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Aftar stuxdying this chapter, the studsnts will be able to:

L

tha topica of thla grade].

uncartainthes] L

¢ ¢ & 646 % D

expermental and numerical results. \ir
Physlcs ls the most fundamentsl branch of

physical sciences. It prmude.s the basic
principles and laws which help to understand the
mysteries of other branches-of scignces such as
astronomy, chemistry, geology, biclagy and health
sciences. The tools, {_r_,*_bhhiques and products of
Physics have gﬂgsfbrmed cur dreams into
realities. The comforts and pleasures edded in our
lives are fruithal results of science, technology
and engineering in everyday life.
Tha Information technology has entirely changad
the outlcok of mankind. The fast means of
communication have brought paople oftha entira
world in 8o close contact that the whole world has
become a global village.

Uss the conventions for indicafing units, as sstoutinthe Slunis. ",
Express donved unitsas products orquotionts of the S| basc units. N,
Analyza the homogensity of physical aquaﬂuns['l'hroughdlmmnnﬂmljsm]

Dwrive formulasin simple cases rrr'rmghusmgdlmnnsmnalanalysh .

Analyze and cridque the accuracy and pracislon of data mleﬂaﬂﬁ}rme&suﬂng Instrumenia
Justdty why all measUrements contaln soma. unuertalnly
Asseos the uncertalnty In e derhved quantity [By slmple aél‘dltlc-rl of absaute, fractional or percentags

Make raaschable sstimatas of value of phyaleal guantties [of thoas quantilas that Mbwaaad in

f.—..
-

8

Py

]

Quota answers with comact sclanbific nntagtma numbar af significant Tigures and units in all

Computer chips are made fram sllicon,
whichis cbigined from sand. ks uptous
whether we make a sand caste or g
compuberout of it.

Physics is an experimental science and the scientific method emphasizes the need of
acourats measurement of varicus measurable physical guantifies. This chapter
stressas inunderstanding the concapt of measuring techhigues and racording skills.
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Chapteri § Measurements

1.1 PHYSICAL QUANTITIES AND THEIR UNITS

The foundation of physics depends on physical quantitias in
terms cf which tha laws of Physice zra axpressed. Therefcrs,
these quantities have lo be measured accurately. These are
mass, langth, tima, velocity, force, density, termperature,
electric current, and numerous others,

Physical quantities are often divided into two categories: base
gquantities and derived guantities. Darived quantiies are those
which depend on base quantities. Examples of derived
quantities are velocity, acceleration, force, etc. Base quantities
ars not defined in tarms of cther physical quantities. The basse
quantities are the independent physical quantities in terms of
which the other physical quantities can be defined. Typical
examples of base quantities are length, mass and ime.

Tha measuremeant of a base quantity involves two staps: first,
the choics of a standard, and sscond, the establishment of a
procedure for comparing the quantily to be measured with the
standard so that a number and a unit ara determinad as the
meagura of thatquantity.

Measurements must be reliable and accurate sa that they can
b& used, easily and effectivaly.

1.2 INTERNATIONAL SYSTEM OF UNITS

Argau of Physics

Mechanias

Hest & tharmodyriamics
Elsctromagnatisn
Opties

Sourd

Hydradynami:s

Speacial relativiby
Senaral ralativity
GQuantum machanica
Atomic physics.
Molacular physics
Nuciearphysics

Solld stabe physlcs
Paridia phyaics
Superconducay
‘Buperiiudity

Plemsma phopsics
Magnsetohydrodynamics
Spece physics

Interdisciplimary
amsasof Physics

Astraphysica
Blnphysics

Chemical phyeice
Ergineering physics
GBthyﬂins

Wedical physics
Physlcal ncesnoagraphy
Plpalea of musle

In 1960, an intemetional committes agreed on a set of definitiens and astandards to
describe the physical quantities. The system that was establishad is called the System

Intemational (S0

Sl units are used by the world's scientific community and Eate 18

by almest all hatlons. The systam Intornational (S guinrey &1 Unit | Symbol
congisis of two kinds of units: base units and derived “Langm Tate e
units. Mass Kiogram | kg
Base Units ;‘f:m o4l B[
There are seven base unite for physical quantities cument i G
namely: length, mass, time, lemperature, electric Themmodynamic S &
current, light or luminous intansity and amount of _‘Amparsturs

substance (with special reference to the number of :;ﬁ"‘"" o | eandala| e
particles). Prefixes such as milli, micro, kike, etc. may bé  “apoant of

used with them to express smaller or larger quentities. supstance | MO | M

Tha namas of base units for thase physical quantities togetharwith symbols ara listed in

Table1.1.
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Derived Units
Derived units are those units Table 1.2
which dapend on the base . s

Physical Unit Symbal | In berms of b
units. Some of the derved ﬂu::w i u",-,", i
units ar_e given In Tagle. 1.2. Plane angla radlan rac dimanslanlass
The units of plana angls and : ; :
salid angle have also been Solid angle steradian & dimesneion|ess
Includad In the st of derdved  Force newton N kg m &*
units sinca 1995, Work Joula J Nm = kg m &%
In additiotn o base and _Power waltt w Jet =kg ml &7
derved unlts, the 1 permits  Elecriccharge | coulomb c As
the use of certain additional  presaurs paacal Pa Nm2=kgm'a?

units, includirg:

The traditional mathematical units for measuring
angles (degree, arcminute, and arcsecond}.

The traditional units for standard time ara {minute,
hour, day, and year).

The lggarithmic units bel {and its multiplas, such as the
dacibal).

Two metric units commonly used in erdinary life: the litre
for volume and the tonne {metric tor}forlange massas,

Two non-metric scientific units are atomic mass unit {p}
and the electron volt {a4/).

The nautical mile and ‘knct; units traditionally used at
sea and in metsornlogy.

The acre and hectare, ecommon metric units ofland area.
Thebarisa unitof pressura and itis commenly used as
the milibar in meteorclogy and the kilobar in
engireering.

The angstrom and the bam, unita used in physics and
astronomy.

Sclentiic Notatlan

Nurnbers are expressed in standard form called scientific
notation, which employs powers of ten. Tha irtemationally
accepied practice is that there should be only one nen-zaro
digit |eft of dec:imalé Thusg, the number 134 ¥ should hgr.e
writtenas 1.247 x 10 and 0.0023 ba exprassed as 2.5x 10 .

E interesting Infommation ﬂ
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Prefixes

Mast prefixes indicate order of magnitude in steps of 1000
and provide a convanianl way to axpress large and small
numbers, to eliminate non-significant digits. &l also
includes four of the other prefixes to accommeodate
usage already established before the introduction of S
(Table 1.3} They are centi-{(10") deci-(10™), deca<{10")
and hacto-(10°).

Conventions for Using S| Units

Use of 8] units requiras spadal care, moere partculady in
writing prefixes. Some pointsto note are:

1.

Each Sl unit is representad by a symbol not an
abbreviation. These symbols are the same In all lahguages.
Hence, comadt use of the symbol is very important.

For example: For ampere, we should use “A".not
“amp”; for seconds, "s" not "sec”, Sl not 5.1

Chapteri § Measurements

Tahla 1.3
Some Frviixes for Powere of Ten

Facior Prafhc Symbol

101 stto a
10" femio i
101 o0 A
107 nanc n
104 it 1]
107 mili m
10* cort [
107 dagd d
10 e da
10 imcdna h
16 ko K
10t g M
10 glga &
10" em T
10" pets P
10" E

Fullname of unit does not begin with capital letter. T For your intformstion B

Forexample: nawton, metre, slc., except Celsius.
Symbols appearin lower casa.

For example: "m" for metre, "s" for second, elc.,
exception “L" for itre.

Symbols named alter scientists have initial |etters
capital.

For example: "N for newton, "Fa” for pascal, “W" for
watt.

Symbols and prefixes ara printed in upright {roman}
style regardiess ofthe type style in surrounding lext.

Forexample: adistance of S0 m.
Symbolz do not take plural form.
Foraxample: 1mm, 100 mm, 1 kg, 60 kg.

Intarval [=)

Age ofthe Universe sx10”
Afe o the E=arth 1.4x10"7
One year & meqnf
e ra Bex 10"
Tlme between 2
rormal haaritesls H O
Pariod of aud e ¥
anund weves il
Pexiod of |
il g At
E;Pferit:n:l g ui::nl‘ﬂﬁl:l‘l
anatmina A%

snid 1A
Pariod of visiba 5
light waves 210

Approdirnats Valoes of Some

Tima Intarvals

No fullstop or dot is placed efter the symbol exceptat 00 vou imow: I

the end ofthe sentanca,
Prefix is written before and without space io base unit.
Forexampls: “mL" notmL or“ms” notm s.

Base units are written one space apart. Leave aspace
evan batweaan tha numbar [value)and the symbol.
Forexample: 1kg, 10 ms”, ate.

Maes can e thoughl of ag 8 Farm
of enargy. In effect, the masa 8
highly carenirabed form of snangy,
Einstein's famous equation, E=mc’
mahe;
Enargy = mass X (spead of light)’

Acromding Lo this equalion 1 kg
mrass is achusly axi0"J of EMEgY.
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10. Compaund prafixas ara notallowsd:
Forexample: 1 ppF should be 1 pF.
11. Whan basa unit of multiple is raised to a power, the powar applies to whaole multiple
end nol to base unitalons.
Forexample: 1 km’ = 1{km)’=1x (10" m) = 1x10" m’.
2. Use negative index notation (m 5'1) instead of solidus (mva).
13. Use scientific notation, that is, one non-zero digit left of decimal.
Forexample: 143.7 = 1.437x 10°,
14. Do not mix symbols and namasin the same exprassion,
Forexample: metre persacond orm 5'1, netmetre/sac or mizecond.
15. Practical work should be recorded in most convenient units:depending upon the
instruments being used.

For Example; Measurements using screw gauge should be recorded inmm bul the
final results must be racorded to the appropriate base units,

18. Systam Intamational do not allow tha uze offormer CES System units such aa dyne,
£rg. gauss, poise, torr, el

1.3 UNCERTAINTY IN MEASUREMENT

You can count the number of pages of a8 book exactly but measurement of its length
needs some measuring instrument. Evenvinstrument is calibrated to a certain smallest
division mark on it and thig fact puta & limit regarding is accuracy. When you take a
reading with one Instrumant, e lImlt of maasurement |5 tho smallest divisian or
graduation on its scale. Hence; every measured gquantity has soma uncerainty aboutits
value, When a measurement ismade, ilistaken to the nearestgradusticn or marking on
the ecale. You can astimate the maximum uncartainty as halng ons emallsst divislon of
the instrument. This is'¢allad absolute uncartainty. It is ona millimetre on a meatra rule
that is graduated in millimetres. For example, if one edge of the book coincides with
10.0emmark and the otharwith 33.5 cm, then the length with uncertaintyls glven by

{33.5 + 0.05) cm - (10.0 £ 0.05) cm = {23-5 + 0.1} cm

It means that the true length of the book is in between 23.4 cmand 23.6 cm. Hencs, the
maximum uncertainty is £0.05 cm, which is equivalent to an uncerainty of 0.1 cm.
Infact, itis squalto least count of the matra rnula. Uncertainty may be racorded as:

Fradctional uncertainty = Absolule incertality
Meaasured valus
; I i
or Parcentage uncertainty = FOsOHAC U HGETRngy % 100%

Measured value
Uncertainty in Digital Instruments
Soma moadern measuring instrumeants have a digital scale. We ususlly estimate one




Fhysles 11 "‘1;(" Chapter! 1 Measurements [

digit beyond what is certain: with a digital scale, this is reflected in some fluctuations of
the last digit. If the last digit fluctuatas by 1 or 2, wiite down that last digit. If luctuation is
mare than 2 or 30 in tha last digt, it may mean that the reading ia being influenced by
some factor such a2 air cuments. Regardless of the reason, a large fluctuation mey
mean that the displayed digit is notreally significant.

Tha irdication of uncartainty in & recorded value hag been simplified using significant
figures. IFa measurament is recorded using the knowledge of significant figures, thenits
last digit, which is an estimation, is an indication of the accuracy of the recorded value.

1.4 USEOF SIGNIFICANT FIGURES

The number of digits of a measurement about which we BT: g
do feel reasonably sure are called significant figures.

Infact, they raflect the use of actual instrument used for ~ Dtance(m

that measurement. While using a calculator, the resultof =, -

any calculation containg many digits after the decimal Digmater of
point. The addilional digits may mislesd another person . L ;I:ﬁ::: P
who uses those figures into believing them. Hence, they & . an alom
are to be rounded off to the corect number of slgnlficant I "

. y i _ alght of &
figures. This can be done by keeping .in wview the 1 ' PEFSON
uncertainty ar the least count of the instrument while f{ij DR of
recording obsarvations and also quoting results of any 109 - Distancs b

7 i the Sun
calculations to tha comact numbers of sighificant figures. Distancs to the
Itis better to quole the resultin scientific notaliontoavaid . | el s

Ly i e Clameter of the
any arnbiguily regarding the nomber of significant figures. I Milky Wy

ighi i ith di Blstance to the
For example, weighing the-same object with different o= b 185 r::fualﬂrr
balances:
Electranicbalance. : mass=3.145+0.001g Drder of magnitude of som=
distances

Laver balance ! mass=3.1+0.1y

Usually, the uncertainty £ 0.001 g or 0.1 q is dropped, and it is understood that the
number guoted has an uncerainty of at least 1 unit in the |ast digit. Al digits which are
quoted are called significant figures.

In any measuramant, the sccurately known digits and the

first estimated ordoubtful digit are called significantfigures.
Proper use of slgnficant igures eneures that wa comactly ropresant the uncertalnty of
our measuramants. For exampls, eclentists Immacdiataly reallze that the reparted mase
3.145 g is more accurate than a reported mass of 3.1 g, reflecting the use of a battar or
mare precgise instrument. As we improve the quality of cur measuring instrument and
techniques, we extend the result to more and more significant figures and
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camrespondingly improve the experimental accuracy of the result.

Working with significant figures

(N Counting signiflcant digits

{al Al digits 1,2,3 4,5,6,7,8,% are significant. However, zeros may or may not be
significant. In case of zeros, the following niles may be adopted:

{b! Azerobetween two significantfigures isitaelf significant.

{c} Zeros to the left mest significant figure are not significant. For example, none of
the zeros in 0.00467 or02.59 are significant.

{d)  Zeros to the right of a significant figure may or may not be significant. In decimal
fraction, zeros to the right of a significent figure are significant For exampls,
all the zeros in 3.570 or 7.4000 are significant. However, in-integers such es
8, DOQ kg, the number of significant 2eros Is detemined by tha preclsion of the
measuring instrurment. If the measuring scale has a _Ieast eount of 1 kg, then
thare ara four gignifigant figures written in scientific notation as 8.000 x 10" kg. If
tha least ceunt of tha scale ie 10 kg, then the numberof significant figures will be
3written in scientific notation as 8.00x 10° kgand soon.

{el  When 2 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 B.70 X 10" kg has three significant figures.

{(Iy  Multiplylng ordividing numbers

Keep a number of significant figures:in the product or quotient not more than that
contained in the least accurate faclor i.e., the factor containing the laast number of
significant figures. For example, the computation of the following using a calculator, gives
5.348 x107° x 3.64 x10¢

1.336 - 1.45768962 % 10 Remember Thumb Ruls
As the faclor 3.64 x 10%, the least acourate in the Bbove prealcwation sfend result:
calculation has three signlficant figures, the answarshould , addition | Subtmction: same
hewritten {o {hree significant figures only. The otherfigures  precision;
ara insignificant and should ba deletad. While delsting the » Multiplication / Division: same
figures, the last significant figure to be retained ig rounded :;cn‘l‘?c:?m%im“ﬂ AL ot
off forwhich the following nules are followed: :

(a) If the first digit dropped is less than 5, tha last digit retained shoukd remain
unchanged.

{b) Ifthe first digit dropped is more than 5, the digit to be retained is increased by one.

{c} Ifthe digitto ba dropped is 5, the previous digit which is to ba retained is increasad
by one if it is odd snd retained as such if it is even. For example, the following

numbers are mounded off to three significant figures as follows. The digits are
deleted ane by one.
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4375 isrounded off as 438 Thumb Ruls for Uncertainty
56,8546 isrounded off as 56.9 Foraverage value of many readings:
73650 isroundedoffas 736  * Mean davation from an average
B4 350 isrounded off as 644 + Pariodic Unzortainty:

Following this rule, tha comect answer of the Divide least count of timing device

computation given in section (ii}is 1.46 x 10", Ry SRR edliakane.

(iii) Inadding orsubtracting numbers - Cisick Otz -
Tha number of decimal placas ratained in the 4 Give the comect numberci significant
answer should be equal to the smallest number of  figures for 0.0054(m} 0.03030 m,
decimal places in any of the quantities being added  40.0m,0.6m, 22D% 10 m.

or subtracted. In this case, the number of significant 2 Give the enswer to the approprate
figures is nat important. It is the position of dacimal  numberof gignificant figures,

that matters. For example, suppose we wish to add  2802kg+36.02kg+ 541 kg="7?

the following quantities expressedin metres. 3.Give e answer to the apprapriste
fa) 74 ) 2. 7R3 number of significant figures.
342 410 e _
4. Givg the answer to the appropriate
0003 1.273 numberaf slgnificant Aguns,
75.623 81273 24510 mx 246 mid 6 mm?
Comactanaswer: 7a.5m 8.13m

In case (a), the number 72.1 has the =mallest decimal places, thus the answer is
rounded off to the same positionwhich is then 75.5 m. In case (b), the number 4.10 has
the smallest nurnber of decimal places and hence, the answeris rounded offtothe sarme
decimal position which is then 8.13 m.

Limlitations of Significant Flgures

Significant figures deal with only one source of uncerteinties that inherentin reading the
scale. Real sxperimental uncertainties have mamny contributions, including personal
errors and sometimes hidden systematic errors. Ons cannotdo better than thatwhat the
scale reading allows, but the total uncertainty may well be mare than what the significant
figure of the measure ments would suggeat.

1.5 PRECISIONANDACCURACY

The terms precision and accuracy are frequently used i Remember Thumb Rule
physics mesasurements. They should be distinguished | o con Logs absolis
cleary. The precision of ameasurement is detemined by the  uncartainty.

instrument or device being used. The smaller the leastcount = Accuracy: Less % age
the more pracisa is the measuremant. Accuracy is defined  uncertainty,

as the closeness of a measurement to the exact or accepted value of a physical quantity.
Itis exprassad by tha fraclional or parcantaga uncertainty. Tha smaller the fractional or
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percentage uncertainty, the more accurate | lhe
measuramsnt.

For example, the length of an cbject is recorded as
255 cm by using a metre rule having smallest division in
millimetre. s precision or absolute uncertainty (least
count)=z0.1¢cm.

g ; _ _Blecm iy
Fractional uncartainty = 255 om 0.004
Percentageuncertainty= 1M 3000, = 0.4%

255 cm ’

Another measuremant taken by Vemisr Galllpars with
leasicount0.01 cmis recorded as 0.45 cm. It has precigion
or absolute uncertainty (least county=+0.01 cm.

0.01 em
0.45 cm

0.01 am =
e x100% = 2%

Fractionaluncertainty = =0.02

Percentage uncertainty =

Thus, tha reading 25.5 em taken by metrs rule is although
less pracise but is mora accurate having less percantage
uncerlainty eremor.

Whareas the reading 0.45 cm taken by Yemier Gallipars is
more precise bul Is less acoursle. |n fact, It s the relative
measurerment which is important. Tha smaller a physical
guantity, the maore precise instrument should be used. Here
the measuremant 0.45 cm demands that 8 more precisa
instrument, such as micrometer screw gauge, with least
count 8.001 em, ahould have been used. Hence, we can
concludethat

A pracise measursment is the one which has less
precision ar, 'éj:ﬁhlute uncertainty and an accurate
measurement' is the one which has less fractional or
pencentage uncerlainty.

We can never make an exact measurement. The best wa |

can dois to come as close as possible with in the limitation
of the measuring instrument.

1.6 ASSESSMENT OF TOTAL
UNCERTAINTY IN THE FINAL RESULT

Knowing the uncerainties in all the factors invelved in a
calculation, the maximum posslble uncertalnty or error In
the final result can ba found as follows:

Chapter] § Measuremants [

. { For yuur information

physlcal quantites, such as langth,
time, and tomporature, Theay all
have somelimit of predsion,

. || Far your information i

Theae are not decaration pieces
of plass but sre the carliest
known exquisite and sensitie

thermameters, hbullt By the
Accademia del Cimerto {1657-
18BTY, In Flarenze. They contpinad
alcohd, some imes colourad red
far easler randing.




1. Foradditlon and Subtraction . S
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Absolute uncertaintes are added. For sxample, the Golour perlng, Gaes RSt Tour

distance babween two positions x. = 15.4 + 0.1 em i AL Al

and x, =256 cm £ 0.1 cm |e reconded as: and black fo produce e enlire

e range of colours. All the colours in
&= X1. WEL02 cm_ this book have besn made from
and addition of twolengths is: just thasa four colours.

¢, =B5+01cmandf,=12.5+0.1 cmrecorded as-

=i+, =21 1£0.2cm

2. Formultiplication and divislon

Percentage uncerainties are added. For example, the maximum possible uncertainty in

the value of resistance R of a conducter determined by the potential difference Vapplied
across tha conductor resulting in cumant flowing through It is estimated as undar:

Let V=34401Y Thumb'Rule for Total Uncartalnty
f =068£D05 A » Foradditionand subtraction:
R = l,.-f Absolute uncertainties are added.
ualng =7 XL » Formultiplication and divigion:

34y % 100% =-3%" Percentsgeuncertainbes are addad,
» For powsrfactor:

Percentage uncartaintyin f= 0.05A . 100% = 7%  Powerfactorx Percantageuncartainty

Percentage un::ertamtyln V=

0.68A
Hencz, total percentage uncertaintyinthevalueofR is 3 +7 = 10%
The value of R will bawritlen as: E'_ T —— "ﬂ
R g::a‘; R Travel ime of light
Henge, R = 5.0 £ 0.5 ohms-uncartainty being an Modn to Easth 1 min 20 5
estimate only, is recorded by one significant figure. Sun fo Earth & min 201 5

3. For Power Factor St RS
The percentage uncersinty is multiplied by the power factor in the formula. For
example, the calculation nfcmss sectional area of a cylinder of radius r=1 .25 em using
formula forArea A = o i given by the %age uncertainty which is A = 2 X %age
uncertainty in radius r. As uncertginty is multiplied by power factor, it increases the
precision demand of measurement. When the radius of a small sphare is maasured as
1.20 emby Vemier Callipars with least count 0.01 om, then

The radius ris recorded as r=125+0.01cm

“%age uncertainty in radius ris r= ?g; x 100% = 0.8%
Total percentage uncertaintyinarea A = 2x0.8=156%

Thus A= art

=3.14{1.25) =4.808 e with 1 8% uncertainty
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b 4
Thus, the result should be recaorded as 4= 4.91 +0.08cm?®
Ewampia 1.7 [ The langth, breadth and thickness of a metal sheetare 2.03 m, 1.22 m

and 0.95 cm respectivaly. Calculate the volume of tha shsat comact up fo the
appropriate significant digits.

soltion||  Given Length {=2.03m
Breacth B=1.22m
Thickness  #=0.85cm=0.95x10"m
Volume V:fxbxh:2.03mx1.22mx0.95x1ﬂ'2m
=235277x10°m"

Asthe factor 0.895 cm has minimum number of signiﬁntﬁgumsgqual totwo, therefore,
valumeis recarded upto 2 significant figures, hence, V=2.4x 10 m

Exampla 3.2 [ The mass of a metal box measured by g lgver balancs is 3.25 kg. Two
slivar colns of masses 10.01 g and 10.02 gmeasurad by abeam balance are added tot.
What is now the total mass ofthe box comect up to the appropriate precision?

Total masswhensilvercoins are addedlobox = 3.25kg+ 0.01001 kg +0.07002 kg
= 3.27003 kg
Sinca least precize mass is 3.25 kg, having two decimal places; hehca, total mass
should be reported to 2 decimal placeswhich is the appropriate precision.
Thus Tetal mass=3.27 kg
Exmmple 7.2 [ The diemeter and'length of a matal cylinder measured with the help of

Vemier Callipers of least count £.01 cm are 1.25 cm and 2.35 om, respectively.
Calculate tha valume Voftha cvlinder and uncertainty In .

Solutton CGiven
Diamster d =1.25crawith leasi count0.01em
Langth #=3.35 cmwhh least count 0.041 cm
Absoluts uncartainty in length =0.01&m
Yhage uncerzinty inlength ={0.01em/3.35cm)=x100% = D3 %

Absolute uncerdainty in diameter =0.01cm

Yeage uncerteinty in diameter ={0.01 cm/ 12.25cm} % 100% =0.8%
As Volume = nrz£’=nde
Tetal uncertainty in V= 2 (%oage uncerzinty in diameter) + (%age unocertainty in length)

=2x08%+03%=19%

Theh V=314 % (1.26 cm)’ x 3.35 cnv4 = 4.1 083842 cm’ with 1.8 % uncartainty
Thus V=(4.11 £ 0.08)cm’"
where 4.11 cm’ is calculaied volumaand 0.08 cm’is the uncartainty init.
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1.7 DIMENSIONS OF PHYSICAL
QUANTITIES

Any physical quantity can be described by certain
familiar properties such as |ength, mass. time,
temperature, electric current, elc. These measurable
properies are called dimensions. Dimensions deal with
the qualitative natura of a ghysigal quantity in torms of
fundamental quantities. The quantities such a3 langth,
depth, height, diameter, light year are all measured in
metre and danotad by tha same dimension, basically
known as length given by symbol L written within square
bracketz [L]. Similarly, the other fundamental quantities,
mass, tme, electric current and temperature are
denoted by specific symbels [M], [T]. [A] and [8],
raspeactively. These five dimansions have baen chosan
as being basic becauze they are easy lo measure.in
experiments.

The dimensions of other quantities indicate how they
are related to the basic quantities and ere combination
of fundamental dimensions. For sxample; spead v is
measured N metres per second sc it has tha
dimensiorns oflength [L] divided bytime [T].

M=ILHITI=LI =0T ]
Asthe acceleration a= Av/! At
Dimensions of acceleration are

[al= MY TT=ILT ¥ [T =[LT]
Also, dimensions of force can be written as

[F1=[m] [a]= [MI LT = MLT™]
By the Usa of dimenslonallty, wa can chack the
homogeneity {comeciness) of a physical equation, and
also, we can derve formula for a physical quantity.
Homogeneity of Physical Equations
The correctness of an eguation can be checked by
showing that the dimensions of guantities on both aides of
the equation ara the sama, This is known as principls of
hamogansity,
Suppose a car sterls from rest (v, = 0) and covers a
distance & in time { moving with an acceleration a. The
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equation af moticn is given by, Do you now? |
12 @ m
S = yt+ at e Anuchion

or 3= % at®
Numaresl Factars like 1/2 have no dimenslons, a0 thay

can ke ignored. By putting the dimensions of both sides
of the aquation:

2
[S]= [d][t"]
Writing the symbols of dimensions [L]= LT *][T?] |
L]=T7TY Escape wheet
or (E]= [4]
This shows that dimensions on both sides of equation
ara the same, therefore, the aguatlon Is dimenslonally
corect.

Derivation of a Formula Pandsum
regulating Jdevice)

Dimensianality can be used to darive a possibls formula
for a phyaical quantity by carrect estimation of various  The device which made the
factors on which the guantity depsnds. pendlim cock prctical,

Erampi= 1.4 Derive a fonmula for the centripatsl force required tc kesp an objact
maving along a circle with uniform speed. Assuming that centripetal force depends an
mass of the objact, radius ofthe ql['ﬂ_lé anduniform speed.

Sablution| | Ag force depends on'mass m of the object, radius rof the circle and uniform
spesd v, we canwrite:

8 he
Famyr
F = (constanm Vs e (i)

where the exponents (powers) a, b and ¢ are to be determined. By the principla of
humogeneitjr; the dimensions on both sides of the equation should be the same. Since,
constanthas no dimension 50 by ignoring it, we write the abova egquation In terms of
dimenskons as,

fF] = [F1V]IF]
MLT?] = M ][WTTIUS @ Beware!
[MLT*) = [MFIILT'1°ILYF Caleulatore are deslgned 1
viald a= many dighs as the
MLTH = [ML™T"] oo (i} memory of the calouletor chip
pemmits, Hence, be sure ta
Cumparing the pOWErS of dimensions on bath sides rouing nﬁ thwa final answars of
ofthe above equatlon, we have @milations down o comect
numker o signifcant figures.

a=1
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L e — L
b =-2
Salving the above aquations, we have a=1, 6=2, ¢=-1
Putting the valuas of a,b and ¢ in equation (i}, wa hava
F={conglantymv'r’
or F={canstant) v e

Tha numarical value of the constant cannot be determinad by dimansional analysis.
However, it can be found by experiments. In the above equation, numenual ‘ralue cithe
constant happensto be “17, sothe equation reduces to:

F=mir . ’,
Limitations in Dimensional Analysis

Tha dimensional melhod cannot identify where an equation s wrong. Even if an
equation is praved comect, we can anly say the equation might be correct, for the reason
that the method dogs not provide a check on any ﬂumﬂﬂ“ﬂdl factor or constant, That can
only be daterminad by experimants or plotting some sultable graph between the
varables.

= 1
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@ Multipie Chivice Questions ]

Tick {+') the correct anawer.
1.1 The purpose of study ar'd discoveries in Physics is:
(a} theprobingofinterstellarspaces
(b} thebettermentof mankind
{c} thadevelopment of destructive technology Inwarfare
{d} developmaentinaesthetica forthe word

1.2 The Iengfh cf a steel pipe is in belween 0.7 m to0.8 m. Identify from the following, the
appropriate instrument to be used for an accuracy of 0,001 m.

(a)  Amicrometer screw gaugs (b} Ametrerule
(¢l Atenmetresmeasuringlape (d} AWVernierCallipers

1.3 Thediameterof a steal ball is measured using a TN
Uﬂrl'llﬁr Ca|||pel"aahd ﬂSrEiadlng |3$hm Irl the |II I|IIII|IIII IIII|I |IIII|IIII|II I|IIII|IIII
figura, What iz the diameter of the 2tesl bal|? 1 2 3 d=m

{a} 1.30cm {p) 1.39cm
{c} 1.40em {d) 1.31cm
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14- The figure shows lhe reading on a micromeler screw

1.5

1.6

1.7

1.8

1.8

gauge used o measure diametsr of a thin rod. One
vomplsta turn of the thimbleis 0.50mm and thers are
50 linas an the circular scale. The diameter of the rod is:

(a} 3.67¥mm {b} 3.17 mm (¢} 4.17mm (dy 420 m
The number of significant figures of a measurament are definad as:

(&) theyreflect the accuracy of the cheervation in a measurement

(b} 1hayarethafigures which are reascnably raliabla

() ihey are the accurately known digits and tha first doubtful dngut ofa
measurement |

(d} alloftheabove -

The number of significantfigures in the measured mass 25040. ﬂRg i

fa} twn {by thres {&) four ., (d) fve

Thesum 12 kg +2.02 kg + 5.1 kgaccording to apprqp,r_igfé‘pred sionis:

{a} 19kg (o) 19.0kg (c] 19.1kg {dy 18.12kg

The answer to appropriate precision for the gLibtysiction {1.126-0.87268)is:

fa} 0.15 {b} 0.153 2\ ey 0.1533 (d) 0.15332

Tha anawer of tha product (2. 3!23)@1 ﬂ} 16 tha appropriate number of significant
figuresis: :

(a} 4.59568 {by 4. 59,5- {c} 4.59 dy 4.8

1.10 The answer to the rnathemaxlcal division {45.2 + 6.0} In appropriale number of

significant figures is:
fa} 7.5 _.m}:-'r.s:a {c} 7.533 (d) 7.5333

1.11 The answer to the ffig]l-:i'iuing mathematical oparation 24 4 mx 100 m/ 5.0 m to the

appropriate number of significant figures is:
(a) 4880M (&) 4900m (c) 4.88x10°m (d) 4.9x10°m

1.12 The rati'of fha dimensions of force and energy is:

(@) T by T @ L (@ L

1.13 Identify which pair from the following does not kave identical dimensions.

{a} Workand torque

(b} Angular momentum and Planck's constant
(¢} Momentoflinertaand momsant offorca

(d} Impulseand momentum

1.14 The fellowing flgures are of the same
Vernier Callipers. Figure (1) shows the

raading when the jaws are closed wh|le
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Fig. {2) shows the reading whan a aclid cylinder is placad batween the aws. Tha
lernath ofthe oylinder is:
fa) 3.26cm ib) 3.30em {cy 3A3dem {d] 4.20cm

1.15 The leastcount of aninstrument delormines:

{a) precisicncf a measurement

(k) accuracycf 2 measuremant

{c) fractional uncertainty of 2 measurement
{d) percentage uncertainty of a measurement

1.18 A measuring tapa has baan gradusted with a minimum scale divisiohof 0.2 om.
The allowed reading using thle tapse may be:

() 805cm (b) BO06em fe) BD.85em (d) 80.7 cm

Short Answer Questions o,

1.1 Whatare base units and derived units? Give same examples of both these units.
1.2 How many significant figures should be retained inthe following?
(i}  Multiplying or dividing several numbers [ii)ﬁdding or subtracting numbers
1.2 Howisthe Vemier scale related to the main scale of a Vemier Callipers?
Whatis meant by L.C. of the Vernier Callipgrs?
1.4 Wrile the following numbers in scientific notation:
a) 1437 {hy 206.4x10°
1.6 Wrile the following numbers using correct prefixes:
(a) s8Ox10g (b)) O46x10°s
1.6 Kinetic enargy of a bady of mass m maving with speed vis given by 1/2 mv’. What
are the dimensions of kineticenergy?
1.7 How many significant figurea are there in the following measurements?
(i}  3Fkm ~ (i) 0.002853m (i} 7.50034em {iv) 2000m
1.8 Wrilathe dimensicns of: (i) Planck's constant {ii} angularvelocity

| Constructed Response Questions )|
1.1 Why do we find it useful to have two units for the amount of a substance, the
kilogram and the mole?

1.2 Three students meaaured the length of a rod with a scale on which minimum
divislonls 1 mmand recordad as: {11 0.4235 m (1) 0.42 m (11138424 m. Which record
is corract and whiy?

1.3 Whyisthe kilograrn (netthe gram), the base unit of mass.
1.4 Considertheequation; P=Q+R
If Gand R both have tha dimenslons of [WMLT), what are the dimenelons of £ ? What
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1.5

1.8

1.7

1.8

1.8

'
are the units of Pin 517 If the dimensions of & wers differant from those of R, sould
wedatarmina dimenslons of P 7

Whatis the least count of a clock if it has:
(a) Hour's hand, minute's hand and second’s hand
(b} Hour'shandand minute’s hand

How can the diameter of a round pencil be measured using metre rule with the
sams accuracy as that of Vemiaer Callipars? Describe.

How would be the readings differ if the screw gauge is used instead of a Vemier
Callipars to maasura tha thickness of aglass plata? o 1 7 Nt a

LU R T
Wrile the correct reading of the length of a solid
cylinder as shown in the figure i thers is an emor
of +0.0Z cm inthe Vemier Callipers. A
There ara 50 divisions on the circular scale of a screw gaige. i the head (thimble)
of the screw is given 14 revolufions, then the spindle advances by § mm. There is
also zern error as tha 2nd division of the circular scala
coincides with the datumn line and zero of circular scale is
below the datum line. What is the thickness of-a glass slab
as measured by the describad scraw gauge shown in tha |
figure?

1.10 What iz meant by a dimansion|ess quantity? Giveone exampla.

1.11 Astudent uses a screw gauge todeterming

the thicknass of a shest of paper. Tha
student folds the paper-three timea and
measures the tolal thickness of the felded
shest. Assume that there is no zero emor in
the screw goauge. The reeding of screw
gauga iz shown in the figure. Find the
thickness ofthe sheat.

1.12 Round off sach of the following numbers to 3 signtficant figures and wrile your

1.1

1.2

answet.in scientific notation.
{a) 0.02055 {b} 4850.5

| Comprehensive Questions |
What is meant by uncertainty in a measurament? How the uncertainty in a digital
instrumentisindicaled?
Differantiate between the terms preclslon and accuracy with reference to
measurement of physical guantitiea.

{a) What iz meant by significart figures? Write bwo reasons for using them in
measursments. Howto find the uncertainty in @ timing experiment such ss the
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1.4

15

1.1

1.2

1.2

1.4

1.5

1.6

1.7
1.8

time perind ofa simple pendulum?

{b) The mass of a solid cylinder is 12.85 g. Its length is 3.35 em and diameter is
1.25 em. Find the density of its material expressing the uncertainty in the
density.

Explzin with examples the writing of physical quantities into their dimensions. Write

its two benefits.

Check the homogeneity of the relation:

s JT_H‘-’
m
whsra vis the spasad of fransverse wave on a siretched string oftension T, length #

and mass m.

Numerical Frablems

Astronomers usually measUre astronomical distances in light years. One light year
is the distance that light fravels in one year If speed afightis 3x 10° m 5", what is
onea llght year In metres? {Ans:9.5x10" m}

Wrile the estimated answer of the following in standard form.
(a) Howmanyseconds aretherein 1 year?
{b) Howmanyyearsarein 1 second?
(Ans:{a}3.2x 10" (1) 3.1x 10° years)
The length and width of & rectangular plats are measured to be 18.3 cm and
14,60 om, respectively. Find the area of the plate and state the answer to correct

rnumber of significant figures, {An=: 2687 cm’)
Findthe sumofthe masses given in kg up to appropriats precision:
(il 3197 (i) 0,088 (il 13.9 (iv)3.28 {Ans: 204 kg)

The diametar and length of 2 metal ¢viinder maasured with the help of a Vemior
Callipers of least count 0.01 crmare 1.22 em and 5,35 em respactively. Calculate its
volume and uncertainty in it. {(Ans: 6.2 1 0.1 em®)
Show that the expression; v — v* = 2a% is dimensienally comrect, where v, is the
initial valocity, @is the acceleration and v,is the velocity after covering a distance 8.
Show that the famous “Einstein equation” E = md’ is dimensionally consistent.
Derive a formula Tor the time period of a simple pendulum using dimensignal
analysis. The vanous passiblafactors onwhich thetime period Tmay dapend ars:
() lengthofthe pendulum ¢

{ij massofthebobm

{iii} angledwhichthethread makes with the vertical e

{v) acceleration due to gravity g. {Ans; T=constant 1!—t )
g

f
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Afer studying this chapter, the students will be able to:

Differentiale between scalar and vedor quantifies A
Represent avector in 2-0 88 wo perpendicular componants. T
Dagceibathe product of twa wactars (dol and cross-product) along with thnlrpmpaﬂhﬂ-’

Darive the aquations-of motion [For unitorrn acceleration cases only. Daqu ﬂ'ulmtadaﬂnluuns of
velncly and accolarafion as well as graphizally]

Solve problame Uelng the equatione of mation [For the casae of unl aoealarataﬂ metion na
straight line, ingluding the metien of bedies faling in a unrl‘onn tional fiald wilhout i
resistance. This also Ingludes suations wheng the equaﬂonaof m¢t+nn need 1o be rogolvad Intg
wertical and horzomtal components for 2<Dmoton]

Evalugte and analyse projectie metlor In the absence of; Irqglshnoa

[This Incdudes eotving prablama making uss of the bal

[} Horzontel componentld Jofvelocity ia nmstanf :

i} Accalaration isinthe vertical dirsclion and p‘h‘]é‘aama ag that of a varlicsl|y fras fal ling objact.
(M) The hewlzontal moton angd varfical mptbrr"ﬂné Indepandent of each other. Sluations may
e uire 2udents bo determine furprnjec’ules v

- Heew high dees b ga?
- How farwould i go skong he lews| [@nnd‘?

- Wherewould tbe after s glventdme?

- Hewlang willitremaininfight?.

Situations may alscmquim_g?mﬂm‘hstn caleulatafor a projactile launched fromgraund haight the

- [launchargla thatresuhs [ tha masdmum range.

= elation hehusenﬂ'ig:-l,iilmnh angles that result inthe same range ]

Fradict gualitatively Fﬁi\*br rasistance affactz projechile motion. [This Indudes anslysis of both the
horizontal Du!n}:u;neri[ and vertical component of velocity and hence predicting gualitatively the
range of the p@gﬁlle]

Apply tha Er'lrfdpls of consarvation of momsnium o solve smpla problEms [Including slastic and
|nE:|as_5_I:nTM=mdl:|ns betweenobjectsin both one and twodimensions.

Knmnla‘dgaofmamnmpt of coafilclant of restitubon |2 not requirad.

Examples of epplications include:

- kamts chope b breska plleof bricks

- carcmashea

= ball Ehat

- the moblon under thrisst of a focket In-a stralghl line conslderng short thrusts during which the
mass remeing constant]

Pradlct and analysa motlon for slasts colisions [This Includes making uss of the fact that for an
alagtic colision, total kinelic anargy is conzarved and the relalive spaed of approach is equal to the
relafive speed ofseparation]

Justify how the momentum of 2 clossd system & always consaned, somes changa n Kinellc ansmgy
may taka placae,
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BASIC CONCEPT OF SCALARS AND VECTORS

Scalars and vactars are hasic concepta in physics. Many problems in physics requirato
distinguish between scalar and vector quantities to apply the comect mathematical and
conceptual approaches. Understarding scalars and vestors help us 1o grasp how
Physics apglies to real-word situstions, such as calculating the total distance ravelled
{scalar) or determining the magnitude ang direction of force (vector). Leaming these
concepts develops ciitical think/ng and problem-solving skllls. This chapter Is primarlly
cancemed with vector algebra and its application in uniform accelerated metion, in a
straight line, motion of frealy falling bodies in unifarm gravitational fiald, projectile
muotion, and interaction batwsan cbjscts in one and two dimansions.

21 SCALARS

Scalars are physical quantities that are described solely by a-magnitude (size or
amount) without any mantion of direction. Thus, scalars are directionless and can be
fully charasterdzed byasingle numberand Its asscclatad unit.

Examples:
Mags: The amount of matter In an abjest: Forexample, 2 kg.

Distance: The total length of the pathtravelled by an cbject Imespectiva of the
direction. For example, 50m.

Spoad: The rate at which an object covere distanse. Foraxample, 40 km b,
Time: Tha duration betwaan bwo svants Laking place. Foraxample, 20s.
Ensrgy: The capacity to dowork. Forexample, 25.).

Temperature: Amaasure of tha average kinslic enargy of particles in 2 substance. For
axample, 20°C.

2.2 VECTORS

Those physical guaniities which require magnitude as well as direction for their
camplete specification are known as veclors.
Examplas:

Displacamant: The change in position of an object. It has length, a distance
{magnitude)and adirection{e.g. 10 m towards west}.

Valocity: The spaed of an object in a particular direction (9.9., 50 km h” towards
west),

Acceleration: The rate of change of velacity that occurs in either speed or direction or
both {8.g.. 10 ma®upward).

Force: A push or pull acting on an object, determined by its magnitude and
direction {e.g; 20 N to the right}
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Graphlcal Representation of a Vector

A good way to represent a vector quantity is to use a vector diagram, in which vectors
ara often raprosented by arrows. Tha length of the arrows Indicates the magnituds and
the haad of the armow shows the direction of the vector. Vectors ara typically denoted by
bold face letters {e.g; W, F) or anamow abowve symbol (K}_

Rectangular Components of a Vector

A component of a vector i its effective valus 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 resoiva a vector into its components along the mutually
perpendiculardirections. Such componenis are called rectangular components,

Let there be a vecior A representad by a line OP making
an angle 8 with the x-axis. Draw projection OM of vectar A HESs——==——
on x-eis and projection OM of vestard on y-axis as shown
in Fig.2.1. Projection OM being along x-direction s 4
represented by A, and projection ON along y-direction is
representad by A, By applying haad tatail rule: -

ARB D, i 12(1) Fig. 2.1

Thus, A, and A, are the comoponants of vector A. Since these ara at righl angles fo each
cthar, they ara called rectangular components of A. Cansidering the right angled
riangle OMP, the magnitude of A, orx-component of Ais:

w
g SR

x

A=AC080 .. i e 2.2
And the magnitude of A, or y-component of A is:
AFASINBL i ieeins e (2.3)

Determination.of aVector from its Rectangular Components

If the ractangular cemponents of a vector as shown In Flg.¢2.1) are ghven, we can find
out the magnitude of the vector by using Pythagorean Thecram.

Intherightangle ACMP
{OPY =(OM)" + (MFY’
or & AR e (2.4}
or A= JAZ+ A
The direction 8 is given by tang = %:%
or 6= tan'( A”} ................. {2.5)
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4 Emampie 2.1 Find the angle between two forces of equal magnitude when the
magnitude of their resuliant is alsoequal to the magnitude of either of these forces.

sowtion| Lt 8 be the angle betwean two forcas £, and £,, whers F, is along the
X-axis. Then x-companentof their resultant will ke:

R,=F cos0° +F,cos B
R=F+tFcos¢

And y-component of thelr resultant is i %
R,=F sin0°+F,3an0
R,=Fsing K 7~
TheresultantR isgivenby R*= R, +R!
&S R=F=F=F
Hence F? = (F+Foosef +(Fsing)

F* = F* +F cos’0 + 2F 808 0 + FP&in'e

ar 0 = 2F'cosh+£° jcos*0+ sin'f)

or 0 = 2F cosB+F 0 =F (20088 + 1)
Az F=04, s0 Zoosg+1=0

or cos@ =-05

or 8 = cos'(-0.5) = 120°

2.3 PRODUCT OF TWOVECTORS

Thars arg two types of vector multiplications. The product of these two types arg known
as scalar product and veciorproduct.

ifthe product of two vactors resulte In a scalar quantity, itle
called scalar product while if the product of two vectors
resulls in a vactor quantity, it is called vacior product.

Scalarer Dot Product

The scalar product of bwo veciors A and B is written as A.B and is defined as:
AB=ABcosl................. (2.8} "

where A and B are the magnitudes of vectors A and Band 9is

the angle between them.

|

|
For physical intepratation of dot product of two vectors A and |
B, these are first brought to a commen origin (Fig.2.2-a) then, ] ;
AB =A{projection of Bon A) k = -
ar Fig. 22 {m)
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A, B=A{magnituds of componentof B in the-direction of A ), Fig.2.2(b) A
=A{Boosf) -ABcosd

Similarky B.A= BlAcosB)=EAcos B

This type of product whan we consider the work done by

aforee Fwhose pointofapplieation moves adistance din

a direction making an angle & with the line of action of F, Fig. 22 (b}
as shown in Fig.2.3.

Work done = (Effective component of force in the
direction af motion) x Distance moved

={Fcos0)d =Fdcosi
Using vector notation:
F.d = Fdcosd=Workdone
Characteristics of Scalar Product

1. Since A.B=ABcosfand B.A = BAcoz t=ABcoab, hence, A.E = B.A. The order of
multiplication Ig Irrelevant. In oltharwords, Ecalar product Is commutative.

2. Theacalar product of two mutually parpendicular vectors (6 =90") is zero.
AB=ABcos00"=(

3. Tha scalar produci of twe parallal vectars is aqual to the product of thairmagnitudes.
Thus, for parallal vectors (6= 0°)..

AB=ABcos("=AB
For antiparallel vactors (8. =180° )
AB=ABcog180°=-A8
4. Theself product of avector Ais equal to square of its magnitude.
AA=AAoa("=A’
5. Scalarproductoftwo vectars A and Binterms of their rectangular componanis

AB=ABAABAAE, ..o (27)

Equation {2.6) can ba used to find the angle batween two vectors. Sincs,
AB=ABcosd=A B +A B +AB,

AB, +AB, +4,5,

& oo (2.8)

Therefore cOs0=
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Vector or Cross Product
The vector product of two vectors A and B, is a vector which is defined as:

AXB=ABSINAA woovvieeeiieine (2.9}

where fi is a unit vector perpendicular to the plane
containing & and B as shown in Fig. 2.4 {a}. It= direction
c:an be determined by right hand rule. For that purpose,
plage together the tail of vectors A and B to define the
plane of vectors A& and B. The direcion of the product
vactor is parpendicular to this plane. Rotate the First
vactor A into B through the smaller of the two possible
angles and cud the fingers of the right hand in the Fig 2.4(=)
direction of rotation, keeping the thumb emact. The direction of the product vector will be
along the erect thumb, as shown in the Fig 2.4 {b). Because ofthis directionrule, BxA is
avactoroppositen elgnto Ax B {Flg. 2.4-c). Hence,

AxBE=-BxA

Flg. 2.4{6) Fig. 24{g) Fig. 2.4{d)
Characteristics of Cross Product
1. Sincg'Ax B isnotthe same as B x A, the cross product is non commutative. so,
AxB = BxA
2. Thacross productof twe parpendicular vectors (6 = 80°) has maximum magnitude.
AxB=AB ging0*n =ABN

3. Thecross product of two parallel oranti-parallel vectors is 2 null vector, because for
such vactors 8= 0"er 180°. Hencsa,

AxXB=ABsinD’f =0 or AxB=ABsin180°A =0
As a consequence AXA=0 (0 = 0%
4. Themagnitude of Ax B is equal to the area of tha parallelogram formed with A and B
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as two adjacent sides (Fig.2.4-d},
Examples of Vactor Product
|,  Whena force F is applied on a rigid body at & point whose position vectar is r from
any peint on tha axis about which the body rotates, then the tuming affect of the
force called the torque < is given by the vecter product ofrand F.
t=rxF
Il.  Thefarce F ona particla of charge g and velocity v in a magnatic fisld of strangth B s
given by vector productof vand B.
F=g{vxB)

24 EQUATIONS OF MOTIONS

Equations of mation can he used to dascribe the motion of an ohjectin tarmz of its thrae
kinematic variables: velocity v, pogilion 5 and time t. There ars three ways 1o pair theze
variables up: velocity-time, pesition-time and velocity-positien. In this order, they are
called first eguation of motion, second aguation of motion and third equation of motion,
respeclively.

These equations of molion can pnly be applied lothose objects, which are moving in a
straight linawith constantaccaleration,

Derivation of First EquationofMotion

Suppoes a bedy |l moving with untform acceleraton along a stralght line with an Inktlal
velocity v . Suppose its velocily Changes from initial value v, (o a final value v, in time
interval £ Then the acceleration producedin the body during this timeinterval is given as:

E_m_w
: ' T
Rearranging, we can write
v-v, = af
visvtal..... {2.11)

This is the first equation of mation. [t comelates the final velocity attained by a body with
initial velacity and the tme interval §, when moving with constantaceeleration a.
Derivation of First Equation of Motion By Graphical Method

First equation of motion can be derived using velocity-time graph for an object moving
with Inltal velecity v final velacity v.and constant acceleration a.

Let the velocity of a body at pointAbs v,which changes to v, 1 point B in tima interval tas
shown in Fig.2 5. A perpendicular BD is drawn from point B to x-axis and another
perpendicular BE from B on y-axis, such that
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QA= v = Initial velogity of the body
0OE = DB = ¥ =Final velocity of the hody

Fremthe gragh, itcan observed thet;

P unianry — 3 M

DE=DC+CB
DE=0A+CB (As OA = DC)
a2 e —» D
Therefore v, = CB+w .. {£.12) Flg. 2.5: Velozity-Time Graph

Tha valus of CB in the abova equation can he detaerminad by teking tha slopa of line AB,
whichis aqual to acceleration a.

CB
a= —
A
Pt AC=
50 &g= E
t
or B mmh - (2.13)

CombiningEqgs. {2.12)and (2.13), wa hava
v.i= vi+al

This s the first equation of motion.
Derivation of Second Equation of Motion

Supposs a body is moving with uniform acceleration & along a straight line with an initial
velocity v, which become v, after ime interval 1. Letitcovera a distance 5 ina particular
direction during time §.then using the definition of velocity as rate of change of
displacament, wa canwrite

Velocity =Displacement/ Time
or Displacemant =Valoclty x Tima
Iivelocity ofthe body is nol constant, we cen use everege velocity insteed of velocity.
Thus Displacement = Average velocity x Time
BiSnlsES L= {Initial '..rf.=.lm:rl3.r2 +{Final velocity) % Time
5= w xt
Using first aquation of motion, S = W++”’” x t
S = M x t

2




)
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28=2vitt+a’
S=vut +1E e {244)

Thigls the sacond equation of matlon.

Derivation of Second Equation of Motion by Graphical Method

Becond aquation of molion can ba derived using valocity-time
graph for a bedy moving with Initial velocity v. which attalnz a i
final value v, in time interval {. While moving with constant
accelsration a, it covers a displacement Sintimat. i

It can be seen from the graph that distance travelled by the &
bodyis, S=vxt o

Tima —3» [#]
Also S=Aras oftha figura OABD Fig, 2:8: Velocity-Time Graph

5 = {Area of the rectangle CACD) + (Area.cf the triangle ABC)
S = (oA x OD)+ % (AC % BC)

As QA= vand OD=AC = So, the above equation becomeas:
5= u',xt+%(f x BE)

Here BC = at {From graphical represantation-of first aquation of motlen). By putting this
valuein the above equation, we have

S= vi+ %[fxaf}
s AN
S=vi+_af
! 2 3

Thizis the sacontd aquaﬁnn of mation.
Derivation of third equation of motion

Consider a body meving along a streight line with an initial velocity v, which attains a final
valua v, in fimet. Lat tha displacemant of the body be S during this time intarval. Than,
we can write:

Bisilsioament = l Initial velomly;— Final velo::llyj “Time
8 = @x!
28 = A )xt (2.15)
Lsing the first equelion of motion:
v.=wtal
ar e Sl 1
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Putting the value of ¢in Eq. (2.15)
28 =(v, +%)(
238 — v _ v
This is the third equation of motion.

Derivation of third Equation of Motlon by Graphlcal method

In the speed-time graph shown in the figurs, the total distance & travellsd by a body is
given by the area OABD under the graph, such that

Y-
a

)

8= % (Bum of parallel sidas) x Height

5= %{om BD) %00

Since DA=v, BD=v and DD=t
Tha above equslion becomes; 1E\
5= %{V,fl‘}}x[‘ g
Fromfirst equation of motion, ¥
v v T —2 n]
Rl ; ' Flg. 2.7: Vielozin-Tirme Graph

Putting ¢ in ahove equation
s =1+ v

or 5 :-%{ur + l,.;) (‘{' ; l.f‘.}

This iz the third equation of motion.

Tha aquations of motion are useful in solving the problams relating ta linsar motion with
uniform aceeleration, when an cbject moves along & straight line. If its dirsction of
motion does not change, then all the vector quantities can be manipulated like scalars.
In such cases, initial valocity is taken as positive. A negative sign is assigned to
quantiies where direction is opposite to that of inilial velocity, In the absence of air
resistance, all objects in free fall at the surface of the Earth, move towards the Earth
with & uniform accelsration. This aceslerstion is known as accaleration due to gravity,
dencted by g and its average valug st the Earth surface is taken as 9.8 m 57 in the
dewrward direction. The equation for uniformly sccelersted molion can also be applied
to free fall motion of the object by replacingaby g.
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Emample 2.2 || Acar travelling at 10 m 8" aceslarates uniformally at 2 m s°. Gakulate
itz welocity afterbs.
Solution v=10ms’
a=2ms"
t=53
V=7
Lging first equation of metion, wea can write
V.= v, taf
v=10ms"+2ms®x5s
v,=10ms" + 10 me’
v=20msg’
| Emample 2.3 1] A car travels with initial velocity of 15 m-s'. It aceslerates at a rate of
2 ms”for4 secends. Find the displacement of the car,
Sodurtian
v=15mg"
a=2ms”
t=4s
Displacement S=7
By using 2nd equation of motign

5=yt +%at2
Putting the values

S=(15ms'xd8)+ %(2 me?) {4 sf’

S=76m
Exumple 2.8 | In & short distence race, g contestant in a car starts from rest and
reaches the velocity of 300 km ', after covering a distance of .45 km at a constant
accelsration. Find this constant acceleration.

Sotution Initial velogity = v,=1
Final velogity = v;= 300 km b

300=1000 P
60 <60

V. =
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=8333ms’

Distance covered = S=045 kn=045x 1000 m=450m
Lising third equation of motion, we have

vE -y =2a5

(BA33mE'Y — (0 =2xa=450 m

- 594388 ' s?
ga0 m
a=772 ms?

2.5 MOTION UNDER GRAVITY

A body falling freely under the actlon of gravity Is tha moet famlllar example of uniformly
accelerated rectilinear motion. According to Gallic;, &/l bodies fall fresly {in vacuum)
undarthe acosleration due to gravity, denoted by 77" Hs experdmental valugis 9 8 ms™in
Sl units. This means that different bodles, when allowed to fall from tha same helght,
strike the ground with the same velocity. As regards the sign of g, il is faken positive fora
falllng bady fwhen Inldal valoclty Is 2er0) and nagativa for a body projactad vertleally
upward {whan initial velocity iz not zern).

The equations of motion for a freely Talling body, on putting a = g, become

¥, =V, + gl

1 .
B=h=vi+—qgt
. 29
v = = 2gh

[ Exampiz 2.5 N An iron ball of mass 1 kg is dropped from & tower. The ball reaches the
ground 334 s. Find: {a) the velocity of the ball on striking the ground, (b} the height of
the tower,

il sotution Since the ball is falling under the action of gravity, we shall putt 2 =g in
aquations of motian.

Mass of the ball m="1kg
Time taken te reach ground £= 3.34 s
Initial valodty v.=10
Final velocity =7

Accelration a=g=98ms’
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fa) Using firat equation of motion;
v,=vtgt
=0+ (9.8ms")(3.24 5)
v,=327mg’
b}  Using third equation of motion:
vi—w  =2gh
{(32.7/ms'¥—{0F=2x9.8ms'x A

5 - 1069.29 ' 8”
196 ms”

h = 5456 m

26 PROJECTILEMOTION

thopter ¥ Force and Mokion =

Uptill now we hiave baen studying the motion of a particlealong a straight lins i.a., maticn
in one dimension. Now we consider the motion of & ball, when il is thrown horizontally
from certain height. It is observed that the ball fravels forward as well as falls downward,
until it strikes somathing such as ground. Supposa that the ball leaves tha hand of the
thrower at point A{Fig 2.8-a) and that its velocity atthat instant is completely

herizontel. Lel this velocity be v, According to Newton's
first law of motion, there will be ng acceleration in
heorizontal direction, unless a herizontally directed force
acts on the ball. [gnoring the air friction, only foroe
acting on the ball during flight is the forca of gravity.
There is no horizontal force acting on it. So, its
horizontal velocity willramain unchanged and will ba ¥,
until the ball hits-the ground. The horizontal metion of
ball is simple. The ball moves with canstant horizontal
velocity component. Hence, horizontal distance X ia
given by

S P A e {2.17)

The vertical motion of the ball is also not complicated. It
will acoelerate dowrmwand under the force of gravity and
hence a = g. This vertical motion is the same asfora
freely failing body. Since initial vertical velocity is zerg,
hanca, vertical distanca ¥, using Eq. 2.14 Is given by

1
— i fz
¥ 29

Flg. 2.8{a)

B

Fig. 2.8(b)
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It is not nacassary that an objeat should be thrown with some initial velocity in the
hertzontal diraction. Afootball Kicked off by a player; a ball thrown by a cricketer and a
missile fired from a launching pad, all projected at some angles with the horizontal, are
callad projactiles.

Projectila motiaon iz two dimensional motion
underconstant acceleration due to gravity,

In such cases, the motion of a projectile can be studied easily by resolving it into
horizontal and vertical componants which ere independent of each ather. Suppose that
a projectlle |s fired In a direction angle 8 with the herlzontal by valochty v, as shown In
Fig.2 8(h). Lel components of velocity v, elong the harizontal and vertical directions be
v,cosfl and v sinf, respectively. The herizontal acceleration is a, = 0 because we have
heglected alr reslstance and no other foree I acting along this dirsetion, whereas the
vertical acceleration is a, = g. Hence, the horizontal compongntv, remains censtantand
atanytime 1, wa have

V=V = VO8O (2.18) gev

Now we consider tha vartical mation. The initial vertical
component of the velocity is vsind in the upward
direction.

The vertical component v, at any instant { can bs
determined by considering the upward motion of
projedile as free fall molion  (8,.= —g). Using 1st
equation of motion:

vp=wsing—gt o {219

The magnitude of velocity at anyinstant is:

VE R (2.20)
A photograph of two bele releassd

The angle+gwhich this resultant velocity mekes withthe  simuimneousty from a mechanizm that
alkws one bal 1o drp reoly while Ihe

horizontal can be found from A e et R Al AL dry
W tima the two belle are &l Iha Eame level,
BED==2 o 221 i, Iheir vartical depiacements are

L™ =l

In projectile motion one may wish 1o determine the height to which the projectile rises,
the time of flight and horizontal range. These aredescribed below.

Height ofthe Projectile

In ordear to detarmine tha maximum helght the projectile attains, wa uss the equatlon of
mition:
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2a8=vi-vf

As body moves upward, a = - g, the [nitlal vertical velocty v, = v elnB=vas v, = 0=y,
because the body comes Lo rest afterreaching the highest point. Since

S = haight =h
-2gh=0-v'sin%
v’ sin'g
i 222
or g (2.22)

The height of projectile will be reduced in presence of air resistance. In the presence of
airresistance, the upward velocity of the projectile will decrease and heneeits height will
alsodecreasaduring tims .

Time of Flight

Tha time taken by body to covar the distances from tha place of its prajaction 10 the place
whera it hits the ground is called the time of flight,

This can be obtained by taking S = b = {), because body goes up and comes back to the
sama laval, thus covaring ne vertical distancs. If the bady Is projecting with velocity v,
making angle & with the horizontal, then its vartical componeant will be v sing. Hence, the
equation of motion is:

5= vt+ %g!‘E
0 = vsingt-Lg¢*
2using
DB i e 2.23
G (2.23}

where {5 the time offlight of the projectile when it is prejected from the ground.
Range of the projectile

Meximum distance which a projeciile covers in the horizontal direction is called the
range of tha projectlle.

To detemmine the range R of the projectile, we muliiply the
horizontal component of the velacity of projection with
total ime taken by tha body te hitthe ground after |saving
the point of projection. Thus,

R=V}x X-t Range

H For an angle lesg than 46% the

¥ @089 x2wsing halght raschad by the projscls and

a thamange both wiil ba less. Whentha

w.E angle of prejpctile io lamar than 45",

or R=1_2zinfcosd tha hetght attalned wal be mare
g tharange s againless.

or A=
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As2sinfcosd =sin 20, thus, the mange of the projectile depends upon the velocity of
projection and the angle of projactian.

2
Tharafora k= —';ir— sin28 (2.24)

Formaximum range A, the factor sin 20=1, so

26=gin" {1} or 20=90° or @#=45°
Air resistance will slow down projectile forward metion, reducing its velocity v, The
reduction in v.will reaultin a decrease in the range of projectile.

Furtharmore, air resistance is nol constart throughout the flight of tha object. As the
objact slows down, the air rasistance experionced by it also decreases, This means that
the cbiect retards more slowly and accelerates more slowly as it falls down. This results
In a trajectary that ls not parfactly parabollc but Is skawod, with steeper dascant than
ascant.
Example 2.6 [ Aball I thrown with a speed of 30.m & in a direction 30° abova the
horizon. Determing the height towhich itrises, the time of flight and the horizontalrange.
Solution Inigally
v.=vcosd=30ms' xcosdrr=2598ms’
v, =y5in8 =30 ms’ x5in30" =15ms’
Asthetime offlight, is

t = ising 8 roryour information Jb
, |deal Falh
Zx30ms’ e
= Gemsz 0¥ / N
2 '15 5 //:' N \
= m
SI:I = m =3.1%
vsinta I the presance of air fricdon the
Height T sin frajectory of a hign speed projectlls
29’ falls shart of & parabolic path.
S6 o a0 m 5" (0 57
188 ms*
h= 115m
H i
Range R= Y sn2a = ";l sing0d?
e p= (30ms') x 0.868

g98msat
= 78.583m
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27 MOMENTUM

We are aware of the fact that moving cbject possesses a quality by virtue of which it
exeris & force on anything that tries to stop it. The faster the cbject is travelling, the
harder It |2 to stop It. Simllany, i two objects move with the same veloclty, then it Is more
difficult to stop the massive of the two. Newton refermed to this property as “momentum”,
a vectar quantity definad aes tha praduct of an object's mass and velocity. This term is
now called [Inear momentum p of the bodyand Is defined by tha relation:

PEMY i {2.25)

In this axpression, v is the velacity of the mass . Linear momentumn g, therafore, a
vector quantity and has the direction of velocity. The Sl unit of momentum iz kilogram
metre persecond (kg ms'). ltcan also be expressed as newton second (N s).
Momentum and Newton's Second Law of Motion

Consider a body of maas m moving with an initial velocity v,. Suppose anaxtemal force F
acts upon It for time ¢ aftar which veloclty becomes v,. The acceleration a produced by

this force is given by e Yo Poink to pendg
¢

By Newlon's second law, the acceleration isgiverias:

a= b

m v

Equsting the two expressions of aceelerstion, we heve o

F_ %-Y |

AR &
ar Fart=mv,—mvw ..... [2.26)

(k)

where mmv, is the [nitial momentum and mwv, is the final

Which  hurt In the abouws
momentum ofthis body. siu.l:tiunnu[u}um: sgu think :hy’?

The equation. {2.26) shows that change in momentum is,
equal to the preduct of force and the timea for which fores is!
applied. Thisform ofthe second law is more general than the fn’f“ufs:?m‘”ﬂ alfject experienoe
form F =ma, because it can easily be exdended to account for g
changes as the body accelarates when its mass also lﬁ. To yous Aot ,El
changes. For example, as a rockel accelerabes, it loses mass
b st Funl s bt and gigctad t id ter th tYourhaIramlIl:eammple
erduse |l uel S oUMmMIand gje 0 QIOvide gredier inrust, ZoMS O YoL ekull. A force of
From Eq_ {2_25) 5 Nmight baenough to fractura
F= Y — yaurnaked akull (eranium?, but
f with a coverng of =kin and halr,
Thus, sacond law of motion can also be stated In terme of @ force of 50N would ba
momenturn as: rade,

Falnt to panderf 5|
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Tima rate of changs of momantum of 8 body (3 equal o the applied forca.

impulse

Somelimes we wish to apply the concept of momentum tg cases whera the applisd forse
i# not constant, it acts for very short time. For example, when a bat hits a cricket ball, the
force certainly varies from instant to instant during the collision. In such cases, il is more
convenlent to daal with the product of foree and ime (F i #) Instead of slther quantity
alone. The product of average force F that acts during time tis called impulse given by

Impulse= Fxt=mv, - MV ..o {2.27)

Example 2.7 | A1500 kg carhas its velocity reduced rom20m s ta15m s’ in3.0s.
Howlarga was the avarage retarding forca?

Solution Usingthe Eq. (2.27)

Fxi = mv,—
Fx3Ds= 1500kgx15ms’' —1500kgx20 mg’
or F =_Z500kg ms®

=—2600N= —2.5 kN
The negative sign indicates that the forca is retarding one.

Law of Conservation of Momentum

Let us consider an isolated system. It'is a system —»
cnwhich no external agency exerts any force. For Q @
example, the molecules of a gas enclesed in a

glass vasssl at constant temperatura constitute an
isclated system. The molecules can collide with
one angther because-of their random mation, but
being encloaad by glass vessel, no extarnal

agency can exert 8 foree on them. m

Conskler an isclated system of twe smooih hard F— —p
interacting balls of masses m, and m,, moving

along the same straight |ine, in the same direction,

with velocities v, and v, respectively. Both the balls

collide and after collision, ball of mass m, moves i
with velocity i vand m, moves with velocity v In —»

the sama diraction as shown In Flg. {2.9). |Q (:}
To find the change inmomentum of mass m,, = '

UsingEq. (2.27}as; Flg. 23
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F xi=mV - my, m Da you know? m

Similarly, for the ball of mass m,, wa have

Fx1=my, - my,
Adding these two expressions, wa hava

(F+F )t = (mv,— my)+ (mv— v
Since the action force F is equal and opposite to the
reactlon forca FY,wa have F'=—F, or F+F'=0s&satha
left hand side of the equation is zero. Hence, Yehen & moving cdr.stops quickly,

- the passengers maove forward
0= (mpi—my, )+ (Mve- o) fowandls th bbbl Seatballs

In ctherwords, change in momentum of 15t ball +change Shenge the.forees of motion end

) z revant tl‘lﬂ azeangars from
in momentum of the 2™ ball is zero. ﬁmmg Thus, fha c:hanstlna ofinjury

or (mwtm)={myitmv) {228} & gresilyreduced.

Which means that total initial momentum of the system before collision is equal 1o the
total final momentumn of the systermn after collision. Censeguently, the total change in
momenturm of tha isolatsd two ball systam is zerc.

For such e group of objects, if one object within.the group experiences g foroe, there
must exist an equal but cpposite reactionforce on cther 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 axprassed intha form of law of conservation of momentum, which states that

The total linear momentum of an isolated system remains constant.

Inapplying the conservation law, wa must notica that the momentum of & body is a vector
quantity.

| Example 2.8 || Twoapherical balls of 2.0 kg and 3.0 kg ﬂ 5o younnowr B

masses dre mwmgtuwards each cther with yelocities of
80 m s and 4 m 5", respectively. What must be the
velocity of the smaller t:all fter callisian, if the velocity of
thebiggerballis3.0ms 7

|\ Solutian|| Asboththe balls are moving towards ane
ancther, so their velceities are of opposite sign. Lat us
supposse that the direcion of motion of 2 kg ball Is
positive and that of the 3 kg I negative.

The momentum of the system before collision is:

my,+my; = 2kgxBms'+3kgx{—4ms') ‘:addlmhadl s “g’;ﬁ’;ﬁ?ﬁﬁ:

- 12kgms"—12 kg me'=0 'Iim:leuﬂ_ar!:.rmllisinntaprevent
SECOUS INjury.
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Momentum of the system after collision = my, +m,¥
=2kgxv,+3 kgx(-3) ms’
From the law of conservation of momentum

Momentum of the system} o [Mumentum of the system}
before collision = | after collision

0 Zkgxv — Skgms '
¥ = 45mg'

2.8 ELASTICAND INELASTIC COLLISIONS

When a tennis ball is dropped an the floer vertically, | may not rebound teits initial height.
It is because, a porion of K.E, Is lost, partly due to fricion as the moleculas in the ball
mova past one ancther when the ball distorts and partly due taite'change into heat and
sound energies. Similar is the case when two tennis balls collide with certain velacities,
theirfinal kinefic ehargy may ba leas than the total initial kinetic ahargy.

A collision in which the K.E. pfthe system is nat
conzenved, is called inelastic colligicn.

Undar cettain special conditions, no kinatic.anergy is lost in the collision er impact on
hitting the floor. Such type of collision is said to be elastic collision.

For example, when a hard ball iz dropped onto a martle floor, it rebounds to very neardy
the inilial height. It loses negligible amount of enargy in the collision with the ficor. lis o
be noted that momentum and total energy are consarvad in all types of collisions.
However, the K.E. iz conserved enlyifit is an elastic collizion.

Elastic Collisions in One Dimsnsion

Consider two smooth; hen-rotating balls of masses m, and S
m, maving initially with velocities v, and v, respedtively, in O Q
the sama diraction. They collide and aftar colllslan, they :

move alongthe same straight line without rotation. Let their ™ T
velosiies after the collision be v, and v/, respectively, as  Befors collsion
shown in Fig.(2.10).

We take the positive direction of the velocity and momeantum —» 5,
to the right. By applying the law of consarvalion of Q Q
momenturm we have ot
m. m,
PG + AL ) = (M + LV Aftar colllzlon
M=) = (W= V) e (2.29) Fig. 2.10

As the collision is elastic, 80 the K.E. is conserved. From the conservation of KE.,
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1 1 i 1 2 i a

wohave Emﬂqz +§mz""z = E”’W—n * Emzvi
or myv—vi) = m,f - v7)
or My, v (v - b= e el -w) (2.30)
Dvividing Eq. (2.28) by (2.30)
(v vy 1=+ {2.31)
or (v = %) = - %)= -{¥y -V}

We note that, before collision (v, — v} is the velocity of first ball relative to the second ball.
Similarly {v',— .} is tha velocity of tha first ball relative to tha second ball after collision. It
means that relative velocities kefere and after the collision hes the same magnitude but
are revarsed after the colision. In other words, the magnitude of relative velocity of
appraachis equal to the magnitude of relative velacity of separalion.

In equaticns {2.29} and (2.30) m,. m.. v, and v, are known quentities. We solve these
aequations to find the values of v, and w; which are unknown. The results are

case ()
L Tt (L VRN =Ty LT . [(2.32) v, ¥.
m, + m, m,+ m, ; —_—r =
Zm oy o=y O G
v,‘,' = — ,:'_r} v+ mz-l- 1‘.'! ............ {2.23) m, iy
1 2 , T M, Bofors collision

vy,

=Y
There are some cases of special interest, which are discussed below: g g
(i) When m,=m, Q

Fram Eg. {2.32) and (2.33), wefind that i m

After collision

R Flg- 2.11
vi= '

and v, =¥ fas shown in Fig. 2.11) o

v, =0

.
(I When m,=m,andv,=0 O’
m’|

In this case, the mass m, be at rest, and v, =0, then o,
Egs. (2.32) and (2.32) give Befors collisian

‘:u = ' ,"; - “'1 11"1=D 'H'zz W,
When m, = m, then ball of mass m, after collizion will come to a O Q
stop and mm, will take off with the velocity that m, originally had, i m:
as shown in Fig.(2.12). Thus whan a billiard ball m, moving on Aftar colligign

Fig. 2.12
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b
a table collides with exactly similar ball m, at rest, the ball ceae (1) i
i, stops while m, bagins to movea with the zame velacity, B 2
withwhich m, was moving initially. @ Q
{iiiy When a light body collides with a massive m‘ el i3
=a)
body at rest e = b
In this case initial velogity v, = 0 and m,>>m,. Underthese -
conditions 7, can be neglected as compared to m,. From 9
Eq.(2.33)and (2.32), we have v] =-v,andw; =0, ' %
: St ; X Aftar collision
The result is shown in Fig.(2.13). This means that m, will Fig- 2.13
bounce back with the same velacity while m, will ramaln case (v}
stationary. This factis used of by the squash plaver. v ‘
{iv) When a massive bady collides with light "‘O
stationary body P
h
Inthis case, m,==m,and v,= 0, 50, can be neglectedin Before calllslon
Egs.(2.32) and (2.33), This glves ¥/ = v, and V', = 2v,) Vi v=ow
Thus, after the collision, there iz practically no changein e
the velecity of massive body, but the lighter one bounces ':7_-"3
off in the forward direction with approximatehy fwica the m, ’
velogity of the incident body. as shown in Fig.{2.14). Fig. 2.14 Aner calllzlon
29 [NELASTIC COLLISIONIN ONE DIMENSION
Consider two bodies having massas m, i Befors callizion T

and m,, moving with velocities v, and v;, v i v,
along the same line such thatwv, >v,. In (4‘)_. lQ_>
such & case m, iz regarded-as projsctile - —

snd m, as target. After time ¢ both the T

bodies make inelastic collision and stick 3
together. Let their combined mass

become m, + m, which moves with final

velocity v.aftercollision. Flg. 2.3

Since the collision is perfectly inglastic, the total momentum of balls is conserved. LUsing
law of consarvation of mameantum.

Total momertum of systam bafers collision = Tolal momenium of the system after collision
my + my; = (m ot om

i, + iy

m + m, m, +

Which gives the common velocity of the body after inelastic collision.
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In a epecial caze whan the target m, i= atrest, v, =0, tha above aquation becomas.

=
W = + L]
m.1 mz
Ll

m+rm,

It showsthat velocity of m, ia reduced by the massratioie.,

Exampis 4.2 A 70 g ball collides with anothar ball of mass 140 g. Tha initial velocity
ofthe first ball is 9 m s to the right while the second ball is at rest. If the collision were
perfectly elastic. What would be the velocity of the two balls after the collision?

) Spiurtfon

m, =70yg v,=9ms" v, =0
m,=140g yl=" yi=2
We now that,
. m.—m,
Y = v
m.+m,
70 9—140 L1 e 4
(Tﬂg+1dﬂg} x9ms 3ms
v : 2)ﬂ1
v = v,
m.+ m,
» 2x704g a
{?Og-l-Mﬂg}xgms
= &ms'
210 ELASTIC COLLISION IN TWO DIMENSIONS
Considar'tha motion of two balls of mass m, i o
and m, in a siraight line with velocitiez v, and . J m
respectively undergoing an elastic collision with each Hie :“ﬂﬂn A
other as showninFig. 2.18 -ni
. \)\ »

Asgume the bodies move off in different directions
after collision with velocities v', and ', making angles
0. and 9, reapectively with x- axis.

As, the collision is elastic, so we apply both the laws of conservation of memenium and
law of conservation of kinetic energy. Momentum is & vector quantity, we resalve it into
its rectangular components and apply the law of consarvation of momentum along both
axas.

Fig. 2.16
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Momeantum conssrvation along x-axis ia:
Momantum before collislon = momantum aftar colllslon
MM LY, =LV CosD, +my ] COSt,..ooeen s (2.35)
Momentum conservation along y-axis:
Momentum bafore eollislon = Momentum after colllslen

0 =mv; slng.-my: 8N, .............. (2.36})
Conservation of Enargy
Kinatlc Energy befora calllsion = Kinetle Enargy after calllzlion
1 .2 1 1 1
FM b omy; = Emyf + Emzvf .................. {2.37)

Thase equations (2.35to0 2.347) are useful in solving problems akaut elastic collisions in
twodimensions,
2.11 INELASTIC COLLISION IN TWO DIMENSIONS

The macrascopic collisions ana ganerally inelastic and'do not conserva Kinefic anargy.

The perfect inelastic collision is one in which the celliding objects stick togetherto make
asingle mass after collision. ks analysiscanbecamied out asfollows:  p

Lat us taka twa balls having masses m, and v,
. moving with velocities, v, and v, O’
respectively, in a two-dimensional xy- m,

Eat. %

plana. Assuma that the first body ismoving =
along the »-axis while the second body
rmoves In a direction, making an angle B
with x-axis. Both the bodiss collide at the
arkjin as shown Inthe figure 2.17. Fig. 217
Aftar colllslon, bodles etick togather, having combined mass M =m, + m,, which moves
with velocity i, .making an angle ¢ with x-axis.
Momentum In tha X-direction:
mv + ALy, cos8 =My cosd f2.38)

Momentum In the y-direction:
0 + myw, sind = My, 5ing v {2.39)

Equation 2.38 and 2.3% can be used to find the final velocity.
Kinetic Energy

Sinca collizion is inelastic, the kinsetic enargy of colliding system is not conserved, The
loss of kinetic energy is computed as follows:
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Initial Kinetic Energy
The total initial kinatic anargy K. £ of the systam beforeths collizionis:

=k 2
(K.E), = Qm,vf + szv;" ............. {2.40%

Since K.E. is a scalar quantity, so velocities involving in the formula of K.E. does not
require to break velocities into their compenents.

Final Kinstic Energy
The totel final kinetic energy K. E; afterthe collision {(when the objects stick together) ig:

(KE), = % Myd e {2.41),

where vis magnitude of the final velocitywhich san be calculated from Eqg. {2.41).

Energy Loss in the Collision

Sinceihe collision is inelastic, there is a loss in kinetic enargy, represented by AKE.
AK.E = (KEJ)- (K.E),

Thig lost kinetic ensrgy is transformed into other forms of energy, such as heat, sound, or
indeformation.

Some examples of an Inelastic colllsion:

(i  When a karate chop breaks a pile of bricks, it's an example of an inelastic collision.
In this type of collision, the objectsinvolved don'thounce back after impact. Instead,
somae of the anergy from the atrike is absorbad by tha bricks, converting into heat,
sourd, and the force neaded to break them. This means the energy goss into
breaking the bricks rether than causing the hand to rebound. If the Karate chop ig
not perfectly vertical and invalves some harizontal maotion, the momentum transfer
and the resulting forces will have both horizontal and vertical components:.

(i} Ina carcrash, the collision is 2n inelastic nature. YWhen the vehicles collide and
absarb the Impact enaergy, causing thaem to crumple and deform, This energy
ahsomption slows down the cars, stopping them from bouncing back. Most of the
kinetic enargy is lost, turning into heat, sound, and damages to the vehicles.

(ii} Inrgal-werld collisions, g ball and bat show an inslastic behaviour. Whean the bat hits
tha ball, some of tha kinstic snargy is lost bacausa the ball deforms, and energy is
aleo converted into heat and sound. Even though the bat is rigid, it does not transfer
energy perfectly and absorbs some energy itself. The ball compresses upon
impact, which leads to further energy loss. Consequently, not all of the iniial kinetic
gnergyis consanved, making the collision overall aninelastic.
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2.12 ROCKET PROPULSION

Rockets move by expelling buming gas through engines at
their rear. The ignited fuel turns to a high pressure gas
which is expelled with extremely high velocity from the
rocket enginss (Fig. 2.18). The rocket gains momentum
egual to the momenturn of the gas expelled from the
enging but in opposile direction. The rocket engines
continus to axpel gasas after tha rocket has bagun moving
and herce rocket continues to gain more and more
momenturmn. So, instead of travelling at steady speed tha
rocket gets fastar and faster so long the engines are
operating.

A rockel carries its own fuel in the form of a liquid or solid
hydrogen and ocxygen. It can, therefore wor al great
heights where very little or no air is present. |n order bo
provide engugh upward thrust to oversomes gravity, 2
typical rockat consumes about 10000 kg &" of fual and
ejects the bumt geses et speeds of ever 4000 ms™ In fact,
more than 80% of tha launch mass of a rockat conslats of
fuel only. One way Lo overcome the problam of mass of fuel
i% ta maka the rocket from several rockets linked together.

When cne rocket has done its job, it is discarded leaving
cthers to carry the apace craft further up at evar greater
speed,

It m is the mass of the gases ejected per second with
velocity v relative to the rocket, the change in mormenturm
per second of the-gjecting gases is nne. This equals the
thnust produced by tha angine on the body of the rocket.
8o, theacceleration 'a’ of the rocket is

where M is the mass of the rocket. When the fuel in the
rocket Is burmed and gjected, the mass A of rocket
decreasaes and hencetha acceleration increases.

Chopari @ Force and Mokion

fueal

{liquid
- Inydrogeny
Y Bouid
coypen

combusticn
cramber

Fig. 2.18

Fuel and oeygen mix in the
combuation chambar. Hot
geses exhaugt tha chambar
at & wary high valaslly The
gain In momenturmn of the
gasas equals the gain in
momentum of the rocket.
The ges and rocket push
ggainst each other and
mave in epposite directions.
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T ouson: IS
@l Multipie Choice Questions |

Tick {+) the correct answer.
21 The angle at which dot product becomes equal to cross product:

(a) 68" {b) 45 {c) 78 &) 30°
22  The projectile gains its meximum height at an angle of: _

(a) O° ib) 45° {c} BU° {dy 80®
23  The scalar product of two vectors is maximum if they are:

(a) pempendicular  (b) parallel {c} at30° o {d) at4s”

24 The range of projectiles & sams for two angles which are- mu‘tually
(a) perpendicular (b) supplamantary :
(¢} complementary (d) 270°

25 The acceleration at the top of a trajectory of ﬁmjacule is:

(a) maximum {b) minimum {c} ZEm {d g
26 3l unit of impulsa is:
(a) kgms® (b) Nm {Q}‘NS {d) Nm®
27  The rate of change of momantunt: 1.’_5
(a) forca b) imp&_‘rsa {c} acceleration {d} power
28  As rockat moves upward durifig fis journey, then its acceleralion goes on:
(a) Increasing - (b) décraaslng

(¢) remains same fd) it moves with uniform velosity
29  Elastic collisioninvolves:

(@) loss of energy

(b} gain of snergy

(c) na gain, no loss of energy

(d) n:{'.i"i"elation between energy and elastic collision

[§  Short Answer Questions B

2.1 State right hand rule far two vectors with reference lo vector product.
2.2 Define impulse and show how it is related to momentum.
2.3 Differentiste between an elaslic and 2n inelastic collision.

2.4 Show that rate of change in momenturn is equal to force appliad. Also state
Newtan's secand (aw of motion in terms of momentum.

2.5 Blate law of conservation of linear momantum. Aleo state condition under which it
halds.
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2.6 Show that range of projedile is maximum at an angle of 45°.
2.7 Find the time of flight of a projectile to reach the maximum height.
2.8 The maximurm horizontal rangs of a projectile is 804 m. Find the value of height

21
22

2.3
24

25

2.1
2.2

23

24
25

28

27

2.8

21

22

attained by the projectile at 8 =60°,
Constructed Response Questlons

¥hy dees ahunter aiming & birdin a free miss the target exactly at the bird?

Aperson falling on a heap of gand doss not hurt more as compared to a person
falling on a concrete floor. Why?

State the conditions under which birds fly in air.

Describe the circumstances for which velocily and acceleration of a vehicle are:
(i) v is zero but a is not zero

(i} ais zero but ¥ ia not zaro

{iii] parpandicular to one anothar

Descrbe briefly effects of air resistance on the range and maximum height of a
projectile.

Comprehensive arsm.-';-irﬁq ns

Define and explain scalar product. YWite down its important charedteristics.

Define and explain vector product of bwo vectors, Ciscuss impertant
charactaristics of vactor product.

Derive threa squations of motion by graphical method,

What is projectile motion? Explain.

Derive the following expressions for projectile motion:

il time of flight

(il haight attsined

(i} range for projectile.

Explain slastic: callision in ona dimension. Shaw that magnitude of relative
velocities before and after collision are equal.

Explain elastic collision in twe dimensicns.

Explain an inalastic collision in one and two dimansions.

Numerical Problems
The magnitude of cross and scalar products of two vectors ared /3 and 4,
respectively. Find the angle botween tha vectors. (Ans: G07)
A helicopter is escending vertically at the rate of 196 ms”. When itis ata

helght of 156.8 m above the ground, a stone s droppead. How long doas the
stone take 1o reach the ground? {Ane: 8.0 8}
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23

24

2.9

28

2.7

2.8

2.0

2.10

21

212

If |A+B| = |A-B| then prove that A and B ere perpendicular to @ach other,
{Ans: 6= 80%}
Abody of mass A at rest explodes into 3 pieces, two of which of mass M7 4 each
arg thrown off In parpendicular directions with velogles of 3ms' and 4 m g7,
respectively. Find thewelocity of 3rd piece with which itwill be fown away,
(Ang: 2.5 m &, opposile to resultant velocity vactor of two pleces)
A cricket ball is hit upward with velocity of 20 m s' atan angle of 45° with the
ground. Find its:
(a) imecfflight (o) maximumheight (c] howfaraway it hits the ground
{Ans: 2 8=.41 m, 10.2 m}
AZ20 g ball hits the wall of a squash court with a constant foresaf SO N, If tha time of
impact of force is 0.50 5, find the impulse. {Ans: 26N s)
Aball is kicked by a footballer, The average free on the ball is 240 N, and the
impact lagta fora ime interval of 3.25 5.
{a) Calculate changein momentum
() Statethedirection of changs in momentum
[Anst (@) B0 N s, {(b) In tha direclion ¢f forca]
An aeroplane is moving horizontally at-a spsed of 200 m 5™ at a height of 8 km Lo

drop a bomb on a target. Find harzontal distance from the target al which the bamb

should be released. {Ans: B.08km)

Why dess range R of a projestils remain the same whan anglg of projecton s

charged from 0 to 8 = 80%- B, Algo show that for complemantary angles of

projection, the ratic R/ isequal to 1.

Atrolley of mass 1.0 kg moving with veloeity 1.0 m &7 collides with a similar trolley

at rest:

(i} after collision, the 1™ trol ey comas to rest whereas the second starts moving
with velocity of 1.0 m s in the same direction. Show that it is an example of an
alasticcaollision.

(Ii) <after the collision, they stick together and move away with a velocity of
0.5m 5. Showthat it is an example of aninelastic collision.

A raitway wagon of mass 4 x 10" kg moving with velodity of 3 m 57 collides with

anotharwagon of mass 2 x 10° kg which Is at rest. They stick togathar and mave off

tagethar. Find their combined velacity. {Ans:Z2ms")

A carwith mass 575 kg moving at 15.0 ms” smasheas into the rear end of a car with

mass 1575 kg moving at S m &' in tha sama direction,

(a) What is the final velocity if the wrecked carlock together?

(b} Howmuch kinetic energy is lestin the collision?

[Anz:{a) 767 ms", (b)2.11 x10" ]
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Express angles inradians i

Dehing and caloylain angular displecment, angular volocity and angular ; ;lmduamn [This inwolves
useof S=r8, v=r@,@=Zn/Ta=ra’ and &=vyr \o sglvel probisems]

Usa squations of angular motion to salve problems involving ratahtmﬂmahms

Discuss qualitatively molion Ina curved pathdus toa perpencllmfarfome

Defins and calculatecantripatalforca [Usa & =atrm an amvz,-'r 1

Analyza shtuatinne Inobving clicular matlon In tel:ms nf tahtrlpatal force [=.g. slhiations In which
centripetal eccelerabon is caused by 8 tensbnfl fnmE” a frictional force, a gravitationsl force, ora
normal forca.] W

Define and calculats aversge orbltal spm foraaatsllm [from the equadon = 2mr/ T whera rigthe
average radlus oftheorbltand T maprﬂgtbsﬂod apply this equation o sohe numerlcal problams]
Expiainwhy the obja&inumitingﬁdwli%samarmb-awaighuaas.

Deacribs howarlflclal g'emylsn;ﬁatedto counterwelghtlessness.,

Defineand calcl.latamm'ﬂanﬁoﬂnarﬂa of a bodyand angular momentum.

Derive and spply the l'dBtlﬁn betwesn tomue, moment of inerlia and angular aucelemtion. |lusirate
the applications ofeanservation of angular momentum in real Iife. [such as by Mywheals o slore
votational aﬁﬁﬁ}r,}hy gyruscopas innavigaiion systems, by iva skabars o adust their angular velocity]
Desuit;g_lpvf_a‘nent'ifuge 1% Lsad o separate matenzls using centipetal forcs

N
-\

Among all possible motions of the maleral bodies, the circular motion is one that

appesrs to be working in the most of tha natural world. Satelites moving in circular

orhits arcund the Farth, orbital and spin motion of the: Earth itself, a carturning around a
curved road, and & stone whirled arcund by a string are the familiar examples, When
objects move in gircular paths, thair direction is continuously changing. Singe velogity is
a vactor quantity, this change of direction means that their velocities are not constant.

In this chapter, we will study, circular motion, rotational moticn, moment of inertia,
angularmomantum and the relatod toplcs.
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3.1 ANGULAR MEASUREMENTS

Consider an angle subtended aithe centre ‘0¥ of a circle by an arc
‘AB' asshownin Fig. 3.1. lithe length ofthe arc 'AB'is equal to the
radius ¥’ of the circle, then the angle is called one radian. Itis the 51
unitofangular measurement and its symbaol is ‘rad”.

Chegter { 3 Gircukar ard Notational Mation™

Angular Displacement o
Consider the motion of a single particle P of mass m in a circular path of radius r.
Suppose this motion is taking place by attaching the particle P at the end of amassless
rigidd rd of langth r whese other end is pivoted at the centre O of the gircular path, as
shown in Fig. 3.2 (a). As the particle is maving on the drcular path, the rod OP rotates in
the plane of the circle. The axis of rotation passes through the pivet O and is nomal to
the plane of rotation. Consider a systemn of axes as shown in Fig. 3.2 (b). The z-axis is
takan alang the axis of rotafion with the pivot O as crigin of coardinates. Axes xand y ara
taken in the plane of rotation. While OF is rotating, supposeat any instant £, its position is
OP+, making angle & with x-axig. At a later time f + Af, Ietits position be OPzmaking angle
B+ AB with x-axis (Fig. 3.2-C). ¥
% ;
|

P

“am

>y

v
Fig. 3.2(a) * Aga2m) Fig. 32ic}
Angle A defines thelangular displacement of OF during the time interval At. For

very smal values 6f A8, the angular displacement s a vector quantity.

The angular displacement A8 is assignad a positiva sign whan tha
sense of rotation of OF is counter clock wise.

The direction associated with AG is along the axis of rotation and is
given by right hand rule as shown in Fig 2.2 {d} which states that;

Grasp the axis of rotation in right hand with
fingers curling in the direction of rotation; the
thumb paints in the direction of angular
displacament.

Flg. 3.2{d)
Threa urnits are genarally used to express angular displacement, namsly degress,
revolution and radian. Consider an arc of length 3 of a circle of radius r (Fig. 3.3) which
subtends an angle 8 atthe centre oftha circle. Its value inradians (rad) is given as:




::,i'.',r_':f',_;'- 1 ';E‘.;,-’ Chegter { 3 Gircukar ard Notational Mation™
g3

r

or S=rf (wherefisinradiany ... (3.1)

If OF Is rotating, the pelnt P covers a distance 3 = 2 «r In one
revalution of P. In radlan, it would be:

§ - E_W— Z2r
r r Fig. 33
S0 1 revolution = 2 rrad = 360°
(-]
or 1 rad = 30" _ g7 0
o

Angular Velocity

Very often. we are interested in knowing how fast or how slow a body is rotating. It is
delermined by its angular velocity defined as the rate at which the angular displacement
i3 changing with fime. Referring to Fig. 3.2(c), if AS is.the angular displacement during
tha time intarval At, the averags angular velogity &, during this interval is given by

=48
At

The instantaneous angular velosity o is the limit of the ratic ADIAL as At, approaches to
Zero,

Wy {3.2)

Thus ® = Lim 48

Ve e (3.3

In the limit when Af approaches zero, the angular displace ment would be infinitesimally
small. Sg, it would be a vector quantity and the angular velocity as defined by Eg. 3.3
would alsc be a vactar: Its direction is along the axis of rotation and is given by right hand
rule as described earller.

Angular wvelocity is measured in radians per second which is the S| unit.
Sometimssitis alsogiven in terms of revelution per minuts (rpm).

Angular acceleration

Whenh we switch on an electric fan, we notice that its angular velocity goes on increasing
till it becomes uniform. We say that it has an angular acceleration. Ve define angular
accaloration as the rate of changs of angular valodty. If @, and «, ara the values of
instantaneous velacity of a rotating body at instants § and L , the average angular
acoeleration during the interval £—f. is given by

.
I e 3.4
Y B4
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Tha Instantanscus angular acceleration is tha limit of the ratio 3—‘? as Al appraaches
zero, Therefore, instantaneous angular acceleration o 5 given by

. Aw
o= lim — (3.5}
e 1) "‘—i‘t
The angular acceleration is also a vector quantity whose magnitude is given by En. 3.5
and its dirscticnis along the axis of rotation. Angular acceleration is expressedin rad s .

Till now we have been considering the motion of a particle P on a circular path. The point
P was fixad al the end of a rotaling massless rigid rod. Now consider the rotation of a
rigid bedy as shown in Fig. 3.4. Imagine a point P en the rigid body. Line ©F [s the
perpendicular dropped from P on the axia of rotation usually
rafemad as the raferance [Ina. As the body rotatas, lIns GF also
rctates with the sarme angular vslocity and angular acceleration.
Thus, the rotation of e rigid body can be described by the
rotation of the referance line OP and all the terms that we
defined with the help of retating line OP are alse valid for-the
retational moton of a rigid body. Hanceforth, whila daalirng with
rotation of a rigid body, we will replace It by Itz reference [Ine OF,

Relation between Angular and LinearVelocities
Consider a rigid body rotating about z-axis with an angular 0-.'.—"— —-F
velocily was shownin Fig. 3.5 {a).

Imagine & peint P in the rigid kody al'a perpendicular distance r

from the axis of rotation. OP represents the reference line of the inﬂ- 3.5a)
rigid body. As the body rotates, the point P moves along a circle b
of ragius r with 2 linear veloeily v whereas the ling OP rotates o

with angular valocity @ a3 shown in Fig. 3.5 (b). Wa ara
interested in finding. out'the relation between w and v. As the
axis of rotation is fixed, so the direction of w always remains the
same and o can be manipulated as a scalar. As regards the
linear velocity .af the painl P, let us consider only its peh
magnitude only which can also be fraated as a scalar. X Fig. 3.5(b)

P‘P,=£S . i For f-m..t.' indoremrtion ] '
Suppose during the course of ite motion, the S oA .

paint P movas through a distance P,P, =AS
in a time interval At during which referenca
line OP covers an angular displacemant
Al radian. Sp, AZ and AQ are related by
Eq.3.1as5: sl

AS = rAB Aethewhasl umathroughanangle d,
=1 Itisya out a4angential distanca S=re .,




e
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Poust io ponaes]

AS_ A0 e (38)

At Al

In the limit when linear Af — }the ratio AStAL represents v §
tha magnitude of the linsar velocity wilh which point P ig
moving on the circumference of the circle. Similardy AG/AF . !
represents the angular velocity o of the reference line OP,  You may feel scared gt the inp
of rollar coaster rids in the

50, Eq. 3.8 bacomes: amusemanl parke- but you
(3.7) never [l -down eyer when you

are upside dowr, Why?

From Flg. 3.5(b}, It can be seen that the polnt P ls meving along the arc PiPz. Inthe limit
when As — £, the length of arc PPz becemes very small and its direction represents the
direction of tangant to the dircle at point Pa. Thus, the velocity with which point P is
maving on the clrcumference of the clrcle has a magnitude v and Its directlon Is always
along the tangent o the gircle at that point. That is why: the linearvelocity of the point P is
also known aatangsntial velocity,

Similarly, Eq. 3.7 shows that if the reference line OP is rotating with an angular
acceleration ¢, the point P will alsp have a linear or tangential aceeleration z, Using
Eq. 3.7 it can ke shown that the two accelerations are related by

- S o T (3.8)

Eqs. 2.7 and 3.8 show that on a retating body, points that are at different distances from
the axis do nol have the samé speed or accelaration, but all points on a rMgid body
rotating about a fixed axis da have the same angular displacement, angular speed and
angular acceleration at any instant. Thus, by the use of angular variables, we can
describe the motion ofthe entire body in a simple way.

Equations of Angular Motion

The equations{3.2, 3.3, 3.4 and 3.5) of angular motion are exacty analogous to those
in linear motion if 0, @ and « be replaced by S, v and &, reapactively. As the other
equations of linear motion were obtained by algebraic manipulation of these equations,
it follows that analogous equations will alsc apply to angular motion. Given below are
angularegquationa togetharwith theirlinear counterparts.

V=

Linear Equations Angular Equations
vr=v; + at =0 +ob ... (39)
2as=v' - v* 200=wf -0t ........ (3.10)

s=ﬂr+%af’-‘ u=m,-:+12af’.......... {3.11)
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The angular equations 3.9 to 3.11 hold rua only in the case when tha axis of rotation i
fixed, so that all the angular vectors have the same direction. Hence, they can be
manipulated as scalars.

§ Enampie 5.1 An electric: fan roteting at 3 rev 8™ is switchad off. It comes to raatin
19.0 5. Assuming deczlerslicn to be uniferm, find ita value. How many revelutions did il
tum before coming o rest?

Selwtion| | Inthia problem, we have .:@ Do you fewona? E.

m=30rovs’, =0, ¢=18.08 and w=7 , 9=7 Pa_Tvie
From Eq. 3.9, we have . k’&‘
o B, _(0-30)revs” _ = [ \
7 16.0a A.167 revs . |
and frorn Eq 3.11, we have \ ;":3
1 .
{]=m,.1+5af2 = “/f.,{"
=30 revs'X18.0'5 + (0,167 revs9)x (18,0 5)° Dlraction of motion changes
2 continuouslyineirculzrmotion.

=27 rav

3.2 CENTRIPETAL FORCE

MNewton's second lawof motion states that whenaforce acts &
on a body, it produces acceleration in the same direction. A ~‘-LH ;
force acting on a moving body. along the direction of its
velocity wil change magnitude of the velocity (speed)
keaping the direction unchanged. On the other hand, a
constant force acting perpendicular to the velocity of a body
maving in a circular . path will change the direction but
magnltuds of velcelty (speed) will remaln the sama. Such - 5
force makes the body move in a circle by producing a radial ¢
{or cantripatal) acceleration and is called centripatal forca 4
(Centra seeking) force. Figure 3.6(a) shows a balltied at the 4
end of a string is whirled in a horizontal surface. ltwould not

continua in a circular path if the string is snapped. Caraful A
observation shows at once that if the string snaps, when the

ball is at the point A, in Fig. 3.8 (b), the ball will follow the Fig. 3.6}
straight line path AB whichis tangent AE at point A.

Thus, a farce is needed © change the direction of velodity or mation of a body
continuously at each point in circular rmoticn moving with uniform speed. The force that
does not alter speed but only direction at each point is a perpendicular force which acts
alond tha radius of the clrcular path. This force always pulls the oblact towards the centra

Fig. 3.6(a)
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of the ciroular path. s dirsction is perpendicular to the tangential velosity at each point,

Theforce neaded to bend the stralghtpath ofthe particle
into & circular pathis called the centripetal force.

For a2 body of mass m moving with velocity vina circularpath of radius r, centripetal forca
F.is given by

F =ma, _mTv .......... (3.12}

where a=v¥r istha centripetal acceleration aned its direction is towsnds the centre of the
circle.As v = ro, s0 the above equation becomes:

e (3.43)

Exampl= 3.7 [ |f & €D spins at 210 rpm, what is the
radizl acceleration of a peint en the outer rim of the CD?
The CDIs 12am indiameter,

Solutlon | We canvert 210 rpm into a frequency-in
revolutions per second (Hz).
Th i rev. 1 min _ rev -

us =210 min 80 s =35 3.0 Hz

Foreach revelution, the CD rotates thmughan angleof2n
radians. The angularvelocity is:

w=2nf=2nred x 358" =7.0nrads’
Theradialaccelerationis:
a=w'r=(7.0nrad gy % 0.06 m = 29ms*
Exampla 3.5 [ A ball tied to the end of a siring, is swung ina
vertlcal circle of radiug runder the action of gravity as shown Curved fiight at high spead

in Fig, 3.7. What will be the tension in the siring when the ball requires a large cantripstal

force that makes the stunt
is at the paoint Ad‘ﬂ'ne path and 2 spead is v at this point? dangerous avanh If the alr

Selren N Farthe ball to travel in & circle, the force acting planes arencteo close.
on the ball must provide the required centripetzl force. In this v .
casa, at point A, two forces act on the ball, the pull of the e |
string and the weight wofthe ball. These forses actalong the
radius at A, and so their vectar sum must fumish the required
cantripatal Force. We, therafore, have

2
T+w=% as w=myg, thersfore,

2
T:—'rmI|I| —mg:m[i—]
f r Fig. 3.7

If T""z =g, then T will be zero and the centripetal ferce is just equal to the weight
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Exampiles of centripetal force

In every circular or orbital motion, sentripetal force is needed which is provided by some

agency.

1. When a ball is whirled ina horizental cirde with the help of a string, thentension inthe
slring provides necessary centripetalforce.

2. Foran objsct placed on a tumtable, the friction isthe cantripatal forca.

3. Tha gravitational force is the cause of tha Earth orbiting around the Sun, Moon and
artificial satellites revolving around the Earlh. - T -

4. A nomal or parpandicular magnetic force compesls a

charge particle moving along & straight path into &
circular path.

5. ¥hen 2 vehicle takes turn on a road, it slso needs
centripetal force which is provided by the friction :

e el Banked Iracks are needed for
betwean !hs tyres and tha_m:ad. If the road is shpp:ery,_ iyingisgale gt
then at high speed, the friction may not be sufficient hat ficion alons cannot provida
enough to provided necessary centripetal forge, energy forcantripstal force.

Hences, vehicle will not be able to take turn and may skid or may even be toppled. To
overcome this difficully, the highway road is banked ontums. That is, the cuter edge

of the frack s kapt slightly higher than that ef tha Ihneradgs.
Applications of Centripetal Force
We know that an objectmoves in a circle hecause of centripets|
forca. If the magnituda of appllad farce falls short of raquired !

cantripatal force than the object will move away from the cantre
of the cirdle. The centrifuge{Fig. 3.8-a) functions on this basic

princlple. @

Centrifuge: It is one of the most useful =

labaratory device. It heles to separale out \-//
denser and lighter particles from a mbdurs. The Flg. 2.8 (a)

mixture is rotated at high speed for a specific

tima. In & laboratory setup, sampla tubes are [C }
used where the denser particles will setde at

the bottomn and lighter particles will ise tothe 380} < 4
top ofthe sample tubes {Fig. 3.8-k). ﬁ i
Tha dryer of the washing machine also functivns on the 1=}
principle of centrifuge. The dryer cansists of a long cylinder with
hundreds of small holes on its wall. Wet clothes are piled up in
this cylinder, which is then rotated rapidly about its axis. Water
maves outward to the walls of the cylinder and thus, drained oul
through the heles. In this way, clothes become dry quickly.
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Cream saparatoris another practics| device which is used to asparste i 3
cream form the milke [n this maching, milk is whirded rapidly. Since milk _ /
iz & mixture of light and heavy particles, when it is rotated, the light I"gi§ |
particles gather near the axis of rotation wherees the heavy particles -
will gooutwards and hence, cream can aaslly be saparated from milk.

3.3 ARTIFICIAL SATELLITES
Satellitas are cbjects that orblt In neady clrcular path

around tha Earth. They are put into orbit by rockets and are Fig. 3.10
held in orbits by the gravitational pull of the Earth. The low [‘";;—?M;:‘;;;:T;;—h'“l
flying Earth satellites have acceleration 8.8 m s " towards P’ or

the centre of the Earth. [f there is no gravitetional pul, they 461,000 km h* sacapa
would fly off in a straight line along tangent fo the orbit. | e

¥han the satellite is moving in a circle, it has an
acceleration rﬁ . In a circular orbit around the Earth, the |
cantripstal accelsration is supplied by gravity and wes have. |

g=L . @

whera v is the orbital velocity and R is the radiue of the
Earth (6400 km). Frem Eqg. 3.14, we have

e B Eeuioow Bl
v= ygR Newton had predicated about
f ) 3 tha artificial satellites 300 yaara
- v9.8ms k64 x10" m ago. The above figure has been
=79x10%ms" =79kmsg’ taken from his wall-known
o g f : ook “Frincipla hiathematdza'
This is the minimum velgcity necessary to put a satellite Accorting t:' his book, if an

inta the orbit, called the chtical velocity. Tha pariod T 18 abject I thrawn harlzomtally with

given by a partcular spead from a place
which is sufficiertly nigh, & wall
T= 2::;}? =2x514x _f:u::": startrevelving around the Earth,

it 5

= 5068 s = 84 min epprox.

If, however, & satellite in & circular orbit is at a distance h
much greater than R above the Earth's surface, we

must take Into account the experimental fact that the

gravitational acceleration decreases inversely as the Esuth

square of the distanca from the centre of the Earth : v
{Fig.3.11). 4

The higher the salzllite, the slower will be the required ne=R

spesed and longer it will take ta complete one revolution
around the Esrth. Fig. 3.1




i Physls “ \_5;, ! Chigter 3 Greular and Rotarional Matior B
Orbital Velocity

Figure 3.12 shows g satellite going round the Earth in a
circular path. Lat the mass of the satellite be rrand v is its
orbital speed. The mase of the Earth iz A and r represents
the radius of the arbit. A centripetal force m, v ¥Tis required
to hold the aatellite in the orbit. Thiz forcais provided by the
gravitational force of attraction between the Earth and the
salelite. Equaling the gravitational force to the required

oantripatal force, wa have Fig. 3.12
GrM_myt -
£ r The memantyol swicch on your
27T, mobilephons, your location can
or P (3.15) be tracksd immediately by
Vs global pozfioning systam,

This shows that the mass of the satellite is unimportantin
dascribing tha satallite’s orbit. Thus, any satallite orbiting - Tidbits _.
at digtance r from the Earth'z centre must have tha orbital
speed given by Eq. 3.15. Any speed |ess thar this will
bring the satallite tumbling back to the Earth.

(| Ewample 3.2 [1 An Earth satellite is in ciroular orbit at
distance of 384,000 km from the Earth's surface. What is its
period of one revolution in days? Take mags of the Earth
M =60 x10™ kg and its radius R = 6400 km,

[{5otution ]
As  r=R+h= (6400384000} km = 390400 km

3 g 2 24
Ui ’%455&10 N m? kg2 » 6 x10%kg
= MR ORI In 1984, at a height of 100 km
= AR b & above Hawall lsland whh a
Al = 1025 km s spoed of 29000 km h' Brugs
=0 MoCandiess stepped Into
_2nR _ 1 1day epaca from a spaoce shutls
T—v——2x3.14x390llﬂlﬂ ki 1.025 kam &1 KBCIKBDXE-'-IS and became the first human
: satelteofthe Earth,
= 27.7 davys
Weightlessness in Satellites M Do youknow? B

When a satellits is launched by a rockst in its desired orbit  Yeur welght slighty shanges

i i when the welocity of tha
around _ihe _Earth, then it ha_s baan ol_nservsd prlact:cally that SEAAbar Hanche o e st
everything inside the satellite experiences weightlessness ra and of a nids, not during
because the zatellita is accelerating towards the cantre of the rest of the ride when that

the Earth as a fraaly falling body. velocity ls constant.
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Consider a satellite of mass M revolving in its orbit of
radius raround the Earth. A bady of mass minside the
satellite suspendad by a spring balanca fram tha
ceiling of the satellite is under the action of two forces.
That is, its waight mg acting downward, whila tha
supporting force, called normal forca F, or tanslon In
the spring acting upward, as shown in Fig. 3.13. Their
resultant forcs is aqual to the cantripetal force required
by the mass m which is acting towards the centre of the

Earth, andis expressed as: m Can you (el i.

E =mg-F ... {3.18) Whan 3 buckat full of water is
e rapidly whirdgd in a verlical
whara FE = mv ciroular path, water does not
¢ r Tl | quﬁla even i lhe buskel is
Invartad at tha maximum
Hence n’:,v mg—f, e (3.16-a) hetght. Why is it sa?

It mey be noted that the centripetal force responsible for the revolution of the satellite of
mass M arolnd the Earth is previded by the gravltatlonal force of attractlon betwasn the
Earth and the sataliite.

F=F,
Mg = M v
vz
g= =
Hence, Eqg. 1.16(a) bacomes:
mg=mg—F Y
ar F.=0 Astronaut floating Inside the cabln of 2 spaceship,

This shows that the supporting force which is acting on a body inside the satellite is zera.
Tharafgre, the badies a5 wall s tha astranauts in a satallite find themaslves in a state of
apparentwaightlegsness.

Artificial Gravity

In a gravity free spacs, thare will ba no force that will push anybady to any side of the
spacecraft. Ifthis epacecraft is to stay in the orbit over an extended period of ime, the
weightlessness may affect the performance of the astronauts presenlin that spacecrafl.
To overcome Hhis difficulty, an artificial gravity can be crested in the spacecraft. This
could enable the crew of the space ships to function in an almost normal manner. For
this situalion to prevail, the spaceship is set into rolalion around its own axis. The
astronaul then is pressed towards the outer im and exerts a farce on the “floor of the
spacaship in much the same way a6 on the Earth.

Consider a spacecraft of the shape as shown in Fig. 3.14. The outer radius of the
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spacaship is R and it rotains around its own central axis
with angular spaed w, then [te angular aceeleratlcn a, Is

a,=Rmn®

Bt o - % where £ Is the pariod of revolution of spaceship

Zz
Hanca g pl2nf _pan® Fig. 3.14

# £ E Bo you hnow? ﬂ

As frequency £ = 1/, therefore,

a, -R4n’F
1 /&
or pio B et
dp i IR

As described above, the force of gravity provides the
required centripstal sccaleration, thersfors,

=g
g Tha surfzce of the rotating
B0 f—2n " [[3.17] bdislbyldm e gl

with which It ke In contsct and

. ; ; thenabyy prvwvidas iha canlripatal

When the:spacesnip. rolalas:with this fihguhncy, the Lo Bttt e sty
artificial gravity like the Earth is provided-tothe inhabitants moving on e dmuler path,

of the spaceship.

3.4 MOMENT OF INERTIA

Conslder a mass m attached to the end of amassless rod as
ghown in Fig. 3.15. Assume. that the bearing at the pivat
paint O is frictionless. Let the system be in 2 horizontal plane.
Aforce Fis acting on the mass perpendicular to the rod and
hance, this will accelsrate the mass according to:

F=ma
In dging 50 tha force will cause the mass o rotate about O, Fig 345
Since tangential acceleration ar is related to angular g fome F causes a torgue

accelerationo by the equation. sbaut the axiz O end gives
a =rog the masa m an angular
acceleration wabout the pivot

Sa F=nmra point.

As turning effect is produced by torque «, it would, therefore, be better to writa the
equaticn for rotation in lerms of torgue. This can be dane by multiplying both sides of the
abowa eguation by r. Thus,

rf = T=torque = mri
which is retational analegue of the Newton's secend law of motion, F =ma.
Here F isreplacad by 1, a by wand m by mr’. Tha quantity m»* is known as tha momant
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ofinertia and is represantaed by . The momsantof inertia plays ﬁ Da you mow? E‘l
the same role in anguler motion a8 the masa inlinear motion,

It may ba noted that mament of Inertla depands nat anly on
massmbutalsoon 7=,

Most rigid bodies have different mass concentration at
diferent distances from tha axiz of rotation, which means tha

mass distribution is not uniform. As shown in Fig, 3.16{a), the '.\l_
rigid hody is made up of 7 amall piaces of masses iy, Mz,..., ﬂ ]
atdistances r . faen from the axis of rotation O. Let the  Two eylinders of equel mass.

body be rotating with the angular acceleration ¢, so the The one with the larger

magnitude of the torque acting on i is ﬂm& i Al

2

TR Y T ————

1 171 Uiy E: .

i ; For your nformation
Similarly, the torqus an 2 is ; : 11

g Maimaits of Inera of varaua
To=Maby G b abwodrt o s AK
A
{a)
g T >
A
Thin Red
] =11I mi®
A
Fig. 3.1€ ) i e
Each amall piece of mass within a-dange, rigid body undemoes the "‘hm—-—""

same engular accelemstionabout thephvet. point.
Thin ring or Hoop

Since the body is rigid. so allthe masses are rolaling with the P

same angular acoeleration o. ,_i:__
llﬂ,"' L__j

Total terque Teenis then given by

.“——T-_r'-""'
Tt = (M +mars W, a P
n Bolid dise or eyclindor
=( Em;!,;z:lu. 1=%mr'
i=1

or = J.(I e ESjB} “

where ! i5 the moment of inertia of the body and is
expressed as

J=im, T e (3.19)

2 .
| Ll
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3.5 ANGULAR MOMENTUM

We have already saan that Insar momantum plays an Important rola In translational
motion of bodies. Similady, another quantity known as angular momentum has
important role in the shudy of rotafional motion.

A particle Is sald to possess an angular momentum about a reference axls If It
a0 moves that its angular position changes relative to that reference axis.

The angular momenturn L of a particle of mass m moving
with valocity v and mornantum p (Fig. 3.17) relative to the
origin € is defined 55

L=rxp ... {3.20)

where r is the position vector of the particle at that instant
relative o the urigin O. Angular meamentum is 8 vector

Fig. 397

quantity. lts magnitude is:

L = rp sinB = m rv sinB | e ] |
where 8 s the angle between rand p. The directionof Lis : "
pemendicular to the plane formed by rand p and its sense L
i& given by the right hand rule of vector product. 31 unit of EL
angularmementumiskgm’s' orJs.

If tha particle is maving in a circle of radius rwith unifarm ; 5
angular velecity @, then angls batwsan r and tangentisl -.
velocity is 90°. Hence,
L=mrvaingl'=mrv {8) (b}
The sphere in (a} s rotaling in
Bul VErm Hence L=mio ihe sensa given hy tha gokd

arrow. |16 angular velocily and
angular momentum are laken

Mow consider a symmetric rigid body rotating about a fixed

axis through the centre of mass as shownin Fig 3.18. Each 1o be upward along the

particle of the rigid body rotates about the same axis in o rotalignal axis, as shown by
fhe rdght-hand mleln{b).

circle with an angular velocity m. The magnitude of the
angular momentum of the particle of mass m.is m.v, rabout
the crigin O. The direction of L is tha same as that of m.
Since v, = r, o, the angular mormentum of the th particle is
m, iy, Summing this over all particles gives the total
angular memantum of the rigid body.

n
L={}¥mr’}) o=lo
[
whera f is tha momant of inartia of tha rigid body about the
axis of rotation.
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{Exampie 1.5 | The mass of Earth is 6.00 x 10* kg. The distance rfrom Earth to the
Sunis 1.50 x 10" m_ As seen from the direction of the North Star, the Earth revolves
counter-clockwise arcund the Sun. Determine the orbital angular mementum of the
Earth about the Sun, assuming thal it fraversas a cirgular orbit about the Sun once a
vear{3.16x10%),

Sotution| | Tofind the Earth'a arbital angularmaomentum, we must firgt know its orbital
spaad from tha glven data. Whan thg Earth moves around a clrcle of radius r, it travels a
distance of Zrrin one year. Itz orbital speed v, isthus, v _ Iﬂ
Orbital angular momentumn of the Earth = L = mwer
_2nt’m
Tt
_ 2r{1.50 x10"m}* X (600 X10* kg)

3.16%107s
L=267 %210%kgm? s’
The sign is pesitive because the revolution is counter.clockwise.

3.6 LAW OF CONSERVATION OF ANGULAR MOMENTUM

The law of conservation of angular momentum states [ 0o vouTnow T
that H no extemnal torque acts on a'aystem, the total Fwuiryssiton abikeat nest, &

L

angularmomentum of the system rémains constant. falls, But if the bike is moving,
the anguler momentum of the
L.=LtL,t+. =constant spinning wheal resists any

- : tendency o change and helps
The law of conservation of angular momentum is one of the | kesp the bie uprighl and

fundamental principles of Physics. It has been verified from #kable.

the cosmological to the sub microscopic level, The effect of

the law of conservation of angular momentum is readily l‘j Do you know? ﬁ}.
apparent if a single isolated spinning body alters its moment
ofingrtia.

If a body of moment of inertia [, spinning with angular speed
o, alters its momant of inertia to /., then ite angularspeed o,
also changes so that its angular momentum remains
cohstant.

Hence o=l
The angular momentum is & vector quantity with direction s
along the axis of rotation. Hence, the direction of angular [ . Q}"
mamentum along the axis of rotation also remains fived.
This Islistratad by the fact given below:
The bal's =peed incresses as

The axis of rotation of an object will not change its e sing wraps around the
orlantation unless an external torque causas ltto do&o. finger.
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Thls fact is of great importance for the Earth as it moves around the Sun. No other
sizegkle torque is experienced by the Earth. because the major force acting on ilis the
pull of the Sun. The Earth's axis of rotation, therefore, remalns fixed In ohe direction with
reference tothe universe around us.

Examples of conservation of angular momentum
Aman diving from a diving board

A diver jumping from a springboard has to take a few P F?

sormersaulls in air befors louching the water surface, as £ Iy

shown in Fig.3.19. After leaving the springboard, he }i .‘_é.:-;' Vi

qurls his body by rolling arms and legs in. Due tothis, | | () ;}

his momeant of inatia decresses, and ha spins in midair '

with a large angular velocity. When he is about to touch “"{?'f}

the water surface, he stretches out his amns and legs. Y

He enters the water at a gentla spead and gels a “

smooth dive. This is an example of the law of I

conservalion of angular momenturn. Fig 310 J

The spinning lce skater Anman diving from a diving beard,

An ica skater as shown in Fig.3.20 can increase his i large ! small
ik — &rmiall o jarge

angular velodty by folding arms and brnging the H
streiched leg close to the other leg. By.doing s0, he ﬁ;‘_" — Q
decreases his moment of inertia. As a rasult, angular :

gpeed incragsez. When ha stratma's his hands and a E ; ; S
leg outward, the moment ofinertia increases and hence f\ r:?-gh

angularvelocity dacreases ! 5' »
A person holding someé’welght In his hands = j‘s
standing on a turntable.

y oo - () )
A parsan is standing nn & tumtable with heavy mass i

{dumb-bell} in his hands stretohed out on both sides as Fig. 320
shown in Fig. 3.21. As he draws his hands inward, his  An los ekater uslng angular mamantuim

)

._ For yoar information|| _-

It has bean noticed thet when ice on the
palarcapsof Earth melts and waterfilows
away in the farm of mar; the momsnt of
inerfia of water and hence that of Earth
about its axis of rotation incregses due to

.,
@ consarvation of angular momantum.

Fig. 221 Hanca, the angular vekocity of Earth wil
Man with masses in hiz hands on & turntable, decreasg, thersfore, the duration of day
Conssrvation of angular momantum requines that as the Incraases slightly

mian pulls his amms in, the angular velocity increases !
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angular speed at once increases. This is because the moment of inertia decreases on
drawing the hands inwards, which incresses theangular spead.

Flywimel Peoing to ponder!
Flywheel is a mechanical device which consisls of a heavy

wheal with an axe {Fig. 3.22). It is used to store rotational P
energy, smooth out ocutput fluctustions and provides

stabilily in a wide range of applications such as bicydles &
and ather vehicles, industial machinery, gyroscopes,

ships and spaceacrafts. —

n Do you Mnow? _

The fiywheel celled the bslance
whesl regulates the thme keeping
mechanism In mechanical ciooks
and waiches by rmalntalning
cortrolied ceallstions s,

52
::w

Why does the cossling rotating
ayatern alow down eawater dhipa
Fig 3.22: Afywheal intathe beakar?
When a fly wheel sping, it2 angular mementum
resigls changes to its erientations, maintzining
stabilily. This is useful in systems that nead praciza
control over their orientalion without external
Interferanca.

The Gyroscops

Apgyroscope is a device which is used to maintain its
orientation relative to the Earth's axls or resists
changes in its arientation: It consists of a mounted
fiywheel pivoted in supporting rings as shown in
Fig. 3.23. It works on the basis of law of
conservation of @ngular momentum dug to its large Flg. 3.23: The gryscopa
moment of inartia. Whan the gyroscopa apins at a
large angular speed, it gains large angular
momentumn. It is then difficult to change the
prientation of the gyroscope’s rotetional sxis dus to
its large moment of inertis. A change in crientation
requires a change in its angular momentun. To
change the direction of a large angular momentum,
a corresponding larga torqua is requirad. Even if
gyroscope is tilked {Fig. 3.24), it afill keeps levitated
withaut Talling. Henge, it is a reason why a
gyroscape can be usad to maintain oriantation. The
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main applications of gyroscope are | ;}‘{E‘ﬁ;"‘,’mwru,ﬁﬁr‘i@' i
in the gmdlng system of aeroplanes, Planets move anound the Sun in eliptical aroits with Sun

SUhmarinES_ an_d spac:e_ \:fEh?C:lEs_ N gitugted at one of its fodi, thus, distence of a planet from
order to maintain & spedific direcion  the Sunis not constant when it i nearerthe Sur. lts orbital
inspace to keep steady course. velogity increases sutomatically, Why

"—i QUESTIONS @q

i] MlllllplE chmce Duestmns

Tick {+'} the correct answar. _
34 The ratlo of angularepsed of minute's hand and hour's har!r.l'_ﬁfﬂ watch Ig:

@ 1:6 {ty B:1
e 1:12 fdy  12:1

3.2  Abodytravalingina circle at constant apeed,
(a) has constant velocity (o) ~has aninward radial acceleration
ic) isnotaccelzrated {d) . hasanoubward radial accelcration

33  Aslone atthe end of long string is whirlsd in vertical circle at a constant speed.
Tha tengion intha string will ba midimum when tha stona is:

(a) atthe top ofthe circle [{=}] halfway down

(c) atthe bottom of circle” (d) anywhere inthe circle
3.4 Every pointof rolatinlg rigid Biody has:

@) same angular velocity {t) same linear velocity

(c) same linear aceeleration {d) sams lineardistanca
3.5  Theminimum y,élﬁcily necessary (o puta satellite into the erbitis called:

(a)  terminal velocity (b} critical velocity

(c)  ‘artificial velociy {d)  angularvsioclty

36  Anastronautis orbiting around the Earth in alarge capsule. Then,
(&) hew!l be In a stale of welghtlessness with respect to capsule
b} he is freely falling towards the Earth
(] g ball projectad atan angle has a straight line path as observad by him
(d) gl tha above

3.7  Anobject in uniform circular molion makes 10 revolutions in 2 seconds. Which of
the following staterment is true?

(&) Its pariod is2.08 {b) Its period is 20 s
e) Itafraquancyls S Hz ) Its fraquancy 15 0.2 Hz
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38

38

3.10

a1
32
33
34

3.5
3.6

37

3.8

38

3.1

3.2

A man Inside the artificial satellite feels weightlessness because the force of
attraction dueto the Earthis:

(a) zeroatpole

{b) balancad by the force of attraction due to the moon

(ch &qualtothe centripatal forca

{el) non-effective due to some particular design of the satel lite

A bottle of soda water is grasped from the neck and swung briskly in a verlical
cirgle. Nearwhich portion of the bottle do the bubblas collact?

[a) Near the battorn (b} In the middle of hottle

)}  Bubbles remain disiributed throughout the volume of the botile.
(d) MNear the nack of the bottla

The moment of Inertia of body depends upon:

{a) mass of the body and its distribution about axis of rotaticn

fb)  volume of the body

{c) kinetic energy of the body

d) angular momentum of the body

Short Answer Quiestions |

State second law of motion in case of rotation.
What is the sffect of changing the position of a diver while diving in the pool?
How do we get butter from the milk by using centriuga?

Mass Iz a measure of Inertl2 In [Inear meton. Whal Is lt2 analogue In rotatlonal
mation’? Dascribe briafly.

Why is it harder far & gar Lo take urn at higher speed than at lower speed?

What aratha benafits of uslng rearwheosls ofhaawvahlclas conslsted of doubla
tyres?

When a- moving car tums around a cemer to the left, in what direction da the
accupants tend o fall? Explain brigfly.

Why:is the acceleration of a body moving uniformly in a circle, directed
towards the canbrs?

How does en astronaut feel weightlsssness while orbiting Trom the Earth ina
spaceship?

[@ Constructed Response Questions

If angular velocity of diffarent paricles of a rigid body is constant, will the linsar
velocity ofthese particles be alzo constant?

A loaf of bread |5 lying on rotating plate. A crow takes away the loaf of bread and
the rotation of the plate increases. Why?
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a3
3.4

3.5
3B
a7
a8
3.8

3.10

3.1

32
3.3

3.4

3.5
38

37

3.1

3.2

33

Why do we umble when we take the sharp turn with large speed?

What will be time period of a simple pendulum in an artificial satellite at a certain
height?

Is the motion of a satellite inits orbit, uniform or accelerated?
What ara the advantages that radian has been prefarred a5 Sl unit to dearea?

In uniform circular motion, what are the average velocity and average
acceleration for ane revolution? Explain.

In & rainstarm with a strong wind, what determines the best position to hold an
umbrella’?

A ball is just supported by a string without breaking. If i is whided in a vertical
cincls, it breaks. Explain why.

Howris the centripetal force supplied in thefollowing cases;

(2] a salellite orbiting around the Earth?

{b) acartakingaturn gnalevel rpad?

|§ Comprehensive Questions
What = meant by angular mementum? Explaln the law of conservation of
angular momentum with daily life examples.
Shonw that arbital angular momenturis; L = e

Define mement of Ingrtia. Prove that torque acting on rotating rigld body ks
equel to the product of its moment of inertia and angular acceleration.

VWhat are artificial sateliites? Calculate the minimum time pericd necessary to
put a satellite into the orbit near the surface of the Earth.

Defing orbital vglocity and derve an expression fortha sama,

Write & note on-artificial gravity. Derve an expression for fraquancy with which
the spaceship rotates to provide artificial gravity.

Provethat {] v=re and () a=rix

Mumerical Problems

Alaser beam is directed from the Earth to the moon. The beam spreads over a
diameter of 2.50 m atthe moon surface. What is divergenca angle of the beam?

The distance of moon from the Earth is 3.8 x 10°m. (Ans: 6.6x10” rad)
Acaris moving with & spesd of 108 km h”. [Tits wheel hag a diameatar of 80 cm,
findits angularspesdinrad 5™ and rev s™, (Ans:100rads”, 16revs’)

An alectric motar i running at 1800 rev min™, On switching off, it comes toragtin
20 s If angular retardalion is uniform, find the number of revolutions it makes
befora stopping. {Ans: 300 rav)
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2.4

3.5

3.6

3.7

3.8

39

310

A sfring 0.5 mlong holding a stone gan withstand maximum tension of 35.6 N.
Find the maximum spaad atwhich a stone of 0.5 kg mass can be whirled with itin
averical circle. (Ans:55ms")
Tha flywhsel of an englne ks rotating at 2100 rev min™ when ths power source |s
shut off. What torqueis required 1o stop itin 3 minutes? The moment of inertia of
tha flywheal is 36 kg m’. (Ans: 44 N m)
What is the moment of inertiz of 2 200 kg sphere whose diameteris 80 cm?

(Ans; 7.2 kgmY)
A satellite is orbiting the Earth at an allitude of 200 km. Assuming the Earlh's
rediuzis 6400 km, calculats the orbital apeed ofthe selellite.  {An=7.77 kms")
A space slation has a radius of 20 m and retates al an apgular velocily of
0.5 rad 5. What is the artificial gravity experienced by the astronauts cn the

space station? {Ans:5ms”)
A bicycle wheel has an angular momentum of 10kgm’s” and angular velocity of
Zmad s’ Find the value af its moment of inertia, {Ans: 5 kgm®)

A diver comes off a board with ame straight up and lege straight down, giving
him a mament of inerlia of 18 kg m? about his rotalion axis. Then tucks into a
small ball, dacreasing his moment of inertia to 3.6 kg m". While tucked, he
makes two complete rotetions in 1.0'second. If he had not tucked at &ll, how
many revolutions would he have made in 1.5 & from board to water?

(Ans: 0.6 ray)




After studying this chapter, the studsnts will be able to: vl
© Derive the formulafor kineticensngy Jusing the squations of motion] ff_ ) I

% Darive an expreasion for abaolute potantial energy of 8 hndyaia nﬁﬂhu‘r poattion in the
graviielional field including escaps velocity] ~ 1

& Dedue [he work done frarm lorce-displacamen! graph. “"--\":-'L
Differaniiate botween consarvativa and nan- mnsarvgtwaﬁ'bas
# State and uselhework - energy theoremina reslsﬂve tpedlum tosolve problems.

@

Wurk is oftan thought in tarms of physical ormantal effor. In Physics, howaver, the
termwork involves two things (i} force, and (i) displacement. We shall begin with
& simple situation in which work is dongby a constant farce.

41 WORK DONE B'\L@CEHETAHT FORCE

Let us consider an object which is baing pulled by a constant force F. The force displaces
the cbiect through a displacement d in the direction of force. In such a case, work Wis
definad asths produstofthe magnitude ofthe forea F and magnitude ofthe displacament

d. This can ba writtan 2s: Force,

(W= Fd (4.1) e
Equation (4.1} shows that If the displacemant s 2erg, no
work is done even if a large force is applied. For axample,

pushing on & wall may tire your muscles, bul work done 2
isZaroasshownin Fig. 4.1.

The force applied on & body may not always be in the
direction of farce as shown in Fig. (4.2} If the force F
makes an angle { with the displacement d (Fig. 4.3), the
work done is equsl to the product of the component of
force along the direction of the displacement and the.
magnitude of displecement. Then

Flg &1 el
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W= [_F [:059} d = FOeosg8 cicevinieg {4.2} r
ar W=F.d ..... {4.3) T
Equation (4.3) shows thatwork is a scalar quantity. F 4
The unitefwork is joule {J). From Eg. (4.1), we have i
|
28 % "
1J=1TNm p— o &
d >
When a constanl force acls through a distance d, the Fig 4.3

event can be pletted on a simple graph {Fig. 4.4). The
distance is normally plotted along x-axis and the farce
along y-axis. As the force does not vary, in this case, the
graph will be a horizontal straight line. If tha constant
foree F {newton) and the displacement d (metre) gre in
the same direction, then the work done s Fd {Jouls):
Clearly shaded area in Fig. 4.4 is alse Fd. Hence, the
area under a force-displacernent curve can be taken as
ta repraseni the work done by the constant force. Incase
the force F is not in the direction of displacemant, the
graph is plotted between Foosb and d, Fig. 44

From tha dafinition of work, wa find that:

fil Work is a scalar guantity.

{in Ife<90° work is dgne and itis said to he positive work.
il 16 =80% noworklsdone.

{iv) If &= 90°, the work done is said to be negative.

(v} Elunitofworkis N m, also known as joule (1).

42 WORKDONEBYAVARIABLE FORCE

In many caaes, the farce doas not ramain constant during the procesas of deing work. For
example, a3 a rockei moves away from the Earth, work i3 done againat the force of
gravity, which varies as the inverae sguare of the distance from the Earth's centre.
Similary, the force exerted by a spring increases with the amount of stretch. How can we
caloulate the workdene in such situations?

P — L
W

disiance

\l’m

Fd

Figure 4 5 shows the path of a particle in the x y plane as it moves from point P to point Q.
The path has baan dividad into n short intervals of displacaments Ad,, Ad,, ......., Ad
andF,,F,, ......, F ara thaforcas acting during thess intarvals, respactivaly.

n
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During each amall interval, the force is suppozed
to be approximately constant. So, the werk done
for the firstinterval can then be wiitten as

AW, =F,.Ad,=F, coso, Ad,

andin the sacond intarval

AW, =F,_Ad. =F, coslAd,

and so on. The total work done in moving the
abject can ba calculated by adding all these tarms.
W =AW, + AW +.......+ AW

=F cosb, Ad,+F, cosd, Ad,+......+ F, cosf_Ad
or Wi = éﬁmsujad, crreerenee (24)

Ws can examinathls graphlealty by plotihg Fcos 0
verses o as shown in Fig. 4.8. The displacement o
has been sub-divided into the same n equal
Intervals, The value of F cos 8 at the beginning of
each intervalisindicated in the figure.

Fig. 4.5

A particle actad upon by a
varnable force, moves along
the: path shown from paint P o
point Q.

Fig. 48

Now thei™ shaded rectangle haz an atea F. cos 8, Ad which is the work dong during the

th
1

interval. Thus, the work done given by Eq. 4.4 equals the sum of the areas of all the

rectangles. If we sub-divide the distante into a large number of intervals so that each A
bacomes vary small, the work dona given by Eq. 4.4 bacomas mora accurata, If we lat
each Ad to approach zero, thenwe obtain an exact rezultfor the work done, such as:

Wixal = Limit ZFoos8Ad ... (4.5)
A2 =
If this limit Ad approsches zero, the total erea of all
tha rectangles (Flg. 4.6) approaches the area
batwesn the Feosd verses d curve and x-exis from
Pto (G as shown shaded in Fig 4.7

Thus, the work done by a varlable force Ih moving a
particle between two points is equal to the area
under tha F cosd versas 4 curve betwean the o
points P and Q a3 shown in Fig. 4.7.

-]

&

18

:

L+]

d—
Fig- 4.7

Exampie 4.0 [ Aforce Facting on gn object vares with distance des shown in Fig. 4.8.
{alculate tha work done by tha forcs as the objact moves from f=01o d=8 m.

seiutisel ' The work done by the force is equal to the total area underthe curve from

o = Din d =6 m. This arga is equal to the area of the rectangular section from o =D 1o
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=4 m, plus the ares of tlangular section from of =4 m to 5
= 4
d= Bm. i
Hence =
W
Work done represented bythe area ofrectangla=4mx SN ¢ 1 2 3 4 B ¢
dim}—
=20Nm=20. il
Fig. 48
Weork dore represented by the area of triangle = %xg mxsnN
=5Nm=5J
Therefore, the tatal work done =20J+51=25)

4.3 CONSERVATIVE AND NON-CONSERVATINE FORCES

Conservative Forces

The space arcund the Earth In which Its gravitaional force acts on a body |15 called tha
gravitational field. When an object is moved in the gravitational field, the workis done by
tha gravitaltional forca. If displacement is in tha direction of gravitational forca, tha wark is
positive. If the displacement is against the gravitational force, the work is said to be
negative, :

There is an inleresting property of the gravitational
foree that when an object is moved from one placeto  ©.
another, the work done by the gravitational force does '
notdepend on the choice of the peath. Lat us explorsit. o |

Consider an object of mass fm being displaced with E !
constant speed from pointAto B along various paths © *
in the presence of a4 gravitetional force (Fig. 4.9). In -ﬁ,ﬁ,{;
this case, the gravitatianal foroeis equal to the weight Fig. 4.8

mguoftha oblect.

The work done by the gravitational force aleng the path 1 {ADB}) can be split into two
parts {path AD and path DB}. Tha work dona along AD is zero, becauss the weight mg is
parpandicular to this path, whereas the work done along DB is (—mgh) bkecause tha
direction of my is opposite tothat of the displacementi.e., 6 = 130°. Hence, the work done
in dizplacing a body from Ato B through path 1 is:

Woas =0 + (- mgh) = - mgh

If we consider the path 2 (ACB), the work done along AC is also (-mgi). Since the work
done along CB iz zero, therafora,

Woe=-mgh +0 =-mgh

Mow consider path 3, L.e., acurved one. Imagine the curved path to be broken down into a
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seriaz. of horzontal and vertical elaps a8 shown in ¥

Fig. 4.10. There is no work dane along the horizontal L G g
steps, bacausa myg iz parpendicular to the displacament 5 T
for these sleps. Work is done by the force of gravity only r&“ Jfr
along the vertical displacements. During the segment CD, L h"“'ﬁ ”
mg i2 not negative; itis positive. But hare all Ay elements  4p l
are negative, sc the products of mg and Ay for all the Aﬁt—'f'- --------------------
elamants will again be negative. Therefors, we can write:

Fig 4.10
W, =- Ay AL A+ A Asmocth path may be replaced
= TGYAY AV A, L by a seriss of infinitesimal x and
As Aptdp tAy+ L. tAy. =h ¥ displacsmants WWork is dona
Hence W, = - mgh anly during they diaplacamanta,

The netamount of work done along the curved path AB is still (<mghl. We conclude from
tha abava discussion that

Work done by gravitational force i= independent of the path followed.

Can vou prove that the work done, along a closed path, such as ACB& or ADBA
{Fig. 4.9}, by the gravitational forca is zera?

ifthe work done by a force in movingan.object between two points is
indapendent of the path followed.or'the work done in a closed path
be zero, theforceis called a consenvative force,

As shown above, the gravitational force is a conservative force, other axamples of
conservative farce are &lecirostatic fores and elastic spring force.

Non-Conservalive Forces
Alltypes of forces are not congervative forcas.

Aforce is non-conservative if the work done by itin meoving an cbject
betweaan bwtypaints orin a closad path depends an the path of motion,

The kinetle frictional foree e a non-consarvatlve force. YWhen an objact slides over a
surface, the kinetic frictional force always acls opposite to the motion and dogs negative
work eqUal in magnituda 1o tha frictiohal force multiplisd by tha length of the path. Thus,
greater amount of work is done over a longer path between any two points. Hence, the
work depends on the choice of path. Moreover, the fotal work done by a non-
conservativaforcain a clezed pathis notzero.

Other examples of non-conservative force are air resistance, tension in a string, normal
force and propulsion force of a rocket.

44 POWER
In the definition of work, it i3 not clear, whather the same amount of work i done in ona

second or in one hour. The rate, at which work is dene, is often of interest in practical
epplications.
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g
Powar iz the measure of the rate at which work is being dona.

If work AWis dona in atime intarval Af, then the avarage power Faeduring the interval Af

isdefined as:
_ AW
Pa= Do s {4.6)

If work is exprassad as & function of time, the instantanesus powar P at any instant is
definad as:

AW

Pelimlt ===t . T

A-sn Al (4.7)
whare AW/ s the work done In short Interval of time AL
Since AW = F Ad
Hence pe FAd _pAd

At At

. Al
Since Vi
Hence B RN L o i W e e (4.8)

Thus, power may also be defined asthe acalarproduct of F and V.
The Sl unit of powar is watt, defined as ona joule of wark done in one sacond.

Bometimes, for example, in the elsctrical measurerments, [@7or your information] —jf

the unit of work is expressed as watt second. However, a ™ P
commearclal unlt of elacirical energy (= kllowatt-hour, Device Pawer {W )
One kilowatl- hour is the work done in one hour by an  Jumbo Jetaircrafi  1.3x10”

; ’ Cerpt8) kmh 1421
agency whose power (s one kilowatt. Sl gt
Tharafora TEWh=1000¥Yx 38005 Coloured TV 120

F Flash lighl (hwo cellal 1.5 ,
or 1kWh=36x10"J=36MJ Pockel caleulater 7510

Exampie 4.2 N-AT0 kg man runs up along fight of stairs in 4.6 5. The vertical height of
the stairsis4.5 m. Calculate his power outputin watis.

Salution ) Workdone = mgh -g Do you know? }i‘_-

- I It wkes about 910" J of erargy to
P r=m;' maka a car aned tha car than usas
A7
43
P=77%X100kgm's =77 X10° W
4.5 ENERGY

Energy ofa body I3 lis capacily to do world. There are two basic forms of energy.
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{1y Kinetic enargy (i} Potential enargy

Kinetic energy is tha anergy possessad by a body due ta its mofion ard potantial
energy is the energy possessed by & body due toits changed position.

The kinetic energy and the poteniial energy beth are the kinds of mechanical energy.
Kinetic Energy

Let us derive a formula for the kinetic energy of a moving body. Consider a car running
with a constant spead on a road. If iis englne Is switched OFF, it will still cover some
distance before stopping. As long as it is moving, it is doing work against the force of
friction of tha road. In ethar words, during this interval, it will axert a fores aqual in
magnituda to the forca of friction £ Lel the distance travallad haefore coming to restbe d,
then the work done by the carwould be fo. This work is done by the 'car due toits motion_
The ability of a body to do work due 1o itz motion is its kinetic anergy. Therefore, kinatic
energy of the car is equalto fd. The acceleration can be found by using Newton's second
|aw of maotion, i.e.,

F=ma
As the car slows down and finally stops, its accalsration a is negative bacausa it is
produced by foree of friction £ acting appoaite tothe direction of motion. Thus,

f=-me

ol
or e

Wa can now determine thevalua of {fd y by uslng tha third equaticn of matlon, I.e;

2aS=+ v
Here, Initial velocity  v=v W Eor your mivrmation |
Final velocity v,= D Approx/mate Energy Values
o il ;"“I"’“1 | Em::;::l'

. " L LI ng o coal
fAccalsration a=-m Buming 1 lire petrol 510’
Putting valuesinthe above equation of moticn, wehave  K.E ofacarat 110

(-f 5 90 kam h*
2x [Ejd= O—v Running Person at xid’
1 5 10 kam b _
Fd = E my Fissiun of vne alom 180"
; ey of uraniurm
As fd is equal to the kinetic energy of body, therafore, KE of a moleculs of air 6x10 "
Kinetic enargy= %m v {4.9)

Since, kinetic anargy is equal ta work which the body is capable of doing, 30 the unit of
kinatic anargy must bethat of wark, i.8. joula (J).

Exmenpie 4.3 [ A gar weighing 18820 N is running with a spead of 16 m 5. Brakes ara
applled and It Is brought to rest In a distanca of BG m. Determing the avearage force of
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friction acling on it.

Solution
W v=18ms’ d=80m, w=18820Nand/="7
Tha kingtic ansrgy of the ¢ar s equal (o tha work done by Ithefors stopplng, Le.,
%mv‘ = fd
Here m=W o 18620N _ o
g 98ms’ kg

Putting the value in the above aquation, wa have
%x*lsm:- kg« (18ms'Y =f=B0
ar f=3040N

Potential Energy
The potantial snsrgy is posssssead by a body because of its position in a forca field, e.9.
aravitational field or bacause of its vonstrgined state.

The enargy stored In a compressed spring Is tha potentlal anergy possessad by the
spring due to its compressed er stretched state, This formn of energy is called the elastic
potential enargy.

Absalute Potential Energy M-
N-1 4

The absolute gravitational potential energy of an object
at a certain position is the workdone by the gravitational :
force in displaging the objeet from that pesition to infinity #3
where ths forcs of gravity becomes zero, 2

ha

=
[
o

The relation for the. galsulation of the work done by the
gravitational forca or patential enargy ia mgh, which is trus
only near the surface of the Earth where the gravitational
force Is naany constant. But If the body Is displaced through
alarge distancs in space, letit he from point 1 to N {Fig. 4.11)
in the gravitational field, then tha gravitational force will not
remaln censtant; since It vares Inversaly to the equars of the
distance.

e D
———— e L

In ordar to ovarcoma this difficulty, we divide the distanca
between points 1 and N into small steps each of length Aresc
that the value of the force remains constant for each small
step. Hence, tha total work done can be calculated by adding
the work done during all these steps. If r, and r, are the Flg. 4.1

diatences of points 1 and 2 reapectively. from the centre © of the Earth (Fig. 4.11.), the
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wark dore during the first step i.e., displacing a body from point 1 to point 2 can be
calculated as bslow. The distance betwesn the centre of this step and cenire of the

Earth will be: =
htr, i o you lmow? [
fF=_=°c = =g
2
Ag L—if=Ar than L= tAr
2 r1+r1+Ar=r +£

Henca » :
2 z

.......... {4.10)

The gravitational force F at the centre of this step is:

Mm
¥z

e 4.11)

whera m = massof anobject ., M= mass of the Earth
and G = Gravitational constant

Squaring Eq. 4.10

2
re —E" +ij '
LI s Thare la mara snergy reaching
i Earth In 10 days of sunlight
& oa Ar {Ar than in dl the fossi fuels on the
e L e R Earth.

As (Ary < i 20 (ArY can be neglected as compared to r?,
Hance rf=r?+rAr .
Putting the value of Ar=r-§
r'= Bi¥r(s-5)=rn
Hence, Eq. 4.11 becomes

N T 1 -

A\ n 5

Asthisforce Is assumed 10 bo constant durlng the Intarval Ar, sothawork donels:

Wi, = FAr = FArcos 180° =- GMm r‘l:
1 fa

The negative sign indicates that the work has to be done on the bady fram point 110 2
because displacement Is opposhe to gravitational force. Putting the valueof Ar, we have

=0
m s =-GMm =2
hifg

- Wiz = - GMm [1__1_]

i A
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- %
Similarly, the work done during the second step in which the body is displaced fram paint
2tcdis: _ .
T 1
A =-GMm | ——
25 [rz !‘J - Thelinlits .
) More coal hes been used since

and the work done in the last step is; 1945 han was usad iniha whole
4 f] of history afom that,

WH_f—>H =-GMm —_——
vt T

Hence, the total work done in displacing 8 body fram point 1 to N is calculated by
adding up the werk done during all these staps.

Ww = W;%-z + Wz—)—s"' FEF Rt o WM-]—}‘N

= =G Mm i-l + l-l + amagaang’ 1 l
nore fz T3 Fu-r Iy

On simplification, we have
Wi =- GMm [1—1}

iy

If the point N is situated at an infinite distance from the Earth, then
M=o ; S0 i=1 =0
ry oo
EMm
i
This total work by definition is the absolute potential energy (R.E} as stated eardier
reprasanted by L.

Hernoe =_

U=_GMm
r

This is also known asithe absolute value of gravilational potential energy of a body at
a distance r from tha centre of the Earth.

Mote that when riﬁcreases. U becomes less negative i.e., U increases. [t means when
we raise abody above the surface of the Earth, its P.E. increases. Tharefore, if we want
ta raisa the body up to infinita distance, we will have to do work on it equal to &im )
thatits P.E. becomes zero,

Now the absclute potential energy on the surface of the Earth (s found by putting
r=FR{Fadius of tha Earth}, 20

Absolute potential energy = U, = - % ....... {4.13}

Tha negative sign shows that the Earth's gravitational fisld for mass mis atfractive. Tha
abova expression gives the work or the energy required 1o take the body out of the
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Sy
Earth's gravitational field, where its potential energy with respect to Earth is zero.

4.6 ESCAFE VE Luc ITY |E 5 .:.(:f_"._bi_ll-'.’..':‘ l‘-'.'.#‘-erriar.ra.'-:‘-;- _ﬂ

It is our deily life sxperience that an olject projecled Some Escspe speeds (kom ﬁ']
upward comes back to the ground after riging to a certaln  Haavenly body Escaps speed

height. This is due to the force of gravity acting downward.  Moon 24
Wih Increased Inltlal veloslty, the objecl rises 1o the  Mercury 43
Mare 5.0

greater height before coming back. Ifwe ge on increasing

the initial velocity of the object, a stage comes when it will :;T:la 110':

not r&h..lm tothe gmund. [t weill Bacﬁpﬂfr'ﬂm tha inffluancea of Uranus 2:4

gravity. Meptune 254
The initial velocity of an object with which it Satum 37.0
goes out of the Earth's gravitational fisld, is Jupltsr &t
known a5 escape velogity.

The escape valocity comrasponds to the initial kinetiz energy gained by the body, which
carries it to aninfinite distance from the surface of the Earth.

Initial K.E. = %mvfm

Wa know thal thework done in lifting & body from Earth's surface to an infinite distance is
equaltotheincrease in potentialensrgy.

Incarase in PE. = (H- G%n] =G %
where M and R are the mass and radius of the Earth respedlively. The body will ascape
out of the gravitational field if the initial K. E. ofthe body is equal toincrease in FE. Then

A,
7S 6

2
or Vs = q’ﬁ" e A
R
_ &M _GM
Az g= = of gR-= R
Herce Ve = ,}25;& {4.15)

The value of v comes out to be approximately 11 km s,

4.7 WORK-ENERGY THEOREM

Whenever work is done on a body, itincreases its energy. For example, if a force Facts
on 2 body of mass m, initially moving with velocity v, , through a distance f and
increasesits velocity to v, , than the acceleration produced wil| be:

Pad =y —
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T
or 8= Ef“’! —
From the second law of motion:
F=msa
or a= % ..........
Comparing Eqs. 4.16 and 4.17, we have
F 1
m- 2g (v —v)
or FiE gt L
= Em':’:« — Emlﬂ ..........
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{4.16)

winy B Thibits B
All tha ke youl sat Incona day
has about the same snergy as

1/3 Iitrs of palral.

{4.18)

This expression is the werk-energy theorem_ It states that:

The change in kinetic energy of an object is equal tothe work done

on it by a nat force.

W = Change in kinetic znergy = (K.E), — (KE), = ; mv —

This is also known as work-energy principle.

1

M VZ
2 i

The work-gnergy theorem is applicable for any direction of the foroe relative ta the
displacement. For instance, an object with kinetic energy can perform work if it is
gllowed to push or pull on anatherabject. In this case, the work will be taken as negative
and the kinetic ansrgy of the oblect will decrease. Tha thacram remains valid even if the

Torce may vary from point to paint,

Emmpi= 4.4 || A motorcycle rider weighing 80 kg is coasting
downa 24° slope. The weight'of motorcycle is 30 kg, At the top of
tha slope, the speed of motorcycle is 3.2 m &7, If the kinetic S
fricional force is 100N, what will be the spead of the motorcycle

72 mdownhill?

Solutlon | The momal force F, i3 balanced by the component of weight (mgccaza”)
perpendiculartothe slope, Lat the kinetic frictional Torce is £, then the net forca Fis:

F= mgsain24°—f whera m=total mass =50kg+ 30 kg=80kg

or F=(80kg=x8.8ms?x04)—100N

F= 2B2.8N

Wokdona W=Fd=2828N=x72m=1820164J

Aswoarkis positive, soapplyingwork—anergy thaorem,

W= (KE) — (KE}
Farm hare,
(KE) =W + (KE)
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Putting the values, we have
%mv,z = |.v".-"+%.l‘.".".a'|z

%xgﬂkngf — 182014 +1§x90|-ch[3.2ms"}’

This gives, vV = 4147ms"
or Vv, = 4147m's® = 204ms’

4.8 INTERCONVERSION OF POTENTIAL ENERGY AND

KINETIC ENERGY

Consider a body of mass i at rest, at a height & above the £E = mgh

surfece of the Earth as shown in Fig. 4.12. At poaifion A, the: KE=0 i A
body has FP.E. = mgh and £ E. = (. We raleasa the body-and
asltfalls, we can exaamine how kinetlc and potentlal enargles x
associated with it interchange.
Lat us calculats PE. and K.E. at the posltion B when the . h
bady has fallen a distance x, ignoring air friction. EZ' mEhE pg
; e
Now, heightfrom the ground is (h-x), so that Y
= (-}
PE. =mg (h-x} PE=1
and kb= md Bt
z Fig. 4.12

Velocity v, at position B, can be calculated from lhe relation,

W= +2g8
as VoY, w=0 5 S=x

v =0+2gx

W =2
Therefors KE= %m {20x)

= Mmigx
Total energy at pasition B=PE + KE
Total enargy =mgfh-xl+mgx=mgh _... [418)

At position C, just before the body strikes the Earth, PE. =D and K.E = %mu;f ’

where v. ¢an be found out by the following exprassion.
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2 2 | e i

v - t2gh=2gh as w=4§ ! i

i =

1l
=

Ml -

]
ig., K.E

%mx2gh=mgh

Thus, at point G, kinetic anergy is equal ta the original value oftha £
potential energy of the body. Actually, when a body fallg, Its II'

velocily increases e, the body is being accelerated under the Y T
action of gravity. Tha increasa in velocity results in the increasa in 5

its kinetic ensrgy. Cn the other hand, as the body fallg, it height , I
decreases and hence, its potential energy also decreases. Thus,

we see {Fig. 4.13) that:
Lossin PE. = Gainink.£

Flg. 413

aug (fy — hg) = %m(u: LN b (4.20%

whers v, and v, are he velocities of the body st the heights h. and h. respectively. This
resultis trus enly when frictional farce is not consgidersd.

If we assume that a frictional foree f is present during the downward motion, then a part
of P.E. is used |n doing work against friction equsl ta FA. The remaining EE. = mgh—fh
le convartedinto K.E.

Henoe mgh —fh= % mv*

or mgh = %mvhfh e (427)

Thus Loss in BE. = Gain in K.E. + Work dene against friction
Conversely,

Loss of K.E. = Gain in P.E. + Work dona against friction

Exnmpla 4.5
A car waighing 1100 kg is maoving with a velogity of 12 m &, When it is at point P, its
engine staps. If the frictional force is 120 N, what will be its veloeity at point QF How far
beyond Grwillit go befare coming to rest?

Sodurian
The Kinetic energy passessed by the car at paint P will 3 =
partly be convertedinto P.E. and partly used upin doing 2B 1 B
work against friction as itreaches point Q. Therefors, = b

Lossof K.E. =Gainin PE +Work againstriction
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%m(v,-z— v') = wh+fd

%xﬂﬂt_}lkgﬁdd m’s”—v') —(1100kgx9.8ms’«x1.5m)+120 Nx24 m
550 kg (144 m* 57— ) = 16170 kg m® 5° + 2880 kg m" 5°
b | z -
{144"125;_‘42] _16170kgm's™ + 2880 kgm' s Sa st
550 kg
v = 144ms’ — 346m’ s’ = 1094 m' s
Velocity at pointQ, ¥ =v108.4m’s” =10.5ms" .j‘j':‘-_ :
Now If the car stops at point R, then using the fermula: D]
1 > b ', l'
2mvi-fs
zmv ._'_l_,_

Ly

%x‘“ﬂ‘ﬂ kgx109.4 m*s® = 120 kgm s* %8
7~

8 = 501 i approximately
i Exwmpie 4.4 1 An object of mass 3 kg falls from 4 height of 15 m. If it strikes the
groundwith avaloclty of 16 ms”, calculale tha average frictional farca ofthe alr.
[USelwionl)  Lossof PE=CGainin K.E. %jﬁdnne against friction

. { Soluion B o
v =0, mgh Zlmi +fh
2 r"\\
o
3hgx98ms’ x15m = Egc‘é:hg[1ﬁm5")z+fx'15m
444 kgnfs“’,a;—;r;%ﬁkgmzs" + 16mxf
(4. Adlkgm's®- 384 kgm's®

or \
~3 15 m

=38 kgms® =3BN

s b

QUESTIONS [
|@ Muitipie Choice Questions )|
Tick {+') the cormect answer.
4.1 A1 kg mass has pctential energy of 1 joule relative to the ground whenitisata
height of:
{a) 0.102m k) 1m {c) 8.8m {di 32m
4.2 An lron sphers whose mass is 30 kg has the seme diameler as an aluminium

sphere whose mass (s 10.5 kg. The spherss are simultansously dropped from a
¢l When they are 10 m from the ground, they have identical:

{a) acceleraticns (bjmomentums {c) potential enargiss (d) kinelicenargies




E._Fhf.‘:’lf!;: (‘j& | hapee {:l_- Work, Ermrgy and Pn-nwjﬁ

4.3 Abodyatrestmay have:
(a) spaed (b} welosity (&) momsmtum (d)y energy

44 The height ebove the ground of a child on a swing varies from 0.5 m of his lowest
pointto 1.5 m at his highest point. The maximum speed of the child is approximately:
(@ 1.8ms’ (b} 44ms’
(c) 2.8mg" (d} Dependsuponchilds mass

4.6 When a ball |s thrown vertically upward and then falls back to the ground, which
force can be considered consarvativein this scenano®?
(@) Airrasistance b} Gravity
(¢} Frictionbetweenballand air  (dY Contact force with hand

4.6 According to wark-anargy principla in iInear maotion, the work dona on body is aqual

to:
(@) changeinkK.E. (b} changeinFE
c) zero (d} sumofK.E.and FE.
4.7 Powerofalamp 2 6 W. How much energy does'a lgnfp give outin 2 min?
(@ 124 {by 20J € 3¢ - {d) 720J

4.8 Adry battery can deliver 3000 J of enargy to a 2 W small electric motor before the
battery |s exhausted. For how many mindtes doss the battery un?
() 1800min (b} 100min - (£} S0min {dy 25min
4.9 The kinslic energy acquired by & rhaze m after ravelling a fined distance from rest
under the aclion of a constani ferce is directly proportional to:
(@ ~m {b) f[h{m-' cy m (d) independentofm
4.10 Abady moves & distai ca'of 10 malong a straight line under the action of SN foree. it
the work done |2 E_E_J,the angle which the force makes with the direction of motion of
thebodyis:
(@) &° - {b) 30° (c) &0 (d) =¢°

4.1 Why is elactical power required at all when the elevator is descending? Why
should be there alimitan the number of paasengers in thia case?

4.2, Abody is being raised to a height H fram surface of the Earth. What is the sign of
work done by both {body and the Earth)? Justify.

4.3 Abuody falls towards the Earlh in air, Will its total mechanical energy be conserved
during fall? Justify.

4.4 Calculate power of a crana In kllowstt which |fts a mass of 1000 kg to 3 helght of
100 min20 second.
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4.9

4.8
4.7

4.8

49

Atrolley of mass 1500 kg carrying sand bags of 500 kg is moving uniformly with a
speed of 40 km h on a frictionless track. After some time, sand starts leaking out of
whole sand bags on tha road at a rate of 0.05 kg 5" What s tha spaad of tha frolley
after entire sand begs are empty?

Give absolute and gravitational units of workin M.K.Sand C.5.5 systems.

A body dropped from a height of H reaches the ground with a speed of 1.2 [gH.
Calculate work done by air friction.

Abicyclehas g KCE, of 180 J What FCE. would the bicycle have it ithad;

il samemassbuthasspeaddouble?

(i} thraatimas mass and was moving with ona half of tha spasd?

What will be the effect on & £ of the body having mass re, maving with velocity v
whan its momantum bacomas doubla? Justify.

4.10 Dees the intermational space station have gravitational RE. or kinetic energy or

41
4.2
43

4.4

4.5

4.6

4.7

4.1
4.2

43
44
45
46

both? Explain,
| Constructed Response Qaéstions

When will you say that a force is conservative? Give two conditions.
Alight end 8 heavy body have same lingar mementum, which one has greater K.E. 7

Amotaorcycle is running with constantspeed ona horizontal track. [s any work being
done on the motarcycle, if no net farce is acting onit?

Aforce acts on a ball moving with 14 m &” speed and bringz its speed to 6m 5", Has
the fores dong positive or pegalive work? Explain your answer.

A slow meving truck can have more kinetc enargy than a fast moving car. How Is
this possible?

Why work done against friction is non-conservative in nature’? Explain briefly.

Does wind contain kinatic energy ? Explain.

Comprehensive Guesifons

Define K E. and derive an expression for the same.

How is work dore by a;

(i) constant forge (i) variable foree?

Define conservative field. Show thatgravitational figldis conservative in nature.
Whatle maant by absoluts P.E.7 Derlve an expressinn for absoluta RE.

State and explain work-energy theorem in a resistive medium.

Deflne sscape veloclty. Show that an expresslon for escapa veleclty can bs
expressed as v2Ry, where R and g denole radius of the Earth and aceeleration due
to gravity, raapactively. Alsa find its numaricalvalua near tha surface of the Earth.
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lumerical Problems
4.1 A machine gun fires 8 bullets per minute with a velocity of 700 m s”. If each bullet

has amassa of 40 g, then find power developed by the gun? (Ang: 980 W)

4.2 Afamily uses 10 kW of power Direct solar enargy is incident on horizontal surface at
an average rate of 300 W per square metre. I 75% of this energy can be converted
into useful electrical energy, howlarge arsais needed to supply 10 KA?

{Ans: 44 .44 ™)

4.3 Thamass ofthe Earth ls 6.0 x 10™ kg and mass ofthe Sunls1.99x 107 kg. The Sun

is 160 million km away from the Earth. Find the value of gravitational PE. of the

Earth. {AngT==4.97 x 10™J)
4.4 An object weighing 98 N is dropped from a height of 10 m: s speed just before

hitting the ground is 12 ms". What is the frictionel forcz ectingonit?  (Ans:26N)
4.5 AT5wattfan is used for 8 hours daily for 30 days. Find:

(il  energy consumed in electrical units

(i) slectrcity billifoneunit costs Rs. 22.57 [Ans; {i}18 units (i} Rs, 405]
4.6 Ifan objoct of mass 2 kg thrown up from greund reaches a height of 5 m and falls

back tpthe Earth (neglecting air resistance), calculate:

(D  workdone by gravity when the object reaches at 5m height.

{iiy work donebygravity when the object comes back to the Earth.

(iii total work done by gravity in upward and downward motion. Also mention
physical significance of the result.
[Ans: (i)-84J {ii})+28.J {104 work dons ina closed path ina conservative fiald |5 2ano)
4.7 An electical motor of ane horse power s used to run a water pump. Water pump
takes 15 minutes to fill & tank of 400 litres 2l a height of 10 m (1 hp 746 watts). Find:
{a) actual inputwork done by electric motor lofill the tank
(b) actusl gutputwork done [Ana: {a) 671.4 kJ, (B) 38.2kJ]
4.8 Apassenger Justarrives at the airport and dragging his suitcass to luggage checks
in atthe desk. He pulls sirap with a force of 200 N at an angle of 45° to the floor to
displace it 50 m to the desk Determine the value of work done by him on the

suitcase. (Ans: 7 kd}
4.9 A1200kg carls running at aspead of 40 km ', How much powar will be axpanded
by itto accelerate at2 ms*? {Ans: 26 67 kW)

4,10 A 200 g apple is Iifted 10 10 m and then dropped. What is its velocity when it hits the
ground’? Assume that 75% of work done in lifting the apple is transferred to K.E. by
the time it hits the ground. (Ans: 121 ms™)




After studying this chaptar, the studlsnts will be able to:

Distingulsh betwasn Be struchines of crystall e, amorphals, and polyme s sollds.

Describa thet deformation of golids In one dimension [That It 2 caused by & fnnch ghd that h one

dimension, the deformation can batansils or compressive |

Define andusa the tarme strass, sirain and the Youna's modulis

Desaribe an expefiment 1o delenmine the Young's imodulus of & metalwire.

Deecribe and r=ethe terms slastic deformation, plastic daforma.ﬁnn»qrid—éﬁsﬁ:liﬂit

Justifywhy aind apply the fact thakthe arca under the force-exians|on graph represants the work done

Cetermine the elestic polentisl energy of 8 materisl rl'hat is: deTﬂrmed within itz limit of

proporlionality from the area under the force-extension gr'aph Alzo state and use EP-—;U-’ for =

matarial deformed withinlis limH of proportianality]

Stete and useArchimedes' principle and Rotatlon

Justify how ships are engineered o Roatin the sea

Lefine and apply the terms: steady {streamlire or leminar} flow, incompressible flow and non -

vizcols flow azapplied io the motion of anideal fluid.

Stete and Uze equation of continuity io zolie problems

Explain thatsqueszing the end of & rubbar pips rsulisinincreasa in flow velacity

Justlfy that the equationof continulby s a form of he princlple of consarvation of mass.

Justity that the pressurg diffierenta can arise from diiorant rates of figw of 3 fiLid [Bamou i offigct]

Explain and apply Bameulli's aguaticn for homzonte| snd vertical Mukd Aow.

Explalnwhy raal flulds are viacous flulds.

Describa how viscous !omesln afluld causs aretarding force on an objeet moving threughlt

Cescribe super ﬂuud.;ty [As 1he stitte in which a liquid will experience zers viscasity. Students should

kricw thi irmplizations of this state e.g. thia allswa For suger fluids to creep over the walls of containees

1o ‘Bimply’ thm‘na&iws It alze impliss that f you sbir & supsrfiuid, the vorticas will keep spinning

ru:lafnrtalﬁl

o Analpu_ﬁtiﬁal -wortd applications of the Bamoulli affact [For example, atomizars in perfume bottles,
1he swinging trajectory of a spinning crlcket ball amd tha I of & spinning golf Ball {tha Magnus affat:t)
{he usa of Vanture ducts In flitar pumps and car anginsars to adjust tha flowof fluld, etz.]

o052 £ €

29020086 299

atorials have spocific uses dapending upon their characterigiics and properties,

such as hardness, ductility, malleability, ste. Yhal makes a meial hard and othar
s0ft? It depends vpon thae struslure, the particular order and bonding of atoms and
melecules in 2 material. Similarly, the study of fluids in motion ig relatively complicated
bul analysis can be simplified by making a few assumptions. The analysis is further
simplifiad by the usa oftwo impotant consarvation principles, the consarvation of mass
and conservation of energy. The |aw of conservation of mass gives us the equation of
continuity while the law of consarvation of energy is the basis of Bermoulli's equation.
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5.1 CLASSIFICATION OF SOLIDS L For your information J

Crystalllne Sollds

In crystalling solids, there is a regular arrangement of atoms
and molecules, The nselghbours of every moleculs are
arranged in a regular pattem that is consistent threughout the
crysial. Therais, thus, an ordared siruchura in Crysialline aolids.
Most solids, like metals and ceramics have a crystalline
structure. Thiz mesns their atoma, molecules or ions are

arranged in & regular pattem. The armangement of 5
meoleculas, atoms or ions within all types of crysialline solids LY
can be studied using various techniques such as X-ray a2

Diffractlon (XRD} and Transmission Elactren Microscopy

(TEM). It should be noted that atoms, molecules or ions ina

crysialline solid are not static. For example, aach atom in 8/

crysial vibrates about a fixed point with an amplitude. that  Giassy and crystalline-salic-
increases with rise in temperature. It is the average aformic Shortand lengranpe ordar.
posilicnawhich are perfectly ardered over large distances. | § For your infas mumﬂ

The cohesive forces between aloms, molecules or ions in  Sedum '“"" Chlorlnn fon
crysialline solids maintain the strict long-range order inspite of ,.‘-*

. fl f
atomic vibrations. For every crystal, however, thers Is a 4,

temperature at which the vibrations become greater that the T‘"
structure suddenly breaks up, and the solid melts. The } T
transition from selid {order) ta liquid (dizorder} is, therefore, I 1-= 1
abrupt or disgentinuous. Every crystalline solid has a definite © S o
melting point e.g., Quartz, Galeits, Sugar, Mica, diamond, ete. gﬁf“
Amorphous or Glassy Solids NatCl crystal Lattics

The word amorphous means without form or structure. Thus, in amorphous solids there
Is no regular armangamant of molecules |lka that In crystalling sollds. We can, therefors,
say thatamorphous solids are mora |ike liquids with the disordered structure frozen in.
For exampla, ordinary glass, which is a solid at ordinary tamperatura, has ne regular
arrangement of molecules. On heating, it
gradually softens inlo @ paste ke state
before it becomes a very viscous liquid at
almest BOO*C. Thus, amorphous solids
ara also callad glassy solids. This type of
solids has no definite meling point e.q.,
plasiic, glass, fused silicon, et.
Polymeric Solids

Pobymers are solid materials with a structure that is intermediate batwean order and
disorder. They can ba classified as partially or poorty erystalline solids.

Crystalling solids Amorphones sollds
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Polymears form a large group of naturally cocurring and synthetic materials. Plastics and
synthetic rubbers are termed as polymers because they are formed by polymerization
raeactions in which relatively simple molecules are chamically combined into massive

long chain molecules, or three—dimensional giructures. These materials have rather low
specific gravity compared with even the lightest of metals, and yel exhibit gcu:ld strenglh

toweight ratic. { Fer your infor '-H-.w 7
Polymers consist whelly orin part of chemical combinations of 0 m
carbon with oxygen, hydroegen, nitrogen 2nd other metsllic or ~NE {cy
nan metallic elements. Palythena, polystyrene and nylon, ele. cHE) &
ara axamples of polymers. Natural rubber is composed in the G,

pure state entirely of a hydecarbon with the formula {C,H.
5.2 MECHANICAL PROPERTIES OF SOLIDS
Deformation In Seclids

If we hald a soff rubber ball in our hand and then squeeze it,
the shape or volume of the ball will change. However, if we
stop squeezing the ball, and ppen aur hand, the ballwill retumn
to Its original sphercal shaps. This has baan llustrated
schematicallyin Fig. 5.1.

Similady, if we hold two ends of a rubber slfingin cur hands,

Parte of 2 PVC molamule

F‘& 4’ f = F
F—> “F
F’ + F
{b) F

%) O

and meve our hands apart to some extent, the length of the Flg.5.1:
string will increase under the action of the applied force (a}(}rlglnalrubberhall

axarted by our hands. Greater the applied forca, larger will ba
the increasein length, Now on removing the appliedforee, the

(b) Sousezad rubber hall
subgected force F by the
hand

strirg will reburm to its original langih, From these exarmples, it ©) m“" bRl ST A E

is concluded that deformation (i_e_, change in shape, length or
volume) |8 produced whan a body |s sublectad to soma
external force.

In crystalline solids, atoms are usually arranged in a certain
order. Theze atoms are held about their equilibrium position,
which depends on the sirength of the inter-atomic cohesive
force batween tham. Linder the influsnce of axtamal fores,
distortion occurs in the solid bodies because of the
displacemeant of the atoms frem their equilibrium position and
the body is said 1o be in a state of slress. After the removal of
extarnal force, the atems retum to thair equillbrium position,
and the body regains its original shape, provided that external
applied force was nat too great. The ability of the body to
retum to s original shape is called elasticity. Figure 5.2.
illustrates deformation produced in a unit cell of a crystal
subjectad to an extemal applied force.

{2} Unstretched unk call

%
(B} Unit coll under outwand
atratehing famss

] Unk call under Irmand
applied foroe

G
@} Unirced arar ramoving
applied force

Flg. 5.2
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53 STRESS, STRAINAND YOUNG'S MODULUS

The results of mechanical tests are usually expressed in terms of stress and strain,
which are defined in terms of applied force and deformation.

Stress

It is defined as the force applied per unit area to produce any change in the shape,
volume or length of a body. Mathematically, tis exprezsed az:
Force (F)

i), i | N o1
Siress {0} Area () (=1)

The S unit of stress () is nawton per square metre {N m™), which is given the name
pascal (Pa). Stress may causa a change in length, volume and shape. Whan a stress
changes length, it is called the tensils stress, when it changes the volume, itis called the
volume stress and when it changes the shape, it iscalled the shear stress_

Strain Flm______________iF

Strain is 8 measure of the deformation of a solid when e L
strassis applied to it. In the case of deformation in one
dimensicn, strain is defined as the fractional change
in langth. If AL is the change in length and'L, is tha
original length {Fig. 5.3-a), thenstrainis givenby A F

Yoluma ¥
Change in length (AL) . "~ (5 S ST ,_f-
Original length (L) | PR, ’-rf Voav

Since strain is the ratio-of lengths, it s | | |

dimensianiess and therefore, has ne units. If strain 0 | it
£is due to tensile stress o, it is called tensile strain, | - ! |

and ifit is produced as a result of compressive stress LS, I F
7, itis tarmed as comgreasivea strain. R 1
In case when the applied stress changes the yolume,

the change. in volume per unit velume is known as
volumetric strain as shown in Fig. 5.3 (b), thus

Flg. &.3{2): Tenslla strain

Strain (e} =

F
Flg. 5.3(b): Volumalrc straln

AV
Valumetric strain () = v ceoeeeeee (B3} .
u _‘?‘5-. ."__ I P o

Leiy be ihe distance between two oppositefaces of a
rigid body (Fig. 5.3-c}, which are subjecled to shear .| /
strass one of Its Face slldes through a distancs Ax, | % f

thenshearstrainis produced whichis is given by | jf &

Ax
Shaar straln (¥) e BRY s 98] s
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However, for amall value of angla ©, maasured In '[ J & For your information

radian tanf =6, sothat

HAImics

rare i e e 1 L B

Although | la named afterthe 18th
century Brtish Sdentist Thames

e I £ - b Bk s i
Young's Modulus In 1727 by Leanhard Eullar,
Tha streas applled per unit straln Tahle 5.1: Elastic constants for some materdals
is called Young's modulus Material | Young's Bulk Shanr
lnlo.l:iulu_lli M;dulu_uz Ho.dulu_s!
: PN m? APNm® [ 10PN
i G, e R Aumimiom | 70 70 a0
Tensils strain Bong 5 y 0
Brass a1 81 LT
= » g
g e gy Eeonsiee a8
ALIL Capper 110 140 4
Diamond 1120~ 540 450
It hag the same unit as that of stregs j.e,, _Slasa 58 il 23
N m* The vzlue of Young's modulus of 162 14 8 3
different material isgiven in Table 5.1. Lead 13 77 56
: . Mercury a iT 0
There are various methods to determine Steel 200 160 a4
the Yuurjg 5 I"I'IDd:.I|LI3 of a wire. Cne of the Tihedion 550 500 50
method iz Searle’s method. Watar a 3% a
5.4 DETERMINATION OF YOUNG'SMODULUS OF AWIRE
Support

Experimentally, the magnitude of Yeung's modulus for a
material in the form of wire carrbe found out mostly with
the help of Seare’s apparatug @3 shown in Fig. 5.4

It congiste of two wiras; refarance wirg and tost wirg of
equal lengths of same material having same diameatars
attarhed to a rigid support. Both wires are connected to
hordzontal bars(frames F, and F.) at the other ends. Hang
a constant weight to the hogk of horizontal bar of
raference ‘wira snd hanger on test wire so that wire
remains stretched and free from kinks.

Procedure

Tha following procedurs is adopted for finding Young's

madulus of a wire experimeantally.

1. Measurs the Inltlal length L, of the wire using a metra
scale.

2. Maasure the diamatar ' of the wira using a screw
guags. The diametar should be measured at saveral

Constant
waight
Blab || .-

A haany
hanper with
akatted
wrighls

Flg. 54: Seare’s apparalus
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different points along the wireg and take average.

3. Adjust tha =pirit leval s thal it is in horizontal position by fuming the micrometar,
Record the micrometer reading lo use it as the reference reading.

4, Load the test wire with a further weight, the spirit [avel lilts due to elongation of the
testwira.

5. Adjust the micrometer screw 1o restore the spirit level in the horzontal position.
Subtract the first micromater reading from the second micrometar reading to obkin

the extension of the testwire. — -
Hrain teager
B. Calculate stress and s?ram from thafollowing formula: o e
Strasy = — et _F _ mg sublactar In asame foroe. Which
Araaof wira A qre one will be stretehed more?
Strain = AL _ Changein length

L, Original l=ngth

7. Repesat the above steps by increasing load ontest
wire to obtain mare values of stresses and streins.

8. Plotthe above values on stress strain graph, it should
be straight line. Now determine the value of slope Y.
Tha value of slopa |s agual to Young's modulus ofwire.

55 ELASTIC DEFORMATION, PLASTIC DEFORMATION AND
ELASTIC LIMIT

In & tensile test machine, metdl wire is extended st a specified deformation rate, and
strasses generated in the-wira during defarmation are continuously measured by a
sultable electronic device fitted In the machanical testing maching. Forga-elungation
diagram or stress-strain.curve is plotted automatically on X-Y chart recorder, A typical
stress-strain curve fora ductile materialis shown in Fig. 5.5.

In the initial stage of deformation, stress is increased
linearly with tha strain till we reach poinl A on the o
stress-strein curve. Thia is callad proportional limit (o }.
It Iz definad as the greatest stress that a material can
withstand without losing straight line proporiionality
betwesn stress and strain. Hooke's law which states
that the strain (defermation) is directly propertional to
stress (force or load) is cbeyed in the region OA. From Simin

Ato B, stress and strain are nol propaortional. Flg. 55  Srass-sirain surve of 3

ic limi bl ductle mataral.
Elastic limit hpkzlductiama

Ifthe |oad is removed at any point betwean O and B, the curve will be retraced and the
material will return 10 its original state. In the ragion OB, the material is said O be

Straan (o)
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slastic. The point B is called the yield point. The value of stress at B is known as alastic
limit o7,

Plastic Deformation

If the &iress I Increased beyond the vield stress or alastic limit of the materlal, the
specimen becomes peimanently changed and does not recover its original shape or
dimensicn after the stress is remeved. This kind of behaviour is called plasticity. The
region of plasticity is represented by the porlien of the curve from B 1o G, the point C in
Fig. 5.5 reprasents the ultimate tensile strength {UTS) o, of the materal. The UTS is
defined as the maximum stress that a material can withstand, and can be regarded as
the neminal strength of the materal. Cnce point C comesponding to UTS iscroseed, the
material breaks at point D, respanding the fracture stress (o).

Ductlle substances

Substances which undergo plastic deformation until they break, are known as ductile
subsatancas. For example, Lead, copperand wrought iron areductile substances,
Brittle Substances

The substances which break just after the elasticlimit is reached, are known as brittle

substances. Foer example, glass and high carban steel are brille. Mareover, Beryllium,
Bizmuth, Chremiumare also brittie metals.

Example 5.1 [ A steel wire 12 mm in diameter is fastened to a log and is then pulled
by & tractor. The length of ateed wire between the log and the tractor is 11 m. A force of
10,000 N Is raquired to pull the log. Calculate: (a) the stress and strain In the wire.
{b} how much does the wire stretch when the logis pulled? (E=200x107 N m®)

eiwtion]) (a) Torglle strasg g = = 10000N _gg 45 400 N i

Stress _88.46 » 10°N mi~
\ Strain Straln
" =
Strein | & 8846 x 1°N m
200 % 10" N i

{b} Using the relation; Strain = % or AL = Strainx L, = 4.4 *10 %11 m=4.84%10"m

=200x10 Nm~

Tansile strain & = %L JBlso E =

= 44x10"

5.6 STRAINENERGY IN DEFORMED MATERIALS

Whenh a body is deformed by a forca, work is dons against elastic restaring force. |t is
stored in it as its potantial energy and 5 agual to the gain in potential anergy of the
malecules of a body due to the displacement of these molecules from their mean
positions.

Derivation of Expression for Energy Stored in a Stretched Material
Consider a materal in the form of a spring a@s shown in Fig. 5.6. |t is stretched by a
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force F through extension x. As the extension is directly
proportional to the siretching force within thes elastic limit,
thersfore the force increases uniformly from zero to F as
shown in Fig. 5.7. Thus, tha average forca that stratchas the
spring through x is1/2F Hance woerk dene by the stretching
force will be given as:

Work done = Average forca x Distanca in tha direction oftheforce

W=;Fxx ......... 5.7)

From Hooke's law F= kix)
Therefore, W = [%krj_(x} =%kx’ spring _ I

or W = AreaofOPQ E‘

The work done by the stretching foree is stored in the Flg. 5.8
spring as its srained energy and is equal to the potential
anergy stored In Its molzcules. F B

Y
Strained energy storedinthe body E= 5 Fx =2, Kkx'--(5.8)

The amount of work done in stretching a maleral is equal to the
avarage forea applied multpllsd by the distancs moved,

Tharafors, the area under g force-extension graph represants tha
work done to stetch the materiel, Work done o stratoh the materislis o
alzn equal ta elaslic PE. storad inthe matanal.

w

Fig. 5.7
5.7 ARCHIMEDES" PRINCIPLE AND FLOATATION

An airdilled ballaon immediately shoots up to the surface when released undar the
surface of water. The samewould happen if a piece ofwood is raleased undar water. Ve
might have noticad that & mug filled with walerfeals light under water but feals heavy as
500N a5 wa take it out of water.

Meore than two thousand years age. the Greek scientist, Archimedes noticed thet there
i2 an upward force which actz on an object which is kept inside 2 liquid. As a result, an
apparent reduction in weaight of the objecl is observad. This upward forca acting on the
objectis called the upthrust of the liquid. Archimedes’ principls states that:

When an object is totally or partially immersed in a liquid, an

upthrust acls on i equal io the weight of the fluid il displaces
Consider a solid cylinder of cross-sectional 2rea A and haight f immersed in a liquid as

shown in Fig. 5.8. Let i1, and h, be the depths of the top and boltom faces of the cylindar
respectively from the surfece of the liquid. Then
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Bamh =k 8.8) B ;_:,____—_‘__:_:"‘"
" Y
If P, and P.are the liquid pressures at depths fr, and f, T h, £
raspactively and p is its density, then using equation ¥ =
B=pghaofliquid pressure at haight h: % 1‘
h
P =pgh, J
and P,=pgh. e, =
Lel the force F, ba axarted at the top of eylindar by the :
liquid due to prossurs P, and the force F, be axortad
at the bottemn of the eylinder by the liquid due to P, :
Then F,=P A=pghA Fig. 58: Uplhrusl on & body
immerzad in 3 liquid iz equal to
and F.=P.A=pghA therweightof e liquid displacsd,

F, and F, are the forces acting on the opposite faces of the cylinder, Therefore, the net
force Fwill be equal Lo the difference of these forges. This net foree F on the edinder is
called theupthruet of the liguid. Henca

Fz_F1 £ PghrA_Pgh1A

= POAIN R 50} g rimodag was bom abon 287 BE,
vz i Syracuss on [halskand of SicEly. Ha
or Upthrustof liquid = pgAh was klllsd by a Roman saldler afer
he refused to leave his mathematical
Upthrust= pgV ........ .. (8.41) wrk,

Here Ahis the volume V of the eylinder and is equal to the voluma of the liguid displaced
by the cyinder, therefare, pgVis the weight of the: liquid displaced. This equalion shows
that an upthrust acts on a body immersed in a liguid and is equal to the weight of liquid
displaced, whichis Archimede's principle.

Exnmple 52 [ Awooden cube of sides 10 ¢m each has been dipped completealy in
water. Galculate the upthurst ofwatar acting on il

Sournion Gi\l‘&ﬂ

Length of side L=10cm=01m
Valumea V= L={01mi=1x10°m"
Density of water  p = 1000 kg m* i erein weser Bl
Upthrust F=7 Why does a ahlp made of
Using Archimeda's principle :f&'.?fﬁ:f:&”&ﬁm
Upthrust of water = pgV

=1000kgm* x88ms x 1210 m' =68N
Thus, upthrust of water acting on tha wooden cubs is 9.8 N.
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Floatation

An object sinks into & fluid if ita weight is greater than the upthnust acting on it. However,
an object fleats if its weight is egual or less than the upthmust. When an object foats ina
fluid, the upthrust acting on it is equal to the weight of the object In case of floating
object, the object may be parfially immerzsed. The upthrust iz always equal to the weight
ofthe fluid displaced by the object. This isthe principle of floatation. Itstates that:

A finating objact displaces a fluid having weight equal 1o the waight of tha objact.

Archimedas’ principle is applicable on liquids as well as on gases. We find numsrous
applications of this principle in our daily life.

Applications
Follewing are some important applications ofArchimedes’ principle.
1. Hot-alrballoon

Tha reazon why hot-airballocns (Fig. 5.9} risa and floatin mid-airis
bacauss of the dansity of the hot-air ballbon is less than the
surreunding air. When the upthrust of the surrounded airis morg, it
starts to rise. This is done by varying the quantity of hot air in the
balloon.

2. Wooden block floating on water

Awooden block floats on water. It is because the
weight of an egual volume of water |s'greater than
the waight of the block. According to the prineipls of
floatation, & body floats if its displaced water is |
egual to the weight of the body whenit is partially or £
completely mmsrsed inwater. ,
3. Shipsand boats

Ships and beals. are designed on the same —= .
principle of floatation. They carry passengers and S RS =ns
goods overwater. It would sink In water If Its total  Fi8-8-10/(a): A ship ficafing over watcr

weight becomeas graater than the upthrust of water.

4, Submarine

A submaring can travel over as well as uncler
watar using the same principle of floatation.

It floats over water when the weight of water
equal 1o its volurme is greater than its weight.
Under this condition, it is similar to a ship and
ramains partially above water level. It has a
systern of tanks which can be filled with and
emptied from seawater. Whan these tanks are  Flg.5.10 (b} Submarine

% cner(§ Solids and Fluid Dynamics |
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filled with seawater, the weight of the submarine increases. As soon as its weight
bacomes greater than the upthrust, it dives into waterand remains under water. To come
up on the surface, thatanks are made ampty rom seawater.

Evampla 5.3 1 An empty metearological balloon weighs B0 N. Itis filled with 10 cubic
metres of hydrogen. How much maximum contents the balloon can lift besides its own
waight? The density ofhydrogen is0.08 kg m® and the density of airis 1.3 kg m™.

foiwion | Glvan:

Yaight of the belloon w = 8ON
Volume of hydrogen = 10m
Dansity of hydrogen  p, = 0.09 kg m*
Density of air P =13kgm’
Weight of hydrogen  w, =7?
Waight of the contents w, =7
Upthrust = = Weight of air dizplaced
=p.gV
=13 kgm’x9Bms x10m’
=1Z74 N
Walght of hydrogen W, = givag
=0.00kgm X 10 m*x @8 ms*
=882 N
Total waight lifted F = Wi w U
To lif the contents, the total weight of the balloon should nol exceed F.
Thus wtw +w, =F
80N +BBZN+w, =1274 N
or w, =38.58 N

Thus, the' maximum weight of 38.5& N can be lifted by the balloon in addition te its own
weight.

5.8 STEADY, NON-VISCOUS AND IDEAL FLUID

Maving fluids have greatimportancs. In order to find ths behaviour oftha fluid in motion,
we consider their flow through the pipes. When a fluid is in metion, its flow can take place
in two ways, sitherstreamline orturbulent.

Streamline or Lamimar Flow

Tha flow is said ta ba streamlins orlaminar Fow.
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If every particle that passes a particular point, moves along exactly the
same paih, as followead by particles which passed that points eariier.

In & steady flow of a fiuid, the motion of the particles W

is smooth and regular, as shown in Fig. 5.11. The :‘"*-.___—
smooth path followed by fluid parlicles in laminar

flow i2 called a streamline. The streamline may be

the straight or curved and tangenri to any poaint f
gives tha direction of flow of a fluid. The differant  Fig. 5.11: Streamiines (laminar flow)
streamlines cannot cross each other.
Exampla: Afluid flowing in 2 pipe as shown in
Fig. 5.12 will have cermin velocity v, at P, a
velogily w, at G and so on. If the velocity of a
particle of the fluid at P, Q and R does not
change with the passage of time, then the flow Eﬁergn}%oﬁ :nmm St e parkcien
is said to be steedy flow ar streamline flow.

Tha line PQR which represants the path followsd by the
particls is called & streamline. It repressnts the'fixad path
followad by orderly procassing particles. In streamline flow, all

the particles passing through P also pass thiough Q and R. It
maans that two streamilines cannot crozs each other, \_O
Turbulent Flow

The imegular or unsleady flow of
the fluid is called turbulent fow.

Above a certain velocity of the fluid flow, the motion of the
fluld becomes unsteady and irregular Under this

condition, the velocity of the fluid changes abruptly as

shown in the Fig. 5,13 In this case, the exact path of the

particles cannatbe considered.

If two streamiines cross aach othar, then the pardcles will \\
ga in one.cr in the other direclions and flow will not be a ;

steady flow. Such a flow s a turbulent flow. When the low  pornuia One radng cars have &
is unstaady or turbulent, there are eddies and whirlpools  streamiined design.
in the molion and the paths of the particles are
continuously changing.

Ideal Fluld

The behaviour of the fluid which satisfies the following
conditions s called ldaal fluld:

Flg. 513 Turbulent fiow

B For your iniormation’h I

i i z £ ol Coiphine hava straamined bodies
1. The fluid Is non-visgous i.e., thers ig no frictional to a';hdgtthﬂr mgvament I water

force batwaenh adjscant layars ofthe fluid.
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2. Thefluid isincompressible i.e., its density is constant
3. Thefluid mation is steady.
Rate of Flow

The rate of flow of a fluid through & pipe is the velums of

the fluid passing through any section af pips par unit time.
Formulza For Rate of Flaw - >
Consider a fluid flowing through a pipe of arsa |q " |I/\\
of cross-section A as shawn in Fig. 5.14. Lat ' | \)
the veloGity of the fluid be vand it flows through l\—/ : : : . }

the pipe for time ¢, then the distance coverad by e
the fluid in time is: : 1 :

Fai Fig. 5.14: Rate of fiow of a liquid

whera £ isthe lengih of the pipe through which the fiuid passesin time ¢ Volume of the
fluid passing throughthe pipein time £, is:

Axi=Avt
Thus  The rate of flow of th liquid = ~YAUmE
Tims
- E = Av
t
Rateofflow ~=Av.._..._. .. (5.12)

In Sl units, it is maasured in cubic matre par sacond (m® &), Sometimas, it is also
measured in litras persecond {Ls ™).

Steady Flow
If the overall flow pattern does not change with tima, the flow s called steady fow.
In staady flow, avery particls of the fluid fol ews the sama flow line asits provious particle.

5.9 EQUATION OF CONTINUITY
Statement v

—r
The praduct of cross-sactional ares of the pipe and &’ rs
the fuid speed (i.c., Av) at any point along the pipe -
i3 a constant. This constant s equal to the volume szl

flow par secaond oftha fluid o simphy the flow rata.

Thus Av = Constant = “2lime el
Time

Considera fiuid flowing through & pipa of non-uniform gize. F18- 5.15: Steady flow of a fluid




Physlzs 11 '-E{ “ Chagter( 55 Sofids and Fluid Dymamics ™

The particlas in tha fluid move along the same linas in a steady state flow a3 shown in
FigS5.15.

If we consider the flow for a short interval of time At, the fluid at the lower end of the tube
covers a distance Ax, with a velocity v, , then distance covered by the fluid is:

.ﬂ.xT =V M.{5'13:] - Seaeniifne Fact -
LalA, be the area of oross-section of the lowerend, then  Euler obtained the continuity
equation for g incompressible fuid
volume of the fluld that flows Into the tube at A, Is: with 8 large number of tarms In

V = AAx, 1752. Lator, It was tranalated by
C. Truas dallfrom Englichin 1854,
or YV = Avat e

If p, is the density of the fluid, then the mass of the fluid centained in the shaded region
(through A,}is:

Am, = Veluma = Dangity
ar Am,= Av, A xp,
Similarly. the mass of the fluid that moves with velocity v; through the upper 2nd cf the
plpahaving cross-gactional area A, Intha same ime Af 15 glven by

Am, = AN, A x p,
where n, is the density of the fluid flowing outthrough A, and Am, indicates small mass.

If the fluid is incompressible and the flowis steady, the mass of the fluid is conserved.
That is the mass flowing into the bottormof the pipe through A, in & time Af must be equal
to the fluid flowing outthough 4, in the seme time. Therefare,

A = Al v oveiecrnressnaessnsins (5.14)
So Av ALY p, = A Afx p,
or A¥ip, = AMpe ... (815)

Equation {5.15) la called the eguation of continulty. Since density ks constant for the
steady flow of iIncompressible fluid, thersfore, the equation of continuity becomes:

R e e R
Equation (5.15} states that in steady flow, the rate of flow of the fluid inward iz equd to
tha rate of low of the fluid cutwsrd.
This equation juslifies the conservation of mass of the fluid which is fiowing through
apipe.
Bnampic 545 1 Awater hosa with an intemal diamater of 20 mm at the outlet discharge

30 kg of water in 80 &. Calculate the watar spead at the outlel. Assume tha density of
wateris 1000 kgm™® and its flow is steady.

Intarmal diamater ofwaterhose O =20mm =0.02m
soiutionB| Radius ekt S HDET Do et

2 2z
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Mazs of water m = 30ky . Ticbits -
Time taken I =60s
Dansity ofwatar p = 1000kgm®
Speed of water v=7
Mass flow persecond m/ft = 30kg/80s
= D.Skgs"
Cross-sectionalarea A = nrt
=3.14 x(0.01 my - L I, s S
=314 x10*m’® increases an raes sarlional
areaded a8 mankdatad bythe

From eguation of continuity. the mess of water sontinuity agualion.
dizscharning persecond through area Als:

pAv = Mass/Secand .__;!:;iuuuﬁmna!:m', .

.. The™ equation of continuity is

i Mems / Second ~\ appliadto;
pA i) blood flowin arterss and velne
05kgs* (i} water flowinrivers and pipes
h" - Fee ry i "y
¥ (i) &ir flow in duct and yventilation
1000 kg m* % 344 *x40*m* Lo
=16ms’

510 INCREASEINFLOWVELOCITY

We can increass the flow valocity of water in & rubber pipe by sgueszing it. When we
squeeze the nubber pipe, we deerease the cress-sactional area through which the water
flows. According to the equation of continvuity,

AFI"‘T = A?v!

whara A is the cross-sactional area and vis the flow valocity. By decrassing the cross-
sactional araa (A, < A, the vekcity of the water (14) must Increasa to maintain tha same
flow rate. Therefore, squeezing the rubber pipe increases the fiow velocity of fluid.

5.11 BERNOULLI'S EQUATION

Tha sum of presaure, K.E. par unit volums
and BE. per unit volume of an ideal fluid
throughout its steady flow remains constant

As the fluid moves through a pipe of varying cross-
section and height, the pressure will change along
tha plpa. BEemoulll's eguaticn Is the fundamental T g
equation in fluid dynamics that relales pressure to T b B e liires RO

fram the end of 8 gamen hose incge=ases
fluid speed and haight. asthe hose s squeezed with lhe thumb.
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In deriving Bemoulli's equation, we assumethat the fluid is incompressible, non-viscous

and flows in & steady state manner. Let ug consider the flow of the fluid through the pipe

in time ¢ asshown in Fig. 5.17. L

The fores on the upperend of T

the fluid is A, where F, isthe g |

pressure and A4, is the area of '

cross-section atthe upper end,

Tha work dona an the fluld, by

the fluid behind it, in moving it

through a distance Ax,, will be:
W, = FAx, = PAAx,

Similarly, the work done on the \
fluid althe lowerend is: Flg. 5.17: An ideal flow of fluid through a non-unifarm
cross-gection pip at different heights.
W, = - Fiix, = -PAAY, o oo

where £, is the pressure, A is the area of gross-section of lower end and Ax, is the
distance moved by the fluid in same time interval . Tha work W, is taken toba -ve asthis
work is done against the fluid force. The net work donewill ba:

W=W + W,
or W= P A A - PARYR ... (§.17)
If v, and v, arethe valocitiss at the uppat and lower ends respactivaly, then

W=EAvE-Rhut - Braln teasss -

From egjuation of continulty; Hii doss e ahane ol pureebal
Ay, =AW in bazeball melste to Bernoulli's
inciple?
Hence Avid=Ay =V (volume) RS
S0 W=(F—BIV. e o (5 18)

If m is the mass and p is the density, then Vv = % So, Eq. (5.18) becomes:
m
W:(H—P,)F .................................. (5,159

A part of this work is utilized by the fluid in chenging its £E. and a part i2 used in
changing its gravitational P.E,

Changs in K.E. = AK.E, = %mv;— %mvf ............................. (5.20)
Change In PE = APE = MOM, = MMy oo onennsseeseeenni {5.21)

where f1, and h, are the heights of the upper and lower ends respectively.
Applying the law of conservation of energy to this volume of the fluid, we have
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ey g
(R —F'g)F T e =g +mgh, —mgh, .....(3.22)

Rearrangirg Eq. (5.22), we have
1 1
F+sed +pgh =B +zp¥ +pgh
This is Barnoulli's equation and is oftan axpressed as:

P +% p¥? + pgh = constant

5.12 USES OF BERNOULLI'S EQUATION

Anumber of devices operate by means of pressure difference that resulls from changes
in the speed of the fluid.

1.  Aeroplane Wings
Upliiting of an aeroplanea is dua ta tha dasigning of

Its winge, which deflect the alr so thal streamlines

: ; e
are closer together abovethe wing than below itas
illustrated in Fig.5.18. YWe have seen thal where 1l

the streamlines are forced closer together, the —— &+ ———
speed is faster. Thus, air is travelling faster onthe Flg. 5.18: Lift of an acrmoplang
upper side of the wing than

on the lower. The pressure wil ba lowerat the top
of thewing, and the wing will be forced Upward and
the |ift of anasroplane is dus tothis effect.

2. SwingofaBall

When a ball is thrown or kicked with spin or the =

ball is mads smoothar on one side by the bowler =

and remains reugh on the other side, the air =

moves faster ovarrough side and slows overthe -~ -
smoothar tFlg. 5.18). According to Barnoull's = < Slevwn i,
equation, the faster moving air crestes lower 'F:‘rg:;[m
pressure, while the alower moving air creates

higher pressura, thle pressure difference Spinning Ll
generates a sideways force, known as Magnus -

Fig. 5.18: Turbulent flow

effectwhich causea the ballto curvesin the air.
3.  Filter Pump

Afilter pump has a consfriction in the cenire, so that a jet of water from the tap flows
faster harg. This causes a drop in pressure hear it and air, therafore, fiows in from
the side {ube. The air and water together are expelled through the lower part of the
pumg {Fig. 5.20}.
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Water
Alr
Ak fow Atmospherd
o pspherc
£ prossure
Law
pAErIre
Gaz
Fig. 5.31: Fiy. 5.22: A stream of air passin
Fig. 5.20; Turbulant fow Garburetor of an engine .m.-lgra tube dipped in aliquid. ¥

4. Carburetor

Tha carbureter of a car engine uses a Venturi duct 1o fead tha comrect mixture of air and
pairol to the cylindars. Air is drawn through the duct and along a pipe to the cylinders
(Fig. 5.21). Atiny inlet at the side of duct is fed with petrol.

The air through the duct moves very fagt, creating low pressurs in the duct, which draws
pelrol vapours into the airstream.

5. PaintSprayer

Astraam of air passing cver a tube dippad in 3 liquid will cause the liquid to rizs in the
tuba as shown in Fig. 5.22. This effect'is usad in parfume bottles and paint sprayers.
Actually when tha rubber ball of atomizer ks sgueezead, the alr ks blown through tube ang
it nushes out through the namow aperture with high speed and it causes fall of pressure.
S0, the atmeapheric preasure pushes the perfume up leading to the namow aperture.

6. Venturi Relation

Consider a pipe within which a fluid of density pis %
flowing through differant areas of cross-section
asshownintheFig. 5.23.

Lel A, be the'cross-sectional area at wide end and
A, be the gross-aectional area at namow portion.

Supposn that v, and v, be the flow speads at the
wide and namow portions respectively. Fressure
F, and F,; indicate the liquid pressure at both
the porions by connecting tha limbs of the  Fig 523; Yenlur meter
manometer

As the pipe is placed horfizontally, therefore, we cansidar that average patential enargy
is the same at both plages while using Bemoulli's equation.

Thus, Barnoull's equation can be written as:




u Physlcs |'| I 'f'\:, '-ihwnt'.r-‘\i Solids and Fluid E*yﬁa.n:ir;..":

1 1
P+—pri= P ——pv? —— : :
1 g 5 e [ Tinteresting informationl |
1 e 1 5 It Is claar frem lhe result of

Barnoulll'e Equadien for hadzontal
pipe that "whera epeed ig high, the

or  R=P = 2p-vE) (523)  preasurawilbalow’
2 Mathematically,
Fram tha aquatinn of mntinu'rty: P+ lpv% conatant
A = Asva =
AV
Qr W
1 A1

As the cross-sectionsl arca A, 1s smel| as comparad to the ares A, asis clear from the
figure, i.e. A, = A,. So, v, will ba small as compared to v,.. Thus, the spead of the fluid is
vary slow in wider perfion of the pipa az compared to tha narrow portion, So, wa can
naglact v, on the dght-hand side ofEq.(5.23). Hanges

P -P,= %pvzz it e e b

Thig is known as Vanturi relation, whish is used in venluri mater, a devica uszed to
maasure spasd of liquid flow.

T. Torricelll's Theorem

A simple application of Bernoulli's equetion is
shown in Fig. 5.24. Suppoese a large tank of fluid
has two amall orfices Aand B on it Let us find the
speedwith whigh the watar flows fromthe orificg A,

Sinca the orifices are so small, the affiux spaeds v,
and v, will be mugh larger than the spesd v, of the
top surfzee of water. We can therefore, take v, as
approximately zero. Hence, Bemoulli's equation
can bo writtan as:

\ 1 =
At opgh =Rt 5 pv; + pgh, Fig.5.24:
Atank comalning fuld with a orifies,

But Py = Pa= Almospheric pressure

Therefore, the above equation becomes:

R T S (5.25)

Thigis Torrieslli's thecram which stalea that:

The speed of eflux is equal 1o the velocity gained by the fluid in
fallingthrough the distance {f, - h,} under the action of gravity,
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Notics that the spaed of the efflux of liquid ix the same as the speed of a ball that falls
thiough a height {f1, - &,). The top level of the tank has moved down a litle and the PE.
has baan transfarmed into K E. of the efflux of fluid. If the orifice had bean pointed upward
atB as shown in Fig.6.4, this K.E. would allow the liquid to risa to the lavel of walar tank.
In practice, viscous-energy losses would alterthe resultto some extent.

5.13 VISCOUS DRAGAND STOKES' LAW Far Yaur Information

Viscoaitirs of Liguids
The frictional effect between different layers of a flowing fluld and Geses ot 30°C

is described in terms of viscosity of the fluid. Viscosity  majoral | . 50osity
: ; : 167 (N & ¥

measures, how much force is required to slide one layer of the Al 0.010
liquid ovar another layver. Substances that do not low sasily, AbEtinas ng55
such &s thick tar and honay, eic., have large coaficiants of  yahanl. 0.510
viscoslty, usualy denoted by Greek lattor 'n'. Substancos Begrere 0.564
which flow easily, like water, have small coefficient of “Water 0.801
viscosities. Since liquids and gasea have non Zens viscoaity, . Ethanol 1.000
tharefore, a foree is required if an object is to be mavad  Flaama 16
through them. Even the small viscosity of the air causes a  Slycarn Gt

large retarding force on a car as it travels at high speed. Hyou ﬁ Do you know? g'
stick out your hand out of the window of 3 fast moving car, you
can easily recopnize that considerable force hasto be exeried
on your hand to move it through the air-These ars typical
examples of thefollowing fact.

An ohject moving through a fluid experiences a retarding force
called a drag force. The drag force increases as the speed of
the objectincraasas.

Even in the simples] cases, the exacl value of the drag force is
difficult to calculate. However, the case of a sphere maving
through a fluid is of great importance.

The drag force F on a aphere of radius r moving slowly with
spead vthrough afluld ofviecosity n Is glven by Stokes’ law as
under:

F=Banrv . ocvieniicieen o (5.26) Achlmney works bestwhen I
Howevar, at high speeds the force |5 no lenger simply :::u;::!t:n:h::‘pu;:fu:: ,f.',:;
proporional to speed. pres=ure at the bop and forces
5.14 TERMINAL VELOCITY sl A

Consider awater droplet having radius rsuch as that of fag falling verlically, the air drag
on tha water droplat incraases with speed. The droplet aceslarates rapidly undar the
over powering force of gravity which pulls the droplet rapidly downward due to force of
gravity. However, the upward drag forca on it increases as the speed of the droplet
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increases. Tha netforce on the droplet is
Net force = VWalght — Drag foree ........ccvccee.n0 (5.2T)

Az tha spaed of the droplet continues to increase, the drag force eveniually appreaches
the waight in the magnitude. Finglly, when the magnitude of the drag force becomes
equal ta the weight, the net faree acling on the droplat is zero. Then the droplet wil| fall
with constant spesd called terminal valocity.

To find the tarminal velocity v, in this cass, wa usa Stokes' law for the drag force.
Equating it to the weight cf the drop, we havae

0 = mg —Bmek

v o=

e T (5.28)

3
Tha mass ¢f tha droplet IS pV, whera V =% 7 I Ig the volumeof tha spherg,

Substituting above values in the Eq. (5.28), we have

Exampie 5.5 1 Atiny water droplet of rediug0.010 cm degcends through sir from a
high building. Galculata its terminal velocity. Given that ny forair=19x 10" kg m" s"and
densityofwaterp=1000 kgm™*.

Sclutron
r=10x10"m, p=1000kgm®, n=18x10"kgm's’
Putting the above valuasinEe. (5.29)
o _2x88ms2x(1.0 %1074 mJ 1000 kg m™=
! Gx19x10kgni '
Termminal velocity=1.1ms".

5.15 REALFLUIDS AREVISCOUSFLUIDS
Ideal fluid

Itis a fuid that dees not have viscosity end cannct be compressed. This type of fluid
cannot axist practically.

Real fluid

All types of fluids that possess viscosily are termed as real Tluids.

Examples: Kerusene oil, castor oil and heney ete.

Comparlson of Ideal and Real Flulds

An example of ideal fluid cannot be provided because it does not exist in the real word.
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However, evary fluid that wa see around us like water, diesel, petrol, honsy, etc. are real
fluids. Moreover, differences in viscosity can be found in real life, for example, honey is
more viscous than water. Bemoulli's 2quation states that the speed of fluid flow is
increasead as a result of a zsimultaneous decreasa in the potantial snergy of the fluid ora
daeraasa in tha static prassure an the fluid. When a fluid is viscous, it assentially refars
o the thickness of the fluid erthe friction, the fluid faces while fluid lows. Thersfors, ideal
fluids do not face the cppesing force and have a non-viscous flow, while real fluids have
aviscous flow. Ideal flulds are Incompressible. |tIs not 2ls0 subjectad to surfaca tansian,

5.16 SUPERFLUIDS

Superfluidity is 1he charactaristic property of fluids with zero viscosity.ile., flow is
frigtionlesa. Asubstance exhibiting this property i2 & superfiuid. Superfluids flow without
lose of kinetic energy. They can flow through incredibly narrow spaces without any
friction.

Superfuidity is achieved in some subslances at = ——
il

extremely low temperature. For example, in fluid - 4l ; -
dynamics, a vortex is region in a fluid in which the | FEmchules increase air resistance

e i (drag) by creating a lapge surface
flow revolves around an axial line, which may be A R b
straight orcurved. The vortices are generallycreated gravity. This slows down the persons
at a moving boundary due to fricionless canditions,  fall, aliowing them o land safaly.
Yortices move with the fluid and disparsad by the
action of viscosity.

Superfuid helium-3 is the most studied example of

superfluidity. It changes from a liquid to @ superfluids | S i
just a few degres bslow i1s boilling point of -452°F  Superuids can “climb” up walls and
{(-269°C or 4 K). Supsrfluids hslium~3 moving as a  over adges of continers becausa
normal glear ligquld, but It has no viscosity. This  fhey do nol experiance friction like
means that once it starts 1o flow, itkeeps moving past RTHET e,

any obslacles,

Superfiuidity Applications

Currenty, there are few practical uses for superfluids. Superfluid helium-4 serves as a
coolant far high-field magnets. Bath helium-3 and helium-4 are ufilized in advanced
particle detectors. Researching superfluidity also helps us learn more about
superconductivity.

Liguid helium is recognized for its graat thermal conductivity and is used in cryogenic
applications, including cooling suparconducting magnets, scionhtific ressarch, and
medical uses. Additionally, it is employed in industry for leak testing and in the
production of electranic and optical products.
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QUESTIONS

@ Multipie Cholce Questions |

Tick (+) the correct answer.

5.1

5.2

5.3

8.4

55

5.8

57

5.3

6.8

Thea region of stress~sirein curve which obeys Hooke's lawia:
{=) proportional limit  (b)elastic region {c) plastic region {d}yield limit

Which ofthe following is more slastic? L

{a) Rubker (b)Wood (c}Sponge {d_)_S‘l_eéI

Which of the fallowing is polymer aolid ¥

{a) Wool () Glags {c) Sodium chloride -{tyCopper

The effect of decrease of pressure with the Incresse in sn&ed of a fluid in horizontal

pipeis:
{g)Torriceli's effect (b)) Bemoulli's effect I:G',IVBJ.'[I_I.IFB soffect {d) Doppler's effect
The pressure will ba l[ow when speed of a fluidis: | d

{a)zerm {b) high gc‘:i'lﬂw (d} constant
As per lew of fluid friction for steady strEBmllne flow, the friction:

{a) varies proportionally to velm:lty' B‘Fﬂuld

{byvaries invarsely proportional tapreasura

{c) does not depend on pressure

{d} firstingreases then decreases

It & stone is submerged-in water and it weighs less in water than in air. this
phenomenon is dug.go: ™

{a) the reduction of massin water {b}incraase of density in water

{c) buoyant‘fﬁma acting upwards {d} the gravitational force acting upwsrd
Thepr riciple offloatation (s a direct application of:

{a) Pascal's law {e) Barnoullf's principla

{c)Archimedes' principle (¢} Newton's third law

An [deal flow of any fluid must satisty:

{8} Pascal law (b} Barnoullf's aquation

{c) Continuity aquationonly {d} Both {b)and {c)

5.10 The lift force experiancad by an asroplans wings is priman |y due to:

{a) viscosity of air (b} density of air
{c) preceure-differenca abova and below the wing (d} gravitational force
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5.11 In medical fisld, a venturs mask, used to dsliver a known oxygen concentration to
patienis operates is basad on:

{g) Nawton’s third law (bjArchimedes' principle
{c] Pascal's law {d)Barnoulli's principle
5.12 Which of the following |s a defining charactensiic of a superfiuid?
{a) Zaraviscosity {k) Infinila density
{c) Zero temperature (d) Infinie tharmal conductivity

Short Answer Questions

5.1 Whatismeant by (i} cohasive forca (i} viscosity?

5.2 Differentiate between streamling and turbulent flow of 2 fluid.

5.3 Howdoes pressure changes with depth In flulds?

54 Howisvariation in pressure related to speed of a fluid?

5% Howisthe flowrate relsted o the cross-sectional area and velocity of the fluid?

5.8 How do yvou study the variation in valodty of a'fluid at differant points in a hosa with
varying diameter?

5.7 Howdoas anoblsctfloat orsink according to Archimedes Princlpls?

5.8 HowdossArchimedes reportediy discoverthe principle that bears his name?

5.9 Whystanding nearfast moving train is dangerous? Explain brisfly.

5.1 0 WWhat are scma potantlal applications of superfiuldity?

5.11 Differentiate between shress, strainand Young's modulus. Write down their 31 units.

| Constructed Response Questions

5.1 The ratlo stregs/=straln remalns consztant for small deformation. Yhat will be effect
onthisratiowhen the deformation madeis very large?

5.2 wWhenpurewater falls on aflat glass plate, it spreads on the plate whila the mercury,
whenfalls on the same plate gets converted into small glebules. Why?

5.2 According to Bemoulli's thecram, the prassure cf a fluid should remsin uniform
in 2 pipe of unifomn radius. But actually, it goes on decreasing. Why is it so?

5.4 Why wings of an aeroplana are raunded cutward whila fiattenad inward?

5.5 What is the difference in real fluid, ideal fluid and superiuid? Which of thesa really
axits in theworid? Explain.

5.6 Why s the study of supariulds Important for advancing our knowlacige of low
tamperature physics?
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5.1
5.2
53
5.4
B.5
58
6.7
5.8

5.1

52

o4

22
4]

5.6

57

o
[

Comprehensive Questions

Explain in detail the classificatian of salids with respect to atomic arrangemants.
What Is Archimadas’ principle ¥ Explain It In datallfor finding upthrust.

Justify that mass remains conserved when a fluid lows through a pipe.

Explaln the term superfiuldity.

State and derdve equation of continuity.

State and prove Bernoull's squation.

Give somae practical applications of Barnoulli's equation.

Define terminal velopcity of a body and show that terminal velocity is directly
proportional to the squars of radius of the body.

Numerical Problems ]

Asteel wire of length 2 metres and cross-sectional area of 2 x 10° m®is stretched by
a force of 400 N. IF the Young's modulus of stealis 2 x 10" N m*, cakulate the
extension of the wirs. {Ans: 0,002 m)
Aspring with a spring constant 200 N m Is stretched by 0.5 m. Find tha elastic PE.
stored in tha spring. {Ans: 25.J)
Acopperwirg of langth 2 metras and cross-sectional area of 1 10° m’ is subjected
to & forca of 500 N. Caleulate the stress and strain produced in tha wira. {Young's
modulusofcopper ¥ =1 1x10"Nm®) {Ans:5x10°N m™*, 0.00455)
A block of wood of mass-10 kg and denstty of 500 kg m? Iz floating In water.
Calculate the buoyant force acting onthe block. (Density of water = 1000 kgm™ }
(Ans: 28 N)

Water flows through'a pipe with a diameter of 0.05 m at a velocity of 2m s”. If the
pipe narrows to a diameter of 0.023 m, calculate the velocity of water at namow
section, (Ans:5.56ms")
Water flews through & horizontal pipe with a velocity of 3 m s' and pressurs of
200,000 Pa at point 1. At the nozzle {point 2), the pressure decreases o
atmaspheric pressure 101,300 Fa and the velocily increases fo 14 m ', Cakulate
the velncity of the water exiting the nozde. (Density of water= 1000 kg m™)

{Ane: 14.37 ms™")
Atank filled with water has a hole at a depth of 5 m from the watersurface. Calculate
the veloclty of water fiowlng out of the hole. (Ans 8.9ms")
Cakulate the terminal velocity of a spherical raindrop with a radius 0.5 mm falling
through tha air. {yferair=15x10"kgm’s’, p= 1000kg m*forwatar}

{Ans: 2ZB66 ms™)
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After studying this chapter the students will be able to: o

Describe the baslc assumptons of the kinetle theery of gassss. [Inciuding ulﬁarslandlng the

tampereiure, prossure and dansity conditions undsr which an ideal gaais a,g"aod appreximation of &

real gag |

Siats thatregions of equal lamperaiure an in thermeal equilbrium .

Relaba arlss Intamparatine of an object to an ncreasa n lts Inbarralanﬂ,w

Apply the syuation of stafe Tor an Ideal gasfevpracssed a5 PU = BRT, whard n = amount of substang

{numbarcfmotas) and as P¥=N i 7. whara N -numharofnwlam.il’ae]

Stata thatthaBofzmann canstant k ks givan by &, = RN,

Use W = PAVTor the work dona when the vulumanlagaé‘chmgas atconstant pressure,

Descrbe the differsnce batween the wnmduneby;gas and thawork done on £ 5as.

Daflne and Lige the firet [aw of thermadynamica [AL = - W axpressed In terme of the Insreass In

Intemnal snargy, the haating of the system {ané“rQyMsfawau tothe evstom by heating) and the werk

domaonihe syetam|

Explain quelitatively, in tarms of p:ariu:lp-r.‘,l ma ralaﬂonship bamwsen the pressure, temperature and

wolurne of 2 gae [Specically the balow casa:

{a) pressurs andemperature attanstant valume

{b) volume andtemperature af conatant pressLrs

{o)  prassurs andvolume at acohatant temperature

Use the equation, Includihg a"grnphiml representation of the relationship between pressure and

valurne for a gas at constant tsmparature,

Justify e thaﬁmthaqgﬂiharmudmm 6 e presees the consarmbion of anengy.

Felatearise Imﬂrrq:erah.lre af & body ta an ncresse nits internal enemgy.

Siate H'bewockmgmlrmpleufahﬁmngne

Dascrine.lﬂq ﬁaﬂcaptnl‘ revarsibleand irravensitile processes,

State Eh'ﬂﬂ:llblﬂln the 2econd law ofthemodynamics.

State the wtlng principle of Camot's engine

Daszcrbe that refrigerator isa heat sngine operating in reversa as thatof an idsal heatengine.

Explainthatan ncreaza in tampsraturs, incrasses The disorder of the systam.

Explalnthat increase Inentropy means dagradatlon of ensmy.

Explaln that energy b degraded during all nabural proceesos,

Identifying that syetom tonde tobecome leas orderdy over Bme.

Explaln that Entropy. 5 ke 8 themodyramie quantty that relates to tha degree of disorder of the

partickss in g system.

Stats thatthe Camol eyolasstaa lImH for the eflelency of e heat anglne at the lemparaturss of its haat
' o H = rﬂm

reaenvor given by, Efficiency = 1—7:
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hamadynamics is tha branch of physigs that deals with the relatipnships and

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

6.1 ASSUMPTIONS OF THE KINETIC THEORY OF GASES

The kinetic theory of gases is a fundamental theory in physics and chemistry that
explains the behaviour of gasas based on the motion of thair constituent particles. This
theory provides a macroscepic understending of ges properties such as pressure,
temparature, and volume. Hare ara the key assumptone ofthe Kinsllc theory of gases.

1. Gas Particles are In Constant, Random Mation

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

- Negliglble Volume of Gas Pariicles

The volurne of the individual gas moleculesisneqligible as compared to the total volurne
ofthe gas. This means that the particles are considered point masses with no sighificant
volume.

3. No Intermolecular Forces

There are no atracive or repulsive forces between the gas molecules. The particlea do
notexert ahy fores on each other except during collislons.

4. Elastic Collisions

The collisions between gas molecules, and with the walls of the container are perfectly
plagtlc. This meang that there Is no net [0ss of kingtic energy durng calllslens. Thea total
kineticenergy is consarved.

8. Large Number of Particlea

A gas containg a largs number of particlas. This large number allows for the use of
statistical methods to describe the properlies oftha gas.

B. Average Kinetic Energy is Propaortional to Temperature

The average Kinetic energy of gas paticles iz diractly proportinnal to the absolute
temperature of the gas. This implies that as the temperature incresses, the speed of the
gas parlicles alsoincreases.

7. Pressure due o Particle Collislons
The pressure exerted by a gas on the walls of its containeris due to the gollisions of gas
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particles with the walls. The force exerted by the particles during collisions generates
presaEura.

B. Time of Collisions is Negligibls

The time interval of a collision hetween gas particles is exdremely short compared to the
tima habwesan collisions. Thisassumption simplifies tha analysis of particls dynamics.
Limitations of Kinetic Melecular Theory

Real Gases

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

In summary, the kinetic theory of gases provides a macroscopic view of gas behaviour,
linking mecroscepic properties like pressure and temperature to the motion of gas
particlas, and serves as a foundatlonal concept In undsrstanding thameodynamics and
statistical mechanics.

Equation of Siaie for an |deal Gas
A gas that obeys kinatic theory of gases is tarmed as an ideal gas. Ideal gas equation is
given by

PV=nRT .. (B1)

Here £ represents prassura, V i3 volume, b is number of moles of the gas, Ris universal
gas constant (R =8.3145J mol” K Y and Tis the absolute lemperature.

Equaticn (8.1) implies that product of pressure and volume is directly proportional te the
absolute temperature foran idsal gas.

Real Gas to Bshava Like an Ideal Gas

According to kinetic theory of gases, a gas has no intermolecular intéraction and
molecules are far apart from each other. For & real gas to behave like an ideal gas, some
conditions must ba satisfied. BF. of tha gas molecules is negligible and this have only
KE.
Number of moles ‘n'can be given by
Mass of gas
"~ Molar mass of gas

L

M

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

We know that density; = % . 8o, p= g as gis conslant .'.puc?

The density of a gas will be [ow at low pressure and bigh temperature due to which
molecules of the gas will be at large distence from each other and the intermolacular
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forces will ba negligible. So, the real gas behaves like an ideal gas at low pressure
and high temperaturs.
Ideal Gas Equation in Terms of Boltzmann Constant
From ideal gas equafion:
BVY=0RT sl )

A mole can be defined as the number of atoms or
moleculas perunit Avogadro's number (M, =86.02 x10%).

Methernatically;

Substituting Eq. (i) in Eq. (i), we have

pr=pr (i
Na Real gases approach ideal
The term - ig termad s Bolzmann constantk,, i.e., EEmY R e
N, {il kwpressure
) {ii) high Lesripsea lura
R Ty e 6.2)
M, A

Substibuting the values of R and N, we have
k,=1.38210" JK'
Substituting Eq. (6.2} in Eg. (i),
PV=NGT &3
Equation {B.2) gives Ideal gas equation In terms of Bollzmann constant k.

Enmmple 5,1 pOpe mole of an ideal gas is at a lemperature of 300 K. If the Boltzmann
constant 81,38 10 J K', calculate the volums of the gas at a pressurs of 1 atam.
[1atm = 101325 Fg]

| Saiution Wa know that.!

PV = nRT
R = Mxk, where kﬂ:lﬁ
Hore v = MMl ‘
e 1 mol x6.02 x 10% mal’ x 1.38 x 10 J K' x 300 K
. 101325 Pa
V = 00245m°

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

There gra some variables (state funciions) which describe guantity of gas which
includes pressure, volume, and temperature ( P, ¥, and T} with change in one varable,
the second variable changes while the third is kept constant. The laws that relate these
variables mutually for an ideal gas sretermed as gas laws.

Boyle's Law

This lawwasintroduced by Rabert Beyle in 1662, and it provides a ralationship between
pressure and voluma of a gas at constant tamparatura. It sates that for 2 fixsd mass of

an ldealgas, the pressura P exerted by a gas vares Inverssly withvolume Weccuplad by
the gas at conatant termperature.

Mathematically; PR
-]
P« 1? at constant T
P = constant 1? or PY = constant
or PV, = BV, P ¥
Graphical represantation of Boyle's law is showrin Fig. B.1. v

Charles' Law P e

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

Mathematically; &
Vo T ateonstantP ¥
¥
or T conztant
v, Vv,
F S 2
g A - /
Graphically, itcanbe showninFig.6.2. OKor-273°G D i

Flp. 8.2
Joseph lussac’s Law ¢

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

Mathernat/cally;
£ « T sgtcoonstentl
or F = constamtxT
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or ; = ponstant GETRE
R_ R

or o R
T [

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

Fig. 6.3

Thermal Equilibrium

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

Example

When wa puta matal spoan into a hot cu p of coffes:

{H] initiglly, the coffeeis hotter than the spoan.

{1 ovartime, heat flows from the coffes to the spoon.

{li}  eveniually, the coffes and spoon reach at the same temperaturs.

Thermnal equilibrium is achieved at this point, thers is no net heat flow between the
coffes and tha apoon, and they aresald to bein tharmal egullibrium,

6.2 INTERNALENERGY
The sum of all forms of molecular energies (kinetic and m

polential) of a substance is termed as-its intemal energy.

In the study of tharmodynamics, "usually idezal gas is . ._B;lta\?
considered as a working substance. The molecules ofan
ideal gas are mere mass points which exerl ne feorces on - \ration

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

average K.E. aof its molecules, thus for an ideal gas \\_-a
systam, tha Intornal energy Is directly proportional to lis
temperature. A dietomio gos moleculs has both

According o the kinetic theory of gases, the average  [ETEIonal end il s

kinglic energy of gas molaculesis given by assockited with the spring ke bond
5 1 3 halwesan is alarns.
<K.E> =2k, T or <Emv’:- =2 T

2
where k, is Boltzmann constant. _ Tidit _

- Diffarant processss can lead o changes in infemal
ThBI‘GTDI"ﬁ. the rise in _temparaul.lre of energy and temperature, such as heating (aoding heat},
an cbject reflects an increase inthe  adisbaticoompression or expansion (no heal exchangs),
intermal kinetic energy of its particles. or phass changes (whare heat anergy changes the stata
This increase in intemal energy can Sfmaterwhthoul changingtemperature).




\E;
occur due to the absorption of heat enargy, which

raisas the average kinetic energy of the particles and
thusincreases the temperature of the chject.

6.3 HEATANDWORK

We lnow that both heat and work correapond to
transfer of enargy by some means. The idea was first
applied to the steam enging whara it was natural to
transfer heat in and get work out. Conaequently, it
mads a sense to defing hoth haat in and wark out as
posilive quantitiss. Hence, work done by the systemon
its environment i3 considered positive while work done
on the syetem by the environment & taken as negative.
If an amount of heat Q enters the system, it could
manifest itsalf as either an ingrease in internal energy
or as a resulting quantity of work performed by the
system gnthe surrounding or both.

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

We assume that the gaz expands through AV very
slowly, so that il remains.in equilibrium as shown in
Fig. 6 4{b). As tha piston mowveas up through a small
distance Ay, the wark Wdone by the gasa is:

9 Physles 1

W = FAy = PAAy
Sinca Ahy = AV
Hence W =rPAV (E.4)

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

under P-Vgraph as shownIn Flg. 6.5.

Chapie [ Heat and Thamodynamic]

E For your informaton il

Intamal eneangy le & funclon of
gtate. Consegquently, it does naol
depend on path but depends on
Intlal and final statas of the systam.
Thus, intemal energy is similar to
lhe gravilalionsl PE, Sa, ke lhe
potantial anargy, it is the changein
internel energy and not ks &bsolute
valus, whichis Impartant.

E

fe)

Fig. 6.4
A gasissesled ina cylinder by a
weightless, frictionaless pistan.
The consiant downward applied
forca F equals B4, and when the
piston is displacad, downward
workis doneonihe gas.

{Changeinwolume) | B 3

i

Fig. 6.5

Knowing the details of the change in internal energy and the mechanicel work done, we
are in a position in describea the penaral principlas which deal with baat energy and its
transformation into mechanical energy. Thase principles are known as laws of
thermogynamics.
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6.4 FIRST LAWOF THERMODYNAMICS [ Foryo informaiicn B

Hewt

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

in preseure or change in the state. If at the same time, & Haat
substance is allowed to do waork on its environment by |
expansion, the heat Q required will be the haat necessary AMLAN S

to change the intsrnal energy of the substance from 4, in
tha firat state to U, in lhe second state plug the work W _,._- W
done on the environment.

Thus Q= (-Uj+W £ Waork
+W._ | Systeen |———
or Q= AU+W (68.5) positivs

Thus the change In Intarnal enargy AL = U,— U, |8 defined as G— W Sinca It 15 the same
for all processes conceming the state, the first law of thermodynamics, thus can be
stated es,

In any thermedynamic process, when heat Q e added to & system, this
energy appears as an increase in the infemal energy Al stored in the
system plus the work Wdone by tha systam onits surmtindings.

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

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

The fimt law of thermodynamica expresses the law of conservation of enargy by
afimming that energy Is a conservad quantlity In Isolatad aystems. It providas a
framework to undarstand how anergy is transferred and transformed within systems
without violating the fundamental principle that energy neither be created nor be
destroved.

A bicycle pump is a good example of first lew of  Thermosouple  Trapped TN
thermodynamics. When wea pump an the handle e D™ anin
rapidly, it becomes hot due to mechanical work :

done on the gas, raising thereby its intemzal energy.

Dne such simpls arrangement is shown in Fig. 8.6, wiivokmster

It consists of a bicyele pump with a blocked oullet. Fig. 6.6
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Athermmocouple connected through the blocked outlet allows the air temparatura to be
monitored. Thermocouple tharmomeatsr can detect & minute variation of the
tempersture. YWhen the piston is repidly pushed, thermomeler shows g tempemture rise
due iolncraass of Intarnal anergy of the air. The pugh forca does work on the alr, theraby,
increasing its internal energy, which is shown, by theinerease in temperature of the gir.

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

Exnmpin 5.2 |1 A gas is gnclosad in a contginer fitted with'a piat:m of crags-sactional
area 0.10 m’. The pregsure of the gas is maintained at 000 N m® When heat is slowly
transferred, the pision is pushed up through & distange of 4.0 cm. If 42 J heat ig
fransfamred 1o the system dunng tha expansich, what 8 the change |n Intarnal anergy of

thasystam?
folution ' The work done by the gasis
W=PPAV=PAAy=8000NmM  x0.10 M2 x 4.0 x 10%m
=32Nm=32J
The change in inlermnal energy is feund from first law cf thermodynamics
AU=O - W=42J-32 1=10J

laothermal Processa

Itis & process which is camied cut at constant temperature and hence the candition for
the application of Boyle's law on the gas is fulfilled. Therefore, when gas expands or
compresses issthermally, the product of its pressure and volume during the process
ramaing constant. I 2., WV, ara initial pressure and volume wheregs P, , V) are pressure
and volumeafier the isothermal change takes placa {Fig. 8.7-a), raspectively, than

Y. = PV, P,
In case of an ideal gas, the FE. associated with ils
malecules is zero, hence, the intemal energy of an ideal T
gae depands only on s temperaturs, which In this cagse 7
remainsg constant, therefore, Alf= 0. Hence, the first law of
tharmodynamice reducas to

Q=w Fig. 8.7{4) v, v ¥,

Thus if gas expands and doea external wark W, an amount of haat (2 has to ba supplied
to the gas in order to produce an isothermal change. Since transfer of heat from cne
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place to another requires time, hence, io keep the temperature of the gas constant, the
expanslon or comprassion must take place slowly. The curve rapresenting an

isothermal process is called an isotherm (Fig. 6.7-a). I — = |
= u CFaL T T ST
Adiabatic Process e
An adiabatic process is the one in which no heat enters or energdy of an Ideal ges
leaves the system. Therefore, AQ = 0 and the first law of s:t’:'" “‘I'“E“E'“ g
thermodynamics gives: =_Alf EhE e

Thus, ifthe gas expands and does extemnal work, itis done atthe expense of the intemal
energy of its molecules and, hence, the temperature pf the gas falls. Conversely, an
adiabatic compressicn causss the temperature of the gas to risa bacause of the work
doneonthe gas.

Adlabatlc changs occurs when tha gas expards or compressed-rapldly, particularly
when the gasis contained inan insulated cylinder. Tha axamples of adiabatic process
are:

{3 Tharapld ascapa of alrfrom a burst tyra.

{ii) Tha rapid exparsion and compression of air
throughwhich a sound wave is passing.

(i}  Cloudformation inthe atmasphers.

As the lemperature of the gas doss not remain constant,
s0o it has been seen thal;

Pv' = constant Fig. 6.7ib)

where y is the ratio of the molarspecific heat of the gas at constant pressure to molar
spaclfic heat at constant valume [ = Cr }. Tha curve reprasenting an adlabatic process
ie called an adiabat (Fig-6.7-b). #

6.5 REVERSIBLEANDIRREVERSIBLE PROCESSES

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

A suceasszion of avenis whieh brings the system backto its

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

ona inwhich all the changes araraversible.

Although no actual change is completely reversible butthe processes of liquification and
evaporation of a substance, performed slowly, are practically reversible. Similarly the
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slow compression of a gas in a oylinder is reversible B Gciovimows B
process as the compression can be changed to expansion
by slowly decreasing the presaure on the piaton to reverse
tha aparation.

If a process cannot be retraced in the backward
directian by reversing the controlling factors, itis an
Imevarsible procass.

All changes which occur suddenly or which involve fiction :irﬂllprﬂ:tit;l éﬁ:nr;na:tr;ewz:

P . : ' aaldne 1N Srarnwa
or d_|s§|pahnn_ of energy through cﬂndunllqn, ED_I'I'UBG’IIEII_‘I OF ond ioh ErcssaCh Englend
radiation are imeversible. An example of highly irmeversible ;qng 1829,

process (s an explosion.

6.6 HEATENGINE

A heat engine converts some thermal energy to mechanigal- work. Usually, the heat
comas from the buming of a fuel. The earliest heat engine was the steam engine. Hwas
developed on the fact that when water is boiled in a vessel covered with a lid, the steam
inside ries to push the lid off showing the ability to dowork This observation helped to
devalop a steam engine.

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

converting 85 much heat as poBsible Intc mechanical
work. This process is govemed by principles of
tharmodynamics and is assential in various applications
where machanical energyis requirad from heat sourcas.

6.7 SECONDLAW OF THERMODYNAMICS

Flrst law of tharmodynamics tells us that heat enargy can
be converted into eguivalent emount of work, but 1t is
silent about the conditions under which this conversicn
takes place. The second law iz concemed with the
gircumstances in which heat can be converted into work
and direction of flow of haat. o _

Cald r?fﬂwmr

Before initiating the discussion on formal statemeni of the L

secand law of thermadynamios, let us analyze briefly the - g5

fa:_:tual operation of an angh_'m. The engine or the systam g momesniation of =
{Fig. 6.8) absorbs a2 quantity of heat Q) from the heat :e-al emlilgr:-m Thﬁ erzalne ahsortlus
solrce at temperature 7,. It doss work YW and expals heat ;q,f'tha'hﬂ@sétﬂ, i eehicd

&, to low temparature reservoir at temperature 7,. As the  emidasswork ¥
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working substance geoes through a cydic process, in which the substance eventually
ratums to its initial state, tha change in intemal energy s zero. Hance, from tha first law
of thermodynamica, networkdone should be equal to the net heat absorbed. ie.,

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

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

According to Lord Kelvin's statement basad on the working of a heatengine:
ltis impossible to devise a process which may T
convert heat, extractad from a aingle reaarvair, ." e -

entirely intc work without lsaving any change
in thewarking system.

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

& source of heat at a high.temperature and a sink at low 51 Tne caoead 1oe ot
temperature to which haat may be axpellad. The reagson  themodynamics, the process
for our inability to utilize the heat contents of oceans and ?.Ehnimg h::u';;mﬁm: Iﬂgil:;f:
atmosphere is that there is no reserveir at a femperature m&ﬁfﬂf"" b cornveried
lower than any oneof the two,

6.8 GARNOTENGINEAND CARNOT'S THEOREM

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

—

1. Tha gas iz allowed to expand isctharmally at
temperature T, abgorbing haal Q, from the hot Fig 6.0
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reservoir. The progess is represented by the curve AB.
2. The gas is then allowed toexpand adiabatically until its temperature drops to 7T,.. The
process ia represented by the curve BC.

3. The gas at this stage is compressad iscthermally at temperature 7, rajecting heal .
to the cold resarvolr. The process |s represented by the curve CD.

4. Finally the: gas is compressed adiabatically 1o restore its initial state at temperature
T,. The process is rapresentad by the curve DA,
Themal and mechanical squilibrium ie maintained all the time so that each procass is

perfeclly reversible. As the working substance retums to the initial state; there is no
changa in its intamal anergyi.e., AU =D.

The net work done during one cyele equals io the arez enclossd by the path ABCDA of
the PV diagram_ ll can alsa be estimated from net heat AQ absorbed in one cycle.

Qd=0-Q K—E:.-.-'-:.-i?m-rrrﬁ,j information !
From 1" law of thermodynamics: ’ T

Q= A+ W 1
or W=0-4Q {.. Al=0) '
The efficiency n of the heat engine is defined a5: !

_ Output {Work) !
Input {Enargy}

Thus 1= % .......... {6.6)

The energy transfer in an igothemmal sxpansion or
compression turns out to be propertional to kelvin
temperature. So ;-and Q. are proportional to kelvin

temperatures 7, and T, respectively and hence,
Sl e B.7 Awatartall analogy lbrihn
T Tl { - ) hoat :nglnn.

'|'| -
The sfficiancy is usually taken in percantage. in that case;

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

1
Thus, the efficiency of Carnet engine depends on the temperature of hot and cold
rezervalrs. It Is Independent of the naturs of working substance. Ths larger the
temperature difference of tworeservoirs, the greater is the efficiency. Butit can neverbe
anaor 100% unless cold reservairis at absoluta zera tamperatura (T, = 0 K).

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

No heat engine can be mare sfficiant than & Carnot
engine cperating between the sames two temperslures.

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

All Camof's engines cparsfing betwasn the same wo lemperatures have
the same efficiency, imespective of the nature of working substance,

In most practical cases, the cold reservoir is near reom temperature. S, the efficiency
can only e incraased by raising the lampearatura of hot resarvair. All real haat sngines
are less efficient than Carnot engine due tofriction and other heat [asses.

Example 8.3 | The turbine in a sleam power plant takes steam from a boiler at 427 °C
and exhausts into a low temperature reservair at 77 *C. Whatis the maximum possible
efficiency?

Solution Maximum sfficlancy for any engine aperating betwsen temperatures

Tand T, /s
%m = L2 «100%  where T, = 427 +273= 700K
1
and T= 77 +273=350 K
-1 FOOK-350K:_ 350K _ 1

3 = 1 2 = , — el = =

Q n T 00K 0K~ 5 0.5 or %n=05x100=502%
6.9 REFRIGERATOR Higher tarrparmture meroundirgs
Refrigerator is & device which maintaing the
temperature of a body below that of its surrounding. It "h?’a": al temparalua T,
operates in a cyclic process butin reveras as that of the
heat engine as'shown in Fig.6.10. Arefrigerator absorbs )
heat from a cold reservoir and gives it off to a hot e
rezervoir. Thiz shows that in a refrigerator, the work is CAES= wins
done on the system while in a haat enging work & dong ﬂeT
by the system. Heztm | at tempsrature T,

A refrigeratar works on the basis of Clausius stalerment
of sacond law of thermodynamics, Le., a haat shglng Is | Lewismeemire compariment
opsrating in raverse. Heat Q. is drawn from Low ¢

: : k. 8.10
Temperature Reservoir {LTR) T, by compressor and is  argfrigamtor rangfars hest from a

thrown into High Temperature Rasenvair {(HTR) T, with gﬁf&ﬁmgaﬁwﬂﬁ
the help of extemal work done. The heat rejected 1o HTR  with the nalp af external wark. Itls

Bai haat engi araling i
{Q, Yisgiven by :rd:r enging op @ in reverss
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Q,:+ W=ﬂ,,- or W=QH 'Qc
The main purpese of refrigerator is to extract as mush heat Q. a3 poasible from LTR with
the expenditure of as littke work Was possible.
Coefficient of Performance of Refrigerator

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

Abetter rafrigerator will remove a greatar amount of heat from inside the rafrigerator for
the expenditure of a smaller mechanical wark or electrical enamgy. The coefficient of
performancs of a refrigeratorcan be glven by

Q &3
E = 13 = H
w Qﬂl = Qc
The cosfficlent of performancas Inlerms of temperature, whare Q< T |s:
T
=Gl = e [8.8)
STrow

Exampic §.9

Arefrigerator has a coeflicient of performance 8. If temperature in the freezer is -23 °C,
thenwhetsthe tempereiure at which it rejectsthe heal?

FpluEen
Coeflicigntof pariormance E
Temperaturs of cold reservoir (freezer) 7, =-230=-23+273=250K
Termperature of hotresarvoir (room) =7

Coeflicient of performance TI -
Substituting the values 8= 20K
T, - 250K
or 8(L -250K)= 250K or T, — 250K = zgﬁ
2k T,= 3125K+250K =281.25 K = 8.25°C

6.10 ENTROPY

The concept of entropy was introduced into the study of thermodynamics by Rudolph
Clausius in 1856 to give a guantitative basis for the second law. It provides another
variable to describe the state of a system to go along with pressure, voluma,
temperature and intsmel energy. If a system undergoea a reversible process during
whichitabsorbs a quantity of haat AQ at absclule temperature T, then the increase in the
state variable callad antropy S of the system ia given by
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_4g
48= 2 et 1B

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

The change in entropy is positive when haat is added and negative when heat is
ramoved frem the systam. Suppose an amount of heat & flows fror & raservoir at
temperature T, through a conducting rod ta a reservoir at temperature T, when T.>T,
The change in entropy of the reservoir, at temperature T,, which loses heat, decreases
by Q/T, and of the resenvoir at temperature T,, which gains heat, increases by Q/T,. As
T2 T80T, wlllbe greaterthan Q47 , l.e. QT > Q/T,.

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

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

IFasystem undergoes a natural process, it willgo in thadiraction that
causes the entropy of the system plus the enyironment to increase.

It1s chearved that 2 natural process tends to proceed towards a state of greater disaorder.
Thus, there is a relation between entropy and molecular disoider. For example, an
irrevearsible haat flow from & hot to a.cold substance of a system increases disorder
bzcause the molecules are initially sorted out in hotter and cooler regions. This order 15
lost when the systemn comes tp thermal equilibrium. Addition of heat {o 2 system
increases its disordar bacauss.of increase in average molecular spasds and therafora,
the randomness of molecular-motion. Similarly, free expansion of gas increases its
disorder because the molecules have grealer randemness of position after expansion
than befars. Thus, inboth axamples, entropyis said o be increased.

We can conclude thet only those processes are probable for which entropy of the
system increases or remains constant. The process forwhich entropy remains constant
is a reversible process; whereas for all imeversible processes, entropy of the system
inGreases,

Evary tima sntropy Increasss, tha opportuntty to convert soma haat Into werk Is loet. Far
example, thers is an increase in enfropy when hot and cold waters are mixed. Finally,
the warm watser cannot be saparatad Into a hot layar and a eold layar. There has baan no
loes of energy but some of the energy i8 nc longsr available for conversion into worl.
Therefore, increase in entropy means degradation of energy from a higher leve| where
morework can ba extracted to a lower lavel at which less or no usaful work can be done,
The energy in 4 sense is degraded, going from more orderly form to less orderly form,
eventually ending up as thermal energy.

In all real procesasas where heat transfer occurs, the energy available for doing uaeful
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work docreases, eventually, the entmopy increases. Even if the tempermature of some
systermn decreases, thereby decreasing the entropy, itis al the expense of netincrsase in
enfropy for some other system. When all the systems are taken together as the
unlvarse, the entropy of tha univarse always Ingraases.

[ Exnmpts 65 || Caloulate the entropy change when 1.0 kg ice at 0 °C melts intowster
at0 °C. Latent heat of fuslon of lca L, = 3.36 x 10° Jkg™.

Hsowton| M = 1kg

T =0°C=273K v

Ly = 5336x10°Jkg' o

_ AR -
T 5 i
y doe ack of cards
whers AQ = mi e more disorderad when
shilffed?

So AS = iTLL S

Substituting tha values -
1.00kgx3.36x10° J kg'

AS =
273K

s

AS 123 x10° Ik

Thus, enfropy increases as it changes:lo water. The ingrease in entropy in this case is
a measure of increasa in tha d|sorﬁal: of watar molaculas thal change from salid to
liguid stata. ‘

W oo=sTon: P

§'Multipie Chaice Questions ]

Tick {v') the comect answer,
6.1 In an.J3dthermal change, intemal enargy.

(a)decreases (b)increases (cremains thesame (d)becomes zero
6.2  Firstlaw of themmedynamicsis based upon lawof conservation of:
{a) mass M energy {c) momentum {d) charge
6.3 Adevice which converts thermal energy into mechanical energy is called:
(a)heatengine (b)Carnoterngine  {o) refrigerator {d] turtsine
6.4 When two chiecls are made in themmal contagt heving same femperature, then
thay areat:
(2} thermal Equllibrum (bychemizal Equilibium

{c) mechanical Equilibrium {d) physical Equilibrium
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6.5

B.6

8.7

6.8

6.9

6.10

6.1
6.2

6.3
6.4
.5
5.6
8.7

6.8
6.9

6.10

.11
612

When the system is expanded by adding hest energy, then the work done will be:

(2] positive and on the system {b} negative and on the system
(e} positive and by the systam {d) negativa and by the system
Entrepy of & systemin reversible process:

{a)decreases (b)increases {c)is Infinite {d)iszero
What happens lo internal energy of an objectwhenits temperature:
(a)dacreazes (bjremalng Constant (c)increases (d} fluctuates
The valus of Balmann constantIs:

{2)1.38x102JK" (b}1.38x 10°JK*

{c]1.38x 107 )K" (dy1.38x 107K’

In an adiabatic process, thereis no:

{g) change intemperature {byexchange of heat

{c) change inintemal energy {dyworkdone

Thermodynamica mostly deals with:

(=) measuremsht of quantity of heat

(b} transfer of quantity of heat

(c) changs of slate

(d) Converslonof heatto other forms of energy
Short Answer Questions

What |s meaant by thermal equllibrium? Explaln briefly.

What is meant by intemal snergy? How is it relaled {o temperature of an idsal
gaa?

State 2nd law of thermodynamics in two differant forms.

Isit possible to construct a heat engine of 100% efficiency ? Explain.
DHfsrentlate batween revarsible and Irreversible processes.

Why adiabet is steeper then isothenm? Explain.

Arefrigerator fransforms heat from cold to hot body. Does this violate the second
law of thermodynamics? Justify your answer.

Explain briefly heat death of universe in terms of entropy.

Is it possible for & cyclic reversible heat engine to abserb heat at constant
temperature and transforms it completely imo work without rejecting some heat
at low lempereture? Explain.

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

Showthatarea under F-Vgraph is equal to work done.

How iswork done (i) byages (i) onagas?




(E

9 Phples i Chapte [ Heat and Tharmodynamis;

B.1
6.2

B3

B.4

ES

6.4

B.5

B.6

6.1

8.2

6.4

Constructed Response Guestions

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

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

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

How cen we explain different weather patterns through thermoedymical
processes llkewind, rain, etc.

Comprehensive {El;‘-ﬁ:‘-ﬁ‘i’ﬁ{-‘lﬁ.ﬁ;
What are the postulatss of kinetic theory of gases? Derive 2 relation foridaal gas
equaticn intheform PV=Nk, T from general gag aguation.

Etate and explain various gas laws.

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

¥What is a refrigerator? Explain its working. Derive an expressicn for its
ca-efficient of perfformance.

What is Carmat engine? Describe Carnot cycle, State Carmnot theorem and derive
an exprassion for efficiency of Camot engine.

Define and explain the term “Entropy”.

[ Numerical Probiems

A gas occupies 6.0 L of volume at 8 pressurs of 12 atm. What will be the voluma
of gas'if the pressure is increased by 2.0 alm, assuming that temperature
remeins constant? (Ans:5,14L)
In a yaccum chamber which is connected to & cryogenic pump, pressure as low
as 1.00 nPa iz baing attained. Galculate the numbar of molecules in 1.00 m’
vessel gt this pressure and temperature of 300K,  (Ans: 2.41%10" molecules)
A gas undergoes & themadynamic proceas wheare it absarba 500 J of heat
anergy and performs 300 J work on Its summoundings. Calculate the change In
internal energy ofthe gas. (Ans:200.J)
A Camot engine Is operating between a high temperature reservolr at 600 K and
alow temperature resenvoir at 300 K. Calculate:

{i the maximum possitle efficiency
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8.5

6.8

8.7

6.8

{ii} the amount of work output if the engine abserbs 500 J of heat from the
high temperaturs ressrvoir. [Ana: (i} 50% (i) 250 ]
A refrigerator extracts 1200 J of heat from its interior {the cold reservoir) and
releases 1800 of heat to the surounding emvironment {the hat reservair) during
each cycle, Caloulate:
N the work |nput required per cycle,
{ii) the coefiicientaf performance (COP} of the refrigerator.
[Ans: {i) BOT J {11} 2]
Calculata the enfropy change when 1.0 mola of ica at 0°C malts teform liguid
water at the same temperature. (Heatof fusion of ice permole =8.01x10°J)
{Ans: 220 JK")
A gas occupies 400 mL at 20 *C. What volume will it oceupy at 8 °C, assuming
constant pressure? {Ang: 482 mL)
A gas has a pressure of 2 atm at 300 K. What pressure will it have at 450 K,
assuming sonstantvolume? {Ans: 3atm)
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After studying this chapter, the students will be able to:
Lsathe principle cf superposition of waves to solve problems.

Differantiats betweoan constructive and destructive Interferanca.

Appty the principle of supsrposition to sxplain thewerking of nolss cance(ing haadphmus

lllustrate expanments that demanstrata siationary waves [Using microwayves, siretched atrings end
air columnes {it will be assumed That end correclions are negligible: knmﬁe&g&'ﬂfthe poncept of end
corestionsignot reguirad)]

Explain the farrmaton of astationary wave Usinggraphlcal represemaﬂm
Explain the forrmetdon of hamionies In atatlonany waves.

* [Describe anexpedmentthal demonsirates difrecdon ing dh;lg the qualltative efMectaf the gapwidth
relative to the wavalength of the wave; for sxample diffractian of watar waves Ina dppla tank]

# Explain beats [as the pulsation caused by two wavahnf,illghtty differant frequanclas Interferdng with
gach ather].

* ustrate emmplesofhnwbealsaregenemtudrn musical instruments.

+ LUseinternsity= powerfares to solve pmblgm: Use intensity o (amplitude ' for a progressive wave to
aolve problams,

4 Explain that when & source ufmm&wam moves relative to g atetionary obasarvar, the cbearvad
Traquency is diffierent fram Ihw?aﬂma fraquancy [dascribing the Doppler effect for & ctabionany
source and 3 moving ubaﬂr‘mrnmtmqumd]

* P % %

e »

# Usethsexpression f = L for the observed frequency when & source of sound waves moves

raletivato aataﬂunamnbaawsr

+ Explain the applications of the Doppler effect [such aa redar, sonar, astronomy. sateliite, radar spead
traps and study ng eardiac problsms in humans].

Ja arewsll familiar with varicus types of waves such as water waves in the ocaan

. ¥ and circular ripples formed on a still pool of water by rain drops. When a musician
plucks a guitar string, sound waves are generated in air which reach our ears and
produces sensation of music. The vast energy of the Sun, millions of kilometres eway, s
ransferrad to the Earth by light waves. In this chapler, we will discuss, formation,
propagation end applications of different types of waves.

7.1 WAVES

Awave is a regular disturbanca or variation that carries energy, which spreads out from
the source. For example, energy is iransferred from the Sun to the Earth in the form of
light waves eallsd dlectromagnetic waves. Thesa waves can eveh fravel through
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vacuum. However, in a medium, energy is transferred
due to the regular and repeated disturbances that
travel through the medium, making ts particles to
move up and down or back and forth {to and fro).
Imaging & stana thrown into a pond of watar (Fig. 7.1).

= The stone produces a disturbance (ripple) that Fg 7.1 Ropresenting a travalling
travels through the water (medium). disturbance {rppia)

+ The water pariclas move up and down about thair mean positions, creating a
repeating patiem known as wave that spreads out

et

The displacement of a particle of a
wave is its distance in a specified
direction from its rest f eguilibrium
position. If the displacement is
plotted along the y-axis and the time

J

»

e
Dl sl wmista
=
%]
%
o
»

Wewaslangth & Ampitude

== {

in the direction of energy travel along Dussnt Lhé'u/f’ el
the x-axis, wo get a waveform as ) e
shown in Fig.7.2. AN
The waves can be descrbed by the Flg. 7.2: Graphlcal description of a wave
following parameaters: _ finteres ting Information] -
1. Amplitude [A): The maximum Grast

displacement of the wave (or Wanlengh Cireclion of

lravel af wave

particles of the medium) from-its

equilibrium position.

3. Frequency (F): The _number of
oscillations or vibrations or cycles
per sacond.

Kovement of

3. Wavelength (A} The distance Trough i i i
belwsen two. consecutive  similar Wiy shape of woter wave n 302
points on thewave that ara Inphaze.

4. Perlod {T): The ime taken by tha wave tc complets one oscillation or cyda. itis the
reciprocal ofthe frequency T=1/f.

5. Spoed (v): Tha spaad at which the wava fravels. If a wave crest movas one
wavslength A in one period of oscillation T, thespeadvisgivenby v=4/T

as /T=f, so w=Fh (7.1}
6. Phase (0): The relative pogition of a peint on the wave atagiven time.
Types of Waves

VYvaves have various forms, each with unique characteristics. A brief detail of diffarent
types of wavesis given below.
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1. Mechanical Waves

These waves require a physical medium (solid, liquid, or gas) to propagate. Examples
are water wavas (ocean, lake, or pond ripples), sound waves {audible vibrations in air,
waler, or solids}, seismicwaves (sarthquakes), Bic.

2. Electromagnetic Waves

They do not require a medium to propagate and therefore, can travel through vacuum.
Examples are radiowavaes (wireless communication}, Microwaves {(cooking and
heating), Infrared waves (IR or heat radiation), Visible light {sunlight, lamp light),
Ultraviolet waves [UV radiation ], X-rays {(medical imaging), Gamma rays (high-energy
radiation), etc. ;

= Quantum Waves YT | |

Quantum waves are associated with parficles like electrons _These wave typas am
and photons. Examplos are matter wavasiparticle waves ' #=sanlial to undersiand
{electron waves in atoms) or de-Broglie weaves, photon waves ::;!:::_ :nr;?:;mn: gnlea,.llg
({light guanta), etc. everyday life.

4, Surface Waves

Surfacea waves propagata along surfaces or interfaces between two mediums.
Examples areocean surface waves (wind-tdrivenwaves), seismic surface waves, etc.

Transverse and Longltudinal Waves  Transvesswaves
‘ - — . Find
— i\ £ N 3 E: gm

Spring ‘

There are two main types of waves which are
named as transverse waves and longitudinal
waves. A fransverse wave is ong in which the
vibrations of the particles ere.atrightangles tothe
direction In which the snergy of the wava Is
travelling whereas a longitudinal wave is ons in
which the direction efthe vibration of the particles
| along er parallelte the the directlon In which the
energy of the wave is ravelling.

Longhudinal waves
J Wave : Flxid

— h ‘gn:l

b
Tha transverse wava and langitudinal wave am ®) :
lllustrated In Fige. 7.3 (aand b}, respectively. Flg. 7.3: Main lypas of waves

7.2 PRINCIPLE OF SUPERPOSITION OF WAVES

If a particle of the madium is simultaneously acted upen by two waves, then the resultant
displacement of the particle is the algakraic sum of their individual displacemsants. This
is called principle of superposition.

In otherwirds, the displacements of the individual waves are added together to form &
new wawe pattern as shownin Fig.7 .4 (a and b}, respeclively.

{h If two waves, which overdap each cther, have zame phase, their resultant
displacemant will be:
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y=yty i i nf_":l..—f
whara ¥, =amplitude of wave 1

¥ =amplitude of wave 2 /’r‘;;\ M WaveZ
and ¥= resultant amplitude N /

Particularly, if ¥, = ¥, then resultant displacement AW&“I‘E 1 and 2 superpoaed

ill be:
Wi I "“-—\\_—_‘_—;7’
y=2w,orr=2y, !

fiit If two weves, which cross each other, have coeimmvem
opposite phase, their resultant displacement FERR
will ba:

7.4 (a)% Superpngilil:ll'rrgaf twa
=4, +H— waves af tha saana [feguency
y=y-y) whichara sxaclly nphase.
¥=yi—¥.

Partlcularly, If y, = ,, then rasultant displacemant will be y=

Thus, if a particle of a medium is simultaneously acted upon /_\\
by n waves such that itz displacement due to each of the i

individual m waves be ¥, ¥, ...y, then the-resultant W

displacament y of the particle, under the simultanecus acllon

of these n waves is the algebraic sum of all the N

displacements, i.e., / waw2 \
FEV Pt e Y "\ b

This is called principle of superposition of waves. S—

Mathematically, this can gleo be represented as: /\ /_\
rint =y, (xi) e+ +y.(nt)

where y(x.1} is the resyltant wave, whereas y(x.1), \__/,-/\/

VAR e Yok ) APE e Individual waves. 0 SRR

In the context of waves, y{x.t) represents the wave function = =
sultant wave ¥=0
or wava displacemant at a given point x¥ and tima t It

describes the shape of the wave and its svel|ution overtimsa. i:é?;ﬁﬂ?gﬁﬂ?:qum

Tha principle of supcrposition applias to lingar waves or Wwhich are exactly cut of

small amplituda waves. s

Principla of superposition of waves leads to many interesting phenomena;

(i) Twowaves having same frequency and travelling inthe Fondar pen!
sama diraction (Interferanca).

{ii; Two waves of slightly diffarent Trequenciss and
travelling In the same direction (Beats).

{iil) Two waves of equal frequency travalling in opposite

direction (Stationary wavas). mngﬁr pattem formed
I I '




B Phystes 11 ’Q:g.—- | Cheuter [ FF Waves und Vbratons |~

Applications of the Principle of Superposition

By applying tha princlple of supemposition of wavas, nolse-cancalling headphanes

effectively eliminate unwanted noise, providing a more immersive and peaceful

listening experence.

1. The headphones contain one or more microphones thal capture ambient noise (like
background chatter orengine rumble ar any environmental noise).

2 The microphone sends the sound signals to an amplifier and a processing unit in the
headphones.

3 The pracessing unit generates an "anfi-noise” signal, which is the exact opposile of
the ambilent nolse {In terms of amplitude and phase).

4. The anti-ngise signal is then played through the headphones, along with the desired
audia {llke music or valca).

5. When the anti-ncise signal meets the ambient noise, the twowaves cancel each
othercut resulting In a much quister llztening axperanca:

Though the above example is an oversimplificstion of the situstion, as noisecancelling

headphones use complax algorithms and multiple microphones to achieve optimal

noise cancellation, the basic principle of superposition remains a fundamental concept

in urklerstanding how they work.

7.2 INTERFERENCE AND ITS TYPES

Superposition of two waves having the same frequency and travelling in the same
direction results in phenomencn called interfersnce.

5, &,

Powar Amglifier '
o

Flg. 7.5a): An axparimantal eslup to
obsarve |merfenence of sound wavas. Flg. 7.5 {b): Interferance of sound waves

An experimental setup to cbserve interference effect of sound waves is shown in
Fig. 7.5{a). Two loud speakers 5, and 5, act as two sources of harmonic sound waves of
a fixed frequency produced by an Audic Generator {AG). Since the two speakers are
driven from the same generator, thersfora, they vibrate in phase. Such sources of
waves are called coherent sources. A microphone attached to a sensitive Cathode Ray
Qgzcilloscope (CRO) acts a3 8 detector of sound waves. The CRO is a device to displey
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ths input signal inte wavaform onits scresn. The microphone is placed at various points,
turn by turm, in frontof the loud speakers asshownin Fig. 7 &b).

Constructive Interference

At points P, P; and P, we find that a compression meets a compression and a
rarefaction meets a rarefaction. 3o, the displacerment of two waves are added up at
these points according to the principle of supermposition and a large resultant
displacement is seen on the CRO screen (Fig.7.5-c). lt

imterasting el E

Flg. 7.5¢); Fig. 7.5(c):

Geanghructhve Interforamnes: Desstrucihee Inbarfaranee: Inferference patlem produced
Lama displacermant is dipleyed ~ Zem displacemant i displayed by o thin soap fim llumineted
on the CRO acreen on the CRO screen bywhitelight.

From Fig. 7.5 (b}, we find that the path difference AS between the waves at the point P, , is:
AS = 82P = 81P4

=adi_aly o
AS=424-35h=h

Similarly, at points P, and P,, path difference is zero and A, respectivaly. Herg, A is the
wavelength which ia the distance between any two succeasive 3olid or dashed lines.

Whenever the path differance is an integral multiple of wavelsngth, the

two waves are added up. This effectis called constructive interference.
Therefora, the path diference {condition) for constructive interfaranca can bewritten &s;

AS =nh where n=0, 21,12, 3, .........
Destructive Interference
At points P, and P., a comprassion maets a rarefaction, so that they cancel sach cther’s
effect according to the principle of superpasition. The resultant displacerment becomes
2ere, as shown In Fg. 7.5(d).
The path difference AS between the waves at points P, and P, is:
.":IS = SZPZ —Sﬂpa

1 1
ABR= 4% —3=3 = —
S=4h 32?\. 21,
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Similarly, at P, tha path differenca is %l.

£0, at points whers the displacements of two waves tancel each
wther's effect, the path differsnca is an odd integral multiple of half
the wavelength. This effect is called destnictive interference.

Tharafors, tha path diffarence {condition) for dastructiva interfarance can ba writtan as:
AS=(2n+ A2 wherep =0, 21,12 13, .........
Example 7.1 | Two speakers are amanged as 8, ¢ g
shown in the figura. Tha distance batwaan them is ] Bﬁ}
3.0 m and they emit & constant tone of 344 Hz. A
microphone P is moved aleng a line parallel to and
4.0 m from the line connecting the twa speakers. It
i5 found that tone of meximum loudness is heard
and displayed on the CRO when micraphona is on '_ MM_j)_‘\D
the centre of the line and directly opposite to each
speaker. Calculatethe speed of sound,

Solutian 7 ""‘M-..\_} P
Distance between speakers 5.5, =30m :!I'i - S
Tone frequancy £ =344 Hz i
Digtancs betwean speakers and line of motion of PS.P=4.0m s, Fs

«— dm —>
Speedof sound v="?

Fortona of maximum loudness or the condition for constructive interfarenca, tha path
difference mustbe 0, £14, £24 £34,...

At migdla paint 'Q' the path difference between two sound waves is zerg (5,0 = 5.0,
thus atthat point'Q' constructive interferenca takes place.

For the next poinl.F of constructive Interference, the path difference between waves
should be k. Sa,. + A =Path differenca =5,P,— 5,P,

Now, wa calculate values of 8,P from right angle Iriangle 8.8,P,

8,F, = J{58,)° +{3P)* {By PythagorasThaorem)
SR =JBmy +{@mf = {9+18)m =/25m =5m
Therefure L=8P -8F, or L=Bm-4m=1m
This iz the path differsnce for constructive interference,
As w=Ffi

Putting the values, we have ¥=3 ms' xITm=344 ms"
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Example 7.3 [ The wavelangth of a signal from a radio 5755 vour mforeacion |
transmitter is 1500 m and the frequency is 200 kHz. What ==

is the wavelength for a tranamittar operating at 1000 kHz
and with what speed the radiowaves fravel ?

4 =1500m= 15x10"m, §=200kHz = 2.0 x10"Hz

£, =1000 kHz =1 =x10°Hz, W, =7, v="7 ,As v =
Since, the speed af both the signals is same, so

—
v = 20%10°Hz % 1500 m
v =30 %10 m 57
Also v =Gk
v
Ay — £ . - »
. 4 Hionochromatic Light
_ Zx10" ms Sodiurn chiorde In @ fame glves
i e
dz = Ax1¥m

7.4 STATIONARY WAVES & THEIR FORMATION

Stationary waves, also known as standing waves, are the waves that cscillate in a fixed
position, without moving or propagating. They are formed by the superposition of two
waves with the same frequericy and amplitude, travalling in opposite directions. The
resulling wave pattern remaina stationary, with nodes {poinls of zero amplitude) and
antinodes [points of maximum amplitude) at fixed positions. Examples include waves
an a string, and sound waves in a pips. The term "standing wave" describas that the
wave patiem remains fixed in space, oscilleting between positive and negative values,
without moving forward or backward.

Let us consider the superposition of two waves moving along a sting in opposite
directions. Figures 76 {g) end {b) show the profile of two such weves at instants
t=0,7/4, 7/2, 314 Tand T, whara T | the time period of the wave. Ve ara Interssted In
finding cut the displacements of the points 1, 2, 3, 4, 5, G and 7 at these instants as the
wavas suparposs. Itis obvious that tha paints 1,2,.., 7 are distant /4 apart, i baing the
wavelength of tha waves. Wa can determine the resultant displacement of these points
by applying the principle of superposition.

Figure 7.6 {c} shows the resuliant displacement of the pcints 1,3,5 and 7 &t the instants
I=0, 74, T2 374 and T. i can be sean that the rasultant displacement of thase points
is always 2ere. These points of the medium are known as nodes, Hera, the distance
between two conssculive nodes is A./2.
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Flg. 7.8: Stationary weves

Figure 7.6 (d) shows the resultant displacement of the points 2,4 and 6 at the instants
t =071, 712, 37/4 and 1. Tha figura shows that those points are moving with an
amplitude which is the sum of the amplitudes of the component waves reprasented by
arrows. These points are known as antinodes. They-are situated midway between the
nodes and are A2 apart. The distance between.a node and the next anlinode ia A/4.
Such a pattern of nodes and antinodes is known s a stationary or standing wave.

Energy in a wave transfers because of the motion of the particdles of the medium. The
nodes aways remain at rest, so energy cannot flow past these points. Hencs, enargy
remalns "standing” In the medum batween nodes, although It altsmatas betwesn
potential and kinetic forms at theantimedes. Whan the antinodes are all at their extreme
diasplacements, the energy atored is wholly potential end when they are simultaneously
passing thraugh thelr egullibrium pealtions, the anargy 1s wholly kinstlc.

7.5 STATIONARYWAVES ONASTRETCHED STRING

Consider a siring of length £ which is kept stretched by clamping its ends so that the
tensioninthestring ls F.

(a}) String Plucked at its Middle Point

If the =tring is plucked at its middle point, twa transverss waves will originata from this
paint. One of them will move towards the left end of the string and the other towardz the
right end. When these waves reach the two clamped ends, they are reflected back thus
givirgg rise o stationary waves. &5 tha two ahds of the atring Singia 1o

are clamped, ne motion will take place there, So, nodeswill | ¢ .
be formed at the two ends and one mode of vibrationofthe | _—— 7|
sfring will bs as shown in Fig.7.7{a) with the two ands as )' |
nodes with one antinede in between. Visually, the string ==
seems to vibrate in ong loop. As the distance between lwo 5, 7 746): Fist mode of vibration




Physles 1 e Chawts[ F Woves und Vibretlons |

consecutive nodes is one half of the wavelength of the waves set up in the string, 0 in
this mode of vibration, the length ¢ ofthe sting is

f o= W /2

o |
whara A, lsthe wavelength of the waves setup In thls moda. The spead vof the wavas In
the string depends upan thetension F of the string and m, the mass perunitlength of the

siring. ltis independent of the paint from where string is plucked to generate wave. Itis

glven by
P (7.3)

.\I m

Knowing the spead vand wavelangth 4., the frequancy £, of tha wavesis:

s B o K
h= A 2¢
Subetituting the value of v, = S.f (7.4}
: ; T ;

Thua, in the firat mode of vibration shown in Fig.7.7 {a), waves of frequency 7, only
will be set up In the ghven string.

(b} String Plucked at Quarter Length

Ifthe same string is plucked from ane guarter of its length, again stationary waves willbe
sat Up with nades and antinodos as showm Ih Fig. 7.7 (b). Nota that now the efring
vibrates in two loops. This paricular configuration of nodes and antinodes has
developed hecause the string was plucked from the position of an antinode. As the
distance betwaan two consacutive nodes is half the wavelength, so tha length £ of string
is equal o the wavelength of the waves set ug in this mode. If , is the measure of
wavelangth of thesawaves, then,

Daubim
T 23 Coa R A
L B
¢ = 2h tam
2 Fig 7.7(5):
ha= s {7.5) Secchd mode of vibreton

Comparison of Eq. (7.5) with Eq. {7.1) shows that tha wavalength in this case is half of
that in the first case. Equation {7.2) shows that the spaed of the waves depands on
tension and mass per unit length of the string, it is independent of the point where the
sfring |= plucked. So, speed vramalhe the same Inboth cases.

Iff;is frequency of vikration of string in its second mode, then

f, =L
2 1‘2
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Fh

Since A=
Therafore = %
Multiplying and dividing by 2, we have |
5 = 2_2; | .i#a"zf::: toasor I
We know that; o et Wil P
1 27 producady
S0 = 21,

Thus, whan the siring vibrates in two loops, its frequency becomes doublethan when it
vioretes inone loap.

()

String Plucked at an Arbitrary Point

Let the string resonates in o number of loops with (i + 1} nodes.and i antinodes. Thus,
we can say that if the siring is made to vibrate in n loops, the-frequency of stationary
waves sotup on tha string will be:

i n[l)
2t
g R g (7.6)
anxl the corresponding wavelengih s/ 3 = % .............................. @.7)
wheran=1,23,..

It ia clear that aa the string vibrates in more than one loop, s frequency f goes on
increasing and the wavelength L gets correspondingly shartar. Howaver, the product of
the fraquaency fand wavalength 4 is always equal to v, the spesd of wavss.

Gk

The above discussian cleary establishes that:

The stationary wavas have a discrete sat of fraquencles §, 2f, 3f,...nf which s
known as hammonic series. The loweast characteristic freguency of vibration is the
fundamental frequency f, corresponds fa the first harmonic. The frequency £, = 2,
comesponds to the second harmonlc and so on.

In other words, quantum jumps in frequency exist between the rescnance
frequencies. This phenomenon is known as the Quantization of frequencias. It
means f, = nf,where 7= 1, 2, 3. ...{Integral multiples). The stationary waves can be
set up on the string only with the frequencies of harmonic series determined by the
tension, langth and mass per unit length of the alring. Waves which are not in
harmonicseries are quickly damped out.

The frequency af a string an a musical instrument can be changed either by varying
the tension or by changing the length. For exampla, the tension in guitar and violin
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etrings is varied by tightening the pega on the neck of the instrument. Once the

Instrumant Is tuned, tha musiclans vary tha fraquency by moving thalr fingars along

the nack, tharaby changing the length of the vibrating portion of the siring,
Harmonlecs
Inthg above example, the sat of all the possible standing waves, having fraquencies T,
2F, 34,,..., nf,, are called harmonics of the system. The lowest or fundamental frequancy
cfall the harmonics is called the fundamenta| or firsl harmonic. Subseguent frequencies
are called as second harmoniz, third harmeonic, ste.

Example 7.3 [ A gtationary wave is established in a string which is 120 em-long and

fixed al both ends. The string vibrates in four segments; at a frequency of 120 Hz.
Cetzrming itawavelength and the fundamental frequency™?

Zolution = = E =
£ =120 cm 100 m=12m
n=4
fi = 120Hz
fi=7
A=T7

{i) Asthe string vibratas in four segments and the distance betwean two consacutive
nodes is 2/2, ao the wavelength of the glring is:

e
£ f 5
= 2
ln_ il
i 2x12m
A= 6™
{ii} Ifefring vibratas in b loops, then frequancy of stationary waves will be:
%=t
£ = 4Af
120Hz = 44
120 Hz
f =
! 4
f = 30Hz

7.6 STATIONARY WAVES IN AIR COLUMNS

Stationary waves can be set up in other media also, such as air column inside a pipe or
tube. Acomman example of vibrating air columnisin theorgan pipe.
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Organ pipe

An organ pipe is a wind instrurment in which sound is produced, due to setting up of
stationary waves in air column. It consists of a hollow long tube with both ends open or
with ong snd open and the other closed. Tha relationship betwoen the Incldent wave
and the reflactad wave dapends upon whether the reflecting end of the pipe is open or
closed.

{l) Iftha reflacting and Is opan, the alr molacules hava completa freedom of motlon and
this behaves as anantinods.

{ii} Ifthe reflecting end is closed, then it behaves as a node because the mavement of
tha molaculas is rastrictad.

Modes of Vibrations

Stationary longitudinal waves occurin a pipe as discussed by thefollowing twocases:
Case (1): Modes of vibrations In an organ plpe open at both ends

Let us consider an organ pipe oflength £ which is open atboth ends. As at the open end,
an air molecule has complete freedom of motion so it acts as antinode as shown in
Fig.7.8. In this figure, longitudinal waves set upinside the pipe have been represented
by transversa curved lines which reprasent the displasament and amplitude of vibration
of air partic/es at various points alongthe axis of pipe.

{a) Fundamental mode of vibration

i - ——
In this case, a5 shown in Fig. 7.8 {a), (harais only E ;
ane noda N at the middle of the-pipa. Aes both W =
ends of pipe are open, thers are two antinodes £ =1.L;~ e
atbath the ends. If %, is thewavelength of sound,
then — . »
(= bk » 2>4pg
Py e=2(l2) 2B
"
2

o e e el {7.8) m
) = :

Iff, is the fraquency of sound, then thevelocity of soundis:

s=artay h= ¥
reih Fiy uz- i
fi=vwlh, Slaiinna-ry largthudina] waves (0
Putting the value of &, we have B pips open at both enda.
A B e {7.8)

This frequency is called fundamental frequency or first harmonic.,
{b) Secondmode of vibration
If ihere ara threa antinodas and two nodas, fraquancy will be twice that of fundamental
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frequency, [t is second mods of vibration as shown in Fig.7.8 (b). Inthis case, there are
three antinodes ahd two nodes.

Ifa, ig thewavalength of sound, then

= k2t s
i

£ = {142+1) %

ar = E
If fz is the frequency of saund, then speed v of sound becomes:
¥ = Fpi;
or f, = ?..L
: -'- 3 H o
Putting the value of &, we have B srain teaser I}
v A atationary wave |8 formed
= = on & string with & frequency
T of 100 Hz. H the sting I3 2 m
- long, how mary nodes ard
ar f2= Qf_l {_=f1) artinades are formed ¥

{c) nth mode of vibration
Similarly, frequency for air column vibrating in £ loops is:

= nfw2i)
.= nf,
and wavelength is
_ 2f
A= T e {(7.10)
whers n=12345 .........

So, the longitudinal stationary waves have a discrete set of frequenciss £, 27, 3F,...nf,
which is knownas hermonic seres. The frequency f, is known as fundaments|
frequency and the others are called harmonics.

Case (2):Modes of vibration in an organ pipe closed atone end

Let us consider an organ pipe of length £ which is closed at one end. Then at the dosed
end, we get a nade while 2t the open end, we get an antinode as shown inthe Fig. 7.9,

{a) Fundamental mode of vibration:

Fundamental mode of vibration has one node and one antinode as shown in Fig. 7.8 (a).
IfA, ia the wavelength of fundamental mode, then length of the pipe is:
N ¥
£= 4
or T T I (7.11)
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Sb, the spf.:ed v becomes: " ‘—L_—i_?"

= t;}.'
a)
v v
fl = z f:% E-Tf
¥ L5 &,
£ = a7 (=44
; b = B
Tha frequency f, is called fundamantal fraquancy. 5 3(_?] L=
{b) SecondModeof Vibration:
- b b i b Al &
Sacond mode of vibration contains two nodes and two m
anti-nodes as shown in Fig.7.9(b). <
k . sy fm5( ¥ )
IF4., is the wavelength, thenlength ofthe pipeis: F1 4z
A ;.-3 FI“. JI‘D: g
f= 243 Statlonary longhudinal waves In
4 2 apipe dosad at ona and. Only
3 ‘ood hanmonics Bre present.
= =y
.5
|4 f ; 1
hh = el A2y I erercrec T
=5 712}
- Y
Aa
Putling value of i, we have v=F&Kis
h= oo
&f-
P
3w
or fB = E
— PR V
50 A= 3, g = Al
Thig is called secand harmonic.
() nthunode of vibratlon
If air column vibration in i loops, thenfrequency £ is:
; v
=M E In an oman plpe. the primany
driving mechaniam (s wavaring,
f.=nf where =13, 5 ... shest [l jet of air from fube-slit,
) which Imterses with the upper lip
and the wavelength i, s and Ihe alr eolumr In the pac o
maintain ashmady oscillation.
= et (7.13)
n

By studying both cases, wa concluda that the pipe which is open at both ends is richerin
harmonics than that of closed at one end.
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Exampio 7.4 1 AR organ plpe has a length of 50 cm. Find the freguency of iz
fundamental note and the next harmonic, when itis:
{a}open at both ends
{b}closed atocne end
(Speedofsound =350 ms '}

Sehitton =50cm= ﬂ m=05m | Ponder upont
100 Cpen pipes produce &l harmonics,
v=2350msg" while closed gipss producsd only
a) When pipe is open at both ends: DA RIS,
Fundarmental frequeancy =2

Nextharmonic frequency L=7

The frequency far rth harmaonicin an open argan pipes is:

f— n%ﬁ, whenn=123,.........

sn the fundamental fraquancy is,
_1x 350 mg’
~ 2x05m
f =350 Hz
Next hammonic fraguancy ie., =2 &
2v
2
v 350ms’
"% 0&m

f,=7D0H=z

put i1 =1

i

=700s

-] When pipeis cloged atoneend:
Fundamental frequency =7
NEI’; harmonicfrequency =7

¥hen the pipe is closed at one end, then frequency for nth hamonic is

f— X when n=1,3,57,..c0eees
. 44
So fundamental frequancy Is:
1350 ms" .
f=———— utting n=1
T 4x05m i
f=178Hz

Next hampnic frequency i.e, n= 3 i
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3v
fi=—
oy
_ 3x350ms’
! 4x0.5m
f. = 526 Hz

Exampin 7.5 1 A church organ consists of pipes, each open at one and, of different
langths. The minimum langth Is 30 mm and the longest Is 4 m. Calculats the frequancy
range of the fundamental notes. (Speed of sound = 340 ms™)

30

il Solution] fm,,,=3Dmm=1 I:I|'|"|=3[]|:-c1l3l'am

by =4 M
y=30ms"
Freguency renge =7

For an organ pipe open at one end only:

v
- .
(i) Minimum length B s e TN
A Mule planpee noloes thal the Mok &
Far fundamental freguancy, put n =1 producing @ pitch which i slightly
sharp. What could be the causa of
. . thia problem?
ortea Mm

1% 340ms’
T 430 %10~ m

F o = 2833.33 Hz
(i) Maximuim lahgth:
For fundamental frequency. putn =1

nvw
Ji_o L Emehess
1.min
d"Ejrﬂl

1x340 ms!
i 4xdm

fin=21.25 Hz
S0, the fundamental frequency range ls approximately from 21 Hz 1o 2833 Hz.
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7.7 EXPERIMENT DEMONSTRATING STATIONARY WAVES
USING MICROWAVES

Mmlro'fnravas are a form of ellretftrorrlagnetlc
radiations. They are called "micro” waves

because their wavelengths are typically of the Magnetron  Metal mrﬂ
order of millimeiras ar centimetres, much shorter  oroduces  WEYSQuide

than radiowaves. Stationary waves, 50 known  meowavss

as standing waves, can be produced by s
microwaves whan they are confined Lo a specific
region or cavity such as wave guidss orresonant
chambers. |n these structures, microwaves can
hounce Back and forth, ereating a standing wave
pattern with nodes and antinodss. It oceurs
when the microwave frequency matches the
resonant frequency of the cavity.

The slationary wavas can ba craated Using

microwavee by the following simpla method as Feod on Limiable
shown in Fig. 7.10. Matal o to Kaap W indem e fha
9 mkrowave Inslde metal mesh sver
Micnovrenve Probe Welal
sOLIME datertar reflecior
R N L P ]
ol ‘v/\ - - f\\\_p/(:" i

-Fig_ 710 Experimantal seh g fiv stationary waves 1sing micowana

The expenment setup consists of 8 microwave source (fransmitter), 2 probe detector
and a metal reflector (a metzlic plate for the eflection of microwave). Threg of the
mentioned are placed in line.

The waves ceming out of microwave source are moving towards the metal plate and
then reflacted back. The reflected wave and incident wave superpose and create a
stationary wave pattern. This ¢an be delected by a probe detector placed between
transmitter and metallic plate. The intensily of the signal can be obsarved by the
detector. You can move the plate or detector to obaerve antinods and node, By finding
the distance from one antinede to the next antinode, the wavalength of glationary wave
can be found.
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7.8 DIFFRACTION OF WAVES

Diffraction of wawes is the bending of waves around the sharp edges or comers of
abstacles or the apreading of waves beyond a barmier. It occurs when awave encounters
a physical barrier or an opening (a slit) that is comparable in size to the wavelength of the
wave. The longer thewavelength, the greater the spreading and vice versa.

Diffraction ¢an be obsarvad in varicus typas of waves, including water waves, sound
waves, light waves and electromagnetic waves.
Some examplas ofthe phenomenon of diffraction include:

= Hearing of sound waves around comears or through door way from where they were
generated as sound waves bend around the comers,

= Diffraction of X-rays by crysials as the spacing betwesn the regular amays of atoms
is of the ordar of X-rays wavelength.

Diffraction is a fundamental aspact of wave bsehavicur.and has many practical
applications in various fislds.

The Ripple Tank
Figure 7.11 shows a ripple tank. it is a very usaful apparatus not anly to genarate watar
waves, but also to demonstrate wave propetties (such as reflaction, diffraction and
refraction).

Fig. 7.11: Anipple tank

Ripple tank contalns water, vibrator 2

3 ST i
{e.g. & motorized oscillating neadle), Ny
cbstacles [e.q. a small rectangular ) )
block or a semicircular barrear) and 7
gap widths of different sizes. It
creates a setfias of concantriccircles  Smal gap, Increasad difiection  Lame gap, Decreased difiractian

Fig. 7.12
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or parallel waves using the vibrator. An obstacle is [ 1 For yeur information | I
placed for creating a gap with a speacific width. The
experiment can be repeated with different gap widths.

It Is obsarved that whan the gap width 15 small
comparsed to the wavelength, diffraction is significant
and the waves hend around the ohstacle, creating a
samicircular pattern. As tha gap wlidih Incroases
relative to wavelength, difraction decreases and he  pimaciion olwhile light is shown by a
waves pass through the gapwith |ess bending. fine diffraction grating.

This expariment damaonstrates the qualitative effect of gap width on diffractionina ripple
tank, illustrating how the reletionship between gap width and wavelength affects wave
bahaviour.

Exzmpla 7.6 m__ff_ﬁ;-J'%E;—F‘ag L'-cw.‘mm-.-t:nm”i
In a ripple tank, a wave generator produces 500 pulses
in 10 5. Find the freguancy at time period of the pulses ~
produced?
felutlen ) p_ S500pulaes, {=10s, f=7
Number of pulses
As Frequency = Time ! The fine rulings, each 0.5 urmwide,
on a compact disc funchion &= a
o 500 = 50 HZ' diffraction grafing. When a small
= m = - source of white light lluminatas a
dlac, the diffractsd Eght ferma
. 1 1 cokourad lanes thal ere composite
We know that; it F = B0 Hz of the diffraction patterns from the
T- 0425 ARG

7.9 BEATS

YWhan twowavasﬁﬂsllghtlydIfferentfrequen cles, travelling In the same diractlcn overlap
each pther then there is a pericdic variation of sound betwesn maximum and minimum
loudnesswhich is called as beats.

Tuning forks give cut pure notes (zingle frequency). If two tuning forks A and B of the
same frequency say 32 Hz are sounded separately, they will give out pure notes. if they
are solunded simultanasously, it will ba difficult to differantiate the notes of ohe tuning fork
from that of the other. The sound waves of the two will be superposed on each ctherand
will be heard by the human ear as a single pure note.

If thea tuning fork B is Inaded with some wax or plasticine, its freguency will ba lowearad
slightly, say it becomes 30 Hz. T now the twe luning forks are saunded together, a note of
alttermately increasing and dearsasing intensily will be haard. This notais called beat note
ora beatwhich is dus to interference between the sound waves from buning forks A and B.
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Fig. 7.13 (a) shows the waveform of the nots emitled B 1 %: -
from a tuning fork &. Similarly, Fig. 7.13({b} shows the f fi f "|| il 1 N
waveform of the note emittad by tuning fork B. When = /WU UL VY W /1
hoth the tuning forks A and B ars sounded togsther, ‘ [‘m FU" B”U] . ﬂ ; [i{JP aﬁm
the resultent waveform is shown in Fig. 7T12{c). It ® IR4VAN, 5
ehows how do the beat note occur. Al some ngtant X, L M Y 1‘) vy l”i *
the displacement of the two waves is in the same
direction. The resultant displacement is lame and a
loud sound s heard.

After 1M s the displacement of the wave due 1o ane
tuning fork is opposita tn tha displacemant of the wave
due to the other tning fork resulting in minimum Fig. 7.13: Formatien of beats
displacement at Y, hence, faint sound or no sound is

haard.

Ancther 1/4 s later, the displacements are again in the same direction and a loud sound
is heard againatZ. -

Thus, during one second, we ohserve two Faintest sounds or two loudast. As the
difference of the frequency of the two tuning forks'is alsa 4 Hz so, we find that the
numter of beats per eecond Is aqual to the differencs between the frequenclas of the
tuning forks.

f,=32Hz, f=3Hz f,=f
No.ofbaats= f,.—f,=32Hz—30Hz=2

However, when the difference between the frequencies of the two sounds is mere than
10Hg, it hecames difficult to recognize tha heats.

Longitudinal wavwa

Amplitce Rarsfacton
| r .l | I | |’ |I 15 | |
i' . - et Dlneciion
| | [
| R— |
1 Campraesion Ear
Wavalangth
TraruEua g wavg
et
i
é Dirardion @
Aurlitude . Ay
Eye
Traugn Trewgh




Physles TN -QVB,’ | Chewter | F Woves ind Vibistlons |~

The difference betwsean the frequencies cfthe
wowaves istarmed as beal frequency £,

One can use beats to tune a string instrument, such as piano or viclin, by beating a note
ageinst a note of known frequency. The string can then be adjusted to the desired
frequency by tightening or loosaning it until no beats are heard.

Tuning Musical Instruments

Hers are some examples of how beats ars genarated Inmuslcal Instruments:

1. Gultar: When playing two sirings with
slightly different tunings, beats areg
created, For example, playing a standarg d N
tuned string and a string twned a few *ﬂL” Tougd y'ﬁé“* o
cents higher or lower. ' HQ E : '

By you Fmanae?

2. Piano: Playing two keys white and black, -
adjacentto each other, creatas beats. Callo i~ f"’"d Fian
3. Violin: When playing two strings with %

slightly differant bow prassures ar
specds, beats are generated

4 Trornbnrle
4, Drumsa: \Vvhen two druma with \claﬂnef ‘“""“”"

slightly different tunings are playsd
slmultanaously, beats are created,

5. Flute: When playing iwo notes with | .. i
slightly different embouchure (lip and |*7%0- = ’ﬁ@-r Trumpat
facial muscles) positions, beats ara '

generated. The saund producad by most of string and wind

4 T 3 r musical instruments is due o the formation of

6. 0|_'gan. “:.he" playlng_ wo pipes with stationary waves or standing weves in these
slightly different tunings, beals are psguments.

creatad.

7. Synthaslzer: Canerating two oscillaters with slightly different fraguenciss creates
beats.

In each af thesa examples, the slight diference in frequency batweean the two sound
sources creates a periodic increase and decrease in amplitude, resulting in 2 "beat” or
pulsation effect.

Musicians oftan use beats intentionally to creata interesting rhythmic effacts, add
taxture, of produce a sense of tenslon and release. Howeaver, In some cases, beats can
be unwanted and may require edjustments 1o tuning, pitch, or playing technique to
minimiza thalr impact.
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| Example 7.7 [ Two tuning forks exhibit beats at a beat frequency of 3 Hz. The
frequency of one fork is 256 Hz. lia frequency ia then lowered slightly by adding a bit of
way lo ona of te prongs. The two Torks then exhiblt a beat frequency of 1 Hz, Determine
the frequeancy of the second tuning fork.

(0 Sefusinn T Frequencyoffirsttuningfork =f =256Hz

Boatfrequency beforaloading = 3 Hz B 5=y=now

Beat fraguancy sfterloading =1Hz

Frequency of second tuning fork=Ff.=7

As ft-f,==xn

Then f.=ftn

Putting the values, we have
f,=258Hz £ 3H=z

Either f, =256 Hz+ 3Hz;
In 1711, F. J. Shore, who was
or f, = 256Hz — 3H=z a royal tumpetar and uienist
f, = 250 Hz or  253Hz o4 e

Let us considar 259 Hz as eomeet snswer (.2, frequency af second tuning fork). When
first fork & loaded with wax, the frequency of first fork must fall below 256 Hz 1.a., 255 Hz,
254 Hz and thus the number of beats preduced per second will increase and will be
greater than 3 beats, Since the number of beats per secand decreaseas on loading first
fork Is one, therefore 259 Hz s not corract fraquency of secend tuning fork.

Thus, Correctfregquency. =f,=253Hz
7.10 INTENSITY ([YOF AWAVE

Intensity is defined as theamount of energy transmitted perunit area per unitime in the
direction of propagation of progressive wava.

It is a measure-of the power of a wave and is usually denoted by the symbol *1". It is
measursdin units of walts per square metre (Wm™).

A prograssive wava or ravalling wave is one that travels through a medium in a
congistant direction and ransferring energy from ona geoint to another, It is a wava that
propagates or moves forward, as aopposed to a stationary or standing wave. Examples
of pragressive waves include water wavas, sound waves, light wavas, atc.

By definiicn, the intensity of a wave ig:
E

T Axt

E:
.( - f
A
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f=i (v Ef =P}
Her=
1= Intansity of wave In (W m™)
E = Energy in joules {J)
f=Time in secands {s)
£ = Power in watls (V)

We know that in mechanical waves. such as sound waves, waler waves, or waves ona
vibrating siring, eneryy is stored as kinetic energy and potential energy of theé medium's
paricies. How much energyis 2tored depends upon the displacement (amplitude) of the
parficles from the maan position. Therefore, the intansity | of wavas is propertional to the
squsre of the ampllituds A lLa.,

} oxA

or { =kA-- (714
Hare kis the constani of proporionality and depends upon the physical properiies of
the wave and the medium.

Example 7.8

{a} Awave has an Intensity of 0.5\W m>ata distance of 3.0 m from the source. What |s
the power ofthe wave?

{b} Two progreesiva wavesa have intansities of 0.5 W m™ and 0.25 W m™, Find tolal

intensitiez of two waves.
O Sslution
(@) ! = 0.5Wm* = e =
o Frequeney and amplitude af a
/ B travelling wave are independent of
P= 7 each other. Thatls wiy you can tum
P up the volume of 3 song (increass
AT gmplitudewithout changing its pitch
A {which dependa on fréguency).
N s
) Amr?
P
Putting the values, 0&5Wm* = ——°
. M = I x314B0my
P = 0.51=13.04
P = 5652W
{b) {, = DEWm’
o = 0.25Wm*




Physles 1 R Chawts[ F Woves und Vibretlons |

f =7

; _ !1 o j'z . Brain tsaowr .
o B Can you find the declbel lavel

I = 058Wm +0.25Wm of a trevelling wave whose

I = 075Wm® et 10N 53

Ermmple 7.9 | A spaaker is smitting sound waves with a powsr of 50 watts. If the
sound waves are spreading out avenly in all directions and the intensity of the sound
waves is measured at a distance of 5 m from the speaker, whet is the intensity of the
gound waves If the area of the sphere {tha surface arsa of a sphare) at thatdistance 15
approximately 314 m*?

Salution PowarP = 20W

Area A = 314 I'I'I2 . W™ Ticdkic .

. _ Power Soupd, cannot travel through
Intengity = = vaeUUm, a8 there ane na particles
5 4o tranarmitthe soUnd wave.,
] = L
A
80 W
I = 2
214 m
[ = D.159Wm?

7.1 DOPPLEREFFECT

The apparent change in the frequency {or pilch) of waves due to the relative motion
between the source end observer(listener) is called Doppler Effect.

This effect was first obsenved by Jehr Doppler while he was obsearving the frequency of
light emitted from & star. In some cases, the frequency of emitted light was found to be
slightly different from that emitted from a similar source on the Earth. He found that the
change of frequency of ight depends upon motion of star relative t Earth.

This effect can be obsarved with scund waves alsc, For example, when an cbearver ie
standing on & railway platform, the pitch of whistle of an engine coming towards the
platform appears ta become highar to an obsenvar standing on tha platform. Howevear,
tha pitch of whistle of an engine going away from the plstform appears to bacome lowsr
to an observer standing on the platform.

Considar a source of sound S at rest which amits sound wavas having wavelangth i. Lat

speed of the sound for a stationary observer (i.e., listener)is v then the numberof waves
received by cbserver in one second i.e., frequency £ is:

v

A
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Case 1: When source of sound moves towards the stationary
observer

When the source moves towards the stationary cbserver A with velodity o, then waves
are compressed and their wavelength is decreased as shown in Fig. 7.14. In this case,
tha waves ara comprassed by an amaunt given as

Ar=2 V. 1
F £ o e X
The comprassion of the waves is due to the fact that L/ ,: — . Obeervar A
=same number of waves are contained in a shorter space ||I ul’: sel | ~|@
depending upon the velocity of the source. The  owseners Sy 7/ i
wawvalength observed by the obaarver Aisthen, ‘\‘\ ™ e / ;
LY —
Ay = A— Ak iy, S
o Flg.-Fi14
or P e Asturce moving with velocily 1
f f fowands & stalionary absorver A
v—u and away from stalionary
A, = P & obserrer B respectivaly.

Observer A hears an ncreasad
Hera Ak Is the decrease Inwavalength none second and  and obzerver B hearz a

is called Doppler shift. decreased frequenty,

Thus, the number of waves received by observer A in one second (i.e., changed or
apparent fraquency) is

v

L=—

A ?LA

Putting the value of L., wa haye

v
h= [IV— L)
.f'f

v
L f
" v—u,]
As LA
V—u,
Therafare -

Thus, the apparent frequency of sound heard by the observerincreases which in turn will

increase the pitch of sound.

Case 2: When source of sound moves away from the stationary
observer

When the source moves away from the stationary ebserver B with valecity u,, then
wevea are expanded and their wavelsngth ia increased. In thia case, the wavea
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expanded by an amount:

g

H

The expansion of the waves is due to the facl thal same number of waves are now
contained ina large distance. The wavelength abserved by the observed B is then,

Ap= At AL
whare Ak isthea increase inwavelength inone second and is called Doppler shift

Thus, the number of waves received by observer B in one second (i.e.;.changed or
apparant fraquancy] is:
hom ¥
hs
Putting the value of 3., we have

[
@)

A =[ﬁ:|f

¥
As ) =1

Tharafore fh<f

Thus, the apparent frequency of apund heard by the observer decreases which in tumn
will decreasa the pitch of seund.

Ovarlapping Shockurave

ko Gormr Pt Tt <t
"\ Hearing Ranges e
; Supersonic N ¥ Supersonic
Organking | Frequencles In Hz apsac Wavefront spEud
Dalphin 150 - 156,000 {a) {0} i)
Aa a plana aceelsrmtes, it builds up & frant of
Pt L A alr preeguna by puehing alr infront of i When It
Cat 60 — 70,000 passes the speed of sound, the pressurs trails
behind Ike 2 boat's wake, forming & sonic
Dog 15 50,000 sl
Hurman 20 = 20,006
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[ Example 75000 Two trucks P and O travelling along a moterway in the same direction.
Theloading truck P travals at & steady spead of 12 m ™, the athartruck O, travelling ata
steady speed of 20 m 57, sound its hom to emit a steady note which P's driver estimate,
has a frequency of 830 Hz. What frequency does Q's own drivar hear?

{Speed ofsound = 340ms™)

Soluiion
¥, = 12ms' Saurs (20 ms’) Listaer (12 m &
el N
v = 34Dms" .Q. .PQ
{ = 830Hz
=i
Speed of Qrelativeto P = th =g~ =20ms' - 12ms!' =8 m &'
g
= ¥
WYt

f ¥
o= F
3 Lv_us]q

Futting the value, we hava

HMoms'
830 Hz _[340 S S_JFQ
M4oms™
Ha [ St B g
SRR [332ms" J“
or 5 _[830Hz %332'm a“]
R Moms' )
f, = 81047 Hz

Exampi= 7,710 Afrain soundsits horn bafora it sets offfrom tha station and an obsarvar
waitling onthe platform estimales its frequency at 1200 Hz. The frain then moves off and
accelerates steadily. Fifty seconds after departure, the driver sounds the homagainand
the platform ohaerver estimates the frequency at 1140 Hz. Calculate the train speed 50 3
afterdeparture. How Farfrom the stationis the train after 50 6.

{Spesd of sound = 340ms™

p P PPt
Original frequencyofhorn =Ff =1200Hz
Apparant fraquancy =f=1140Hz
Speed of sound =v=340ms’
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Time =f{=80s
Speedofsourca{i.e,train) =u =7
Distancea covarad by thetrain =5=7

0 f'=[ £ ]f
=

Futting the values, we have
340 ms?

1140 Hz — \m] x 1200 Hz

340m s = 1200 Hz
1140 Hz
— 357.88— 340

4= 17.88ms"

0 §= yi

40ms' +u, =

5is Bats nevigate and find food by
acha kaesatian.

7.12 APPLICATIONS Of DOPPLEREFFECT

Doppler effact is also applicable to elscromagnatic Plare. g T
waves. One of i3 important applications is the B
redar gystern, which'uaes radio waves o delermine . ‘q.‘j -':5-'

the elevation and =peed of an asroplane. RADAR <
(RAdio Detection And Ranging) is a device, k| ]_‘ Jﬁ"ip wx_b_&_,b
which transmits and receives radio waves. If an WY’ -
geroplane approaches towards the radar, then the i:i ok
wavelength of the wave reflected from asroplane (4 = . r;'_‘_',-ﬂl 4
would be shorter and if it moves away, then the '\\ I_IF- i {4
wavalength would be larger as shown in Fig.7.15 -\v-’ |

{8} & Fig.7.15 (b), raspecilively. Similarly, speed of /™
satellites moving arpund the Earth can alse be i) )

determingd by the same principle. Fig. T15:
A frequency shift i used N 3 @Edar o
cherbencd ther mcbon of an asrcplane.
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SONAR is an acronym derived from "Sound Navigation And Ranging®. It is the genersl
name for sanic or ultrasonic undarwater echo-ranging and schosounding system.
Sonar is the name of a techhniqua far datecting the presance of objects undar water by
acoustical echo. In Sonar, "Doppler detection’ ralias upon the relative speed of the
target and the detsctor {o provide an indication of the target speed. It employs the
Doppler effect, in which an apparent change in frequency ocours when the scurce and
the observer are in relative moticn to one another. lts known military applications include
the detection and location of submarines, control of anisubmarine weapons, mine
hunting and depth measuramentofzaa.
In Astronomy, astronomers use the Doppler effact to calculate the speeds of distant
stars and galaxies. By comparing the line spectrumn of light from the star with light from a
laboratery source, the Doppler shift of the star's light can be measured. Then, the speed
ofthe star can be calculated.
Stetionany star

(i) Stars moving away from the Earth show a red shift as ok

shown in Fig.7.16(b). The emitted waves have-a "C @

lengarwavalangth than Ifthe star had baen atrest. So,

the spectrum is shiftad fowards longer wavelength, @ - .

i.e., towards the red end of the apectrum. Astronomers

have alsa discovered that all the distant galaxies ars

moving away frem us and by measuring their red i l

shifts, they have estimated their speeds. reeding
(i} Stars moving towards the Earth show a blue shift as L §

shown in Fig.7.18(c}. Thig is because the wavelength 4

of light emitted by the star are shorter than if the star

had been =t rest. So, the spectrum is shifted towards ) -l .

sharter wavelangth, 1.s., to the blus and of tha

spectrum:
Another imporiant applicalion of the Doppler shift using f;fmmmng‘, "r
olactromagnetlc waves Is the radar epead trap. *
Microwavas are amitted from a transmitter in short bursts.
Each burst ia reflacted off by any car in the path of
microwawves in between gending out burats. The

transmittar Is open to detect raflectad microwaves. If tha
reflaction is caused by a moving obstacle, the reflacted (o}
microwaves are Doppler shifted. By measuring the

Doppler shift, the speed at which the car moves is Fig. T.18
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calculzied by computer programme.

Satellite Navigation uses Doppler shift to determine satellite velocity and position,
enabling accurate locationtracking.

Satellite Communication also uses Doppler shift compensation ensuring stable
communication signals.

Doppler radar dstects wind valocity and pracipitation patterns. Doppler shift helps
rmeasuna Earth's surface velocity and deforrnation.

Doppler echocardiography measures blood flow velogity and delects cardiac
abnormalities, such as valve slenosiz or regurgitation. Deppler echocardiography
aplimizes pacemakar sattings.

Doppler ultrazound measures blood flow and calculates cardiac output Deppler
ultrasound detects vasculer stenoais oroceluzion.

Exampie 712 The wavelangth of one of its lines of the absamtion spactrum of a faint
galaxy is identified 8s Ca-a line found to be 478 nm. The wavelkength of same line iz
observed and megsured as 397 nmin the laboratory,

(a} s the galaxy moving towards or away from the Earth?
(b} Compute the apesd of the galaxy relativeto the Earth,

Bolution

Laboratory measured original wavelength
A=397 nm=397x10"m
Changed orApparentwavelength  A'=478nm=478x10"m

Spoad of light c=3x10"mg’
(a) v = fi
2 m=E drw=e)
= F =%
f = 2x10°ms’
397x10°m
f = 7.56x107x10% x10%s"

7.56x10" Hz

1
;'I..'

3x10ms”
47810 m
I = B2Bx10"Hz

Laboratoy frequency f

Apparen! frequency
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A=A or f'< f
. The galaxy is moving away from the Earth.

: v
L

f’:( § Jf trv=c)
o+ U

Putling the values, we have
Ix10tms”

A 14 . m

3x1ﬂ5m g« 7.58 110 Hz ﬁgalaxg.rlg.mﬂﬂn’g away from us at

3x10° +u = Zﬂ%ufthaapﬂ‘hdufllg'rt(la 0.2c).
6.28 <10 Hz We ub@gm_e & spectral line from this
g that I3 nomnally emitted ata

U= —ﬂgz: o — 310 ms’ (veavelongth of 500 nm.

U=6.12x10ms'

_ QUESTIONS _I
. __

Itiple Choite Questions )]

Tick v} the corroct answar.
7.1 Thesimple wave speed equation is represented by

(8)w="r3 (b) v=3{ (@) v=ra (d) v=2d/,
7.2 The principle of slipefposition inwaves is stated as:

(a} the displacement of a wava is the sum of tha displacemants of its individual
components

(b} the velocity of a wave s the product of its individual componants
{c) thefreguency cfawave isthe difference of its individual components
(d} theampliudga of awave s the ratlo of it Indidual components
7.3 Anodein a2 stationarywaveis:
(a)apointo! maximum displacament (b a pelnt ofintarmadiate displacamant
{c)a point of zero displacement (d) & paint of infinite displacement
7.4 Anantinode Inastatlonary wave |8
{a) apointof maximum displacement (b} & paint of minimum displacernent
{cla polnt of zaro displacement (d)a point of Infinlte displacement
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7.5 GSiationary waves are defined as:
{a) waves that move with a constant velacity
{b) waves that move with a changing velocity
{c) wavesthat oscillate in a fixed position
{d) waves that propagate through a medium
7.6 Hammonlceare:
{a) inlegermultiples of afundamental frequency
(b)) Imegersubmuitiplas of a fundamantal fraguency
{c) random frequencies
{d) nor-integer multiples of a fundamental frequency
7.7 The result of conatructive interferance habween two waves is repregentad as:

(a) a decrease inamplitude th) an increase inamplitude

{c) ne change inamplitude [d) a shiftin phase
7.8 [Fthe amplitude of the wave istripled, than the amount of éhergy is increaszed by:

{a) 3 imes {b)6times (c) Btimes {d}12 times
7.9 VWhaltype ofwaves do headphones use o produce scund?

{8) Elactomagnetic waves {b) Machanical waves

(&) Prassure waves _-I[dj Lengitudinal waves
7.10 The typical fragquency range of micréavaves is:

() 10°-10°Hz (B 10°-10°Hz {6)167-10°Hz {d)10*-10"Hz
7.11 The bending of waves around anobstaclais called as:

{a) refraction (byreflaction (c)diffraclion (d)}interfarance

7.12 The Doppler Effectusedinastronomy is for
{2 measuring the diarmeters of stars
{b) determining velocity of galaxies
{c} analyzing properties of black holes
(d) studying behaviour of electromagnetic waves

Shert Answer Questions

7.1 What are the conditions for interference 1o ogeur?

7.2 Differentiate between constructive and destructive interference of waves.
7.3 Whatare coherentwaves ard coherentacurces? Give examples.

7.4 Distinguish betwean longitudinal and transverse waves.

7.5 Isit possible for two identical waves travelling in the same direclion along a string to

give rise to a stzlionary wave? How is it so?
7.6 Howwoukd you apply Doppler effect in studying cardiac preblems in humans?
7.7 Whatis meant by diffraction of waves? For what purpose, the ripple tank is used?
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Constructad J:'{"Q.ﬁ:lrz.r,:n_'—je Ouastions

7.1 Which measurement of a wave is the most imporiant when determining the wave's
intensity?

7.2 Canyou apply Doppler effect to light waves? Describe briefly.

7.3 Can you compere the compreasions and rarefactions of the longitudinal weve with
the paaks and froughs oftha fransverse wave? Discuss.

7.4 How should a source of sound move with respect to an observer so that the
frequency of its scund does not change? Write two examples.

7.5 Why is it difficult to recognize beats when the frequency difference is greater than 10
Hz? Examplify.

Comprehensive Questions

7.1 State and explein the principle of superposition of waves, Apply this principle to
alaborata the working of naise canceling haadphonas.,

7.2 What are standing waves? lllustrate a detailed experimeni that demanstrates the
standing waves using stretched strings.

7.3 Find the frequencies cf the hamonics produced in an organ gipe when it is open at
bath ands and when itis cosed atone end.

7.4 Define and exemplify diffraction of waves.Describe this phenomenon by ripple tank
axperiment

7.5 Whet is meant by the term beats? Prove that number ef beats per second is equal to
the difference batwaen the fragueiicies of vibrating tuning forks.

7.6 What do you understand by progreesive wavaes? Discuss tha Intensity of progressive
WAVES,

7.7 Keeping in mind “"Dappler effect”, analyze the following cases:
{a}when source pfsound moves away from the stationary observer,
(bYwhaen source of sound moves towards the stationary cbserver

r—

Numerical Problems
7.1 The speed of a wave on a typical string 15 24 m s”. What driving freguency will it
resonateifits length is8.0m7 (Ans: 2 Hz)

7.2 The lowest resonance frequency for a guiter atring of length 0.75 m is 400 Hz.
Caleculate the apesd of a transverse wava on the string. (Ans:600ma")

7.3 Atuning fork A produces 4 beats per second with another tuning fork B. It is found
that by lpading B with seme wax, the beat frequency increases to 6 beats per
second. [fthe fraquency of Als 320 Hz, delarmineths frequancy of B when loaded.

(Ans: 314 Hz)
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7.4 A steel wire hangs vertically from a fixed peint. supporting a waight of 80 N at its
lower end. The diameter of the wire is 0.50 mm and its length from the fixed point to
tha weighiia 1.5 m. Calculata the fundamentsl frequency emitted by the wire when
itis plucked, Density of steelwireis 7.8x 10° kgnr™. (Ans:76.2 Hz)

7.5 Average intensity of sunlight on the surface of the Earth is neary 500 W m™,
Determine the amount of energy that falls on a solar panel having an area of 0.50 m*
in fourhours. {Ans: 3.6x10°J)

7.8 {a) IFtheintensity of a waveis 18 W m™ and the amplilude is 2 m, whatis the valug

of congtant k? fAns: 4 Wm*)
(b) IFthe intensity of a wave is 26 Wm™ and the constant k is 5 Wm™, what is the
amplltuda? {Ane: 2.24m)

7.7 (a) A sound system produces 200 watls of power. If the sound is directed at a
crawd with an arga of 150 m®, whatistha intansity of the sound?

{Ans: 1.33Wm")
{b) Alight bulb emits 100 watts of power. If the-light is spread out evenly over a
apherae with a surface area of 400 m*, what is the intansity ofthe light?
{Ans: 0.25Wm™)
7.8 Aradio antenna broadcasts 500 watts of power. i the signal is received at a distance
of 10 km, what is the intensity of the sigral ? (Ans:4x 107 Wm?)
7.9 Anorgan pipe has a length of 1 m.-Determine the frequencies of the fundamental and
the first two hamonics:
{a) ifthe pipeisopenatbothendsand (b} ifthe pipeisclosedat one and.
{Speedofsoundinairis 340 ms™)
(Ans1T0 Hz, 340 Hz, 5§10 Hz; 85 Hz, 255 Hz, 425 Hz, respectivaly)
7.10 A train is approaching a station at 99 km h”, sounding a whistle of fraguancy
1000 Hz. What will be the apparent frequency of the whistle as heard by a listener
gitting. on the platform? What will be the appareni frequency heard by the sams

listener if the train moves away fram the station with the same speed? (Spesd of
soundis 340 ms™) (Ans: 1079.4 Hz, B31.5Hz, respactivaly)




After studying this chapter, the students will be able to:
Explainthat polarization is a phenomenonassocialad with trensversswavas.

Define and apply Malus's law [ = {, cos’d to calculete the Intensity of a bla\o—pnla’l:ad
slectromagnetic wave aftar ransmission throunh & polarizing filtaror 5 sensE Of polanzing Mters.
[Caleulation of the effact of 3 polarzing fiter on the intansity of an uﬂpnlhl‘had wavd is nol

requirad],

4 Expleintheuss of polaroids in sky photography and stress annlymsnfnﬁtsnnls

%  Describeguslitatively gravitebional waves.
[a= waves of the intensily of gravily generated by the

masszes of an orbital binary

syabam that progagate as waves outward fram 1hmrsouu:gaﬂhn apasd aflight).
State that as a gravilational wave passes abody mtrmats dslmhon in space-tims can cauee the

body to stretch and compress periodically.

& Skate that pravitational waves pass through the Eamtduatofamﬁualasual avants, but thay areof

vary minuts amplilude.

% Dascrbethe Uea ofImtarfarometarsin daﬁuln‘ggmlha‘r.lunal wiavae,

[Interferometers are very senaitive detection devices thet make use of the interference of laser
baama (warking and set up detsils am nr_-t required}and were used o firat detect the sdstence of

gravitational waves).

his chapter deals with two mgjur areas of physics namely polarization of transverse

waves and gravilationalwaves.
8.1 POLARIZATION OF LIGHT

Physical optics wilh reference lo polarization deals with the
behaviour of light waves and theirinteraction with matier.

Interference-and diffraction effects prove the wave nature
oflight. These phenamena, however, do notlell us whather
the light waves ara longitudinal or transvarse. Polarization
af light suggasts that the light waves ara fransverze in
character,

In transverse machanical waves, such as produced in a
siretched string, the vibrations of the partides of the
medium are perpendicular to the direcion of propagaticn
ofthe waves. The vibrations can be confined along vertical,
horizontal or sny other dirsction (Fig. 8.1}. In each of thesa

T

oy

Fip. £.1: Tranevarss waves
on & string polurized

(@}in a vartical plane, and
[bYin a horizontal plane

cases, the transverse mechanical wave is said o be
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polarized. The plane of polarzation is the plane
containing the direction of vibration of the particles
of the madium and the direction of propagation of
the wave.

Alight wave produced by oscillating charge consgists
of a psrodic variation of the slactric field vector E
accompeanied by the megnetic field vecter B at right
angles to t. Ordinary light hae components of
vibration in all possible planes. Such a light is
unpalanzed. On the other hang, if the vibretions ara
confined only In ohe plane, the light Is sald to be
polarized. Unpolarized light is shownin Fig. 8.2. —

EKEI“I"I[HEE of Uf'!pﬂ'&l‘lzﬂd light sources BI-'E sunlight, Fig. 8.2: ~An Unpolarized Iight, dus to
incandescent light bulbs, flucrescent light bulbs, incandezcant bul, has vibrations in all

light from a candle orfire. planes.

Polarization is the pracess by which the slactric and magnetic vibrations of light waves
are reatricted to a gsingle plane of vibration. Itis the property exhibited only by transverse
waves such as light waves. It does not cccur for longitudinal waves such as sound
Wwaveas.

How an Unpolarized Light be Pelarized?

Anunpolarzed light can ba madea poladzed by tha Tollowing methoda:

1. Passinglightthrough a polarizing filter {(e.g, polaroid shest).

2. Using a polarizing beam splitter.

3. Employing cartain opticalerystals or materials {8.4., calcite, quarz, ste.}.

Tha mest common method by which an unpolarized light can ba polarized is by passing
itthrough a polarizing filter, such as a polarizing beam splitter or 2 palaroid sheet. When
an unpolarized light passes through the polarized filter, only that electric field vector
which is pargllel to the
axis of polarized filter can
pass through it. while all

other vectors are blocked.

The resultant lighl then Auls  Polarizatian

-, - : e r_l’dimgﬁun

becomes polarized as =g o’ ’;.

shown in Fig, 8.3 ' SN . Diregiion
Thus, in simple words, the s WG ‘f}m
process of irensfoming an R
unpolarized light Intc a i

pclarized light is said tc be

polarization Fig. 8.5: Folerizetion of light using a polarzed filter
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Tha odentation of the slectdc flald veclor E of light
waves ina specific directionis the basis of Polarization.

8.2 TYPES OF POLARIZATION 4 e

Here are the hasic types of polarzation of light. £

1.  LinearPolarization

Whan the ah?ctri:_: ﬁa!d vsctu.r vedcillates .in a "‘E/?'i W || | x
single plane, lightis said to be linearly polarized - i

as shown in Fig.8.4 (&), Example is the light ¥
passing through a polarzing fliter, llke  Fig 6.4 (a): Linear polarization of ight
sunglasses. )

I, Circular Pelarization

When the electric field rotales circulardy., [ K 73 [N =

either clockwise (right-handed), or Mt.l . '1_,
counterciockwise (lsft-handed), thelight 5, | A R — '.“‘mﬂﬁﬂf‘ﬂli
is said to be circularly polarized as ! e
shown in Fig.8.4 {b). Example is the light Dhgg,
reflected off & CD {Compact Disc) or Warsnee

DVD (Digital Versatile Dise). Fig. 84 {b): Cireular palarization of light

3. Elliptical Polarization

A combination of linear and circular polarization, ¥

whera the glectric fisld vector traces an alliptical S

pzth s called elllptical polardzation. In ellptical q
polarization as shown in-Fig-8.4{c), the two T
components of alectric field £, and E, are not 5

aqual orthey differ in phasa by an arbitrary angls

. Example is the light passing through a stress
plate orawaveplatsa.

8.3 PRODUCTION AND DETECTION OF PLANE POLARIZED LIGHT

The light emitted by an ordinary incandeacent bulb is unpolarized, because its electrical
vibrations are randomly orignted in space as shownin Fig.8.2.

If unpolanzed light is made incident on a sheet of polaroid {polarizer), the ransmittad
light will be plane polarized. If a second sheet of polarpid {analyzer} is placed in such a
way that tha axes of tha twe polarolds shown by stralght lings draswn on them ara parallel
{Fig. 8.5-a}, the light is transmitted through the second polaroid. If the second polaraid
{analyzer) is slowly notated about the beam of light as axis of rotation, The light emerging
from the sacond polaroid gets dimmer and dimmar and ultimately disappaars when the
axes become mutually perpendicular as shown in Fig. 8.5(b), the light reappears on

Fiig. 8.4 jc}: Eliptical polarization of light
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further retatiocn and becomes brightest
when the axes are again parallel to aach
other,

This experiment proves that light waves
ara fransvarse wawas. If the light waves
wera |ongitudinal, they would never
disappear even if the twn polaroids were
mutually perpendicular.

Porder Upenl iz}

Poladad-1
{Polanzer)

Fiane palarzed
Iignit

Unpolarized

lighi beam
1]
Unpotartzed
b &Y ght beam
Fig. B.5:

Lightrefiected from smaooth surface | Experimental amangemant ta show that

of water is parially polanzed F r@-h’lt waves ara trangvarse, Tha lines with
parallel tothe surface. _arrows indicats slectic vibrations of Ight weves.

B.4 POLARIZATION OF LIGHT.BY THE METHOD OF REFLECTION

In 1808, Malus discovered that polarized light is abtained when ordinary light is reflected
by & plane sheet of glass. If tha rafiected light is viewed through s polaroid which is
slowly rotated shout the line of vision, the light is praclically extinguished at a certain

Ray Dlagram
| Narmal
ui::?;ﬁﬁgd View through a
light R
+ [ordinary kght) Redleclacd
- light
f=H, 9, Yibrations
B7u Flane palarred Bght
Medum1 Alr o
Medum? e
Crown glasa
n=1452
>IN =1t

Refracted light
Flg. L 6: Plzna polarization by raflection
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crientation of the polarcid. The most suitable angle of incidence i is about 57° for gless
forwhich the refiactad ray bacomes plana poladzed, as llusirated by ray diagram In Flg.
{8.6). This proves that the light reflected by the glass is practically plane polarized. Light
reflacted from the surface of a table becomes darker when viewead through a mtated
polarald, showing thatitls partlally plane pelarized.

Brewster's Law

The particular angle of incidenca on a transparant madium when the reflected light is
almoat plane polarized is called the polarizing angle. Let & beam of unpolarized light be
made incident on the surface of medium 2 as shown in Fig.8.6. If the reflzcted baam of
light iz almast plana polarized, the reflectad and refractsd heams are atright anglss to
each ctherat the polarizingangle, /=8, Thus

8,+8 = 50°
ar g  =80"-g
From Snells IElw, ; "!“ne.'r;-_- .15;.':':,-‘; v oy ,'—*.n.'—'-T ‘_Il:l
n,glng, = n,sing, Malu_s's !aw s u_ead o n‘l_udy _Ihe
: : poiarization of fight in biological
nsing, =n.sin(80°-8,) systams, such as the polanization

n,sin B, il nzt:nsl?ll, aoflightby cell mambranse.

EinBp _n,
cosg, f,
R @1

1

This equation Is known as Brawster's law. |n thls squation, n, Is refracttve Index of
medium 1 and s, i refractive index of medium 2. If medium 1 iz air, then eguation
becomes tané, = 7 because n,= 1 and n,= n. Here 1 s refractive index of madium on
which light is incident. Hence, Brewaster proved that the tangent of the angle of
polarization is numerically equal to the refractive index of the medium 2 when medium 1 is
alr. In Brewster's law, the angle ', forwhich the reflacied ray and the refractad ray make
an angle of 30° between them, is also called the Brewster angle 8;. Then, tant= 1 holds.

Exampie 0.0 ||| A beam of light strikes the surface of a plate of glass with a refractive
Indax of /3 at tha polarzing angls. What will be the angle of refraction of the wave of
light?

Soluwion il = ME i EL =7
A3 tanib, = n
ot e = tan' (/3)
0s = B0°
As & = 80°-9,, § =90"—60°
B = 30°
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8.5 MALUS'S LAW

Malus's law states that the intensity f of plana polarized light after pagsing through an
analyzer is directly proportional to the square of the cosine of the angle 0 between the
transmission s of the analyzer and polarizer. Thatis;  pyiarizad igm

o () with intenaity 4,

§ = !l costo Inttial polarizar
o

whera f, = Intensity of the i L5
incident polarizedlight, e | P ﬁ?,
Actually, Malus's [aw gives a ‘-::;.fi ?\'i;-* j,/i
mathematical ralation Detwesn |, I
the intensity of the lightincident ignt Analizee e
on the first polaroid [ia., Camponant of polerized fight paraisl L
polarizer) and the intensity of b ik oot ansAaor
light obtained after passing i Flg. 8.7 (2): Schemalti; repregentation of Malug's law

through the sacond polaroid (i.a., analyzer). This is shown in Fig. 8.7{a). An analyzeris
alsa a polarizer that is placed afier a polarizer. Rotation of the analyzer affecis the
intansity of the polarized light. It is uzed to further reduca the intansity of light and also
adjustit by adjusting the angla of the analyzer with respact to the polarizer.

Certain transparent crystalline materials,’ ke tourmaline, calcite crystals, etc., are
capable of confining vibrations of light waves in only one plane. Such materiale are
called polaroids which have high directionality in erystal structure. Light can also be
polarized by natural phanoméanalike reflaction, refraction and scattering.

If a plece of polarold |2 rotated In front of a Bl

polarized ray of light, it causes a variation in the poiarizer

intensity of the light that gets through. The
reason that causes thevaration of intensity is
the angle between the initial polarizer and the
axis of sacond polanizer

When the incident palarized light of amplitude A,
strikes the analyzer at an engle #, it is resolved
Into two components A4.ccsf and Asing as
shown in Fig. 8.7(b). Tha component Asind is
abgorbed in the analyzer. Since, only Acosd
pasees through the analyzer, the amplltude A of

the transmitted light is therefore, Fig.8. 7{b): Resvlution of amplitude inta
components of plane polarization light

Plene of

A=Aco8B e {8.2)

Sincs intensity / is proportional to the square of the amplitude A. itcan be expressed as:
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Le AorimkA' e ves s R

wherek=1,wecanwrite: [ = A®
or i = A cos'e (i'dﬁmar-zn
Polarzar-1 oizania|
! = jcosa (=A% (varlical) = i

Here I, is the intensity of the IncldarlrlBeu-n
incident polarizedlight. (Unpalerized)

There are two extreme conditons
of 8 followed by the above equation
givenas,

i. Ifg=0"then/=L.Thismaans
the Intensity transmitted
through the analyzer is equal
to tha initial light intansity that
passes through tha polarizer.

ii. If8=190° then f=0_This means the light is extinguished completely, i e , no light is
allowed to pass through the analyzar.

Optical Activity

Optical activity is the ability of a substance o rotate the plane of palarization of light passing

through it. The rotation is detacied with a polarizer or analyzer a3 shown in Fig. 8.8.

E Palafrlzlng flluar

Light passing tﬁrc_iygh crogsad polarizers

Many crystals and solutions rotate
the plane of polarizalion of light

Cptically
pessing through them. —Such 2

substances are said to be aptically { Analyzer

aFﬂva. Examples are quariz cr?rstalg, o )

cinnabar (H.S), sugar water, insulin /?‘ i

and collagen. Tha amount and " l E

direction of rotation depends on E s ‘

following Factors: Flg. 8.8 Optical activty =

(I} Thelypsofsubstance {§lInterosting Mformatien i

(il The concentration of the substznce (the ﬁlﬁrﬁﬂ'aﬁﬂﬂd r"ﬁ':aﬂmd
amount of a substance present in a given g 'g
guantity of a mixture or solution).

(i} Thedistance the lighttravelsthrough i, and &‘9‘“ SRl

Polgrizar Anglyzar

(iv} The wavelength uﬂight' Sugar solution rolates the plane of

i Ty i palariration of ingident light 5o that
Optical activity accurs due to the asymmetric shape of P & o st Biscovl Dyt o

molecules in the substance, such as being helical. Afew  angls 4. The analyzer thus stoss the

milimetre thickness of such crystals will rotate the plang gt when mtated om the veriical
[crosaad) positons.
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of polarizaficn by many degreas. Certain organic substancas, such as sugarand tartaric
acid, show optical rotation when they are in g selutien. This property of optically sctive
substancas can ba uged to determine thelr concentration In thesolutlons.

Examplz 82 | Find the refractive index of a mediumif polanzing angle is 54.5°,

Solution -g o your know? &-
o = S5 n=? ;

As tang, = n
or n = fané, =y o
So f = {an54.5° rﬂ"“‘ [ ‘...P T
n = 14 ‘ ,;;.1/ %
Example 8.3 || Polarized light with an intensity of 75 W g
m? passes through an analyzer with its axis at 30° Lo the == 7 .
polarizer's axis. Whatis the amarging intensity ¥ ’
Salution ) |
L = 75Wm?a=30"1="7
Lising Malus's law:
/ = ILGDBQG' Leooking through two poladzers  when
f = 75Nm* cos30° mﬁmwm voary lifte light
= 75N m°{0.866)"
= 7ENmM*x0.75
{ = BE25Wm”

Examplz 8.4 | Apolarizedlightwith an amplitude of 5 units passaes through a polarizer
with it= electric field: aligned at 60° to the original polarizetien direction. Find the
amplitude of tha wave aftar passing through the anallzer?

Soduthon i
A = Sunits, =60, A="7
Lising Malus's law:

A = A,cos | S |

ar A = EcosBlF A beam of unpoiarizad light pasees
through a fogoy aimesphera, Tell the
= 5xD.5 polarization stale of the geattered Bgnt,
A = Z.5units

Importance of Polarization
The immenss significanca of polarization of light may ba justified by various fialds:
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1. Optics and Photonics

Polarization is essential for epplications like polanzed sunglasses, LCD (Liquid Crystal
Display) screens, and optical communication systems.

2. Imaging and Microscopy

Polarization enhances image quality, redusing alare (unwanied light that interferes with
vislon) and Improving contrast, espacially In microecopyand madical Imaging.

3. Medical Applications

Polarization is used in cancer diagnasis, lissue imaging, and laser surgery, leveraging
Its ablitty to distinguish betwaen different Hissue types.

4. Astronomy

Palarization helps us to analyze cosmic phenomeana, like the polarzaton of light from
distant stars orthe cosmic microwave backgreund radiation.

5. Miscellaneous Fields

Polarization has importancs in miscellanscus figlds such as optics and photonics,
imaging end misroscepy, biolegy and chemistry, communication system, ets.

Two Main Applications of Polarization

Polarizars, alzoknown as polarizing fiters, have two main applicaticns:

1. Sky Photography

Acamera which is used to photegraph the
clouds is fittad with a polarcid. The light
coming from the sky is polarzed by the Weee vibraling

dlcul
polaraid. fo e gty

In sky photography, polarizers are used to
reduce the glare and haze which are
produced by the. scattering of light by
small particles of molecules presentin the
atmosphers. F.'olgrlzers also en hlanaalﬂ'ue Lihkbear A
contrest by clocking the excessive bright %

whita lightwhila allowing the othar colourns

to pags through, thus cresting a brighter Unpoalarizad gt

detailed image. Thus, allows to improve Felarized light
tha overall mage quallty.

2. Stress Analysis of Materials

In materials science, polarizers are used to analyze the stress and strain on materials,
such as plastics, metals, and glass.

Y¥hen a material is stressed, its molecular structure changes, affecting the way, it

Lighl wervess wibwading
parallel to the
highway
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interacta with light, and interference petterns on fringes are formed which in tum gives
qualitative information about the materal. By shining polarzed light through the
transparent matsrial and analyzing the changes in the light's polarization, tha
rezeerchers can:

= datermine the materal's strass pattarns
= |dentify potentlalweaknesses or defacts
= anzlyze the material's oplical properties

= Ungdarstand how the matarlal will behave Lndar diferant conditlons. This technlgue
is known as "photoalastichty” and is widely used in fislds like enginesting,
materials science, and quality control.

In both cases describad ahova, polarizars play a crudal role inmanipulating light to
achieve specific goals, whethar it is snhancing image quality or analyzing material
properties.

8.6 GRAVITATIONAL WAVES (GWSs)

A gravitational wave is a stretching and compressing of
space-time and can ba ohsarvad by maasuring the changs
in length between two objects.

Gravitational waves (GWs) are actually: “

"Ripplas in the fabric of apace-tima, produced by viclant .

S 5 G Albaert Elnataln (1879-1955)
cosmic events, like colliding black holes or neutron stars g R e e
that travel at the speed of light, camying information about Physiciat

theirsourca." One of the Werd's renowned
scientists.

"

The simplest example to understend GWsis given below:

If we throw a stone Into.a pond, the stone creatss rpples on the water surface (space-
time). These ripples travel outward, carmying information about the stone (the cosmic
event). Thay can be detectad on the shors by (gravitational wave ohsarvatories),
revezling the stene's presence and properties.

Prediction and Detection

Gravitational waveas are a pradiction of Einstsin's thaory of ganeral relativity which is
confirmed by cbservations and iz opening a new window into the universe's most
exireme phenomena.

Accarding to Einstein's genaral theory of ralativity, gravity is not a force, but a curvatura
of space-ime caused by massive bodies. Gravity i3 like a dent in a metiress. Heavy
things wrap the space around them, and that is why we feel gravity.

Gravitational wavas, as initially predicted by Albert Einstein in 18186, are ripples in
spacetime that were first detected in 2015, but announced in 2016, the first
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obearvation of its kind: the detection of
graviiational waves, produced froam two
coliding neutron stars. In this type, there is a
gradual incraasa in frequancy and amplitude of
GWs.

A Binary System (B3] in the context of
gravilational waves refars to "a system
consisting of two compact objects, such as
black holes, neutron stars, or white dwarfs,
which are arbiting each other and emitting
gravitational waves.”

Four Baslc Types of GWs

There are four basic types of gravitationzl  Dr Mergls Mavalwalals g

waves, each with different sources and  PekistankAmerican

characteristics: Aatrophyalcta at MIT known for her work
A o itational waves

1. Continuous GWs ,

¥Whan a single massive cbject spins with a constant rata, such as a neufron atar,
continuous GWs are produced with a constant freguency and amplitude. White dwarf
hinary systems produce continuous GVWs.

2. Compact Binary Inspirational GiWs

Yhen a binary syslem, such as binary
neutron stars, binary black holes, ar a
neutron star and black hole orbiting
each cther. compact inspirational
GWs are producad.

3. BurstGWis

These are produced by violent events
llke Eupemovae, gamma-ray bursts,
oreosmic strings. B
4. Stochastic GWs BS Modsl

Stochastic (5Ws are weak, randem signals of GWe which are produced by superposition
of many weak gravitational wave sources, such as distant binary systems. These G\Ws
are tha most difficult to datect.

Every physical object that sccelerales, produces gravitational waves. Vehicles,
airplanes, eilc. are included in it. The masses and acceleration of objects on the Earth
ara too small to make gravitational waves big enough to be datected with our
instruments.
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As the binary systems falso termed as
binaries) orbit each other, they emit
gravitaliona| waves, which csn be
detacted by cbservatories like LIGD
(Laser Interdferameter Gravitational wave
Ohservatory) which is situated in USAand
Virgo, a large scale gravitational wave
obsarvatory In Cascina, ltalv. The waves
carry imformation about the system's

mass, spin, and merger dynamics, _ oy . ; -
offering insights intc these extreme El'wsgﬂi;“:tﬁfm“ﬁ;?ﬁmﬁwgmg
casmic objects, and move with the speed  outwand imto the casmoe:,

oflight.

The binary systemes arg gignificant sourges of gravitational wavas, and their margars
(collision and unicn of two massive cbjects resulting mors. massive single object) are
among the most intense cosmic evants.

As the masses orbil and accelerate, their
gravitational intensity fluctuates, generating
waves that radiate outward in all directions:
These waves are not bound by U‘I&.bihﬂﬂf
systemn's gravity; Inglead, they trav_all','freary
through spacetime at the speed of light. The
waves propagate through the. universe,
weakening in intensity as ihey distance
thamselvas from tha sourca.

The characleristics of GWs depend on the  T4a) fores camy the mathematical elgnatura of
system's properties, such as: pravitations| waves

= Massesofthe objects
s Orbital parod and fraquehcy

»  Eccentricity of the ombit Eceentricity & is a measurs of the amount by which an
object deviates from & perfect circle.

e=0 Circular orbit
a=1 Parabolic trajectory
ex1 Hyperbolic irajectory

O=e =<1 Elliplical orbit
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Space-time Distortion/ Tidal Forces

Gravitational waves passing
through a body with masa can cause
the body to experience periodic
stretching and compressing, also
known as "space-time distortion®.
This affectis known as "tidal forces®
and i5 a result of the gravitational
wave's oscillating nature. As the .

tha body, it causes the space-time around ths body to oscillate, leading to & periodic
stretching and compressing of the body in the direction perpendicular to the wave's
propagation. This effact iz similar to how tha tides on Earth ara caused by the
gravitationa| pull of the Moon and Sun.

The amount of stretching and compressing depends on thesirength of the gravitational
wave, a5 well 23 the masa and size of tha body. Thia affact ia an important pradiction of
Einstein's general thecry of relativity.

Gravitational waves generated by
far off celeatial events, such as the
marger of two black holas or
neutron stars, pass through the
Earth. However, the amplitude of
these waves Is axtramely small,
typically of the order of 1077 to
10® meires. This means thattha Spacatime curva shown by two satellltes
distortion caused by the gravitational wave is incredibly tiny, and requires extremaly
sensitve Instrumentsto datect.

Despite their gmall amplitude, gravitational waves offer a unique window inlo the
univaraa, allowing ua to aludy strong-fiald gravity, to test ganaral relativity, and to explore
the universe in ways previouzly imposzible.

8.7 INTERFEROMETER

An interferometer is an optical todl usad in detacting gravitational waves, Il is a very
sensitve detection device that may use the Intarference of LASER (Light Amplification
by Stimulated Emission of Radiatoin} beams. The basic LIGO interferometer can be
seanin Fig. 8.9,

An interferometer that detects gravitational waves is a highly sensitive instrument that
uses LASER light to measure tiny changes in distance between mirmors, caused by
gravitational waves passing through thae datactors. Thasa intarfarometars are callad
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LIBO (LASER Interferometer - . _ >
Gravitational Wave Observatory).
The main differences batwaen LIGC
and conventional interferometars

Bre ) Fabry-Perot cavity
{a) LIGO is 1000 times larger than

conventional device, and

I

{b) LIG} uses LASER whereas pouac m"f'n'ﬁr

conventional intsrfaromater racycing R ! Pabny-Pivaleayly

has nomnal light source. L. i1 o
Basic Components of LH;%IJ o= [“‘Jh;’

End

GW Interferometer = spl,f,)e,-/w | ¥~ Input mirvor bR
The hasic components of & Pmd‘mr

gravitational wave interfferormeter

are: Figy. 8.8 Bamic LIGT Interferormeter

1. Laser thatproducesastable and high intensity baam of light.

2. Fower recycling mirror confinually reflacts LASER light that hag already travelled
through the instrument back into the interferometer and hence the term recyeling is
ugad.

3. Beam splitterdivides the LASER beam Intotwo perpendicular beams.

4. Mirrors reflect the beams, creatingtwo perpendicular amms.

5. Fabry Perot cavity consists of two minors facing each other. The purposs of the
cavity isto enhance thepath length.

6. Photodetecters measure the returning beams, detecting tiny phase shifts {ifany).
T. Armcavitles enhanca the LASER light, increasing sensitivity,
Working of Interferometer

Alaser beamils-spllit Into hwo parpandicular beams, aach ravelling down two klantizal
paths (arms) of the interfercmeter. Tha beams bounce off mirrors &t the ends of each
arm and return te the starting point, where they are recombined. i a gravitational wave
passes through, & causes a tiny disturbance In the distance betwsen tha mirrors,
rasulting in a phasa shift betweean the two beams.

¥When the baams recombine, they create an interference pattem, which is measured by
a photodetector, The tiny phase shift caused by the gravitational wave zlters the
interference pattern, allowing the detector to sense the wave's presence.

Figure 8.9 is a simple figura of an interferometer, but in reality, it is much more comples.
On 14 September 2015, the universe's gravitational waves were observed for the
very first time by LIGO. The gravitational waves which were predicted by Albert Einstein
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100 years ago, came from a collision between two black holes. Ittook 1.3 billion years far
the waves t¢ arrive at the LIGG deteatar in the USA. On their work on observation of
SWs, Ralner Welss, Bamry C. Barsk and Klp 8. Throne recelved Nobsel Prize In 2017. It
is interesting to note that one of the team members, Nergis Mavalwala a professor at
MIT {Massachusetts Instifute of Technology), belongsto Pakistan.

Yirgo Detection

Similar to LIGO, there is ancther facility for measuring gravitational waves. Thisis called
Virgo, which works under the Eurapean Gravitstional Observatory (EGO) Cascina hear
Fisa, ltaly. Virgo is also an inlerferemeter with two armns of 3 kin whereas LIGO has 4 km
arms. The Virgo Observatory is named after the Virgo constellation, which is visible in
tha night sky during the months of March, April and May. The Virgo cluster is & group of
about 1,500 galaxies sbout 50 MLYs (Million Light Years) away. Remember one Light
Year (LY} is a distance which light travels in one year. The approximate value of
1LY = 8.5 hillion km. Virga has been invelved in detecting gravitational wave evenls, with
the first detection in2017.

Exampla B.5 I the gravitational waves have & wavelength of 4000 km, find their
frequency.
selution| & =4000 km =4 210°m , e =3x10"m &', F=7
Ag v = fi
or f = ?E {rv=c)
£ = 31 msg
4x10%m
f = 075410°s’
f = 75Hz

Exampfe 5.4 | NADInary system emits gravitational
waves with'a fraquenc’y of 10" Hz. What is the
wavelength ofthese waves?

Solutienl f = 107 Hz=10"8", ¢=3:A0mg', & =7

As y = A
ar A= ? (-v=¢)
% 3x1ﬂ_’:ni|a
10" 5
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@ oussmons DI

@ Multipie Choice Ouestions )| o

Tick ('} the correct answar.
8.1 The phanamancn of polarization of lightls:
(a) the process of scattering of light
(b) the property of light to vibrale in a specific plane
{c)tha ability of lightto travel in a straight line
td) the phenomenon of light changing colour
8.2 Malug's law statas that: _
(a) the intensity of light is directly proportional to the squere of the cosine of the
angle between the light wave and the analyzer
(b] the intensity of lightis directly proportional to the squarecf the sine of the angle
betwaonthe |ight wave and tha analyzet
(c) the intensity of light is directly propertional to the:angle between the light wave

and the analyzer {
(d] the intensity of lightis inversely proportionaltathe angle between the light wave
ard the analyzer '
8.3 Thalnlensity oflight when It passes t_hrnu'gh apolanzar:
{a) incresses (b) decreases
[cyremains the same {d) becomes zero
8.4 Theangle batween the light waveand the analyzer s called:
{a) polarizaticn angle (E)refraction angle
() reflactionangle (d)azimuth angle
8.5 The key purpose of ghanalyzer in a polarization experiment is:
fa)to polarize thelight ib)to measure tha intensity of light

{c)tochange ihe direction of light (d)to fiter out unwanted light
6.6 Themathematical representation of Malus's law is:
(a)!=1,c08™0 {b)/=Lsin’8
fe) =1 tan‘D (dy/=f cot’'e
8.7 The effect of increasing the angle between the light wave and the analyzer on the
intansity of lightis:
(@) theIntenslty Increases (b)theIntensity decreazes
{cYthe intensity remains the same(d) the intensity becomes zero
4.8 The condition for maximum intensity of lighl in a polanzation experiment s when:
{a) tha light wave andanalyzer are perpendicular
ib) the light wavwe and analyzer are parallel
() the light wave and analyzer are atanangls of 45°
(d) the lightwave and analyzerare atanangls of 80°
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8.2 Ths unwantad light that inteferes with vision istermed as

(@)haze {bYglare {c) contrast {d)flare
8.10 Who predicted the existence of gravitational waves?

(@) Galilec Galilei {k)Albert Einstein

{c) Issac Newion (d)Leonarda da Vinci
B 11 Whatare gravitational waves?

(a) Electromagnetic waves (B} Machanical Waveas

(¢) Ocean waves {d)Ripples in the Fabric of spacatima
8.12 Which is tha primary method used to detect gravitational waves?

(&) Optical teleacopes (b)Y Radiotelescopes

(c)LASER interfarometry (d) Gravitational lensing

E.13 Which of the following Is a primary source of gravitational waves?
(a)Binaryblackhole merger  (h)Solarflargs
(¢)Earthquake (e Solarwind

(@ short Answer Questianz B
8.1 Why are tha palarold sunglasses better than the ordinary sunglassas?
8.2 Islightfrom the sky partially polanzad? How is it so?
8.3 HowisMalus's law usadin evaryday life?
84 Whatare the applications of Brewster's angle?
B.5 Whatisthe space-time curvature?

{ Construcied Respense Questions
81 Write down some applicaticns of plane polarized.

5.2 Would it be possible to'use a polarizer as an analyzer? If yes, give at least two
gxamplas.

B2 Explain how Malus's law is used in the design of polarized sunglasses. How do
these surfaces reduce glare from refiective surface? Frevide an example io
illugtrate your answear.

84 Howwil the sky appearif there hed been no atmesphers?

8.5 Whatisthe significance of detecting gravitalional waves?

6.6 Howaretidal forces formed?

|§] Camprehensive Questions |}

8.1 Dafine the phenomenon of polarization of waves. How does polarization of
glectromagnetic waves ococur? Also classify the polarization of waves.

8.2 Howcanthe plane polarized light be producad and detected? What does it prove?

3 Howcanpolarzed light he abtained by the mathod of reflaction? Explain.
8.4 State Malus's law. Explainthaintensity formula.
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8.5
BB
ar
638

8.1

82

8.3

g4

8.5

86

87

83

8.9

IR e R

Whatls a polarold? Explaln two maln applications of polarizatlon.

What are gravitational waves? Describe the basictypes of gravitetional waves.
Whatis aninterferaometer? Describe the basic LIGO interfarometer in detail.
Whatis meant by optical activity? Diiscuss it.

Numerical Problems

When an unpelarizad light of intansity [ is ingident on a polarizing shaet, find the
Intensity of lightwhich doas not gat tranamitted. {Ans: % )

A polarized light beam passes through s polarizer at an angle of 45° Find the
intansity of the ransmitted light it the inibial intensity is 100Wm™= {Ans 50W m™)

A light wave passes through a polanzer with its electric field aligned at 30° to the
herizonkal, If the amplitude of the wave is 10 units, what is the amplitude of the
wave passing through the polarizer? {Ans: B.66 units})

What angle i2 required between the direction of polaroid light and the axis ofa
pelarpid filler to reduceits intensity by 85%7 (Ars:87.5%)

An unpolarized light having intansity of 15 W n1” iz incident on a pair of palarizers.
The first polaroid filter hes ita transmission axis at 50° from the vertical. The second
polarold filker has 1ts tranemisslon akls at 20° from the vertical. Calculats the
intengity of light ransmitted to both filkers: (Ans: 7.5Wm™ 5.6W m™, respaciively)
Two polarizing sheets have their polarizing directions parallel so that intensity of
amittad (ight |5 maximum. Through what angla must slther shast be rotated If the
intensity s to be dropped by halt? (Ans: 45%)

We wish to use a glass plate of refractive index of 1.5 in air as a polarizer. Find the
polarizing angle andangls of refraction. {Ans: B6.3°, 33.7°, respectively)

Atwhat angle ofingidence, will light refiected from water be completely polarized?
{Ans 53"

Abeanrof unpolarized light ig incident on a stack of four polarizing sheets that are
lined uprso that the charactaristic dirgction of each is rotated by 30° clockwise with
respect to the preceding sheet. Whal fraclion in percertage of the incident

intenzity be franamitted? (Ans: 21%)

B.10A polarizer and an analyzer have thelr axes aligned at 60°. What Is tha fraction of

theinitial intensity that emerges? (Ans: 0.25)

5.11 IFthe gravitational waves have a wavelength of 3000 km, then find their frequency

asauming it moves with the speed oflight? {Ane: 100 Hz)




Aftar studylng this chaptar, thestudents will beabieto:

® Delineand calculate eleciricfield strangth. e
[Use F =F lar the fome un & chage in &n elesinc Teld. Use E = %’- localoulate the ﬁeld slrenglh
cfthaunlform flald betwean changad paraligl pladas]
Daszcribs the affact of & uniform slactric fleld on tha motdon of chiarged parickes.

P
@ Siata that, for & point ouiskdes 2 spherical conductor, the chame ontha sphur&méy ba considared to
be a point charge stikcentre,

& Explainhiwa Faraday cagawoks.

[by Induzing Intemial electi: flelde that work to shleld te Inslde i:ﬁm the Influence of extamal eleciric
flelds]

Shate end apply Coulomb's (aw.

@

F=kq'—:’2 I‘urlhafnrcabﬂrt\wmh»nmintmarggshfrﬂasbaca,[mra k=ﬁ
= s

Usa E=k = q fortheslectricfiald atmngmduamh'ﬁomtmmga In frea space.

Usa, for a wmrt—carrylng conduetar, Ihe aﬁgreaalnn 1 = Anhvg. [whens hl2 the numbar of chargs
camiarsparunitvalums)

Shate end use ¥ =W/0.

State and uza P=f¥, P={"Rard P= VR,

Stataardusa 5 = P%

Staa that the resistance of a light dependent resistor {LDR) decrsases ae tha light intensity
Incraases.

Stata WMhnﬂaﬂratI_‘mimnd deecrbethatl lo 2 conesguence of consanationof charga.

State Kirchhoffs ElB_Gﬂ.rIH Iew and describe thatitia B conaequence of conservation of energy.

Uss Kirchhoffs [aws to solva simpls circuit problsms,

Slale end uaérlnh prine plenl (he polen iomeler as a means ol cmparning polenlial o ilferencis.
Explainihe useof a gaanomaterin nullmsthods.

Explain tha useoftharmistorsand light-depandent rasistors in potential dividers.

[ta provide & potentiel difarance that is dependant on tBsmperatura and lkaht Intanes ity

Explain the intemal resistance of sources and its consequences forexternal circuils.

Explaln how Inspectore can aaslly check the rallabllity of a concreta bridge with carbon flbres as tha
fibres cond uct alectricity:

2 ¢H520604¢ €& © 40 & &

e know that magnitude of tha charge on an electran iz equal ta that of a proton.
Thechargeona praton [se' and thaton an electron ls 2. lts valuels; e = 1.6 x 107"
C where C {coulomb) is the 51 unit of charge. This charge (e) is the smallest amount of
free charge thal hes been discovered. Charges of larger megnitude are built up on an
object by adding or removing electrons. It is the minimum amount of charge that any
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v ;
paricle may centain. Thus, anyamount of charge gisan integermultipleof e, ics.,
g=Ns where N isaninteger

Elactrosiatics |s the study of phenomena and properties of electric chargss at rast.
When charges are in motian, we czllit as an electric current.

Charles de Coulomb {(1738-1808)

Couknnb's major cuntribution o stience wes in the figld of eleckostalics and
magnetsam. During his lifdtime, hé alan investigated the sirengths of matenal and
detaminad the forces that efedt on beams, thanaby, contributing tthe fisld of strustura
machanica. In tha figld of argonomiss, hia reagarch provided & fundamental
understanding of the ways in which people can bestdowork,

2.1 COULOMB’'S LAW

Coulomb’'s law i3 a fundamental principle in ..
sloctrostatics that guantifies the force between two | = _
charged objects. The first measurement of the force |
belwean electric charges was made by a French
Physicist Charles de Coulomb in 1874, Coulomb's law is:
essential in understanding the behaviour of charged
parlicles and the interactions that govern many alectrical
phenomana. On the hasis of thasa meastiremeants, ha
deducad alaw kniwn as Coulomib's |aw. It statas that:

1]
{a) '.¢.£ ....... .,.l

Fip. &1

The force belween two-point charges is dirsclly
propartianal to the product of the magnitudes of chargas
and Invarsaly proportional to tha equare of the dietance

(i) Repulgive forces batwesan like
chemes and
(b} ablraciive forcas balbwaon

between them_ Itis mathematically expressed as unliké charges,

F "'"—fz arFE =k % ............
r r

whaera Fis the magnituda of tha mutual force that acls on each of the twg point charges
., g.. and ris the distance between them. The force F always acta along the line joining
the two point.charges (Fig. 9.1), k is the constant of proportienality. s value depends
upon the-natire of madiurm between the two charges and systam of units in which £ g
and rare measured. If the medium betwesn the two point charges is free space and the
gystem cf units s 31, then ks represented as

k=_1_

4re,

where &, is an electrical constant, known as permitlivity of free space. In 3l units, its
valueis 8.85 x10" C* N m*. Substituting the value of 5, the constant

k—-1  _ gx10Nm2C?

41-'3\0 Foirvt to poreice!
Thus, Coulomb’s foree in free space is T o
1 - exlst betvean a charged
Fe d4ne, q,-gz .. (9.3} and an uncherged?
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As stlated earler, Coulambs' forca ls mutual farce, [t maans that T g, sxerts aforcs on 4.,
then g, also exeris an equal and opposite force on g, If we denole the force exerted on g
by q, asF,, end thaton charge g, duetog.as F,.then

B e e a.4)

The magnitude of both these two forees is the sarme and |s given by Eq. 9.3, Torepresent
the direction of these forces, we introduce unit vactors. If £, is the unit vector directed

from g, to g, and ', is the unit vector directed from g, to . then Fa
1 9% - J
Fo = g B e (35) b falk
g, . ; %
Fo = é q'—,.?rﬂz .................... (9.6) r/// .
i
bt T
;s {m)
Theforces F,,and F, are shownin Fig. 9.2 {aandb). kcan ba o
saenthatf, =-F,,, S0 Eqs. 2.5and 9.6 showthat; F. {;‘
Fy=—Fy b T
The sign of the charges in Eqs. 9.6 and 9.6 determine e
whether the forces are atiractive or repulsive. Tahle 9.1
We shall now consider the effect of medium-betwean tha two Btara] &
charges upon the Coulomb's force. |fthe medium is an Vacuum 1
insulator, it is usually referred as dielectric. It has besn found  Ar@atm) | 1.0006
that the presence of a dielectric always reduces the ‘;mm'i't"'a Uiquid) 22'125
electrostatic force as compared with'that in free spaca by a E:?;e:e ;;
certaln factor which Is a constant for the given dielectric. This G '1 5
constant is known as relative penmittivity and is represented .0 4810
by &. The values of relative permitlivity of different dielectrics  Mica 275
arsgivenin Table 9.1. Paraffined paper 2
Thus, the Coulomb's force ina medium of relative permittivity ZT::::“ g;ﬂ
&.is given by Tallan ad
FLs 1 %% ©.7) Transfonmer oil 7.1
T dnez 7 é Watar (distlad) 78.5

It can ba 32en in the table that &,. for giria 1.0006. This value is 2o close to one that with
negligible arror, the Eq. 9.3 gives the slectric forca in air,

Exampie 9.1 | Three point charges q,, q. and g, are lying
in the same plang as shown in Fig. 9.3(a). Find the
magnitude and direction of the net fore acting on .

Sodutian A
AL ¥ e F, 9

Force on g, exerled by q, is aftractive. Lal it be F; e HDT:C L=0ASM 600
magnitude is given by Fig- 9.3(a)
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S
Fom qu g _(@x10°Nm’ G MA0x105CYBO107°C) L B
e f0.15 m)®
Forca on g, exartad by q, is also atiractive, Letitbe F .. Its magnitude 15 givan by
] ) _E ¥
E,- k%% 2,2, (9x10°Nm’ CT)(40=x10°C){50x10°C) 1250 N
r 0.12 M%)
To find the resultant of Fy; and Fy,, let us make free-bocly cdiagram, & Fu
rasciving F,, intoits rectangular components, wea have ]
L
Fa=F,00sBD°= 1250 N x 05 = 625N o |“”f' -
F,=F,8inB0° = 1250 N = 0.8 = 1075 N o s
The xcomponant of resultant F is ¥ Fig. 9.30b)

F, = Fy; +F,c0860°

F.=8B0N +825N

F.=1585N
y-component of F |s:

F, — F,8inB0°F — 1075 N
Magnitude of F is given by

F=/F*+F? =1976 N
For direction of F:

A an de Graeff generatpr Is 2 Ehzclmslatlc generator which
uses & maving belf to aam.lnuiato elaciric charge on a hollow
metal globa an the top of an inaulatad columin, creating vary high
woltage direct current [DCYal low curent levels. |t was invertzd
By anAmarican physicistRobert J. Van da Graffin 1924,

The potential dlﬂ'erence achleved In modem Van de Graaff
generators cam reath 5 megavolts. A tabislop version can
groduca of the order of 100,030 valts end can produce enough
enemyto produce avisible spark.

A pullay drivesan insuliing belt by a sharply poinbed metal comb
which hst been given a posithve charge by a powear supply.
Electrons’ ere removed from the belt, leaving it posikivehy
charged. Asimiarcomb atthe top allews the st positiva charge
o spread to the dome.

F
tano =_F=@

=0.88 Why da the hairs lift when VAN DE GRAAFF GENERATCR s

£ 1585 touzhed?
Tharafors, 8 = 34° with thélina joining g+ and gs.

9.2 ELECTRICFIELD STRENGTH

\Wa have Ieamt that a charge experiences an
slactrostafic fores in the presenca of other charges. Let
us considara pesitivaly chargad object Q. If we place a
small chérge +g at point A, it will experience an
electrostelic force F due to the charge Q. Thus, an
electic fleld Is sald to exlst at palnt A. Coulomb's law
suggests that the field gets stronger as the paint A gets
closerto 4 asrepresented in Fig. 9.4. The strength ofthe
fiald ata position is known as its intansity at that poirt.

Flg 9.4

Tha alectric intansity of the fisld or simply alectric field at any paint iz defined
asthe force axparienced by a unit positive charge placad at that point.

Elactricintensily is a forca, so itis a vector quantity and is usually danoted by E. It can be

obtained by tha relalion:




E== SR £
7 (9.8

1 qQ 1 Q
A - i [P R .}
S F drg, r* dme, r?

1
In vector form; E :——zl‘

dng, r

From Eq. 8.8, the unit of elecitic intensity |s newlon per coulormb N G, The direction of E
inthe same as that of F. The Eq_9 5 can also ba written as:

E=inE T {9.9)

Exampls 92 | Twa positive point charges ¢, = 16.0 uC )4..“.'_,{
ard g, = 4.0 uC are separated by adistance of 3.0 m, as \ -
shownin Fig 9.5. Find the =pat on the line joining the two * &5 P o :
charges where slectricfield is zero. Flg, 8.5.€ A »

sodution| Between tha two charges, the fields contributed. by them have cpposita
directions, and electric field would hezera at a point B, whers the magnitude of E, equals
1o E,. InFlg. 8.5, letthe distanca of P from ¢, be d. AL B E,=E,which Implies that:
1 q 1 g
dnz, (3.0-¢)° dre, o*
18.0x10°C _ 4.0x107°C
9.0+d’-6d o
There are two values of d, the negative value corresponds to a location off Lo the right of
baoth the charges where megnitudes of E, and E; are equal but directions are same. In

thig caze E, and E; do not cancel at this zpot. The poshive value cotesponds to the
location shown in tha figure andis the zera filed location, hance, d=+1.0m.

or g2 +2d—3=0 whichgives d=+1m.-3m

| Emmmpis #.3 | A proien-@xperances an electrostatic force sgqusl o its weight at a
particular paint in an electric fiald. What is the field intensity at that point?

Mass of proton=1'67 x 107 kg and charge, e=1.6x 10" C

Lofuilan |

Using g-t_ma
7 =

Substituting the values,
167 x107 kgx 9.6 ms” 7 1

E= =1 0x10"'NC
1B6x10™C
Electric Field Lines

Avisual representation of the sleciric field can be obtained in terms of electricfisld lines,
an idea proposed by Michael Faraday. Electric fiald lines can be considered a3 a visual
rmap used to reprasent the direction and strength of an alectric fisld around a chargad
object. As electric field lines provide information about the electric force exerted on a
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charged ohject, thess lines are commonly called "slaectric linas of force”.

To introduce electric field +
linea, we place positive ® e e,

3 "
tast charges +g, each of {"“ . C ""
magnitude g, at different g Y

places but at equal
distances from a positive
charge +g as shown in
the Fig. 8.5. Each tost
charge will experience a
repulsive  force, as
indicaled by arrows in
Fig. 8.6{(a). Therefare, -
the electric field created  F'986

by the charge +q7 is

1]

fal A poshive test chargs +q, placac_l' amrwhara I e wvicinlty of a

directed radially outward. posttve polnt chame 7 exparientes a repllsve Torce diractod

Figure 9.8(b)  shows FRcly v

corrasponding fiald lines
which show the flald
directicn. Figure 9.7 shows the electric flald linés In the
vicinity of a negative charge —q. In this case the lines are
directed radially “inward”, because the force on a positive
test chargs i3 now of attraction, indicating the slaciric fiek!
points ireard.

Figures 9.6 and 9.7 represent two dimensional pictures of
the field lines. Howsaver, slectric field lines emerge from
the cherges in three dimensions, and an infinite number of
lines could be drawn.

positive poind chags +g.

The electric fizld lines *map" also provides information
about the strengih of the slectric field. A= we notice in
Figs. 9.6.and 9.7 that fleld lines are closer to each other
near the charges whara the field is strong while they
continuously spread cut indicating & continuous
decrease in the field strength.

The number of lines per unit area passing
perpendicularly through it is proportional to tha
magnitude of the electric field.

The electric field lines are curved in case of twe identical
separatad charges. Flgure 5.8 shows the pattern of [Ines
associated with two identical positive point charges of

() The eeciric field lings wre directed radizlly cutward from the

Flg 8.7: Thaslaciricfisld inas are
diracied radialy Inward Twards a
nagative polntchange g

x\\t\

Fig.2.8: The slecinc fisld Inas
for two |dentical oppostte point
chargas:
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aqual magnituds. |t reveals that tha lines in the regicn
batwsan twao liks charges ssem to repel each other. Tha
behavioyr of two Kantical negatively charges will hea
exactly the same. The middle region shows the presence
ofazerafield spot or neutral zone.

Figure 8.9 shows the electric field pattem of two opposite
charges of egual magnitudes. The field lines start from
positive charga and end an a negative charge. The
electrc fisld at points such as 1, 2, 3 is the resuliant of f
fields crented by the twa charges at these peints. The ;mg‘;;lﬁﬂr‘n”:ﬁmm:
directions of the resultant intensities is given by he negaive pointcharge .
tangents drawn to the field lines at these peints.

In the ragions whera tha field lines are parallel and
aqually spaced, the same humbar of lInes pass per
unit area ang therefore, field is uniform on all points.
Figure 2.10 showsths field lines between the platea of a
parallel plate capacitor. The fleld Is unlfarm In the
middle region where field lines are equally spaced.

\Wa a2re now in a position to summarize the propartias of
electric fieldlines.

1. Electric field lines originate from positive charges gy 6.10: In the central region of &

and ahd on negative chargess. parallel plate capacilor, the electric
) ) . fiedd lives ara parsllel and evenly
2. The langent to 5 field line at"any point givas the spaced, indicating that the slactic

diraction of the electric fiekd atthat point, figkd! there has the same magniude
and direclion at points.

3. The lines are closer where the figld is strong and the -
lines arefarther apartwhers the field is weak. [l Do youimow7 Bl

4. Notwo Iineg cru_séaead"l o'd'ler. This is_because E_has Lmti;’e ggnﬁ:ﬁgf A
only one direction al any given point. If the lines
cross E cauld have more than one direction.

93 ELECTRIC FLUX

When we place an alement of area in an electric field,
someofthe lines of force pass through it (Fig. 9.11). The
number of the field lines passing through a certain
olemant of area Is known as electric flux through that
area, It is usually denoted by Greek letter ¢,. For
example, the eleciricflux ¢, through the area A is 4 while
thefluxthrough Bls 2.

In order to give & quantitative meaning to M, the field  Flg®11: Electric flux through a
surlaca normal to E.
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Fig.2.12{a}: Maximum

lines are drawn such that the number of field lines
passing through a unit area held perpendicular lo field
lines at a point represent the intensity E of the field at
that point.

Usually, the element of area is represented by a
vector area A whose magnitude is equsl to the
surface arsa A of the slement and direction Is along
normaltathe area,

In Fig.2.12 {a}, area A is held perpendicular to the fisld
linas, then EA4 lines pass through it. The flux ¢, in this
caseis:

e

In Figure 9.12 (b}, area A iz held parallel tc field lines
arxd, as is obvious no lings cross this area, so that flux
o, inthis case is:

b =EAROL e 811}

Figure 9.12{c} shows the cass when A is naithar
parpandicular nor parallel o field lines but iz inclined
at an angle & with tha flald E. In this case, we have to
find the projection of the area which is pempendicular
to the field lines. The area of -this projection
{Fig.9.12-c})is A cosd. The flux ¢:inthis caseis:

¢'ra = £A cosd ..(912)

The electric Aux 4., throiigh a patch of flat surface in
tarme of E and A isthen given by

whera Bis the angla batwasn tha fiald lines and the
normaltothe area, Electric flux being & scalar product,
is & scalarquantity. Its SlunitisNm* €.

Electric Flux Through a Surface
Enclosing a Charge

Let us calculate the electric flux through a closed
surface, inshape of a sphere ofradius r duetio a point
charge g placed at the centre of aphere as shown In
Fig. 9.13. To apply the formula J, = E.A for the
computation of electric flux, the surfece ares should
ba flat. For this reascn the tolal surface area of the

Fig.9.12{c)

AR

\

Flg.2.13; The totel electds Aux
through the surface of the sphene
duetoacharge patitseantra iz of,




Physlcs 1 S Chigrted . Electrostatics and Curreit Electricity =

sphere is divided into n small patches with areas of magnitudes AA,, AA, A ... 2
AA, respectively as shown in Fig. 8.13. The direction of each vector area is along
perpendicular drawn outward to the correspanding patch. The electrc intensitias at the
centres of vector areas Ay, Ay, ARga A AN E, E; Esi o vevewny B, respectively.

According to Eq. 9.13, thetotal lux passing through the closed suace is:

D =E.AA * EAA # ELAA S e AR e (9.14)
The direction of electricintensity and vector area is the same at each patch. Moreover,
1 g
Ei= EiF|E|=cmiiens =|E, =E= N 9.15
[El= EJ<E)|  =E=pd ©.15)

o}

Since E is parallel to vector area A, therefore, 8 = 0° {Fig. 9.13)
so for each E.AA = EAcosd
=E£A cos0° = Ea (- cosl=1)

§, — EAA +EAA,+EAA + oo +EAA
~E (AA+AA+AA —.......... +AA,)
— E (Total spherical surface area)’
1 g 2
= — ®dwr
4rz, 1*
N e e e G
£ﬂ

Mow Imagine that a closed surface S is enclasing this
sphare. It can ba sean in Fig 8.14 that the flux through
tha closed surface 5 s the-same as that through the sphare. So, we can concude that
total flux through a closed surface doss net depeand upen the shaps or geomeatry of the
closed surface. [tdepends upon the medium and the charge enclosed.

9.4 GAUSS'S LAW
Suppose point charges §,. 9, Qu-..o......q, are arbitrarily
distributed within an arbitrarily shaped dosed surface, as shown

in Fig. 8.15. Since ¢,= g/6,. so the electrc flux passing through
thaclosed sufacais:

Fig: 514

¢. =g: 1 g: | ':: | LR 1 ::

&, =E%x{q1+q'2+qa+ .............. +q,}

4, =B%,< (Total charge enclosed by closed surface) Fig: 6.15
1
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whera =g, + ¢, +q,+............+q,, is the total charge endosed by dosed surfaca.
Equation 817 is mathematical axpression af Gauss's law which can be slated as:

The total electric flux through any closed surface
is 1/, times the total charge endosed in it,

Applications of Gauss's Law

Gausa'zs lew can be gpplied to cekulate the electric intensity due to different charge
configurations. In all such cages, an imaginary closed surface ig congidered which
passes hrough tha point at which the elechic intansity is to bs evaluated. This clasad
surface is known as Gaussian surface. Its chaice is such that the flux through it can he
aasily evaluated.

As an exampile, lat us find the eleciric field at any point outside 2 sphere on which a
charge gis placed,
The Field of a Charged Conducting Sphere

Consider a conducting sphers of radius R containing a charge q. Wa know that
all the charga Is distributsd uniformly over tha surface of sphare as shown In
Fig. 2.16. We can also conclude frem the spherical symmetry that the electric field is
radial everywhere and thal its magnitude depends enly on the distance r from the centre
ofthe sphera. Thus, tha magnltude Els uniferm ovar 2 spharlcal surface with any radlus r
concentric with the spherical conductor. Therefare, we take our Gaussian surface as an
imaginary sphere with radius rgreaterthanthe radius R of the conducting sphere,

The area of the Gaussian sphere is 4ar°, and

because E is unifarm gver the sphere, the
total Aux throLgh the whols surface will be:

Elactric flux b, T EA=E x 4mr?
By Gauss's aw, total funis:

R =2

2 8.
Therefare Ex4dnr?= Ei
- .

e e

or E. dgr®
| q

e

4 dng, ot Fig: 9.16

This showa that the field et any point outside the sphere is the same as though the entire
charge were concentrated at its centre, Just outzide ofthe sphere, where r=R, i.e.,

=4u13 % ISR (- -1
In vectar form; E =+r+e,}:_ﬁ whera F i the direction of E.
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9.5 ELECTRIC POTENTIAL

Figura 9.17 shows two oppositaly charged parallel G
platad which produce a uniform elsctric field.

-+
F
Lat us consldar a positive charge g which |s allowed to T
move in this uniform alectric field. The positive change - +
will move from plate B to Aand will gain X.E. Ifitis to be *DI ¢
g

moved from A to B, an extemal force is neaded ta maks
tha chargs movs against the slaciric fiald and will gain
PE. Let us impose a condition thal as the charge is
moved from A ta B, it is moved keeping electrostatic A=l -1 =
equilibrum, i.e., it moves with uniform welocity. This Fig=a.17

condition could ba achleved by applying a force F equal and opposite to gE at every
point along is path. The work done by the exdermal force against the electric field
increases elecirical petential energy of the charge thatis moved.

Let W, be the work done by the force in camying the positive charge g from Ato B while
keeping the charge in equilibrium. The changeinits potantial enargy AL = W,
or LB Wos i a g (9.19)

where U, and U, are defined to be the potential ensrgiss atpointz Aand B, respactively.

To describe electric field, we introduce the idea of electric petential difference. The
paotential difference between two pointaAand B in an electric field is defined as the work
dane in carying a unit positiva_ charge from A {0 B while keaping the chargs in

equilirium, L., B = Tl

Woa L BY o (9:20) i ' |

- - -

AV =V, -V, =7

where V, and V, are defined as electric potentials at J"'I
paints A and B respedtively. Electric polential energy
difference and slectric potential difference betwean

the points Aand B are related as:
An ECG recordes tha “wpltape”
AUSGAY covve erveniseenmerennee (8.21)  botwson palnts on human skin
genermated by slastrical procgas in the
Thus, the potential difieronca between the two points  heart, Thiz ECG is made in running

can be defined as the differsnce of the potential fh"-"s"h':"lpml?lnﬂ lﬂfmﬂa;iorl about
gnargyparunit t:harga. & haarts perlarmence under slress,

As the unit of PE. is joula, Eq. 9.20 shows that the unit of potential differance is joule per
coulomb. Itis callad volt suchthat,

1 jaule
St i 22
Lot 1 coulamb g
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Thatis, a potential difference of 1 volt exists betwaen bwo points ifwork done inmoving a
1 coulomb positive charge from one point to the other, keeping electrostatic egquilibrium,
Isona jouls.

In erder te give a concept of electric potential at a pointin an electric field, we must have
a raferance to which we asgign zero electric potential. This paint is usually taken at
imfinity. Thus, in Eq. 8.20, if we take point Ato be atinfinity and choose V,=0, the electric

potential at B will be ¥, = %ﬂ . Generally, Foint o pender |
Why s it advised to wesar
V= £ {9.23) rubber sclsd shoas while
e hoE D ol it i egepl s 7

which states that the electric potential at any point in an electric field is equal to the work
done in bringing a unit positive chargs from infinity to that point keeping it in electrostatic
acquilbium. So, the potential at a pairt k always melative to potential at infinity. Bath
potential and potantlal diferances are scalar gquantitles because beth Wand g ara soalars.
Electric Field as Potential Gradient

In this section, we will establish a relation between electric inlensity and pctential
difference. Let us consider the situation shown in Fig. 9.17. The electric field between
the two charged plates is uniform and its value is E. The potential difference between
Aand Bis given by the equation:

Va-Va J% renreereenerenn e 9.24) T FkGNamalaiphe ythm

where W, = Fd =-gEd {the negative sign o
is negded because F must be applied Diference
apposite to gFf s as to keep it in

equiliorium). Withthis, Eq. 9.24becomes: | A e d e A ol o ..Lfl
|# h"'|‘_ l‘lld |I|I -|.| F I'J' _.’\..:ui |Ill I"Jhi 'I"I' ".lll I|_|"JI|H| \ l.fnu

y, v, —=9Ed_
q Tme———
e —% s ‘:_"" ............ (3.25) T ECG {Abnormal)
If the plates A and B are separated by

Potantizl
Infinltesimally small distance Ad, the o ...

Eq. 8.25is modified as:

E=— i s (9.28) P D L T . i

The quantity AV /Ad gives the maximum Tima —————————
value of the rele of change of potential In chkectreenccphalography the pofontial deference

with distance because the charge Nas owd by ihe elecirical activity of the brain are used
bean moved along a fisld lina inwhich the fordisgnosing abnomal behavior.
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distance Ad between the two plates is minimum. It is known as potential gradient. Thus,
the electricfield intensity is equal tc the negative of the gradient of electric potential. The
nagatlve sign Indicates that the direction of £ |5 along the decreasing potental.

The unit of electric intensity from Eq.9.26 is voltfmetre (W m™) whichis equal to NC' as
given below:

1 volt s joulsfcoulomb 1 newlonxmetre _ newton

= =1NC!
matra metrz mefrs xcoulomb  coulomb

Examphe 9.4 11 Two parallel metal platas ara 1.0 cm apart. Thase ars connected to a
battary of 12 volts. Find the magnituda of electrlc flald Intensity betwesn tham:

Sofution
Hers, A¥=12V, Ad=10cm=1x10*m, F=?
Usingtheequation £ -2Y
Al
Substituting the values,
E= & =420V m’
1:40" m

svanpie 95 || Two horizontal parallel metal plates are connected to a 12 volt battery.
An electron is released fram the negative plate. Determine its velacity as it reaches the
positive plate. Mass of eleciron = 9.1 x 10™ kg and charge=g=e=16x 10" C.

Samation
The slactron i repallad by the nagative plate and atiractad by tha positive plata. Itwill

be accelerated towards posilive plate. Therefore, its RE. will be lost that will be
converted inloits K. E.

lLossof PE=GaininK.E
1

AVixe =5 my’
Submitting the values,
12V x 1.5x1ﬁ‘“c=%x 8.1 % 107 kg % v?
vi=42x107%m 8"
or v =21%10°ms’
96 ELECTRON VOLT

\¥e know that when a particle of charge g moves from point A at potzntial ¥, to a point B
at potential ¥, keeping electrastatic equilibium, the change in patential energy ALf of
paricla la:

AU=g(V, -V} =gAV..__.._......_[827)
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If ng external force acts on the charge 1o maintain equilibhum, this change in FE.
appears Inthe form of change In /CE.

Suppose change camied bythe particleisg=e=1.8x10™C.
Thus, in this case, the energy acquired by the chame will ba:

AKE.—gaV —eAV - (1.6x107°C)(AV)
Moreovsr, assums that AV=1velt, henca,

AKE= gAY =[1.8x107"C)x {1voll)

AK.E=(1 Bx107)x (CxV) =1.6x107"

The amount of energy equal to 1.5 x 10"J is called one electron-volt and is dencted by
1 eV. ltiz defined as "the amountof enery acguired or lost by an electren as ittraverses
apotantial difference of one volt”. Thus,

e T e S {9.28)

Exmmple 8.6 || Aparticle carrying a charge of 2e falls throtgh a potential difference of
3.0V, Calculate the energy required byit.
[ solurtion g=25,AV=30V
Tha energy acquired by the paicleis:
All= gAYV = (2e}{3 0V} =60V
AU =6.0x1.6x10"J=98x10™J

9.7 MOTION OF CHARGED PARTICLES IN A UNIFGRM
ELECTRIC FIELD

Two oppositaly charged parallel metal plales produce uniform elactric field batwaen
them. The direclion of slactrizfleld |5 Trom positive to negative plate. Aposiiive charge +g
placed in the fiekd will mowve in the direction of electric field whereas a negalive chanje -¢
will move opposite to the electricfield. The magnitude of electric force acting ona charge
gis represented.in Fig 3.18 given by

F2GE riereeniinnnnn [8.28) I S s J_
whera E Is the elactic Intenslty of tha uniform +
electric field. If V is the petential difference & Gatiary
betwaen the plates and o is the separation of e
platss, then

4-n -
——g=
-}
O

m

v Fig. 9.18

To undarstand the affect of uniform elsctric field on the motion of charged paricles, letus
congider an electron placed between the two plates. The electron accelerates towards
the positive plate due to a force Factingoniit.
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Forexample.lst ¥V = 20V, d =2.0em=2 x 10 m, the magnitude of £ will be:
V_ 20V

E=—=_—— —=1R0VC"
d 2x10%m!
The acceleration forthe electron will be given by
F=ma
_F _gE
or a=— = —
m m

The charge on analactron g=¢=1.8x10""C and mass of glactron m=2.1x 10" ka. S0,
_ 16x10"° G x1000V G’
91107 kg

If the electron is redaased from the nepgative plata, the valocity gained by it when it
reaches positive plate can be found by the third equation of motion.

285 =v" -}

= 1.76x10"m &°

Hers S=d=2x10"m, v,=0, v,=v=?

Putting the values in the above equation
2x1.76x10" me " x2x10%m=\"

or vi=7.04x10" m's?

or v=265x10"ms"

9.8 PATH OF A CHARGED PARTICLE

The path of a charged particléis determined by the
slectric field in lhe region. The path i typically
slraight if the field -is uniform and the charged & -q--1..0..
particle is moving along the field. However, if i
charged particle enters perpendicularly to the
uniform fiald betwsen tha oppositely changed
parallel plates with 3 certain valocity as shown in
Fig. 9,19, it will not go straight. Its path will be
parabadlic just like a projectile thrown horizontally

! i : [+ + + + + A - + |
in the gravilational field. The harizonial

component of the velocity of the charged particle r

remaine constant whereas vertical component IS o e i
accelerated due to the electric force. e ol ki 2 K A I AR O

Figure .19 showsthat a positivity chargad particle (= = = = = = = = = =]
is atfracted towards tha nogatively charged plate
and thus undergoes deflection in that direction. Fig. 8.19
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©n the other hand, a negatively charged particle iz attracted towards the positively
charged plate and expsriences deflsction inthat direction.

9.9 SHIELDING FROM EXTERNAL ELECTRIC FIELD

An English acientist Michasl Faraday invanted a structurain 1836, called Faraday cage
or Faraday shield. Faraday cage is an enclosure that blocks the extemal electricfields in
conductive maierials. It acts like a hollow conductor where devices ar cbhjects can be put
for protection from electrical external fields. Any elactrical shock received by the cage
runs through its outer surface without causing any harm inside. The electric field inside
the hollow conductor remains zero,

Te underatand the working of Faraday cage, supposa that a place of conductor (say
copper) carries a number of free electrons. Each electron will experience a force of
repulsion because of the electric field of its neighbouring electrons. As 8 consegquence,
all the electrons rush o the surface of the conductor. Once static equilibrivrm is
established with all of the excess charges on the surface, no fudher movement of charge
accurs. If some electrons shift from the conductor to ancther object due to friction eto., a
het positive charge appears on the surface of the conductor. We can say,

At equilibium under elecirestatic conditions, any
excess charge rasides on tha surface of a conductor.

Now consider the interior of the hollow cohductor. The exoess charges arange
themselves on the conductor's surface precisely in the manner that the total field within
the interior becomes zem. In other wonds,

The conductor shields any charge within it
from electricficlds outside the conductor.

To eliminate the interference of external
fialds, circuits are often enclosed within metal
boxas that pravide shialding from such fislds.

Figure 9.20 shows another aspect of how
conductors alter the electric field lines
created by external charges.

Tha lines are alterad bacauss tha s|aciric fisld Just cutslde the surface of a conductor Is
perpendicular to the surface at equilibrium under electrostalic conditions. If the field
were not perpendicular, there would be a component of the field parallel to the surface.
Since the free slectrons on the surface of the conductor can move, they would do so
under the foroe exerted by the parallal component. Butin reality, no electron flow occurs
at equilibriurn. Therefore, there can be no parallel component, and the electric field is
perpendicularto the surface.

| e (o s e i |
A
It
T
|

Fig- B.20

The principle of Faraday cage demands a material that contains a lot of free electrons
that can mova freely to the surface cf the materisl. Only the conductors have free
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alactrons whereas insulators do not contain frea electron, so the insulators can nct ba
used to construct Faraday cage.

A good exampls of Faradsy cage in our daily life is that of carg, Thea chassis and bodias
of cars pratect pacpla insids due to its matal framed struchura during the thundarstorms.
The electrical charge travels gver the metal surfaca of the vehlde Inte tha ground and
prevent the passengersinside.

A metal body of the microwave ovan acts as a Faraday cage. Thus, they pravent tha
microwaves in an oven from expanding inte the environment. Metal frame of an airplane
also acts a5 a Faraday cage. When lightning strikes an airplane, slectricity is distributed
along its metal frama surface that keaps passengers and all davices insida the airplana
safe.

910 ELECTRIC CURRENT

Usually, itis said that slectriccurrent is tha flow of charge. Lat us seewhat actually lows
in 2 conducter, The charge cariers are the free electrons. When'the ends of & conductor
are connectad to & battery or some other source of potantial, an electric field is set up at
evary point within the conducter. The free slectrons sxpenence a forca in the direction of
—E and thay start moving. As the frea electrons are bumping ameng the atpms, so they
are nct accelsrated in a straight line under this force. They keep on celliding with the
atoms of the conductor. The averall effect of these collisians is to transfer the energy of
accelerated eletrons to the |attice with the result that the electrons acquire an average
veloeity, called the drift veleadity in the direction of —E. The drift velocity ia of the order of
10%°m g”. This drift velocity of alectrons forms the slactric current. The slow drift velocity
does nat mean that it takes long time for an glectric current to set up. We know that as
soon s we switch ON a bulb, ititupimmediately.

The rsason & that an luming the switch ON, all the free slactrons In the clrcult start
drifting. They repel the'neighbouring ones and the dislurbance propagates along the
wire almost instantaneously. Thatis why, the electric currentis setup very rapidly.

If & net charge Q) passes through any cross-section of a conductor in time ¢, the current /
flawing throughit is:
= 10N

The S| unlt of currant |s ampaera (A) and i |s the currant due 1o fliow of one coulomb
charge per sacond through any cross-saclion of a conductor. If the chargas mowve
around g circuit in the same direction at alltimes, the current is said to be direct current
{D.C). For example, batteries produca diract current. If the charges move first one way
ard then tha opposite way, changing diraction in ragular intarvals, the current is said to
be altemating current (A.C}. Mostly tha eloctric genarators produce A.C. Tha electricity
supplied toour homes, offices, factories etc., by power stalionsisan A.C.

Conventional Gurrent
As we now understand, the electric current is due to flow of electrons through the metal
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wires, bul early scientists believed that electric current was due to flow of positive
charges. The scientisis heve kept the convention and teke the directicn of cument flow to
ba the direction in which positive charges would move. We call it convantional current.

Conventicnal cument is hypothetical flow of positive charges that would have the
same effact in the circuit a5 the Aow of negative charges that actually doas oocur.

In Fig. 9.21, negative electrons arrive at
the positive terminal of tha battery. The Devica
same effect would have been achieved it
an equivalent amount of positive charge #
has |eft the positive terminal. Tharafora, Conventional Elgctron i
I

‘f

we can say thal the conventional current currant fhore
flows from positive terminal towards the
negative terminal of a battery. A l
convantional currant is consistant with

our garlier use of 2 positive test charge for Fig.8.21
defining electric fields and potential. The direction of cenventional cumrent is always from
a point of higher potential towsards a paint of lower potential that is from the positive
tarminal towards tha nagative tarminal. Now onward tha currant f alwaye means tha
conventional current.

8.11 CURRENT THROUGH ACONDUCTOR

Consider a segment of the curmrent camying
conductor heving length L and ares of cross-

gection A. Tha voluma of the segment is AL, é—@ —a a
=) O

L

W

as represented in Fig. 222, Let n ba the —O /
number of ¢charge camiers per unit volume, | «—0 . <—3¢e—e

then total number of charge camriers in the —0 <0

segment at any tima arenAL. Ifthe chargs on
acharge camlar & g, the total changa presant
inside the segment at anyinstantis:

Q=TALG vorerrinrnns (9.32) [ T |

% Flow of current s directly proportional

Flg. 9.22; Negative charge camiera

Usually, the charge carriers in a conductor are

4 5 to the potentlal difference.
free alectrons which have negativa charge, @ Flow of heatls direcly proportaral to
Suppose that charge camiers move towards left the temparaturecifiarance.

face of the segment when a pofantial differencels @ Flow of fuld Is direelly propertional to
applied across the conductor. Then electric the preszira diffaranca.

current is set up in the conductor directed Bl o informaiions [
towards Hght face. Assuring that drift veloclty of S e e
the charge carries to ba v, the time taken f by all  Into motlon ty voltags and hamparad by

the charge carriers originglly present in the  resislance.




" Physics 11 -@‘":'— Chiter | Electrostatics and Current Electricity =

segment toexitthrough the left face will ba:

L

t==
By definition of the cumrent ¥

:=%
Putting the value of O and tin tha above equation, we have

f= nALg

=
W

or =8 e (B033)

Exampia 5.7 1| A gopper wire has a cross-sectional area of 2 x 10°m’ and camies a
current of 3 A. If the number of electians per unit volume s 8.5 x 10 m®, calculate the
driftvelocity ofthe slectrons In the wire. Charge on anelectron 1.6 x10™ C.

Sodwroion [
I=3 A A=2x10"m’, n=85x10%m’, g=18x10"C, v=7
Using equation,
= Amvg
3 = (Z2x10°m?) 8.5 107 ) {1 Bx107°C)
v=11%10"ms’

9.12 OHM'S LAW
\When a potentizl difference Vis applied across the ends of a conductor, a current starts
flowing through it. The Ohm'slaw stales that:

The currant figwing through a conductor is diractly preportional
to the potential difference applied across the conductor,
providedthere is no charge in the physical atate of the conductor.

Mathematically,
oy or Voo |
or V=R e (3.34)

whera R is a constant of proportiohality known as registance of the conductor, The Sl unit
of resistanca ls ohm denated by the Greak capltal lether nmeaga (0}, and Is dafinad aa:

The rezistance of a conductor |2 1 ohm If a current of 1 ampere flows
through itwhen a potenitial diffsrence of 1 voltis appliad across its ands.

9.13 RESISTIVITY AND ITS DEPENDENCE UPON TEMPERATURE

It has been experimentally seen that the resistance R of a wire is directly proportional to
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its langth L and invarssly proportional to its oross sactional arsa A. Mathamatically,

L
R« A
or R=pt {8.35)
=P e 5

where p (rho) is 2 constant of proportionality known as resistivity ar specific resistance of
the material of the wire. |t may be noted that resistance is the characteristic of a
particular wire whereas the resistivily is the property of the material of which the wire is
made. From Eg. 9.35, we have

The above equation gives the definition of resistivity as the resistance of a metre cube
of a material. The S| unit of resistivity is ohm-rmetre (£1m)

Conductanca Is anothar qua I'|'t|t‘_',|f Lsad to describe tha alactrical prupartles of malerials.
Infact, conductance is the reciprocal of resistance, e,

1
Resistance

tMathematically, conductvity, o {sigma }is the reciprocal of resistivity {p), i e.

Condudtance = , 3= :—q . & is the conductance,

The Sl unit of conductivity is ohm™m™ or mho m™. Resistivity of variocus materials is given
In Table 9.2. It may be noted from Table 9.2 that sliver and copper ars two bast
conductors. That is the reasan; mostof electric wires are made of copper.

The resistivily of a substance depends upon the Tabie 8.2

temperature also. It can be explained by regslling _Substancs | pl0im) oK)
that the resistance offered by a conductor to the _Siiver 1.52x 109 | 0.00380
fiow of electic currant is due to collisions, which  Copper 1.89x10% | 0.00330
the free electons encounter with atoms of the _Soid 2.27%10° | 0.00340

lattice. As the termperature of the conductor rises,  Aluminum | 2E3x10° | 0.00380
the amplitude of vibration of the atoms in the Tumgsten | 5.00x10% | 0.00450

lattice increases and hence, the probability of Iron .00 x 108 | Q.0a520
their aolliaion with free elactrons alao increeses.  Platinum 11.00 x 19 | 0.00520

Cne may gay that the atoms then offer a bigger  Constanton | 4u.00x10* | G.0000
target, that is the collision cross-section of the mMercury 94.00 x 10 | 0.00091
atoms increases with temperature. This makes Nichrome | 1000 10° | D.000Z0
the collisions between frem slectrons ard the “gaman 3Ex10° | -0.00005
atoms in tha lattica more fragquent and henca, the  Gemmanium 1 8.6 0.05
reslstance of the conductorincroases. Silzen 205300 007
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Experimentally, the change in resistance of a metallic condustor with temperature is
found to be nearly linear over a considerable range of temperature above and below 0°C
{Fig.9.23). Dwver auch a range the fractional change in resistance per kelvin is known as

thetempemature coafficient (o} of resistance, i.s.

S (9.38)
R i
where R, and R, are resistances at temperatures
0°C and t°C respectively. As resistivity o depends upon
thetemper=tiure, Eg. 8.35 gives

L L
R=qg A end R, =p o {9.39)
Substituting the values of R and K, in Eq. 9. 35, we havs
g AT e (6.40)
13

where p, is the resistivity of a conductor at 0 °C and p.is
the resistivity at £"C. Values of temperature coefficients
of resistance of some substances are also listed in
Table 9.2. Thars ara some substances lika garmanium,
silicon, ete. whose resistance decreases withincrease
in tamperature, these substancas hzve negative
temperature coofficlonts.

o0m) —

0 400 60O

-z o
TGy —
Flg. 823" ianation of resiativity of
Cu with tamperatura

ralizbility of 2 concrete bridge
made with carbon fibers. The
flbwra conduct alactricly. If
sensors show that electrical
naglstanca s Incraasing over ima
the fibers ara saparating becauss
of cracks,

Exampie 9.2 [ 0.75 A current.flows through an Iron wire when a batiery of 1.5 V Is
connected across its ends Thelength of the wire is 5.0 m and its cross-sectional area is

2 5x10'm". Compute theresistivity of iron.

Solution

The rasistance R of tha wire can be calculated by Eq.9.34 [,

v _ 15y
{ ~ 0.754

=20VA'=200

The resistivity g of iron of which the wire is made of is given by

_pA_200x25x 107 m?
Py 5.0m

Exomple

=10=10'am

8.9 || Aplatinum wire has resistance of 10 0 at 0°C and 20 02 at 133°C. Find

the value of tem perature cosfficiant of resistance of platinum.
Solution R=100 R,=200,t=4d88 K- 273 K=193K

Temperature coefficient of resistance can be found by
“=R,—Ro _ 200-108

L =518x107 K"

(219 108k 193 K

193 K
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89.14 ELECTRICAL POWER

Consider a circuit consisting of a battery of entf & connected inaenes with a resistance R
{Fig.9.24). Asteady current f flows through the circuitand a steady potential difference V'
exists hetween the terminals A and B of the resistor /. Terminal A, connected to the
positive pole of the battery, is at a higher potential than the temmiral B. |n thiz circuit the
battery is continuously lifting chargs uphill through the potential difference V. Using the
meaning of potartial differance, the wark dona in maving a charge Q up thraugh the
potential difference Vis given by f— "
Work done =W=VxQ __ _ __ (944) B
Thisis the snargy suppliad by the battery.

The rate at which the battery is supplying eleciriczal

anergy is the powear output or electrical power of the :__—E
battary. Lising the definttion of power, we have [ :
Electrical powsr = Energy suppiled = VE
Time taken t :
Since = ? ¥y B
The above equaiicn can also be writlen es; :&ﬁ; rheap:mwfarﬂ;mmg
Electidcal powor = Vi........emeeidine o (8.42) e reRisnce K.

Equation 9.42 Is a general relatan for power dsllversd frem a sourse of curment /
operating on a voltage V. In the circuit shown in Fig. 8.24 the powar supplied by tha
hattery is expended or dissipated In the resistor R. The principle of conservation of
anergytells usthat the powardissipatedin the resistor is also given by Eq. 9.42.

Powerdissipated P=V/{

Alternative equation. for calculating power can ba found by subsiituting WV=IR, I = WK In
turnin Eq. .42

P=vi=(R}M=IR

ar P=Vi=V(V/R)=V/R

Thus, we have three equations for calculating the power dissipated in a resistor.
P=\1, P=FR
PEVHR e (9.43)

If Vis exprassad Involts and /In ampares, the powar |5 exprossed Inwatls,

815 ELECTROMOTIVE FORCE (EMF) AND POTENTIAL DIFFERENCE

\We know that & source of alecirical energy, say a cell or a batlery, when connecitsd
across & resistance, maintains a steady current through it Fig. 8.25. The cell
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continuously supplies anergy which is dissipated in the resistance of the -::lrcud.
Suppose when a sleady current has been established in the circuit, 8 charge L passes
through any cross-saction of tha circuitin time t. During the course of motion, this charge
anters the cell at its low potential end and leaves at its
high patantial end. The source must supply enargy Wia | ¢ £
the positive chargs Lz compel i{ to go to the point of high —
potential. Tha emf £ of tha source is defined as the
energy supplled to unlt chargs by the call.

1
|

RARAL AR
TERARE

i.a Fofes E {9 44} Fig. .26 Floctromotive: fores
8., R X ofacall

It may be noted that electromotive force is not a force and we do not measura it in
newtons, The unit of emf is joulefcoulomb which is volt (V). The energy supplied by the
cell ta the charge carmiers is derived from the conversion of chemical energy inta
clectrical energy inside the cell. FIE 5y

Like other componzgnts in & circuit, & cell also offers seme \_\L A
resistance. Thigresistance is due to the sleclrolyte présent Fig. 5.26: An sgubalant eircult of
batwaan the two electrades of the call and |s callad the & cell of emf £ and intemal
internal resistance of the cell. Thus, a cell of emf E having Tesitance 1

an inlernal resistance ris equivelent to a source of pure
arnf E with a resigtarics rinsariss as shown in Figy. 8.25.

Let us consider the performance of a cell'of emf £ and ./T.E
internal resistance r as shown in Fig.9.27. A vaoltmeter of 1\!:
infinite resistance measures the. potential difference |
across the external resistancé R or the potential @ A ]
difference V acrass the terminals of the cell. The current/ 7

fiowing through the circuitis given by 5
E R
R+s Fig. 9.27: The terminal potentisl
or E=MR+Ir ... {9.45) differance V' of a cell Is E-IF.

Here JR.= V' Is the terminal Do you know? jL&i—

poatential difference of the cell In
the presence of current /. When :: I'
the switch S is open, no current
pagses through the resistances.
In this cass, the voltmetar reads
the amf E ag terminal voltage.
Thus, terminal voltage in the

presence of tha current (switch =

ON) would be less than the amf /A velimeter connected acroze tha terminle of a call measures:
(a) the amf of the cell on open circult,

Eb'f fr. (b} the termingl potential difference on 8 clossed cimcuit
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Lat us interpret the Eq. 5.45 on energy considerstions. The left side of this equation is
the emf E of the cell which is equal to energy gained by unit charge as it passes through
the call from its negative to positive terminal. The right side of the equation gives an
account of the utilization of this anergy as tha curment passes the circuit. It states that, as
a unltcharge passas through the clrcult, a part of thls snergy equal to fris disslpated Into
the cell and the rest ofthe energy is dissipated into the external resistance R. It is given
by potential drop R, Thus, the emf gives the energy supplied to unit charge by the cell
amd the potential drop across the various elements account for the dissipation of this
energy into other forms as the unitcharge passes through these elements.

The emf is the “cause” and potential diffarence is its “effect”. The amf iz always presant
even whenng current is drawn through the battery or the call, but the patential difference
across the conductaris zere when no current Aows throughit.

Emumple .10 1 The potential difference between the terminals of @ battery in gpan
circuit is 2.2 V. When it is connected across a resistance of 50 £, the potential falls fo
1.8 V. Calculate tha curmant and the intamal resistance of the battery.

Solution

E=2.2V, R=5.00, V=128V

\Wae have to calculate /and r
R v 1.8V
V=R or I=E =m =036 A
Internal rasistancs rean be caleulated by using
E=V+ir
22V=1.8V+0.36Axr
or Fs1.10

9.16 KIRCHHOFF'S RULES

Kirchhoff's rules are hwa fundarmental principles in dircail analysis that help to determine
the current and volizge in electrical circuits. They are particulary useful for analysing
complex circuits that cannot be simplified by Ohm's law and seres or paraliel
combinations.

Kirchhoffs First Rula
Itstates that the sum of all tha currents meeting at a palnt (N the clrault B zer.
i.E., S {946} rLE For your information

i
4 |
Itis @ convention that a curment flowing lowards apoint A node 15 a point in a0 electric
i taken as positive and that flowing away from a point ﬂﬁmlm SISO E Fre
istaken asnegative, '
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Consider & situation whare four wires meet at & peint A
{Fig.9.28}. Tha curmants flowing into the pointA are {, and 4, /
and currents flawing away framtha point are f,and £,

I

According to the convention, currents [, and 4, €re = A §

positive and currents ¢, and I, are negative. Applying i Vi

Ezy. .46, wa have _,4"'r }'L.\\,
f1+j’z+{'l(a}+('f¢):0 f,f'/ LL"

or vl =d+d (947

: . . Fig, 9.28: Accorcing ¥ Kirchholfs
Using Eq.8.47, Kirchhoff's first rule can be stated in - 1" nilsf ¢+ L=f+

otherwards as:

[y

Thg sum of all the currents flowing towards a The nade at which potertial is
point is equal to the sum of all the currents takanas zero s callad datumn
flowing awsy from the point. noile or referance nods,

Kirchhoff's first rule which is also known as Kirchheff's point rule is a manifestation of law
of conservation of charge. I there is no sink or source of charge at a point, the total
charge flowing towards the point muat be equel tothe total charge flowing saway from it

Kirchhoff's Second Rule

It states that the algebraic sum of woltage changes in a closed circuit or a loop must be
equal to zero. Consider g slosed cireuibshewn in Fig. 8.28. The direction of the current
flowing through the circuit dependsion the cell having the greater emf. Suppose £, is
greater than £, so the cument flows in counter clockwise dirsction. We know that &
sleady current s aquivalent toa conlinuous flow of posltive chargas thraugh the clrgull.
We also know that avoltage change or potential difference is equal to the work donz ona
unit positive charge or energy gained or lost by it in rmoving from one paint to the other.
Thus, when a positive charge @ due to the current { in the closed circuit {Fig.5.29),
passes through the cell E, fram low {-ve}to high potential (+ve), it pains energy because
work is done on it. Using Eq. 9.44 tha energy gain is £,Q. Whan the current passas
through the call £, , it loses enargy equal te - E,0) bacause here the charge passes from
high ko low-potential. In gaing threugh the resistor A, the charge @ oses energy equal to
—IR.Qwhera /R, is potantial diffarence across K. The minus sign shows that the charge

is passing from high to low potential. Similany, the logs & v'\.id’b I E
of snergy whlile passing through the reslstor R, 1s IR, Q. I
Finally, the charge reaches the negative terminal of the:
cell E,, from where we started. Accerding to the law of —Lt m
conservation of energy, the total changs in energy of our Fid:
system is zern. Therefore, we can write: R

EQ-1R,Q-EQ-IR,Q=0 WA

Flg. 2.29: According 1o Kirchhoff
or E,—IR-E—-IR,=0........ {9.48) ool ol el
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which is Kirchhoff's sacond rule and il states that:
The algebraic sum of potential changes in a closed circuit is zero.
\Wea have seanthatthiz rulele simplya partlcular wayofshﬂng tha law of mnsarvatlnn of

energy in electrical problerns. [ & For your informatiar i
Before applying thia rula forthe analysis I Signa for E and / i
of complax network, It Is warthwhile to E

E
theroughly understand the rules for @ ’ & I ®
finding the potential changes. =l . il

(i If a source of emf is traversed from EREs e
positve to negative terminal, the o s nn, * & SAAAA, Py
potantial change is posilive. It is —_— _
negalive in the cppoesite direclion. V=R V=R
{ii} If a rasistor is travarsad in the direction of current, tha changa in potantial is positive.
Itle negativa n the opposita direction,
Example 9.1 10 Calculate the currents in tha thres t|= a
resistances of the drauit shown in Fig. 8.30. + |_

First we select two loops gbcda and ebefe. The choice

af loops is guite artitrary, but it should ke such that r
each raslstance le Included atleast onéea In tha selacted =108, A= 3011 R,=- 15!1
lcops. E.=4EW. E, =80V, Ry=50v

Flg. 9.39

After selecting the loops, suppose a current [, is flowing in the first [oopand /; in the
gacond |oop, all fliowing in the same sensse. Thesse cuments are called loop cuments. Tha
actual currents will be calsulated with thair help. It should be notad that the senss of the
current flowing in all\loops should essentially be the samea. It may be clodowise or
anticlockwise. Here we have assumed it to be clockwise.

We now HDDI?--Kif‘GI’ihDﬂ'E second rule 1o cbtain the equations requirad ta calculate the
currents through'the resistances. W first considertha loop abeda. Starting at point a we
follow the laop clackwize. The voltage change while crossing the battery £, 15 —F,
basause the curant flows through It from positive to nagative. The voltags changa
across R, is—/ R _Theresistance R, is common to hoth the loops {and £ |, therefore, the
currents /, and {; simultansously flow through it. The directions of currents /, and {, as
flowing through K, are opposite, so we have 1o decide that which of these currents Is to
be assigned a pasitive sign. The convention regarding the sign ofthe current is that if we
are applying the Kirchhoff's second rule in the first loop, then the cumrent of this loopi.e.,
1, will ba assigned a positive sign and all currents flowing cpposite to {, have a8 negative
sign. Bimilarly, while applying Kirchhoff's secand rule in the second loop, the curent 1,
will be considered as positive and f, as negafive. Using this convention the cument
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flowlng through &, Is {1, - L) and tha voltage change across Is =fl, - LJR,. The voltage
change across the battery E, is E.. Thus, the KirchholTs second rule as applied to the
loop abeda gives

—E LR —{[ - +E =10
Substituting the values, we have
=40V - x10Q-{/-Lx300+60V=0
20V 100x[f+3(L-L)] =0
or AL =3L=2V0"=2A )
Similarly, applying Kirchhoff's second rule to the loop ebofe, we have
—E~{L,—-1R—LR,+E,=0
Substituting the values
— G0V - -L}1x30Q-Lx152+30V=0
—10V-150x[hL+2(L—4)=0
6f—-04=2Va'=2A . ......({
Solving Eg.{i) and Eg. {ii) for 4, and [, we have
=0B8Aand ,=D.22A

Knowing the value of loop cuments {, and Lthe actual curent flowing through each
resistance of the circuit can ba detemmined. Fig. 9.28 showsa that {, and I are the actual
currents through the resistances R, and R, The actual current through R, Is tha
difference of !, and ,and its direction §along the largercurent . Thus,
Thecurrantthrough R, =1, =2/3A= D.6EA flowing in the direction of {, L.a., fromatad.

The cumrentthrough R. = . =f;= 2{3 A- 2/9 A= 0.44 A flowing in the direction of f, i.e., from
clob.

The current through' R, =1, = 2/9A = 022 Afiowing In the direction of L e framTflo g

Procedures of Soluticn of Circuit Problems

After solving the above problem, wa are In a position to apply the same procedurs to

analyze other direct current complex networks. While using Kirchhoff's rules in other

prablems, itis worlhwhile to follow the approach given below:

{i) Drawthe circuitdiagram.

{ii} Tha choice of loops should be such that each rasistance is included at least once in
the salectad loops.

{iii) Assume & lcog cument in each lcop. All the loop currents should be in the same
sansa. t may ba aither clackwise or anticlockwisa.

{iv) Write the loop equations for all the selected loopa. For writing sach lcop equation,
the voltage change across any component is positive if travarsed from low 1o high
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potentlal and It 1 negativalf traversad fram high to low potentlal.
{v} Solve theseeguationsforthe unknown quantities.

9.17 WHEATSTONE BRIDGE

It is an electric gircuit. The Wheatstone bridge
cireuit shown in Fig. 9.21 consista of four
resistances R, R, R, and R, connacted In such
away 50 as lo form 2 mesh ABCDA. A battery is
connected between points A and C. A sensitive
galvanometer of resislance R, is conneclted
beatween points B and D. If the swilch 5 is
closed, a ourrent wil flow through the
galvanometer. Wae have tc dsetermine thae
caondition under which no cument flows through
the galvangmeter even after the swiitch is
clased. For this purpose, we analyse this circuit
using Kirchhoff's second rule. We conslder twe
lcops ABDA and BOCDBE and assume
anticlockwise lcop cumrents f, and [, through the " | }
lcops respectively. The Kirchhoffs second rula
asappliadio loop ABOAgives:

R (I ) R~ LR.= 0. e, (9.28)
Similarly, by spplying the Kirchhoff's sécond rule to loop BCDB, we have
LRy~ bR~ (= 1) R =D (9.50)

The current flowing through the galvanometer will be zaro if, {,— L=0or J, = L. With this
condition Eq. 9.51and Eq: 8.52 reducato:

S

1]
n

Flg. 831: Wheatstone bridga clroult

N R A = {8.51)
and “LR=ILR, ... _._...(3959)
Dividing Eg. 9.48 by Eq. 849, we have
LR, LR Pednt 2o pander!
IR, = et {9.53) e e

in some electric appliances?

Al = 1, therefore,

Thus, whenever the ¢ondition of Eq. 9.54 is satisfied, no current flows through the
galvanometer and it shows no deflaction, or comrersaly whan the galvanometer in tha
Wheastatane bridge circuit shows ne deflaction, Eq. ©.54 is satisfied. If we connact threa
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resistances R, R, and R, of known adjustable values and a fourth resislance R, of
unknown value and the resistances R, R, and R, are 50 adjusted that the galvanometer
shows no deflection, then from the known resistances R, B, and R, , the unknown
resistance R, can be determined by using Eq. 9.54.

9.18 POTENTIOMETER

A potentlometar | malnly used to compara potentlal dlffarencas and to find the valus of
anunknown resistance. lbworks on the principle cf Wheatslone Bridge.

Working of Potentlometer

Potential diference is usually measured by an ingtument called a-voltmeter. The
volimater is conneclsd across the two points in a circuit belween which potential
differance is to be measured. [t is necessary that the rasistancs of thavaltmeter be large
compared {0 the circuit resistance across which the volimestsris connectad. Othanwisa,
an appreciabla currant will flow through the voltrmmter which will alter tha circuit cument
and the potential differsnce to be measurad. Thus, the ¥olimater ¢an read the corract
potential difference only when it does not draw any carment from the circuit across which
itia connacted. Anidesl volimeter would have an infinite resistance.

However, thera are some potential measuring nsthuments such as digital voltmeater and
cathode-ray cscilloscops which practically do-not draw any cument from the circuit
bacause of their large resistance and.are thus very accurate potential measuring
instruments. But these instruments ars vary expensive. A very simple instrument which
canmeasure and compare potential differences accurately is a potentiometer.

& potentiometar consiste of a rasistor R in the form of a wirs on which a tarminal G can
slide {Fig. 9.32-a). The resistance between A and C can be varied from 0 to K as the
sliding conlact C i moved from A to B, If

a bhattery of emf £ & connected across R le R 3|

{Fig. 5.32-b) the cument flowing through it is

f=E/R. IFwa reprasant the resistance batween 2 Jc 3
Aand G by 5 the petential drop betwaan thage (@) el

points wil be'r i =r E/R. Thus, as C is moved
from & to B, r varies from 0 to R and the E
potentlal drop between A and G changes from
OtoE

Such an amangement alac known as potantial
divider can be used tc measure tha unknown A
emf of a source by using the circuit shown in

Fig. 9.33. Hers Risin the form of a straightwire () 3
of uniferm area of goss-section. A source of x“:fL
patential, say a cell whose emf E, is o be Fig. 8.32
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measured, is connected between A and the sliding £
contact C through a galvanometer G. It should bs
nated that the posiive termiinal of £, and that of the
potartial divider are connagcled to the same paintA.
If, in the loop AGCA. the point C and the negative
terminal of E, are at the same pctential, then the
two tearminals of the galvanomater will be st the

same potential and no curent will iow through the = r’;i.,‘

galvanometer. Therefors, to measure the potential It i

E, tha pesition of C Is so adjusted that the - 9;3:
ig. &

galvanometer shows no deflection. Under this
condition, the emf £, of the cell is equal ko the potential difference between A and C
whose value EFRis known. In case of a wire of uniform cross-seclion, the resistance is
propartional to the length of the wire. Theraforg, the unknown emfig alse given by

r ¥
E =E—=FE= el 955

whera L is the total length of the wire AB and £ is ils length fram Ato C, aftar C has bean
adjusted far no deflection. As the maximum poetential that ¢an be obtained betwesn A
and Cis £ 50 the unknown emf £, should-not exceed this value, otharwise the null
condition will not ba abtained. t can be sesh that the unknown amf £, is datemminad
when no current is drawn from it and therefore, potentiometer is ane of the most
acrurate methads for measuring potential.

The mathod for measuring the emf ofa ¢oll as describad above can be used 10 compara
the emfs £, and £, of two cells. The balancing lengths £, and £, are found separately for
thetwoeellz. Then,
& &
E=E—and E,=E=
2 7 and £, i
Dividing thesetwo eguations, wa have

E‘- = % .................................. (9.56)

So. the ratio of tha emfa is equal to ratia of the balancing langths.
9.19 USE OF A GALVANOMETER

Agalvanometer is an instrument for detecting a cument. We are not going ta discuss its
internal structure and how doea it work. We focus only on ita use. It is often used in null
methods to achieve preciee measurements in electrical circuits. The null mathod
invalves adjusting the cireuit until the galvanomaier shows no deflection i.e., a zero
resding. This indicales that certain required sonditions are metin the circuit. Inthis state,
the sleciric potentials at both ends of the galvanometer are the same. Although a
galvanomater has its own resistance, but at the null raading, its resistance does not
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come into play. The reason is that, in this condition no current is passing through it. The
null method is widely used in bridge circuits such as V¥heatstone and potentiometer
selups,

As we havs studied in the pravious section, the null method is used b measure an
unknown rasisiance in the Whaatstona bridge circuits, The galvanometar is connected
between the mid-points of opposite sides. The variable resistance is adjusted untl the
galvanometershows no deflection. At this point, the bridge is balanced and the unknown
reslstance can be calkculated uslngthe ratlo of the known reslstances.

In a poteniometer, null method is used tc measure an unknown voltege by comparison
with a known referenca voltage applied across the resistance wire of the potantiomelsr.
A galvanometer and a jockey are used to maka contact along the wire. At null point, tha
patential difference between the jockey and the end of the wire equals the unknown
voltage. The poeition of the jeckey gives the measure of the unknewn voltage,

There are some advantages of using a galvanometerin null method.

1. Null methad, eliminates the affect of the galvannmétan‘s internal rasistanca on tha
measurament resulting in more acourate readings.

2. {3alvanometers are highly senslive and can detect very small currents of the order
of 10" ampere.

3. "MNodeflaction” indicates a direct and clear condition of balance making it easiarto
identify the null paint.

9.20 THERMISTORS

Atharmistor is a heat sensitive resistor. Mast #
thermistors have nagative lempearature -
cosflicient of resistance, e the resistance /

of such thermistors decreases whan thair ,.ff
tamperature i increasad. Thermistors with rd
positive temperature coeflicient are also ¥

available.

In tha tharmigtors, resistance dacreases as
temperature increases. This is because
increasing tsmperature provides more =

anergy to tha charge carrlers (slectrons or . ! i b
holes), enabling them to move more freely . I_l w
and thus reducing resistance.

Tharmisters are made by heating under high

pressure semiconductor ceramic made

from mixtures of metallic oxides of [

manganese, nickel, cobalt, copper, iron, etc.
These are pressed intz degired shapes and

Flg. %.34: Thermisiore sysmbois

Flg. 8.35: Typae of thanmletors
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then baked st high temperature. Different types of thermistors are shown in Fig. 8.34.
Thay may be in the form of beads, rods or washers.

Applications of Thermistors

Temperature Measurement

Thermistors are usad in themrmomseters, and electric davices auch as air conditioners,
rofrigerators, hieaters, microwave ovans, incubators, ste.to maonitor tamperature.

Thermistorz with high negative temperature coefficient are vary accurate for measuring
low temperatures eapeacially near 10 K. Tha higher resistancea at low temparature
enables more accurate measurament possile.

Tharmistors have wide applications as empearature sensors, i.g. they convert changes
of tarmperaturs inta electical valtage which is duly processed. Foréxample, thess are
used in coolant temperature sensors in automobile engines to prevent the engine
averheating and in digital tharmometars.

Temperature Compensation

Thermletors are usaed In circulls where temperature changas could affect performanca.
Such asin oscillators, battery charging circuits and power systems.

Inrush Current Limiting
Thermistors are used o limit the initial flow.cfourrent when a device is firstturned on.
Voltage Divider

Thermistors are widely used as voltege divider. As Hi=

shown in Fig. 9.36 when temperatura of a themistor

increases, ils resistance decreas_es. This decreases G e |~- _l
the voltage drop acroes the thermistor. As a result, the | of ardar of ko Thgrmistor
potantial at point B Increases that can be used to '
trigger a circuit connected toit. In case of a fire alam, ,L
the use of a thenmistor tums the NOT gate low when it

gets heated. The output of NOT gate goes high and  Fig. 836

turns the siren QN.

9.21 LIGHT DEPENDENT RESISTOR

Light dependent resistor (LDR} Is 2 resistor whose reslstance decreases with Increasing
light intensity. Due to this properly, it is also known as photo resister. The LDRs are
typicelly made from semiconductor materisl lke cadmium sulphide. The material is
depogited in a spacial patlern on an insulating plate.

Working Principle
Tha prncipla usad i an LOR is the nereass in the conductivity of tha material oh

oxposing it ta light. In darkness, the semiconductor material has a few freg electrons
{charge carriers) resulting in high resistance. When light photons hit the material, they
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transfer anergy to slecirons in the outer orbits, thus, making tham free to conduct
alactriclty. This dacreasas tha reslstancs of LDR. Tha amount of light hitting the LDR's
surface determines the number of free elections. Conversely, less light resulis in
lowering the free elections, thua, making higher resistance. This change in reaistance
can be measured and usad in cireuits Lo sanse light lavels.

Applications of LDRs

Light Sensors

LDRs ara commonty usad In light sensing creults such as automatic lighting systams n
homes and street lights. An LDR works just like a switch that tums ON at dusk.and OFF
atdawn.

Camera Exposure Control

LORs help in adjusting the exposure lime in cameras based on tha amount of available
light.

Voltage Divider

In a lypical circuit, an LDR can be a par of voltage divider, that converts the resistance
change intc measurable vollage change. This voéitage can then be read by & micro-
contraller or other control clreultry to perform actlons basad on ight (avels. A clroult Is

shown in Fig. .37 in which an LDR is used as voltage A
divider. In the dark, tha LDR has a very high ragistanca ag
comparad o the standard resistance (100 kQ) in the High raziztanca
circuit. Therefore the vollage drop across the LDR is very of order of kQ

large as registered by a voltmeter. When the LDR is | — "
cxposed to light, the resistance of LDR decreasestovery T J
low. Mow;, the voltmeter registers a lower reading. Hence, Al

the change in light intensity gives rise to change in LBR 1
voltage. Therafors, by connacting mid-point B to a NOT y |
gate. L DR canbs usad as a switch. I-

=G

Rellablifty of A Concrete Bridga 4
Inspectors dan aasily check the reliability of concrate e
bridge with the help of carbon fibers embedded inits slab.

Thisis possibla hecausa of the conducting properdy of the
carbonfibers. Let us know step by step howdoes it work?

1. Firststap isto know the elecirical propsrtiss of carban
fibare. Carbon flbars are known to be good
conductors of eleciricity due to their high carbon
conlent.

2. Secondly, we can embed the carbon fibers within the
slab of the concrete bridge during its construction.

Flg. 5.538: Carbon fibre sheats
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Than we can connact them to form & conductars network.

3. Inspectors can check the reliability of the concrete bridge by applying small electric
current to the carbon fiber network. They can determine the integrity of the concrate
struchure by measuring the resistancs of the natwark.

4. The sensor installed into the netwerk can show whether the slectric resistance ig
changing or not. If the resistance remains the same over time, it indicates that the
conerete bridge is maintaining its structural integrity. However, if the resistance
incraases, it means that the concrete is detariorating or that the carbon fibers are
being damagad.

Some other methods are alsc used to check the strength of the conerete bridge. For
example. a type of sensors continuously monitor etrain, vibration. and termparatura.
Internal flaws, such as cracks or voids are detectad by using ultrasound waves,

A A

T o

'@ Multipie Cholce Quesitions |

Tick {+') the cormrect answer.

2.1 Two point charges Aand B are separatad.by‘ 10 m. If tha distanca betwaen tham is
reduced to5m, the Torca axertad on@achy”

{a) decreasas to helfits original value
{b}increases to twice the onginal value
{c}decreasesinone quarte‘r{;j-ﬁls original value
{d}increasss four times toits original value

9.2 Which electric chargs ispossible on a particle?

{a)2.5x10™C {b}'3.2x1u"“c {c)1.6x10™C {d)6.02x10%C
9.3 Which diagram best representz the slactric fiald lines arouhd two oppositely
cha rged gariicles?

\ \-*sff; o
AR I \\“/{&*

=
=N
{c) ;\x 4 {d)
e
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9.4 Whatis the work done on an election by potential difference of 100 volts?
{1 1.6x10"eV {b}1.6x10" eV {c)8.25x 10" oV (d)100 eV

9.5 Tha potential at a point situated at a distance of 50 cm from a charge of 50 uCis:
{2)9x10"volis  (b)18x 10" volts {c)8x 10° volis (d) 18 x 10" volts

9.6 AballofweightD.1 N having 2 charge of 100 UG remainad suspendaed batwasn two
oppositely charged horizontal metal plates. The eletric inlensity between the
plates is:
() 10NC {by100NC" {c)1000NG’ (d)10000N C"

9.7 A piece of wire has resistance of 4101 It is doubled on itseli =o thal s length
becomes halfbut ares of cross-section is doubled. its resistance novrwill be:
{a)ga {bya 02 {c12802 (@10

9.8 The cument through a conductor is 2.0 Awhen it is sitached scross a potential
difference of 8.0 V. How much powerls used?

(a)0.5wW {by2 O0W {c)a.ow {dy1aw
9.9 The algebraic sum of potential changes for & Complete circult ig zero. It is the
statamentof:
{a)Ohm's law {b) Gauss'slaw
{c} Kirchhoff's first law {d) Kirchhoffs sacond law

8.10 The radius of curvature of the path oFg charged particle in a uniform magnetic field
= directly proportional to:

{a)ihe particle's charge {b} the particle's marnentum
{c}the particle’s energy {d} the flux density of the field

(7, Short Answer Questions | ]
9.1 Howdnas a maﬁl'ng conductor lIke an aeroplane acgulre charge as It flles threugh
the air? Describe briefly.
9.2 Define electdc Intenslty and slectric potental.
93 A battery is rated at 100 A h {ampere-hour). How much charge can this battery
supply?
9.4 Iselectron-volt a unitof potential differance orenergy? Explain.

8.5 Acopperwire of length L hag resistance R. It s stretchad 1o double of its langth.
Whatwill be the resistance of the new length of wire?

9.6 Whydoes the resistance of a conductor rise with increase intemperature?

97 Isthefilament resistance lower or higherina500W-220V light bulb than in a 100 W-
220V bulk?

9.8 Why does reslstance of a thermilstor changes astemperature Increases?
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9.9 Which materials can be usedto construct Faraday's cage and why?
| Constructed Response Questions

9.1 Electric lines of force never cress each olther, Why'?

9.2 s E neceszarily zero inside a charged rubber balloon if the balloon is spherical?
Assume that chargeis distributed uniformly over the surfacs.

9.3 Electroatatic force is 10* times stronger than gravitational force. Argue that our
galaxy ehould be almost elacirlcally nautral.

9.4 Anunchargad condudting hollow sphere is placad in tha field of a positive charge .
Whelwil be the net flux through the shell?

9.5 Apotential differsnce is applied acrass the ends of a copper wire: What is the effact
on tha driftvaloclty of frae alectons by
{l} increasing the potentizl dfference?
(I} decreasing the length and the temparaturs of the wire?

9.8 Why the terminal potential difference of a baltery decreasas when the cument
drawn from itig increased?

Comprehensive Questions _

8.1 Explain the slecirlc potantlal and prove that slactric fleld Intansity Is aqual to the
negative of potential gradient.

9.2 Btate and explain Kirchhoff's rules.

9.3 Whatis a Whealstone bridge? Explain its working with the help ofadiagram.

9.4 Whatizs a light dependent resistor (LDR)Y? How can this be used as ON-OFF switch
for lighting?

9.5 Whatisa potentiometar? Desoribg its working.

§ Numerical Problems

9.1 Twounequal point charges repel each other with a force of 0.4 N when they are 5.0
cm-apart. Find the forpe which each charge exerts on the other when they are {a)
2.5cmapart{h) 15.0 cmapart. [Ans: (8} 1.8N (b) 0.04 N]
9.2 Aparticle of charge +20 pC is placed betwean two parallel plales, 10 em apart and
having a potential difference of 0.5 kV betweesn them. Calculate the electric field

betwaen tha plates, and the alastric Toree exerbed on the charged particle.
fAns: 5 kN C7, 100 mN)
9.3 Theelectron and proten in 2 hydrogen atom are separated (an the average) by a
distance of approximataly 5.3 x 107" m. Find the ratia of the glectric farce and the

gravitatiohal force betweaen the electron and proton in this state.

(Ans: = 2.3 x 107
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94

9.5

9.6

97

9.8

99

2.10

After a pleasant showering, a water droplet of mass 1.2 x 10" kg is located in the
air near the ground. An atmospheric electric fiekd of magnitude 6.0 x 10° N £
points vartically dowmward in the viginity of the watar droplet. The droplst remaing
suspended at restin the air. Find the elactric charge on the droplet.

{Ans. — 1.86 x 107" C)
An electron enters the reglon of a uniform slactric fled, with v,=293 x 10" m g”
and £ = 300 N C”. The horizontal length of the plates is 10.0 em. Find the
acceleralion of the electron while it is in the electric field. How long will it take ta
paas through tha fleld? (Ans: 52T x 10" ms® 3,34 x10™s)
A dise of 10 em” area is placed in a vartical electric fisld E=5 x 108 N'C. If tha
plana of the disc makes anangle of 30° with the horizontal, determine the electric
flux through the disc. (AnsT250/3N m C)
A circular copper rod is 50 cm long and has 1 cm diameter. Find the resistance
across its ends. What should be the side of square cross-gection of a 50 ¢m long
tungsten rod if its resistance is the same? [Resistivity of copperis 1.69%10°Qm
and that pftungstenis 5.0x 107 0m.] (Ans: 1.08x107° 02, 1.82cm)
The copper winding of an electric fan has4 resistance of 50 £ at 30 °C. After
running for some tims, the resistance becomes 52 (1 How much is the ingrease n
temperature ofthe winding? [Forcopper o.=0 D038K'] {Ans: 10.37°C)
During an experimant, a copper wire-of 50 m long and 150 pum thick is hung
vertically. Then a current of 1°A is-pessed across its ends for 50 5. Find the
reslsiance of the wire and the heat disslpated during this procass. [Reslstivity of
copperis 1.89x10" 2 m.] (Ans:47.80,2390J)
The e of a battery is 12V, It is connacted to a 3.6 0 rezigtor. I the intarnal
resislance of the battery is 0.2 {), whal will be the terminal vollage across the
battary™? (Ans:11.4Y)




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

% Siate that a foroe might act on a cument-camying conductor placedinameg netic field

4 Uss the aquation F=SiLs=in) fwith direclions as interpreted by Flaming's Iaﬂ-hand |:l.|1|| to solve
problems]

& Define magnetic flux [as the product of the magnetic flux density and Ihe [xoﬁ-@echona] ares
perpendcularto the directicn of the magnetio fl ux density]

% Use ¢=BAto solve problems

& Usa the concept of magretic flux linkage

@ Define magnetic luxdensity 28 the force acting parunltc:l..lrmntparuml [Englhnn awire placed at right
anglea toihe rnagnetic fald) 3

@ Use F=FEgVsind to eolve prublemsz -

% Describe the melion of a chamged parfidle maving in al.ni"qn'n magnetic field perpendicular to the
direction of motion of the particle

% Explain how electric and megnetic fizlds canbe IJSECH{I valnnll],rselec:hnn

4 Explain experiments that demonsirate Faradagi #nd Lenz’s laws |{a) that a changing magnetic il

can induce an «mf in acircui, (b} that the Im{ucbd EmTis in auch # direclion e= o oppose the change
producingit, (o] tha factors affesting the magn"iﬁadaoﬂhemd usad et |

% UasFereday'sand Lenz's lews of elechiomeagnedic induction tosolve problems

& Describe how ferrofluids work [they meke use of temporary soft magnetic materisls suspended in
lieyuids tor dhawebop Auids thet reacttn fh;.- polea of & magnetand have mary applications in fields such
asabsstronles]

@ Explain how seigmomsters- quké ume of alectromeaygnetic induction to the asrthquelkes datection
[specifically Intarmaof: |
{i) anty movement o vibiration of the rack on which the semomater rasts (buried in a protactive case)
reaults Inrelstiva n'[htlm Babwaan the magnet and the coll (Suspended by a spring from thairame. )
{ll} Tha amflnrm,nd I the eallls directly propartianal to the displacement assoclated

" Current
We have already studied that a magnetic field is =

¥ produced around a current-carrying conductor. Also, a ] =
changing magnestic field gives rise toa current in a conductor ' ALY '|I
placed in it. Electromagnetism is a key arsa of physics that .'f = |
studies how electric charges and magnetic fields interact. i 1nl*|—|l—l

e < g 1a:

In 182!.'!., Hans Christian Qersled found that electricity and - . . R
magnatism are correlated. fiald produced by a current

| yTmommmrmy

Magnolism skadod with Iodestone, a naturziminerl discovered in ancicnt Trkiye.
Lodsatons, of magnathe (Fa 0y ), can ettract metals Bks Iron and steal and digna
wilh the Eerth’s magnelic pales, leading to tha inventian ofthe compass.
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Electromagnetism is crucial for modem technelogy, including phones, computers, and
medical devices. In this chapter, we will explore basic concapls like elactric fislds,
meganetic forces, and slecromagnstic induction, and see how these principles affect
both natural phenomena and technology. Understanding these concepts help us
appreciate how electromagnetism influences ourwarld end drives innovation.

10.1 FORCE ON A CURRENT-CARRYING CONDUCTOR IN A
UNIFORM MAGNETIC FIELD

It has been observed experimentally that a cumeni-camying
conductar placed in a magnsiic field expariences a force.
Consider astraight conductor camying a steady current placed
perpendicular io uniform magnetic field. Assume the direction
of the current is out of the paper as shown by @ in Fig. 10.2,
The direction of megnetic field produced by the current is also
shiowr.

Just as two magnets exert forces on each other through their
magnetia fields, a current-garying condustar experiencas a
force due fo the Interactlon betwasen Itz cwn magnstic fleld and
the external magnelic field. Te determine the direction of this :
force, consider the interaction betweean the twofields. "'"Flg_"in_i

The magnetic field produced by the current and the external uniform magnetic field
reinforce each other on the left side af the conductor and oppose each other on the right
side. Consequently, the conductor moves towards the side whera the field iz weaker.
Thatis, the force on the conductor is directed to the right as viewed from the front. Thus,
the force F is perpendicular to both the conductor and the magnetic field. Fleming's left-
hand rule is used ta predict the direction of the force experienced by a current-camying

canductor ina magneticfisld. Toapply the rule; Forss
Position yaur [eft hand such that the first s ——
finger poirts in the direction of magnetic TN
figld, the second fingar points in the AN
diraction of currant, the thumb will than B P,
pointin the direction of force. e S
Cumant
The Flaming's leff hand rule is illustrated in Fig. 10.3. Fig. 103

However, direction of force can also be found by using right hand rule that can be
stated as.

Gurl fingars of your right hand from curent to magnetic field through
amaller angle, the atretched thumb will indicate the direction of force.
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Lat us now determine the magnitude of the force on a curent-carmying conductor placed
inside a magnetic field. Experimentally, it has been ohserved that the magnitude of the
forca acling on the conductor is directly proportional to the current f in the conductor, the
length L of the conductor, and the strength of the external magnetic field 8. The atrength
of the magnetic figld is also known as the magnetic induction B, which has the same
direction as the fiald. Thus, the forca F on a conducter of langth £, carrying a currant J
and placed perpendicular to 8 magnetic field of strengih B, is given by
F e BiL

F = kBIL
In S1 units, the value of k =1. Therefore,
E 2 BIL ianniomnngeense [1021)
FramEq. (10.1}wecansesthat B = %.snwecan defing Bas:

The magnetic strength is numarically equal to the force exertad on a conductor of length
ane matre carrying ona ampera curent, placad parpand|etiartotha magneticfield.

B
Equation B =% alsogives usthe unitof B. The Slunit of Bistesla{T}.
1T=1NA"m" '
It may be noted that magnelic induction is‘a vector quantity. lis
direction is the same as that of magnetic fiald,

We can also consider a vector L which has a magnitude equal o the

length of the conductor and its direstion is along the flow of current. Lsing
i Flg. 10
Now consider & conduclor L pleced st an angle 's' ________ -.m._,..__.‘....E_...:

w.r.t the magnetic field, then we will use the [ imberasiing information’ T

component of L perpantdicular to B i.e., L sind), as o
shown in Fig. 10.4. Then'the Eq. {10.1)will become,

FZ BILEING cosereereeesesmerees (10.2) il BEY
Inthevector form the Eq. 10.2 can bewritten as

F=IiLxB ... (10.3) =)

Equation {10.2) showa that the force will be ;:Efﬂ:g:{;‘mﬂmwg:ﬂ

maximum (81L) whan the conducior Is  magret where the south megnetic pole i
perpendicular to the field, i.e., 8 = 90°, and it will be mmm“;;mﬁ:::“;“TDP::;T:::
zerawhenthe conducioris sleng thefield e, 8=0.  geagraphicsouthpols.

Exmmpds 1070 A 20,0 em wire camying & curment of 10.0 A is placed in a uniform
magnetia fisld of 0.30 T. If the wire makas an anglé of 40° with the direstion of rmagnetic
fiald, find the magn/tude of the forca acting on the wirs.

Solutlon Lengthofthewire =L = 20.0cm =0.20m
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Current ={ = 10.0A
Strength of magneticfield =8=030T
Angls =0 =4

Substituting the values in Eg. {(10.2): F=10.0Ax0.30Tx0.20mxsin40°=039N
10.2 MAGNETIC FLUX AND FLUX DENSITY

1 Chegder (10 Bectromagnetism ™

We can represent the strength of a magnelic field B by the lines nfforce in the same way
as for alectric field. Than, the population of thass lines in tha fisld par unit area passing
through a surfacae perpendicular tothe field will reprezent the magnetic flux. Thus,

The magnetic flux through a patch of area A is the

/N

number cf magneticlines passing through this area.

w

If & represents the numberof lines passing through unit
area placed perpendicular to the field, then the total flux

N
AN

q

>

v ¥

through area A perpendicularto the field will be:

N/

_ b
1 R

The surface A may nct be perpendicular to the field, that
ig the nomnal to the surface makes an angle & with B as
shown [ Fig.10.5. Then, wawlllhave ta use cormponant
of B (Beosh) along the vector area & (Fig. 10.5),
Therafora, the flux passing through thasurface will ba:

B, =BACOSD ... (10.5)
As B and A both are vectars, sowe can write
ba=BA ... (10B)

4

Fig 10.5

&

Equation {10.6) shows-thal &, i a scaler guantity.
Therafore, we can define magnetic flux as:

v

The magnetic flux §.. through a plane element of area
A in 2 uniform magnelic field B is given by dot product

L A

ofBand A,

Nots that A is a vector whose magnitude is the area of (
the element and whose direction is along the nomal

)

L

to the surface of the elemant and 9 is the angle batwean
the dirsctions of the vectors B and A {Fig. 10.5). In

¥

r

Flg. 10.7{a}, tha fleld I diracted along the nermal to the

araa, 50 0 is zaro (cosl"=1)and the flux is maximum,

Yy ¥

equal to BA. When the fleld s parallel to tha plane of the
area (Fig. 10.7-b), the angla bstween the field and

nomal to area iz 90° i.e., B = 80*{cos00°=0 }, 0 the flux (5

through the aresin this orentation is zera.

Flg. 107

v
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In case of 8 curved surface placed in a uniform magnetic fisld, the curved surface is
divided Into a number of small surface slements, each elament baing assumad plane
and the fix through the whole curved surface is calculated by the sum of the
contributions from all tha alemants of tha surfacse using Eq.{10.3).

From the definition of tezla, the unit of magnetic flux iz N m A” which is called weber
{Wh). According to Eq. 10.5, the magnetic induction B Is the flux per unit area of a
surface parpendicularto B, hence, itis also called as magnatic flux density. Its unitis Wb
m”. Therefore, magnetic induction, i.e. the magnetic field strength is measured interms
of Wb m orNA' m” (lesla).

Exampie 10770 A ractangular loop of wire 1s plagced In a uniform madgnetic Neld of
magnitude 1.2 T. If the loop is 25 cm long and 20 cm wide, detarminie the magnetic flux
through the loap for the three orientations as shownin Fig_ 10.8.

W L k3 I W W W ig/} W \:"J
/ A i
e
: B AT
vy
(%) (1) &)
Fig. 10.8
Solution [ For grientation (a).angle betwsan B and arsa

vactor Ais A=E60" [0 A
Using = BA cosf 8

= 1.2T x20 om x 25 cm x cosBl’
=1.2Tx5x10"m'x05
= 3x10%Wb
Fororientation (b}, anglag=45"
By =12Tx5x10°m' x0.707

=42 x10°Wb
Fororientation (&), angke 8 =30"
fe =12T x5 %x10°m" x 0.866 o
= 5.2x10°Wh

Fig. 10.8
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10.3 MAGNETIC FLUX LINKAGE

Magnetic flux linkage is a key concept in electromagnatism, particularly in the study of
inductance and electromagnstic induction, Magnetic flux linkage refers to the product of
the magnetic flux through a ceil and the number of tums in the goil. |t essentially
measurss how much magnetic fluxis linkad with the coil due to its multiple tums, and is
an important factor in understanding how coils and inductors cperate in elecirical

cireus. B o o rornason I

Magneticfluxlinkage=¢=Ndb.........{(10.7)

where 4y, is the magnetic Aux through a singla
loop of area A and N is the total number of
tumns of the coil. Magnetic flux linkage playsa
crucial role in the design and operation of
transformers, electric motors, generators,
and inductora. This concept ia particularly A magnetic strip on the ATM card enntaina

. : ' millkene ‘wf-tiny magnetls domalns hald
important A Faraday's I of together by u resin binder. The machine resds

alectromagnetic induction, which we will  j.winformation sncoded on the magnatic strip
explore laterinthis chapter. andit makes your acoass o your account.

10.4 MOTION OF A CHARGED RARTICLE IN A MAGNETIC FIELD

We hava cbsarved that a current-camying eonductor placed perpendicularly in a
uniform magnatic fisld sxperances a forca F. Sinte a current is the flow of sladric
charges, it raises the question: do individual charges moving through a megnetic field
also experience a force? The answer is yes. Experiments show that a charged particle
does experience a force when tmoves across a magnetic feld. We can calculate this
force by examining the behaviour of a current-carrying conductar in a magnetic field.

Consider a conductor of length L through which N -! Do you know? “

charged parlicles, each with charge g, are passing in - : ;
Like elaciric fisld [inss, ot

ime . The motion of thesa charged particlos Produces  fieid ines lso never cross sach

acurrant fin the ecnductor, whichis givan by atner. However, they can attract ar
| rapel aach other
[

where [} is the ictal charge flowing in time £, If vis the velocily of charged pariicles, then
the velocity of the particles along the cond uctar is

v_vi
where L is the unit vector in the direction of the current. The sign of the force depends

on whether tha charge q is positive or negative. Howeaver, the unit vector L is directed
along the direction oftha curmrent, which is the direction of motion of positive charges.

Since the particles take time ¢ to move seross the conductor of length L, therefore,
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1= £ Polnt to pondeed
L4 Why does a pleturs besome gistortad
N N when 8 magnetic bar iz broughtnearto
Then = A L {10.8} the scroen of TV, computar mon ltor or
3 L oscilloscope?
If thiz conductor is placed in 2 uniform magnetic field B, it will expariznce a forca F,
as given by Eq.10.3. B Into the paper
X X ® «* o x 4
F = ILXB nciasiion {10.9)
As R T (10.10) %
Substituting the values of / and L in Eg. {10.3}, we have
F=%|{leﬂ} o % R TE x %
or F = NgvhaBo i (10.11} Bintothe paper

Asvelocity vis directed along the conductor L, g0
we canwrite: vL=v¥=v [as L= )

E = NglvxB] v (10.12)

Tharefore the forca on a single particla will be B % %X % %X % %
R TLTEY - RO {10:13) Fig. 10.10

Ifiis the angla between B and v, then maghitudse of foree Fia given by
F=qgvBsind .......... b {10.14}

Thereforg, the forca is maximym when B is perpendicular to v, i.e., B = 0%, and force 8
zarowhen B is in the direction of v, i.e., 8 = 0, The direction of force can be known by
applying Fleming's left hand rule cr right hand rule for vector product.

{a} The positively charged particle enters into the magnetic field along the dotted line en
plana of pager, It experiancas a forca in the upward direction due to which it is
deflected along a curved path (Fig. 10.10-a).

{b} The negallvely charged particle |5 deflectsd downward by the forca acting on it
downwards (Fig. 10.10-b).

(| Example 16.3 An slaction entars inte a uniform magnetic field perpendicularly with &
epeed of 10° m &', Whatpath the slectron will move along Insldethe flald?

(B=25Wbm’. m=9811x10"kg, e=1Bx10"C)
Sodution The Forcea F acting on the elactron will be:
F=gvE eind
Asthe velocity vis pempendicularto B, e, 8 =80% the charge g =g, so
F=&vB x1=8avB
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Sinee F acls perpendicular to v, so this force provides centnpetal force to the elegtron to
keep itinacircls of radius r. Then

_m
gvB = 2
TR
eB

Putting the values in ahove equation, we have

2 9.1 10" kgx 10" m &'
1.6 10" Cx25Whm™*

r=23x10"m
The path of alactron will ba a circle of radius 2.3 = 10° m.

10.5 VELOCITY SELECTOR

A velocity selector is a device used o determine the . B inlo the paper
wvalacity of a charged particle. In this davice, alacthic and Xax X ox X A XM
magnetic forces are applied to the moving particle 'in ] Nl . R
such a way that they balance each ather onlyforone (v © © © ~
valua of valocity, allowing tha paricle to continua S W RO B w s
moying with a constant velocity. ¥ M M M M M M
Consider a particle with a positive charge +g thatenters il ™ T Ml
a uniferm magnetic field B at a right anglas ta it, with a N
velocity v. The magnetic force acts onthe particle inthe B inlo the papsr
upward direction, as shiown in Fig.10.11. To balancs this WO X W ow W R
magnetic force, an electric forge must act downward on X X X X X x X
the particla. = = = = =0
Avalochty selector conslets of a cylindrical tuba ocated "JT “> 1
within a magnetic field B. Inside the tube is a parallel | |
plate capacitor-thal ereates a uniform alactric field E. % 2 X X X ¥ =
The slectric field E is oriented perpendicular to tha oMM ¥ X X X

magneticfiekd B, asshownin Fig. 10.12. Fig. 10.12

Whan the charged particle enlers the |eft and of the lube, the magnetic forca acts
upward, while the electric force acts downward in the direction of the electric field E on
the positively charged particle. If the strengths of the electric and magnetic fields are
adjusted appropriately, these forces will cancel each other out. With no net force acting
on the particle, its vislogity v remains constant in ascordanca with Newton's first law_ As
rasult, the particls moves in a straight line at a constart velocity and exits the rightend of
the tube.

The particlas with valogitias diffarant from v will be deflected and will not exit at the right
end of tha tube.
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The magnitude ofthe velocity selected can be determined as below.
Asthevelacity v is perpendicular ta both B and E, therafore,

Magnetic force {upward) = Agv
Electric force {downward) = gE
For no deflection of particle, EBgv = gE
E
e i e ceE L 10.15
or == ( )
Example 10.41 Alphaparticles ranging in speed from 1000 m 5™ to 2000 m's™ enterinta

a velosity selactor whene the alaatric intensity s 300 ¥V m™ and tha magnetic induction
£.20T. Which particle will move undaviatad through the field?

Solution E=300Vm'=300NC"', 8=020T
Only thoae particlee will be abla to pass threugh tha plate for which the alactric forca gE

acling an the particdes balances the magnetic force Bgvon the particles as shown inthe
Fig. 10.12.

Therafora gE = Bgv Point S0 ponderd
o A force Is exerted on a moving
Thus, the selected speedis: charged parlida in a magretic fisld.
E 300 N C" Inwhat direchon it gshould mova that

=E =m =1500m 8"  thaforcs s notexaried on it?

The alpha paricles having a speed of 1500 m 5" will move undeviated through the fisld.

Evampiz 1051 A charged particle moves through 2 valoclty salector at a constant
valocity in a straight line. The sleciric flald of the velocity selector iz 4.8 x 10° N C7, whila
the magnetic field is 0.2 T-¥When the eleciric filed is umed OFF, the charped particle
travels on a circular path ofradius 3.0 em. Find the charge to mass ratlo of the particle.

Solution Since the particle is moving in a direction perpendicular to beth E and B,
sathamagnitude ufvelnutyvmll begiven by
E
E= Bgy or v = —=
q q B
When the eleciricfiled is tumed off, the particle will mave alonga circulsr path of radius r,
Then the magnetic force provides necessary centripetal force. Then

By = T
S0, charge tomaess ratio becomes; r
dpee
E i Br
Putting thevalusof v = B , Wea have
g . E
m B'r
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g
Putting the values of E, B and r, we have
q _ 4810°N ¢
m  (0.20 TY(3 *10% m)
3 -1
4BADINGT 4ot
122107 m

10.6 INDUCED EMF AND FARADAY'S LAW

It has been obsarved gxparimentally that when a conducter moves across a magnetic
field, an electromotive foree ([emf) is induced between its ends. The induced emfin the
maving conductor (s simlilar fo that of 3 battary. That Is, If the ends of tha:conductor are
connected by a wire loformacloged circuit, a current will flow through it.

The emf Induced by the motion of 2 conductar

across a magnelic field is called motional emtf. B into the peper
Consider an experiment as shown in Fig. 10.13.A .o 3 i s .
conducting rod of length L is placed on two l x % % |x ox x =
parallel metal rails separated by a distance L. A i

galvanometer is connected between the ends ¢ ‘g:;] U ’;Eﬂ; *
and d of the rails. This forms a compléte p i G B RS

conducting loop abeda. A uniform magnetic field l ;
B is applisd dirssted into tha page. Initially, whan 1
the rod is stationary, galvanometer indicates no
currentinthe loop. [fthe rod is pulled tothe right
with congtant velocity v, the galvanometer indicates a cument flawing through the loop.
Obviously, tho current Is Indusad dug to tha motlian of the Sonductng rod acrass tha
magnetic field. The movingrod is acling as a source ofemf & = V-V, =AWV

When the red moves, A'charge 4 within the rod alsn moves with the same velocily v in
the magnetic flald B and experlences a force givan by, Eq. 10.13.

F=g(vxB)
The magniude of the force is:

F=gvBsind
Since angle 0 between vand Bis 90°, 2o

F=gvB ....cceuunn. (10.18)
Applying right hand nila, wa zee that the force F acting on the charge q is directad from
point & to peint b along the rod. As a result, charges migrate to the top end of the
conductor. As mone charges move, a concentralion of charge builds up at the top end b,
while there is & deficiency of charges at the bottom end &. This redistribution of charge

creatas an electrostetic field E directed from b 1o &, The alectrmostatic foree on the charge
ie F,=qE direcied from b o a. The systern quickly reaches an equilibrium state

Flg. 10.13
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where these two forces on the charge are balanced. If
E is tha slectric field intansity in this state, then
qE = gvB
or Esvhi Lot LGS

Tha motional emf & will be equal i the potential
difference AV = V| - V, between the twc ends of the
maving conductor In this egullibrium state. The gradlent
of potential is given by AV/L. As tha electric intansity is
given by the negative of the gradient, therefore,

g o= B 1038
L
or AV =—LE =—{lv8)
Tha motional emfis:
g=AV = LvB. ..o (1618}

This is the magnitude of motional emf. However, If the
angls batween v and Bis 8, then

g=—vBLsinB ......... 0w (10.20)

Due 10 tha induced emf, positive changes ficw aleng tha
path abeda; therefore, the induced current is
anticlockwise in the diagram.-As the current flows, the
quantity of charge at the top-decreases, which reduces
the elactric field intensity; while the magnstic force remains

Wirslass charging works undesr
the prnciple of electmmagnetic
Induction.

"::rrl{ ir pander
)
Metal pﬂt Glass pot
y—&

il

This heabar cperates on the principle
of slectromagnatic Inducton. Tha
watar I the matal pat 1& Bolling
whareaa thal in the plasa pol B Nt
Eventhe glesa top af the heater |s cool
e tevch. The coll just baneath the tcp
carfiea AG thet praducas clenging
magnetie fux. Fluz linking with po'e
induces sm”* in them. Curment is
generated In the medal pot that heas
up Ihe walser, bul na curenl fuows
thrpughthe glaes pan, wiy?

unchanged. This imbalance

disturbs the equilibrium in favour of the magnetic force. Consequently, as the charges
reach the end ‘a’ of the conductor due to the cumrent ficw, they are carrled back to the top
end ‘b’ by the unbalanced magnetic fiekd, and the current continues to flow.

Faraday's Law Pa— e et

L
]

The mational emf induced in a
rod moving perpendizular to 8
magnetic field is&=-wBL The |
motionel emf as well as other Gel
Induced emfs can ba described 'N'\;;{:"’- v x %
in terms of magnstic flox :
Consider the experment

X %X Mz %

I ——

X X X

X X |x x|x

ghown In Fig. 10.14 agaln. Let —
the conducting rod be moving |, ____. 5 ——m- _*.
frearm position 110 position 2ina k

| ]
|—E Inke papar

------ > Fig. 10.14
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small interval of time Af. The distance travelled by the rod
intime Atis x,—Xx,=Ax.

Sincea the red is moving with constant velecity v, therefore,

Ax
= M 10.21
T (10:21)
Putting this value of vin Eq. 10.19, we have
e= wvBL=-p (10.22)
At

As the rod moves through the distance Ax, the increase in
the area of loop Is glven by AA = AxL. Thls Increases the
flux through the loop by Ad, = {AA)B. Putting {AxL)E = Ady
i Eg. 10.22, wa have

= A
B W e {10.23)

Eqation{10.20) shows that if tha magnetic flux is changing
through the single loop of a conducting coil, thenthe
negative of the rate of change of magneatic fluxiz equal to
the emfinducadin the loop.

Ifthere is a coll of N loops instead of 2 single loop, then the
induced emfwill become N timas.

; Ay
R-3 = =N—= w1024
is, € = { )

Althaugh the above expression is derived an the basis of

motional amf, but itis true ingeneral. This conslugion was &

first arrived at by Faraday, so this is known as Faraday's
|aw of electmmagnelin_inﬂuctinn which states that:

The averageemfinduced In 2 conducting
coll of N'lﬂﬁé@ié equzl to the negative of
the rate-at which the magnatic flux
through the ceil is changing withitime.

The minus sign indicates that the direction
of the induced emf ia such that it oppoacs
the change in flux.

Chavter (10 Bectromagnetism =

Point to ponderl )|

+0)-O

»
R

X %

¥ X Rom
X o®oEE KR

O e
HRA R MR RX
MK NN K KK

-0

A copper ring passss through a
rectange reglon where a constant
megnatic fisld iz dimcted inlo the
pane. Whal da you guess abeoul Lhe
currankin the ring at the positions 2, 3
and4?

For your infarmation .

Faraday's humupul ganarat-nr
with which hewas abla to produse
apontinusis indueed current:

10.7 LENZ'S LAW AND DIRECTION OF INDUCED EMF

In tha previous section, & mathamatical exprassion for Faraday's law of

sleciromagnetic induction was derived as:
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A
E=-N—
At

The minus sign in the expressian is vary important; it relates to tha direction of the
induced emf. To detemine the direction, we use a principle based on the discovery
made by the Russian physicist Heinrich Lenz in 1834. He found that the polarty of an
induced emf always produces an induced cument that opposes the change in the
magnetic field that causes the emf. This prindiple is known as Lenz's Law, which states
that;

The direction of the induced current is always such that it
oppoaas the changs that causes the curment.

Lanz's Law specifically applies to induced currents and not directy toinduced amf. This
means we can apply Lenz's Law to closed conducting loops or cails: If the loop iz not
closad, wa can Imagine It as If t wara dosed to detarming tha direcilon of the Induscsad
current, and from this, we can infer the direction of the induced amf.

Lel us apply Lenz's law to a coil in which a current is induced by the movement of a bar
magnat. A current-camying coll gensrates a magnetie flald simllar 1o that of a bar
magnet, with one face of the coil acting as the north pole and the other as the south pols.
To oppose the motion of the bar magnet, the faceof the coil towards the magnet must
become a north pole {Fig. 10.15). This arrangement causes the two north poles to repeal
each other. According to the right-hand'rule, the induzed current in the coil must flow
anlicloclkwise whan viewsd from the sids of the barmagnet.

¥
S \w
&+
N | +— 8
Ourmm = :
Fig. 10.15 anlirdockwiss 5 I-‘f;m-l
&

According Lo Lenz's law, the "push™ of the magnet is the "change® that produces the
Inducad currant, and the currant acts to opposa tha psh. On the athar hand, I we pull
the magnet away from the coil, the induced current will oppose the “pull” by creating a
south pole on the face of coil towards the bar magret.

Lenz's law is also a manifestation of the law of conservation of anergy and can ba
conveniently applied to circuits involving induced currents. To understand this, let us
revisit the experiment depicted in Fig. 10.16. When the rod moves to the right, an emfis




Physles 1) [ "E" “| Chawier (10 Bectromaegmetism [~

induced in it, causing an induced current ta flow thraugh the loop in anticlockwise
direction. Because the current-camying red is moving within the magnetic field, it
exporiences a magnetic force F, with the magnitudeof F, =i Bging".

According to the dght-hand ruls, the directlon cf the magnelic force F,, |2 opposlte tothat
of the velocity v, s¢ il tends to stop the rod (Fig. 10.16-a). To keep the rod moving with a
constant valocity, an extemal force equal in magnituds to F,, but opposite In direction
must be applied. This extemal force provides the energy necessary for the induced
curreni to flaw. Thus, electimmagnetic induction adheres to the law of conservation of

anerdy- H Irto papar ' B Into paper
f _}.«/— ]

! x a-':" u H(;j;# *
*® 1{’3@: _':Fn;

-';’;;.‘“ 3
ol = v
W W @1 ¥ xlx x
m:\’x % '.-:-'l' ®
3 ]

o {h]

Fig.10.16

The Lenz's law farblds the Induced current directad clockwiza In this case, because the
force F,, would be, then, in the direction of v that would accelerate the rod towards right
(Fig.10.16-b}. This in turn would induce a stronger current, the magnetic field due to it
also increases and the magnetic force Increases further. Thus, the metion of the wire is
accelerated more and more. Starting with a minute quantity of energy, we obtain an
ever-increasing kinatic energy of maotion apparently from nowhera. Consaquantly, tha
precess becomes self-perpetuating which i against the law of conservation {:ufenergg,u,lI

Ex

wample 1080 A metal rad of length 25 cm is moving at a speed of 0.5 m s ina
dlrectlon p-arpendmulartna 0.25T magnetic field. Find the emf producedin the rod.
Soluiion
Spaadiofrod =v=0.8ms" Polmt ro ponder!
Lengthofrod =L=26cm=0.25m By naglaciing the resistanca,
; ; == - A -1 cenaconstant curentin acoil

Magneticilux density B=025T=035NA"m ook UE. 4 Fatentar o Meriecs
Induced emf =g="7 across the ooil?
Uszing the relation,

e=vBL

g=0.5ms" xD.25NA" m"'x0.25m

e=3.13x107JC" =3.13x 107V
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sxampie 10.7| Aloop of wireis placed in a uniform magnetic field that is perpendicular
to the plane of the loop. The strength of the magnetic field is 0. 6 T. The area of the loop
bagins to shrink at a constant rate of ‘i—? = 0.8 m® ", What is tha magnitude of emf
induced inthe loopwhile itis shrinking?

selutien )| Rata of change of area = % =0.amis!

Magnetic Aux density = B=06T=06NAm’

Number of turng =N=1
Induced emf =g=7
Rate of change of flux = &=B£ eosl® = IEJ!E
AF Af A
Applying Faraday's law, magnitude of induced emf is:
Al AA
E=N—= NB—
Al Af

=t xOENAM =08 &
£E=048)C"'=048Y

10.8 FACTORS AFFECTING EMFE
1. Rate of Change of Magnetic Flux

Faraday's law suggests that faster changaes in magnatic flux result in greater induced
entl.

2. Number of Turns efths Coil

According to Faraday's lawr.induced emfis also proportional ta the number of turmes of the
coil. Mere turns result in 2 greaterinduced emf.

3. Relative Speed

The spesd of the ceil (or conductor} through a magnetic field also affects the magnitudea
of the indused =mf. Faster speed increases the rate of change of magnetic flux that
results into-anincrease in the induced emf.

10.9 FERROFLUIDS

Ferrofiuid is a uniqua material that exhibits both liquid and magnetic properties. It
oparzles through a combination of magnetic and fluid dynamics principles.

E=sentially, the ferrofluid is a colloidal suspension of magnetic particles in a carrier fluid
(such as oil or water}. Typically, the magnetic particles are iron oxide, ground to the
nano-scale and approsdmately 10 nanometres in size. These particles are coated with a
surfactant, a substance that reduces surface tension. This coating prevents the
particlea from clumping together, ensuring they remain evenly dispersed in thefluid, The
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viscosity of the fluid, the nenpometre size of the particles, and their constant movement
prevant the particles from ssitling down.

When there is nc magnet around, a ferrofiuid acta like & [T Fo L ow incormation. 1
liquid, but when there s a magnet nearby, the particles s 7
are temporarily magnetized aqd_lhe ﬂun_:l bam!nas B NASAIn 1550, was S
magnet. They form struetures withinthe fluid esusing the . 0 magniethe. Farrefluld was
feirofiuld to act more llke a solld. YWhan the magnet |&  invented to move liquida through
removed, tha particles are demagnetized and the spece.

femofluid acts like a liquid again.

This phenocmenon Is due io the competition betwsen magnetlc forces, surface tenslon
and gravity. In the presence of strong magnetic field, the formation of chaindike
structures is a result of magnetic forces pulling the fluid upwands while gravity
and surface tension work to pull il back down. These chains align along the magnetic
field lings and increase the
viscosity, making it behave
like a solid bulging in certain
directions. These are
commanly known as spikes.
However, the spikes are
fomned where tha magnetic
forces overcome the other :
foncas (Fig.10.17). Flg-10.17

Tha followlng expardment will axhibh thiz phenomenon.
Experimamt

The first ferrafiuid developed by

| - |

You need some lasar printer toner, soma cooking oil, a
testiube, a glass botlle; @ small stick and a magnet.

Procedure

Pour somatonar inthe teat tube. Rameamberthal lasar

printer toner contains 40 % iron oxide in nanomeire e
particle size. Add some cooking oil in it and mix it well
with the sfick to farm ferrofiuid. Put this fiuid in the |
bottde. The fluid will rct lke = liquid on sheking the
boitle. Now bring the magnet near to fluid outside of the | ‘ _‘

botte. h-‘ E"’-ﬁ‘
You will observe that the fluid jumps towards the " iy ;
magnet, becausa It has liself become a magnet. If wa #

hold the magnet on the side of the bottle, you will sesa

structure with spikes formad by tha fluid as shown in

Fig.10.18,
Fig.10.18
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Applications of Ferrofiuids

There are many applications of ferrofluida in the fields of electronics, medicine,
englnesring, and aciive ragearch In Physlcs and Materal sclance. In elactronics,
femofluids are used in rotary seals for computer hard drives and other rctating shaft
mators. In loudspeakers, fermofluids are used to cool the voice eoil which can heat up
during oparation. The magnet|c flald holds the fluld In pl2ce around the coll, allowlng It to
absork and dissipate heat more effectively. Ferrefluids are also used in speakers to
dampen vibrations and improve sound quality.

In medical applicatons, ferrofluids can be directed to specific arsas in the body using
external magnets, allowing for targeted drug delivery. The magnetic particles can carry
drugs diractly to a tumor or cther targstsd site, reducing side aflacts and improving
treatment efficiency. Femofluids can also be used as contrast agents In magnetic
resonance imaging (MR},

(Othar applications of ferrofluids include damping or precissly controlling the flow of
liquids by manipulating the magnetic field.

10.10 A SEISMOMETER

Asglsmometar Is an Instrumant that responds to any movament of the rocks undear the
ground or vibration caussed by sarthquakes, velcano sruption and explosion. A
seismometer delects earthquakes by using electromagnetic induction to convert
ground motlon Inte electrical signals. Typlczlly, a selsmometer Includes a weight
suspended by a spring. When an earthguake occurs, the gmund moves but the weight
tends to stay stationary dueto inertia. This 2 —

results in relatve motion between the f _.\

welght and the frame of tha.selsmomatar
which is attached to the ground. The
weight is often altachedta a magnet which
ru—-—--— r|||' pp—

meoves inside 2 coil of wire (Fig.10.19).
This satup works according to Faraday's
law of electromagnetic induction, that is,
the changing magnetic flux through the
coil induces an emf in the coil. This gi\.res
risé to an inducsd elactric currant.

The induced cumrent i proportional

to the velocity of the ground]|
metion. The  slectrical signals Most earthquakes are caused by plete teclonics
generated are then amplified end (displacement) and occur at & depih of 60 km. Thesa
recorded. Thus, data Is provided on aarhquakes ara categonzed as shallow. Intermadiste and
tha amplitude, frequency and the desp intemaciate can ba as daep, as 280 km benaath the
duration of the earthquake weves, orust, while doep garthquakes can reachdapths past 280 km.

Fig. 10,19 Ssiamzmalar
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The data s analyzed to determine (NN 7'v oo o infarmstion | I

various characteristics aof the s S e 2 A e -
= . &re 2re man bl as WEEa HEna

earlhquaka, such azits locatian, serthquskee Le., Pawaves are primary waves which srs

magnitude and depth. longitudinal and §waves are secondary waves which are

Usually, 2 selsmomsater Is buried !Ensverselnnature,

ungder the ground ata dapth of 50-1000 metras. It IS placad In a protective ¢ase callad a
vault. This is a cylindrical steel tank that is approximately 1 metra wide and 2 melres
deepwith a concrele pad at the battom (Fig.10.20).
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@ Multipie _C.l_'mice Questions [

Tiek (') the correct answes.
10.1 Acurrant |8 flowing towardenorih along a power line. Tha direction of the magnetic
field ovar the wirs is diretied towarda:
{a) north {bY south {c) east {d) west
10.2 Tha radius of curvdtira of tha path of a charged particla in a unifarm magnetic field
is direcily proportibnal to:
(a) the particle's charge {b} the particle's momentum
{c} the particle's anergy {d} the flux density of the field Magnet|c fled
10.3 Tha diagram shows a beam of elactrona antering a maghetic
field. YWhat ls the effect of magnetic fisld on the elecirons?
{a) They are deflected into the plane ofthe diagram. Beain of
{b) Theyare deflected outof the plane of the diagram. AR
{c) They ara daflactad towards the bettom of the diagram.
{d} Theyare deflected towards the top of the diagram.
10.4 The force exarted on & wire of 1 matra langth camying 1 ampera current placed at
rightangle to the magnetic fleld Is called:
{a) magneticfield intensity {b) mag netic Aux
(c)magnsetic induction {(d)nona ofthese




10.5 Theunitofflux densityis;

(@INA"m' (b)NAmM" fc}NmA* (d)N mA
10.6 Amaving charged particle |s surroundad by:
(a)elsciric fisld anly (b] magneticfisld anly

(] both elechic and magnetic fisld (d) nofiekd
10.7 Magnelicforce on the charge g moving parallel to magnetic field with velodity vis:

(a)gvBsing (byquvB (g} zero (dii8
10.8 TheunitNA"' m"is called:

(a)weber (b)tesla (¢} coulomb (d) nane pfthese
10.% Electrona whila moving perpendicularly through a

uniform magnetic field are:

(a)deflacted towards north pola (b) deflected towards scuth pola

(c) deflacted along clrcular path {d) notdeflected atall
10.10 Amagnet is suspended from a spring. Tha magnat gsciliates Sering

and moves In and cutofthe call connectad 1o a galvehSmeter.
When the magnetcscillates, the galvanomater shtws:

(a) deflection to the left and to the rightwith-constant amplitude
(b) deflected on one side
() nodeflection

(d) deflection to the lefl and right, but the amplitude steadily
decraases

Short Answer Questions B

10.1 It is said 1hat Lenz‘s law specifically applies to induced cu rrents and not directly to
induce emf. Explainbriafly.

10.2 Asquare loop of wire is moving thraugh a uniform magneticfirld. The normal to the
loop is oriented parallel to the magnetic field. 1z an emf induced in the qup"* Gwe a
reasonfor YOUF answer. [

10.3 Does the induced emf always act tc decreass
the magnetic flux through a circuil?

104 When a magnetis pushed into the solenoid, as
shown in the figure (@), the galvanomater
indicates a small current. VWhy is the curment
produced? What will be the magnstic pole
produced gtthe left end ofthe solenoid?

10.5 A bar magnet falls through e fixed metal ring
(Fig-b). Wil the magnet fall with en acceleration ot
of a freety falling body? Sive reason. (b) P=== }
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10.6 Which of the twoa charged particles of the same mass will be deflected most in the
magneiic field {a) fast moving (b) slow moving?

10.7 An electron and a proton are projected into a magnetic field at right angles to it with
a certain velocity. Which of the particles will suffer greater deflection? Why?

10.8 Canasingle moving proton produce magnetic fiald?

10.8 Amagnetic ield is necassary if there is to be a magneatic Nlux passing through a coil
of wire. Yet, just because there is & magnetic field doas nol mean thal a magnetic
flux will passthrough & coil_ Accountfor this situation.

Constructed Response Questions

10.1 Acharge is lying stationary batween the appogite poles 1
of twe magnets. Is a magnetic force exerted on it? Why?

10.2 When the switch in the circuit is closed, a current is
established in the coil and the metal ring jumpé
upward. Why? Dascribawhatwould happen tothe fing
if the hattery polarity were reversed?

10.3 The figure ahows a coil of wire inthe x —y plans with a
magnetic field directed along the y-axis. Around which
of tha threa-coordinate axis should the.cil ba ratatad
in orderto generate anemf and a cument in the coil ?

104 Is it possible to change both the area of the loop and
tha magneticflald passing thraugh the loop and still ot
have an induced amfin the loop? Giva reason.

10.5 Does the application of untform magnetic fleld to a
moving charged paricle result in a change in
kinatic anargy of tha paricla? Explain. x/

10.6 A uniform electrc field and a magnetic field act in the same direction. A proton is
projected, into the space, with a uniform velocity in opposite direction. YWhat will
happen{aibe proten?

10.7 A conductor moves in a magnetic fizld when a current is passed through the
conductor. Would you expect the reverse effect to occur? That is, would a current
be producedif 8 conductor iz maved across the magneticfield?

v

10.8 Consider a condueting rod of length L moving | cn"mr’f’_','g -
with velocity ¥ to the right as shown in the T T N
figura. Laft ande of the cenduecting ralls are B : \
connected to & bulb. Due to motion oftherod [, 1 % % % FEK /
through the magnetic field, an emf is |4 I T |
produced acroes tha ends of the rod. This emf T P
gives rise to a curent . As a result, the bulb 1

I—*  Conducting md
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lights up. Explain where doss the slactrical enérgy consumed by the bulb come
from?
10.9 What will you da if vou want to save a sansitive instrumeni from siray maghetic
fields’?
Comprehensive Questions

10.1 Distinguish batwean magnatic flux and flux dansity. How ara they ralatad?

10,2 Fird anexprasgsion fortha force exertad ona cumrant-carmying conductor placedin
auniformmagnetc fleld.

10.3 State and explain Faraday's law and Lenz's law. Also describe factors aftecting
theinduced em.

10.4 Determine the force acting on a charged parlicle moving through a uniform
magnetlicfield.

10.8 Whatis a velocity selactor? Explainits working.

106 Explainhow ferrofiuids work?

Numerical t'*‘?:,‘:'i‘_aii*#;ﬁ; ‘

0.1 A positivaly charged particle is projectad parpandiculary into a magretic fiald at a
gpeed of 1500me”. It experiences aforce of magnitude F. Atwhat angle 8 with the
field, the partide should be projected at a speed of 2000 m 57, so that it
pxporiancos the same magnitudeof farce 7 (Ans: 6=48%)

10.2 Electrons are accelerated from rest through a potential difference of 15 kVin an
pacilloscope. Tha electrons then pass through a 0.35 Tmagnetic field that deflects
them to the desired position on the screen. Find the magnitude of the maximum
foree that an electroncanexperence. fAns: 4. 1x10%N]

10.3 A squere coil of sjde 15 om each consists of 60 turna. Initially, it ia located in a
uniform magnetic field of magnitude 0.8 T such that plane of the coil is
narpendicular to the fiald. The coil is then tumed through anangle of 8=3ina
time of 2 5. Determine the sverage induced emf. {Ans: 0.07V)

10,4 Ametallicrod is moving through a uniform magnetic field ¢f 0.2 T. The emfinduced
across its ends is found to be 0B Y. It is required tninduce an emfof 2 4 VW acmssits
snds. How much flald strangth s neaded for this? (0BT)

10.5 Acopper ring has a radius of 4 .00 cm and resistance of 1.0 m). Amagnetic field is
applied ovar the ring, perpandicular to its plane. If the magnatic fisld increases
from 0.2 T to 0.4 T in a tima interval of 5107 5, whal is the current in the ring during
this interval? {Ans: 201 A)

10.6 Acoil of 10 tumms and 35 ¢m® areais n & perpendicular magnetic field of 0.5 T. The
coil is pullad out of the field in 1.0 s. Find tha induced amf in tha coil as it is pullad
outofthe field. {Ans: 1.75x10%V)
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10.7 A proton is accelerated by a potential difference of 6x10° volis. It then gnters
petpandlculardy In a unlform magnetic flald B =1.0 webar m®. Find the radlus of
curvature of the path of the proton. m=1 £7>10" kg, e=1.6:10""C.

{Ans: 11.2 cm)

10.8 A proton entars a uniform magnstic field B = 0.3 waber m* in a direction making an
angle 45° with the magnetic field. What will be the radius of the circular path if the
velocltyof protonls 10°m s, (Ans:2.46x 10°m)

10.9Thraae Identlcal conducting rods L, L, and L, B
ara moving in difierent planes with the same speeds 7' z B 1:
v, =v,=v =25 ms" as shown in the figure. The T
length of aach rod is 80 cm. A constant magnetic field L
of magnitude 2 = 0.5 T is directed along z-axis. Find 8 ¥
the magnitude of emf induced in each rod and indicate 8
which end of the rod is positive. b
[Ans: (Rod L,) emf = 0.¥5 V, and and a is positive,
(Rod L jemf=0(Rod L) emf=0]

a3 L

10,10 An emf of 0.5 V is induced asross the ands of 2 metal rod moving through a
magnetic field of 0.4 T If an emf of 1.5 V-has to be induced, what field strength
would ba nesded for that? Assumethat allothar factors remaln the sama.

(Ans: 1.2 T)

10.11 A charged particle moves thiough a velocity selector at a constant velocity of
4.96x10" m s' in a direction-parpendicular to both E and B. If the magnetic fisld
strength is 0.114 T, what should be the magnitude of alectric fisld intensity so that

the particle moves undeflected? (Ans: 5.656<10°NCT) 5
1012 A current-carrying, conductor PGy of length 2 m is Pl

placad perpandiculany to a magnetic field of Aux dansity

0.5 T as shown in the figure. The resulting foree on the B &

conductoris 1N acting into the plane of the paper. YWhat
iathe magnitude and direction of tha currant?

v Y v ¥

(Ans:1AQ0P) @




Afiar studying thia chapter, the studsnts will ba able ta-

#  Distinguizh between inerfislandnon-inerlial fremesof reference. 5

Dascribs the signifcanca of Enslein's assumption of the constancy cfihe spasd nﬂ‘rght.

Describa thal if o is constant thenspace and time become ralative.

Siate the postulates of Special theony of ralativity

Eaplain gualitativaly and quantitatively the conssnuanceas of special nalatw’ctr

Specifically inthe case of <

a. Tha ralabvity ofelmultanaky.

b.  Theeguivalencs betwesn mass and ensrgy,

¢, Lengihcontraction.

d. Timediaticn.

e, Massinorease

& Stote that specotime e & mathematical modalln raTamrItymm freats Ume g5 a fourth dimension of the
{raditionzl three dimenskons of space
{Itcan ba thought of as a metaphorical shaat of papar that can band, and whan itbands it can causa
sffects such as stretching and comprasslin sesn whengravitational waves pass thmugh objecis )

LR -

-t the beginning of the 20th century, new experments and theoretical calculations
& ‘revealed that classical physics, basad on Newton's laws, could not explain
phanomena involving extromely small parficlas or very high velocitias, This led to the
development of relativistic mechanics, which offered a more comprehensive framework
than clagsical mechanics and fundamentally changed our view of the universe. Albert
Elnstain's Speclal Theory of Relatlvity, Introduced In 1805, addressed thase Issuss by
proposing-that the laws of Physics are the same for all observers and that The speed of
light is constant, regardless of the observer’s motion. This theory not only resolved the
conflicts betwasn classical mechanics and electromagnetic theory but also revolutionized
oUr Lunderstanding of time, space, and malion, forming the basis of whalis now known as
modem physics. This chapter will explorg how Einstein's thaory rashaped gur vigw of the
universe and continues to influence our understanding of the physical world.

11.1 RELATIVE MOTION

Consider throwing 2 ball to yourright. For somaona facing you, this direction appears to
his left. This illustrates that direction is a relative concept. Similarly, the state of rest or
maotion of en object dependa on the obhserver. For example, the walls of a moving train
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azem stationary to passengers inaide the train but appear to be moving to someone
standing on the ground. Thus, we cannat definitively say whether an object Is absolutaly
at rest ar in motion; all motions are relative 1o the observer or o the reference frame
being used. This becomes evident with the following example: An observerin a closed
train compartment uses the compartment as his frame of raference. To determine the
frain's motion, the ohserver drops a ball and measuras the horizontal distanea travalled
by the ball, keeping the vertical distance the same in each case. |t is assumed that the
vartical distance i coveradin *f* secondsinall scansarios.

Case (a): Suppose the train s stationary. In that ease, the hordzontz| velosity of the ball
will be zero, and the horizontal distance travellad will also be zero, In thiz scenario, the

observatlons mads by the
observer inside the Tain and
by someone outside the train
will be idantical. The ball will
have fallen to a polnt on the
flgor directly below the point

from where it was dropped Observer In the train Ohservar outslde the traln
fFig. 11.1-a). . 1.4}

Case {b): The train is maving with a uniform velocity v.. When the ball is released, ithas
an initial horizontal velocity v, and behaves |lka a projectila. It travels a honzontal
distance vt in time tit takes for the balltn reach the floor. Since both the train and the
abserver inzide it are moving with the same velodity v, they hoth travel the same
hortzontal distance v.t In the same time { Therafore, the observer Inslde the tran
saes that the ball falls to & pointon the floor directly below where it was dropped. In
contrast, an observer outside

the train wil see the ball

following a projectile path, { @ “

as shown in Fig. 11.7{b). e 1

Thus, observersin different L 1 & [i '......__..... ...__i —ib-
frames ofreferance, moving

with uniform velecity relative oy nvar inthe vt .

I Gecn Wigel, wil parcelve ricvng bem Cbsarver outside the moving trein
maotion differendy. Fig. 1.1{b)

11.2 FRAMES OF REFERENCE

We have discussed the most commonly used Cartesian Coordinate Syatem. In effect, a
frame of refarence is any coordinate systam relative to which measurements are taken.
Forexample, the position of a table in a room can be described relative to thewalls of the
room, making the room the frame of reference. Similady, the laboratory is the reference
frame for measurements taken thera. If the same experimant is performed in a moving
train, tha train beeomeas the frame of raferenca. Tha position of a spacaship can ba
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destribed relative to the positinns of distent stars. A coardinate systerm based on these
stars is then the frame of refarencea.

Inertial and Non-inertial Frame of Reference

An inertial frame of referance is dafined as a coordinate systam in which the law of
Inartla 15 valld. This maane a body at rest remalns at rest unless acted upen by an
unbalanced force that produces acoeleration. Other laws of nature also apply insuch a
syatem. Forinstance, a body placed on the Earth remains at rest unless an unbalanced
force asts upon it, indicating that the Earth can be considered an inertial frame of
reference A body in 8 car moving with uniformn velacity relative to the Earth alsa remains
at rest, so the car is also an inertial frame of reference. Thus, any frame of reference
moving with uniform velocity relative to an inertial frama is also an inertial frame.

However, if the moving car ia auddenly stopped or (I yomar inforwition i
accalerated, the bedy insida no longer remaine i rast. Insuch Re':lé‘t-i;?lyis-li'l_e s g
cases, the car is nol an inertial frame of reference. Therefore, 50 rich ooservars from
an accelerated frame of reference is a non-inertial fraMe. moving frame of referenca
Whils Earth is rotating and revolving, making it-strictly afect your parcaption of tha
spesking a non-inertial frame, it is often treatad as an inertial  werd.

frame dua o Its relativaly small agcalaration.
11.3 SPECIAL THEORY OF RELATIVITY Il o=r=v 7 DI

The theory of relativity deals with how gbservers in
different states of relative motion describe physical
phencmena. The special theory of relativity addresses
problema involving inertisl {(non-accelerating) frames of
refarenca. Theara ig ancthartheory, called the genaral
theory of ralativity, that deals with problems involving The epead of light © emitted by the
frames of reference that are aceslerating relative to one Eg;“"g”‘  TOARNGE Same. 1y

2 e ervers, one moving Inthecar with
another. The special thecry of relativity is based ontWo ;. 4 and oiber standing on the
postulates, which can be stated as follows: road.

1. The lawsofphysics arethe same inall inerial frames (Principle of Relativity).

2. The speed of light in free space has the same value for all obaervers,
ragardiess of the state of motion of the sourca or the abserver (Princlple of
Canstancy of Light).

The first postulate generalizes the fact that all physical laws arg the same in frames of
reference moving with uniform velodty relative to one ancther. If the laws of Physics
differed for obearvers In relative motion, those observers could datermine which was
stationary and which was moving. However, such a distinction does not exist, implying
that there is no wey to detecl absolute uniform motion.

Tha sacond postulate statas the expar mantal fact that the spaad of light In fres apaga ls
a universal constant, denoted as ¢{c=3x 10" m ™). Since ¢ is constant, space andtime




Physlcs I ) o chegies(1 Special Theury of Relativity (o

become relative. Foraxample, if you are sitting in a train moving at the spaead of light and
you hold up a mirror in front of you at arm's [ength, you will still see your reflaction in tha
mirrar. This is bacausa, accarding ta tha principle of relativity, no exparimeant can detect
the constant motlan of the train relativetathe person Inside (1.

Thaege simpla postulates hava farreaching consequencas. They include phanomena
such as the slowing down of clocks and the contraction of lengths (n moving referenca
frames as obsarvad by a stationary chserver, Some intéresting results of the spadial
theory of relativity can ba summarized as follows, without going inta their mathematical
details.

The Relativity of Simultaneity

If two events in different locations are observed by one observer to be simultaneous,
they will generally not be observed as simultaneous by another pbserver in a differant
frame of raference moving relstive to tha first observer. In otherwords, whethar two
evenls ars sean as simultaneous depends on the observer'sframs of refererce.

Consider a train equipped with light-cperated doora. The light switch is located in the
cantre of the roof and is operated by a traveler standing in the middle of the
compartment. When the frain is travelling at half the speed of light, the travelar tumns on
the light. The light travels forward and backward atequal speed and reantms hom duors
at the same tims. Conssquently, the traveler gaes both | your | [
doors opening simultaneously. However, an obSNVar v, amsinatrame of refarance
outside the train will see the back dopr open before the moving at sonatant velocity
front doeor. This is because the kack door is moving from which you cannot see any
towards the light waves, whila the front door is maving  9ther rame of refarsncs, thars

i i ne way fo know If vou ara
away from the light waves. R
Time Dllatlon

Ageording to the specialtheory of relativity, time is not an absolute quantity; it depends
cn the motion of the frama of reference.

Suppase an chserver is stationary in an inerial frame and measures the time interval
between two events in this frame. Letthistime imensal be {. Thisis known as propertime.
If the observer s moeving wilh respect io the frame of events with relativistic velocity v, or if
the frame of evenis is moving with respect to the observer with a uniform relativistic
valocity v thetime measured by the cbserverwill nothea £, butrather?, givenby

(= b - e

|
¥
1 1_
/1= ¢z
’ 2
As the quantity 1= ‘;—2 is always less than one, so fis greater than £, i.e., ime has

dilated gr stretched due to the relative motion of the observer and the frame of reference
of the events. This astonishing result spplies to all tming processes—physical,




Physics 1) [ "w Chapie{1 1 Special Theory of Relativity ™

chemical, and biclogieal. Even the aging process ofthe human hody is slowed hy motinn
atvary highspeeds or relativistic spesds.

For example, if a traveler on a plane moving at 0.8 ¢ picks up and cpens a book, the
event takes one second as measured by the traveler. However, to a person standing
cutsida tha plane, the same eventtakas 1.7 secords.

Length Contraction

Tha distance from Earth to a starmeasurad by an ob2ervarin a moving spaceshipwould
appear smaller than the distance measured by an observer gn the Earth. In other words,
if yau are in motion relative to two points that are a fixed distance apart, the distance
between the two points appears shorter than if you were at rest relative to them. This
effecl is known as length contraclion. Length contraction oecurs only along the direction
of mation; no auch cantraction is ohaerved perpendicular to the direstion of motion. The
|angth of an object or the distance bstween two peints measured by an obzarver whois
at rest relative to them is called the proper langlh £,. If an chjectand an observer are in
relative motion with speed v, then the contrected length '¢"is given by

2

s PR
i—2 RN (11.2)

Let a train that is measurad to be 100 metres long when ai rest travel at 80% ofthe speed
of light (0.8 ). A person insida ths train willmeasura its Isngth as 100 metres. However,
a person atanding by the side of the rack will observe the train to be only 80 metras long.
This affect of ralativity, which i the shortaning of length in the direction of motion, is dua
tolength contraction.

Mass Varlation

According to the special theory of relativity, the mass of an object ia a variable quantity
that depends on the object’s spead. An object whose mass is measured at reslis called
its rest mass m,  will have an increased mass mrwhen observed to be moving at speed
v. They are related by
m
A= —l;z ........................................ £11.3)
i
c

Ths increass in mass indicatas the increase ininertia that an object has at high speeds.
As vapproaches ¢, itrequires a greater force to change the object's speed.

Z
As vt L1, therefore, J1—V—, -0
£ c

Thus o —>m

An infinite mass would require an infinite force o accalerate it. Since infinite forcas are
not available, an object cannot be accelerated to the spesd of light ¢in free space.

In our everyday life, we deal with speeds that are extremely smzll compared to the
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speed of light. Even Earth's orbital speed is only 30 km 57, while the speead of light in free
space is 300,000 km s". This is why Newton's laws are valid in sveryday situations.
However, whan dealing with subatomic particles moving at velacities approaching the
spocd of ight, relativistlc affecls bacome vary prominent, and sxperimantal results
cannct be explained without considering Einstein's equations.

114 THE EQUILANCE BETWEEN MASS AND ENERGY

According to the special theory of relativity, mass and energy are distinct entities but are
inlerconverible. The total energy £ and mass mr of an cbject are related by the
expression:

ESfiE Guiciiisiesssaniilisiibeiasisien (11.4)

wherea /i depands on the spead of ths objsct. At rest, the enargy equivalatit of an abject's
mass m, is called its rest mass enargy £, Thus,

E =mg

As mc’ is greater than m &, the difference of energy (mic’ — m ') is due to the motion,
and ftrepresents the kinatic energy of the mass. Hencs,

K.E =fm-m,}c

From Eq. 11.4, the change in mass mdue to changé in energy AE is given by
am=2E
e
Because & is a very large guantity, thisimplies that small changes in mass require very
large changes in energy. In our everyday world, energy changes are too small to provide
measurable mass changes. However. energy and mass changes In nuclear reactlons
are found to be exactly in accordance with the aforementioned equations.

115 SPACE-TIMEINRELATIVITY

Space is said to be athree-dimensional extent in which all objects and svents ocour. I
provides a framework to define the position and motion of varous cbjects under tha
influenceof someaforce.

Time measures the sequence and duration of events. In the theory of relativity, time is
not absalute; it is considared the fourth dimension. For example, oscillatory motion,
such as that of a swinging pendulum, relies on tima to detarming the frequency of
oscillations. Another example is time dilation, & phenamencn discussed earlier in this
chapter, whare tima passes mara slowly for an obsarver moving at extramely high
epocds compared to one atrest. The epeclal thaory of ralativity axplalns that space and
time arz related to each other. it describes how space and time are influenced by gravity
and speed, such as the bending of light around mazsaive objects like stars.

Space-lime is, in fact, a mathematical modsl that unifiss space-tima intg a singla
continuum. Itis & concept used to descrike all points of space and time and their relation
to sach other. According to Einstein's theory, space-time is curved especially hear
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massive bodies and for apeeds
approaching the speed af light. Wa can
hypothetically visualize this as a fabric
sheet. If a heavy ball is placed over this
shest, itcurves as shown in Fig. 11.2.

Ohjects such as stars and planels cause
space-tims to curve around themselves,
much like an elastic fabric deforms when
holding 8 ball. The more massive the
object, the despar the curve.

Flg. 11.2

Conssquenty, we dao not speak of a forca of gravity acting on bodles; Instead, we say
that badies and light rays move along geodesics (analogous to straight lines in plane
geometry) in curved space-time. Thus, a body at rest or moving slowdy near a massive

objectwould follow 2 gecdssic toward that object.

e

fli Iqr-:i"-':’."_".:'fll*.&] informadan ) §

Einstein's theory provides a physical picture of how® L |

gravity works. Newton discoverad the inverse square law
of gravity but sxplicitly statad that he offerad ne
axplanation for why gravity should follow this. law.
Einstein's theory alse describes gravity as following an
invarsa square law [except in strong gravitational fialds),
but it explains why this is so. This is why Einstein's theory
ig congidersd an advancement over Newlon's, even
though It encompasees Newton's theery and vlelds the
sarma results as Newton's thaoryjn all but very strang
gravitational fields.

Tha bending of slaright caused by the Sun's gravity was
measured during a solar eclipse in 1919 The results
maiched Einstein’s theory rather than Newton's, leading
to Einstein's theory being hailed as a scientific triumph.
Another succass if Einstain's theory was the detection of
gravitatioral weves, produced by some celestial events
causing disturbances (squeszes and stretchss) in the
curvaturg of spaca-time. Thess waves were detacted in
2015 and announced in 2016,

Banding of sladight by the Sun.
Light from the star A is deflected
it pesses close tothe Sunon its
way o Eerh. We see the star
in tha appsrent direction E,
ghifted by the angle 4 . Einstein
pradictad that § = 1.745 esconds
of angle which was found 1o ba
tha same during the solar eclipsa
of 1818,

Exanipde 10,10 The perod of a pendulum i measured to be 3.0 a in the inertial
refersnce frame of the pendulum. What is its period measured by an obsarvar moving

at a spead of .95 ¢ with respect io the pendulum?
Solulion

f=30s, v=085¢, =7
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Using t= L
\"2
-
i 3.0s s A0s o
\(1_(0.95@2 41— (0.95¥
B.E

| Example 1120 A bar 1.0 min length and [oeated along %-axls moves with a spaed of
0.75 cwith respect to a stationary observer. What is the length of the bar &5 measured
by the stationary observer?

: = - -
I Solution ﬂr Fer your information l
L )

£=10m , v=0D75 ¢ , £=7 Tha faster Yol are moving or close
to & strong source of gravity, the

alowerthe tima goes far you,
Using ) h-z—: et

[D.?;f & m*+/1—(0.757 — 0.66m

£ —1.0m= "'J 1—
Ewample 10.2 0 Find tha mass mof a moving cbject with speed D.8 ¢,
e - [rereing remsien )
sing m = = If you Bre on some spaceship
\,1_\" mowing extremely fast through
& space near 2 black hole (ke in
k o movie, TIntersteller” then you
or m = T = : o 1.87M_ oouid miss 7 years on the Earth in
\/1_ (08cf 1-(0.8) avBryiour
b c?
of m'= 1.67m,

Hypotheiical Example of Space Time

Let a spaceship be fravelling to a star with half of the speed of light. Let it takes eight
yaarz to reach to the star, fram the point of view of the observer on the Earth. From the
Eartl's point of view, the clocks on the spaceship are moving slowly, so thatl less time
passes on the spaceshipcompared to the Earth.

Fortha spacaeship acclupants, the length ofthe journay has contracted which they cover
in less time. The occupants of the spaceship record T years to reach their destination,
ratherthan & years.
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(@ Muitipie Cholce Questions [

Tick (') the correct anawer.

11.1 Relativistic mechanis vields results different from dlassical meshanics for
chjects moving with:

(3} low veloocity () velocity equal to that of sound waves
(c) velochty greater than sound waves  (d) veloclty approaching tha"t-d-' light
11.2 If en observer is moving inthe same direction as a sound w&we. the velocity of the

WaYE SaemS o bha:
{a) more (b} less ot
{c) constant (d) sum of tl'letWD velocities

11.3 If the rest mass of a particle m, increases to mydus, 1o its high speed, then its
Kinatic anergy is:

{a) 1/2 mc* {b) 1/2 mv (c]{m—m,,")c’ dy12(m-m. )&
11.4 The speed of beam light of a car wh;la mmrlng with high speed as compared to
ita rest position is:

(a} graater (b) lass - (-::] same {d} zero
11.5 A photon is a particle of [ight, What i3 it mass whan it moves with 0.9 7
(2)9.1x10"kg (b) 1.87 ¢ 10%kg (c) 1.67 x 107 kg (d} Zera

[@__CShort Answer Questions |
11.1 Whatis meantﬁflﬁérﬁal frame of referance and a non-inertial frame of reference?
1.2 Wmtara_,trig;wn postulates of spacial theory of relalivity 7
1.3 Da@mh&ﬂhy itisimpossible for a materia| particle to movs with speed of light.
114 DDeﬂ;fhenry of redativity contradicts Newtan's laws of motion? Explain briefly
11.5 Whatiz meantby propertime, and propear langth?
11.6 Whatis meantby relativislic mass, length andtime?
11.7 Why mass of a moving objectincreases?
41.8 All motion are relatives. Does space-time is absclutet Explain briefly.
11.% Explainthatspeed oflightia anultimate limit for any object.
11.10 Give axamples whara the results of apeclal theory of relativity have baon verfled.
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i Constructed Response Questions

Speed of sound is affected by relative motion between the observar and the
source. Does this apply to speed oflight 25 wel(? Describe brigfly.
Is it aver possible to see a star moving away from us at a uniform velocity equal to
the velocity of ight?
Ifthe spead oflightis just 50 m s, howwould every day events appearto?
If tha speed of light wars infinite, what would the squations of special theory of
relativity reduce to?
Aceording te Einstein's equation; E=m¢7, is it possible to create a single electron
fromenergy? Exphain.

Comprehensive Questions ]

-

V¥hat is meant by the “rame of reference™? Distinguish between inartial frame of
rafarance and noninardal framea of rafarenca by giving examplas.

Describe the Einstein’s mass-energy equation; why ¢annot we observs its effects
In sveryday | ifa? Whatara [ts skynificant consequences? Give examples.

State the Einstien’s concept about the space<time. Describe the view of gravity
according to this concept.

Numerica! PFroblems

An glectron is accelerated to a speed of U 995 ¢ which passes down an evacuated

tube 500 mlong. How long will thetube appear to the elacron? {Ans:50m)

A neutron, being not a stable particle, disintigerates in 20 minutes on the avarage.

How long will it seemtoexist if shoots cut from a nucleus with aspeed of 0.8 c7
{Ans: 33.3 min)

Aspaceship is measured 100 mlong while itis at rest with respect to an cbserver, if

thle spaceshlp how fllas by the sheerver with a speed of 0.89 ¢, whatlangth will the

obsarvar find for tha spacaship? (Ans: 14m)
The rest mass of an electron is 9.11 x 10 kg. Calculate the comesponding rest-
mass energy. {Ans: 8.2x 107" Jor0.51 MeV)
An electron is accelerated to a speed v = 0.85 ¢. Calculate its total energy and
kinatlc enargy In elactron volt. (Ans: 0.97 Mev, 0.4E9 MaV)

At what spaad , would the mass of a proton in & particle accelerator be tripled?
{Ans:0.843 c)
The period of pendulum is measured to be 3 s in an inertial frame af reference.
What will be the pericd measured by an cbserver in a spaceship with a constant
speed of 0.95 cwith respect to the pendulum? {Ans:9.68)
Hypothetically, If a ball of mass 0.5 kg ks projscted with a veloclty of 0.9 ¢, what will
be its massin flight? (Ans:1.15kg)
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After studying this chapier, the students will bs able to;

stats that nuckson number and chargs ars consarved in nuclear protessos

describe the compesltion, mass and chargs of o-, B~ and y-radiations [both m {slectrons) and
A+ipositrona) areinaluded]

Explzinthat &n antl-paride has ihe same mass but opposite charge bo the corresponding parlicle
[giva the exampls that a positron istha anti-particls of an electrn]

state that (electron) and-nauirinos are praduced durng B—du-ca’farrd [alectron) nautdnse are
produced durhg B+dacay

Explrin that o-particles heve diacrete energies bul fhat f-particlza have a conlinuoua rengs of
energies because (artinoutines are cmitled in B-docay

Describe quarks and ari- quarks (as a fundamental [including that thara ars six flavars (typss) of
guark: up. down, atrange, ¢charm, top and bom__mfl ;

dendribe protons and neutrons n termnufﬂmrrﬁ'mﬂimmpmiﬁun

state that & hadron may be sithera harﬁun (Gﬂnsmtlng of three quarks} or a meson (consisting of
onaquark and an antiquark)

describathe changes o markm_mngﬂbnthattalm placa during p-and B+ decsy

state thatslactrons and neutrings are fundamental particies called leplons

State, W, Z, gluon, and_gpnl_nria as fundamentsl particles called axchange particles or force
Camers 1

Stale tha Higgs Busqﬁﬁé afundamentsl particlewhich i msponsible forthe parlicle’s mass.

Explzin that cyany subatomic particle has 2 comesponding anti- particlc thet has the same mass
g5 B given particls but opposlie slectric ormagnetic proparies sccarding to the Standard Model of
Particle Ph-w‘ o3)]

Ewmat thiers ane varicus contending theoriss about what 'mass’ and fores’ are genarabed
from (8.0, that thesa are genarated fram quantum fislde whan thay are enargbed, or from muld
dimanslonal "strings’ that vibrate In hig her dimensions o give dse 1o parteles (no furthsr technlcal
lnowisdge beyond these simple descriptions is expected at this evel 1]

IBustrate that anki -particles usually heve the same weighl, but opposite charge, compared to their
matterCounterparts

Stale that most ofthe matter In the observable universals matter
Deessoribaer Lher asyrmrmeely el mealier and anti-reillerin Ibe universs as anunsobed myslery

Descrbe annlhiletion reactions [p perticle meets ks comesponding ant -perticle, they underge
ennihilation naactions in which eithar all tha mass iz convartad to haat and light anangy, or 2omea
mass |6 left over N the fomof new sub-atomic parbcles.]
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We believe that all atoms are made up of neutrons, protens, and electrons. The
antiparticles of these three paricles are alse known. The posilron {a positive
electron), the neutrino, and the photon are also known. By the end of 1960s, many new
types of parlicles similar to the nautron and the proton were discoverad. These were
called mesons whose masses were mosily less than nuclean masses but more than the
eleciron mass. Aftarwards, other mesons were alse found that have masses grester
than nuclecns. Physicists started to look for more fundamental particles which must
have evan smallar constituents which was later confirmed by exparimants. Thase ware
named as guarks. Wewill discuss in this chapter, the besic building blocks of matter.

12.1 STRUCTURE AND PROPERTIES OF THE NUCLEUS

The atomic nucleys comprises two types of particles: profons and neutons, Aproten is
the nudeus of the simplest atom, hydrogen, called a pratium. The proton has a positive
charge of the same magnitude as that of the slectron (1.8x10™ CY and its mass is
1.67 ¥ 1077 kg. The neutron, whose existence was peinted out in 1932 by James
Chadwick, is slacirically nautral as its name suggsestad and its mass is hearly tha sams
asthat of proton. Now we can say that the nucleus has two types of particles (neutrons
and protons)called nucleons.

Besides hydrogen, the nudlei of all other elements consist of both neutrons and protons.
The different nudlei are called nuclides. The number of protons in a nucleus is called the
atamic number regresented by the swmbol Z, The total number of nualesns, the sum of
nautrons and protons, |s reprasemted by the symbol A and e zalled the atomic mass
number, or elmply mase number. It is wrltton as

A=N%2 . (121

where N represents the neutron number.

In order to spacify tha glvan nuclal, the symbel X & commaonly used as ;X, where X Is the
chemical symbol for the element To Indlcate the mass of atomic particies, Instead of
kilogram, unified mass scale {u) i= genarally used. By definiton 1u iz axactly cne
twelvath the mass of carbon-12 aton {1u = 1.8808 x 10 kg = 231 MeV). Using this
value of u, the mass of a preton is 1.007276 u and that of a neutron is 1.008665 u while
thatofan electron is §. 00055 u.

For a particular atom (e.g., carbon), huclai are found to confain different numbars of
nautrohs, although they all have the sama humber of protons. For exampls, carbon
nuclei alwaya have § protona, but they may have different number of neutrans. Nuclei
that conlain the same number of protons but different numberz of neutrons are called
isctapes. Isotopes of carbon are '2C, C, and %G, amongst them C and C are stable
bul ;C is unstable and desays into nitrogen along with the emission of B and neutrine
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‘i2;2 FUNDAMENTAL FORCES OF NATURE

To understand the structure of the nudeus, it is important to kKnow the nature of the
force=that bind the nuclean together. But hefore that, we should know the basicforces in
nziura. Despita the apparant complaxity within the universe, all interactions in the
univarse Bre govemed by the four basic forces, known as fundamental forces. These
forces control how objects move, inleract and behave at different scales from nudeons
in the atom tc massive galaxies. The four fundamental forces are gravily,
eleciromagnetism, weak nuclear force, and strong nuclear force.

Gravitational force or gravily is one of the four fundamental forces of nature. It is the
weekest of the four butitis a long-renge force. [t is an atiractive force and arizes due to
the gravitational interaction betwoen the bodies. The gravitational force betwsen two
bodies is proportional to the product of thelr masses and inversaly. proportional to the
square of the distance between them. When considered for messive objects, such 85
tha Sun, or glant planets, gravitational force Is consldered to be signiflcant as the
masses of these objacts are larga. However, on an atemic leval, this force is considerad
o be negligibly weak.

Tha slactromagnetic force Iz responsible for electric fleld and magnetic fleld
interacticns. Like the gravitational force, the eleciromagnetic force follows an inverse
square law but is much strongar than gravity: ltgovams a vast range of phenomeana,
from atomic structure, chemical bonding, electricity, magnetizsm, and light propagation.
«Jamas Clerk Maxwsll {136 1) formulated aset of four fundamental equations named as
“Maxwall’s equations” that unified slectricity and magnstism into elactromagnatiem.
These equations describe how electric and magnetic fields interact and how
eleclromagnetic waves propagate. These equalions showed that electric and magnetic
finlcle are notseparate forces but are twa aspects of a single electromagnetic force.

Chut of the four fundamental forees, nuclear forces are the strengest attractive forces.

Electromagnetism holds the matter together, but thére was no explanation on how the

nucleus is held together in the atom. If we only consider the forces of electromagnetism

and gravity, thenucleus should Ry off in differant directions. Tha stability of the nucleus

implies that another forea should exist within the nucleus which is stronger than the
ravitational force and electromagnetic Teble 12.1

?ﬁn::e. This is where nuclear f%rces Relative strength and range of four

: fundamental forces
come into play. Strong nuclear forces

; ; ¢ F Approxamate ol R
are respensible for holding the nuclei of s i > Strongth T S
atomns together. They only exist inside {comparsd to sirong forcs)
the nucleus. So, we call them ea short- gy 10 -

range forees, The strong nudear Toree Weak nuclear
acts as an attractive force betwean & forees
nucleona. Thus, protons attract each Eleciromagnetic Ll 2
other via the strang nucisar forcas at Firona nucisar 1 €407 m

1w <1074 m
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tha same time they repal each other via the selectric force. A neutron, being slectrically
neutral, can atiract other neutrons or protens via the strong nuclear force. Weak
nuclear forces are responsible for the radioactive decay, particulary the bela decay
and intaractions involving neutrina. Unlike the othar fundamental forces, the weak forca
can change the identity of particles, making it essential for processes like nuclear
fusion in stars and the decay of unstable atomic nuclei. The relative strength and range
ofthe above fourforces aregiven inTable 12.1.

12.3 MATTER AND ANTI-MATTER e yowr infermasion]) I
It was predicted by Paul Dirac In 1828 that the 1-A paricla accsleratar.ls 3 huga
fundamental particles have their anti-particles. The rest m:::::g“::f:‘:ifﬁﬂﬁ?
masses af the anti-particles are the same as that of their  © ictone SEoheh o A higl':
comesponding particles but with opposite charges and  anergies and spasds, approaching
magretic moments. For example, positron is the anti-  thespead b light.

partlcle of an alsctron. It |s represenied by 6°, The rest 2 Lineer Accelerators, Cyalatrans
mass of the positran is the same as that of an electron’ &nd Eetalrons are important
bul it carries positive charge with magnitude the same. PArUcle accelarators.
asthatofan alactron. Itis noted that the positron was the

first discovered anti-particle by Anderson in 1932 in g

cloud chamber experiment. This was first expsimental | T ineeressing infarmarion Il
discovery of an anti-particle. After that g lot of anti- - 4o work on this disciwery,
particles were discoverad. Usually, tha anti-particles areé biac and Anderson raceived the
represented by a latter wilh a barower it; @ 4., anti-proton Nobel Prize In Physies-Oiracin 1933,

is represented by p anti-neutring by v and so on. and Anderson in 1938, In 19535,
Begre arnd Chamberlsin discoverad

The quarks and leplons hava been racognized as the antlpraton uslng a  partlcla
fundamental particleg also known as slementary accelerator and were awarded the
particles among the ton many discovered particles. Nobel Priza in physics in 1859 for
Thase alsmantary particles hava also anti-particlas. it el

{i) Tha cesmic rays are Hiah-energy partides coming frem the culsr-space with unknown sources, Thair
saurca may be the Sun or the other stars. Thase parliclas consist mosty of protons, nautrons and
heawviar nucksi, which ara confinually bombarding tha Earth. Yyhan thesa particlas interact wilh the
atoms of tha gasas of the Earth’s atmosphars, thay produca shonwers of secondary particias which
raln down an us all the tima.

(i) When nudlei of ureinble mdicactive slement say ™l undergo fasion reastiona i the nuclear
reactors, they emit & varety of paticles, such as; neutrons, neutrines, a-perticles, photons,
electrons and positrons.

{ili} When the chargad particles, such as elactrens gnd pretons ane aceslarated by an accalarator and
thsn hombardad on thetargat materal, whish s hydrogen, theseaccelarated charged particles may
abin collide head-nn with aach athar. Ax a result, ths dabriz from thess resctions contain parficias
like pions, kaons, muans and evean anti-protons.
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Palr Production

Pair production occurs when a vray (high energy photon) passes nearby an atomic
nuclaus. As a result, an elsctron-posilron pair is emitted as shown in Fig. 12,1, The
presence of a third particle, such as a nucleus, is necessary to conserve lingar
momentum. According to the law of mass-energy equivalence, the minimum energyofa
phaton for pair preduction must be squal to the sum of the rast mass ensrgiss of tha
cregted parlicles. The rest mass energy of the electron-positron pair is
2mcf = 1.02 We¥ which has been verified experimentally. A gamma ray photon with

energy less than 1.02 MeV cannot produce an s
gleclron-positron pair whereas a photon with [ DT
erergy greater than 1.02 MeV creates an The pair producion cannot™take placs in

eleciron-pasitron pair and the excess energy YESUUM Of 5pace. Tha pair produclion can

: ET : : happan only in tha preseanca of an extamal
goes into tha kinetic snergios of tha particios. hinen ke el releus wiioh oan

The process of pair production satisfies the exparience spmo recoll durng tha collislon
laws of conservation of charge, momentumand  Process-lo canserve the enargy and ihe
energy. It can occur for any particle and anti. MOTEMHMEtthe same time.

particle.

Annihilation of Matier

It is the opposite process of pair production. For axample, when an electron and 2
posiiron interect to each other, they annihilate into two gamma ray photons as shownin
Fig. 12.2. The reaction can be written as

¢ +e 5 vty
The enengy of each gamma ray ghoton 5 0.8 MeV which is equal to the rest mass
srargy of an alactron or a positron, (.. E=m.¢’. In an annihilation reaction, energy and
momentum are conserved. Besides the electron and positron annihilation, the
annihilation reactions of other particles and their anti-particles can also be camied out
8.g., proton and anfi-proton, lapton and anti-lepton, quarkand anti-quark, ate,

Poilron ;_,,.K.E+ ]

Pre = 112 MBY /a‘ a4
a
e e e H
& U g id & bl

Inedtsnl photan
fy-rey)

T

T l

Flg. 12.1: A high energate phobton (y-rey) ¥

intaracing with a nucleus and rasults into an Fig. 12.7: Annihilation of mattar
eloctron ang a positon pair.
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A particle accelerator, named a5
Large Hadron Colllder {LHC) at
CERN have revealed that seme

mass of colliding paricles i3 ERean s
changed to clectromagnetic
radiaticn according fo Einstein’s
aguation _and laft over mass Cnu‘:m“ N
appears in the form of new B
sub-atemic particles (Fig.12.3).

A

Path of neutral lambeda particla (£ )

Flg. 12.3: A high energstle pp colllslon producing 18 new
particles. W

124 RADIOACTIVITY S

It hae been cheerved that the nuclal whosse atomic numbsrs-are greater than 82 are
found naturally unstable, and these nuclei spuntaneous{y-amit radiations. Such nucla
mre called radioactive and the emission of radiglion is known Bs nsfural radioactivity.
These radiations are of three types, o, B andy-radiations. Unstable lsctopas can alsobe
preduced artificially in the laboratory by nuclear reaclions. This gecurs when a stable
slement I3 bombarded with high-anergy paricles, such as neutrona, protons, alpha
particles, or gamma rays, causing it to-become unstable and emit radiation. Thiz is
called artificial radioactivity and radi“patffive isotopes are named radioisotopes or
radlonuclidas.

The o-partides, B-particles and -radiations are traversed differently when passed
through the electric field as shown in Fig.12.4. It is seen that o-particles deflecl towards
the negativa tarminal of the slactric field, showing that they have a positive charga. The
a-particles are emitted at high speeds, typically a few percent of the speed of light,
However, a-particles ‘can travel only several centimetrss in tha air dus to their large
mass. The [-paricles deflect towards the positive terminal of the electric field, showing

Lead bleak
T
¥ Praya
= T
e
e rays
/r
Radlesediva Elnctrically mmnmrq:hlc \
s bstanca charged plates.

Fig. 12.4. The |hree rediouctve mdialions, namely alpha, bela and gamma rays
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they have a negative charge. The deflection of B-parlicles is more than the o-particles,
proving that they are lighter particles than a-particles. The B-particles are fast-moving
electrons and move with speeds up to 0.9985 of the speed of light. The y-radiations
passed through the aleciric fiald without deflection, showing that they have no chargs.
The y-radiations are slectromagnetic rediations which consist of photons. They move
with the speed of lightwith the highest penetrating power but the lowest ionization power.

The process of amitting a-partidas, P-particles and y-radiations from the nucleus is
cdlled o-decay, B-decay and y-decay, respestively, and are discussed below.

w-Decay

If the nuclaus has more protons than the number of neutrons, the electrostatic force of
repulsion becomes greater than the strong nuclear force of atiraction_-In this case, the
nucleus becomeas unastable and emits alpha particles in radlozctive decay. An a-particle
is equivalent toa helium (He) nucleus which consists of two protons and two neutrons.
This means the nuclaus lnsas two protons and nautrong in tha c-decay. Henca, the
atomic number Z decreases by 2 while its mass number Adecreazes by 4. Alpha decay
can bewritten in general as:

T 5 DX+ He N (12.2)

Here X is the parent nucleus which decays into the daughter nucleus 55X and ;He is
the alpha particle. In the a-decay, it & experimerially cbserved that the number of

nucleons (A) and electric charge are conserved. An ™Ra
example of o-decay isgiven below: Paren! nldeus ot-particls
A radlum-228 Isotope { *3,Ra ) amits 2n alpha particle o A
and decays into a daughler nucleus radon-222( “;Rn ). S

Poa 5 ZRn + e e (12.3) L TR

Inthe above nuclearreaction, the daughter nucleus { 5, Rn)is different from the parent
nucleus { “5,Ra. This transition ofone elementinto ancther is called the transmutation
of tha slements. Itis expermentally found that the mass of tha parent nucleus is greater
than the total masa of the daughter nucleus snd the mesz of the e-particle. Thus, the
total mass-ensrgy (E=m¢’) of the decay products is less than the mass-enery of the
onginal nuclide. This difference in mass-anergy is called the disintegration energy (3,
or the G-value ofthe decay.

B-Decay

Thare ara two types of f-decay; f-decayand B -decay.

(i) p-Decay

Same nuclides have neutron-to-proton ratio (N/P) too large and are the source of

B -decay. The p-particles are not the orbital electrons but they ara creatad wilhin the
nucleus atthe momentof emission. In this process, a neutron in the nucleus decays into
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a proton and an electron, plus another particle called arti-neutrino which is the anti-
particle of neulrine. The neutrino is denoted by a Greek symbol v {nu) and anti-neutrine
is denotad by a bar overthe v. The decay process is given by the fellowing relation:
N =p tle+ ¥

Cne of the neutrons changes ko a proten and in onder to conserve charge it emits an
alactron. Thasa elactrons ara called beta particles. However, they ara indistinguishable
from orbital elecirons. Beth the neutrinc and the anti-nsutrino have zero charge and
very small mass, that is why they are very difficult to abserve when passing through the
matter. No nucleons are lost when a B-particle is emitted, and the total number of
nucleons A remains the same butthe mass number £ changes. Beta decay process can
bewritlen as:

X o aAX ety {F= & rormmion I
From the above equation, it is clear that the parent H&ﬁﬂiﬁ:ﬁ;ﬁ?ﬁ:ﬂ
elemeant of atomic number Z is transmuted to another enorgy consarvation In the bota-
element of atomic number {£+1). An example is the | minus and beta-plus decays. Latar
isotopa of thorium, which is unstable and decays intg - in 1952, neutring wes dotacted by

F. Reines and C. L. Cowan in a
protactinlum by beta emisslen. The reactlon ls HiEhrouet Haclar rescicE.on

represented as: this diacovery, K. Reinea reteived

’;Th-» 2ﬁPa+je+ T {he Mabel prize in 1885,

(i ['-Decay

There are also nuclides that have neutron-te-proton ratio (N/P) too small for stability and
decay by amitting a positran instead of an electron. The positron (8+) has the sama
mass a5 the electron but it hag a positive charge. The positron is the anti-particdle of the
electren. In this process, a'proton in the nucleus decays into a neutron and a posifron,
plus aneutring. The generalized decay is given below:

K AX +tlety

An example of adecay of Neon into Flourine by emitling positron and neufring is:
TNe—= “F +%a+ v

Energy ofklpha and Beta Particles in Radioactive Decay

In both a-decay and B-decay, for 2 partlcular T
radiocnuclide, the same amount of energy is
released. In a-decay of a particular radionuclide,
eavery em/tted a-particle has the =ama sharply
defined kinelic energy. When the number of
a-particles is plotted against Kinetic enargy. thera
are dislinct spikes that appezr on the graph as
shown in Fig. 12.5, This demonsirates that Kinatic Enargy (a¥)
ag-particles have discrate anarglas.

Mo of a-partiches (M}

| L
r

Fig. 125 Giscrete ensrmgy valuas of o-particies
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However, in the case of B-particle emission,
energy is shared between Pparticle and anti- f
nautring In varying proportions. The sum of
alactron (or positron) energy and the anti-
neutrino's (or neutrino's) energy, however, in

\

No. of [particles (N)

avery case remalns tha same. Thus, In B-dacay, \

the energy of an electron cr a positron may

range from zero ta a maximum value. VWhean tha 3
number of p-particles k& plotted againsi Kinetls Kinefic energy (£Y)

energy, the graph shows a curve as shown in Flg. 12.6: Confinuos spactum

Fig. 12.6. This demonstratas that beta partlcies of f-particles

{(slectrons or positrons) have a centinuous range of anergies.- The principle of
cansenvation of momentum and energy spplies in both alpha and beta emission.

(i} y-Radliation
The emission of y-radiation from anuclews is ganerslly raprasantad by thizequation:
X Xy

L
whare ;X represents an excited nudeus while 3¢ shows ground state of the nuclsus.

Table 12.2: The summary of naiurshﬁ}i‘rﬂﬂa, beta and gamma radlatlons

Characteristics a-partiging p-particias rays

1. Natura Helaim nucled Elactrans or poshtrans from | E . wavaes from exclitad
ol chame 28 the nudeus of charge += nuclel with no charpe

2 Typical sources | Rado-222 Stronfium-Bd Cobalt-60

3. Ionization Aboul 107 About 10 About 1

{lon pairs mm™ in i)

4. Rangs In alr Beveral canfimatras  Sevaral metres Cheye INverse souaia law

&, Absorbed by A paper 1-5 mm of Al sheet 1-10 cm of le=d sheed

E. Enetgy spactrom | Emitted with 1he Variahle anermy Variakila arargy
ERrTIEe gy

7. Spead -1 ms’ ~1x 1 ms’ =3x10°m="

12.5 FUNDAMENTAL PARTICLES

By tha term fundamental partlels, we mean a particle that has no internal siructurs,
which means that it is indivisible. Presently, the fundamental constituents of matter are
considered to be quarks (protons, neulrons and mesons are made up of quarks) and
leptens (including electrons, positrons, and neulrines). They are considered the basic
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building blocks of matter.

¥YWhen 2 nucleus ks emashed In an ultra high enargy particle accalarator, or two high
ernergy particles are colided, entirely new ftypes of particles are created which
apparantly do not ex|st within thia atoms of tha ordinary matter. They ara the outcoms of
the violent collisions needed to probe the basic structure of matter. More than a hundred
new particles have bean identified to be classified into families with similar properties.
Many of these ware accounted well with the achems of theoratical physicist whils the
resl were named "strange particle”. They are always cregted in pairs, €.9., when & pion
{x’) collides with a proton, two strange particles k® (Kaon}, and A*{Lamda) are created.
The nuckear reaction ia:
rtp oy K+ A

All particles spin o their axés and the spin of charged parlicles makes them tiny
magnets. The characteristic spin of elsctrons, protens, neutronsis 172 and the spin of
phaton is 1 and of pions is taken as zero. Half spin particles oby tha Pauli's exclusion
princlple whish says that only one particde of a kind oceuples a ghven quantum state.
These parlicles are called “fermians”. The padicleswith zero or whole number spin do
not obay thiz principle. They are callad "bosons" as they obey Bass-Einstsin statistics,
Further major classifications are:

1. The nuclecns and the heavier particles such as A" and k" which decay o nucleons are
called "baryons' (heavy).

2. The particles that do not interact strongly with nucleons, and are caled leptons
{small) along withthe electrons, lau and neutrino.

Bath of the P-dacay {bata-minus end beta-plus) processes provide evidencs thal tha
protons and neutrons sre not the fundamental partides, By the 1860s many new types
of particles similar to the neutron and proton were discovared, as well as many
‘midsized” paricles called mesons whose masses wers mostly less than nuclean
masses but mora than the slectron mass (other mesons, found later, have massos
graatar than nuckeons). The strongly attractive particles are called n mesoh or pichs
while the weakly interacling particles were named p.mesons or muons.

This discavery (ad to the conclusion that thase particles could not ba fundamental
particles, and must ba made up of even smaller constituents , which wera givan the
name quarks.

Hadrons and Leptons

Particles can alsc be classified based on the four fundamental forcas that act on tham.
While 1he gravitational force affects all particles. lis impact at the subalomic level is so
minimal that it is generally disregarded at the sub-atomic level. The slectromagnetic
force, which acts on all elecirically charged particles, is well understeod and can be
considered when necessary, however, in this chapter, we will largely ignore its effects.

Farticles can be broadly classified based on whether they interact via the strong force or
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do not. Thoge that experience the strong force are known as hadrong, while those that
do not, are called leptans. Examples of hadmons include protons, neutrons, and pions,
whareas slactrons and nautrinos are classified a3 laptans.

Hadrons ere composite subatomic particles that can be further divided into two broed
catagorias: some ara bosons, referred to as masans such as plon, while othsrs ars
farmicns, known as baryons, with protons and neutrons being the keay examples.
Baryons are made of an odd number of guarks {usually three quarks), and mesons are
made up of an even number of quarks {usually tbwo quarks: one quark and one antl
quark).

The leptons intaract only through weak or alectromagnetic interactions. No experiments
have yet been able to reveal any Internal structure for the leptons; they appear to be
truly fundamental particles that cannot be split into smaller particles. All known
laptons have spln %, 86 they all ara Farmions. Tha alx known laptons are grouped
as three pairs of partcles as shown in Table 12.3. Each pairincludes a charged particle
(e w, v}, its associated neutring and comresponding anti-particles. Charged leptons can
combine with other particlas to form wvarious composite particles such as atoms and
positrenium, while neutrinos rarely interacl with anything. and are consequerntly rarely
observed. The best-known of all lkeptons is the electron.

Table 12,3: The lepton family

- L Mass i .
Family Parlicle Hymbol {MeV#cE) Charga q Antiparticle
Electron g oAt <1 &1
i Elactren neutring ¥, » 11107 4] s
Muon e 1067 =1 ut
Mwon IMuon neulrinn Vi » %107 0 T
Tau [l 1777 =1 1
Tau . F -
Tau Neutrina W » 1x10 ] v
126 QUARKS

In 1964, M. Gell-Mann and George Zwaig proposed that none of the hadrons, not even
the proton and neutron, are truly fundamental, but instead are made up of combinations
of three more fundamental entities called guarks o quark flavours. Quarks are
consldered to be truly fundamental partcles, llke leptons. Three quarke coriginally
proposed were named up, down, and strange, with abbreviations u, d and s,
respactivaly. Prasently, we are awara of slx quarks, |ust as there ara six laptons-based on
a presumed symmedry in nature. The cther three quarks are called charm, bottom, and
fop (g, b, 1). These new quarks can be distinguished from the 3 original quarks (Table
12.4). All quarks have a spin and an electric charge (a fraction of the praviously thought
smallestcharge e on an electron). Quarks ara invisibla. They naver appezron their own.
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All hadrong are consldered to be Tahls 12.4; Quark Aavaura
made up of combinations of guarks
(plus thpa gluons that haldqﬂﬂam Farticlas |Bymbal | Charge I||a|:m.z antl= Charge
(4} [MaVic) | Particle  [q)
together). and thelr properilas ara
described by looking at their quark i L2 5 = 2
content. Mesans consiat of a . 3 a
quark-antiquark pair. For example, pown d ol 10 = R
an mesonisaud combination. A« 3 3
can be made of uu). 2 2
Charm o i 1500 & ===
Each baryon, on the cther hand, 3 3
consisls of three quarks, sucha@s.  gyange | = Sl 3 il
The proton has a quark compesition 3 3
of uud and so its charge quantum +2 | 175000 = 2
number is: L : 3 ; 3
2 2 1 1 4300 _ 1
gluud) = §+ 3 "'('5) =«+1 ‘Bakm e e B +§
Neutron has a quark composition of
udd and lis charge quantum Nelron

Froton
numberis:
adgy= 2ep e e tyon S DR
1 3 3 2 Ld) &k

Mesons are quark—anliquark pairs. Consider the meson n', which consists of an up-
quark u and an antidown quark-d. Ve ses that the charge gquantum number of the up
quark iz +2/3 and that of tha antidown quark i3 +1/3. This eddz nicely to a charge
quanturn numbarof +1forthe ° mason; thatis, qiuy=2/3+1/3=+1.

Motlong after the quark theory was proposed, i was suggested that quarks have another
property (or guality] caled colour, or "golour charge” (analegous to glectric charge).
According o this thacry, each flavour of guark can have one of thres colours, usually
designated rad, green, and klue. Nola that the namess “colour” and “flavour” have nothing
to do with oiir senses, but are purzly whimsical—as are other names, such as charm, in
this hew fiald. The anti-quarks are colourad antired, antigrean, and antiblus. Baryons ara
made up of three quarks, ona of each colour. Mesons consist of a quark—anti-quark pair

Meulron Proton Anti-profon
e @ i @
@ d
Fip. 12.7 {n): Colouriess baryons: Flg. 12.7 (b}, A colouriass anti-haryons:

blue + red + grean = while ant-blue + antired + anti-groen = whils
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of a particular colour arkd its anti-colour. Both baryons and mesons are thus colourless or
white. Each quark is azsumed o carry a cokour charge. analegous o an electric chamge,
and tha strang force batwean fuarks Is rafarved to as tha calour ferea. This theory of tha
strong force is called quantum chromodynamles or QCD, toindicate thatthe forca acts
between colour charges (and not bebaeen, say, skedric charges). The strong force
batween two hadrons le considered to ba aforce between the quarke that maketham up.,

Beta Decay in Terms of Quarks DTS ) |
When a neutron in the nucleus decaysinte a prolanandan , . anly lnside &

electron (beta particle), an anti-neulring is also produced nuceus. Free neumans decay
inthe reaction and the decay process is given as: with a halHife of #1008

1 1 ==
Jriptle+y

®
MNow, we can identify that a neutron with composition udd 9 - P

can convert inlp a proton with composition wud by }r_.,.
changing a down quark into an up quark. Thafundamental 0
decay procesa can now be expresssd as; ¥ o

d > u+fSa+ i

Thus, as our understardding of the fundamental nature of rmatter deepens, we can
analyze familiar processes at increasingly infricate levels. The quark model not only
enhancas our comprehansion of particle structures but also provides nsight Into thelr
interactions.

12.7 HIGGS BOSON

Fundamentsl particles are considered to be the six quarks, the six leptons and the
gauge bosons (Higgs boscrs), which are the carriers of the fundamantal forces.
Leptons and quarka interact with each other by sending and receiving bosona. For
axample, slectromagnetic Interactlons occur when two positively charged particlas
sand and receive {exchangse} photons. The photons are said to ‘cary” the force
between charged perticles. Likewise, attraction between two gquarks in an atomic
nucleus ooclrs whan two quarks send and recelve gluons. Simliarly, the W', W and Z
are the basons that are the carriers of weak nuclear force and gravitons are the carriers
of gravitational farce. The Higgs boson is a special particle discoverad in 2012 at l[arge
hadron colilder at CERN. It Is assoclatad with the Higg's fleld that permeates all of the
space. s crugial role is that it provides explanation for how the other particles get mass
by interacting with it.

The parlicles that interact strongly with Higg's fisld get more mass such as carriers of
glectroweak interaction i.e., W', W and Z bosons whereas the particles like photons do
nct intaract with Higg's field and hencs, thair rest mass is considared zaro. Higgs boson
has a mass of around 125 giga-electron-volts (GeVic® and decays rapidly into other
particles_Here are some key facts:
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1. The Higgs hoson gets its mass fromitsinteractions withits associated Higg's field.

2. ltzan be a uniqus portal to find the corklitions of universe shorlly after tha Big Bang
and signs of dark matter dueto its distinctive characteristics and properties.

12.8 CONSERVATION LAWS

All nuclear processess such as nuclear g For your informatton D [

maactions and nuclear decays obsy consarvation Hadrons

lews suchas: Mesons, 8.9 plons, kaons
i cansarvation of ansrgy, momantum and  baryans, 8.9. profons, neutDne, omegs,
charge. It includes the nuclson number N siamaand lambda parficles
and charge numherZ. Non-hadrons
Leptana, insluding \elestrons, muon,
2. baryon numbar neutrings
a lepton number photens, gravitons
12.9 THE ASYMMETRY OF MATTER AND-ANTI-MATTER IN
THE UNIVERSE

Many observalions show that there is the asymmetry between maitter and anti-matter.
This is the most remarkable features of our universe. A number of hypothesis are existed
which show that the universe consists almost entirely of matter rather than anti-matter.
e.g., the universe is assumed {o ke composed up 5% of ordinary matter (elestrons,
protans and neutrons), 71% of hydrogen atoms and 24% of helium atoms, there are no
any contribution of anti-hydrogen or anti-helium atems in the compaosition of the
universa.

The exparimental results explain that the matber and anti-matter asymmedry is indesd
due to the viclation of conservation of baryon number. ie., there is imbalance number of
karyons and its ant-baryons. Now if the particle-antiparticle symmetry is alsg violated,
then there will be a mechanism for making more guarks than anti-<quarks, more leptons
than anti-leptons and eventually mare matter than anti-matter. Hence, it is conduded
that the problem asymmetry of matter and anti-matter is still mystary.

12.10 MOST CF THE MATTER IN THE OBSERVABLE UNIVERSE
ISPLASMA

Qur universe is more vast than our thinking, because we siill know about its 5% part but
we still do notknow about its remaining 5% part. Forexample, our universe consists of
about 27% of unlmown matter called dark matter and about 68% a mysterous
antigravity material known as dark energy. By adding 27% and 685 we have 85%. It
means 95% universe is out of our thinking, i.e., we know nothing about 95% of the
universe.

On tha othar hand, the 5% of the universe that we know aboaul It, Is an erdinary
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matter, where hydrogen and helium are almost in the plasma state. Therzfore, these
figures indicale that 95% of the 5% of the observable universe isthe plasma state, while
tha ramaining 5% is in the form of matiar. Hencs, itis concludad that mast of the mattar in
the cbaervable universe is plesma.

12.11 THETHEORIES ABOUT THE FORCES BETWEEN THE
MASSES OF PARTICLES

Ta explain tha interactions batween tha masses of the [T For your infermation| I
particles through diffarent mediators, we have the
fellowing two theores, the quarntum field theory and
the string theory.

1. The Quantum Field Theory

According to this theory, each pariicle is represented
by a field called quantum field and it is responsible to
transmit a force from one particle to ancther by &
mediator. For example, let a positively charged
particle produces an electric field in the space around
It. This charged particle exerts an attractive forcs ona
nearby negatively changed particle through jts-fiald.
Mareover, the field can also carry energy and
momantum from one particls to ancther. Whers the
energy and momantum of all fialds arequantized, The
quanta that exchange momentum and energy fram
one type of particle to anotherin thelr fleld are called
figld particles. Thus, we can say that the interactions
between particles are described In terms of the
exchange of field particle or quanta which are all
bosons. For example, the electromagnetic force is
madiated by ‘photons called quanta of the
electromagnetic ‘field. Simiarly, the strong nuclear
force is medialed by field particles called gluons, the
electro-weak force is mediated by the fisld particles
called Bosons (W and Z) and the gravitational fonces
is madiated by field particles called gravitons.

2.  String Theory

String Theory is an advancad concept in
theoratlcal phyzslce proposing that the fundamental
particles of the universe, instead of being point-like,
are actually tiny, vibrating strings. Thaese strings can
be aopen or cloged locps, and their vibrations
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determine the properies of particles. including mass and force. String Theory

framework, offering a potential theory of everything, still remains unproved
axperimantally.

12.12 THESTANDARD MODEL

The standard model is the collection of
theories that describe tha smallest
expefimentally ohserved particles of matler
and Interaction betwaen energy and matter.
Three categaries of particles form the
standard model are shown in Fig. 12 8.
Matter, which makes up only 5% of the
universe is composad of quarks and leptons.
The fundamental bosons provide three
forees: electromagnetiam, the sireng
nuciear forge and the weak nuclear forge.

:i H'QE i bu?sm p'.'n;" Kigs 8N Sxplanation  ANGed 3 maniary partioles 1
rhowtne ol erpal'tlt: e3 get mass. ) standard model

This model is still congidered incomplete: Curently, it is unable o explain many
important features of the known univerea guch as: (i) gravity (i) dark matter (27% of
the universe (i} dark energy (B8% of the universe).

§ ~QUESTIONS P
[@ nuttipie Cholce Questions [
Tick {v) the corract answer.

12.1Which one,cf.ths Tollewing is the fundamental parlicle?

{a) Proton " (b) Neutron {c) Electron {d} Mesan
12.2 The firgt.dizcovared anti-particie is:

{a) anfi-proton (%) anti-nautrino (¢) anti-photon {d} anti-alactron
12.3Which one of the following pair of parlicles creales annihilation?

[a) proton-proton [b) proion-nautron

(&) neutrén-ghoton [d) electron-posiron
12.4 The sitromg nuclear force between the two parlicles is medisted by:

{2) gluans {(b) photon  (c) mesons {d) gravitons
12.5Which one of the following forces intaracts betwaan two particles through photons?

(a) Strang nuclear forca (F) Weakforce

(c) Electromagnstic force (d) Gravitational force
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12.86 Whan a neutran changas nta 2 proton, than wewlll obsarve:

(a) f-decay  (b)p'-decay [Cyydecay  {d)a-decay

12.7 Baryonisformed by combination of:
(&) 2 quarks (b} 3 quarks
()4 quarks {d)Aquark and an anbi-quark

12.8 Which cne of the following forces has negligible effest between the elementary
particles?
(a) Strong nuclear forcs {b} Weak forca L
(c) Gravitational force (d} Electromagnatic forca .\-__ )

12.8  Which patticles ars producad by strong intsraction? o
(a)Graviton  (B)Leptons {c} Hadrons {d}Mé__s&hs

12.10 Astrong nuclear force exists between the nucleons of;, (7
(e)p—p (k)n—n (lp—n . {d)allcfthese

12.11 Which oneofthe following radiation/particles Hasthe highest ionization power?
{a)ee {b) B (P {dr

12.12 Which onsof the following radiation!pa_l;ﬂclafa has the highesl penetrating powear?
(a) e () B e B {d)y

12.13 Achange oocurs In atomic meniber of a nucleus but its mase number remains the
same by decay of: Y
fe)w (k)P % fcly {dioandy

1214 In a nucleus, a neutmﬁ.;;h'énge's into a proton, the atomic number changes by
one, the mass numbserwill:

(a)decrease __':b}ihcrease {cyremainthesame {d)none of these
12.15 The electroweak theory was introduced by:

{a) Dirac * (b)Einstsin {cyAnderson  {d)Cir. Abdul Salam

1218 Thg"i'isljirrirnetry of matter and anti-matier is due toimbalance number gi:
(a)hadron  (b)lepton (e)baryon  {d) photons

1217 Which one of the following particle is responsible for the mass of the fundamantal
particle?
(a) Quarks (B) Anti-quark {c)Lepton {d)Higgs boson

12.18 Aprcton is compesed of up and down quarks, the order of guarks is:
{g) udd {p)udu fciuud {didud

12.18 The number of gquarks that composed of a neutron is:
{a)2 {b)3 {c)4 {d)3
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Short Answer Questions

What do differant isotopas of a given elament have in common? How are
thay different?

ldentify tha element that has 87 nucleons and 50 neutrans,

What are the similzrities and differencas betwean the strong nuclkear force and
the electromagnetic force?

Fill intha missing particle ornucleus:

(8) sCaaxT+e + ¥

() ECu' 5 7+y

Why neutring must be released in the poaitron emission™?

Distinguish between fermions and bosans.

How does strong force hold the nucleus?

Canthere be pair production for photons having energy 20 keV? Explain briefly,
What isthe difference batween beta particle and electron?

How do a proton and a neutron convert toreach other?

Why doas bata-decay have a continuous energy spectrum and alpha-dacay
have a discrets snergy spactium?

Differentiata betwsan hadron and leptons with examples.

Why eleciren-positron paircannotdecay inte & single photon?

State the role of Higgs Boson in the generation of mass in modern physics
theorigs.

What are Mesons? Give examples.

' -ﬁé&é@m& ted Response Questions
|s meson, aboson orfermion? Give reason.
Why doss an alpha amitter emit alpha particlas instead of four separate
necleons?
Which is rmore enargeticalpha decay or beta desay’t Justify your answer,

A nuegleus undergoees gamma decay, emitting gamma ray photon with energy
1.5 MaV. Calculate.

{i) frequency of gamma ray
{ii} wavelsngth ofgammaray
{1ii) momentum of gammaray

Why does the g-particles not make physical contact with the nucleus when
haadad diractly twards it?
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Comprehensive Questions
121 What is meant by radioactivity? Compare the properties and behaviour of three
types ofradiations.

12.2  Elaborate the phenomeanon of bata-positiva decay and beta-nagative decay with
examples.

12.3  What is the difference between matter and anti-matier? Discuss reasons why
our universe is almostentirely composed of matter.

12.4  Explain the phenomenon of pair annihilation with an example, Explain the utility
cfits principle in the medical field.

12.5  Explain the law of consarvation of energy and momenium In.alectraon-poslron
pair annihilation.

2.6 Describe protons and neutrons in terms of their quark compasition.

12.7 Descrbafourfundamental forces Innaturs.

128  Describethe dlassification of slementary parficies,
Numerical Probiems

12.1 Uranium-238 is an alpha emitter. In the.process, itis transmutated into a daughter
nucleus. What is the mass number A and charge number £ of the daughter

nucleus? What isits chemical symbol? [Ans: A=234, Z=50, Thorium(Th)]
12.2 Polonium “;;Po is a beta minus-emitter. What will be the mass number A and
chargs number Z of the daughter nucleus? (Anz: A=218,Z=88)
12.3 Nitrogen "N bormbarded by alpha pardicle results into 0. What is the product
particle in this nuclear reaction? {Ans: |H praton)
12.4 Show that nucleon namber N and charge number £ are conserved in the numerical
question 12.3.

12.5 Determine the rest-mass energy of elacion ineV. Iis resl-massis 0000555 u?
(Ans: 0.517 eV}
12.8 Calculate the Q-value for the reaction taking placs in Ruthetford’s experiment on

artificial disintegration of nitrogen by bombardment with alpha particles. Relative
massas are:

"N=14.007515u , He=4.003837u, [0=17.004533uand H=1.008142u
(Ans: -1.23 MeV}
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Concaptual Physics by Paul G. Hewilt.

Cambridge Physics by Jones and Marchington.

Principles of Physics by F.J. Busche and David A. Jerde.
Fundamentals of Physics by David Halliday, Robert Resnik and Jearl Walker.
Advanced Physics by Jonathan Ling.

Collega Physlcs by Sears, Zamansky and Young.

Fundamentals of College Physics by Patar J Nolan.

Physics by Robert Hutchings.

Nuffiald Physics by Geoffary Derding.

Advanced level Physics By Nelkon and Parker.

Advanced Physics byT_Duncan.

Understanding Physics by Pople.

Physics for Advarced Level by Jim Breithhaupt.

College Fhysics by Vincent P. Coletta.

Physics by J.B. Marion.

Physica by Atam P Arya.

Contamporary College Physics by E. R. Jonas and R. L. Childars.




