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l ARsr stucdying this chapter, the studerds will be sbls to:

Mk renscrable eafrates of valse of physkal quantties fof tose quantiios that Jllircumnmncllrt

thateplca of thiagrade].
Use fne conventions for indica fing unis. as sel outinthe Slunis.. {:}
Enxpross derived units as producsorgealionts of the 8| Baseunds \\9

‘Analyzalhe homooensiy o mmuammmnmmammuwm

Draemva formulasin simple cases [Trroughusing dimanaional

Analyza e stique e accuracy and pracilon ofata colected By medsuring nsvuments

Jumdhy wivy all messuremarts conlan same unaertairty. (

Assess o uncerianly In @ dedved qusntity [By simpie sdukian of abssiute, frasional or pefcentans

uncaliaindns]
Chinta: answsiz wilh comact scsanific %Wr af signifleant figures and vz 0 &6
axpedmental and numericsl reaulls.
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- physical sciences. It pm'ddm the basic
principles and laws which halpt& understand the
mysterigs of other branches of sciences such as
astronomy, chemisty, m Liedagy and health
sciencas. The 1ools, fechniques and products of
Physics have -transformed our dreams into
realities. The comferts and pleasures edded in cur
lives are friitful resuits of science, technology
and engineering inoveryday life.

Tha Information technology has entnely changad h |
the outicok of manknd. The fast means of cwwmmmmum
communication have brought pacple oftha entire ;01 iy abtained from sand. it is up tous
world in so close contact thal the wholeworid has  whether we mate & sand cestle o &
become a global village. Eomputeraut o L,

Physics is an experimental scisnce and the scientific method emphasizes the need of
accurate measuremen{ of various mesasurable physical guantities, This chapler
streezes inunderstanding the concept ofmeasuring techniquas and recording skills.
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1.1 PHYSICAL QUANTITIES AND THEIR UNITS

The foundation of physics depends on physical quantitios in | Aress of Plysics
terms of which tha laws of Physlce are expressed. Therefors, Gz
these quantities have lo be measured accurately. These Bre  Hegt & semotwnamics
mass, langth, fima, velacty, forca, deansity, temperatura, E'pﬁT@'“
electric current, and numerous athers, B

raTicE:

Physical quantities are offen divided into two categories: base mﬁ-ﬂﬁrh
quantities and derivad quantities. Denved quantities are thosa  Genars mamy
which cepend on base quantities. Exsmples of derived mam
quariilies are velocity, acoeleration, force, slo. Base quantitiss :"“‘-"""mﬂ
ars not defned in tarms of cther physical quantities. The base u%nm
quantities ars the Independent physical quantties in erms of P
which the other physical quantities can be defined. Typical — supsriuiiy
examples of base guantities are length, mass and time. Pl pvaes

Tha measurement of a bage quantity involves two steps; firet,  SPeee prrsics

the choics of a standard, and sscond, the establishment ofa e i ciphinary
precadure for comparing the quantily to be maast red with the areas of Physica
standard so that a numbar and a unit ara detorminad a8 the  sueoh e

measura of thatquaniity. Blopimysics
Chemicsl physics
Measurements must be reliable and accurate so that they can Eruhutu phymlcs
be used, sasily and eflactvaly, ,mfﬁwﬂ
Physleal ocesnograpiy

1.2 INTERNATIONAL SYSTEMOF UNITS Phyaiza of music

In 1960, an intemational committee agreed on a aet of definitiens and stendards to
desuribe the physical guantitios. The system thal was establishad is called the System
Intemational {21}

5 ; Table 1.1
3l units are used by the world's scientific community and
by almost all hations. The systam Intomational (S1) oy | ™1t | Symoot

congigls of fwio kinds of units: base units and derived Lanpth T s
units. Mdass Kwgmm| &g
Base Units . mcona |5
. . Elwciric u
There are seven base units for physical guantiiies cumen tniitnly

namely: length, mass, time, lemperalure, electic Themocynemic
cument, lighl or luminous intensity and amount of _temparsirs
substance (with special reference to the number of el of | ool o

halvm

It
pariicles). Prefiues such a8 milli, micro, ko, eic. may be _ﬂ'mu =il o
uzed with them to expreas smaller or larger quentities. RS &S

Tha mamas of bage units for these physical guantitios tog ether with symbols are listed in
Table1.1.
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Derlved Unhs

Derived units are those units Table 1.7 :

which dspand on ihe basea b

units. Some of the dorived ety i : it
unlte are given In Table. 1.2. — - o ot | cssason

The units of plana angle and ."ng_h , . g
solid angle | alzo besn Sold angio clerodion BT HH'I'I-I'II!DI'JJIH
Inciudad In the et of derfved _ Force newion N | kgms?

unitz since 1985, Wk Jouis J Nms| kg e ad
In addiion to base and _Power vl W | et vl
derved units, the Sl permits  Eleoriccharge | coulomb C |As

We use of certain additonsl  Pressure pascal Pa_ | Nmi=igm a?

units, including:

Cugmes] J Missurementy o

The fraditional mathematical unitz for measuring
angles (degree, argminute, and arcsecond).

Tha tradiicnal units for standard time are | minube,
hour, day, and year).

The iggarithmic units bel {and its multiples, such as the
dacibal).

Tweo metric units commaonly used in ordinary Iife; the litre
for velums and thetorna {metric ton ) forla e masses.

Two non-metric scientific unitg are atomic mass unit (p)
and the elsctron volt (sV).

The naulical mila Elrd'm‘lﬁt.' units raditionally used at
seaand in meteoroiogy

The: acre and hectar, comman matric units of land area.
The bar is 2 Unitof pressure and itis commenly used as
the milbar In metecrology and the kilobar |n
engineering.

The angatrom and the bam, unite2 used in physics and
astronomy.

Sclentific Notatlon

Nurmbers are expressed (n slandard form called scentific
notation, which emplovs powera of ten. Tha intermationally
accaplad practce is that thera should be only one non-zero
digh lefl of decimal Thus, the number 134.7 should be
written a3 1.347 x10° and 0.0023 haaprassadas 2.5x 107,

[neresting Infuemanien | ]
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Prefixes

Mast prefixes indicale order of magniude in steps of 1000 ;
and provitde a convanien way to axpress large and small  Some Preflaes for Powsr of Ten
numbers, to elimnate non-significant digits. S1 also
inchudes four of the other prefixes fo accommedate
usage already established before the Introduction of SI
(Table 1.3} They are centi{107), deci-(10™), deca{10")
and hecto-(10°).

Conventions for Using S1 Units

Use of Sl units rguires spedal care, more parfculady in
wriling prefixes. Sorme points 1o note are;

1,

Each Sl unit is represeni=d by a symbol not an
ahireviation. These symbols are the same In all languages.
Hance, comact use of the symibol is very imporant.

For example: For ampere, we should use “A7.nol|
“amp”; for seconds, "s" not “sac”, S not 5.1,

Full name ol unit does not tegin with capital lstter.
Forexample: nawlon, metre, sic., uxqaptﬂ_hlﬁius.
Symbols appesar|n lowar casa,

For example: “m” for metre, “s™ for second, ele.,
exception L forlitra.

. Symbols named after sclentists have Inllial lelters

capftal.

For example: "N" for nawlon, 'Pa” for pascal, “W" for
wath.

Symbols and prefixes are printed in upright {roman)
style regardiess ofthe type style in surrounding lexd
Forexample;adistance of 50m.

Eymbols do not take plural form.

Foraxample: 1mrm, 100 mm, 1 kg, 60 kg.

1 F o
|| ) Momsurements [~

Table 1.3

Feclw  Prafix Bymbol

10" Bt

a
™ famio ]
o™ s @
10® LET n
10 e q
17 mii |, m
il J d
10 - ;h@ oA
100 hsdle h
100 L Mo &
S mega M
5_ giga 2]
" lem T
10" ks B
10" (o] &

gecitheunverss o007
PG of the Earth L n"

Ono yoer 3510

Dy a0’

Time: betwoen

sl FeariLesals R

Fadod of audbls

AL weEvES 1=107

Fariod of typics

mﬂmv&w ERT

Pencd of vibration

ﬂm = ina 1h‘“}‘“

Ponod of vislbla .

light waves 2xH
Apgproximals Wilues of Some

Tima Intarvals:

No fullstop or dot is placed after the symbal except al

theand ot the saniancs.
Prafis is writien before and wilhout space o base anil.
Ferexample; "mL" notm Lor*ms" notm s

Base units arewritten one space spart. Lesve a spaca
avan baetwean tha numbear [valua)and the symbol.
Forexample: 1kg, 10me”, ate.

Maee can e thoughl of as 5 fom
al snagy. n Efecl, b= mesa 1

highity caneenl-aled form of eaergy.
Einsledn's famoue squaton,

g 1y =

Enargy = mans x (speed of light’
Acninding o s aqualian 1 ky
s in acumly Gl 0™ J of ey
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10. Compound prafi<es ara not aliowsd:
For example: 1~ should be 1 pF.

11. Whan basa unit of multiple is raisad to a powar, tha powar applies to whols muttiple
snd noito basa unitalonae.
Forexample: 1 km =1 {km:lz= 1x(10° mf = 110" m’.

"2, Use negative index notation (m 3'1} instead of soligus (mfa).

13. Use scisntific notation, thatie, one non-zero digit lefl of decimal.
Forexample: 143.7 = 1.437x 10",

14. Do not mix symbals and namas in the same expression
Foraxample: malra parsacond orm 5'1. rastmetra/sac ormisacond,

"5. Practical work should be recorded in muost convenient units depending upen the
instruments being used.
For Example: Measuremens using screw gauge should be recorded in mm but the
final reeule must be racordad n the appropriats base unlts.

18, Systam Intamational do not allow the uge of former ©ES Systemunits such s dyne,
erg, gauss, poise, torr, ete,

1.3 UNCERTAINTY IN MEASUREMENT

“ou can court the number of pages of 2 book exaclly but measurement of its fength
neads some measuring insbument. Everyinstrument is calibratsd to 2 certain smallest
division mark on it and this fact puts & limit regerding ds sccuracy. When you take a
reading with one Instrumant, te Mt of measurament 15 the smaliest division or
graduation on its scale. Hence, every meaaured gquaniity has someunceraintyaboutits
value. When a mepsurement ismade, il istaken to the neareat gracuetion or marking on
the ecale. You can astimats the maximum uncertalnty as baing one smalieet division of
the instrument. This is ¢alled absolute uncaertainty. It is one milimetre on a metre rule
that i= graduated in millimeatres. For example, if one edge of the bock coincides with
10.0cmmark and the otherwith 33.5 cm, then the length with uncertalnty Is given by
{335 + 0.06) cm - (10.0 £ 0.05) em = (23-5 + 0.1} cm

It maans that the rue length of the bookis in betwesn 23 4 om and 23.6 cm. Hencs, the
maxmum uncertainty is #3.05 cm, which is equivalent to 8n uncerdainty of 0.1 cm.
Infact, itis squal to least count ofthe matra rule. Uncartainty may ba recorded aa:

Fractional incadsingy =~ 2oaos uncarminy
Measurad valus
or Parcentage uncertainty = o0 Ut uncertainty . o5
Measured value

Uncertainty in Digital Instruments
Soma modern measuring instruments have & digital scals. We usuzlly estimats one
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o :-!n.:f:-lu_l.:i_é :i Ny’ ?:"-uu-ct-:';_l Measurements =
digit beyond what is cerlain: with a digital scale, this is reflected in seme fluciuations of
the last digit. If the last digit luctuates by 9 or 2, wite down that lasi digit. T flucuation is
mara than 2 or 50 in the Iast digh, it may maan that the reading i2 being influsncad by
some faslor such a2 air cuments, Regardiess of the regsen, a8 large luctuation may
miean that the displayed digit is notreally significant.

The indication of uncartainty in & recorded value has been simpiifled using significant
figures. Ifa measurernent is recorded using the knowledge of significant figures, thenits
last digit, which is an eslimation, is anindication of the accuracy of the recorded value.

1.4 USEOF SIGNIFICANT FIGURES N

e,

The number of digits of & measurement about which we Wi goiramiormatonh |}
do feel reasonably sure ame called significant figures. CR,

Infact, they raflect the use of actual ingtrument used for  DER=* M)

that measurement. Whila using a calculator, the result of

any calculation containg many digits afier the decimal ) Dismoisr of
point, The additional digits may mislead another person < [ L M.
who uses thosa figures into believing them. Henca, they i mf”
are to ba roundad off to the comest number of slgniflcant ' Faljhtera
figurss, This can be done by kesping n view the W' pErsin
uncartainty or the least count of tha instrumant while @ m}:“
recording ohservations and also quoting resulle of any ol = Destance bo
calculations to tha comact numbers of significant figures. m b e
It i= better to guote the result in scentific notalion to avoid i F w'":’m
any ambigully regarding the number of significant ligures. | Witk Wy
:nL examgle, weighing the same object with different | Ptnes law
alances:
Elecironicbalance @ mazs=3145+0001g %gfﬂnmt af some
Lever balance : mass=31+0.1p

Usually, the uncerisinty £ 0.001 g or £0.1 q is dropped. and il 2 undersiood thal the
number quoted has an uncertainiy of at least 1 unit in the last digit. All digits which are
quoted are called significant figures.

In any measuramant, the sccurately known digits and the

first estimeted ordoubtiul digh ere called significant figures.
Proper ise of slgnfcant Ngures ensuras that wa comsctly represant the uncertalnty of
our measuramanis. For axample, sclantists iImmad|ately reslize that tha reparted mass
3.145 g is more accurate than a rapored mass of 3.1 g, reflecting the use of a better or
miare precise ingirument. As we improve the quality of our measuring instrumeni and
technigues, we extend the resull to more and more sgnificant figures and
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comespondingly improve the experimental accuracy of the resull

Working with significant figures

{ Counting significant diglts

{a)l Al digits 1,2,34,5,6,7,8.9 are signficant. However, zerms may or may not be
sqnificant. Incase of zeros, the following rules may be adopted:

() Azerobetweentwosignificentfiguresisitself significant.

{ch Zenos to the lefl most significant figure are nol significant. For example, none of
the zeros in(.00467 orDZ.59 are significant. _

{d)  Zeros o ihe right ofa significant figure may or may not be significant. In decimal
fraction, zeros o the right of & significant figure sre significant. For exampls,
all the zeros in 3.570 or 7.4000 are significant. However, in integers such as
8, DOO kg, the number of significant zeros ls detamined by the preclsion of the
measuring instrument. If the measuring scale has a Isast count of 1 kg, then
thare are four signilicant figures witlen In scientific notation as 8.000 x 107 kg. IT
tha least count of the scsla ie 10 kg, then tha numberof significant figures will bs
3written in scientific notation as 8 00x 10° kg and soon.

{#) When a measursment is recorded In gelentific notation or standard form, the
fiqures other than the powers of ten are’ significant figures. For example, a
maasuremant ruuurﬂadmﬂ.?ﬂx'lﬂ_“'ﬁg has thres significant figures.

{y  Multlplying or dividing numbars

Keap a number of significant figures'in the product or quofient not more than thal

contained in the least accurate facior Le., the facior containing the laast number of

significant figures. For example. the computation of the following using a calculator, gives
5348107 = 3.84x10°
1.336 ~ 146768382 x 10 Resnember Thumb Rule

As the factor 3.64 = 10, the leasl accurate in the Bbove por caicuation of end result:

calculation hae three slgnificant figures, the answarshould , Acdiion | Susaecion. same

be writken to thrgs significant figures only. The otherfigures  predsion,

ara insignificant and should ba daletad. Whils deleting the = Multiplisation ! Division: ssine

figures, tha last significant figure 1o be retained i2 rounded ﬁ:ﬁ:’n t%‘“ﬂ:l"‘m o

off forwhich the following rules are followead: a

{a) If tha first digit droppad is less than 5, tha last digi retsined should remain
unchanged.

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

{c} Iftha digitlo ha droppad is 5, the previous digit which ia to be retained is increasad
by one if it is odd snd retained a3 such if it Is aven. For example, the following

numbers are rounded off o thres significant Pgures as follows, The digits ame
deleted ane by one,
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4375 isroundedaffas 438 Thumb Rule for Uncertainty
5E.8546 isrounded off as 65.9 Forevernge value of many readings:
73.650 Broundedoffes 736  * Mean dedalion ¥om an average
B54.350 isrounded off as B6i4 = Pariodic Unoariainty:

Foliowing this rule, tha comect answer of the Divide least count of trning device

compulation given in section (i is 1.46 x 10", DY SunuvercloseonN

{iii) Inadding orsubiracting numbers - Clanizk Dioks -

The number of decimal places retained In the 1 gagine comect numBerct significent
answer should be equal to the smaliest number of  Agures for 0.0082(m; 0.03030 m,
decimal places in any of the quanties being added 40 2, B6m, ajnx‘lﬂ'

of subtrected. In this case, the numberof significant 2 Sve the qu the approprste
figures |s not important. It s the posifion of dacimal nunhwmﬂﬁmtmm

that matters. For example, supposs wa wish to add Wumm*ﬂtm-ﬂ

the following cuantilies expressed in metres. 3.Gue e answer (o the appraprste
(a) 72.1 (b) 27543 - umbsrof signiicant figures.
3.42 4.40 St et
4 Gve the answer 12 the apprprishe
0.003 1.873 numiher o slgnificant figure:
T6.523 81273 2ASXIPmx246mi36mn?
Comactamawan 7a.5m 8.13m

In case (a), the number 72.1 has the emallest decimal places, thus the answer is
rounided off 1o the same position which i3 then T5.5 m. In case (b), the number 4.10 has
the smallest number of decimal places and hence, the answerls rounded effto the same
decimal position which is then 8.13 m.

Limitations of Significant Figures

Significant figures deal with only one source of uncartainties that inherent in reading the
scale. Roal mperimental uncertaintos have many contributions, inchsding personal
ermors and sometimee hidden systematic errore. One cannctdo better than thatwhat the
scale reading allows, bul the tolal uncedainty may well be more than what the significant
figura af the meazurs ments would suggest.

15 PRECISIONANDACCURALCY

The terms precision and accuracy are frequently used in Remember Thumb Rule
physics meesurements. They should be distinguished | oo on | oes absokite
clegry. The precision of a measurementis determined by the  unesrtangy
instrument or device being used. The smaller the least count « Azeuracy: Less % sge
the more pracise is the maasuremant. Accuracy is defined  unceramly,

as he closeness ol a meassuremen o the exact or accepled value of 2 physical quantity.
It is axprassed by tha fraclional of parcantage uncartainty. Ths smallar the fractional or




percantage uncerainty, the more accurate is the
measuremant,

For exampla, the length of an object is recorded as
25.8 cm by using a2 metre rule having smalkest division in
milimeT=. Its precision or absolute unceralnty (lesst
countj=x0.1cm.

Fracionaluncertainty = o2 Lo =0.004
Percentage uncertainty = %% x 100% = 0.4%

Anothar messurement takan by Vemlar Callipars with
leasicount0.09 emie recorded as 0.45 om. It has precision
orabsolute uncerainty (least count)=+0.01 cm.
Fractional = OMem =0,
uncartalnty Ak cm oGz
Percentage uncerainty = g-ﬁ:_‘-%-—ﬁ = 100% = 2%

Thus, the raading 25.5 cm taken by metrs rule s although
less pracisa but is mora accurate having lass percantage
uncertainty or emor '

Whisreas the resding (.45 cm taken by Vamiar Calipers is
more precise bul Is less acourgle. In fact, It Is the relative
measurement which i imporiant. Tha smaller a physical
quantity, the more precise Instrument should be used. Here
the measurament 0.45 cm demands that 8 mom precise
instrument, such as micrometer screw geuge, with leesl
colnt .MM em, should heve been used. Henoce, we can
conciuda that ;

A preclse measursment |s the one which has less
precision r @bsolute uncertainty and an accurate
measurament is the one which has less ractional or
percentage uncerainty.

We can never make an exacl measurernent. The best wea
can dois to come s Close as possible with in the limitation
of the megsuring instrument,

1.6 ASSESSMENT OF TOTAL
UNCERTAINTY IN THE FINAL RESULT

Knowing the uncertainties in all the factora invelved in a
calculation, the maximum peesible uncertainty or ermr In
the final resultcan be found es follows:

{ Chgmes] § Missurementy [

l Ei-h:r yons informestion I

Wig yeamary devicea to messurs
physleal quantites, sk as langth,
time, and tsmpsraure. They all
have some limit of preagson.

Ihermemeters, Buit ne
Accadomia dei  Cimardo (1657-
1BET), I Flsrense. They contained
aleahad, some Gmee caloured rad
far easler mading.
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1. For additlon and Subtraction -
l I,_: Fos }rhu’l‘ Tl rﬂﬁtlnﬂ_ﬁ]

Absclute uncertalnties ars added. For example, the
; Colour  prn uges jual feur
distance bAtween wo POSIUONS X, = 164 £ 0.1 6N cojouns tyan. mgesia. yellon

and x,=256cm £0.1 cm 2 recorded as: and black fo produce the ertire

= g = range of cokours. All the colours in
X =K, 1'1., 102 + DZcm o Bk Peva | 4
and addition of two lengths is: justthess four colours.

£=B8+01cmand £.=12 540 1 cm recorded as -

st =M 120 2cm

2. Formultiplication and divisian

Percentage uncertainties are added. For example, the maximum possible uncertzinty in
the value of resistance R of a conductor determined by the potential difference Vapgiied
across the conductar rasulting incurmant flowing through it is estimeted as under:

Let V= 34101V Thmi{@‘fnr‘l‘hhl Unesrtsinty
[ = 0882005 A « Faraddition and subtraction:

; — - Abaziute uncertalnies are sdded,
e o 04V s Formuttiplication and divigion:
Percentage uncerainiyin V' = 34y ¥ 100% =3% Pementageuncerainties are addac,

d 05 A » Forpowerfactor:

Percentagae uncertaintyin /= m X 100% = o Powarfaciors Persarsgs uncartainty
Henge, total percentage unceraintyinthevaluaof R is 3 +7 = 10%
The value of Rwill be writlan as: [T For your imformation B

R - & = &n h - :

= neaas . vohm Travel fime of light
Henee, R = 5.0 £ 0.5 ohms, uncartainty being an Moo o Esrih 1 miln 20 8
estimate only, is recordad by ore significant figure. Sun fo Earth B min 20 8
Plulo o Barth Eh 20

3. For Power Faclor

The percentage uncedsinty is multiplied by the power fector in the formula. For
example, the caleuialion of eross-sectional area of a cdinder of radius £=1 .28 am using
formula forArea A = a¥ & given by the %age Uncertainty which (s A = 2 x %age
uncertainty in radius r. As uncerminty s multipied oy power factor, it increases the
precision demand of meazurament. When the radius of & small sphere is measured as
1.25cm by Vermnier Gallipers with least count 0.01 cm, then

The radius ris reconded as F=1.25+0.01cm

%age uncertainty in radius ris r= ‘17':2; x 100% = 0.8%
Total percentage uncertainty inarea A = 2x0.8=1.6%

Thus A=t

=3.14{1.25F = .908 cm* with 1.8% uncertainty

8




 shysics 4 [ :_Er.r ':-..‘,p.-'j Measurements =
Thus, the result should be recorded as 4= 4.81 +0.08cm®
(| Emample 1.7 [ Tha longth, broadth and thickness of a metal eheetare 2,03 m, 1.22m

and 095 cm respectvaly. Cezlculate the volume of the sheal comect up o the
approprigie significant digits

Csowtenl Given Length {=2.03m
Braadth h=122m
Thickness h=085cm= UEE:'!IJ m
Volume v-umh-zuamnzzmugﬁ:m m
=238277x10° m’

As the factor 0.85 o has minkmum number of significant figures Equalmhm. therefore,
vdumkmmdadq:tn!mgfm!ﬁgum, henca, V=24%10 m“‘

i oample 7.7 | The mass of @ malal box measured by e lever balancs is 3.28 kg. Two
llhmrnnhnfmim*ﬂmgnndmﬂigmdnrabilmmmmmt:lt
Wanwth&ﬂmmmsmlhuhmrmdmmmpwmpmtepmmmn?

"S--:Id.'rhln
Tutnlmﬂunaiwarumm ereeddedto box = Eiﬁﬁg*ﬂ.ﬂiﬂﬁi kg +0.01002 kg
- = 327003 kg

Sinca least precise mass is 3.25 kg, having two decimal places, hencs, total mass
should be reported to 2 decimal placeswhich i the appropriate precisicn.

Thus Totalmass=3.27kg | |

| Exampie 1.3 | Tha diameter and langth of a metal cylinder maasurad with the help of
Vemier Callipers of least count 0.01 om ere 1.25 om and 2.35 om, respectively.
Calculate the volume '-r'nﬂ'hua' r':ylMarand uncartalnty In i,

fsosreronlll  Glven 07"

Diamater d =1.25cmwith leasl count0.01 em
Langth #=3 35 om with least count 0.01 cm
“Absoiuta uncertaintyin length  =0.01cm

“%4age uncarainty in lengih =(0.01 335 6m) x 100% = D.3%

Absoiuls uncerdaintyin diameter =001 om

“%ege uncertgintyindiameter =007 em/ 1. E.':u'n:-ﬂm 0.8%
As, Violume = nr‘J!':nef—!
Total uncertainty in v=zmwnw+m uncertainty in length)

=2x0.8%+0.3%=19%

Then V=314 (1.25cm) = 3 35 cm'4 =4.1085842 cm’ wih 1.8 % uncarzinty
Thus V=(4.11£0.08)em’
wharad.11 em’ s calcuiated voiume and 0.08 em®ia the uncartainty in it.
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1.7 DIMENSIONS OF PHYSICAL
QUANTITIES

Any physical quantity can be deacribed by certain
familiar properlies such as lergth, mass, time,
temparature, electrlc curent, slc. Thase measurabla
prepetties are calleg dimensions . Dimensions deal with
the qualitative natyra of a physical quantiily in terms of
fundamental quantilies, The guantities such 23 langth,
daepth, haight, diameter, light year are all measured in
mairs and donotad by the sama dimansion, basically
knewn as length givan by symbal Lowrither within square
brackeis [L]. Similarly, he other fundarmental quantilies,
mass, Gme, electic curent and temperature are
denoted by specific symbols [M], [T]. [A] srd [2],

respactively. These five dimansions have baan chosan.
as being basic because they are easy fo measurein

experiments.
Tha dimensions of ather quantities indicats how, thay
ara related to the basic guantities and ere combination
of fundamental dimensions. For exampla; spead v is
measured in matres per sacond, so.it has the
dimensions oflength [L]diviced by time [T].
M=ILLTI= I =0T
As thaaccelarstiona = 4w/ Af
Dimensions of acceleration are
E=MVITI=IT VT =1LT]
Also, dimensions of force can ba written as
[F1= o) = MILT ) =[MLT ]
By the Usa of dmensionality, we can check the
homogeneily (comeciness} of a physicsl equalion, and
alsn, wa can derdve formuia for a physical quantity.
Homogeneity of Physical Equations
Tha correciness of an eguation can be checked by
showing that the dime nsions of quanttiss an hoth sides of
tiva ogusation ars the sama. This is known a8 princpla of
homogensity.
Suppose a car sterls from rest (v, = ¢) and covers a
dislance 3 in lime f moving wilh an acceleration a. The

{\*
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eguation af matian isgiven by, f }

8 = qf+%uiz = Anghor
or § = gaf
Nurmarical Factors ke 1/2 have ne dimansions, 8o thay

can be ignorad, By putting the dimensions of bath sides
ofthe squation:

[$1= [a1t"]
Writing the symbois ofdimensions [L]= LT ~][T*]

[L1= 07777
or L= [H]

This ghows that dimensions on both sides of equaiion
ars the same, therefors, the aquatlon |s dimenslanally
comecl .
Derivation of a Formula Pandutum

[reguinting dovicel
Dirmenzionality can be usad lo darive a possiblafomlla
Tor & physical guantity by correct estimation of varioua  The devics which mada the

factors onwhich tho quantity depends. POt oy prechom,
E E:_wr ] # Cariva a formula fwthﬁmmmt:] fores rﬂqulr&d e hﬂpiﬂm
maving llung a circle with unifarm . A=suming that centripetal force depands on

massof the objac!, mﬂhadﬂndrd uniform spead.

Al Sahetinn B Ashwdamﬂdmmasa mof the otject, radius rofthe circle and unifomn

spesad v, we ::unwrite
Fam
F= {mrﬁtmﬂin"‘ e i)

where the exponenits (powers) a, b and c are to be determined. By the principle of

humm%ﬂﬂid mensions on both sides of the equation should be the same. Since,

constant hiag no dimension $0 by ignaring it, we write the above equation in terms of
dimanslons as,

Fl = 17117

o

MLTT = [MILTTIL M__sewarsl DI
[MLTH = [MPIILT'MILF Calculaore m:nnall.imd i
MLTE = [ML*T] . (i} Tosur o 16 s
pemmits. Hence, be sure t3
Comparing the powars of dimensions on both sides mund of the finel answers of
Il atinne o cormect

ofthe above equation. we have Emwﬂﬂmml ;

a=1




K jhﬂml—mwu r—
bto =1
& =2
Saolving the abowe aquations, wehave 2=1, h=2, c=-1
Putting tha vali:as of 3,0 and & inequation (1), wa hava
F={constantymv'r’
or F={canstant) v fr
The numarical value of the conatant cannot be determinad by dimansional analysia,
Howewver, | can be found by experiments. |n the above eguation, nume e of the
constant happenstobe “1°, sothe eguation reduces to; O

F=miir O
Limitations in Dimensional Analysis \

The dimersional mathod cannmol idently whem an uql.ﬂtlnil IE wrong. Even il an
equation Is proved comact, wecan nnwwmeemallnnmhhhe carrect, for the reason

that the mathod doas not provide & check on any nun;m‘?hﬂfadnrnrmrmtnnt That can
urilgr bu determined by exparimants or plntl:lng sumil ‘elltable graph batwaen the

—i GuEgyIons _

[ Multlple Cnmce Questions |

Tick{+ ) the correct enawer. .~
14 Tnupurpmnfstudyfahg‘ﬂi'smvwinm Physics &
{a) thaprobingof (terstellar spaces
{} thabetarmentof mankind
(c] thecevelopment of destructive technology Inwarfars
{d} dmmartnnmt!ﬂmahrthamﬂ

1.2 "'hnyeng!l* of 8 stesd pipeis in between 0.7 m 1o 0.8 m. Idenlly from the following, Lhe
appropriaie instrument i be ysad foranaccuracy of 2.001 m

{a)  Amicrometer screw gaugs (b Ametrenle
{c] Atenmetezmeasuringlape (d) AVernier Calipers
1.3 Thediametar of 3 steal hall is measured using a

Varnlar Callipars and s roading 12 shown In the
figura, What is the diamster of the stesl bal(?

{a) 1.30cm {6) 1.39cm
{¢) 1.40cm {d) 131em
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14 The figure shows lhe reading on 8 micromeler Sorew
paugs usad 1o messura diameter of & thin md. Ong
complota turm of the thimble s 0.5¢mm angd there arg
50 lines on the circular scale. The diameter of the rod is;

{a} 3.67mm (b} 317 mm (c) 4.17mm (d) 4.20mm
1.5 Thanumbearof significant figures of a maasuramant ars dafined as:

{a} theyreflectthe accuracy ofthe observation in a measurement

(b} 1inayarethefigures whichara reasonably raliable

(c) thesy are the accuratsly known digits &nd the Tirst doubtful dlp!tnfrn

measurement ~ QO

(d} alloftheabove A
1.8 The numberof significant figures Inthe measured mass EEQQERE iw

{a) two {by three () four 0 (d) five
1.7 Thesum 12kg +2.02 kg +5.1 kgaccording to appropristd precision s

(a) 10kg () 190kg (o) telkg (4} 19.12kg
1.8 The answer o appropriste precision fnrhas.'ﬂﬁrﬂdlnn {1.126-0 §7268) Is:

fa} 0.1% (b} 0153 / xU 0.1533 (dy 0©.15332
1.9 The anawer of the produc I_Z.E]"E:i:ﬁﬂ to tha appropriate number of significant

figuresis: ..

{a} 4.58560 (b} 4.5%* {c} 4.58 (d) 4.8

1.10 The angwer to the matl-amma‘i division (45.2 + 6.0} in acoropriate number of

'\

significant figures is: o
(@} 7.5 {p}‘ 7.53 (e} 7.533 (d) 7.5333
1.1 The answar lo thefallowing mathematical oparation 24 4 m x 100 m/ 5.0 m to the
appropriste nuaiber of signifivant figures is:
(a) 4680m, (b} 4900m (€ 488x10°m  (d) 49x10"m
1.12 Tha mthﬂmg dimengiona of force and energy is:
@) T ® T (& L @ L
1.13 identify which pzlr from the followlng does not have [dentical dimansions.:
(@) Workand lomue
(b} Angular momentum and Planck's constant
fe] Momantofinertla and moment of force
{d} Impulse and momentum
1.14 The following figures am of the same TEY

Vernjer Callipers. Figure (1) shows the
reding when the [aws are closed while

e e
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Fig. {2} shows tha raading whan a aalld cylinder is placad batweasn the Bws. The
lengthofthe cylinder is:

{a) 3.28cm (b} 3.30cm ) Addem (d] 4.20cm

1.18 Tha lsast count of an instrumanl defarmings:

(a) preckionofzmeasuremeant

(b) accuracyof 2 measuramant

(c) fractional uncertainty of a measurement
(d) percentageuncerainty of amaasurement

1.16 A measuring Epe has baan graduated with & minimum scals divisearol 0.2 om.
The allowed resding using thie taps may be:

(a) BO.3em (b) BOBem {c) BDEScm [d) B0.7cm
@ Short Answer Questions ,'D]

1.1 'Whatare base units and defved unils? Give some examples of both these unils,

1.2 Howmany significant figures shouid be retained intie following?

(i) Multiplying or dividing sevarel numbers’ 1E_j.ﬁﬂdngmauh‘lmdim numbers

1.2 Heowisthe Viemnier scale related to the main scale of a Vemier Callipers?

What is meant by L. C. of the Vernler Callipers?

1.4 Write the following numbers in scientific notation:
g) 1437 (o) 206.4x10°

1.5 Wrile the following numbers using cormedt prefises:
(a) S80x10°g (B} O46x10's

1.6 Kinetic energy of a bady ol mass m moving with speed vis given by 1/2 mv’. What
are the dimensions of kineticenergy?

1.7 Howmany significant figures arethere in the foliowing measurementa?

(i)  37km - (i) 0.002953m (i) 7.5003%em (i) 2000m
1B Write the dimensionsof: (i) Planck'sconstant (i) angularvelocity

Ig?_ Constructed Response D'u'e_xﬂ-:'l ns j|

1.1 Why do we find it useful to have bwo unite for the amount of a substance, the
kilogram and the molg?

1.2 Three students measured the lengt of a rod with a scele on which minimum
divislonls 1 mmand recorded as: (1) 0.4235 m (1) .42 m {113 0.424 m. Which record
iscomect and why?

1.3 Whyis the kikogram [not the gram), the base unit of mass.

1.4 Considertheequation, P=Q+R
If Qand R both have the dimanslons of [MLT), what are the dimanslons of £ 7 What
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1.5

1.5

1.7

1.8

are the units of Pin S17 If the dimensions of wers differant from those of A, oould
wadaiarmina dimenslcns of P?

What is the lesst count of a clock if it heya:

(8) Hour'shand, minute's hand and secend’s hand
(b) Hour'ahandand minute’s hand

How can the diameter of & round pencil be measured using metre rule with the
same accuracy as that of Vamiar Callipars? Dascriba.

How would be the readings differ if the screw gauge is used instead of a Vemier
Callipars to measure the thickness of a glass plate? o 1 B Wt 4
Write the cormesl reading of the length of a solid ]
eylinder as shown in the figure if Inars is an armor : \Q
of +0 02 ¢m in the Vemier Callipers. atd

Thera ae 50 divisions on the circular scale of a scraw gauge. Hf the head (thimble)
of the screw is given 10 revolufions, then the spindle advances by 5 mm. There is
also zorp arror as tha 2nd division of the croular scala
coincides with the datumn line and zero of circular scale ie
below the datum ne. Whal is he thickness of a giass slab
as msasured by the describad scrow gauge shown in the
figure?

Vel SolE

1.10 What |s meant by a dimansion|ess quantity? Give ane example.
1.11 Astudent uses a screw gauge lo delsmming

tha thicknass of & shest of paper. The
student folds the paper-three times end
measures the tolal thickiess of the folded
shast. Assuma that thaé is no zeno amor in
the scrow geuge. The reading of screw
gauga ig shown in the figura Find the
thickness ofthe shoat.

1.12 Round off each of the folowing numbers to 3 signtficant figures and write your

1.1

1.7

1.3

answerin scientificnowation.
fa) 0.02055 {b} 4656.5
 Comprehensive Questions
What is meant by uncertainty in a measuremant? How the uncartainty in a digital
instrument is indicaled?

Differsrtiate hetween the terms preclalon snd accuracy with reference to
measurement of physical guantities,

(2) What & meant by significant figures? Write twa reasons for using them in
measursments. How to find the uncerteinty in & timing experment such ez the
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1.1

1.2

1.2

1.4

1.5

1.6

1.7
1.8

time period of a simple pendulum?

(b) The mess of a solid cylinder is 12.85 g. lis length s 3.35 cm and dizmeter is
1.25 em. Find the density of its malerial axpressing 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:

_ |Txi
o
whara vis the apasd of fransvarse wava on a stretched string of tension T, langth ¢
and mass m.

| °

@ Numerical Problems B

|

Agtronomere uauslly measure astronomical distances inlight years. Ona light year
is he distance that light ravels in one year If speed of light is 3 x 10" m =", what is
one light year Inmatres? (Ans:5.5%10" m}
Wile the estimated arswer of the following in stantard form_

(a} Howmany seconds arethere in 1 year?

(b} How manyyearsarain 1 sacond?

fAns: (8Y3.2x 10" 5(b) 3.1 % 10" vears)

The length and width of a rectangular piata are measursd to be 18.3 cm and
14,60 om, respectively. Find the area of the plale and siale the answer Lo correct

number of significant figures. {Ars: 267 cm')
Find the sumofthe masses given in kg up 1o appropriale presision:
(i 8197 (i)Y 0.088 (i) 189  (v)3.28 (Ans: 20.4 kg)

The diametar and length of a metal sylinder measured with the help of & Vernier
Callipers of legat count 0.01 cmare 1.22 em and 5.35 ¢m respectively. Calculate its
volume anduncertainty in il. (Ars:6210.1em')
Show that the expression; v’ - v’ = 2a% is dimensionally corect, where v, is the
initial valocity, &is the ascalaration and v,ia tha velocity afler covaring 2 distance 5.
Show that the famous *Einstein equation” E = nrd® is dmensionally consistent.
Derive a Tormula Tor the time period of a simple pendulum using dimensional
analysis, Tha vanous possibla factors onwhich thatimapsenod Tmay dapand ars;
(i1 lengthofthe pendulum é

{iiy massofthebobm

{li} angle o whichthe thread makes with the vertical =
{iv] accelerationduetogravityg. {Ans: T=canstant : ' ]

)




. Afler studying iz chapter, the wtudents will be sble fo: -

* e

Differentiale betwsen scalar snd vedor quantitizs \i:__
Represant 8 vechor n -0 as iwo perpendiculEr componans.

Dagcring the product of two wactors (dol and cross-proouct) aleng with thalrpro

Darive the squatione of mobon [For uniform atcearation casse ony. Dﬂh\ the definidons of
svalogltyand accalarstion as well as graphically] 2.

Spive probiams Leing the equatione of medon [For e cases of unl o metlen na
slraight line, including the malicn of bodies falling in a uni tional fiold without sir

reggiance. This akio Ioludes sluations whorg tho equations of mapd in e regobad Inlo
vErical and harzarizl comporants o 20 mation]

Evaluais and analyse projaciie matlon In the abeance o

[This |ncludes solvlng problems making ussof tne

) HerzontelcompenentfV.Jof velocly soonstanl.

(] Mccelarabon isin the vartical direclion snd ettt of & varlicaly frae fal ling objsct.
(i) The karronial molon angd verdicd Indapendant of aach alhar. Sluaons mey
requine studenis to detemine for project '

= Heowhighdosekgo?

= How iarwould il goakong e level

= Whemwolin Itbemuﬂmﬂl'n

- l-h‘uhwﬂitmmﬂ'li':l

Eiruatiors mayalss requirg 1o cakeulata for a projactie Isunched romgraund haight the

- Bunchangiethat the masdmum range.

= refation behwsen neh angles thatrasulin (e same mnge )

Pradiet quaiiatiel remigianes alfacts poojectile motion. [This indudes arslyss of bt e
trorizan el componeil and verbcal component of velosly snd hence oredoling qualiatively the
rnge of the @ il ]

Apply the pringinks of consenvaion of memenium to sclve smmpls proclenms [Including elestic and
| betwesnobjectzin both oneand two dimensions.

Kn of the concapt of coeficiant of mxdiuton & not reguirsc.

Examples of applicalions Inciude;

- HKambschopsto braaka plie ot bricie

= GAromshes

= balkbsl

- the mollon under et of 3 recket ns slraighl fne conslderng shon fruds diring whilch tha

TS PETIineg canetant]

Spadict and aratysa motion for etsslc colllzibons [This Includes making tes of the fact that for s

alagtc colizinn, total lkenetic anergy i consanvad and tha relalive spasd-of approach is sl o the

relalive spead of secarstion]

Juetlly hoe ihe momani of 2 clossd 2yslam |s always conserisd, Soms changs in knsllc snengy

miy laka place,
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EASIC CONCEPT OF SCALARS AND VECTORS

Scalars and vactors are basic concapts in physica. Many problems in phieaics requirato
distinguish betwesn soalar and vector guantities to appely the comeot mathematical and
conceplual approaches. Underslarding scalars and veclors Belp us lo grasp how
Physics applies ta real-wodd siuaions, such as cakeulating the total distance ravelled
{scalar) or determining the magnitude and direction of force (vector), Leaming those
concepts develops critical thinking and problem-salving skille. This chapter ls primarly
concemed wilh veclor algebra and ils application in uniform acceleraled motion, in a
straighl line, mofion of fresly falling bodies in unifarm gravitational field, projectile
motion, ard interaction batwsan cbiects in one and two dimangions.

21 SCALARS ™

Scalars are physical quantites that are descriced zolely by & magnituds [size or
amount) without any menlion of direction. Thus, scalars are directionkess and can be
fully characterdzed byasingla number and ts asscclatadunt,

Examples:
Mags: Theamountof matter In an abjest. Foraxample, 2 kg.

Distance: The total length of the path travelled by an cbiect Imespective of the
direction. Forexample, 50m.

Spead: Thia rate at which an objact covers diglance. Foraxampis, 40 km ',
Time: The duraticn betwesn two svents laking place. Forexampla, 20 s,
Ensrgy: The capacily lo dowork. For example, 25.)

Temperature: ﬂrmaﬂura_q_l"l_ha avarage kinglic enargy of particles in 2 substance. Faor
axample, 20°C.

22 VECTORS®

Those physical quantiies which require magnilude as well as direcion for their
complete specificalion are Enown as veclors

Examples:

Displacamant: The change In position of an object. It has length, a distance
(magnitude) and adirection (e.g. 10 m lowands west).

Velocity: The speed of an object in a particular dirsction (@.g., 50 km h” towards
West),

Acceleratien: The rate of change of velocity that occurs in either speed or direction or
bot1 {8.g.. 10ma® upward).

Force: A push or pull acting on an object, determined by Hs magniiude 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 represented by arrows. Tha length of tha arrows Indicates the magnliude and
the head of the amow shows the dirsction of the ve<ior, Yectors ara lypreally denated by
bold face letlers {e.g; V, Foran amow above symbol (A).

Rectangular Components of a Vector

A component of a veclor 2 ils effective velug In a given direction, A vector may be
considared as the resultant of its component vectors alang the specified directions. I s
ususlly conveniant to resclva a veclor into il components along the - mutually
pempendiculardireclions. Such components are calied rwtangular oomponents,

Let there be a veclor A represented by a line OF making
an angle 8 with the x-axis. Draw projection OM of vector & 1B Mg e i
o x-axs and projection ON of vecter A on y-auds a8 shown

in Fig.2 1. Projection OM being along a-direction is 4
represented by A, and projection ON algng y-dirsction is

rapresented by A,. By applying haad ta tail rule: % —p- =

RER AR i s {2 , 3 Fig. 2.1

Thus, karﬁ&amﬂmmupnmntﬁcﬂmﬂw# Sinmﬂ'nasaireat righl ang les to sach
othar, they ara called rectangular companenta of A Consigering the nght angled
triangle OMP. the magnitude of A orx-component of Ais:

A ZACOR0 ..eucpny i {2.2)
And the magnitudeof A_or y-componant of A ls:
A&:Amin_ﬂ:..’:'.ﬁ‘...“............. (2.3)

Determination of aVector from its Rectangular Components

If the ractangular components of a vector as shown In Fig.{2.1) am ghvan, we can find
out the magnitude of the wector by using Pythagorean Thecrem.

Inthe right angle AP
{OFY =(OM)’ + (MF)’

ar A AR (2.4}

o A= R

Tha direction £ iz givan by tand = %-

A,
or 6= tan' EE} RRESIS | 5
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{ Zasmpie 27 1 Find the angle between two forces of equal magnitude when the
magnitude of their resultant is also equalto the magnilude of either of these forces.

(seketionll Let 6 be the angle betwean two forces £, and £, , whare F, is along the
x-toes. Thenx-compenentof their resu ltart will be:
R, =F coal® +F,co8 B
R=F +F cos

And y-component of thelr resultant s R %
R =Fsin0 +F,sing
R,=F,sin® R
Theresultart R isgivenby R’= B! +® \J
As R=F=F=F i
Henge F*= (F+Feoso) + (Faingf. (0
F* = F* +Ficos'0+2F Gosl+ Fsin'd
or 0 = 2F'cosh +F’ fcos'0+ sin's)
or 0 = 2F os 8 +F , 0 =F (2o0sb + 1)
As F=0, so  ZcosG+1=0
or cos@ =-05_) *
or 8 = o8 (-0.5) = 120°

23 PRODUCT OF TWOVECTORS

There ars two types of vector multiplications. The product of thess two types are knawn
as scalar product and vacior product,

ifthe pmagq':tﬁfhmwmmmaum In a scalar quantity, Itis
called scalar product while if the product of two veciors
resulls in a vactor quantity, itis called vector product.

Scalaror Dot Product
The scalar product of wo vectors & and B iz written as AB and is defined as:
AB=ABcosD. .........onun (26}

where A and B are the magnitudes of vectors Aand Band 8 is
the angle bahween them.

For physical interpretation of dot product of two vectors A and
B, these ere first brought to 8 comman origin (Fig.2.2-a) then,
AB =A(projection ot B on A)

ar
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A, B=A{magniude of componentof B in hedirectionof A ), Fig2.2b) =
=A(BoosE) =ABcosd
Similerly ~ B.A= B(Acos )= BAcos 8 7N
This type of product when we consider fhe work done by
a force F whose pointof application moves a distance 21n

a direction making an angle & with the line of action of F, Fig 22 (bj
aa shownin Fig. 2.3.

Wark done = (Effective component of foree In the
direciion of motion) x Distance moved

={Fcon0)d = Fdcoai
Using vector notation:

F.d = Fdcos & =Workdone
Characteristics of Scalar Product

1. SinceA.B=ABcostiand BA=BAcost =ABWH.I_h=.-me.A.E=B.A.Themnf
multplication I& Irredevant. In clhar words, scalar prad uct Is commutativa,

2. Thascalar product oftwo mutually parpendicular vectors (& = 90°)is zero.
AB=ABocs80'=0"
3. The scalar product of two pnreilm‘-u_adﬁa is adqual 1o the produsct of thairmagnitudes.
Thus, for parallal vectors (A= 07).
AB=ABcos('=4AB
For antiparallal vectors (.= 180° }
AB=ABcos 180" =-A8
4. Thesell poduct of avector Als equal o square of its magnitude.
AA=AAcO=A"
5. Scalarproductof hvo vectors A and Binterms of their rsctanguler componanis

-

3 AB=AB+A B+ AB, ....c..(21)
Equalion {2.8) can ba used to find the angle betwesan two vectors. Since,
AB=ABcosi=A B, +A B +A B,

_ A8, +AB 448,
AB

Therefore co8d i
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Vectoror Cross Product
The vector product of two vectors A and B, is a vector which is defined as:
AXB=ABSINOA ..o -29)

where i s a unil vesior pependicular (o the plans
containing A and B as shown in Fig. 2.4 {a}. Iz direction
can be determined by dght hand rule. For that purpose,
place together fhe tail of vectors A and B o define the
plane of vectors & and B. The direction of the product
vactor is parpendicular to this plane. Rotate the First
vectar A into B through the smaller of the two posaible
angles and curl the fingers of the right hand in the Fig. 24ie)
direction of rolation, kespirg the thumb srect. The direction of the product vectar will be
aleng the erect thumb, as shown in the Fig 2.4 (b, Bemﬁedfthh directionrule, BxAls
avactor opposite In signto Ax B(Flg. 2.4-c). Hanes,

AXBE-BXA ..., @iy L

Vexa
Fig Ze) Fig. 248 Fig. 24{d)
Characteristics of Cross Product
1. SinceAx Bisnotthe sema as B x A, the cross product is non commutative. so,
AxB = BxA
2. Thacross productof two parpandicularvactors (8 = 50%) has maximum maghitude,
AxB=AB sn®0'f =AB8h

3. Thecross product of bvo paraliel or anliparallel vechors is a null vectar, hecause for
guch vectors 6 = 0" or 180°, Hanca,

AxB=ABEnT'h =0 or AxB=ABsin180°H =0
A3 a consequence Ax A =0 (B =0°%)
4. The magnitude of Ax B is equal to the area of the parallelegram formed with Aend B
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as wo adjgeent sides (Fig.2 4-d),
Examples of Vector Product
| When a forca F is applied on a rigid body at & point whose pasition vector is r from
any point on the axis about which the body rotates, then the tuming effect of the
force called the torque = is given by the vector product of rand F.
t=rxF
I ThetrcaFona parica of charge g and valocity v in amagnatic fisld of strangth B s
given by vector product ofw and B,
F=qgwxB)

24 EQUATIONS OF MOTIONS O~

Equalions of mation can be used to deseribe the molion of an gbjactin tarma of ita thraa
kinematic variables. velocity v, posifion Sand time 1. There ars three ways lo pair theze
variables up: velocity-lima, pesiior-fiima and velocity-position. In this order, they are
callad first aguation of motion, second agquation of mofion and third equation of motion,
respectively.

Thess equations of molion can only be applied to lhose objacts, which are moving in a
straight linewith constantacceleration,

Derivation of First Equation.of Motion

Supposa a bocy s moving with unfform accelsration along a stralght line with an initiz|
veloeity v, . Suppose its velocily changes from inilial value v to a final value v, in ime
Intmrval { Then the aceelaration priduced in the body during this timeinteneal is given as:
v, — ¥

"= i

Rearranging, we can write
-, = at

e e vi=v+al....... A2

N, %

This is the first equation of motion. It correlates the fnal velocily atkained by a body with
Initial velocity and the time interval ¢, when moving with constant aceeleration a,

Derivation of First Equation of Motion By Graphical Method

First equation of motion can be derived using velocity-time graph for an ebject maving
with inlfial velocty v inal veloclty viand constant accaleration &.

Lat the veiocity of a body at pointA ba v, which changes to v. &l point B in tima interval £ as
shown in Fig 2.5 A perpendicular BD is drawwn from point B fo x-axis and another
parpandicular BE from B on y-aiis, suchthat
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OA = ¢ = Inilial velocily of the body
OE =DB = v =Final velocity of the body

From the gragh, itcan observed that;
DE=DC+CE
DB=0A+CB (As Ok = DC)
Therefons v,= OB+V. o f2.12) Flg. 2.5: Voloeity Time Greph
The value of GB in the above squation can be determined by teking the slope of lina AB,
whichis equal to acceleration a.
&= E
AC
Ag AC= f
- .
or B =@ oai(243) OV

£ Y
Combining Eqe. (2.12) and (2.13), wa hava

V= witat ‘o

Thizis the first equation of motion.
Derivation of Second Equation of Motion

Supposa a body Is moving with uniform accelerstion s along a slraight line with an initisl
velocity v, which become 1w, after ime interval 2. Letit coveraa distance S ina perticular
direction during time { then using the definition ol velocily as rate of change of
displacement, we cariwrite

Welocity = Displacement/ Time

or Displacemant = Valocky x Tima
IFvelocity of the body s nol constant, we san use average velocity instead of velosity,
Thus Displacement = Average velocity x Time

{Initial velocity + (Final velocity) x Time

Dsplacement = 2

G l'-r.zf L2
LJ=ing first squation of motion, S = w: i

2
s:ﬁf‘.z—ﬂtl'ﬁ'
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25=2vi+p’

S=yt+ 12 aff . {214)

Thisle the sacond equsation of mation.
Derivation of Second Equation of Motion by Graphical Method

Second aquation of melion can ba darved using velocily-lima
graph for a bedy moving with Inftial velodity v, which attainea £
final value v, in time interval ¢ While moving with constant
accaleration s, it covars a displacemant Sintimat, i

It can ke seen from the graph that distance ravelled by the &

bodyis, S=vx ! o = b

Also 3= Ares of tha figure DABD Fig. 2.8 Velocity-Time Gragh
S = (Arza of the rectangle OACD) + (Area of the trangle ABC)
E={MKDD]+%{AEHBG] )

As CA=vand OD =AC =t 5o, the above equation becomes:
5= ﬂxlﬂ'%[f x BEGY

Here BC = at {Fram graphical mn'mrrlattnn'ﬁ"ﬂmt aquation of motion), By putting this
valug in the ebove eguation, we have

S=yt+ Tiixaty

1 L7 k]
S=uf+- )
22O
Thisis “mmﬂfmﬂ“ﬂﬂ.

Derivation of third equation of motion

Consider a body moving along a straight lire with an inftial velocity v, which altains a fins|
valus v, in ima{. Lat tha displacament of the body ba 5 during this time intarval. Then,

we canwrite:
Digpacement =tlrn!ml veluurty; Final velocity

]x‘l‘lma

VAW,

2= 5 %
28 B XL e (2.15)

Using the first equation of motion:
v, =wtat

or t-:f..;_FL
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Putting the value of tin Eq. [2.15)
25 =V, +¥)(——")
zﬂs L vr?_ .I#E
Thisis e third egustion of mobion.
Derivation of third Equation of Motlon by Graphlical method

In the speed-ims graph shown in the figure, the total distance 5 travellsd by a body is
given by the area JABD under tha graph, such thal

=% (Sum of parallel sidas) x Haight

= %im+ BD) 0D
Sinca Qa=v, BD=w ana OD=t
The above equalion bacomes: '

5= %{v,w,}xr

From first equation of motion,
ph Te—* O
i ; ' Fig. 2.7: Vieloeity-Tirne Gragh
Puiting ¥ in ebove eguation
e %{ﬁ.f u,}w
Wi T ee—
Thisis the third eguation of motion.

Tha aquations of mation are usaful in sahving the prablama relating o linsar motion with
uniform acceieration, when an cbject moves along e straight line. If its dirscton of
miction doss not change, then all the vector guantiies can be manipulated ke scalars.
In such casas, nital veloctty i taken s= positive, A negative sign is asaigned to
quaentites where direction is opposite to that of initial velocity. In the sbsence of air
resistance, all objects in free fall at the surface of the Earth, move towards the Earth
with & uniform accalaration. This accalaration is nown as accaleration dua to gravity,
denoted by g &nd its average value st the Earth surfzce is taken &s 8.8 m s in the
dowrnward direcion. The equalion for uniformly aceelerated molion can also be apgiied
fo free fall motion of the ohject by replacing aby g.
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[ Eeemple 22 | Acar travelling at 10 m s accslerates uniformally al 2 ms”. Galculale
|tz velocity eftar5s.
Wsowwond  v=10ms"
a=2ms”
=53
=7
Uzing firstequation of mation, we canwrite
v;=v,+af R
w=10me ' +#2me’xbe ~’
v;=10ms"+10me" WO
v,=20ms" =

( Easmpie 2.2 1 A car travels with Initial velocity of 15 @aﬁ'.'rt accelarates &t a rsta of
2ms " for4 seconds. Find the displacementof the ’u;-:{f.;.

v=15msg" )

a=2me” O W

t=4s & S
Displacement §=7 ah

By using 2nd equation of motigh.

.\‘l._.,}
53%1%31‘
Pulting the values -H‘;{,‘:"
\{:)‘ 3: A 4 + _?_ 2 -2
{:1\@' (15ms’ x48)+ (2 ms V4 8

N\ S=76m
|| Emsmpie 2.6 [ |n & ghort distence rece, a contestant in a car siars from rest and
reaches the velocity of 300 km i, after covering a distance of 0.45 kim at a constant
accaleration. Find this constant accaleration.

WSestutan  |nitialvelocity = v=0
Final velogity = v,= 200 km h'

Tr=Mm

s-!
B0 =< B0
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=833 ms"

Dletance coverad = 8=045km =045 x 1000 m =450 m
Uszing third equation of motion, we have

W -y =2a5

(83.33m gy — (0 =2xa=450m

o= 894288 ' 5 N
Teum O
a=772 ms* 2

i

25 MOTION UNDER GRAVITY S

A body falling fresly under the action of gravity Is the most famillar example of unifomnly
accelerated recilinesr motion. According o Gallie, ell bodias & frasly (in vacuum)
under ihe acceleration dug to gravity, danotad by ' Its experdmental valugis 9 8 ms®in
Sl unite. Thie maane that different bodleg, when allowed to fall from the eame helght,
girike the ground with the same velozity. Ag regards the sign of g, il is laken positive for a
talling body (when Inidal velocity Is zero) and negative for a body projeciad wertically
upward (whan initisl velocity (s nol zem).

The equations of motion for a fresly Talling body, on pulting a =g, become

v = v » gl

S=h= yi+ %gi‘z
W.ow = 2gh

| Example 1.5 M An ron ball of mass 1 kg Is dropped from & towar. The ball rsaches the
ground ind34 s, Find: (&) the velooity of the ball on striking the ground. (b} the height of
tha tower,

Wsssstan  Since the ball is falling under the action of gravity, we shall putt a = g in
aquatiors of motion.

Mages of tha ball m="1kg
Time taken to reach ground f= 334 s
[nitial valocity vi=1
Final velocry v,=7

Accelration a=g=928ms"




-
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{a) Using first equation of motion:

vi=vtat

v,=0+(88ms7)(3.343)

v,=327mg"

by  Using third aquation of motion:

vi-v  =2gh
(327ms’y - {0)f=2x98ms’x & aL
5 o 106920 m' 5 1)
19.6m
h=85456m P s
26 PROJECTILEMOTION O

Liptill now wie hiave Daan siudying the moton of a particled ong a straight Ine |.&., motion
in one dimension. Now we conaider the motion of a bell, when il is thrown horizontally
from ceriain heighl. It is obhserved that the ball kavels forwand as well as falls downweard,
until it strixas something such as ground. Suppose that the ball leaves the hand of the
thrower at point A{F g 2.8-8) snd that its velocity at thal instant is completely

horizomtal. Lel this velogity be v, Acoording io Newion's ¥

first law of motion, there will be ng acceleration in
horizontal direction, unless a herizontally directed force A &
acts on the ball. lgnoring the air friction, only force
acting on the ball during flight is the forcs of gravily. v %
There is no horizontal Torce acting on it So, its f
harzontal velosity will remalin unchangad and willba v,
until the ball hitz tha ground. The horizontal motion of
ball s simple. The'ball moves with constant harjzontal
velocity component. Hence, horizontal distance x is
given by

¥,

Flg- 1.84=]
3 LT8R S e AR

The vertical motion of the ball is alao not complicated. It

wil| acoeerate downwward under the fores of gravity and
hence a = g. This vartical motion is the same as fora

freely failing body. Since initial vertical velocity is zero, y \
hence, vortical distance v, using Eq. 2.4 Is given by ; \
: X

Fig. .80

1
= —f*
y=5
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It is not nacessary that an objest should be thrown with some inllial veloeity In he
hortzontal direction. A fooibsall kicked off by a player; a ball thrown by a cricketer and a
migsile fired from a launching pad, all profected at some angles with the horizontal, zre
callad projectiies.

Projectila motian |8 twe dimensional motion
under consiani acceleration due fo gravily,

In such ceses, the molion of a projectie can be studied easily by resciving it into
harizontal and verlical components which are independant of each clher Suppose that
a projectlia = fired In 2 direction angle 8 with tha harlzontal by valoely v, as-shown In
Fig.2 8(b). Lel compcnents of velocity v, along the horizontal and vartical directions be
v,cosfl and v sind, respectively. The horizantal acceleration is 8, = 0 because we have
neglacted alr resisiance and no other force Is 2cting along this dirgetlon, whereas the
veriical acceleration is 4, =g. Hence, the horizontal component v, remains constant and
atanylimea i, wa have

Ve =V, =Heosf. i (2.18) f¥ineracing information | |

Nowy we conaktar tha vartical mation. The (nitial vertizal
component of the velooity i3 w3in® in the upward
direction.

The wvertical component v, et any instant 1 can bs
determined by sonsidering the upward motion of
projeciile as free fall molion (3, = —g). Using 1st
equation of motion:

vy = v sint— gi e {2.19}

The magniludeof velocity al any instant is:
N - S - (2.20)
A pctagrand of tvo bals releamad

The angle §which this resultant velocity makes withthe  simumnecusty fom a mechanism that

horteontal can be found from Pﬂn:&.: ’ﬁq}':!&"h?m ”Ef ::
” i e beves Bislhe e s M s Lo,
tan = b L {221} Le, Iheir verfical depiacements are

¥ eoqual,

In projectile motion one may wish lo determine the height to which the projectile rises,
the time of flight and horizontal range. These are described bolow.

Height ofthe Projectile

In ardar 1o detarmine the maximum helght tha projectile attains, we Ues tha equation of
mgtion:




T I‘.L l%ﬁg um:f? —————
208 =v]—v
As body moves upward, & = - g, the Initial vertical velocity v, = usinB=vas v, = 0=,
because the body comes to rest after reaching the highest point. Since
S =thaght = h
-2gh=0-v'=in"s

of h= % N

The height of projectiie will be reduced in presence of air resistance. In the présence of
alr resistance, the upward velocly of the projectle will decrease and hence its helght will
also decraase during ima £,

Time of Flight

The fime takan by body 10 cover the distancea from tha plam ofite projecton o the place
where it hits the ground i called the time of Tight.

This can be obiained by taking 5 = h =0, bacause body goes up and comas back to the
gama lavel, thus coverng no vartical dlstance. If the body ks projecting with valocity v,

making angle & with the horizontal, then its vartical component will ba v.sinG. Hence, the
equation of mofian is:

5= w4 %ﬁr‘*
0 = veinat - Lot
ﬁ:ﬂ i (223)

where { isthe tirrrﬂuf_figl"il:cfta projectie when it iz projected from the ground.
Range of the projectile
Maximum disiance which a projectle covers in the horizontsl direcfion is called the

Serndies i
T detemine the renge R of the projectile, we mulliply the
horzontal sompanent of the velooity of projeation with
iotal ime taken by tha bady to hitthe ground after leaving
the: palntol projection Thus,

R=wve x!
i Fer an exn than 45°, the
or R = Y os0 x2wsind bwighe ramchad by e projecils and
8 Marerge Bt wil Ba less_ Whan tha
ogbibrmd def sl
! TS
or R g 2 ginficosh o o
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As2sindcosd =sin20, thus, the mnge of the projectie depends upon the velocity of
projectionand the angleof projection.

Tharafare R= -iidh 28 i [224)

Formaximumrange R, the factorsin 20=1.s0

2=sin" {1} or 26=00" or GO=45°

Air resistance will siow down projectike forward motion, reducing its valocity v, The
reduction in v.will resultin 8 decrease in the range of projectile.

Furthermorg, air resistance is nol constant throughout the fight of the objedt. As the
object slows down, the air registance sxparanced by it alio decreases, This meansthal
the ohject ratards more slowly and accelarates mone slowly as it fails down. This results
In a trajectary that Iz not parfectly parabolic but ls skewad, with eteapar descant than
ascent. ;

{ Exampie 24 | A ball 8 thrown with a speed of 30.m & In a direction 30° above the
horizon. Determine the height to which it rises, mﬂn&ofﬂlﬁ'll and the horizontal range.
U soboranl|  Inidaly
v.=vcosi=30ms’ xmﬂﬁ"ﬁﬁﬂma
v, =v,5n8 =30 mg’ x.!rirm‘ =1Smg’
Aethe limeof light, is ','
= z?l_ﬁsi_ﬁﬂ - "’ #or your information -'
) Idea Pedh
= 220mS | 05)

\ l.::;;'ﬁ:‘:_, mﬁﬁ\
So e peelbihad L
) 9.8ms*

A" o It e presance of & fision the
Height P\ h= 'Ja’n 8 frajectory of & hig = spead projoctils
"y 2g faids Eharl of @ pamsbede path,

So . ;3']111 E’f!g.ﬁf

198 mse’

h= 115m

£

Range: R= %ﬂn?ﬂ = -";:slnw

(30m ="} x 0.888
98ma*
= 79.83m
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27 MOMENTUM

We are awam of the fact that moving cbject possesses a quality by virtue of which it
exers a force on anything that tries to stop il The faster the chject is traveliing, the
harder It ks to stop It Similady, H two objects mowve with the same veloclty, then it Is more
difficult to stop the massive of the two. Newton refemed to this propery as “momentum”,
a vaciar quantity dafined as tha praduct of an chject's maas and veleety. This term s
now called linear momentum p of the body and Is defined by the relaticn:

PEMY oo deLd)

In this expression, v is the velocily of the mass m. Linear momentum s, {herafore, a
vecter quantty and has the dirsction of velocity. The SI unit of momentum is kilogram
metre persecond (kg ms’). ltcan also be expressed as newlon second (N's).

Momentum and Newton'a Second Law of Motion
Consider & body of mass m moving with an inifial velocity v, Suppose an extemnal force F

acts upon It for time ¢ after which veloclty bagomes v, The accaleration a produced by

this force is given by i Peint to pondart B

o Vv, ; ¥,
By Newton's second law, the acoa’eration isgiven as: % i
= — i F]
m i3
Equsating the two expressions of accelerstion, we have i e
M=, |
E =2 — 1 D v
m H Ry
- Foct =i = m¥ ... (226)
where v, is ke intiel momentum and rmwvis the final ™
momerturm of the body. Whish hutt you In the sbowe

aitustions () oF b ard think mhrr
The mﬂm {2.2&1 shows thal change in momentum s Mlmm —
equal to the product of forca and tha time for which foree s n—lf—u—f-
applisd. Thisform cfthe second law is more general than the "3'“ & maving abject experience
form F = ma, because it can easily be exlended to account for
changes :ﬁ IHE":::;I:}* accelarates 'ﬂ.i'!'lﬂﬂ !'I‘SI w also
changes. Forexa as g rockel accelerates. it mass
because its fuel is bumnt and pjecled to provide greater thrust. x: t:h?:::.m 1m
From Eqg. (2.28) 5 N might bo enough to fracture
F= Y, —m yournaked shull {cranium), but
i wiith & covering ol skin and halr,
Thus, sacond law of motion can also be stated in torms of = foce of 80N would ba
momentur ss: Lt
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Tima rata of chengs of momantum of & bady |8 aqual i ths applied forea,

Impuise

Somatimes we wish to apply the concept of mementum lu cases whera the applied force
is not canstant, it acts for very short tima. For example, when a bat hits a cricket ball, the
foree ceriginly varies from Instant to instant during the collision. In such cases, il s more
corvanlent to deal with the product of force and ime (F X ) Instead of alther quantiy
glone. The product of average force F that acts during time tis called impulse given by

IMpulss = Fx t= MY, = MY ..o (227)

4 Exsmpte 2.7 § Mﬁﬁﬂhgmrhaﬁrﬁwmlymdumdmnﬂﬂmihﬁﬁms in30s,
How large was the average rstarding forca? _
Jsokevion]|  UsingtheEqg. (2.27) y ._".*.,T '

Fxi = mv,—mw,
Fx3Ds= 1500kgx15ms’ —'tﬁml;ga.xzt}ma
or F =-2500kg ms® AN

=—2500N=-2.5kN | |
Tha negativesign indicatss that the forgs s retardiing one.

Law of Conservation of Momentum

Let us consider an isclated system. Itis a system
cnwhich no external agency exerts any force. For Q
axample, the molecules of B gas enclosed in a

plass vasss| st conalant lerperature constilule an
izoiated system. The molecules can collide with
one another because of their random mation, but
being anciosad by glass vessel, no external

agency can exarla foroe on them. w

Consider an [solated system of two smooth hard Ft— —p
interacting balls of masses m, and m,, moving
along the same straight line, in the same direction,
with velocities v, and v, respectively. Both the balls

¥, ¥,
—

" L

callide end after collision, ball of mass m, moves v v
with velocity vi vand m, moves with velocity v in —  —
thesame direction az shown In Fig, {2.9). Q ()
T find the change inmomenwum of mess i, m, my
UsingEq. (2.27)as:

Fig. 23
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F wf=mw - ¥, M Do you know? [N
Lt 1 ] &

Similarly, for the ball of mass m,, wa have
Fx 1= my} - my,
Adding these two axpressions, wa have
(F +F )t = (mv, - mu)» (mv;- m.v,)

Sinoe the action foree F is equal and opposile 1o the
reaction force F', wa have F'=—-F, or F+F"=Dsothe

left hand side of the equation is zero. Hence, When & moving car quickty,
U= (mN=my, |+ (FLv= M) mgﬁmd 3:::::

Incther words, change In momentum of 1st bal +.change henge ihe larces of motan snd
in momenturn of ihe 2™ ball is zero. :wnimﬁﬂmg?m of injury

Or (M + V) = (v +mV;) . (2.26) i ity sl

Which means that wotal initial momentum of the system before collizion is equal to the
total final momentum of the system after collision. Conseguently, the total change in
momarntum of the isolatsd two bal| system is zerg.

For such a group of cbijecls, if one ebject within the group experiences e foroe, there

mu st exist an equal bul oppesile reaction forte on cther objacl in e same group. As a

result, the changs inmomentum of the greup of oblects as a whole Is alweys zero. This
can bo axprassed in the form of law of sonservation of momenturn, which states that

The total linear momentum of an Isolated system remains constant.

In apalying the consarvation ig'w wa must notice that the momentum of a body is a vachor
quartity.

{ Example 2.8 | Twospherical balls of 2.0 kg and 3.0 kg m

mmarenmimlmwﬂs%#wwﬂh velodties of

E.0ms" anqalma respactvely. What must be the

mlncﬂydhmulhr pall efter collsian, if the velocity of

thebiggerballis 2.0 ms ' ?

Cdstutien | Asboththe balls are moving lowards one

another, so their velocities are of opposite sign. Lat us

suppose that the direcion of motion of 2 kg ball s

positive and that of the 3 ka is negativa,

The momentum of tha system bafors collision i=:
my,+my, = 2kgxBms' +3kgx{-4ma') Arcleckessiey hinsti

= " - tire of any collision to proveri
= 12kgmse’—12kgms =0 ﬁsﬁu-.n:r?w B
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Momantum of the system sfter collision = mvi +myw
=2 kgxvi+3 kgx{-3)msg’
From the law of eonservation of momenium
|:Murmﬂtum of the systﬂm} - [Momenium of the sym}

before collision efter collision
0 = Zkgxv' — Skgms’
v = 45ms'
2.8 ELASTICAND INELASTIC COLLISIONS o

When atennis bzl is dropped on the floar vertically, f may not rebound teits initial haight.
Ii is becausns, a porion of K.E. is lost, partly due fo friction as the molecules in the ball
move past one ancther when the ball distorts and partly dus lo'ils changs into heat and
sound energles. Similar is the case when two lennis balls collide with cerain velocities,
theirfinal kinetic snargy may be less than the total initial kinatc ahergy.

A callision in which the K £. oitha gystem is not
conserved, is called inelastic collision.

Undar cartain special conditions, no kinetic. anergy s lost in the collision or impact on
hitting the floar. Such type of collision is said to be elastic collision.

Forexample, when a hard ball ia droppad onto & marble flocr, it rebounds to very neardy
tha inifial height. It loses negligible armount of enargy in the collision with tha Foor, ILis ko
ba noted that momentum and total erargy ara consarvad in all types of collisions.
Howevar, the K.E. iaconserved only ifit is an elastic collision.

Elastic Collisions in One Dimension

Consider two smooth, hon-rolaling balls of masses m, and ——* 2,
m, maving initially with velocities v, and v, respactively, in O Q
the sama direction. They collide and atter collslon, they -

move along the same straight line without rotation. Let their g "
velocities afler the collision be ', and v, respeclively, as Bafor zellslon
shown (n Fig(2.10)

We take the positive direction of the velocity and momenturn = —
to the right. By appiying the law of consarvalion of Q
momentum we have i
ar
(Mg, = ma ) = (Mg + myve) Attar solislon
m.‘{ﬁ Hﬂ} = Iﬂzt\'; - \"t_} BARABARS Rl [4S4E RRAS LR {.aﬂ:' Fh" :"1'

Ag the collision is elastic, 50 the K.E. is conserved. From the conservation of KE,
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wa have %nm,‘*—%mzvf = lm_lvri £ lmzvf

&= g
or myje v} = mybs® - vy}
or M v N -v] )= e )iw-n) .. (2.30)

Dividing Eq. (2.28) by (2.30)

(v, v 1=(0) +w) ... {2.31)
or (v = %) =0 - wi= -{W-w}
We note that, before collision (v, — v} is the velosity of first ball relative tpﬂfu—: second ball.
Similarty (v',=v',}is the velocity of tha first ball relatve tothe second ball after collision. It
means that relative velocities before end after the collision has the same magnitude but

are reversed aller the colision. In olher words, the magnilude of mslalive velocty of
approachis equal to the magnitude of relative velodity of separstion.

In ecustions (2.29) and (2.30) rm,. m.. v, and v, are known quentities. We solve these
aguations to find thevalues of v; and v. which ara unknown. The resuits are

caae (1)
o Ty, 2m
mam o mm,
v o= g, e

m+m, m1_+ 3

Thern nmmnﬂmufapaﬁ':ll interest, which are discussed below:
{i} When m,=m,
From Eq, (2,32} and (2,33), wefind that

viE
and v, =W {as shown in Fig. 2.11)

{in When m,=m,and v,=0 Q @

In this case, the mass m, be at rest, and v, = 0, then

Egs. (2.32) and (2.33) give I-huunl-un

“I = n - .“.!l - "l ‘H"|=u "-:—\"..
When m, =m, then ball of mass m, after collizicn wil come o a Q O
stop and m, will take ol with the velocity that m, originally had, " -
asshown in Fig.(2.12). Thus whean a billiard bail m,, moving on At grlligion

Fig. 292
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a l2be collides with exactly similar ball ri; at rest, the ball case )

m, stops while m, bagins to mave with the same velocity, . ik
withwhich /m, was moving initielly. o O
i)  When a light body collides with 3 massive Lo 0,
body at rest B‘ﬁ”:":"f':‘*" ok
Inthis caze initial velocity v, = 0 and m.>>m,. Underthese — >
conditions s, can be neglected as compared to m,. From 9 Q
Eq.(2.33)end (2.32), ws have v| =-v, andw; =0, ' "
The result is shown in Fig.(2.13). This mears that m, will Fig. 2.13 .+ i
bounce back with the same velocity while m, will remaln casa [iv]
staticnary. This factis used of by the squash player. e
{iv) When a massive body collides with light \ 'I‘:D
stationary body - =
Inthis case, m,>>m,andv,= 0, som, canbe reglected In 'E::ﬂmlwm
Eqe.(2.32) and {2.33}. This glves v/ = v, and V', = 2v,., dmn e,
Thus, after the collision, there is practically no change In ==
the veiceily of massive body, but the lighter one bounces Cﬂ?
off in the forward direction with approximately iwica the m, !
velooity of the incident body. as shown in Fig.(2.14). Fig, 214 “fer cdllizion
29 INELASTIC EDLLISIQBJIT}UHE DIMENSION
Consider two bodies having massss m, Betore: collson

and m., moving with velocities v, and v, O .
along the same line such that ¥, = v, In

such & case m, ia regarded as projactie

and m, as target. Aller time { both the

bodies make inelaslic collsion and stick

together. Let their combined masa

become m., + my which moves with fina

valocity viaflar collision. Fig. 5.13
Since the collision is perfectly inelastic, the tolal momentum of balls is conserved. Using
law of corsarvation of momantum.

Todal momentum of gystam bafors collision = Tolal momeanium ofthe system alter collision
my oy, = omy

i, =0,

m e’
m, 4-“.*1'1Jlt At b iy s ted)

Which gives the common velocity of the body after inelastic collision.

“,:
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In a special case whan tha tanget m, |5 at rast, v. = {, tha above equation bacomas.
iy v,
m.‘ + mt
.

It shows that velocity of m, ia reduced by the mass ratioi.e., F'm_ ;
1 I

v, =

{Esample 15 1 A70g ball collides with another ball of mass 140 g. The initisl valosity
ofthe first ballis 9 m 5~ fo the right while the second bal is at rest. If the golksion were
perfectly elastic. Whatwould be the velccily of the two balls afler the colision?

[ sotcttanj] o)
m=70g v,=8ms'  »=0

W

m,=140g =7 vi=% O
We kniow that e M
(] m_m! .
v| = " _.---\-I
moemy AN
= [Tﬂ g-140 j x9ms'=-3ms’
Mg 7o
g o= LIm
Cmiem,
O 26704
P e x g ]
& ey o0
- © = &ms
2.10 ELASTIC COLLISION IN TWO DIMENSIONS
Considar the maotion of two balls of mass m, v
and m, in & straight line with velociliez v, and v, )
respectively undergoing an elastic collsion with each %, « ,ﬁ i
othar as showninFig. 2.18 "{ M.\\Q x
Acsume the bodies move off In diferent directions =
after colision with velocitiesv', and ", making angles Fa 208 ¥ u

0. and 0, respectively with x%- axia.
As, the collision s elastic, so we spply both the laws of consereaton of momentum and
law of conssrvalion of kinetic energy. Momsntum ks a vector quantity, we resobes it into
its rectangular components end apply the law of consarvation of mamentum slong both
Axos,
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Momantum conservation slong x-axis is:
Momentum before collision = momantum after callision
MmN, =m0 cosd, +mV ] coshL L (2235)
Momanium conservaticn along y-axis:
Memaeantum baefore eolllsion = Momantum aftercolllslon
0 = m.v! B0 -mv: 8Ny s [236)

Conservation of Enargy
Kinatle Enargy before coll islon = Kinetie Enargy after collelon
1 1 1 i C\T
E.ﬂ%ﬂf + -z-mlv-: = -E-.I'I"Ii'b‘f +* i"n"v’:uuull .i'l ww:{zlan

Thase equationa {2.35 to 2.37) ara usaful in solving prablams about slastic collisions in
twodimensions,

2.11 INELASTIC COLLISION IN TWO DIMENSIONS

The mecrascoepic collisions are generally inslestic and do not conserve Kinetic anargy.

The perfect inefastic collision is one in which the coliding cbjects stick together to make
a single mass afler collision. s analysis canbe cimied out as follows.  p

Lt uz taka two balls heving masses m, and v
m, moving with velooities, v, and v, ,{G'
respaclively, in a two-dimensioral xy- m v, e

plana. Assuma that the first bodys moving —it —p ]
along the x-axis while the second body

moves In a direcien, making an angle & ¥
with x-axis. Both the bodies collide at the '

origin as shown Inthe Agure 2.17. Fig. 2.17
After colllslon, bodles stick togather, having combined mass M =m, + m,, which moves
with velagity v, making an angle pwith x-anis.

Momantiim In tha {-direction:

m + mpw, cosf o= My coBg {2.38)
Momentum In the y-diraction:
O+ my, sind = My, SiNg .vvvvmeenrrcmenenens o {2.39)
Equation 2.38 and 2.39 can be used fo find the final velodty.
Kinetic Energy

Since collision is inelastic, the kinetic enargy of colliding eystem is not conserved, The
loss of kinefic energy is compuled as follows:
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Initial Kinetic Enargy
The total initlal kinatic anergy K.5 of tha system baforatha collizion is:

1 1
(K.E), = Em‘yf + Emz-._-; werrmmnerne {2 AT
Since K.E. ig a scalar quantity, so velocities involving in the formula of K.E. does not
require to bresk velooities info their components.
Final Kinatic Enargy
The total final kinetic energy KLE; efterthe collision (when the objects stick together) ja:

(cE), = Lny; iR -H} )
whans v s magnitude of thatinal valcatywhich can be calculated fram Eg. (2.41).
Energy Loss in the Collision

Bince he collision s inelastic, there |5 aloss in kinetic energy, represented by AK £
AKE. = [KE)- (KE),

Thig lost kinetic energy is transformed imumﬂmﬁfemy.m as heal, sound, or
in deformation.

Some examples of an Inelastic collision:

(i} When a karate chop breaks a pile of bricks, it's an example of an inelastic collision.
In this typs of collision, the abjects invalved don’t bounce back after impact. Instead,
some of the anargy from the atike iz absorbad by tha bricks, converting into heat,
sound, and the force needed to break them, This means the energy goes into
breaking the bricks r'ihl' than causing the hand to rekound. If the Karals chop i
ot perfecty vertical and invalves some harizontal metion, the mamenturm transfer
and the resulting forces will have both horizontal and vertical components,

() Ina carcrash, the collision is an Inelastic nature, Yyhen the vehicles collide and
absarh the Impact anargy, causing tham fo crumple and deform. Thlz enargy

absorption slows down the cars, stopping them from bounding back. Most of the
kinetic anargy is lost, tuming into heat, sound, and damaga to thevehides,

(i) Inreal-weord collisions., a ball and bat show an nolaslic babaviour. When the bat hits
tha ball, soms of tha kinelic snargy is lost becausa the bal| deforms, and anergy ia
also converied ino heat and sound, Even though the batis rigid, it does not iransfer
energy perfecty and absorbs some energy ilself. The ball compresses upen
impact, which leads to further enemy loss. Consequentty, not all of the initial kinatic
anargy s consanved, making the collisian ovarall aninalastc,




I s S
% Physis 1Y) | ey

2,12 ROCKET PROPULSION

Reockets move by expelling buming ges through engines at
their rear. The ignited fuel turns toc & high pressure gas
which iz expelied with exiremely high velecity from the
rockel engings (Fig, 2.18). The rockel gains momenlum
equal to the momertum of the gas expelled from the
enging but in cpposite direction. The rocket engines
continue to axpal gaees after tha rocket has begun moving
and hence rockel continues to gain more and more
mamentum. Sc, instead of travelling at sleady speed the
rocket gets fastar anc faster eo long the angnes are
cpemting,

A rockel camies its own fuel in the form of a liguid or soflid
hydmogen and oxygen It can, therefore work al gresl

heights where very fitthe or ne air ia prasent. In order to'

provide enough upward thrust to oversome gravity, @
typleal rocket congumee aboul 10000 kg &7 of fual and
ejects the bumt geses el speeds of over 4000 ms” ! In fact,
miona than 80% of tha launch mass of a rackat conslets of
fuel only. One wey Lo overcome the proklam of mass of fusl
is o mak= the rocket from severs| ockets inked iogether.

When one rocket has dore its job, itis discanded l2aving
cthars to carry the apace craft further up at evar greater
spoad,

If m ie the mass of the Qases ejected per second with
valocily v refative (o the rocket, ihe change in momenium
per second of the-gjecting gases is mw This equals the
thrust produced by tha angine on tha body of the rocket.
S0, the acceleration 'a’ of the rocket is

. _ my
8= wriinais (42

where M is the mass of tha racket. When the fual in the
rockat I8 burned and elacted, the mass & of rockat
decrerses and hencethe acceleration increases,

 haptar 2 Torce and Motion =

——fhuid
Irpdragen)
Baquid
g
Eamimptian
chamber

Fig. 2.18

Fuel sind ceopgen mix in the
combugtion chambar, Hof
geses exhaust the chambar
At & wary high uﬂnnlly. Thia
gain In mamenturn of the
gesas oguals the ﬁiﬂ m
momantum of e rocket
The gas and rocksd push
against each olher and
Mo i o pposie di rechions.
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oussmions PN
§ Multipie Choice Questions B

Tick () the correct answer,
24 The angle al which dol product becomes squal o cross produsct:

(a) 85" (b) 45° (e} 76° {d} 30"
22  The projectle gains its medmum heighl 2t an angle of: .

{a) O° (b) 45" {c) 60" {d) Eﬂh
23  The scalar product of two veciors s maximum if they ars; ~=’

{a) perpendicular (b} parallel (c} at30° {E’j Bt 45
24 Tnerange of projactiles l& same for two angles which mtnmla[lyr

(a) parpendicular (b} sucplemantary ~.;_'~.*,.J

{c) complemantary (d) 270"
25  The accelaration al the lop of a trajeciony of ﬂmﬁ:ﬂiu Is:

{a) maximum (b} minimum i:ﬁinm) 4} g
2.6 Sl unil of Impulse js: 2\

@) kamg® b) Nm _{e}y Ns (d) Nm®
2.7 The rate of change of momentuni(s

{a) force (b) impules (¢} acceletation  (d} power

28  As rocket moves upward dyriff s journey, then its accaleration goes oni
(a) Incraasing (b} decreseing
e} remaing same _]:d} it mowves with uniform volocity
29  Elastic collision, 1-walves
{a) loss of nﬂﬂ:j}'
(b} gein of energy
fc nﬁgﬁn no loss of enargy
(d). mmm between energy anu elastc collision
ﬂ_ e _'j
2.1 State night hand rule for bvo vectors with reference 1o wechor product.
2.2 Defing impulse and show how i Is related to momentum,
2.3 Differentiste between an elaslic and gn Inelestc collizion.
2.4 Bhow that rate of change in momerdum is equal to foros applied. Also slate
Newtan's second lzw of motion in terms of momeantum.
2.5 Blale law of consarvation of linear momeantum, Also state condiion under which it
halds.
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2.8 Show that range of projectile s maximum at an angle of 57,

2.7 Find the time of fight of & projectile to reach the maximum height.

2.8 The maximum horizontal rangs of a projectie ia 800 m. Find the value of height
attained by the: projecti'e at 0 =60".

..iﬁufqnﬂﬂ.lf'ied Response Ques tions |

2.1 Why does ahunter aiming a bird ina free miss the {arget exectly at the bird?

2.2 Aperson falling on a heap of eand deae not hurl mors 8s compared 1o 8 parsan
falling on a concrete floor. Why?

2.3 Stele the conditions under which birds iy in ak. |
2.4 Describe the circumsisnces for which velooity and acoeleration of a vehicle are:

(i v is zemo bul 8 ia not zero
(i} daias zer but v ia not zaro
(i) parpandicular to one anothar

2.5 Describe briefly effects of air resistance on the muge and maximum height of a
projectiie,

§ Comprehenstve Questions
2.1 Define and explain scalar product. Wiite down its important charscierisics,

22 Define and explain vector product of two vectors. Discuss important
charactaristics of vector procuct.

2.3 Derive three equations of maton by araphical method.
74 Whalis projectile mation? Explain,
25 Derive the following expressions for projectile motion:
1}] time of flight
(i height attained
fiiiy range for projectie.
2.8 Explain aiasiic collision in one dimension. Show that magnifude of ralative
velocities before and after collision are equal.
2.7 Explein siastic collision in two dimensions.
28  Explsin an inalastic collisicn in one and two dimansions.

S ———

@ Numerical Probiems )|

Z1 The magnitude of cross and scalar products of two vedors are4./3 and 4,
respedtively. Find the angle between tha vactors. (Ans: 80%)

22 Ahelicopter is scending vertically at the rate of 186 m s’ Whenitisata
hakght of 156.8 m abovea the ground, a stona is dropped. How long doas the
glone take 1o reach the ground? (Ans: 8.0 &)
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IF |A+B| = |A-B| then prove that A and B ers perpendicular to each other,
{Ans: § = 80
A body of masza M at rest explodes into 3 pieces, two of which of maaz M7 4 esch
are thrown off In perpandicular directions with velocties of 3me' and 4 m g”,
respectivaly. Find the velodty of 3rd plece with which twill be lown away.
{Ang 25 m &', opposits to resultan! velooity veolor of two pieces]
A ericket ball ia hit upward with valocity of 20 m 8" at an angle of 45° wilh the
ground. Find its:
{a) imsoffight (o) maamumheight (c) howtaraway it hits the ground
{Ans: 2 85,41 m, 102 m)
A20 g ball hits the wall of & squash court with a constant ferce of SO M. Ifthe time of
impactof forceis 0 60 s, find the implilse. {Ans: 55N s)
Aball is kicked by a footballer. The avarage force on the ball is 240 N, and the
impactlastafora ime interval of 1. 258
{a) Calculats changein momentum
(b}  Statathedirection of changsin memanium
[Ans{ (3} 80 N 5, (B) In tha direction of fores)
An aeroplane |s moving horizontally ata speed of 200 m s ata heightof Bkm ko
drop a bomb on a target. Find horzontal distance from e gt ol which the bomb
should be released. {Ane: 8.08km)
Why does range R of a projestile remain the same whan angls of projecton s
changed from & o & = 80 - 0. Aleo show that for complementzry angles of
projechion, the ratia R/F isequalto 1.
Atralley of mass 1.0'kg moving with velocity 1.0 m & collides with a similar trolley
atrest:
i1} after collision, the 1™ trolley comas to rest whereas the second starts moving

with velodity of 1.0 m 5" in the seme direction. Show that it is an example of an
slasticcalliision.

(i) -after the collision, they stick together and move away wilh a velocily of
0.5m 5'1. Show that || s an exemple of aninelastic collision.

A raibway wagon of mass 4 x 10' kg moving with velocity of 3 m 8™ collides wilh
a.nulhu‘mugmufmasﬂﬂﬂ“kgwmm Is at rest. They stick togatharand move off
togethar. Find their combined velocity. (Ans.2ms")

A carwith mass 578 kg moving at 15.0m s’ smashes into the rear end of a car with
mass 1575 kg moving &t nmva’ intha sama direction,

(m) What s the final velocity if the wrecked carlock together?
(1) Howmuch kinelic energy islost in e collision?
[&rs: (@) 7.67 ms”, (b)2.11 x 10" J]

8



After shudying ¥his chapter, the students will be able to: O

&  Exprassangles nrsdians {:}

#  Defing ond ealculas angular displacemont, angulse wwlocity and anguise ian [Thiz inuchios
useof S5r8, v=r@, m=27% /Ea=r &’ and A=V el

Uea @quarioms of mngutar molion to s4ive problanms valving
Decuss oua R vely molion ina surved pathdes o a -
Defineand caloulaimcaniripsial forca [Use £ -mmﬁiﬁm

Analyzs shustions Invabing clicular mation I tuq‘:"-f Iipetal fores [ edfations in which
cantripetal eooalaration is ooused by & fenai a frictional foroe, & gravitatiansl foree, or 8

& & 4 &

normal feres.) Qa

MuummmaMamlh [fram the squalion v=2re/ T whars rlsthe

avemge rlus ofthaorbitard T -m.@t apply s equation tnsokve numarcal paobiame)]

Explainwhy theobjeds intrbl appearioba weighless.

Drescrion frow anflclal gravey fo counterwelghioseneas,

Dafinesnd calculile Inaria of a badyand angular momentum.

Dherive v sy thes bt fongue, mormert of inerfe wd sogulsr scoekesion. [[ustrate

the applicalions orsarservalion of anguler momentum in real e [such 85 by Tywhedls ko store
mum-i@pmﬁm: i rEyigabon syRtams, by ioa s katers D adjust thsir angulsr vsiocily]

o Dscrt hg?ﬁnmmgmm o separate materisls usng cantipetal forcs

-\

*

& % & P

JA mong all possible moticns of the matenal bodies, tha circular motion is one that

- Mappesrs o baworking in the most of the netura!l world, Satelites moving in circular
orivils arcund the Earth, crbilal and spin motion of the Earth itself, 3 car tuming around a
curved road, and & atene whifed arcund by a string are the famillar examples, When
objects move in groular pathe, their direction is continueushy changing. Singe volociy is
a vactor quantity, this change of direction means that their valocities are not constant.
In this chapter, we will study, circular motion, rotational moticn, moment of inertia,
angular momantum and the nelated toplcs.
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3.1 ANGULAR MEASUREMENTS g

Conalder an angle sublended al the centre ‘U’ of a circle by an arc
‘AB' asshowninFig. 3.1, Hthelength of the are ‘AR’ is egual lo the
radius 7'of the circls, Ihen Ihe angle is callsd one redian. lLis the I
unitefangular measurement and its symbaol is "rad”.

Angular Displacement

Considar the molion of & single parlicie P of mass m in a clroular path of radius 7.
Suppase this mobon is taking place by attaching the particle P at the end of amassless
rigid rod of langth r whose other end is pivoted at the conie O of the circular path, as
shown in Fig. 3.2 (). As the particla is moving on tha circular path, the red OP rotatas n
lhe plane of the circle. The axis of rolalion passes through the plvel O and is nomal Lo
tha plane of rotation. Consider a systemn of axes s shown in Fig. 3.2 (b). The z-axis is
takan along the axis of rotafion with the pivot O as origin of coordinates. Axes xand y are
laken in the plane of rolation. While OF is rolating, supposeat any instant |, its position is
OP1, making argla 8 with x-axis. Al a later Ume | = Al, letits position be OP: making angle
B+ AB with x-a0d5 (Fig. 3.2cL

& 5 ‘F
**
. P
E
Fig. 3.20n) * Pg.azp) Fig. 321c)

Angle AR dafines the anguiar displacement of OP curing the time interval At For
very small vq}ga“ﬂhﬂ,'lha angulardizslacermentis avector quantity.

The angular displace ment A s assignad a poa tiva sign whan tha f-l

Fig 31

sense of rotation of OF is counter clock wise.
The direction associated with AD is slong the axis of rotation and is
given bynght hand rule as shown in Fig 3.2 {d} which staies that:
Grosp the axis of rotation in right hand with
fingars curding in the direction of rotation; the
thumb paints in the direction of angular
displacement.

Threa units are generally used to express angular displacamant, namaly degreas,
revolution and radian. Consider an arc of length S of a cirdle of ragius r (Fig. 3. 3) which
subtands an angle g at the contre of tha crcle. 1t valus inradians (rad) 18 given as:

o

Aig. 3.:3(c)

8
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s
8-> P

or S=rf (wherefisinradian} ... (31) 5
£] P

If O I rotating, tha point P covers a dlstance S = 2 o in ane
revalutlon af B In radian, it would be!

§ 2 o,
ror Fig. 33
S0 1 revolution = 2 rrad = 360°
B
or 1rad = 280 g
2n

Angular Velocity

Very ofien, we are inierested in knowing how fast or how slow 8 body s rotating. It is
delermined by its angular velocity defined as the rate al which the angular displacement
I3 changing with time. Referring to Fig. 3.2(c), f AB is the angular displacement duning
tha tima intarval At, the average angular velodity &, during this interval |5 given by

Al L
= — A0 W S a
W=t LS (3.2)

The instantaneous angular velosily w is the Ilmlt of the ratic ABYAL a5 Al, spproaches to
26,

Thus, o & Lm 48 i Ak
|I " 1.&"*& Ar
In the limit when A approachies zero, the angular displace ment would be Infinftesimally
small. So, It would be a vector quantity and the angular velocity as defined by Eg. 3.3
wolld alao ba a vector. It diraction is along tha axis of rotation and is given by right hand
rule s described earlier.

Angular velocity is measured in radians per second which = the SI unit.
S0 itis alsa given in tarms of revolution per minuts (rpm).

Angular acceleration

When we swilch on an elecirle Tan, we nolica that its angular veloeity goes an Increasing
fill it becnmes uniform. We say that it has an angular acceleration. We dafine angular
accelaration as the rale of change of angular valodty. If @, and «, ara the values of
instantaneous velocily of a rotaling body at instants § and L , the average angular
acceleration during theintesval { -1, is given by

= -0 _in
By, = Lo A T (3.4}
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The instantanecus angular acceleration is the limit of the ratio ﬁ &5 Af approaches
zero. Therefore, instantaneous angular scceleration o s glven by

@ = Lim % .......... (3.5}

Af-ad

The angular acceleration is alss a vector quantity whose magnitude i given by BEg. 3.5
and its direction i along the axis of rotation. Angular accelesation is expressedinrads’.

Till mow we have been considering the motion of a paricle P on a cirewlar peth. The coint
P was fizad af tha and af a mbaling massless dgid reo. Now consider the ralation of a
rigid body as shown In Fig. 3.4 Imagine 2 paint P on the rigid body. LJntE.‘rP s the
perpendicular dropped from F on lhe axis of rolalion ususlly -

refemred as tha refarance lina. As the body rotates, [Ine CGF also
rotatas with 1he same angular valodty and angular accelaration.
Thus, the ratetion of @ rigid body can be desoribed by the
rotation of the refarenca line OP and all tha terms that we
defined with the help of retating line OP are glso valid for-the
rotational motion of & rigid bedy. Hancetorth, whils daalng with
rotation of a rigid body, wewlll replace i by its referenca line OF

Relation betwesen Angular and LinsarVelocities

Consider a rigid body rotating about z-axis with an angular
velocly wesshowninFig. 35(3).

Imaging & point Pin the rigid bedy afe pemendicular distance r
from the axis of rotation. OP represents the reference line of the
rigid body. As the body rolates, the point P mowves along a circle
of radiug r with a linear velocly v whereas the ling OP rotates
with angular velocity @ as snown in Fig. 3.5 (b). We are
interested in finding mma re‘ation beiween o and v, As the
axis of rotation is fixed, so the diraction of @ always ramains the
same and w cén be manipulated as a scalar. As regards the
linear velocity.al the point P, let us consider only its

magnitude only which can alzo ba traated as ascalar. . Fig. ,}ﬁ j
PP.=AS . | _Fov yow infermation [ .

Suppose during the course of its motion the g A

point P moves through a distance PP, =AS f‘

in @ time interval Af during which reference =0

line OP covers an angular dispkacsment
All radien. So, AS and AD are related by ,
Eq. 3.1a8: T

ki A8 the wheel luma through an angle d,
i Itlaya out o tangenilal distancs S=r6.
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Dividing both sidas by Af

il Poirst b0 ponderi ]

SRRy {3.8)

In the limit when linear Af— 0 the ratio ASIA represents v, §
tha magnitude of tha |Inear valocity with which point P ig
meoving on the circumference of the circle. Similary AG7AT

: H Yo may Teel scared at the wp
represents the angular velocity @ of the reference line OP. B el e i in 1he

So0,Eq. 3.8 bacomes: amuseman parks. but you
never fall dowe even when you
V=) o e {3?} aro upEide o, Why7

From Flg. 3.5(b), It can be eeen that the polnt P |s meving along the arc PiPz, Inthe limit
when A/ —» 0, the length of arc PiPz becomes very small and iis direclion represents the
direction of langent 1o the circle al point Py, Thus, the veleddly with which poind P is
maoving on the circurmterence of the drele has a magnitude v 4nd Its dirsction s alway's
along the tangent to the circle at that point. Thatis why, the inearvelccity ofthe point B s
&lsn known aatangentialvelooity

Similarly, Eg. 3.7 shows that if the reference line CP is rotating with an angular
acceleration g, the point P will also have a lingér or tangential acceleralion a,. Using
Eq. 3.7 #t 30 be shown that the two acoelarations are related by

I W .?..';j...  (3.8)

Eqs. 3.7 and 3.8 show that on a rotating body, peints that are at difierent distances from
the axis do nol have (he sama spesd o accelaration, but all points on a rigid body
rotEbing about 3 fixed axis do have the same anguiar displace mant, angular speed and
angular accelaration at any instant Thus, by the use of angular variables, we can
describe tha motion of the entire bady in a simpla way.

Equations of Angular Motion

The equations (3 2, 3.3, 3.4 and 3.5) of angular moticn are exactly analogous lo those
in linear modon if (), @ and @ be raplacad by S, v and a, raaspactivaly. Az the othar
eguations of linear motior were abtained by algebraic manipulation of these equations,
it follows that analogous equations will also apply to argular motion. Qiven below are
angularaguationalogetherwith their linear counterparts.

v =v, + 8t =0 +5p .. (39)
2a8= v - ¢’ 2e0=0f -t ... {310)

s '—“ﬂf-*% at? B=nl +12-q1’.......... (3.11)
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The angular eguations 3.2 1o 3.11 hold true only inthe case when the axis of rotation is
fixed, so that all the angular vectors have the same direction. Hence, they can be
manipulated as scalars.

| Esampie 10 1 An electric fan robating at 3 rev 8" is switched off. I comes to restin

18.0 5. Assuming deceleration to be uniform, find its value. How many revolulions did i
tum befora coming to rest?

dssiaiionll In this problem, we have
m=30rv &, =0 {=180sand w=%7 K6 B=7 e
From Eq. 3.9, we have / \‘

"

0O O-30)eve | 4 yep oy gt J

{ 16.03 \ i
and from Eq 2.11, we have \ '

D=+ qf? Ly \\ ,-;//
2 = o

%

Pty

=30mevs'K18.05+.(0.167 revsT)x(180s)F . | Dlrection of motion changes
—— 2 [y confinuously incircular modon.

3.2 CENTRIPETAL FORCE)

Mewton's second law of motion states that whana force acts
on a body, it produces acceleration In fhe same direction. &
force acting on a moving body along the direction of s
velocity will change magnitude of the velodity (speed)
kesping the direction mgad On the other hand, a
constant force acting perpendicularto the velocity of a body
moving in a circulsr . path will change the dirscion but
magnitude of velochty (epeed) wil ramaln the eame. Such
foree makes the body move in a circle by producing a ragial ’
(or cantripetal) ccelaration and ig called canmipstal force 4
(Centra geeking} fores. Figure 3.8{a) showe a ball tied i the 4
end of a siring is whirled in a horizontal surface. twooid not

continue in a circular path i the string 18 snepped. Caraful A
observalion shows al onoe that if the siring snaps, when the

ball is at the point A, in Fig. 3.6 (&), the ball will follow the Fig, 34k}
straight lire peth AB which iz tangent AE at point A,

Thus, a foree is needed to change the direction of velooity or maton of a body
continuousty at each point in circular motion moving with unifonm speed. The force thal
does not alter speed but only direclion at each point is a perpendicular force which acts
along thea raclus of the clreutar path. This force always pulls the object towards the cantre




B Physls I'[ _.' {3} Chapote 3 Groular wred Notalional Hr:l!i{.-I.L
of the circular path. |ts direction is perpendicular to the angental velooity at esch point,

The force needed to bend the straignt path of the particia
into & circular pathis called hecenfripeisl force.

For & body of mass m moving with valocity vina circular path of radius r, centripsial force
F.is given by

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

wherea=v¥r isthe centripetal acceleration and its direction is lowards the centre of the
circla. As v = ra, 50 the abova aquation Decomes:

F‘ = mm: LLIEELLE 2R LIRS 1311 3]

{ Esampi= 3.2 | |f @ €O spins at 210 pm, what is the
radizl acceleration of a point on the outer im of the €D7?
Tha CGlia 12 cm indismeater,

{Sskion ) We convert 210 rpmﬂu:ﬁumm I
revolutions per second (Hz).

res 1 I‘l'ﬁ‘s rav
Thus #=210_— »—=5-—— =35 = &&Hz

Foreach revoiution, the CD mmmwhahu'qicufzn
radigns. The angular velocily is:

w=2nf=2nrad x 358" _;?E&t:mds

Theradial accslerationis: ™

a=w'r=(7.0xrads" =0 06m =29ms’
| Easmpie 1.3 1 Aball tied to the end of a siring, is swung in &
vartical drcle of radiug runder tha action of gravity 35 shown  Curved fight at High speed
inFig, 3.7. mﬂhathamhmamxgvMMmu bal requires 2 large centripsial

is &t the point Ao the path and its speed is v at this pont? L"““" ml'“:::”: I;"fﬂ:‘:‘:

| satevian B Fortha ball to travel in a circ'e, tha force acting planse areratue oga,
unll*ﬁebaﬂn’ﬁ.mipruﬂﬂeﬂﬂ reguired centripetal force. In this W "
casa, at point A, wo forees acl on the ball, the pull of he -
string and the weight wofthe ball. These foroes actalong the
radius atA, and so thairvector sum mustfumish the required
cantripatel forca. We, therafiore, hava

2
‘.r+n.|r-._"."1h a3 wa=mp therefors,

mnlt ]

I—u-ng then T will be zem and the centripetal force iz just equsl o the weight.
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Examples of centripetal force
In every circular or orbital motion, centripetal force is needed which is provided by some

agency,

1

Applications of Centripetal Force

We know that on ohjectmoves ina alrcle because of centripatal
forca. If the magnliucs of appllni:l force falls short of required
cantripstal force than the up}oﬁﬂllnma aweay from the cantre
of the cirdle, The cenfrifuge {Fig. 3.8-a} functions on this basic
principle.

Centrifuge: It 1s one of the most useful

labaratory dovice. It heles to separate out

deneer and lighter particles from & mbdure. The

midure is rotated al high speed for @ spedific
tima. In & laboratory satup, sampla tubas are | 41
used where the deneer paricles will settle at i

the botiom and ighter parficles will rse to the P& 380) -
top of the 2ample tubes (Fig. 3.8-k).

The dryer of the washinrg machine also functions on the
principle of centrifuge. The dryer consists of a long cylinderwith
hundreds of small holes on its wall, Wet clothes are plled up n
this evlinder, which is then reiated rapidly about its exis. YWater
movas outward to the walls of the cinder and thus, drained oul
thraugh the halas. Inthis way, ciothes became dry quickdy.

. A nomal or parpendicular magnetic force compeals a

. ¥hen & vehicle takes tum on 8 road, it slas needs

¥hen & ball is whirled ina horizontal cirde with the help of & siring, then lension inthe
string provides necessary cantripetalforce

Foran object placed on a tumtabie, the friction is the cantripatal forca.

. Tha gravitational force is tha causs of the Earth orbiting around the Sun, Moon and

artificial salellites revolving around the Earlh,

charga particle moving along & stralght path Into 8
circular path.

contripetal foroe which s frovided by the fction . | .
between Ihe tyres and the road. If the road is slippery, Sed kecks & needed for
then at high speed, the friction may not be sufficient ina:friction slons camnot provide
enough to providad nacesesary cantripetal forca. eramgy for oaninipstal force.
Hanes, vahicie will not be able 1o take turn and may skid or may even be loppled. To
owvercome this ditficully, the highway road is banked on tums. That is, the cuter edge
cftha Tackis kaptalightly highar than that of the Inner adga. :
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Cream separator is snother praclical device which iz Used to ssparats T

cream form the millke In this maching, milk s whided rapidly, Since mik [
iz a mixture of light ard haavy parliclas, when it is rotated, the light

paricies gather near the axis of rotation whersas the heavy pnnl-:-lenr;,.

will go autward s and hanos, craam can aasily be saparated fram mille

3.3 ARTIFICIAL SATELLITES
Satwnllitas are objoects that orbit In neady clreular path

around the Earth. They are put into orbit by rockets end are Fig. 310
held in orbits by the gravilational pull of the Earlh. The low FI"- g— . Bl
fiying Earth sateliites have acceleration 2.8 m 5" towards o e o

the certre of the Earth. I thers is no gravitational pull, they 40,000 km 1" sacape

woulkd fly off in a straight line along tangent to the orbit
¥YWhen the satelite |8 mowving in a circle, it has an
aceeleration - . In a cireular orbit around the Earth, the |
cantripetal acealsration is supplied by gravity and wa have,. |

=

B=% ---------- B paoew smoms
cireulnr oroi, el intical oxt
where ¥ is the orbital velocity and R ig the radius of the | Satwllibas Ockits

Earth (6400 km). From Eq. 3.14, we have
e ]

L Newion had predicatsd about
! -! B tha artificial s=talites 300 yaara

- y98me x84 x10" m ago. The above igure hs been
«78x10°ma" =79kms’ taken from his  woll-known

L, . y ook “Frncips Aathemaica”,
This is the minimum velocty necessary 1o put a satellite 50000 19 nis pook, If &n

into tve orbit, called the chfical velocity. Thae period T 3 ahjact e thrown horzantsdy with

f :-h'n:h in suficiert H; i will
. 2nR 2400 km iz y Fegh,
Tw= =Zx3.14 il .
= X x TR abartrevalving areund ng Earth

= 5060 = = B4 min approx.

If, however, a satellite in & cincular orbit is at adistance b

much greater than R abova tha Eartth's surface, we

must take Into account the experimental fact that the

gravitational accelaration decreases imersely as the

equara of the distanca from the centre of the Earth v
{Fig.3.11), &

s R /

The higher the salallite, the slower will be the required
spead and longsr it will take to compiete one revolution
around the Esrth. Fig. 31
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Orbital Velocity

Figure 3.12 shows & salelite going round the Earth in &
circular path. Lat the mass of tha satellita be m, and v s its
ortital speed. The mass of the Earth iz M and rrepresents
the radius of the arbit. A centripetal force m v ris required
o hold the satallite in the arbit. This forcais provided by tha
gravilational force of aliraction between the Earth and the
satelite. Equafing the gravitational force fo the required

cantipstal forea, wea Neve Fig. 212
GmM_ myv” B e TR
i -
J J Tha ol Bwriech an yor
Gid | YU | pehtion can
or Ve N e {3.15) be Immadiately by
£ wwllmmwmm.

This shows that the mass of the satellite is unimporiant in
describing the satellite’s orit. Thus, any satalite orbitng B “=oie | [
at distance r from the Earth'z centre must have tha orbital
spead given by Eq. 3.16. Any speed |ess tham this will
bring the satalite tumbling back to the Earth,

(| Ersmpis 36 | An Earth satsllite is in ‘ciroular orbit st
distance of 384,000 km from the Earth's surface. What s its
period of one revolution in days? Take mass of the Earth
A= 6.0 x10™ kg and its radius R = 6400 km

 solutand )

As  r=R+h=(6400+384000) km = 390400 km

Using v= JGE= lﬁﬂi"ﬂ‘“um’@“x 610" kg
300L00 km

.\{.—‘ |

In 1984, gt & hedgitt of 100 km

- s Saven e
Also . McCandless stepped Into
T=2R 55314 x 300400 kitx ——— x| BN TOW & Spece anm
b Lo25kme’  B0xXB0X24s o reorteEarth
= 27.7 days
Weightlessness in Satellites 1 ;

Whan a sateliite is launched by a rockat In its dasired orbR  Your welght slighty mﬁmgw
around the Earth, then it has been observed practically that when 1he velacity of the
everything inside the satelite experiences weightlessness :mﬁ;mm‘mmmmﬁ
bacauss tha aateliits iz accalarating towarda the centra of the mst of the ride whan that

the Earth as afreely falling body. welocity 9 constant.

8
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5

Consider a setellite of mass M revolving in Its orbit of
racius raround the Earth, A bady of mass minside the
satellite suspended by a spring balanca from tha
cailing of the satellite is under the acton of two forces.
That is, its weight mg acling downward, whila the
supporting force, called narmal forea F, ar tanslich In
the spring acting upward, as shown in Flg. 3.13. Thair
resuitant forca (s aqual to ths canfripatal fores required
by the mass m which is acting towards the centre oftha
Earth, andis expressed as:

F =mg-K . {3.18)
2
“pham T
H:*
E:- £ Fell dl even If e buokel is
1 at th 1
Henoe "’:_'i" MG e {3.16-3) e mmta:i?m“ mum

It may be noted that the cenlripetal force responsible fo r’hﬂ revolution of the satellite of
mass M around the Earth is provided by the gravitational ﬁ:r:u!attm:thn betwaan the
Earth and the sataliite. .

el i
Mg = ML
I S
3
Hence, Egq. 3.16(a)bacomes:
mg =mg—F;,
ar E.=0 Asronau floating Inslide the cabin of & spacaship,

This shows that the supporing force whichis acting on a body inside the satellite is reno.
Therefore, the bodies as wall as the astronayuts in a satollite find themeslves in a state of
apparent weightisesness.

Artificial Gravity

In a gravity fres space. thara will be no forca that will push anybody to any sida of tha
spacecraft If this spaosoreft is to atay in the orbit over an exiended period of ime, the
weightlessness may affect the performance of the astronauts present in thal spacecrafl.
To overcoma this difficulty, an artificial gravity can be crasted (n tha spacecraft, This
could enatle the crew of the space ships o function in an aimoest nommeal manner. For
this siluation to prevail, the spaceship i5 set into rolalion around ils own axis. The
astronaul then is pressed towands the outer im and exerts a fares on the fioar’ of the
spaceship inmushthe same way ason the Earth,

Consider a spacecralt of the shape as shown in Fig. 3.14. The outer radius of the
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spamsﬁp is R and it mighes around s own cenfral axis
with angular spaied w, then its angularaccsleration a. |z

a.=Rn?
Bute = % where ! Is the perlod of revoluion of spacaship
Hance 8, g2 _ gt -
A
As frequency = 11, therefore,
8, R4z’
or P B or r._LJE
4R
As descrbed above, the force of gravity provides the
racuired centripatzl amnhrnﬂnn thersfore,
=g
J1le 5 Tha surfsce of the motatiig
e d 2=VR {1:4?] apace-ship pushes on an object

whh which k I In contact and
When the spaceship rotates with this fraquency, the Thenaby prinvides (ha canki

artificial gravity like the Earth is provided fo the inhabitants mmmamm o

of the spaceship.
34 MOMENT OF INERTIA

Conslder a mass m attsched to the &nd of 2 massless rod as
ghown in Fig. 3.15. Assume thal tha bearing at the plvat
point Ols frictionless, Letthe systembe in & horizontal plane,
Adoree Fis acting on e mass perpendicular to the rod and
hence, this will sccelsrets the mess according o:

F=ma
In doing 50.tha forée will cause the mass t rotate aboul O, g 345
Since fangential acceleration ar Is related o angular The farce F causes a torgue

aroelerationo by the equation. obout the axia O and gven
& =ra the mesa m Bn angular
sooeleraton wabout the pivot

50 F =mra Ipaint

As lurming effect is produced by lorgua 1, it would, therefore, be belier 1o wrila the
equaticn Tor rotation in lerms ef torque. This can ba done by mulliplying both sides of the
ahove aguation by r. Thus,

rf = 1= torque = mr%
which is retational analogue of the Newton's second law of motion, F = ma.
Here F |sreplaced by =, @ by «w and m by mr®, Tha quantty mr~ s known as the momant
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of inertia andis represented by /. The momentofinertiaplays [ i
the same role in anguler motion g5 the mass in lineer motion.
It may be noted that mameant of iInerla depands not anly on
massmbutelsoonr®,

Most rigid bodies have different mass concentration at
different distances from the axiz of rotation, which means the
mass distribution is not uniform. As shown in Fig, 3.16(a), the - - -
right body |5 made up of 0 smal pleces of Masses My, Me.... ﬂ_ v ]

at distances I, , 7;...... from the axds of rotadon ©. Letthe  muoeyinders of squalmass.
body be rotafing with the angular acceleration o, 5o thg The ane 8 large:
magnitude of the torque acting on m is fmm"m e
W = !'-"-'1"12 oy
Simitarly, the torqus on ma s
Ty= !lef;z @2

L T, s

Fig. 3.1€

Eewi ameall pinoe of mass within .‘!i.nid body uncemgoes the

s=me angularaccelsetionabout th poank Thin ring ar Hoos
Since the body is rigid, so allthe messes are rulating with the P= o
same angular aﬂceh[:_ﬂuh i,

Total forque Tesnis then given by

Tid = (MHE ¥ r + .t )a )

T B0l @se or eyelinder
=(¥m e
i=1

or T N (3.18) )

whera ! Is the moment of inertis of the bedy and is
expressed as

PN (3.19)

f=1
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3.5 ANGULAR MOMENTUM

Wa have already sgan that linsar momantum plays an important rola In translational
motion of bodies. Similady, another guanlity known as engular momeanium has
impartant rolein the sludy of mtational mofion,

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

The angular momentum L of a paricle of mass m moving

with velacity v and momantum p (Fig. 3.17) ralative to tha a
origin O is defined a5 X oL
L=rxp (3.20) o I
A
where r is the pesiton vector of the particle at that instant %‘
relative to the origin O. Angular momentum is & vector Fig. 337

ouantity. lts magnitude i

L = rp sinb = m rv ginb
where 8 is the angle betwesn rand p. The directionof L is
perpendicular to the plane formed by rand p and its sonso '
& given by the right hand rule of vector product. 1 unit of

L
angularmomentum iskgm’s orls. IL
If tha particle iz moving in & circla of radius ©with uniform _ -
angular velocity @, then angle behween r and tangeniizl L
vaelocity is 90°. Hence,

{E) L]

L=myvainalt=mrv

E{ Poy womr insfoermsd iz i.l_l

Tha Bphen in (8} is rotating in

Bul v=rt .~ Hence L=mrfo the senss given by tha goid
i T - arfow, | & angular vidooily mnd
Now censider 2 symimetric rigid body rotating about a fixed angutar momentum are laken

axis through the centre of mass es showninFig 3.18. Each 4o be upward along the
particle of ihe rigid body rotates about the same axis in o rotalional A, as @nown by
circle with @, angular velocily o, The magnitude of the ' fghihand niEin (e,
angular momentum of the particle of mass mis m v, rabout
the crigin Q. The direction of Liis tha samea as that of .
Since v, = r, @, the angular momentum of the th particla is
m, r'ea. Summing this over all particles gives the lotal
angular mementum of the rigid body.

n
L=(}ms') o=l
=1
whare [ ia the momant of inartia of tha rigid body about tha
axis af rotation.
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{ Exampis 1.5 | The mass of Earth is .00 x 10* kg. The distance r from Earth to the
Sunis 1.50 x 10" m. As seen from the direction of the North Star, the Earth revolves
counter-clockwise around the Sun. Determine the ortitel angular momentum of the
Earth about the Sun, assuming thal it raversas & ciraular orbil about the Sun onge a
year[3.16x10"s),

| Sotution || Tofind the Eardl's orbital angularmomentum, we must first know its orbital
spaad from tha given data. Whan Ihs Earth moves around a circie of radius r, Ittravels a

distance of Zrrin one year, s orbital speed v, Is thus, +_ - ?..lfl';_
Orbital angular momentum of the Earth = [, = omgr “
5 -9
_ 2={1.60 %10 "m}" %(5.00 X10"kg}
J16xit’s
1 =287 X 10" kgm® s’
The sign is positive because the revolution s counter clockwiss.

3.6 LAW OF CONSERVATION ﬂEAﬁG]JLAR MOMENTUM

Tha law of canservation of angular mory “l_':lu.i'rlnuh:
that if no external torgue acts on o system, the total rycuiryloeton a bikeat rest_ 1

angularmoemenbum ol the system consiant. fmfis. Sut if the bike is moving,
‘ e the anouisr memenam of hi2

L..=L+L,*. . =¢constant zpinning ;rml mﬁg any
The lew of conservation of angularmomentum is one of the |5 haa;ylm bk wﬁim

Tundamental principles of Physics. It has been verified from  slabie,
the cosmological to the suh micmscopic level. The effect of

the law of conservation of angular momentum is readily
apparent if 2 single isolatad spinning body alters its moment

ofingrtia.

Il 2 body of mament of inenia I, spinning with angular spesd

w, alterg its momant of inartiato /, | than itz angulsr spesd o,

also changes so that its anguler momentum remaing
conatant. <

Henca hoy=hn,
The angular momentum Is & veclor guantity with directon ,{ 2 f{,’
9
B

e

L-w

along the axis of rotalion. Hancs, the direction of angular
mamentum along the axis of rotation alsa ramains fiked
Thiks s llustratad by tha fact ghven bolow:
The ball's speed § as

The axis of rotation of an ohject will not change its s sy anund the
orantation uniess an external torqua causes it iodogo.  froe
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This fact is of grest impartance for the Earth as it movas around tha Sun. No other

sizesble lorqus is experienced by the Earth, becsuse the major force acting on listhe
pull of the Sun. Tha Earth’s axde of rotation, therefore, remains fixad In one direction with

reference to the universe around us,

Examples of conservation of angular momentum

Amandiving from adiving board

A diver lumping from a springboard has to teke a few
sormersaulls in airbafors tlouching the watar surfacs, as

shown in Fig.3.16. After leaving the springboard, he
curls his body by rolling arms and legs in. Due 1o this,
his momant of inartia decresses, and he spins I midalr
with a large angular velogily. When he s about to touch
the water surlace, he strelches out his amms and legs.
He enters the watar at a gentla speed and gats &

smooth dive. This is an exemple of the law of -

corservation of angular momentum.
The spinning lce skater

An ice skaler as shown in Fig.3 20 can inoraase his
anguiar velodty by folding arms and_bAnging the
siretched leg close to the other leg. By doing so, he
dacreszes nis moment of inertia. As & result, angular
gpeed incresses. When he sireiches his hands and a
leg outward, the momant ofinerta increases and hanca
engularvelocity dacreasas.

A person holding somé welight In his hands
standing on a turniable.

A parson is ah'bdmg on a tumntable with heavy mass

j«a(}&ﬂ

L
i %
Fa L
W i

i
»
Fig 210 1
Acren diving frorm 8 divirg boarnd.
i lamge ! emall
m— grn o fargh

Ty Tis
A X
o) (285

L— I rw

{dumb-beall}in hiﬁ hands siretched out on beoth sides 8 mg 220

mnhFﬂm As he draws his hands inward, his

(i}

A oo akater using snguler momantum

-_Eﬁ:rrmlrhmrmntlunﬁ -

I has heen reticed that whan iee o0 the
polarcaps ol Earth meks and weter lows
away in ths form of fvar; tha moment of
inartia of waler and haroa that of Earth
ahoat its eds of rotation noreases doe o

corsarvation of angular momantum,
Fig. 3.1 Harica, the angular wedcsity of Earthwdll

Man with masses in his hands on & turnteble decreass thersfore: the durstion of
Conssrvation of angular momantum raquinss thal as e nersases sightty, )

man pulls Mis s in, e angulas welooly increases
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angular speed at onge increases. This is because the moment of inertia decreases on
drawing tha hands nwends, which Incresaes theangularspesad.

Fiywhes| o e 510

Flywhes! s a mechanical device which consisis of a heavy
whasal with an axde {Fig. 3.22). It is used to store rotaticnal "
energy. smooth oul cutput fluctustions and provides
stabilily in a wide range of apdlicatiors such as bicycles &
and other vehicles, industial machinery, gyroscopes,
ships and spacacrafts. ‘ - d
F. ;
i imow? ) - '
The fywhesl cafed e belance (‘Q
wihool requias the time keeping
mecheriem In mechanizal docks b
and walches by malntalilng LA
covtroliod codlistons o, ”% toms the comstng misting
- - aywlerm alow down B8 weter dips
Flig 323: A tywheal indgs thi beglkar?

When a fy wheel spins, it angular mementum:
resisls changes fo its orientations, maintaining
stability. This is ussful in aysiems thet nesd preciaa
control over Lheir arientation without exlernal
Interferanca.

The Gyroscope

Agyroscopeis a devies whizh is used to maintain s
orientation reiative to the Earth's axis of resists
changes in its crientation. i consists of 2 mounted
flywhael pioled in supporling rings as shown in
Fig. 323 It works on the basis of law of --
conservation of angular momentum due to s large Flg. 2.2 The gryscope
Mgt nfmlrth. Whnan tha gyroscops apins at a
large angular speed, it gains large engular
momenturn, W is then difficull to change the
orentation of the gyroscope's rotational sxis dus to
its [arge moement, of inertia. A change in crientaiion
requires a changs in its anguls momenhem. To
changs the direction of a large angular momentum,
a correspendng larga torqua is requirnd. Evean if
gyroscope ie tlbed {Fig. 3.24), it 21ll keaps levitated
without falling. Hence, it is a reason why a
gyroscopa can be usad o maintain erankation. Tha
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maln applisations of gyrascope are
in the guiding system of asroplanes,

. planes PhnnhmmdSmmﬁphmim‘bhﬂh_ﬁm
submarines and space vehicles i g ied &t one of its fod, thus, distanes of & planet from
ordsr 1o maintain & SpAGIfic diIrsChion the Sun s not constant when i s nesres the Sun. s orbital

Inspace lo keep sleady course, veloniy increases auiometcally, Why?

_ QUESTIONS E—

i Multipie Choice Questions |

Tick ) the correct answer. g '“5"""
314 Theratlo of angularepead of minuta's hand and hour's muplﬂ wa!nr I
(@ 1:6 o) B:1
@  1:12 @ 12:1 %
12  Abodytravelinginacroleatconstantapsed |
(@)  hasconstant velocity {b) - has an Inward radial acceleration
(€)  isnoteccelerated {d) . hasan cutward radial acceleration

3.3  Aslone al the end of long string lﬂmﬂln veriical circle at a constan! speed.
The tenalon in tha atrng will ban'ﬂ[{p'lm wWhian tha atons is:

fa) atthetopofthecircle {6} haffwaydown
() attebotomofcrce.  {d)  anywhersinthedircle
a4  Everypolntol otating fmﬂﬁndy hias:
@) mmw {b)  samelinearvelocity
(c) uml'nnﬁ:mdu*ahnn {d)  samalineardistance
36  Theminimum véi:raly necessany Lo pula sateliite Inothe orbit is calied:
(a) lnﬂlnlnnivdnnly {h) critical velocity
(), artificial velocity {d}  angularvelocity
538 Mqﬁ:’anm is arbiting arcung the Earth ina lama capsule. Then,
(a8  hewll balnastate ofwelghtiessneass with reepect 1o capsule
(b)  heisfresly falling towards the Earth
) s ball projected atan angle has a sirsight line path as observedby him
(d)  =iithe above

37 Anobject inuniform drcularmoiion makes 10 revolutions in 2 seconds. Whichol
the foliowing statement istrua?

() lspericdiz20s () Meperodis20s
e} HasfreguengylebHz {d} lisfrequancyls0.2Hz
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38

38

3.10

31
32
33
34

38
36

37

3a

39

3.1

A man inzide the antficial saislile feeis weightiezzness becauss the force of
attract:on dueto the Earth is:
{a) zero al pole
fb)  balancadhy the force of atiraction dus to the maocn
(=] equaltathe caentripetal forca
td) nion-g fective dus o some particulardesign of the satellite
A bottle of sods water s grasped from the neck and swung briskly in a vertical
tirgia. Mearwhich portion of the botlia do the bubbles collact?
{a) Near the bottom (b In the middle of bolile.
e}  Bugbles remain disribuied throughout the volume of the bottle
{d)  MNear tha neck of the bottle \
The memont of Ingrte of body depende upon:
fa)  mass of the body and its distnbution about aJdi of rotaticn
{b) volume of tha body
) kinaticenergy of the body
(dy anguler momentum of the body

@ Short Answer Quiestions ]

State second law of motion in casa of rotation.

What is e effect of changing the position of & diver while diving in the pool?
How do we get butier from the milk by using cantriuge?

Mass | a measure of Inertiz In linear motlon. Whal Is ts analogue In rotationsl
motion? Describe briafly:

Why is il harder lur a car lo ke lurn ot higher speed than at lower spesd?
What aratha hahm‘ltln! ualngrearwneals ofheavy vahicles conslated of doubla
tyrea?

Whm‘nanmhng car fums around a comer o the left, in what direction da the
ocoupants tand to fall? Explain briefly.

Why'is lhe acceleration of a body moving uniformily in a cirde, direcled
towards the cantra?

How does an astronaut feel weightlessness while orbiting from the Earthin a
spaceship?

[{ Constructed Response Questions [j |

IFanguiar valocity of diffarant paricles of & rigid body is constant, will the linsar
velocily ol thesa parlicles be also constant?

Aloaf of bread is lying on rotating plate. A crow takes away the loaf of bread and
the rotation ofthe plale increases. Why?
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123  Whydowe umble whenwe take the shamp turnwith large speed?

34 Whalwill batime pariod of a simple pendulum In an arlificial sateliite al a certain
height?

35  lathe motion of a setellite inite orbit, uniform or accelerated®

36  Whatars the advartages thatradian has besn prefarmed g5 Sl unit to degree?

37  In uniform circular motion, what are the aversge velocity and average
acceleration for ome revol ution 7 Explain.

4.8 Inareinstorm with a strong wind, what determines the best position to hold an
umbralia?

32  Abal is just supporied by a string without breaking. If it is whidad in a veriical
circle, it braaks. Explain why. '
3.0 Howisa the centripatal fores suppliedin thefollowing cases;
(a)  asalsllie oibiting around the Earth? '
(6]  acartakingaturnanalevel road?
@ Comprehensive Quastions B

31 Yvhat ls meant by angular momentum? Explain the law of consarvation of
angular momentum with daily life exemples.

32  Bhow that ombital angular momentumia; L = o

33  Define moment of ingrila. Prove that torgue acling on rotating rigid body s
equel o the produc! of its momenl of inerdia and angular accelerstion

a4 Whal are arlificial satedltes? Calculate the minimum ime pediod necaszary lo
put 2 satellite intothe orbit nezrthe surface of the Earth.

35  Define wibital velogly and derve an expression forlhe same.

36 Write a nota o artificial gravity. Dedve an axpression for fraquency with which
the spaceship rolel=s lo provide artificlal gravity.

37  Provethal {I) ¥=rg  and (I} a=rm

@ Numerical Problems |
3.1 Alaser boam is direciad from tha Earth lo the moon. The beam spreads over a
diemeterof 2.50 m stthe moon surfsce. What s divergencs angle of the beam?
The distance of moon from the Earth is 3.8 x10'm. {Ars: B.6x 10" rad)
32 Acariz moving with 2 speed of 108 km h”. [Tits whae! hag a diametar of 80 cm,
find its angularspeadin rad 5" and ravs", {Ana:100rads”, 16 revs")

3.3  Aneectrcmotor s running at 1800 rey min”. On swilching off, 1 comes to rest n
20 = If angular retardation is uniform, find the number of revolutions it malkas
bafora stopping. {Ana: 3H) rev)




B oyl ) [ AN ot (3 Grcula nd Notational Watior P

34

35

38

a.7

38

g

3.10

Agiring 0.5 mlong halding a stong can withetand maximum tension of 35.6 M.
Find the meztimum speed at which a etone of 0.5 kg mass can bewhirled with itin
s vertical circle. (Ars:65ms")

The fiywheal of an engine Is rotating at 2100 rev min™ when ths power sourca Is
shut off. What torgue is required o stop It in 3 minules? The momentof inertia of

tha fiywheal is 36 kg m’. [Ane: 4L N m)
Whit is the moment of i nertia of 2 200 kg sphere whose diameteris 80 cm7
(Ans; 7.2 kg m)

A zateliite iz orbiting the Earth at an alttude of 200 km. Agsuming the Earih's
radiuais 8400 km, calculate the aroital speed of the setellite.  (ARS7.77 kms')
A space slation has a radius of 20 m and rotates al an apgular velocity of
0.5 rad &”. What is the artificial gravity expariencad by the astronauts on the

space station? (Ans:65ms™)
A bicycle wheel has an angular momenium of 10kg m’a end angular velocity of
2 rads". Find the value af its rmoment of inertis. (Ana:Skg m’)

A divar comes off @ board with ames ltfﬁ'iﬂ'l.‘m and lsgs stralght down, giving
him a moment of inedia of 18 kg ni'ﬂqmll hiz rotafion axds. Then fucks into a
small ball, dacreasing his moment of inartia to 3.5 kg m". While tucked, he
makes two complete retations In 1.0 second. If he had nol lucked al all, how
rmany revolutions would he have made in 15 & rom board o water?

(Ans: 0.6 rav)




. After studying this chapter, the students will be sbis to: ! -

O

Disrivves thi o vk for Kinebic snengy [using the sguations of mofon] {:}

Darve on axpransicn for absclute potental anengy of o body ata It poniticn in th
gravilsticnal el [incuding sstaps va ooy Q)

Deduce (he work done rom force-diaplacemenigraph.

Differantiate botwean consenvative and nal

Slate and Lss e work - BREmY ﬂ'mrmnlnaruw%m Insolve probiams,

v &

. e

A [ orkis oftan thought in mmntphya@'nr mental effort. In Physics, howeavar, the
WV termwork invoives two things (i) force, @nd (if) displacement, We shall begin with
& simple aituation in which work (s dona by a constant force.

41 WORK DONE BY & CONSTANT FORCE

Let us consitier an object which s baing pulled by & constant force F. The force displaces
the cbject through & displacament d in the direction of force. In such & case, work W is
defined asthe pmdusst_gbf'ﬂm rmagnitude ofthe force F and magnitude of the displacamant
d. This can be writlen as:

* \gbj"-f' Fd (4.9)

Equation (4.1} shows that 1 the displacement is zorg, no
wiric ig done even if & large force is applied. For emample,
pushing on a wall may tire your muscles, bul work done
| Zan0as shownin Fig. 4.1,

The furce applied or & body may nol always be in the
direction of foree as shown in Fig, {(4.2), if the fores F
makes an angle { with the displacemant d (Fig. 4.3), the
wot done is equel to the product of the component of
force slong the direction of the displacement and the
magnitude of displacement. Then
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W= (Foosfd = Folcost oo Hn.ﬂ] r

ar W=F.d i {+.3) Tv

=

il

Equation (4.3) shows that work 18 & scalar quantity.
The unitofworkisjoule (J). From Eg. (4.1), we have

| ——

1J=1Nm e >

l

Whnen & constanl force acts through e distance d, the Fig 43
avart can be plotted on 5 simpla graph (Fig. 4.4). The
distance is normally plotted along x-gxis and the force

along y-axis. As the force doss not vary, in this case, the
graph will be & horizontal straight line. If tha constant
foree F (newton) and the displasement d (meire) are in
the same directlon, then the work done le Fd {Joulek
Clearly shaded areas in Fig. 4.4 is also Fd. Hence, the

area under a force-displacement curve can be taken as
to raprasent the work done by the constant force. Incase ST R
tha force F i not n the direction of displacemant, the < d >
graph s plotted betwsen Fecafi and o, Fig-44

From tha dafinition of work, wa find that

(i) Work ia 2 scalar guantity:

fij  IFB<Y0° workizdaneand itis said o ba positve work.

() 116=90° nowarkisdons.

(iv) 118> 90" thawark done s said lobe negative.

(vi  Slunitofworkis N m, alss known as joule (J)

42 WORKDONE BYAVARIABLE FORCE

Inmany casas, the force doas not ramain constant during the proceas of doing work. For
cxample, 83 a rockei moves eway from the Earth, work i2 done againat the force of
gravity, which varles as the inverse sguere of the disiance from the Eerth's centre.
Similary, the force exerted by aspring inoreeses with the amount of stretoh. How canwe
calculate theworidone In such silualions?

Figure 4.5 shows the path of a particle in the 2 y plane as it moves from point P o paint QU
The path has bean divided into o short intervals of displaceaments Ad,, Ad,, ....... Ad,
andF,, F,, ....... F, ams thatorces acting during thasa intervals, respactivaly.

—% Foce |F @
o
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During aech amall interval, the fnms is supposad F
to be approximately constant. So, tha work done a
for the firstinte rval can then be written ag () 4d,
ﬂm:rq-ﬁﬂi:ﬁm&idm M}
P ag,

and in the sacond intarval :

Fig 4.5
AW, =F,. Ad, = F,cosf Ad, A :.:_-a;:lisl?ﬂ scted ypon ;3 2
and =0 on. The fotal work done in moving the ﬁ:;mﬁ'f;:’;;u F'f‘:ﬂ
object can be calculated by adding all thesatarms. point Q. b !
W =&l +AW.+........ + AW,

¥

=F cosb, Ad,+F, cosd, Ad,+......+ F cosf, Ad,

or Wi = éﬁmmdm .......... {4.4)

Frgan —»

We can axaminathis graphlcaily by plotting Foos 8
verses d as shown in Fig. 4.8. The displacement o

has been sub-dividec into the same n equal % i
intervals. The value of F cos @ at the beginning of =
each intervalis indicated in the figure, g &5

Now thei™ shaded rectangle has an area F cos § Ad which is the work done during the
i Interval. Thus, the work done given oy Eg. 4.4 eguals the sum of the areas of all the
reciangles. |f we sub-divide the distance into 8 large number ofintervals so that each Ad
acomes vary small, he work done given by Eq. 4 4 becomas mora accurata. If we lat
each Ad toappreach zero, thanwe obtain an exact result for the work dane, such as:
s ol BNy 8
If this limit Ad spprosches zero, the iotal area of all
the rectangles (Fig. 4.8) approaches the area
beatween the Foost verses d curve and x-axis from =
P10 Qs shown shaded in Fig. 4.7. 8

(1
Thus, the wark done by 3 varabla force In moving &
pariicie between two points s equel to he arca
under tha F cosb versas d curve bebwsan the o
points P and Q as shown in Fig.4.7. - &7
¢ Exampie 5.0 0 Aforce Facling on 2n object vanes with distance ¢ as shown in Fig, 4.8,
Calculate the work done by tha foncs as the objact moves from o =01lo d=8m.
| saiunen | The work done by the force ia equal to the total area under the curve frem
o =0t of =6 m. This area is equal to the area of the reclangular section from o = 0o

:

d—
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& =4 m, plusthe ares of ifangular sectcn fram & =4 m to a
d=6m, i
Henes 3
("
Work done reprasanted by tha arsa of rectangie =4mx SN 0

=20Nm=204
Work done represented by the amuuftlmgh:%xg mXSN

=5Nm=354d
Therefars, thatotal work done =20J+5J)=25J

4.3 CONSERVATIVE AND NON-CONSERVATIVE FORCES

Conservative Forces

The space ancund the Earih In which Iis gravitaional forge acts on a body |s called tha
gravitationsl field. When an object is moved in the gravitational field, the work is done by
tha gravilational forca. if displacement isin the direclion of gravitational force, ha wark is
positive. If the displacement ie against the gravitational force, the work is said o be
negalive

Thers ia an inferaating property of tha gravitational
foree that when an object is moved fromone placeto  ©._.... Po2_ B
another, the work done by the gravitational force does |

not depand on the choice of the path. Letuis sxplors it o :
Consider an object of mass./m being displaced with € | ‘;ﬁ—l/ T
corstant spesd from point Ao B alorg varous paths Bl 1 i :

in the presence of a gravitetional force: (Fig. 4.9). In =% R e e
this case, the gravitational feree is equal (o the weight Fig. 4.8

rmgof tha object.

The work done by the gravitational foroe aleng the path 1 (ADB) can be spiit into two
parte {path AD and path DB}. Tha work dona along AD is zero, bacauss the weight mg ia
perpendicular fo thie path, whareas the work done along DB is (—mgdi] bacause the
direction of my ls opposile tothal of the displacernent Le_, & = 1807 Hence, theweork done
indiaplacing a body from Ato B through path 1 ia:

W =0+ (- mgh) = - mgh
I we consider the path 2 (ACGE), the work done along AC s also (-mgh). Sinoe the work
dane alang CB s 28ro, therafora,

W =-mgh + 0 =- mgh
Now consider path 3, Le., a curved one. [magine (he curved path o be broken down into &
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geries of hodzontal and verlical leps as shown in
Fig. 4.10. There is no work done along the horizontal

B
steps, bacauss myg ia perpandicular o the displacemant K T
far these steps. Work is done by the force of gravity only
along the vertical displacements, During the segment CO, n &
g i not nagative; it s pasitive. But here all Ay elements Aﬁflj l

are negative, so the products of mg and Ay for all the ™ -oorermneeon
elemeants will again be negative. Therefore, we can wrile: Fig. 410

W =-mg({Ay, + Ay + A+ HAY ) A smooth path oy be replaced
wnmhsmwd x ond

As Ap,+ Ay, + Ay # e T Ay, =B  displ ks ol
Henca Wa=-mgh ity during eyl floplncarnants.

The net amount ofwork done along the curved path AB is still {-mghj, We conclude from
tha abava discussion that!

Work done by gravitational force is independent of the path fellowed.

Can you prove thal the work done, along a closed path, such as ACBA or ADBA
{Fig. 4.9), by tha gravitational forca is 2era?
thawork dene by a force in mmﬁng.i;n;&ient between two points is
independent of the path followed orthe work done in a closed path
be zero, the force s called a conservative force.
As shown above, the gravitalional force s & conservative force, other examples of
censervetive force ars elecirostatic foree and elastic spring force,
Non-Conservalive Forces
Alltypes of forces are notcenservative forces.
Aforce is rmrégilhanla!'me if the work done by itin moving an object
Datweaan tm’r#ﬁntn or ina closad path depands an the path of motion.
The «netic frictional forca I8 a non-conearvative force. When an objact slides over a
surface, the Kinetic frictional force always acls appesite o the motion and does negative
work aqual in magnitude io the frictonal forca muttipliad by tha langth of tha path. Thas,
greater amount of work iz done over a longer path between any two points. Hence, the
work depends on the choice of path. Moreover, the total work done by a non-
consarvative foree in a cloged path iz not Zero.

Other examples of non-conservative force are air resistance, lension in a string, nomal
foree and propulsion force of 2 ockel.
44 POWER

In thie definition of work, it is not clear, whathar the same amount of work is done in ona
second or in ane howr. The rate, at which work is done, is often of interest in practical
epplications.
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Powar is the messure of tha rate at which work ia being dona.

If work AWis dona ina tima (nterval Al than the average powsr Puwduring tha Intarval At
s defined as:

_ AW
Pe= T T (4.6}
If work is exprossed as a functon of time, the nstartaneous power P at sny instant is
dafined as:

Patimit %i‘r* S :4.??_-_:,:_75
wheara AW l= the work done In short Interval of ime AL,
Since AW = F Ad
Hence pufad  paAd
Ar At
Since %;v
Hence PEEN ot (48)

Thus, power may also be defined a3 the scalar product of F and V.
The 51 unit of power s watt, defined as one jouls of wark dona in one second.

Sometimas, for example, in the alaciical measuremants, I_~|.3F¢!W“' [T s p]
the unit of work (s expressed as walt second. However, a Approsiman Powers

commaercial unit of alacirical nnﬂr'pylsklawaﬂ-hnun Device Powar {1}
One Kilowatl- hour fs the.work dona in one hour by an  Jumbo it f.3xf0
agency whose pawer isone kiowatt. Hcisic heaier i’
Tharators AW h=1000Wx 36005 En:-b:r;ﬁm‘rt\:mmm :?;

or 1KkWh=36x10"J=36MJ Pocket calewioter 7 510"

| Esmmpls 4.2 %A 70 kg man runs up a long fight of stairs (n 4.0 8. The vertical helght of
the siairg 1s4.5 m. Calculate his power output inwatis.

A seistion || Workdone= mgh B ]
mgh it takms ahout S’ J ot enagy o
P T sk & car and the car Than vsss

f L
aboul 1x207 U of areegy fiom petol
= Tkgx98ma x4 5m in 1= e time.
42

P=77210kgm's’ =77 X10' W

4.5 ENERGY
Energy ofa body Is its capacity to do work. Thera ans two baslc forms of anargy:
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(i sinstic enargy (i) Polanlisl erargy

Kinatic anargy Is the anergy possessad by 2 body due to [ts mofion and potantial

enemgy i3 the enengy possessed by a body due to its changed position.
The kinelic energy and the potenlial energy both are the kinds of mechanical energy.
Kinatie Energy
Let us derive a formula for the kinetic energy of a moving body. Consider a car running
with a constant epeed on a road. If its engine ls ewitched GFF, it will still cover some
dislance before slopping. As long as it i moving, i is doing work agains! the force of
Triction of tha road. In ofher words, during this interval, it will axert 2 fores equal in
magnituda to the fores of friction £, Lel the distance travellad bafore coming to rest be d,
then the work done by the car would bae fol. This workcis done by the gar due toits motion.
The ability of a body to do work dus 1o it2 motion = ifa Kinedc anergy. Therefors, kinetic
energy of the car |3 equallo fa. The acceleration can be found by using Newton's second
law of motion, i e,

F=ma

As the car siows down ang finally siops, its accalsration a is negafive bacausa it is
produced by foree of friction £ acting appogite tothe direction of motion, Thus,

F=—mna
or st
Wa can now determins the valua of {fd) by uslng tha thirs squation ofmation, Le;
268=1 <y
Here, [nitia! velocity v.= v BT your mimmation])
Final velocity vi= 0 Approximate Energy Voloss
Dist S=4d Gaurca Eramgy H:i'
_ f Buming 1 tn coal Biret,
Ascelaration == Burming 1 ive petod  Sxd 0
Puliing valuesinthe above equation of molion, wehave  KE alacaral 110"
-f W 0 am
o ja=0- Rurving Personat  3xi0°
= 10 kan h!
= S Fissicn of one glam  1.8x10
i Fos ol wrarium
As f d is equal 1o the kinstic energy of body, therefors, KE ol 8 molecde of gir £x10°"
Kinetic anargy= ?—zm v (4.9)

Since, kinetic energy is egual to werk which the body is capable of doing, so the unit of
kinetic snargy must be that of work, Le. joula [J).

{ Ensmpis 1.3 | Agar weighing 18620 N is running with a speed of 16 m 5. Brakes cre
applisd and it Is brought to rest In a distanca of BEQ m. Detamming the average foroe of
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friction acling on L.
[ selutionlf]
Givenithal v=18me’ d=80m, w=16820Nand/="
The kinetic ansrgy of tha car |5 agqual ta the work dons by It befors stopping. ..,
%mv‘= fd
Hare !!.M."Bﬂﬂ
"8 58ms b
Fulting the value [n the above equation, wa have
1x19ﬂ0ﬂnx[1ﬁms“'}’ = {80

2
ar f=3040N
Potential Energy

The potantiz| ansrgy is possessed by & body bacause of its position in a forca fleid, e.g.
gravitational field or beoause of it constrained state.

The enargy stored In a compressed spring s the potential anergy posseesad by the
spring due to its compressed or stretched state, This fomn of energy is called the elastic
potential anargy.

Absolute Potential Energy A

N1 4
The absoluts gravitational potential energy of an object
atacertain position i the work cane by the gravitational ;
foree in displacing the pﬁﬁ?mmlﬂpuslﬂm to infinity 4
whare the fores of gravity becomes zero. 34

The relation for the. calculation of the work done by the
gravitational fored or potential anargy ia mgh, which is trua
enly near fhe surface of the Earth where the gravitstional
fores [ naafy constant. But If the body |2 displacad through
alerge distance in space, letil be from point 1 to M {Fig. 4.11)
in the gravitalional field, then the gravitalional force will nol
remaln congtant, sincaitvanes Inversaly 1o the aqusracfthe
digianeca.

In orcer to overcome this difficulty, we divida the distanca
between pointe 1 and N Into small steps each of length Arac
that the value of the force remains constant for each small
stap. Henes, Iha total work dena can be calculatad by adding
the work dene during all these steps. I v, and r, are the Fig. 4.1

diztences of pointe 1 and 2 respectively, from the centre O of the Earth (Fig. 4.11.), the

;."-————- -

= :,‘--—-i
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work done during the first sbep i.e., displacing a body from poini 1 to point 2 can be
calculzted as below. The distance betweaen the centre of this step and cenfre of the

Earth will bex . -
o hth ; .
2
Ag r—:=Ar  then rz=n HAr
Honca ru GAOAAT 80 L (.10)
The gravitational force F at the centrs of this step is:
Fegim @11

where m=mags of a0 object , M =mass of the Earth
and G = Gravitational constant .

Squaring Eg. 4.10

arl Y
& -E‘T*?] ] Thare ja mare anergy reaching
O B
g thanin
r=r+ 31£{£J' S/ e
2 1 2)A\
As {Arf << 1% sc (Arf can be neglected as compared lo g,
Hance P=ptepar ™~
Putingthe value of Ar=r =5

F= R (G- n)=nn
Hence, Eq. 4.11 b-atpims

M

Asthisforce Is assumed to be constant during thaintarval Ar, sothe work done is:
Wi-s2 = F.AF = FAT ¢08 180° =- GAm :'—;
The nagative sign indicales thal the work has o be done on the body from paint 110 2

because dispiacement ls opposhte to g ravitational force. Putlingthe value of Ar, we have

M}zn-ﬂm_ri;'lr_
A fa

or A =—GM(1—-=1—]
i &
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Similarly, the work done during the second step inwhich the body is disptaced from point
2todis:

1 1
Wr s =- GMm [I‘z —};] m — e }ﬁ.

More coml hes been used singe

and the work done in the last step is: 1945 thasrs wess Lisee! i Tha whole
g oy of history befom that.
Wy oy = - BMM ———
Jwr T

Hence, the total werk done in displacing a body from point 1 to M is calculaied by
adding up the work done during all these staps.

Wi = Wiso + o3+ ... - W e

A I i o (1 3
= -Gm’nl:[-—-ﬂ.;[—-ﬂ-{-..‘ ..... -j.[ -'—-JJ
f T Iz T Toi_g 1

On simplification, we have

- T 1
Woas =- GMT [EE]

It the point N is situated al an infinite: dislance from the Earth, then
fy=m S0 .1:1 =0
T n)
GMm
i
This lotal work by definition s the absolule potential energy (PE) as staled earfier
reaprasantsd by U,

Hence =-

G BMm

This is also known an.ihe ﬂb-.lu;ja value of gravilational potential energy of a body at
a distance r from the cantre of the Earth.

Nete thet when rincreases, U becomes less negative |.e., U increases, It meens when
wa raise & body above the surface of the Earth, its P.E. increases. Tharefore, if we want
a0 raisa tha body up to infintte distanca, we will nave to dowark on R aqualto SMT a4
that its P.E. bacomas zerm, R

Mow the absclute potential energy on the surface ol the Earth is Taund by putling
r=R{Radius ofIna Eanh), so

GMm

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

Tha negative sign shows that the Earth's gravitational fald for mass m is attractive. Tha
abova axpression gives the work or the energy raqguired o take the body out of the
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Earth's gravitational fisld, whers its potential anergy with respect to Earth is zero,
46 ESCAPEVELOCITY 7 your mtormation )

It is our daily life experience that an object projecled Some Ewcepe speeds (km s’
upward comes back 10 the ground afler Fising 1 a Certaln  Fasvenly body Esonms speed

- ; — -
\E} ™ e () Woik, Ermingy and Poveer =

heighl. This is due o the force of gravily acling downward,  Mean 24

Wih Increased nitlal velocity, the object rises fo the  Mercury 43

greater height before coming back. IT'we go on increasing m‘ 15“".:'4

the initial welocity of the object, a stage comes when it will Errih .4

notretumto the ground. [t wil sacapafrom the influence ol e aps

gravity. Mepluns | 254
The initial velocity of an object with which it Satum _© ) 37.0
qgoes out of the Earth's gravitational fisid, is Juplier, i
krown a6 escape velogily,

The escape velocity comesponds to (he initial kinatic ensrgy gained by the body, which
carries itto aninfinite distance from the surface of the Earth:

Initizl K.E. = %mvil

Wa know thal the work dons in lifting & body from Earth's surface to an infinite distancs is
equal to the increase In polential enemgy.

= - M, _ g MM
Incaasein PE = 0- 3 R] a &

whera M and B are the mass and radius of the Earth respectively. The bady will scape
out of the gravitational field if theinitial K.E. ofthe body is equal to increase in FE. Then

i oo

: .;.I'.__.: . 2
m . l___] 'f".". T CELRLERLRL] {4-1‘}
G oM
"‘“ 9= o« ga=g=
Hence Vs = V2GR (4.15)

Thevalue of v comes out i be approximately 11 km s
L

4.7 WORK-ENERGY THEOREM

Wheneverwork i done on a body, it increasas its energy. For example, i a forse F acls
on 8 body of mass m, initially maving with velodity v, through a distance o and
ncreasas jis velocity 1o v, , than 1he acceleration produ ced will be.

Sad=vt - v'z
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or 8= %M —-) {4.16)
From the second |aw of mation:
F=ms
or a=f . winy BE__oas_ VIR
Al thia fesd youl aal | noame day
l::nmpaﬂna; Eqs.;m & and 4.17, we have bt 1 e
Eoem Eﬁr:_.;'; 173 Ikre of patal
- I S
or Fd= M~ e {4.18)

This expression is the work-energy theorem. It states that:

The change in kinetlc energy of an cbiectis m!@mgwwh done
on it by anet forcs.

W = Change in kinelic energy = (¥K.E), - {h’.;\i.” | m? - ;.-mr

This s also known 35 work-ensrgy prncpls,
The work-snergy thecrem is applicable for any direction of the foree relative to the
displacement. For instance, an objecl with, kinetic energy can perdorm work If it |5
allowed to push or pull on anather object. In this case, the work will be taken as negative
and tha kinetls etsrdgy of e objeat will dacraase. Tha thaorarm remains valid even Hthe
force may vary from peint to peint.
{Esumpic 44 [ A motoroycls rider weighing 860 kg is coasting
down a24° slope, The weightel molorcycleis 30 kg, At the top of
tha slope, the speed of motoreycla is 3.2 m &7, I the kinetic e
Trictional force s 100N, what will be the epeed of the motoroycle
72mdownhil?
i souatan iy H‘I’I&‘nﬁrmﬂ] force F, i3 balanced by the component of weight {mgooa2d”)
perpendicilar lothe slope, Let the kinetic fictonal forceis . then the net forca Fis:

U F= mgain28-f where m=lotal mass =80kg+30 kg =80 kg
or F={90kgx98ms " x04) 100N

F = 2528N

Wakdone W=Fd =262 8Nxf2m=1820186J

Asworkis positive, so applying work —energy theorem,
W= (KE) - {(KE} N
Farm hara,
(KE). =W + (KE),
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Putting tha valuas, wa have
1 1
g = W+ Emv,’

;—:-:m kaxv? = 182014 +1§xw kax(32ms"y

Thia gives, v, = 4147m's’
or Vi = 41d7ms® = 204mas’

4.8 INTERCONVERSION OF POTENTIAL EHEHGE’)@'B
KINETIC ENERGY

Consider a body of mass m at rest, &t a height & above the RE = mgn
surface of the Earth as shown in Fig. 4.12. At poaiion A, the. RE=D —l
body has PE. = mgh gnd K.E. ={. We release the body-anid '
as [tfalls, we can examine how kdnetic and potentlal enargles FL
associatedwith it interchange.
Lat us calgulate PE. and K.E. at the position B when the K.
body has fallen & dislance x, ignoring air friction. :Z'_WM A=
Now, height from the ground is (-}, so that e '

PE =g (h-x) prag
and KE = —rm* o

Fig. 4.12

Velocity v, at position B, ﬁm be calculated from ths relation,
= f + 258

Therefors KE=

Total enargy at position B = BE + KE

Tolal enargy =mgfh-x)rmgx=mgh . ... (4.18)
Al position C, just befre the body strikes the Earth, PE. =D and KE, = %mqf,
wham 1. cen be found out oy the following expression.
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+2gh=2gh as w=0 .
o :%mnghtmh

m

M= =

I
L]

ia, KE =

Thus, at point C, kinsticenergy is equal ta the original value of the - b,
potentlal anergy of the body. Actually, when a body falls, s III
velocily increases e, the body is being accelerated under the %
action of gravity. Thaincreasa in valocity results inthe increass in

its kinatic anergy. On the other hand, as the bedy falls, (e height [
cecreases and hance, ifs potential energy also decreases. Thus, { -
weaea (Fig. 4.13) thet

Lossin PE. = GaininkK.E

Flg. 413

1 il
g (b~ bs) = o m (4 AP ity (4.20).
where v, end v. are he velociies of the body st the helghts b, and h, respactvely. This
result is trus only when frictional force e not considered.

If we assume that a fricional foree f is present during the downward motion, then & part
of PE. is used in doing work against fiction afual ta FA. The remaining BE. = mgh - i
ls convartad Into K.E., '

Hanoe n‘gﬁ—fh=%mu*

ar rmmf%ﬁ?+rh i (29)
Thits Loss in BE. = Gain in K.E. + Work done agalnst friction
Converszely,

Logs of K.E = Gain in PE. + Work done egainst friciion
i.E._‘II.rN[H-d%S [
Acar waighing 1100 kg i moving with a velocity of 12 m &', YWhen it is at point P, its

engine stops. If the frictional force is 120 N, what will be its velocity at point QF How far
bawond G willitgo befora coming to rest?

i sotution}

Tha Kinetic energy posssssed by the car at point P wil -
partiy be converted inte PE, and parly used up In doing o 1 5m
wowk against richion as it reacnes pointQ. Therefore, - 3

Lossof K.E. =Gain In PE. + Work against fricion
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;—m{vf - ) =wh+id

%muummqm’s“—q’] — (1100 kg x 9.8 m s’ % 1.8 m) + 120 Nx 24 m

550 kg (144 ' 87— )= 16170 kg m" 57 + 2880 kg " 8%

) =16170k m* s* + 26880 kg m' s
650 kg

Vi =144 ms’ - 346m's’ = 1094 m ¢’

Velocity at point@, « =1084m's” =10.5ms’ O

=348 m'e?

(144 m g*—

Now if the car stops at point R, then using the formula: QO
1mv’—f$ @
z' "

A
Lutt00 kg <1084 " = 120kg ms” xS
$ - 501 apBrosimately

| Exsmpie 4.5 1 An object of mass 3 kg falgjéx heignt of 15 m. If it stikes the
ground with avalocity of 16ms”, calcuiale the average fricional farcs of the alr.
i Boiuaion m&n&a:mmgs&urmwmier

o
vw =0, mgh=-m/+Fh
2 O‘

Ahgx98ms’ x16m = 1sﬁ\“tgt1ams"f+h1ﬁm

441 lggm‘h‘_j(f:?uhgm*a* + 16mxf
g 4 kgm'st- 384 kgm's® z _
or ) )\ o= e =38kpms® =3BN
'-._1.] i
R GO —
@ Muitipie Choice Questions B

Tick {+) the cormect answer.
4.1 A1 kg mass has potential energy of 1 joule miative to the ground when iz sta

heighl of;

{a} 0.102m (B) 1m {c) 8.8m {d} 32m

4.2 An ron sphere whose mass is 30 kg has the same dismeler as an aluminium
sphere whose mass is 105 kg. The spheres are simultaneocysly aropped from &
¢liif. When they ane 10m from the ground, they have (denGoal:

{a} accsleretions (b)momentums (¢} potentialensrgiss (d) Knelicenargles
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4.3 APpodyatreslmay have:

(8) speed  (b) welocly (<) momentum () =nergy

4.4 The height above the ground of a child on a swing varies from 0.5 m of his lowest
pointto 1.5 mathis highest point, The mazimum speed of the shild s approximatety.
j@) 1.5ms” () 44ms’
i) 9.8msg” (d) Dependsuponchilds mass

4.5 When a ball is thrown vermcally upward ang then falls back 1o tha ground, which
lorce can be considaered congarvalivein thie ecenaria? .
{@) Airrasistance (o} Gravity FL}'."
{e) Friction betweenballend air  (d) ﬂunhntfumwﬂhhﬂng L)

4.6 According towork-anargy arincipla in inear maotian, mwmrkli,’m an body |8 aqual
-Iﬂ, —

r !

{a) changainK.E. (8} changein FE *'-__:- /
i€} zerm (d) sumofK.E.and PE.

4.7 Powerofa lgmp ad'W, How much Bncwﬂcﬂn\!@fﬁﬁ give autin2 min?
&) 124 {by 204 &) 3 S idy 7204

4.8 A dry battery can deliver 3000 J of uneu'm"lnuEWBmul electric motor balors the
ttery is sxhaustesd. For how r|1|l.|'|;\|I rﬁmuhﬁ; doss ths bsttery run?

{a) 1500min (b} 100min ~_i:z.'?j S5(min {d) 25min

4.8 Tha kinelic energy acgulned by & thass m afler travelling & fixed dislance Mnom rest
underthaactionefa nmtardhrr& is direstly proportional o
(@) ¥m ®) 1im (© m (d) independentolm
4.10 Abedy mmeaadmhm[ﬁlnﬁﬂ r along & slraight line und e the aclion of SN force. If
the wark done = 284, the angle which the force makas with the direction of motion of
thebodyis: ™
@0 - b () 80" (d) 80
l"\."-j

3 [ _Short Answer Questions [

i1 Why is electrical power required at all when the skevator is descending? Why
should be therea limitan the number of paasengers in thia case?

4.2 Abody is being raised to a height H from surfacs of the Earth. What is the sign of
work done by both (body and the Earth)? Justify.

4.3 Abody falle towarde the Earth in air. Will ite toll mechanical energy be conservad
during fall ? Justify,

44 Calculate powerof a crana In kilowatt which Ilifte a mase of 100K kg to a halght of
160 min 20 second.
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4.5

4.8
4T

4.8
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Atrolley of mazs 1500 kg carrying sand bags of 500 kg is moving uniformly with a
speed of 40 km b on a frictionless track. After some time, sand stars leaking out of
whaole sand bags on tha road at a rate of 0.05 kg &', What is the spead of tha frolley
after entire sand bags are emply?

Cive absolute and gravitational units of work in M.K.S and C.G.8 systams.

A body dropped from a height of H reaches the ground with a speed of 1.2,[gH.
Calculate work done by air friction.

Abioyclehas s KL.E, of 150 J. What £ E. would the bicycle heva i it had:
() samemass but has spead double?
(i} threa imes mass and was moving with ona half ofthe spasd?

What will be the effect on K.£. of the body having mass m, meving with velocity v
whan its momantum bacomes doubla? Juatify,

4.10 Does the international space station have gravitational PE. or kingtic energy or

41

42
4.3

4.4

4.5

4.6
4T

41
4.2

4.3
4.4
45
46

both? Explain.

[ Conatmectod Naspanip Qiissioss |
When will you say thata forpe s conservalive Y Ghve two conditions,

Alight end & heavy budy have same linear momentum, which one hes greater KE. ?

Amoiorcycle is running with constaniepeed ona horzontal track. ls any work being
done on The motorcycle, if no net ree is acling anil?
Afcrce acts on a ball moving with 14 m &” speed and brings its speed o6 m &™. Has
the force done positive ornegative work? Explain your answer.
A slow moving truck can have more kinetic energy than a fast moving car. How s
this possible?
Why work done against friction i non-conservative in nature? Explain briefty.
Does wind contain kinalic ansrgy? Explain.
{ Comprehensive Questions |
Define £, ard derive an expression for the same.
How iswork dorne by a
il conslantforce (i) variable foree?
Define conservative field. Show that gravitaional field is canservative in nature.
Whnat lz meanmtby absclute P.E.7 Darlve anexpression forabso|uta P.E.
Siate and explain work-enengy heorem in a resistive medium.

Define ascape velocly. Show that an expressicn for escaps velocly can be
expressed as v2Ry, where R and g denote radius of the Earth and acceleralion due
to gravity, rsepectively. Alsofind ite numancalvalua near tha surfaca of the Earth.
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@ Numerical Problems |

4.1 Amachine gun fires 8 bullats per minute with a velocity of 700 m s, if each bulsl

hazamaaa of 40 g, thendfind power developed by the gun? (Ans: 980'W)

4.2 Afamily usas 10 kW of power, Direct solaranargy Is incident on horzonta | surfacse al
an average rate of 300 W per square medre. IF 75% of this enargy can he comvarted
into useful electical energy, howlarge arsais needed o supply 10 KW?

{ana: 4444 m")
£.3 Thamass ofthe Earths 6.0x 10™ kg and mass ofthe Sunis 1 98x 10" kg. The Sun

Is 180 millicn km away from the Earth. Find the value of gravitational PE. of the
Earth. (Anewsd 87 x 10" J)

4.4 An object weighing 98 N & dioppad from a height of 10 m. s speed just before
hitting the ground is 12 ms"'. What is the rictional force ectingont?  (Ans: 26N)
4.5 ATSweftfan is used for 8 hours daily for 30 days. Find:
il energy consurmed in electrical units
{iiy electrieity billifone unit costs Rs. 22.57 [Ans: {}18 units (i) Rs. 405]
4.8 Man objact of mass 2 kg thrown up from greund raachas a height of 5 m and falls
back io the Earth (negledling air resistance), calculate:
(Il workdone by gravity when the ol:_ljei:t-r'ear:hesatﬁ m helght.
(i)  workdone by gravity when ihe object comes back to the Earth.
{ii} total work done by gravily in upward and dewnward motion. Also mention
physical significance of the result.
[Ars: {i)-B8J {ij+08J {ir0dwork done Ina dosad path ina conservative figld la zam)
47 An electrical motor of ane horsa power (s used to run a water pump. Water pump
takes 15 minutes to fill a tank of 400 tres al & height of 10 m {1 hp 746 walts). Find:
{8} acal inputwork done by electric motor Lo fill the Lank
(b) aciuml guipuiwork done [Arg: (g) 671.4 k), (b} 30.2kJ|
4.8 Apassenger ust arrives at the airport and dragging his suitcase to luggage checks
in attha desk. He pulls strap with & force of 200 N at an angle of 45" io the flcor to
displace it 50 m fo the desk Determine the vake of work done by him on the

suitcase. (Ane:T k)
4.8 A1200kg carla running ata epesd of 40 km k. How much pawarwill ba axpandad
by itto accelerate at2 ms*? {Ars: 28 67 kW)

4.10A 200 g apple is lifted o 10 m and then drepped. What is its velocity when it hits the
ground? Assume that 75% of work done in lifting the apple is transferred o K.E. by
the tire it hits the ground. (Are: 121 maT)
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aterals have spoctlic uses dapanding upon thair charactanslics and proparties,

such as hardnass, ductility, malaability, stc. Whal makes 3 meial herd end othar
soft? Il depends upon the struclure, the particular order and bonding of atoms and
malecules in & material, Simllary, the study of Auids in mofion = relatively complicated
bul analysis can be simplified by making a few assumplions. The analysis is furiher
simplifiar] by the use of two important conservation principles, the conservation of mass
and conservation of energy. The law of conservation of mass gives us the equation of
contnuily while thelaw of consanation of snergy s the basis of Bemoulli's eguation.
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51 CLASSIFICATIONOF30LIDS [ Fes your eformenion]) |

Crystalline Soilds

In crystalline solids, there is a regular amangament of atoms
and molecules. The nelghbours of every moleculs are
arranged in a ragular patiem that |s consistent threugnout the
crystal, Thera is, thus, anordared siructura in crystalline aolids.

Most solids, ke metals and ceramics have a crysialline
structurs. This means their atomsz, molecules o ions are
arranged in a reqular pattern. The amanoement of \’t‘
malecules, etoms or ions within all types of crystalline sofids 5
gan be sludied using varous lechniques such as X-ray O
Diffractlon (XRD} and Transmisshon Electron Microscopy v\\‘s;.

(TEM). It should be noted that aioms, molecules or jons ina -
crysialline solid ara not atatic. For axampls, sach atom in &

crvstal vibrates aboul a fixed point with an amplitude. thel  tlessy and oysiatine-sald-
increases with rise in temperatura. It is the aversge miomic 51 and jong-range order.
posifions which are perfectly ordered over large distances. [¥Fa yon mfarnation |
The cohesive fooes betwsen aloms, molecules or ions in  Sodlnisd  Cndorna fon
crystaliine solids maintain the sirict long-range order inspite of _,.ffr“}':{-;.‘.-n
atomle vibratiens. For evary crystal, however, thers Is a ﬁi(? Z 1
temperature sl which the vibrations become greater that the T _ﬁ:{.,f'l'% '
structure suddenly breaks up, and the solid mealts. The J‘L{“J LLET

¥,

trenzition from solid {order} to hguid {disorder) 5. therefore, “1A
abrugt or discontinucus. Every crystalling solid has a definite ,('L )
melting point e.g., Quartz, Gealelta, Bugar, Mica, diamond, lc. 1
Amorphous or Glassy Solids Mall crysial lattics

The word amarphoua méans without form orstructure. Thus, in amorphous salids there
Is no ragular arrangamant of malecules |lke that In crystaline sollds. We can, tharafors,
say that amorphous solids are mora like liquids with the disordered structure frozen in,

For exampla, ordinary glass, which is & solid at ordinary temperatura, has no regular
arrangemeant of molecules. On heating, it
gradually softens inlo a pasie ke stale
before it ecomeas a very viscous liguid at

almost BOO*C. Thus, amorphous solids ..

ara elan callad giassy solids. This typa of

sollds has no definile meling ponl 2.g.,

plastic, glass, fusad silicon, stc. Grystaliing solids Amorphous solids

Polymeric Sclids

Polymers are solid materials with 2 structure that is intermediate beiwean order and
disorder. They can be classified as partially or poorly crystalline solids.
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Pulymers forn a large group of naturally occurring and syntheatic materials. Plastics and
synthetic rubbers sre termed as polymers because they are formed by polymerization
reactions n which ralativaly simple molaciilas are chamically combinad into massive
lang chain molecules, or three-dimensicnal structures. These materials have rather low
specific gravity compared with even the lightest of metals, and yet exhibit gocd strength
foweight ratio. [[Fer peirinformavianf ]
Polymers consiot wholly or in part of chemics! combinations of )
carbon with oxygen, hydropen, nitregen and other matallic or
nan melallic elements. Palythene, polystyrene and nylon, ele.
ara axamples of polymers. Natural rubber is composad In tha
pure state entirely of a hydrocarben with the formula {C.H,) .

5.2 MECHANICAL PROPERTIES OF SOLIDS

Desformation In Solida

IN we: hold & sofl rubber ball in our hard and hen squeeze It
the shape or volume of the ball will change. However, If we
stop squeazing the-ball, and open our hand, the ballwill retum
to Its original aphercal shapa. This has bean Hustrated
schemaficallyin Fig. 5.1.

Similary, if we hold two ends of a rubber alfing in our hands,
and move our hands apart to seme extent, the length of the Fig. 21

stiing will increase under the actipn of the applied force {E:} “3“33','1‘53“.,,"3; e
axartad by our hands. Greater tha appliac forca, |argerwill ba ”ﬁmﬁ. S F e e
the increasein length. Nowon removing the applied force, the . hend

string will relum 1o its original fength. From these examples, jt () Ruboarbal afar mmeving
is concluded that deformation (i.e., change in shape, length or

volume) |8 produced whan a body |5 subjectad to soma 88

external farce, ‘
In erystalline sofids; atoms are usualy aranged in a certain e el

order. These atoms are hexd about their equilibrium poszition,

which depends on the strength of the inler-atomic cohasive

force batween tham. Under the influencs of axtsmal forea, () LInék coll Lndar oltesard
distortion occurs in the solid bodies because of the SOy
displacement of the atoms from their equilibrium position and 8‘_‘%

the body is said lo be in a stale of siress. Afler the removal of ) it Gl Ui Vi
axtarnal forca, the atoms retum 1o thalr squilibium position, appicd forc

&nd the body regsins its original shape, provided that external s

applied force was nol too great. Tha ability of the body 1o g—%

retum 1o fls original shaps is called elaslicity. Figurs 5.2 18) Uit asll Mar removing
ilustrates deformation produced in @ unit cell of a erystal AL res
subjected to an external applied forca. Fig. 5.2
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5.3 STRESS, STRAINAND YOUNG'S MODULUS

The results of mechanical tesis are usually expressed in terms of stress and strain,
which are defined in terms of applied force and deformation.

Strecs

It is defined as the force applisd per unit area to produce any change in the shape,
volume or length of a body. Mathematically, tis expressed as:

_ Ferce (F) S
Strees (o) Area ) (5.1) £L

The Si unit of stress (o) is newton per square mefre {N m*), which is given the name
pasacal (Pa). Stress may causa a changa in length, volume and shape. Whan a strass
changes lsngth, it is caled the tansils stress, when it changes the volums, itis called the
violume= stress and when it changes the shape, il s called the shearstrass.

Strain R —

Strain is 8 measure of the deformation of a sofid when <t L
sirass s applied to it Intha casa of deformation in ors:

dimension, strain s defined a3 the fractional change & ~oi=: Tensle =rain
in length. If AL is the change in length and L, & the

original length (Fig. 5.3-a), thenstrainis givenby F

A
—— tg}nmh lengthn (AL} 1...":;; h (52) -—"T-!—r\ﬁ -2

Criging length (L.)

Since strain s the rallo of lengths, I Is
dimensioniass and therefoms, nas no units. felain o |
£ is due to tensile stress o, it is called tensile strain, | ¢ |
and if it s produced as a resull of compressive stress N
o, itis tarmed a3 compreasive srain.

In case when the applied stress changes the volume,
the change. in velume per unit volurne is koown as
volumetrio sfrain as shown in Fig 5.3 (b), thus PSS YRt s

Volumetric strain (&} = %V— S

L]

Lety ba the distance betwean two appositefaces ot a
rigid bedy (Fig, 5.3-c), which are subjected to shear ¥
strass one of 158 face slides thraugh a distance Ax,
thenshear stranis produced whichis s given by

AX
Shaar strain (¥) = ¥ wleny im - 59 g s3iei: shear stan
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. I or pour imre mln-ﬂ_il_.

Howsever, for emall value of angle €. maazured In
radizn tand =8, sothat

Altreugh ks named afiar the 190
=0 (5.5) contury British Sdemtst Thames
¥ RS RRREL Yoding, the concept was devaloperd
Ynum"n “mimus In lmh’mm&"ﬂﬂ-
Tha atreas applied par unit straln  Tebie 5.1: Flastio constants for same matartals.
is called Young's modulus Material ‘ﬁm Bulk Shoar
o m.% Mﬁl:g
Tensia stress PN WY 1PN 10"M
TR Wy e D Aummim | 70 78, 0
Tensile strain e - P
"Brass 8l Bl ET]
A Conciwts 25 5
I Copper W40 H
Diamnind 11_11_9--. I 540 450
It has the same unit as that of srase je,, Gesa | 58 1 23
N m® The value of Young's modulus of ko Ly L 8 3
different material isgiven in Table 5.1, ﬁ'ﬁ Y o Lﬁ 7; 5:
l. 1
There are various methods o determine —g=7——
A ET 200 1600 B4
the Young's modulus of a wire. One of the ———
: Tungetan a0 200 150
method iz Searle’s method. T 0 55 o

5.4 DETERMINATION OF YOUNG'SMODULUS OF AWIRE

Experimantally, the magnitude of Youngs modulus fora
material in the form of wire canbe found out mostly with
the help of Searde’s epparatus 88 shown in Fig 54.

Il consisle of two wirss, refarance wire and tost wire of
eguzl lengths of sane material having same diamsalars
attached to a Agid support. Both wires are connecled io
horizontal bars {frames F, and ) at the other ends. Hang
2 constant-weight to the hook of horizontal bar of
mfarence wire and hangar on tast wire 50 that wire
remains stretched and free from kinks.

Procedure

The following procedura is adopted for finding Young's

madulus of a wire sxparimentally

1. Measura the inttial length L, of the wire using 3 metre
scale,

2. Measue the diamater @ of the wira using 2 screw
guage. Tha dismstar should be maasured at ssveral

Fljg. & 4: Searss apparalus

.
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different points along the wire and lake average.

3. Adjust tha apiril level 2o thal it is in horizonlal position by urning the micromalar,
Recerd Ihe micrometer reading lo use il as the reference reading.

2, Load the test wire with a further weight, the sgpintl lavel Tilts due to elongstion of the
testwira.

5. Adjust the micrometer screw 1o reslore the spint level in the hedzonal position.
Subiract the first micrometer neading from the secand micrometear reading to obiin

the sdansion of the test wire. .’I — mnr .
6. Caltulate sress and strain from the Tollowing formula: Astioat i e oAU b
Stress = —veght  _F _mg subjecied b asame foros. WhiEh
Arcaciwira A =t corve el b ssteestizhise more?
_ AL Changeinlength
Strain= —= =
L.~ Onginallength ol
7. Rapest the above steps by Incressing load on test
wire to obiain more values of stresses and sireins. | i
. Plotthe sbove values on stress sirain graph, itshould  ©
be straight line. Mow determing the value of slope Y.

Tha value of slopa |s equal to Youngs modulus ofwire. &

55 ELASTIC DEFOR N PLASTIC DEFORMATION AND
ELASTICLIMIT

In & tensile 1est machine, meldl wire is exlended al a specified deformation rate, and
stresses ganeratsd in the wire during dsformation are continucusly measured by a
sultable elsctranic device fited In the machanical testing maching. Forca-elongation
diagram or stress-strain curve is plotied autornatically on X-Y chart recordern A typical
stress-sfrain curve fora ductile materialis shown in Fig. 5.5.

In the initial stegeof deformetion, stress is increased L

linearly with 1he strain till we reach poinl A on the T
streas-sirain curve. This 2 callad proportional limit i, ).
It I5 definad as the greatest stness that a material can
withstand without lgsing straight line proporiionality
betwesn stress and strain. Hooke's law which atates
that the sirain {deformation) |s direclly proporional (o
siress (lorce or load) is cheyed in the region OA. From Sirsin

Ao B, stress and sirain are nol proporticna!. Flg. 5.5 Stresa-stain cunmof s
B e dicille masbarksl.
Elastic limit s

Ifthe Ioad is ramoved at any point batwesn O and B, the curve will be refraced and the
materal will retum 10 its ofginal siate. In tha region OB, the materal & said o be

8

Steane (a)
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glastic. The peint B ie called tha yisld point. The value of siress 51 B is known as elastic
limit o,

Plastic Deformation

If the siress |6 Increasad beyond the yield stress or slastic imit of the matarlal, tha
spedmen becomes permanently changed and does not recover its original shape or
dimenaion after the atress ls removed, Thia kind of bahavicur is called plasticity. The
region of plasticity is represented by the porlion of the curve from B fo C. the point Cin
Fig. 5.5 representz the ulimale lensile strength (UTS) o, of the matedal The UTS is
defined az the maximum siress thal a meterial can withsland, end can be regarded as
tha nominal sirength of the matsdal. Gnce point C eomesponding to UTS iscroseed, the
material broaks at point 0, respanding the fracture sitass (o)

Ductlle substances

Substances which undergo plastic defermation until they break, are known es ductile
substancas, Forexemple, Lead, copperand wrought iron aré ductile substences.

Brittle Substances

The substances which break just after the elastic Imit |s reached, are known as britlle
substances. For example, giass and high carbon steal ars briftle. Moreower, Beryllium,
Bizmuth, Chromium are aleo britile metals.

{ Exmepte 5.1 | A steel wire 12 mm in diameter is fastened to a log and is then pulled
by & tractor. The length of steel wire between the log ard the tractor is 11 m. A force of

10,000 M Is raquirad fo pull the log. Calculate: (a) the stress and sfrain In te wire,
{br} howe much does the wire siretch when the logis pulled 7 (E=200x10° Nm*®)

—— oo, T 10,000N  _ 2
| foduton || (@) Tensle Illmﬂlg = —3.14[5:1':_5[“ 7 BBAG = 10°Nm
: Shess _88.468 x 10°N m*
. Strain Strain
Strein| = BRAEx WP Nm® _ 44xig
T 200 % 10 Nm? '
(b} Using thie rstation; Strain =% or AL = Slrainx &, = 4410 % 11 m=4.84x10°m

5.6 STRAIN ENERGY IN DEFORMED MATERIALS

When a body is deformed by & fores, work is done agsinst elastic restaring foroe. Ht is
stored in it as its polential energy and s equal to the gain in potential energy of the
malecules of & body due to the displacemnent of these molecules from their mean
posifions.

Derivation of Expression for Energy Stored in a Stretched Material

Consider a material in the form of a spring as shown in Fig. 5.6. I is strelched by a

8

Tensile strain € = %rn!au E= =200x 10 Nm"
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force F through sxisnsion x. As he axdension s directly —
propoxrdional fo the stretching force within the elastic limit,
therafore the force incroases uniformly from zero o F as
shown in Fig. 5.7. Thus, the average force that siretches the
apring through x i21/2F, Hance wark done by the stretching
force will be given as.

Work done = Avarage forcs = Distanca intha direction of thaforce

Wll;Fxx ......... &7

From Hooke's law F= kix) ‘.’SE:‘ i
of
Therefore, W= {%u-r}_m =" k¥’ o I

I
or W = AreaofQPQ J__ﬁ‘
The work done by the stretching force is stored In the: Fig. 5.8

spring as its strained energy and is equai to the potential T
anergyatoradin ite molacules, r

1 g™
Shained energy storedin the body E= EFI-EJM‘ (58)

I e |
Thet amounl of work done in stretching lj!'qhﬁl 5 egual o the
average foroe applied mult pllad by the distance moved

Tharalore, tho aren wndor o hmrw qraph repozants the
work done fo sretch e matenial. Werk dans o stratch the maialis g
alsn squal o alasbc P E, ﬂrndilmﬁm Fig ”5 P

57 ARCHIVEDES" PRINCIPLE AND FLOATATION

An girilled balloon immediately shools up o the surface when released under the
surfacaof walalj.Th'e samewaould happen ifa pieca ol wood is raleased under walar. We
might have noticed that & mug filled with water feels light under water but feels heavy as
s00n a5 wa take it out ofwater.

Mere than two thousand years ago. the Greek scientist. Archimedes noticed thet there
is an upward force which acte on an abject which is kept ineide & liquid. As a resuit, an
apperent reduction in weight of ihe objecl is cbserved. Thia upward forca acling on the
ohjeclis called the uplhrust ofthe iquid, Archimedes’ prnciple stales thal:
Vhen an object is totally or partially immemsad in a liquid, an
upthrust acls on | equal io the weight ofthe Nuid i displaces
Consider a solid cylinder of cross-sactional area A and haight fiimmaisad in a liquid as
shown in Fig. 5.8. Let i, and /. ba the depths of the lopand boltom faces of the cylinder
respeatively from the surfece of the liguid. Then

8
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h}—ﬁ.‘=h.......‘".“..........;......{5.“} P P em——
If B, and P, are the lquid pressures at depths h,snd A, T B H“-'-"E"J
respectivaly and p is its density, then using equation I
£=pgh ofiquid pressure at height A: =
"
g
and P, =pgh, ] [y
Leithe farce £, ba axarted at the top of cylindar &y the i
liquid due to pressurs P, and the Toroe F. be axerted < _,‘*""--..
&l the bottom of the olinder by the liguid due o P, -
= = 5.4 Bocncd
Then F,=P,A=pgh.A Figs %T b
and  F =P A=pgiLA lmmﬁtuhmmu digplaced.

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 forces. This netforoe Fon the cdinder s
called the upthrust of the liguid. Henca

FI_FI = th:A —F'ﬂ'huﬂ

--é Far your m'fﬂm:lné;- -

= PEAIMRY g '{5" 0} Archimegeswas bom aboun 287 BC,

in Syracuss on |ha Isiend of Sidy. He

ar  Upthrust of liguid = pg Ak was killed by = Roman soldler sfiar
he refused to leave his mathematical

Upthrust = p@ ¥ ... foene o o(811) weork,

Hera At is tha volums V of the cylindar and is equal o the voluma of the liqu|d displaced
by the eylindar, therefare, pgVfis the weight of the liquid displaced This aquafion shows
that an upthrust acls on a body immersed in a liguid and is equal to the weight of liquid
displaced, which is Archimede's principle.

JEesmple 52 | Awosden cube of sides 10 ¢m esch has been dipped completely in
walar. Calculalte the upthurstof walar acting on i,

L] :‘.‘ﬂlut.ln!'! ,:- 1uﬂhﬂ-ﬂ
Length of side L= 10cm=01m
Volume Ve L= 01mf=1x10°m°
Density of water  p = 1G00kgm’ i Ecain maser B
Upthrust Fe? Why deesa a ollp made of
Using Archimeds's principle heavy stand flogt on waler,

while 2 amal rock pnk?
Upthrust of water =pg¥

=1000kpm xBBmMs x 110" m' =8N
Thus, upthrust of water acling on the wooden cubs is 8.8 N,
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Floatation

An object ainks Into & fluld i ts weight is greater than the uptnrust acting on it Howaver,
an objsc: fleats if its weight is equal or less than the upthrust. When an object foatsina
fluid, the upthrust acling on it is equal lo lhe weight of the object In case of floating
object, the object may be partially immersed. The upthrust iz always egual to the weight
ofthe fluld dispiaced by the object. This |sthe principle of floatation, states that

A floating objact displaces a fluid having weight equal o the waight of the object.

Archimedes' principle is applicable on liquids as well as on gases. We ﬁru:t NUMaMuUs
applications of this pranciple in our daily life.

Applications

Faollowing are soma important applications of Archimades’ principle,
1. Het-airballoon O,
The raason why hot-alrballoons (Fig. 5.9} rise and floatin miﬂ»ﬁlris
bacausa of tha dansity of tha hot-air ballbon is (ase than the
surrpunding air. When the upthrust of the surrounded giris more, it
starts to rise. This is done by varying the quarlﬂl)r of hot airin the
balicon.

2. Wooden block floating on water -,

Avwooden block floats on water. It is because the
weight of an equal volums of waler is greater than
the waight of the block, According to the principls of
floatation, & body floats if its displaced water is
nmﬂltﬂﬂmmﬂﬁﬂfﬂmbﬂdyﬁfﬂﬂmpﬂh&lwur -
completaly immarsad in wﬂﬁlr
3. Shipsand hu-nts

Ships and huﬂlr-_ara designed on the sama

principle of ficgtation. They carry passengers and
goods over water. It would sink n water if Its iotal
welght becomes graater than the upthru stofwater.

4, Submarine

A submarine can travel over as well as under
waler using lhe seme principls of Noatation.

Il fleals over waler when The waight of waler
equel 1o its volume is grester than its weight.
Under this condition, it is similar to & ship and
ramaing partially above water level. It hos a
systerm of tanks which can b filled with and
amptied from m:vaw. Whean these tanks are  Flg5.10 (B Submarine
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filed with seawalter, the weight of the submerine increases. As soon as ite weight
becomes greater than the upthrust, itdives into water and remaing under water. To come
up on the surface thetanks are mada ampty frorm seawater.

W Exwmpie 5.3 [ An empty metearological halloon weighs 80 N. Itis filled with 10 cubic
metres of hydrogen. How much maximum contents the balloon can it besides its own
weight? The density ofhydrogen s 0 09 kg m* andthe danaity ol siris 1. 3 kg m™.

| solstion | Glven:

Weight of the balioon w = 80N
Violuma of hydmgen vV = 100
Density of hydrogen p, = 0.09kgm®
Dansity of air p»  =13kgm®
Weight of hydrogen w, = 7
Weight of the contenta w, =7 B
Upthrust F = Wﬁd’ﬂufalrdmm
=pgv A1
=13kgm*x9.8m s x10m
= 124N
Waight of nydrogen ~ w, = pVg
.'=0ﬂﬂkgm ¥x10m'x2Bms*
{ =a&2N
Total weight fited . .F = w+w,+w,

To lifk the contents, mﬂﬁﬁalﬁltdﬂwbﬂlm should not axceed F,

Thus I'H-ur +w, =F
lBI;IN +E.32H+w, = 1274 N
or \J , =38.58N

Thus, hm]ﬂmmghlufﬂﬂ EB N can be lifted by the balloon in addition to its own
wiight

5.8 STEADY, NON-VISCOUS AND IDEAL FLUID

Maving fluids hava graatimportanca. In orderto find the bahaviour of the fluid In motion,
we consider their low through the plpes. When a fluld is in motion, its flow can lzke place
in two ways, sither streamline orturbulent.

Sireamling or Laminar Flow
The flawis saidta be strsamiine or laminar How.




ﬁ_ 3h.yalu_l:'.[i_ %@:ﬂ;w{{ Solids and Fluid D':.-n-lrl s
If svary parlicle thel passes a parlicular point, moves &bny exactly the
same path, asfollowead by parlicles which passed thal points sarier:

In & steady flow of a fluid, the mofion of the particles -

is smooth and regular, as shown in Fig. 5.11. The & o,

smooih path followed by Tuld padicdes in laminar -
flow s called a streamiine. The sireamling may be R
the straight or curved and tangel to any point Eﬂ""'f—_
glves tha direction of flow of & fuid. The diffierant  Fig. 599 Streamiines {lsminar flow]
strezmlines cannot cross each ather.
Exarmpla: Afiuid flowing in a pipe a8 shown n
Fig. 5.12 will have cerain velocily v, al P, a
velocily v, at © and 5o on. I the velocity ol a
particle of the fluid at B Q and R does not - i
change with the passage of ims, then the flow “E- ‘11'!-:***‘"1 | parfces o
iz zaid to be steady flow or streamiine flow. 5 l.ﬂPﬁ o o
The line PQR which represents the path followed by the
particls = caled & araamiing. It rapresents the fived path ./b
followad by orderly processing partiddes. |nstreamline fow, all
the pariicles passing through P also pass thiough Q and R, 1t
maans that two straamiines cannot cross each ather. \\j
Turbulent Flow

H:ngﬂf ”“"’Hdi i’f&" of Flg. 5.13: Turbubent fow
Above a certain velocity of the fluld flow, the motion of the IT. (e P
fluid becomes unsteady and irregular Under this -qq L2 m— .
condition. the velocity of the fluid changes abruptly as
shown in the Fig. 5,43, [0 this case, the sxadl path of the
particles cannotbevonsidered.

If two straamiines crogs aach other, then the pardclas will
ga in onegon in the other directions and low will not be a

E\

steady flow. Sucha fowis @ rbulent flow. When he 1w  Fom.ia One racing cars havs

is ureteady or wurbulant, there are eddies and whirlpools
in tha molion and the paths of the parficlaz are

continuously changing.
ideal Fluld

The behaviour of the fluid which safisfies the following
conditions ia callad |dea| flukd:

streamiined design.

1. The fluid is non-viscous i.e., thers i3 no frictional mm?mm

force betwaan adjacant layars ofthe fluid.
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2. Thefluid is incompressible i.e., its density i constant.
3. Thefluid malion is steady.
Rate of Flow
The rate of flow of & fluid through & pipe i the volume of
tha fluid passing through any saction of pipe par unit tme.
Formuls For Rate of Flow

Consider & Muid Nowing through a pipe of area |q A ¢ 3
of cross-section A as shown In Fig. 5,14, Lat !
tha valocity of the fluid be vand it lows through .

the pipe for time £, then the distance coversd by >
the fluid in time is: i

/)

— Fig. 5.14: Rate of Bowaf a bquid

where £ isthe lenglh of the pipe fhrough which the fluid passes in time £ Violume of the
fluid passing through the pipein ime £, is: \
Axi=Avt

Thus  The rate of flow of the liguid = YOS
= ﬂ = Av
Rateofflow “=Av. ... {512)

In S units, 1 is maasured in cubic mstra par sacond (m” 87) Somstimes, 1t is also
maasured in litres per second {Ls ')

Steady Flow

if the overall flow Mn does not changs with time, the flow B called steady fow.
In staady flow, avery particle of the fiuid follows the sama flow line ag ite previous paricle.
59 EQUATION OF CONTINWITY

Statement

The produc! of cross-sactional area of the pipe and
the Muld speed (i.s.. Av) at any polntalong the pipe
is & constant. This constant is equal to ths volums
fiow par second of tha fluid or simply tha flow rate.

i _ MVolume
Thug Av = Conslanl = e
Gonsider a fluid fiowing through & pipa of ron-unfform size, /9 5.15: Steady fow of a fluid
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The particlas in tha fluid move along the same linas in a steady slata Now as shown in
Figs.15.

If we consider the flow for a short Imterval of time AL the fluld at the lower end of the tube
covere a distance Ax, with a velocity v, , then distance covared by the fluid is:

M" = rl Nﬂ-li LIRLTEL LR LR R Il{5l‘1 31 ..:-I\ k-nri_;“-_rn_.r: _I;."-
LelA, be the area of cross-section of the lowerend, then  Euler obtuined the continuity
equation for & incormprewsible fuid
volume of the fluld that flowsintothe wbe at A, 1s: with @ large number of terms In
VeA 1742, Later, it was tmnelsted by
o €. Truea dallirom English in 1854,

or ¥V = Aval
If p, iz the denaity of the fluid, then the mass of the fluid contained in ihe shaded region
{through A,}is:

Am, = Voluma = Dansity
ar Amy= Ay A = p
Similarty. the mass of the fiuid that moves with velocity v, through the upper end of the
plpa having cross-eactional amea A . Intha same imsé Afls glvan by

Am =AM A« p,
where p, is the density of the fluid Towing out through A . and Am, indicates small miass.

if the fiuid is incompressibls and the floweis steady, the mass of the fluid is conserved.
Thatis the mass fowing nto the boitomof the pipe trrough A, in a time Af must ba equal
tothe fluid flowing out thaugh 4, in thasame time. Therefare,

AT, = Al e siesrerseessssannions 5.14)
S0 Av Axp, = Ay, Mxp,
or AVipy = AN D (5.15)

Equatian (5.15) Is called the eguatlon of continulty. Sinca density k& constant for the
sheady Mow ol ineom pressibe Muld, thersfore, the equaticon of confinuity becomes:

N A mAN i (5.18)

Equation IE 1ﬁ} states that in steady Aow. the rate of flow of the luid inwand is equal to
the rals of fow of the Auid outward,

This equation juslifies the conservalion of mass of the Muid which is Nawing through
2pipe.

| Beampie 5 L Awatar hosa with an intemal diamater of 20 mmat the outlet discharge
30 kg of water in 80 &. Calculate the watar spead at the ouflat. Assume tha density of
wateris 1000 kgm® and its flow is steady.

Intamal diamator of water hosa O =20mm =0.02m
{ Soumtion | Radius r,._ﬁl.g.-ﬂ;._ﬂ-u_mm
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Mass of water m = 30kg B =
Time taken { = g0s
Dansity of water p = 1000kgm*
Speed ofwater v=7
Massflow persecond m/t = 30kgi60s
= D.5kgs"
Cross-sectionalarea A = nr’ §
=3.14x(0.01 my’
As lhe water fals, Ba
=5.44x 10’ oo Jﬁ
From equalion of continuity, the meass of water  cortinu on.
discharging persecond through area Als: 4 W
pAv = Mass/Second E‘*""'”m’“";.
. The" equation of continuty is
- Mass/ Sacond _\appliedtor
pA 7 Iy biood Sowin artafies and velne

05kg s ) waer fowinivees e pspes
/ =000 kg m® x 344 x10° 110 8iF flow in dusst and ventiiation
DY #yotama.
=16ms’ .

510 INCREASEINFLOWVELOCITY

We can increaga the flow valocity of waler in a rubber pipe by squeszing il. When we
squesze the rubber pipa, we taerease the cross-sectional area through which the water
flows. According to the egualion of continuity,

A=A,
whara A is the cross-sactional area and vis the flow valocity. By decressing the oross-

soctional arsa {4, <A ), the valoclty of the watar (v,) miust Increasa to malntaln the same
flow rate. Thensfore, squeezing the rubber pipe increases the Tow velocity of fluid.

511 BERNOULLI'S EQUATION

The sum of presaure, K.E. per unit volume
and BE. per unit volume of an igeal fiuid
throuwghout its steady fiow remains corstant

Az the fluid moves through & pipe of varying cross-
section and height, the pressure will change slong
tha plpa. Bamoull’s equation Is the fundamenta

; ; 5.9 Th f i
equation in Auld dynamics that relales pressure fo Hh?nﬂmem :flm mﬂﬁ

fluid speed and height. mm the: hose i suseznd with the fwmb,
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In deriving Bemoulli's equation, we azsume that the Tluid is ncompressible, non-viscous

and flows in & steady state manner. Let us consider the flow of the uid through the pipe

in time {, as shown in Fig. 5.17. CAn

The forez on the upperendef 1 5

the fuid = PA, whers P, sthe | A <

pressure and :&, is the !;EH of | J.‘""J, _!";

crogs-sectionsttheupperend, ' )

The wark done on the fuld, by

the fiuid behind it in méwving it

through a distance Ax;, will be:
W, = F.Ax, = P.A Ax,

Similarty, the work done on the
fluld =l the lowerend is: Flg. 5A7: An ideal flow of fluid through = non-unifarm
W » Fikir, m PN, cross-saction pip at different heights.

where £, is the pressure, A . is the area of cross-section of lower end and Ax, is the
digtance moved bythe fluid in same fime interval I, Thawerk W, is iaken tv ba ~ve sethis
work iadmagainatthaMfmcu.Thanatwmjk Sorawill ba:

W=W + W,
or W= A Ax, - F,Aq,::é:_x;.h.-':'.. R {1 b d |
If v, and v, are the valocities atihe uppar and lower ends respectively, then
W= PAvt-Raul -f[. Henin tonser i}-
From equation of continulty; Hewe dioes the ahape of 8 cureeiall
A=A in baseball relate o Bernoulis
o prindcple?
Hernce Avw, t__h Ay =V [volume)
S0 S WP BV i (R 1B)

IT im is the megs'and p is the densily, then V= % So, Eqg. {5.18) becormes:

% m
) W=R =Bl i (5.19)

A part of this work is ulilized by e fluid in chenging its K.£. and & part |8 used (0

changing te gravitational P.E.

-1

2
Change In PE. = ARE= mgh,— mghy v meen o821

where f, and b, are the heighls of ihe upper and lower snds respechvely.

Applying the law of conservation ol enargy to this volume of the fluid, we have

1. 3

Changs in K.E. = AK.E. = —mu — W conensanneee (8.20)
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(R=P)Z = 3] =3 +mgh, =mgh ...(5.22)

Rearanging Eq. (5.22), we have
Pq-*%nvf +pgh, =R +%n?§ +pgh,
This is Barmoulli's aquation and 18 cflan axprassed ss:
P +% p¥® + pgh = constant

-

5.12 USESOF BERNOULLI'S EQUATION O

Anumber of devices operate by means of pressura diffarence ﬂlat]'nktil'ﬁ'fm changes
in the specd of the fluid.

1. Aeroplane Wings 1
Upiifting of an aeroplana is dua to tha designing ol ;;_’d J
Iie winges, which doflact the alr go thal etroamilnas ——
dre doser together above the wing than below it asg’. ; :
illustrated in Fig.5.78. We have seen thal where

the straaniines are forced closer togather, the = —

spead is faster. Thus, zir is travelling faster onthe Flg. 8.14: Lift of an acrplane
upper sida of the wing than L

on the lcwar. Thse pressure will ba lowarat tha top
of the wing, and the wing will be forced Upward and
the lift of an aercplane is dues to this effect,

2. SwingofaBall

When a ball Is thrown or kicked with spin or the
ball is made smocthar 00 one side by the bowlar
end remains rough on the other side, the air
movas fasta: over rough sids and slows over tha
smoothar (Flg. 5.13). According to Barnoulll's
enuation, the faster moving air creates lower
pressure, while the slower moving air creates
higher pressura, thie pressure diffarence
generales a sideways force, known as Magnus
eflect which causes the balllo curves in the air

3. Filter Pump Fig. 5.19. Turbulent flow

A filter pump has a consfriction in tha centre, so that a jet of weter from the tap flows
faster hare. This causes a drop in pressure near it and air, therefore, fiows (n from
the side lube. The air and water together are expelled through the lower par of the

pump (Fig. 5.20).

U TR T O
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Water

v

T
Fig. 5an: Fig mhahm’n‘ufi RS
Fif. 530 Turbuakant fow Cambunsdor of an angine sveraubadipoedn i:ql.ﬁ.r g
LW o

4. Carburetor

The carburetor of a car engine usss a Venturi duct fo feed tha comect mixture of air and
petrol to the cylindare, Air is drawn through the duct snd-along a pipe o the cylinders
(Fig. 5.21). Atiny inlet at the side of duct s fed with petrol.

The air through the duct moves very fast, creating low pressurs inthe duct, which draws
pelrol vapours into the airsiream.

5. PaintSprayer

A sgtraam of air pessing over a tubs dq:puﬂn 2 liquid will ceuss the fiquld to rise in the
tube as shown in Fig. 5.22. This effect s usad in perfume boltles and paint sprayers,
Actually whan the rubber ball u!a!:grﬂlaw ks squeered, the alr ks blown through fube and
it rughes out through the namow aperure with high speed and it causes Tall of pressure.
So, the atmoaphearic pressure pushes the perfume up leading to the nemow aperture.

6. Venturi Relation

Consider a pipe within sfiich a fluid of densitypis M
fiowing through different arsas of cross-section 7 ™, 8, 0
as shownin the Fig. 6 23. lr — -

1 " 4

Lel A, be the cross-sectional area at wide and and
A, be the croas-sectional arsa at namow particn.
Suppose that v, and v, be the flow sepeade at tha
wide and namow porfions respectively. Pressure
F, and F, indicate the liquid pressure st both
the porions by connecting tha limbs of the Fig 523; Yendur meter
rmanometar

As the plps Is placed norizontally, therefore, we cansidar that average potantal enemgy
is the same &t both places while using Bemoull's equation,

Thus, Barnoulifs equation can be writhan as;
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1 1
F +—p'u|'1= = F ——pfii

2 3 E & interesting intermation |
Peg = b [T I It Is claar from the rssdlt of
o 170 = 3PV TP Bemoull’s Eguatlon for horzantl
1 pipe that"whers speodia high, the
or BB = p(nt-v1) i (B23) proasure wil be law’.
2 Mathamatcady,
Fram the sguation of contnuity: 1.
At = A P45 #7= constant
A
T =T
@ ¥ A

Az the cross-sectional area A, iz smeall as compared to the area A, a9 is clear from the
figure, ie. A, < A, So, v, will ba small as compared 1o v.. Thus, the speead of ths fluid is
very siow in widar porficn of the pipe as comparad to tha narrow portion, So, we can
naglect v, anthe rght-hand slde o' Eq.(5.23) Hanca ;

P-P= L oo (528

This |s known as Veniur relation, which |8 used in veniurl meter, & device usad to
msasure spead of liquid flow.

s Torricelll's Theorem

A simple applcation of Bemouli’s eguation is
shown in Fig. 5.24. Suppose a large fank of fluid
has twa small orifices A and B on It Lot us find the
speedwith which the water flgws fromthe orifice A

Sinea the orifices are so small, the effiLx spesds v,
and v, will be much larger than the spoed v, of the
top surface of water. We can therefore, take v, as
approximately zevo. Hanca, Bemeoullia squation
can be written as;

! 1
At Pﬂh1=Fa'+§P"'z=+F'ﬂht Flg.a24;
A tank comaining fiuid with & crffles,
But Pr = Py = Almospheiic prassure NN et
Therefore, the above eguation becomes:
ORI 7 T W L 1.}

Thigis Torricslli'a thaoram which atalas that:

Tne speed of effiux i equal ko the veipcily gained by the fluild in
falling through the distance (f, - b,} underthe action of gravity.
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Notice that the speed of the eMux of liquid is the same as the speed of a ball that falls
through & height {f, - f1,). The top level of the tank has moved down a liiteand the PE,
has baan transfemed into £ E. of the afflux af fluid. If the orifice had bean pointed upward
il B as shown in Fig.G.4, this £.E. would allow the liguid o risa Lo the level of water tank.
In praclice, viscous-energy losses would allerthe result in some exlent

513 VISCOUS DRAGAND STOKES' LAW For Your infermation
Viscoaities of Liquids

The frictional effect between different layers of a flowing fluld and Gowres ot 30°C
is described in termz of viscosity of the fluid. Viscosity  paess 'lD" N :"f e
measures, how much force is required to slide ane laysr of the ym T oo
liquid over enother layer. Substances that do not ow easily, aqne |1 9285
such as thick tar and honay, 6lc., have large coafficlants of Methanel' | 0510
viscoslty, ususlly denoted by Groek letter 'n'. Substances mearens 0.584

which flow easily, fike waler, have small coefficient of 'Irhhr 0.801
viscosities. Since liquida and gasea have non zero viscosily, Ethanal 100
tharelore, a force is required If 2n object i lo be moved Flaom 18
through them. Fven the small viscosity of the air causes »  Sfycsin Gt

large retarding foroe on & car as it travels at high speed. [Tyou m
stick out your hand out of the window of 8 fastmoving car, you

can easily recognize that considerable force hasto be exerted
on your hand to move it through the air. These ars typical
exampiles of the following fact.

An object moving through a fluid experiences a retarding farce
called a drag force. The drag fnng-hcream & the speed of
the chject Increazas.

Even in the simpies] cases. ﬂ'_\eexar:l valueolthe drag lorca s
dificult o cakulate. However, the case of a sphere moving
through a fluid is of gresl imporiance.

The drag force F on a aphere of radius r moving siowly with
spesd vthrough a fuld of viscoslty n ls given by Stokes' lawas
under:

I Vi s e s it {5.26} Achimnay warks pastwhen b
Howsuar, at high epeads the force I8 no longer simply :,‘,::.'.:“:::ﬁ,; ::
propadional to speed pressureatthe lop and forces
514 TERMINAL VELOCITY o

Considar a water droplat having radius reuch as that of og falling vertically, the alrdrag
on tha water droplat increases wilh spead. The droplet accelerates ragidly under the
over powering lorce of gravity which pulls the droplel rapidly downward due to force of
gravity. However, the upward drag forca on it increases as the spaad of the droplet

8
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increasas, The net force on the droplet is
m‘tfﬂm = w“hht_ n’aﬂ hm LR ] :HT}

As tha spaad of the droplot eontinuas to Incraase, the drag force evaniusly approachos
the weight in the magnifude. Finally, when the magnitude of the drag force becomes
equel to the weight, the net foree acling on the droplet is zero, Then the droplet will fall
with consiantspesd called tarminal valocity.

T fined the terminal velocily v, in this case, wa use Siokes’ law for the drag force,
Equating # to tha weight ot Ihe diop, we Rava

0 = mg - By

The mage of the droplot 1s pV, whora ¥ = % 5 is the voluma of the sphere.
Substituting ebove values in the Eq. {528}, we have

. Egﬂf:ﬂ - .

Enaspie 25 [ Aliny water droplet of radiiss 0,010 cm descends through sl from &
high I:-ulldlng Caleulate s teminal vqlodw Given that n flor air=19x 10™ kg m" 8"and
densityofwater p=1000kgm*.

i soutrnf ~
r=10x10"m, p=1000kgm*, n=19x10"kgm’s
Putting the above valuesin £4. (5.29)
2x9.8ms=x(1 ﬂmu*mf n1{mﬂlq;|m“’
B2 10x10 kg m &’
Terminal ualpgtg\l“"’i 1ms®
5.15 REAL FLUIDS ARE VISCOUS FLUIDS
ideal fluid
It iz & fuid that does not have viscosity end cannot be ecrmpressed. Thia bype of fluid
cannotexist practically.
Real fluid
Al types of Nuids that pessess viseosity are termed as real Nuids.

Examples: Kemsane oil, castor ol and honey sts,
Comparison of ldeal end Raal Flulds
An sxampla of ideal flud cannot be provided bacause it dees not exist in the real werld.

T
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Howsver, svary fluid that wa ses around us lilkee walsr, dizsal, petrol, honsy, oo, ane easl
flulds. Moreover, differences in vscosity can be found in real life, for example, honey |s
more viscous than water. Bermoullis equation states that the speed of luid flow s
increased as a result of a simultanecus decressa in the potantial energy of the fluid or s
dacraase in tha static pressure on the fluld. When a Ruid is viscous, it assentially refers
Lo the thickness ofthe Muid or the Triction, the fluid faces while Tuid Nows. Therslore, idesl
fluids donat facs the oppoesing forca and have a non-viscous Now, while real fluids have
aviscous flow. Ideal flulds ara Incompressible. itle not 2le subjectad to surfacatansion.

5§16 SUPERFLUIDS

Superfiuidity is Ihe characleristic property of fluids with zero viscosity ie., flow Is
frictionless. Aaubstance exhibiting this property is e superfiuid, Superfiuids Now without
loss of kinatic energy. They can flow through incredibly narrow spaces without any
friction.
Superfnidity is achieved in some subslances at ; W
extremely low temperature. For example, in fluid m_ . s . ‘-
dynamics, a vorlex ie region in a flid in which the — FEmehutes noremse sir rsistance
fiow revolves around an axial line, which may be (Fin) by srealey ® brge e
¥ aran, which couniesacts tha forca of
straightorcurved Thevortices are genarally created graiy. This slows down #ie persans
ata moving boundary due o frictionlees conditines. @i, sllowing them 1o land=sfaly.
Vortices move with the fiuid and dispersad by the
action of viscosity,

Superfiuid haliunm=& is the mosl sludied exampla of - :
superfiuidity. It changes from a liquid to 8 superfiuids = T
just @ few degres bslow lis boling point of 452°F  Supcrfyics can “climky up wails and
{(-269°C or 4 K). Suparfiuids helium-<4 moving as a  owr adges of containers becausa
normal clear liquid, but It has no viecosity. Thig ey 9o rol experence Iriction ke
means that once:it stars o Now, iLkeeps moving past "0 Tsdsde.

anyobstacies.

Superfiuidity Applications

Currently, there are few practical uses for superiuids. Superfluid helium-£ serves as a
coclant for high-field magnels. Baoth helium-3 and helium-4 are ufilized in advanced
particle del=zclors. Rasearching superfuldity also helps us leam mere aboul
superconductivity.

Liquid helium is recognired for its graat thermal conductivity and is used in cryogenic
applications, including cooling suparconducting magnets, scienfiic ressarch, and
medicsl uses. Addifonally, it s employed in industry for leak testing and in the
production of electronic and optical products,
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@ Muitipie Choice Questions |

Tick(+) the correct answear,
5.1 Theregion of straas-sirain curve which obevs Hooke's lawis;

{a} proportional limit  {b) elacticregion {c}plasticregion {d} vield limit
5.2 Whichoftha following s more alastiz? |

{&) Rubbar (b) Wood {c}Sponge {d}sﬁil

5.3 Which of the following is polymer aolid?
{a)Wool (o) Glass {n}snmummw ,:ujcﬂppw

6.4 The effect of dacrease of pressure with the Increase inspt uf afluid in horizonts|
pipe s

(2) Torricel's effect () Bamoulli's effest tciwmmﬁa glfect {d) Doppler's effect
6.5 The pressure willba lowwhenspead ofa \‘Imd-h X

(a)zer0 {e) high Eclh' {d}constant
6.8 As perlewolMuid Fction for steady slrﬁ'illﬂinﬁ' flow, the friction:

{a) varies proportional by to mbulyc!-ﬂt.l;d

{b)varies inversely pmrlnnal;d’pmm

{&) doss not depend an pr&l;u{e

{d) firstingreases then dmﬂﬂ

6T If a slone is suhnmn\lj’-'ih waker and || waighs less in walsr than in air, this
shenomenon isdus-fe;

{a) tha raduction of mass in water (b} incraase of dansity in water
{c) bmyﬂ@‘gaaﬂhu upwards {d} tha gravitatlonal forca acting upward
648 Thnpl;,l ﬁnfﬂnal.atbn & & dinect application of:
{8} Pascal's law {5} Bemoul s principla
{elArchimedes' principle {d) Newtan's third lew
6.8 Andsealflow of any fuid muet satisfy;
{a) Pascal lanw {b} Barnoulifa aguation
{&) Conbinulty equationonly {d}Both {(b)and {c)
5.10 Thalift forcs axparianced by an aarcplana wings is primarn|y dua to;
{a)viscosity of air (o) density of air

{£) prassura diffarenca abova and balow the wing (d) gravitational forea
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5.1 Inmadicel fald, a venture mask. ussd 1o daliver 8 knoun caygen conceniration to
patients operates i Fsed on:

{8) Newlon's third law {b)Archimades’ prinaiple
{c) Pascal's law {d)Bemoulli's principle
.12 Which of the following is a defining charactenstio of a superfiuid?
{8) Zeroviscosity (b} Infinila density
{c) Zaro tamperatura {d} Infinia tharmal conductivity
[ short Answer Questions

6.1 VWhatismeantby (i} cohasiveforca (i) viscosity?

5.2 Differentiate between streamiing and turby lent flow of a fiyig.

8.2 Howdoes pressurs changas with depth Influlgs?

64 Howsveration inpressure related to speed of a fluid?

5.5 Howisthaflowrate relsted iothe cross-sectionalarea and velocity of the fluid?

5.8 How doyou atudy the variaton in valogity of & fliid at differant points In a hose with

varying diameter? o

5.7 Howdoss anobject float or sink according to Archimedes Princlple?

5.8 HowdogsArchimedes reporiadly discover the principle that bears his name?

5.2 Why stending nearfastmoving frain is dengerous? Exalain brisfly.

6.10 What are soma potantial appilcations of suparfiuldity?

5.11 Diferentizte betwesn sirass, strain and Young's moduius Yile down their 31 unils.
[uﬁtﬁif&fu:'tah_ﬂe sponse Questions EH_'

£.1 The ratlo etrezslstraln remalne constant for small deformation. What will be effect
enthis ratio when the deformation made is very large?

5.2 Whanpurewater falls on afiat glasa plate, itspreads on the plate whilatha marcury,
when falls on the same plate getls converted inte small globules, Why?

5.2 According to Bemaoulli's thecram, the prasaure of 8 fluid ahould remsin unidorm
in & pipe of uniformmn radius. But actually, it goes on decreasing. Why is it so?

5.4 Why wings of an astoplens arna roundsd outward whils flattenad inwand?

5.5 What is the differanca in real fiuid, ideal Nuid and superfiuld? Which of thesa really
axits in thewarld? Explain.

5.6 Why 15 the study of supemulgs important for advancing our knowlsdge of low
temparature physics?
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|l Comprehensive Questions [

5.1 Explain in datail the clessification of solids with respect to atomic arrangemants.
6.2 Whatlz Archimades’ principia? Explain it in datall for finding upthrust.

5.3 Juslify thal mass remains conserved when a luid Mows through a pipe.

5.4 Explaln the term superfiuidity.

5.5 State and derdve equation af eortinuity.

5.6 Stateand prove Bernoull's equation,

6.7 Givasome practical applications of Barnoulli's aquation.

5.8 Defing terminal velodity of a body and show that terminal velodty is directly
proportional toths squarns of radius of the body. '

@ MNumerical Probisms _

6.1 Asteelwire of length 2 metres and cross-sectional arga of 2 x 10° i is stretched by
a force of 400 N. If the Young's modulus of steslis 2 x 10" N m”, cakulate the

extension of hewirs, {Ans:0/002 m)
§.2 Aspring with a spring corstant 200 N m”1s strefoned by 0.5 m. Find tha elastic RE.
gioned in the spring, {Ans: 25 J)

5.3 Acopper wirg oflangth 3 metres and cross-sectional area of 1 x 10° m' is subjected
lo a forca of 500 N. Calculate the elraes and etrain produced in the wira. (Young's
modulus of copper ¥ =1 Bl 0" N (Ans: Sx10'N m*, 0004565

5.4 A block of wood of mass 10 kg and density of 800 kg m” Iz floating In water.
Calculate the buoyant force acting onthe block. (Density of water = 1000 kgm' 3

(Ang: 28 N)

Water flows t!rmgh-'a. pipe with a diameter of 0.05 m at & velocity of Zm . Il the
pipe narrows o 8 diameter of 0.03 m, caiculate the velodty of water at namow
saclion. (Ars: 5.56ms")
Water flews through & horizontal pipe with & velocity of 3 m &' and pressura of
200,000 Pz at point 1. At the nozzie (paint 2), the pressure decreasts to
atmospheric pressure 107,300 Fa and the velocity increases to 14 m 5, Calkeulate
the velocity of the water exiting the noezle. (Density of water= 1000 kg m™)
(Ans: 1437 me")
6.7 Atank filed with water has ahale at a depth of § m from the watar surface. Calculate
the veloclty of water flowing out of the hole. {Ans. 9.8ms")
68 Calculate the terminal velocity of a sphedcal raindrop with a radius 0.5 mm talling
throughthe ar.{nforair=168x10"kgm's', p= 1000 kg m"forwatar)
(Ans; 28 65 m ™)
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Aller siudying this chapler, the students will be abls to:

Desrdbe the base assumpions of the knetic theory of gasses. (Includ éﬁamnn the
tamparadure, pressure and dansity condiiions under which an ideal gesie approximation ol &
reagag |

Etnta thot regions of squal iompershure ar in thomat squilitniom

Riedate arise n femnparmiurs of o object to an (ncreass n s ntemal ;

Appiy the sxuation of stade for a deal gaslespressed o PV = ART, whara n = ameurt of saostance
{numbsar of moles ) and as £ =f T, whaos N =num bsr of

Stana thet B Bolzrninn canstant k& ghvan by &=/

Usz W = PAV o the work done whan ihe volme anges alsonslant pressure.
Descrbe the diferenoe batnean thework done hewarkdonean e ges.

Define and Les the Tret [aw of thermodimanm|cs = Q- W axpressed In teme of tha Increass in
Intemal enargy, the hasting of tho eyetam d o tha syutom by hootng) nnd the work
rdong on e sysam] t

Explan qualitaiively. in tarms of particies, the retationehip between the pressure, temperature and
walurne of 3 gas [Specincally the helow cass:

(3} pressureand tempearsiu Tvabyme

(B} volumeandtemperature fanl pressurs

(e} presslre and vlume tamparatune

Use the oquation, indluding a graphioal representsbion of the relalanship bibeesn presaure and
walurna fora gas at

..i.-.hl;hmrﬁum mlmmmhmnﬂrﬁmnfmnm

of 6 body 0 an rememe nits inferne enangy.

Htate the working princiole of Camots 2ngline

Dascribe thal refngecalorisa eal snginsoparaing (0 revarss &s (hatof an (dsal heatangine,

Bl Hha b it s in farmpearain e, incrssses i sarden of e syt

Exgilain it incrasse inantnopy mesns dagracation of ensmy.

Bl n that anergy ks dagraded dudng allnatural srocseses,

HemtiFying thal syetom fends toboccme lees ordory over Gme.

Explnin that Erfroey; 8 I o themedvnemks quantty tat mintea o the degree of discrder of the
portickes in o pyslom.

State thet tha Camol evalesataa imil for fha oflciency of & host sngine at thesmpanaturss of ks haat

reservor gvenly; Efciency = 1-
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“hermodynamics is the branch of physics that deals with the milatiorships and
Cconversions between heat and other foms of energy. Il encompasses principles

goveming the behaviour of systems al mecroscopic scales, such as temperature,
pressure, and volume Thenmodynamics thus plays & key mole in technology, sines
almost all the raw enengy avallable for our use Is iberated in the form of heat In this
chapter, wa shall sudy the bebaviour of gases and laws of tharmadynamics, thair
significance and applications.

6.1 ASSUMPTIONS OF THE KINETIC THEORY OF GASES

The kinalic theory of gasss is a fundamental theory in physics and chemistry that
explains tha behaviour of gases based on the motion of thair constituant particles. This
theory provides a macroscopic understanding of ges properies such as pressure,
temparaturs, and volume. Hare are the key sesumptone of the Kineilc theory of gaeas.

1. Gas Parlicles are In Constant, Random Mation

Gas molecules are in perpetual, random motion. They move in straight lines until they
collide with elther another molecule or thewalls of the contalner.

2 Negllglble Volume of Gas Particles

The volurne of the individual gas mlamm}it negligible as compared to the mtal volumea
ofthe gas. This means that the particles are considerad point masses with no significant
volume,

8 No Intermolecular Forces

Thers are no attractive wmpuﬁihhrmu banweeon the gas molecules. The particlea do
notexeri any force on eachother except during collislons.

4. Elastic Collisions

The collisions between gas molecules, and with the walls of the container zre perfecly

slastic. This means that thers Is no net |985 of kinetlc enargy during colllsions. The total
kinelic enagy ls consarved.

5. Lnrﬁe Numberof Particles

A gas containg a large numbar of particlss. This larga number aliows for the usa of
slatislical methoeds o descrbe the properies of tha gas.

B. Average Kinetic Energy is Propartional fo Temperature

The average kinetic ensrgy of gas paricles iz diractly proportional to the abaociute
Eemperatura of lhe gas. This implies that as the tlemperature incresses, he speed of the
gas particles alsoincreassas.

T. Pressure dus te Particle Colllslons
The pressurs exerled by 8 gas on the walls of its container is due to the coliisions of gas
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particles with the walls. The force exertzd by the particles during collisions gererates
pressura.

8. Tims of Collisions is Negligible

The time interval of a collision betwean gas particles is extremety short compared to the
drmea babwean collizsiona. This assumption simplifies tha analysis of parficls dynamica.
Limitations of Kinetic Molecular Theory

Real Gases

Tha assumptions of the kinatls thaory hold trua for ideal gases, bud real gazes exhibit
deviations dus to intermolecular forces and finite molecular volums, especially st high
pressuras and low temparatures, ;

In summary, tha kinetic theory of geass provides & macroscopic view of gas beheviour,
linking mecroscopic properties like pressure and lempersture 1o the motion of pas

particles, and serves 25 a foundational concapt In Ln'ldaramhg themeaynamics snd
statistical mechanics.

Equation of State for an |deal Gas
Agas that obays kinatic theary of gases is tarmed as an |daal gas. Ideal gas equation is
given by

FV=rRT .. (81)
Here Preprasants prasaurs, V' s voluma, nis numberof molea of the ges, Ris universal
ges constant (A =8.3145J mol” H'Z‘}a"ld Tis the absolute lemperature.
Eguation (8.1) implies that pmduutufp'e::lum and volume is directly proportional to the
abaclute temperature foran ideal gas.
Real Gas to Behaye Like an Ideal Gas

Azcording 2 kinetis l'n.-nry of gases, a gas has no intermolecular inferaction and
molecules are far apart from each other, For & real gas to behave like anideal gas, some
conditions must be satsfied. P.£E. of the gas molecules is negligible and this have only
KE.
humber of moles ‘n'can be given by

Mass of ges _m
Maolar maes of gas oM

50,Eq. (6.1) becomesiPV = ZRT  or  PM=({RT

P n
We know that density; P = % Sa, #-ﬁﬂﬂ Rismnsimt .-.pu:$

The density of a gas will be [ow a3t low pressure and bigh lempersture due to which
maleculea of the gas will be at large distence from each other and the intermolacular

8
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forcas will be negligible. So, the real gas behaves bke an ideal gas al low pressurs
and high lemperature.
ideal Gas Equation in Terms of Boltzmann Constant
From ideal gas equation:

PV=DRT oo i)

A mole can be defingg as the number of aloms or
malscules par unit Avogadre's numbsr [N, =6.02 x 107),

Mathematically;
) .
= i (), N B numbsr of atoms.or molacules
4 S
Substituting Eq. (i} in Eq. (i), we haye :
BV = ;H__ BT i) ) \ !T-l:'w your infarmation ﬂ
My © " Real gasss approach eal
The tarm R ig termed as Bolzmann consiant k., i.e., e
N, 1) lowpreesurs
_R \_, {3) high lemgarsire
o= 5 [g;,?}

Substituting the values of K and N, we have
k=138 x 107 )K"
Substituting Eq. (6.2) in Eg. i),

w:wﬁﬂ‘ e (BE)
Equation (6.3) gives idsal gas equation In terms of Boltzmann constant k,.
| Exmople .1 J-Ork mole of an Kleal gas s at a lemperature of 300 K. f the Bolizmann

constant ia 1. 10*" J K', calculata the voluma of the gas at a presaurs of 1 stam.
[1atm = 107525 Pal
[ sohman | We know that:

PV = nRT

R = N“.Ik. where h:g—
s v = AT ‘
1molx6.02 % 10%mol’ x 1.38 x 0% J K' ¥ 300 K

401325 Pa

Y o=
V o= 00245 '
Thus, voluma of gas would ba .0245 m°,
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Gas Laws
There are some varizbles (siate funclions) which describe guaniily of gas which
includes pressure, volume, and temperature ( P, ¥, and T} with change in one variable,
the sacond variable changes while the third is kept constant. The laws that relate these
variables mutually foran ideal gas arelermad asgaslaws.
Boyle's Law
Thia [2w was intreduced by Robert Boyle in 1862, and it provides 2 relafionship between
pressure and woluma of & gas al constant lamparature. Il sates that for & fixed mass of
an |deal gag, the pressune P exerted by a gas vares Inveresly withvolume W occuplad by
the gas at conatanttemperature. 3
Mathamatically; A IR
2
P& o i conslent T
P = Wﬂﬂﬂm% or PV = constant

ar PV, = BV, I:;- v
Graphical rapresantation of Boyla's law is showrin Fig. 8.1, x v

. S h ¥ Fig. 8.0
Charles’ Law

Chares' lzw raiates volume and lemperature of an ideal gas for a fixed mass at constant
presaure. This lew was formulated in 1870 by a Franch Physicist Jacques Chardes. it
states thal the volume of given mass of ges at constant pressure is directly procortions|
1o the absolute e mpaaiure,

Mathematically, =5 i
Vo T atoonstantP v
or ? = constant
Vi _ ¥
B % % /
Graphically, it canbe showninFig. 8.2, DK or-37370 o T

Josaph lussac’s Law Fig.8.2

It states that for a fived mass of an ideal gas, the pressure exerted by & gas varies
directly with absoluts temperaiure of the gas at constant volurme.

Mathernatl cally;
P = T gatconastenty
ar P= ponstantxT
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ar % = ponstant P, T
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Craphically, Josephlussac'slawizshowninFig.8.3.

Themmal Equilibrium Fa-6e

When two bodies are at the same femperature, the thamal energy (which is related to
the kinelic anergy of particles) of each hody ia equsl. As a rasult, thers is nadriving force
for heat transfer beiween them, and thus they remain in themmal equilibrium.

Example :

Whenwe put & mabal spoon into a hot cup of coffes:

) Initially, the caffes iz hotter than the spoon.

(i ovartima, heat lows fram the coffes to the epoon.

()} ewvenwally, the coffes and spoonreach at the same tempareturs.

Thermal equilibium is achieved at this point, thers is no net heat flow between the
coffes and the spoon, and they are sald to be In thermal egullibrium,

6.2 INTERNALENERGY </ bid

The sum of all forms of molecular energies (kinetic and
polential) of a substance is termed as its intermal genergy.

In the study of tharmodynamics, usually ideal gas is —E;Ii\i\m
considered 2 8 working substance. The molecules ofan
ideal gas are mare mass points which axer no forces on . Viratlon

one ancther, So, the intamnal ensrgy of an ides! gas

system is generally the translational #£CE. of its molecules.

Since the temperalure of a system s defined as the

aversge K.E of Its moleaules, thus for an ideal gas \‘__

syatam, r.hq. Internal enargy ls diractly proportional to Its

lemperaure. A dietamle gas oksesls has boh

. T transtatonsl end rotatiorsl |
m te the kinetic theory u_F ganey; the sverage  (HIMERIIRUAN SRR Soe
kinafic anengy of gas molscules is givan by asgockilzd wilh (he spring e bord

5 1 it B8 Al
<KE> =5 KTor -:Emv’:- ==k, T

.4
where k, is Boltzmann constant. | IEEETTTEEN] 0
Therefors, the rise In temparature of m:mmp““: ﬂ:’mﬂ 3 m
an object reflects an increase in the  udisbetc comprassion or expersion in hest exchange),
intemal kinefic energy of its particles. o phasa changes fwiore hoat energy changas tha sl
This Increass in intemal energy can  tMatieriwRhoul shanging tamosrature).
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occur due to the absorplion of heat enemgy, which
raisas the avernge kinefic anecgy of the particles and
thus increases the termperature of the object.

6.3 HEAT ANDWORK

We lnow that both heat and work correapond to
trensfer of energy by some means The idea was firsl
appliad to the steam angine whers it was natural lo
trensfer heat in and gel work out. Consequently, it
mads a sense to defing both hoat in and work out as
positive quanttiss. Hence, work done by the systemon
its environment i considerad pesitive whie work done
on tha systam by the environment l&taken as nagative.
If an amount of heat C entars the systam, it could
manifest itsalf as either an inoressa in inernal energy
or as a resulling quantity of work parformed by tha
systermn on the surmgunging or tioth,

We can express the work In terms of directly
measursble variables. Consider the gas enciceed In
the cylinder with a moveable, friclioniess pision of
crogs-seciional area A aa ahown in Fig.G.4[a). In
equilibrium, the 2ystem occuples volume Y and exers
a pressure P on the walls of the cylinder and iis pistan.
Tha forca F axertad bythes gas onithapiston is B4,

We assume that the gas expands through AV very
slowty, so thal il remains in equilibrium as shown in

lﬁ For your Infonmeiion —E I

Intamal anorgy I3 6 funclen of
state, Conssquently, I doss nol
cepend on path but depends on
il ane finad statas of the systsm.

Thus, intemal enengy i@ simisr to
e gronilalional RE, So, ke lhe
potental anergy, i is the change in
intermal energy and ot il absoiute
vaaim, whichis h'r'lr.nlhﬁ

F

i) b}
Fig. 6.4

A gas iz zesled in® cylinderby &
weiphtless, fricllonsless plalon,
The constant downwand 2pelied
forga < aqualz B4, nd whan the
piston is displacad, dowrwearnd

Fig. 6.4(b}. As tha piston moves up through a small  workis doneonthe gaz.
distance Ay, thework YWdone by the gasis:
W = FAy = PAsy
Since LAy = AV {Changeinvolume) | s SRR o
Hence W =PAVY ... {6.4) 1 I .i
F e A et
The work dons can also be caloulated by ares of the curve o "‘;I s 1-;5'

under P-Vgraph a& shown In Fig. 6.5.

Fig 8.5

Knowing the details of the change in internal energy and the mechanicel work done, we
are in & position o describa the penasal principies which deal with haal eanergy and its
transformation Inta mechanical enargy. These principles arz known as laws of

thermodynamics.
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64 FIRST LAWOF THERMODYNAMICS [f Foryms imtnrmstion B

When heati= added to a system thereis an increasein the e lﬁ
Intermal energy dus to the rsa in temparature, an Increase poRive

in pressure or changs in the state. If 8t the same tme, a T
subetEnce s allowed to do wark on its environment by - IE_>_
expansion, the heat Q required will be the heat necessary R
o change the intermal energy of the substance from U, in

tha First state o L, in the second siate plus the work W —-;-—- W
done on the enviranment.

Thus Q= lh-Uj+W i o
-ty -m-[ﬁh_ml-——r—

or Q=AU+W . (6.5} i porilivn

+g

Thue tha changa in Intarnal enargy AL = U, — U, le defined as G~ W, Sinca it le tha eamo
for all procassas conceming the state, the first law of thermodynamics, thus can be
staled as,

In any thermodynamic process, when heat Q i added to & system, this
energy appears 25 an increass in the intemmal energy AU stored in the
syatam plus the work Wdona byﬂlu;’hgmnn its surmUndings.

1. Conservation Principler The urderying principle of the first law of
thermodynamics is the conservation of energy. it assertz that while snargy can
change from cna form to another (such aa from chemical potentisi anargy to
thermal energy}, the lotal energy in an isolaled system remains constant over ime.

2. Wider Applicabllity: Bayond mechanical systems, the first law of thermodynamics
applies universally to all forma of enargy and all types of processes, including
chemical reactions, elecrical systems, and nuclear reactions. I provides a
foundationsl understanding that allows scientists and engineers io predict and
undarstand energy ransformationain variols coniexts.

The first ew'of thermodynamica expreasas the lew of conservation of energy by
afinming that erergy ls a conservad quantity In Isolated systems. It provides a
framewerk o undersiznd how snengy is transferred and (ransfomed within systams
withoul wiclating the fundamental prnciple that energy neither be created nor be
deeroven.

A bicycle pump I3 & good exampie of first law of  Dwresoupe  Traped Eapy
thermodynamics. When wa pump on the handle T pushasdin
ragidly, it becomes hot due 1o mechanical wark

gone on the gas, rising thereby s intemal enegy. -

Ona such eimpls aTangemant is shown In Fig. 6.8 yanormets:

It aonsists of a bicycle pump with & blocked outlet. Fig, .6
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Athermocouple connected through the blecked outlet allows the air tsmparaturs to be
monitored. Thermocouple tharmamatar can detact a minute variation of tha

temperature. When the piston |5 repidly pushed, thermometer shows 8 lemperature rise
dua toincreass of Internal energy of tha alr. The push forea doez work on tha alr, theraby,

increasing its internal energy, which is shown, by the increase in temperature of the aiv.

Human metaboliem also provides an axample of energy consarvation. Human beings
and other animals do work when they walk, un, or move, Work requires energy. Energy
is also needed for growth lo make new cells and o replace old cells that have died.
Energy transforming processes that occur within an organiam are hamed as
metebolism. We can apply the first law of thermodynamiss (AU =Q - W), toan organism
of the hurman body. Work done will result in the decrease in internal energy of the body.

Consanuanty, the body tempeseturs or in other words intameal engrgy is mainteined by
thefood we eat

{Exampin 62 | A gas is anclosed in a container Mtied with a piston of cross-sectional
ares 0.10 m', The pressure of the gas is maintained at 8000 N m™, When heat is slondy
transferred, the pision i pushed upﬂmnghndﬂmhﬂdﬂm IT 42 J hest is
transtamed 10 the aystem during th expansion, whatls the change In Internal energy of
meﬂm‘?

| felution [ Thewark done by the gas is
W= PAV= PAAY = 8000 NM® x 0.10 2 x 4.0 x 10 m
=32 Nm=32J
The chamge in Intemal enengy Islin_uri-'c'l from firsl law of thermodynamics
AU=0-W=42)-321=10

lsothermal Process

It is & precess which is carried out al constant temperature and hence the condition for
the application of Boyle"s lew on the gas is fulfilled. Therefore, when gas expands or
compresses iscthermally, the product of its pressure and volume during the process
ramaing canstant. IF P. , V, are initial pressure and volume wheraas 2,, V, 2re pressurs
and volume efter the isothermal change takes place {Fig. 8 7-a), respectively, then

PV, = PV, B,
In case of an idesl ges, the PE. associated with lis
molecules is zero, hence, the infemal =nergy of an ideal 'T
gae depands only on s temperaturs, which In this cass P
remains constant, therefore, al/=0. Hence, fhe first low of
Iharmodynamice reducses Lo Fr

Q=W Fo.828) vy, v ¥

Thus if gas expands and doss external work W, an amount of haat € has to ba aupzlied
o the gas in order to produce an isothermal change. Since transfer of heat from ane
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placa to anather raquiras time, hence, to kaep the temparature of the gas constant, the
axXpansion or compression must take place slowly. The curve raprezenting an
isoihermal processis caled anisothenn (Fig. 6.7-a). L —e— —I
Adiabatic Process Why dose the intemal

An adiababic process is the one in which no heat enters or wnergy of an ldeal gos
leaves the system. Therefore, AQ = 0 and the first law of remain W““E“‘d“’;ﬂ
tharmodynamics ghves; W=—al/ Tt
Thus, ifthe gas expancs and does external work, itis done atthe expense of theintemisl
energy of ils molecules and, hence, the temperature of the gas lalls. Conversely, an
adiabatic compression causss the temperatura of the gas to rise bacause of the wark
done onthe gas.

Adlabatle changs occurs whan tha gae expands or compraesad rapldy, particularly
when the gaa is contained in aninsulsted cylinder. The examples of adiabatic process

are; v
ApF-—plE W T

(i Thearepld escapa of alr from a burst tyra.

(i} Tha rapid exparsion and compression of air
Inrough which a sound wave is passing.

(i}  Gloud formation in the atmosphare.

As the temperature of the gas doss nol remain constant,
s0 it has bean seenthal;

PV’ = constant Fig. 571b)
where yis the ratio of the molarspecific heat of the gas al constant pressure to molar
spacific haat at constant valume (v -&}. Tha curve reprasanting anadiabatic procass
is called anadiabat (Fig.6.7-b).
6.5 REVERSIBLEANDIRREVERSIBELE PROCESSES

A reversible process is one which can be retraced In exaclly reverse order, withoul
produding any -change n the sunpundings. In the reverse process, the working
substance passes through the same stages as in the diract process but thermal and
mechanical affects ol eash stage are exactly reversed. If heat is ebsorbed in the direct
precess, i willba given outin the reverss procass and If work is done by the substancs In
the direct process, wark will b done on the substance in the reverse process. Henee,
tha working substance Is restorad to its ariginal conditions.

A zuccaesion of avents which brings the eystemn back to ils

Initial condition is called a cycle. A reversibla cyde is tha

one inwhich all the changes ara reveraible,

Although no actual change is completely reverible butthe processes of liguifisation and
evaporation of a substancs, performed slowly, are practically reversibile. Similarly the
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slow compression of @ gas in a oylinder is reversible P50 ol ot B
procass as the comprassion can be changed to axpansion
by slowly decreasing the pressure on the piston to reverse
thacperation,
If & process cannol be retraced |n the backward
diraction by reversing tha controlling factors, itis an
Imaversible procass.
All changes which occur suddenly or which involve friction Firstpradticsl steameengine was
or dissipation of ensrgy through conduction, sonvection or :::*m by Job &M
radiation ars imeversible. An exampie of highly ITeVarsible s 1w
process is an explosion.

6.6 HEATENGINE ;’C:*’

A heat engine converts some thermal energy to mechanical 'work. Usually, the heat
commas from the buming of a fuel. Tha earieat heat engine was the ateam engine. It was
developed on the fact that when waler is boiled in a vessel covered with & lid, the steam
inside fries to push the |id off showing the ability to dowork. This chservation helped to
devalop a steamengina.

The working principle of a heat engine s based on the conversion of heat enargy into
mechanical work through a cyclic process. Hereis how a heat engine typically operates.
The working principle of a heat engine involves the cyclic transfer of heat energy froma
high tamperature reservoir to a low temperature reservoir, with the objeclive of
convarting &= much hest as possible Into mechanical
work. This process s povermed by principles of
tharmodynamics and |8 aggantial in varicus applications
where machanicel ensrgy is required from heal sources.

6.7 SECONDLAW OF THERMODYNAMICS

Flret law of tharmaodynamics tells us that heat anengy can
be convered. inlo equivalsnt emount of work. but It is
gilert about' the condifions under which this conversion
takes place. The second lsw is concemed with the
ciroumslances in which heet can be converted into work
and direcion of Mow of heal.

Befors Initiating the discussion on formsl stetemer of the
second law of hermodynamies, 121 us analyze brefly the
faciual oparation of an angina. The engine or the systam
{(Fig. §.8) absorbs a quantity of heat @, from the heal engine,

snurce attemparatune T, It does work W and expals eat gk hea 6 fotha ol rmesvelr
Q. lo low tlemperature reservolr at temparature T,. Ag the  enddoesnon .
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working subsianoe goes through a oydlic progess, in which the substance eventually
ratums to its initial state, tha change in Inlemal erergy I8 zero. Hence, from the first law
ofthermadynemics, net work done should be equalto the nat heatsbeosbed.l e,
Ww=g-a,

In practcs, the patral englne of a motor car extracts heat from the buming fusl and
converts 2 parl of this energy 1o mechanical enerngy or work and expels the rest 1o the
atmoeshara. It has heon obearved that patral englnas convert roughly 25% and dlasal
engines 35 to 40% avaiable heat ena ngy inte work.

The second law of thormodynamics is a formal staiemant bmadanﬁmdhqn-\mﬁnns_
It can ba statad in anumber of different ways:

According fo Lord Kelvin's statement based on the working of a heatengine:
Itis impossible {o devise 5 process which may —
convert heat, axiraclad from & aingle reaarvair, E:é
entirely inle work wilhout leaving any change
in e warking syabam. t

This means that a single heat reservalr, ne matter how

much angrgy it cortang, cannot be made to perform any

work. Thig ls frue for oceans and our atmasphére which
contain a large amount of heal energy but cannot be
convartad Into usah)l mechanical work, A5 acongaquanca
of seccnd law of themodynamics, two bodies at diffsrent
temperatures are essantial {or the conversion of heat inta
work. Henca, for the werking af hest angine thara must ba ;

& source of heat at & hightempenature and @ sink st Iow o5 ne aeoans Jaaren

temparaturs o which heat may be axpallad The reason mm"ﬁm the grocess

for our inability to utilize.the heat contents of oceans and  jom = g _u_|l:‘|.:
atmosphere is that there is no reservoir at a temperature mmm“ ot

lowar than any onadf thatwo. ’

6.8 GARNOTENGINE AND CARNOT'S THEOREM

SadiCamct in 1824 described an ideal engine using only
isothermal and adiobatic processes. He showed thel a
heal sngine oparating in an kKdeal reverslbla cycle
between two heat reservoirs at diferent tempeatures,
wolld bo the most afficient anging. A Camot gycla using
an ideal gas as the working substance is shown on PV
dlagram (Fig. 8.8). t consists of ollowing four sleps:

1. Tha gas 1a allowed to axpand isotharmally at
temperalure T, absorbing heal Q, from the hol Fig 8.9

n—
ol
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resarvoir. The process is mpresenied by the curve AB.

2. Thegasis then allowed to expand adiabatically uritil its temperaturs dreps to T, The
proceas iarepresented by the curve BC.

3. The ges al this stage is comaressed isothermally st fempearature T, rajecting haal G
o tha cold reservalr. The process |s reprasentad by tha curva CD,

<. Finzlly the gas is compressed adiabafically to restore its initial state at temperature
Ty The process is reprosantsd by the cunss DA,

Thamal and mechanical equilibrium ig mainteined all the lime so thal each process js

perfecily reversible, As the working substance retums o the initial s’taﬂe.ihere = no
charngs inits intemal enargy e, AU =0,

The net work done during ane cycle squals to the ares enclosed h},’fﬂ'lh path ABCDA of
the PV diagram. I can slsa be estimated from net heat AQ sbsorbed in one cycle.

Q=0-9; g::lﬁ_hmtmE mfnm:l.lunﬁ_]
From 1" law of thermodynamics: '

Q = AU+W )
ar W=0-Q (. AUED)
The efficiencyn ufmhﬂmhdﬂh&;ﬁf

g Quiputwork),
MIEWE!}
= ,_Qz,

Thus = (“b i R

The energy transfar im nn isothermal expansion or
compression fums out o be proporiional bo kelvin
temperature. So @p-&nd @ are proportional o kelvin
temperatures T,and 7, respectively and hence,

?iﬂ n= 1‘;-1‘, =1 1;:' {6.7) Avemtartal araiogy b the
T gt mngino

The efficiencyis malyﬁm in percentage, in thatcase:

Percantage eficiency = 1 [- ;—f] « 100

Thus, the effidency of Carnol engine depends on the temperaiure of hot and cold
rezervolrs. It Is Indepandent of the nature of working substance. The larger the
temperalure difference of tworeservoirs, the greater is the efficiency. Butit can never be
sheor 100% unlass cold rasarvolr s at absolute zera tamperatura ( T, =0 K),

Such reservoirs are nol availabie and hence the maximurm sfficiency is always lees than
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one. Mevartheless, the Camol oycle establishes an upper limit on the effidency of all
hsal englnas. No praclical heal engine can be parectly reversitle and also energy
dlssioation is inevitable. Thia factis stated in Camot's theoram:

No heat engine can bs mors efficient than & Carnot
engina cperating hetween the same fwo lemoerelures,

The Camat's theorem can be extended to state that:

All Camot's snginaes oparsting batwean tha aams hwo lsmparatures have
the same-efliciency, imezpective of the nature of working substance,

In mos! praciical cases, the cokl reservoir s near room lemperalune, 30 i'ﬂeﬁv:.imﬁf
can only be Incraased by raising the temperatune of hot resarveir. All real heat engines
gre less efficient than Carnot engine due to friction and other heat losses,

(| Esempie 8.3 | The turbine in & steam powsr plant iakes EtHI'I"I from a boiler al 427 °C
and Hmmalwhmm reservolr at 77 "C. %m&memaMum possible
officiency?

Hfalsien’ | Maximum sficlancy for any angm mhng betwaan temparatures
Tand T;is

7

%"1'1=—‘—‘->:'Iﬂﬂ'ﬂ. wimra To= 427+ 273 =700 K
and T.= ?T+2?3=SEDI{ :
s E‘.l"‘" 2y m‘-% -f-us or on =05 % 100 = Siig,
6.9 REFRIGERHIP‘RH s S il i lie

Refrigerator 8 = device which maintging the
ternperature of a body below that of its surrounding. |l
pperates in a cyclic procsas but in reversa as that of the
heat engine asshown in Fig.6.10. Arefrigerator absorbs

Heal ol
Tﬂ_ il lerpepabos T,

heat from'a cold reservair and gives it off to a hot S,
ressrvair. This shows that in & refrigerator, the work i5 L=k |
done on the sysiem while in a haal enging work |5 dong -*-1.1.

by the systam. st | 5t tmperaE T

A refrigerator works on the basis of Clausius statermeant
of sacong law of thermodynamics, Lo., a heat ghging I | Lo Smesmses smmrime]
operating in reverse. Heal Q. is drawn from Low Fig, 0.10

Temperalure Reservoir (LTR) T, by compressor and I8 & pfipanmtor barstom host fom n
thrown into High Tamparatura Rasanveir (HTR) T, with wmwm compertment Lo

the helpof extsmalwork done. The baat rejected o HTR. et in e

Q. }isgivenby ;-'r:_u_tmmmm n reverss
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The main purpose of refigerator s 1o extract &3 much heal G, as possible from LTR with

the expenditure of as littke work Was possibla.

Coefficient of Performance of Refrigerator

The ratio of heat removed from LTR {Q.) to the work done (W) is caled coeflicient of
parformanca of a rafrigerator.

A petter refrigerator will remowve a greater amount of heat from inside the refrigerator for

the expendifure of a smaller mechanical work or electrical energy. The coefficient of
performance of a rafrigerator can be given by

_Q_ 9
E=w g.—a,
The coefficlent of parformance in ferms of temperature, whers Q=< T ls:
E- ----]:1——- BEERIRAERE EE-G] N :
=T

il Exampic 6.4 |} L X

Arefrigerator has 2 coafiicient of parformance 8. It'tﬂmpumtum in the freazer is -23 °C,
ﬂ‘lmuﬂm:huﬂsem;mmiumntm:h lra,leﬁghﬁad?

ﬂuuﬂﬁn Bl k \_
cuufﬁm'rtufpmfurmnm . ':~._E =8
Ternpersture of cold mrme;éu' T, =-23C=-23+273=250K
Ternperature of mtmawr;fﬁﬂm] =%

Cnamentufmm -t
'y )
. 250 K
Substituting the -
L “""" 8= —2s0k
o A\ B{F —250K)= 250K or T,—250K = 2:”
or T, = 125K+ 250 K = 281.25K = 825°C

6.10 ENTROPY

The concept of entropy was introduced into the study of thermodynamics by Rudolph
Clausius in 1856 to give a quantitative basis for the sscond law. Il provides another
varizble o descrioa ihe state of a system to go along with pressure, volums,
temperature and intsrmal energy. if 8 system undergoss & reversible process during
whichitabeorbs a quantity of heat AQat absolule lempemture T, then the increase in the
state variable callad entropy S of the system is given by




=

- _‘!'“3'::|I.} n |r ;E!I' g & Vst aimel ‘."Ir':uu;',u.u:llr.;‘-

AQ
a8=< e (6.9}

Liks potential erergy or intemal enargy, it is the change in entropy of the aystem which is
impertant.
Tha changs in enTopy is posiive when heat is added and negative when haat 13
removed from the system. Suppose an amount of heat Q flows from & ressrvoir at
lemperaiure T, hrough a conducting rod (o a reservolr al temperature T, when 7,7,
The change in entropy of the resenvoir, at temperature T, which loses hest, decreases
by Q/T, and of the meservoir at temperature T, which gains heal, increases by /T, As
TaT,, 80 QT will be greater than CUT,, Le, GIT,>QIT,.
oA
E K
It foliows that in all natural processes whare haat flows from-one system to another,
there is alwaya e net Increase in entropy. This is encther statement of 2™ law of
tharmodynamics. [t stales that;

Ifasystem undmguw:nnh:mlpmms_,ilﬁﬂﬁo inthe direction that

causes the entropy of the system plus theenvironment to increase.
It Is chearved that a natural process tends to proceed towards a stats of greater disorder.
Thus, there is a relation between entropy and molecular discrder, For example, an
irravarsible haat flow from & hot 1o 3 cold substancea of a syatem Incraases disordar
becauze the molecules are initially sorted cut in hotter and cooler regions. This order Iz
lost when the system comas o thermal equilibrium. Addition of heat to 2 system
incrasses jts disorder bacauss of increasa in avarage maolecular apaads and therefora,
the randormness of meleculsr motion. Similarly, free expangion of gas increases ite
disorder because the molecules have greater randomness of position after expansion
than befars. Thus, inboth examplas, entropy s said 1o be incraased.
We can conclude that only those processes are prohable for which entropy of the
system Increases of remains conslant, The process for which entropy remains conslant

Is a reversible process; whereas for all imeversible processes, entropy of the system
inereases,

Evary tima antropy Increasas, the apportunity to convert eoma haat Into work Ie jost. Far
example, therz is an Increase in entropy when hot and cold waters are mived. Finally,
thewarm water cannot be saparatad Into a hot layar and a eold layaer. Thara hae bsen no
lose of snergy bul some of the snergy is ne longsr available fur conversion into work.
Therefore, increase in enlropy means degradation of enargy from a highear level where
mare work can ba sxtractad to a lowar lavel at'which Isas or no Laaful work can ba dona.
The snergy in 2 sense i degreded, going from more argerly form to less orderly form,
eventually ending up as [hermal energy.

In all real processss whers heat transfer occurs, the energy availabla for doing uasful

Hence, net changs in entropy | -) Is poaitiva,
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worls deoreases. eventually, the entropy increases. Even if the temperature of some
system decreases, hereby decresasing the entropy, iLis al the expense of natincrsasein
entropy for some other syatern. When all the systems are takien together as the
unlvarse, tha antropy of the univarse alwaye Incraasas.

||| Bxsempis 0.5 | Galoulate the entropy change when 1.0 kg ioe at 0 °C melts info water
at 0 "C. Latant heat offusion uﬂﬂnf.,‘—'iﬂﬂl'lﬂ'.llﬂd.

Sowsonl] m = 1kg
T =0°C=213K
L, = 336 x10° Jkg' (S‘L-‘
P,
As as =42 | TN

Why s deck of eards

wherg AQ = miy m‘%&dwm

So as = Br e
Subatituting tha valuas &?\
1ﬂ}kmr3.3511ﬂ J

AS =

273K
A8 = 121 x10 .I»?i/
Thus, anhprmﬂﬂd\mﬁ% The incraase in entropy in this case is
anm"mﬂmnmmﬂmdm@ watar maleculas thal change from sciid fo
liguid slata, n{\

-

T oo I

(' Munipie Choice Questions |

Tick {+) the mnlﬂ AnEwWeET,
6.1 in mlqbt!'m-'m changs, intamal anargy.

[E}dn:mam (b)increases [ciremains thesame  (d) becomes zero
B2  Firstlaw of themmodynamios is basad upon law ol oonsenation of:

fajmass (b energy (¢} momenium {d) cherge

6.3 Adevice which convers thamal enangy into mechanical energy ie calied:
(&) heatengine (b)Carnolengine (e} refrigarator (dYy turbing

6.4  When two objecis are made in themnal cortact having same lemparalure, then
ey 2ra at

{a) thermal Equliibrium {bycnemisal Equilibrium
{c) mechanical Equilibrium {d} physical Equillbeium
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6.5

6.6

87

6.8

6.8

B.10

6.1
8.2

63
6.4
6.5
6.6
BT

6.8

6.9

810

8.1
8.12

When lhe systemis expanded oy adding heal energy, then the work done will be:

{2} positive and on the system b} negative and on the syslem
(o) positive and by the systeam {d} negative and by the system
Entropy of & 2ysiemin reversibie process:

{a)decreases (b)increases {c}is Infinite (d)iszero
Whal happens to inlamal enengy of an object when i termparatung:
(a)decreases (Z)ramaine Congtant (c)increases (difuchuates
Thavalua of Bolomann conatant s

(2)1.38x 10" IK’ (b}1.38x 107U K"

{e) 138 107 J K" (138 x 1070 K

i an adiabatic process, thers 5o

{a) chenge in lemperature {btexchangeof heal

(&) change In inlemsl energy {dywork done
Thermodynamics mostly deals with; |
{2} measurementof quantity of haat
(b} Lranser of quantity of haai
{c] change of slate )
{d) Converslon of haat to othsr forms of sfiergy
[ Short Answer Questions |

What ls meantby thermal squilirium? Explain briefly.

Whal is meant by intemal energy? How is it relalad o lemperature of an deal
gas? -

Sials 2nd law of thermodynamics in two differsnt forma.

|z it possible to canstructa hest engine of 100% efficiency ? Explain.
Diffarentiate batween revarsibls andlimeversible processss.

Why adisbel is steeper then isotherm? Explain.

A réfrigerator ransfonms heat from cald i hot body. Does this violals the second
lzw of thermodynemics? Justify your answer.

Explain briefly heat death of universs in terms of entropy.

|s it possible for & cyclic reversiole heat engine to absorb heat at constant
temperature and transforms it completely into work without rejecting some heat
at low tempareture? Explain.

How does behaviour of real gases differ from ideal gas at high prassure and low
tomparature? [dentfy the reasons behind hosa difarences based on kinatio
theoryof gases.

Show that area under P-Vgraph s equal lo work done.

How isworkdone (i) byagas (i) onages?
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f.1
E.2

E3

EAd

BES

B.1

B.2
EA

B4

B.5.

E6

6.2

6.3

6.4

{| Constructed Response Questions ) |

Explain how tharmodynamics ralatas tothe concept of energy consanation.
Explzin how themodynamics applies o biclogical systems, such as hurnan
body.

A gas is exparding ediahatically, Explain what happens to fempersiure and
prassurs of the the gas.

A coffee cup is left on a sble, and overime coffes cup cools down. Explain
thermodynamics processes ccouring during this process.

How can we explain different weather pstierns through themmedymicsl
procaeese like wind, raln, eic. J

[l Comprehensive Questions B

What are the pmtulaiﬂsnfﬁnnﬁcmmnigmn?__néha ralation for ideal gas
eguation in the form PV=NET from general gas aguation.

Etate and axplain vanous gas Ewe.

Explzin first law of thermodynamics in datall. Give an example in supportof your
explanation. Cive its two applications.

What Is @ refrigeretor? Exglain its working. Derive sn expression for its
co-efiicient of performance.

Whatis Camot engine? Describe Carnot cycle. State Camcl theorem and derlve
an expression for efficiency of Camot engina.

Define and explain the term “Entropy”,

(€ mumerical Probiems )

A gas occuples 6.0 L of volume &t 5 pressurs of 12 aim, What will be the volume
of gas if the préassure i increased by 2.0 atm, assuming that temperatura
remains constant? (Anw: B.14L)
In & veccum chamber which is connected to & cryogenic pump, pressurs as low
as 1.00 nPa is being attained. Calculate the numbar of molacules in 1.00 m®
vessel stthis pressure and temperature of 300K, {Ans: 241010 molecules)
A gas undergoes & thermodynamic process where it absorbs 500 J of heat
anergy and performe 300 J work on s sumoundings. Calculate the change In
internal energy of the pas. (Ans: 200.J)
A Camot engine ks operating between a high temperature reservoir at 600 K and
alow lamperature resenvoiral 300 K Calcolate:

{iy the mexmum possible eficiency
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67

6.8

{ii} the amount of work output if the engine absorbs 500 J of heat fram the
high temperatura reservoir. [Ans: {1} 505601} 2600

A refrigerator exdracts 1200 J of heat from its interior (the cold reservoir) and
relaases 1800.) of heat o the surounding ervironment {the hot resarvoir) during
sachcycle. Celoulate:
)] thawork InpLt requirad percycls.
(i the coefMcient of performance {COP) of the relrgerator.
[Ans: (i) B0G J (i) 2]

Calculata the enfropy change whan 1.0 mola of ica at 0°C mnlh“h_;i'-fu'm liquid
water at the same temperature. (Heatof fusion of ice parmole = 8.01x10"J)

M) (Ans: 220 JKY)
Agas ooouples 400 mi al 20 °C. Whal volurme will Itngn.lm'at 83 *C, assuming

constant pressure’? - {Ans; 482 ml)
A gas has a pressure of 2 mmatﬂﬂﬂ&ﬂmﬂuaumm“nﬁmm#&ﬂﬂ,

assuming constant volume? (Ans: 3atm)



. ARer studying this chapler, the students will be able fo:

#  Usethe prinaigle of superposiion of waves to solve problems. \‘k‘

& Diffarontiate batwesn construcive and destractivs Interfarenca. Q

#  Apply the principls of supsrposition to sxplaln thewerddng of nolze canceling 1@:

* llustrie moponmants that demenstrate sintionary waves [usng mi wiched strings and
aircalurnng | it will be assurmed Ingt end corecions ams neglinibie; / the noncept of end
Cormeshons isno raguired)| '

*

Expigin the formaton of a satonanywave usirg graphical rep :
Explaln the formaton of hanmonics In stationany waves. i

# Desoribesn expedimentthal demonsiretes difracdon i b}‘&emmrtwmwlm
ridivg o tha wavalsngth ol e wave! lur axamals of vt wiaves I & i ok tank]

& Explain beats [as e pulsation cavsed by twow ilghtly diffisrant frequenclas Interfaring with
At ofrer]

®

#* Niusisie samples of how boots are genera ol instrmen i,

* Unhmslw-mmminh:pmy%_ imbersity o famplitede ™ for 8 progressive wave 1o
poive prablams. @

» Expieln that when e scuree of 20 moves relatve o A stetionery abeerver, the cbearved
Iraquancy is dfemnt fram th fraguancy [deseribing (he Doppler sffect for & ciabionary
mmﬂ:nﬂﬁgnh—?:\ reguirad)

&  Uestho exprossion +-B‘. for the observed frequency when = ssurce of sound wves moves
ralethve to o atall I

+ BExqleinthe ofthe Dopoler effect [auch ss reder, soner, astronomy, satalite, radar speed
frapsand prablarns in humares].

\ A J e arewell familiar with various types of waves such as water waves in the ocean

N ¥ and circular dpples formed on a still pool of water by raln drops. When a musician
plucka & guitar string, sound waves sre genarated in alr which reach our ears and
produces sensation of music. The vest energy of the Sun, millions of kilometres away, is
kraneferred {o the Earth by light waves. In this chapler, we will discuas, formation,
propagation and epplications of differen types of waves.

71 WAVES

Aweava s a regutar di sturbance or varisfion that carries energy, which spreads out from
the gnurce. For example, energy is iransferred from the Sun to the Earth in the fomm of
light waves called electromagnetlc waves, These waves can aven fravel through
S ===
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vacuum. However, in amedium, energy is transfered  g—

due to the regular and repseated disturbances that
travel through the medium, making its particies fo
move up and down or back and Torlh (o and fro).
Imaging a stane thrown into apond of water (Fig. 7.1}

= The stone produces a disturbarcs (ripple) that Fg 71 Rogresanting o taveling
travels thrcugh the water {medium). disturtancs {(1ppla)

+ Ths watar parlicles move up and down about thelr mean positions, cresting a
repeating patiern known as weve that spreads out

Tha displacement of & particle of a
wava is its distance in a apecified
direction from its rest 7 eguillorium
position. If the displacement is
plotted along the y-mis and the time
in the direction of energy travel along
the x-axis, wa got & wavefomn as

showninFig 7 2. ¥ N
The waves can he descibed hy the -7 Grphicsl description of a wave
following parametars: e e
T T
1. Amplitude (A): The maximum'{ Crant
displacement of Ihe wave (or Naimingh Dirsolios of
particles of the medium) from-ite irml ol witve

equilibrium position.
1. Frequency (f) Tha umber of
cscillations or vibralions or cycles

parsacond. Ampiudn
3. Wavelength (A} The distance P oo 08
betwsen two. consecutive similar Wy shnpo of witer vanva in 30

palntz on ihewave that are Inphase,

4, Parlod (T): The ima taken by the wave to complete one cscillation or cyde, it s the
reciprocal of the frequancy T=1/F,

5. Speed (v): Tha spaed at which the wave travals. If a wave crost movas one
wavelength A inone period of oscillstion T, thespesdvisgvenby v= A/T

as ¥ T=r,k so (L ST SRR e P i oy
&. Phase (0): The relative position of g point on the wave ala ghven time.
Types of Waves

VWevas heve various forms, each with unique charactenistics. A brief detail of difarant
types of waves is given below:
e
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1. Mechanical Waves

Thase waves requine a physical medum (solid, iquid, or gas) to propagate. Examples
ars watar waves (ocean, lake, or pond ripples), sound waves {audible vibrations in alr,
waller, or solids}, seismicwaves [sarthguskes), elc,

2z Electromagnetic Waves

They do not require a medium to propagate and therafore, can traved through vazuum.
Examples are radiowavas (wirsless communicaton), Microwavas (cooking and
heating), Infrared waves (IR or heat radiation), Visible lght (sunlight, lamp light),
Uitrzaviolet waves (LW radiation), X-rays (medical imaging), Gamma rays {high-ensrgy
radiation), ete. )

3. Quantum Waves ! 2
Quantum waves are associated with padicles like slectons  nses wave ypas am
and photons. Examples are mafter wavas/particle waves -:,ﬂ‘:'h:'i'“ *;“*::d"'h"l'ﬂ
{slectron waves n aioms) or de-Broglie waves, photon waves. £olo0 s:'mlnn:m.:.w?
{light quanta), atc. eveiyday life. :

4. Surface Waves

Surface waves propagata along surfaces or nferfaces between twn mediums.
Exampies areocesn surface waves (wind-drivenwaves), selsmic surfacs weves, elc.

Transverse and Longltudinal Wavés  Tramverss waves
Wars s Fioed

There are two main types of waves which are ‘
named as transversa waves and longitudinal |
waves. A ransverse wave s ane in which the
viorations of the particles ere at ight angles i the
direction In which the energy of the wawva |5
travelling whersas a Ir;_rpaitudlnal wave [s ons in
which the direction of the vibraticn of the paricles
|& akong or parallet io tha tha direction In which tha
energy of the waveis ravelling.

Tha trm'wm and langitadinal wave arm o
lustrated In Figs. 7.3 (@ and b). respectively. Flg- 7.3 Main bypes of wenee
7.2 PRINCIPLE OF SUPERPOSITION OF WAVES

If a particls of ha medium is simultansously acted upon by wo waves, then tha resullant

displacement of tha particle is the algabraic sum of thelr ndividual displacamants. This

is called principle of superposition.

In other words, the displacements of the individual waves are added logether to form &

new wave patiemn as shownin Fig.7.4 (a and b}, respeciively.

{i) If wo waves, which overlap each cther, have same phase, their rasultant
dizplacement will be:
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Y=y, ty; 2 W e Wave
whera ¥, = amplituda of wave 1 T———-

y=amplitudeof wave 2 ,f;:\\ Wi 2
and y=resuftant amplitude e

Patticularly, if y, = y,, then resultant displacement /- Wava 1 und 2 suptrpense

will be: o
N
y=2y,on y =2y, m

{ii} If o weves, which cross each other, have peamenvewe
opposie phase, their resultant displacement N TH
will be: 7.4 (n) Suwnni& twe
= it [ th 1 [Ty iy
y=yir-v) mu?lm;? Aphage.
¥yeYi-=¥: .
Particularly, If y, = )., then resultant displacament will be y=0.

Thus, if a parficle of a medium is simultaneously acted upon /_\
by 7 waves such thet Its displacement due to each of the ¥

individual n waves be i, ¥y ...t then the resultant \\m:y
displacamant y ofthe particls, under the slmuitansous acllon
of these n waves is Lhe glgebraic sum of all the
displacements, | e., ;/H:?\

yEy bt L A \‘\i//
This is called principle of superposition of waves.
Mathematically, thia can gl=o be represented aa:

Y=, (el) + o) # e g, 001)
where y(x.1} Is the resultant wave, whereas y.(x.1). \
| '¢1 0. 4 RSN , (%t are the Indlvidual waves. Wave § ard 2 sisemosad

In the context of wavas, y(x 1) represenis the wave function T ———

or wave displacemant at a glven point x and tima ¢ It —— R
describes the shaps of the wave and its svolution overtime. “ﬂ;“mp'ﬂm"n“m: Iumnv

Tha principle of suparposition applias to lingar waves or which are exactly out af

small amplituda waves. Fia

Prncipla of suparposfion of waves leads to many interesting phanomana

{l) Twowaves having same frequency and ravellinginthe © 0 Fender upen! |
sama diraction (Interfarancay. i

{is Two waves of slightly diffarent frequencias and
travelling Inthe same direction (Beats).

(i Two waves of equal frequency lravelling in opposite
diraction (Stationary wavas), AN inlsrfarance patem formed

with while ight,
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Applications of the Principle of Superposition

By applying tho principla of supemasition of waves, nolse-cancaling headphones

effectively eliminale unwanted noise, oroviding a more immersive and peaceful

listening expenience.

* The beadphones contain one or more micropbonas thal capture ambient noise {like
background chatterorengine rumble or any environmental noise].

2 The microphone sends the sound signais to an amplifier and a processing unit in the
headphones.

4 The processing unit generates an "anfi-noise” signal, which is the exact oppesite of
the amblent nolea {In terme of ampitiude and phase).

4 Theanti-nglse signzl s then played through the heacphones, along wih the desirad
audls {| ke muslc or valca),

5. When the anti-ncise signal meets the ambient noiss, the two waves cencel each
otherout resulting In 8 much gulster |ietaning axparanca.

Though the above example i2 an oversimplification of the situstion, as noise-cancelling
headphones use complax algorithms and multicls micophones [0 achisve ogtdmal
hoise cancellafion, the basic principle of superposition remains a fundamental concepl
In understanding how they work.

7.3 INTERFERENCE AND ITS TYPES

Superpositicn of two waves having the same frequency and travelling in the same
direction resulls in phenomencn calledinterferz nce.

. T
[t 1 BA | F
Powar Amglifier e

Flg. T.5{a)c An axpatimaniz| sefup b
abaaree |marferenos of sound wa s, Flg T8 (b} Interleranca of sound waves

An experimentsl setup o observe interference effect of sound waves Is shown In
Fig. 7.5{a}. Two lcud speakers S, and S, act as two sources of karmonic sound waves of
a fixed frequency produced by an Audic Generator {(AG). Since the two apeakers are
driven from the same generator, thersfora, they vibrate in phase. Such sources of
waves a'e called coheranl sources. A microphone atiached b0 a sensitive Cathode Ray
Cacillozcope (CRO) scts a3 s detactor of sound weves. The CRO is & davice to display
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the input signalints waveform onite screen. The microphone ie slaced atvarious points,
kirn by furn, in frontof the loud speakers as shownin Fig 7 &(b)

Constructive Interference

At pointa P., P, and P, wa find that a compression meets 8 compression and a
rarefaction meels a rarefaction. So, the displacement of two waves are added up al
these points according 1 the principle of aupamosition and a large resultent

displacement is seen on the CRO screen (Fig.7.5-c). [ memimg i B

Flg. T.5ich: Fig. TSz \

Consiruct e kvtorforance: Dostruciiva Intarforerce: - Intederence: patiam ced

Lama dapiacamant it diepizyed Zam displacarmant i dispisyad wﬂmwm"m“

o the SR soeen on the CRO somen by wiite Bght.

From Fig. 7.5 (b}, we find that the path difference AS betwsen the waves at the point P, is:
A5 = 8Py =GPy

1. 1
AS 4-2-}‘-"3-51 8

Simitarly, at points F,and P, path differsnce is zero and A, respectively. Here, A is the
wavelength which iz the distance between any two successive aplid or dashed lines.
Whanever the path diferance is an integral multiple of wavalength, the
iwo waves are added up. This effect is called sonstructive inlerference.
Tharafors, the path diferanca {condition) for constructive intarferencs can bewritten &5:
AS =) where n=0 21,22 23, .........
Dastructive Intarfarence

At points P, and P., a compression meets a rarefaction, so that they cancel each other's
effect according to the principle of supeposition. The msultant displacement becomes
2ero, as shown In Flg. 7.5(d).
The palh difference A5 Detween the waves &l points P, and P, Is:

.ﬂs = Sz Pz —S“IPE

1 1
AB=4) -3 —-i= —
S=4) 323.. 23,
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Similarly, at P, the path difference is %1 :

So, at points whers the displacements of two waves cancsl eash

uiher's effect, the path differenca is an odd integral multiple of haif

the wavelength. This effect |s called destinuctive interference.
Tharafore, the path differanca {condition) for destructiva interfarence can ba written as:

AS={2n+ 1) M2 where =10, 21,42 43, .........

(| Esampie 7.1 | Two speakers are armmanged as
shown in the figura. Tha distance batwaan them is
3.0 m and they emil & constant tone of 344 Hz. A
microphone P is moved along & line parallel to and
4.0 mfrom the line connecting the two speakars. It
is Tound that lone of maxmum loudness is heand
and displayed on the CRO whern microphona is on
the centre of the line and directly opposite tn each
spagker. Cakulatethe spaed of sound,

Al Soluten i q ' N i F,
Dislance between speakers S 5, s N =30m T

Tone fraquancy f ~ =344 Hz =
Digtancs batwesn epaakers and ImutmdﬁurrtutPs_.F 4.0m = Fa

— dm —
Speed of sound w=T7

Forlona of masimum b(mmtﬂhu condilion for conatructive inlerfarenca, tha path
difference mustbe 0. £1A, £20, +34,...

Al middle paint 'O’ the path differznce between fwo sound waves Is zera (5,0 = 5,0),
thus atthat point'QY Wmlmmtﬂm place,

For the next point. P of constructive Interference, the path difference between waves
should ba . Sw '%.=Path differance = 5P -5P,

Huw.m-;ﬂy.’lﬁh values of 8.P from right angle riangle 5.8,P,
8,P = !'{sfai)? +{8,P)* {By PythagorasThaorem |

SR=JBmP+dmf = JE8)m=J25m=5m

Therafore L=5P,-8F, ar A=fm-4m=1m
This Is the path difersnce for constructive interference.
A v=1Ik

Putling the values, we have v=3dms'x I m=3dmsg’
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Exampte 7.3 0 Tha wavelangth of a signal from a radio ' For your mformacan W
fransmitieris 1500 m and the frequency Is 200 kHz. What e =
|z the wavelangth for & tranamitter oparating at 1000 kHz
and with whet speedthe radiowaves travel?

Saluthon |
% =1500m= 15x10°m, £ =200kHz = 2.0 10" Hz
f, =1000 kHz =1 x10°Hz, W, =2, v=7 Asv = £
Sinca, the speed af both the signals is same, 50
v =i
v = 20x10°Hz = 1500 m
v =30 »10°m s’

Alzo v =§f;
v '
o E " —— .
Neonochromatss Light

_ 2x10'ms’ Sc ey atcrin IRk Anms i

Ay = A0 HE et purs pellow liget Thislight s ned
x AmnomE of rad and greer

ke = Ax10°m

74 STATIONARY WAVES & THEIR FORMATION

Siationary waves, also known as standing waves, are the waves that cscillate in a foeed
posifion, withoul moving or propéigating, They are formed by the superposition of two
waves with the same frequarcy and amplitude, travelling in opposite direciions. The
resulting wave paliern remaine stationary, with nodea {poinls of zero amplitude) and
antincdes (points of maximum amglitude) at fired positions. Examples include waves
an & sting, and sound waves in a pipe. The term "standing wave" describes that the
wave patlem remeains ixed in space, oscllisting between positive and negative values,
without moving forward or backwsand,

Let us corsider the superposition of two waves moving along a stiing in opposite
directions. Figures ¥ 8 (8} end {b) show the profile of two such waves al instants
i=0,T/4 T/2, 34 Tand 7, whara T & the time perlod of the wave. Ve are Intarsstad In

WAVES SUparposs, It is otvious that the paints 1,2,..,7 ame distant 04 apari, & baing the
wavelength of the waves. We can determine the resultant displacement of these points
by applying the principle of supeposition.

Figure 7.6 (c) shows the resutlant displacement of the points 1,3,5anc 7 at the instants
=0, T4, T2, 3T and T. i can be ssan that the rasultant displacement of thass points
la always zaro. Thasae points of the mediurm are krown as nodes. Here, the distance
between two conseculivenodeaia L2,
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Flg. 7.8: Stationory waves

Figure 7.6 {d} shows the resultant displacement of the points 2.4 and 6 at the instants
f=10,T24, Ti2, 3774 and T. The figure shows that these poirts are moving with an
ampliude which is the sum of the ampliludes of (e component waves represented by
arrows. These points are known as antinodes, They are situated midway betwesn the
nades and are A2 apari. The distance betwoan @ node and the next anfinede ia A4,
Such apattern of nodes and antinodes is known as a slationary or standing wenve,

Energy In a wave transfers because of the motion of the particies of the meadium. The
nodes akways remain el rest, so anergy cannel fiow cast these points, Hence, energy
remaing "standing” In the medium batwean nodes, although It atlemates batwesn
potential and kinetic forms al the antinodes, When the antinodes are ell at their exireme
dlaplacements, the energy atnred is wholly potential and when Ihey are simuitaneously
passing through thelr equilicrium posltions, the ensrgy ks wholly kinatllc.

7.5 STATIONARYWAVES ONASTRETCHED STRING

Consider a string of length ¢ which is kept stretched by clamping its ends so that the
tensioninthestrng Is ~.

(a) String Pluckad atits Middle Point

If the string is plucked at its rmiddle poirt, twa ransvems waves will originata from this
point. One of them will move towards the 'eft end of the string and the other towardsz the
right end. When these waves reach the two damped ends, they are reflected back thus
g Iving risé io stationary waves. A3 tha two ands of the string mugum:.

are clamped, no motion will take place there. So, nodes wil|
be formed at the two ends and one mode of vibration of the }/__N_'_'“‘\#
string will be as shown in Fig.7.7(a) with the two ands as i

nodes with one antinods in between. Visually, the string -3

sesms to vibrata in one loop. As the distance batween two 5y 7. 74): First rmode of vieation
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consecutive nodes (s one half of the wavelength of the waves st up in the stning, son
this mode of vibration, the length ¢ of the string is

b= w/2

hem B e i
whare 2, I5 the wavalangth of the waves sol up In thie mada. The sgesad vof the waves In

the atring depands Upan thetension Fofthe sting and i, the mass perunitlength of the
siring. It is independant of the paint from where string is plucked io generate wave. It s

glvan by

v=E e TR OV
v m A
Knowing the speed vand wavalangth A, the frequancy £, of tha wavesis:
v v
h = i =
] i '-_ s
Subettuting the vaiua of v, R N, SR
ubethuting the valva of v, 3 2 o (7.4}

Thus, in the first mode of vibretion shown In Fig.7.7 (a), waves of frequency [, crily
will ba sat up In the ghvan string. ;

(b} String Plucked at Quarter Length

INhe same sting s plucked fromane quarter of its length, again stalionary waves willbe
sat Lp with nodes and antinodss as shown In Fig. 7.7 (b} Nota that now the string
vioretes in two lcops. This particular configuration of nodes and antinodes has
developed hecause the siring was plucked from the posiion of an antinode. As the
distanca batwaan mmm'nwa nodasis halfthe wavalength, sotha |ength £ of string
ls equal to the wavelength of the waves set up in this mode, IT 4, is the measure of
wavelangth of thesawaves, then,

Mienible b
_E = h.}h .J,-"T'ﬁ.\\_ nf.-'!"-._\_
- 278 ’ s R w
L e g
2 = .
ha= § P e (] ?ﬁﬂﬂmmm

Comparson of Eq. (7.9) with Eq. {7.1) shows that the wawlangth in this case is half of
that in the first case. Equation (7.2) shows that the speed of the waves depands on
tension and mass per unit length of the string, it is independent of the point where the
siring |s plucked. So, speed vramalne the same inboth cases.

IFf;is frequency of vibration of siring n ite second mode, then
= L
i
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Since = F
Therefore L= %
Multiplying and dividing by 2, we have
1, = E_; B .!ral‘.n l.nq:w -:'1I
W A guitar stnng s plesked ol
We know that f,= > ?m%w hgrmonils
So £ = 21

Thus, when the siring vibrates in two loops, its frequency becomes doublethan when it
vinratas inone oop.

(¢} String PluckedatanArbitrary Point

Let ine slring resonales in o number of loops with [n = 1} nodes and rantinodes. Thus,
wi can say that if the siring is made ta vibrate in 1 loops, the frequency of stationary
waves set up on tha string will be:

n"h-

]
=2
A
RI=
)

LT i
.

oo {7 8)

8nd the corresponding wavelengin s/ J,= 28 e D)

whemn=1.23,..

It is clesr that as the string vibratles In mere than one loop. |ts Trequency [ goes on
Inereasing ar! the wavelangth L gets correspondingly shorfar. Howsaver, the product of
the frequency fend weavalength X is always equal 1o v, the spead of waves.

The above discussicn clearly esteblishes that;

. Tha atationary wavee have a discrete set of fraquancles £, 2f, 3, ..af, which |s
known as hamonic series. The lowest characteristic frequency of vibration is the
fundamental frequency f; corresponds o the first harmonic. The frequency f, = 24,
COMESPaNds to the secand harmonic and so on.

2. In other words, gquantum jumps in frequency exist betwsen the rescnance
frequencias. This phenomeanon s known as the Quaniization of Fequencies. Il
means f, = nf, where =1, 2, 3. ..{Integral muttiples). The staionzry waves can be
set up on the sitring only with the frequencies of narmonic series determined by the
tansion, langth and mass par unit langth of the alring, Waves which are not In
harmonic serlzs are quickly damped oul.

3. Thefrequency of a string on a musical instrument can be changed either by varying
the tension or by changlng the langth. For example, the tension in gultar and wiolin

=

8
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atrings is varied by tigntening the pegs on the neck of the instrument. Oneze the
Inetrumant ls tuned, tho muslclans vary tha frequancy by moving thalr fingars along
the nack, theraby chenging the lenglh of the vibrating portion ofthe siring.
Harmonlcs
Inthe above exarnpla, the sat of allthe poesible standing wavaes, having fraquencias £,
2L, 3f,..., nf,, ere callad hammonics of the syatem. The lowest or fundamental fregusncy
afall the harmonlcs iscalled the undamenial or firsl harmonic. Subsequent requencies
ars called as second hamonic, third harmonic, ate.
[ Exsmpie 1.3 [ A glationary weve Ig established in a string which is 120 em long and
fixed at ceth ends. The string uhatsshhrs&gnnnls;atuimqw::fﬂﬂl-iz
Detarmine its wavelength and the fundamental frequency? —~

fscluttemll ¢ =120pms= % m=12m

n=4
fi=120Hz
f="
a=1 '
{iy MﬂmmﬂﬂﬂnhrWMﬁhGWMMMME
nudnumaﬂ.anmnmdangﬂwﬂl;&gﬂjgm.

S
g-= i
b= 2
211.2;11}
oy = -—-1-——
A= I!qéw
{ii} Ifalring vibratesin 5 loops, then frequancy of stationary waves will ba:
F oy
SN=
k=
12 He = 41
120 Hz
e ke e
: 4
F= 30kz

7.6 STATIONARY WAVES IN AIR COLUMNS

Slationary waves can be sel up in othar mad|a also, such ae air column Insids & pipa or
tube. Acomman example of vibrating air colurnn isin the-argan pipe.
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Organ pipe

An organ pipe is @ wind instrument in which sound is produced, due to seiting up of

stationary waves in air column, it consists of a hollow long tube wilh both ends open or

with ane and open and the other closed. Tha relationsnip betwaen the Incident wave

and tha refiectad wave dapends upon whethar the reflecting end of the pips is open or

closed,

{} Ifthereflacting and l= opan, the alf molaculas have completa freedom of motion and
this behsves as an antinode.

{ii) Ifthe reflecting end is closed, then it behaves as a node bacause the movemeant of
tha molacuiesis restricied.

Modes of Vibrations
Stationary longitudinal waves ocourin & pipe as discussed by the following two cases:
Case (1): Modes of vibratlons |n an organ plpe open at both ends

Let us consider an organ pipe of length £ which is open at both ends. As at the open end,
an air moleculz has complete freedom of motion sa it"acts as antinode as shown in
Fig.7 8. In this figure, longitudinal waves set up inside the pipe have been represented
by transversa curved lines which represent the displacement and amplitude of vibratdon
of air particies at various points aleng the axisof pipe.
{8) Fundamental mode of vibration

s = i
In this case, &5 shown In Fig. 7.8 {a), thera is only :E z
one noda N at the middle of tha-pipa. Az both ) F
ends of pipe are open, there ame wo antinodes h-}a‘ =
atbath the ands. IFL,is the wavelangth of sound,
m 1 — b A &
(= Bk » DO
4.4 1m20%) i ¥ ]
g 2
£ = M
a2

oF AR TR e (7.8) m
ted

Iff, i= the frequency of sound, then thevalocity of soundis: — ""3"‘:;} )
el n;r:
fievii, Stationary iangh dinal werves in
Putting the value of &, we have B pipe open &t boin endg,
£ b i [7.2)

This frequency is called fundamential frequency or first harmonic.
{b) Secondmuode of vibration
If there ara three antinodaes and two nodas, frequency will be twics that of undamental
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frequency Il is second mode of vibration as shown in Fig 7.8 (b). Inthis case, there are
thras antinodes and twa nedes.
I, ie thewavelangth ol sound, then

pz Rryide A
4 24

£ = {14241) l:-

ar 1?=€
I fz s the Trequency of sound, then speed v of sound becomes:
¥ = fahz
ar {,‘ = i .
) 18- Brain touser I
Putting tha value of i». we have
v A nalloniary wive b formed
T = ; * on & wiring with & fequency
S of 100 He, f the string 3 2 m
v fong, how mary nedes and
ar L= 2F {-_-E..ﬁ} tiodas are forned

{c) nth mode of vibration
Similarly, frequency for air column vlhrnf&m h 0 loops i

= nfw2i)

f.= nf,
and wavelength is ™

RN e .10
whare n=12345, ...

S0, the longitudinal aﬁhunarywwu have a discrete set of frequencies £, 2f, 3L,...07,
which s known &s hermonic serdes. The frequency [, s known as fundamenis|
frequency ant the othecs ars callad harmonics.

Case (2):Modes of vibration in an organ pipe closed at one end

Lel us consider an ongan pipe of length £ which (s closed al one snd. Thean al the dosed
end, we getanode while atthe open end, we getan antinode as shown inthe Fig. 7.9.

{a) Fundamental mode of vibration:

Fundameanial mode of vibration has one nods and one antinode a8 shown in Fig 7.8(a),
It iathe wavelength of furdemental mode, then [ength of the pipais:

_ A
1= 4
or M= &d .. (TH)
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So, the speed v becomes: v =l }
(] = --
f1 -'-l:' .t-lélﬂ- :-_:'}
Ay
A O B T —
1 4 ] E
Tha frequancy F, s caled fundamantal fraguancy. 0 zt%ll .-_53;%! ]

{b) Second Mode of Vibration:
Second mode of vibration contains two nodes and teo

anti-nodes as shown in Fig.7.8{b). - S
A T ;uﬂkh" A i
If & i3 the wavelength, thenlength ofthe pipe is: i e 4r
LN o i
g= + langituding! waves In
4 2 B ciesad st one and. Only
3 - harmenics ere present
f= I?.g
M= g u,.....{r.mf_f‘\\f B ScerwncFact T
= i I',I"- )
JI-I ~ ":. & *
Putting value ofis, we have v=%f)s
fro: o 5
&y
S
av
ar f’ =c":1-?:l
50 E= 3 [ e = 4]
- ﬂ T A
Thisia called second harmonic.

(c)  nthhode of vibration
If air columin vibration in nloops, then frequency 1 is:

A
h= ﬂ[ﬁ] In an organ plne, Ge primany
f, = nf, where 7= 1385 .. shost e je4 of aif from M-,
and the wavelength 2, s and fhe ak ealimn in the plpc
4 i asnady oscllaion.
J“n:? ------------------------ ll-ﬂ.13}

By siudying both cases, wa concluds thal the pipe which is cpsn at both ends is richerin
harnonics than that of closed at one end.
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(| s=amps 74 | An organ pipe has a length of 50 cm. Find the frequency of its
undamental note and the next harmonic, when itis:

{ayonen at both ends
{byclosed atone end
{Speed of sound =350 ms '}
fosktiond|  ¢=50cm=20 m=05m I Forder upant Jj)
100 Cpen pipes produce &l harmonics,

v=350mg’ whike clussd g prslucad wily

#)  Whenpipeisopen at bothends: A

Fundamenial freguency fi=? T G

Nextharmonic frequency =2
Tha frequanay for rth harmonia in gropen angan pipe is:

n-a‘!i whenn=12.3.......... :
so the fundameanial fraquancy is, PO v,
-1 Fo T
,-1--—-—“350"15 put m =1 pt T
2205 m AN
.|';=35CIHI .---\'_'. !
Next hamonic fraquancy e, n=2ix
}'::E e
v 350ms! .
= =
5= 7 dam 7008
£ =T00Hz

b)  When pipsisclosedstoneend:
Fundarmental frequency fap
Nextharmoniofrequency  £,=7

When the plos is closed al one end, then frequenay for nth hamonic is

f- n‘—i when n=1,3.57, ...c....

So fundamental fraguancy la:
_1x350ms"
" 4x05m
f,=175Hz
Mext hammonic frequancy e, n=3 s

putting n=1
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" nmsmple 15 1 A shurch organ consists of pipes, sach open al one end, of different
langthe. Tha minimum langth s 30 mm and the longest 164 m. Calculzte the frequancy
range of the furdamental notes. (Speed of sound =30 ms")

N
ischution] &, =30mm= 50 me 30«10 m {‘““}"J
! U 1‘::\_:::}"'
=- o
.!._,( am -’3',"
1 "
v=3{|ﬂm5 - e
Freguency range = 7 o~
A X

For an organ pipe open at one end only: /

Q g -g Bradn tearcr I!.

(i} Minimum length
A Dol pilcoper ot (Rl v fude i

duzin which i all
Forfndamentlreausnay,putn A4 el Sy g i
B =

.._

u.hﬁ

JEm™
F _$x340ms’
1,m"':‘ x10-m

=~

?ﬂ;} 2833.33 Hz

(iiy Hudmhnum
Far fm:llmmiﬂ frequency, putn =1

S problam?

50, tha fundamental frequancy range Is appreximately from 21 Hz o 2833 Hz.
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7.7 EXPERIMENT DEMONSTRATING STATIONARY WAVES
USING MICROWAVES

KMicrowaves are a form ol aleciromagnatic :
ratintars. They e ssiled "wiona” e
because thelr wavelengths are typically of the
orderof millimelres or centimetres, much shortar
than radiowaves. Stalionary waves, also known
ae slanding waves, can be produced by
microwaves whan ihey am confined Lo a specific
region or cavily such &s wave guides or resonant
chambers. |n these struclures, microwaves can
bounca back and Torh, creating a standing wave
pattern with nodes and antinodes. It occurs
when the microwave frequency malches the
resonant frequency of the cavity.

Tha alationary waves can ba craated Using
microwaves by the following simpla method as
shownin Fig. 7.10.

B o Ky
hside inctal mesh over it

Microsaye Prabee, . 7 bedal
souma datetod yafemm

LBig 710 Experimenta sebup (or stationany waves using mictwans

Tha experiment setup consists of a microweve source (fransmittar), 2 probe detector
and a metal reflector iz metallic plate for the reflection of microwave). Three of the
mentioned are placed in line.

The waves coming out of microwave source are moving towards the metal plate and
than reflectsd sack. The reflacted wave and |ncident wews superposs and creats a
stationary wave pattemn. This can be delected by a probe detector placed betwesn
transmitter and metalic plate. Tha intensily of the signal can be obsarved by the
detecior. You can move the plste or detactor to cbsenve antinade and node. By finding
the distanca fram cne antinede 1 the next antinode, the wavelength of staticnary wave
can be found.
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7.8 DIFFRACTION OF WAVES

Diffraction of waves is the banding of waves around the sharp edges or comers of
obstacles or the 2preading of waves bayond a barmier. [t occurs whena wave encounters
a physical barrier or an opening (a slit) that is comparable in size (o the wavelength of the
wave. The langer the wavelength, tha greater the spreading and viceversa,

Diffraction can be observad in vanous types of waves, Including water waves, sound
waves, light waves and electromagneticwaves.

Bome sxamplas of the phenomanon of diffraciion include:

# Hearing of sound waves around comers or through ducrwarﬂmwhmmerm
genesraled as sound waves bend around the comers.

= Diffraction of X-rays by crysials es the spacing between the reqularmys of atoms
i= of the ordarof X-rays wavalongtn.

Diffraction Is @ fundamental aspect of wave bﬂ"ﬁ"uiﬂl.lr and has maeny practcal
applicationa in varous fisids,

The Ripple Tank

Figure 7.11 shows a ripple Lank. It ks & very useful apparaius nol only (e genarate water
waves, but also to demonstrats wave prnpnr‘thﬁ {such as reflaction, diffraction and
refraction).

Fig. 7.11: Ariogle wenk

Ripple tank contalne water, vibrator

{e.q. & motorized oscillating needia), A \ \\
abstacles {e.g a small rectangular )) | !
block or a semicircular barar) and /)

gap widths of different sizes. Ii
craatas asafes of concantriccreles Soalgen, ncraosed difrocion Lamge gap, Decroased dfiacion

Fig. T.42
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R |

or parallel waves usng the viorator, An obstacle is
placed for creating a gap with a spacific width. The
experiment can ba repeated with differentgap widths,
It Is observed that whan the gap width Is small
compared 10 the wavelength, diffraction is significant
and the waves bend around the chstacle, creating a
samicircular pattern. As the gap width Incrsases
relalive to wavelength, diffrection decreases end e  miracion orwhite Bl s shewn by o
waves pass through the gapwith [ess bending. finedffraciion grating..

This axpariment damonstrates the qualitative sffact of gap width on diff-action ina ripple
tank, ilustrating how the relationship betwean gap width snd wavelength affects wave
bebaviour.

W Exxmnpin 7.6 ) I-_I:nl-m.-mng rnl'mm.-.ﬂu-n
In & ripple tank, a wave generator produces 500 pulses .

in 40 8. Find the frequency at lime period of the plm
produced? |

seutiond| n— 500pulass, =103, r_=,-'?. "

Numiber of pulses
As  Frequency = “mﬂl Thefine rulings, each 0.5 wm widd,
S on & compact diec funchon =8 &
[ 500 _ 50 "tf diffraciion grating. When 3 small
RETT source of white Eght lluminates a
1 1 m;.m;:. dﬂmﬂ::d Igh: forma
: =] lares that ars composile
We knowthat:  T- = T S0Rz of the diffraction patierns from the
T- 0628 Aixge

7.8 BEATS -\~

mmmwavua‘qfalwlydlhm fraquancies, fravelling In the same dirsction overap
each other (hen there is a periodic variation of sound between maximum and minimum
loudnesswhich is called as baats.

Tuning forks give out pure notes (single frequenacy]. I two Wwning forks Aand B of the
sama frequency say 32 Hz are sounded segamtely, they will give out pure notes. if they
are sounded simultanasously, it wil be difficult to differantiata the notes of ona tuning fork
frem that of the other, The sound waves of the two will be superposed on eggh otherand
will be heard by the human ear as a single pure note,

IF tha tuning fork B is Inaded with some wax or plesticing, its frequency will be lowerad
slightly, sewv it becomes 30 Hz. |f now the two wning forks are sounded togather, & note of
atternately increasing and decrsasing intensity will be heard. This rote is called beat note
ar & beat which is dug {o inferference between the sound waves from funing forks Aand B.
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Fig. 7.43 (a) shows the waveform of the nots smitied " 1' i: G
from & wring fork A. Similarty, Fig. 7.13(b) shows the 1;1 f f \ AN Jr'l J[-, ~U
waveform of the note emittad by tuning fork B, When WV UVYUL U
both the tuning forks A and B are sounded together, e

the resultent waveform is shown in Fig 7.12{c). I & |lq|.j] "I,ﬁ._,'LFl Upu L_rg, I.,'In
'.'l"

showe how do the beat note occur. Al some Instant X,
the displacement of the two waves is in the same
direction. The resultart displasamant ia large and a
lowd sound ls heard.

After 144 s the displacement of the wawe due o ang
tuning fork is opposite to the displacemant of the wavs
due o the other tuning fork resuling In minimum
displacemeant at ¥, hence, faint sound or no sound is
heard.

Ancther 1/4 s later, the displacements are egainin the same direction and a loud sound
is heard again at Z.

Thus, during one second, we ohearve two faintest sounds or two loudest. As the
difference of the frequency of the two tuning forks is alsc 4 Hz so, we find that the
numoer of peats per second |s squal tn'ma ulmmr:a betwean the frequanciae of the
tuning forks.

f,=82Hz, f,=30Hz. 4
No.ofbeals = f,—£,=32 Hz— 30 Hz=2
However, when the difference between the frequencies of the two sounds is more than
10 He, it bacomas difficultto recognize the beats.
Pictorial Comparson
Lovgiludingl wavs

| B g Fasofadkion .
E e ||IN] | I_ L_ I ...,ulm '
e o hs T I |||||| I

Mzl sstern 'I ]

Sound waves ——

Tranavergs wive

A Y
=y 7~ ®

Eye

I
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Tha difference betwean the freguencies cfthe
twowaves |starmed as beal frequency £,

Cne can uss basts to tune a string instrumant, such as plano or vielin, by baating a nota
ageinst a note of known frequency. The string can then be adjusied o the desired
frequancy by tightening orloosenirg it until no beats are heard.

Tuning Musical Instruments
Heare are some examples of how beats ars gansrated In musical Instruments:

T Guitr: Vihan sl suo eonge i IR e B
slightly different tunings, beats arg = ;

created. For example, playing a standard B Ly
wned sting and a string luned a few | Sak & ;ﬁ-;ﬂi"ﬂ- e
cents higheror lower 'E: asn ey
2. Piano: Playing two keys white and tlack, - 5
adjacentto each other, creates beats, fiabo Q,_':?L: Sand penad
3. Vielin: When playing two stings with | J{{1) o A
slightly differant bow prassuras or | f ﬁ’
epeeds, beats are generated. R bt 5 Trombone
4 Druma: When two drums with ’--'._‘"‘_{cmm S Reeccares |
slightly different tunings are played |~ -
simultanaously, beats sra craatsd,
5. Flute: When plaving two notes with = .. E’
slightly different embouchure (ip and | = 5% k1 Tnampet

facial musclas) positions, beats ara

e e ot v
6. Organ: VWnen paying two pipes with i e i
slightly different tunings, beats are ﬁm SSRGS o e

craated

7. Syntheslzer: Ganerating bwo oscillators with slightly different frequencies creates
beats.

In aach of these sxamples, he slighl diference in frequency between the wo sound
e0uUrces ofeates @ perodic increase and decrease inamplitude, resulting in a "beat” or
pulsation effect.

Mugicians offan use beals inlenlionally fo creats interesting rhythmic effects, add
texture, or produce 8 sensa of Brslon and ralease, Howsver, In some cases, bests can
be umwenled and may require sdjiustments io luning, pitch, or playing techrique to
rrinimi=a tholr Impact.
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| Example 7.7 | Two tuning forks echibit beats at a beat frequency of 3 Hz. Tha
frequency of one fork (s 256 Hz. lla frequency is then lowered slightly by adding a bit of
way to ona of ta pronge. Tha twe forks then exhibit a beat frequency of 1 Hz. Datarmine
the frequancy of the second tuning fork.

| Safusien | Frequencyotfirsttuningfork =f =266 Hz
Bostfraquency baforaloading=3 Hz
Bestlrequency afterloading =1Hz
Frequency of second luning foerk=L=7
As - L =%n
Then L=fin
Putting the values, wehave
F, = 256 Hz & 3Hz
Either fi= 266 Hz+ 3Hz; o ¥
e INTINLF L S, e wes
ar £ =268Hz - 3H=z Tt aroya! rumpstar and lutenial
= 258 Hz or 25“3_“': ( \rwEniad funing forks.
Let us consldar 259 Hz as comact answer (| e frequency of second funing fork). When
firet fork Ie loaded with wax, mwdlmmrkmulmzm Hz La., 2566 H2,
254 Hz and thus the number of beals ;:mdumd par second will increase and will be

graater than 3 beais Enmﬂmnumbﬂfufheﬂs per second decreases on loading first
fork is one, therefore 258 Hzls nﬂtmﬁmdsmnu tuning fork.

Thus, Correctlresuency, = =Ff,=253Hz

7.10 INTENSITY ([YOF AWAVE

Intensity is defined as fieamount of energy ransmitted per unitarea per unit time in the
direction of propagation of prograssive wave.

It i & maasure of the power of @ wave and is vsuslly denoted by e symbol 7" It is
measured inurits ofwalts persquare metre (Wm™).

A prograssive wava or ravalling wave is one that travels through a madium in a
censigtent directicn and transfering energy from ona peint Lo another. It ie a wave that
propagates or moves forward, 28 apposed 1o a stafonary or standing wave. Examples
of prograssive waves include warsrwavas, solindwaves, light wavas, stc

By definiticn, the intensity of a wave is:
E

j (il

Axf
E-

f S
A
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=)
Pe'y B
Hers

= Intansity of wave In (W m™)

E = Energy in joules {J)

{=Time in seconds (3]

F = Powar in watls (W)
We know thetin mechanical waves, such as sound waves, waler wavES, Or WBves On R
vibrating sking, energy is stored as kinetic enengy and potential energy of theé medium's
particies. How much energy is stored depends upon the displacement (ampltude) of the
pericles from the mean posifion. Therefors, the intensity | of waves s proporional to the
square ofthe amplltude A, Le.,

| xA _

or I =k& (714} o

Here k is the constant of proportdonality and depends upen the physical properties of
the wave and the medium.

[ Exnmpi=7E N

{a} Awave has an Intensity of 0.5'W m”ﬁhd-bhnue of 3.0 m from the source. What |z
the power ol thewave?

{b} Two progresaive wavas have mﬁﬁmnfDEWm and 0.25 W m™. Find fols|
intensilies of two waves, .

{{ satvon ! \® |
(@l ) = 0EWm --.‘.- Thetbits |_.1.
¢ r= 30m Frogugnoy and ampliieo of a
~ travelling weve ars independznt of
e Pw 3 SAEN Gtrer THatls Wiy YoL can tm
> P up fhe volurme of 8 sorg fncesss
H i amphtude) without chenging i pich
' A {which depanda onfraguancy).
Tie s
4nr?
P
Putting the valuee, SR .= SR
i e 4 «314{30m)
P = 051=13.04
P = 5552W
{b} L, = DEWm'

0.25Wm*

ol
"
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{o= 7

I o= Lk B o= Tl
. . Can youTind the decivel iovel

P = 0DAWm +025Wm of a fraveling wave whooe

I o= 075Wm® ok bl kiihd

A Frmmpie 7.9 1| A gpadker |& smitting sound waves wilh a power of 50 watts. If the
sourd weves are spreading out evenly in all directions and the inrtensity of the sound
waves is measured ot & distaroe of & m from the speaker, what & the intensity of the
sound waves If the area of the sphers (the surface arsa ufupnﬁm]atmatulmulu
approximately 314 m*? .

fiohtionli| PowerP = S0W

Ara A = 31am’ e s g |

intengity = S b s s
= -~ i,__;mmrrlﬁnnundm.
Y
, - EwW S h
demt L/
! = 0158 WmE

7.11 DOPPLEREFFECT.

The apparent charge in the frequency {or pitch) of waves due to the relative motion
between the source and obsarver (listener) is callea Doppler Effect.

This sffect was first nbmd by John Doppler while he was observing the frequenoy of
light emitted from 2 star, In some casss, the frequency of emitied 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 light de pends upon motion of starrelative to Earth.

This affect can be obeervad with sound waves also. For exampla, when an obsarver g
standing on & raiway platiorm, the pitch of whistie of an engine coming towards the
platform appaars to bacoma higher to an obearvar standing on tha platform. Howenar,

tha pitch of whistle of an angine going away from the platform appesrs to become lower
1 an abserser standing on the platiomrm.

Consider a source of sound 5 at rast which amite sound wavas having wavalangth . Lat
spead of the sound lor a stationary observer (e, istener)is v then the number of waves
received by observer inone second i.e., frequency 1 is:

f=3
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Casgse 1: When source of sound mowves towards the stationary
ohserver

Whien the source moves towards the staionary cbsenvar A with velodity U, then waves

are compressed and their wavelength is decreased as shown in Fig. 7.14. In this case,
thewavies ara comprasaad by an amaunt given as

Ar=te Y iy}
F R SN
F ——
The comprassion of tha waves is due to the fact thsl L. i’_ﬂbmrh
same number of waves are contained |n a shorter space n( ff-_é:.u 3 |-3@
dapending upon the velocity of the sgurce. The  Opeeners \ U™ _,-" [}
wavelength obaervad by the obasrver A lathen, 5 '\_‘\"“-"'/ /
A — Al e
j“ v Eﬁ I"Iﬂ.?.:ﬂ'
or by = —=— \ moing with welacity 1,
I A ’@a stalicnary assener A
V= Y oand away from etabionary
by = i obszrver 3 respectively.

f 7 Chasrer ncreased
HHM&EHHWIHW&WWHIHMWﬂﬂ and ma"-‘rt'::'h.m a

iz called Doppler shif, _
Thus, the number of waves received by ﬂﬁ_ﬂemar A in one second (e, changed or
apparant froquency) is ;

=t

=¥
A

A
Putting the value of L., wa hava

¥V

o F

3 [v—u.}

As y >1
V-,

Therafare fo> F

Thus, (he apparant frequency of sound haard by thae obsarverincreasas which in turm will
increase the pilch of sound.

Case 2: When source of sound moves away from the stationary
observer

When the sourcs moves away from the stationary cbsemnver B with valocity w, , then
waves are expanded and their wavelsngth ia increased. In thia cass, tha waves
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expanded by sn amaunt:

hy = e
f

The sxpansion of the waves is due o the facl thal same number of waves are now
contained in a large distance. The wavelength observed by the abserved B isthen,

ha= A+ A
whare Ah isthe incraase inwavelength inone second and s called Doppler shift

Thuz, the number of wavea received by observer B in one second (i.e.. changed or
apperent frequancy] s:

a= Y
P utting the value of i, we have
W

o]

ot
- v !
o[

v 1 a

- vig
Thatefora < d

Thus, the apparent frequency nupuhd heard by the observer decreazes which in fum
will decreass the pitch of sound.

;
| T |

T

-
= Lo s E mmm '.\ ! n:l
Crgankms | Freguencies In Hz apead \iealront ‘m"“ -
Dalphin 180 - 150,000 =) o) )
Ana plans aceelnmies, & builcs up afront of
b 00 1220 . dir pressura by puEhing al infrent of L Whan
jost] 0 - 70000 mﬁmmﬂmuﬂ wmmh
2 5 WS, ng a8 sonic
Do 15 E0.000 shoclouave. ?
Human 20 = 20,600
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|| Framplis 7.90 1 Two trucks P and Q fravelling along a motorway in the same direction.
The loading fruck P travels at s steady spaed of 12 ms™, the othartruck Q, travelling et a
steady speed of 20 ms ', sound its horn 1o emit a steady note which P's driver estimate,
hasa frequancy of 830 Hz. What frequancy dose Q's own driver hear?

{(Speed of sound = 340ms™)

.[S'ﬂ'lllﬂﬂ"l_ﬁl
y, = 1Zms’ Sauree [@inma’) Listaner {12 %)
o N
¥ = 3M0ms’ .u. . P.
f = 830Hz
L =7 EX
Spesd of Q relative to P = i, = Uy - ¥, = 20m s — 12m sl =8 m s
4 ‘|| e Y
f-l ¥ i .
W4, y, '.:
5 iy N
X L
’;_Lv—t&]ﬂ’ e
Pulting the value, we have )
MOoms’
b _(:Hl]mn" - Emn*]r"":
MOms" :
- A
830 Hz (B-EEFHB"J“I N
) e
or f. =[EMHI 33?‘?“5 J
W m's
o = ﬂ‘lﬂ.ﬂ_?HI

| Enampie 1. 710 Atrain sounds its horn bafora it asts off from tha station and an obsarvar

weliing onthe platform estimales its requency et 1200 Hz. The train then moves off and
geceleraies steadily, Frity seconds after departure, the driver sounds the homagain and
the platform observer estimates the frequency at 1140 Hz. Calculete the frain speed 503
aferdeparture. How far from the stafion is the train after 50 5.

{Sousd of sound = 340 ms™)

] Bodution
Origingl frequencyofhom  =f =1200Hz
Apparent fraquancy ={'=1140Hz

Speedof soung =v=340msg’




‘_Jhmll-.i'_! @ f’;;"'h_; -'I'Hu:l.m;lnu;-ru B
Time =[{=50s

Speedofsource {i.e, frain) =w,=7?

Distsnce coverad by thetrain =S=7

(i f'-[ £ ]f
e il o= younnowt B
Putting the valuas, we hayve _
3M0ms’

Hsite = [m]“‘m“‘

MOms =1200 Hz

1140 Hz
u, — 357.88- 340

g, = 17.89ms"
(1) §= yi '
#L [""‘; ]t (;j\:\?H

bl

MHOms +u,=

e
S= {ng%ﬁ]m' Bats navigate and find food by
‘s;_\ acha leeatian.
S= 448 q:i"_‘}
7.12 APPLICATIONS OF DOPPLEREFFECT
Doppler afact is also apngﬁgmu to elsctromagnetic :-;:mm?,‘._'f
weves. One of iz important applications is the ﬁ”
radar system, which uses radio weves o determine 4
the elevation and spead of an aaroplans. RADAR u_‘_f}
(RAdio Detection And Ranging) s a device, [ T‘ ;*-:-U S
which trainamils and receives radio waves. If an WV :::m.'f'
seroplane approsches towards the radar, then the ; o ¥
wavelength of the wave refiected from aemoplane (5 - ; ,:':_f /
would bo shorter and i It moves away. then the |\ =/
wavelength would ba larger as shown in Fig.7.16 k"
() & Fig.7.15 (p), respaciivaly. Similary, speed of ™
satellites moving around the Earth can also be oy 2
determined by the same principle. Fg. 7%
A mequency shift & used o5 mdar i
e the motion of an asrplane.
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SONAR is an acronym derived from "Sound Navigation And Ranging”. Itis the general
nami o7 sonic o uitasonic undarwater acho-ranging and acho-gounding gyestam.
Sonar is tha rama of a tachniqus far datacting the prasenca of ahjacts under water by
ecoustical acho. In Sonar, "Dopplar detection” relias upen the relative apaed of tha
target and the detecter o provide an indicetion of the target speed. it empleys the
Doppler effedd, in which an apparent change in frequency eccurs when the source and
the ooserverare in relative motion o one another. Iis known milltary applications include
the detection ard location of submarines, control of entsubmarine weapors, ming
hunting and depth maasuremantofaas

In Astronomy, aslionomes use the Doppler effecd o calculate the speeds of distanl
stars and galaxies. By comparing the line spectrum of light from the star with light froma
laboratory source, the Dopplar shift of the stars light can be maasured. Than, the 2pead
ofthe star can be calculaied.

(i1 Stars moving sway from the Eerth show a red shift ag o
shown in Fig.7.16(b). The emitted waves have a a4 &P
longarwavalangth than |f the star had been atreet So, [
the spectrum i2 shiftad towards longer wavalengtn, (@ - .
l.e., kowards the red end of the apectrum. Astronomera
have also discoversd that all the distant galaxles are
mowing away from us and by .m'{enaurlng their red s .
shifts, they have estimated their speeds. recading

(i) Stars moving towards the Earth show a Blue shift as |
shown in Fig.?.‘lﬁ{c}l._'l’his' is because the wavelength ),
of light emitted by fhe slar are shorler than iFthe star
had been &t rest. So, the specium is shifted towards ™ -I .
ghorer wavelangth, l.e., to the biue end of the
spactnum.

Another important application of the Doppler shifi using ﬁmmm‘;{' ‘

|

Sigtonany mer -

slastromagnetlc waves Is the radar epead trap.
Microwaves are amitted from a tranamitier in shart bursts.
Each burst is reflacted off by any car in the path of
microwaves in between sending oul bursts. The

transmitter le open to datect reflectad microwaves. If tha
reflachon Is caused by a moving obstacle, the reflacted (=
microwaves are Doppler shified. By measurng the

Doppler shift, the speed at which the car moves s Fig. T.18
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calculzled by computer programme,
Satelfite Navigation uses Doppler shift lo delerming satellite velocity and position,
enabling accurabe location tracking.
Satellite Communication also uses Doppler shift compensation ensuring stable
communication signals.
Doppler radar dstects wind vaiccity and pracipitation pattems. Doppler shift heips
meastre Earth's surface velocity and deformation.
Deppler echocardiography meesurss blocd flow velocity end delscls cardias
abnormalties, such as valve slenosia or regurgitation. Dopoler echdeardiography
optimizes pacamaker sattings.
Doppler ultrasound measures blood fiow and calculates cardisc output Deppier
ultraznund detprts vaacular stenonin orocclusion.

| Ememple 7120 The wavelength of one of its lines of the absomption spactrum of a faint
galaxy s identifed g5 Ce-x lina found tﬂhﬂdTEnm Tﬁnwmhrrgmafnamnlmiﬂ
observed and measurad as 397 nmin the hmm
(a) Is1he galaxy moving towards or away from the Earih?
(o} Compute the apead of the galaxy mhm'lﬂb,ihu

1§ Iu.- urdboan)
Ltumlnqmmndmgmalwa\riijh

A=1397 nm =397 x10"m

Changed ar.ﬁ.nparentwmuwm A=478nm=478x10"m

Spead of light - ¢ =3x10"ms’
(&) A\ = oy o= fR
‘ . =M (vv=g)
= = %
f = 3x10°ms’
35?x1ii m
f = TH6x107"x10" 107"

Laboratoy frequency f 7.56x10" Hz

Apparen] frequency £ = 'j%
3=<10ms’
478210 m

I B2Bx 10" H=
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Aeh or F<f
~. The galany e moving away from the Earth.

¥
o o)
c

o) e
ot
Putling the walues, we have

Ix10fms”
4 ity
628x10"Hz = [3':1#’ s, Gziactic Motlon

33x10°m &' »7.58x10" Hz Pl 0
A 28 107 iz et

U= %—EMT m s’

U= 612x10ms' A t‘?“

T oo T

§ Muitiple '_f_!i;iﬂ Cuestions [

]T_EE =10 Hz

Tick () the corroctanawor.
7.1 Thesimple wave speod equation is represented by
(alw=rn _{ﬁ)‘v'=§{ QD v=ro (d) v=2d/,

7.2 Tf‘lﬁ:pfﬁﬁipleﬂrﬁf:lpﬂ’f[.l:ﬁ:‘ilﬂl' inwaves is stated g9
{a} the cieplacement of a wave is the sum of tha displacements of itz individual

(b} tha velocty of a wave s the proguct of its individual components
{¢) the frequency of awave is the difference of its individual components
{d) the ampliiude ofawavals ths ratls of tsindiddual companants
7.3 Anodeinsstationarywaveis
(a)apointof madmum displacament  {b)a polint of Intarmedlate displacamant
(¢} a point of zero displacement {d}a point of infinite displacement
7.4 Anantinods ina statlonany wave L&
{a) a pointof meximum displacament  [b}a point of minimum displacement
{cha polnt of 2aro dlsplacament id}a polnt of Infinlta displacomant
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7.5 Siationarywavas ar defined as:
(a) warves that move with a constantvelacity
{b) waves that move with a changing velocity
{c) waveatha! oscillate In a fixed position
{d) waves that propagate through a2 medium
7.6 Hamnonics are:
fa) integermultiples of a fundzmemsal frequency
(B} Inegersubmuitiplas of 2 fundamantal frajuency
{e) random frequencies
{d) non-integer multipies of a fundamental requeney
7.7 Tha resultof canatruciive IMerfarancs batwaan iwo waves |5 mpr@nén:aﬂ a8

(a) adecreass inamplitude (b} an increass in amplitude
{c} no change in amplitude {d}ashiftin phase
7.8  Fheampliude of the wave s tripled, than the amount of 8hergy is increasad Dy
(a) 3 times (b) G times {c)Otimes | (d) 12 times
7.9 Whal type ol waves do hesdphones use o [m'id_m".'e soLnd?
{a) Elacromagnetic wavas (b) Machanica! wavas
(6} Pressure waves *_{d) Longitudinal waves

7.10 Tha typical fraquancy rangs of micripevss |e:

(@10°-10°Hz @) 10'-10'Hz (€)10"-10"Hz (d)10*-10"Hz
711 The banding afwines around snobstacto is called og:

(a)refraction  (b)reflaction {c)difiraclion (d) nterfarance
7.12 The Dopplar Effectusedihastronomy s for

(a) measuring the diareters of slars

(b) determining velceiy of galaxias

(&) analyzing properlies ofblack holes

(d) siudying behaviour of electromagnetic waves

[ Short Answer Questions | ]

7.1 Whatare the conditions for interference lo ocour?

7.2 Differentiate between constructive and destructive interference of waves.

7.3 Whataere coherentwaves and coherentsources? Give examples.

7.4 Distinguish batwsan longitudinal and transverse wavas,

7.5 lait possible for two identical waves travelling in the same direclion along a sting o
give nse lo a slafionary wave? How isit so?

7.6 Howwould you apply Doppler effect in studying cardiac problems in humans?

7.7 What is meant by difraction of waves? For what purpose, the rippls tank is ussd?
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7.1 Which measurement of a wave is the most imporlant when delermining the wave's
intsnsity?

7.2 Canyou anply Doppler effectto light waves? Dascribe briefly.

7.1 Can you compere the sompreasionsa and rarefactions of the longiiudinal wave with
the poaks and troughs of the ransvarsa wave? Discuss.

7.4 How should a source of sound mowve with respaect to an observar 2o that the
frequency of its sound does not change? Write twoexam ples.

7.5 Whyis it dificult to recognize beats when the frequency difference is greater than 10
Hz? Examplify. \

{ Comprehensive Questions )|

7.1 State and explan the principle of superposition of waves.Apply this principle to
elaborata e warking of noise cancaling haadphonas.

7.2 Whal are slanding waves? [lusirate a defalled sxperimen| that demonsiraies the
standing waves using stralchad sirings.

7.3 Find the frequencies of the hammenics produced in an organ pipe when itis open at
both ands and whan it is dosed atone snd,

7.4 Define and exemplify diffraction of waves . Describe this phencmenaon by rippie tank
axperiment

7.5 Wnet ls meant by the term beals? Frove that number of bests per second |s equal to
the difference balween the fraquarnties of vibraling tuning forks.

7.6 What do you understand by progressive wavas? Dlscuss the Intenzity of progressive
waves,

7.7 Keeping in mind "anﬂar affect’, analyza tha following cases:
(a) when source of sound meves away from the stationary observer.
{b)whan source of sound moves towards the stafionary cbaerver

L B

@ Numerical Problems
7.1 The speed of a wave on a typical string s 2d ms". What driving frequensey will it

resonate ifite langth is 8.0me {Ans: 2 Hz)
/2 The lowest resonance frequency for a guitar atring of length 0.75 m s 400 Hz.
Calculate the spesd of a raneversawava on tha etring. {Ane:80C0 ma"]

7.3 Atuning fork & produces £ beats per second with another tuning fork B. It iz found
that by lnading B with some wax, the bea! frequency increases to 6 beats per
sacond. Ifha fraquency of Als 320 Hz, detarmina tha frequancy of B whan laadad,

{(Ana: 314 He)
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7.4 A sleal wire hangs vedically fram a Mxed poinl. supporting & waight of 80 N al ils
lower end. The diameter of the wire is 0.50 mmand its length from the fixed point o
tha waighlia 1.5 m. Calculate the fundameantal frequancy emitted by the wire whan
itis plucked. Density of steel wireis 7.8x 10° kg™, lAns:76.2 He)

7.5 Average intersity of sunlight on the surface of the Earth is neardy 500 W m™
Detarmine the amount of energy that falls an a solar pane! having an ares of 0,50 m*
in fourhours. {Ans:3Bx 107}

7.8 (a) IFthe intensity of a wave is 18 W m™ and the amplilude s 2 m, whalis the value
of constant k7 (s 4 Wm)

(b} If the Intensity of & wave is 25 W m” and the constant k 5.5 W m™, whatis the
amplituda? {Ane: 2.24m}

7.7 (=) Asound sysiem produces 200 watts of power. If the gound is directed at a
crowd with an araa of 150 m*, what s tha intenaity of the sound?

{Ans:1.33Wm%

(o) A light bulb emits 100 watts of power If the light is spread out everly over =
aphare with a surface araa of 400 r", whatia the intenaity of the light?

(Ans:0.26 Wm™
7.8 Aradio antenna broadcasis 800 watts of power. i the signal i= received at a distance
of 10 km, whatis the intensity of the signsl? (Ane:4x 10" Wmh)

7.9 Anorgan pipe has a length of 1 m, Determine the frequencies of the fundamental and
the first bwo hamionics:
{a} ifthe p*pﬂianpmﬂbﬂmihds and (b} ifthe pipeisclosedat onaend.
(Spead ofsoundinairis 340 ms")
{Ans: 170 Hz, 340 Hz, 510 Hz; 86 bz, 255 Mz, 426 Hz, respectvely)
7.10 A train is epproaching a stafion at 90 km h', sounding & whistle of frequancy
1000 Hz. What will be the apparent frequency of the whistle as heard by a lstener
gitting on the platiorm? What will be the appareni frequency heard by the same

Iisienét_l'rlhe train moves gweay from the siation with the seme speed? (Spesd of
soundis 34Dms™) {Ans: 1079.4 Hz, B31.5 Hz, mspactivaly)




. Afler studying this chapler, the students will be able lo:

%  Explainihat polanzation is a phenomancn assockalsd with trensvems waves.
L 4

requined].

N
Diefine and soply Malus's law ! = 4 coa't b calculnte the Intanolty of ;
slecinomagnetc wava aftar ransmission hrough a polanzing Hiaror o sed Yolanang fters,
[Calcuiation of the affact of a polanzng s on e obaosit of &0

e % ol

L

y\'
Expliinthe wsa of olirolds Insky phoksgrashy wmmmﬁala@m
Desnribe qualitatvely gravitetionsl waves
Eaﬂmuﬂ!tnlnhmdlnmﬂtrﬁmwme miszees of an artstal Enary
vabhn Iha! propegate &5 waves outward fram ihex A of Bght),

Slats thal s a gravilatons weyvs passess lhm@m i epace-lime can cauge Ihe
ody o stretdh and compress periodioeliy. -

Sfats that pravitaBional waves passthrouch { @uwmmmumm bt ey el
“rrlm ampliuda.

Desoribethe oo of Imorfarometera in ravitlonzl woves.

[Inteferometems ame very sensitive devices thet muke wse of the interference of laser
boams {working and setup detsils recpintd jardd wers used o first deteet the sdstence of
grevitetions|wavee],

hbdﬂﬂﬂrdﬂalswﬂhmﬂurm of physics namely polarization of fransverse

waves and gravitational waves.

8.1 POLARIZATION OF LIGHT

Physioal optics with reference to palarization deals with the
behaviour of light wiaves and their interaction with matier.
Interference and diffraction effects prove the wave nature
of light These phenomeana, howsever, do nol 18l us whether
tha light waves ara |ongitudinal or transvarse. Polarzation
of light suggests that the kght waves ara fransverse in
claraclar.

In transverse mechanical waves, such as produced in a
stretched string, the vibrations of the partides of the
medium sre perpendicular to the direction of propegation
ofthe weves. Thevirations can be confined glong verfical,
horizental or sny other direction (Fig. 8.1). In each of thess
cases, the ‘ransverse mechanizal wave is said o be

Fig. £.% : Transviarss wivies
on & wiring polarsd

(A bra vartical plane, and
[bhina horizonmial plane
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polatized. The plene of polanzaten is the plane

containing the direction of vibration of the particles

of the medium and the direction of propagation of

the wave.

Alight wave gproduced by oscillating charge consists

of a padodic variation of the slectric field vector E
accompanied by the magnetic field vector B at right

anglas to |t Ordinary llght haz componants of

vioration in all possible planes. Such a light i

unpolarized. On the other kand, if the vibrations sre

confinad only In ona plane, the light Iz sald to be

polarized, Unpolanzed light isshowninFig. 8.2. E
Examples of unpalarized light sources are sunlight, T -
incandescent fight bulbs, flucrescent light BUIDS, |nsdecon Lok o aertere i o
light from a candle orfire. phanes.

Polarization is the process by which the alsclric and magnetic vibrations of light waves
are reslricled 1o a single plane of vibration. Iis the progerty exhibited only by transverse
waves such as light waves. |l does nol cccur for longitudinal waves such as sound
Wavas,

How an Unpolarized Light be Polarized?

An unpoiarizad light can ba made polafizad by the following mathada:

1. Passing ight through & polarizing filter (8.9, poaroid shest),

2. Using apaiazing beam splilter.

3. Employing certain optical erystals ar matarials (8.4., calcite, quartz, aic.).

Tha mest commeon methad by which an unpolerized |ight can ba polarized is by passing
it through a polarizing filier, such as a polarizing beam splitker or a palarold shest. When
an unpoiarized light passes through the polarized filter, only that alsctrc fieid vactor
which is parallel to the
axis of polarized filtar can
pess through It while all
other vectors are blocked.
Tha resultant lighl then

becomes polarized as
shown in Fig. 8.3,

Thus, in simphe words, the
process of rengforming an
unpolarized lignt Into a
polarized light is said to be
poladzation.

Flg. B3, Poleriration of ight using a polarmed fter
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Tha odaentation of the slsctdc feid veclor E of light
waves ina specific directicnis the basis of Polarization.

8.2 TYPES OF POLARIZATION y apace 1)
Here are the basic types of polanzation of light.
1. LinearPolarization

When the slectric field vector csdllates in a ™ =
single plane, lightis said to belinearly polarized <
as shown in Fig.8.4 (a) Example is the light ¥

passing through s polarzing fiter, ke  Fig g l.l'llnrpq;&'“'l& ot ight
sunglasses.

2. Circular Polarization

When the elestric field rolales circularty,
either clockwise (right-handed), or e |
courterciockwise (lefi-handed), thelight 5y '
i3 said to be circulady polarzed as
shiown in Fig.2.4 (b)), Exampl=is the light
reflected off @ CO (Compsaet Disc) or
DVD (Digital Versatile Diss).

3. Elliptical Polarization

Acombination ef linear and circular polarization, Ly

wharg tha slacirio fiald vector traces an aliptionl

path s callad elliptical polzrization. in elliptical qm
polarization as shown in-Fig8.4(c), the bao e
components of alectric field £, and £, are not V

acual orthey differ n phasa by an arbitrary angle
@, Example is the light pessing through a stress
plate ora waveglate.

8.3 PRQDUCTION AND DETECTION OF PLANE POLARIZED LIGHT

The light emitted by an ordinary incandeacent bulbis unpolarized, because its electical
viorations ara randomly orieniad in spacs 26 shownin Fig.68.2.

If unpolarizead ight is made incdent on a sheet of polaraid (polkarizar), the ransmittad
light will ba plana polarzed. If a second sheet of polaroid (analyzer) is placed in such a
way thattha axes of tha twe polaro|ds shown by stralght lines drawn on them are parallel
{Fig. 8.5-a}, tha light = transmitted through the sscond polaroid. If he second polaroid
{analyzer) s slowly rotated about the beam of light as ads of mtation, lhe light emerging
from the 2acond polarid gets dimmer and dimmear and ultimately dizappaars when the
axes becomes mutually perpendicular as shown in Fig. 8.5{b), the ight reappears on

Fig. 8.4 f): Eliptical polarization of light
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further rotation and becomes brightest
when the axeg arg again perallel o aach
other

Thiz experiment proves that light waves
ars fransversa wavas. I the light waves
were longitudinal, they would never
disappear even if the two polaroids ware
mutualfy parpandicular.

Ponder Upenl i}

~ Unpositzed

o} ( kahl beam
Light refincted from gmooth surface . Exporimanial arangernent @ show that
ol waler is partialy polarized - D! wtvaes: e tranisvarse, TH ires. with
paralioltothe surface. _arnovs Incicats eleciric vibrations of ght waves.

8.4 POLARIZATION OF LIGHY. BY THE METHOD OF REFLECTION

in 1808, Malus discovered ll':ﬁtnl;_!'arﬁdlightia ohiained whan ordinary light is reflected
by a plana shaat of glass. ll'fll'la raflactad light is viewsd Mraugh & polaroid which is
slowly rotated sbout the ling of vision, the light is practically extinguished st g cerain

Flg. 06 Flans polaizstion by misction
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arientation of the palarcid. The most suitsble angle of incidence Y & aboul 57" for gless
forwhich the raflacted ray becomes plane polanzed, as llluefrates by ray diagram In Flg.
{8.6). This proves that the light reflected by the gless is pracfically plane polanzed. Light
reflecied from lhe surface of 8 @Bhls becomes darker when viewsd through a rotated
polarald, showing thatltis parlally plane polarized.

Brewster's Law

The particular angle of incdenca an a irnsparent madium when the reflaciad Rghl is
almoat plane polarized is called the palarizing angle. Lat a beam of unpolarized |ight be
miade incident on the surface of medium 2 as shown in Fig 8.6, 1T the reflected beam of
light iz almost plane polarized, the reflectad and refracted beams are st Tight angles to
each vtheral the polarzingangle, /=6, Thus

8,+8, =80
ar 8 =80"-8
From Snsil's law, [?-,Tr_-_-,erw_:_i_.fg intormation s ||
n,8ing, = n,gng, Malus's law ks usad 1o sdy the
; i poiarization of light in biological
nieing, =msin(80°-4, ) systams, sush as the polarizeton
nEind, =mcosf, of light by call membranes.
ﬂnﬁ M
cosg,  n,

B8N0, = n&. e AR

This equation s known as Brewster's law. In thls squation, r, s refractive Index of
medium 1 and n, B2 refractive indax of medium 2. If medium 1 is air, then ecuslion
becomes tang, = 7 because n,= 1 and n,= n. Here n s efractve index of madium on
which light s incident Hence, Brewester provad thst the tangent of the angla of
polarizaton is numerically egual o the refraciive index of the medium 2 when medium 1 is
alr. In Brawster's law, the angla '8, for which the refleciad ray and the refractad ray make
an angle of 80° between them, s also called the Brewsler engle 6, Then, tand=n hclds.
Hisampie 87 1 Abeam of light strikes the surface of a plate of glass with a refractive
Indax of 3 st the poladzing angle. What will be the angle of refraction of the wave of

'
fewael o= 8,qe
An tanil, = n
or e = tan' (3)
0y = 80"
AB B = Hﬂ“--Bs. 6 =90" —-60"
§ = ape
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8.5 MALUS'S LAW

Malus's law states that the imtensity { of plana polarized light after pazsing through an
analyzer ia directly proportional to the square of the cosing of the angle B between the
transmission axis cfthe analyzer and polarizer, Thalis, Palariznd Tght

] = cost s
! = [ cos'd
where !, = Intenelty of tha
incicent polarized light.
Achally, Malus's law gives a
mathematical refation betwesn |,

i :
the Intensity of the ightincident ligh Analzer L
on the first polaroid (i.a., Carmponant af polar e ight pessiiel E
polarizer) and the intensity of hofpmloce srbiade

light obtzined afer passing it Fig a7(ak %Imﬂ_ﬂ{iﬁﬁ“ﬁﬂf%’iw

through the sacond polaroid (i.e., gnalyzer). This is shown in Fig. 8.7(a}). An analyzer iz
alzo 8 polarzer that iz placed after a polanzer. Rotation of the analyzer affects the
intensity of the polarized light. I1is used to further reduca thea intansity of light and also
adjustit by adjusting the angle of the analyzer wilhrespact iotha polarizar,

Certain bansparent crystalline materials; ke tourmaline, calclle crystals, elc, ame
capable of confining wibrations of lght waves in only one plans. Such materials ara
called polaroids which have high directionefty in crysial structure. Light can also be
polarized by natural phanomsnalike reflaction, refraction and scattering.

If a plece of polarold & rotated In front of a "

polarized ray of light, it causes a variation in the polarizer

intansity of the light that gets through. The
reason thal causes (he-varation of intensily js

the angle between the initial polarizer and the n\\

axis of sacond polanzer. Pl af
Whan the [cident polarized light of ampiitude A, \'x i
sirikea the anolyzer at an angle &, it is resolvad
Into two componenis A4 cosf and Asing as
shown In Fig. 8.7(b). Tha companent A sing is
absorbed in the anzlyzer Since, anly A osk
paseas through the analyzer, the amplitude A of

the transmitizd light is therefore, Fig.d Tl : Resubulion of ampliude into
components of plans poiarization light.

L

A =A.Gﬂﬂ-3 CTRT T TR T {5.2]

Sincsintensity /12 proportional fo the square of the amplitude 4. [t can be expwasaed as:
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wherek=1 wecanwrite: [ = A®
or t = A cos'd — Polarzor2
! = Loog'e (=A% {Vertical ~

Here {, is the intensity of the ncdent Beam

incident polarized light. b el

There are two extreme conditions

of & followed by the above equation

glvenasg,

i IMg=0"then /=1 This means
the Intensity transmitted
through the analyreris equal
1 tha initia! light intensity that
passes through the polarizer,

ii. IF&=290" then f=0_This means the light is exii_ngl_ﬁhed completely, e, no light Is
aliowed to pass through theanalyzar.

Optical Activity _

Optical aclivity ks the abillty of 2 substance lorotate the plane of polarization of light passing

through it. The rotation (s detected with a palarizer or anatyzer as shawn in Fig. 8.8

ugﬁmﬂﬁ-;ﬁmmmm

Many crystals and solutions rolale i s bl
the plane of polarization of light y  Optially
pessing through them. —Such i T
subetances are said to be aplically 1 o { Analyzer
activa, Exﬂnplasmquuttmma = g )
cinnabar (H.5), sugar waler, Insulin P ", e
and collager, Tha amount and I E
direction of rotation depends on E ‘. t ,
foikewing m Flg A.6= Optical acthity -l
(i) Thelypaofsubstance [ interenting mfoimasion 5 |
(il The concantration of the substance (the Pﬂnﬂnﬁﬂl

amount of a substance present in a given o

quantity of a mixture or solution).
(i) The distance the light travelsthrough it and “ﬂ'““"

Palgrizar Anglymgr

(iv) Thewaysiength of Rght. Sugar soliion rolates e piane of

: & poierirstior: of incdent light so et
Optical activity occurs due to the asymmetric shape of P i o gar Mgt bt o g

mclecules in the substance, such a5 baing helical, ATew  angls 4. The analvrsr thus stoos ihe

A light wihmn mteed from the verical
millimatre thickness of such crystalswill otate the plans [ ) positors,
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of polarization by many degreas. Certan organic substancas, such s sugarand tartaric

ackl, show oplical rotation when they are in g sclution, This property of optically sctive
eubsetancas can ba usad [0 determina thalr concantration In the sclutions.

| Examaie 82 || Find the refractive index of a medium if polarizing angle is 54.5",

 sodurlan

9' = .51-,5"‘, it n ] yuu.i_muw? _
As tan€, = n
or n = fané, oy, bbbl ‘

o
So n = ks = .uEy [
= . f'#. ; ! .'I:_"--j

n 1 r'q' _\_t . .' -'-TI
[ #eampie 8.3 [ Polarized kghtwith an intensity of TS W T e
m* passes through an analyzer with its sxis at 30" Lo the <= 74 |
polarizar's axis. Whatis the omarging intansity 7 . L

[ Solminn(j] o - 7 - 1 ‘
A 75Wm?,0=30"1=7 '
Lisirg Malus's taw: L

F N

i = Lcos'0 ,._r-:.{":f‘ Loakdng thisugh two polarzers when
I = T5Nm° wf\ﬂﬁ :_w‘“:r:m"u?ld' vory (e light
= 75Nm"(0.886)"
= 75NmM'x0.75
! = ’___I m”
{ Exampic 88 Ji rad light with an amplitude of 5 un its passes through a polarizer

with ita electric field aligned at 60° to the odginal polarizetion direction. Find the
amplitida oftha @éhrmm through the analizer?
U SoiusionB, (>

VA, = Gunits,0=00,A=?

Lizing Malua's [aw:
A= Acows T — |
or A = BoosBD® A beam of urpolaized Iight passes
(hrough @ fogoy aimasphens. Tell the
= axDS poiarization stabe of the tcaberes ight.
A = 24unils
Importance of Polarization

Thaimmeanss significance of polarization of light may ba justified by various fields:
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1. Optics and Photonics

Polarization is gssential for epplications ke polanized sunglssses, LCD {Liguid Crystal
Display) screens, and oplical communization sysiems.

2. Imaging and Microscopy

Polerization enhances image quality, reducing glare (unwanted light thal interferes with
vielon) and Improving contrast, espaclallyin microecopy and madical Imaging.

3. Medical Applications

Polarization is usad in cancer diagnosis, lissue imaging, and laser surgery, levaraging
Itz abllity to distingulsh between different Hesus types.

4. Astronomy

Polarization hsips us to analyze cosmie phenomana, like the polanzation of light from
distant stars or the cosimic microwave backgreund radiation.

5. Miscellaneous Fields .

Palarization has importanca In mizcallansous fislds slch as optice and photonics,
imaging end microscopy, biology and chamisiry, communication syaiem, eto.

Two Main Applications of Polarization

Polarizers, slso known as polarizing fiters, have twa main applications:

1. Sky Photography

Acamerawhich is used 1o photagraph the
clouds 8 fitied with 3 polarcid. The Tiaht

a = - . [FrE -
n-un'mg from the sky iz poladzed by the P‘ﬂm
polaraid. - to trwe nighway

In skey photography, polerizers anre used o
redice the glae and haze which ars
produced by the scattering of light by
small particles of molecules presentin the
atmosphers. Polarizers also enhance the Light bearn

contraat by clocking the excessive bright g

whits light while allowing the othar calours

to pass through, thus cresting a brighter Unpolartzad g

detailed image. Thus, allows to improve Palurized light
tha cverall imaga quality.

2. Stress Analysis of Materials

In materials science, polarizers are used to analyze the siress and sirain on malerials,
such as plastics, metals, and glass,

YWhen a maleral is stressed, its malecular structure changes, affecting the way, il

Lighl wervis viEmadang
paralie bo the
Filgg by
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interacta with light, and interference patierna on fringes are formed which in tum gives
gualilative information aboul the maledal. By shining polarized fight through the
transparent malerial and analyzing the changes in the light's polarization, tha
researchers can:

= determine the matertal's etress pattarns
= |dentlfy potentlalweaknesses or defacts

* analyre the materlal's opfical properiies

= undarstand how the matarial will behave undar diffierent conditions. This technique
is known ag “photoalasticlty” and & widely used in fields like enginearing,
materials science, and quality contrel %
In both casss described abova, polarzars play a erucial role :n-iffuhipuhti‘ug leght te
achieve specific goals, whether il is enhancing image qualily or analyzing material
propeties.
o

8.6 GRAVITATIONAL WAVES (GWs) _ 7~

A gravitaional wave i a shrefching and compressing of
space-tima and can ba ohsarvad by measuring the changs
inlength between two cbjeats. P
Gravitational waves (GWs) are actually.

"Ripples in the fabric of spacs-time, producad by viclant

cosmic events, ke colliding black holes or neutron stars :’mr;:;g::;ﬁ
that travel at the speed of light, carmying information about Prysical
thairsoura.” One of the Workd's renowred
The simplest example fo understand GWsisgiven below;, o

If we throw & stone Into.a pand, the stone creatae rippies on the water surface (epace-
time). These ripples fravel cutwerd, carmying information about the stone {the cosmic
event]. Thay mba deteclad an the shors by (gravitational wave ohsarvatories),
revasling the stons's presence and properties.

Prediction and Detection

Gravilational waves are a pradiction of Einstein's thaory of ganeral relatvity which is
confirmed by observations and is opening @ new window into the universe's mast
extrerne phenomena.

According 1o Einstein's geharal theary of relativity, gravity ia not a force, but a curvatura
of space-ime caused by massive bodies. Gravity is like & dent in @ maltreas. Heavy
things wrap the space arcund them, and thal is why we Teel gravity.

Gravitational waves, as initially pradicted by Albert Einstsin in 1818, are ripples in
specelime thal were first detecled in 2015. bul announced in 2016, the first
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obhsarvstion of its kind: the defection of
gravliational waves, produced from two
coliding neutron stars. In this type, there is a
gradial incraasa (n fraquancy and ampitude of
G'Ws,

A Binary Sysizm (BS) in the context of
gravilational waves rafars o "a syatem
consisting of two compact chjects. such B3
black holes, neutron stars, or white dwarfs,
which are orbiting each other and amitting
gravitationa|waves.”

Four Basic Types of GWs

There are four basic types of gravitational
waves, sach with different sources and

charscteristice: Actroptyaicts st MIT Kncn for ber work
i ficnal
1. Continuous GWs , S tons| wewea

When a single massive chject spins with a constant rata, such as a neufron star,
conbinuous GWs are produced with a mnah'ltfmwmjr and amplitude. White dwarf
binary syslems produce confinuous GWs.

2. Compact Binary Inspirational GWs

When a binary sysiem, such as binaty
neutron stars, binary black hule_s',u: @

neutron star and black hole oriiting

eech other, compact inspirational

CWs are produsad. \

3. BurstGWs

These are produced by violent events
lke supemovas, gamma-ray bursts,
orecsmigsstrings.

4, Stochastic GWs B8 Model

Stochastic GWs are weak. random signals of GWs which are produced by superposition
of many weak gravilational wave sources, sugh as distent binary systems. These GiWs
ara tha most difficutt o detect,

Every phyzical objec! thal sccelersles, produces gravilational waves. Vehicles,
airplanes, ric. are includad in it. The masses and acceleration of objects on the Earth
ara too small to make grewvitational waves big ancugh to be detected with our
instruments.
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Az tha binary syetems (pléo termad as
binaries) orbit each other, they omit
gravitalionz| waves, which can be
detacted by observalories like LIGD
(Laser Interferamester Gravitational wave
Ohservatory) which s silusted in USA and
Virgo, @ large scale gravitetional wave
obgervalory In Cascina, ltaly. The waves
carry imformation aboutl the system's

mass, spin, and mearger dynamles, .

P e . Piclyre of 2 scrics ol cencenlic spheres, with he
offering insights into these extreme | ErRSL SORR] W-l“ﬁlsi'ﬂ ki Al
cosmic abjects, and move with the speed  outwardinta thecosmos. |

of light.

The binary systems are significant sources of gfaumw.ﬁﬁm, and their margars
(ccllision and unien of two massive objscts resulting more massive single objeci) ara
among the most imtense cosmic events,

As the masses orbil and accelerate, 1heir
pravitational intensity fluctuates, ganarating
waves that radiate outward in all directions.
These waves are not bound by the binary
gystam’s gravity; Inetasd, they travel frastly
through spacetime at the speed of light. The
waves propagate through the. universe,
weskening in intensity as ihey distance

thameelvas from tha sourca.
The characteristics of GWs depend On 1Y nygl forces camy the mathematics algraturs of
systemm’s properlies, such as: graviaional waves

= Masses ofthe objects
»  Orbital pariod and fraquency

= Eccentricity of the orbit Esconiricity e 15 a measurs of the amount by which an
object deviates from a perfect cirole.

e=0 Circniar orbit
a=1 Parabolic trajasctony
e Hypertolic frajectony

O<e <1 Elliptical orbit
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Space-time Distortion/ Tidal Forces

Gravitational waves passing
through a body with masa can calusa
the body lo experience periodic
stratching and compressing, also
knewn as "space-tme distortion®,
This effect is known es "lidal forces”
and Is & result of the gravilational

wave's oscillating nature. As the -
aravitations| wava passos through Spacatime curve of &0 ariificlal and a natursl satalite

tha body, it causas the space-time around the body to osclliate, laading to & periodic
stretching and compressing of the bedy in the direclion parpﬂrﬂinular to the wave's
propagation. This offect is similar to how tha lides on Earth ara caussd by the
gravitational pull of the Moon and Sun,

The amount of siretching and compressing depends on the sirength of the graviltaional
wave, as well s the maza and size of tha body. This @fact ta an important pradicton of
Einstein's general theory of relativity.
Gravitational waves genarated by
farof coleatind events, such aathe
merger of fwo biack holes or
neutran stars, pass through the
Earth. However, the ampliude of
thess waves | axtramaly small,
typically of the order of 10 _[o
10 meires. This means that the Spacatime curve shown by twa satslllies
distortion caused by the gravitetionsl wave is incradibly tiny, and requires extramaly
saneltive Instruments to dalect.

Despite their small amplitude, gravitalional waves offer a unigue window inlo the
univarae, allowing us o siudy strong-fiald gravity, to tast ganeral ralafivity, and to explors
the univerze i1 ways previously impossible,

8.7 INTERFEROMETER

An Interlerometer is &n optical 100 ussd in detecting gravilational waves, Il is a very
sensltive detection device that may use the Intarferenca of LASER (Light Amplification
by Stimulaiec Emission of Radiatoin} beams. The basic LIGO interdferometer can be
saanin Fig. 4.9,

An interferometer that detects gravitational waves is a highly sensitive inetrument that
uses LASER light lo measure finy changes in distance between mirors, caused by
gravitational wavaes passing through the datectors. Thesa intarferometers are callad
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LIBO (LASER Interferometer . o o soge
Gravitationel Wave Observatory).
Tha main differances batwaen LIGD
and conventional interferomeatars
are: VEabry-Perot vty
(@) LIGO s 1000 9mes largar than
cornventional device, and
(6} LIGO uses LASER whereas puee  mor
convanticnal intarfaromatar ""H“”HH Ny )

has nomnal light souroe,

Basic Components of | h_’ = h==’

GW Interferometer

The basic components of a

gravitational wave interferometer

are: Fig. &2 &m‘.‘#m Inkarferarertor

1. Laser thatproduces astable and high intensity baam of light.

2, Powar racycling mirror confinually reflacts LASER light that has alrsady travellsd
through the insirument back info the interfierometer and hence the term recyeling is
usad. '

3. Beamsplitterdivides the LASER beam Intotwo perpendicular beams.

4. Mirrors refiect the beams, creating two perpendicular arms.

5. Fabry Perot cavity mnﬁ_atanf bwo mirrors facing each other. The purposa of the
cavily i= 10 enhance the path length.

6. Photodetectors maasure tha returning beams, detecting tiny phase shifts {ifany).

7. Ammcavitles enhanca the LASER light, increasing sensitivity.

Working of Interfarometer

A lagar baqm-l__n &pllt Into two parpandicular beams, gach ravalling down two idantical

paths (arms} of the interferometer. The beams bounce off mirrors at the ends of each

arm and refum to the starting poind, whers they are recombined. If a gravitational wave

paszeas through, it causes a tiny disturbanca |n fhe distance batwsan the mirmors,
resulting In 2 phass shift betwaan tha two besms,

When the beams recombine, they create an interferenca pattem, which |5 measurad by
a photodetector. The tiny phase shift caused by the gravitational wave alters the
interference pattern, allowing the detector io sense the wave's presence.

Figure §.8 is a simple figura of an irerferometer, but in resality, it is much mone complesx.
Cn 14 Beplember 2015, the universs's gravitetional waves were obaerved for the
very first time by LIGO. The gravilational waves which were predicied by Alber Einstein

put

Hegm gpmg él ) "‘ gt mmiimer mh‘nr
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100 years ago, came fram a collision betweantwo black holes. lttook 1.3 billion years for
the waves to arrive at the LIGO detestor in the USA. On their work on observation of
GWs, Ralner Weiss, Bamy C. Barlek and Kip S. Throne recslved Nobel Prize In 2017. it
iz interesting to note that cne of the team mempers, Mergis Mavalwala a professor at
MIT {Mazsachuaaits Insfintsof Technalogy), balongsto Pakistan,

Virgo Detection

Similar to LIGO, thereis ancther facility for measuring gravitationalwaves. This is called
Virgo, which works undarthe European Gravitational Observatory (EG0) Cascina near
Piza, taly. Virgo is alzo an interferometer with two arms of 3 kmwhereas LIGO has4 km
arms. The Virge Observatory |s named afler the Virgo constellation, which is visible in
the night sky during the months of March, April and May. The Wirgo clister |s & group of
about 1,500 galaxios abaut 50 MLUYs (Million Light Years) away. Ramember one Light
Year {LY) iz a distance which light travels In one year. The approximale value of
1LY = 8.6 hillian km. Virgo has been invalved in detecting gravitational wave events, with
the first detaction in 2017.

| Example 6.5 1| the gravitalonal waves have 3 wayesength of 4000 km, find their
frequanty. N, %

ffettenl) 4 =4000 km =410°m , c=3:A0me", =7

As ¥ = fi
o f = -;E {v=5}
¢ - 30mg
4:1&-”?]11'
fo= 075410°s’
f = 75Hz

| Ecampre 0.6 [ AbInary system emiis gravitational
waves with @ frequency of 10" Hz. What is the
Isclutisn)| f = 10" Hz=10"8", c= 310’ ms’, A =7

A ¥ = i
or A= ; (sv=¢)
o b 3x10° ms’
107 5"

,_.,
]
£
®
.
=
3
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ouesmions D I

'§ Multipie Choice Questions |

Tick (¥} the cormect answar,
8.1 The phenomenon of polartzation of Hght ls:
(&) the process of scatterdng ol ight
(b} the property of light to vicrate in @ specific ptane
(<) tha ability of light to ravelin = etreight line
{d) the phanomencn of light changing colour ™
8.2 Malue's law staten thak: "l
(@) the intensity of light is directly proportional o the square | tr]' ‘lhr. cozine of the
angle beiween the light wave and the analyzer i
(b} the intensity of light is directly proportional to the :qun.m.u'fﬂm sine of the angle
hatwaanthe light wave and the analyzer

(€) the mtensity of light & directly mpunmulmmm|e between the light wave

and the analyzer
{d) the intensityoflightis Inversely pmf;n'hmaﬂu tha angle bebvean the light wave
and the analvzor
83 TheImansty of ight whan | passes quPanapmanxar
{a) Increases l;h]tinam
) rermaing the same . “{d) becomes zero
B4 Theange batween the light waverand the enalyzer |s called:
(a) polarizationergle - (b)refraction angle

() reflectionangle - - (d) aFimuth angla
85 The keypurpose o nj\ aralyzer in g polerization experiment is:
@) topulﬂrtnﬂ'l&lyht (o)t measuns tha intensity oflight
{citnmange,me direction oflight (d)tofilter out unwanted light
56 The rnahwnuﬁml representation of Melus's |awis:
(a)!=1cos™B (5)7=Lsin'@
(c)/=1.tan‘D (d)i=f,cot'e
8.7 The effect of increasing the angle batwean tha light wave and the analyzer on the
imenaity of light is:
(&) theintensity Increases (0)theinensity decreases
{chtheintensity rermains the samel(d) the intensity becomes zem
8.8 The condition for maxdmum inbensity ol Tighl in a polarization exgpedment swhen;
(a) the llght wave and analyzer ane perpendicular
{b) the light wawe and analyzer are paralial
(£) tha light wave and analyzer are atanangla of 45"
(d) the light weve and analyzer ana at an angle of 80"
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8.2 Theunwani=sd light thal inteferes with vision (s termed as.

{a)haze {b) glare (c)contrast fdiflare
8.10 Who predicted the existencs of grevitational wavesT

(@) Galileo Galile () Albert Einstein

{e) lesac Newton {d) Leonardoda Vind

8 11 What are gravitations] wavea?
{a) Elactromagretic waves () Macharnical Wavas

(e) Ocaanwaveas (d) Ripplas in tha Rbic of spacalima
812 vvhich & the primary mathos usad 1o detect gravitational waves?
{a) Optical taleacopaa (b) Redic teleacopes

(c)LASER interferometry (d) Gravitaticnal lensing

£.13 Which of the following |3 a pimary sourme of graviistionsl wnms?
g@)Binary blackhole merger  (B) Solarfares
(e)Earhgquake (d) Solzarwind

@ Short Answer Questions _E_

8.1 Why ara tha polarold sunglassss better than the ordinary sunglasses?
82 lalight from the sky partially pulnﬂzad?!_-ldhr' |iteo?

B3 HowisMalus's law usedin evaryday life?

4.4 Whatare the applications of Brewster's angle?

8.5 Whatisthe !apam-llme l:umamrd'?

a1 Write down some q:n;iimtm:ui plane polarized.

B2 Would it bupmblatuusnapuﬁarhafﬂs an arslyzer? i yes, give at least two
axamplas,

8.3 Explain how Malug's law iz uzed in the degign of polarized sunglaszes. How do
these surfaces reduce glare from refiective surfece? Frovide an exsmple io
illustrate your answer.

B4 Hnm.ﬂl the sky appearif there had been no atmosphers?

85 Whatisthe significance of delecting gravitational waves?

86 Howaretidsl forces formed?

|| Comprehensive Questions [
8.1 Dafina the phenamanon of polarization of waves. How does polarization of
elecromagnetic waves ocour? Alzo classily (ke polarization of waves.
8.2 Howcantheplane polarized light be produced and detected? What doesif prove?
B2 Howcanpolaized lighthe obtained by the mathod of raflaction? Explain.
64 State Malus'slaw. Explainthe intensity formula.
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Whatls a polarold? Explaintae main applications of polartzatllon.

What are gravitational waves? Desoribe the basictypes of gravitational waves.
Whai is an interferometer? Describa the basic L GO irtaderameter in detail
Whatis meaniby optical activily? Discuss it

@  Numerical Problems |

When an unpolarizad light of intansity £, is incident on a polarizing sheel, find the

Intanalty of lightwhich doas not gat tranamitted. {Ans: ; j

A polarized light beam passes through a polarizer et an angle of 45° Find the
intensity of the transmitied light Tihainitialintensily s 100Wm*  (dos S0W m7)
A light wave passes through a pofarizer with its electric field aligned at 20" to the
herizontal [T the amplitude of the wave is 10 units, what is the amplitude of the
weve passing through the polarizer? {Ans: B.66 units)

What angle ia recuired between the direction of polarcid light and the axis of &
polamid fifler fo reduceits intensity by 85%7 (Ans:67.57)

5 An unpolarized |ight having intensity of 15'W m” is incident an & pair of polarizers.

The first polaroid filter has ite transmission axis at 60" from the vertical. The second
polaroid filter has Its franamisslon axls at 20° from the verfical. Calculate the
intensity of light ransmitted to both filkers. (Ans: 7.5Wm " 5 6Wm", respaciively)
Two palarizing shaels have their podarizing directions parallel so that intensity of
emitted light |s maximum. Through what angla muet sither shest ba rotated if the
intensityisto be dropped by half? (Ans: 45"
We wish touse 3 glass piate of refractive index of 1.5 in airas a polarizer. Find the
polarizing angle ang:_lwa of refraction. {Anz: 56.3°, 33.7°, reepaciively)
Atwhat angle of incidence, will light reflected frem water be completely polarzed?
(Ang: 537
A beamof Unpolarized light |3 incident an a stack of four polarizing sheets that are
linad upso that the charactarietic dirgotion of each is rotated by 30° clogkwize with
raspect lo the preceding sheel. Whal fraction in percerlage of the incident
intensity be renamitted? {Ans: 21%)

8,10 polarlzer and an analyzer have thelr axes aligned at 60°. What Is the fracion of

thainitialintensily thalemerges? (Ans:; 0.25)

8 11 If ihe gravilalional waves have a wavelength af 3000 km, then find their frequancy

asauming it moves with the spead of light? (Anz: 100 Hz)
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@ Defineandeeulstosiscrichiald strangth. e
[U“F-I;EhrmmunuwﬂgelnmdnﬂhﬁmUm_E=% hm%ﬂdmgm
cituniform finld Beaon chanped parailal pistos]

% Daszcribe the affect of o unifonm electrc Neld on the moton of charged

& Bhwlm.fylmnuwnaww“rmmmwmmmmu{ ba consicered io
be e point chamge st is cantre. QJ

@ Explanhown Faraday cagaworks. o
[by Inducing Intemal alearts flolda that work ie shieid the inelde fram the Irfiuerics of moamal electrk:

fiics]
& Shie and apply Coulomb's nw. T{?‘
foE L T e ———— i fres spac, [uhars *"ﬁ I
=3 o .;I\._/ i

Uss E=|r-f‘- for thes slaciic fiald sirength dUeta 3 polr chargs in fres space_
Uae, fof & cumsnt-camylng conductar, the exaresskan | = Anvd. [Wher n Is the nambai of chargs
CAma parunitvoluma) Jl.\_
State mnd use V¥ = WD
State and usa P = P= ' Rad PEVYR,
Bletwand use § = Pr-i— '-{\:}\
Stato that the r'niﬂ:m(\&:i light cepandent reseier (LOR) decressss ot the light intensity
Incrazeas, i
WWMIM&%# descrbe that it o & sonesquence of consarvetion of chargs,
ifasecond lewand desciibe thatitis 8 consequence of coraervaton of ensmgy.
5 e 1o 30w Simpls ekt probiamS:,
i priioi e od (e polon lomeler a8 & means of rpaing pelential diferencas,
Expaim e Use of & Qs vanomales in mu limethoos.
Exiran he Lo of (nenmistors and kghi-depsndent restors iInpotental ¢ividers,
[1a prowida & polsntlel difarance that s dapendant o i BBmperaiune and ghtintanalty]
Exghain the Imlemad reslstance of sources snd s congerpences forexte nal cioulis.

Expilain how Inepechons can assily chsck tha rallabiity of a concrsts Bridge wilh carbon Nbees as the
fibres canduct alectrcily.

e know that magnitude of tha charge on an electron is equal to that of 8 proton.
Thechargaona proton s e’ andthatonan alectronle o7, s valuels; e = 1.6x 107"
C where C {coulombj is the 51 unit of charge  This charge (2} is the smallest amoont of
free charge thel hes been discovered, Charges of larger magnitude sre built up on an
objsct by adding or remaving electrens. ILis the minimum-amount of charge that any

e L4008 + & 90 SO




& shysics II_. :.' H\IENI"__' 1Ilwl*w"___! Dectrostatics and Carrent Decuricity &
particle may contain. Thus, any amountof charge gisan integer multipleof g, ie.,
g=Ns wherz N isaninleger

Elacirosiatics lp the etudy of phenomana and proparties of electric charges at rest.
When charges are in motion, we call itas an electric cument.

Charles de Coulomb (1735-1808)

Coulomb's mejor cortrbution lo ssence wes (1 the Meld of ewcindstalics and
mapgnétam. During hia [fdime, he alsa invasigaled the sirengihs of maerid and
detarmirad tha forces hal efe ot on bemma, {hamby, comntt buting bo the Teld of strushural
machanics. In tha fakd of agonomcs, N restarch provided o fundamantal
undhantanding of the ways in which patale san et do work,

9.1 COULOMB'S LAW O
Coulomb’'s law i a fundemental prAnciple in g !'51‘ Ya e
slectiostatics that quantifes the Torce betwesn bwo -('—Eﬁ_,: L—
charged objects The first measurement of the force *___...f__.__.,,f

belween electic charges was made by a French
Physicist Charles de Coulumb in 1874, Coulomb’s law is
essential in understanding the behaviour of charped
particles and the interactions tht govern many electical ‘!‘___;___ﬂ
phenomens. On the basls of thess measurements, ha i
doduced & law known as Coulomb's law, i states that: Fig. 8.1

The force belween wo-point r,liiryés is dirgctly (&) Repusve forces babwesn ks

proportianel tothe produet of the magnitudes of charges  shames and
and inversely proportional toﬁ gquare ofthe digtance (b} v e babwaan

between them. Itis mathematically expressed as urfikg chasges.
Q% ey G2
F “Ej'.'rl ?I",-.F- =k %—;‘ smaneens (513

where Fis tha magnituda of tha mutual force that acts on gach of the two point charges
q.. g.. and ris the distance between them. The force F ahways acts along the line joining
the two point charges (Fig. 9.1}, k is the constant of proportionality. s value depends
upon thenature of medium betwosn the two charges and system of units in which 5 ¢
and rare measured. If the medium between the two peint charges is free space and the
eyetam of uréts [s 51, then & le represanted as
el i D

h=g 02)
whemre g, |5 an electical constant, known as permittivity of free space. In 31 units, ils
valueisB.85x10" C' N" m”. Substituting the value of &, the constant

1 e & o E
k__drnsq Sx 10" NmM C i Fomriio ot B
Thug, Coulomb’e force infree space g DR ORIt B

el beatvna harged
F-HEF%"L ................ (9.3} sl nn:
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Ag stated earller, Coulombs' forea s mutual farce, It means that ITg, exerts aforcz on g,
then g, also exerts an equal and opposite force on g, If we denole the force exerted on g,
by g, asF;, and thaton charge g, dueto g, a8 F; then

o O N— .« I ||

The magnitude of bath these two forces s the same and s given by Eg. 8.3, Torepresent
the direction of these forces, we introduce unit vectors. If 1, Is the unit vector directed
from g, o ¢, 2nd ', is the unit vector directed from g, te g. then

E, = ;ﬁ_“ﬁl kL 5SRO - (8.5)
S
For mox e, errnrieree (BB} } .
s ‘
Theformes F,andF ; areshown in Fig. 9.2 (aandb). ltcan ba ".5j
saon that b, = - Fu, 50Eqs. 8.5 and 8.6 showthats . ‘/.f
F.=-F, m

The sign of the charges in Eqs. 9.5 and 9.6 defermine e
whether the forces are attractive ar repulaive, Talola 9.1
Wa ghall now considsr the affect of madium Getwean tha wo Matsrial o
charges upon the Coulomb's force. |f the medium is an  Yacuum 1
insulator. it is usually referred as dielectric. It has besn found A iatm) 1.0006
that the presence of a dielectric @ways reduces the w (iguid) ?:;."5
electrostatic force as compared with that in free space by a H‘“ . 22:4
certain factor which s a constant for the given dielectre. This o0 18
constant is ke as m!aliw Fﬂ'l‘ﬂ‘lthmtjr and lg ru-pmm-rtad Giass 4040
by . The values of relative permitlivity of different diclectrios Wi 375
ara givaenin Takle 9.1,/ Famfined paper 2
Thus, the Coulomb's force ina medium of relative permittivity g0 e
.2 given by Tefion 21

o, ol “q T Tranaionmer oil 7.1

o i e el (2.7) Water (distlied} | 785

It can be aeen in the Lable thal ¢, for siris 1.0006. This value is 30 close Lo one that with
nagliglikla arror, tha Eq. 9.3 gives the slectric forcain air

( mxampie 9.1 1 Threa peint charges g,, , 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 en g..

(@ Solertianl S
Force on g, sxerted by g, is attractive. Let it ba A, |Is tqu':.;; r=09%Em 0l
magnitude is given by Fig. 9.3(s)
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Fonic 8% BX10'N m’ C7)(40x 107" CYBO <10
= (0.15 m)*

anaan q,exartad by q.is also atractive. Letitbe F... Itz magnitude :sgrvan by

P L (8510 Nm” C*)(40x 10 CHE0x10*C) _ o
fa (0.12 m)

To find the resultant of P, and F,,, let us make free-body diagram,

rasciving F o, [nto [is ractangular componants, we have
Fis=FycosBD’= 1250 N % 05 = G2Z5N x
£y =F,anb0° = 1250 N » 0.86 = 1075 N

The x-component of resultant Fis ) g a0

£, = Fy +Fycoose” N - SR

— A'en de Graefl genewtor (s an eectustaliz generator which
Fy =880 N 625N uses & maving beli to accumulate slecirtic chargs on a hollow

C)_ssom

F,=1585N metal globa on the topofaninaulated oolumn, ensating very high
-+ SF i o dinect curment ﬂTﬂwnmlh‘u‘dLHmm
y-component by anAmanican J. Van da Graflin 1929,

= nBl® — The potentlel cifference achleved In modem Van de Greaff
F’" Fﬁ& 1SN gererators can each 5 ma lts. A iebl=top version can

Moo o lgivnty Bt St 55 s o on s roh

F=Jﬁﬂ+ﬁz 1978 N AR civesan mauting belt by asharmply poinied metal comb
wh boen gven & charge by a Eup
o rai A B e &b

; Elagkons TR leaving it positi
For direction of F: cherged h;I':Inrmmnm ihe lop allows ers! poSthe charge
E 1075 e rend o he derme.
tand =X = —ummmﬂmhmmwwmmrmmﬂh
E 1585 (7 leuched?

Therafors, 0 =34" with l'lb_lgm joining g and g

9.2 ELECTRICFIELD STRENGTH
We have leamt that & charge experiences an F

alactrostatic fafee'in the presancs of clher chargas. Lei /
us consldata positivaly changed object Q. Ifwe placs a //i:l; ’
small cherge +g &l point A, it will experience an 1 -

electroststic force F due to the chamge Q. Thus, &n

slactric fisld Is sald to exiat at point A. Coulomb's law 7% >
suggests that the field gets sironger as the point A gets \E_*&?
closerloQ g8 represented in Flg. 9.4, The strength of the a
field ata position is known a6 its intansity atthat point. Fig. 9.4

Thea alectric intensity of tha field orsimply akectric field atany point s defined
A& the torcs expanianced by & unit positiva charge placsd at that paint.

Elactrizintensity is aforea, soitis a vector quantty and ia usually denoted by E. It can ba
oblainad by the relalion:
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=E 8.8
E TR 9.8)
A F——1-- E 1.9
4zz, r* 4z, 1°
1 Q=
* = e—— i
In vector form: E P

From Eq. 8.8, the unit of electric intensity is newlon per coulomt N G The directionof E
isthe same as that of F. The Eq. 9.5 can also ba wrilten as:

F=qE ...............(89)
Jheampiesa | Two posftive point chiarges g, = 16.0 JG 1) |.,.=L,I
and g, = 4.0 uC are separated by adistance of 3.0m,as o &
shown in Fig.9.5. Find the spoton the line joining thetwe  — % TR A

cherges where electricfisld is zero. Flg 8.5, Tim
[ soarson || Baiween the two charges, the fields contribuee. By them have opposite
directions, and alectric field would be zero at a point F, where the magnitude of E, equals
to E;. In Flg. 8.5, ot tha distanca of Pfrom g, ba d. A‘l F"E, ——'E,"M'Ilﬁh Implles that:
1 L 1 g N
dns, (30-d)  4ne, O Ly
1B.0«107°C _ 40 107G
9.0+ ¢ 6d o _
Thereare twovalues of d, the Wﬁmlua corresponds to a location off lo the rght of
both the charges where magniludes of E, and E, are equel but directions ars same. In

thie casa E, and E, de not cancel at thiz spot. The positive value corresponds to the
location shown inlhaimmandhthaznmﬂladmﬂm hance, d=+1.0m.

§ Exsmpin 2.0 N A prujuna:tpununm an alectrostatic force sgusl o its weight et a
pﬂmwpﬂﬂmanﬁaﬁ]cﬁm Whatis the field intansity al that point?
Mmdpﬂunl#ﬁ?ﬂﬁ'ﬂl&nmddwc.uﬂ Ex10"C

] Tkl ll‘.H‘l

or :ﬁ_i%-ﬁwa-ﬁ. whichgives d=+1m,-3m

Umrg . g=F-m

qg £
Substitufing the values,
167 =107 kgx S8 ms”

T 1
e =1.0x10"NC

E=

Elactric Field Lines

Avizsual reprasaniation of the eleclric fisld can be obtained in terms of slectric field lines,
an idaa prapasad by Michaal Faraday. Elactnic fiald linas can b sonsidarad as a visual
map used 10 rapracant tha direction and strength of 2n elactric field around a chargad
object. As elsciric field lines provide information about the electric force exedted on a
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charged object, thess lines zra commoniy callad "elsctric lines of Torca™.

To introduce eleciric field g‘

lines, we place positive o
taet chargee +q, each of \/C“ o, [_(
magnitude g, at different g T *%
places but at equal
distancas from a positive "'é " @
charge +g as shown in i
the Fig. 2.5. Each iesl

charge will experience a

repulsive  force,  as

indicated by armows in

Fig. 96(a). Tharafore, ud -

the electric fisld created  FRE6
by the charge +q is [ A Poshiva tost chags 46, plscad anjwihars In the vidhity of a

directed radially cutward, ot ol v e R L AR A
Figus 9.6(b) ShoWS . ;e st feld lines we directed redially outwand from the
corraspanding fiald (nes positivs point chasge 49,

which ghow the flald

direction. Figure 9.7 shows the eleciric flald ficés In the

vicinily of a negative charge —q. In this case (he lines are

directed radially “inwerd”, because the foree on a positive

test charge is now of attraction, indicaling the sledric fiskd

poinis inward. ' ¥ °
Figures 9.6 and 9.7 represent two dimenaional pictures of

the field lines. However, eledrc field lines emerge from

the charges in three dimenskns, and an infinite number of

linegcoultba deswn, Flg 2.7: Tha siecinc (ki linas are
The electric Aeld Tines “map” also provides information  dinclad radiady v towards a
about the strengih of the alectric fleld. As we notice in "*8°Me palntehaeme G

Figs. ﬂ.E,ﬂllﬂ'ﬂ.T that flald linez zre closer to esch othar «-.H "“ {X-';/////’
near the chames where the fisld i strong while they ,;\0\\ \\[F/ 7~
continuously spread out indicating & confinuous -0 ~.,‘1:"|.) I
decreasein the fleld sirangth. g\

The number of lines per unit area passing
perpendicularly through it is proportional to the
magnilude ofihe eleciric field,

The glectric fiedd fings are curved in case of bwe identical

saparatad charges. Figure 9.8 shows the pattam of (In8s  Fig 8.8: The slaclic fsld lines

associated with two identiczl positive point charges of O W:am“ oppashe point
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aqual magnitudse. |1 reveals that the lines in the reglen
betwean two (ke chargas ssam to repel sach other. The
behaviour of two ldentical negatively charges wil be
exactly the same, The middle region shows the presence
ofazer field spot or neutral zone.

Figure 5.8 shows the slednio field pattem of two opposile
charges of ecual magnitudes. The fisld lines start fram
positive charge and snd an & negative charge. Tha
elactric field al points such as 1, 2, 3 is the resulant of G -
felds created by the two charges at these peints. The 507 “I"“‘“‘”I i
directicns of the resultant intensities is given by the :ﬂmpqm_q.h“m.

tangents drawn fo the fisld ines st hese poiits,

In the magions whers the field lines are parallal and
equally spaced, the same number of lines pass per
unit area and therefore, field i uniform on all points.
Figure 2.10 shows the field lines between the platea of a
parallsl plate capaclior. The field le uniform Iy the
middle region where figld fines ars equally spaced.

\Wa are now in a posiion o summariza tha nmpuﬂ'uu of
electic field ines.

1. Electric field linas oiginate from positive chargss ey 6 40- In the central region of &

andand on negative charges. 5l plala capadiior, the slectic
Y liras arm Bel =nd evenly
2, The tangent 1o & fisld line at-any point gives the ?pm Imﬁmllls: that the aledic
- att | pict theng hae the same magrinide
direction of he elecric fiei@tthat point. gk bl g

#, The Iines are closer where the field Is strang and the = ~
lines an farter apariwhers the field Bweak.

4. Notwo lines crosseach other. This is because E hes Jherg 1% ha wilit;: hoid

Inakdethe condusior,
oniy one direction i any given point. If the linss

cross E could heve more than one direction.

9.3 ELECTRIC FLUX

When wa place an alament of anea in an electric fiekd,
some of the lines of force pass through it (Fig. 9.11). The
number of the field lines passing through a certain
alamant of area Is known 23 slecrs flux through thet
area. It is usuvally dencted by Greek letter ¢,. For
example, the electricflux ¢, through the area A ia4 while
thefluxthrough Bis 2. |

P itatr 1 Flg & 11 Sectric fux through
In order to give & quanitative meaning lo fux, the field “nﬁ“ el ugh a
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linee are drawn such that the number of field Ines
paszing through 2 unit area held perpendicutar lo fisld
lines at 2 point represant the intensity E of the field at
that point.

Usually, the element of area is represented by a
vector ares A whose magnitude i3 equal to the
surface area A of the element and direction is along
normaltothe area

InFig.2.12 (B}, ares A Is held perpendicular o the fisld

linas, then E4 linee pass through it. The fiux ¢, in this
caseis!

B =EA i (8.10)

In Figure 8.12 (b}, area A iz held parsallel to field Ines
arvd, a8 s cbvious no ines cross this area, so that flux
. inthiscaseis:

h =EAS O 811)

Figure 9.12{(c) shows the case when A is neithar
perpandicular nor parallel 1o sl lines but isinclined
atan angle & with the fiald E. In this cass; we have to
fingd the projection of the area which ig perpendicular
to the field lines. The area of this projection
{Fig.8.12-c}isAcosd. The flux ¢, inthis case is:

0= EAcosd ..o . {9.12)

The eledric fux 4, through a natch of flat surface in
tarme of E and A s then given by

tﬁﬂ?:ﬁhémﬁ =EA 4---4-“'[5!1 3]

where G ig the ang'e between tha field lines and The

normalto the area. Electric Mux being & scalar product,
is & scalarguantity. s Slunitis Nm* €,

Electric Flux Through a Surface
Enclosing a Charge

Lel us calculate the eleciric flux through a closed
surfaee, inshape ofa sphem ofradius £ dusts a point
charge g placed at the centre of sphere as shown n
Fig. 8.13. To apply the formula &, = E.A for the
compulation of electric lux, the surface grea should
ba flat. For this reason the tolal surface area of tha

—_—

—
—_— —_—
A E
—_—| —i —
—_— ——
—

Fig.2. 13 e} Maximum

Aokl
Fig9.12§g)
E

A
"\

Flg.9.15: The total elecirs Aux
through the surlace of the sphams

fueinachaga gatiseantraisgh,
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sphere i divided into n small patches with sreas of magnitudes AA,, AA, A, 9
A4 respectively a5 shown in Fig. 8.13. The direction of each veclor area is along
perpendicular drawn outwend to the corresponding patch. The eleclnic intensities at the
centres of vector areas Al Al AR e AR B2 B By By vineessy BaslESpactively,

According toEqg. 9.13, the totzl lux passing through the closed surface is:

©=E A +EAAFEAAY e PELARL e (8.14)
Thedirestion of eleciricintensily and vector arsa s Ihe sames at each palch. Moreover,
= = = = = 1 q o
[Bl= B [Byf == By SE = e 0180

F

Since E is parallel to vector area A, therefore, B = 0° (Fig. 9.13)
8o for aach E.AA = EAcosl

=EAcosoc=g£A (' cosl°=1)

&, — EAA+ EAA, + EAR+........... + EAAR
—E (AAHAA A4 — . HAA)
- E (Total spherical surface area)
1 9
-t
Gz r
= ke i 9 1E)
£, _

Mow Imagine that a closed surface S is enclasing this
sphere, [t can be seen in Fig 8:14 that the T through
the closad sufaca 5 1s mq_gamn as that throtgh the sphare, 50, we can concude that
total flux through a closed surface does not depend upon the shape or geometry of tha
closed surface. |t depends upon the medium and the charge enclosed.

9.4 GAUSS'S LAW

Suppose pnin:_durgm T Qoo Qe oo eney, @08 @rbitrarily
distritrsted within an arbifradily shaped dosed surface, as shown
inFlg. 8.15. Since $.= g/c.. 50 the electric flux passing through
thadlosed surfacs ia:

¥, =:: 1 :: I :: II::

4, ...E_:u[q, o T E T— . 5

Fig: &4

4 = %x {Total charge enclosed by cosad surfaca)

b, - % S+ SOOI - & 41
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where =g +g,+g,*.....ccenenin +g,, I8 the tolal charge endosed by dosed surface,
Equation 8 17 Ismathematical expression of Gauss's Bw which can be slatad as:

The total electric flux through any closed surface
is 1/, Himes the total charge endosed in it

Applications of Gauss's Law

Gausa's law can be applied o calculate the electric intensity due to different charge
corfigurations. In all guch cases, an imaginary closed surface ie considered which
passas through the point at which the alectric inlznsity is o be evaluated. This closed
surface is known as Gaussian surfacs. Its choise is such that the Tux through it can be
easily evalugled.

As an example, lef us find |he slecirc fald al any paint oulside a sphers on which a
charge gis placaed.
The Field of a Charged Conducting Sphere

Cansider a conducting sphare of radius R contsining & charge g. Wa know that
all the charga s distributed uniformly over tha suface of sphare as shown In
Fig. &.16. Wa can also conclude from the sphearical symmetry that the eleciric field is
radiel everywhers and thal s magnitude dupnnidﬂ only onthe distance r fromthe centre
ofthe sphara. Thus, the magnituda £ s unifenm cver a spherical surface with any radius r
concentilc with the spherical conduclor. Wrefu'e we lake our Caussian surface as an
imaginary sphere with radius rgreaterthanthe radius R of the sonducting sphere.

The area of the Gaussian sphere |s 4, and
because £ s uniform over the sphare, the
total fux through the whole surfacs will be:

Elgetric lux b, TEA=Ex4rr?
By Gauss's law. 1otal fuis:
b=
"k

Therefore .\ “E'x4nr? = Ei

E = 1
or B -h.:;=I
2. q
o = dng b

This shows that the field sl any point outside the sphere is the same a3 though the enfire
charge wara concantrabed at its cantre, Just sutside of the ephere, wherer= R, Le.,

i e R 18
4::8. el
Invectorform; E=—1_9%9F where r i3 the dirsction of E.
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9.5 ELECTRIC POTENTIAL

Figure 8.17 shows two oppositely charged parsilel =
plated which produce a uniform elactric figtd.

Let us conslder a posltive charpge g which |s aliowed to
move in this uniform aledce field. Tha positive chags
will move from plate B to Aand will gain K.E. Il itisto be
moved from Ato B, anextemsl force is nesded to make
the charges move againgst tha alechric fisld and will gain
PE. Let uz impose a condition thal as the charge s
maoved from A ta B, i is moved kesping electrostatic A=l =1 =1 =1 = = —¥
equilibium, e, it moves with uniform velocity, This “Eigraa7
condition couls ba achleved by applying a force F equal and oppeglte o gE at every
point along s path. The work done by the exdernal forcs against the electtic feld
increases elecirical potential energy of the charge that is moved.

Let W, be the work done by the force incanying wmuppéuluema:gn g from Alo B while
keeping the charge in equilizrium. The changs hl‘;h_hpl.ﬂﬂl‘m al enengy All= W,

or TR {9 1'9_; h

where U, and Li,, aredefined 1o be the potentiel enargies atpointe Asnd B, respactively.

To describe electric field, we introduce the idea of electic potential difference. The
potential diference bebveen two pointg A and B in an electric field iz defined as the work
dong in carrying & unil positive charge from A o B whils keeping the chargs in
equllibrium, Le \

3
-
+
e
.\l

P
-
a

where ', and V, are defined as electric potentizls at
puints A and B respedlively. Electric polentsl energy
differenca and sleclric polantial differencea between ————————

thapoints Aand Bare related as:
~ An ECO recorde the “uoftage”
AlFsgaV .. (3021)  batwaoen palnts on human skin

penembed by seslrisal prosasa i the
Thug, the potential diferonce botwoen the two points  heart. This ECG i made in running

can be defined as the difierence of the potential Posftion providing Infamation abaut
enargy peruni charge. e hearTs perfarmenes unces sbess,

As the unitof PE. is jouls, Eg. 9.20 shows that the unit of potential diferance is jouls per
coulomb. itis callad volt suchthat,

1volt = 1—1&“ e A9.22)
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Thatis, 2 polential difference of 1 volt exists bebween bwvo points iPwork done inmoving a
1 coulomb positive charge from one point to the other, keeplng electrestatic equilirium,
Isone joule.

In orderio give a conceptof eleclric potential at a pointin an skectic field, we must have

a raterance to which we assign zero alecic potential. Ths point s ususily taken at
imfinity. Thus, in Eq. 8.20, if we take point Ato be at infinity and choose V,=0, the electric

potentiglatBwillbe i, = T:.'E . Ganarally, I Foint & pander! B :
W Why I3 1 advised 1o wear
N L' 0. | rubber salad shoss while

q Wudnqﬁf:*-phm1

which states that the electric potential at any point in B electric feld is aqual to the work
done in bringing & unit positive charoe from infinity to thet point keeping it in electrostatic
aquilbrium. So, the potential at a point & alweays elative to potantial at infinity. Bath
potantal and potantial differances are scalar quantities becauss both Wand g are scalars.
Electric Field as Potential Gradient

In this saction, we will establish a2 relation between eleciric infensity and potential
difference. Lat us consider the situation shown in Fg. 9.17. The electric field betwesn
the two charged plates is uniform and its value is £. The potential difference batwesn
Aand Bisgiven by the equation:

W, /
Va=W= —:- .................... {8.24) T ECG [Normel sipha rhythm)
whara W, = Fd =-gEd (the negative sign ...

is nesded becauss F must be applled
opposite 1o gf so as to keep it in

enul KR VVth This, BaCH eocmes: Jbﬂ'\ﬁ Mr‘ﬂ‘ﬁ
g e e

Time ——»

e = ‘[ ECG (Abnorman

If the plates A and B ara separated by
Infinttezimally small distanca Ad, the Soerie
Eg. 9.25is modified as:

AV -
R — T T e e
The quaniity AV /Ad gives the maximum Tira —————3

velue of the rate of change of polenteal .
with distanca because lhe charge has :ﬂ::ﬂ:twwmwmmgggmnxmﬁamhmwm
bean movad along afield line inwhichthe  furdisgnouing abrormal behevicr.

8
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distance Ad between the two plates is minimum. ILis known as potential gradient. Thus,
the electricfield intensity s egual to the negative of the gradient of electric potential. The
negativa elgn Indlcates thattha direction of £ |2 along the dacraazing patental.

The unit of electric intensity from £q.9.26 is voltmetre (V m') which is equal o N C' as
given balow:
volt _ 1 Joulslcoulomb _, newloranetrs | newton

=1NC
miatra rmetra mutra xcnu%nn'lb mulnn‘b

1

" Evample 54 1 Two parallel metal piatas &re 1.0 cm apart. These ans connected to a
battery of 12 volte. Find the magnituds muammﬂnﬂlmmwmm‘m

--Sum:l-m "
Hers, AV= 12V, Ad=1.0em=1x10%m E=?
Usingtheaquation £-2Y

Ad

Substituting the values,
12v
110 m

| Exampie 0.5 | Twoborizontal paraliel mﬁlﬂ;ﬁatasara connected toa 12 volt battery.
Andﬂdmnmmhmﬂdfmmhnngat aie. Detarming itz velocity as it reaches tha
positive plate. Mazs of eleciron = 91:; kgu‘dd'wgu=q=s=1.ﬁx1h"’ o

Hrlil.h.ﬂ"”

Tha slactron is rapalled by mnrﬁngatlvn plste and atfractad by the positiva clats. twill
MMEEEWBWBHWMM its FE, will be lost that will be
converled infoits KE. -~ -

Lossof P£ = Gainin KE
AVixe =% my*
Sy bmﬂllnnﬁ;ﬁm.
12V % 1 8w 151'6--5-!* 8.1 % 10% kg % 2

E=

=1200V i’ '

vi=42%10"n 5
or v =21w10"me?

9.6 ELECTRON VOLT

We know thal when a particle of charge gmoves from point A at potential V, to & point B
al polential V¥, keeping electmslatic equiibrium, the change in polential energy AL of
particia |s:

AU=gVL-V) BgAV. ..o (9.27)
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If i external force acts on the charge o maintain equilibium, this change in FE.
appears Inthe form of changein iCE.
Supposa cherge carmried by the particleisg=e=1.8x10"C,
Thus, in this case, the anergy acquired by the chame will ba:

AKE.-gaV - eaV - (16x107°C}[AV)
Moreovar, assumelhatAv=1voll, henca,

AKE= gAY ={1.8x<10""C)x {1voll)

AKE=(1.6x10™)x (CxV) =1.6x107")

The amount of energy equal 1o 1.5 x 10" J is called one electron-volt and is denoted by
18V, [lis defined as "the amountof snergy scquired or lost by an electron as [ raverses
a potantial diferance of one vall”. Thus,

VoL 2 B3 1 b B S {9.28) .\
| Example 5.6 A particle camying a charge of Enﬂfﬁlb tf'ﬁ:ilgh a potential cifference of
3.0V, Celoulate the energy required byit LX

ssutionl| g=28,AV=3.0V
The energy acquired by the padicke is:
All=gaV =(28}3.0V) "&Ql’ﬁr
AU =8.0x1.6X10")=96%10™)

9.7 MOTION OF CI—MHBED PARTICLES IN A UNIFORM
ELECTRIC FIEI..D_.
Two opposttaly charged parallel matal piatea produca unifomm elactric field batwaan
them. The direction ofeigctricflaid 15 from positive to negative plate. A postiive charge +g
placed in the fiskd will mave in the direction of electric field whereas a negative charge -g
willmove opposite o the electicfield. The magnitude of electric force acting enacharge
gis repressntedin Fig9.18 gven by
F=QF .ieieicnnn....(929) *I LA i R J_
whaora E s tho olactrdc Intﬂlﬁfﬁf of tha uniform ! T % [ ] l ¥ l! 2

electic field. If V is the polental difference E q ! Tmum
betwesn the plates and d (s the separation of == |
plal=s, than
y Flg. 5.18
E - —cstiiiniionsn {9:30)

To undarstand the affect of uniform alactric fisld on the mation of charged pariclas, lot us
consider an electron placed batween the two plates. The eleciron aceelerates owards
the positive plete due o s foree Facting on it
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Forgxample. lst ¥ = 20V, d =2.0cm=2 =10° m,themagnitude of £ wilbe:

_V_ 20V _ :
E 7 - o%10°m =100V C
The accelergtion for the electronwill be given by
F=ma
or a :E = E
fmr i

The charge on an alsctron ¢ =e= 1.8 x10" C and mass of esctron m=98.1x 10" kg. So,

180" G oV e’
9.1x 107" kg
If the slacton is rolaased from the negative plata, the valoecity gairad by it when it
reaches positive plate can be fourd by the third equation of miotion,

288 =v? -y’

Here S=d=2x10"m, v=0, y,=v=7

Putiing the vakies in the above equation
2x1.76x10" me*x2x 10°m=y"

or v'=7.04x10%m's?

or ¥=265x10°ms"

9.8 PATH OF A CHARGED PARTICLE

The path of a charged padiclsis determined by the . -
slectric fiek! in the reglon. The path (& typically | |
slraight if the field g uniform and the charged F-q-.0..) .
pariicle is moving along the field. However, if & ! | R
charged parlicle enters perpendiculary o the |
uniform flisld. between tha cpposilely charged (51 = 342 1 1 1 | s 1
parallal plates with 5 carlain velocity as shown in
Fig. 8.14, it will not go straight. s path will be
parabolit just liks a projectile thrown honzotally R —
in the gravilational field. The harizontal i ‘

= 1,76x10"m &°

_—1
wf
—
il
‘_
o
-
-

companent of the velocity of the charged particle
ramalne constant whereas vertical companent s e
accelerated due to the elecric force. Cregp9

Figure 2.19 showathat a postivity chargad particle (21 = = = = =
ia atiracted twards the negatively charged plate
and thus undergoes defieclion in that direction. Flg. .10

Y

s
.

H—

H-—-
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Cn the other hand, a negalively charged particde is atrected owards the positively
charged plate and expsriences deflection inthat direction.

9.9 SHIELDING FROM EXTERNAL ELECTRIC FIELD

An English actantist Michael Faraday invantad 2 etructurs in 1836, called Faraday cage
or Feraday shield. Faraday cage is an endosure that blogks the extemal electric fields in
conductive materials It ects like a hollow conductor where devices or objects can be put
for protection from electrical extemal fislds. Any electrical shock recelved by the cage
runs through is outer surface without causing any harm inside. The electric field inside
the hollow conductor remains zero,

To undarstand the working of Faraday cage, suppose that a place of conductor (say
copper) cames a number of free electrons. Bach electon will expsrience a force of
repulzion because of the electric field of its neighbouring electrans. As & consequence,
all the elactrons rush fo the surface of the conducioe. Once static equilbrium is
established with all of the sxcess charges on the surace, no fudher movement of charge
ooccurs, I some electrons shift from the conductor to another object due to fricion elo.. a
nat pesitive charge acpears on the surface of the conductor. We can say,

Al equilibrium under electrostatic. conditions, any
axcess charge rasidas on the surface of a conductar.

Now considar the interior of the hollow' conductor. The axcess chargea arrange
Ihemselves on the conductor's surface pracisely in the manner that the total field within

theinterior hecomes zero In otherwomds,
O :

The conductor shislds any chamge within (i
from electricfields outsidethe conductor.
—

Te eliminate the interfersnoe of external
fields, circuits are often anclosed within metal
boxas that provide shialding from such fields,

Flgure 9.20 shows another aspect of how
conductoes aller the slasiric field lines
created by axternal charges.

Tha lines are alterad becauss tha sleciric fald just cutside the surfacse of a condudtor Is
perpendicular to the surface at equiibrium under electrostatic conditions. If the field
were not perpendicular, there would be 8 component of the field parallel o the surface.
Since the free glectrons on the surface of the conductor can mave, [hey would do so
urcder the foree exerled by the paraile! componant. Butin reality, ne eleciron fiow ocours
al eguilibrium. Therefore, there can be no parallel component, and the eledne Mald is
perpendicularto the surace.

The principle of Faraday cage demands a malerial that conlaing a lot of free elecirons
that can mova freely 1o the surface of the materal. Only the conductors have free

[FF =77+ 7]

Fig- B30
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alactrons wharaas insulators do not contain fres slectron, so the insulators can not ba
usad 10 construct Faraday cage.

A good example of Faraday cage in our daily lifeis that of carg, The chassiz and bodies
of cars protact pacpe insida dues o its matal remead struchre dunng the thundarstorms.
The electrical charge traveds ovar the matal surface of the vehlale Into the ground and
prevent the passengers inside.

A metal hody of the microwave oven acks as a Faraday cage. Thus, they prevent tha
microwaves in an oven from expanding into the envirenment. Metal frame of an airplane
also acts a= a Faraday cage. When lightning trikes an aimlane, sleciricity is distributed
along its matal frame surface that keeps passengars and 2ll devices insids the aiplana
sale.

9.10 ELECTRIC CURRENT Wi

Usually, itis said hal sleciic currentis the flow of charge. Lel us sea what aclually lows
ina conductor, The charge carriers are the free electrons, When the ends of a conductor
are connected to-8 battery or some other source of potential, an electric Neld |s sat up at
evary point within the conductor. The fres slectrons sxpensnce & force in the direction of
~E and thay siart moving. As the free slectrons are bumping among the atoms, so thay
arc not accelerated in a straight line under this forcs. They keep on celliding with the
atoms of the conductor. The averall effect of these collisions is 1o transfer the energy of
accelerated slefrons to the latlics with the result that the electrons acquire an average
veloeity, called the drift veladty In the direction of —=E. The drift valodty ia of the order of
10™*m 2. This drift velocity of alectrons forme the slactric current. The slow diift velocity
does not maan that it takes long fime for an slectric current to set up. We know that as
s001 25 we switch ON a bulb, [t itup immediately.

The reason Is that on tuming the switch ON, all the frae electrons In the drcult start
drifting They repel the nsighbouring ones and the dislurbance propagaies along the
wire almost instantaneously, Thatis why, the electric current is setup veryrapidly.

IF & net charge Q passes through any cross-section of a cond uctor in fime f, the current £
fowing through it is:

i-= % verenrenenesees (031}

The S| unlt of cumant Is ampara (A) and R e the curment dus to flow of one coulomb
charfge per second through any cross-section of a conductor. if the chargas move
around & circuil in the same direciion et ail times, the current is said to be direct current
{D.C). For example, batteries produce direct currant. If the charges move first one way
ared then tha oppoaits way, changing direction in regular intervals, the current is said to
be aliemating current (A.C). Moslly the eleciric generators produce A.C. The electricity
supglied o our homes, offices, factories ele,, by power stalions isan A.C.
Conventional Current

As wa now understand, the slectric current is due to flow of electrons through the metal
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wires, bul sarly scienfisls beleved that eleclic cument was due lo flow of positive

charges. The scientsis heve kept the convention and teke the direction of cument low Lo
be the direction in which positive charges would move, We call it convantional curment.

Conventional curent is hypothetical flow of posifive charges that would heve the
sameeffactin tha circuit as tha Aow of egativa cherges that actually does oocur.

In Fig. 9.21, negative elecirons arive at
the positive tarminal of tha batteary. The Devics
same sffect would have been achieved if
an equivalent amourt of posithve charge
has |ef the positive farminal. Thersfors, Correntianal Elgearan T
we can say thal the conventional cument currant Trve '
Fows frorm positive terminal towards the *. 0 I .J
negative terminal of & batlery. A +{ =

comantional curmant s consistant with 7

our garfier use of 2 positive test charge for O

defining electric figlds and potential, The direction of conventional current s always from
a peint of higher potential towsirds a paint of lowsr potential that is from the positive
tarminal towarde the nagative tanminal. Now onward tha currant | always means tha
corventional curment.

9.11 CURRENT THROUGH A CONDUCTOR
Consider a segment of the current carrying

conductor heving length £ and area of gross- € L »
saction A. The volume of the segment is AL, é—a 8 i
as represantad In Fig. 922 et n ba tha ko !

i «— - B
number of chame corviors par unit valume, \ “—Q ¢ 3 *—{Bgﬁ

then total number of charge camers in the —a O
sagmant at any tima are nAL. ITthe charga on
acharga carlar is.q, the total change prassnt
inside the segmentat anyinstantis:

T T -19.32)

Usually, the charge carriers in a conductor gre @ Flew efaurrentis diracty proportional

tothe posential difersnce.
free electrons which have negativa charge. ¢ Flow of heat s direcly progarianal fo

Suppoae thet charge camiers move fowards left the tamparature diffierance.

facs of the segment when a potantlal difference ls ¢ Flow of Tuid la direclly proportionsl o
applied across the conductor. Then electric Rin premurs dikamrios.

current is sel up In the conductor directed Il 5= o inromanenls
towards right face. Assuming that drift veloclty of 2o ool e, s
the charge carries ta ba v, the time aken fby all o motion by voitsges snd hampsmd by
the charge carriers originally present in the  resisianoe.

Flg. 9.22: Neqative chame camiers:
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sagment ot thiough the left face will be:

L
f==
By definition of the cumrent v
L %
Putting thea valua-of O and ! in tha above aquation, we have
_nALg
- —r—
¥
or Pl DL {gasy L

|| Exompls 5.7 1 A copper wirg has a crozs-sectional area of 2 Laiﬂ"‘[rﬁi and cames a

current of 3 A. if the number of slections per unit valume LEB.E_:II_D? m®, calaudate the

driftve ncity oftha electrons In the wire, Chargs onan electron 151.6x 10" C,

] et wremeras | iy .

I=3A A=2x10°m" n=B5x 1}!,3"._‘;1"5- g=1E6x10"C v=7
r"‘\‘.' I.

. )

Using eguation,
1= Anvg P
3 = (2x10°*m) (8.5x10%m*)w{1.6x 10" C}
ve= %10 ms’ L

9.12 OHM'SLAW -~
Wher a potential difference Wis applied across the ends of a conductor, a current [ starts
Towing thmugh it The Ohm'slaw stales that:

The currant figwing throligh 2 conductor is dirsctly proportional
to the gtential diference applied across the conductor,
B t are g no charge in the physical state of the conductor.

Mathematically,
=W o W o
or [P T R | 17

whera R e a constant of proportionality known a2 registance of the conductor. The S1 unit
of reslstancs |2 ohm denoted by the Greak capltal lather omagas (), and s cafined aa:

Thea resistance of a conductor iz 1 ohm if a current of 1 ampere flows
through itwhena potential diffsrence of 1 volt is applied across b ends.

9.13 RESISTIVITY AND ITS DEPENDENCE UPON TEMPERATURE
It has been experimentally seen that the resistance R of & wire is directly proportional to
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its langth L and invarsely proportionai 1o ils croes sectional arsa A. Mathamatically,
L
A= p

or R= p% et (9.35)

where p (o) is 2 constant of propartional ity known as resistivity ar epecific resistance of
the material of the wire. It may be noled thal resistance s the characteristic of a
particular wire whersas the resislivily is the propery of the matedal of which the wire ia
mada. From Eq. 9.35, we hava '

p‘ = % POEEA ] B AR {g lﬂﬁj '
The above equation gives the definition of resistivity as the resiztance of a metre cube
of u material. The Slunit of resiztivity is ohm-metre (O m) '

Conductance ls anathar guantity usad to describe tha alestrical propartizs of matariale.
Infact, conductance is the reciprocal ol resistance, e,

- 1 RN
Conduglance = e el G H.Gls the conductance.
Mathematically, conductivity, o {sigma ) is thereciprocal of resistivity (p}.ie.
P, ST T )
P o~ I-.

The 81 unit of sonductivity is shm”m™ or mho m”. Resistivity of various materials i2 givan
In Table 9.2. It may be noted from Table 9.2 that sliver and copper are fwo bast
cenductors, That is the reason, mostof electric wires are made of copper,

The rasistivily of a subatance depends upon the Table 8.2
lemperature also. It can be explained by reealiing  _Substancs | pllim) alK”)
that the resistance ofiered by a conducior to the _Silver 152x10% | 0.00380
fiow of slectric cumant is due to collisions, which _Copper | 188% 100 | 0.00350 |
the free slactions encounter with atoms of the _Gold 227 x10% | 0.00340

lattice. As the temperature of the conductor rises,  Aluminum | 263% 107 | 0.00380
the ampliuge of vibretion of the atoms (n the  Tungsten | 500x 107 | 0.00480
latice increases and hence, the probability of Ime 00 ¥ 167 | 8.00520
their collision with free electrons slso increases, Platinem .00 = 10 | 0.00520
One may say thal the aloms then offer & bigger  Constanton | 48.00 < 1t | L0000
target, that & ihe collision cross-section of the  “Marcury 94,00 x 10 | 0.00081
atoms increases with tempergture, This Makes “Nicwome | 1000 =10 | 000020
the collisions between free electrons and the Faman A5 x10® | 0.00005
atoms in tha lattice more frequent and hance, the  —Eeranum [ 0.5 05
reslstanca of the conductorincreases. _giim om0 607




B shysiis 1Y) [ '@‘_' Chopte @ Elecirostatics and Current Dectricity [

Experimentally, the change in resistance of a metaliic conductor with temperaiure s
found 1o benearly inear over a considerable range of emperatune above and below 0°C
{Fig.8.23). Over such a range the fractional change in resistance per kahin is known as

thetermpearature coafficient (o} of resistance, i.6.
PR S
R, 1
whare R, and R, are resistances at temparatures
0°C and £ *C respectiveiy. As resistivity p depends upon
lhetemperiie, Eg. 9.35gves

i s (DI38)

R=q £ and R, =g 7. (8.39)
Substituling the valuss of R and R, In Eq.9,39, we have
= E&
i e (340)

whera pis the rasislivily ol a conductor al 0°C and g, is

the resistivity at £°C. Values of tlemperature coeflclents

of reslstance of some substancas ars alsc listed In
Table 9.2. Thera are some substances like germanium,
silicon, ete, whose resistance decreases wilh inCrease
in temparature, thesa substances have negatve
tamperatura cooficlonts.

p ) —a

-2 =I'1 m m al::u
TG e

Fig. 879 vanstion of res:sty of

O wilhi Errpesatine

il Far your nfarmatlon !

| nepecions can esslly cheok the
rafibdity of 8 concmeis bridgs
made with carbon fibers, The
flosrs conduct seciricly, If
sen=ars show hel slesirical
raslstanca ls Incraseing over fime
the fibers are separating because
of cracks.

JExampla 88 | 0,75 A current-flows through an Iron wire when a battery of 1.5 V s
connedied across its ends_Thelength of the wire is 5.0 m and its cross-sectional areais

2610 m’.

Compute theresisivity ofiron,
i sotartion §i )

The resistance Rof tha wire can bs calculatedby Eq.9.34 L.e.,

r __T_. 1.6V _ N
% _T—W—E.BVA —f.ﬂﬂ

The resistivity 5 of iron of which the wirs is made of is given by

A _200x25%107 m*
L S50m

p=R

=f.0 x40 am

| Ermmple 5.9 Aplatinum wire has resistance of 10 Q at 0°C snd 20 D at 193°C. Find
the value of lemperature cosilicient of resistances of plalinum.

'.r_: Tt oy f:.'

Tem perahure cosficient of resistance can be found by

R,=100 R =200, =408 K-2723K= 193K

1

o Ri-R _ 200-100
Rot

100= 193K

—518x10°K"
199K T




E Physls I_'[, !%‘zﬁ_ﬂmhﬂi Electrostetics and Carrat Elﬂ.'.li».':l.:_F‘
9.14 ELECTRICAL POWER

Consideracireuit conaisting of a battery of emif & connected in series with a resistance /'
{Fig.9.24). Asteady current | fiows through the circuitand a steady potential difference
exists hetweon the erminals A and B of the resistor . Terminal A, connected to the
positive pole of the battery, iz at a higher poiential then the temminal B. |n this circuit the
battery is continuoualy lifling charge uphill through the potential difference V. Using the
maaning of podential difference, the work done in maving a charge G up through the
polential diference Vis given by | —

A
Work done =W=Vx Q. ... ... (841 B

Thisis the energy suppiad by tha battery.
The rate gi which the battery is supplying elecirical

& sesmmaames
I |

energy s the powsr output of elecirical power ef the =5
battery. Using the definition of power, wa have 4 !
Energy supplied . 0 ;
H: ' kﬂ 1 A e P ——— i — v it ]
i icteint Time takan t ;
Since I = ? + o
The above squaticn can also be written es; o il il ol
Electicalpower = Vi.......... SSELmam W eesEon R

Eguation 8.42 ls a general relatlon for power dellvered from a source of curent /
operating on a voliage V. In the gircull shown in Fig. 8.24 the power suppled by tha
batiery is expended or dissipated In the resislor R, The prindiple of canservailon of
energytells usthat the power dissipated i the resistor is alsc given by Eq. 8.42.

Power dissipated P=V/

Alternative aquation for calculating power can ba found by subslituting V=JR, | =WR In
turninEq. 8 42.

F=Vi=(RI=1I'R

or P=VI=V(V/R=V/R

Thus, we have three equations for calculaling the power dissipated in a resistor,
=1, P=I"R
PuAS R iiiimnai {9.43)

It Vig exprassed Involie and | In ampanes, the powar s aspraseed Inwatls,

815 ELECTROMOTIVE FORCE (EMF) AND POTENTIAL DIFFERENCE

We know that & source of slecirical energy, say a cell or a battery, when connected
aross a resistance, mainlains a steady current through it Fig. 2.25. The cell

8
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continuousaly supplies anergy which is dissipated in Ihe resistance of the circuil.
Suppose when a steady current has been established in the circuil, & charge G pesses
through any cross-saction of tha dreuitin time ¢, During the course of motion, this charpe
anters the cell at its low potential end and leaves at its
high polential end. The source musl supply energy Wia | 2

the positive charge 1o compe! it to go to the point of high R
potertizl. The emf E of the source s defined as the
anargy suppllad to unlt changs by the call.

w Fig. 9.25: Eleotramaotve fores
LE., E -E................{EM} ot s cal __":,11--.

It may b noted that slectromotive forea is not 8 foree and we do not measura it In
newlons. The unit of emfl is joule/coulomb which is voll (V). The energy supplied by the
call to tha charge carriers is derved from the conversion of chamical snergy into

electrical anergy inside the cell. FTE N
Like other compenenis in & crouit, & cell slso offers some ' 7

registance, This resistance is dus to the electrolyie présent Fig. 5.35: 4n squikalent croull of
batwaan the two slectrodes of the csll and I8 eallad the & el of o £ and intemal
internal resistance of the cell. Thus, a cell of el £ having e o y

an irernal resistance ris squivalent o a source of pure s

ami E with a resistanics rin series as shown in Fig. 8.26. =

Let us consider the performance of acell of emf £ and |ﬁ_ !
internal resistance r 2s shown in Fig.8.27. A voltmeter of

infinite resistance measures the polential difference |
across the external resistanse R or the polential | 4 |
difference Vacross the lermirals of the cell. The currentf 5

fowing through the circuitis given by 8
R
'r:% L AWM~
0 Fig. 8.27: The terminel potentind
WY E=IRek........... {9.45) diffarance V of a cell Is E-r.

Hers ENSY I s {oeminit

potential difference of the cell In

the presence of current /. When = }:E
the switch 5 is open, no current

passes through the resistance. L¢ =-;-.J
In this cass, the voltmaler reads N g3
the eml E as terminal vollages.

Thus, terminal voltage in the "

presance of tha curment {switch " - WAV

ON) would bs less than the gmf A velimatsr conneced scroae the teminals of s c5| masaurae:
) the emi of the call on clrcul,

Ebylr. Bl hmmpmmmnmmamm
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Lest us interpret the Eq. B.45 on energy consideralions. The lefl side of this equation is
the emf £ of the cell which is ecual to ensrgy gained by unil charge as il passes through
the call from its negative to positive terminal. The right side of the equation glves an
account of the utilzation of this energy as tha cumant passes the creuit. It states that, as
a unitcharge passas through the clrcllt, a part of thie energy equal 1 irle dissipated Into
thies cell ang he rest of the energy is dissipated info the external resistance R 1L given
by polential drop IR, Thus, the emf gives the energy supplied to unit charge by the call
and the potential drop across the various slemants account for the dissipation of this
energy intoother iorms as the unitcharge passes through thees alements:

Tha amfis the "cause’ and potontial difaranca is its “affect’. The amfis ahvays prasant
gven whenno current is drawn through the battery or the call, but the potential difference
across the conductor is zaro when no current Rows throughit.

\ Emampie 9901 The potential difference between the terminals of @ batlery in opan
circuilis 2.2 V. When [Lis connecled across a resislance of 5.0 8, the pelential falls to
1.8V, Caleulats the current and the intarmal resistance of the battsry.

l"-i Solution ;"

E=22V, R=500, V=18V

\We have to calculats fand r ¢
s v 18V
Tl
V=iR or j':E- =EE:':*-=&EE]&
Internal resistance rcan be calculated by using
E=\i+1r"
22V=A8V+0.26Axr
or 5110

9.16 KIRCHHOFF'S RULES

Kirchhofs rules are two fundamental principles in dreull analysis that help to determine
the curment and voltage in electical circuits. They are particularty useful for analysing
complex circuits that cannot be simplified by Obm's lew and seres or parallel
combinations.

Kirchhoff's First Rula
Itstatas that the sum of all tha cuments meating at a pointin the clreult s Zero.
ie, =0 . ... [(948) i Fox your infermation

It is & convention that a current flowing lowands a peint A "‘.“:m“l‘: point in =n electic
I taken as postive and that flowing away from & point ﬂ:lmn Jeiln the two o mors
istaken as negative, '
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Consider & siluation where Tour wires meset al & poinl A /F
(Fig.9.28). Tha curmants flowing into the pointA=re {,and /, f /

and currants fiowing away framtha point ara /,and L.

A
According to the convention, currants |, and 1, are ey O
positive and currants [, and [ are nagaive. Applying

Eq. 545, wa nave

LeL¥(-L i+ )=0 //L’J::/r \

or b+, = d by e 347 k:

Flg. 9.28: Acoording B Hirchholls
Using Eq.8.47, Kirchhoffs firet rule can be eteted in 1"'Irula.11 =k E,- n

g W

sum @ currents flowing o The nade at which potertial is

point is equal o the suni of all the currents takanes zaro ;ﬂ?m deturn
flerwing ety from the point. nodeor eferance node,

Kirchheff's first rule which is alzo known as Kirchhoff's point ule i amanifestation of law
of conservation of charge. If there is no sink or source of charge al a poind, the okl
charge flowing tewards the peint mustbe equel inthe tetel champe fowing sway from it

Kirchhoff's Second Rule

i siates that the algabraic sum of vallage changas in & clossd droull or a loop must be
equel to zero, Consider a ¢osed cireuil shown in Fig. 8.29, The direction of the current/
fiowing through the circult depends on the cell having the greater sml. Suppose £, is
graater than £, 8o the currant flows in counter cockwise direction. We knew that a
gleady currant is equivalent to @ conlinuous flow of posltive charges through the circult.
We also knowthat a vollage change or polential difference is equal to the work done an a
unit positive charge or energy gainad or lost by it in mewving from ane paint to the other.
Thus, when a positive charge Q due to the curment { in the closed circuit {Fig.2.29),
passes thmough the cell £, from low {(-ve} to high potential (+we), it gpns energy becapsa
wark iz dane on'it. Using Eq. 8.44 the energy gain i E,.Q Whan the current passas
through he call £, , it loess energy aqual o - E,0 bacausa here ihe charge passas from
high to low.polential. In going through the nesistor R, the charge Q ses enargy equal to
—IR.Qwhera /17, is potantial difference across K. The minus sign shows that the charge

is pasasing from high to low potendal. Similardy, the loss A ]
of anargy while passing through the reslstor K, ls /], Q. Wi L—

Finally, the charge reaches the negative teominal of the
cell £, from where we started. According to the law of A& m
conservation of energy, the total changs in energy of our s
systemis zem. Therefors, we can wrile: &

EQ-IRQ-EQ-IR,Q=0 W

Flg. 8.20: fo Kirchhotf!
or E,= IR~ ~1IR,=0.........[0.48) bt e i

—
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which s KirchhoiPs sacond nule and il atates that;

The algebroiz sum of potential chonges in a closed cirouil is zere,
\¥s have sean that thiz rule le simply a pardcular way of slating the |aw of conearvetion of

snegyiheinchical probigma. = o)

Before applying this rule for the analysia Signa for Eand §

of complex network, It Is worthwhlla to E E

thoroughly understand the rules for » | > - } .

finding the potential changes. SR i S

{i) If a source of emf s traversed from ERE BEE
positve to negative terminal, the o ~ARAA & & AN -
potanfial change is posidive. It s — . ., 8 S
negalive in the opposite diredion. Ve=dir 4, v=-R

{ii) I & rasistor is traversad in the dirsction of current, tha changa ih potantial is poaitive.
Itls negative In the opposite direction. ,

| Exsmple 5.0 10 Calculate the cumants in the thnrg .

rsislances of the crsuil shown in Fig. 8.30.

Tsoniiond| ' D D
Fnatwau*ﬂcth#ulwpﬁahuduwﬂehcfe Thv-‘;f:am %

of loops Is quite arbitrary, but it shouid be Slich that 7

mhmﬁtanmhlnmaueammhlnmumm f=100 Fﬂ“““v "= 1“1-
loops. E =40V, E =80V, 500

Fig. 9.30

After selesting the loops, s:.:npme a current /, is Nowing in the first loop and 4 in Lhe
sacond loop, all flowing in thgsam&aam Thess cuments are called loop cuments. The
actual currants will be narmmmmtnarmm It should ba notad that the senss of tha
current flowing in all: Inuﬁs should essentiglly be the same. I may be clodwise or
anticliockwise. Here wehave sssumed it o be clockwise.

We now apﬂyﬁrﬁhuﬁfﬂ secord rule to ablain the equations required to calouate the
currents through the resistances. Wa first consider the loop sbcda. Starting at pointa we
follow the laop clockwize. The voltage change while crossing the battery E, s —F,
because the curant fiows through It from positive to nagativa. Tne voltage change
aoross R, =R, The resislance R, Is common (o both the logps ! and £, | therefore, e
currents |, and I, simultansously flow through it. The directans of currents |, and {; as
Fowing through R, are opposite, so we have lo decide thal which of these currents is to
be assignaed a posilive sign. The corvenlion regarding (e sign of the currenl is that if we
are applying the Kirchhofl's second rule in the first loop, then Ihe curent of this loop Le.,
1, will ba aseigned a positive sign and all currents flowing opposite to |, have & negative
gign. Bimilarty. while applying Kirchhoff's second e in the second loog, the oument 1,
will be considerad as posilive and /, as negative. Using this convention the curment
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fiowlng through A, Is {4 - L) and tha voltage change across 1a -, - LIR,. Tha woltags
cherge across the battery £, (s £, Thus, Ihe KirchhofT's second rule as applied to the
loop sbeda glves

—E -LR-{lL-LR.+E =0
Substituting the vaues, we have
-0V x10R=-{-LixI00+60V=0
20V-10Qx[, +3{L-L)] =0
ar 44,=3L22VA ' 32A. ... i
Similarty. applying Kirehhoff's second rule to the loop ebefe, we have -
~E~ (- W R-LR,+E=0 @ i
Substituing the vaiues { N
—B0V - (L, —)x300-Lx15Q+50V=00"
—10V—15Qx[,+2(L—L)=0"
6/,-04L=2V' =2A ..ccovenn. {ify
Solving Eq.(i) and Eq. (ii) for /, and £, we have .~
f,=086Aand £, = 0.22A

Knowing the value of loop currents [, and {the actusl current fiowing through sach
reaistanca of ihe circuit can ba determined. Fig. 5.25 shows that {, and L ere the actusl
currents through the resistancas 8, and R, The aciual current through R, I8 the
diference of {, and {,and its direction 5 along the larger curent, Thus,

Thecurrant Ivrough R, =1, =273 A= 0.86 Aflowing in the dirsction of [, Le., fromato d

The cument through R, =/, =£=23A- 219 A=0.44 A flowing in the direction of £, i.¢.. from
clob. - N

Thecurrent tnrough R,=1, = 2/84 = 0.22 Aflowing in the direction of 1, e, framfto e

Proceduresof Solution of Circuit Problems

Aftar solving the above problam, wa ars In a poeltlon to apply the same procedura to

analyse other direct current complex networks. While using Kirchheff's rules in other

problems, it isworhwhile to follow the approach given below:

{i}) Draw the circuit diagram.

(i) The choica of loops should be such that each resistance is included atlesst once in
the salectad loops.

{iii) Assuma & loop cument in each loop. All the loop currents should be in the seama
sansa. it may be aithar clockwise ar anficlockwiae.

{iv) Write the locp equations for all the selected loopa. For writing each lcop equation,
the vollage change across any component is positive if Iravarsad fram low 16 high
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potartial and It Ia negative If fraversad from high to ke potentlal.
{v) Solvathese eguationsforthe unknown guantities.

9.17 WHEATSTONE BRIDGE

It is an eleciic circuil. The Wheatstone bridge
circuit shewn in Fig. 9.31 consisis of four
resistances 8, R, &, and R, connectad In such
away 50 as io form a mesh ABCDA Abattery is
connected between point= A and C. A sensitive
galvanometer of resislance K. is connecled
belween points B and D. IF the swilch & s
closed, a current wil flow through the
galvanometer. We have to detarmine the
condition under which no currant flows threugn
the galvanometer even afler the switch is
clased. For this purpose, we analyse this circuit
using Kirchhoffs second rule. We cansider two
loops ABDA and BCDB and assume 5 E
anticlockwise loop currents [, and /, through e ™~}
loops respectvely. The Klrchholfs second rule :

a8 appliad loloop ABDA gives: ' PR aaions AR ol

AR, (I~ BRI R=D. ...t (9.49)
Similarty, by applying ihe Kirchhoff's second rule to lcop BCOB, we have
4R~ bR~ (= W) B =0........... (9.50)

The currant flowing through the galvanometar will bazero if, £, —/,=0or |, = L. With this
condition Eq. 9.51and Eq. 9.52 reduceto:

LR =HB v B51)

and NAR=R (a.52)

Dividing Exg. 9.48 by Eq. .45, we have B P
ThBy Ry eeeonen{9.58) e
re— ity

As 1, = 1, , therefore,

R_HK
E‘ . i 0.54)

Thug, whenesver the condition of Eq. 9.54 is satishied. mo curent flows thiaugh Lhe
galvanometer and it shows no deflection, or conversaly whan lhe gelvanomeder in tha
\Wheatatone bridgs clrcuit shows no daflaction, Eq. 8.54 k= satisfiad, If we connect three

8
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rosistances R, &, and &, of known adjustable values and a fourth resistance R, of
unkrown value and the resistances R, R, and R, are so adusted thal the galvanomeler
shows no defiection, then from the known resistances B, &, and R, , the unknown
resistance R, can be determined by using =0, 9.54.

9.18 POTENTIOMETER

A potantiometer ls mainly used to compare potential diffarences and to find the value of
anunknown resistance. lworks on the pringiple of Whealsione Bridge.

Working of Potentlometer

Potential difierence is usually measured by an instrument called g wvolimeter. The
volimaler is connecled across the bwo poinds in a circult betwesn which potential
difference (& io be measured. It is necessary thal the resistance of the voitmeter be e
comparad 1o the circuit resistance across which the voltmeter is cornected. Otharwisa,
an appreciable currant will fiow through the voltmeter which will altar the dircuit curment
and the potential diffierance to ba measured. Thus, the voltmeter can read the corract
potential diference only when it does not draw any current from the cirouit acnoss which
itz connected, An ideal voltmeterwould have an infinite resistance,

However, thers are some potential measuring nstruments such as digital voltmeter and
cathode-ray oscilloscops which practically do-not draw any curend from the cincuit
because of therr large resiatance and are thus very accurate potential measuring
instrurments. Bul these instrumants are very expensive. Avery simple inglirument which
canmeasure and compars potential differances accurstely is a polentiomater.

A potentiomealar consists of a rasistor R in (ha farm of a wire on which a larminal G can
slide {Fig. 9.32-a), The resistance between A and C can be varied from 0 to R as the
gliding corlact C s maved from A to B, If

a battery of emf £ i8 connected across R be---—— R ———

{Fig. 8.32-b) the cument flowing through it i

f=FE/R. lFwe reprasant the resistance batween ‘q :I‘c B
Aand C by £, the potential drop between these 12 o=t

poinis will be £/ = r E/R. Thus, as C is moved
from A to B, r variea from O to R and the E

potential drop betwean A and C changes from
OinE.

Such an ammangamant alag kncwn as potantial
divider can be used lo measur lhea unknown A
emf of a sourcs by using the circuit shown in
Fig. 9.33. Hers Risin the form ofa straigntwire
of uniform area of @oss-section. A source of
polential, say a cel whose emfi E, |5 1o he
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meaazured, is connectad betwaan A and the sliding En
contact C through a gelvanometer G. It should be v
noted that the posifive terminal of £, and that of tha
potential divider are conneciad to the same point &,
If, in the loop AGCA. the point C and the negative
tarminal of E, ara at the same potential, then tha
two terminals of the galvenometor will be st tha
same polential and no current will low through the
galvanometer. Therefore, to measure the potential
E, tha poeiten of C Iz so0 adjusies that the
galvanometer shows no deflecion. Under this
condilion, the emf E_ of the cell is equal ko (ke polertial difference between A and C
whose value ExRis known. In case of a wire of uniforrn cress-seclion, the resistence is
proporional to the length of tha wire, Therefona, tha unknown emf 2 2leo given by
O ras s U N
E, ER EL ¢ }_:_.____

whara L is tha lodal length of the wire AB and / is lis length rom Ale C, aflar C has bean
adjusted for no deflecton, As the maximum potential thal can be oblained between A
and Cis £ so the unknawn emf £, should net exceed this value, otherwise the null
condition will not ba obtzined. | can ba sean that the unknown amf £, is dataminad
when no current |s drawn from it and therefore, potentiometer i=s ane of the most
acryurate methods for measuring potential

The mathod for measuring the emif ot e call 25 described above can bs used {o compare
the emfs E. and E, of two cells, The balancing lengths £, and £, are found separately for
thetwo cells. Then,

E,=£%unu E,=EZ

: L
Dhviding thesa two equations, we have
.r-.'._-. 1 E

£
4=_‘IFIll“libl"lll‘--‘l‘"lil"“I%
&= (9.56)

3
50, the ratio oftha amis is equal to rafio of the balancing langths.

9.19 USE OF A GALVANOMETER

Agalmnomeler s an instrurment for detecting a cument. We are nol going o discuss its
inernal structure and how doesa itwork. We focus only on ite use. |t is often used In null
mathods to achiave precikse measurements in alectrical circuits. The null methad
involvas adjusting the circuil untl the galvanomaler shows no deflection i.e., a zem
reading. This indicales that certain reguired conditions are metin the cirouit. Inthis stats,
the eleciric polantials at both ends of the gelvanomeler are the same. Although a
galvanomater has Its own rasistanca, but at the null reading, s resistance doas not
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come inka play. The reason is that, in this sondition no cument is passing through it. The
null method is widely used in bridge circuits such as Vwheatstone and potentiometer
setups,

As we heva studied in the previous saction, the null method is used to measure an
unknawn resistancsa in the Wheatstone bridge circuits. The galvanometar is connecitad
betwesn the midpoints of opposite sides. The varable resistance is adjusied until the
galvanametershows nodeflacticn. Atthis point, the bridg e I3 balanced and the unknown
reelstance can be calculated uelng the ratio of the known resietancee.

In & potentiometer, null method is used to measure an unknown voltage by comparison

with a known reference voltage applied acroaa the reaistance wire of the potantiometsr.

A galvanometsr and a jockey are used o maka contac along the wire, Al null poinl, the

polential diference: between the jockey and Ihe end of the wire sguals the unknown

voltage. The pogtbon of the jockey gives the maasure of the unknawn voltage.

There are some advantages of using a galvanometerin rull method.

1. Null method, siiminates the sfiect of the galvanometer's internal resistanca on the
measursment resuling inmore accurate readings.

2, Balvancmeters are highly senstve and can detect vary small currents of the order
of 10" ampare

3. Mo deflection’ indicates a direct and clear conaltion of balance making it easier to
Identify the null paint.

8.20 THERMISTORS o)

Athermistor is a hea sensitive resigtor. Maost 7
thermisiors have nsgalive lemparature /

coefficient of resistance, Le., the resislance
of such thermistors decreases whan thair = F =
tamparature & incrasssd. Tharmistars with Vi
positive temperature coeflicient are also /s
available.

In tha tharmistors, resislance decreasss as

temperaturé increases. This is because
increasing tamperature provides more

anorgy to tha chargs camlars {clactrons or . ﬁ !
holes}, enabling them lo move more freely ! . ' . q

Fig. %.34: Thermisors sysmbols

and thus reducing resistance.

Thermisiorg are made by heating under high

pressure semiconductor ceramic made

from mixtures of metallic oxides of |
manganese, nickel, coball, copper, ron, sto.

These are pressed inln desiredshapag and T8 209 Typas of themictors
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then beked al high lemperature. Differsnt types of thermistors are shown in Fig, 3.34.
Thay may be In tha form of beads, rods or washers.

Applications of Thermistors

Temperature Measurament

Thermistors are usad in hemometers, and alsctric devicas such as amir canditionars,
rafrigerators, heatars, microwave ovans, incubalors, sic.to manitar tarmparatuna.

Thermiztors with high regative tismperalure coafliciant are vary acourate for measuring
low temparstures eapecially near 10 K. The higher resistanca at low temparature
enables more accurate maasuremant possibla.

Thermistors have wide applications as tempsrature sensors, |.s. they convert changes
of tamperatura into elecirical waltage which is duly processed. For xample, these are
used in ocolant empersture sensors in sulomobile engines lo prevent the engine
overhesting and In digital thermometers.

Temperature Compensation

Tharmistars are usad In cirsuils whare temparature changas could affect parformanda.
Such as in oscillators, batlery charging circuits an_:Ibnwer systems.

Inrush Current Limiting
Thermiztors are uzed to limit the initial flow of current when e device s firstturned on.
Voltage Divider

Thermistors are widely used as voltage divider. As |
ehown in Fig. 9.38 when omparatura of a thormisior " !

increases, its resistance decreases. This decreases i ol s |
har
G

the voltage Crop atroas the tNarmiston, AS & reaul, the | of sedar otin Theni
potantial at point 8 Increases that can be used fo A_'—M‘E_"ﬂ ‘
frigger a circuil connacied to it. In case of a fire alarm, )
the use of a thermistortums the NOT gate low when it

gels hesled. The oulput of NOT gale goes high and  Fig 2%

turns the sirsn QN

9.21 LIGHT DEPENDENT RESISTOR

Light dependent resistor (LDR} s a reslstor whose resistance decreases with Increasing
light intensity. Due 1o this property, i is also known as photo resisior, The LDRs are
typicalty made from semiconductor material like cadmium sulphide. The material is
dapesited in & spacial patiern on an insulating plate.

Working Principle

The principle usad in sn LOR |8 the hcreases In the conductivity of the matarial on
expaging it 1o light. In darkness, the semigonductor material has a few free elecirons
{charge carriers) resuling in high resistance. When light phetons hit the material, they

8
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transtar anargy fo slactrons (n the outer ortits, thus, making them free to conduct
olecticity. This dacreasas the resletance of LDR. Tha amount of light nitdng the LDR's
surface determines the number of free elections. Conversely, less light results in
lowering the free elections, thua, making higher resistance. This change in resiatance
can be messured and wsadin Groulls o sanse light levels,

Applications of LDRs
Light Sensors

LDRe= ara commaonty uged In light senaing drodlte such as automatic Iighting syatams In
homes and sireet lights. An LDR works just like a switch that fums ON at dusk and OFF
aldawn.

Camera Exposurs Control

LORs help in adjusting the axposure limes in camerss based on the amount of availabla
light.

Voltage Divider

Ina typlcal cirguit, an LDR can be a parl of vollage divider, that converls the resislance
change into maazurable voltage change. This voitage can then be reed by 2 micro-
cantraller or other cantrol clreultry to parform actions basad on Iight levels. A clrcult Is
showr in Fig. 9.37 in which an LDR s used as vollage
divider, Inthe deark, tha LDR has a very high regislance 2y
comparad to the standard resistance (100 KQ) in the
circuit. Thereforo the vollage drop across the LDR is very
large 23 registarad by a voltmeter. When the LDR is
exposed tolight, the resistance of LDR decreases to very
loe, Mow, the vollrmeter registers a lower reading. Hence,
the change In light intensity gives rise io change in
voliage. Therafore, by connecting mid-point B to a NOT
gate. LDR can be used as a switch.

Rellabliity of A Concrete Bridge

Ingpociors dan apsily chogk the refiphility of concrato
bridge with the help of carbon fibers embedded in its slab.

This s possibla bacalsa of the conducting proparty of tha
carbon fibers. Let us know step by step how does it work?

1. Firststep stoknow the electrical propartiss of carbon
fibare. Carbon fibars are known o be good
conductors of electricty due to their high carbon
oonent.

2. Secondly, we can embed the carbon fibers within the
sleb of the concrete bridge during its construction.

Lyt

Flig. 8.58; Carbon fibre sheats:




F iyl ) [ P () Elechrostatics and Carret Dleciicty
P —— 3 4

Ther wacan connact them to forme 8 enndustors network.

3. Inspeciors tan check the reliability of the concrete bricge by applying small electric
current to the carben fiber natwork: They can delermine the intagrity of the concrate
atrichire by measuring the resistanca ofthe netwark.

4, The sensor installed into the network can show whether the alectric resistance iz
changing or not. If the resistance remains the same over time, il indicabes that the
concrele bridge is maintaining its structural integrity However, if the resistance
Incresses, f means that the concrate ks delarioraling or that the carbon Mbere sre
being damaged. “L
Some other methods are also used Lo check the sirength nfm&m;nqaj;abrrdm. For
exsmple. a type of sansore continuously monitor etrain, vibration and temperatura.
Internal fiaws, such as cracks or voids are delected by using ultrasound waves.

ST oussTions

§ Muitipie Choice ﬂlsshm: ]

Tick(¥ ) the cormect answer. s
81 Two point charges Aand B are mpar_a{g'd'hf'iﬂ m. Iftha distanca bahwaen tham is
reduesd to Sm, the forge axertsd ﬂﬂl}ajﬁh’
{a) decresass to haffits nrlgnnlv_ln't,_sa' .
(b} meambMGEMDriqlnﬂﬁﬁiuﬂ
(&) decraases to one guarlar ofits original value
(d) increasss four limes toits original velue
8.2 Which sleomc chargh (s possibls on a particie?

A

(a)2.5x10™C _-;Br’s.z::m"'c {c)1.6x10™C (d)6.02x10"C
8.3 Which diagram bes! represants the slactric fisld |ires around two oppositely
charged ghicles?
N% Y 4 v % ”
(@ —»ﬂ\l'ﬁ"/ ®) :_:}“‘-'Ljf M’»
. LN /ﬂt N 1—‘—/"/]1\‘ 4&:—4-
A ) \ l\ “ ¥ W

< _'-_‘_\_ d
\t/
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8.4 Whatistha work done an an alection by palential differencs of 1 00 voitz?
(a)1.6x10™eV (b}1.6x10" eV {c)6.25x 10" 8V (d) 100 eV

8.5 The polential sl a point stuated sl a distance of 50 cm froma charge of 50 pGis:
{(2)9x10%volts (b} 18= 10" volts {c)8x 10" volis {d) 18 x 10" volts

9.6 Aballof waight (.1 N having & change of 100 pl remainad suspanded batwaan two
oppositely charged horizontal metal pletes. The elecidc intensity between the
plates s

(a)10NC" {b}100NC" {c)100ONC” (d) 10000 N C"

9.7 A piece of wire has resistance of 451 It is doubled on isell so thal Nts fength
becomas halfbut ares of crass-section is doubled. ts resistance povewil | be:

(a)aa ibyd {c)2o (ﬂj*’t 0

8.8 Tha cument through a conductor is 3.0 Awhen it is n'lmchaﬂ scross & potenfisl
difference of £.0 V. How muech powarls usad?

{(al0.&6W (b}2.0W {ci9.0W (dj1aw
8.8 The algebraic sum of potential changes f!:ll' & v:;nmplﬂ& dreult s zemo. It s tha
satementok
(21 Ohm's law { h}&.usa'sfaw
{e) KirchhofPs first law . {sh Kirchhofrs secand law

9,10 The radius of curvature of the palh u"'l“.ii charged particle In a uniform magnetic field
ls direcily proportional o -

{a} the parlicle's chamge ~ b {BY the particle's momentum
{cithe pwﬁnle'senam__ {d the flux density of the field
] (', Shert Answer Questions [
S1Howdossa mnvh’g conductor ke an asroplane acqulra charge as It flles through
the air? Describe briefly.
9.2 Deflneglectric Intensity and electric potental,
93 A pballery is raled at 100 A h {ampere-hour). How much charge can this battery
supply?
8.4 I8 alectron-volt a unitof potential diference orenergy? Explain.

8.5 Acopperwirs of langth L has reslstance R, It s strelched to doubla of Its langth.
Whalwill be the esistance of the new length of wira?

8.6 Whydoes the resistance of a conductor rise with increase in temperature?

87 Istheillament resistance lower o higherin a SD0W-220V light bulb than in a 100 W-
220V bulb?

9.8 Whydoas reslstance of athermistor changes as temperature increases?
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9.8 Which materials can ba usedto construct Fareday's cage and why?

| Constructed Response Questions B |
8,1 Electric iines of force never cross each olher, Why?

9.2 s E necessarly zero inside a charged rubber balloan if the balloon is spherical?
Agsuma thal change is distributed uniformly over the surface.

93 Elecloalatic force ia 10% times stronger than gravitationzl foree. Argue that our
palaxy ehould be almost elecirically nautral,

8.4 An uncharged condudting hollow spheara is placad in the feld of a positive charge .
Whelwil be the net flux through the shell? _

9.5 Apotsntial difarencs is apolied across the ends of a copper wire. What s the affect
on tha drift valocity of free alections by
{I} increasingthe potential dfference?
(I} decreasing the langth and the temparature of thawire?

96 Why the ferminal potential diffierence of a baliery decreases when the cumant
drawm from itig increased ?

§ Comprehensive Questions

8.1 Explaln the sleciric potantlal and prove that slaciric ek Intanstty Is squal to the
negative of potential gradient.

9.2 Statsandexplain Kirchhoff's rules.

9.3 Whatis aWhealstone bridge? Explain fls working with the help of adiagram.

9.4 What iz alight dependent resistor (LDR)? How can this be used as ON-OFF swilch
for lighting?

4.5 Whatis a potentometer? Desoriba its working.

~ @  Numerical Problemz |

9.1 Twounagual pint charges repel each other with a force of 0.4 Nwhen they are 5.0
cm-apart. Find the force which each charge exerts on the other when they are {a)
2.5cmapart{b) 15.0 cmapart. [Ans: (@} 1.8 N (b) 0.04 N]
9.2 Apartice of cherge +20 pC is placed betwsen two parallel plales, 10 cm apart and
having a potential difference of 0.5 kY betwesn them. Calculate the elecinic field

batwean tha plates, and the electric force exerted on the charged particle,
(Ang: 5 kN C7, 100 mN)
83 Thealectron and proten in a hydrogen atom are separated (on the average) by a
distance of approximatety 6.3 x 107 m. Find tha ratio of the eleciric force and the

gravilational force betwaen tha electron and proton in thia state.

(Anz:=2 3 %10
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94

8.5

8.6

87

68

8.9

g.10

Afler a plessant showering, a water droplel of mass 1.2 2 10" kg is located in the
air near the ground. An atmospheric electric field of magnitudes 6.0 x 10° N G
perints vertically dowmaaed in the viginity of the watar droplat. The droplet remaing
suspended el restin the air. Find the eledric charge on the droglet.

(s —1.86 x 10" C)
An glectron entars tha reglon of a uniferm slactrls Med, with v,= 2.88 x 10" m &”
and E = 300 N C". The horizontal length of the plates is 10.0 em. Find the
accaleration of the electron while it is In the eleciric field. How long will it take to
peas through tha flald? [Ans: 62T x10°ma”, 3.34 210" 8)
A disc of 10 em’ ama is placed In a vertical electricTeld E=5x 10N T, I Iha
planeof the disc makes anangle of 30° with the hordzontal, determine the electric
flux through the disc. s 250/ Nm CY)
A circular copper rod is 50 om long and hes 1 om diameter. Find the resistance
arross its ends. What should be the side of square cross-section of a 50 cm long
tungeten rod if ite resistance is the same? [Resistivity of copper is 1.69x10*am
and thet oftungstenis 5.0x 10" 2m.) [Ans: 1.08x10" @, 1.52 ¢m)
The copper winding of an electric fan hesa resistance of 50 €1 at 30 °C. After
runnirg for some time, the resistance begomes 52 {1 How much is the inGreass in
temperature of the winging? [Forcopper a=0 0039 K] (Ans: 10.3°C)
During an exparimant, a copper wire-of 50 m long and 150 um thick is hung
veriicalty. Then a curment of 1A i3 pessed across its ends for 50 5. Find the
reclelanca of the wire and the heat dissipated during this procass. [Resistvity of
copperis 1.69x 10" cim.] {Ans: 47 80,2390 J)
The emf of a battsry is 12'V. It is connected to 8 3.6 0 resistor. If the internal
resislance of the batenyis 0.2 0, whal will be the terminal vollage across (he
battary? _ (Ans: 11.4V)




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

& Slale that & foroe might ad onacu ment-camying condooior plecsdinamag netic fickd
& Usas {ha agueton mem’-—mmhrwm'ht o ache

problems] J,_:-__J

& Define magnetc flux [A8 the product of the magnetic fux density snd the -sectionsl gres
perpendcilarte the direston of the magretis fus density] yi\sy

& Use b= Ao solee problams = 3

& Usa tha conoept of magnes flus (inkage '

& Dafine magnestic Nux density [=e the fores asting par wnit curent % o 2'wrine placed al fght
anigies to e magnetic fald) %,

# Uss ~=SqVveint o solve problems vy

# Desaribe the molion of a chared parfide maving in -(@-m magneti fisd perpendicular {3 the
dirsetion of motorof the particle ~

& Expian how slecira and magnelic elds canbe u;ﬂ:ﬁ:gﬂnﬂyﬂmﬂnn

& Explan experments thal demonsirate Sarad Lenr's faws (2] that & changing magnetic Mo
can nduce an em’in o girou, (b Wl e indl EiTiF i i Slech & direolisn 55 1o ogbose e chnnge
procusngit, (o) the ks sffeoatiog tha of thi ind ueod o, |

# Usze Famday's and Lenz's laws of efedpmegnedic inducion ko sobve problems

& Deaorihe how ferofiuida work [they make use of temparany soft magnetic matansls suspanded in
Fenaitls v dervelon flulds thit reest i the poles of & magnetand mave many spolictiors in felda such
s alasirankes] Oy

& Explain how agisme & use of slectromegnele induclion o the esrfqueks deteclion
[xpecificaly In tarmaof
{1) aevy movermont or wibcabon of e rock on which the sosmomatar nasts (buriad ma protactive cass)

rapults In relativa madion bstwesn the magnetand tha coll {Eusgended bya epdng fram fhaframe )

{1} Thaemt hdused in the coil s directly preportionalto the dlsplacement ascociated

We have aiready studied that a magnetic field is ——f
N ¥ produced around a current-carrying eonductor. Also, & i = |
changing megnetic field gives rise to a cument in 2 conductor Pyl '||

placed in it. Eleclromagnetism is a key arsa of physics that il = 4
shudies how electric charges and magnelic fields interact. i “%“_\

In 1820, Hans Christien Qersled found thal electricity and o dirsction ol magnetic
magnatism are cormelated., Tinid producsdby @ curmsnt

N T e

Magnotemn startod with Indostone, anatursl minomsl diseromd in anciont Thraye.
Ledeatons, o megretie (Fe.0.), can stirect metals Bea iron snd stesl and aigna
wilh the Earth's magneticpales., [eading totha invention ofthe compass, '
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Elzeromaqnetism is crucial for modam technalagy, including phones, computers, and
medical devices. In this chapter, we wil explors basic concopls like elactric fislds,
meagnetic forcas, and slecromagnelic induction, and see how these prnciples efect
both natural phenomena and tachnology. Understanding these concepls help us
appreciste how electromagnetism influences our werld and drives innovation.

10.1 FORCE ON A CURRENT-CARRYING CONDUCTOR IN A
UNIFORM MAGNETIC FIELD

It has been observed experimentally that a qumeni-carmying
conductar placad in a magneiic fiald axpariences a forcs.
Considerasiraighl conducior camying a steady currenl placed
perpendicular fo uniform magnetic field, Assume the direction
of the current is out of the paper as shown by = in Fig. 10.2.
The direction of megnetio feld produced by the ourrent s also
showr.

Just az two magnets exert forces on each other fmugh thelr
magnetia fields, a current-carmying conduslor expereances a
forca due to the Interactlon cetwaan Its own magnat|c fleid and
the external magnelic field. To determing the direction of this
forea, considarthe intaraction bﬂwamthammm

The magnetic field produced by the uurrﬁnl‘. and the external uniform rrwgrﬂth field
reinforce each other on (he left side &f the conductor and oppose each olher on the right
side. Consaquantly, the contucior moves towards the alde where the field |2 weaker,
Thatis, the force gnthe unndu_bﬁrr iz directed to the rightas viewed from the fromt. Thus,
the force Fis perpendiculatto both e conductor ard the magnetic field. Fleming's lefl-
hand rule is used ta prediet the direction of the farce experienced by a current-carmying
eonductor ina magnetiofisld. To apoly the rule:

Position your [eft hand such Ikat the first
Inpetgt in the direction of magnetic
fighd, sacond finger points in the
dirsction of currant, tha thumb wil than
point in the direction of force.

Tha Flaming's ket hand nuis i lliustrated In Fig. 10.3. i

However, direction of force can also be found by using right hand rule ihat can be
staled a5

Curl fingars of your fight hand from current to magnetic field through
smaler angle, the stretched thumb will indicate the direction of force.
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Letus now determing the magnituds of the force on a cumeni-camying condustor placed
Inside & magnetic field. Experimentalty, it has been cbserved that the magnitude of the
foree acting on tha conductsr is directly proportional to the currant /in the conductor, the
length L of the conductor, and the strength of the external magnetic fisld 5. The strength
of the magnetic Neld = also known as the magnetic induction B, which has the same
direction as the fisid, Thus, the torce £ on a conducter of length £, carrying a current /
and placed perpendicular to a magnatic field of strength &8, Bgiven by
F o8l

F = kBiL
In 51 units, the velue of k = 1. Therefore,
FeBl i [10)

FromEq, (10.1)wecanseethat B= 4, sowecan define Bas:

Tha magnetic strength is numarically aqual o the force axeried on a conductor of length
ane matre carmying one ampsra curent, placed parpandicUiar to the magnetic field.
B

Equation E=—E also gives usthe unitof B. The S| unitof Sis tesia {T).
1T=1NA'm"

It may be noted that magnelic induction is'a vector quartity. s

direction ia the 3ama asthat of magnetic fialkd.

We can also consider a veotor L which has a magnitude equal tothe
l=ngth of the conduclor and its dirdetion is along the low of current.

Now consider & conducior L plﬁuud st an angle ¥ =
w.rl the magnetic field, then we will use the [ Imeraing informiatonT I

Flig. 104

componani of L perpandicular to B i.8., {L sind), a8 = s
shown in Fig. 10.4. Then the Eq. {10.1)will become, '
= ELAING e [T002) BAaA e bk
In the vector farm the Eq. 10.2 can bewritien as
N FE LB i s (10.) e iga

Equation (10.2) shows that the force will be 4o T R

maximum (B8IL) whan the conductor 18 magmet wham ihe souin magnetic pois is
perpendicular o the field, e, 8=90", and it will be ‘o=t the gecprephic oih poia and the
zerawhen the conductor s aleng the field (e, 8=0. mﬂ'ﬁﬂﬁf‘ il Ry
 Esmepie 1000 A 20,0 om wire camying & current of 10.0 A is placed in a uniform
magnella fiald of 0.30 T. If the wire makes an angle of 40° with the direstion of magnetic
flald, find the magnitude of the farca acting on the wira.

il serauranl Lengthofthewire =L = 20.0em =0.20m
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Curment ={ = 10.0A
Strenoth of magnaticfisld =8+= 0307
Angle =g=40

SBubstituting the valuesinEg. {(10.2): F=100Ax030Tx0.20mxsn40"=0.3aN

10.2 MAGNETIC FLUX AND FLUX DENSITY

We can represent the strength of a magnetic field B by the linas offarce inthe sama way
as for electric fisld. Than, tha population of thasa linas in the field perunit area passing
through a surface perpendiculartio the field will reprezsnt the magnetiic uxs, Thus,

The magnetic flux through a palch of area A is the FAN "
numberof magnetic|ines pasaing through this ares, f \ 1A A <

I & represents the numberoflines passing through unit

area placed perpendicular to the fisld, then the totzl flux LR

through area A perpendicularto the field will pe: \ ‘,.’
8 %[154}

The surfaca A may not be perpendicularta the fiald, that Fig. 10.5
izthe nomel toihe surface mekes an angle ¢ with B as A
shown In Fig. 10.5. Than, wawlll have to uss componant

of B (Bcosh) along the vector area A (Fig. 10.6). o
Therafore, the flux passing through tha surface will be-

0 = BACOSE ...inneisuns - 10.5)
As B and Aboth are vectors, sowe can write
b=BA . ...eonl(108)
Equation {10.6) shows thal &, is a scaler quantity. ,./""'f
Therefore, we can define magnatic Mux as: -
The magnetic M}. through a plane element of area = >

L

A in 2 uniform megnelic field B is given by dot product .
ofBandA. -
Nole that A Is a veclor whose magnilude is the area of ., i
tha elameant and whosa direction (& slang tha narmal T
o the surfece cfthe elementand 0 is the angle betwean 2
tha directions of the vectors B and A {Fig. 10.5). In —t———
Flg. 10.7(a), the fleld Is dirscted along the normalto the Fi w7
area, so 0 is zam [cosl"=1) and the flux is maximum, }" ," B
equal to B4. When the fleld |s paraliel to the plane ofthe ey

araa (Fig. 10.7-b), the angla betwsen the fiald and *
nomal to area ia 90" Le., B = 00"(cosB0°=0 ), 2o the flux )

through the eras in this orfentation is zere. Fig. 107
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In case of 8 curvad surfacs placad in a uniform magnetic field, the curved suriasa is
divided Into a number of emall surface slements, each element being aseumad plane
and the flux through the whole curved surface is calculated by the sum of the
contribufions from all tha alemants of tha aurfacs using Eq.(10.5).

From the definiton of lesla, the unil of magnetio flux i N m A which is called weber
(Whi. According o Bg. 10.5, the magnetic induction B 15 the flux per unit area of a
surtace pampendicllar o B, hance, itis also callad a3 magnatic flux danaity. Its unitis Wb
mi". Therefore, magnetic induction, i.e. the magnetio field strength is measured in terms
of Wb ™ or NA m' (beslz).

(Emampie 1000 A rectangular loop of wire Is placed In 3 uniform magnetic field of
magnitude 1.2 T. if the loap is 25 cm long and 20 cm wide, determine the magnstic fux
through the loap for tha three anentafions ss shewnin Fig. 108,

=r d

{n

) )
/Fg. 108
{ swiumon B For orientalion {g), angle between B and arsa
vactor Ais 8 =80 %
Using e = PA 0SB
O\ = 1.27T x20omx 25 cm x cos60°
ST =275 m %05
W\ = 3x 107 Wb
Fotariantation (), angla8=45" FEEEA
dy =1.2Tx5x10' m'x0.707 5
=42 x10°Wb
Fororientation (), angle 8 =30°
g =12T x5 %10°m" x 0886
= 52x10"Wh

%

o

Fig. 108
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10.3 MAGNETIC FLUX LINKAGE

Magnetic flux linkage is & key concept in electromagnatism, particularly in the sty of
inductance and electromagnstic induction, Magnetic flux linkage refers to the product of
the magnetic flux through a ool and the number of fums in the goil. |} essentially
measures how much magneatic fiue is linked with the coll due té its multiple tums, and is
an important facior in understanding how coils end induclors operate in slecrics|
circuits, "
Magnetic fluxlinkage =¢=Nd, .......(10.7)

whera & is the magnetic fiux through asingla
loop of area 4 and N s the otEl numbear of
turns of tha coil. Megnatic fuxlinkage plays a
cruaal role in the design snd operation of
transformers, eleclric motors, generalors, -
and inductors. This concept 's particularly A magreiic sifg on the ATM card conisin
important  In  Faraday's law  of muunnn‘ﬁf‘nny magnalls domaina naid

K 3 i tinder. Th
alectromagnetic induction, which wa will %mm:n ﬁmﬂiﬁ
explore laterin this chapter. it mBkes you T A00eSE o your pocount.

10.4 MOTION OF A CHARGED RARTICLE IN A MAGNETIC FIELD
We have observad thal a curreni-canylng cenduchor placed perpendicularly In a
uniform magnatic fiald sxperences a force F. Since a current |a the flow of alechric
charges, it raises the question: do individual charges moving through a megnetic field
also experience @ force? The answer s yes, Expedments show thal a charged parlicle
does experence a force when it moves across a magnefic field. We can calculate this
foroe by examining the behaviour of a curent-carmying conductor in a magneticfisid.

Congider a conductor of langth L through which N @ v you know?
charged particles, each with charge g, are passing in : i
time £. The motion of thesa charged particles produces h:: ;m:::;"muum

acurrant fin the ecnd uelor, whichis given by O, Hiediviar, They can affract or
rapesl aack: other

f=—==J

t 1

where & is the total cherge flowing in time ¢, If v is the velocity of charged parficles, then
thie velocity of the particles along the conduclor s

v-vi
where L is the unit vector in the direction of the current The sign of the force depends
o whether the charge g is posilive or negative. However, the unit vector L s directed
alang the direciion of the cument, which is the direction of moton of positive charges.

Since the particles ke tme { lo move gcross the conducior of length L, therefore,
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1=t [ Feim to poncert NN
L4 Why doos @ picture bocome disiortod
‘when a magnetic bar & broughtneario
Then {= NTq--'lEF.-{'IU.Ej the sorean of TV, cOMpUiEr modor ot
oscilloscope?
If this conductor is placaed in & unifym magnetic fisld B, it will exparience a force F,
as given by Eq.10.3. B It ihe peper

¥ X £ E b x ]

E=lERB. s D,

As [TRSF ] TSR . ' 1. [
Substituting the values of f and L in Eg. (10.3), we have
F:%{ﬂ_xﬂ} ) * AR x x x
or F o= NgvhaB....oovimeonn s (10,113 B ino the peper
Asvelocilyvis directed along the conducter L, so T s
wacanwrite: vi=v¥=v (sel=¥} 7 L A W
F o= NGIvEB) o (10,129 X % X N X %
Tharefore tha force on a single particla will be “,T & E R WO N
F =givaB) ...._:{1“1‘1-3} Fig. 10.10
If iz the angle betwaan B and v, then magnituds of force F is given by
F=qvBsind .......... parverenes (10.14)

Therefore, the force is madmym when B is perpendicular o v, i.e., B = 507, and force is
Tarcwhan B iain tha dirqctim' of v, 1.a., 8 = (. Tha direcion of forca can ba known by
applying Fleming's left handrule or right hand rule for veclor product.

{&) The positively chaiged parlicle enters into the magnelic field along the dotted line on
plana of papar. It experiences a force in the upward diraction due to which it is
deflected along 8 curved path (Fig. 10.10-a).

(b) The negalively charged particie !s deflacted downward by the forca acting on It
downwards (Fig. 10.10-b).

|| Exmmple 10.5 0 An glection anters inta & uniform rmagnatic field parpendicularly with a
speedof 10' ma". Whatpath the alectron willmove along Inside the fisid?
(B=25Wbm, m=9.11x10"kg, e=18x10"C)
[ Solwvion || TheForce Facting on the elactron wil be:

F=qgvBeind
As the velocity vis pempendicularie 8, e, 8 = 80", the chamge g =g, so

R
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Sinve F acls perpendioular to v, so this foree provides centripetal foroe to the eledronto
keep R ina circls of radius . Then
ovg = L
r

fomv
 eB

Putting the values in above aquation, we kava
;. B1x10" kgx 10" m e’
1.6<10"Cx25Whbm~ -
r=23x10"m \/
The palh of alaciron will ba acirda ol radius 2.3 = 10°m. ",
10.8 VELOCITY SELECTOR P =

A velochty selector is a deviee used o determine the B

valocity of a charged particls. In this devies, alectic and x ¥ M

magnetic forces are applied to the moving particle'|n v i

such a way that they balance each other only for one - v
x x
= 4
x

nto the paper
W

valua of valocty, Allowing tha paricle to continua
moying with a constantveloeity.

Consider a particle with a positiva charge +g that enfers FF e
a uniform magnetic fis'd B at = right angles to it, with a e
velocily v. The magnetic force nub_dnir*e particle in the B il o paper
upward direchon, as sbown In FLUJﬂ.“ . T balanca this ¥ M X ¥ M N X
magnetic force, an electric force must act downwand on AR # x M ou N
tne particle. [ = % F + ¥ ||

XXM XM XX
XXM MNE N
BN H M ON N M

Avelochty selector conslets of a cylindrical tuba located "M f o
within @ magnetic field B. Inside the tube is a parallel [ ||
plate capacitor thal craates a uniform alactric fizld E. X X N X N X
The electric fisld E is oriented perpendicular to tha E X 2 % X W H
magnefic fiakd B, a= shownin Fig. 10.12. Fig. 10.62

Whan the charged particle antars the |eft and of the lube, the magnetic force acts
upward, while the eleciric foree aols downward in the direction of the eleotric field E on
the positively charged partiche, If the strengths of the electric and magnetic fields are
adjusted appropriately, these forces will cancsl gach other cut. With no net foree asting
on the partichs, its vekodity v romaing consiant in aceo rdance witk Mawton's firsl Lo As a
rasull, the particls maves in aslraightline al a constart velocity and exits the rightend of
the tube.

The particlas with velocltias diffarant from wwill be deflacted and wil not axlt at the right
and of the lubs.
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The magnituda of the valacity 2atected can be detarmined as balow.
Agthe velocity ¥ is perpendicular to both B and &, therefore,

Magnetic force {(Upward) = Bav
Elestric forcs {downward) = gE
For no deflection of particle, Bgv = gE
E
e R DG
or ¥ B [ }

|| Exarmpie 10,41 Alphaparticles ranging in speed from 1000 m s wEﬂﬂﬂ,m‘ “enterinto
a velogity selactor where the eleciric inlensity is 300 V m™ and the mngnaﬂn induction
0.20T. Which particle will meve undevistad through the field? \

Tsowmonll  E=300Vm'=300NC', 8=020T

Dnly thoas parficles wil be abla to pass through tha pfumrmiﬁm tha alaciric forca gE
acling on the partides balancas the rr-agnetbfumeﬁqwnuthé particles as shown inthe
Fig. 1012

N

Therafona qE = Bav N \ M Paint 1o ponded [
selente : y A fomme B exerted Oon & mEViIng
g Sl A changsd partica in a megnedic feld.
£ MONC' It ol resciesn It 2roule pricws hal:
"E'W F‘lﬂﬂmu tha force s not exeried an it?

Theahhﬁpﬁrtmbsrﬂ“ngﬂwwd OHEW m s will move undevialed through the field.

| Exampie 1050 A chargad pﬂldn moves through a veloclty salector at a constant
\ralur.‘ityh a straight line. The slecric field of the velocity selector is 4.8 x 10°N C", while
the magnetic field is 0.2 T-¥When the sleciric filed is imed OFF, the charged paricle
tramlann acircular painn‘l'rﬂdlm:! 0 cm. Find the charga to mass ratio of the particie.

il soiution Hmﬁﬁ& particie is rmoving in e direction perpendicular to both E and B,
mﬂnnmmiuﬁ!ghalnntvalll bagivan by

ad gE = Bgv or v = E
Whien the slectric fled is tumed ¢ff, the particle will move along a dreulsr path of redius r.
Then the magneiic forze provides necessarny centripetal force. Then

qu = E

So, ¢harge to mess ratio becomes: 3 :

E m B
Futmﬂnvﬂﬂufv—ﬁ . we have

qg . £

m Br
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Putting the values of E, B and r, we have
g _  48x10°NC

m  {0.20 T (3 =107 m)
3 A
4.8:10 I"LG . ‘!1olckg-"l
12x10° m
10.8 INDUCED EMF AND FARADAY'S LAW
It has been ohserved sxpedmenizily that when a conduclor moves across a magnelic
field, an electromotive force (emf} ks induced between its ends. The induced emfin the
maving eonductor i similar io that of a battery. That ks, if the ends of tha sonductor ara
connected by a wire lo form a closed dircuil, a current will flow through it,

The emf induced by the moticn of 2 conducior
across a magretic ek is called motional emf. E into o paper

Consider an exparimentas shown in Fig. 10.13.A e +—t/ -
conducting rod of length L s placed on two l{,'. Tt ,plx * % x
parallel metal ralls separatec by 2 distance L A : nt e e
galvanometer is connecled between the ends ¢ N “‘,- B—
and d of the rails. This forme a complste R e SO LT
conducting loop abede. A uniform magnetic field l I I_, o e
B is applied dirgsted into the page. Initiakly, whan % _: N ‘ B

the rod s stationary, galvanometer indicates ro
current inthe leop. fthe rod is pulled tothe ight Fig. 10.13

with congtent velocily v, the galvanometer indicates a cument owing through the loop.
Obwviously, the current I8 Induced dus to tha moflon of the conducing rod acnoss tha
magnaticiekd. The movingrod s acling as a source ofemf £ =V, -V, =AW
Wher the rod moves, a'charge g within the rod alsa maowves with the same velocily win
tha magnotic flold B and exparlences aforca given by, Eq. 10.13.

F=g(vxB)
The magnituge ol the foreis:

F=qvBsind
Sincz angle B between vand Bis 90", so

F=gvB . . .c.cconn {1016}
Applying right hand rula, wa 2as that the forca F acting on the charga g ia dirsctad from
point & to point b along the rod. As & resull, charges migrate (o the top end of the
concuctor. As more charges move, a concentrafion of charge builds up at the topend b,
while there is a deficiency of charges at the bottom end &. This redistribution of charge

oredias an electrostatic field E directed from b o &, Tha slectrostatio force on the charge
s F,=gE direcled from b o 3. The system guickly reaches an equilibium slate
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wherne these two forces on the charge are balanced. I
£ Is tha slactric fisld Intansity In this state, then

or E=vB ovceeeinanieiins (10147}

Tha mational amf £ will be aqual to the polental
difference AV = ¥, - V, between the two ends of the
micving conductor in this souilibrium state. Tha gradient
of polential is given by AYWL. As the eleclic intensity iz~ Wirslese charging works undor

glven by the negative of the gradient, therefore, m: gmﬂzﬂ'ﬂdlﬂmm
= - El'_'“I o ,,{1&_1&] l‘|. Mﬂﬂpnﬂdrr!b

or AV =—|E =—{lv8)

Tha mational amfis:

£=AV = LVB...e (10,185 <, -
r operales on the w&e

This is the magnitude of motional emf. However, if the of sectromagnatic inductan
walsr 11 thée malal ol B Doiling

angls babwean vand Bisd, than Raresacthal i B ol ot . pok.
Emntru?mnrunh:mhm

e=-wBLainfl ... 50 ['1!3.21]} I touch. {ha-col mmnthm-m

prsducan sharging

Due fo the induced emf, positive charges fiow along the :E,f,";‘?;:_’“‘“mﬂnﬁ:

path abecda; therefore, the Induced currenl is wﬂu':ﬂﬂhﬁ: m'ﬂf

anticlockwisa in the diagram, As the current flows, the EW'-‘?'“W“W' wy?

quantity of charge at the top decreases, which reduces

the electric field intensity, whils the magnetic force remaing unchanged. This iImbalance
dishurhs tha equilibrium in favour of the magnetic force. Consequantly, as the chamges

reach the end ‘a’ of the conductar due to tha currant fiow, they are camled back ta the top

and b by the unhalaﬂmd magnetic field, and the curent continues to low.
Famday‘a_uw i Vil i ol

[ | [

4 vy X ]
The motionzl emf induced in & : - Na s =
rod moving perpendicular tos | X %4 ‘: i Ll [
magnelic fleid is &= -vBL The : B A g
motionel emf as well as other feraut * & :xﬂ-x'@ B s ;_.;x'
inducad emfs can ba described  x % % ix % |x G,
in tarms of magnedc flux R '
Consider the ewpedimen! | o % wx % ! % X | x| %
ghown In Fig. 1014 again. Lat o v m *I %
the conducting rod be moving o _____ " -----ﬂ;--.u--; L & ina papor

from pasition 1 to position 2iné MR T Y Fig. 40.14
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small interval of time Af. The distance ravelied by the rod

Sirea the red is moving with constant velosity v, therefore,

= O
W= e (10.21)
Putting this value of v n Eq. 10.18, we have
‘= -vBL=-%EL........‘..........{10*221

As the rod mowves through the distance Ax, the increase in
the area of loop |s given by A4 = Axl, This Increases the
flux through the loop by &4, = {AA)B. Pulting (AxL)B = Ady,
InEn. 10,22, wa have
Ap,
A

S [ 1

Eqalion{10.20] shows that if the magnetic flux is changing

through the single ioop of a conducting coll, then _l-F'l
negative of the rate of change of megnetic fluxis equal to
the emfinduced in the loop.

Ifthere is a coil of N loops instead of a single loop, then the
induced emfwil become N times. i

P
g = = e [10.24)
A N

ia.,

Althaugh the above expression is derived an the basis of
matignal smf, but itis trug Ingeneral. This canglusion was
first arrived al by Faraday, so this Is known as Faradsy's
|aw of alactromagnalic induction which states that

The awe mfl duced Ina conducting
uﬁld%ﬂhﬂm negative of
the rate at which the magnatc fiux
through the coll is changing with time.

]

iFoe = ponier DI

1

-0)-O

x
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page. Whai do you guess aboul lhe
m?hhm:dlmmﬁ.!
mnd &

I ﬂmrnmhfalmn!smﬂ .

il g,
I.lh_ Fl

Tha minus sign indicates that the direction ? ’
of the induced emf ia such that it opposes Faraday’s Nomopolsr genersEion
machangeinfu SO e
10.7 LENZ'S LAW AND DIRECTION OF INDUCED EMF

In tha previoua saction, & mathamatical sxprassion for

slectromagnetic ind uction was derived as:

Feradey's law of
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£‘=-:"|‘£L—.ii
Af

The minus sign in the exprassion = vaery important; it relates to the dirsction of tha
inducad emf. To determine the directon, we use a principle based on the discovery
made by lhe Russian physicist Heinrich Lenz in 1834, He found that the polarty of an
induced emf always produces an induced current that opposss the change in the
magnetic field thet causes the emf, This prindple is known as Lenz's Law, which siates
that,

The direstion of the induced current is always such that il

oppcsasthe changs that causes the cumant, &

Lenz's Law specifical ly applies to inducad currents and not directly tainduced emf, This
means we can apply Lenz's Law to closed conducting loops or calls. If the loop iz not
closad, wa can Imagine It as If f ware cloged to determing the direclion of the Induced
current, and from thig, we can infar the direction of the induced amf.

Lel us apply Lene's law to a eoil in which a current is induced by the movement of a bar
magnat. A current-camying coll gensrates a magnetic fiald similar 1o that of a bar
magnat, with one face of the coil acting ss the norih pole and tha other as the scuth pole.
Tio oppose the motion of the bar magnet, the face of the coll towards the magnet must
becoms & north po'e (Fig. 10.15). This arrangement causes the twe nerth poles to repel

each olher. According to the right-hand rule, the induced current in the coll must Now
anficockwisa whan viewsd from the side of the barmagnat.

Fig. 1015 it o

<&

According to Lenz's kaw, the "push” of the magnel is the "change® thal produces the
Induced curmant, and the currant acts to cpposa tha pueh. On the othar hand, i we Bl
the magnet away from the coil, the induced current will oppoze the “pull” by creating a
south pofe an the face of coll lowards the bar magnel

Lenz's law ia alao & manifestation of the law of consensation of energy and can ba

conveniently applied to circuits invelving induced currents. To understand this, let us
revisit tha expariment deplcted in Fig. 10. 16, Whan the rod moves to the right, an emfis
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induced in it, causing an induced current to flow through the loop in anticlockwiss
direction. Because the current-camying rod is moving within the magnedic Feld, it
oxperpnees a magneic forca F, with the magnitude of F, =iLBsinS0”.

According to the right-rand rula, the direction of the magneticforcs F.. |2 opposite to that
of the velotityw, s il tends to stop the rod (Fig. 10 16-a). To keep the rod moving with a
constant velccity, an extsmal force equal in magniiude 1o F but opposita in dinection
mus! be spplied. This extemnal force provides the energy necassary for the induced
canrenl bo fiow, Thus, electromagnstic induction adheres io the law of consenvation of
anergy. _ B Intn

B irvi papar —J-(’(_ AL

L/
nf«s#T'_ : #:@@*'
. .. i K &}P L L = "_1’_..3

EF u e T
e x " n‘l,u |

-
{h}

ﬁ,
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x
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Flg.10.18

The Lenz's law forblds the Induced current directed clockwlza In this case, because the
force F,, would be, then, in the direction of v that would accelerale the rod towards right
(Figg. 10.16-b). This In turm would Induge & slronger currant, the magnetic fiaid due to it
also increases and the magnetic force Increasas further. Thus, the motion of the wire is
accelerated more and more. Starting with a minute quantity of energy, we obtain an
aver-ncrassing kinetic enargy of motion apparently from nowhers. Consaquaniy, the
precess becomes 5:EI1’ -perpetyating which is against the law of conservation of energy.

[ Exanpre 128 mduflangh!ﬁwismnviruaiaspeedufﬂ.!mn ina
direction parpmdumlarm 0.25T magnaticfleld. Find the smf producad in the rad.

3 Solutioni [j|

a
smgﬂrﬂd =v=0.5ms’ [ Foint o pondar? ]

Luggj‘?nlmd =1 =25cm=0.25m By noglackng the rasistsncn,
Magneficflux density ~=B=D26T=025NA"m" =1 ;mf::m::;ﬂ
Inducad amf =g=7 aowss e ooil7
Lising the relation,
e=vEL
e=0.5me" ¥0.25NA" m" " x0.25m
c=3.13x10°JC" =313 107V
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| Exampie 17 Aloop of wire is placed in a uniform magnedic field thal is parpendicular
to the plane of the loop. The strength of the magnetic fisld is 0 6 T The area of the loap
begins to snrink at a constant rato of 83 = 0.8 m*s". What Is the magnitutie of et
induced inthaloopwhile itis shrinking?

| Sewsien | Rata of change of area = % =0.8mfg’

Magnetic fiux density = 8=06T=08NAmni'
Number of urns =p=1

Induced amf =£=7 L
Rate of change of iscw 22 g2 e g2 O
e = at O
Applying Faradey's lew, magnitude of induced emf is:
AD AA e A
Emff—m NEB— )
af o A

=1 ® D6 NAmx n,hm’ g
£=048)C" =08V
10.8 FACTORS AFFECTING EMF

1. Rate of Change of Magnetic Flux

Faraday's law suggests that fsster changes in magnetic fux result in greater Inducad
en.

2. Number of Turns ofthe Coil

According to Faraday's law, induced enfis also proportional to the numbaer of lurmes of the
coil. More tums result in 8 greater induced emi.

3. Relative Speed

The speed of the pell (or conductor) through a magnetic feld also sflects the magnitude
of the induced emi. Faster speed increases the rate of change of magnetic fiux that
results intean increase in the induced emf.

10.9 FERROFLWDS

Farrofiuid i= a unique materizl that axhibits both liguid and magnetic proparies. it
operzles through a combination of magneticand Muid dynamics principles.

Essentially, the ferrofluid is & colloida| suspension of magnetic particles in a carrier fluid
(such aa oll or watar}. Typically, the magnetic particles sre (ron oxide, ground to the
nano-scale end approsdmately 10 nanomelrss in size. These particles are coated with a
surfactanl, a substance that reduces surface tension, This coaling prevents the
particlea from clumping together, enauring they remain evenly dispersed in the fluid. The
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viscosity of the fiuid, the nznomeine size of the particles, and their constant movemernt
pravent five particles from sattling down,

When there is no magnet around, a femofluid acts like & |7 ST SRt T
liquid, but whaen there i& a magnat naarsy, the particles
are temporarily magnetized end the fluid becomes a :

magnet. They form structures within the fluid c8USING e Koy raguabe Cerafled s
femofiuld to act more ke 3 solid, Whan the magnet 16 irventzd to move lquids through
removed, tha particles are demagnetized and the sece

femofluid acts like a liguid again.

Thiz phenomenon Iz due lo the competitian between magnetls forcas, aurface tenslon
and gravity, In the presence of strong magnetic fisld, the formation of chaindike
struciures 8 2 resull of magnetic Torces pulling the Tuid upwands while gravity
and surface tension work to pull il beck down. Thege chaing align aleng the magnetic
figld lines and increase the
viscosity, making it bahave
like & solid bulging in certain
directions. These are
commonly known as spikes.
However, the spikes gre
fomed where the magnetic
forces gvercoms the other
forces (Fig.10.17) Fig.18.47

The following axparment will axhiblt thiz phenomenon.
Experiment

You nesd some Esar printer lonarn, some cotking oll, a
testlube, aglass botlle, & small stick and & magnet.

Procedure

Pour sama tonaf in tha test tuba. Ramambar tha laser

printer toner contains 40 % iron cxide in nanometre e

particle size. Add some cooking all in it and mix it well

with the stick o form ferrofluid. Put this fluid in the = |

botde, The fluld will act like & liquid on sheking Lhe !
botte. Now bring the mapnet near to fluid outside of the | .

botie. [r— -y

You will observe that the fluid jumps towards the o E -
magnet, beczusa It has lteslf becorne a magnet. 1f we
hald the magnet on the side of the bollle, you will ses a
structure with spikes formad by tha fluld as shown In JL
Fig.10.18.

The first frrmolluid developesd by

e

i

Flg.1&.18
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Applications of Ferrofiuids

There are many applicationg of ferrofluids in the fields of electronics, medicine,
ehginesring, and actlva rasearch In Phislcs and Materal scence. In slectronics,
femrofluids are used in rotary seals for computer herd drives and other rotating shaft
motors. In loudspeakers, ferofluids are used to cool he volce coll which can heal up
durng oparation. Tha magnestic flald holds the fiuld In place around the coll, allowing it to
ghsorb and dissipate heat more effectively. Ferrofluids are also used in speakers to
dampen vibralions andimprove sound quality.

In medical applications, ferrofiuids can be directed to specific areas in the body using
external magnets, allowing for largeted drug delivery. The magnetic particles can carry
drugs directly to a tumar or other targetsd site, reducing side eftects and Improving
treatment efficiency. Ferrofluids can also be used as conirast agents In magnetic
resonance imaging (MR1}.

Other applications of ferofluids include damping or precissly controlling the flow of
liquids by manipuleting the magnetic fisid,

10.10 A SEISMOMETER A X

Asglsmometar Is an Instrument that reaponde to any movement of the rocks under the
ground or vibration caussd by sarthguakes, volcano eruption and explosion. A
sgismomelas delecls earthouakes by--._iglng electromagnetic induction o aomear
ground mation Into electrical signals, Typlcally, a sslsmameter Includes a wsight
suspended by a spring. 'Mlnnaﬂaﬂ"rmmku OCOUrs, ﬂwgrm.rn:i moves but the waight
tends to stay slafionary due o inerkia. This
results in relative motion. bétween the i .\
welght and the frame of the selsmomater g

which is attached to the ground. The
weight is often attached lo a magnet which
moves inside 2 coll of wirs (Fig.10.19).

This satup waorks-according to Faraday's 1'|r.‘_-"|':\_.f_
law of electromagnetic induction, that is,

the changing magnetic flux through the |

coll Induces an emf in the col, This gives

rise Inan induced aectric curmant.

The induced cument is mpmm Fig. 10.19 Ssismomaiar
to the velocity of the ground -r_Fnr your I.r'ururmnh-n__

motion. The electrical  signals oot eathouskes sre caused by phate ieconics
genemted are then amplified and (dispcsmsn) sno ooor at 5 depih of B0 km. These
recondad, Thus, data s provided on  asdhquskes s categorzed as shalow, Inermadizte and
the amplitude, frequency and the deeb nlermadiaie can ba 3= Jasp, ac 280 km benasth the
duration of the earthquake waves. crust, while deep aarthquakes can reachdeplhs past 280 km,
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Thedalaisanalyzed o datermine [ = oo inmeranon | N

various characteristics of the

sarthquake, such asits location, mm“mmﬂmm that genarats

magnitude snd depth. lonafuding ’“ B‘- gk -
Usually, a salsmomater ls buried transvRER In nak e,

under the ground at a dapth of 5021000 metres. It s placed In a protectivie case callad a
vault This ie a cylindrical stee! tank that is approximately 1 metre wide and 2 melres
deepwith a concrele pad at the battom {Fig 1020

h ! ﬂumrnﬂs E—

f Multipie I:hulu- Questlons

Tiek () the sofrect answer. -~

10.1 Acurrent |2 flowing towardsnorih along @ power line. The direction of the magnetic
field cwvar tha wirs md’nﬁﬁd towards:
{a} north (bysoutn (o) east {d) west

10.2 Tha radius of nm\miura of tha path of a charged partize in & unifom magnatic fiald
is direclly pt:par&unal o
{a} the parﬁo‘sﬂwui {b) tha particle'smomentum
{e} thn-pll"l:ﬁﬂ 5 Bnengy {d) the flux density of the field Meggetic sld

1.3 Tha fﬂﬂumm ahowa a baam of elacinona antenng &8 magnatac
fiald, YWhat s tha effect of magnailc fisld on the elecirons?
of

{a) Theyars deflected intothe plane ofthe dizgram.

{b) Theyare deflected oulofthe plene afthe Sagram.

{c) They sre deflactad towsrds the bottom of the diagram.

(d) Theyare cefiected towards the top of the diagram.

10.4 Tha forca exarad on a wire of 1 mairé angin camying 1 ampara currant placad &t

rigntangle to the magralic feld Is called.
{a}magnetic field intensity {b} magnetic Aux
(cymagnetic induction {d) none ol these
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105 Thaunitolfux densityis:

{ayNA" M (o) MA M foih mA® {d) N mA
10.6 Amoving chargad particie s surroundad by:
{a)alaetric finid anly b maghetic fiald anly

{e)bath slectic and magneatic field (d} nofiskl
0.7 Magnetic force on the charge g moving parallal to magnetic field with velociiy vis:

{aygvBsing (chgwB fc) zemo {diiB
108 TheunilNA' m is called:
(ayweber (t)tesia {c}coulomb (d) nane ofthese

1.8 Electrons while moving parpandicularty thmough &
unfenn megnetic leld ere

{a)deflacted towsrde north pala (b} deflectad towards' lduth poia
(cdefiacied aleng cirqular path {d} mtue:ﬂmad;tﬂl
10.10 Amagnes is suspandad from a spring. The magnat psciiates Sating

and moves inand cutofthe coll connected Lo a gelvendmeter. ]
When the magnet oscillates, tha galvanometer shows:

{a)deflectionto the isftand to the ummmmmm ampiitude
(b) deflacted on ona side
e} nodeflaction

(d) defection Lo the lefl and right, But the amplitude steadily
dacraases (

@ Short Answer Questions )|

101 It is said that Lenz's law speciically applies o induced curments and not directhy to
incluce amf, Explain hrafly.

‘I-[J_ZAs,qlmmlqupuEﬂ.rﬁ ismowving through & uniform magnetic field. The normal to the
loop is oriented parallel to the magnetic field. Iz an emf induced in the h:np"-' E‘dw a
reason for Wm _" *; 3

10.3 Does the induced em’ always act to decrease G
the magnetic flux through a circuil?

104 When a magnet is pushed into the solenoid, as
shown in the figure (@), the palvanometar
indicates & small current, Why is the current (&) I

producad? What will be the magnsfic pale
produced atthe left end ofthe solencid?

1115 A bar magnet fals through e fixed metal ning
{Fig-g). Will the magnet fall with an aooslsraton
of a freely faling body? Give reason. () o
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10.6 Which of the twa charged particles of the zame mass will be deflected mast in the
magnefic field (a) fast moving (b} slow moving?

10.7 An electron and a proton ame projected inlo a magnetic field al fght angles to 1t with
a certain velocity. Which of the partickes will sufler grester deflection? Why?

108 Canasingle moving proton produce magneticfeld?

0.0 Amagnetic feld is necessary if there is 1o be a magratic lux passing through a coil
of wite. Yel, juat because thers is @ magretic field doss nul mean thal a magretic
flux will pass through e coll Account for this situation.

|@ Constructed Response Questions |
10.1 Acharge i lying stationary batween the opposite poles () b Ve rg
of two magnets. |2 g magnetic force exzried on 17 Why?
0.2 When the switch in the circuit is closed, a eurment is
astablished in the coil and the metal ring jumps” 3
upward. Why? Deacribe what would hepgen tothe fing Col R
if the: battery polarity were reversed? %
10.3 The figure shows a coil of wire in the x -y plane wih a
magnefic ek direcled along the y-axis. Around which
of the three-coordinate axis should the.coll be rotated
in order imgeneraie an emfand & currant in the ooil 7 o8
104 Is It possible o change both the area of the loop and
the magneticflald passing throlgh the loopand still not

have an induced amf in the loop? Give reason. &
10.5 Does the application of uniform magnetc feld toa
moving chamged particle result in a changa in ,.-"' o

kinatic snargy of the particle? Explain. i

106 Auniform electic field and a magnetic ield act in the same direction. A prolon is
projectad, ota the space, with a uniform velocity in opposite direction. Yhiat will
happer tathe proton?

10.7 A conductor moves in a magnalic fizld when a current is pessed through the
conductor. ‘Would you expect the reverse effect to ococur? That 8, would a current
be produced if 8 conductor ismoved across the magnetic field?

0.8 Consider a conducting rod of length L moving ey NN
with velogity v 1o the rignt as shown in the pspsvemsas| sEm
figure. Laft ands of the conducting ralls are s ]
connected to & bulb. Due to motion of the rod [ | % % % =L Sv
through the magnetic field. an emf is |4 X o5 x = e ox
pmducad acroes the ends of the rod. This amf S| ST )
gives rise o & current £ As @ resull, the bulp ¥ /IS Su

= Corducting me
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lights up. Explain whers does the aelecirical enargy consumead by the bulb corma
from?
10.9 What will you do if you want fo save a sansitiva Instrumenl from siray magnatic
fields?
§ Comprenhensive Questlons |

10.7  Distinguish batween magrmetic flux and flux dansity. How are they relatad?

10.2  Find anexpression for tha farcs axerad onacurant-carmying sconduslor placedin
a uniform magnetic field.

10.3 State and explain Faraday's law and LenZ's law. Also dascribe factors aflecting
the induced e,

104 Determine the force acting on & charged partide moving throwgh & uniform
magneliciiek,

0.5 Wnatieavalooity solsctor? Explainits working,

10.6 Explainhow ferrofiulds work?

| Numerical Probigms™ )

0.1 Apositivaly charged particle is projested parpendicularty into a magnetic fisld ata
speed of 1500 me”. I expariences a force of magnitude F. Atwhat angle 8 wilh the
field, the parfice should be projecled al a speed of 2000 m 57, so that it
expariancas tha same magnitudeof forca? (Ans: 6=48°)

10.2 Elestrons are accslersited from rest through a potentlal difference of 15 kV in an
naclliescope, The alacirons then pass through a 0.35 Tmagnetic fleld that deflacts
therm to the desired position on the screen. Find the magnitude of the maximum
force thal an slectron’can experience. (Ans 4. 1x107N)

10.3 A squere coil of side 16 cm each consists of 60 wma. Initally, it is located in a
uniferm magnetic field of magnitude 0.8 T such that plane of the coll is
parpandicular to the field, The coil is then tumed though anangle of =3 ina
time of 2 & Determine the sverage induced emf. {(Ans: 0.07V)

10.4 A meatalic rod is moving through & uniform magnstic fisld of 0.2 T. Theemfinducsd
acrmss (s ends s fourd inbe 0.8Y. s required tninduce an emfof2 4V acmssits
ende. How much fleld strangth |= neaded for this? (0.6T)

0.5 Acopper ring has a radius of 4.0 cm and resistance of 1.0 m0O. Amagnelc fleid s
applied ovar the ring. parpandicuiar to ite plana. It he magnatic fiald Increasns
from 0.2 T to 0.4 Tin g tima interval of 5::10° 8, what is the current in the ring during
{his interval? (Ans: 201 A)

10.6 Acoi of 10 tumsand 35 cm” area is in a perpendicular magnetic field of 0.5 T The
coil is pulled out of the fiald in 1.0 5. Find the induced amf in tha coil as i is pullad
outofthe feld. {Ans: 1.75 % 10°V)

8
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10.7 A prolon & accelerated by @ polertial difference of 8x10" volis. It then gnters
perpandlcularly In a unlform magnstlc flald B =1.0 wabar m”. Find the radlus of
curvature ofthe path of the preton. m=1 87x10" kg, e=1.6<10"C.
{Ans: 11.2 om)
10.8 A proton enters a uniform magnstic feld B = 0.3 weber m™ in a direction making an
angle 45° with the magnetic finld What will be the radius of the circular path if tha
velocityof profonls 10° ms". (Ans:2.46x 10°m)
0.8 Thrae |dentlcal conguating rods L, L, and £, B
ara moving In diffierent planes with the sams spesds T T= 'T J T
v, =¥, =v, = 25 m 5" as shown in the figure. The
length of &ach rad is 80 cm. A constant magnetic fisk b
of magniude 8= 0.5 Tis directed along z-axis. Find
the magnitude ofernfind uced in each rod and indicate
which end ofthe rod is poaitive. b .
[Ans: (Rod L) et = (.75 V| and and a s positive,
(Rod L )emf=0(Rod L.) eml=0]

10.10 An emf of 0.5 V is indused across the ends of 2 metal red maving through a
magnetic field of 04 T If an emf of 1.5 V has to be induced, what field strength
would ba nesded for that? Assume that all other factors remain the same.

(Anm 1.2 T)

1011 A charged pardicle moves through a velocity selector at a constant velocity of
4.86x10" m &' In a direction-parpandicular to both E and B, If tha magnatic finld
strength is 0.114 T, what should be the magnitude of alectric field intensity so that

the particle moves undefested? (Ans: 5.65x10°NCY) >
012 A current-carrying conductor PO of length 2 m s d i

placed perpand culary to a magnefic field of fiux density

0.5 T as shown in the figure. The resulling lforce on the 4 .

conducioris 1N acling into the plane of the paper. What
iathe magnitude and direcion of the currant? !
{Ans: 1A, Qo P) a

L A B




Aftar siudying this chaptar, the studemis will be abis toc

¢  Distinguish between inerinl andnon-inerfsl famas of reference. A
%  Dosoribathe dgrificance of Einstein's aseumption of the vonstancy ol he spasd
& Descriie el f ¢ s consteant 1 s e and Db ime e \Q
& Stae the postulates ot Speaisl theory of 2l atity s
& Ewnwmmwmmwmnmmumu

Spacifically inthe case of "-

8 Tha reisthdty ofsimulana iy, [y o

b, Theequivakence betwesn mass and ensigy 5‘{,\

. Lergdhconrection, “<\

d.  Timedilaton.

&, Mussincrease

& Sumie that specedmea ls b mathernatical mu:f@rd&/whmm freatstime g6 a fourth dimension of the
freditonal three dimensions of space

{ltcan be iroaght of a2 & retaphancal of papar that can band, sndwhan & bardz i can causs
affenE m;ﬁMhﬂmw sRan whan graviational waves pass thmughabjRcis. )

| t the beginning of the. 20th cenury, new experiments and theoretical ealculations
revealed that classical physics, based on Newton's laws, could not explain
phmmna |m|vngdmnmw amall particles or very high velocitins. This lad to the
development of _reh;ﬂwﬁﬂt: mechanics, which affered a mome comprehensive rameswork
than classical mechanics and fundementally changed our view of the universe. Albart
Einstain's Special Theory of Ralativty, Introducad In 1905, sddressad thesa Issues by
proposing that the laws of Physics sre the same for all observars and lhat the speed of
light is constant, regardless of the cbaarver's motion. This theory not only resohved the
confllicts betwaen classical machanics and aleciromagnetic theory but slso revoluionized
olir understanding of time, space, and mofion, forming the basia of what is now known as
modam physics. This chapier will explora how Einstain's theory reshaped our view of the
universe and continues toinfluencs our understanding of the physical world,

11.1 RELATIVE MOTION

Consider throwing 2 ball to yourright. For somaone facing you, this direction appsars te
his left. This lustrates thal direction & a relative concept. Similarly, the state of rest or
miotion of en object depends on the ohserver. For example, the walls of a maving train
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scem stationary to passengers inaide the train but appear ko be moving 1o somaeone
standing on the greund. Thus, wa cannot definitively say whether an object ls absolutely
at rest or In molion; all motions are relative o he observer or 1o the reference frame
being used. This becomes evident with the following example: An cbeerverin a dosed
train compartment uses tha compartment 22 hie Trarme of reference. To determina tha
train's motion, he observer drops a ball and rmeasuras the horizontal distance travelled
by the ball, kezping the vertical distance (he same in esch case. |} is assumed that the
vartical distance |s coverad in “{" seconds inall scenerios,

Case (a): Supposs the train ls stationary. In thal case, lhe harzontal velocity of the ball
will ba zero, and the horizontal distance travelled will aleo be zem. In thie stenario, the

oheservations mads by tha
obsgrver inside the Tain and
by someone oulside the train
will ba idantical. Tha ball will
have fallen to a point on the
floor direclly below the point

from where it was drnppnd Qbserver In the main Chservor oulelde the train
{Fiﬂ.11.1-a':|. Fig 11.1(a)

Caae (b): The train is maving with a uniform velocity v, When the ball is released, ithas
an initial horizontal velocity v, and behaves |ka a projectile. It travels a horizontal
distance v.tin time tit takes for the balltp reach the fieer. Since beth the train and the
abserver ingide | are moving with the same velodty v, they both frevel the same
horizontal distanca v,t In the sama #ime t. Tharefors, the obeerver Inslde the traln
sees that the ball falls to & pointan the Aoor directly below where it was droppead. In
conlrast, an observer cutside

the train will sea the ball S,
following a projactis path,

as shown in Fig.11.1(b).

Thus, chservers in  different .
frames of raferancs, moving

with unitorm velecity relstive o eerver in the
o each othar, wil percgive  meving frain
miotion differenty.

—— i ——
Obearver outgids the moving rein
Fig. 11.1(b)

11.2 FRAMES OF REFERENCE

We have diacussed the mast cormmonly used Cartesian Coardinate System. Ineffect, a
frame of reference is any coordinate syatem relative to which measurements are taken.
Forexample, the position of atable in a room can be described relafive o the walls of the
room, making the room the frame of reference. Similary, the laboratory is the reference
frama for messuraments taken thara, IF the same expariment is perfonmed in a moving
frain, the main beeomas the frame of rference. The position of a epacaship can ba
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described mlathve o the positinns of disiant stars A eoordinate system based on thase
stars is then the frame of referenca.

Inertial and Non-inertial Frame of Reference

An |nertal frame of rafarenca is defined as a coordinata systam In which the law of
Imarta Iz valld. This maans a body at et remalns at rest untess acted upon by an
unbalanced foree that produces accelaration. Cther laws of natume also apply insuch a
sy=tem. Ferinslance, a body placed on the Earth remains at rest unless an unbalanced
force scls upon i, indicating thal the Earth can be considarad an inertial freme of
reference. Abady In a car moving with uniformn velocity relative to the Earth also remains
atrest, co the oar is also an inertial frame of reference. Thus, any frame of reference
moving with unform velocity relative to an inertial frame is aleo an inertial frame.
Howaever, if the moving car ia auddenly stopped or o i I8 ]
accalerated, the bedyinsida no longer remaing sl rest. Insuch Raiathity b Ure sty e the
catas, the car ks nol an inertial frama of reference. Therafons, sy in which Gheevers frem
an accelerated frame of reference s a non-inertial freMe.  moving frame of refsrence
While Earth is rotaling and revolving, making il stficty  afoct vour perception of tha
apasking a non-ingriial rame, itis often treatad as aninartial werlc

frame due to 116 relativaly small acceiaraton.

1.3 sPEGMLTHEURYOFRﬁh&mwm

The theory of relativity deals with how ohservers in
different states of relatve motion describe physical
phenomana. The special heory of relativity addresses
problemainvelving inertisl (non-accelerating) frames of
refarence. Thera is ancther theory, called the general
theory of ralativity, that desls with problems involving The spead af Ignt © amitied by e
irames of reforence thatare acoslerating relativotoone 52117 & essums B Y e
another, The special theory of relalivity is based cN WO 4ued v end cirer sanding on the
postulates, which'tan be stated as follows: rsd,

1. The MHHIH ara the same In allinertial frames (Principle of Retativity).

2. maheedﬂlummlmapamnmﬂwmmfnrau obaervers,
regamdiese of the state of moticn of the source or the abssrver (Principle of
Constancy of Light).

Tha first poshulate generalizes the fact that all physical laws are the same in frames of
reference moving with uniform velodty relative fo one another. If the laws of Physice
differad for obsarvars In relatve motion, thosa cbesrvers could detarming wnich was
stationary and which was moving. However, such a disfinction does not exist, iImplying
that there is no way to detecl absolute uniform motian.

The second postulats statas the sxperdmeantal fact that the epaad of light Infree spaca ls
2 universal constart, denoted as c{¢= 3= 10" ms"}. Since ¢ is constant, space andtime
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become relative, Forexampie, it you are siting in a train moving at the spaad of light and
vou hald up a mirror in front of you 8t arm's length, you will still see your reflection in tha
mirror. This is because, according to the principle of reiativity, no sxperiment can detect
tha constant motian of the traln relativatatha parson Inslda it

Thesa simpla postulatas have far-reaching consequencas. They inclide phanomsna
aluch as the slowing down of clacka and the contracion of langths In moving refarancea
frames as obsarved by 3 stationary chserver, Some interesting results of the special
theory of relativity can ba summerized ss follows, without going Into their mathematical
details.

The Relativity of Simultaneity

If two events in different locations are observed by one chserver to be simultaneous,
they will generally not be obeerved as simulnnaoua by ancther pbsarver in a diffarent
frams of refarence moving relative to the first obsarver, In ofher worde, whethar two
avanlsars sesn as simullanesus depands on the ohsarver'sframes of raferenca,

Consider 8 train equipped with light-operated doora. Thelight awitch is locatad in the
canlre of te ool and is operaled by a traveler standing in the middle of Lhe
compartrmertt. When the frain s iraveling al half the speed of light, the traveler furns on
the light. The light travels forward and backward atequal speed and reaches both doors
at the same ime. Consegquently, the traveler gees both l'ﬁ::?:;wﬁniﬁ,ﬁp&.'?l
doors opening simultaneously. Howevar, AN ODS&NVET |run .y inatame ctrsference

cutside the train will s2e the back door open belore the  maving &t sonatant velasity

front door. This is because the hack door Is moving  from which vou cannot sse any

towards the light waves, whila tho front door is maving  9ther rams of referance, tere

away from the ight waves. f5.0e “:" ;:u:'“" Gt

Time Dllatlon

According 1o the special theory of relativity, time i2 not an absolute quantity; it depends
on the motion of the frams of referance.

Suppose an chsarver is stationary in an ingriial fame and maasures the time inferval
betwesn two eventsin this frame. Let thistime interval be ¢, This is known as proper time.
If the observer s moving with respect io the frame of events with refativistic velocity v, or if
the frame af evenls & maoving with respect to the obsarver with a uniform relativistic
valocity v, the time maasured by the cbserverwill not ba (. but rathers, given by

e SR ——— {11.7)

-1‘;1"" -GE
As the quaniity Y- :—2 is always less than one, so Fis greater than 1 e, time has

dilated or strefched due 1o the relative maotion of ihe observer and the frame of reference
of the events. This astonishing result applies to all tming processes—physical,
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chemical, and binlogicsl. Even the aging prooees of the human body is slowad by motion
atvery high speads or relativistic speeds.

For example, if a traveler on a plane moving ai 0.2 ¢ picks up and opens a book, the
event akes one second a3 measured by the ireveler. However, o a person standing
oUlsida thaplanse, the samea evanttakes 1.7 sscorda.

Length Contraction

Tha distance from Earth to a starmeasurad by an obasrvarin a maoving epacashipwould
appear smaller than the distance measured by an observeron the Earth. Inother words,
If vau are in mofion relative to twa points that are a fixed distance apart, the distance
between Ihe tWwo points appaars shorter than if you were at rest relative to them. This
effecl is known as length contraction, Length conbraction ooours only along the direction
of motion; no auch cantraction iz abserved perpandicular o the direation of motion The
langth of an object or the disiance between two points measured by an obeerver who is
at resl ralative 1o them [s called the propar lenglh ¢, If an objecland an obsarvar am in
relative mollonwith speed v then the contrected length'#is given by

¥ ,EE: ........................ ...... i (11.2)

Let & train thal is measured to be 100 merss kng when al rest trave] al B0 5% of the sgesd
of light (0.8 ¢}, A persen inside tha train will measume [ts length as 100 metres. Howaver,
a parson standing by the sida of the frack will observe the train to bs only 80 mstres long.
This affec of relativity, which s the shartaning of langth in tha dimscticn of motion, is due
tolength contraction.
Mass Varlation

According to the special tha2ory of relativity, the mass of an object ia a variable quantity
ezt depends on the object’s spead. An object whose mass is measured at reslis called
its rest mass m, |, will have an increased mass mwhen cbserved o be moving at spesd
v. They are relaled by

: :.;.;'Bf'ﬁ,é;; B {11.3)
-z

Tha nereass in mass indicates tha increass ininertia that an object has al high speeds,
As vapproaches ¢, itrequires a greater Torce Lo change the object's speed,

2
As vre, L1, theretare, J‘l—u?—rﬂ

Thus m—sm

An infinite mass would regquire an infinila forcs to accelerate L Since infinkke forces are
nol evsilable, an cbject sannot be acceleraled tothe spead of lighl ¢in free space.

In our everyday life, we deal wilh speeds thal are exdremely small compared Lo the
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speed of light. Even Earth's orhital apeed is only 30 km £, while the spead of lightin free
space is 300,000 km s'. This is why Newion's lews are valid in sveryday situations.
However, when dealing with aubatomic particles moving et velocities approaching the
spaed of light, relativistic affecls bacome vary prominsnt, and experimental results
cannot be explained withoul censidering Einslein's equations.

114 THE EQUILANCE BETWEEN MASS AND ENERGY

Acconding to the specizl theory of relativity, mass and energy are distinct entities but are
Imlerconverible, The iolal energy £ and mass m of an objecl are elalad by lhe
expression:

whare mdapands an tha speed of ths object. At rast, the enargy equivalant of an object's
mggsm, i called its roct mass enargy £ Thus,

E, =mr"
As mc’ is greater than m, &, the cifference of energy (me — m,¢'] is due to the motion,
and trapresantathe Knstic enargy of the mass. Hancs,

KE ={m-mjc
Fram Eq. 11 4, the change in mass mdus to change In energy AE isgiven by

AE
AmM=—
e

Because £ is a very lamge quaniity, this implies that small changes in mass requine very
|arpe changes in energy. Inour everyday world, energy changes gre tao small to provide
maasurable mass changes. Howaver. enargy and msss changes In nuclear reactions
ar=found to be exaclly in actordance with the eforemenfioned equations.

11.5 SPACE-TIMEINRELATIVITY

Space is said to be a three-dimensional extent in which all objeos and events ooour. It
provides a framesork to define the position and motion of vardous objects under the
Imflusnca of some farca.

Time measures the sequence and duration of events. In the theory of relativity. ime iz
not absolite; it is considered the fourth dimension. For axample, oscillatory motion,
such as thar of a swinging pendulum, reliss on time to detsrming the frequency of
ogcillations. Another examgle is time dilstion, & phenomencn discussed earlier in this
chapter, whara time passea more slowly for an obsarvar meving at axtramely high
&pends comparad 10 ane at reat. The apecial thaory of relativity axplains that apace and
fime are related to epch other, It describes how space and fime are influenced by gravity
and gpeed, such as the banding of light around massive objects ke stars.

Space-lime i, In fact a mathematical modal that unifies space-iima into a single
continuum. It is a concept used to dascribe all points of space and Eme and their relation
io sach other. According to Einstein's theory, spaca-fime is curved especizily near
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masaive bodies and for speeds
approaching the spead of light. Wa can
hypothetically visualize this as a fabric
sheel, If a heavy ball is placed aver this
sheet, it curves agshown in Fig. 1.2,

OChjects such as stars and plansis causa
space-tima to curve around themseives,
miugh like an elastic labricdelorms when
holding & ball. The mare massve the
object, the desper the curve. Fig. 11.a

Conssquenty, we do not spaak of a forca of gravity acting on bodles; Instead, wa say
that bodies and lisht rays move alang geodesics (analogous to straight lines in plane
geometry] in curved space-iime. Thusg, a body at rest or moving slowly nesr a massive
ebjact would follow & gacdesic towand that objact.

Einstein's thecry provides a physical picture of how [ A1amranting informasicnl)
gravily works. Newton digcoverad the inverse square |aw
of gravity but explicitly statad that he offerad no
axplanation for why gravity should follow this lgws.
Einstein's theory alse describes gravity as following an
Invarsa square law [axcept in strong gravitational fislds),
bul il explains why this is so0. This is why Elnsteln's theory
Iz considersd an advancerment ovar Newton's, aven
though It encompassas Newton's theery and yields tha
sama resufts as Newlon's theory in all but very strong
gravitalional fields.

Tha bending of slarlight causad by the Sun's gravity was
measured during a solar eclipse in 1918 The resulis B bl A

¥ g i -
malched Einstein's theary rather than Newion's, leading |, g ine siar A s deflected
lo Einstein’s theory being hailed as a scientfic Tiumph. o sesses clase toibe Sur on is
Anothar succesa of Einatain's theory was the detection of way 1o Eerdh. We see the siaf
gravitational waves, produced by some celeslial evenls ;w::: D:":::";::“":""té‘;“m ::;
causing disturbances (squesres and stratches) in the predictsd It § = 1,745 gecands

curvature of spaca-time. Thesa waves were detacted IN of angle which was found i be

2015 andannounced in 20186. fia samme during the ok edipss
o132
[ Exspee 1110 The period of & pendulum (& messured to be 3.0 3 in the Inertial

refarance frame of the perdulum. What is its period measured by an abservar moving
at e.speed of .95 ¢ with respectia the pendulum?

Soduilonp
f.=30%s, v=085¢. t=7
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Using PP

‘I.I
{5
, 30s — 308 888
{1_{&95_:)’ J1-(0.85%

=

 mempie 1121 Abar 1.0 mIn langth and located along x-axis moves with a speed of
.75 cwith respect to & swticnary observer. What is the Mﬂhdﬂmhww

byihe stationary observer? L_J
Wisolwton | | [ youar inlarmation 13 |
£=10m, v=075e¢c, #=% Tha '}‘}lﬂlmrmurnlm
] lunruhg ooursa of graviy, tha
t for
Using p=t f,l_m_F h:ihirdn ima gosa for you.
'E', r l.lll.rl--
[ w©7sef =
¢ —‘1.ﬂmﬂﬂ1—-—¢j—~—1;ll]:;[[ 1 ‘1 10.75)° — 0BEm
[ Ewampis 11.3]] Findthe massmofs m}@ﬁﬁﬂmn speedD.Bc
i Seheun = _‘:.1_ S lﬁf,m""i 1mrn:ugn£l
Using S O IF you wre on same spaceship
J Al N mowing extremely fat throwugh
P . space near @ bigck hole fike in
b v movie, “Intergisllar then jou
or m = S\ L_:l.ﬂm, couid miss 7 yrars on the Earthin
‘ ,rn“aa Ji—o 8y s
or m‘@n lﬁ?m

Hypulluﬂcal Exarnpla of Space Time

Let a spaceship be fravelling to a stz with hall of the: speed of light. Let it lakes eight
yesarsa to reach to the star, from the point of view of the cheerver on the Earth. Fram the
Earth's point of visw, the clocks on the spaceship are moving slowty, so that less time
passes on the spaceship compared to the Earth.

Forthe spaceship occupants, tha length of the journey has contracted which they cover
in less ime, The occupants of the spaceship record T years to reach their destination,
ratherthan 8 years
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@ Multipie Choice Questions |

Tlck {+') the corract answer.

1.1 Relativistie meahanie vields results different from classical mechanias for
obijects moving wilh:

(a) low velocity {b} velocity equal to that of aﬂund WAvES
{c) velotity greater than sound waves (d) velocity approaching tﬂa'la\‘ light
11.2 If an observer is moving in the same directon 85 nsuﬂdwm'l;, huvﬂmdwnfthn

wava saama toba: A
fa) miore {b) less .'__r- '-“
{c) constant {d} sum uLtlﬁ hm velocities

11.3 If ths rast mass of 3 particls m, increasas to md.ﬂ.n its high spasd, than =
Kinatic anergy is:

(@ 112me  BU2md o) (m- m.,jr.:’ {dy12z(m-m.)c

11.4 The spead of beam light of a r.a'whuh;l‘wr[;udm high speed as compared to
ita reat poaition is:

{a) groater (b) logs (c] same {d} zaro
11.5 A photon is a pardcle of I-gpt, ﬁma: Is its mass when it moves with 0.8 7
{a)9.1x 10" kg {h}'I.ETiTIJ"‘kg () 167x107 kg {d)Zero

[ (SRort Answer Questions | ]
1.1 H\H'ﬂ‘hn.maanﬂ;aﬂmﬁdﬁ-amnufrdammarﬁa non-inartial frame of reference?
11.2 Whatara the two postulates of spacial theory of ralativity?
1.3 Dﬁ:ﬁ:ﬁﬁl‘hﬂlﬂkﬂmﬂdhhhrn material particlelo move with speed of light.
1.4 Dmﬂmrynfrehﬁultymhﬂdm Newton's laws of motion? Explain briefty.
1.5 Whatismaantby proper tima, and propar langth?
11.6 Whatis meantby relativistic maas, length andlime?
1.7 Why mass of a moving objectincreases?
11.8 All motion are relativas. Does space-ime is absolute? Exglain brisfly.
11.9 Explainthat speed of lightiz enuliimate limit for any object.
11,110 Glva examples wharathe results of spoacial theory of relatvity have baen varified.
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{ Constructed Response Questions [j |

Spead of sound e aflected by relstive motion belween the observar and the
source. Does this apply to speed oflight asweli? Describe briefly.
Iz it ever possible o see a siar moving away from us at @ uniform velocity equal o
the velocity of light?
INhe speedoflightis just 30ms’, how would every day events appear to?
If the speed of light ware infinite, what would the gquations of special theory of
relativity reduce ta?
According to Einstein’s equation; £ =md, is it pessible to create a single electron
from energy? Explam, '

@ Comprehensive Questions |
What is meant by the "“freme cf refarence™? Distinguish batween inertial frama of
rafarencs and noninsial rame of raferance by gving axamples,
Describe tha Einstein’s mass-energy equation; why cannol we obzarve il affects
In evaryday |ta? What are Its significant consedquances? Give axamples.
State the Einsfien's concept sbout the space-time. Describe the view of gravity
acconding tothis conoapt. _

@ Numeric§lFrébiems |
Anelectron is accelerated 10 a spesd of . 285 cwhich passes down an evacuated
tube 500 miong. How long will thetube appesr to the elacron? {Ans: 50 m)
A neutron, being not a stable particle, disinfigeratas in 20 minutes on tha average.
How long will it seem g exist if shoots put from a nucisus with a speed 0f 0.8 67
{Ans: 33.3 min)

Aspaceship s measured 100 mleng while itis at rest with respect loan cbserver, Il
thle spaceshls mow flles by the cbesarver with a speed of 0.89 ¢, whatlangthwill the

obsarver find for tha apacaship? [(Ane: 14m)
The rest mass of an eleciron is 9.1 x 10% k. Calculate the cormesponding rest-
mass energy. (Ans: 823107 Jor 0.5 MeV)
An eleciron is scceleraled fo a speed v = 0.B5 ¢, Calculate its tolal energy and
Kinatlc anargy In elsctmn volt, (Ars: 0.97 Mav, 0458 Malf)
Arwhnat spaad , would tha mass of a proton in a parficla accalerator ba tripled?
{Ans0.943c)

The pericd of pendulum is measured to be 3 s in an inertial frame of reference.
What will be the peried meeasured by an cbaerver in a spaceship with & constant
spaed of 0,95 cwith respsect to the pandulum? (Ans:8.68)
Hypothatically, If a ball of mass 0.5 kg s prmjacted with a velocity of 0.9 ¢, what will
be ils massin Might? [Ans:1.16ky)
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After studying this chapter, the students will bs able to:
stats that nudlesn number snd charge ere conseryad in nuclear procasses

describa the composiilon, mass and changs of o-, - and y-radiations [both q—@amﬂmﬂ
B+ {positracare ingl uted]

Expldainthat an anti-paridehas the same mass bt opposite chamge lovthe pondirg panicle
[aiva thesxampls thata pesiron isthe enli-partcls ofen slecimn] 2, "

stade that (electron) ant-neuirincs are produced curdng p-dlm,?‘# [@iscTon) neutinos ans
prod iead dung B+dacey

Explrin fhai o-particles heve discrete energles bul tha
ongrgics bocauss fartineuirinos arn omitied in

Drescbe quarks and ar-quarks (3sa fundama
quark: up, down, strangs, charm , tap-ahd

dencribe protong and neutrons htimunlm campoaiion

stute bt & hedron mey be eiles uhm.'[hnﬁulm of three quesks] of & meson (oorséding of
ona guark and an antiquark)

desribe e wmmmmmwm&mat feabos prkace dluring - mnad i dicay

gttt alectrons WWMHMWIMW

State. W, Z, gluon, end gﬁnum perticles called axchange perfiddee of fonoa
-~

Siale tha Higge z & funcamants pariiclewhich & responsitda forthe parfce’s mass.

Explain thak e part e has 3 comesponcing antl- patoic [that has the same mass

B5 B ghwen bul opposite slesirio armagnelic properlies scoording 1o the Standard Mode! of

P-rﬁdg“‘

INERE B8 YANCUR CONTRNCING thedring AD0ut Wi "nTass” and o ans QeasrEted
frarn [e.f). thet thess are gemarabesd fon quantim Beide whan ey ans energloed, of fiom mull
dimanslonal ‘sirings' that vibrate i higher dl monslons to glve des o parlicks {no furthar bechnloal
lrewiedge beyond these simple descriptons B expecied at s level]]

MLstrate thist ank -oartickss ususlly heve the sams weight, bul opposits cherpe, compared i their
matier Colnterparte

Btats that most st the matter In e abssrvasks unhersals mattar
Dosoribe o asyrrrelny ol maller and et -meablerin heurbwse asanunsched mys ey
Descdbe annihllgtion reactians [@ pertcle meets its comezponding and -pericle, they undemo

‘anndilabon reaclions in which sither ai lhe mess = convarlsd o hest and lighd aneogy, or soma

mass | loft cverinthe fom of new sub-atomic particias.]
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Wu believe that all atems are made up of neutrons, protons, and elecirons. The
¥ anliparicles of thess three particles ars alse known, The posilron (& positive
eleciron}, the neutrino, and the photon are also known, By the end of 1960s, many new
typas of parlicles similar to the neutron and the prolon were discoverad. These ware
called mesons whose masses were mostly less lhan nucleon masses but more than the
alaciron mass. Aftarwarda, other mesocns ware also found that have masses greswr
than nuclecns. Physicsts started o look for more fundamental particles which must
have evan emalier constituents which wae later confirmed by exparimants. These ware
named as guarks, Wewill discuss in this chapier, the basic building blocks of matter.

121 STRUCTURE AND PROPERTIES OF THE NUGLEUS

The atomig nudeus comprises tvo types of particies: protons and neutrons, Aproton is
the nudeus of the simplest alom, hydrogen, called a protium. The proton has a positive
charge of the same magnitude &5 that of the slectron (18210 C) and its mass Is
187 x 10 kg. The neutron, whose existence was pointed out in 1932 by James
Chadwick, is slactrically neutral as its name suggestad and its mass is nearly the sams
g5 that of proton. Nowwe can say thatthe nucleus-has two types of particles {neutrons
and protons) called nuceons.

Besides hydrogen. the nuclel of all other elements conslst of both neutrons and protons,
The different nuclel are called nuclides. The number of proions in a nucleus iz called the
atomic number reprasented by the simbol £ The ozl number of nucleons, (he sum of
ngutrons and protons, ls reprasanted by the symbol A and & called the atomic mass
numiber, or sl mply mass number. It iswrliten as

A=NEZ ... (124)

whene N representa the neutron number.

In order to apacify tha givan nuclsl, the evmbal X s commaonty usad as 3X, where Xisthe
chemizal symbol for the elsment To Indicate the mass of atomic particies, Instsad of
kilogram, urifled maee scale {u} is genarally usad. By definition 1u |2 axactly ane
twelveth the mass of carbon-12 atom (1u = 1.8608 x 107 kg = 231 MeV). Using this
value of u, the mass of & proton is 1.007276 v and that of a neutron is 1.008865 u while
thatofan eleciron 1s 0.00065 u.

For a particular atom (e.f., carbon), hudei are found to contain different numbers of
nautrona, alhough they 8l have the same number of protona. For exampls, carbon
nuclei alwaya have & protona, but they may have different numoer of neutrons. Nucle|
that contain the same number of protons but different numbers of nzutrons are called
isctopes. Isolopes of carbon are SC. C. and /C, amongstthem 5Cand TC are stable
but iC is unsiable and decsys into nitrogen along with the ernission of f and neutino
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12.2 FUNDAMENTAL FORCES OF NATURE

To understand the structure of the nudseus, it = Important o know the nalure of the
foreesthat bind the nucieon together. Buthefors thal, we should know the basicforces In
nafura. Deapita tha apparant compladty within the universe, all interactions in tha
univarse are govamed by the four basic forces, known as fundamenial forces, Thase
forces control how objects mowve, Inferact and behave at differant scales from nudeons
in the atom o massive gelaxies. Tne four fundamental forces are gravity,
elacromagnetism, wegk nuclear force, and strong nuclear force.

Gravitational farce or gravily is one of the four fundamental forces of nature. It is tha
weskest of the four butitis a long-range force. It is an attrective force and arzes due to
the gravitalional interaction betwesn the bodies. The gravitational force between two
bodias is proportional to the product of their massas and inversaly proportional to the
square of the distance betwesn them. When considered for massive objects. such as
tha Sun, or glant planaete, gravitationa! force le consldered to be elgnificant ae the
masses of these chjects are lange. However, on an atomic leval, this forcs is considerad
tobe negligibly weelk.

The alactremagnatic force Is responsibie for alecirie flskd and magnetic flald
interactions. Like the gravitaicnal force, the eleckromagnetic force Tollows an inverse
sfuars law but is much atrengar than gravity: I govams a vast range of phanomena,
from atomnic structure, chemical bonding, electricity, magnatiem, and light propagation.
Jamas Clerk Maxwell (1261) formulzled asetof four fundamental equations named as
“Mawwall's aquations” that unifisd slaciricity and magnstism into electromagnatizm.
Thesa equations describe how. electric and magnetic fields interact and how
eleclromagnetic waves propagate. These equalions showed that eleciric and magnetic
fisl s are notaaparata forces but are two especis of a singls elsctromagnetc force.

Gt of the: four fundementel forces, nuckear forees are the sirengest attractive forces,
Eleclromagnetism holds the mather together, but there was no explanation &n how the
nucleus is held together in the atom. If we only consider the forces of electromagnetism
and gravity, thenuclous should fly off in difforant diractions. Tha stability of the nudlous
implies that another force should exist within the nuclsus which is stronger than the

gravitational force and slectromagnelic . _ Teblet2.1
force. This s whare nuclear forces mw I'IMII H-".“.-'ﬂ“"".“_*
coma into play. Strang nuclear forces ' — T

are responsible for holding the nuckei of | .
atoms together. They only exist inside (tampmred o pTerg forow)

the nucleus. So, we call them aa shart grauiy 1o -

rangs forges, The slrong nudear fTorce Weak nusear ik i
acls as an atlractive force betwean a|| foreed W S
nucleona. Thus, profona aftract each Elsciromagnstic 10? =

othor via the strong nuclear forces at Sirond nuclear 1 <10* m
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tha aama tima they repal escn othar via the alsciric forca. A neutron, baing alsctrically
neutral, can aitract other neutrons or protons via the strong nuclear force. Weak
nuclear lorces are responsible for the radicactive decay, parlicularly the bele decay
&nd interactions involving neutrno. Uniiks the othar fundamental foroes, tha wesk force
can change the identity of particles, making it essential for processes like nuclear
fusicn in stars and the decay of unstable atomic nudei. The relative strength and range
of the above four force= aregiven inTeble 12.1.

12.3 MATTER AND ANTI-MATTER = your informnan § Y

It was pradicted by Paul Dirac In 1828 that tha 1A parice acesersterls 3 huge
fundamental particies heve their anti-particles. The rest Mashine that acselerdies chaned

: ; Hioles, such as slectrons,
masses of the anti-parlicles are he same as that of their ”;ha:'-’ "%b.:d:m:lr:l;

comespanding particies but with oppesite charpes and E.,Wt.;‘#aip.m, approaching
magnelic moments. For example, posiiren (s the anti-  the speednfight

particle of an aleciron. It Ia reprasantad by &' The rest 2 Linear Acceleriors, Cyclotrams
mass of the positran ia the same a5 that of an electron | and Betalrons are important
bul It sarries posilive charge with magnifude the same. puicisNoceienton.

asthat ofan alsctron, [tis noted that the pasitron was the

first discovered anti-pariicle by Anderson in 1932 ina

cloud chamber experiment. This was first expedmental I'?fn;;:;;;ﬁ'i;;ﬁ;ﬁ; :_I
discovery of an anti-particle. Afier that & 1ot of anti- £y work on this dissovery,
particles were discovered. Usually. the anli-pantic’es 308 Diec snd Anderson raceived the
represarted by a letter with a barover it; & g., anti-proton Nebe! Prizain Physics-Dirac|n 1535,

i o i- i d ) ard Anderson in 1938, In 1855,
B b‘,‘pa‘rtl nuutrnak?)rvan S Begye and Chamberisin o sy md

The quarks and lopions hava beon racognized 2 1o antipraton using a  particla
fundamenial particles also known as slementary mmu‘d wers m—;‘E lf:::
paricles among the Joo many discovered parlicles. T W) TN 1T

These alamentary panicias hava also anti-particies, T 0 moowery afanttpoton

e = 5
BT |

{i) Trnunﬂ'ﬁﬁm are igh-enargy cartices coming fFom ihe cuier-opace with unknown sources. Ther
mm'ﬁrhlh&nulmdhﬂ'm Thazo parlidos consist moally of profons, neutrons and
heaviar ruckel, which are continually bormbarding the Earth. Yyhan these particles insract wih the
atomg of tha gases of the Farth's atmosphan, Thay producs shewsns of secondany partices which
rain dowan ar s & Featime.

{i} When nugdel of ursteble nedioactm elormend aay =L undens fisson resctions i the nuclear
reaciors, they emit & varely of pardicles, such as neutrons, rewinines, a-parfides, photons,
elecironsand positrons,

{iii} Whon tho chared partisles, cuch as sloctmans ond pretons aro aocolaraiod by on accolerator and
then bombarded on thetargel madenal, which is hycropen. these accelaratad changed parbclas may
absn eolide hesd-on with aach athar. As a rexalt, the debris frm thees raactions contain particies
[Fom o, kaons, MuenE Snd evan ant-poinng.
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Palr Production

Fair production gocours when a yray (high energy photon) passes nearby an afomic
nuclaus. As a reault, an alectron-posiiron pair is amitsd as shown in Fig. 12,1, Tha
presence of a lhird parlicle, such 85 a nucleus, is necessary 1o conserve linear
momentum. According to the law of mass-energy equivalence, the minimum erergyof a
photon for pair production must be egue! to the sum of tha rest mass ensrgies of the
cresied parlicles. The rest mass energy of the eleclron-positron pair s
2mc = 1.02 MeV which has been verlfied expermentally. A gamma ray photon with
energy less than 1.02 MeV cannot producs an ¥ ——

olaclron-positron pair whereas a photon with §_Deyea ool

energy greater than 1.02 MeV cresles an The pair producion cafiel take pisce in
eleciron-pasitron pair and the excess snergy vowrn of space. T e piir produsiion o

happan orily in tha prezance of an exiema
goes into ha kinetic snargies of tha pan ¢las. okt ke gl R T

The process of psir production salisfies the @xperience sema’ mcoll dudng he collsion
laws of conservation of charge, momsantum and mm‘ﬂm the enwrgy snd the
anergy. It can occur for any parficle and anti- wuhumtlm.

particle. \

Annihilation of Matter

It is the opposte procaas of pair production. For axampls, when an slactron and a
positron inlersct to each other, they annihilats into wo gamma ray photons as shown n
Fig. 12.2. The reaction can be wrilten a3

e ¥eg yt+t9
The energy of each gamma ray photon is 0.5 MeV which (s eqgual to the rest mass
energy of an aleciron or a pogiTon, e, E=m,c’, In an annihilafion reaction, energy and
momentum are conserved. Besides the electron and positron annihilation, the
annihilaton reactions of other particles and their anti-particles can also be camied out
8.9., proton and ani-prolon, lepton and anti-lepton, gusrk and anti-guark, aic,

PmITqPJH.E-r ]
e = 1 02 Msy l;' 1
Sy 6
‘ J |: 7 k ? t ? : - p B A AT o a #
[ e & 4
neigant phaoson T
by} b ¥
) KE l
Eleciion

Flg. 12.1: A high energatie phetan (s-rmv)
inleraciing with o mscleus and reaults into an Fig, 12.3: Aaninilation of maker

odactron and 3 positmn par.
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A particle sooelerator, named a5 i
Large Hadron Collider (LHC) at
CERN have revesled thal scme
mass of colliding padiclas (s
changed to  electromagnetic
radiation according to Einstein’s = Y
aqualion and laff over mass wf'hm_m“m r
gppears in the form of new BiTn: Py s prrficis

| 12, gt
sub-atomic pariicles (Fig. 12.3), Faih of neiral lermida parbcle (f ) X

Flg 123 A high ensrgsllc ills Wmnn
ﬂ:ﬂdu i hﬂ(

124 RADIOACTIVITY ;’Q‘

It has been chaerved that the nuclel whose atomic numbéars afe greater than 82 are
found naturally unstable, and these nuclei spontanecusly emit radiatons. Such nuclel
are called radivastve and the emission of radialionis known as netural radicactivily.
These radiatiens are of three types, «, f and y-radiations. Unstable lsctopas can also be
preduced artificially in lhe laboratary by nuclear reaclions. This orcurs when a stable
alamant I3 bombandes with high-anargy parficles, such ss neutrone, protons, slpha
particles, or gamma rays, causing it mﬁmrm unstable and emit radiation. Thiz is
called arlificial radinactivity and Ia:ﬁauthre eotopes are named radioisofopes or
radlonuclidas.

The o-parides, B-pariicles and yredialions ere traversed differently when passed
through the eleciric field as shown in Fig. 12 4. itis seen that o-pariicles deflect towards
tha negative tarminal of the alactnic fisld, showing that they havs a positive charge. Tne
a-particles are emitted at Figh speeds, typically a few percent of the speed of light.
Howaver, d-parlicdes can travel only several centimelres in the air dus fo their large
mass. The [-particies defiect towards the positive terminal of the slectric field, showing

Lisad block
" ﬂ-l'l!l'l
f ry
4 F e rays
mfm Elncirically ;EWB&
£UnEtanng AR pimten

Fig. 12.4. The: Firee radicecive mdialions. namely alpha, bela el ganena rays
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ey have a negative charge. The deflaction of f-paricles i more than tha c-particiag,
proving that they are lighter pariicles than a-particles. The -particies are fast-maving
electrons and move with speeds up to 0.9885 of the speed of light. The y-radiations
passed through the aelsciric fiekd without deflaction, showing that thay have no changs.
The y-rediations are electromegnetic rediations which consist of photons. They move
with the speed of ight with the highest penetrating power but the lowest ionization powes.
The procsss of emiting a-partides, [-particlss and y-radiations from the nucleus ia
called o-decay, B-decay and y-decay, respectively, and are discussed below.
w-Decay

If the nucleus has more protons than the number of neutrons, the electrestatic force of
repulsion becomes greater than the strong nuclear force of attraction_in this case, the
nucleus becomes unstable and emits alpha particles in radioactive decay. An a-pariicle
is equivelen! o a helium (He) nucleus which consists of two protons and twe neutrons.
This means ths nuclaus losas two protons and navtone in the o-decay. Henca, the
atomic number Z decreases by 2 while its mass number Adecreazes by 4. Alpha decay
can bewritten in general as

;x - 2 ;:x + ;_H'B 1H-1--'!|'-1r--"1"' (1&]

Here ;X is the parent nucleus which decays into the daughter nucleus 53X end ;He is
the alpha partice. In the a-decay, il & sxperimentally observed that the number of
nucleons {A) and slectric charge are conserved. An =

examgle of n-decay isgiven befow: Faven rudeus weurbde
A radlum-228 lsotope ( *,Ra ) amits an alpha particla  + SRR
and decays into a daughler nucleus radon-222( “.Rn ). """*h.

Ra —» "ZRn + He ninennns (12.3) L e

In the above nuclearreaction, the daughter nucleus {%Fln] is different from the parent
nueleus { *5,Ra ) This transition of one element inte anather is called the transmutation
of the slemenis: It ia expedmentally found that the mass of the parent nucleus is greatar
then the totel mass of the daughter nucleus and the meaz of the o-particle. Thue, the
iotal mass-ensray (E=m¢’) of the decay products is less than the mass-eneray of the
onginal nuelkia, This differencs in mass-anergy is called the dlsintegration energy Q,
orthe G-value of the decay,

p-Decay

Theraara two bypes of f-decay; [ -decayand B'-decay.

{i) F=Decay

Some nuclides have neutron-lo-profon mallo (NP) oo large and are the souce of

B -dacay. The p-particies are not tha orbital electrons but thay are craatad within tha
nucleus at the moment of emission. In this process, a neutron in the nucleus decays inte
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a prolon and an =ectron, plus another particle called anti-neutrino which is the antk-
particie of neutrine, The neutrino is denotzd by a Greek symbal v (nu) and anti-neutrine
is denotad by a bar ovar the v, The degay prooass is ghven By the following relation:
Noalp +lBt+ ¥

2ne of the neutrons changes to a proton and in order to conserve charge It emiis an
alactron. Thess elactons ara called beta pariclas. Howenar, they ars indistinguishable
from orbilal elecirons. Both the neulrine and the ant-neutrino have zero charge and
very small mass, thal s why they are very difficull to abserve when passing through the
mattar, No nuclsons are lost when a f-paifice & emitted, and the total numbser of
nuclsons A remains the same but the mass number Z changes. Beia decay process can

b writhan as: . .
:K —r]._f"x g g .-iFmE’lm&nn"’l—.
From ihe above egualion, it is clear that the parent M'me:f;nmlnhﬁdx

element of atomic number Z is transmuted to another  anergy conservation In the bata-
element of atomic number (Z+1). An example is the  minus and bete-plus decays. Later
isotop of thorium, which |5 unstable and decays into - i 1952 nautino whs dotecied oy
protactinlum by beta emlsslon. The reacton ls Fiohpouer nickear reacier On
represented as: this diastvery, . Raines reteived

:Th. e ﬂipﬂ 5 .?.ﬂ";: - Lhe Nobel prize in 1995,
(iiy p'-Decay
There arg also nuclides Bat hava neulron-to-proton ratio (NFP) too small for stability and
decey by emitting a positron instead of an slectron. The positron (e+) has fhe eame
mass s the eleciron but it hes a positive charge. The positron is the antiparlide of lhe

elaciron. In this process, a proton in the nucleus decays info a neulron and a positron,
plus aneutino, The gensralZad decay | given balow:

X AN +let v

An exarmple of adesay of Neon into Flourine by emitling positron and neutring is;
PMe— WF +fa+ v

Energy ¢fAlpha and Beta Particles in Rﬂdinacti\ri Decay

In both odacay and f-decay, for a particular
radionuelide, the same amounl of energy is
relasased. In a-dacay of a parlicular radionuclide,
evary emlited c-paricle has the sams sharply
defined kinelic energy. When the number of
a-particlas s plottad against kinatic anargy, thera

are dislincl spikes thal appesr on the graph as ‘

shown in Fig. 12.6, This demcnstrates that PR —— >

a-particles have discrets energles. Fig. 12k Diadrete andrgy valuss of a-parfiches

i of o-partchis (M}
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Howeaver, in the case of B-particle emission,
energy is shared between Pparticle and anti-
nautring In wvarying proportions. The sum of
electron (or positron) energy and the anti-
neulrino’a (or neutring’s) energy, howaver, in
every case remalns tha gama. Thus, In f-dacay,
the enargy of an electron or a positren may
targe from zeno to a masimum value Whean the
numbaer of f-particles k& plotted agalnei kinetlc
energy, the graph shows a curve a5 shown in

-

K. of -partiles (N}

4 B2 Macdear and Farticie byl [

Fig. 12.6. This demanatratas that bata particlas _
{slectrens or positrans) have a confinucus range of energies. The principle of
consenvalion ofmomentum and energy spplies in both alphaand bets emission,

{1y}

y-Radlatlon

W

Kinez erngy ]
Flig 12.0: Conlinucs spactnam

of [-particies |

The smission of y-radiation from & nucleus is generally raprasantad by thiz equaton:

=

whars ;}5 represenis an exciad nucleus while ;X shows ground state of the nuclsus.

Table 122: The summary of naturs 6falghs, beta and gamma radlations
i J v
Charactortstics nparticlss . f-particles i
1. Haturs Hadiim muciai | Elactrong or positrens: e | B W wanas Trom e
of chargs 28 S~ ~the nudleus of chege nugiel with no chepe
2 Typical sources | Ragon222 © °  StontiumD4 Cobalt-60
4 lonizfion Ahu.t:giﬁ'.'-" About 10° Adiout 1
fenpaismm' ng| -
d. Fange Inair Il ths Seuvansl meims Oy Imesres 5203 Ly
6. Ansorbed by | Apaper 15 mem of Al sheet 110 om of iead sheet
& Eums;:‘,q;;rum Emitimd with e Viriably srergy Variatla enargy
R ANy
7. Gpeac = 10" m &” =12 10" mat =3x 10"ms’

12.5 FUNDAMENTAL PARTICLES

By the tarm fundamental partlcle, wa maan a paricle thst has no intarnal siructura,
which means that it is indivisible. Presently, the fundamaental constituents of matter are
corsidered to be quarks (protons, neulrons and mesons are made up of quarks) and
laptons {including electrors, positrons, and neulrinos). They are considaned the baslc
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building blogks of matter.

¥When 2 nucleus k= emashed In an ultrs high anargy particle accaleratar, or two high
energy particles are colided, entirely new  types of parlicles are created which
apparantly do not extst within the atoms of the ordinary matter, They arae the outcoma of
the violent callisicns needed to probe the basic structure of matter. More than a hundred
new particles have been identified o be classified into families with simiar properties.
iany of these wara accountad weall with the acheme of thacratical physiciat whils the
rest were named "strange particie”, They are always created in pairs, £.9., when & gion
{~' ) coliides with a proton, two strange pardicles K (Kaon), and A’ {Lamda) are created,
The nuckear reaction ia:
nrp » K F N

All particles spin an their axes and the spin of charged parlicles makes them tiny
magnets. The characteristic spin of electrons, profons, neutransis 1/2 and the spin of
phaton is 1 and of pions is taken as zero. Half apin particles obey the Pauli's exclugion
princlple which savs that only one partida of a Kind occuples a glven quartum state.
These parlicdes are called "fermians”. The padicleswith zaro or whole number spin do
not obay thig principle. Thoy are called "hosons' as oy obey Boso-Einstan statistics.
Further majer classificatiors are:

1. The nuckeons and the heavier parficles such a5 A" and K which decay fo nudecns are

called "baryons” (hasvy). '
2. The particles that do not interact mhgly with nucleons, and are calied leptons
(small) along withihe slectnons, lawand nedtino,

Bath of tha p-dacay {bate-minus arkd bata-pius) processes provida avidencs thal tha
protons and reutrons re not the fundzmental particdes. By the 1860s many naw types
of parbicles similar to the peutron and proton were discovered, as well as many
‘midsized” paricles caled mesons whose masses werp mostly less than nuclesn
masses but mora than the eleciron mass (other mesons, found later, have masses
graatsr than nuckeens). The strongly aftractive parlicles are called n meson or plons
while the weakly inleracting particles ware named p mesons or muans

Thie digeovery lad to the conclusion that these particles could not ba fundamantal
particlss, ard must be made up of even smaller congtituents , which were given tha
MEME qiarks.

Hadrons and Leptons

Farticles can afsc be classified based on the four fundamental forcas that act on them.
While the gravitational force affects all particles. s impact at the subalomic level is so
minimal that it is generally disregared at the sub-atomic level. The electromagnetic
force, which acis on all elscirically chargad parlicles, is well understosd and cen be
cansidanad when necesaany; howaver, in this chapler, we will largely ignore its affecis.

Farticles can be broadly dassified based onwhether they interact via the strong forcae or
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do not. Thoss that experience the strong farce are known as hadrons, while those that
do not, ame called leptons. Examplas of hadmns include protons, newtrons, and pions,
whereas aelecirons and neutrinos ars classified s leptons.

Hadrons are composite subatomic particdes that can be further divided into two broad
categories: some are bosons, rafarred to as mesens such as plon, while others are
farmicnis, known a3 baryens, with protons and neutrons being the kay sxamples.
Baryons ars made of an odd number of guarks {usually three quarks), and mesons are
mads up of 2n even number of quarks (usually twe quarks: one quark and one antl-
quark]).

The leptons intaract only through weak or electromagnetic irleractions. Noexperiments
have yat been able to reveal any Interal structure for the leptons, they appear to be
fruly fundamental particles thal cennol be splil into smeller particles. All known
laptona have spin 14, 2o they all are farmiohs. Tha alx known leptana are groupad
ag three pairs of paricles as shown in Table 12.3. Ench pairinciudes a charged particle
(e, 1, ), its associated neulrine and comesponding anti-particles. Charged leplons can
combine with other particlas to form varous composaita partickes such as atomsz and
positronium, whila neutrinos rerely interact with anything. and are consequently rarely
chsenved. The best-known of all leptons is the slectron.

Maz

Family Fartizio Symbal l:l-lnw:"r Charge @  Antipartile
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Waon P 1067 -1 s
Wah Muon neulrida, - o » 1107 0 L
Tau T < 1777 - 4

Teu Meuting % » 1107 0 7

126 QUARKS

In 1664, M, Gell-Mann and George Zwaig proposed thal none of the hadrons, nol even
the profen and nautmn, are truly fundamantal, but iInstead are made up of combinations
of three more fundamental entities celled gquarks or quark flavours. Cerks are
conelderad to be truly fundamental paricles, lke leptors. Threa guarks originally
proposed were named up, down, and strange, with shbreviations o, d and s,
respactivaly. Prasanily, we are awarae of 5% quarks, Just as there ara six leptons-hased on
8 pragsumed gymmetry in natura. The other three quarks are called charm, bottom, and
fop ig, b, t). These new quarks can be distinguishad from the 3 original guarks (Table
12.4). All quarka have B apin and an alectric chargs (2 frecion of the pravioualy thought
smalsst charpe ecn &n sleciron), Cuarks ara invisible. They never appearon their own.
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Al hﬂdmﬂf‘ ﬂm&ﬁm o ba Tahle 12.4; Quark flavours
mede up of com guarks ;
(plus tha giuans that hold tham &omicies Symbol “[‘;‘" w"‘;‘m Sl “'“[ql“'
togethar), and thalr proparties are
described by looking at their guark .2 E = _2
canfent. Mesana ceonszist of a Up e a 4
querk-antiquark pair. For example, pown a | _1 10 = ol
ax mesonis audcombination. A o 3 3
can be mada of uld). . 1500 - 3
Each baryon, on the other hand, ™™ g 3 : §- 3
consisls of thres cuarks, such =s; Suanoe = 3 203 L"‘{. % el
The proton has & quark composition 3 3
of uud and so ite charge guantum +2 |arsond | 2
numoer is. e X 3 >, ]
g B 7 Botom | B | 1 R = P
gluud) = 31- 3 +( 3:1 +1 1y & 7y

Neutron has a quark composition of
udd and Ilts charge guantum

Hﬂ.lm Pronen
mber i
" - S— 1 o o
= e ) e =
aiudd) 3 { ._,‘1 ( 31 0 o

lesans are quark-anfiquark pairs. Consider the meson =, which consists of an up-
quark u and an antidown quark-d. We see that the charge quariurn number of the up
quark is +2/3 and that of the antidown quark is +1/3. This sdds nicely 10 a charge
guantum number of +1 forfthe T meson; thatis, alu)=2/3 +1/3=+1.

Notlong after the quark theory was proposed, il was suggested that quarks have another
progerty (or quality) called colour, or “colour charge” (analogous to electric charge).
According lo this theory, each flavour of quark can have one of thres colours, usually
designated red, green, and blue. Note thai the names “colour” and “flavour” have nothing
1o do with our senses, but are purely whimsical—as are other names, such as charm, in
this naw fisid. Tha anti-quarks are coloured antirad, antigrean, and antiblus. Baryaons ars
meade up of three quarks, ona of sach colour. Mesons consist of 8 guark—anli-quark palir

Mol ron Proton Antiproion
J""H_
e =
i
Flg. 12.7 (o} Colourlzs=s baryons. Flg. 127 ). A oolouriess anti-banyons

Glua + rad + grean = white ant-blue + and-red + anti-green = white
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of a partizular colour and its anti-colour. Both baryona and mesons are this colourisss or
while. Each quark is sssumed o carry a colour charge, analogous 1o an eleclic charge,
and tha efrong force batwean quarks |s referrad to a2 the colour forea. Thistheory of the
strong force is called quantum chromodynamics or QCD, to indicats that the farce acts
between colour chemges {and not bebween, say, eledlric charges]. The strong foroe
betwean two hadrons I8 consldered 1o be a force babwean tha quarks that make tham up.

Beta Decay in Terms of Quarks B Gereomewt I

When a neutron in the nucleus decaysinto a polonandan s el oy s

in the reaction and the decay process isgiven as: m.hamrruuj_ﬂ:ip._'
Noalptle+ ¥ X

Now, we can identify that 8 neutron with composition udd G} b g

can conver info @ proton with composition wod by A

charging adown quarkinta an up quark. The fundameantal o

decay procesa can now be expressed as; Ve
d 5> u=+%a+¥

Thug, as our understending of the fundamental nature of matter despans, we can

analyze familiar processes at incrsasingly iniricate levels. The guark model not only

anhances our comprehansion of paricla stfuctures but also providss Insight Into thalr
interactions.

127 HIGGS BOSON RN

Fundamentsl parlicles ars considered to be the six quarks, the six leptons and the
gauge bosons (Higgs bosons), which ara the cariers of the fundamental forces,
Leptons anc guerks interack with each other by sending and receiving bosons. For
example, electromagnetic Interactions occur when two positively charged particlas
send and recaive (exchanga) rhotons. The photong are zaid to "carry” the farce
between charged pericles. Likewise, stiraction between iwo gquarks in an atomic
nuclels oGours when two quarks send and recalve gluons. Simbarty, the W', W and Z
are [he busons that ara the cariers of weak nucleer forca and gravilons era the carrers
of gravitalinnal force. The Higgs boson (s a special paricle discovered in 2012 at lampe
hadron colllder at CERN. It le assaciatad with the Hikag's fisld that permeatas all of the
space. Its crucial role is that it provides explanation for how the other particles get mass
by Intaracting with #.

The pariides that interact strongly with Higg's field get more mass such as cariers of
eleciroweal interaction Le., W, W and 7 bosons whereas the particles ke photons do
not interact with Higg's fisld and hencs, their rest mass |s considered zero. Higgs boson
has a mass of around 125 giga-slectron-volts (GeVic') and decays rapidly into other
particles. Here are some key facts.

v
(i
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1. The Higgs boson gets its mass romils interactions with its associated Higg's field.

2. ltcan ba auniqus portal tc find the conditions of universe shorlly aftar the Big Bang
and signs of dark metier dueto its distinctive charscteristics and properties.

12.8 CONSERVATION LAWS

Al nudear processsss such @s nuclear [ | Far yeur mfurmarian | I
reactions and nuclear decays cbey consarvation g

lews= suchas: Kesons 5.9 plons kaons

b consarvation of anergy, momantum and  baryans, .g. protens, mltq:m. omesdn,
charge. |lincludes the nuclecn number N samaand lamads parkdies
and charge number 2. Non-hedrons ()

2. baryonnumber :;;m: ““_'_"" slectrons, muon,

3. leptonnumber photons, graiions

12.9 THE ASYMMETRY OF MATTER WIMTER IN
THE UNIVERSE V-

Many observalions show thal there is the asymmelry between malter and antl-matler,
Thizis the most remarkable features of curuniverse. A number of hypothesis are existed
which show that the universe conaists almast enfirely of matler rather than antl-matier.
&.4.. the universe is assumed o be composed up 5% of ordinary matler (electrons,
protons and neutrons), 71% of hydrogen aloms and 24% of halium atoms, there are no
any contibution of anti-hydrogen or anti-nelium etoms in the composition of the
universa.

The axparimental results explain that the matter and anti-matter asymmelry is ndeed
due to the vialation of consénvation of baryon number. ie., thers is imbalance number of
karyons and s and-baryons. Now If the particis-antiparticle symmetry is also violated,
then there will be a mechanism for making more quarke than gnli-quarks, mors leplons
than anti-leptons and eventually mare matter than anti-matter. Hence, it is conduded
that the probiem asymmetry of matherand anti-matier is still mystary.

12.10 MOST OF THE MATTER IN THE OBSERVABLE UNIVERSE
ISPLASMA

Qur universe is more vast than our thinking, because we still know about its 5% part but
wa still do not know ghout Its remaining 95% pant. Far axample, our universs consists of
about 27% of unimown matler called dark metter and aboul 68% e myslerous
antigravity material known as dark enegy. By adding 27% and 88% we have BE%. It
meeans 95% universe is aut of cur thinking, i.e., we know nothing about 85% of the
universe.

On tha othar hand, tha 5% of the unbsarse that we know aboul I, Is an ondinary
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mattsr, where hiydragen and hellum sre alimost in the plssma state. Therefore, these
fiqures indicatn that 95% of the §% of the observable universe is the plasma state, whila
the remaining 5% is in the form of matier. Henca, itis concluded that most of thamattar in
the observable universs is plesma.

12.11 THETHEORIES ABOUT THE FORCES BETWEEN THE
MASSES OF PARTICLES

To explain the interactions batwesn the masses of the [ 1 For your infermaiion = I
particles through different medistors, we have the
following two theodes, the quantum field theary and
tha =string theory.

1.  The Quantum Field Theory
According to this theory, each parficle is represented
by a ficld called quartum field and & is responasible to
ransmil & force from one parficle W another by &
mediator. For example, lat a positively charged.
particie produces an electric field in the space around
It. Thie charged particle exers an atiractive forca gna
neartry negalively chearged parlicle through its-fald,
Moreover, the field can alse carry energy end
momantum from one particle to ancther. Wners the
energy and momentum of all fields are quantized. The
quanta thel exchanges mamentum and energy from
one type of particle to another li;T--tr'ieIr field are called
field pariicles. Thus, we can say that the interaclions
betwesn particles are deacribed In terma of the
exchange of field particle or gquanta which are all
bosons. For example, the electromagnetic force is
madiated by photons callad quanta of the
elmﬂmnmg‘pth figld. Similary, the strong nuclear
Torme isnuqrahd by fimld particles called gluons, the
eleciro-weak force is mediated by the fisid paticles
called Bosons (W and Z) and the gravitational forces
is mediated by field particles called gravilons,

2. String Theory

Sting Theory s an advangad congept in
theoretical phyeics proposing that the fundamental
particles of the universe, inslead of being point-like,
are actually tiny, vibrating strings. These strings an
ke open or closed loops, and their vibrations
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detarmine the properies of particles, Including mase and force. String Theary
framework, offering a potential theory of everything, still remains unproved
experimantally.

12.12 THESTANDARD MODEL

The standard model is the collaction of
theories 1hat describe the smallest
expermenially observed particles of matler
and Intaraction batwesn anangy and mattar.
Three categories of particdles form the
standard model are shown In Fig. 120
Matter, which makes up only 5% of the
universe is compased of quarks and leplons.
The fundamental bosons provide three
farees: electromagnetism, the sirong
nuclear force and the weak nuclear force.

Tha Higgy's boson provides an explanation

5. 128 Bameniary perities in he
forhowthe other particles get mess. ) stard mocel e

This model is still considored incompleta. c:un'muy, i iz unablo to explain many
imporiant faatures of the known urlwnmiﬂl.l:rh as: (i) gravity (i) dark matter (27% of
the universs (il dark energy {ﬁa'}'imfm universe).

L e

[! M’Hl'ﬁpie Cholce Questions t

Tick {) the corract gnsiwer,
12.1 Which one uI Ihﬁ following Is Bhe fundamental particle?

(g} Proton {b) Neutron {e) Electron {d} Mescn
122Tha ﬁﬁ"l-ﬂm:'ﬂurm'ed anti-particia is:

{a) anfi-proton (&) anti-neutring {e) anti-photon {d) anfi-alactron

12. 3 Which one of the lollewing psir of parlickes creales annihilation?
[a) proton-proton (b} proton-neutron
{¢) neutron-photon (d) electron-positron

12.4 The strong nuclear force belween the wo parlicles is medialed by:

(2} glugns {b)phaton () masons {d} gravitors
12.5 Whichore of the following forcss inleracts betwaan bwo particlas (hrough phelons?
{a) Strong nuclear farce {byWeakforce

() Electromagnatic forca (d)Gravitationalforce
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12,8 Whara nautron changas intoa preton, then wawill obsarva:

(a)pdecay  (b)p'-decay {clydecay  {d)a-decay

12.7 Baryon & formad by combination of:
()2 quarks {b}2 quarks
[2)4 guarks {d A quark and an ant-quark

128 Which ocne of Ihe following forees Ras neglighle effec between the elementary
particies?
(&) Strang nuclear farca i) Weak forca ir
(c)Gravitational force {d} Elsctromagnatic force. 4':}

12.9 Which particies are produced by strong intaraction? . ”"-H’:."j
{a)Graviton  (b)Leptons {cjHadrons  {d)Mesans

12.10 Astrong nuclearforoe exisis between the nucieons ﬂﬁ;:_' /3
{a)p—p {B)n—n elp-n . {d)allofthese

12.11 Which one of the following rﬂmmn.'parﬂclﬁﬁ_ -"Ibfwtﬁa highest bnization power?
(@)e (6) B @B @)y

12.12 Which one of the following radiation/gar ok Han the highest peneirating power?
(8)u (b) B %\m 3 {ayy

12.13 Achangs occurs In stomic member s a nucleus but its mass number remaine the
same by decay oft ‘u.-’ o
{a)u e Os {ehy {dyamndy

12.94 In & nucleus, & neuiju@:}l;mges into & protan, the atomic numbers changes by
one, tha rrmmqbﬂﬂl:
()decrease  (b)incresse  (c)remainthesame  (d)noneofthese

12.15 Theefecirawsik iheory was introduced by:
(&) Diﬁ;jﬁj i) Einstein {o)Anderson  {d}Dr. Abdul Salem

12.18 The@symmelry of matier and anti-matter 5 due o imbalance number of.
{ayhadron  {h)lepton fc}baryon  {d)phomons

1217 Which ones of ths following particle is resporsibie for the mass of tha fundameantal
particie?
{a) Quarks (k) Anti-guark {c}Leplon {d)Higgs boson

1218 Aprctonis composed of up and downguerks, the order of guerks i
{a) udd (yudu foluud {didud

12,18 The numberof quarks that composed of a neuton is
{8)2 0)3 {c)4 {a)5
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12.1

i2.2
123

124

12.5
128
127
128
129
12.10
121

12.12
1213
12.14

12.18

12.1
122

123
124

125

[ Short Answer Questions |
What do differsnt isotopes of 2 given elament have in common? How are
thay differant?
|ddentify tha alement that has BY rusleons and S0 neutrons.

What are the similerities and diferences baiween the sirong nuckear force and
the slectmmagneiic force?

Fill intha missing particle ernucleus:

(2] fCasT+e + ¥

) ¥Cu' 74y

Why nautring must berelegsed in the positron emission?

Distinguish between fermions and bosons.

How does strong force hold the nucleus?

Can there be pair production for phatons having anergy 20 keV? Explain briefy.
What i the difference batwean bela particie and &lectron?

How do a proton and a neutron numﬂrtmngﬁh other?

Why doas batz-detay have a continuous enargy spectrum and alpha-dacay
have a discrate srergy spectum?

Diftarentiata batwaan Radron dnd laptons with axamples.
Why elechron-positon palr cannot decay Into 2 single pholon?

State the role of Higgs Boson in the generation of mass in modem physics
theorles. !

What are Mesons? Give exampiles,
@ Constructed Response Quastions |
|s mesen, & boson orfermion? Give reason.
Why does an alpha emitter amit alphs particles instead of four separate
nedeons?
Which Is more erergelicalpha decay or bela dacay? Juslily your answar,
A nucleus undergoes gammea dacay, emiting gamma ray photon with energy
1.5 MeV. Calculate.
] Irequency of gamma ray
{ii} waveisngth of gammaray
(i)  momentum of gammaray
Why doss the a-padides nol make physical contacl with the nuckeus when
hieadad diractly towards (17
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121 What iz meant by radinaclivity? Campars the properties and behaviour of threa
types of radiations,

12.¢  Elabarate the phanomenon of bata-positive decay and beta-nagative decay with
examples,

12.2  ¥yhat is the differencs between matter and anti-matler? Discuss reasons why
ouruniverse is almestertirely composed of malier,

124  Explein the phenomencn of pair annihilation with an example. Explain the utility
ofibs principle n the medical field. )

125  BExplain tha law of cohsarvation of snargy and momanium In alactron-posiTon
peir annihilation.

126  Describe profons and neulronsin e of their quark composition.

12.7 Dascribafourfundamental forces innaturs. '

12.8  Duescribe the classificalion of elarmantary pwic_l_a‘a._:

—— e

| Humnricaﬁrph{m: —[E

12.1 Uraniurn-238 is an alphs emitter In the process, it is ransmutated nto @ daughter
nucleus. What is the masa number & and charge number Z of the daughter
nucleua? What s its che nimlnr_mb_d’? [Ans: =234, Z=80, Thorumi{Thi]

12.2 Palonium ", Po i a beta minus amitter. What wil be the mass numbar A and
charge number Z of the daughter nucleus? {(Ane: A=218,Z=885]

12 3 Nitrogen |N bombarded by alpha paricle results into ;0. What i the product
particlein this nuciearreaction” (Ana: H proton)

%2.4 Show that nudlesn number N and charge number Z are conserved in the numerical
question 12.3.

12.5 Dﬁhﬂrmﬁ"ﬂﬁ'ml—mmrgydnbﬂh‘nn ine\. It resl-mass is 0.000555 u?

: (Ans' 0 517 Mev)

12,8 Caleulate the Q-value for the reaction taking placs in Rutherfiord's experiment on
arlificial disintzgration of nitrogen by bombardment with alpha particles. Relative
Massas arg:

"N=14 0075150 , He=4003837u, '10=17.004533uand H=1.008142u
(Ans: -1.23 MeV}
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