1857-
16671, In Flosnca. Thoy sontainac
alcohwl. some tmes coloured rad
for parser raading.

1. For addition and subtraction

Absolute uncertainties are added' For exampie, the
cistance x ' determined by the difference betwesn two
separate position measurements

X=10.5% 0.1 cm and x, = 26.8 £ 0.1 om is recorded as

X=2X-x,=163202¢m

2. For mulitiplication and division

Percentage uncenainties are added. For example the
maximum possible uncertainty in the value of resistance 7
of a conductor determined from the measurements of
potential difference V and resulting current flow 7 by using
R = V/1ls found as follows:

V=52201V
=084 10.05&.

The %age uncertaintyfor Vis = 2—;3 X 100 = about 2%

The %age uncertainty for / is = —g—gi ;:» X 100 = about 6%

Hence total uncertainty in the valua of resistance R when V
is divided by 7is 8%, The resull is thus quoled as

‘R = oiéi'\i = 6.10 VA" = 6.19 ohms with a % age
' uncertainty of 8%
that is R=86.2% 050hms

The result is rmunded off to two significant digits because
Doth V and R have two significant figures and uncertainty
being an estimate only, is recorded by one significant
figure.

3. For power factor

Multiply the percentage uncertainty by that power. For
example, in the calculation of the volume of a sphere using

12
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v= 3 nr
%age uncertainty in V = 3 x % age uncertainty In radius r.

As uncertainty is mulltiplied by power factor, it increases the
precision demand of measurement, If the radius of a small
sphere is measured as 2.25 cm by a vernier callipers with
least count 0.01 cm, then

the radius ris recorded as
r=225+001cn
Absaclute uncertainty = Least count = £ 0.01 cm

001am
Elo el il - 0,
2250 x‘ 100 0.4%

Tolal percentage uncertainty in V=3x04= '1.'2%

Y%age uncerainty inr=

Thus volume V= .l xr®

w B

=—;— x3.14 x ( 2.25 cm)’

= 47,689 cm” with 1.2% uncertainty
Thus the resull should be recorded as
V=477+06cm’

4. For uncertainty In the average value of
many measurements.

() Find the average value of measured values,

(i) Find deviation of each measured vslue from the
average value.

(i) The mean dewviation is the uncertainty in the
average value.

For example, the six readings of the micrometer
screw gauge lo measure the diameter of a wire in
mm are

1.20,1.22,1.23,1.19,1.22,1.21.

Interesting Information

>
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Far your informatian

Traval time of light
Moon to Eanth 1 min 20w
Sun o Exth B min 20x
Puto 1o Earth 6 h 208

12041224 1,23¢1.19 +1.22+1.21
B8

Then Average =

=121 mm

The deviation of the readings, which are the difference
withoul regards to the sign, between each reading and
average value are 0.01, 0.01, 0.02, 0.02, 0.01, 0.

Mean of deviations = 221 *+001 '0.02; +0.02+0.0140

= 0.01 mm

Thus, likely uncertainty in the mean diametre 127 mm Is
0.01 mm recorded as 1.21 + 0.01 mm.

5. For the unée}i—aint\; ina timing'eper:mém

The uncertainty in the time period of a vibrating body is
found by dividing the least count of timing device by the
number of wvibrations. For example, the time of 30
vibrations of a simple pendulum recordad by a stopwalch
accurate uplo one tenth of a secona is 54 6 s, the period

015
30

T= Mes

= 1.82 s with uncertainty =0.003s

Thus.period Tis quoted as 7= 1.82 + 0.q03 S

Hence, it is advisable to count large number of swings to
reduce timing uncertainty.

Example 1.1; The length, breadth and thickness of 2
sheet are 3.233m, 2105 m and 1.05 em respeactively.
Calculahﬂwvohmoofmemeetoonemupmme
appropriate significant digits.

Solution: Given length 1= 3233 m
Breadth h= 2 105m
Thickness h = 1.05cm = 1.05x 10" m
Volume V=ixbxh
=3.233m x 2.105m x 1.05 x 10" m
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= 7.14573825 x 10° m’

As the factor 1.05 cm has minimum number of significant
figures equal 1o three, therefore, volume is recordad upto 3
signficant figures, hence,V = 7.15x10"m*

Example 1.2: The mass of a metal box measured by a
lever batance is 2.2 kg. Two silver coins of masses 1001 g
and 10.02 g measured by a beam balance are added to it.
What is now the ttal mass of the box correct upto the
appropriate precision.

Solution: Total mass when silver coins are addad 10 box
=22kg+ 0.01001 kg + 0.01002 kg
= 222003 kg

Since least pracise is 2.2 kg, having one decimal place,
hence total mass should be to one decimal place which is
the appropriate precision. Thus the total mass = 2.2 kg.

Example 1.3: The diameter and length of a metal
cylinder measured with the help of vernier callipers of least

count 0.01 cm are 1.22 cm and 535 cm. Calculate the - Atemic Clock

Vo"‘me VOfthe cylhwam Unceﬂainty ‘n " The cesium  alosoig 1::\p5:u;v
wondard ol the Nutioasl  loslitots

Solution: Given data is 4 o Sumdards wnd Tochnology
Colorsdo (USAL B 1 the primury

sndard for the unit of tine,

Diameter d = 1.22 cm with least count 0.01 cm
Length/ = §.35 cm with least count 0.01 em
Absolute uncertainty in length = 0.01 em |

0.01cm

“%age uncert i ey
ge u anty in length 535cm

X100 = 0.2%

Absolute unceriwnty in diameter = 0.01 cm

Yeage uncartainty in diameter= ’?“221::: X-100 = 0.8%
nd*l
As volume Is V= -—4—
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" total uncertainly in V=2 ( %age uncertainty in diameter)

+ (%oage uncertainty in Jength)
=2x08+02=18%
Then v = 314X x535em . 6 2600079 cm” with
’ ' 1.8% uncertainty
Thus V=(62%04)cm’
Where 6.2 cm’ is calculated volume and 0.1cm® is the

uncertainty in it

Each base quantity is considered a dimension denoted by
a specific symbol written within square brackets. It stands
for the qualitative nature of the physical quantity. For
example, different quantites such as length, breadth.
diameter, light year which are measured in metre dencte
the same dimension and has the dimension of length [ L ].
Similarly the mass and time dimensions are denoted by
[M] and [ T respectively. Other quantities that we
measure have dimension which are combinations of these
dimensions. For example, speed is measured in metres
per second. This will obviously have the dimensions of
length divided by time. Hence we can write.

Dimension of length

Dimensions of speed = ey e .

1= =1L =)
Similarly the dimensions of acceleration are
[al=[L1IT*I=1LT?
and that of force are
[Fl=[mlla]=[M][LT?]=[MLTY

Using the method of dimensions called the dimensional
analysis, we can check the corectness of a given formula
or an equation and can also derive il. Dimensional analysis
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makes use of the fact thal expression of the dimensions
can be manipulated as algebraic quantities.
{1} Checking the homogeneity of physical equation

In order to check the correctness of an equation, we are to
show that the dimensions of the quantities on both sides of
the equation are the same, irespective of the form of the
formula. This is called the principle of homogeneity of
dimensions.

Example 1.4: Check the correctness of the relstion
v= FT;—' where v is the speed of lransverse wave on a
stretched string of tension F, length | and mass m.
Solution:

Dimensions of L.H.S. of the equation = [v]= [LT ]
Dimensions of R.H.S. of the equation = ([F ] x [/] x[m")™?

=(IMLT Jx[LIXIM D= (2T 1= (LT
Since the dimensions of both sides of the equation are the
same, equation is dimensionally correct.
{8} Deciving a,possible formula

The succass of this method for deriving a relation for a
physical guantity depends on the correct guessing of
various factors on which the physical quantity depends.

Example 1.5: Dorive a relation for the time period of a
simple pendulum (Fig. 1.2) using dimensional analysis, The
various possible factors on which the fime period T may
depend are .

i) Langth of the pendulum (/)

i) Mass of the bab (m)

iii) Angle 6 which the thread makes with the vertical
iv) Acceleration due to gravity (g)
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Solution:
The relation for the time period T will be of the form

Tonmx1"x0'x g’
or T = constant m* 1® p° o ST ol 1)
where wa have to find the values of powars a, b, cand d.
Writing the dimensions of bolh sides we get

LTASspometf L RILE (B 2
Companng the dimensions on both sides we have

[T)=[71™"
[MFP=[MF
[LE=[ LT s
Equafing powers on bath the sides we get
2d=1 or d=--;-
a=0 and b+d=0
1

or b=-d-2 and  BS[LL'F=(L=1

Subsmumwgmsvaluesota.b,eanddlnﬁq.1.1
T=constant xm” x I “x1x g

Or T = constant J-—;:

The numerncal value of the constant cannot be determined
by dimensional analysis, however, It can be found by
expeniments.

Example 1.6: Find the dimensions and hence, the Si
units of coefficient of viscosity n In the relation of Stokes'
‘aw for the drag force F for a spherical object of radius r
moving with velocity v givenas F=6 mrv

Solution: 6 zis a number having no dimensions. It is not
accounted in dimensional analysis. Then
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[(FI=[nrv]

. _IF)
°’ M=)

Subsfituting the dimensionsof F r.and vin RH.S.

[l‘]l: M‘ﬂ
(Lyer’]

or [(n]=[ML"T7)
Thus. the SI unit of coefficient of viscosity is kg m™ s”

(SUMMARY.

» Physics is the study of entire Physical World.

- The most basic quantities that can be used to describe the Physical World are
mass, length and time All other quantities, called derived quantities, can be
dascribed In terms of some combinations of the base quantties.

. The Inlemationally adopled system of units used by all the scientists and aimost all
the countries of the World is international System (SI) of Units. It consists of seven
base units, two supplementary units and a number of derived units.

’ Errors due to incorrect design or calibrations of the measuring device are called
systemalic enors, Random errors are due to unknown causes and fluctuations in
the quantity being measured.

. The accuracy of a measurement is the extent to which systematic error make a
measured value differ from its true value.

. The accuracy of a measurement can be indicated by the number of significant
figures, or by a stated uncertainty.

. The significart figures or digits In a measured or calculaled quantity are those
digits that are known to be reasonably reliable.

. The result of multiplication or division has no more significan! figures than any factor
In the input data. Round off your calculator result to comrect number of digits.

. In case of addition or subtraciion the precision of the result can be only as great as
the least precise term added or subtracted.

. Each basic measurable physical property represented by a specific symbol writtan
within square brackets is called a dimension. All other physical quantities can be
derived as combinations of the basic dimensons, ‘

. Equations must be dimensionally consistent. Two terms can be added only when
they have the same dimensicns.
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1.4

1.5

1.6

1.7

12

13

QUESTIONS

Name several repetilive phenomenon occurting In nature which could serve as
reasonable time standards.

Give the drawbacks to use the period of a pendulum as a time standard.

Why do we find it useful to have two units for the amount of substance, the
kilogram and the mole?

Three students measured (he length of a needie with a scale on which minimum
division is Tmm and recordad as (i) 02145 m (1 0.21 m (H) 0.214m. Which record
is correct and why?

An oid saying = that “A chain is only as slreng as its weakest link”. What
analogous statément can you make regarding experimental date used in a
computation?

The perod of simple pendulum is measured by a stop watch, What type of errors
are possible in the time period?

Does a dimensional analysis give any information on constant of propartionality
that may appear in an algebraic axpression? Explain.

Write the dimensions of (i) Pressure (i) Density

The wavelength 7 of a wave depends on the speea v of the wave and its frequency
f Knowing that

(A1=[ L], fvls[ L 77 and [1]={T"]
Decide which of the following is corredt, fevi or f=

NUMERICAL PROBLEMS

A lght year is the distance light travels in one year. How many metres are thers in
one light year: (speed of hght = 3.0 x 10"ms ™).

v

i

(Ans: 9.5 x 10'°m)
) How many seconds are there in 1 year?
b) How many nanoseccnds in 1 year?
¢} How many years in 1 second?
[Ans. (2 ) 3.1536x 107s, (b) 3.1636 x 10™s (¢} 3.1 x 107 yr]

The length and width of a ractangular plate are measured 1o ba 15.3 cm and 12.80 cm,
respeciively. Find the areaof the plaie
(Ans: 198 cm”)
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1.6

1.7

1.8

18

Add the following masses given in kg uplo appropriate precision. 2.189, 0.089,
11.8 and 5.32

(Ans: 124 kg)

Find the value of ‘g and its uncertainty using 7 =2x (—gz from the fdiowing
measurements made during an expanmant

Length of simple pendulum /=100 cm.

Time for 20 vibrations =40.2 s

Length was measured by a metre scale of accuracy uplo 1 mm and time by stcp
waltch of accuracy upto 0.1 s.

(Ans: 9.76 1 0.06 ms?)
What are the dimensions and units of gravitational constant G in the formula
F= G ML
r.‘

(Ans: [ M 'L T7), Nm®kg©)
Show that the expression v, =v, +at is dimensionally correct, where v, is the velocity
at t =0, a is acceleration and v;is the velocity at time .

The speed v of scund waves through a medium may be assumed to depend on
(a) the density ¢ of the medium and (b) its modulus of elasticty E which is the ratio
of stress 1o strain, Deduce by the method of dimensions, the formula for the speed

of sound.
(Ans: v = Constant F )
P

Show that the famous “Einstein equation” £ = m¢” is dimensonally consistent:’

1 10 Suppose, we ae told that the acceleration of a particle moving in a circle of radius

+ with uniform speed v is proportional to soma power of r,say /" and some power
of v,say V", determine the powers of r and v?

(Ans:n=-1m=2)

_ 21
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Learning Objectives

At the end ofthischapmmestudens\wllbeab!ew:

1

2
3.
4

Ummmmus'erech\gmarcoommm.
Understnndtbeideaolumvoctor. null vector and position vector
Repr’esmuvcmrasbxopometmcular components (redmwu.oompmms).
Understand the rule of vector aadition and extend it to add vectors using
rectangular components.
Undummipﬁcaﬁmofvmrsandsolvepmbhm
Deﬂmmemmmoﬂoreaor‘m.-
Appwdatelhemeofﬂ;ehmuedntoafom.

Show an understanding that when there Is no resultant force and no resultant
(orauo.asystamislnequalbdum.

% Appreciate the applications of the principle of moments.
19 Apply the knowledge gained to solve problems on statics.

& N oo

. hysical quantities that have both numerical and directional properties are calleg

vectors. This chapter is concemed with the vector algebra and its applications in problems
of equilibrium of forces and equilibrium of terques.

As we have studied in school physics, there ars some physical quantities which require
both magnitude and direction for their compléte description, such as velocily, acceleration

3
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and force. They are called vectors. In books, vectors are . Y
usualy denoted by bold face characters such as A, d, r and

v while in handwriting, we put an arrowhead over the letter

8.0. . If we wish to refer only to the magnitude of a vector d :

we use light face type such as d. X X
A vector is represented graphicslly by a directed line

segment with an arowhead. The langth of the line

segment, according to a chosen scale, corresponds to _
the magnitude of the vector, ¥

ue Fig- 2%
(ii) Rectangular coordinate system

Two reference lines drawn at night angles io each other
as shown in Fig. 2.1 (a) are known as coordinate axes and
their point of intersection is known as ongin. This system d
of coordinate axes is called Cartesian or rectangular u
cooranate system. 2 #

One of the lines is named as x-axis, and the othar the y-
axis. Usually the x-axis is taken as the horizontal axis, with
the positive direction to the right, and the y-axis as the i
vertical axis with the positive direction upward. Y

The direction of a vector in a plane is dencted by the angle Fig 29
which the representative line of the vector makes with

positive x-axis in the anti-clock wise direction, as shown in 2

Fig 21 (b) The point P shown in Fig 21 (b) has

coordinates (a,b). This notation means that if we start at

the origin, we can reach P by moving ‘a’ units along the

positve x-axis and then b’ units along the positive y-axis. 0 v

The direction of a vector In space requires another axis

which is at right angle to both x and y axes, as shown in X
Fig 22 (a). The third axis is called z-axis.

The direction of a vector In Space is specified by the three
angles which the representative line of the vector makes
with x, y and z axes respectively as shown in Fig 2.2 (b).
The point P of a vector A is thus denoted by thres
coordinates (a, b, c).

(iti) Addition of Vectors

Given two vectors A and B as shown in Fig 2.3 (a), their sum
1S obiained by drawing their representative lines in such a /( j
way that tail of vector B coincides with the head of the vector "

A Now if we join the tail of A to the head of B, as shown in Fig. 2209

fg 22a)

s

2
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4 the Fig. 2.3(b), the line joining the tail of A to the head of B will

A/J represent the vector sum (A+B) in magnitude and direction
/ The vector sum 15 also calied resultant and is indicated by R.
B Thus R = A+B. This is known as head to tail rule of vector
» addition. This rule can be extended 1o find the sum of any

Fig. 3.8 number of vectors. Similarly the sum B + A is iliustrated by

I-1ck lines in Fig 2.3 (c). The answer is same resultant R as
indicated by the rad fine. Therefore, we can say that

A+B=B+A (2.1)
8 So the vector addition is said to be commutative. t means
a4 that when vectors are added, the result is the same for any
A/ order of addition
LT {iv) Resultant Vector
The resultant of a number of vectors of the same kind —force
R R vectors for example, is that single vectar which would have

the same effect as all the original vectors taken together.
(v) Vector Subtraction

The subtmcttonofandubeqdvalenttotheaddiﬂonof
the same vector with its direction reversed. Thus, to
subtract vector B from vector A, reverse the direction of 8
and add itto A as shown in Fig. 2.3 (d).

A-B=A+[B) where (-B) is nagative vedior of B
(vl) Multiplication of a Vector by a Scalar
.8 ThopmduotofavedotAanoanumbern>0isdaﬁned
7 to be a new vector nA having the same direction as A
3 but a magnitude n times the magnitude of A as
‘8 /A Mlustrated in Fig. 2.4 If the vector is multiplied by a
negative number, then its direction is reversed,

Mo 230 In the event that n reprasents a scalar quantity, the product
nA win correspond 10 a new physical quantity and the

Fiy. 28wy

-k ;/ logether. For example, when velocity is multiplied by scalar
g / mass m, the product is & new vector quantity cafiedmomentum
Fig 24

A unit vector in a given diracﬂonisavedorwimmmnuoe
one in that direction. It is used to represent the direction of
a vector.

24
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A urit vector in the direction of A is writlen as A, which we
read as ‘A hat', thus

A= AA
A A
A= 2.2)

The direction along x, y and Z axes are generally
representad by unit vectors i, j and k respectivaly

(Fig. 2.5 a). The use of unit vectors is not restricted to
Cartesian coordinale system only. Unit vectors may be
defined for any direction. Two of the meore frequentty

used unit vectors arethevoctor;which represents the

direction of the vector r(Fig. 2.5 b) and the vector ;n
which represents Lhe direction of a normal drawn on a
specified surface as shown in Fig 2.5 (c).

(vill) Null Vector

Null vector 15 @ vector of zero magnitude and arbitrary
direction. Forexampie, the sum of 5 vector and its negative
vector is a null vector. '

A¢(*)g (1] FOARRAG (2'3’
(ix) Equal Vectors

Two vectors A and B are said to be equal if they have the
sams magnitude and direction, regardless of the position
of thair inttial points

This means that parallel vectors of the same magnitude
are equal to each other,

{(x) Rectangular Components of a Vector

A component of a vector Is its efective value in a given
direction. A vector may be considered as the resultant of
its component vectors along the specified directions. It is
usually convenient to resolve a vector into components
along mutually perpendicular directions. Such components
are called rectangular components.
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Let there be a vector A represenied by OF making angle 0
with the x-axis. Draw projection OM of vector OP on X-AXiS
and projection ON of vector OF on y-axis as shown in
Fig.2.8 Projection OM being along x-direction is represented

by A‘iand proection ON = MP along y-direction Is
represented byA,j. By head and tall nde

A=A +4] (24)

‘ i
Thus A land A, jare the components of vector A Since

these are at right angle to each other, henca, they are called
rectangular components of A Considering the right angied

triangte OMP, the magnilude of A, ; or x-componentof A is
A.‘ £y 2 A“g Pedanaans (2.5)

And that of A, j or y-component of A is
Ay= Asin kit arLZB)

(xi) Determination of a Vector from its

Rectangular Components

If the rectangular components of a vector. as shown in
Fig. 2.6, are given, we can find out the magnitude of the
vector by using Pythagorean theorem.

In the right angled A OMP.

OF" = OM’ + MP”
or N
or A= AZ+p}
: = MP _A
and direction 8 is given by lant = o 4
or 6 stm"’ﬁ R 1 ) (2.8)
Ay
26
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{(xil) Position Vector

The paosition vector r is a vector that describes the location
of a point with respect to the origin, It is represented by a
straght line drawn in such a way that its tail coincides with
the ongin and the head with point P (ab) as shown in
Fig.2.7(a). The projectionsof position vector r on the x and
y axes are the coordinates @ and b and they are the
rectangular components of tha vector r. Hence

r=a§+bi and " rayat el ana (29)

In three dimensional space, the position vector of a point
P (ab.c)is shown in Fig 2.7 (b) and is represented by

r=aisbjtck and r =& +bec . (2.10)

Example 2.1: The positions of two aercplanes at any
instant are represented by two points A (2, 3 4) and
B(5. 6.7) from an origin O in km as shown in Fig. 2.8
(i) What are their position vectors?

(i) Calculate the distance between the two aeroplanes.

Solution: (i) A position vector ris given by
: r=al *bi * oK
Thus position vector of first aercplane A is
OA=2i +3] +4k
And position vector of the second aeroplane B is
OB=5i+6]+7k
By head and tail rule

OA + AB = 0B
Therefore, the distance between two aaroplanes is given by

AB=0OB-OA=(5i+6j+7k)=(2i+3j*4k)

= (3143 ]+3k)

Magnitude of vector AB Is the distance between the
positon of two aercplanes which is then:

AB = J(3km)? + (3km)? +{3km)’ = 52km
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are representec by two

£

Let A and B be two vectors which

- directed lines OM and ON respectively. The vector B 5 added

ta A by the head 1o tail rule of vector addition (Fig 2 9). Thus
the resultent vector R = A + B s given, in direction and
magnitude, by the veclor OP.

Inthe Fig 2.9 A, B, and R, are the x components of the
vectors A, B and R and their magnitudes are given by the
lines OQ, MS, and OR raspectively. But

OR=0Q+ QR
or OR =0Q + M$
or I R S S S A 2.11)

which means that the sum of the magnitudes of
x-components of two vectors which are to be added, is
equal to the x-component of the resuftant Similarly the
sum of the magnitudes of y-components of two vectors is
egqual to the magnitude of y-component of the resultant,
that is

R)’ SA,*&{ . > o.u;;?_;;» . :‘2""2’

Since R, and K, are the reclangular components of the
resultant vector R, hence
R=R,i+ Ry j
or R=(A +BJi+(4, +8)]
The magnitude of the resultant vector R is thus given as

R=A+8Fv(A+8F i 2.13)

and the direction of the resultant vector is delermined from

28
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R (A .+ B )
f=tan' L=tan’ i X
BN R, B A E,)

= a1 1Ay * By)
and B =1an {A,—’—B-;; .......... (2.14)

Similarly for any number of coplanar vectors A, B, C...., we
can write

R= [A,+B,+C,+ F+(A+B,+C+ ) ... (2.15}

ey A B+ Co+ ) 216
e (A, +B,+C,+..) @19)

The vector addition by rectangular componenis consists of
the fellowing steps

Find x and y components of all given veciors.

Find x-component 'R, of the resuitant vector by
adding the x-components of all the vectors.

Find y-component R, of the resultant vector by
adding the y-components of all the vectors,

Find the magnitude of resultant vector R using

R=[R '+ R,

Find the direction of resultant vector R by using

R
8 =tan' —
R

where @ is the angle, which the resultant vector makes wilh
positive x-axis. The signs of R, and R, delermine the
quadrant in which resultant vector lies. For that purpose
proceed as given below,

Irraspoctive of the sign of R, and R, determine the values
e

of tan q;‘ = ¢ from the calculator or by consulting

rgonometric tabies. Knowing the value ot ¢, angle 6 1S
determined as follows

The Chinese acrcbatn m  thia
Incredible Balancng At are In
equilibaium
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a) If both R, and R, are posilive, then the resultant lies
in the first quadrantand its direction s0=9.

b) WR, is -ive and R, Is tive, the resultant les in the
second quadrant and its direction is 6 = 180~ ¢

) Whoth R, and R, are ~ive, the resutant lies inthe third
quadrant and its direction is 6 = 180+ L

d) I R, is positive and R, is negative, the rasultant lies in
the fourth quadrant and its direction is ! = 3. b

Example 2.2: Two forces of magnitude 10 N and 20 N
#@ct on a body in directions making angles 30” and 60°
respectively with x-axis. Find the resultant force,

Solution:
Step ()  x-components
Themmmmofmeﬁmbm=ﬁ.=ﬁcos30’
=10Nx0866=866N
The x-component of second force = F3, = F; cos BO°
=20Nx05=10N
y-<components
They-oomporwrtofho&stfomoﬁ:,,:l-',sinso"
T1ONX0S5=5N
The y-component of second force = Fa = Fa sin 60°
=20Nx0.866=1732 N

Step (ii)

The magnitude of x component F, of the resultant force F
F.=F, + Fay
Fi=BBEN+ 10N = 1866 N

Step (iii)

The magnitude of y companent £y of the resultant force F
Fy=Fy+F,
Fy=5N+1732N=2232N
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Step (iv)
The magnitude F of the resultant force F

F= k! + Ff = J(1B66NY + (2232N)' =29N

Step (v)
If the resultant force F makes an angle 8 with the x-axis
then 3
o A223N ot g aa |
1L = toeIan
0 =tan = tan 18.66N'hn 1.196 = 50°.

Example 2.3: Find the angle between two forces of equal
magnitude when the magnitude of their resultant is also
equal 1o the magnitude of either of these forces.

Solution: Let p be the angle between two forces F, and
F., where F, is along x-axis. Then x-component of their
resultant will be

R,-F1mw*F2me
R,:F.#onoso
And y-component of their resultant is
Sedlonaisg SN

i T
The resultant Risgivenby R*=R] +R; of 2 bumpy-riding bus?
As R=F,=F;=F
Heege F *= (F + F cosh)’ + (F sinof’
Or 0=2F cosh+F? (cos’ B +sin“0)
Or 0=2F"cosh+ F*
or cos@=-0.5
Or 6 = cos'- 0.5) = 120

There are two typas of vector multiplications. The product
of these two types are known as scalar product and veclor
product. As the name implies, scalar product of two vectar
quantities is a scalar quantity, while vector product of two
vactor quantities is a vector quantity.
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Scalar or Dot Product

|

: Thescalarprod:dofh»ovoclonAaM B is written as
Y A B and is defined as

! A B=ABcos () ek XD

il where A and B are the magnitudes of vectors A and B and
Fig 2.10 (u) # is the angle between them.

For physical interpretation of dot product of two vectors A and
B, these are first brought to a common origin (Fig. 2.10 a),

then. A.B = (A] (projection of B on A)
X or
A.B = A (magnilude of component of B in the directionof A)

= A (BcosB)= AR cos 0
Similarty BA=§8 (AcosO)=BAoosq

"~ 290 58 We come across this type of product when we consider the

' work done by a force F whose point of application moves a
distance d in a direction making an angle 6 with tha line of
action of F, as shown in Fig. 2,11,

Work done = (effective component of force in the direction
F. of motion| x distance moved

=(Foost) d= Fd cos @
Q{ \" Fcosd —»  Using vector notation
’ F.d = Fd cos § = work done

Characteristics of Scalar Product

Flg. 11

! Since A.B=ABcosf and B.A = BA cosil = AB cos ().
hence, AB=B.A. The order of multiplication is
irelevant, In other words, scalar product is
commutative.

2 The scalar product of two mutually perpendicular
Vectors is zero. AB = AB cos90 = 0

In case of unit vectors ij and l;. since they ar.
mutsally perpendicular, therefore,
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o A A . »

b b= ke b =0, g (298)

3 The scalar product of two paralle! veclors is equal
to the product of their magniiudes. Thus for paralie!
vectors (8=0°)

AB=ABcos0 = AB
In case of unit vectors

S B 7 R 1T 2.19)
and for antiparallel vectors (9=180")
AB=ABcos180° = -AB

Whatshould You do?

»

4 The self product of a vector A is equal to square of
its magnitude.

AA=AAcos0 =4
5 Scalar product of two vectors A and B in terms of
their rectangular components &

AB = (A, i +A, ; <A, ;). (B, i +B, }"8, lt)

or AB=AB, +AB,+AE, , (2.20) {
Equation 2.17 can be used to find the angle between two l
vectors: Since, |

AB=ABcost=AB.+AB, ~AB;

AB +AB <
Therefore, cosf= st 23,*“:9: i (221) .‘.."“,,:‘mé’fm ating

Example 2.4: Aforce F = 2i + 3j units, has its paint of

apphcation moved from point A(1,3) 10 the point B (5.7)
Find the work done.

Solution: Paosition vector of point Ais r, = ie 3iand that
of point Bis vy = 5147}
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Displacementd = ra—ru = (5 1) i+ (7-3) j =4| +4]

Work done = Fd = (21 +3]).(4i +4])
=8+ 12 = 20 units
Example 2.5: Find the projection of vector A=2 -8 } +k
in the direcﬁonofhavecbra=3i-4i-12§.

Solution: If is the angle between A and B. then A cosé
is the required projection.

By definition AB=ABcos ()

Aoosﬂ=%‘! =A B

Where é Is the unit vector in the direction of B

iang B= y3%+(4f +(-12) 7= 13
Therefore g= (31-4j-12k)
1 ]3
The projection of Aon B = (21-8 ] +k). (3!-4113-123;
= (2 (3)+(-8) (4)»1(-12) _ 26 _ 5
13 13

Y Véctof or C'ro‘ss-;' Prodﬁct

The vector product of two vectors A and B. is a vactor
which is defined as

A xB=ABsini n s, (2.22)

where n is a unit vecior perpendicular to the plane
containing A and B as shown in Fig. 2.12 (a). Its direction
can be determined by right hand rule. For thal purpose
place together the tails of vectors A and B to define the
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plane of vectors A and B. The direction of the product
vector is perpendicular to this plane, Rotate the first vector
A into B through the smaller of the two possible angles and
curl tha fingers of the right hand in the direction of
rotation, keeping the thumb erect. The direction of the
product vector will be along the erect thumb, as shown
in the Fig 2.12 (b). Because of this direction rule, B x A
is a vector opposite in sign to A xB. Hence,

KRB =B - e (2.23)
Characteristics of Cross Product

1 Since Ax B is nat the same as B x A, the
cross product s non commutative.

2 The cross product of twa perpendicular vectors has
maximum magnitude AxB = ABsin90°n=ABn
In case of unit vectors, since they form a right
handed system and are mutually perpendicular
Fig. 2.5 (a) : .

ixj=k, jxk=1 kxi=j

3 The cross product of two parallel vectors is null

vector, because for such vectors 0 = 0° or 180°

Hence

A xB = ABsin0°n = AB sin 180°n=0
As a consequence AxA=0
Mso 1xi=)x]j=kxk=0,. ... (2.24)

4 Cross product of two vectors Aand B in terms of
their rectanguiar components is :

A x B = (A +Ay j+Ak) X (B, | +B, ] +B.k)

AxB= (AB.-AB,) i+ (AB,-AB,) |+AB,-AB,) k

-

s AN

=g

&

N

Vaxa

Fip. 3.1%0)

.......... (2.25)
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The result obtained can be expressed for memaory  in

determinant farm as below:
g = ol Iy e w
n ="
R AxB =| A A AL
Fig. L1210 B. B, B.

5. The magnitude of A x B is equal to the grea of the
parallelogram formed with A and B as two adiacent
sides (Fig. 2.12 d),

Examples of Vector Product

1 When a force F is applied on a rigid body at a
point whose position vector is r from any point
of the axis about which the body rotates. (hen
the tuming effect of the force, called the torque

T is given by the vestor product of r and F
t=rxF

I The force on a particle of charge g and
velocity v In a magnelic field of strength B is
aiven by vector product

F=qg(vxB)

o~ \ a s T ~g 4 p 44 & o ‘_
We have already studied in school physics that a turning

R q o effect is produced when a nut s tightened with a
Y/ g spanner (Fig. 2.13), The tuming effect increases when you

push harder on the spanner. It also depends cn the length

The nul = easy 1o jm wi e spaner O the spanner; the longerthe handie of the spanner, the

e , o greater is the turning effect of an applied force. The
, -; tuming effect of a force is called ts moment or torque and

! = s magnitude Is defined as the product of force F and
| 7

the perpendicular disiance from its line of action to the

Itis aasier sill & he spanner has 8 pivol which is the point O around which the oody
ng hinde ¢ (spanner) rolates. This distance OP is called moment
Fie 243 arm /. Thus the magnitude of torque represented byris

t=lF {2.26)

ns
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When the line of action of the applied force passes through
the pivot point, the vaiue of moment arm / = 0, 50 In tis case
torque is zero.

We now consider the torgue due 10 5 force F acting on
a rigla body. Let the force F acts on rigid body at point
P whose position vector relative to pivot O is r. The
force F can be resolved Irto two rectanqular
components, F sin 0 perpendicular to r and F cos#
along the direction of r (Fig. 2.14 a). The torque due to
F cosgabout pivot Q is zero as its line of action passes
through point O. Therefore, the magnitude of torque due
to F is equal  to the lorque due to F sinf only ahout O
Itis given by

T =(Fsintyr=rFsind et e
Alternatively the moment arm / is equal to the magnitude of
the component of r perpendicular to the line of action of F Fio. 2.940)
as lllustrated In Fig, 2.14 (b). Thus

© =(rsin®) F = rFsin0 oCRnanse (2.28)
where ¢ Is the angle between r and F
From Eq. 2.27 and Eq. 2.28 it can be seen that the torque

can be defined by the vector product of position vector r @ .
and the force F, so

T=rxF

o TE(FSn®N....  (229)
Where (7F sinl) is the magnitude of the lorque. The

direction of the torque represented by n 15 perpendicular
to the plane containing r and F given by right hand rule for
the vector product of two vectors.

The S| unit for torque is newton metre (N m)

Just as force determines the linear acceleration progduced
in @ body, the torque acting on a body determines its angular
acceleration. Torque s the analogous of force for rotational
moborn, If the body is at rest or rotating with uniform
angular velocity, the angular acceleration will be zero. In this
case the torque acting on the hody will be zero.

Fig 2 14(b)
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Example 2.6: The line of action of a force F passes
through a point P of a body whosa position

wcornmaro s-2i+k.F = 21 3 | + 4k (o nowion)

determine the torque about the point ‘A whose position
vector (in meve) is 2 i + | + k

Solution:
The pesifion vector of point A = r, -230 j +k

A -
) fi 4 tr The position vector of point P=r,=i-2] + k refative 1o O.

The positon vector of P relative to A is
DothoMmhhubovo A'-':"—r‘

AP =(i-2)+ k)-(2i+ | 4 k)=-i-3]
The torque about A=rx F :

=(-13))x(21-3] +4k)

=.121+4j 49k Nm

; g Wehaveswdiedlnscnoolphystcstmnabody.undetme
w action of a number of forces, is al rest or meving with

uniform velocity, it is said to be in equilibrium,
¢ Eirst Condition of Equilibrium
A body at rest or maving with uniform velocity has zero

3 y
! e acceleration. From Newton's Law of motion the vector sum
of all forces acting on It must be zero.

"";“"‘“"“, anc e s ol This js known as the first condition of equilibrium  Using
ggmumég the mathematical symbol X F for the sum of all forces we
ways? Hinoe, then why not? can write

35 5 R e U (2.30)
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In case of coplanar forces, this condition is expressed
usually in terms of x and y componants of the forces. We
have studied that x-component of the resultant ‘orce F
equals the sum of x-directed or x-components of all the
forces acting on the body. Hence

£F. =0 (2.31)

Similarly for the y-directed forces, the resultant of
y - directed forces should be zero. Hance

1t AR Rt (2.32)

It may be noted that if the rightward forces are taken as
positive then leftward forces are taken as negative.
Similarty i upward forces are taken as positive then
downward forces are taken as negalive.

Example 2.7. A load is suspended by two cords as
shown In Fig. 2.15. Determine the maximum load that can
be suspended at P. if maximum breaking tension of the
cord used s S0 N,

Solution: For using conditions of equilibrium, all the
forces acting at point P are shown by a force diagram as
ilustrated In Fig. 2.16 where w is assumed to be the
maximum weight which can be suspended. The inclined
forces can now be easily resolved along x and y diractions.

Applying LF=0
T2c08 20 — Tycos 80= 0
Or T:=188T,
As Ty > T; .. Ty has the maximum tension
If T, =50N, then T,=266 N

Now applying XF;=0
T, sinB0° + Tosin 20°—w=0
Putting the values
S0Nx0866+266Nx034=w
or w=562N

Interesting Application

A concurrent forca system in
equeieigmy. The sensinn appled
can be adpusied os Sested
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Fa 37

““Second Condition of Eguilibrium

Let two equal and opposite forces act on a ngid
body as shown in Fig. 2,17, Although the first condition of
equilibrium is satisfied, yet t may rotate having clockwise
tuming effect. As discussed eantier, for angular acceleration
to be zaw, the net torque acting on the body should be
zero. Thus for a body in equilibrium, the vector sum of il
the torques acting on it about any arbitrary axis should be

zero. This is known as second condition of equilibnum
Mathematically It is wrilten as

£:=0 PR T2a)

By convention, the counter clockwise lorques are taken as
posiive and clockwise torques as negative. An axis is
chesen for calculating the torgues. The position of the axis
is quite arbifrary. Axis can be chosen anywhere which Is
convenient in applying the torque equation. A most helpful
point of rotation is the one through which lines of action of
several forces pass,

We are nowin a position to state the complete requirements
for a body to be in eguilibrium, which are

(1)  IF=0 ie SF.=0 and ¥F =0
(2) =0
When 1* condiién s satished, thers is no fear

acceleration and body will be in transiational eculibrium.
When 2" condition: Is satisfied, there is no angular
celeration and body will be In rotational ium,

For a body to be In complete equilibrium, both conditions
should be satisfied, |.e., both linear acceleration and
angular acceleration should be zero.

=0 PR NS v S &
oy s a e s s b i it sl

We will restrict the applications of above meantioned

conditions of equilibrium to situations in which all the forces
lie in a common plane Such forces are said to be
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coplanar. We will alsc assume that these forces lie in the
xy-plane.

If there are more than one object in equilibrium in a given
problem, one object is selected at a time to apply the
conditions of equiibrium,

Example 2.8: A uniform beam of 200N is supported
honzontally as shown. if the breaking tension of the rope is
400N, how far can the man of weight 400 N walk from
pont A on the besm as shown in Fig, 2.18?
Solution: Let breaking point be ata distance d from the pivot
A, The force diagram of the situation Is given In Fig 2.19,
By applying 2nd condition of equilibrium about point A
Sr=0

40ONXxEm-« 400Nxd -200Nx3m=0

or 400 N x ¢ = 2400 Nm — 600 Nm = 1800 Nm

d=45m

Example 2.9: A boy weighing 300 N s standing at the edge
of a uniform diving board 4.0m in length. The weight of the
board 18 200 N (Fig. 2.20 a). Find the forces exered by
pedestals on the board

Solution: We isclate the diving board which is in
equllibrium under the action of forces shown in the force
disgram (Fig. 2.20 b). Note that the weight 200 N of the
unform diving board is shown (o act at point C, the centre
of gravity which is taken as the mid-point of the board, R,
and R; are the reaction forces exened by the pedestals on
the board, A little consideration will show that R, is in the
wrong direction, because the board must be actually
pressed down In order 10 keep It In equilibrium. We shall
see thal this assumption will be automaticaily corrected
by calcuiations.

Let us now apply conditions of equilibrium

LF=0 (No x-directed forces)
LF,=0 Ri+R;~300-200=0
R;+R;=500 N .._{i)
=90 {pivot at peint D)

Fig. 214
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-R;xAD—3OONxDB-200NxDC=0
-Ryx TM—-300Nx3m—- 200N x im = 0
R, =-1100N=.11kN
Substituting the value of R, in Eq. (i). we have
1100 + R, = 500
R;=1600N =1.6 kN

The negative sign of R, shows that it is directed downward
Thus the result has correcied the mistake of our initial

assumption

coordinate system

A scalar is a quanlity that has magnitude only, whereas a vector is a quantity that
has both direction and magnitude.

The sum vector of iwo or more vectors is called resultant vector.

Graphically the vectors are added by drawing them to a common scale and
placing them head 1o tail. the vector connecting the tail of the first 1o the head of

the last vector is the resultant vecior

Vector addition can be camied out by using rectangular components of vectors. |If

A.andA,mﬂnmdamlarwmpomboanndB.anaa ara that of
B, then the suym R=A+Blsgiven-by sl

RI-A3’8. & Ry.Av"B’
where R=1]R,’ +R,—£and direction fi=tan”’ -:-”

x

Unt v;asctors describe directions in Space. A unit veclor has a magnrtude of 1 with
no units.

The vector that describes the location of a particle with respect to the origin of
coordinate system is known as position vecior,

The scalar product of two vectors A and B is a scalar quantity, defined as -
AB=ABcos 6

4!
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The vector product of two vestors A and B is another vector C whose magnitude is
given by C = AB sinfl

te direction is perpendicular o the plane of he two vectors being multiplied, &s given
by the right hand rule.

A body is said to be in equilibrium under the action of several forces if the body has
zero translational acceleration and no angular acceleration.

For a bady to be In transtational equilibrium the vector sum of-all the forces acting on
the body must be zero.

The torque s defined as the product of the force and the moment arm,.

The mament amm Is the perpendicular distance from the axis of rotaton to the
direction of line of action of the force.

For a body 10 be in rotational equilibrium, the sum of torques on the bady about any axis

must be equalto zero,
QUESTIONS

Define the tarms (1) unit vector (i) Position vector and (1) Components of a vector

—

2 7 The vector sum of three veclors gives a zero resultant. What can be the orienlation
of the vectors?

Vector A lies in the xy plane. For what orientation will both of its rectangular
components be negative 7 For what orentation will its components have oppasite signs?

! 4 If one of the rectangular components of a vector is nol zero, can its magnitude be
zero 7 Explain.

2.5 Can a vector have a componan! greater than the vector’'s magnitude?
2 & Can the magnitude of a vector have a negative value?
2.7 1A+ B = 0,What can you say aboul the components of the two vectors?

4 Under what circumstances would a vector have compaonents that are equal in
magnitude?

4 Is it possible to add a vector quanfity to a scalar quantity? Explain,
! 10 Can you add zero to a null vector?
' 11 Two vectors have unequal magnitudes. Can their sum be zero? Explain.

2 Show that the sum and difference of two perpendiculiar vactors of aqual langths are
also perpendicular and of the same lenath.
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13 How would the two vectors of the same magnitude have to be orented, if they
were to be combined 1o give a resultant equal to a vector of the same magnitude?

14 The two vectors to be combined have magnitudes 60 N and 35 N Pick the
correct answer from those given below and ted why is it the only one of the three
thal is correct,

100N 70N 20N

IS5 Suppose the sides of z closed polygon represent vector arranged head to tail.
What s the sum of these vectors?

6 Iidentity the correct answer.

Two ships X and Y are travelling in dfferent directions at equal speeds. The actual
direction of motion of X is due north but to an observer on Y, the apparent direction of
motion of X is north-east. The actual direction of motion of Y as observed from the
shore will be

(A)East (B)West (C)south-east (D} south-west

A harizontal force F is applied to a small cbject P of mass m at rest on a smooth
plane inclined at an angle Y to the horizontal as shown in Fig 2.21. The magnitude of
the resultant force acting up and along the surface of the plane, on the object is

a8} FcosO -mg sin 0

o) Fsinh-mgcos # il
¢} FoosH+mgecoso

d)  Fsino+mgsing

) mgtane

17 I &l the components of the vectors, A; and A, were reversed, how would this alter
A x Az 7

'S Name the three different conditions that coutd make A xA; =0
9 Identify true or false statements and explain the reason.
@) A body in equilibrum Implies that i is not moving nor rotating.

b) If coplanar forces acting on a body form a closad palygon, then the body is said
lo be in equilbrium,

Fig 12V

220 A pleture is suspended from a wall by two strings. Show Dy diagram the

configuration of the strings for which the tension in the strings will be minimum,

<21 Can a body rotate about its centre of gravily under the action of its weight?

Re
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NUMERICAL PROBLEMS

Suppose, in a rectangular coordinate systam, a vector A has its tail at the point
P (<2, -3) and its tip at Q (3.9). Determine the distance between these two points.
(Ans: 13 Units)

A certain cormer of a room is selected as the origin of a rectangular coordinate
system. If an insect is sitting on an adjscent wall al a poini having coordinates
(2,1), where the units are in metres, what is the disiance of the insect from this
comer of the room?

{Ans: 2.2m)
What is the unit vector in the direction of the vector A=4{+3 ]2

(Ans: (41330,

Two particles are located at r, =3 ;+7} and r,=-2i +3i respectively, Find both the

magnitude of the vector r,.r, and its orientation with respect to the x-axis.
[Ans: 5.4,2197)

If a vector B is added to vector A, the result is 61 + j If B is subtracted from A
the result s -4 +7 | What is the magnitude of vector A?
(Ans: 4.1)
Given that A =2 i+3j and B =3 i-4 |, find the magnitude and angie of
(a)C=A+B.and(b) D=3A-2B.
(Ans: 5.1, 3497; 17,907

Find the ang'e betweaen the two vectors, A =5 i+ iand B=2i+4 1
(Ans: 527)
Find the work done when the point of application of the force 30 +Zj moves in a
straight line from the point (2,-1) to the poirt (8.4).
(Ans: 22 units)
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Show that the three vectorsi'+i+l:.2i -Si * l: and 45+j-5i are mutually
perpendicular.

Given that A=i-2i+3fc and B=3i~4fx. find the projecton of
A on B.

S B
(Ans: "5/

1 Vectors A B and C are 4 units north, 3 unts west and 8 units east. respectively.

Describe carefully (3)Ax B (h)Ax C [c)BxC
[Ans: (3)12units vartically up (b)32 unts vertically down (c) Zero}

2. The torque or turning effect of force about a given poInt is given by r x F wherer is the

213

15

vector from the given paint to the paint of applicaton of F. Consider a force
F = -3‘#}&6!2 (newton} acling on the point '13+3iﬂ': (m). What is the torque
inNm about the orgin?

[Ans: 14i-38 j+16K Nm|

Theline of action of force, F = | -2 j passes through a point whose position
vector is (- J +k J. Find (a) the moment of Fabout the origin, (b) the moment of F
about the point of which the position vector is ; +l;.

[Ans: (a)2i+j+k (b)3k)

The magnitude of dot and cross products of two vectors are 6vV3 and 6
respectively. Find the angle between the vectors

(Ans: 30°)

A load of 10.0N is suspended from a clothes line. This distorts the line so that it

makes an angle of 15° with the horizontal at each end. Find the tension in the
clothes line,

[Ans: 19.3N)
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A tractor of weight 15000 N crosses a singie
span bridge of weight 8000ON and of length
21.0 m. The bndge span is supported half a
metre from either end. The tractor's front wheels
take 1/3 of the total waight of the tractor, and the
rear wheels are 3m behind the fron! wheels.
Caiculate the force on the bridge supports when
the rear wheels are al the middle of the bridge
span,

(Ans; 12.26 kN, 10.75 kN)

A spherical ball of weight 50N is to be lited over
the step as shown in the Fig. 2.23, Calculate the

minimum force needed st to lift it above the floor.

(Ans: 26N )

A uniform sphere of weght 10.0 N is held by a
sfring attached to a frictionless wall so that the
string makes an angle of 30° with the wall as
shown in Fig. 2.24. Find the tension in the string
and the force exerted on the sphere by the wall.

(Ans: 11.6 N, 5.77 N)

10em

*5em

Fig. 2.3

g 2N
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Understand dispiacement from its definition and illustration.

Understand velocity, average velocity ang instantaneous velacity.

Understand acceleration, average acceleration and instantansous accsleraton.
Urderstand the significance of area under velocity-time graph.

Recall and use equations, which represent uniformly accelerated motion in &
straight line including falling in a uniform gravitational field without air resistance.
Recall Newton's Laws of motion,

Desciibe Newton's second law of motion as rate of change of momentum.

Define impulse as a product of impuigive force and time.

Describe law of conservation of momentum.

- Use the law of consarvation of miomentun: in simple applications Including elastic

colfiisions between two badies in one dimension.

Dascribe the force produced due to flow of water

Understand the procass of rocket propulsion {simple treatment).

Understand projectile motion in & non-resistive medium.

Cenve time of flight, maximum height and horizontal range of projectile motion,
Aprreciate the motien of ballistic missiles as projectile motion.

m e live in a universe of continual motion. In every plece of matter, the atoms are in a

state of never ending motion We mave around the Earth's surface. while the Earth moves in
its orbit around the Sun. The Sun and the stars, too. are in motion. Everything in the vasiness
of spaceis in astate of perpelual motion,
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Every physical process involves motion of seme aort
Because of its impartance in the pnysical wede around us.
it is logical that we should give due attention 1o |he STy
of motion.

We already know that motion and rest are re'stive. Here in
this chapter, we shall discuss other relatod Lopics In some
maore datails.

Whenever a body moves from one position 1 anciher
the change in its position is callad displaceament The
displacement can be representad as = vecior that
descibes how far and in what direction the bady has baen
displaced from its onginal position, The @il of the
displacement vector is located at the position whera the
displacement started, and its bp or arrowhead is lccated at
the final position where the dispiacement enced. For
example, if a body s moving along a curve as shown in
Fig. 3.1 with A as its initial positon and B as its final
position then the displacement d of the body Is
represented by AB, Note that althaugh the body Is moving
along a curve, the cisplacement is different from the path
of mation.

if v, is the position vector of A and r, that of paint 8 then by
head and tail rule it can be seen from the figure that

Figa

d=r.-r,

I's magnitude is the straight line distance between the
initial position and the final position of the body.

When a body moves along a straight line. the displacement
coincides with the path of maticn as shown in Fig. 3.2 (a)

o~ - A
' L1 .
.

We have stugied In schoal physics that time rate of change
of displacement is known as veiocity. Its direction = along =
the drecton of displacement. So ¥ ¢ s the total Fig.3.2(e)
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dispiacement of the body in time 7. then its average velocity
cuning the interval ! is defined as

v" 3"6‘ besarnnnan (3.1’
Average valocity does not tell Ls about the motion between
A and B The nath may be straight or curved and the
motion may be steady or variable. For example I a squash
ball comes back to its starting point after bouncing off the
wall several times, its ol displacement is zero and so
aiso is its average velocity

N such cases e
nslantaneous velocity,

mouon s described by the

i order 10 understand the concept of Instantaneous
veiocrty, consider a boay moving along a path ABC in Xy
plane, Al any time ¢, ‘et the body be at point A Fig.3.2(b) lts
DOSIION i given by position vector ri. After a short lime
interval A1 following e mstant f. the body reaches the
point B which s described by the position vector ry, The
dispiacement of s Dody during tis short lime interval Is
given by
Ad = MH-ry

The rotation A (dalia)
change,

The instantanecus velucity at a point A, can be found by
making At smaller and smaller. in this case Ad will also
become smaller and point B will appreach A If we continue
this process, letting B approach A, thus. allowing At and \d
0 decrease but never disappear completely, the ratio
\AAL approaches a3 definite limiting value which is the
instantaneous velocity.  Although Al and ad become
extremely small in this prmcess, yel their ratio is not
necessanly a small quartity. Moreover while decreasing
the displacement vector, /d approaches a limiting direction
along the tangent at A. Thereiore.

limiting value of Ad/at as the time intorval

'S used o represent a very small
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Using the mathematical language, the definition of
instantaneous velocity v, IS expressed as

Ad
"“'m*ofi (3.2)
read as limiting value of Ad/Alas Al approaches zero.

If the instantaneous velocity does not change, the body is
said o be moving with uniform velocity,

< ' - 5 - Le
“_' A | . | b 3 w 2 Jo'y -

If the velocity of an object changes, it is said to be moving
with an acceleration

The time rate of change of velocity

of a body is called acceleration.
As velocity is a vector so any change in velocity may be "
due to change in its magnitude or @ change in its direction —
or both. //’
Consider a body whose velocity v, at any instant t changes to o
v in further small ime interval Af. The two velocity vectors v, v,

and v, and the change In velocity, v; — v; = Av, are
represented In Fig. 3.3. The average acceleration a,, during
time interval At is given by Fig-a3

Vo~V ﬂév_
At Al

As a,, is the difference of two vectors divided by a scalar
Af, a,, must also be a vector. Its direction is the same as
that of Av. Acceleration of a body at a particular instant is
known as instantaneous acceleration and it is the value
obtaired from the average acceleration as Af is made
smaller and smalier fill it approaches zero. Mathematically,
it is expressed as

desiairees (3.3)

Instantaneous acceleration -a-Lim ¥ o (3.4)
CAL -0
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Fig.3.5

If the velocity of a body is increasing, s acceleration is
positive but if the velocity is decreasing the acceleration is
negative. If the velocity of the body changes by equal amount
in equal intervals of time, the body is said to have uniform
acceleration. For a body moving with uniform acceleration, its
average acceleration is equal to instantaneous acceleration.

Graphs may be used to illustrate the variation of velocity of
an object with time. Such graphs are called velocity-time
graphs. The velocity.time graphs of an object making three
different journeys along a straight road are shown in
figures 3.4 to 3 6. When the velocity of the car is constant,
its velocity-time graph is a horizontal straight line (Fig 3.4).
When the car moves with constant acceleration, the
velocity-time graph is a straight ine which risas the same
height for equal intervals of time (Fig 3.5).

The a acceleration of the
car during interval t is given by
the slope of its velocity-time graph.

When the car moves with increasing accsleration, the
velocity-lime graph is a curve (Fig 2.8). The point A on the
graph cofesponds 1o time { The magnitude of the
instantanecus acceleration at this instant is numerically
equal 1o the slope of the tangent at the point A on the
velocity-time graph of the objact as shown in Fig 3.6

The distance moved by an object can also be detsrmined
by using Its velocity-time graph. For example, Fig 3.4
shows that the object moves at constant velocity v for time ¢,
Thz distance covered Dy the object given by Eq. 3.1 is
v x t This distance can aiso be found by calcuisting the
area under the velocity-time graph. This area is shown
shaded in Fig 34 and is €qual to v x t. We now give
another example shown in Fig 3.5. Here the velecity of the
object increases uniformly from 0 to v in time t The
magnitude of its average velocity is given by

D-v 1
=y
2 2

Ve o=

o
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Distance covered = average velocily x time = 'Ev xt

Now we caiculate the area under velocity-time graph which
's equal 1o the area of the triangle shaded in Fic 3.5, Its
value s equal 0 1/2 base x height = 12 v x ¢
Consdering the above two examples it is a aeneral
tonclusion that

The area between the velocity-time graph

and the time axis Is numerically equal to
the distance covered by the object.

Example 3.1: The velocity-time graph of a car moving
on a straight road is shown in Fig 37. Describe the motion
of the car and find the distance covered. v

Solution: The graph telis us that the car starts from rest,
and ts velocity increases uniformly 1o 20 ms' in 5
seconds, Its average acceleration s given by

At 58
The graph further tells us that the velocity of the ocar
remalos constant from 5" to 15" second and it then
decreases uniformly to zero from 157 10 19™ seconds, The
acceleration of the car during last 4 seconds is

) -1
_.s.‘lv;z.zoms

Loty 48
The negative sign indicates that the velocity of the car
Tne distance covered by the car is equal 10 the area
hetween the velocity-time graph and the tlime-axis. Thus
Histance travelled = Area of AABF + Area of rectangle BCEF
+Area of ACDE

z.5ms?

N |-

x20ms'x5s+20ms x 108+ %x»zom;_s"'xu

=50m+200m + 40 m=290m
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In school physics we have studied some useful equations
for objects moving at constant acceleration

Suppose an object is moving with uniform acceleration &
along a straight line. If its initial velocity is v, and final
velocity after a time interval ¢ is v. Let the disiance
covered during this interval be § then we have

vi =v,+at B ouey (3.5)

Y R e A (3.6)
2

S=v.r¢-2’-az” .......... (3.7)

vii= v+ 2a8 (3.8)

These equations are useful only for linear motion with
uniform acceleration. When the object moves along a
straight line, the direction of mation does not change. In
this case all the vectors can be manipulated like scalars. In
such problems, the direction of initial velocty is taken as
positive, A negative sign Is assigned to quantities whare
direction is oppeosite to that of initial velocity.

In the abeence of air resistance, all objects In free fall near
the surface of the Earth, move lowards the Earth with a
uniform acceleration. This acceleration, known as
acceleration due to gravity, is denoted by the letter g and
its average value near the Earth surface is laken as
9.8 ms?in the downward direction

The equations for uniformly accelerated motion can aiso be
applied to free fall motion of the objects by replacing a byg
N . MM e - -»'_’\N_ BN '::/‘,. .‘
Newlon's laws are empirical laws, deduced from
experiments. They were clearly stated for the first time by
Sir Isaac Newton, who published them in 1887 in his
famous book called “Principia”. Newton's laws are adequate
for speeds that are low compared with the speed of light

=y

By
11V
~
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For very fast moving objects, such as atomic particles in an
acceerator, relativistic mechanics developed by Albert
Einstain is applicable.

You have already studied these laws in your secondary
school Physics. However a summarized review is given
below.

Newton's First Law of Motion

A body at rest will remain at rest, and a bady moving with
uniform velocity will continue to do so, uniess acted upon by
some unbalanced external force. This is also known as law
of inertia. The property of an object tending to maintain the
state of rest or state of uniform molion is referred !0 as the
object’s Ineria, Tha more inertia, the stronger is this
tendency in the presence of a force. Thus,

holds, is known as inertial frame of reference. A frame of
reference stationed on Earth is approximately an nertial
frame of reference.

Newton's Second Law of Motion

A force applied on a body produces acceieration in its own
direction. The acceleration produced varies directly with
the applied force and inversely with the mass of the body.
Mathamatically. it is expressed as

F-B m Aitiaanns (3'9’

Newton's Third Law of Motion

Action and reaction ara equal and opposite. For example,
whenever an interaction occurs between two objects, each
object exerts the same force on the other, but in the
opposite direction and for the same length of ime. Each
force In action-reaction pair acts only on one of the two
bodies, the action and reaction forces never act on the
same body.

Point to Ponder

5
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We are aware of the fac: tha moving obyect possesses a
quaiity by virtue of which it exerts a force on anything that
(@5 o slop it The faster the object is travelling, the harder is
1 stop it Simdary. # two obi move with the same
velooily, then i is more difficult ta stop the massive of the two.

This quality of the moving bocy was called the quantity of
mation of the body, by Newton. This term is now caled
linear momantum of the body and s defined by the relation

In this expression v s the velocity of the mass m, Linear

momentum is, therefora, a vector quantity and has the
direction of valocity.

The Sl unit of momentum is Kilogram metre per secand
(kgm s”}. itcan a'so be expressad as newton second (N s).

Momentum and Newton S Second Law of Motion

Consider & body of mass m moving with an initial velocity v,
Suppose an exleral force F acts upon It for time ¢ after which

velocty becomes v, The accelerationa produced by this force
is given by

V| - V,
!
By Newton's second law, the acceleration is given as

Aa-—
m

Equating the two axpressions of acceleration, wa have

f v, -V
m r
Q“”’. : v‘ R - -'.-.;\‘F‘t&"t.-’;r"‘v;;—;a"i”:‘ “ ";';:“‘; Y ‘l ~‘(.‘3;‘1\1)

where mv, is the initial momentum and mwv Is the final
momentum of the bady.

56
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ne equation 3.11 shows that change in momentum is
equal 1o the product of farce and tha time for which force is
apphed. This form of the second aw is more general than
the form F = ma, because it can easily be exiended to
account for changes as the body accelerates when s
mass also changes. For example, as a rocket accelerates,
it loses mass because its fuel s burnt and sjected to
provde greater thrust

From EG. 3.11 R

Thus, second law of motion can also be stated in terms of
momentum as follows

Time rate of change of momentum
of a body equals the applied force.

impulise

Sometimes we wish to apply the concept of momentum to
cases where the applied force Is not constant, it acts for very
shor time. For example, when a bat hits a cricket ball, the
force cerainly varies from instant to instant duning the
collision. In such cases, It is more convenient to deal with the
product of force and time (F X !) hstead of either quantity
alone. The quantity F x { is called the impulse of the force,
where F can be regarded as the average force that acts
during tha time {. From Eq. 3.11

Impuise=F xt=mw-mv, ... (3.12)

Examplo32. AtSOOkgcarhasnsvebenymdlmdfrom
20 ms"' to 15 ms' in 30 s. How large was the average

retarding force?:
Solution: Using te Fq 3 11
FXtsmwvi-mwv
Fx30s=1500 kg x 15 ms" - 1500 kg x 20 ms’
or F=.2500kgms?=-2500N -25kN
The negative sign indicates that the forcs (s retarding one.

Foimt 10 Fonder

Point to Ponder
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Law of Conservation of Momentum

Let us consider an isolated system. It is a system on which
no external agency exerts any force. For example, the
molecules of a gas enclosed in a glass vessel at constant
temperature constitute an isolated system. The molecules

v, v can collide with one another because of their random

g motion but, being enclosed by glass vessel, no external
O agency can exert a force on them.

m, LA Consider an isolated system of two smooth hard interacting

balls of masses m, and m,, moving along the same straight

ine, in the same direction, with velocities vy and v;

“ respectively. Both the balls collide and after collision, ball of

Fle— —pF mass m, moves with velocity vy and m, moves with velocity

v in the same direction as shown in Fig 3.8.

N, WY
o ° Toﬁndhedmnoehummtumdmaaem..uaingaa.n
we have,

m

F'Xt=m| Vi —m, v,
Similarly for the ball of mass mz, we have

Fig. 28

Fxt=mv; —mv:
Adding these two expressions, we get
(F+F)t=(mvi -myvy)+ (myv; —m, va)

smcotheacnonforceFisequalandopposltetome
reaction force F', we have F'= - F, so the left hand side of
the equation is zero, Hence,

0={m v MV )t (Mmavi -mav;)

In other worgs, changehmnenumof‘ls(bau-tcmwe
in momentum of the 2™ ball = 0

Or (m1V1 -om;_vg)=(m,v‘, #m:ﬂ) o ohinn @.13’

Which means that total initial momentum of the systom
before collision is equal to the total final momentum of the
system after collision. Consequently, the total change in
momentum of the isolated two ball system is zero.

Formchagtoupofobbocta.ifoneobjectwihinthegroup
expuiencesa'ome,lheremustexistmoqualbm
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opposite reaction force on some other object in the same
group. As a result, the change in momentum of the group
of objects as a whole is always zero. This can be
expressed in the form of law of conservation of momentum
which states thal

The total linear momentum of an
isolatea system remains constant.

in epplying the conservation law, we must notice that the
momentum of a body is a vector quantity.

Example 3.3: Two spherical balls of 2.0 kg and 3.0 kg
masses are moving towards each other with velocities of
6.0ms™' and4 ms’' respectively. What must be the velocity of
the smaller ball afler collision, if the velocity of the bigger
ballis 3.0 ms™'?

Solution: As both the balls are moving towards one
ancher, so their velocities are of opposite sign. Let us
supposa that the direction of motion of 2 kg ball is positive and
thatof the 3 kg is negative.

The momentum of the system before collision = my vyt m; v,
=2kgxBms’ +3kgx (4 ms)=12kgms' - 12kgms’ =0
Momentum of the system after coliision=m (vi+m ;v
=2Kkgx vi+3kgx (-3)ms’
From the law of conservation of momentum

Momentum of the system | _ | Momentum of the system
before collision after collision

0=2kgxvi-9kgms’
2'(9.’(\/1’9‘(9"‘8.‘

vi=45m s

Do you wear soat balts?

Woen a movng car sops quickly,
the passangere move forward
towards the windshield. Seat bels
change the forces of mofion and
prevent the passengers from
maving. Thus the chance of injury
graatly reduced.

A molorcycle’'s salety halmat is
pacded 50 as to exiend the time of
any calision 1o prevent saious njury.
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When two tennis balls collide then, after collision, they will
rebound with velocities less than tha velndties befora the
impact. During this process. a portion of K.E is lost, partly
due fo friction as the molecules in the ball move past one
another when the balls distort and partly due lo its change
into heat and sound energies.

Under certain special conditions no kinetic energy is lost in

the collision.
T I For exampla. when a hard ball is dropped onto a marble
’ floor. It rebounds to very nearly the initial height. It looses
negligible amount of energy in the collision with the flsor
. o It is to be noted that momentum and total energy are
Before collision canserved in all types of collisions. However, the K.E. is

conserved only in elastic collisions.

Elastic Collision in One Dimension

v v, Caonsider two smoath, non-rotating balls of masses m, and
— Mz moving initially with velocities v, and vy respectively, in
o ’ the same direction. They collide and after collision, they
maove along the same straight line without rotation. Let their

m, o, velocities after the collision be vy and v, respectively, as

shown in Fig, 3.9.
After collision . ke the positive direction of the velocity and momenturmn
Fig. 18 to the right By applying the law of conservation of
momentum we have

Mivy* My vz =my vi +m; vy

M-V )=mafvi-va) (3.14)
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As the collision is elastic, so the K.E is also conserved.
From the conservation of K.E we have

1 g, 1 y 1 )
—my v+ -mzv;’- —my sz" —my sz
2 2 2 2

or mylvi’ =" ) =ma (v ¥ - vi%)
or myfvi+vy) (V- vy) =mpivatvy)(va-vy) ... (3.15)
Dividing equation 3.15 by 3.14

(vitvy)=(vatvy) ... (3.16)
or (Vs-Va) =(vz-vi)=-(vi- Vi)

We note that, before collision (vy; - v ) is the velocity of
first ball relative to the second bak. Similarly (vi - v3) is the
velecity of the first ball relative to the second ball after
collsion. It means that reiative velocities before and afler
the collision has the same magnitude but are reversad
after the collision. In other words, the magnitude of relative
velocity of approach is equal 1o e magniude of relative
velocity of separation.

In equations 3.14 and 3.16, m,, m;, v, and v; are known
quantities. We solve these equations to find the values of case (i)
v’y and v, which are unknown. The resulis are

] b B
vym DCMLL g =iy e o) Ay o ‘
Myt 1y my+ My
m, m,
Vem "”‘ e e (3.18) Before collision
my+ my my +m,
There are some cases of special interest, which are
discussed below:
(i) When ms = my e iy
From equations 3.17 and 3.18 we find that P—
Vi= Vv ° °
and Ve =V, as shown in Fig 3.10 A&rcollls’lrzn
(i) When my=m,and v;=0 Fig 310

In this case the mass my, be at rest, then v 2= 0 the
equations 3.17 and 3.18 give
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m,-m y m
V= ~-’-»—1v, y V= ' v,
my+ my, my+ m,

When m. = my then ball of mass my after collision will come
to a stop and m, will take off with the velocity that m,
originally has, as shown in Fig 3.11. Thus when a billlarg
ball m.. moving on a table collides with exactly similar ball
m, at rest, the ball m, stops while m; begins to move with
the same velocity, with which my was moving initially.

(1ii) When a light body collides with a massive body at rest

In this case initial velocity vs= 0 and m; >> m,. Under these
conditions m, can be cled as compared o m,. From
equations 3.17 and 3.18 we have v/, = - vy and vi=0

The result is shown in Fig 3.12. This means that m, will
baunce back with the same velocity white m; will remain
stationary. This fact is made used of by the squash player.

(V) When a massive body collides with

stationary body
In this case m, >> m, and vz = 0 so m: can be neglectad in
equatons 3.17 and 3.18. This gives v, = v, and Va= 2 vy
Thus after the collision, there is practically no change in the
velocity of the massive bady, but the lighter one bounces off
In the forward direction with approximately twice the velocity
af the incident body, as shown in Fig. 313,

Example 3.4: A 70 g ball collides with another ball of
mass 140 g. The initial velacity of the first ball is 9 me to
mmmmmmnamnmmﬂmm
perfactly elastic Malwoddbeﬂle\lﬁoclydﬂlomwa
afler the collison?

light

Solution:
m=70g v, =9ms"’ v, =0
m,=140g vy =9 vi=?
We know that v = ﬂfﬂ!—v,

m, s m,
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= Ome' =-3ms’
J0g+1d0g T
V'2= _g_m.!__v‘
my+ M,
.._.g 1700 9 m-1 = 6 m—‘
T0g+140g

Example 3.5: A 100 g golf ball is moving to the right with
a velocity of 20 ms’. It makes a head on collision with an
8kg steel ball, initially at rest. Compute velocities of the balls
after collision.

Solution: We know that

J m,-m e
vy = ——dy and Vi =
my + my iy +.my

Herce

vy = D1KQ-8KO L o0 ms'=- 19.5 ms"
DAkg +Bkg

_ 2x0.1kg
0.1kg+ 8kg

x20 ms =05 ms”

Whan water from 2 horizontal pipe strikes a wall rormally, a
force is exerted on the wall. Suppose the water strikes the
wall normally with velocity v and comes to rest on striking
the wall, the change in velocity is then 0 — v = — v. From
second law, the force equals the momentum change per
second of water. If mass m of the water strikes the wall in
time f then force F on the water is

F =- :l"., = - mass persecond x change in velocity _... (3.19)

From third law of motion, the reaction force exeried by the
watar on the wall is equal but opposite

Hence, F=-(-’T"v)=’?"v

Do you know?

It ancther cer crashes o back of
yours, the hoedrest of the car seat
can save you from serious neck
. It halps 10 sccalorate your
forward with the same rate &
tha rest of your body.

Point to Ponder

ir thrill machine rides at
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Thus force can be calculated from the product of mass of
vaater striking normally per second and change in velocity.
Suppose the water flows out from a pipe at 3 kgs' and s
velocity changes from § ms™ 1o zero on striking the ball, then,

Force =3 kas" x (5ms™' ~ 0) = 15kgme® = 15 N
Example 3.6: & hoss pipe ejects water at a speed of

0.3ms’ mmughaholeol‘areasot:m’ If the water strikes &
wall normally, calculate the force on the wall, assuming the
valocity of the water normal to the wall is zaro‘awslrikmg

.....

Solution:

Mass per second striking the wall = volume x density
- =0,0015 m® x 1000 kgm*=15kg
; Veiccity change of water onstriking thewall=0.3ms'-0=03ms"
(e ,Q % o =15kgs" x 0.3ms™ = 0.45 kgms? = 0.45 N
S g

{ N
‘I" 3} &
- .
& - T
-y | "\
f /

There are many examples where momentum changes are
produced by explosive forces within an isolated system.
For example, when a shell explodes In mid-air, its

fragments fly off in diffecent directions. The total
l momentum of all its fragments equals the imitial momentum
mv

of the shell, Supposg a falling bombd expiodes ino two

i \ Cansider anather exampie of bullet of mass m fired from 3
B 5 e rifie of mass M with a velocity v, Initially, the total
momentum of the bullet and rifle is zero. From the prnciple

Fig. 3.14 of conservation of linear momentum, when the bullet is

fired, the total momentum of bullet and rifie siill remains
Zero, since no external force has acted on them. Thus if v/
's the velacity of the rifte then
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mv (bullet) + v (rifle) = 0
MV =-mv  or v's‘-:;—' St 20)

The momentum of the rifle is thus equal and opposite to
that of the bullet. Since mass of nfle is much greater than
the bullel, it follows that the rifle moves back or recails with
only a fraction of tha velocity of the bullel.

3.11 ROCKET PROPULSION

Rockets move by expelling burning gas through engines at
their rear. The ignted fuel turns 10 @ high pressure gas
which is expelled with extremely high velocity from the
rocket engines (Fig. 3.15). The rocket gains momentum
equal to the momentum of the gas expelled from the engine
but n opposite direction. The rocketl engines continue to
expel gases after the rocket has begun moving and hence
rockat continues to gain more and more momeritum, So
Instead of travelling at steady speed the rocket gets faster
and faster so long the engines are operating.

Arocket carnes ks own fuel in the form of a gqud or solid
hydrogen and cxygen It can, therefore work at great heights
wnere very little or ne air is present. in order to provide enough
upward thrust to overcome gravily, a lypical rocket
consumes about 10000 kgs™' of fuel and ejects the bumt
gasas at speeds of over 4000ms”. In fact. more than
80% of the launch mass of a rocket consists of fuel only.
One way to overcome the prablem of mass of fuel is to
make the rocket from several rockets linked together.

When one rocket has done its job, It is discarded leaving
others lo carry the space craft further up at ever greater speed.

If mis the mass of the gases ¢jected per second with velocity
v retative to the rocket, the change in momentum per second
of the ejecting gases is mv. This equals the thrusi produced
by the engine on the body of the rocket. So, the acceleration
‘a’ of the rocket is

a= 20

siivansae (3~21 )
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where M is the mass of the rocket. When the fuel in the
rocket is burned and ejected, the mass M of rocket
decreases and hence the acceleralion incregses.

~SRR G S i WASCE R
D

Uptill now we have been studying the motion of & particie
along a straight fine i.e. motion in one dimension Now we
consider the mation of a ball, whan it is thrown herizontally
Y from certain height. it is observed that the ball trave's forward
as well as falls downwards untl it strikes something.
Suppose that the ball loaves the hand of the thrower at point
& A (Fig 3.16 3) and that its velocity at that instant Is completely
N *—p v, harizontal. Let this velocity be v, According to Newton's first
\ law of motion, there will be no acceleraton in horizontal

v. direction, unless a horizontally directed force acts or the ball.

b Ignoring the air friction, only force acting on the ball during
45 PR flight is the force of gravity. There is no horizontal force acting

= Tl"’-'—- ¥ onit. So its horizontal velocity will remain unchanged and wil

be v, until the ball hits something. The horizontal motion of
- ball is simple. The ball moves with constant harizontal
Fig & 48 velocity componant. Hence horizontal distance x is given by

XBVeXt. e o A3.22)

The vertical motion of the ball is aleo not complicated. It
will accelerate downward under the force of gravity and
hence a = g. This vertical motion is the same as for a
freely falling body Sirce initial vertical velocity is zern.
hence, vertical distance y, using Eq. 3.7, is given by

_17 v
Y 29’

It is not necessary that an object should be thrown with
some initial velocty in the horizontal direction, A foothall
kicked off by a player; a ball thrown by a cricketer and a
missile fired from a launching pad, all projected al some
angles with the honzental, are called projectiles.

under constant acceleration due to gravity.
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In such cases, the motion of a projactile can be studied
easlly by resolving it into horizontal and verical
components which are independent of each other,
Suppose that a projectile is fired In a direction angie 6 with
the horizontal by velocity v as shown in Fig. 3.16 (b). Let
components of velocity v, along the horizontal and vertical
directions be v, cos B and v, sin  respectively. The horizontal
acceeralion is & = 0 because we have neglected air
resisiance and no other force is acting along this direction
wheraas vertical acceleration a, = g. Hence, the honzontal
component v, remains constant and at any time f, wa have

VSV =VCOSH ..ieis (3.23)

Now we consider the vertical motion. The inttial vertical
component of the velocity is v sin0 in the upward diraction
Using Eq. 3.5 the vertical componant vy, of the velocty at any
instant f Is given by

Vy = Vi sinf - gt .......... (3.24)

The magnitude of velocity at any instant is
V= \"v,‘: PHG il (3.25)

The angle ¢ which this resultant velocity makes with the
honzonial can be found from

fanips oY CE IR (3.26)

Vi

n projectile motion one may wish © determine tha height
to which the projectile rises, the time of flight and horizontal
range. These are described below.

Height of the Projectile

In order to determine the maximum height the projectile
attains, we use the equation of motion

2aS=wi-y*

As body moves upward, so a = - g, the initial vertical
velocily v, = v sinB and v, = 0 because the body comes to
rest after reaching the highest point, Since

67
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S=height=h

So -2gh=0-v/ sin"0
_ v,'sin‘n
or h= 5 (3.27)

Time of Flight

The time taken by the body to cover the distancs from the
place of its projection to the place where it hits the ground
al the same level is called the time of flight

This can be obtained by laking § = h = 0, because the
Dody goes up and comes back to same level thus
covering na vertical distance. If the body is projecting with
velocily v making angle @ with a horizontal, then s vertical
component will be v sini. Hence the equation is

S=wl+%gt*

0 =vsinit - gt

Point o Ponder

= .z_v' 8‘"9
g

where f is the time of flight of the projectile when it is
projected from the ground as shown in Fig 316 (b).

st &0 angie of 30° and from e
i Sl Il Range of the Projectile

Maximum distance which a projeclie covers in the
horizontal direction is called the range of the projectie

.......... (3.28)

To determne the range R of the projectile, we muitiply the
horzontal component of the velocity of projection with total
time taken by the body after leaving the point of projection,
Thus

R=v, xt using Eq. 3.28

R=Yicostx2v, sing
g

R=Y 2sint cost
G
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Bul, 2sinBoost = sin2 6, thus the range of the projectile
depends upon the velocity of projection and the angle of
projection,

Therefore: R="Y sin20.. . (329)

For thé range R to be maximum, the factor sin2¢ should
have maximum value which is 1 when 268=90" or o= 45:.

Application to Ballistic Missiles

A balistic flight is that in which a projectile is given an initial
push and is then allowed to move freely due to inertia and
under the action of gravity. An un-powered and un-guided
missile is called a ballistic missile and the path followed by
it 18 called ballistic trgjectory.

As discussed before, a ballistic missila moves in a way that is
the result of the superposition of two independent motions: a
straight line inartial fight in the diraction of the launch and a
vertical gravity fall. By law of inertia, an object should sail
straight off in the direction thrown, at constant speed egual to
its initial speed particularly in empty space, But the downward

force of gravity will aller straight path into a curved trajectory.

For short ranges and flat Earth approximation, the trajectory
is parabolic but the dragless ballistic trajectory for spherical
Earth should aclually be elliptical. At high speed and for long
rajeciories the air friciion is not negligible and some times the
force of air friction Is more than gravity. It affects both
horizontal as well as vertical motions. Therefere, it is
compiately unrealisticto neglect the aerodynamic forces.

The shooting of & missile on a selected distant spol is a
major element of warfare. It undergoes complicated
mobions due to air frction and wind etc. Consequently the
angle of projection can nol be found by the geometry of the
situation at the moment of launching. The actual fights of
missiles are worked out 1o high degrees of precision and
the resull were coniained in tabular form. The modified
equaton of trajectory is 1o¢ complicated to be discussed
here. The ballistic missiles are usaful only for shor ranges.
For long ranges and greater precision, powersd and
remots control guided missiles are used.
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Example 3.7: A ball is thrown with a speed of 30 ms"
in a direction 30" above the horizon, Delermine the haight
to which it rises, the time of flight and the horizontal range.

Solution: Initially

Vis = v COSH = 30 ms 'x c0s30° = 2598 ms™’
Vi, = v sinf = 30 ms'xsin30° = 15 ma"'

As tha time of flight
= i!i 0
g
So t= AL =31s
9.8ms”
2 eln?
Height h= VSN
= 29
So p = 30ms™)x (0.5)°
2x98ms’
h=115m
Range R= "gL.-SIn 20
4,2
So = Bime)ix 0 x‘o.esg = 80m
9.8ms

Example 3.8: |n example 3.7 calculate the maximum
range and the height reached by the ball if the angles of
projection are (i) 45° (ii) 60,

Solution:
(i) Using the equation for height and range we have
height h = "';”'g"zo
85 = (30ms’ %0707
2x98ms’
h=23im

70
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Instantaneous acceleration is the acceleration at a particular instant of lime. It Is the
value obtained from the average acceleration as time interval Af is made smaller
and smaller, approaching zaro.

. av
a-Lim —
Al =0 Af

The slope of velocity-time graph at any instant represents the instantaneous
acceleration at that time,

The area between velocity-ime graph and the time axis is numaerically equal to the
distance covered by the object.

Freely failing is a body moving under the influence of gravity aione.
Acceleration due to gravity near the Earth surface is 9.8 ms™ if air friction is ignored
. Equations of uniformily accelerated mation are

vi=v,+at S

Oz :
S=y t+ 3 at* v =v’ +2a8

Newton's laws of motion

1 Law: The velocity of an object will be constant if net force on it is zaro.

2" Law: An object gains momentum n the direction of applied force, and the rate of
change of momentumis proportional to the magnitude of the force.

3™ Law: When two objects interact, they exart equal and opposite force on each
ather for the same length of time, and so eeive equal and opposite mpulses,

The momentum of an object is the product of its mass and velocity.

The impulse provided by a force is the product of force and time for which it acts It
equals change in momentum of the object.

Forany isolated sysiem, the total momentum remains constant. The momentum of
all bodies in & system add upto the same tolal momentum at all time.

Elastic collisions conserve both mementurn and kinetic energy. In inelastic collision,
some of the enargy is transferred by heating and dissipative forces such as friction,
air resistance and viscosity, so increasing the internal energy of nearby objects,

Projectile motion is the motion of particle that is thrown with an initial velocity and then
moves under the action of gravity.
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What is the difference between uniform and variable wvelocity? From the
explanation of vanable velocity, define acceleration. Give Sl units of velocity and
acceleration,

An object is thrown vertically upward. Discuss the sign of acceleration due to
gravity, relative to velocity, while the object is in air.

Can the velocity of an object reverse the direction when acceleration is constant?
Ifso, give an example.

Specify the correct statements:

a.  An object can have a constant velocity even its speed 1 changing.

b.  An object can have a constant speed even its velocity is changing.

¢.  An object can have a zero velocity even its acceleration is not zero

d.  An object subjected to a constant acceleration can reverse Its velocity.

A man standing on the top of a tower throws a ball straight up with initial

velocity v, and at the same time throws a second ball straight downward with the

same speed. Which ball wil have larger speed when it stnkes the ground? Ignore

air friction,

Explain the circumstances in which the velocty v and acceleration a of a car are
Parallel  Anti-paraliel . Parpendicular to one another

viszerobutaisnot zero  ais zero bul v is not zero
Motion with constant velocity is a spedial case of motion with constant scceleration.
Is this statement true? Discuss.

Find the change in momanium for an object subjected to a given force for a given
time and state law of motion in terms of momentum,

Define impulse and show that how it is related to linear momentum?

State the law of conservation of linear momeéntum, pointing out the importance of
Isolated system. Explain. why under carfain conditions, the law is useful even
though the system is not completely isolated?

Explain the difference between elastic and inelastic collisions, Explain how would
a bouncing ball behave In each case? Give plausible reasons for the faci that K.E
is not conserved in most cases?

Explain what is meant by projectile motion Derive expressions for
a  the time of flight b. the range of projectile.

Show that the range of projectiie IS maximum when projectiie Is thrown at an
angle of 45° with the horizontal,

At what point or points in ts path does a projectile have its minimum speed, is
maximum speed?
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3.14  Each of the following questions |s followed by four answers, one of which s

32

3.3

Correct answer. ldentity that answer,
| What is meant by a ballistic trajectory?
2. The paths followed by an un-powered and unguided projectile.
L. The path followed by the powered and unguided projactile,
¢ The path followed by un-powered but guided projeclile,
d. The path followed by powered and Quided projectile.
I What happens when a system of two bodias undergoes an elastic collision?
The momentum of the system changes.
The momentum of the system does nat change.
The bodies come to rest after collision
The energy conservation law is viotated :

a 0o

NUMERICAL PROBLEMS

A helicopter is ascending vertically at the rate of 19.6 ms’. When It is
al a height of 1568mabovemegmund,astoneisdropped. How long does the
stone ake to reach the ground?

(Ans:8.0s)

Using the following data, draw a velodcity-time graph for a short joumey on a
straight road of a motorbike. %)

Velocity (ms') | © 10 20 20 ) "~20 20 -T 0
Time (s) 0 30 60 90 120 150 180

Use the graph to calcu.late
(a) the initial acceleration
(b) the final acceleration and
(c) the lotal distance travelled by the motorcyclist
[Ans: (a) 0.33 ms= ()-0 67ms? ()2 7km|

A praton moving with speed of 1,0 x 10" ms”' passes through 0.020 cm thick
sheet of paper and emerges with a speed of 2.0 X 10° ms-'. Assuming uniform
deceleration, find retardation and time taken to pass through the paper

(Ans- 24 x 10" ms® 3 3x10" g)
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3.4

3.5
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3.10

Two masses my and m; are initially at rest with & spring compressed betwean

them. What is the ratio of the magnitude of their velocities after the spring has
been released? v, m,
(Ans: -~ =—X)

v my

-
-

An amoeba of mass 1.0 X 10" kg propels itself through water by blowing a jet of
water through a tiny odfice The amoeba ejects water with 3 speed of
1.0x10*ms” and at a rate of 1.0 x 10 kgs™. Assume that the water is being
continuously replenished so that the mass of the amoeba remains the same.

@ Il there were no force on amoeba other than the reaction force caused by
the emerging jet, what would be the acceleration of the amoeba?

b, If amoeba moves with constant velocity through water, what is force of
surrounding water (exclusively of jet) on the amoeba?

[Ans: (8) 1.0 x10°ms” (b) 1.0x 107" N)
A boy places a fire cracker of negligible mass in an emply can of 40 g mass. He
plugs the end with & wooden block of mass 200 g. After igniting the firecracker, he

throws the can straight up. It explodes at the top of its path. If the block shoots out
with a spaed of 3.0 ms™', how tast will the can be going?

{Ans: 15 ms')
An electron(m =9.1 x 10" kg) travelling at 2.0 x 10" ms” undergoes & head on.
collision with a hydrogen atom (m =1 .67 x 107" kg) which is initially at rest

Assuming the collision to be perfectly elastic and a motion to be along a straight
line, find the velocity of hydrogen atom,

(Ans: 2.2 x 10 ms™)

A truck weighing 2500 kg and moving with a velocity of 21 ms” colldes with
slationary car weighing 1000 kg. The truck and the car move together after the
impact. Calculate theircommon velocity

{Ans: 15 ms™)
Two biocks of masses 2.0 kg and 0.50 kg are attached at the two ends of a

compressed spring. The elastic potential energy stored in the springis 10J Find the
velocities of the blocks if the spring dedivers its energy to the blocks when released.

(Ans: 14 ms’, 5.6ms™)

A foot ball is thrown upward with an angle of 30° with respect to the horizontal
To throw a 40 m pass what must be the initial speed of the ball?

(Ans:21ms™)
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A ball is thrown horizentally from a height of 10 m with velocity of 21 ms”'. How
far off it hit the ground and with what velocity?

(Ans.30m, 25 ms™)
A bomber droppad a bomb at a height of 490 m when its velocity along the
horizontal was 300 kmh™',
la) How long was it in air?
(b) At what distance from the point vertically below the bomber at the instant the

bomb was dropped, did it strike the ground? (Ans:10s,833 m )
Find the angle of projection of a projectile for which its maximum height and
horizontal range are equal. (Ans: 767)

Prove that for angles of projection, which exceed or fall short of 45° by equai
amounts, the ranges are aqual,
A SLBM submarine launched ballistic missile) is fired from a distance of 3000km

Ifthe Earthis considered flat and theangle of launchis 45° with horizontal. find the
velocity with which the missile is fired and the time taken by SLBM to hit the

target
(Ans: 5.42 kms ™13 min )’
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Chapter 4
WORK AND ENERGY

Learning Objectives
Al the end of this chapter the students will be able to:

Understand the concept of work in terms of the product of a force and
displacement in the direction of the force.

Understand and derive the formula Work = wd = = mgh for work done in a

gravitational field near Earh's surface. /
Understandthat work can be calculated from area under the force-displacement graph
Relate power to work done.

Define power as the product of force and velocity,
Quote examples of power from everyday ife,
Explain the two types of mechanical energy.
Understand the work-enargy principle,

Derive an expression for absolute potential energy.
Define escape velocity.

Understand that in a resisfive medium loss of potential energy of a body is equal
to gain in kinetic energy of the body plus work done by the body against friction.

Give examples of conservation of energies from everyday life.
Dascribe some non-conventional sources of energy.

Work is often thought in terms of physical or mental effort, In Physics, however, the term

work involves two things (i) force (i) displacement. We shall begin with a simple situation in
which work is done by a constant force.

4.1 WORK DONE BY A CONSTANT FORCE

Let us consider an object which is being pulled by a constant force F at an angle 0 1o the
direcban of motion. The force dsplaces the object from postion A to B through a
displacement d (Fig 3 1
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We define work W done by the force F as the scalar
product of F and d.

- 4 W=Fd=Fdcos® ... {41).
d
={Fcost)d
Fig. 41
I'he quantity (F cosil) is the component of the force in the
E direction of the displacement d.

Thus, the work done on a body by @ constant force Is
deﬁmdaslhepm&:ctofmemmtweaofme
displacement and the component of the force In the
direction of the displacement.

)4 Can you tell how much work is being done?
(f) On the pail when a person holding the pail by the

m force F is moving forward (Fig. 4.2 a).

(1) Onthe wall (Fig. 4.2 b)?

Wher a constant force acts through a distance d, the event

can be plotted on a simple graph (Fig. 4.3). The distance is

r normally plotted along x-axis and the force along y-axis. In

S this case as the force does not vary, the graph will be a

horizontal straight line. If the constant force F {newton) and

the displacement d (metre) are in the same direction then the

work done is Fdf (joute). Clearly shaded ares in Fig 43 s

also Fd. Hence the area under a force- displacement curve

7 can belakentorepresemowwukdonebyﬂwm. In case

R the force F is not in the direction of displacement, the graph is
a plotted between F cosOand d.

From the definition of work, we find that
0 Work is a scalar quantity,

(M) If® < 90", work is done and it is sald to be positive
work.

. T iy e =90", no work is done.
(V) If 8> 90", the work done Is said to be negative.
(V) SI unit of work is N m known as Joule (J).

Fig. 43 In many cases the force doss not remain constant during
the process of doing work. For example, as a rocket moves
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away from the Earth, work is done against the force of
gravity, which varies as the inverse square of the distance
from the Earth's cantre. Similarly, the force exerted by a
spring increases with the amount of siretch, How can we
calculate the work done in such a situation?

Fig. 4.4 shows the path of a particie in the x-y plane as il
moves from paoint a to point b. The path has been divided into
n short intervals of displacements Ady, Ady, ....... ,Ad, and
Fo B covrne , Fn @re the forces acting during these inervals.

During each small interval, the force is supposed to be
approximately constant. So the work done for the first
interval can then be writlen as

AW, = F1 Ady = Fy cos0yAd,
and in the second interval
AW:=F; . Ad;= F; costA d,

and so on. The total wark done in moving the object can
be calculated by adding all these terms

Wm =A W1 + AWz" ........ + L\Wn
= Fcosl, Ad}* F; coS0s Adz+, . ... +* Fn cost, d.,

Wi = .I'ﬁ'mO»M: .......... (4.2)

We can examine this graphically by ploting F cos@
verses O as shown In Fig 4.5 The displacement d has
been subidivided into n equal intervals, The value of
F costi at the begiming of each interval is indicated in

the figure.

‘

Now the ith shaded rectangle has an area F, cosi, Ad.
which is the work done during the /th interval, Thus, the
work done given by Eq. 4.2 equals the sum of the areas of
all the reciangles. If we subdivide the distance into a large
number of intervals so that each Ad becomes very small,
the work done given by Eq. 4.2 becomes more accurate. If
we let each Ad to approach zero then we obtain an exact
result for the work done, such as
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Wi = Limt £Fcosqad, ... Lt (48)
M)U I
In this limit Ad approaches zero. the total area of the rectangles
(Fig. 4 5) approaches the area between the F coso curva and
G-axsfrom a to b as shown shaded in Fig 4 6

Ihus, the work done by a variable force in maving a particle
between two points i equal to the area under the £ cos )
verses d curve between the two points a and b as shown in
Fig. 4.6.

Example 4.1: A force £acting on an object varies with
distance x as shown in Fig 4.7, Calculate the work done
by the force as the object moves fromx=0to x=6 m.

Solution: The work done by the force is equal to the
total area under the curve from x =0 lo x = 6 m. This area
I equal to the area of the rectangular section from x = 0 1o
X =4 m, plus the area of triangular section from x=4 m to
x = 6m. Hence

Work done represented by the area of rectangle =4m x5 N
=20Nm=20J

Work done represented by the area of triangle = %xz mx5N

=5§Nm=5J
Therefore, the total work done = 20 J + 5 J = 25 J

FIELD
The space around the Earth in which its gravitational force
acts on a body Is called the gravitational field. When an
object is moved in the gravitational field, the work is done by
the gravitational force. If displacement is in the diraction of
gravitational force, the work is positive. If the displacement
is against the gravitational force. the wark ie negative.

Let us consider an object of mass m being displaced with
constant velocily from point A to B along vanous paths in
the presence of a gravitational force (Fig. 4.8). In this case
the gravitational force is equal to the weight mg of the
object.

S0
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The work done by the gravitational force along the path
ADE can be split into two parts. The work done albng AD is
zero, because the weight mg is perpendicular 10 this path,
the work done along DB is (-mgh) because Lhe direction of
mg 15 opposite 1o that of the displacement i.e. H = 180°,
Hence, the work done In displacing a body from A w0 B
through path 1is

Wipe = 0 + (- mgh) = - mgh

If we consider the path ACB, the work done aleng AC is
aiso (-mgh), Since the work done along CB is zero,
therefore

Wacs = - mgh + 0 =- mgh

Let us now consider path 3, e, 2 curved one. Imagine the
curvad path, to bs broken down inte a seres of harizontal
and verical staps as shown in Fig. 4.8, There is no work
done along the horizontal staps, because mg is
perpendicular to the displacement for these steps. Work is
done by the force of gravity only along the vertical
dispacements.

Wia = - ma(Ay: + Ay; +8ys + ... + Ay,)
as f \y. + _\)/-‘. - \y‘ - - Ay’) =h
Henge, Wi = - mgh

The net amount of work done along AB path is stit (-mgh).
We conclude from the above discussion that

Work done in the Earth's wnmtoml %
mwmmummwm .

Can you prove thal the work dona along a closed path
such as ACBA or ADBA (Fig. 4.8), in a gravitational field is

ZEro

The field in which the work done be i 2Nt
of the path mmwmrkdonelnedos;d
path be zero, is called a conservative field.
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The frictional force is a non-conservative force, because if
an object is moved over a rough surface between two
points alorg different paths, the work done against the
frictional force certainly depends on the path followed.

4 o : . s
. 1 oy

In the definition of work, it is not clear, whether the same
amount of work is done in one second or in one hour. The

rate, at which work is done, is often of interest in practical
applications.

Power is the measure of the rate at which work is being

If work AW is done in a time interval A t, then the average
power P,, during the interval Atis defined as

- 2W
Pav= 2 S - G0

If work is expressed as a function of time, the
Instantaneous power P at any instant is defined as

= Limie AW 4
Peinit 4 W 5

Where AW is the work done in short interval of time At
fallowing the instant .

Power and Velocity

Itis, sometimes, convenient to exprass power in terme of a
constant force F acting on an object moving at constant
velocity v. Far example, when the propelier of a motor boat
causes the water to exert a constant force F on the boat it
moves with a constant velocity v. The power delivered by
the moltor at any instant is, then, given by

P=Limi W
30 At
we know AW=F Ad
s0 p=pimy FAd
>0 At
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~ Limit Ad _
Since A--0 Al =V
Hence, P=Fv

..........

The Sl unit of power is  watt, defined as
one joule of work done in one second.

Sometimes, for example, in the electrical measuremants, the
unit of work is expressed as wall second. However, a
commercial unit of electrical energy is  kilowatt-hour.

One kilowatt hour is the work done in one hour by an
agency whose power is one kilowatt.

1 kWh
1 kWh

Therefora,

or

Example 4.2: A 70 kg man runs up & long fiight of
stairsin 4.0s. The vertical height of the stairs is 4.5 m.

= 1000 W x 3600 s.
=36x10°0=36MJ

Calculate his power output in watls.
Solution: Work done = mgh

Power

P=

= mgh

4

TOkgx98ms” x4.5m
4s

P=7.7 %10 kgm’s* = 7.7 X 10° W

4.5 ENERGY

Energy of a body is its capacity to do work. There are two

basic forms of energy.

1)} i':_("v,“;l__ enaiqay

The kinetic energy Is possessed by a body due to- its

(il Potential energy

motion and is given by the formula

(A7)

For Your Information

Approoumate Powers
Device |, Powar (W)
Jumbo Jel Aireras®  13x10
Caorat %0 km i’ 120
Elactriz neater 2010’
Colour Tv 120
Flash Iight (two oolis] 14
Pockat cakulatar 750"

S
«
g
§
e

K Whes about Bxi

cae and the car hen Ues about
110" J of energy from patrol in Its
life time:
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where m is the mass of the body moving with velocity v

The potential energy is possessed by a body because of
its position in a force field 8.g. gravitational field or because
of its constrained state. The potential energy due to
gravitational field near the surface of the Earth at a height
h is given by the formula

PE. = mgh (4.8)

This s called gravitational potential energy The
gravitational PE. is always detarmined relative o some
arbitrary position which is assigned the value of zero PE

In the present case. this reference lavel is the surface of
the Earth as position of zere PE. In some cases 3 point at

. infinity from the Earth can ako be chosen as zero mference
10 km K Iy’ level,
Frasioe! of Gra atom

o wantum 180" The energy stored in a comprassed spring is the potentlal
K E of amclocuse of alr 8x10 " energy possessed by the $Dring due to its compressed or
streiched state. This form of energy is called the slastic
potential energy,

Work-Enérgy Principle

Whenever work is done on a body, it increases its energy.
For example a body of mass m is moving with velocity v. A
force F acting through & distance o increases the velocity
to v, then from equation of mation

or d= 5’;(./,' e (4.9)

From second law of motion

F=ma iy LI0)
.g,':,? ."‘.."‘..’:,"’..‘.:'..";,"'.‘.‘.132 Muttiplying equations 4.9 and 4,10, we have
of petrol. 3
Fd= -zm(v,'- V‘;)
or Fd= -’-mv’-law" .......... (4.11)
b S e,
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where the left hand side of the above equation gives the
work done on the body and right hand side gives the
ncrease or change in kinetic energy of the body. Thus

Work done on the body equals the
change in its kinetic energy.

This s known as werk-energy pnnciple. If a body s raised
up from the Earth's surface, the work done changes the
graviationa! potential energy. Similary, if a spring is
compressed, the work done on it equals the increase in its
elaslic polential energy.

Absolute Potential Energy

The absolute gravitstional potential energy of an object at
a cenain positon Is the work done by the gravitational
force In displacing the object from that position to infinity
where the force of gravity becomes zero. The relation for
the caicutation of the work done by the gravitational force
or poiential energy = mgh, I$ true only near the surface of
the Earth where the gravitational force Is nearly constant.
But I the body is displaced through a large distance in
space from, let, point 1 to N (Fig. 4.10) in the gravitational
fieid. then the gravitational force will not remain constant,
since it varies inversely to the square of the distance.

In order to overcome this difficulty, we divide the distance
between points 1 and N Into small steps each of langth Ar
so that the value of the force remains constant for each
small step. Hence, the total work done ¢an be caiculated
by adding the work done dunng all these steps. If r, and r;
are the distances of points 1 and 2 respectively, from the
centre O of the Earth (Fig. 4.10.) the work done during
the frst step L.e., displacing a body from point 1 to point 2
can ba calculated as below.

The distance between the centre of this step and the
centra of the Earth will be

r=li
2

Xf rg—r|=.ﬁf thon r;=ry*Ar
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Do You Know?

Hence, r- ﬂ%&-’-r,.% ........ o (4.12)

The gravitational force F at the centre of this step is

Mm
F=G—;— .......... (4.13)
where m=massofanobject , M =mass ofthe Earth
and G = Gravitational constant.
Squaring Eq. 4,12
Ar ."A,\

r=rl+ 2:',? ‘L _2_./'
:’sr(;\r)z << ri’, 50 this term can be neglected as compared
1
Hence ri=ref+rAr
Substituting the value of Ar
r'=o +rr-r)=6rn
Hence, Eq. 4.13 becomes

Fa g Mm s TR
' nhr;

As this force is assumed 1o be constant during the interval
Ar, s0 the work done is

Wi»2 = F.Ar = FAr cos 180° = - GMm ,“—’-
1

Thenegative sign indicates that the work has to be done on
the body from point 1 to 2 because displacement ie oppoaito
to gravitational force. Putting the value of Ar, we get

Iy =1
Wis: =-GMm 2L
"f?

6
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(s 1
or W3, =- GMI‘D[-———

n n

Simiarly the worl: done during the second step in which
the body is displaced from point 210 3 is

(
Wes =~ Gtim [ L=

p I3,

and the work done in the last step is
« ™
WN"-)N =.GMm i"!— - ’J
e Ty

Hence, the total wark done in dispiacing a body from point1
to N is calculated by adding up the work done during all
these steps.

Wi = W, »; + W iviveiiaat W . >u

s onald=a) [t {,L_- 1]
\f' ra r; I3 o {N.y r”_]
On simplification, we get

More coal has Deen used since

(; 1945 than was used in the whole of
W,..."-'-GMI" )l—L MW“OM
|[1 T
If the point N is situated at an infinits distance from the
Earth, so
InE o " then L:l =0
S o
Hence, Wi = -4384n

Therefore, the general expression for the gravitational
potential energy of a body situated at distance r from the
centre of Earth is

- GMm
r

U=

Ths is also known as the absoiute value of gravitational
polential energy of a body at a distance r from the centre
of the Earth,
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Noie that when ryncreases U becomes léss negative o L
ncreases i means when we raise a body above the surface
of the Earth its PE. increases. The choite of zer point is
arbitraryland ot!ly the difference of P.E. Frem one point to
ancther Is significant, wether we consider the surase of
the Earth or the point at infinity as zero PE. reference the
Ghange in P.E. a8 we move a BuCy above the surfage of the

Earth, will always be positive,

Now the absolule potential energy on the surface of he:
Earth is found by putting 7 = R (Radius of the Earth)

Absolute potential energy = 1, = - G;"” AR PEAS)

The negative sign shows that the Earth's gravitational field
for mass m is atiractive. The above expression gives the
work or the energy required tn faka the body out of the
Earth's gravitational field. where s potential energy with
respect to Earth is zero

The escape velocity corresponds to the initial kinetic
energy gained by the body, which carries it to an nfinie
distance from the surface of Earth,

Initial K.E. = %mv.,’,c
We know that the work done in lifting a body from Earth's
swrface to an infinite distance is equal o the Increase in
its potential erergy

b
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Incerase InPE. = 0-(-61’%’.'? e G_";_’??

where M and R are the mass and radius of the Earth
respactively. The body will escape out of the gravitational
field if the inital K.E. of the body is equal to the increase
in PE. of the body in lifting it up to infinity. Then

érm",., = Cﬂ':?m
or Vs = ‘-Z%M .......... (4.16)
_ GM
s o
Hence, Ve = ngR (4.17)

The vaiue of V... cComes out 1o be approximately 11 kms.'

-t V] — L

£ _
o N - -
S~ ’

Consider a body of mass m at rest, at a height h above the
surface of the Earth as shown in Fig. 4.11. At position
A, the body has P.E = mgh and KE = 0. We relzase the
body and as it fails, we can examine how kinetic and
potential energies associated with it interchange,

Let us calculate P.E and” KE. al position B when the
body has fallen through a distance x, ignoring air friction,

PE.=mg(h-x)

and KE. = -;-mvé

Veicoity vg, at B, can be caiculatec from the relation,
: Vf: =y + ZgS

Vi=Vg v=0 : S=x
ve =0+ 2gx = 2g¢

PE = mgh
KE=0

2E = myg {-x)
X E = mgx

PE=D

8
¥
(h-2)

KE, ‘.—L...v..~
myt C
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KE. = %m {29x) = max

Total energy at B = PE. + K.E,
=mg (h-x)+mgc=mgh ... . (418)
At position C, just hefore the bady strikes the Earth, P.E. = 0

1
and KE. = ;mvci where v. can be found out by the

following expression
v¢’=v.‘*2yh'2gh as v=0

i.e. KE. = %mvc’ = %m x 2gh = mgh

Thus at point C, kmetic energy is equal to the orignal value
of the potential epergy of the body. Actually when a body
falls, its velocity increases |.e.. the bedy is being acrelerated
under the action of gravity. The increase in velocity results
In the increase in its kinetic energy. On the other hand, as
the body falls, its height decreases and hence, its potential
energy also decreases. Thus we sse (Fig 4.12) that,

Lossin P.E. = Gain in K.E,
mg (hy - hy) = -;-m(v,’-v,‘) {3, s (4.19)

Where v, and v; are velocities of the body at haights 4,
and b, respectively. This result Is true only when frictional
force is not considered.

If we assume that a frictional force f is present duwring the
downward motion, then a part of PE. is used in doing work
against fricton equal 10 f 4. The remaining P.E. = mgh —f h
is converted into K. E.

Hence, mgh ~fh= 5' mv
or mgh = %mv.’ Y, S S . (4.20)
Thus,

Lossin PE. = Gain in K.E. + Work done against friction.

90
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4.7 CO RVATION 3 Y
The kinetic and potential energies are both different forms
of the same basic quantity, i.e. mechanical energy. Toial
mechanical energy of a body is the sum of the kinetic
energy and potental energy. In our previous discussion of
a falling body, potential energy may change into kinetic
energy and .vice versa, but the total energy remains

constant. Mathematically,
Total Energy = PE. + K.E. = Constant

[his is @ special case of the law of consarvation of energy
which states thal.

Energy cannot be destroyed. it can be
transtormed from one kind into another, but
the total amount of energy remains constant.

This is one of the basic laws of physics. We daily observe
meany energy transformations from one form % another.
Some forms, such as electrical and chemical energy, are
more easily transferred than others, such as heat Ultimately
all energy transfers result in heating of the environment and
energy is wasted. For example, the P.E, of the falling object
changes to K.E.. but on striking the ground, the K E. changes
into heat and sound. If it seems in an energy ansfer that
some energy has disappeared, the lost energy Is often

convertad into heat. This appears to be the fate of all

available energies and is one reason why new sources of
usaful energy have to be developed.

Example 4.3: A brick of mass 2.0 kg is dropped from a
rest position 5.0 m above the ground.What is its velocity at a
height of 3.0m above the ground?

Solution: Using Eq. 4.19

mg thy—=h) = %m (vs' =vy')

As vi=0 and- V=V
Hence v= J2g(h - h;)
ot v =J2x88ms2x20m = 63ms’

Solar

Ein mass

Fosel tueds

Wind

Mydro cheric

Tdes

Fanewable

Rydroglectns

Wing Naolural gas
Tidas (v
Geatharmal * Uranium
Slomass ON shasle
Surdight Tar sands
EthanolMathanoi™

* Individual felds may run off
“*Rengwable when mede from

D mass
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These are the Energy sourcas which are not very common
these days. However, it is expected thal these sources
will contribute substantiaily o the energy demand of the
future. Some of these are intraducad briefly hare

Energy from Tides

One very novel example of obtaining energy from
gravitstional field is the energy obtained from tlides
Gravitational force of the meon gves nse to tides in the
sea. The tides raise the water in the sea roughly twice a
day. If the water at the high tide is trapped in a basin by

canstructing a dam, then it is possible to use this as a

The fidal movement and the winds blowing across the
surface of the ocean produce strong water waves. Their
energy can be utilized to generate electicty. A method of
hamessingwaveemfgylstouselargeﬂoatswhid*rmwew
bk a2 Panad anddownwmm\vaves.Onesuchdevioe invenied by
Vister is sllowed 10 flow beck ‘Professor Salter is known Salter's duck (Fig. 4.14). It consiste
"9 e Basin, driing trbines of twa parts (i) Duck float. (il) Balance float.

Fig. 4.12

Tidal powse plant. Turbines are
locoted inside the dam.

Tl gxsf of the Moon dogs not 6t
o gt e e The wave energy makes duck float move refative to the
conlinents palling  fand balance float The relative motion of the duck float is then
dow by & much as 25em. used fo run electricity generators,

92
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The Earth receives huge amount of energy directly from
the Sun sach day. Solar energy al nomal ncidence
outside the Earth's atmosphere is about 1.4 kKWm * which
is referred as solar constant. While passing through the
atmosphere, the toial energy is reduced due to reflection,
scattering and absorption by dust particles, water vapours
and other gases. On a clear day at noon. the intensity of
solar ehergy reaching the Earth's surface Is about TkWm?,
This energy can be used directly to heat water with the help
of large solar reflectors and thermal absorbers It can also
be converted to electricity. In one method the fial plate.
collectors are used for heating water. A typical collector is
shown in Fig. 4,15 (a). It has a blackened surfaca which
absorbs enaergy directly from solar radiation. Cold water
passes over the surface and is heated upto about 70°C,

& Fig 415

Much higher temperature can be achieved by
concantrating solar radiation on lo a small surface area by
using huge refleciors (mirrors) or lenses to produced
steam for running a turbine.

The other method is the direct conversion of sunlight into
sleciricity through the use of semi conductor devices called
solar calls also known as photo voltaie cells. Solar cells are
thin wafers made from silicon. Electrons m the skicon gain
energy from sunlight to create a voltage. The vollage
produced by a singe voltaic cell is very low. In order to get
sufficient high voitage for practicai use, a large number of
such cells are connacted in series forming a solar cell panet,

For cloudy days or nights, electrc anergy can be stored
during the Sun lght in Nickel cadmium batteries by
connecting them to solar panels. These batteries can then
provide power !0 electrical appiances at nights or on
cloudy days

Solar cells, although, are expensive but last a long time and
have low running cost Solar cells are used O power
« atellites having large solar panels which are kept facing the
sun (Fig. 4.15 b). Other exampies of the use of solar cells
are remote ground based weather stations and rain forest
communication systems. Solar caiculatars and walches are
also in use now-a-days.

Fig. 4. 15(8)
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For yourinformation

The rapic growth of human
population has Pt o siain on oyl
nalural ressurces. A sustsinable
sociely minimizes waste asd
Maxnvezes he benefit fram each
fesourca Minmizing the use of
enefdy is an older method of
conservalion ¥We can save enargy by,

{1} turning off lights and efecirical
Soplances whan rot in yse.

(i) using fuoiescent bulbs instead
of ncandescent bultbs

(1) using sunight in offices,
commercial canters and
Rouses during doylight hours

(W) Taking shart hot shawers.

Gepﬂx_er{nal Energy

Energy From Biomass

Biomass is a potental source of renewable energy, This
includes all the organic materials such as crop residue,
natural vegetation, trees, animal dung and sewage. Biomass
energy or bio conversion refers to the use of this material as
fuel or its conversion into fuels,

There are many methods used for the conversion of
biomass into fuels, But the most common are

1. Direct combustion 2. Fermentation

Direct combustion method is usually applied to get energy
from waste products commonly known as salid waste. |t
will be discussed in the next section.

Biofuel such as ethanol (alcohol) is a replacement of
gasoline. It is obtained by fermentation of biomass using
enzymes and by decomposition through bacterial action in
the absence of air (oxygen).

The rotting of biomass in a dosed tank called a digester
produces Biogas which can be piped out to use for cooking
and heating (Fig. 4.16).

The waste matenal of the process is a good organic
fertilizer. Thus, production of biogas provides us energy
source and also solves the problem of organic waste
disposal

Energy from Waste Products

Waste products ke wood wasle, crop residue. and
parbcuiarly municipal solid waste can be used 1o get
energy by direct combustion. It s Probably the mast
commonly used conversion process in which wasle
material is bumt in a confined container. Heat produced in
this way is directly utilized in the boiler (o produce steam
that can run turbine generator.

This is the heat energy extracted from inside the Earth in
the form of hot water or steam. Heat within the Earth is
generated by the following processes,
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1. Radioactive Decay

Ihe energy, heating the rocks, is constantly being reieased
by the decay of radicactive alements,

2. Residual Heat of the Earth

At some places hot igneous rocks, usually within 10 km of
the Earth’s surfaca, are in a molten and partly molien state.
They conduct heat energy from the Earth's interior which is
still very hot, The temperature of these rocks is about
200°C or more,

3. Compression of Material

The compression of material deep Inside the Earth also
causas generation of heat energy.

In scme place water beneath the ground is in contact with
hot rocks and is raised to high temperature and pressure. It
comes o the surface as hol springs, geysers, or steam
vents. The steam can be directed to tum turbines of
electric generalors.

At places water is not present and hot rocks are not very
deep. the watar is pumped down through fhem to gel
steam (Fig. 4,17), The steam then can be used o drve
turbines or for direct heating

An interesting phenomenon of gecothermal energy © a
geyser. It is a hot spring that discharges steam and hol water,
intermittently releasing an explosive column into the air (Fig.
4.18|. Most geysers erupt at imegular intervals. They usually
occur In volcanic regions. Extraction of geothemmal heat
enery often occurs closer to geysersights. This extraction
sericusly disturbe geyser system by reducing heat flow and
aquifer pressure. Acuifer is a layer of rock holding water that
allows water to percolate through it with praessure.

SUMMARY

Fig. 4.17

+ The work done on @ body by a constant force Is defined as the product of the
magniude of the displacement and the companent of the force in the direction of

the displacament,
W=Fd =Fdcos0
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Work done by a variable force is computed by dividing the path into very small
displacement intervals and then taking the sum of works done for ail such intervais,

W= £‘ﬁ costy Ad,
"

Graphically, the work done by a variable force in moving a particle between two
ponts is equal to the area under the F cosh verses d curve between these two
points.

When an object is moved in the gravitational field of the Earth, the work is done by
the gravitational force. The work <ane in the Earth’s gravitational field is independent
of the path followed, and the work cone along a ciosed path is zerm. Such a force
field is called a consarvatve field.

Power is defined as the rate of doing work and is sxpressed as

L
M

Energy of a body is Its Gapacity o de work. The kinetic energy is the anargy possessed
by a body due to its motion.

The potential energy is possessed by a body bacause of its position in a force field
The absolute PE of a bordy on the surface of Earth is
~-GMm

U;,__.,
. R

The initial velocity of a body with which & should be projected upward so that it does not
come back, is called escape velocity.
Vo = J ijhi " v%

Some of the non conventional energy sources are

| Enorgy from the tides 2 Enerqy from waves
Solar energy 4. Enargy from biomass
Energy from waste products o, Geothermal energy

or F=Fy

4
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QUESTIONS

A person holds a bag of grocaries while standing stll, talking to a friend. A car is

| stationary with its engine running, From the stand point of work, how are these two

(3

situations similar?

Calculate the work done in kilo joules in liting @ mass of 10 kg (at a steady
velocity) through a vertical height of 10 m.

A force F acts through a distance L. The force is then increased to 3 F, and then acts
through a further distance of 2 L. Draw the work diagram to scale.

In which case is more work done? When a 50 kg bag of books is lifted through 50 cm,
or when a 50 kg crate is pushed through 2m across the floor with a force of 50 N7

An object has 1 J of potential energy. Explain what does it mean?

A ball of mass m is held at a height A, above a table. The table top is at a height i,
above the flocr. One studen! says that the ball has potential energy mgh, but
another says that it is mg (h, + h;). Who is correct?

When a rocket re-enters the atmosphere, its nose cone becomes very hot. Where
does this heat energy come from? i

What sort of energy is in the following:
Compressed spring
Water in a high dam
A moving car

A girl drops a cup from a certain height, which breaks into pieces. What energy
changes are involved?

A boy uses a catapult to throw a stone which accidentally smashes a green house
window. List tha possibie energy changes.

NUMERICAL PROBLEMS

A man pushes a lawn mower with a 40 N force directed at an angle of 20°
downward from the horizontal. Find the work done by the man as he cuts a strip of
grass 20 m long.

(Ans: 7.5 % 10" J)

A rain drop (m = 3.35 x10° kg| falls vertically at a constant speed under the influence
of the forces of gravity and friction. In falling through 100 m, how much work is done by
o gravity and 1) friction.

[Ans: () 0.0328 J (1) - 0.0328 )
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4.10.

Ten bricks, each 6.0 cm thick and mass 1.5 kg, lie flat on a table. How much work is
fequired to stack them one on the top of another?

(Ans: 40 J)

A car of mass 800 kg travelling at 54 kmh™ is brought to rest in 60 metree. Find the
#verage retarding force on the car. What has happened to original kinetic energy?

(Ans: 1500 N)

A 1000 kg automobile at the top of an incline 10 mete high and 100 m fong is
released and ralls down the hill. What is its speed at the bottom of the incline if the
average retarding force due to friction is 480 N? (Ans: 10 ms )

100 m'_ofwaw_ls pumped from a reseryolrintoa!gtk 10 m higher than the
reservoir, In 20 minutes. If density of water is 1000 kg m’, find
(a) the increase n P.E.
(b) the power defvered by the pump.
[Ans: (a) 9.8 x 10°J (b) 8.2 kW)

A force (thrust) of 400 N is required to overcome road friction and air resistance in
propelfing an autormobile at 80 kmh™". What power (kW) must the engine develop?

(Ans: 8.9 kW)

How large a force is required to accelerate an electron (m=9.1x 10" kg) from
rest o a speed of 2.0x10’'ms™ through a distance of 5.0 cm?

(Ans: 3.6 x107° N)

Use the conservation of mechanical energy to find his speed at a point 5.0 m above
the water surface, neglecting air friction.

(Ans: 99 ms™)

A child starts from rest at the top of a slide of height 40 M.(a) Whal is his speed at
lhe bottam if the slide is frictionless? (b} if he reaches the bottom, with a speed of
6 ms , whal percantage of his tolal energy at the top of the slide is lost as a result
of Iricion?

[Ans: (2) 8.8 ms ' (1) 54%)
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Chapter 5
CIRCULAR MOTION

Learning Objectives
At the end of this chapter the students will be able fo:

Uescnibe angular motion.

Define angular displacement, angular velocity and angular acceleration.

Define radian and convert an angle from radian measure o degree and vice versa.
| Use the equation S=riand v = ro.

Describe qualitatively motion in a curved path due to a perpendicular force and
understand the centripetal acosleration in case of uniform motion in a circle.

Derive the equation a. = ro’ = v/ and F; = ma? r= mvir
Understand and describe moment of inertia of a body.
Understand the concept of angular momentum,

Describe examples of conservation of angular momentum.

Understand and express rotational kinetic energy of a disc and a hoop on &n
inclined plane.

Describa the motion of artificial satellites.

Understand that the objects in satellites appear to be weightless.
Understand that how and why artificial gravity Is produced.

Calcutate the radius of geo-stationary orbits and orbital velocity of satellites.
Describe Newton's and Einstein’s views of gravitation. )

W & have studied velocity, accaleration and the laws of motion, mostly as they are

mvolved in rectilinear motion. However, many objects move in circular paths and their
direction is continually changing. Since velocity is a vector quantity, this change of direction
means that thelr velocities are not constant, A stone whirted around Dy a string, a car ming

around a comer and satellites in omits around the Earth are all examples of this kind of
maotion
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w S onecmrwboseomermispimaauumomm

endbnomulbbophmofmtaﬁon.Considerasyﬂem

axes as shown in Fig. 5.1 (b).'l'hez-a:dslstakenalonghoe'
axlsofmhﬁonwhhpivotOnodgm of coordinates .
Amxwymhkonhhemammwmoms
mumg.mppoaoatanylmmf.lspoduonbOP,.mdﬂng
momxmmmmr4ummmbe

OP; making angle # + A0 with x-axis (Flg. 5.1c).

The angular displacement A0 is assigned a positive
s
ol when the sense of rotation of OP is counter clock wise. i

The direction associated with A8 is along the
A axis of
rolation and is given by right hand rule which states that

Grasp the axis of rotation in
fingers curling in the Mmm
displacement, as shown in Fig 5.1 (d).

Three units are generally used to
| express angular
displacement, namely degrees, revolution and radian. We

Fig. 519
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which is SI unit, consider an arc of length S of a circle of
radius r (Fig 5.2) which subtends an angle 0 at the centre
of the circle. Its value in radians (rad) is given as

-arclength
Ve radius rad
0= rad

r
or ~ S=re¢ (whereBisinradian) ... (5.1)

If OP is rotating. the point P covers a distance s = 2 = in
one revolution of P. In radian it would be

§=2_1V_=2
r r
So 1 revolution = 2 x rad = 360"
o
Or trad= 20 .573°
2n

|fA0|stheang.:lard¢sptamomdwngheﬁm
this

Intaerval At, the average angular velocity (ay during
interval is given by

’

ratic Al/At as Af, following instant { approaches to zero.

Thus o = Lim 49 B ns w3
u.’oA‘

In the Wmit when Af approaches zero, the angular
displacement would be infinitesimalty small. So it would be a_

vector quantity and the angular velocty as defined by
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Eq.5.3 would ales be a vector, s direction is along the axis
of rotation and is given by right hand rule as described earlier.

Angular velocity is measured in radians per second which is
its S| unit. Sometimes it is alsc given in terms of revoiution
per minute.

5.3 ANGULAR ACCLLERATION
When we switch on an electic fan, we notice that its

angular velocity goes an increasing. We say that it has an
angular acceleration, We define angular acceleration as

the rate of change of angular velocity. If w, and w, are the
values of instantaneous velocity of a rotating body at

instants t and ¢, the average angular acceleration during
the interval t,— t, is given by

QSN o decooert (54)
L-t A
The instantaneous angular acceleration is the limit of the

ratio 'A%"as At approaches zero. Therefore, instantanecus
angular acceleration is given by

d = (jm S0 (5.5)
‘A0 N

The anguler acceieration is also a vector quantity whose
magnitude Is given by Eq. 5.5 and whose direction is along
the axis of rotation. Angular acceleration is expressed in
units of rads ’

Till now we have been considering the motion of a particie
P on a circular path._ The paint P was fixed at the end of a

line. As the body rotates, line OP also rotates with it with
the same anguiar velocity and angular accelersticn. Thus
the rotation of a nigld body can be described by the rotation
of the reference lne OP and all the terms that we defined
with the help of rotating line OP are also valid for the
rotational motion of a rigid body. In future while dealing

102
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with rotation of rigid body, we will replace it by its reference
line OF.

Consider a rigid body rotating about z-axis with an angular n %
velocity o as shown in Fig. 5.4 (a).

Imagine a point P in the rigid body at a perpendicular

distance r from the axis of rotaion. OP represents the O
reference line of the rigid body. As the body rolates. the

poirt P moves along a circle of radius r with a linear

velocity v whereas the line OP rotates with angular velocity

w a3 shown in Fig. 5.4 (b). We are interested in finding wut -5
the relation between o and v. As the axis of rolaticn is

fixed, so the directon of w always remains the saine and

w can be manipulated as a scalar. As regards the linear

velccity of the pont P, we consider its magnitude only

which can also be reated as a scalar,

Suppose during the course of its motion, the point P moves
through a distance P\P; = \g in a time interval Al during
which reference line OP has an angular displacement AD
radian during this interval. \s and A0 are related by Eq 5.1.

AS=rap
Dividing both sides by At
AS AB ‘
‘—gf"” tEr Ry s-
In the limit when At > 0 the ratio AS/Af represents v, the o

magnitude of the velocity with which point P is moving on

the circumferance of the circle. Similarly AG/AL represents

the angular velocity ® of the reference fine OP. So

oquation 5.6 becomes ‘“Sw
V= f@ Pamenanreey v (5—”

In Fig 54 (b), it can be seen that the point P is moving Fig. SA(D)

along the arc P,P;. In the limit when At —» 0, the length of

arc P,P, becomes very small and its direction repreaents

the direction of tangent o the circle at point Py, Thus the
velocity with which point P is moving on the circumference
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Point 10 Pondes
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mngie 1 lll.”“lm
distance Sov

ochifdehasamavaandiuduectbnlsaMysdmg
the tangent to the circle at that point. That is why the linear
volocityofmepointplaalsoknownastangenual velocity,

Similarly Eq 5.7 shows that if the raference line OP Is
rotating with an angular acceleration «, the point P will also
have a linear or tangential acceleration a. Using Eq 5.7 it
can be shown that the two accelerations are related by

WO o o1 Drasaiee: (5.8)

Eqs 57 and 5.8 show that on a rotating body, points that
areat&ﬂerentdlshncesfromhaxisaonothgvethe

Equations Of Angular Motion

The equations (5.2, 5.3. 54 and 5.5) of angular motion are
exawyandogwstomosehlimarmoﬁonexooptmate,
@ and « have replaced s, v and a, respectively. As the
other equations of linear motion were obtained by
algebraic manipulation of these equations, it follows that
analogous equations will also apply to angular motion.
Given below are angular equations together with thewr
inear counterparts.

Linear Angular

Vi< v +at SiEgntal; e (5.9)
2aS=y? - y? 208 =0 -’ ... (5.10)

s-uu%at’ 0-‘-0).!*%0:’ .......... (5.11)

The anguiar equations 5.9 to 5.11 hold true only in the
Case when the axis of rotation is fixed, so that all the
angular vectors have the same direction. Hence they can
be manipuiated as scalars.

Example 5.1: An electric fan rotating at 3 rev s’ i
switched off, It comes to rest in 180 s Assuming
deceleration 0 be uniform, find its value. How many
mmsddﬁhmmwmmm
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Solution: In this problem we have

From Eq. 5.4 we have //

o -w_(0-30)revs _ 60 0y o2

t 18.0s I,-
and from Eq 5.1, we have : \ \
" 1.2 \ '
=@+ a
0=t 5.

\ M
=30revs'Xx180s +%(-0.167m!’) X (18.0 8)’ = 27 rav S /

Themtlonofapuhdewtudnsoonstmmodbmeha
circular path is quite interesting. It has direct bearing on the
moton of such things as artificial and natural satellites,
nuclear particles in accelerators, bodies whirling at the
ends of the strings and flywheels spinning on the shafts.

We all know that a ball whirled in a horizontal circle at the
end of a string would not continue in a circular path if the
string is snapped. Careful observation shows at once that
if the string snaps, when the ball Is at the point A, in
Fig. 5.5 (b), the ball will follow the straight line path AB.

The fact is that unless a string or some other mechanism Fg S50
pulls the ball towards the centre of the circle with a force,
as shown in Fig. 5.5 (a), ball will not continue along the

circular path.
B
The force needed to bend the normally ;
straight path of the particle into a circular o
path Is called the centripetal force. 4
If the particdde moves from A to B with uniform speed v as A

shown in Fig. 5.6 (a), the velocity of the particle changes its
direction but not its magnitude The change In velocity Is
shown in Fig. 5.6 (b). Hence, the accaleration of the particle is Flo. S50
- ,=§_Y.
At
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Fa. S

Tid-bits

where Al is the ime taken by the particle to travel from A to
8. Suppose the velocities at A and B are v and v.
respectively. Since the speed of the particle is v, so the time
taken to travel a distance ¢, as shown in Fig. 56 (a) is

Af-s
v

S0 a =vi‘l‘ ' i TS (512)
S

Let us now draw a triangle PQR such that PQ is paraliel
and equal to v; and PR is parallel and equal 1o v, as
shown in Fig. 5.6 (b). We know that the radius of & circle |
perpendicular to its tangent, so OA is perpenaicular to v,
and OB is perpendicular to v; {Fig. 5.6 a). Therefore, angle
AOB equals the angle QPR between v; and v.. Further, as
Vi = ¥v; = v and OA = OB, both triangles are isosceles.
From geometry, we know “two isosceles triangles are
similar, if the angles between their equal arms are equal”,
Hence, the triangle OAB of Fig. 5.6 (a) is similar to the
triangle POR of Fig. 5.6 (b) Hence, we can write

Av  AB

—

¥ r

If the point B isdosetolbepoonnmectrcle.asvﬁllbeme
Case when Af > 0, the arc AB is of nearty the same length as
the line AB. To that approximation, we can write AB = 8, and
after substituting and rearranging terms, we have,

Av=8Y
' 7

Putting this value for Av in the Eq. 5.12, we get
Ty
-’.'—,‘ L LIRS 5.‘3
2 “iope (5.13)

where & is the instantanecus Bcceleration. As this
acceleration is caused by the centripetal force, it is called the
centripetal accelecation denoted by a. This acceleration s
directed along the radius towards the centre of the dircle. In
Fig. 5.6 (a) and (b), since PQ is perpendicular to OA and PR
is perpendicular to OB, g0 QR is perpendicular 1o AB. It may
be noted that QR is paralle! to the perpendicular bisector of
AB. As the acceleration of the object moving in the circle is
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parallel to Av when AB —» 0, so centripetal acceleration is
directed along radius towards the centre of the circle. It can
therefore, be concluded that:

The instantaneous acceleration of an object
travelling with uniform speed In a circle is
directed towards the centre of the circle and
is called centripetal acceleration.

The centripetal force has the same direction as the
certripetal acceleration and its value is given by

Fc -me > f’—:—— .......... (5‘14)
In angular measure, this equation becomes
Fv = ’nfmz .......... (5-15)

Example 52: A 1000 kg car Is turning round a comer at
10ms ' as it travess along an arc of a circle. If the radius of
the circular path Is 10 m, how farge a force must be
exerted by the pavement on tha tyres 1o hoid the car in the
circular path?

Solution: The force required is the centripetal force.,
So

- 10x10%kgms*® =1.0x10'N
r 10m kg

This force must be suppiled by the frictional force of ihe
pavament on the wneeis.

Example 5.3: A ball tied to the end of a sfring, is swung
n a vertical circle of radius r under the action of gravity as
shown in Fig., 5.7. What will be the tension in the string
whean the ball iz al tha point A of the path and its speed is v
at this point?

Solution: For the ball to travel in a circle the force
acting on the ball must provide the required centripetal
force. In this case, at point A, two forces act on the ball, the
pul of the string and the weight w of the ball. These forces
ac! along the radius at A, and so their veclor sum must
fumish the required centripetal force. We, therefore, have

Do You Know?
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2
wa=—-‘"-r‘-'- a w=mg

mv* vz
r-—- = —

n"Tz'-‘g.lnn T will be zero and the centripetal force is
just equal to the weight.

Consider a mass m attached to the end of a massless rod
as shown in Fig. 58 Let us assume that the bearing at the
pivot point O is frictionless Let the system be in a horizontal
plane.Aforceracbngon the mass perpendicular to the rod
and hence, this will accelerate the mass according to

Fy. 58

The frce & caLses o torque abot F=ma
the ans O and give h&—.:
e ~ In doing so the force will cause the mass 1o rotate about O

Since tangential accsleration & is related to angular
accoleration a by the equation.

a& = ra
50, F=mrg
.As lming effect is produced by torque T, it would
themrom.bebenertowmemaequaﬁonformﬁooln

terms of torque. TNscanbedonebyWMpOyingbothddes
of the above equation by r. Thus

rF= t=torque = mrix

which is rotational analogue of the Newton's second law of
motion, F = ma.
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Mos! rigid bodies have different mass conceniration at
diffarant distances from the axis of rotation, which means
the mass distribution is not uniform. As shown in Fig. 5.9(2),
the rigid body is made up of n small piaces of masses

Fig. 5.9

Each small piece of mass within a large, rigid body undergoes
the same angular accelsration about the pivot point.

MMy, My,... My atdistances ry, ry.....1, from the axis of rotation O.
Let the body be rofating with the angular acceleration «
s0 the magnitude of the torque acting on m, is

=l ay
Similarly, the torque on myis

T2 = man o
and so on.

Since the body Is rgid, so all the masses are rotating with
the same angular acceleration a,

Tota torque T gy IS then given by

Ty = (e mgry” + L vmy 1 ) w

= {im, e
k=1

For Your Information

Momants of Inertia of varous

bodees

a)

drrrmrm e m e ————— -

L

A
A

(d)
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Fig 3%

For Your Information

ou

e sphere i (a) s rotating in tha
sonse Ghven by the 9o arrow, It
angular yeacty snd angular
mementum are taken (o ba
Voward @ong the mistional axis,
#% shown by the righthand rulg

u‘ tg’a Searrarean ‘5.16)

where 1 Is the moment of inedia of the body and s
expressed as

o DL ; (8.17)

important roie in the sludy of ratational motion,

The angular momentum L of a particle of mass m moving
with velocity v and momentum p (Fig. 5.10) relative to the
origin Q is defined as

L el a (5.18)

where r is the position vector of the particle at that instant
relative to the origin O. Angular momentum is a vector
GQuantity. Its magnitude is

L=msint=mrvsing

where 4 is the angle between rand p. The direction of L Is
perpendicular to the plane formed by rand p and its sense
IS given by the right hand rule of vector product. S1 unit of
angular momentum is kg m®s 'or J &

If the particle is moving in a circle of radius r with uniform
angular velocity o, then angle between r and tangential
velocity is 90° Hence

L = mrvsin 80° = mry

But VEro
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Henca L=mrk

Now consider a symmetric rigid body rotating about a fixed
axis through the centre of mass as shown in Fig 5.11.
Each particle of the rigid body rotates about the same axis
in a circle with an angular velocity ». The magnitude of the
angular momentum of the particle of mass m is m, v, r,
about the origin O. The direction of L is the same as that
of » Since v, = r, m, the angular momentum of the ith
particle is m, r?m. Summing this over all particles gives the
total angular momentum of the rigid body.

"
L={Xmr ) ®=lw
S |

Wheve [ is the momeni of inertia of the rigid body about the
axis of rotation

Physicists usually make a distinction between spin angular
momentum (L,) and orbital angular momentum (L..)
The spin angular momentum is the angular momentum of
a spinning body, while orbital angular momentum is
associated with the motion of a body along a circuar path,

The difference is Hlustrated in Fig. 5.12. In the usual
circumstances conceming corbital angular momentum, the
orbital radius is large as compared to the size of the body,
hence, the body may be considered 10 be a point object,

Example 5.4: The mass of Eart is 6.00 x 10* kg. The
distanca ¢ from Earth fo the Sun is 150 x 10" m_As seen
from the direction of the North Star, the Earth revolves
counter-clockwise sround the Sun. Determine the orbital
angular momentum of the Earth about the Sun, assuming
that it traverses a drcular orbit about the Sun once a year
(3.16 x107s).

Solution: To find the Earth's orbital angular momentum
we must first know its orbital spead from the given data.
When the Earth maves around a circle of radius r, it travels
a distance of 2 In one year, its orbital speed v, is thus

Orbital angular momentum of the Earth = L, = mwr
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2n?m

| T b

7
. 27(1.50 x10" m)' x{6.00X10%kg)

316 x10's
=267 x10%g m* 5

by -
» P

The law of conservation of angular momentum states
if no external torque acts on a system, the total angular
momentum of the system remains constant,

Fio 813 Liow =Ly + Ly + .= constant
Aman dhing from a diving boara

effect of the law of conservation of angular momentum s
readily apparent if a single isolated spinning body aiters its
moment of inertia. This is illustrated by the dwver in

Fi9.513 The diver pushes off the board with a small anguiar

velocity about a horizontal axis through his centre of
gravity. Upon lifting  off from the board, the diver's legs

and arms are fully extended which means thal the diver

' has a large moment of inertia 1, about this axis, The

y moment of inertia is considerably reduced to a new value

/s when the legs and arms are drawn into the closed fuck
pesition. As the angular momentum Is conserved, so

% 14 5oy = Lo,
coasting

Hence, the diver must Spin faster when moment of nertia
es smaller to conserve angular momentum. This
enablesmedivettotakeemasmmmts.

The angular momentum is a veclor quantity with direction

(

Why does te rotating along the axis of rotation, In the above example, we
ints hw " ey discussed the conservation of magnilude of angular

momentum. The direction of angular momentum along the
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axis of rotation also remain fixed. This is illustrated by the
fact given below

The axis of rotation of an object will not change
hWMnmmm
ittodo so.

This fact is of great importance for the Earth as it moves
around the Sun. No other sizeable torque is experienced by
the Earth, because the major force acting on it is the pull of
the Sun. The Earth's axis of rotation, therefore, remains fixed
in one direction with reference to the universe around us.

Ifa body is spinning about an axis with constant angutar
velccity m, each point of the body is moving in a circular
path and, therefore, has some K.E, To determine the total
K.E of a spinning body, we imagine it to be composed
of tiny pieces of mass my, my, ... If a piece of mass m, is
al & distance r, from the axis of rotation, as shown in
Fig. 5.14, itis moving in a circle with speed

Vi=lho

Thus the K E of this piece is

KE= ; mvi= ; m; (r vy

1 7.2
L4 muey w
2

The rotational K.E of the whole body is the sum of the
kinetic energies of all the pars. So we have

K.Em = % (myrs o’ + maw'+.........

" % (myry’ *mzx’+ ... J@

We at once recognize that the quantity within the brackets
is the moment of inertia | of the body. Hence. rotational
kinelic energy is given by

" Do You Know?

Fig 5%

lmele'snng \um mation

- )6

(b)

Rotational colision  1hs ciuteh
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As the sphers rolls to te Sattom of
e inciine, iks gravitational

KE. = -2!- fo? (5.19)

lfrdhgorsplmlngbodtesarepmmnnaswbm. their
muonacldmuconefgymustbomodaspanofMe

hence, the rotation remains smooth.

Rotational Kinetic Energy of a Disc and 3 Hoop
From equation 5.19, the rotational kinetic energy of a disc is

KEyn ; I o

From page 109, for a disc

|
I= ; mr
S | 2
50 KE o 385 mr o
therefore, =‘l mr «o?
since P ul=y
KEu= ‘l = i (6.20
and for a hoop, since /= me’ (page 109)
then KEy= % Iw"—‘% mr® w? page 109
K.Epgy= % R RS (5.21)

When both starts moving down an inclined plane of height
h.MMmmmdbommﬁondwwwonal
motions (Fig. 5.15)."noonetgyisbsta9dnat friction, the
total kheﬂcenergyoflhediscorhooponnad\ingme
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bottom of the incline must be equal to its potential energy
al the top

PE =KEuun+ KEu

,,,,,,.%mw_;.m? ....... (5.22)

For disc mght%m\}*%lmf"

or ve !g" .......... (5.23)

and for hoop  mgh= ; me + -;— mv’

or v=Jgh (5.24)

Example 5.5: A disc without slipping rolis down a hill of
height 10.0 m. I disc starts from rest at the top of the
hill, what is its speed at the bottom? ’

Solution: Using Eq. 5.23

2
4 X9.801133 110-0'\ = 11 -4 ms-'

5.10 ARTIFICIAL SATELLITES

Satellites are objecis that orbit around the Earth. They are pul
into orbit by rockets and are held in orbits by the gravitational
pull of the Earth. The low flying Earth satelites have
acceleration 9.8 ms™ towards the centre of the Earth, If they
do not, they would fiy off in a straight line tangent to the
Eath When the satellite is moving in a circle, it has an

2
acceleration VT in a circular omit around the Earth, the
centripetal acceleration is.supplied by gravity and we have,

g e Tanee (5-25)

5‘?3.- 3 mw

&2..J|‘q)

11 ks or
40,000 hirvtw
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Where v is the orbital velocity and R is the radius of the
Earth (6400 km). From Eq. 5.25 we get,

v= JgR
= V9Bms?x8.4x10° m
=7.9kms”
This is the minimum velocity necessary to put a sateliite
santh into the orbit and is called critical velocity. The period 7 is
v given by
A
T= gﬁﬁa?xf& 14!-6‘wkm'
v 79kms
= 5060s = 84 min approx.
e If, however, a satellite in a circular orbit is at an appreciable

distance h above the Earth’s surface, we must take into
account the experimental fact that the gravitational
acceleration decreases inversely as the square of the
distance from the centre of the Earth (Fig. 5.16),

The higher the satellite, the slower will the required speed
and longer t will take to complete one revolution around

the Earth,
Close orbiting satellites Orvit the Earth at a height of about

We often hear that objects appear to ba weightless in »
Spaceship circling round the Earth, In order to examine the
e gl L gy Bl detail, et us first define, what do we mean
PASSONING Wystem. by the weight? The real weight of an object is the

pull of the Earth on the object. Similady the
weight of an object on the surface of the Moon is taken to
be the gravitational pull of the Moon on the object.

Genemllylhoweight of an object is measured by a spring
balance. The force exerted by the object on the scale is

lé
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equa to the pull due to gravity on the object, i.e., the
weight of the object. This Is not aiways true, as will be
explained a litte later, so we call the reading of the scaie
as apparent weight.

To illustrate this point, let us consider the apparent weight
of an object of mass m, suspended by a string and spring
balance, in a lift as shown In Fig. 5.17 (a). When the iRt is
al rest, Newton's second law tells us that the accaleration
of the object is zero, the resultant force on it is also zero. If
w s the gravitational force acting on it and T is the tension
in the string then we have,

T—w=ma
As a=0
henca, T3 AR el (5.26)

This situation will remain so long as @ = 0. The scale thus
shows the real weight of the object. The weight of the
object seems o a person in the it to vary, depending on
its motion.

When the lift is moving upwards with an acceleration a,
then

T—-w=ma
or T=w+ma T {5.27)

the object will then weigh more than its real weight by an
amount ma.

Now suppose, the lit and hence, the object is moving
downwards with an acceleration a (Fig. 5.17 b), then we
have

w-T=ma
which shows that
T2W=M8: . o (5.28)
The tension in the string, which is the scale reading, is
less than w by an amount ma. To a person in the

accelerating Iift, the object appears to weigh less than w.
lts apparent weight is then (w — ma).
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Let us now consider that the lift is falling freely under
gravity. Then a = g, and hence,

T=w-mg
As the weight w of the body is equal to mg so
r=mg-mg=0

The apparent weight of the object will be shown by the
scale fo be zero.

It is understood from these considerations that apparent
weight of the object is not equal toits true weight in an
accelerating system. it is equal and opposite to the force
required lo stop it from falling in that frame of reference

5.12 WEIGHTLESSNESS IN SATELLITES

AND GRAVITY FREE SYSTEM

When a sateliite is falling freely in space, everything within
this freely falling system will appear to be weightless, It does
not matter where the object is, whether it is falling under the
force of attractionof the Earth, the Sun, or some distant star,

An Earth's satellite is frealy falling object. The statement
may be surprising at first, but it is easily seen 1o be correct,
Consider the behaviour of a projectile shot parallel to the
horizontal surface of the Earth in the absence of air friction.
If the projectile is thrown at successively larger speeds,
then during its free fall to the Earth, the curvature of the
path cecreases with increasing horizontal speeds. if the
object is thrown fast enough parallel to the Earth, the
curvature of its path will match the curvature of the Earth
as shown in Fig. 5.18. In this case ihe space ship will
simply circle round the Earth.

-The space ship is accelerating towards the centre of the
Earth at all tmes since it circlos round the Earth. Its radial
acceleration is simply g, the free fall acceleration. In fact,
the space ship is falling towards the centre of the Earth at
all the times but due to spherical shape of the Earth, it
never strikes the surface of the Earth. Since the space
ship is in free fall, all the objects within #t appear to be
weightless. Thus no force is required to hold an object
falling in the frame of reference of the space wafl or
satellite. Such a system is called gravity free system.
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5.13 ORBITAL VELOCITY

The Earth and some other planets revolve round the Sun
in nearly circular paths. The artificial satellites launched by
men also adopt nearly circular course around the Earth.
This type of motion is called orbital motion.

Fig. 5.19 shows a satellite going round the Earth in a
ciroular path. The mass of the sateliite is m, and v i5 iis
orbital speed. The mass of the Earth is M and r represents
the radius of the orbit. A centripetsl force m,v’/r is required
1o hoid the sateliite in orbit. This force is provided by the
gravitational force of attraction beiween the Earth and the
satellite. Equating the gravitational force to the required
centipetal force, gives

2
Gm M _my
re r

of v-@ .......... (5.29)

This shows that the mass of the satellite is unimportant in
describing the satellite’s orbit. Thus any satellite orbiting at
distance r from Earth's centre must have the orbital speed
given by Eq. 5.29. Any speed less than this will bring the
satellite tumbling back to the Earth.

Example 5.6: An Earth satellite is in circular orbit at a
distance of 384,000 km from the Earth's surface. What is its
period of one revalution in days? Take mass of the Earth
M=6.0 x 10°g and its radius R =6400 km.

Solution:
As r=R+ h= (6400 + 384000) = 390400 km
A1 y T |
e s [GM _ [6.67x10" Nm’kg* x6 x10™kg
r 390400km
= 1,01 kms™
Also
2nr 1 1dsy
Feite= .14 x390400 —
v 2x e kmxw‘m_‘  oxB0x 245
= 21.5days
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Fig, 3.0
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5.14 ARTIFICIAL GRAVITY
In a gravity free space satellite there will be no force that
willfomemybodyhosnysédeofme spacecraft. If this
satellite is to stay in orbit over an extended period of time,
this weightiessness may affect the performance of the
astronauts present in that spacecraft. To over come this
difficulty, an artificial gravity is created in the spacecrafi.
This could snable the crew of the space ships to function
in an almost normal manner. For this situation to prevail,
the space ship is set inta rotation around its own axis. The
astronaut then is pressed lowards the outer rim and exerts
a force on the 'floor’ of the spaceship in much the same
way as on the Earth,
Consider a spacecraft of the shape as shown in Fig. 5.20
The outer radius of the spaceship is R and it rotates
around its own central axis with anqular speed w. then its
anguiar acceleration a, is

a, « Rﬂ)E

Butw 2—; where T is the penod of revolution of spaceship

2
Hence a, =R'(2Tn?’2 - -4-;:5
As frequency = 1T, therefore a. = R 4 »° £
or 2 % PN F
4R od 2rl R

The frequency 1 is increased to such an extent that a,
equals 10 g Therafore,

8.=g

R ]
and '“zu N b tssrmrinde (5.30)

When the space ship rotates with this frequency, the
artificial gravity like Earth is provided to the inhabitants of

the space ship.
Y.oRBS. ;5

5:15 GEOSTATIONA

An interesting and useful exam;le of satellite motion is the
geo-synchronous or geo-statonary satellite. This type of
sateliite Is the one whose orbital motion is synchronized with

120
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the mtation of the Earth. In this way the synchronous
satelite remains always over the same paint on the equator
as the Earth spins on its axis. Such a satellte is very useful
for worldwide communication, weather observations,
navigation, and other military uses

What should the orbital radius of such a satellite be so that
it could stay over the same point on the Earth surface? The
speed necassary for the circular orbit, given by £Eq. 5.29. is

GM
r

vV =

but this speed must be equal to the average speed of the
salullde in one day, ie.,
'3

r

v

S 'l,’)

where T 1s the period of revolution of the satellte. thal is
equal to one day. This means that the satellite must move
in one complete orbil in a time of exactly one day. As the
Eanth rotates in one day and the satellife will revolve
around the Earth in one day, the satellite at A will always
stay over the same point A on the Earth, as shown in
Fig.5.21 Equating tha above two equations, we get

2 _ [GM
{ r
Squarnng both sides
ar’r? _ GM
¥ el
or r = GM.”
an’

From this we get the orbital radius

(5.31)

! _1
[GMTR\’
e
a:

Substiuling the values for the Earth Into Eq. 5.31 we get
r=4.23 x10" km

21

A genstationary salellde uwbils the
Earh once per day cver the
equator o It Bppesars 10 be
sistonury. It 15 usad now for
nematonsl communications

'.-
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The wrols Earih can be covered
by |ust ihres geo-statonary
satnliney.

which is the orbital radius measured from the centre of the
Earth, fora geoslationary satellite. A sateflite at this height
will always stay directly above a particular point on the
surface of the Earth. This height above the equator comes
to be 36000 km.

5.16 COMMUNICATION SATELLITES

A satellite communication system can be set up by placing
several geostationary satelltes in orbit over different points
on the surface of the Earth, One such satellite covers 120°
of longitude, so that whole of the populated Earth's surface
can be covered by three correclly positioned satellites as
shown in Fig. 5.22. Since these geostationary satellites
seem to hover over one place on the Earth, confinuous
communication with any place on the surface of the Earth

narrow beam, In a straight line and pass easily through the
atmosphere of the Earth, The energy needed to amplify and
retransmit the signals is provided by large solar cell paneis
fitted on the satellites, There are over 200 Earth stations
which transmit signals 1o satelites and receive signals via
satellites from other countries. You can also pick up the
signal from the satellite using a dish antenna on your house.
The largest sateliite system is managed by 126 countries,
International  Telecommunication Satellite Organization
(INTELSAT). An INTELSAT VI satellite is shown in the
Fig.5.23. It operates at mecrovave fraquencies of 4, 6,11 and
14 GHz and has a capacity of 30, 000 two way telephone

. “Circuits plus three TV channels.

Example' 5.7: Radio and TV signals bounce from a
s satellite. This salelfite circles the Earth once in

equator, ilsmyswormesamspotonﬂ\o&mbecausa
the Earth is rolating at the same rate. (a) What is the orbital
radius for a synchronous satellite? (b) What is its speed?

Solution:

A
2\s
From Eq. 5.31,  r= [3-“-21)
4n
where G=667x10"Nm’kg? M= 60 x 10%%kg
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and T=24 x680 x60s.

Therefore, on substitution; we-get o

oo st sa0 gt ontef |
4(3.14)

of a star could ba used to
Socus light from steres,

= 423x10'm
: 2ar
b) Substituting the value of rin squation v -2

we gel,

7
Jik 20(423x10"'m) _ 21 kg™

5.17 NEWTON’S AND EINSTEIN'S VIEWS
OF GRAVITATION

According to Newton, the granvitation is the intrinsic
property of matter that every paricle of matter attracts
every other particle with a force that is directly proportional
to the product of their masses and is inversely proportional
to the square of the distance between them.

According to Einsiein's theory, space tme is curved,
especially locally near massive bodies. To visualize this,
we might think of space as a thin rubber sheet; il a heavy
waeight is hung from it, it curves as shown in Fig 5.24. The
weight corresponds to a huge mass that causes space
Itself to curve. Thus, in Einstein's theory we do nol speak
of the force of gravity acting on bodies; instead we say that
bodies and light rays move along geodesics (equvalent to
straight lines in plane geometry) in curved space tme.
Thus, a body at rest or moving slowly near the graat mass
of Fig. 5.24 would follow a geodesic toward that body.

Einsiein’s theory gives us a physical picture of how gravity
works; Newton discovered the inverse square law of gravity;
but explicitly said that he offered no explanation of why
gravily should follow an inverse square law. Einstein’s theory
also says that gravity follows an inverse square law (except in
strong gravitatonal fields), but it telis us why this shouid be
so. That is why Einstein's theory is better than Newton's,
even though it includes Newton's theory within itself and

space-lime.
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gives the same answers as Newton's theory everywhere
except where the gravitational field is very strong,

Einstein inferred that if gravitational acceleration and
inertial acesleration are precisely equivalent, gravity must
bend light, by a precise amount that could be calculated.
This was not entirely a starting  suggestion: Newton's
theory, based on the idea of light as a stream of tiny
particles, also suggested thal a light beam would be
deflecled by gravity. But in Einstein’s theory, the
deflection of light is predicted to be exactly twice as
great as it is according to Newton's theory. When the
bending of staright caused by the gravity of the Sun

Angular displacement is the angle subtended at the centre of a circle by a particle
maving along the circumference n a given time. i

SI unit of angular measurement is radian.

Angular acceleration is the rate of change of angular velocity.

Relationship between angular and tangential or linear quantities.

S=r0 | Vr=rw | ar=ra
The force needed tomoveabodyarmndacimdarpahlsalled Centripetal force
and is calculated by the expression F. =mro® = mv®

r
Moment of inertia is the rotational analogue of mass in inear motion. it depends on
the mass and Uudlsubcﬁmdnmmmwofmm.

Angularnnmanmmismebnabgueofﬂmarmomemumandisdeﬂnodaslhe
product of moment of inertia and angular velocity,

Total angular momentumn ofallﬂnbodlosmaayshmmnamconsumnlhe
absence of an external torque.

Artificial satellites are the objects that orbit around the Earth due to gravity.
OcuhlvdocnyhmemnﬁalvebdlbeamnehmmquEfm.

Amﬁculglavitybmemwtynkeoﬂadproducadlnanubm‘ spaceship to
cvercome weightlessness byspindngunspmhip abtout its own axis.

Geo-stationary satellite is the one whose omital motion is synchronized with the
Earth.
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[ QUESTIONS

Explain the difference between tangential velocity and the angular velocity. If one of
these is given for a wheel of known radius, how will you find the other?

Explain what is meant by centripetal force and why it must be furnished to an object if
the objectis to follow a circular path?

What is meant by moment of inertia? Explain its significance.

What is meant by angular momentum? Explain the law of conservation of angular
momantum

Show that orbital angular momentum L, = mr.

Describe what should be the minimum velocty, for a satellite. to orbit close to the
Earth around it.
State the direction of the following vectors in simple situations; angular momentum
and angular velocity.
Explain why an object, orbiting the Earth, is sad to be freely falling. Use your
explanation to point out why objects appear weightless under certain circumstances.
When mud flies off the tyre of a moving bicycle, in what direction does it fly?
Explain

1 A disc and a hoop start moving down from the top of an Inclined plane at the same
lime. Which one will be moving faster on reaching the bottom?
Why does a diver change his body positions before and after diving in the pool?

© 12 A student holds two dumb-bells with stretched arms while  sitting on a turn table. He
s given a push until he is rotating at certain angular velocity, The student then pulls the
dumb-bells towards his chest (Fig. 5\25).‘YVhat will be the effect on rate of rotation?

“lqb c_l,s“!

Fig. 525

- 1 Explain how many minimum number of geo-stationary satellites are required for global
coverage of T.V transmission
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"ROBLEMS
A tiny laser beam is directed from the Earth to the Moon. If the beam is to have a
diameter of 2.50 m at the Moon, how small must divergence angle be for the

i . 2 "
beam? The distance of Moon from the Earth is 3.8 x 10°m (Ans: 6.6 % 10° rad)

A gramophone record tumtable accelerates from rest to an angular velocity of
45.0 rev min in 1.60s. What is its average angular acceleration? (Ans: 2,95 rad s°)

A body of moment of inertia / = 0.80 kg m” about a fixed axis, rotates with a
constant angular velocity of 100 rad s'. Calculate its angujar momentum L and the
torque to sustain this motion.

(Ans: 80 Js, 0)

Consider the rotating cylinder shown in Fig. 5.26. r
Suppose that m = 5.0 kg, F = 060N and r=0.20 m.
Calculate (7) the torque acting on the cylinder, (1) the
angular acceleration of the cyfinder.

(Moment of inertia of cylinder = 2 mr”)

(Ans: 0.12Nm, 1.2 rad s7)
Calculate the angular momentum of a star of mass 2.0 x 10% kg and radius
7.0 x 10° km. If it makes ane complete rotation about its axis once in 20 days, what

2 ‘ 2 ! ’
Is its kinetic energy? (Ans: 14 x 10% U s, 25 10" )

A 1000 kg car travelling with a speed of 144 km h™' round a curve of radius 100 m.
Eipdthe Daoesasy cenkei Jors. (Ans: 1.60x 10° N)

What is the least speed at which an aeroplane can executs a vertical loop of 1.0 km
radius so that there will be no tendency for the pilot to fall down at the highest paint?
(Ans: 89 ms™)
The Moon orbits the Earth so that the same side always faces the Earth.
Determine the ratio of its spin angular momentum (about its own axis) and its
orbital angular momentum. (In this case, treat the Moon as a particle orbting the
Earth). Distance ot;otween the Earth and the Moon is 3.85 x 10 m. Radius of the
Moon is 1.74 x 1 ;
- oM (Ans: 8.2 x 10")

The Eanth rotates on its axis once a day. Suppose, by some process the Farth contracts
SO that ils radius is only half as large as at present. How fast will it be rotating then?

(For sphere /=25 MR®). _(ans: The Earth would complete its rotation in 6 hours)

What should be the orbiting speed to launch a satellite in a circular orbit 800 km
above the surface of the Earth? (Take mass of the Earth as 6.0 x 10" and its radius
2% 0400 avy). (Ans: 7T4kms)
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Chapter 6
FLUID DYNAMICS

Learning Objectives
Al the end of this chapter the students will be able to:

Understand that viscous forces in a fluid cause a retarding force on an object moving
through it,

Use Stokes' law to derive an expression for terminal velocity of a spherical body
faling through a viscous fluid under laminar condifions.

Understand the lerms steady (aminar, streamling) flow. incompressible flow, non
viscous flow as applied to the motion of an ideal fluid,

Appraciate that at a sufficiently high velocity, the flow of viscous fluld undergoss a
transition from laminar to turbulence conditions.

Appreciate the equation of continuity Ay = Constant for the flow of an idea!l and
incompressible fluid.

Appreciate that the equation of continuity is a form of the principle of conservation of
mass.

Understand that the pressure dfference can arise from different rates of flow of a
fluid (Bernoulli effect).

Derive Barnoulli's eguation in form P + % pv¥ + ngh = constant.

Expiain  how Bernoulli effect is applied In the filter pump, alomizers, in the
flow of air over an aerofoil, Venturimeter and in blood physics.

Give qualitative explanations for the swing of a spnning ball.

T he study of fluids in motion is refatively complicated, but analysis can be simplified by

making a few assumptions. The anelysis is further simplified by the use of two important
conservation principles; the conservation of mass and the conservation of energy. The law of
conservation of mass gives us the equation of continuity while the law of conservation of
energy is the basis of Bernoulli's equation. The equation of continuity and the Bernoulii's
equaton along with their applications in aeroplane and blood circulation are discussed in this
chapter,
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Fuor Your Infrmation

Viscosiies of Liquids and Gases
®30c

- Mlertel 10” (Nem®)
Air 0.019
Acione 0.295
Mathanol 0.510
Senzans 0 564
Water ¢.301
Ethanal 1.000
Zaama 1.6
Glyenen 6.20

The frictional effect between different layers of a flowing
fluid is described in terms of viscosity of the fluid, Viscosity
measures, how much force is required to siide cne layer of
the liquid over another layer. Substances that do not flow
easily, such as thick tar and honey etc: have large
coefficients of viscosity, usually denoted by greek letter n'

Substances which flow easily, like water, have small
coefficients of viscosity. Since liquids and gasges have non
zero viscosily, a force is required if an object is to be
maved through them. Even the small viscosity of the air
causes a large retarcing force on a car as it travels al high
speed. If you stick out your hand out of the window of a
fast moving car, you can @asily recognize that considerable
force has to be exarted on your hand to mova it through the
alr. These are typical examples of the following fact,

Even in the simplest cases the oxact value of the drag
force is difficult 1o calculate. However, the case of a sphere
moving through a fluid is of great importance.

The drag force F on a sphere of radius r moving slowly with
Speed v through a fluid of viSCosity 1 is given by Stokes’ law
as under.

Exfanry. (6.1)

At high speeds the force is no longer simply proporticast to
speed,

1 A we . A o

Consider a water droplet such as that of fog falling
vertically, the air drag on the water droplet increases with
speed. The droplet accelerates rapidly under the over
powering force of gravity which pulls the droplet downward.
However, tha upward drag force on it inreases as the
speed of the droplet increases. The nel force on the
droplet is

4RI A g e &
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Net force = W - m m Cewanraanes (6'2)

As the speed of the droplet continues to increase, the drag
force eventually aporoaches the weight in the magnitude.
Finaly, when the magnitude of the drag force becomes
equal to the weight, the net force acting on the droplet Is
zero Then the droplet will fall with constant speed called
terminal velocity.

To find the terminal velocity v; in this case, we use Stokes
Law for the drag force. Equating It 10 the weight of the
drop, we have

mg = 6 nryry,

e we e ik e (B68)

The mass of the droplat is pV,

4

where volume V= 3 (w’)

Substituting this value in the above equation, we get

o 3? ......... . (84)

Example 6.1: A tiny water drcplet of radius 0.010 em
descends through air from a high building. Calculate Rs
terminal velocity. Given that 1 for air =19 10%kgm’'s’
and density of water © = 1000 kgm™

Solution:
r=10x10*m., P=1000kgm™ ., "=19 x10%gm™s”

Putting the above values In Eq. 6.4

2 x9.8ms x (1x10 ' m) x1000kgm
9x19x10 “kgm™'s”

=

Waget Torminal velocity = 1.1 m s’

Can You Do That?
"
pA
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(#) Svesmihes (amnar flow)

by particles which passed that points earlier.

M/b-/,_> mmumuumwuﬁwm
S

1]} Turtulent fow

Fig. 0.1

In this case sach particie of the flukd maoves along a smooth
path called a streamiine as shown in Fig. 6.1 {a) The

Under this condition the velocity of the fiuig changes
abruptly as shown in Fig.6.1 (b). In this case the exact path
Foe Your information of the particles of the fluid can not be predicted.

The irregular or unsteady flow of
the fluid is called turbulent flow.

We can understand many features of the fluid in motion by
considering the behaviour of a flud which satisfies the
following conditions.

I The fluid is non-viscous i.e, there is no internal
fricﬁonalh'cebetweenadjacent layers of fluid.

The fluid Is incompressible, |.e.. its density is constant.
The fluid motion is steady,
INT

6.4 EQUATION |
Consider a fluid flowing through a pipe of non-uniform size
The particles in the fiuid move along the streamlines in &
steady state flow as shown in Fig. 6.2,

=
N
vl‘- A »

D

-
Al
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In a small time At, the fiuid at the lower end of the tube
maoves a distance A x,, with a velocity v,. If A, is the area of
cross section of this end, then the mass of the fluid
contained in the shaded ragion is:

AMy = pAsAXy = psAsy X AL

Where P, is the density of the fluid. Similarly the fluid that
moves with velocity v; through the upper end of the pipe
(area of cross section Az) in the same time Al has a mass

Am; = pyA;V; XAt

If the fuid s incompressible and the flow is steady, the
mass of the fluid 1s conserved. That is, the mass that flows
into the bottom of the pipe through A, in a time At must be
equal to mass of the liquid that flows out through A; in the
same time. Therefore,

Am; =Am;
or PiAvy = PaALV;
This equstion is called the equation of continuity. Since

densty is constant for the steady fiow of meompreaable
fluid, the equation of continuity becomes

AWViSRVy e (6.5)

The product of cross sectional area of the pipe
and the fluid speed at any point along the pipe
is a constant. This constant equals the volume
flow per second of the fluid or simply flow rate.

Example: 6.2: A water hose with aninternal diamater of
20 mm st the outlet discharges 30 kg of water in 60 s,
cmumm?owammmunmny
of waler is 1000 kgm® and its flow is steady.

Solution:

Mass fiow per second =

30kg _ 1
S 0.5 kgs

Cross sectional area A =xr’

Fig. 62

Ticibits

As tha watec fals e speed
Increases and 50 I8 Cross seclonsl
areadecreases as mandaled by the
contnuty OquUaton
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Thomofmwughgp«mmamMs

= _Mmass
pAV

& ve " iasons

pA

. 05kgs™!
1000 kgm™ x 3.14 x (10 x10%m)’

=16ms’

6.5 BE WWOULLIS EQUATION
As the fluid moves through a pipe of varying cross section

and helght the pressure will change along the pipe

Bemoa.fllls equation s the fundamental equation in fluid

dynamics that relates pressure to fiuid speed and haight.

in deriving Qamuli's equation, we assume that the fluid is

manner Letus.ggr‘\‘d:o m:anmdﬁowaina i e
.. r of the flu

pipe in ime ¢ as shown in Fig. 6.3. R

v AX, .

Fig 4.3

W| = F,.'Ll. - P[Af Mr
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Similarly the work done on the fluid at the lower end is
Wo=-F: Ax; =-PaAzAx:

Where P; is the prersure, A; is the area of cross section of
lower end and Ax; is the distance moved by the fluid in the
same time interval £. The work W; is taken to be —ive as
this work is done against the fluid force.

The net work done = W=W, + W."*
or W=PA AXs— PaAz AX; ... (6.6)

If vi and v; are the velocities at the upper and lower ends
respactively, then

W=P,A vt = PA; vid
From equation of continuity (equation 6.5)
A= Av;:

Hence, AWV Xt=An;xt=V (L’ﬁ&‘é"r’ gonmsﬂi:!”gfation)

So, we have
W=P-PavV (6.7)

It m s the mass and p is the density then V = %
So equation 6.7 becomes
W=(P,~ P, % .......... (6.8)

Part of this work is utilized by the fluid in changing its K.E.
and a part is used In changing its gravitational P.E.

ChangeinK.E.-A(K,E.)s%m\S’—-;-mvf e (B0

Change in PE. = APE) =mgh,-mghy  ...... (6.10)
Where h; and h; aie the heights of the upper and lower
ends respectively.

Applying, the law of conservation of energy 1o this, volume
of the fluid, we get

133

Inetesting Information

alr

A staam of alr passing ovae a ubs
dippad in a fquid will cause the liquid
to rzo In the tube as shown. This
offoct is used n perfume bottlos and
peEiy Sprayers,

——
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Fighse

reamanging the equation (6.11)
Pv*% ov; + ngh, ’Pz*%PV; *pgh;

This is Bernoulli's equation and is often expressed as:
P ,_2!_”2 *pgh = constant

(6.12)

L ‘o

Torricelli's Theorem

A simple application of Bemoulli's equation is shown in
Fig. 64. Suppose a large tank of fiuid has two small
orifices A and B on it, as shown in the figure. Let us find
MespeedwnhwhichlhowaterﬂowsﬁumMeodﬂoeA.

P.+pgh.-f=zf-;-m§ + pghs

But Pi=pPy= almospheric pressure
Therefore, the above equation becomes

Vo= 2g(h hy) ...

This is Torricelli's theorem which siates that;

(6.13)

mwammhm»mm
8 Ao I'-"'c&f;uw :

Notice that the speed of the efflux of liquid is the same as
ﬂbspeedofaballmalhllsﬂwoughaheight(h,-h;).m
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top level of the tank has moved down a little and the P.E.
has been transferred into K.E. of the efflux of fluid. if the
onfica had been ponted upward as at B shown In Fig.6.4,
this X.E. would zlow the liquid to rise to the levei of
water 1ank. In praclice, viscous-energy losses would alter
the result to some extent.

Refation between Speed and Pressure of the
Fluid

A result of the Bernoulli's equation is that the pressure will A@
be low where the speed of the flud s high. Suppose that @,
water flows through a pipe system as shown in Fig. 6.5. « g
Cleany, the water will fiow faster at B than it does at A or C.
Assuming the flow speed at A to be 0.20 ms ™" and &t B to be
2.0 ms', we compare the pressure at B with that at A.

Applying Bernoulli's equation and noting that the average
P.E is the same al both places, We have,

Pyt —;-pv: =Py + %pv: .......... (6.14)

Substituting w4 =020ms’ , = 2.0ms”
And » = 1000 kgm™
Wa get Py - Py= 1880 Nm™

This shows that the pressure in the narrow pipe where
streamlines are doser together is much smaller than in the
wider pipe, Thus,

Where the speed is high, the pressure will be low.

The it on an aeroplane is due to this effect. The flow of air f.;'
around an aeroplane wing is illustrated in Fig. 6.6. The wing is :
designed 1o deflect the air so thal sireamlines are closer
together above the wing than below it. We have seen in
Fig 6 6 that where the streamlines are forced closar together,
the speed is faster. Thus, air Is travelling faster on the upper
side of the wing than on the lower, The pressure will be lower
at thetop of the wing, and the wing wil be forced upward.

Similarly, when a tennis ball is hit by a rackat in such a way
thal & spins as well as moves forward, the velocity of the
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The corturetor of 8 car engine uses
a Venturi duct 10 fead the comect mix
of wir and patrol to the cylinders. Ar
is dram (hugh (he duct and along
aﬂ.lvh%Alﬂybﬂl
the side of duct Is fad with petrod
m-mummm
fast, creating iow pressurs In the
duct, which deaws potrol vapour into
the @it stream.

air on one side of the ball increases (Fig. 6.7) due 1o spin
and air speed in the same direction as at B and hence the
pressure decreases. This gives an extra curvature 1o the
ball known as swing which deceives an opponent player.

Venturi Relation

If one of the pipes has a much smaller diameter than the
other, as shown in Fig. 6.8, we write Bermouliis equation in
a more convenient form. it is assumed that the pipes are
horizontal so that pgh terms become equal and can,
therefore. be dropped Then

] P *'PI'%pVg‘%M ' ';"Q(G‘Vf } creneean (6 15)

As the cross-sectional area A. is small as compared 1o the
area A, then from equation of continuity v, = (A/A.) v, will
be small as compared 1o v;. Thus for flow from a large pipe
10 @ small pipe we can neglect v, on the night hand side of
equation B.15. Hence,

F'.‘f-ﬁ-r--}i'@ eiieen (6.16)

This is known as Venturi relation, which is used in Venturi-
meter, a device used 1o measure speed of liquid flow.

Example 6.3: water flows down hill through a closed

vertical funnel. The flow speed at the top is 12.0 cms™’  The
mwmmwtmnsmmewmﬂntop. if

Solution: Using Bemoulli's equation
Pr+0ghisd out = By v pghi+ 3 pud
Or P:'Pc’vgh*%P(Vv"V:’)

where h = fi; - h;= the length of the funnel
P2 = (1.013 x 10°Nm*) + (1000 kgm~ x 8.8 me? x 0.4m)

+ [% (1000kgm™) x {(0.12ms "}~ (0.24 ms"f)
=105 x10°Nm*
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Blood Flow

Blood is an incomgpressible fluid having a density nearly
equal to that of water. A high concentration (~50%) of red
blood cells increases its viscosity from three to five times
that of water. Blood vessels are not rigid. They stretch like
a rubber hose. Under normal circumstances the volume
of the blood is sufficient to keep the vessels inflaied at all
times, even in the relaxed state between heart beats. This
means there I8 tension in the wats of the blood vessels
and consequently the pressure of bload Inside is greater
than the external atmosphenc pressure, Fig. 6.9 shows
the variation in blood pressure as the heart beats. The
pressure varies from a high (systolic pressure) of 120 torr
(1 torr = 133.3 Nm™) lo a low diastolic pressure) of about
75-80 lorr between beats in normal, heaithy person. . The
numbers tend to increase with age, corresponding to the
decrease in the flexibility of the vessel walls.

The unit torr or mm of Hg is opted instead of SI unit of
pressure because of its extensive use in medical equipments.

An mnstrument called a sphygmomanomater measures
blood pressure dynamically (Fig. 6 10).

H
o AT st
ol ™ o g \
o g R
e -t 20 ‘_/'/
wo
™~
"0 © )
-
B
\
Time (5}
Fig 6.9

Fig. 610

An inflatable bag is wound around the arm of a patient and
external pressure on the arm is increased by inflating the bag.
The effect is o squeeze the arm and compress the blood
vessels inside. When the external pressure applied becomes
larger than the systolic pressure, the vassels collapse, cutting
off the flow of the blood. Opening the release valve on tha bag
gracuallydecreasesthe external pres

) 13
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A stethoscope detects the instant at which the extemal
pressure becomes equal to the systolic pressure. Al this
point the first surges of blood fiow through the narrow
stricture produces a high flow speed. As a result the flow is
initially turbulent.

As the pressure drops, the exiernal pressure eventually
equals the diastolic pressure. From this point, the vessel
no longer collapse during any portion of the flow cycle, The
flow switches from turbulent o laminar, and the gurgle in
the stethoscope disappears. This is the signal o record
diastolic pressura.

SUMMARY

An object moving through a fluld experiences a retarding force known s drag force.
Ilincreases as the speed of object increases.

Asphereolradlusrmovingwnhspoedv waﬁwofwsoosﬁynexpeﬂma
ViSCous drag force F given by Stokes' law F=6anrv.

The maximum and constant velocity of an object falling vertically downward s called
terminal velocity,

An dealﬂmdbimnzprassidoandhasmv%oosity. Both air and water at low
Speeds approximate to ideal fluid behaviour.

In laminar flow, layers of fluid slide smoothly past cach other.
In turbulent fiow there }s great disorder and a constantly changing flow pattern.

continuity A = Asvs. = constant _

Applying the principles dwmermwr;ofmdlanicalenergyloﬂas&edy flow of an
ﬂaalﬂddleadsloaomum‘sanuaﬁon_

P‘% PV + pgh= constant

The effect of the decrease in pressure with the increase in speed of the fluid in «
harizental pipe is known as Venturi effect
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QUESTIONS

Explain what do you understand by the term viscosity?

What is meant by drag force? What are the factors upon which drag force acting
upon a small sphere of radius r, moving down through a liquid, depend?

Why fog droplets appear (0 be suspended in air?
Explain the difference between laminar flow and turbulent flow.

> State Bernoulli's relation for a liquid in motion and describe some of its applications.
° A person is standing near a fast moving tran. Is there any danger that he will fall

fowards it?

Identify the correct answer. What do you infer from Bernoulli's theorem?
(1} Where the speed of the fluld is high the pressure will be low.
(11 Where the speed of the fluid is high the pressure is also high
() This theorem is valid only for turbulent flow of the liquid.

Two row boats moving paraliel in the same direction are pulled towards each other.

Explain.
Explain, how the swing is produced in a fast moving cricket ball.

£ 10 Explain the working of a carburetor of a motorcar using by Bernoulli's principle.
£.17 For which position will the maximum blood pressure in the body have the smallest

6 L |

6.2

value (4] Standing up right (b} Sitting (¢} Lying horizontally () Standing on one's
head?

£.120n an orbiting space station, would the blood pressure in major arteries in the leg

aver be greater than the blood pressure in major arteries in the neck?

NUMERICAL PROBLEMS

Certain globular protein particle has a density of 1246 kg m™. It falls through pure
water (=8.0 x 10 Nm& ) with a terminal speed of 3.0 cm h'. Find the radius of
the particle.

(Ans: 1.8 x10"m)

Water flows through a hose, whose internal diameter is 1cm at a speed of 1ms "
What should be the diameter of the nozzle If the water is to emerge at 21ms'?

(Ans: 0.2 cm)
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* The pipe near the lower end of a large water storage tank develops a small leak and

a siream of water shoots from it. The top of water in the tank is 15m above the point
of lnak,

a) Wi!hwhatspooddoesﬁnwatermahfranmehole?
b) I the hole has an area of 0.060 cm’. how much water flows out in one second?
(Ans: (3} 177 ms™, (b) 102 cm?)

4 Waler_is flowing smoothly through a closed pipe system. Al one point the speed of

walter is 3.0ms”! while at another point 3.0 m higher, the speed is 4.0 ms'. If the

(Ans: 47 kPa)

5 An airplanewinqisdoeiqmdsommnmespeedofttnaitaaussmtopoflhe

wing is 450 ms™, the speed of air below the wing is 410 ms™'. What is the pressure
difference between the top and bottom of the wings? (Density of air = 1.28kgm™)
(Ans 22 kPa)

» The radius ofiheaortaisabout1.0cmandmebloodﬂowhgtmoughithasaspeed

of about 30 cms™. Calculate the average speed of the blood in the capillaries using
the fact that although each capillary has a diameter of about 8 x 10 cm, there are
literally miliions of them so that their total cross section is about 2000em?.

‘streamline flow. If the speed 61 flow past the lower wing surface is 160ms ', what is
Merequkedspeedovumeuppusmhcobgiwa " of 1000Nm™? The density of
alr s 1.29 kgm ™ and assume maximum thickness of wing to be one metre.

(Ans: 165 ms”)

Whatoaugepresstmisreqwmdinﬂndty mains for a stream from a fire hose
connected to the mains to reach a vertical height of 15.0 m?

” (Ans: 147 x 10° Pa)
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(Chapter M|

-y %

© OSCILLATION

Learning Objectives

At the end of this chapter the students will be able 10

b

o

Investigate the motion of an oscillator using experimental, analytical and graphical
methods.

Understand and describe that when an object moves in a circle the motion of its
projection on the diametar of the circle is simple harmonic.

Show that the motion of masg attached to a spring is simple harmonic.
Understand that the motion of simple pendulum is simple harmonic and to
calculate its time period.

Understand and use the terms amplitude, time period, frequency, anguiar
fraquency and phase difference.

Know and use of solutions in the form of x = x, c0s ol Of y =y, sin ot

Describe the interchange between kinetic and potential energies during SHM.
Describe praciical examples of free and forced oscillations.

Descrive practical examples of damped oscillations with particular reference to
the effects of the degree of damping and the importance of critical damping in
£ases such as car suspension sysiem,

M any a times, we come across & type of motion in which a body moves 10 and fro about

a mean position. It is called oscillatory or vibratory motion. The oScllatory motion s called
periodic when it repeats itself afterequal intervals of time.

Some typical vibrating bodies are shown in Fig. 7.1. It is our common observation that

a)

a mass, suspended from a spring, when pulled down and then released stars
osciliating (Fig. 7.1 a),

») the bob of a simple pendulum when displaced from its rest position and reeased,
vibrates {(Fig. 7.1 b)
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©) @ steel ruler clamped at one end to a bench oscillates
when the free snd is displaced sideways (Fig. 7.1 ¢).

“) & steel ball rolling in a curved dish, osclillates about its
rest position (Fig. 7.1 d).

Thus to get oscillations, a body is pulled away from its rest
or equilibrium position and then released. The body oscillates
due to a restoring force. Under the action of thia restoring
force, the body accelerates and it overshoots the rest
position due to inertia. The restoring force then pulls Nt
back. The restoring force is always directed towards
the rest pesition and so the acceleration is also directed
towards the rest or mean position,

It is observed that the vibrating bodies produce waves.

- T For exampie, a violin string produces sound waves In air.

I m There are many phenomena in nature whose explanation
e - requires the understanding of the concepls of vibrations

pe> and waves. Although many large struclures, such as
[Videating objects) skyscrapers and bridges, appear o be rigid, they actually

vibrate. The architects and the engineers who design and
build them, take this fact into account.

Le:usoonslderamassmanachedtomeendo!an elaslic
spring which can move freely on a frictionless horizontal
surface as shown in Fig. 7.2 (a). When the mass is
displaced towards right ihraugh a distance x (Fig, 7.2 b),
the force F at that instant is given by Hooke's law F = kx
where k Is a constant known as spring constant, Due 1o
elasticity, spring opposes the applied force which produces
the displacement. This opposing force is called restoring
force F, which is equal and opposite to the applied force
within efastic limit of the spring. Hence

i R (7.1)

The negative sign indicates that F, is directed opposite 1o
X. e, towards the equilibrium position. Thus we see that
in a system obeying Hooke's law, Ine restoring force F, is
A O a directly proportional to the displacement x of the system
from its equilibrium position and is always direcled towards
it. When the mass is released, it beging to oscillate about
the equilibrium position (Fig. 7.2 ¢). The oscillatory motion
taking place under the action of such a restoring force is

Fig. 7.1

|

Arnsr

S
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known as simple harmonic motion (SHM). The acceleration
a produced in the mass m due to restoring force can be
calculated using second law of motion

F=
Then -kx = ma
or a= -ix ..... (7.2)
or ax X

We will now discuss various terms which are very often
used n descnbing SHM

(i) Instantaneous Dispiacement and Amplitude
of Vibration Muvenent of Paper 2

It can be seen in Fig 7.2 that when a body is vibrating, is &
displacement from the mean position changes wih time. A\
The value of its distance from the mean position at any A%
time s known as its nstantaneous dispiacement. It is zero
at the Instant when the body is at the mean position and is
maximum at the extreme positions. The maximum value of
displacement is known as amplitude.

The arangement shown in Fig. 7.3 can be used ta record
the variations in displacement with ime for a mass-spring
system. The strip of paper is moving at a constan! speed
from rght to left, thus providing a tme scale on the strip.
A pen attached with the vibrating mass records its
displacement against time as shown in Fig. 7.3. It can
be seen that the curve showing the variation of
displacement with time is a sine curve. It s usually
known as wave-fom of SHM. The points B and D
correspond to the exireme positions of the vibrating mass
and painis A, C and E show ils mean position. Thus the line
ACE represents the level of mean position of the mass on
the strp. The amplitude of vibration is thus a measure of
the line Bb or Dd in Fig, 7.3.
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(il) Vibration

A vibration means one complete round trip of the body in
motion. In Fig. 7.3, it is the motion of mass from its mean
position to the upper extreme position, from upper extreme
position to lower exireme position and back to its mean
position. In Fig. 7.3, the curve ABCDE correspond 1o the
different positions of the pen during one complete
vibration, Alternatively the vibration can also be defined as
maotion of the body from its one extreme position back to
the same extreme position. This will correspond to the
portion of curve from points B to F or from points © to H.

(iti)) Time Period
Itis the time T required to complete one vibration.
(iv) Frequency

Frequency { is the number of vibrations executed by a body
in one second and is expressed as vibrations per second

or cycles per second or hertz (Hz).
The definitions of T and f show that the two quantities are
related by the equation

%o

f= F e et (7.3)
(v)  Angular Frequency
if Tis the time period of a body exscuting SHM, its angular
frequency will be

w= %,‘-‘ o S R S Y

Angular frequency w is basically a characteristic of circular
motion. Here it has been introduced in SHM because it
provides an easy method by which the value of
nstantaneous displacement and instantaneous veiocity of
a body executing SHM can be computed.

$o iEag o oo s R

- -l

D UNIFC

- -

Let a mass m, attached with the end of a vertically
suspended spring, vibrate simple harmonically with period
T, frequency f and amplitude x,. The motion of the mass s
displayed by the pointer P, on the line BC with A as mean
position and B, C as extreme positions (Fig. 7.4a).
Assuming A as the position of the pointer  at
{=0, it will move so that it is at B,A.C and back to A at
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instants T/4, Ti2, 3774 and T respectively This will
complete one cycle of vibration with amplitude of vibration
being x, = AB = AC.

The concept of circular motion is ntroduced by considering a
point P maving on a circle of radius x_ , with a uniform angular
frequency w = 2=/T, where T is the time period of the
vibration of the pointar. It may be noted that the radius of the
circle is equal 10 the amplitude of the pointer's motion.
Censider the motion of the point N, the projectionof P on the
diameter DE drawn parallel to the line of vibration of the
ponterin Fig. 7.4 (b). Note that the level of points D and E

her
(b)
is the same as the points B and C. As P describes
uniform circular motion with a constant angular speed . N
oscllates o and fro on the diameier DE with time period 7.
Assuming Oy, to be the positionof Patt =0, the position of
the point N at the instants 0, 714, T/2, 3Ti4 and T will be at
the points 0,D,0,E and O respectively. A comparison of the
moton of N with fat of the poirter P, shows that it is a
repica of the pointer's motion. Thus the expressions of
displacement, velocity and acceleration for the motion of N
also hold good for the pointer P,, executing SHM.

{)) Displacement

Referring to Fig. 7.4 (b), if we count the time t = 0 from the
instant when P is passing through O, the angle which the
radius OP sweeps out in time ¢ 5 Z00P = 8 =wt. The
displacement x of N at the instant ! will be

¢ = ON = OP sin £0,0P
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or X=X, 8in8
or L 2 T NS (7.5)

This will be also the displacement of the pointer P, &t the
instant £,

' ‘ The value of x as a functions of 0 is shown in Fig. 7.4 (c).
. This is the wave-form of SHM. In Fig. 7.3, the same wave-
. form was traced experimentally but here, we have traced it
- - theoretically by linking- SHM with circular motion through
the concept of angular frequency. The angle 8 gives the
states of the system in its vibrational cycle. For example, at
the start of the cycle 0 = 0. Haif way through the cycle, is
180° ( n radians). When 0 = 270° (or 3n/2 radians), the
cycle is three-fourth completed. We call @ as the phase of
the vibration. Thus when quarter of the cycle is completed,
phase of vibration is 90° (or /2 radian). Thus phase is also

related with the circular motion aspect of SHM.

() Instantaneous Velocity

The velocity of point P, at the instant 7, will be directed along
the tangent to the cirdle at P and its magnitude will be

=7 2 R N B (7.8)
As the motion of N on the diameter DE is due fo mation of P
on the circla, the velocity of N is actually the component of
the velocity vi- in a direction paraliel to the diameter DE. As
shown in Fig. 7.5 (a), this somponent is

Ve 5N (90°- 0) = v cos 0= x, m cos D,

Thus the magnitude of the velocity of N or its speed vis
VEX, 0 Cos8 =x, ®cosmof ... (7.7)
The direction of the velocity of N depends upon the vaiue

ofméphaseanglea.WhenoisbeMeen0°t090°tm
direction Is from O to D, for 6 between 90° to 270° e
dkecﬁonlsmanE.WhenOisbetween27o°toaso°. the

direction of motion is from Eta D.

2 -
Fram Fig. 7.5, cos 0 = cos ZNPO = NP/OP = E
Xo

Substititing the value of cos§ in Eq.7.7

v= 5::'- Jxi-xi= coJ'x,’-xz‘ (7.8)

’
"This book was uploaded| by www.educatedzone.com



As the motion of N on the diameter DE is just the replica of
the motion of the pointer exccuting SHM (Fig. 7.4), so
velovity of the point P or the velocity of any body
execuling SHM is given by equations 7.7 and 7.8 in terms
of the angular frequency w. Eq. 7.8 shows thal at the
mean position, where x = 0, the velocity is maximum and
al the extrame positions where x = x,, the velocity is zero.

(iil) Acceleration in Terms of «

When the point P 18 moving on the circle, it has an
accaleration a, = X0y, always directed towards the centre O
of the circle. o

At instant ¢,its direction will be along PO. The acceleration of o
the pont Nwill be component of the acceleration a, along the
diameler DE on which N moves due to motion of P. As
shown in Fig. 7.5 (b), the value of this component is

a, $ind = x,0° sind.
Thus the accelerationa of Nis & = x o sind
and it is directed from N to O, i.e. directed towards the

mean position O (Fig. 7.5 b). In this figure sin 6 = ON/OP =
x/x, Therefore,

X
8= Xot” « s w’'x

o
Comparison of Fig. 7.5 (b) and 74 (b) shows tat the
direction of acceleration a and displacement x are

0 te. Considering the direction of x as reference, the
agggise'ation a will begrepmented by i

FE T R S (7.9)

Eq. 7.9 shows that the acceleration is proportiona to the
displacement and is directed towards the mean position
which Is the characteristic of SHM Thus the point N is
execuling SHM with the same amplitude, period and
instananeocus  displacement as the pointer P, This
confirms our assertion that the motion of N is just a replica
of the pointer’s motion.

Equations 7.5 and 7.7 indicate that displacement and
velocity of the point executing SHM are determined by the
angle 1 = wi. Note that this angle is oblained when SHM is
reiated with circular motion. Itisthe angle which the rotating
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radius OP makes with the reference direction 00O, st any
instant t (Fig. 7.4 b).

”aw-tlndnwonofmm

1ting SHM Is known as phase.
nf2
I The phase determines the state of motion of the vibrating
<lo point. I @ body starts its motion from mean position, its
4 phase al this point would be 0. Similarly at the exireme
positions, its phase would be /2.
3nf2

In Fig. 7.4 (b), we have assumed that to start with at t = 0,
the position of the rotating radius OP is along OO, so that
the poirt N is at its mean position and the displacement at
£=0, is zero. Thus It represents a special case. In general at
1=0, the rotating radius OP can make any angle o with the
reference 00, as shown in Fig. 7.6 (a). In time 1, the radius
will rotate by w?. So now the radius OF would mske an
angle (wt+9) with OO0, at the Instant t and the
displacement ON =x al instant ¢ would be givan by

ON = x = OP sin (0t +Q)
=Xsin(ot+¢) (7.10)

Now the phase angle is uf +¢ e,
O=wf+p

whent=0 0=¢, So ¢ is the initial phase. If we take initial

phase asx/2 or 90°, the displacement as given by Eq 7.10
Is
X = Xa Sin (wt + 907)
Enosal | T (7.11)
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Thus Eq. 7.11 also gives the displacement of SHM, but n this
case the point N is starting its motion from the exlreme
position nstead of the mean position as shown In Fig. 7.5 (b).

Fracticaly, for a simple harmonic system, consider again the
vibrating mass attachedto a spring as shown inFig. 7.2(a, b
and c) whose acceleration at any Instant is given by Eq. 7.2
which is

K
=~ X
m g

As k and m are constant, we see that the acceleration is
proportional to displacement x, andits direction & towards
the mean position. Thus the mass m executes SHM
betweasn A and A’ with x, as amplitude. Comgaring
the above equation with Eq 7.9, the vibrational angular

frequency is
- JX -

@ 2 L {7.12)
The tme period of the mass is

T= 272 zx‘E (713)

“ k LR R .

The instantaneous displacement x of the mass as given by
Eq.7.6is

X=Xy 8in @i

=X sin X
x-xost; B e e . (7.14)

The instantaneous velocty v of the mass m as given by

Eq.78is
v=o i’ x 1{‘-‘
& ,k x* ,
xg EE ‘x—'i] Pasvaaisns (7-15)

Eq 7.15 shows that the velocity of the mass gets maximum
equal o v,, when x= 0, Thus

k

Vo = ol . 2 A TTA8)
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then V=, - xiz_ (7.17)
x

The formula derived for displacement and velocily are also
vald for vertically suspended mass-spring system provided
air friction is not considered.

Example 7.1: A block weighing 4.0 kg extends a spring
by 0.16 m from its unsiretched position. The biock ks
removed and a 0.50 kg body is hung from the same spring.
lfﬂnmgbnowmmdandmma.wnausim
period of vibration?

Solution:

Applled stretching force F=kx  or "‘f
F=mg=4kgx9.8ms*=392kgms? =392 N

-2
. x=0.16m, k= 1'196":’::‘ =245 kg 5*
Now time period Tn2ng_

or Ir=2n ’_&i&g_z:[)'ms
T 245 kgs

' S A simple pendulum consists of a small heavy mass m
suspended by a light string of length / fixed at its upper

beectoen ) & end, as shown in Fig. 7.7. When such a pendulum s
.._:;b'_g.7 mgwse dISPAced from its mean position through a small angle 1 1o
" modeall the position B and released, il starts oscillating to and fro

over the same path. The weight mg of the mass can be
resolved info two componerts; mg sin 0 along the tangent
e ¥ at B and myg cos 0 along CB to balance the tension of ths
string. The restoring force at B will be

F=-mgsing
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When o lssmall, sinf=8

So F=ma=-mg0 (7.18)
Or a=-gb

When 0 is small  Arc AB = OB = x, hence 0 = ;

Thus, a=- % .......... (7.19)

Al a particular place ‘g’ is constant and for a given pendulum
!'is also a constant.
Therelore, i,’- =k (aconstant)

and the motion of the simple pendulum is simple harmonic,
Companing Eq. 7,19 with Eq. 7.9

o J'O'
!
Asmepordod  TmaX

m

Hence T=2x J;_ BRI (7.20)

This shows that the time period depends only on
the length of the pendulum and the acceleration
due to gravity. It Is independent of mass.

Example 7.2; What should be fhe length of a simple
pendulum whose period is 1.0 second at a place where
g = 9.8 ms*7 Whatis the frequency of such a pendulum?

Solution:
Time period, T= 2WJZ
9 %

T=10s . g=98 ms?
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Squaring both sides

98me? x1s?
I -_h_ = .
i ax3tdxatd 025m

Let us consider the case of a vibrating mass-spring
system. When the mass m is pulled siowly, the spring is
streiched by an amount x, against the elastic restoring
force F. It is assumed that stretching is done slowly so that
acceleration is zero. According to Hooke's law

F = kx,
When displacement = 0 force =0
When displacemant = , force = kx,
Average force F= o—’;’i= % kX,

Work done in displacing the mass m through x, is
W= Fd= %kx.,a Xo = %kxf

This work appears as elastic potential energy of the spring.

Hence

PE.x i (7.21)
The Eq. 7.21 gives the maximum P.E. at the extreme
position. Thus

PE = ; K 2

Al any instant ¢, if the displacement is x, then PE. at that
instant is given by
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RR g et Sl i (7.22)

The veocity at that instant is given by Eq. 7.15 which is
>
o o)
m -

Hence the K.E at thatinstant is

e '\' ?\
KE. of the mass = -mv = 1 mx2 X [1--"—2-‘
2 2 "‘m IOJ
L . x*
RE= b 2] widie e
2 P

Thus, kinetic energy is maximum when x = 0, i.e. when the
mass Is at equilibrium or mean position (Fig. 7.8)

KE. jux = -;- N o8 et 0 o (7.24):

For any displacement x, the energy Is partly PE  and partly
K.E. Hencea,

Eﬁoﬁol =PE. +KE.
. 2)
=1 e L 1-—’5}—!
? N X5l

Total energy =  kx? sl (7.25)

Thus the lotal energy of the vibrating mass and spring is
constant. When the K_E. of the mass is maximum, the PE.
of the spring is zero. Conversely, when the PE. of the
spring 5 maximum, the KE, of the mass is zero. The
interchange occurs continuously from one form to the other
as the spring is compressed and released alternately.
The variation of PE and KE, with displacement is
essentiel for maintaining oscillations. This periodic
exchange of energy is a basic property of all oscillatory
systems. In the case of simple pendulum gravitational P.E,
of the mass, when displaced, 1s converted into K.E. at the
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equilibrium position. The K.E. Is converted into PE a5 the
mass rises to the top of the swing. Because of the frictional
forces, energy is dissipated and consequently, the systams
do not oscillate indefinitely.

Example 7.3: A spring, whose spring constant s
80.0Nm" vertically supports 8 mass of 1.0 kg in the rest
position. Find the distance by which the mass must be
pulled down, so that on being relano‘d. it may pass the

mean posdion with a velocity of 1.0 ms™',
Solution:
k=800Nm"' : m=1.0kg
Since wi= X or ® = K
m m

-1 -2 -1
- |80Nm :kagms xm™ _ eoqst

1kg tkg
Let the amplitude of vibration be x,
Then V= X,0 ar Xy = ?‘!')_
as v=10ms’ and ®=894g"

-1
Distance through which m is pulled = x,=;;‘:s =011 m

B3

by

Abedyis said to be exscuting free vibrations when it oscillates
without the interference of an external force. The fraquency
of thase free vibrations is known as its natural frequency.
For example, a simpie pendulum when slightly displaced
from its mean position vibrates freely with its natural frequency
that depends only upon the length of the pendulum.

On the other hand, # afreely oscillating systom is subj

M jected
to an external periodic force, then forced vibrations will
take place. Such as when the mass of a vibrating

pendulum 15 struck repeatedly, then forced vibrations are
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A physical system under going forced vibrations
lsknmu&ivenharmnlcoodw

I'he vibrations ol a vehicle body caused by the ruaning of
enginc is an example of forced vibrations. Another example
of forced vibration 1s loud musie produced by sounding
woakden boards of string instruments:

Associated with the motion of a driven harmonic oscillator,
there is a very striking phenomenon, known as resonance.

It arises If the external driving force is periodic with a
period comparable to the natural period of the oscillator.

In & resonance situation, the driving force may be feeble,
the amplitude of the mation may become extra ordinarily
large. In the case of oscillating simple pendulum, if we
blow to push the pendulum whenever it comes in front of
our mouth, it is found that the amplitude steadily increases.

To demonstrate this resonance effect, an apparatus is
shown in Fig. 7.9 A horizontal rod AB is supportad by two
stnngs S, and S;. Three pairs of pendulums aa. bb'and '
are suspended to this rod. The length of each pair is the
same but is different for different pairs, If one of these
pendulums, say ¢, is displaced in a direction perpendicular
to the plane of the paper, then its resultant oscilatory
motion causes in rod AB a very slight disturbing motion,
whose period is the same as that of ¢. Due to this slight
motion of the rod, each of the remaining pendulums {(aa,
bb .and cc') under go a slight penodic motion. This causes
the pendulum ¢, whose length and, hence, period is
axactly the same as that of ¢, 1o oscillate back and forth
with steadily ncreasing amplitude. However, the
amplitudes of the other pendulums rémain small through
out the subsequant motions of ¢ and ¢, because their
natural periods are not the same as that of the disturbing
force due to rod AB.

The energy of the osciliation comes from the driving source.

Al resonance the transfer of energy is maximum

Thus resonanee occurs when the frequency of the applied
periodic forced & equal 1o one of the natural frequencies of

vibration of the forced or deiven harmonic oscillalor.

1 55
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Intermuting Informatiog

Advantages And Disadvantages of Resonance

We come across many exampies of resonance in every
day life. A swing is a Qood example of mechanical
resonance. It is fike a pendulum with a single natural frequency
depending on its length. If a series of regular pushes are
given to the swing, its motion can be built up enormously. If
pushes are given irregularly, the swing will hardly vibrate,

Theoohmnofsoldlas.whhemmmg' on a bridge of span
are advised 10 break their steps, Their rhythmic mar'g:g might
sel up oscillations of dangerously large amplitude in the

the radk; station. When the two frequencies match, energy
absorption is maximum and this is the only station we hear.

Anather good example of resonance is the heating and
cooking of food very efficiently and evenly by microwave
oven (Fig.7 10). The waves produced in this type of aven
have a wavelength| of 12 em at a frequency of 2450 MHz.
At this frequency. the waves are absorbed due to
resonance by water and fat molecules in the food, heating
them up and so cooking the food.

"-_‘,..x‘_‘_,\_ WV ILAANYNY gl _
This is a common observation that the amplitude of an
osciliating simple pandulum decreazes gradually with time

We know from our_everyday §xperience that the motion of
any macroscopic- system is accompanied by frictional
effects. While describing the motion of a simple pendulum,
this effect was completely ignored. As the bob of the
pendulum moves to and fro, then in adaition 1o the weight

of the bob and tha tension in the string, bob experiences
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and smaller because of friction and air resistance because "
the energy of the oscillator is used up in doing work against
the resistive forces. Fig.7.11(b)shows how the amplitude
of a damped simple harmonic wave changes with time as

compared with an ideal un-damped harmonic wave.Thus 0

we see that
S ) Dampod
Wbﬂnm“‘byw Fla * A1)
is dissipated from the oscillating system. g DR R e fite

An application of damped oscillations is the shock
gbsorber of a car which provides a dampng force to
pravent excessive oscillations (Fig, 7.12).

Fig. 712

Actotiuoe

The effect of damping can be observed by attaching a
pendulum having light mass such as a pith bsll as its bob /
o

A

Bk

and another of the same length carrying a heavy mass
such as a lead bob of equal size, to a rod as shown in
Fig. 7.9. They are set into vibrations by a third pendulum
of equal length, attached 1o the same rod, Itis observed Driving Feqaency
that amplitude of the lead bob s much greater than that
of the pith-ball. The damping eflect for the pith-ball due
0 air resstance is much greater than for the lead bob.
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SUMMARY

* Oscllatory mafion is to and fra motion about a mean position.
*  Periodic mation is the one thal repeats itself afler equal intervais of lime.

* Resioring force opposes the change in shape or length of @ body and is equal and
opposite to applied force.

. TheprojacﬂonofapmsdomovinginadrdeexewMSHM.lmUmepenodTis i’

. Phaseof‘\'ibralinlsﬂnquanﬁtywhlch!ndcatesmé'mwnwﬁonolamfmhg
pamclegenerdlyreferredbymephaseangle.

. ﬂnvibrabrymﬁonofamssawmanelqsucspﬂnglsSHMandksUme
penodasrazu‘@ '

* The vibratory motion of the bob of simple pendulum s aiso SHM and its time period

Is given by
‘l‘ﬂ--:Zn:JZ
a

* Inanoscillating system PE. and K E interchange and total energy is conserved.
* A body is said to be executing free oscillation If it viorates with its gwn natural

frequency without the ntﬁfmofq‘ s,
* When a freely oscillating SYSMis’ \C 3 e
forcec vibrations take place, :

* Resonance is the specific response of a system 10 a periodic force acting with the
natural\'ibrati'ogpedodofﬂnsystem.

« Damping is the process whereby energy is dissipated from the oscillating system.

QUESTIONS

7.1 Name two characteristics of simple harmonic motion

wnal poriodic force, ther

2 Does frequency depends on ampitude for harmonic oscillators?

¢ Can we realize an ideal simole pendulum?
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7.4 Whatis the total distance travelled by an objac! moving with SHM in a time equal 1o
1s period, if its amplhtude is A?

75 What happens to the period of a simpla pendulum if its length is doubled? What
happens il the suspended mass is doubled?

7.6 Does the acceleration of a simple harmonic cscillator remain constant dunng its
motion? Is the acceleration ever zero? Explain,

77 Whal is meant by phase angle? Does it define ange between maximum
displacement and the driving force?

7.8 Under what conditions does the addition of two simpie harmonic motions produce a
resultant, which is also simple harmonic?

7.9 Show that in SHM the acceleration is zero when the velocity is greatest and the
velocity is zero when the acceleration is greatest?

7 10in retation to SHM, explain the equations;
(i) y=Asin(ot+g)
" a=-w'x

11 Explain the relation between total energy, potential energy and kinetic energy for a
body oscillating with SHM.

| “Describe soma common phenomena in which resonance plays an important role.

7 171f a mass spring system is hung vertically and set into oscillations, why does the
motion eventually stop?

~

NUMERICAL PROBLEMS

A 100.0 g body hung on a spring elongates the spring by 4.0 cm. When a certain
object is hung on the spring and set vibrating, its period is 0.568 s. What is the
mass of the object pulling the spring?
(Ans:0.20 kg)
' Aload of 15.0g elongates a spring by 2.00 cm. If body of mass 294 g is attached to
the spring and is set into vibration with an amplitude of 10.0 cm, what wil be its
‘period | spring constant (1) maximum speed of its vibration,

[Ans: (1) 1.26s. (1)) 7.35 Nm™*_ (i) 490 cm s™']

73 An 8.0 kg bogy executes SHM with amplitude 30 em. The restoring force is 60 N
when the displacament is 30 em. Find

(i) Period

(i) Acceleration, speed, kinetic energy and potential energy when the
displacement is 12 om,

[Ans: (1) 135, (1) 3.0ms* 1.4 ms”, 7.6J, 1.44))
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74 Abbckofmass4.0kgisdmppedfromaheightofO.BOmontoaSpringo!spn‘ng

7’5

7.7

78

constant k = 1960 Nm ', Find the maximum distance through which the spring will
be compressed.

(Ans: 0.18 m)

A simple pendulum is 0.0 om long. What will be its frequency of vibration st a place
where g = 9.8 ms %

(Ars: 0.70 Hz)

(Ans: 0.50 ms™)
L MI

Fig. 7.14 X=0

A car of mass 1300 kg is constructed using a frame supported by four springs.
Each spring has a spring constant 20,000 Nm ' If two people nding in the car have
a combined mass of 160 kg. find the frequency of vibration of the car, when it is
ariven over a pot hole in the road. Assume the weight is evenly distributed.

(Ans: 1.18 Hz)

Find the amplitude, frequency and period of an object vibrating at the end of o
spring, If the equation for jts position, as a function of time, is

x=025c0s [ %4
:‘8)
What is the displacemem of the object after 2.0 s7

(Ans: 0.25 m, }—15 Hz, 165, x=D.18 m)
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Learning Objectives

At the end of this chapter the students will be able to ;

Recall the generation and propagation of waves,

Describe the nature of the motions in transvarse and longitudinal waves.
Understand and use the terms wavelength, fraequency and speed of wave.
Understand and use the equation v=fi

Understand and describe Newton's formula of speed of sound.

Derive Laplace correction in Newton's formula of speed of sound for air.
Derive the formula v=v,+061L

Recognize and descnbe the factors on which speed of sound in air depends.
Explain and use the principle of superposition.

Understand the terms interference and beats.

Describe the phenomena of interference and beats giving examples of sound
waves.

Understand and describe reflection of waves.

Describe experiments, which demonstrate stationary waves for stretched strings
and vibrating air columns.

Explain the formation of a stationary wave using graphical method,
Understand the terms node and anti-node.

Understand and describe modes of vibration of string.

Understand and descritie Doppler’'s effect and its causes.

Recognize the applications of Doppler's effect in radar, sonar, astronomy, sateliite
and radar speed traps.
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Ir watar, wheroas highly directional
Dagens of ullrasonic waves can be
macs totravel many

w aves transport energy without transporting matter.
The energy transportation is carried by a disturbance, which
spreads oul from a source. We are well familiar with different
types of waves such as water waves in the ocean, or gently
formed ripples on a still pond due 1o rain drop. When a
musician plucks a quitar-string, sound waves are generated
which on reaching our ear, producs the sensation of music.
Wave disturbances may also come in a concenirated bundle
like the shock waves from an aeroplane flying at supersonic
speed. Whatever may be the nature of waves, the

succession of oscillatory motions are always involved. The
wave is generated by an oscillation in the vibrating body and
propagation of wave through space is by means of
oscillations. The waves which propagate by the oscillation of
material particles are known as mechanical waves.

There is another class of waves which, instead of material
particies, propagate out in space due fo oscillations of
electric and magnetic fislds. Such waves are known as
electromagnetic waves, Wa will undertake the study of

ic waves at a later stage. Here we will
consider the mechanical waves only. The waves genersted
in ropes, strings, coil of springs, water and ar are all
mechanical waves.

So far we have been considering motion of individual
particles bul in case of mechanical waves, we study the
collective motion of particles. An example will help us
here. If you look at a black and white piclure in a
newspaper with & magnifying glass, you will discover that
the picture is made up of many closcly spaced dots. If you
do not use the magnifier, you do not see the dats. What you
see is the collective cffect of dots in the form of a picture.
Thus what we sce as mechanical wave is actually the effect
of oscillations of & very large number of purticles of the
medium through which the wave is passing.

« B
-

rop a pebble into water, Ripples will be produced and
spread out across the water. The ripples are the examples
of progressive waves because they carry energy across
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he water surface. A wave, which transfers anergy

moving away from the source of disturbance, is called

progressive or travelling wave. There are two kinds
ves.

O u<

Transverse and Longitudinal Waves

Consider two persons holding ooposite ends of a rope or a
W.&Mymp«smm one up and down jerk to
the rope. This disturbsthe rope and createsa hump in it which
iravelsalong the ope towards the otherperson (Fig.8.1a&b).

Fig, B.1

When this hump reaches the other person, it causes his
hand to move up (Fig. 8.1 ¢). Thus the energy and
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A large and loose spring coil (slinky spring) can be used to
demonstrate the effect of the motion of the source In
generating waves in a medum, It is better that the
spring is lald on a smooth tabie with its one end fixed
so that the spring does not sag under gravity.

Itthe free end of the spring is vibrated from side 1o side. » pulse
of wave having a displacement pattem shown in Fig. 8.2 (2)
will be generated which will move alone the spring.

If the end of the spring is moved back and forth, alang the
diraction of the spring itself as shown in Fig. 82 (b), a wave
with back and forth displacement will travel along the spring,
Waves like those in Fig. 8.2 (a) in which displacementof the
spring is perpendicular to the direction of the waves are
called transverse waves. Waves like those In Fig. 8.2 (b) in
which displacements are In the direction of propagation of
waves are called longitudinal waves. In this example the coil
of spring is the medium, so in general we can say that

Loogisfing waves

Transverse waves are those in which particles of
the medium are displaced in a direction
perpendicular to the direction of propagation of
waves and longitudinal waves are those in which
the particles of the medium have displacements
along the direction of propagation of waves.

Both types of waves can be set up in solids, In fluids,
however, transverse waves die out very quickly and
usually cannot be produced st all. That is why. sound
waves in air are longitudinal in nature.

Upto now we have considered wave in the form of a pulse
which is set up by a single disturbance in a medium like the
snapping of one end of a rope or a coil spring. Continuous,

N reguiar and rhythmic disturbances in a medium result from
e periodic vibrations of a source which cause periodic waves
p4 ﬁ in that medium. A good example of a periodic vibrator is an
A oscillating mass-spring system (Fig 8.3 a). We have alrsady

studied in the previous chapter that the mass of such a
Fig A 3a) system executes SHM.
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Transverse Periodic Waves

Imagine an expariment where cne endof a rope is fastened
o @ mass spring vibrator. As the mass vibrates up and
down, we observe a transverse periodic wave traveiling
along the length of rope (Fig. 8.3 b). The wave consists of
crests and troughs, The crest is a pattern in which the rope
is displaced above its equilibrium position, and in troughs,
it has a displacement below its equilibrium position,

As the source executes harmonic motion up and down with
amplitude A and frequency f. ideally every point along the
langth of the rope executes SHM In tum, with the same
amplitude and frequency. The wave travels lowards right
as crests and troughs In turn, replace one another, but the
points on the rope simply oscillates up and down, The
amplitude of the wave is the maximum value of the
displacement in & crest or trough and it is equal to the
amplitude of the vibrator. The distance between any two
consecutive crests or troughs is the same all along the
langth of the rope. This distance Is called the wavelength
of the perodic wave and is usually denoted by the Greek
latter lambda A (Fig. 8.3 b)

In principle, the speed of the wave can be measured by

iming the motion of a wave crest over a measured
distance. But it is not always convenient lo observe the
motion of the crest. As discussed below, however, the
speed of a perodic wave canbefomdlnduocttyfromnts
frequency and wavelength.

As a wave progresses, each point in the medum oscillates
penodically with the frequency and period of the source.
Fig. 8.4 illustrates a periodic wave maving to the right, as it
might look In photographic snapshots taken every '
period. Follow the progress of the crest that started out
from the extreme left at { = 0. The time that this crest takes
1o move a distance of one wavelength is equal to the time
required for a point in the medium to go through one
complete oscilation. Thal is the crest moves one
wavelangth % in one period of oscillabon T Tha speed v of
the crest is thersfore,

mm ) ¥

corresponding timeinterval T

Ve W i,

3
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l All parts of the wave padém move with the same speed, so
the speed of any one crest is just the speed of the wave
Woe-nmombt.o.ay'ﬂ‘attmspeedvofmemb

=4
v S e (8.1)

but - = {, where fis the frequency of the wave. It is the

same as the frequency of the vibrator, generating the
waves. Thus Eq. 8.1 becomes

v=ra (8.2)
_Phase Relationship between two Points on a Wave

medm.lnmisﬁgtn.selofpoimsamshovmwhichare
movhglnmuonntrwpedodicwawpmeamepomts
Fig 18 - CandC'.aolnymovemanddown.awaMayslnlhe
- same state of vibration |.e., they aways have identical
displacements and velocities. Alternati we can say that
asﬂ\owavepasses.mepodmsCadC!movolnphase.
WemyahosayMC'hadstymﬁmpeﬁodmZn
radian. Any point at a distance x, C lags behind by phase
m Q:%ﬂ
So is tho case with points D and D', Indeed there are
infinitely many such points along the medium which are
vibrating in phase. Points separated from one ancther
through distances of A, 24, 34, ...... are all in phase with
oacholmr.Thaapohtscanbeanmedongmewave
andnoedmtcomspondwlhontythehlghestandlowest
points. For example, points such as P, P’, P”
amallinphase.Eachissepamhdfmmﬂ\enextbya
distance A.

Some of the points are exactly out of step. For example,
when point C reaches its maximum upward displacement,
mmoaammomadusitsmaximumdowmrd
diopbcamm.mmelnstammatcmglnetogodown.o
begine to move up. Points such as these are called one
hdfpe'iodoutoﬁptm.AnyMpomtsseparated from

oneanom«by-’z‘-.&%.sg. ......... are out of phase,
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Longitudinal Periodic Waves

In the previous section we have considered the generation
of transverse periodic waves. Now we will see how the
longitudinal periodic waves can be generated,

Consider @ coil of spring as shown in Fig. 8.6. It is
suspended by threads so that it can vibrate horizontally.
Suppose an oscillating force F is applied to its end as ‘_F,W TUFHHNIRETY
indicated. The force will alternately stretch and compress E ' i '
the spring, thereby sending a series of stretched regions 5 S

(called rarefaction) ard compressions down the spring, We
will see the oscillating force causes a longitudinal wave to
move down the spring. This type of wave generated in P 0.0
springs is also called a compressional wave. Cleady in a

compressional wave, the particles in the path of wave move

back and forth along the line of propagation of the wave.

Notice in Fig. 8.6, the supporting threads would be exactly
vertical if the spring were undisturbed. The disturbance
passing down the spring causes displacements of the
elements of the spring from their equilibrium positions. In
Fig. 8.5, the displacements of the thread from the vertical
are a direct measure of the displacements of the spring
elements. It is, therefore, an easy way to graph the
displacaments of the spring elements from their equiibrium
positions and this is done in the lower part of the figure,

- T . A

Sokl | G, 9
exampies of

Medivm
Sclds ut 20°C
O OFREREUV UF OUUNUD 1IN A cl':.r
Sound waves are the most important ‘,,:"'"'""
longitudinal or compressional waves, The speed of sound Giass
waves depends on the compressibiity and inertia of the Likids 2420°C
medium through which they are travelling. If the medium has Methanal 1120 .
the elastic modulus £ and density o then, speed v is given by Water
Cabon diaxide
Onxygan
Alr
Haaum
Hytogen

V'Jg ¥ Ry (8.3)

As seen from the table 8.1, the spead of sound is much
higher In solids than In gases. This makes sense because
the molecules in a solid are closer than in a gas and
hence, respond more quickly to a disturbance.

In general, sound travels more slowly in gases than in
solids because gases are more compressible and hence
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Values of constant
Types of gas Y
Moncatomic 1,687
Dratomic 140
Polyaonmic 129

have a smaller elastic modulus. For the calculation of
elastic modulus for al, Newlon assumed that when a

sound wave travels through air, the temperature of the air
during compression remains constant and pressure
changes from P to (P+AP) and therefore, the volume
changes from V'to (V- AV). According to Boyle's law

PV=(P+AP)V-AV) (8.4)
or PV=PV.PAV+ VAP - APAV

The product AP AV is very small and can be neglected. So,
the above equation becomes

AP AP
PAV = VAP or P'AV v W-E
The exprassion [:v;J is the elastic modulus £ at constant
v

temperature. So, substituting P for £ in equation 8.3, we
get Newton’s formula for the speed of sound in air. Hence

vag (8.5)

On substituting the values of atmospheric pressure and
density of air at S.TP. in equation 8.5, we find that the
speed of sound waves In air comes out to be 280 ms '
whereas its experimental value is 332 ms .

To aceount for this difference, Laplace pointed out that the
compressions and rarefactions oceur so rapidly that heat of
compressions remains confined to the region where it Is
generated and does not have time to flow to the

neighbouring cooler regions which have undergone an
expansion. Hence the temperature of the medium does not

remain constant. In such case Boyle's law takes (he form
PV' =Constant ... (8.6)

I y . Molar specific heat of gas at constant prassure
Molar specific heat of gas at constant volume

lfthepreesureofaqivenmassofagaslsmangodfromp
to (P + AF) and volume changes from Vio (V- AV), then
using Eq. 8.6
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PV =(P+aP) (V- 8V)

o~ AV'\'
, Y | g0l
Pv g(P+AP)V 1 v J
S
Applying Binomial theorem
< Y
l1,_A_Y,J = 1-72% + negligitie terms
v Vv
" AV
P=(P+AP)I1'Y V‘]
A AV
or P=P-'.'P—!"AP'YAP—
v Y
where w AP %ﬂ is negligible. Hence, we have W Fou Yoy nfgmmation?
‘ g < - 3. ,‘.';',... y{ Hearing ™
Frequancies
A
0= -7P'~'V-'*AP o
5 Dokghin 150 - 150,000
Bat 1000 - 120,000
o i Gt &0 -70,000
or s i n-2000
A Yoren __|_20220000 |

-

A

Thus elastic modulus (—P-J aquals TP.
v

v

Hence, substituting the value of slastic modulus in Eq. 8.3,
we get Laplace expression for the speed of sound in a gas

v.-.JJ-;-,- S OE 8.7)

For air Yy=14 s0atS.TP.

v=y14 x280ms '=333ms '
This value is very close 1o the experimental valve.
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Effect of Variation of Pressure, Density and

Temperature on the Speed of Sound in a Gas

! Effect of Pressurs: Since density is proportional
to the pressure, the speed of sound is not affected by &
variation In the pressure of the gas

El'bctofoensity: At the same temperature and
pressure for the gases having the same value of 1, the

N

{
>
g
.
:
g
:

‘ constant pressure, its volume is Increased and hence
its density is decreasad. As

TP
v: " —
Jp

So, the speed s increased with rise in temperature.

Let

¥o = Speed of sound at 0 °C + P5 =Density of gas at 0 °C
Ve = Speed of sound at £ °C » #; = Density of gas at 1 °C

then Vy = Ff and v, = |12
G P
Hence, oy JRE T Sevbam (8.8)
Vo 2

We have studied the voiume expansion of gases in
praWOusdaasas.lfV,isthovolumoofaoasat
temperatura 0 °C ang Viis volume at | °C, then

Vi=V, (1+ BY)
Where j§ is the coefficient of volume expansion of the gas.

For all gases, its value Is about % Hence

f
V‘g Vg E‘* m]
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Since Volume =

Hence ﬂ: o
p, P

e
o 1o

Putting the value of p, in equation 8.8 we have, / e \
l‘—: 10-—'— S Stmniars / s
A 273 - ‘ /j l
vy (23t (T 10 \ \.\ \ S
or Vo= —-—-—-—273 = To Lt A e ea (8 ) ;,_\-_‘. /
v’l
where T and T, are the absolule lemperatures S o
comrasponding to ¢ "C and 0 °C respectively. Thus, the e o i
speed of sound varies directly as the square root of "
absolute temperature TS Shockweve
Expanding the RHS. of equation (8.9), using Binomial W
theorem and neglecting higher powers, we have F 4 4 ,»:\"*\ :
Vis l 1+_'_.] or vi,=y, Vol \ ( ( -’ )1/
Ve |\ 546 546 NN
As ve=332ms’" e~
: nd ~
putting tis value in the 2™ factor - TN Gt
Then v, = v, + — t
¥ 3 when
5486 l\all:on . a jet plane
or LRGP & . e Bl e
s0und enargy sweaps ower the
PIOUNc @5 @ Pesonic
passes overhesd. It is known as

Example 8.1: Find the temperature at which the velocity
of sound in air is two times its velocity at 10 °C.

Solution: 10°C=10°C +273=283K
Suppose at T K, the velocity is two timas its value at 283 K.
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i B T A
— :'g i Vass - V283K
BB %
”_“.\::l' Therefore, v = Yonw 2
or T=1132 K or 859 °C

4

/"7\\;":‘7- So far, we have considered single waves. What
when two waves encounter each other in the same
Ye S medium? Suppose two waves approach each other on a

coil of spring, one travelling towards the right and the other
\/ traveliing towards left. Fig. 8.7 shows what you would see

Super pOSes happening on the spring. The waves pass through each

moutaniwave  SIONG Just as it was before.

This phenomenon of passing through each other
unchanged can be observed with all types of waves. You

ftwo waves ot e same  Can casily see that it is true for surface ripples.

But whal is going on durng the time when the two waves
overlap? Fig. 87 (¢c) shows that the displacements they
winve | preduce just add up. Al each instant, the spring's

the two waves separately.

Thus, if a panticle of a medium is simultaneously acted
upon by n waves such that its displacement due to each of

- the individual n waves pbe 7 TYN , v ¥n. then the
resuitant displacement of the particle,
simultaneous action of these waves Is the algebraic’sun
of all the displacements e,

YR Yoyt yie + ¥
resultant weve :
Y=o o E3 -
Supsrpoaition of two waves of the same This is called principle of Superposition.
rotumrey which are wactly ot of
’ ‘ :
172
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other without being modified. After the encounter, each
wave shape looks just as it did before and is travelling

displacemenf at any point in the overlap region Is just the
sum of the displacements that would be caused by each of



Ag'a'm 4 two waves which cross each other have
opposite phase, their (esultant displacement wil be
Y®yi=ye

Paricularly if yn = y then result displacement Y= 0.
Principle of superposition leads o many interasting
phenamana with waves.

) Two waves having same frequency and
travelling in the same direction (Interference).

1) Two wavesofsighﬂydiﬁafemﬁaquem'mand
travelling in the same direction (Beats)

iy Two waves of equal frequency traveling In
opposite direction (Stationary waves).

"~_ "1,. A 3 X
Superposition of two waves having the same frequancy
and taveling in the same direction results In @
phenomenon called interference. :
“An expermental set up to observe intedference effect in A E

sound waves is shown in Fig. 8.8 {a). e

Fag 8 Bia)

Fig 0.0 1b)

Interference of sound waves
Points P, Py, P.umulwmm
Points P, and P, are points of destructve Intarferance.

Two loud speakers S; and S; act as two sources of
harmonic sound waves of a fixed frequency produced by
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Fig. B.8{d)

g::mm

e CRO scmen

= deplayed on

An audio gencrator, Since the two speakers are driven from
the same generator, they vibrate in phase. Such sources of
Waves are called coherent sources, A microphone attached
10 a sensitive cathode ray oscilloscope (CRO) acts as a
detector of sound waves. The CRO is a device 1o display
the input signal into waveform on its screen The
microphone is placed at various points, turm by tum, in
front of the loud speakers as shown in the Fig, 8.8 (b).

At points P,, Pz and P, a large signal is seen on the CRO
[Fig. 8.8(c)). whereas at points P, and P, no signal is
displayed on CRO screen [Fig. 8.8 (d)).This effect is
explained in Fig. 88 {b) in which compressions and
rarefactions are alternately emitted by both speakers,
Continuous lines show comprassion and dotted lines
show rarefactions. At paints Py, Py and P, we find that
compression meets with a Compression and rarefaction
meels a rarefaction. So.ttwdisplaoem!ofnuowaves

Now from Fig, 8.8 (b), we find that the path difference AS
between the waves atthe point P, is

As=Sgp,-S1P1 or As=4';‘l’3§'.h=l
Similarly at points P; and Py, path difference is zero and -2
respectively.

When_evo'rp"’sdmonmh'anhewmmmeo?
wavelength, t} Wo waves are added up. This effect |s
wlledcons!mcﬁvgmmma.
Therefore, the condition for constructive interference can
be written as

PO e (8.12)

where n=0, +1, 42 - . ROREsen

Al points P; and P, Compression meets with a rarefaction,
SO that they cancel each others effect. The resultant
displacement becomes Zero, as shown in [Fig. 8.8(a)).

Now let us calculate the path differene  between the
Wwaves at ponts P, and P, For point P, .
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AS =S,P,-SP; or AS=4A-3 %Az %1

-

Simiarly at P, the path difference is — ; A.

S0, at points where the displacements of two waves cancel
each other's effect, the path difference is an odd integral
muliple of half the wavelength. This effect is called
destructive interference. '

Therefore, the condition for destructive interference can be
writlen as

AS=(2n+1) g _“Ix (8.13)

where n=0, 11, 22 £3,......... g

Tuning forks give out pure notes (single frequency). If two
. tuning forks A and B of the same frequency say 32Hz are
sounded separately, they will give out pure notes. If they are
sounded simultaneousty, it will be difficult to differentiate the
notes of one tuning fork from that of the other. The sound
waves of the two will be superposad on each other and will
be heard by the human ear as a single pure note. If the
tuning fork B Is loaded with some wax or plasticene, its
frecuency will be lowered slightly, say it becomes 30Hz.

If now the two tuning forks are sounded together, a note of
altemately increasing and decreasing intensity will ba heard
This note is called beat note or a beat which is due to
interference between the sound waves from tuning forks A
and B. Fig. 8.9 (a) shows the waveform of the note emitied
from a tuning fork A. Similarty Fig. 89 (b) shows the
wavelorm of the note emitted by luning fork B. When both
the tuning forks A and B are sounded together, the resultant
waveform is shown in Fig. 8.9 (c).

Fig. 8.9 (c) shows how does the beat note occur. At some instant
X the displacement of the two wavesis in the same direction.
The resdlanldsplaoemonﬂslugeandaloudoomdlshemd.
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After 1/4s the displacement of the wave due o one tuning fork
is opposite to the displacement of the wave due lo the other
tuning fork resuling in a minimum displacement at Y, hence.
faint sound or no soundis heard.

Another 1/4 s later the displacements are again in the
same direction and a loud sound i heard again at Z.

This means a loud sound is heard two times in each
second. As the difference of the frequency of the two
tuning forks is also 2 Hz so, we find that

Number of beats per second is equal to the difference
between the frequencies of the tuning forks.

When the difference between the frequencies of the two
sounds is more than about 10 Hz, then it becomes difficult
to recognize the beats.

One can use beats to tune a string instrument, such as piano
or violin, by beating a note against a note of known frequency.
The string can then be adjusked to the desired frequency by
tightening or loosening it until no beats are heard.

Example 8.2:Atm§ngforkAproduc084boabper
second with another tuning fork B, It is found that by
loading B with some wax, the beat frequency increases 1o
6 beats per second. If the frequency of A is 320 Haz.
determine the fraquency of B when loaded.

Solution: Since the beat frequency is 4, the frequency
of B is either 320 + 4 = 324 Hz or 320 - 4 = 318 Hz. By
loading B, its frequency will decreasa. Thus if 324 Hz is the
onginal fraquency, the beat frequency will reduce. On the
other hand, if it is 316 Hz, the beat frequency will increase
which is the case So, the original frequency of the tuning
forkBis316HzandM\enloadod, itis 316 -2 = 314 Hz.

In an extensive mium, a wa travlln all dinacnons'
from its source with a velocity depending upon the
properties of the medium, However, when the wave comes
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across the boundary of two media, a part of it is reflected
back. The reflected wave has the same wavelength and
frequency but its phase may change depending upon the
nature of the boundary.

Now we will discuss two most common cases of raflaction
at the boundary. These cases will be explained with the
help of waves travefiing in slinky spring. (A slinky spring Is
a loose spring which has small initiai length but a relatively
large extended length).

One endoﬂheslmkyspnngisuedtoanmd suppoctona
smocth horizontal table. When a sharp jerk is given up to the
free end of the sinky spring towards the sice A a
displacement or a crest will travel from free end to the
boundary (Fig.8.10 a), It will exert & force on bound end
towards the side A Since this end is rgldly bound and acts
as a denser medium, it will exert a reaction force on the
spring In opposite direction. This force will produce
displacement downwards B and a2 trough wil ftravel
backwards along the spring (Fig 8.10 b).

From the above dscussion it can be concluded that
whenever a transverse wave, travelling n a rarer medium,
encouniers a denser medium, it bouncas back such that the
direction of its displacement Is reversed. An incident crest
on reflection becomes a trough

This experiment is repeated with a little variation by attaching
one end of a light string 1o a slinky spring and the other end 10
the rigid support as shown in Fig. 8.11. i now the spring is
given a sharp jerk towards A, a cres! travels along the spring
as shown in Fig. 8.11. When this cres!t reaches the spring-
string boundary, it exart a force on tha string towards the side
A. Since the string has a small mass as compared to spnng,
it does not oppose the motion of the spring The end of the
spring, therefare, continues iis displacement towards A The
spring behaves as if it has been plucked up. In other words a
crest is again created at the boundary of the spring-string
system, which travels backwards aleng the spring. From this
it can be concluded that when 2 transverse wavé travelling in
a denser medium, is reflected from the boundaly of a rarer
medium, the direction of its di splacemeat remains the same.
An ircident crest is reflected as a crest. We are alraady
familiar with the fact that the direction of displacement is
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ravetsedwhenhmisdzangeof 180° in the phase of
vibration. So, ﬂwoaboveconclueioncanbewwenasfolowg.

)] If a ransverse wave travelling in a rarer medium
Is incident on a densar medium, it Is reflected
suchthatit undergoes a phase change of 180°.

i) If a transverse wavs lraveiling in a denser
medium is incident on a rarer medium, it is
reflected without any change in phase.

Now let us consider the Suparposition of two waves
moving along a string in opposite directions, Fig. 8.12
(a.b) shows the profile of two such waves at instants
t=0.7/4, 34T and T, where T is the time period of the
wave. We are interested in finding oul the displacements
of the points 123456 and 7 at these instants as the
waves superpose. From the Fig. 8.12 (a,b), it is obvious

=18 =12
O 75 L2 Sl B ;
-
I ) =T =374 T
(e - f e "J" % e 1o o N ’"II" o ¥ RS "’J" —
! 1 &l .
Fig 213

that the points 1,23, elc are distant 4. /4 apart. .2 being
the wavelength of the waves. We can determine the
resultant displacement of these points by applying the
principle of superposition. Fig 812 (c) shows the
resultant displacement of the points 1,35 and 7 at the
instants ¢ = 0, 7/4, 772 37/4 and T. It can be seen that
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consecutive nodes is 4 /2, Fig. 8.12 (d) shows the
resultant displacement of the points 2.4 and 6 at the
instants t = 0, T!4, T/2, 3T/4 and T. The figure shows
that these points are moving with an amplitude which is
the sum of the amplitudes of the component waves.
These points are known as antinodes. They are siluated
midway between the nodes and are also A/2 apart. The
distance between a node and the next anfinode is 7./4.
Such a pattern of nodes and anti-nodes is known as a
stationary or standing wave,

Energy in @ wave moves because of the mation of the
particies of the medium, The nodes always remain at rest,
s0 energy cannct flow past these points. Hence energy
remains “standing” in the medium between nodes,
although it alternates between potential and kinetic forms,
When the antinodes are all at their extreme displacements,
the energy stored is wholly potential and when they are
simultaneously passing through their eguilibrium positions,
the enargy is whally kinetic.

An easy way to ganerate a stationary wave s (¢ superpose
a wave travelling down a string with its reflection travelling
in opposite directon as explained in the next section.

Consider a string of length | which is kept stretched by
clamping its ends so that the tension in the string is F. If
tha string is plucked at its middie point, two transverse
waves will originate from this peint. One of them will move
towards the left end of the string and the other towsards the
right end. When these waves reach the two clamped ends,
they are reflected back thus giving rise fo stationary waves.
As the two ends of the string are clamped, nc motion will
take place there. So nodes will be formed at the two ends
and one mode of vibration of the string will be as shown in
Fig. 8.13 with the two ends as nodes with one antinode in
hetween. Visually the siring seems to vibrate in one loop.
As the distance between two consecutive nodes Is one half fig. oM
of the wavelength of the waves set up In the string, so in

this mode of vibration, the length / of the string is

’ = % “ k‘ls z’ \ Gussanaany (5514)
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where i, is the wavelength of the waves set up In this
mode. -

The speed v of the waves in the string depends upon the
iension F of the string and m, the mass par unit length of

the string. It is given by » r-.E ssuens (8,15)

Knowing the speed v and wavelength L, the frequency /,
of the waves is given by

fi= _y_ wils s (8.16)
et 1y s X k1 [ |
&Mhngmmdw | f:'«;-; J; e (8.17)

Thus in the first mode of vibration shown in Fig. 8.13,
waves of frequency £, only will be set up In the given string

If the same sting I8 plucked from one Quarter of its length,
again stationary waves will be Sel up with nodes and
Fig. .14 antinodes as shown (n Fig. 8.14. Note that now the string
vibrates in tiwo loops. This particular configuration of nodes
and antinodes has developed becayse the string was
plucked from the position of an antinode. As the distance

the wavelength of the waves set up in this mode. If La2ls the
measure of wavelangth of theseo wavas, then,

Ka=t (8.18)

A companson of this equation with Eq. 8.14 shows the
wavelength in this case is haif of that in the first case.

Eq. 8.16 shows that the speed of waves depends upon the
tension and mass per unit length of the string. It is

If 7, is frequency of vibration of string in its second mode,
then by Eq. 8.2

VEhXkemBil- . or . fos -:1 (8.19)
Comparing it with Eq. 8.16, we get
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I:-= ?'r

Thus when the string vibrates In two loops, IIs frequency
hecomes doybie than when it vibrates in one loop.

Similarly by plucking the string propery, it can be made to
vibrate In 3 loops, with nodes and antinodes as shown in
Fig. 8.15.

In this case the frequency of waves will be f; = 3/, and the

wavelength will be aqual to 2//3. Thus we can say that if the
string Is made to vibrate in n loops, the frequency of
stationary waves set up on the string will be

-

It is clear that as the string vibrates in more and more

lbops. its frequency goes on Increasing and the
wavelength gets correspondingly shorter. However the
product of the frequency and wavelength is always equal
to v, the speed of waves.

The above discussion, clearly establishes that the
stationary waves have a discrete set of frequencies f, 2fy,
3f, ...... nf, which is known as harmonic saries. The
iundamental frequency f; corresponds to the first harmonic,
the frequency f; = 2 f, coresponds to the second harmonic
and so on. The stationary waves can be set up on the
string only with the frequencies of harmonic series
determined by the tension, length and mass per unit length
of the string. Waves not in hammonic series are quickly
damped out.

The frequency of a string on a musical instrument can be
changed either by varying the tension or by changing the
lergth. For exampie, the tension in guitar and violn strings is
varied by fightening the pegs on the neck of the instrument,
Orce the Instrument is tuned, the musicians vary the
frequency by moving their fingers along the neck, thereby
changing the length of the vibrating portion of the string.
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Do You Know? Example 8.3: A steel wire hangs vertically from a fixsd
point, supporting a weight of 80 N at its lower end. The
diameter of the wire ig 0.50 mm and its length from the
fixed point to the weight is 1.5 m. Calculals the
fundamental frequency emitted by the wire when It is
plucked?

{Density of sieel wire = 7.8 x 10° kgm *)

Solution:
Volume of wire = Langth x Area of cross saction
Mass = Volume x Density

therefore |
A SIBNAING-wave patern Is famed :
whan the leagih of the sting is un Mass of whre = Length x Area of cross section x Density
o mdnﬁm““" S0, mass per unit length m is given by
wiave s [ormed

m =Denslty x Area of cross section
Diameter of the wire = D= 050 mm =05 x 107 m

Radius of the wirs = 5 = g =0.25x10"m

Aled of cross section of wire = /" = 3.14 x (0.25 x 10 my
F=w
Aherefore
m=78x10"kam” x 3 14 x (025 x 107 my
m =153 x 10kgm '
Weight = 80N = B0 kgms™
Using the equatton (8.1 7), wa get

d -
M) A
BT el SR

f,:_'_ f.
27 m
1 80 kgms ~
fi=- RSP
T 221.5m V153510 kgm"
i an orgen Piow, e prinary or f =76 Hz 5
divirg mechazxesm wavarirg
aheet Se et of air trom fule-sit § AT o
which interwcts wih e wpper ip V0 ST N
©

and the wir colymn in the plpe ——
mntain 3 sty oscilation. Stationary waves can be set in other media also, such as air

column. A common example of vibrating air column fs in the

-
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organ pipe. The relatonship between the incident wave and
the reflected wave depends on whether the reflecting end of
the pipe is open or closed. If the refecting end is open, the
air molecules have complete freedom of motion and this
behaves as an antinode, If the reflecting end Is closad, then
it behaves as a node because the movement of the
molecules is restricted. The modes of vibration of an air
colurrn in a pipe open at both ends are shown in Fig. 8.16.

In figure, the longitudinal waves set up in the pipe have been
represented by transverse curved lines indicating the varying
amplifude of vibration of the air particles at points along the
axis of the pipe. However, it must be kept in mind that air
vibrations are longitudinal along the length of the pipe. The
wavelength'2 'of nth harmonic and its frequency ' f, of any
harmonic is given by

a2 g5 g m .i.s.‘;; Pk B2

where V' Is the speed of sound in ar and '/ is the length of

the pipe. The equation B.22 can also be written as

&:&""‘G RREEETEE T @m

If a pipeis closed 8t one end and open at the other, the closed
and is a node. The modes of vibration in this case are shown
in Fig. 8.17.

In case of fundamental note, the distance between a node
and antinode is one fourth of the wavelength,

A
Henca, I = -z’ or hy= 41
Since v=fh
Hence = _V_= o
).' 4/

It can be proved that in a pipe closed at one end, only odd
harmonics are generated, which are given by the equation

(=04 Ao ' |

WA Sy N

-7 "

Fig- 097

Savonary n
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where o e o B e

This shows that the Pipe, which is open at both ends s
ncher in barmonics

Example 8.4: A Pipe has a length of 1 m. Determine the
frequencies of the fundamental and the first Wwo harmonics
(a) i the pipe is open at both ends and (b) if the pipe Is
ciosed at one end.

(Speed of sound in air = 340 ms ")

Solution:
1
a) = 22 e TAMOM ) (o) 12 170 the
2/ 2X%X1m
= 2h=2X170 Hz = 340 Hz
and !,:3!.:3:1?0Hz=510Hz
1 . |
b) iz "3“0"-“1—=esa" = 85 Hz
4} 4 X1m

In this case only odd harmonics are present, so
L=3f=3x85Hz =255 Hz
Echclocation wiows dophne o and =51 =5x85Hz = 425 Hz

8.11 DOPPLER EFFECT

An important phenomenon observed N wsves s the
Doppler effect This effect shows that if there is somae
relative motion between the source of waves ard the

observer, an apparent change in frequency of the waves ic
observed.

This effect was observed by Johann Doppier while he was
observing the frequency of light emitted from distant stars.
In some cases. the frequency of hight emitted from a star
was found to be shghtly different from that emitted from a
similar source on the Earth. He found that the change in
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frequency of light depends on the motion of star relative to
the Earth. e

This effect can be observed with sound waves also. When
an observer is standing on & rallway platfarm, the pitch of
the whistie of an approaching locomotive is heard o be
higher. But when the same locomotive moves away, the
pitch of the whistle bacomes lower.

The change In the frequency due to Doppler effect can be
calcuated easily if the relative motion between the source
and the observer is along a straight line joining thern.
Suppose v is the velocity of the sound in the medum and
the source emits a sound of frequency fand waveiength i

If both the source and the observer are stalionary, thenthe  ©u 1

h v An coseryer roeving with veodty o
waves reoeivedbymeobservernomseoondareh}—.tf Krawds @ sfiongey Souroe hears 8
» frequency 1, 1 IS groater Shan e

an observer A moves lowards the source with a velocity u, 3 Ssquncy
(Fig. B8.18), the relative velocity of the waves and the

observer is Increased to (v + u,). Then the number of

waves raceived in one second or modified frequency fa is

v
+ U,
X

A=

Pulting the vaiue of » = E , the above equation becomes

o " : =TT}
&3,{ _ f seessriae )
s "‘ _.‘ & /” Lros . e .

-,y o

For an observer B receding from the source (Fig. 8.19),
the relative velocity of the waves and the observer is
diminished to (v - u.). Thus the observer receives waves at

a reduced rate. Hence, the number of waves received in
o

one second in this case is [V ;U“J

if the modified frequency. which the observer hears, IS [
then
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or :ﬁ\‘s G’v—;&] =f (f—v'-'f-) 3t e aev§0,26)

Now, if the source is moving towards the observer with

velocity u, (Fig. 8.20). then in one second, the waves are
compressed by an amount known as Doppler shift
represenied by aj.

u
Ak = _‘J
f
The compression of waves is due to the fact that same

number of waves are contained in a shorer space
depending upon the velocity of the source.

The waveiength for obsarver G is then
Re= A « Ok

G R %
res (V. ) (1
o f

For the observer D, there
wavelength given by,

will an increase in the

A-Da Lo+AL

(o35

Themodﬁedhequencyforoboorve:Cisﬂwn

= fc= —a-'zng(.v“J' nn;dn.u (8-27’

and for the observer D will be

I
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fy = f_-.-.ﬁ :“Jr e 2B)
0 e )

This means that the observed frequency increases when
the sowce is moving towards the observer and decreases
when source is moving away from the observer.

ExamPle 8.5: A train is approaching a station at
apkmh sounding a whistle of frequency 1000 Hz. what will
be the apparentfreqwncyotmewnisﬂeasheardbya
listener sitting on the platform? What will be the apparent
frequency heard by the same listenar if the train moves
away from the station with the same speed?

(s of s =34m)

iy

Solution: e

-
el

Fraquency of source = f, = 1000 Hz
Speed of sound = 340 ms™'
Speed of train = u, = 90 kmh"' = 25 ms”’
When lrain is approaching towards the listener, then using

the relation
£ = [—'-—Jr
gl

R
piifi i B0 ')uooouz-wn.mz

340ms ' -25ms’

When train Is moving away from the listener, then using
the relation ' ‘
f"=( . }
vy+u
)
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'-= L‘ mm.‘l
Oms '+ 25ms™’

X1000H2=031 5Hz

of a technique for

target speed. It employs the Doppler effect, In which an
apparent change in frequency occurs when the scurce and
the nbserver are in relative motion to one another. Its known
military applications include the detection and lccation of
submarines. control of antisubmarine weapons, mine hunting
and depth measurement of seq,

Stars moving towards the Earth show a bilue shift. This Is
because the wavelength
Mthanllﬁestarhadbeenatmst So, the spectrum is
shifted lowards shorter wavelength, i.e., to the biue end of
ihe spectrum (Fig. 8.22)
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Stars moving away from the Earth show a red shift. The Do You Know?
emitted waves have a langer wavelength than if the star had ~ :

been af rest. So the spectrum is shiftad towards longer
wavelength, ie., towards the red end of the spactrum.
Astronomers have also discovered that all the distant
galaxies are moving away from us and by measuring their
red shifts, they have eslimated their speeds.

Another important application of the Doppler shift using
elactromagnetic waves is the radar speed trap.
Microwaves are emitted from a transmitter in short bursts.
Each burst is reflected off by any car in the path of
microwaves in between sending out bursts. The transmitter
is opaned to detect reflected microwaves If the refiection
Is caused by a moving obstacle, the reflacted micronaves
are Doppler shifted. By measuring the Doppler shift, the
speed at which the car moves is calculated by computer
programme,

Bats navigate and find f00d by

SUMMARY

Waves carry energy and this energy is carried cut by a disturbance, which spreads
out from the source.

« If the particles of the medium vibrate perpendicular to the direcson of propagation of
the wave, then such wave Is called fransverse wave, 6.9, light waves.

« If the particle of the medium vibrate paraliel to the direction of propagation of the
wave, then such wave is called longitudinal wave, 6.g. sound waves.

« If & particle of the medium is simultaneously scted upon by two waves, then the
resultant displacement of the particle is the algebraic sum of their Individual
displacements. This is called principle of superposition.

When two waves meet each other in a medium then at some points they
reinforce the effect of each other and at some other points they cancel each other's
effect This phenomenon s called interferance.

. The periodic variations of sound between maximum and minimum loudness are
caled baats.

Stationary waves are produced in a medium, when two identical waves travelling in
opposite directions interfere in that medium

Tha apparent change in the pitch of sound caused by the relative motion of either the
source of sound ¢r the listener is called Doppler effect,

: |89
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©1  What features do longitudinal waves have in common with transversa waves?
82 _Tho five possible waveforms obtained, when the outpu_t from a microphons is fed

Fig823. These waveforms are oblained under the same adiu.stment of the
cathode ray oscilloscope controls, Indicate the waveform

@) which trace represents the loudest note?
91 which trace represents the highest frequency?

D@DD4

Fig. .23 A B

8.3 Is it possible for two identical waves travelling in the same direction along a string
logive rise to a stationary wave?

84 A waveis produced alang a stretched Slring but some of its particles permanently _
show zero displacement What type of wave is it 2

8.5 Explain the terms crest, trough, node and antinode.
88 Why does sound travel faster in solids than in gases?
8.7 How are beats useful in luning musical instruments?
2.8 When two notes of frequencies f, and 7. are sounded together. beats are formed, If
i > £z, what will be the frequency of beats?
1
D h+p Vo= (h+H)
2
W8 M- h)
2
89 As a result of a distant explosion, an observer senses a ground tremor and then
hears the explosion. Explain the fime difference.
©.10 Explain why sound travels faster in warm air than in cold air.

811 How should a sound source move with respect to an observer so that the frequency
of its sound does not change?
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8.3

NUMERICAL PROBLEMS

The wavelangth of the signals from a radio transmitteris 1500 m and the frequency is
200 kHz, Whatis the wavelength for a transmitter operating at 1000 kHz and with what
speed the radio waves travel?

{Ans: 300 m, 3 x 10* ms ™)

Two speakers are arranged as shown in Fig. £.24. The distance between them is 3 m
and they emit a constant tone of 344 Hz. A microphone P is moved along a line
paradlel to and 4.00 m from the line connecting the two speakars. It s found that tone
of maximum loudness s heard and displayed on the CRO when microphone Is on
the centre of the line and directly opposite each speakers. Calculate the speed of
sound.

o

»

“0m
Fig 8.4
(Ans: 344ms’)

A stationary wave is established in & string which is 120 cm long and fixed at both
ends. The string vibrates in four segments, at a frequency of 120 Hz. Determine its
wavslength and the fundamental frequency?

B (Ans: 0.6 m, 30 Hz)

The frequency of the note emitted by a stretched string is 300 Hz. What wil be the
frequency of this note when;

the length of the wave is reduced by one-third without changing the tension.
the tension is increased by one-third without changing the length of the wire,
(Ans: 450 Hz, 346 Hz)

An organ pipe has a length of 50 cm. Find the frequency of its fundamental note
and the next harmonic when it is

open at both ends.
ciosed at one end.
(Speed of sound = 350 ms™)
[Ans: (3) 350 Hz, 700 Hz, (b) 175 Hz, 525 Hz]

. 9
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a)
b)

A church organ consisis of pipes, each open at ane end, of differant lengths. The
minimum lergth is 30 mm and the longest is 4 m. Caiculate the frequency range of
the fundamentai notes.
{Speed of sound = 340 ms™)

(Ans: 21 Hz to 2833 Hz)
Two tuning forks exhibit beats at a beat frequancy of 3 Hz. The frequency of one
fork Is 256 Hz. Its frequency is then lowered slightly by adding a bit of wax to one
of its prong. The two forks then exhibil o beat frequency of 1 Hz. Determine the
frequency of the second luning fork.

car P travels at a steady speed of 12 ms™ the other car Q, travelling at  steady speed
of 20 ms”, sound its hom to emit a steady nole which P's driver estimates._has a
frequency of 830 Hz. Whatfrequencydo_es Q's awn driver hear?
(Speed of sound = 340 ms™')

(Ans: 810 Hz)

AminsamdsnshombefmeﬂsetsoﬂﬁcmﬂweubnmdmobsmwamngonMe
pateform estimates its frequency at 1200 Hz. The train then moves off and
accelerates sieadily. Fifly seconds after departure, the driver sounds the hern again
and the plateform observer estimates the frequency at 1140 Hz. Calculate the train
speed 50 s after departure. How far from the station is the train after 50 57

(Speed of sound = 340 me™)
(Ans: 17.9ms™ 448 m)

'/ The absorplion spectrum of faint galaxy is measured and the wavelength of one of

the lines identified as the Calcium @ line i found 1o be 478 nm. The same line has
a wavelengtn of 387 nm when measured In a laboratory.

Is the galaxy moving towards or away from the Earth?
Calculate the speed of the galaxy relative to Esrth.
(Speed of light = 3.0 x 10° ms™)
[Ans: () away from the Earth, (b)6.1 x 107 ms |
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Chapterly

PHYSICAL OPTICS

Learning Objectives
At the end of this chapter the students will be abla to;

Understand the concept of wavefront,

State Huygen's principie.

Use Huygen's principle to explain linear superposition of light.
Understand interference of light.

Describe Young's double <fit expenment and the evidence it provided to support
the wava theory of fight.

Recognize and axpress colour patterns in thin films.
Describe the formation of Newton's rings.

* Understand the working of Micheisen's interferometer and its uses.

Explain the meaning of the term diffraction.

© Describe dgiffraction at a single sht.
| Derive the ecuation for angular position of first minimum.

Derive the equation d sinfi = ma,,

Carry out calculations using the diffraction grating formula.

Describe the phenomenon of diffraction of X-rays by crystals.

Appreciate the use of diffraction of X-rays by crystals.

Understand polarization as a phenomenon associated with transverse waves.
Recognize and express that polanzation is produced by a Polaroid.
Understand the effect of rotation of Polarcid on polarization.

Undersiand how plane polanzed light is produced and detéctad,

L ight is a type of energy which procuces sensation of vision. But how does this energy
propagate? In 1678, Huygen's, an eminent Dutch scientist, proposed that
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light energy from a luminous source travels in space as
waves. The experimental evidence In support of wave
theory in Huygen's time was not convincing. However,
Young's intarference experiment performed for the first lime
in 1801 proved wave nature of light and thus estabiished the
Huygen's wave theory, In this chapter you will study the
properties of light, associated with its wave nature.

Consider a point source of light at S (Fig. 9.1 a) Waves
emitted from this source will propagate outwards in all
directions with speed c.After time £ they will reach the

Such a surface on which all the points have the

Thus in case of a point source, the wavefront is spherical
in shape. A line normal to the wavefront. showing the
direction of propagation of light is called a ray of light.

With time, the wave moves farther giving rise to new wave-
fronts. All these wavefronts will be concentric spheres of

distance from the source, the wavefronts are parts of spheres
of very large radii. A limited region taken on such a wavefront
can be regarded as a plane wavefront (Fig.9.1b). For axampie,
light from the Sun reaches the Earth with plane wavefronts.

In the study of interference and diffraction, plane waves and
plane wavefronts are considered. A usual way to obiain a
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plane wave is to place a point sourca of light at the focus of
a convex lens. The rays coming out of the lens will constitute
plane waves,

Knowing the shape and location of @ wavefront at any
instant 1. Huygen's principle enables us to determine the
shape and location of the new wavefront at a later time
t+ At. Thisprinciple consists of two parts:

() Every point of a wavefront may be considered as a
source of secondary wavelets which spread out in
forward direction with a speed equal to the speed of
propagation of the wave.

(i) The new position of the wavefront after a certain
interval of tme can be found by constructing a
surtace that louches all the secondary wavelets.

The principle Is illustrated in Fig. 8.2 (a). AB represents the
wavefront at any instant t. To determine the wavefront at
time t+ At, draw secondary wavelets with centre st varous
points on the wavefront AB and radius as cAl where C IS
speed of the propagation of thewaveas shown in Fig.9.2 (a).
The new wavefront at time t+Af is AB whichis a

tangent envelope to all the secondary wavelets.

Figure 9.2 (b)shows a similar consiruction for a plane wave-
front

INTERFCOR

An oil film fioating on water surface exhibits beautiful
colour pattems. This happens dug fo Interference of light
waves. the phenomenon, which is being discussed in this
secton.

Conditions for Detectable Interference

It was studied in Chapter B that when two waves travel in
the same medium, they would inferfere constructively or
destructively, The amplitude of the resuliant wave will be
greater then cither of the individual waves, if they interlere
constructively. In the case of destructive interference, the

D |

(b) Pano wavafront

Fgal

Huygens' construction for
the of e

datemmining
warvefronta AB and CO aiter & lime

interval Al KB and CD' are the
rew postions of the wivefarnis.
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For Your Information

w X o
Nonsehromates Cight
Sodium chionide in 3 flame

OUt pane yesllow gt Tris Sight s not

A mexdure of red and rean

7
»
.

soluny LSS EYETTHTRS

flay poometry of Yourgs double

Bl expwriment

amplitude of the resultant wave will pe less than either
of the individual waves

Interference of light waves is not easy lo observe becayse
of the random emission of Ight from a source. The
following conditions must be met, in order to observe the
phenomeanon

The interfaring beams must be monochromatic,
that is, of a single wavelength,

The interfering beams of light must be coherent.

Consider two or more Sources of light waves of the same
wavelength. If the sources send out creats or troughs st
the same instant, the individual waves maintain a conslant
phase difference with one another. The monochromatic
Sources of light which emit waves. having a constant
phase difference, are called coherent sourcas

A common method of producing two coherant hght beams
is to use a monochromatic scurce to iluminate a screen
containing two small holes, usually in the shape of slits,
The light smerging from the two slits is coherent becsuse a
single source produces the orignal beam and Wwo slits
sarve only to split it into two parts. The points on a
Huygen's wavefront which send out secondary wavelets
are also coherant sources of fignt,

9.4 YOUNG'S DOUBLE SLIT EXPERIMENT

Fig. 8.3 (a) shows the experimental arrangement, similar (o
that devised by Young in 1801, for studying interference
effects of Iight. A scraen having two narow sfits is
lluminated by a beam of monachromatic light. The portion
of the wavefront incident on the slits behaves as a soume
of secondary wavelets (Huygen's principle). The secondary
wavelets leaving the slits are coherent. Superpostion of
these wavelets result in 3 series of bright and dark bands
{finges) which are observed on a second screen placed at
some distance parailel io the first screen

Let us now consider the formation of bright and dark
bands, As pointed out earlier the two siits behave as

196
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coherent sources of secondary wavelels. The wavelets
armve at the screen in such a way that at some points
crests fall on crests and troughs on troughs resulting in
constructive interference and bright fringes are formed.
There are some points on the screen where cresis meet
troughs giving nse to destructive interference and dark

fnnges are thus formad. i

FEEEFREEEF R E

In order to derive oquations for msxima and mma. an
arbitrary point P Is taken on the screen on one side of
the central point O as shown in Fig. 9.3 (c). AP and BP
are thz paths of the rays reaching P. The line AD is
drawn such that AP = DP. The separation between the
cenires of the two slits is AB = d. The distance of the
screen from the slits is CO = L. The angle between
CP and CO is 6. It can be proved that the angle
BAD = 0 by assuming that AD Is nearly normal to BP.
The path difference between the waveiets, leaving the
sits and arriving at P, is BD. It is the number of
wavelengths, contaned within BD, that detarmines
whether bright or dark fringe will appear at P If tha point
P is to have bright fringe, the path difference BD must be
an integral multiple of wavelength.

Fig. 03 (c)

Geomstrical consiruction of
Young's doulile S5l experimen
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Thus, BD =mj, where m=012 .
Since BD = dsind
therefore dsinf =ma (2.1)

It is observed that each oright fringe on one side of O has
symmetrically located bright fringe on the other side of O. The
central bright fringe is obtained when m = 0. If a dark fringe
appears al point P, the path difference BD must contain
half-integral number of wavelengths

[ 1
Thud = .— | K
u BD " m 21/

-

therefgre, dsinez[m,%Jx (AT L5

The first dark fringe. in this case. will obviously appear for
m = 0 and second dark for m = 1. The interference pattern
formed in the Young's expenment is shown in Fig. 9.3 (d)

Fig. = (d)
W sing ano

An intaranance pattom by moncohwonebc Hight in Young's doulse sits ecpanmeant.
2 0.035 0.055
4 0.070 0,070 . -
6 0.104 0.105 Equations 9.1 and 9.2 can be applied for determining the
v e 17 finear distance on the screen between adjacent bright or

dark fringes. If the angle 0 is small. then
sin 6 = lane

i
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Now from Fig. 9.3 (c), tané = i, where y is the distance
of the paoint P from O. If a bright fringe is observed at P,

then from Eq. 9.1, we get,

S 1 X
L (8.3)

If P is to have dark fringe it can be proved that

RITA :
- o ftem L eeestned -4
y=|m 2] > 94)

in order 1o determine the distance between two adjacent
bright fringes an the screen, mth and (m + 1) th fringes are
considered.

For the mth bright fringe, Yo =m —

Al

and for the (m + 1)th bright fringe Yours =(m +1) 3

If the distance betwaen the adjacent bright finges isa y,
then

Ay= yooi— Yo =(mM+1 ;;.l:._m “'_
Y= Yo Y =( )d d

Thetefore, Ay = B SR (9.5)

Similarly, the distance between two adjacent dark fringes
canbe proved to be L. It is, herefore, found that the
bright and dark fringes are of equal width and are equally
spaced

Eq. 95 reveals that fringe spacing increases if red
light (long wavelength) is used as compared to blue light
(short wavelength), The fringe spacing varies directly with
distance L between the slits and screen and Inversely with
the separation d of the slits.

If the separation d between the two slits, the order m of a
bright or dark fringe and fringe spacing Ay are known, the
wavelength A of the light used for interference effect can be
determinad by applying Eq. ©.5.

An
wih

Tidbits

1

whinte light
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Interesiing lnformation

j‘ W .
. T A

b N L .
.'.‘_77 b JNREF

Solution: Given that
d=0.25cm=2 5x10°m

y=0.059cm=59x10"m
L=100cm=1m
Forthe3"‘darkfrlngem=2
1]11

y:(m.,._ —
. 2,4

gy

.

= 39x10%m x25% 10% m
2 % lxim

~#=590x 10" m =590 nm

Solution: Given that

A=589 nm =589 x 10* m
d=1.00 mm = 1.00 x 103m
L=225¢cm =225m

Ay =9

Using ay = 2=
= BBIX10* mx225m

1.0x10% m

i Ay=133x10%m or 1.33 mm,
Thus: the adjacent Irings will be 1.33 mm apart.
200
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A thin film is a transparent medium whose thickness |Is
comparable with the wavelength of lhight. Brifliant and
beautiful colours in soap bubbles and ol film on the
surface of water are due to interference of light reflected
from the two surfaces of the film as explained below:

Constcer a thin film of a refracting medium. A beam AB of
monochromatic light of wavelength A i3 incident on its upper
surface It Is panly reflected along BC and partly refracted
into the medium along BD. At D it is again partly reflected
Inside the medium along DE and then al E reéfracted alony EF as
shown in Fig, 9.4, The beams BC and EF, being the parts of the same
primary beam have a phase coherenge. As the film s thin, so the
separalion between the beams BC and EF will be very small,
and they will superpose and the result of their interference
will be detected by the eye. Il can be seen in Fig. 94, that
the original beam splits into two parts BC and EF due to the
thin film enter the eye after covering different lengths

of paths. Thair path difference deperds upon (i) thlcknesé
and nature of the filmand (i) angle of incidence. If the two
reflected waves reinforce each other, then the film as seen
with the help of a parsllel beam of monochromatic light
will look bright. Howaver, if the thicikness of the film and
angle of incidence are such thatthe two reflected waves
cancel aach other, the film will look dark.

It white light Is incident on a film of irragular thickness at all
possible angles, we should consider the interference
pattern due o each spectral colour separately. It is quite
passibie that at a certain place on the fim, its thickness
and the angle of incidence of light are such that the
condition of destructive interference of one colour is being
satisfied. Hence, that portion of the film will exhibit the
remaining constituent colours of the white kght as shown in
Fig. 8.5,

TON'S KINC jhsa <sﬁwﬂ
When a plano-convex lenb of !ong focal length 15 placed in
contact with 3 plane glass plate(Fig. 96 a). a thin air film is
anclosed hatween the upper surface of the glass plate and
the lowar surface of the lens. The thickness of the air film 1s

Fip. 04

Geametrical construction of
imerferance of light due to a thin ol
ey

The sivid Hdmr\ce Of peacOk
foathers due o nterference of the
gt reflecton fram & commpioe
1apered surface.

Fig. 9.3

Intacferance pakiern produced y &
thin seap film dluminsied by whny
Bght

2
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25w ey
Fig. 0.0 (a) =

Expetinantal arrangament for
Suserving Newdon's rings

Flg. 0.0 (%

A pattam ol Newdon's nogre due 1o
nerizenon of menochromatic ligts.

almost zero at the point of contact O and it gradually increases
as one praceeds lowards the periphery of the lene. Thus, the
points where the thickness of air film is constant, will lie on a
circle with O as centre,

By means of a sheet of glass G, a paralle! beam of
monochromatic light is reflected towards the piano-convex
lens L. Any ray of monochromatic light that strikes the
upper surface of the air film negrly along normd is partly
reflocted and partly refracted, The ray refracted in the
alr film is also refiected partly at the lower surface of the
fim. The wo reflected rays, i.e. produced at the upper
and lower surfaces of the film, are coherent and interfere
constructively or destructively. When the light reflected
upwards is observed through a micrescope M which is
focussed on the giass plate, series of dark and bright rings
are seen with centre at O (Fig. 9.6 b). These concentric
rings are known as Newton's nngs.

At the point of contact of the lens and the glass plate, the
thickness of the film is effectively zero but due 1o refiection
al the lower surface of alr film from denser medium, an
additional path difference of /2 is introduced. Cansequently,
the centre of Newton fings s dark due to destructive
Intedference,

Micheison’s interferometer is an instrument that can be used
[0 measure distance with extremely high precision. Albert
A. Michelson devised this instrument in 1881 using the
idea of interference of light rays. The essential features of 5
Michelson's interferometer are shown schematically in Fig.9.7

Monochromatic light from an extended source fals on &
haif sivered glass plate G, that partially reflects it and
partially transmits it. The reflected portion labelled as | in
the figure travels a distance £, to mirror M;, which reflects
the beam back towards G, The half silvered plate G,
partially transmits this portion that finally arrives at the
observer's eye. The transmitted portion of the originat
beam labelled as 11, fravels a distance L; to mirror M. which
reflects the beam back toward G.. The beam 1 partially
reflected by G, also arrives the observer's aye finally. The
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piate G; cut from the same piece of glass as G, is
introduced in the path of beam II as a compensalor plate.
G,, herefore, equalizes the path length of the beams Tand
11 in glass The two beams having their different paths are
coherent, They produce Interference effects when they For Your Informaton
amrive at observer's eyes. The chserver then sees a series
of paralle! interference fnnges.

In a practical interferometer, the mirror M, can be moved
along the direction perpendicular to its surface by means of
a precision screw. As the length L, is changed, the pattern
of interference fringes is observed to shift. If M, is
displacad through & distance equal to 7/2, a path difflerence = U
of double of this displacement is produced, 8., equal to.. A photegraph of Micheisen
Thus & fiinge is seen shifted forward across the fine of ™=

referance of cross wire in the eye piece of the telescope used

to view the fringes

A frnge is shified, each time the miror is displaced
through 4/2. Hence, by counting the number m of the fringes
which are shifted by the displacement L of the mirror, we can
write the aguation,

For Your Information

L=m % 9.6
2 (9.6)
Very precise length measurements can be made with an
Interferometer. The motion of miror My by only #/4 produces
a clear difference between brighiness and darkness, For
. =400 nm, this means a high precision of 100 nm or 10° mm,

Michelson measured the length of standard metre in terms
of the wavelength of red cadmium light and showed thal
the standard metre was equivalent to 1,553,163.5

wavelengths of this light Insarference ingss in She Micheson
mtarfaraomatec

In the Interference pattern obtained with Young's double slit
experiment (Fig. 8.3 b),the central region of the fringe system
is bright. If fight travels in a straight line, the ceniral region
should appear dark |.e_, the shadow of the screen between
the 'wo slits. Another simple experiment can be performed
for exhibiting the same effect,
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Fig. 9%

Diffruction of light due o & naraw
sl AB, The sott represent e
Sonrces of saoondary wevelsis

Consider that a small and smooth steel ball of about 3 mm
n diameter Is iHuminated by & point source of light The
shadow of the object is received on a screen as shown in
Fig. 98 . The shadow of the spherical object is not
compielely dark but has a bright spot at its centre
According to Huygen's principle. each point on the rm
of the sphere behaves zs a source of secondary
wavelets which illuminate the rentral region of the
shadow.

These two experiments clearly show that when light traveils
past an obstacle, it does not procged exaclly along a
straight path, but bends around the obstacle.

The phenomenon is found 1o be prominent when the
wavelength of light is large as compared with the size of
the obstacle or aperture of the siit, The diffraction of light
occurs, in effect, due to the interference betwesn rays
coming from different parts of the same wavefront,

Fig. 9.8 shows the expenmental arangement for studying
diffraction of light due 10 a narrow SHL. The slit AB of widih o is
Huminated by a parallel beam of monochromatic light of
wavelength 7. The screen S is Maced parsliel to the <iit for

the figure. In this fiqure, only nine rays have besn drawn
whereas actually there are 3 large number of them. Let us
consider rays 1 and 5 which are in phase on (he
wavefront ABWhen these reach the wavetronl AC. ray
5 would have a path difference ab say equal to 1/2. Thus,
when these two rays reach point P on the screen. they will
interfere destructively. Similarly, all other pairs 2 and 6,3
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and 7.4 and 8 differ in path by A/2 and will do the same.
For the pairs of rays, the path difference ab= ofZ sin B.

The equation for the first minimum is, then

d =X
= sno 5
of dsint= » (89.7)

In general, the conditions for different orders of minimaon  ©
either side of centre are given by g:,,mm:w JES D!d.s mono
' | W ntation
dsing=mi where m=1 (12.3,....) ... {€8)] Sedoro D

The region between any two conseculive minima both
above and below O will be bright. A narrow sliit, therefore,

procuces a series of bright and dark regions with the first

bright region at the centre of the pattern. Such a diffraction

panem is shown n th 9. 10(9) and (b)

A diftraction gratang is a glass piate havung a large number '

of close parallel equidistant slits mechanically ruled on it.  Fl- 210 ®)

The transparent spacing between the scralches on the  Difastun patern petuced by white
glass plate act as slits. A typical diffraction grating has et """m“

about 400 to S000 nes per centimetre.

In order to understand how a grating diffracts light, consider
a parallel beam of monochromatic light illuminating the —*—
grating at normal incidence (Fig. 9.11), A few of the equally ™ -5
spaced narrow slits are shown in the figure. The distance | %
between two adjacent slits is d, called grating element. Its 5 —\-';"'
valug is obtained by dividing the length L of the gratng by the S
total number N of the lines ruled on it. The sections of wave-
front thal pass through the siits behave as sources of
secondary wavelets according to Huygen's principle.

In Fig. 9.1, consider the parallel rays which after a
diffraction through the grating make an angle 8 with AB, i #h=asini

the normal to grating. They are then brought to focus on

the screen at P by a convex lens. If the path difference

between rays 1 and 2 Is one wavelength A, they will "o "

reinforce each other at P. As the incident beam consists of  Diffaction oflight due to grating
parsilel rays, the rays fromany two consecutive slits will differ

inpath by when they armve at P They will, thereforz, interfere
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. constructively. Hence, the condition for constructive
Imeresting Information interference is that ab, the path difference between two
consecutive rays, should be equal to . i.e.,

ab=) (9.9)
From Fig. 8.11

ab=dsinG ... (9.10)

d being the grating element, Substituting the value of ab In

The fnendings, eech 0.5 u mwide, EQ. 9.9

on @ congect diIsc funclon as &

aifraction gratng, When & sl dsinf= A
scurco. of white light Maminedes &

cac, e difftacted o0t forms

colored Tmnes” hat are cunpeste  According to Eq. 9.10, when 8 = 0 e, along the direction
s, raction patiens kom #&  of normal to the grating, the path difference between the
rays coming out from the slits of the grating will be zero. So

we will get s bright image in this direction. This is known as

zero order image formed by the grating. If we increasa 0

on either side of this direction, a value of 0 will be arrived

Can You Tell? at which dsinBwill be equal to 2 and according to Eq. 9.11,

we will again get a bright Image. This is known as first

! order image of the grating. In this way if we continue

increasing 6, we will get the second, third, etc. images on
either side of the zero order image with dark regicns in between.

The second, third order bright images would occur according

as dsin 6 becoming equal o2, 3 A, etc. Thus Eq. 9.11
can be written in more general form as

..... eae (9.11)

. asinb =nj (9.12)

m;a‘ov:e;:mwm': wheren=0+142+3 sic.
. Wh, it i i '
."IZ""L:’.‘?.‘::"‘:?,. bangs ot , However. if tha incdent light ocontains different

narference? wavelengths, the Image of each wavelength for a certain
value of n is diffracted in a different direction. Thus,
separate images are obtained corresponding tc each
wavelength or colour. Eq. 9.12 shows that the value of O
gepends upon n, so the Images of different colours ars
much separated in highog orders

_ Far VOWr Information”

— R .
Dittracton of white ght by X-rays is a type of eleciromagnetic radiation of much shorter
@ fioe diffraction grsing waveiength, typically of the order of 10" m

SORYSTALS =+ ik < 125, e =
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In order to observe the affects of diffraction, the grating
spacing must be of the order of the wavelength of the
radiaton used. The regular array of atoms in a crystal
forms a natural difiraction grating with spacing that is
typically = 10°”'° m. The scattering of X-rays from tha atoms
in a crystalline lattice gives rise to diffraction effects very
similar 1o those obsarved with visible light incident on
ordinary grating.

The study of atomic structure of crystals by X-rays was
initiated in 1914 by W.H. Bragg and W.L Bragg with
remarkable achievements. They found that a
monochromatic beam of X-rays was reflected from a
crystal plane as if it acted like mirror. To understand this
effect a series of atomic planes of constant interplanar
spacing d parallel to a crystal face are shown by lines PP’,
PP, P,P'; and soon, in Fig. 9.12

Suppose an X-rays beam is incident at an angle § on one of
the planas. The beam can be refiecied from both the upper
and the lower planes of atoms. The beam refiected from
lower plane travels some extra distanca as compared to the
beam reflectad from tha upper plane. The effectve path
difference between the two raflected beams is 2d sing,
Thearefore, for reinforcement, the path difference should be an
Intagral multipie of the wavelength. Thus

2dsind=nx (9.13)

The value of n is referred to as the order of refiection. The
aquation 9.13 is known as the Bragg equation. It can be
used to determine interplanar spacing belween similar
paraliel planes of a crystal if X-rays of known wavelength
are allowed to diffract from the crystal.

X-tay diffraction has been very useful in determining the
structure of bioclogcally important molecules such as
haemdglobin which is an important constitusnt of blood,
and double helix structure of DNA.

Example 9.3: Light of wavelergth 450 nm is incident
on a diffraction grating on which 5000 lines/cm have been
fuled

)] How many orders of spectra can be observed on
either side of the direct beam?

e N AAW P
__-1;" R w4
d | B\ #a/8
’ | ™
e B A
o5 éﬁ\ S
' J sink dosml
T SR . - - .
P, e
e - — 4
Fig. 2.2 =
Diffraction of Xerays Fom ihs
lathca planes of crystal

Interasting Application

The spectrum of white light cue o
ciffracton grating of 100 shits

The spactrum of whits fight duns 10
Saction groting of 2000 shn
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. () Determine the angle corresponding to each order
1igre esting llustraton Solution: (i) Givan that

=450 nm =450 x 10%m

1 I
%= 5006 = 500000
For maximum number of order of spectra sin0 =1
Since dsiny=ni
lﬁc-l‘efo:e subsituting the values in the above equation,
we get ;

1 1

A mult-apenure dfiraction patern soncae MXT=n x450x10%°m orn= . — : -5
r'n:‘ic -}N.twb af M-le-g;'f 500¢00 300000 x 450 x 10
POl surcg $hol thiough a pilece

of fighty wonen clotry or n=44

1

Hence, the maximum order of spectrum is 4,
(i) For the first order of spectrum, n= 1.

d sint=n) gives
[Mirecton palterm o single 1
human hak : ———M X SinB=1 X450 x 10% m
~|u,lnﬂn‘.\"vtﬁ it 5'00000 ; i
§in B = (500000)(450 x 10%)
For Your Information sni#=0225 or 0=13
For secand order spectrum.n = 2. using Eq. dsing =na,
—— ING=2 X (450 x10"m
ESl_](1'0”0'r1v|:-3n 2 x{ 0"m)
sinl =045
of 0= 26.7°

The third order spectrum (n=3)will be observedaty = 42 5°
Sin8=3 x 500000 m"'x 450 x 10 m
=0675 ie. at 4=425°
Leaking Mieugn o otz wiwn and the fourth order spectrum (n =4) will occur at 6 = 642"
ey ww orcesed’, vory lttie gt

- sinB=4 x 500000 m'x 450 x 10 m
SinBb=09 gives 0=842°

2 1]
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.12 POL
in transverse
stretched sfring, the vbrations of the partides of the medium
are perpendicular to the direction of propagation of the
waves. The vibration can be oriented along vertical,

horizontal or any other direction (Fig. 9.13). In each of these
cases, the transverse mechanical wave is sad lo be

potarized. The plane of polarization is the plane containing
the direction of vibraton of the partides of the medium and
the diraction of propagation of the wave.

A light wave produced by oscillating charge consists of a
periodc variation of electric field vector accompanied by
themagnetic field vector at right angle to each other. Ordinary
light has components of vibration in all possible planes. Such a
light ts unpolanzed. On the other hand, if the vibrations are
confined only in one plane, the ight s said 1o be polarzed. Mg o

. Transverss weves iz
Production and Detection ‘of Plane Polarized Light <.m..’§"m n:;;:msw -

(h) In hadroetai plans

The hight emitted by an ordinary incandescent bulb (and also
by the Sun) Is unpolanzed, because iis (electrical) vibrations
are randomly oriented in space (Fig. 9.14). It Is possible to
oblain plane polarized beam of light from un-polarized light
by temoving all waves from the beam except those having
vibrations along one paricular direction. This can be
achieved by vardous processes such as selective
absorption, reflection from different surfaces, refraction
through crystals and scattering by small particles.

The selective absorption methed s the most common! : \
method to ablain plane polarized light by USING CARAIN tyPes.  msasiertiius, he wbxstom i
of materials called dichroic substances. These materials
transimit anly those waves, whose vibralions are parzllel to a
particutar direction andd will absorb those waves whese
vibrations are in other directions. One such commercial
polarizing matenal Is a polaroid, 3

I un-polarized light is made incident on a sheel of polaroid,
the transmitted light will be plane polarzed. If a second
sheel of polaroid is*placed in such a way that the axes of
the polaroids, shown by straight lines drawn on them, are
parallel (Fig. 9.15a) the light is transmitted through the
sacond polarold also. If the second polaroid is slowly rotated
about the beam of light, as axis of rotation, the light
emerging out of the second polaroid gets dimmer and
dimmer and disappears when the axes become mutually

A
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perpendicular (Fig. 9.15 b). The light reappears on further
rotation and becomes brightest when the axes are again
parallel o each other.

This experiment proves that light waves are transverse
waves. If the light waves were longitudinal, they would
never disappear even if the two polaroids were mutually
perpendicular,

ighretiecied Reflaction of light from water, glass, snow and rough road
of water Is pactiolly polizad  surfaces, for larger angles of incidences, produces glare.
peralul t the sistace, Since the reflected light Is partially polanzed, glare can
considerably be reduced by using polaroid sungiasses,

Sunlight also beccmes partially polorized because of
scattering by air molecuies of the Earth's atmosphere, This
effect can be observed by looking directly up through a palr of
sunglasses made of polarizing glass. Al cerain orentations
of the lenses, less light passes through than at others.

Unpoliciind When & plane polarized light is passed through  certain
gt R, COrystals, they rotate the plane of polarization. Quartz
-_.'._ o ( j P ) y and sodium chiorate crystals are typical examples, which
Sy Sisar st are lermed as oplically active crystals.

Dolrizer T Arsbvier A few millimeter thickness of such crystais will rotate the
Suar scition rotates the plane of  plane of polarization by many degrees. Certain organic
Fie s ot T L clances. Such as sugar and tartaric acid, show optical
agle .The arshyzer thus siops e rotation when they are in solution. This property of opfically
s "“"m*""' heveticd  active substances can be used to determine thair

concentration in the solutions.

SUMMARY

" A surface passing thro:?h all the points undergoing a similar disturbance (i.e.,
having the same phase) al a given instant is called a wavefront.

. Whenﬁ.diumbmis_mcatedmnmaﬂdmeﬁmsmmaooinmoe.me
wavefmnblnihiscasan'm

" Radial lines leaving the point source in all directions represant rays.

# delsmbmmwommumwanﬁonbbcalbdmw.

" Huygen's principle statesthat all points on a primary wavefront can be considsred

as the source of secondary wavelets,

1
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When two or more waves overlap each other, there is a resultant wave This
phenomenon Is called interference.

Constructive inlerference occurs when two waves, traveling in the same medium
overlap and the amplitude of the resultant wave is greater than either of
lhe individual waves.

in case of desliuctive interference, the amplitude of the resulting wave Is less than
either of the individual waves.

In Young's double slit experiment,
) for bright fringe, d sinfi=mi

W) for darkfringe, @ sing =(m+%_)/.
i the distance between two adjacent bright or dark fringes is
Ay ¥
Y3
Newlon's nings are circular finges formed due to interference in a thin air film

enclosed belween a convex lens and a flat glass plate.

Michelson's Interferometer is used for very precise length measurements.
The distance L of the moving mirror when m fringes move in view is  ma/2.

Banding of light around obstacies is due to ditiraction of light
For a diffraction grat'ﬁg:
dsind=ni wherp n stands for nth order of maxima.
For diffraction of X-rays by crystals
2dsinQ =na  where nis the order of reflection.

Polarization of light proves that light consists of lransverse electromagnetic waves.

QUESTIONS

Under what conditions two or more sources of light behave as coherent sources?

How is the distance between interference fringes affected by the separation between
the slits of Young's experiment? Can fringes disappear?

Can visible light produce interference fringes? Explain.

In the Young's experiment, cne of the slits is covered with blue filter and other with
red filter. What would be the pattern of light intensity on the screen?
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7 Explain whether the Young's experiment is an experiment for studying interference
or diffraction effacts of light.

95 An ol film spreading over a wet footpath shows colours. Explain how does it
happen?

# 7 Could you obtain Newton's rings with transmitted light? If yes, would the pattern be
different from that obtainad with reflected light?

95 In the white light spectrum obtained with a diffraction grating, the third order image
of a wavelength coincides with the fourth order image of a second wavelength.
Calculate the ratio of the two wavelengths.

'Y How would you manage 1o get more orders of spectra using a diffraction grating?

' Why the polaroid sunglasses are better than ordinary sunglasses?

! How would you distinguish between un-polarized and plane-polarized lights?

S5 Fill in the blanks.
" According lo __ principle, each point on a wavefront acts as a source
of secondary .
'~ In Young's experiment, the distance between two adjacent bright fringes for
violet light is than that for green light.

The dislance between bright fringes in the interference pattern as
the wavelength of light used increases.

1 Adiffraction grating is used to make a diffraction pattern for yeilow light and
then for red light. The distances between the red spots will be than
that for yellow light.

(vl The phenomenon of polarization of light reveals that light waves are
waves,

V) A polaroid is 8 commercial
(Vi) A polaroid glass giare of light produced at a road surface.

NUMERICAISPROBI EMS

9.1 Light of wavelength 546 nm is allowed to illuminate the slits of Young's experiment. The
separation between the siits is 0.10 mm and the distance of the screen from the slits
where interference effects are observed is 20 cm. At what angle the first minimum will
fall? What will be the linear distance on the screen between adjacent maxima?

(Ans: 0.16°, 1.1 mm)
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4 - Caiculate the wavelength of light, which fluminates two sits 0.5 mm apan and
produces an interference pattem on a scréen placed 200 cm away from the dits. The
first bright fringe is observed at a distance of 2.40 mm from the central bright image.

(Ans: 800 nm)

© 4 In a double slit expenment the second order maximum occurs at b= 0.25° The
wavelength is €50 nm. Determine the slit sepération.

(Ans: 0.30 mm)

.+ A monochromatic light of » = 588 nm is allowed to fall on the half silvered glass
plate G, in the Michelson Interferometer. If mirror M, is moved through 0.233 mm,
how many fringes will be observed to shift?

(Ans: 792)

.« A sacond order spectrum is formed at an angle of 380" when light falls nomally on
" a diffraction grating having 5400 lines per centimetre. Determine wavelength of the
hght used,

( Ans: 570 nm)

95 Alightis incdent normally on 2 grating which has 2500 lines per centimatre. Compute
the wavelengthof a spectral line for which the deviation in second order is 15.07.

(Ans: 518 nm)

7 Sodium light (3= 588 nm) is incident normally on a grating having 3000 lines per
centimetra. Whal is the highest order of the spectrum obtainad with this grating?

(Ans: 5th)

5 # Biue light of wavelength 480 nm illuminates 3 diffraction grating, The second order
image is formad at an angle of 30° from the central Image. How many lines in a
centimstre of te grating have been ruled?

{Ans: 5.2 x 107 lines per cm)

o & X-rays of wavelength 0.150 nm are observed 1o undergo a first order reflection at a
Bragg angle of 13.3° from a guartz (Si0z) crystal, What is the interplanar spacing of
the reflecting planes in the crystal?

(Ans: 0.326 nm)

4 19An X-ray beamof wavelength . undergoes a first order reflection from a crystal
when its ange of incidence to a crystal face is 26.5° and an X-ray beam of
wavelength 0.097 nm undergoes a third ordar reflection when its angle of incldence
to that face is 60.0°. Assuming that the two beams refiect from the same family of
planes, calculata (a) the interplanar spacing of the planes and (b) the wavelengih ..

[Ans: (3) 0.168 nm (b)0.150 nm]
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OPTICAL INSTRUMENTS
Learning Objectives

Nﬂleendoﬂhiscnaphrlhemwbe'abbm:

' Recognize the term of least distance of distinct vision,
- Understand the terms magnifying power and resolving power,
. Derive axpressione for magnifying power of simple microscope, compound
microscope and astronomical telescope.
Understand the working of spectrometer.
- Describe Michelson rotating mirror méthod to find the speed of fight.
© Understand the principles of optical fibre.
- ldentify the types of optical fibres.
Appreciate the applications of optical fibres.

I n this chapter, some optical Instruments that are based on the principles of reflection
and refraction, will be discussed. The most common of these Instruments are the
magnifying glass, compound microscope  and telescopes. We shall also study
magnification and resoiving powers of these optical instruments. The spactrometer and
an amangement for measurement of speed of light are also described. An introduction to
optical fibres, which has Seveloped a great importance in medical diagnostics,
lelecommunication and computer networking, is also Included.

10.1 LEAST DISTANCE OF DISTINCT VISION

The normal human eye can foacus a sharp image of an object on the eye If the object Is
located any where from infirity to a certain point called the near point,

The minimum distance from the eye at which an object appears to be

distinct is called the least distance of distinct vision or near point,

214
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This distance represented by d is about 25 ¢cm from the aye
If the object s held closer to the eye than this distanca tho
mage formed will be blurred and fuzzy. The location of
the near point, howevar, changes with age.

When an object is placed in front of a convex lens ata point
beyond its focus, a real and inverted image of the objectis
formed as shown in the Fig. 10.1,

As the object is brought from a far off paint to the focus, the —;..._ %
magniication goes on increasing. The apparent size of an '
object depends on the angle subtendzd by it at the eyeThus, )

the closer the object is tothe eye.the greater is the angle

subtended and larger appears the size of the obje
(Fig.10.2). The maximum size of an object as seen by  ushoterosance, mekragecn be
naked eye is obtained when thecbject is placed at the reting of the 6ya ie grealer; s U
least distance of distinct vision, For lesser distance, the 0 e e The plivng
image formed looks blurred and the details of the object fhe Coject SUDEnds in (3) 1 Qrester

are not visible.
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ha printclaarty

The optical resolution of a microscope or a telescope tolis
us how dlose together the two point sources of light can be
S0 that they are still seen as two separate sources. !If two
point sources are ton close, they will appear as one becay-
se the oplical instrument makes a point source look |ike a
small disc or spot of light with circular diffraction fringes.

Although the magniﬁcationmnbemadoaslarge

desires by choosing appropriate focal lengths,
magniﬁcatlondmeisofnouseunlaeemcm
details of the object distinctly.

as one
but the
see the

The resolving power of an instrument is its ability to reveal

the minor details of the object under examination

Resolving power is expressed as the reciprocal of minimum angle
which two point sources subtends at the instrument so that
: their images are s=en as two distinct spots of light rather
L vou fiad |l dilicult © read smal  gp o one. Raleigh showed that for light of wavelength )

mw;u' It in mm threugh a lens of diameter D, the resolving power Is

122h

phera  mn S 4,‘27% N2

The smalier the value of « wn, Greater is the resolving power
because two distant objects which are close together can
then be seen separated through the instrument
In the case of a grating spectrometer, the resolving power

R of the grating is defined as
' s Vs

R = % s (10.2)

Az ki AN

where i. =3, > 2, and A% = A2~ Ay Thus, we see that a
grating with high resaiving power can distinguish small
cifference in wavelength. If N is the number of rulings on
the grating, it can be shown that the resolving power in the

mth-order diffraction equals the product N x m.i e

: "R:. Nm P 0 rOSN .(10'3’
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, @ er vex 3rs Cd [=
used to help the eye lo see small objects distinctly. A
walch maker uses convex lens 1o repair the watches. The
object is placed inside the focal point of the !ens. The
magnified and virtual image is formed at jeast distance of
distinct vision d or much farther from the lens.

Let us, now, calculate the magnification of a simple
mictoscope, In Fig. 10.3 (a), the Image formed by the
obiect. when placed at a dislance d, on the eye |s shown.
In Fig. 10.3 (b), a lens is placed just in front of the eye and
the object is placed in front of the lens in such a way thal a
virtual Image of the object is formed at a distance d from

the eye. The size of the image is now much larger than

without the fens. tDb—b
d .

If (# and o are the respective angies subtended by the
object when seen through the lens (simple mcroscope)
and when viewed directly, then angular magnification Mis
defned as

K-
-
[
’
v
L4
'

(10,4) R,

When angles are small, then they are nearly equal to their

targents. From Fig. 10.3 (a) and (b), we find o)
Fig. 10.3
a=tanag = sz‘dt—hoom‘m = o Simple Microacope
Distance of theobject ¢

Sizeof theimage _ |
Distance of theimage ¢

and B=tanp =

Since the image is at the least distance of distinct vision,

hence, g=d
bicd
Therefore, =~ &
P {ralbr
: : i 1
th i o e B it
g angular magnification M o =5
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As we already know that
[ ._Sizeof heimage _ Distance of theimage g

O  Sieoftheobiect  Disanceof the object p

e M=2-9 “iidanns (10.5)

P p
For virtual image, the lens formula is written as

1 1
Foe=s But =d
f p q 9
o . | d d
Heaen = e —=1+ =
b . p d ‘o ? 7

Hence the magnification of a convex lens  (simple
microscope) can be expressed as
d o
= — s L e R N " £
M 'p=1 . (10.8)
It Is, thus, obvious that for a lens of high angular
magnification the 4pcal length should be smail. I, for

example./ = 5 cm and d = 25 cm, then M=6, the object
would look six tmes farger when viewed through such a lens

Whenever high magnification is desired, a compound
microscope is used. It consists of two convex lenses, an
o0ject lens of very short focal length and an eye-piece of

Pig 104 (1), Comparatively longer focal length. The ray diagram of g
A Compound Microscope  compound microscope is given in Fig. 10.4 (a).
A
v S| VRPN Y
: e ’. - E- n, LA
E Objectre o™
i

>

P enas
\
\

Pig. t0.4¢8).

Mda'mdnmmn

218
This book was uploaded by www.educatedzone.com



The object of height I is placed just beyond the principal
tocus of the objective. This produces a real, magnified
image of height h, of the object at a place situated within
the focal point of the eye-piece, It is then further magnified
by the eye-piece. in normal adjustment, the eye-piece is
positioned so that the final image is formed at the near
point of the eye at a distance d.

The angular magnification M of a compound microscope is
dafined 1o be the rato tanf,/tan 0, wher b, is the angle
subterded by the final image of height h; and 6 is the
angle that the object of height h would subtend at the eye if
placed at the near pont d (Fig. 10.3 a). Now

tane.-.g and tan 0, = =
: lﬂr\ﬁe hz d h
Thus, magnificati M= = = &
o 8 d h h
h h
r M = .l ..2-
o > X h,

where ratio h,/h is the linear magnification M, of the
abjectve and hy/h, is the magnificaton M; of the eyepiece,
Hence, total magnification is

M=M;M;
By Eq 10.5 and Eq. 106 , M; =g/pand M;=1+ dlf,

Hence, M= (14 .‘.‘,)..,........(10_-7)
' P e s

It Is customary to refer the values of M as multiples of 5, 10,
40 etc., and are marked as x5, x10, x40 etc. on the
instrument

The imit to which a microscope can be used to resolve
details, depands on the width of the objective, A wider
objective and use of blue light of short waveiength
produces less diffraction and allows more detais to be
seean.

For Your Information

~ZI -
N\ L
'

: 7
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Example 10.1: A microscope has an objective lens of
10 mm focal lenglh. and an eye piace of 25.0 mm focal

m.wmumwmmmmnmelemamm
magnification, |f the object is in sham focus when it is

10.5 mm from the objective?
Solution: If we consider the objective alane
Lwade 0 iyt

lfwnoonsidermeo_yepieoeabm. with the virtual image at
the least distance of distinct vision d=-250 mm

l*‘1—=—1— or p=227mm
o .250 mm 25 mm

Distance between Lenses =Q+p=210mm+22.7mm=233mm

Magnification by objective
M, = i = 210 m =200
14 10.5mm
Magnification by eye piece
My= =2 o 490
22.7 mm
Toal magnification
M= M, XM:

=20 x(-11.0) = .220
-ive sign indicates that the Image is virtual,

Telescope Is an optical device used for viewing distant
objects. The Image of a distant object viewed through &
leliscope appears larger because it subtends a bigger
visual angle than when viewed with the naked eye. Initially
the extensive use of the teiescopes was for astronomical
observations. These telescopes are called sstronomical
telescopes. A simple astronomical telescope consists of
two convex lenses, an abjective of long focal length . and
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an eve piece of short focal length 1,. The objective forms a
real, Inverted and diminished image AE of a distant object
AB. This real image A'B’ acks as object for the eye
piece which is used as a magnifying glass. The final image
seenthrough the eye-pieceis virtual, enlarged and inverted.
Fig. 10.5 shows the path of rays through an astronomical
telescope.

B s e L
Rays from distant e S } l

uject AR

Flg.10.%

Mmmﬁwm

When a very distant abject is viewed, the rays of light
coming from any of its point (say its top) are considered
parallel and these paraflel rays are converged by the
objective to form a real image A'B'at its focus. If it is
desired to see the final image through the eye-piece
without any strain on the eye, the eye-piece must be
placed so that the image A'B’ lies at ite focus. The rays
after refraction through the eye-piece will become parallel
and the final Image appears to be formed at infinity. In this
condition the image A’ B’ formed by the objective lies at
the focus of bath the objective and the eye-piece and the
telascope is said 1o be In normal adjustment.

Let us now compute the magnifying power of an
asironomical telescope in normal adjustment. The angle «
subtended al the unaided eye is practically the same &s
subtended at the objective and it is equal 1o £ ANOB' Thus

g MR
o i,
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ﬁzunﬁ_i'pi_ﬁ
f

The angle | subtended
equalto ~ A*O'B- -Thu? the eye by the final image (s

'8 1
Magnifying power of the lelescope = . isi
o AB
4’!'
or- M= -(2.
e (10.8)
G
‘N '

M= Forallength of the objective
Focal length of the eyepm:e

It may be noted that the di
distance between th ject
S e ob
h? eye-piece of a telescope in normat adjustment ia;?c:nve
which equals the length of the telescope. sl

from the aslionomical objects. US a good telescope has

spectrometer can be
G o ot eémployed to measure the waye
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Fig 106 (a) d, Eye

Schematic diagram of a spoctromatar.

Collimator

It sonsists of a fixed metallic tube with a convex iens at one
7nd and an adjustable siit, that can slide In and out of the
‘{58 at the other end. When the slit is just at the focus of
tha convex lens, the rays of light coming out of the lens

become paraliel. For this reason, itis called a collimator.

Turn Table

A prism or a grating is placed on a turn table which is
capable of rotating about a fixed vertical axis, A circular
scale, graduated in half degrees, is attached with it.

Telescope

A telescope is attached with a vermer scale and is
rotatable aboul the same vertical axis as the tum table.

Before using a spectrometer, one should be sure that the
colimator is so adjusted that parallel rays-of light emerge
aut of its convex lens. The telescope is adjusied in such a
way that the reys of light entering it are focussed at the
cross wires near the eye-piece. Finally, the refracting edge
of the prism must be parallel 10 the axis of rotation of the
lelescope so that the tum table 18 levelled. This can be
done by using the levelling SCTEws.
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Fig. 1.7

Michelson's method for
measurement of speed of light,

s
ey Ik

Light travels so rapidly that it is very difficult to measure its
speed. Galileo was the first person to make an attempt to
measure its speed. Although he did nol succeed in the

determining the speed of light which is known as
Micheison's experment.

In this experiment, the speed of light was determined by
measuning the time it tock to cover a round trip between two
mountains, The distance between the Wwo mountains was
measured accurately. The experimental set up is shown
in Fig.10.7,

i1s stationary in the position shown in the figure, A beam of
light from the face 1 of the mirror M falls at the plane mirror
m placed &t a distance d from M. The beam Is reflected
back from the mirror m and falls on the face 3 of the mirror
M. On reflection from face 3, itenters the telescope.

If the mirror M is rotated clockwise, initially the source will
not be visible through the telescope. When the miror M
gains a cartain spead, tha source S becomes visible, This

when the time taken by light In moving from M to
mandbacktoMisequaHotheumotaken by face 2 to
move to the position of face 1

The time taken by Ight for its passage from M to m and
back is 2d/t, where ¢ is the speed of ight. These two times
are equal,

224

This book was uploaded by www.educatedzone.com



CRABLL . ccinrrerss (10.9)

This equation was used to determine the speed of light by
Michelson. Presently accepted value for the speed of light
in vacuum is

¢ = 2.99792458 x 10° ms™

we usually round ths off to 3.00 X 10" ms™.

The speed of light in other materials is always less than c.
in madia other than vacuum, it depends upon the nature of
the medium. However, the speed of light in alr Is
approximately equal to that in vacuum and generally taken
50 in calculations.

a m By el v a0
For hundreds of years man has communicatad using
flashes of reflected sunkight by day and lanterns by night.
Navy signaimen stil use powerful blinker lights to transmit
coded messages to other ships during periods of radio-
shence. Light communication has not been confined to
simple dots and dashes. It is an Interesting but litle known
fact that Alexander Graham Bell invented a device known
as “photo phone” shortly after his invention of telephone.
Bell's photo phone used a moduated beam of reflected
sunlight, focussed upon a Selenium detector several
hundred metres away. With the device, Bell was able to .
transmit a voice message via a beam of light. The idea  Eeeh of fia thin cptes Svoe
remained dormant for many years. Dunng the recent past of @ needle i the s2e
the Idea of transmission of light through thin optcal fibres mm-vwm

has been revived and is now being used in communication

technology.

Point to Ponder

The use of light as a transmission carrier wave in fibre
optics has several advantages over radio wave carriers
such as a much wider bandwidth capabdity and immunity
from electromagnetic interference
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it is also used to transmit light around comers and into
Inaccessible places so that the formerly unobservable could
be viewed. The use of fibre optic tooks in industry is now
very common, and their importance as diagnostic tools In
medicine has been proved (Fig. 10.8 aandb),

Recently the fibre optic technology has evolved into
something much more important and useful - &
communication system of enormous capabilies.

Orne fealure of such a system Is its ability to transmit
of telephone conversations, several television
programs and numerous data signals  between stations
through one or two flexible, hair - thin threads of optical
fibre. With the tremendous information canying capacity
called the bandwidth, fibre optic systems haye undoubledly
made practical such services as two way ielevision which
was too costly before the development of fibre optics.
These systems also allow word processing, image
transmitting and receiving equipment o operate efficiently.

In addition to giving an extremely wide bandwidth, the fibre
optic systern has much thinner and light weight cables. An
opticai fibre with ltspwtectivecasemaybetypicaly 6.0 mm
in diameter, and yet it can replace a 7.62 cm diameter
bundle of copper wires now used to carry the same
ameunt of signals,

e PIRIRE VI NG 3. G 08
PUPN PO 12 a2 shwr e s NS R M B L A . - et

Propagation of light in an optical fibre requires that the light
should be'tqlally confined within the fibre.

This may be done by total intemal refiection and conlinuous
refraction.

One of the qualties of any optically transparent material is
the speed at which light travels within the material, l.e, it
dopendsuponthemfractivehdex n of the material. The
lndexofrefraetioniswolyme ratio of the speed of light
¢ lnvacwmlothespeedofugm vV in that material.
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Expressed mathematically,

¢
Befociu It wile - SEEsIDRI3

R . (10.10)
The boundary between two opticsl media, e.g. glass and air
having different refractive indicas can refiect or refract light
rays. The amount and direction of reflection or rafraction is
determined by the amount of difference in refracive indices
as well as the angle at which the rays strike the boundary, At
some angle of Incdence, the angle of refraction is egual to
90° when a ray of light is passing through glass to air. This
angle of incidence s called the critical angle B shown in
Fig.10.9(a).We are already familiar with Snells law

n,sin 0, =n,sin .
From Fig. 10.9 (a), when B=40, 6=90°
thus, nsin@.=n or sing=nin,
For incident angles equal 1o or greater than the crtical angle,
the glass - air boundary wilf act as a mirror and no light
escapes from the glass (Fig. 10.9 b). For glass-ar boundary,

2 L | T O 25 &
wehave  sinf= o 15 ° 0,=418
Lel us now assume that the gless is formed into a long,
round rod. We know that all the light rays striking the
nternal surface of the glass at angles of incidence greater
than 41.8° (critcal angle) will be reflected back into the
glass, while those with angles lessthan 41.8% will escape
from the glass (Fig.10.10a).Ray 1 is injected intothe rod so
that it strikes the glass air boundary at an angle of incidence
about 30°, 4

Fig. 10 8{a)
Il the angle of rafraction in the air e
0 ma angie of Incidence is calies
the critieal sngin

Fig. 10.9(0)
:a:.mbs of ncidence greater
tan the crilice angle, all e &
i, :mummn

n,=1.0 Fig, 10.10 [a)
Propagation of light within a glass rod. :

Since this is less than the critical angle, it will escape from
the rod and be lost. Ray 2 at 42°will be reflected back into

the rod, as will ray 3 at 80°Since the angle of reflaction
equals the angle of incidence, these two rays wil continue
10 propagate down the rod, along patha determined by
the original angles of incidence. Ray 4 is called an axial

Outgaing
Yy
>
Incoming
my
g 10,10 ()
Light propagation within a
Nexible glaas fibeo.
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ray since its path is paraliel to the axis of the rod.
Axial rays will travel directly down this straight and figid rod,
However, inaflexible glass fibre they will be subjected to
the laws of reflection (Fig. 10.10p)

Optical fibres that propagate light by total intemal reflection
are the most widely used.

Continuous Refraction

Theroisanothermodeofpropagaﬁonofﬁghtmmh
optical fibces in which light is continuously refracted within
the fibre. For this purpose central core has high refractive
index (high density) and over it je a layer of a lower
refractive ndex (less density). This layer is called cladaing,
Such a type of fibre is called multi-mode step index fibre
whose cross sectional view ig shown in Fig.10.11(a).

Now a days, a new type of optical fibre is used in which the
central core has high refractive index (high density) and its
density gradually decreases towards its periphery. This type
of optical fibre is called a multi mode graded index fibre, Its
Ccross sectional view is shown in Fig. 10.11 (b).

In both these fibres the propagation of light signal is
through continuous refraction, We already know that a ray
passmgfmnadmsermediumloararermediumbends

as shown in Fig 10.12, is continuously refracted through
mesos&epsandlsreﬂocwdfmmmes«nace of the outar
layer. Hence light is transmitted by continuous refraction
and total internal reflection.

‘ =

'
4‘\

There are three types of optical fibres which are classified
onlhebaslsofthemodabym they propagate light. These
are (i) single mode step index (i) multi mode step index and
(i) multi mode graded index. The term ‘mode' is described
as the method by which light is propagated within the fibre,
l.e. the various paths that light can take in travelling down
the fibre. The optical fibre is also covered by a plastic
jacket for protection.
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(i) Single Mode Step Index Fibre

Single mode or mone mode step index fibre has a very thin
core of about 5 um diameter and has a relatively larger
cladding (of glass or plastic) as shown in Fig. 10.13.8ince
it has a very thin cor2, a strong monochromatic light source
| e, alaser source hasto be used to send light signals
through it. It can carry more than 14 TV channels or 14000
phone calls.

(i) Multimode Step Index Fibre

This type of fibre has a core of relatively larger diameter such
as 50 um. It is mostly used for camying white light but due to

dispersion effects, it is useful for a short distance only. The
fibre core has a constant refractive index n,, such as 1.52,
from s centre to the boundary with the cladding as shown
in Fig. 10.14. The refractive index then changes 1o a lower
value n,, such as 1.48, which remains constant throughout
the cladding.

iy 1094 : ‘
Lw . .‘- . . - A8 Il m.

This is called a step-index multimode fibre, because the
refractive index steps down from 1.52 to 1.4€ at the
boundary with the cadding.

(iii) Muitimode Graded Index Fibre

Multi mode graded index fibre has core which ranges in
diameter from 50 to 1000 um. It has a core of relatively high
refractive indexand the refractive index decreases gradually
from the middle to the outer surface of the fibre. There is no
noticeable boundary between core and cladding. This type
of fibre Is called a muiti moede graded-index fibre (Fig. 10.15)
and is useful for long distance applications in which white
light i5 used. The mode of transmission of light through this
type of fibre is also the same, i.e., continuous refraction from

g 1012

Single-mode step-index fibeo.

Fig 1015

Light propogation through Mudti.

‘moce graded-dndex fibre
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the surfaces of smeothly decreasing refractive index and the
total intemal refiection from the boundary of the outer

Example 10.2:0alculabﬂ\acﬁﬁcdmandmghofmw
roran"opﬂwﬁbmhavhgcoreof refractive index 150 and
dadding of refractive incex 1.48.

Solution; We have N =150, n,=148

Al € ':.,_)'-‘* 2 e :'5“;'»‘ B 148 -
n*=10 / e o A R o
T v
- f N~ 150 {
5 - ST ‘»_7 % -
Fig s
From Snell's law n.sin 8, = n,ain 0,
When 8,=8,0,=00°
So, 1.50sin 6, = 1.48 sin 90°
Which gives 6= 80.6*
From the Fig. 10.16, 0'=90°-9=94*
Again using Snell's law, we have 58 _ n, _15

sinf n 1
which gives sinB=150sin6 or A=142"

if light beam |s incldemalﬂ\eaidoﬂheopdcal fibro at an
;r;gegmawrmmmr, Wtal intemal reflection would no

A fibre aptic communication Syslem consists of three major

components: (i) a transmitter that converts electrical

signals to light sianals, (ii) an optical fibre for guiding the

signals and (iif) a receiver that Captures the light signals

al the other end of the fibre and reconverls them to
signals.
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Such a light will travel much faster through optical fibres
than wil either visible or ultra-violet light. The lasers and
LEDs used in this application are tiny units {less than half
the size of the thumbnail) in order to match the size of the
fibres. To transmit information by light waves, whether it is
an audio signal, a lelvision signal or a computer data
signal, it is necessary to modulate the light waves. The
most common method of modulalion is called digital
modulation in which the laser or LED is flashed on and off
at an extremely fast rate. A puise cof light represents the
number 1 and the absence of light represents zero. In a
sense, instead of flashes of light travelling down the fibre,
ones (1s) and zeros (0s) are moving down the path.

Qpical fitra

Fig. 10.1J

With computer type equipment, any communication can be
represantad by a particular pattern or code of these 1s and
0s. The receiver is programmed to decodethe 15 and0s, thus
it receives, the sound, pictures or data as required. Digital
modulztion s expressed in bits ( binary digit ) or megabits
(10° bits) per sacond, where a bitisa 1 ora 0.

Despite the ultra-purity (99.99% glass) of the optical fibre,
the light signals eventually become dim and must be
regenerated by devices called repeaters. Repeaters are
typically placed about 30km apar, but in the newer
systams they may be separated by as much as 100 km,

Al the end of the fibre, a phatodicde converts the light
signals, which are then amplified and decoded, If necessary,
to reconsiruct the signals originally transmitted (Fig. 10.17).

When a light signal travels along fibres by multiple
reflection, some light is absorbed due to impurities in the
glass. Some of it is scattered by groups of atoms which are
formed at places such as joints when fibres are joined
togethar. Careful manufacluring can reduca the power loss
by scattering and absorption.
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Theinformanonracsivedetﬂm other end of a fibre can be
inaccurate due io dispersion or Spreading of the light signal.
Also the light signal may not be perfectly monochromatic. In
such a case, a namrow band of wave-lengths are refracted in
different directions when the lignt signal enters the glass fibre
and tha light spreads,

Fig. 10.18 (a) shows the paths of light of three different
wavelengths iy, 4, and i.. i1 meets the core-cladding at
the critical angle and 4, and %3 at slightly graater angles, All
the rays travel along the fibre by muitiple reflections as
explained earlier, But the light paths have different lengths.
So the light of different wavelangths reaches the other and

The disadvantage of the step-index fibre (Fig_10.18 3) can
considerably be reguced by using a graded indax fibre. As

33ns per km Ength of fibre. Using a graded index fibre, the
time difference is reduced to about 1 ns per km.

Magnlﬁcaumhmﬂdooﬂhemofm,mageto size of the object,
mw#m«memMsdmm . of the object from
@ lens or mirror

Magnifying power or angular magnification is thoen% e sublended the image
eys.
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Simple microscope Is in fact a convex lens used to help the eye to see small objects
distinctly. The magnifying power of a simple microscope is given by
d d

M= —=1+ =
P f

Compound microscope consists of two convex lenses, an cbjective lens of very short

focal length an eye piece of moderate focal length. The magnifying power of a
compound mmscope is given by

M= !i {1+ _‘.’.)
Telescope isanopmmwwtumwmdmamommemﬂmwo!
the lelescope is given by
M: s
s

Spectrometar is an optical devica used lo study spectra from different sources of light.

Index of refraction is the ratio of speed of light in vacuum to the speed of light in the
maternal.

Critical angle s the angle of incidence in the denser medium for which the angle of
refracton in the rarer medium is equal to 90°,

Vihen the angle of incidance becomes greater than the critical angle of that matenal,
the incident ray is refiected in the same material, which Is called total internal
reflection. |

Cladding is a layer of lower refractive index (less density) over the central core of
high refractive index (high densty),

Multi mode step index fibre is an optical fibre in which a layer of lower refractive
index is over the central cora of high refractive index.

Multi mode graded Index fibre is an optical fibre in which the central core has high
refractve index and its density gradually decreases towards its periphery,

QUESTIONS

What do you understand by linear magnification and angular mgﬁlﬂcalim?
Explain how a convex lens is used as a magnifier?

Explain the difference between angular magnification and resolving power of an
optical instrument. What limits the magnification of an optical instrument?

Why would it be advantageous to use blue light with a compound microscope?

1 One can buy a cheap microscope for use by the children. The images seen in such
a microscopea have coloured edges. Why is this so?
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105 Describe with the help of diagrams, how (- a single biconvex lens can be used as
@ magnifying glass. | biconvex lenses can be arranged to form a microscope,

10 If & person was locking fhrough a lelescope at the full maoon, how would the
dppearance of the moon be changed by covering half of the objective lens.

107 A magnifying glass gives a five times entarged image at a distance of 25 cm from
the lens. Find, by ray diagram, the focal length of the lens,

105 Icentify the carrect answer.

(i) The resolving power of a compound microscope depends on:
Length of the microscope.
The diameter of the objactive lens.
The diameter of the eyepioce.
The position of an observer's eye with regard to the aye lens,

(i) The resolving power of an aslronomical telescope depends on:
The focai length of the objective lens.
The least distance of distinct vision of the observer.
The focal length of the eye lens.
The diameter of the objective lens.

109 Draw sketches showing the different light paths through a single-mode and a multi
maode fibre. Why is the single-mode fibre preferred in telecommunications?

10,10 How the light signal is transmitted through the optical fibre?
10.11 How the power is lost in optical fibre through dispersion? Explain,

NUMERICAL PROBLEMS

10.7 A converging lens of focal length 5.0 cm is used as a magnifying glass. If the
n&ar point of the observer is 25 cm and the lens is held close to the eye, calcuate {n
the disiance of the object from the lens (1) the angular magnification. What is the
angular magnification when the final image is formed at infinity?

[Ans: (142cm (1)6.0; 5.0]

0.2 A telescope objective has focal length 96 cm and diameter 12 em Calculate the
focal length and minimum diameter of 3 simple eye piece lens for use with the
ielescope, if the linear magnification requred is 24 times and all the light transmitted
by the cbjective from a distant point on the telescope axis is to fall on the eye piece.

(Ans: f, = 4.0 cm, dia = 0.50 cm)
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103 A lelescope is made of an objective of focal length 20 om and an aye piece of
5 Ocm, both convex lenses. Find the angular magnification.

(Ans: 4.0)

104 A simple astronomical telescope in normal adjustment has an objective of focal
length 10D cm and an eye piece of focal length 5.0 cm. (i) Where is the final image
formed? (i) Caleulate the angular magnification.

[Ans: (1) infinity (1) 20]

10.5 A point object is placed on the axis of and 3.6 cm from a thin convex lens of focal
length 3.0 cm . A second thin convex lens of focal length 16.0 cm is placed coaxial
with the first and 26.0 cm from [t on the side away from the object. Find the position
of the final image produced by the two lenses.

(Ans: 16 cm from second lens)

106 A compound microscope has lenses of focal length 1.0 cm and 3.0 cm, An object
is placed 1.2 ¢cm from the objeci lens. If & virtual image is formed, 25 cm from the
aye, calculate the separation of the lenses and the magnification of the instrument

{Ang: 8.7 ¢m, 47)

10.7 Sodium kght of wavelength 589 nm is used © view an object under a microscope.
If the aperture of the objective is 0.80 cm, (i) find the limiting angle of resalution,
(i1 using visible light of any wavelength, what is the maximum limit of resolution for
this microscope.

[Ans: (1) 8.0 x 10° rad, (ii) 5.4 x 107 rad)

108 An astronomical telescope having magnifying power of 5 consist of two thin lenses
24 em apart Find the focal langths of the lenses.

[Ans: 20 cm, 4 cm]

109  Aglass light pipe in air will totally internally reflect a light ray if its angle of incidence
is al least 39°. What is the minimum angle for total internal reflection if pipe is in
water? (Refractive Index of water = 1,33)

[Ans: 57%)

1010 The refractive index of the core and cladding of an optical fibre are 1.6 and 1.4
respaclively. Calcuiate (1) the critical angle for the interface (i) the maximum angle
of incidence in the air of a ray which enters the fibre and is incident at the critical
angle on the interface.

[Ans: () 617, (i) 517
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Learning Objectives

At the end of this chapter the students will be able to;

Expfain how molecutar mavement causes the pressure exerted by a gas and
derive the equation P =2/3 N.< % mv®>. where N. is the number of molecules

Deduce that the average transiational kinetic energy of molecules is proportional
10 temperature of the gas.

Derive gas laws on the basis of Kinetic theory.

Describe that the internal energy of an ldealgasigduetokineticenefgyollts

Understand and use the ferms work and heat in thermodynamics.
Diflerentiate between isothermal and adiabatic processas.
Explain the moiar specific heats of a gas.
Apply first law of thermadynamics to derive C, - C, = R,
Explain the second faw of thermodynamics and its meaning in terms of entropy.
Understand the concept of reversible and Ireversible processes.
Define the term heat engine.
Understand and dascribe Carnct thecrem.
Describe the thermodynamic scale of temperaturs.
Describe the working of petrol and diesel engines.
Expiain the term entropy, -
AQ

Explain that change in entropy AS = S
Appraciate environmental crisis as an entropy cnisis.

236
This book was uploaded by www.educatedzone.com



"T:hecmodynamics deals with various phenomena of

energy and related properties of matter, especially the
transformation of heat into other forms of energy. An example
of such transformation is the process converting heat into
mechanical work. Thermodynamics thus plays central role in
lechnology, since almost all the raw energy available for our
use is liberated in the form of heat. In this chaptar we shall
study the behaviour of gases and laws of thermodynamics,
their significance and applications.

The behavior of gases is well accounted for by the kinetic
theory based on microscopic approach. Evidence in favour
of the theory is exhibited in diffusion of gases and
Brownian motion of smoke particies efc.

The following postulates help to formulate a mathematical
model of gases.

A finite volume of gas consists of very large
number of molecules.

i ne size of the molecules is much smaller than
the separation between molecules.

The gas molecules are in random motion and
may change their direction of motion after avery
collision,

Collision between gas molecules themselves
and with walls of container are assumad to be

perfectly slastic.

Molecules do not exert force on each other
aexcepl during a collision.

Pressure of Gas

According to kinetic theory, the pressure exerted by a gas
is merely the momentum transferred to the walls of the
container per second per unit area due to the continuous
colisions of molecules of the gas. An expression for the
pressure exerted by a gas can, therefore, be cblained as
follows:
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Lat a cubical vesset of side / | contains N molecules, each of
mass m (Fig.11.1). The velocity v, of any one of these molecules

Canbe resolved into three rectangular components VixVay, Viz
parallel to three co-ordinate axes x, y and z.

Initial momentum of the molecyle siriking the face ARCDA
Is then vy, If the collision |s assumed perfectly elastic,

Final momentum - Initial momentum
or change in momentum = - MV, - My,

Ctmgélnmomenmmn-zlm,, vesvastans (11.1)

After racail the molecule traveis to opposite face EFGHE
and collides with it, rebounds and travels back to the face
ABCDA after covering a distance 2/ The time At between
two successive collisions with face ABCDA is

Ae 5 ~Guhembrn > (11.2)

Y

So the number of collisions par second that the molecule

will make with this face is =iz‘;~

Thus the rate of change of momentum of the molecule due

- v”

o collisions with face ABCDA = -2 my,, %-.: S

The rate of change of momentum of the molecute is equal
to the force appiied by the wall According to Newton's
third law of motion, force F,, exerted by the molecule on
face ABCDA is equal but opposite, so

v ;<_ﬂ;v{¢=£~l_&

Similarly the forces due to all other molecules can be
determined. Thus the 1ota) x-directed force F, due to N
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number of molecules of the gas moving with velocities vy,

1 4
or Fi= myy o M . M5 4 + MV

As pressure is normal force per unit area, hence pressure
P, on the face perpendicular to x-axis Is

P = i‘. - Fy
A ‘:'
= 1| mvy  mvy, MV, s mvi,
2w / ! !
=2 (2 vl oavd o+ +v2 ) (11.3)
‘n \ [} P g | rxmspalnas Ne 1 srornnrnes .

As the mass of single molecule is m, the mass of N
molecules will be mN.

: Mass mN
Since den 2= I
oy Voume I
? e
Hence, e

Substituting the value of —;"T in equation (11.3)

we get
P, _ﬁ_ (V,', Vo, *Vp o »v,’,, )
0 Vie +Vay 4V * i + Vioix
or P, pL . )
m[v,’, Vot Va'%f *‘C's.]ls called the mean of

squared velociies of the molecules moving along x
direction, known as mean square velocity, represented by
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<v2>. s Z vy
ex' iot:‘bstlmmg S Vi > In parenthesis of pressure

P, =p< V‘,’ > SHEES A “1-‘)

Similarly pressure on the fa
. Ces perpendicula
ax‘sw‘"b‘PY.pcvf>aﬂdP¢=p <V,ZA> ¥ 10y and 2

Aamereisnoprefarencebmdmm anothe

or

molecules are supposed to be moving randomly, the r';!:;g
square of all the component velocities will be equal. Hence

<vf>:<v,z>=<vf>
and from vector addition < v > =i eyl 5 <y
(4

thus, <v’>=3<yis

or <V,,2>=3’<v2>

putting this value of < v7 > in eguation 11.4

P,:.g <yl

Thus in general

Since  densityp = %’-‘
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Hence P= % <y?>
or p= -g-’;«—;-m’: |
P= %No < -;- v’ >

wherz N, is the number of m&eculee per unit volume
Thus, P= Constant <KE.>
or Pa <KE.>

While deriving the equation for pressure we have not
accounted rotational and vibrational motion of molecules
except the linear motion.

Hance pressure exerted by the gas is directly proportional
to the average transiational kinetic energy of the gas
molecules.

Interpretation of Temperature

From experimental data the ideal gas law is deduced to be
PV=nRT et 1
Where n is the number of moles of the gas contained in

volume V al absolute temperature 7 and R is called
universal gas constant. Its value is 8.314 J mol’ K.

If N, ie the Avogadro numbser, then the above equation can
be written as

pv= N _RT
N
5 PYSNKT  ciecn (D)

where k= R/Na is the Boltzman constanl. It is the gas

constantper molecule and has the value = 1.38 x 107 J K.
Comparing equaticns 11.5 and 11.7
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I P
NkT-3N<2mv>

or Tw_to <ry myi> (11.8)
or T = constant < KE. >
50 Tx<KE. >

This relation shows that Absciute lemperature of an ideal

gas is directly proportional to the daverage transiational
kinetic energy of gas molecules.

We can, therefora, also say that average translational
kinetic anergy of the gas molecules shows itself
macroscopically in the form of temperature.

Derivation of Gas L aws
' (1) Boyle's Law
From kinetic theory of gases (Eq. 11.5)

2 1
Pv= =N < N
3 N > mv

If we key the temperature constant, average KE. ie.
m

<1/2 > femains constant. so the right hand side of the
aquation s constant,
Hence . PV = Constant
1
or P = v

Thus pressure P is inversely proportional to volume V at
tonstant temperature of the gas which is Boyle's law.

{ii) Charles' Law
Equation 115 can be written as

2 N

1 J
W=ao5 Sl >
3PS mv

1" mras507@ is kept constant
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As <c—mvi>xT

Hence VT

Thus volume Iis directly proportional to absolute
temperature of the gas provided pressure is kept constant.
This is known as Charles’ law.

Example 11.1: Wnat is the average transiational
Kinelic energy of molecules in a gas at temperature 27C"?

Solution:

Using Eq. 11.8 r= -%- <KE>
or <KE>= KT
2
where T=27+273=300K
k=138x10" JK
) <KE> = %x 1.38 x 107 JK'x 300K
=621x 107" J

Example 11.2: Find the average speed of oxygen
molecule in the airat S.T.P.

Solution: Under standard condtions

Temperature T=0C=273K

From Eq. 11.8
LS BT Lo
Y
- T

or <vi> 5
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Using Avogadro's number Na = 6,022 x 10%, the mass m

of one molecule of oxygen is
= rmhaﬁmmg 32g = 32 kg
Na 6.022x10” 6022 x10°

Substituting the values of k, T and m, we get

a o
aon 3 X138 X107 JK 3;1:)3!(:6.0@;10" =21260307s”

or <v> = 461 mg’’

paw . *

it 2t 2t 4 D

The sum of all forms of molecular energies (kinetic and
potential) of a substance is lermed as Its intemal energy. In
the study of thermodynamics, usually ideal gas is
considered as a working substance. The moalecules of an
ideal gas are mere mass points which exert no forces on
one anothar. So the Interal energy of an ideal gas system
is generally the translational K.E. of its molecules. Since
the temperalure of a system is defined as the average K.E.
of its molecules, thus for an ideal gas system, the interna!
anergy is diractly proportional to its temperature.

SSLER . When we heat @ substance, energy associated with its

It sivs hao ilreloowl srergy  8toMs or molecules is increased ie,, heat Is converted 1o

wmummm internal energy.
It is important to note that energy can be added o a
system even though no heat transfer takes place. For
exampie, when two objects are rubbed together, their
internal energy increases because of mechanical work
The increase in temperature of the object is an indication
of increase in the intemal energy. Similarly, when an object
slides over any surface and comes 1o rest because of
frictional forces, the mechanical work done on or by the
system is partially converted into intemal energy.

In thermodynamics, intemal energy is a function of state
Consequently, it does not depend on path but depends on
initial and final states of the system. Consider a system which
undergoes a pressure and volume change from P, and V, to
P,.and V, respectively, regardless of the process by which

\&
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the system changes from initial to finel state. By experimentit 4”7
has been seen that the change in intemal energy is aiways PV T
the same and is independentof paths C; and C; as shownin A -———ee--= — gy b
the Fig. 11.2.

Thus intemal energy is similar to the gravitational P.E. So
like the potential energy, it is the change in intemal energy
and not its absolute value, which is important. A==z v

11.3 WORK AND HEAT P oniar
We know that both heat and work correspond to transfer of
energy by soma means. The idea was first applied to the
steam engine where it was natural to pump heat in and
get work out. Conseguently it made a sense 1o define both
heat in and work out as posilive quantiies. Hence work
done by the system on its environment is considered tive
whiie work done on the system by the environmenl is taken
as —ive. If an amount of heat Q enters the system it could
manilest itself as either an increase in internal energy or as
a resulting quantity of work performed by the system on
the surrounding or both.

We can express the work in terms of directly measurable
variables, Consider the gas enclosed in the cylinder with a
moveable, frictionless piston of cross-sectional area A (Fig.
11.3 a). In equilibrium the system occupies volume V, and
exerts a preswrePonﬂnwallsotthecyﬂnderaMits
piston. The force F exerted by the gas on the piston Is PA.

We assume that the gas expands through AV very slowly, S Fees. " Hicionsless - DIION
<o that it remains In equilibrium (Fig. 11.3 b). As the piston Tre constart dawnwerd sppiled
moves up through a smalt distance Ay, the work (W) done foce & “‘""I A e

v

o ettt

Fig 1t 2

. =
by the gas 1s mmmnm

W= FAy=PAAy
Sines AAy= AV {Change in volume)
m & ‘wlPAv Cegdanarnny (‘1.9) p e ca“":“ Prousiaty c
The work done can also be cakulated by area of the - x )
curva under P-V graph as shown in Fig.11.4 . A ’i
“nowing the details of the change in internal erergy and  © v s :,9‘
ihe mechanical work done, we are in a position to describe ' .
the general principies which deal with heat energy and its Fig 114
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transformation into mechanical energy. These principles
are known as laws of thermodynamics.

When heat is added to a system there is an increase in the
Internal energy due to the rise in temperature. an increase
in pressure or change in the state If at the same time, a
substance 1s allowed to do work on its environment by
expansion, the heat Q required will be the haat necessary
to change the inlernal energy of the substance from U, in
the first state to U, in the second state plus the work W
done on the environment.

Thus 0=(U7-U1)*W
or Q=aU+wW {11.10)

Thus the change in internal energy AU = U; ~ U, is defined
as Q-W Since it is the same for all processes concerning
the state, the first law of thermodynamics, thus can be
stated as,

A bicycle pump provides a good example. When we pump
on the handle rapidly, it becomes hot due to
mechanical work done on the gas, raising thereby its imemal
energy. One such simple arrangement is shown in Fig.11.5.
It consists of a bicycle pump with a blocked outiet A
thermocouple connected through the blocked outlet allows
the air temperature to be monitored. When piston is rapidly
pushed, thermometer shows a temperature rise due 1o
increase of internal energy of the air. The push force does
work on the air, thersby, increasing its intemnal energy,
which is shown, by the increase in temperature of the air.

Human metabolism also provices an example of energy
conservation. Human beings and other animals do work

2
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when they walk, run, or move heavy objects. Work requires
energy Energy is also neaded for growth to make new
cells and to replace old cells that have died Energy
transforming processes that occur within an organism are
named as metabolism. We can apply the first law of
thermodynamics,

AU= Q-W

to an organism of the humen body. Work (W) done will
result in the decrease In Internal energy of the body.
Consequently the body temperatura or in other words
intemal energy is maintained by the food we eat.

Example 11.3: A gas is enclosed in a container fitted
with a piston of cross-sectional area 0.10 m*. The pressure
of the gas is maintained at 8000 Nm™. When heat is slowly
transferred, the piston is pushed up through a distance of
4.0 cm. If 42 J heat Is transferred to the system during the
expansion, what is the change In Internal energy of the
systam?

Solution:
The work done by the gas is
W = PAV = PAAy = 8000 Nm™” x 0.10 m’ x 4.0 x 10%m
=32 Nm = 32J
The change in internal energy is found from first law of
thermodynamics,
AU=Q-W=42)-32J=10J

Isothermal Process

It is a process which is carried out af constant temparature
and hence the conditon for the application of Boyle's Law
on the gas is fulfiled. Therefore, when gas expands or
compresses isothermally, the product of its pressure and
volume during the process remains constant, If P, V, are
Initial pressure and volume where as P, , V; are pressure

and wolume after the isothermal change takes piace "
(Fig11.6 a), then Fig.11.5¢a)

PV, = P;V;
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In case of an ideal gas, the P.E. associated with its
molecules Is zero, hence, the Intermal energy of an ideal
gas depends only on its temperature, which in this case
remains constant, therefore, AU = 0. Hence, the first
law of thermodynamics reduces to

Q=w

Thus if gas expands and does external work W, an amouni
of heat Q has to be supplied to the gas in order to produce
an isothermal change. Since transfer of heat from ore place
to another requires time, hence, to keep the temperature of
the gas constant, the expansion or compression mus! leke
place slowly. The curve representing an isothermal process
is called an isotherm (Fig. 11.6a).

Adiabatic Process

An adiabatic process is the one in which no heat enters or
leaves the system. Therefore, Q = Omdtheﬂrstlawof

thermodynamics gives
W=.aAlU

Thus if the gas expands and doee external work, it is done
at the expense of the intemal energy of its molecules and,
hence, the temperature of the gas falls. Conversely an
adiabatic compression causes the lemperature of the gas 1o
nse because of the work done on the gas.

Adiabatic change occurs when the gas expands or is

compressed rapidly, particularly when the gas is contained
in an insulated cylinder. The examples of adiabatic

processes are
Mg 1,00} 1)) The rapid escape of air from a burst lyre.

(ii) The rapid expansion and compression of air through
which a sound wave is passing.

(i) Cloud formation in the atmosphere.
In case of adiabatic changes it has been seen that

py'= Constant
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where. v is the ratio of the molar specific heat of the gas at
constant prassure 1o molar spedific heat at constant volume,
The curve representng an adiabatic process 18 calied an
adiabat (Fig. 11.6 b).

One kilogram of different substances contain different
number of molecules. Sometimes itis preferred to consider
a quantity called a mole, since one mole of any subslance
contans the same number of molecules. The molar
spedﬁcheatofthosubshnceisdeﬁmdasmemal
required to raise the temperature of one mole of the
substance through ! K. In case of solids and liquids the
changoofvolumemdhemewod‘doneagairmmm
pressure during a change of temperature is negligibly
small. But same can not be said about gases which suffer
variation in pressure as well as in volume with the rise in
temperature. Hem.bsmdymeeﬁeclofheaﬁngm
gases, either pressure or volume is kept constant. Thus, it
is customary to define the molar specific heats of a gas in

() The motar specific heat at constant volume is the
amount of heat fransfer required to raise the
temperature of one mole of the gas through™1 K at
constant volume and is symbolized by C..

If 1 mole of an ideal gas is heated at constant volume
so that its temperature rses by AT, the heat
transferred Q, must be equalto  C, AT. Because |
AV = 0, no work i done (Fig 11.7. a). Applying first

law of thermodynamics,
Q,=AU+W

Hence, C, AT=AU+D

o o GO (o) [eov)
) The molar specific heat at constant pressure is the (a) ®)
amount of heat transfer required lo raise the g 1.7
mmperaturodonemoleofmegasumugh 1 Kat

constant pressure and it is represented by symbol

C.- To raise the temperature of 1 mole of the gas

by AT at constant pressure, the heat transfer Q,

must be equal to C, AT (Fig 11.7 b). Thus,
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Qp"'c‘) gy e (1'12)

Derivationof C, - C, =R

When one mole of 2 gas is heated at constant pressure, the

ternal energy lncrmaebymesameamoumasai
constant volume for the same rise in temperature AT, Thus
from Eq. 11.11

AU=C, AT _
Since the gas expands {0 keep the prassure constant, so it
does work W= P sV where AV is the increase in volume,

Substituting the values of heat transfer Q,, internal energy
AU and the work done W in £q.11,10, we get

CoAT=C.AT+PAV ... (11.13)
Using equation 11.6 for one mole of an ideal gas,
PRI el W it (11.14)

At constant pressure P. amount of work done by one mole
of a gas due to expansion AV (Fig. 11,7 b) caused by the
rise in temperature A T is given by Eq. 11.14

PAV=RAT
Substituting for P AV in Eq, 11.13

CoAT=C, AT+ R AT
or C=C,+R
or C-C.=R (11.15)

It is obvious from Eq. 1115 that C, > C, by an amount
equal to universal gas constant R.

process but thermal and mechanical effects at each stage
are exactly reversed. If heat is absorbed in the direct
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process, it will be given out in the reverse process and if
work is done by the substance in the direct process, work
will be done on the substance In the reverse process.
Hence, the working substance is restored to its original
conditions.

A succession of events which bring the system
back to its initial condition is called a cycle. A
reversi cycle is the one in which all the
changes are reversible.

Aithough no actual change is completely reversible but the
processes of liquefaction and evaporation of a substance,
performed siowly, are practically reversible. Similarty the
slow compression of a gas in a cylinder is reversible
process as the compression can be changed o
expansion by slowly decreasing the pressure cn the

piston to reverse the operation.

If a process can not be retraced In the
backward direction by reversing the
controlling factors, it is an irreversible
process.

All changes which occur suddenly ar which involve friction
or dissipation of energy through conduction, convection or
radiation are [rreversble. An example of highly irreversible
process is an explosion.

11.7 HEAT ENGINE
A heat engine converts some thermal energy fto
mechanical work. Usually the heat comas from the burning
of a fual, The earliest heat engine was the steam engine. It
was ceveloped on the fact that when water is boiled in a
vessel covered with a lid, the steam inside tries to push the
lig off showing the ability to do work. This obsarvation
helped 1o develop a steam engine.

The steam engine 3 4
thermodynamics sysiem.
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Basically a heat engine (Fig. 11.8) consists of hot reservoir
Or source which can supply heat at high temperature and &
cold reservoir or sink into which heat is rejected at a lower
temperature. A working substance is needed which can
abso:bheatoffromsouroe.oomertssomeofithtowom
Wbyi&sexpamionandrejectstlnrestheato,tomeoosd
reservoir or sink. A heat engine is made cyclic to provide
a continuous supply of work.

First law of thermodynamics tells us that heat energy can
be converted into equivalent amount of work, but it is silent
about the conditions under which this conversion takes
place. The second law is concerned with the
circumstances in which heat can be convertad into work
and direction of flow of heat.

Before initiating the discussion on farmal statement of the
second law of thermodynamics, let us analyze brisfly the
factual operation of an engine. The engine or the system
represented by the block diagram Fig. 1.8 absorbs a
quantity of heat Q, from the heat source at temperalure T,.
l!doesworkWandexpelshealO,talowmemmtum
reservoir al temperatura T, As the working substance goes
through @ cyclic process, in which the substance aventualy
. s returns 1o its initial state, the change in internal energy is
:::w Loty 2070, Hencofrunlheﬂrstlawofmormwynunlcs,notwofk
et G R e 16 ey Gone shouki be qual 10 the nel heat absorbed

expols hest O, 1o 1% cold resanwoir
#nd doos wark W, W=0Q,- Q.

In practice, the petrol engine of a motor car extracts heat
from the burning fuel and converts a fraction of this energy
tomed\anicalemrgyorworkmdexpelsmemto
atmosphere. | has been observed that petrol engines
convert roughly 25% and diese! engines 35 to 40%
available heat energy into work.

The second law of thermodynamics is a format staterment
basodonmeseobsefvaﬁons.lwanbestabdinanumb‘erof

2
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According to Lord Kelvin's statement based on the working
of a haat engine

This means that a singie heat reservoir, no maiter how
much energy it contains, can not be made to perform any
work This is true for oceans and our atmosphere which
contzsin a large amount of heat energy but can not be
converted into useful mechanical work. As a consaquence
of second law of thermodynamics, two bodies at different
temperatures are essential for the conversion of heat into
work Hence for the working of heat engine there must be
a source of heat at a high temperature and a sink at low
temperature to which heat may be expelled. The reason for
our mability to utilize the heat contents of oceans and
atmosphere is that there is no reservoir at a temperature
lower than any one of the two.

Sadi Camot in 1840 described an ideal engine using only
isothermal and adabatic processes, He showed that a
heat engine operating in an ideal reversible cycle between
two heat reservoirs at different temperatures, would be the
most efficient engine. A Carnot cycle using an ideal gas as
the working substance is shown on PV diagram (Fig. 11.9).
It consists of following four steps.

The gas is allowed to expand isothemmally at
temperature T;, absorbing heat Q, from the hot
reservoir. The process is represented by curve AB.

The gas Is then allowed to expand adiabatically until
its temperature drops to T, The process is
reprasented by curve BC,

The gas at this stage is compressed isothermally at
temperature T, rejecting heat Q. to the cold reservoir.
The procese s rapresanted by curve CD.

"

-
-

> 7

to the Kelvin slatemant
0! the sscond law of
thermodynamics, the process
pictured here s impossible. Heal
fromm A& source at & singie

:
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T
A wlerfsll mnalogy tr the
heat engine.

4 Finally the gas is Compressed adlabatically to restore
its initial state at temperature T.. The process s
represented by curve DA.

Thermal and mechanical aquilibrium is maintained all the
time so that each process is perfectly reversible, As the
working substance refumns to the iniial state, there is no
change inits intemal energy ie. AL/ = 0.

The net wark done dufing one cycle squals to the area
enclosed by the path ABCDA of the PV diagram, It can
also be eslimaled from net heat O absorbed in one cyce

Q=Q -
From 1% law of thermodynarmics
Q=AU+ W
W=Q ~-Q,
The efficiency n of the heat engine is defined as

= Outout (Work)
Input (Energy)

::QL;& = 4. =2 1
thus, | ) Q, e (11.16)

The energy transfer in an isothermal expansion or
compression lums out o be proporticnal to Kelvin
temperature, So Q, and Q. are proportional to Kelvin
lemperatures T, and T, respectively and hence,

n= 5%:1-—%- iyt

The efficiency is usually taken in percentage, in that case,

\

7~

parcantage efficiency = li——rf-

7.1/“100

Thus the efficiency of Camot engine depends on the

temperature of hot and cold reservoirs. it is independent of
nature of working substance. The larger the

254
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temperature difference of two reservoirs, the greater Is the
efficiancy. But it can never be ore or 100% unless cold
resanvair is at absolute zero temperature (7; = 0 K.

Such resenvoirs are not available and hence the maximum
afficiency is always less than one. Nevertheless the Camot
cycle establishes an upper limit on the efficiency of all heat
engines. No pracical heat engine can be perfeclly
reversible and also energy dissipation is inevitable. This
fact s stated in Carnot's theorem

No heat engine can be more efficient than a Camot
mglmmmnunmmw.

The Camot's theorem can be extended to state that,

All Carnot's engines operating between the same
two temperatures have the same efficiency,
irrespective of the nature of working substance.

In most practical cases, the cold reservoir is neary at room
temperature. So the efficiency can only be increased by
raisng the temperature of hot reservoir. All real heat
engines are less efiicient than Camot engine due to friction
and other heat losses.

Example 11.4: The turbine in 2 steam power plant takes
steam from a boier at 427°C and exhausts into a low
temperature reservoir at 77°C. What is the maximum possible
efficiency?

Solution:

Maximum efficiency for any engine operating between
tamperatures T; and T;Is

T,-Ty
n o r’-
where T, =427 +273=T7T00 K
and To=T7T+273=350K

255

Do You Know?

Arotigarator trungfees haat from a
ovwe-lemparature compartment 10
Highar-temperature Saroundngs
wilh the help of exterred work, it &
# hoat engine aparsling in roverse
order.
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Generally 2 temperature scale is established by two fixed
points using certain physical properties of a materal which
varies linearly with temperature. The Camot cycle provides
us the basiz to define a temperature scale thal is
Independent of material properties. According to it, the ratio
Q:/Q: depends only on the temperature of two heat
reservoirs. The ratio of the two temperatures 7-/ 7, can be
found by operating & reversible Camot cycle betwesn thess
two temperatures and carefully measuring the heat transfers
Q; and Q; The thermodynamic scale of temperature is
defined by choosing 273.16 K as the absolute temperature
of the triple point of water as one fixed point and absolute
zero, as the other. The unit of thermodynamic scale is
kelvin. 1 K Is defined as 1/273.16 of the thermodynamic
temperature of the triple paint of water. It is a state in which
ice, water and vapour coexists in equilibrium and & occurs
uniquely at one particular pressure and temperature. If heat
Q is absorbad or rejected by the system at corresponding
temperature T when the systam is taken through a Camot
cycle and Q is the heat absorbed o rejected by the system
when it is at the temperature of triple point of water. then
unknown temperature T in kelvin is given by

. . Q
T’ 1 '16 o~ iRbssennas i 3 o‘_
27316 5 mn.18)
Since this scale is independent of the property of the

working substance, hence, can be applied at very low
temperature.

Aithough diflerent engines may difer in their construction
technology but they are based on the principle of a Carnot

oycle. A typical four stroke petrol engine (Fig. 11.10 a) also
undergoes four SUCCessive processes in each cycie.

256
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I.  The cycle statsonmmstrokehwhidtplston
moves outward and petrol air mixture is drawn through
an inlet valve into the cylinder from the carburetor at
atmospheric pressure.

On the compression stroke, the inlet vaive is closed and
the mixture is compressed adiabatically by inward
movement of the piston.

On the powar stroke, a spark fires the mixture causing a
rapid increase in pressure and temperature. The burning
mixture expards adiabatically and forces the piston to
move outward. This i.. the stroke which delivers power 1o
crank shaft to drive the llywheels.

On the exhaust stroke, the outlet valves opens. The
residual gases are expelied and piston maoves inward,

The cycle then begins again. Most motorbikes have one
cylnder engine but cars usually have four cylinders on the
same crankshaft (Fig 11.10 b). The cylinders are fimed to fire
tur by turn in succession for a smooth running of the car. The
aciual efficiency of properly tuned engine is usually not more
than 25% to 30% because of fricticn and other heat losses.

"Mesel Engifie .

Dissel is sprayed into the cylinder at maximum Comprassion.
Because air is a very high ltemperature immediately after
compression, the fuel mixture igntes on contact with the air in
{ha cylinder and pushes the piston outward. The efficiency of
diesel engine is about 35% to 40%.

FEAZ BRS¢ ol fo i
The concept of entropy was introduced Into the study of
thermadynamics by Rudoiph Clausiys in 1856 to give a
quantitative bass for the second law, It provides another
variable 1o describe the state of a system to go along with
pressure, volume, temperature and internal snergy. If a
system undergoes & reversible process during which it
ansorbs a quaniity of heat AQ at absolute temperature T,
then the increase in the state vanable called entropy S of
the system is given by

A§=A—?- TR 7 . (-
257
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Like potential energy or internal energy, it is the change in
entropy of the sysiem which is important.

Change in entropy is positive when heat is added and
negative when heat is removed from lhe system. Suppose
an amount of heat Q flows from a reservoir at temperature
T: through a conducting rod to a reservoir at temperature
T:when T, > T2 The change in entropy of the reservoir at
temperalure T, which loses heat, decreases by Q/T; and
of the reservoir at temperature Tz, which gains heat,
increases by Q/T,. As T, > T»so Q/T; will be greater than
QT e Q/T,>Q/T,,
Hence, net change in entropy = -?— $~ IS positive.

2 ?
It follows that in all natural processes where heat flows
from one system to another. there is always a nel increass
in entropy. This is ancther statement of - law of
thermodynamics. According to this law

If a system undergocs a natural process, it will
gohthodlrectbntﬁatcaummeomwyof
the system plus the environment to Increase,

substance of a system increases disorder because the
maolecules are initially sorted out in hotter and cooler
regions. This order is lost when the system comes to
thermal equilibrium. Addition of heat 1o a system increases
its disorder because of increase in average mclecular
speeds and therefore. the randomness of molecular
motion. Similady, free expansion of gas Increases ils
disorder because the molecules have greater randomness
of position after expansion than before, Thus In both
exampies. antropy is said 1o be increased,

We can condude that only those processes are probable
for which entropy of the System increases or remains
constant. The process for which entropy remains constant
is a reversible process; whereas for all irreversible
processes, entropy of the system increases.
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Every time entropy increases, the opportunity to convert
some heat into work is lost. For example there Is an increase
in entropy when hot and cold waters are mixed. Then warm
water which results cannot be separated into a hot layer and
a cold layer. There hes bean no loss of energy but some of
the energy is no longer avaiable for conversion into work.
Therefore, increase In entropy means degradation of energy
from a higher level where more work can be extracted to a
lower laval at which iess or no useful work can be dene. The
energy in a sense is degraded, going from more orderly form
to less orderly form, eventually ending up as thermal energy.

In all real processes where heat transfer occurs, the
energy available for doing useful work decreases. In other
words the entropy Increases. Even if the temperature of
some system decreases, thereby decreasing the entropy, It
s at the expense of net increase in entropy for some other
system. When all tha systems are taken together as the
universe, the entropy of the universe always increases.

Example 11.5: Caiculate the entropy change when
1.0kgice at 0°C melts into water at 0°C. Latent heat
of fusion of ice L= 3.36 x10° J kg,
Solution:
m=1kg
T=0C=273K
L,=336 x10° Jkg'

AQ
AS= =

where AQ: mL,
AS = Mt

_ 1.00kg %3.36 x10° J kg’

i 273K

AS=123 x10° JK'

Thus entropyincreasesas it changesto water. The increasein
entropy In this case is @ measure of increasein the disorder of
walter molecules that change from sokd to liquid state.
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impact may not have a major consequence b

ut an |
of ‘lat‘ge number of all individuals disorder mwmg
artiviies can affect the averall life support system.
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1
From the Kinetic theory of gases P = 3+ pvie,

The first law of thermodynamics states that energy is conserved.

The sum of all forms of molecular energy present In a thermodynamic  system s
called its internai energy.

lscthermal process is the process in which Boyle's law holds good.

Adabatc process is the one in which no thermal energy is added or extracted from
the system.

Malar specific heat at constant volume is the amount of heat required to raise the
temperature of one mole of the gas through 1 K keeping volume constant.

Malar specific heat at constant pressure is the amount of heat required to rase the
lemperature of ons mole of the gas through 1 K keeping presswre constant.

A heat engine is a device which converts a part of thermal energy into useful work.

Efficiency of Camot engine is 1-—;’— 3
1
The second law of thermodynamics can be stated as

(I} There is no perpetual motion machine thal can convert the given amount of
heat completely into work.

(i) The total entropy of any system plus that of its environment increases as a
resuit of any natural process.

Entropy change A4S due to heat transfer AQ at absolute temperature T is given by
AS= *AQ :
T
Tharmal pollution is an ingvitable consequence of 2nd law of thermodynamics,

QUESTIONS

| Why is the average velocity of the molecules in a gas zero but the average of the
square of velockies is not zero?

1 2 Why does the pressure of a gas in a car tyre increase when it is driven through

some distance?
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A system undergoes from state P, V, to state PV, as shown in Fig 11,12, What
will be the change in internal energy?

Variation of volume by pressure is given in Fig 11.13. A gas is taken along the
paths ABCDA, ABCA and A to A. What will be the change in intermal energy?

v—>
o

o

Specific heat of a gas at constant pressure is greater than specific heat at constant
volume, Why?

Give an example of a process in which no heat is transferred to or from the system
but the temperature of the system changes.

Is it possible to convert internal energy into mechanical energy? Explain with an
example.

Iz it possible to construct a heat engine that will not expel heat into the atmosphere?

A thermos flask containing milk as a system is shaken rapidly. Does the
temperature of milk rise?

What happens to the temperatureof the room, when an airconditioner is left running on
@ table in the middie of the rcom?
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11,11 Can the mechanical energy be converted completely into heat energy? if so ¢ .
an example.

11 12Does entropy of a system increase or decrease due to friction?
11 14Give an exampie of a natural process that involves an incrzase in entropy
11 14An adiabatic change is tha one in which
No heat is added to or taken out of a system
o No change of temperature takes place
Boyle's law is applicatle
1 Pressure and volume remains constant
11 15Which one of the following process is irreversible?
.. Slow compressions of an elastic spring
Slow evaporation of a substance in an solated vessel
Slow compression of 2 gas
! A chemical explosion
|1 16An Ideal reversible heat engine has
100% efficiency
Highest efficiency
An efficiency which depends on the nature of working substance
I None of these

NUMERICAL PROBLEMS

111 Estimate the average speed of nitrogen malecules in air under standard conditions
of pressure and temperature.

(Ans: 493 ms™)

11 2 Show that ratio of the rool mean square speeds of molecues of two different gases
at a certain temperature is equal to the square roct of the inverse ratio of their
masses.

1131 A sample of gas is compressed to one half of its initial volume at constant pressure
of 1.25 x 10° Nm? During the campression, 100 J of work is done on the gas.
Determine the final volume of the gas.

(Ans: 8 x 10 m?)
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"4 A thermodynamic system undergoes a process in which its intamal energy
decreases by 300 J. If at the same time 120 J of work is done on the system, find
the heal lost by the system.

(Ans: - 420 J)

"1 % Acamot engine utilises an ideal gas. The source tlemperature is 227°C and the sink
temperalure is 127°C. Find the efficiency of the engine. Also find the heat input from
the source and heat rejected to the sink when 10000 J of work i done.

(Ans: 20%, 5.00 x 10', 4.00 x 10°)

115 A reversible engine works between two temperatures whose difference is 100°C. If
it absorbs 746 J of heat from the source and rejects 548 J to the sink. calculate the
temparature of the source and the sink.

(Ans: 100°C, 0°C)

1.7 A mechanical engineer develops an engine, working batwaen 327°C and 27°C and
claims to have an efficiency of 52%. Does he claim correctly? Explain.

(Ars: No)

115 A heat engine performs 100Jofworkmdatmemﬁmorejecb400theal
enemy 1o the cold reservoirs. What is the efiiciency of the engine?

(Ans: 20%)

‘1.9 A Camot engine whase low temperature reservoir is at 7°C has an efficiency of
50%. It is desired to increase the efficiency to 70%. By how many dagrees the
‘emperature of the source be increased?

(Ans: 373°C)

A sleam angine has a boiler that Operates at 450 K, The heat changes water to
steam, which drives the piston. The exhaust temperature of the outside air is about
300 K. What is maximum efficiency of this steam engine?

(Ans; 33%)

1111 336 J of energy Is required 1o melt 1 g of ice at 0°C. What is the change in
entropy of 30 g of water at 0°C as it is changed to ice at 0°C by a refrigerator?

{Ans: -36 BJK™)
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1
lard Definitions of Base Units

Metre: The unit of length le named as meire. Befcre 1960 it was dofined as the distance
between two lines marked on the bar of an alloy of platinum (80%) and Fdium (10%) kepl under
controled conditions at the International Bureau of Weighls and Measures in France. The 11"
General Conference on Weights and Measures (1960) redefined the atandard metre as follows:
One metra is  length equal to 1,660,763.73 wave lengths In vacuum of the orange red radiation
emitted by the Krypion 86-atom. However, in 1983 tho metre was redefined to be the distance
traveled by light in vacuum during a time of 1/290 792 458 second. In effect, this latest dafinition
establishes that the speed of light n vacuum is 289,792 458 ms

Kilogram: The unit &f mass is known as kilogram It is defined as the mass of a platinum (90%)
and indwm (10%) alloy cylinder, 3.9 cm in dismeter and 3.9 cm in haight, kept at the Intemational
Bursau of Weights and Measures in France. This mass standard was established in 1901

Second: The unitoftime is termed as second. It is definad as 1/86400 part of an average day of the
year 1900 A.D, The recent tima standard & basad on the sginning motion of electronsin atoms, This is
snce 1967 when the Iniernational Committee on Weights and Measures adopted a3 new defnition of
sacond, making one second equal to the duration in which the cuter most electron of the cesum-133
alom makes 9,192 631,770 vibrations.

Kelvin: Temperatue is regarded as a thermodynamic guaniily, because its equaity
determines the thermal equilibrium between two systems. The unit of temperature Is kelvin It is
the fraction 1/273.16 of the thermodynamic temperature of the triple point of water, It should be
noted hal the tripie point of a substance means the temperature at which sofid, liquid and vapour
phases are in equilibrum, The tripie point of water is taken as 27316 K. This standard was
adopted in 1967.

Ampere: The unit of electric current 's ampere. It is that constant current which if maintained in
two straight parallel conductars of infinits length, of negligible circular cross-section and paced a
metre spart in vacuum, would produce between these conductors a force equal to 2 x 107 newton per
matre of langth. This unitwas establishedin 1971.

Candela: The unit of luminous intensity is candela. It is defined as the luminous intensity in the
perpendicular direction of a suiface of 1/600000 square metre of a biack body radiator at the
solidification temperatura of platinum under standard atmospheric pressure. This definition was
adopted by the 13" General Conferencs of Weights and measures in 1967.

Mole: The mole is the amaunt of substance of a systsm which contains as many elementary
entities as thare are atoms in 0.012 kg of carbon 12 (adopted in 1971). When this unit i.0. mola ia
used, the elementary entitas must ba spacfied; these may be atoms, molecules, ions, electrons,
other pamc;?s or specified groups of such particles. One mole of any substance contains
6.0225 x 107 entitles.
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*Appendix 2
Possible Errorin A Compound Quantity

0] ERROR IN THE COMPOUND QUANTITY Z=x+y
f the errors in the quantities x and y are Ax and Ay respectively, the passible sum s then,

XTAX+yE Ay
The maximum possible error is when we have
X+AX+y+ Ay
or X=AX+y- Ay
Hence, the quantity can be expressed as X+yz(Ax+ Ay)

I.€., the errors are added.

Hence arrar in z = error in x + error in y (A21)

(i) ERRORIN THE COMPOUND QUANTITY 2= xy

If the errors in the quantities x and y are Ax and Ay respectively, the compound
quantity could be as large as (x + Ax) (y + Ay) or as small as (x - Ax) {y - Ay). The product is
thus between about Xy *Xx Ay + Yy Ax +Ax Ay and xy - x Ay - y Ax +Ax Ay.if we neglect A x Ay,
as being small, then the error is between

Xay+ yAx and - (x Ay+ yAX)

or T(XAY *yAx)
The possible fractional error is thus
2(XAY + yAx) }fw Ax\l

= 4—3 —
TRET

writien as percentage error, hence the possible percentage error is the sum of the
percentage emors for the product of the two physical quantities.

e, % errorinz = % errorin x + % efror in y (A22)

ik
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Emey

Let z x and y be the numoncal va!ues of the physical quantities and k be a constant.
Taking iog of both sides;

logz=logk+alogx+blogy
dy

Diferentiating: qz.ooa':x*hy
z

(F)mefElmes(i)ie

If dx dy and dz rq)resenl the errws in the quanities x Y, and zrespectvely then
(% error in x) + b (% error in y) v, (A23)

Multiply by 100

To find uncertainty in an average value obtained by plotting graphs, the first step is to
draw best straight line through the plotted points using a transparent ruler. The best
straight line passes through as many of plotled points as possible or which leaves
almost an equal distribution of points on either side of the line. The second step is to
pivol a transparent ruler about the centre of best straight line to draw greatest and least
possible slopes. If slope of best straight line is m and greatest and least slopes are m,
and my as illustrated in Fig. A 2.1, then evaluate m, - m and m, - m which ever of these is

1433 22201223 PRReS 2RI I ooes
o b da i add AREHIRRR BRI 302 150
.i._ 3 eHIeeH Hed i
53553581 oW 1

TS | t 4
3

'8 21! Sidstt
———g e +
1129854 Sunae 08 88 Mo st oo

-.d*h -— ~—
i IR
i

el 3 Ead 553
, HEREPT peee:
133581 1! —
i
2 t
b - ES22e ppoe e .l
15 Ssttintttts
A8 [Bidi dais o8 3 e
Fig A 2.1 318 A A i qaseiss! BERESHEE:
o 5 10 15 20 25
ﬂm) —_—

greater is the maximum possible uncertainty in the slope. If the intercept on a particular
axis is required, the similar procedure can be followed.
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“AppendixIR,

Mathematical Review

B

-

‘3":;‘2.’/
wleg |
A =

. 0

{1

Fig. A1

A LINEAR EQUATION
A linear equation has the general form

y=ax+h {A3.1)
Where a and b are constants. This equation is refered o
as being linear because the graph of y versus x Is a
siraight line, as shown in Fig. A3.1. The constant b, called
tha intercept, represents the value of y at which the straight
line intersects the Y-axis. The constant a is equal to the
slope of the straight line and is also equal 1o the tangent of
the angle that the line makes with the X-axis If any two
points cn the straight line are specified by the coordinates
(X1, y1) and (x3, ¥.). as in Fig. A 3.1, then the slope of the
sfraight line can be expressed

W L
Slope a= -+ 1= cpung (A32)
LS Ax
Note that a and b can be either positive or negative.
B. QUADRATIC EQUATION
The general form of a quadratic equation is
ar+bx+tc=0 (A3.3)

where x is unknown quantity and a, b and ¢ are numerical
factors referred to as coefiicients of the equation. This
equation has two roots, given by

% ,-htJ b° - dac
2a
If b* > 4ac, the roots will be real,

(A 3.4)

C. THE BINOMIAL THEOREM

(@+b) ="+ na’'h+ 20=1 “"' - ooy« RO pay,  A38)

Ix2n
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() Ifx <1, then

(1+x)' =1+nx+negligble terms (A 3.6) Table A 3.1
Areas and volumes of
D. GEOMETRY some geometrical shapes,
(i) Areas and volumes of some geometncal shapes
are given in Table A3.1, d
(%) TABLE A 3.2 "
'S Condition Thaorem
d ) Rectangivw
1. If AB is paraliel to CD, S

then a=f

2. O C'is pemendicularto
0B and OD is

perpendicuiar to OA, then 3
Q:ﬂ (1) Tnangk
Area = - bn
. 4. a=Pf+y
B e

c y > .

S. The radius OA is o
perpendicular to the
e hw mm. Aren = xr
(Clroumtorence »2 =)
269

This book was uploaded by www.educatedzone.com



(v) Hectanguisr box

Surfave ares = dr'

E. TRIGONOMETRY

sin® 0+ cos” B=1. | (A37)
cos (90° +8) = sind A38)
sin (90° +0) = cos a (A3.9)
sin (1807 =0 ) = 3in 0 (A310)
cos (180° -6) = - cosf (A3.11)

sin (0+p)=sin Ocosy £ coshsing  (A3.12)

cos (04p) = cos hoosp ¥ sinB sing  (A313)

sin 26 =2 ¢in  cos§ (A3

cos 20= cos®0 - sin‘ | (A3.15)
According to our definiions, the trigonometric functions are
limited to angles in the range [0. 90°]. We extend the
meaning of these functions to negative or larger angles by
& circle of unit radius, the unit circle (Fig.A3.2). Theangle is
always measured with respect 1o the positive x axis
counter clockwise positive and clockwise negative. The
hypotenuse of the right angled triangle OAB s the radius
of the unit circle. Its length is equal (o0 1, and it is always
positive. The other two sides are assigned a sign
according 1o the usual conventions i.e., positive to the right
of the x-axis, and so on. With these conventions the

trigonometric functions in each of the four quadranis have
the signs listed in Table A 3.3.

If 0 exceeds 360°, the whole pattern of signs and values
repeats itself on the next pass around the circle. Thus,
sine, cosine, and tangent are periodic functions of an
angle with period 360°

The Signs of the

+ U
+ - -
- - +

+ -

LW
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Adiabatic process

Angular acceleration
Angular displacement

Angular momentum

Angular velocity
Antinode
Artificial gravity

Average acceleration

Average velocity

Base quantities
Blue shift

Bulk modulus
Centre of mass

Centripetal force
Cladding

Compression
Conservative field

Constructive
interference

Core

Crest
Critical angle
CRO

A completely isolated process in which no heat transfer
can fake placa,

The rate of change of angular velocly with tme.

Angle subtended at the centre of a circle by a particie
moving along the ciraumterence in a given time.

The cross product of position vector and linear momentum.
Angular displacement per second,
The point of maximum displacement on a stationary wave.,

The gravity like eftect produced in orbiting space ship to
overcome weightlessness.

Ratio of the change In'velocity, that occurs within a time
interval, to that time interval,

Average rate at which displacement vector changes with
lime.

Certain physical quantities such as length, mass and time.

The shift of received wavelength from a star into the
shorter region.

Ratio of volumetric stress to volumetric strain.

The point at which all the mass of the bedy Is
assumed o be concentrated.,

The force needed to move a body around & circular path.

A layer of lower refractive index (less density) over the
central core of high refractive index (hgh density),

The region of maximum density of a wave,
The field in which work done along a closed path is zero.
When two waves meet each other in the same phase

The central part of optical fibre which has relatively high
refractiva index (high density),

The portfion of a wave above the mean level.
The angle of incidence for which the angle of refraction is 20°
A device used to display input signal into wavetorm,

27
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Damping

Denser medium
Derived quantities

Destructive
interference

Diffraction
Dimension

Displacement
Doppler shift
Drag force
Elastic collision

Energy
Entropy

Escape velocity

Forced oscillations
Free oscillations

Freely falling body
Fundamental mode

Goo-shﬁonary
satellite

Harmonics
Heat engine

Ideal fluid
Impulse
[nelastic collision

A process whereby energy is dissipated from the
oscillatory system,

The medium which has greater density,

The physical Quantities defined in tarms of base quantities,

When two waves overlap each other in Oppaosite phases

Bending of fight around Obstades.

One of the basic Measurable physical Property such as
length, mass ang fime.

The change in the position of a body from its initial position
to its final position.

through a fluig

The interaction in which both momentum and kinetic
energy conserve.

Measure of increase n disorder of g thermodynamic
System or degradation of energy,

The initial velocity of a body 10 escape from Earth'a
gravitational field.

Stationary waves Selup with integra multiples of the
fundamenta| frequency,

A device that converts a part of nput heat energy into

272
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Instantaneous
accealeration

Instantaneous velocity
Internal energy

Isothermal process
Kinetic energy
Laminar flow

Least distance of
distinct vision

Line spectrum
Longitudinal wave

Magnification

Modulus of elasticity

Molar specific heat at
constant pressure

Molar specific heat at
constant volume

Moment Arm

Moment of Inertia
Momentum

Muiti-mode graded
index fibre

Node
Null vector
Orbital velocity

Oscillatory motion
Periodic motion
Phase

Acceleration at a particular instan: of time.

Velocity at a particalar instant of tme.

The sum of all forms of molecular energies In a
thermodynamic system.

A process in which Boyle's law is applicable,

Energy possessed by a body due to its motion.

Smooth sliding of layers of fluid past each other.

The minimum distanca from the eye at which an object can
be seen distinctly,

Set of discrete wavelengths.

The wave in which the particles of the medium vibrate
parzliel to the propagation of the wave.

The ratio of the angle subtended by the image as seen
through meopﬂcaldevicemhatsubwmedbymeob}ectat
the unaided eye,

Ratio of stress and the sirain.

Amount of heat needed to change the iemperature of one
mole of a gas through 1K keeping pressure constant.

Amount of heat needed to change the temperature of onae
mole of a gas through 1K keeping volume constant

Perpandicular distance between the axis of rotation and
line of action of the force.

The rotalional analogue of mass in linear motian
The produet of mass and velouty ol an object.

An optical fibre in which the central core has high refractive
index which gradually decressas lowards its perphery.

The point of zero disolzcement.
A vedor of magnitude zero without any specific direction.

The tangential velocity to put a satellite in orbit around the
Earth

Yo and fro motion of a body about its mean position,
The motion which repests itself after equal intervals of time.

A guantity which indicates the state and direction of motion
of & vibrating particle
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A4

Yy

Jy ¥

Piltch

Plane wavefront
Polarization
Position vector
Potential energy
Power
Progressive wave
Projectile

Radar speed trap

Random error
Range of a projectile

Rarefaction
Rarer medium

Rays
Red shift

Resolving power
Resonance
Restoring force

Resultant vector

Root mean square
velocity

Rotational equilibrium
Scalar quantity

Scalar product
Significant figures

ThechamcteﬁsﬁcsofsoundbywhlchashrNstcanbe
distinguished from the grave sound.

A disturbance lying In a plane surface,

The orientation of vibration along a particular direction.

A vector that describes the location of a point,

Energy possessed by a body due to its position.

The rate of doing work.

The wave which transfers energy away from the source.
An object moving under the action of gravity and moving
horizontally at the same time. .

An instrument used to detect the speed of moving object
on the basis of Doppler shift.

Error due 1o fluctuations in the measured quantity.

The horizontal distance from the point where the projectile
is faunched to the point itretumns to its launching heignt.

The region of minimum density.

The medium which has reiatively less density,

Radial lines leaving the point source in all directions.

The shift in the wavelength of light from a star towards
longer wavelength region.

The ability of an instrument lo reveal the minor details of
tha object under cxamination,

A specific response of vibrating system to a periodic force
acting with the naturai period of the system,

The force that brings the body back to its equilibrium
position.
Thesumvectoroltwoormore vectors.

Square root of the average of the square of
molecular velocities

A body having zero angular acceleration.
A physical quantity that has magnitude only,
The product of two vectors that results into a scalar quantity.

The measured or calculated digits for a quantity which are
reasonably reliable,
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Simple harmonic
motion

Slinky spring

Space time curvature
Spherical wavefront

Stationary wave

(S)
Systematic error

Terminal velocity

Torque

Total internal
reflection

Trajectory
Translational
equilibrium

Transverse wave

Trough
Turbulent flow
Unit vector
Vector quantity
Vector product
Wavefront

Wavelength
Work

A motion In which acceleration is

preportional to  displacement from mean
and is always directed towards the mean position.

A loose spring which has small initial length but a relatively
large extended length.

Einstein’s view of gravitation.

When the disturbance is propagated in all directions from a
point source.

The resultant wave arising due to the interference of two

directly
position

«+dentical but oppositely directed waves.
System international The

Intemationally agreed system of units used
almost world over.

Error due to incorrect design or calibration of the
measuring device.

Maximum constant velocity of an object falling vertically
downward,

The trning effect of a force.

When the angle of incidence Increases by the critical
ange, then the incident light is reflected back in the same
material,

The path through space followed by a projectile,
A body having zerc linear acceleration.

The wave in which the particles of the medium vibrate
perpendicular to the propagation of wave.

The lower portion of a wave below the mean level,
Disorderly and changing flow pattern of fluids.

A vector of magnitude one used to denote direction.

A physical quantity that has both magnitude and direction,
The product of two vectors that results into another vector.

A surface passing through all the points undergoing a
similar disturbance (e, having the same phase) at a
given instant.

The distance between two consecutive wavefronts.

The product of magnitude of force and that of
displacement in the direction of force.
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Tangential,
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Age,
of the Earth, 7
of the Universe,

Ar columns, 182
Vibration of

Ar plane wing, 135

Ar resistance
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Arpere |unt), 265

Amplitude,
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Angular magnification,

Definad,

Microscope (Comp) 207
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Teloscapa, 218
momentum,
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Equations of,
Freguancy 144
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Artinode 178
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Coordinate system 23
Care, 229
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Crast 185
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Cross proousts, 34
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Process, 247
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Kebvin, (ueit), 205

Kilogram (unit), &b
Kilowalt-hour (unit), 83

Kinetic anergy, &
Laminer flow, 130

Least distancs of disinet vigion, a4
ught. .

Diffraction, 200

Inerference, 195

Polarization of,

Signad ransmission, 230

Spood of, 224
Longiudnal waves, 153

[7 R P~ P e A St
Magnification,

Angular, 215
Magnifying glass, 217
Mass standard, €65
Metre (unit), %5
Michieson interfarmmater, xN02
Micrascope,

218
Mamtd::; {Exigitad). 230
Modulus of elastcity, 157

(Buk aclabatic), 167 .
Wale (unit), 285
Wolar spedcific hests 29
Moment,

of inertis, 108

Arm, »
Momeantum,

Angular, 10

Linear, 56

Spin angulsr, m

Circular, 102

Equations of, &

Oscllatory, 141

Projectile, (=3

Sanple harmoeic, 142
Mulumoede graded incex Sbre, 228
Near paint of eye, g4
Newton,

Formwila

(spwed of sound), 167-168

Lawse of matian, 5

Rings., 20
Node, 178
Mull vactar, 25

£ NS = 2o, LS SO )
Optical nsruments, 2'4
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Pascal (urit). 5
Pendulum,
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Simpla, 150
Penod of vibration, 144
and frequency, 144
of Mass-spring system, 149
Phase, "7
Angle, 147
Coharence, 198
Physical quantities 3
Plang wavefront, 164
Polarization, 208
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Posithon vector, Fi
Potential energy, 8
Absolute, 85
Elastic, B4
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Avarags, 82
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Process,
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Froversble, 251
Reversbie 8.
Progressive wave. 182
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Height of, 67
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Tragectory, 63
Quadratic sguaton (formula), 268
Racar, 188
Ravar spead trap 188
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. Red shit, 188
Random eerar, 6
Rays, 194
Resolving power,
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of waves, 176
Ralraction,
Cootiruous 228
Resomance, 185
. Sharpnass of 158
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Right hand e, 35
Ratational equilibrium, 40
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Kineacenergy, 113
s TSNS Sy
Scalar product, 3z
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SF units, 4,265
Sigrificant figures, T
Simple harmonie modion, 142
Soap fitm (interferance), 2n
#rgle, §
Solar anergy -
Sound, ‘68
Newton's foemula, 168
Laplace correction, 160
Y 173
Space :mctmun. 123
Speed of aflux 134
Spactrometar, 23
Saticnery waves. 178
F X 178
I ar coluenns, 182
Staady fow 130
Sukes's law 128
Stream ine Now, 130
Staradian (unit), 5
&mﬂﬂv Ly, 4
Systemadc errcr, ]
T
Telsoones ezl
Magntficstonof 222
Terwnal valogity. 128
Thermodynanecs,
Flewt v, 246
Second law, 287
mnm (interference!, &N
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Torque, 36
Torr {unit) 137
Torricaili's theorem, 134
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;rnnlvom Waves, 18
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Addition, 23
Basc concopts,
Compononis of 25
Commutmtive peopwrty,
Froduct of twa, 31
Postion,

Product, 34
Quantities,

Resultant, 24
Unit,

Velocity, ®
Average. 0
Instantaneous,

Orbital, 19
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