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After stixdying thia chapter, the students will be able to:
Makoe raaschable astmates of value of phyaleal guantties [of thoas quantilas 1hnt u[a&';lbwaaad In
tha topica of thia grade]. )
ss the conventicns forindicating units, assstoutinthe Slunis. » ‘.=
Express donved unitsas prpducts orquoticnts ofthe 51 base units "\ >
Analyzaiha homopeneity of physical aquahuns[Throughdlmansnnﬂ;mlysm]
Deive formulasin gimple cases ﬂ'rro::ghusungdumansmnalanalysiﬁ
Analyze and critique the accuracy and precislon of data oole_qedb;?measurlng Instruments
Justity why all measuremenis contaln some unr.ertalnly \

Assens the uncertalnty In @ derhved quantiiy [By simple aﬁdjtlc-n of absoluie, fractional or percentags
uneartaintiee]

Quaota anzwars with comact sciantific nmag_ﬁ‘na" numbar af significant figuras and units in all
expermental and numerical rezults.

hysice Is the most fundamental branch of [Nk cvert

physical sciences. It provides the basic
principles and laws which help to understand the
mysteries of other branches of sciences such as
astronomy, chemistry, geology, biology and health
sciences. The tools.. lechnigquez and products of
Physics have «transformed our dreams into
raalitios. Thecomforts and pleasures added in our
lives are friitiul resuits of science, technology
ard engin'eeﬁng in everyday life.

Tha Infarmation technology has entiraly changad
the oulcok of mankind. The fast means of e Tbe s e fm'm G
communicalion have brought people ofthaentice e cptined fram sand. s up tous
world in sz close contactthatthe wholeworldhag  whether we mahe a sand caste or B
become a global village. computer out of it.

&
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Physics is an experimental science and the scientific method emphasizes the need of
acourats measurement of varicus measurable physical guantiies. This chapter
stresses inunderstanding the concapt of measuring technigues and racording skills.
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1.1 PHYSICAL QUANTITIES AND THEIR UNITS

The foundation of physics depends on physical quantitias in
terms cf which tha laws of Physlce zra axpressed. Therafcrs,
these quantities have {o be measured accurately. These are
mass, langth, tima, wvelocity, forca, density, termperature,
electric current, and numergus others,

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

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

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

1.2 INTERNATIONAL SYSTEMOCF UNITS

In 1960, an intemational committes agreed on a ast of definitions and standards to
describe the physical quantities. The system that was establishad is called the System

Intermational (31D
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Sl units are used by the world's scientific community and TR 3t

by almest all hatlons. The systam Intorational (SI)  guonrey 81 LNt | Symbol
consigls of two kinds of units: base units and derived | . -
units. Mass Kiogam| kg
Base Units ;':m hapes |0
There are seven base units for physical quantities _cumen Hpeen) |
namely: length, mass, time, lemperature, electric Themodnamic R =
current, lighl or luminous intansity and amount of _tAmpersturs

substance (with special reference to the number of M™% 1 | candes| e
particles). Prefixes such as milli, micro, kile, otc. may be  “anoot of

used with them to express emaller or larger quentities. substance | MO | M

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

Table1.1.



units, includirg:

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

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

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

Two metric units commonly used inordinary life: the litre
for volume and tha tonna {metric ton}forlarnge massas.

Two non-metric scientificunits are atomic mass unit {p)
and the electron volt (a4}

The nautical mile and 'knct; units traditionally used at
s&a and in mateorology:

The acre and hectare, ecommon metric units ofland area.
Thebarisa unitof pressura and itis commenly used as

the milibar in meteorclogy and the kilobar in
engireering.

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

Sclentllc Notatlon

Nurnbers are expressed in standard form called scientific
notation, which employs powers of ten. Tha irdemationally
accepied praclice ie that there should be only one nen-zero
digit left of dec:imalé Thusg, the number 134 ¥ should hgr.e
writtenas 1.247 x 10 and 0.0023 baaxprassed az 2.3x10 .

| - «.{r-i. -': Chagpter Bl gt 2y 1 g Y g,
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Derived Unkts
Derived units are those unils Table 1.2
which dapend on the base 2 T

Physical Unit Symbial | In bterms of b

units. Some of the derived ﬂu::w - u"nm 'y
units ar_e given In Tagle. 1.2. Planhe angla radian rac dimenslanless
The units of plana angls and : . : .
salid angle have also been Solid angle steradian & dimension/ess
Includad In the list of derdved  Force newln N kg m &*
units sinca 1985, Wirk Joule J M = kg mi &2
In addition to base and _Power watt Lid Jgt = kg m &
derved unlts, the 1 pemits  Elecicchage | coulomb g Az
the use of certain additional  Pressurs paacal Pa NmZ=kgm'a?
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Prefixes

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

Conventions for Using 8l Units

Lze of 81 units requiras spedal care, moera particulady in
writing preflxes. Some points to note are:

1.

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

For example: For ampere, we should use “A”.not
“amp”; for seconds, "s"” not "sec”, 5l not 5.1

Fullname of unit does not begin with capitalletter.
Forexample: newton, metre, elc., except Calsius.
Symbols appearin lower casa.

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

Symbols named after scientists have initial letbers
capital.

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

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

Forexample: adistance of SOm.
Symbolz do not take plural form.
Foraxamplae: 1mm, 100 mm, 1 kg, 60 kg.

Mo fullstop or dot is placed efter the symbol except at '-'f‘.: Do yo

the end ofthe sentanca.
Prefix is written before and without space to base unit.
Feorexampls: “mL" notmL or“ms’ notm s.

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

= I gty ' Bleasurements

Tabla 1.3
Some Prefixes for Powers of Ten

Factor Prafhc Fymbol

10" Etto a
1" femto f
107 O A
104 nam n
10% mica 1]
107 mill m
1p® cortt [
10! ducd d
10" der= da
10* Hisedea h
10 Ho k
1 rrega M
10 glga &
10" tem T
10" pets P
10" E
For your Information
Intarval [s)
Agae ofthe universe sx10”
Afe of the E=arth 1.4x10"7
O yoar 32107
tie day. 8.6x10*
Thme between =
rmormal haartteals v ki)
Parlod of audbls >
s0und weves RER[)
el e 1107
Fericd of vibraticn
%ﬁlg atam In & 110
Pariod of visibla 5
light waves 210
Approcenate Wlues of Some
Tima Intarvals

Masg can e thoughl of ag a Form
of enargy. In effiect, the masa iR
highly carcenirabad form of snangy,
Einstein's famous equation, E=mc’
maana;
Enargy = mass x{speed of light)’

Acromding Lo this equalion 1 kg
mrass i3 achualy 910" of EMEgyY.
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10. Compaund prafives are notallowsd:
Forexample: 1ppF should be 1 pF.

11. Whan basa unit of multiple is raised to a power, the powar applies to whole multiple
&nd nol to base unitalons.
Forexample: 1 km’ = 1(km)’=1x (10" m) = 1x16" m’.

12. Use negative index notation (m 5'1) instead of solidus (mva).

13. Use sciantific notation, that is, one non-zero digit left of decimal.
Forexample: 143.7 = 1.437x 10°,

14. Do not mix symbols and namasin tha same exprassion.
Forexample: metre persacond orm 5'1, netmetressac ormizecond.

15. Practical work should be recorded in most convenient units depsnding upon the
instruments being used.

For Example; Measurements using screw gauge should be recorded in mm bul the
final results must be racardad to the appropriata basa units.

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

1.3 UNCERTAINTY IN MEASUREMENT

You can count the number of pages of 8 book exactly but measurement of its length
needs same measuring instrument. Everyinstrument is calibrated to a certain smallest
division mark on it and thig fact puta s limit regarding ils accuracy. When you take a
reading with one Instrumant, s limit of meaasurement |5 the smallest divislan or
graduation on its scale. Hence, every measured gquantity has some uncerainty aboutits
value, When a measurement ismade, ilistaken to the nearestgradusticn or marking on
the ecale. You can astimatethe maximum uncartainty as halng ons emallsst divislon of
the instrument. This is'¢allad absolute uncertainty. It is ona millimetre on a meatra rule
that iz graduated in milimetres. For example, if one edge of the book coincides with
10.0 emmark and the otharwith 33.5 cm, then tha length with uncertaintyls glven by

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

It means that the true length of the boak is in between 23.4 cm and 23.6 cm. Hencs, the
maximum uncertainty is +0.05 cm, which is equivalent to an uncerainty of 0.1 cm.
Infact, itis squal to least count of the malra nuka. Uncertainty may be racorded aa:

Fradtional uncertainty = ABSING tecr iy
Meaasured valus
; I i
or Parcentage uncertainty = Aok Unecriity ® 100%

Measured value
Uncertainty in Digital Instruments
Soma madern measuring instruments have a digital scale. We usually estimate one
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digit beyond what is certain: with a digital scale, this is reflected in some fluctuations of
the last digit. If the last digit fluctuatas by 1 or 2, wiite down that last digit. If luctuation is
mare than 2 or 30 in the last digit, it may mean that the reading ia being influenced by
some factor such az air curments. Regardless of the reason, a large fluctuation mey
mean that the displayed digit is notreally significant.

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

1.4 USE OF SIGNIFICANT FIGURES

The number of digits of & measurement about which we T ror vaur miormeton
do feel reasonably sure are called significant figures.

Infact, they raflect the use of actual instrument usad for

that measurement. While using a calculator, the resultof .

any calculation contains many digits after the decimal I Digmatar of
point. The addilional digits may mislead ancther person o AU
who uses those figures into believing them. Hence, they | anm.f’m

are to be reunded off ta the comrect number of slgnlfleant

3 S ' , Helght of &
figures. This can be done by keeping.in view the 1 pEFSON
uncertainty ar the least count of the instrumant while r ‘5}“:' E.g“émz“f
recording ohservations and also quoting results of any 107 Distance te

¥ o the Sun
calculations to tha comact numbers of significant figures. Distancs to e
Itis better to quote the result in scientific notaiontoavoid 4. IR S E
S i P | Clameter of the
any armbiguily regarding the number of significant figures., | Milly Way
ighi ; ith di Distanee to the
For example, weighing the-same object with different qgm L e r::fuﬂlﬂrr
balances:
Electranicbalance. : mass=3.145+0.001g Drader of magnitude of som=
distances
Laver balance ! mass=3.1+0.19

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

In any measuramant, the sccurataly known digits and the

first estimeted ordoubtful digit are called significantfigures.
Propar use of signifcant igures eneures that wa comactly ropresant the uncetalnty of
our measuramants. For example, eclentists Immaecd|ately reallze that the reparted mass
3.145 g is more accurate than a reported mass of 3.1 g, reflecting the use of a battar or
mare precise instrument. As we improve the quality of cur measuring instrument and
techniques, we extend the result to more and more significant figures and



9 Physles T0) | o Chegeerl § Measurements [

camrespondingly improve the experimental accuracy of the result.

Working with significant figures

{l) Countingsignificant diglts

{al Al digits 1.2,3 4,5,6,7,8,% are signhificant. However, zeros may or may not be
significant. In case of zeros, the following nules may be adopted:

{b} Azerobetween two significantfigures isitaelf significant.

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

{d} Zeros tothe right of a significant figure may or may not be significant. In decimal
fraction, zeros ta the right of a significant figure are significant. For example,
all the zeros in 3.570 or 7.4000 are significant. However in integers such ss
8, DOO kg, the number of significant 2eros 1s detemined by tha preclsion of the
measuring instrurment. If the measuring scale has a least count of 1 kg, then
thare ara four gignifigant figures written in scientific notation as 8.000 x 10" kg. If
tha least ceunt of tha seale ie 10 kg, then the numberof significant figures will be
3written in scientific notation as 8.00x 10° kgand soon.

{e] When a measurement is recorded in zcientific notation or standard form, the
figures other than the powers of ten are significant figures. For example, a
maasurement recorded as B.70 x 10" kg has thres sighificant figures.

{Iy  Multiplylng ordividing numbers

Keep a number of significant figures in the product or quotient not more than that
contained in the least accurats faclor i.e., the factor containing the laast number of
significant figures. For example, the computation of the following using a calculator, gives
5.348 107" x 3.84 x10°

1.336 ~ 145768362 x 10 Remember Thumb Ruls
As the faclor 3.64 x_10%, the least acourate in the above porealcwation sfend rasult:
calculation has three signlficant figures, the answarshould |, agdition | Subtmction: same
hewritten {o threesignificant figures only. The otherfigures  precision.
ara insignificant and should ba deletad. While delsting the = Multiplication / Division: same
figures, the last significant figure to be retained ig rounded :En‘l‘?c:?m%im“ﬂ I
offforwhich the following nules are followed: ’

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

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

{c} Ifthe digitto he dropped is &, the previous digit which is to be retained is increased
by one if it is odd and retained as such if it is even. For example, the following

numbers are rounded off to three significant figures as follows. The digits are
deleted one by one.
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4375 isrounded off as v43.ﬁ Thumb Rule for Uncertainty
56,8546 isrounded off as 56.9 Foraverage value of many readings:
73650 isroundedoffas 736  * Mean devation from an average
B4 350 is rounded off as 64 4 + Pariodic Uncortainty:

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

computation given in section (ii}is 1.46 x 10", Evisntmpenotoe IRt

{iii} Inadding or subtracting numbers - Duasich Cloiz -

Tha number of decimal placas ratained in the 4 Give the comect numberci significant
answer should be equal to the smallest number of  fgures for 0.0054 m) 0.03030 m,
decimal places in any of the quantities being added  40.0m,06m, 3.20x 10" m.

or subtracted. In this case, the number of significant 2 Give the enswer o the approprate
figures is nat important. It is the position of dacimal  numberofsignificant figurea,

that matters. For example, suppose wa wish to add  2602kg+36.02kg+54.1 kg="?

the fallowing quantiiss expressedin metres. 3.Give the answer to the apprapriate
{a) 73 4 (b} 2 7Rd3 number &f significant figures.
342 410 L el n G _
4 Give the answer to the appropriste
0003 1.273 numibar of slgnificant figurg.
75.623 81273 245x1Pmx 246 midGmm?
Comectanswear: 75.5m 8.13m

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

Limlitations of Significant Figures

Significant figures deal with only one source of uncertainties that inherent in reading the
scale. Rsal oxperimental uncertainties have many contributions, including personal
errore and sometimes hidden systematic errors. One cannotdo better than thatwhat the
scale reading allows, but the total uncertainty may well be more than what the significant
figure of the measure ments would suggeat.

1.5 PRECISIONANDACCURALY

The terms precision and accuracy are frequently used in Remember Thumb Rule
physics measurements. They should be distinguished | o000 | ogs ansoliis
clearly. The precision of ameasurement is detemined by the  uncartainty.

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

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

For example, the length of an cbject is recorded as
255 cm by using a metre rule having smallest division in
millimetre. s precision or absolute uncertainty (least
count)=20.1cm.

; : _ _Glecm i
Fractionaluncertainty = o= - 0.004
in,— _0.c¢m
Percentage uncertainty = 255 om * 100%= Q.4%

Another measurement taken by Vemler Calllpars with
leasicount0.01 cmis recorded as 0.45cm. It has precision
or absolute uncertainty (least count)=+0.01 cm.

0.01 em
0.45 cm

0.01 am e
e *100% = 2%

Fractionaluncartainty = =0.02

Percentage uncertainty =

Thus, tha reading 25.5 cm taken by metrs rule is although
less pracise but is mora accurate having less percantage
uncertainky er emor.

Whereas the reading 0.45 cm taken by Yamier Callipars is
more precise bul Is less acourgle. In fagt, Rt 1s the relatlve
measurement which is important. The smaller a physical
guantity, the maore precise instrument should be used. Here
the measuremant 0.45 ocm demands that a morg precise
instrument, such as micrometer screw gauge, with least
count 8.001 em, ahould-have been used. Hence, we can
concludethat

A pracise measursment iz the onhe which has less
precision or (absolute uncerlainty and an accurale
measurement'is the one which has less fractional or
percentage uncerlainty.

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

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

1.6 ASSESSMENT OF TOTAL
UNCERTAINTY IN THE FINAL RESULT

Knowing the uncertainties in all the factors involved in a
calculation, the maximum posslble uncertalnty or error In
the final result can be found as follows:

{chopeer( Measurements [
I For T o !mgrmaraicm I

We ysa many devicea to measurs
physlcal quantites, such as langth,
time, and tamperalre. They all
have somelimit of predsion.

I For your information | l

Theae are not decaretion pieces
of glass but ae the eadiest
kncwn exquisite and sensitive

thermameters, hbullt By the
Accademia del Cimarto {1657-
1857, In Flarenze. They contained
alcohd, some imes colourad red
for easler randing.
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1. For additlon and Subtraction F—

For ;-;f.r;. ar information i
Absolute uncertalntles are added. For example, the "mw pAring. Kses sk fou'r
distance babasen two positions x. = 18.4 £ 0.1 om oolours cyan, magenta, yellow

and x,=25.6 cm £ 0.1 cm |e reconded as: and black 1o produce the entire

T range of colours, All the colours in
=% X1. Wz & he cm_ thie book have bean mada from
and addition of two lengths is: just thasafour colours.

{.=B5+01cmandf,=125+0.1 cmrecorded as-
¢=0+6,=211£02am
2. Formultiplication and divislon

Percentage uncertainties are added. For example, the maximum possible uncertainty in
the value of resistance R of a conducter determined by the potential difference Vapplied
across tha conduetor rasulting in curmant flowing through it is estimated as undar:

Let V=34101Y Thumb Rule for Total Uncertalnty
f =0688£D05 A = Foraddition and subtraction:
R = l,.-f Absolute uncertalntes are eddead.
using U 0.4y * Formultiplication and divigion:

34y % 100% =3%" Percentageuncertainbes are addad.
+ Forpowerfactor:

Percentageuncartaintyin f= ggg: ® 10080 = Foh  Powarfactorx Percantageuncertainty

Hence, total percentage uncertaintyinthevalueof R is 3 +7 = 10%

Percentage un::ertamtyln V=

Tha valus of R will bawritten as: BT For your imformation Bl
34V e -
R = peaa. Cyomm Travel time of lignt
Henge, R = 5.0 £ 0.5 ohms-uncertainty being an Moan to Earth 1 min 20 =
estimate only, is recorded by one significant figure, Sun o Earth & min 24 3
Fluler ko Egrlh Eh2s

3. For Power Factor

The percenlage-uncersinty is multiplied by the power factor in the formula. For
example, the calzulation nfcmss sectional area of a cylinder of radius r=1_25 em using
formula forArea A = = i giveh by the %ags uncertainty which is A = 2 x %age
uncertainty in radius r. As uncertginty is multiplied by power factor, it increases the
precision demand of measurement. When the radius of a small sphare is measured as
1.20 cmby Vemier Callipers with least count 0.01 om, then

The radius ris recorded as r=125+0.01cm

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

Thus A=t

=3.14{1.25Y = 4.808 e with 1 8% uncertainty
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Thus, the result should be recaorded as 4= 4.91 +0.08cm?®

Exampie 1.1 [F The longth, breadth and thickness of a metal sheat are 2.03 m, 1.22 m
and 095 cm respectively. Calculate the volume of the shest comect up to the
appropriate significant digits.

Solution Given Langth £=2.03 m
Braarcith B=1.22m
Thickness A=085cm=085x 1i.'li'2 m
Volume V:fxbxh:2.03mx1.22mx0.95x1ﬂ'2m
=235277x10° m’

A the factor 0.95 cm has minimum number of sngmﬁuntﬁgumseql.éal totwo, therefore,
valumeis recarded upto 2 significant figures, hence, V=24 x 107 m

Exampla 1.2 [ The mass of a melal box measured by e lover balangg is 3.25 kg, Two
slivarcolns of masses 10.01 g and 10.02 gmeaszurad by abeam balance are added to It
What iz now the total mass ofthe box comect up to the appropriate precision?

Total masswhen silvercoins are addedtobox =325 kg+ 0.01001 kg +0.01002 kg
= 3.27003 kg
Since least precise mass is 3.25 kg, having two decimal placas, hehcs, total mass
should be reported to 2 decimal placeswhich is the appropriate precision.
Thus Tetalmass=23.27 kg

Example 1.2 [ Thea diamater and'length of a metal cylinder measured with the help of
Yemier Callipers of least count £.01 cm are 1.25 cm and 2.35 om, respectively.
Calculata tha volume Vofthacvlinder and uncartalnty In it.

Given
Diameter d =1.25crnwith leasi count0.01 em
Langth #=23 .35 cm whh least count 0.01 cm
Absoiuts uncartainty in langth =001 &m
Yhage uncerzinty in length ={001ecm/335cm)x100% = D.3%

Absolute uncerainty in diameter =0.01cm

Yeage uncerteinty in diameter ={0.01 cmH 25cm}><100% 0.5%
As Volume =nr¥=mn —f
Tetal uncertainty in V= 2 (Stage uncerzinty in diameter) + (%age ungertainty in length}

=2x08%+03%=19%

Then V=314 % (1.25 cm)’ »x 3.35 cnid = 4.1083842 cm® with 1.8 % uncartainty
Thus V=(4.11 £ 0.08)om’
where 4.11 cm’ is calculaied volumaand 0.08 cm’is the uncartainty init.
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1.7 DIMENSIONS OF PHYSICAL
QUANTITIES

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

The dimensions of other quantities indicate how. thay
are related to the basic quantities and ere combination
of fundamental dimensions. For sxample, spsad v is
measured in meatres per second sc.it has tha
dimensions oflength [L] divided bytirmie [T ].

[M=IWIT1= KT 1=1LT ]
Asthe acceleraion a= Awv! At
Dimensions of acceleration are

[al= W [T]=[LT ¥ [T =[LT"]
Also, dimensions of forca can be written as

[F1=[m] [a]= [MI LT = MLT™]
By tha Usa of dimenslonallty, wea ¢an chack the
homogeneity (comeciness) of a physical eguation, and
also, we can derve formula for a physical quantity.
Homogeneity of Physical Equations
The correctness of an eguation can be checked by
showing that the dimensions of quantities on both aides of
the sguation ara the samea. This is known as principle of
hamoganeity.
Suppose a car starls from rest (v, = 0) and covers a
distance £ in ime { moving with an acceleration a. The
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equation af moticn is given by, -‘:_13; Do you q-
§ = yt+laf ) .
LA E Ancher
ar s = %atz

MNumarical Faetors like 1/2 hava no dimansions, so thay
can ke ignored. By putting the dimensions of both sides
of the aquation:

Pallet

[$1= [a[t°]
Wiiting the symbols ofdimensions [L]= [LT “][T ]
E]l= LT 'zT 2] Escape wheit
or L= [
This shows that dimensions on both sides of equation

are the same, therefore, the equatlon Is dimenslonally

corect.

Derivation of a Formula Pandulum
. . . . . (regulating Jevice)

Dimensianality can be used to darive a possiblsformula

for a physical quantity by cormact eatimation of varieua The device which made the

factors on which the guantity depands. R GO CiG

Exampie 1.4 ||| Derive a formula for the centripetal force required tc keep an objact
maving along a circle with uniform speed. Assuming that centripetal force depends an
mass of the object, radlus of tha clrelerand uniform speed.

Solution| 1 Ag force dependsonmass m of the object, radius rof the circle and unifiorm
speed v, we canwrite:

H bhe
Famyvr
F = (constanm Ve e {i)

where the exponents (powers} a, b and ¢ are to be deteminad. By the principle of
homageneity, he dimensions on both sides of the equation should be the same. Since,
constanthas no dimension s0 by ignaring it, we write the above equation in terms of
dimenskons as,

{F] = [w"][V][F]
[MLT?] = [M]ILTTIUS Bewrare!
[MLT*] = [MFIILT'°[LF Caleulatore are deslgned 1
viaid a= many dighs as the
MLTY = [ML™T] o {ii} mermary of the cakulator chip
permits. Hence, be sure t3
Cnmparing the pOWErS of dimensians on both sides rouind nﬁ twa final answars of
of the above equatlon, we have @milations down o comect
numker of signifcant figures.

a=1
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b+oc =1
b =2
Solving the above equations, we have =1, b=2 £=-1
Futting the valuas of 2,b and ¢ inaquation (i}, we have
F=(constantymv’r’
or F={canstant) o ir
Tha numarical value of the constant cannot be detemmined b}' dimansichal EHEI}'H'S

However, it can be found by experiments. In the above eguation, numencﬂj value of the
constant happensto be "17, sothe equation reduces ta: {

F=mit
Limitations in Dimensional Analysis

Tha dimensional meilhod cannot identify where an equalion . is wrong. Even if an
equation is praved comect, we can anly say the equation mightbe correct, for the reason
that the method doas not provide a check on any numerical factor or constant. That can
only be daterminad by expariments or plotting some sultable graph between the
varables.

T cu=niens DN

'@ Multipie Chivice Questions B

Tick {+'} the carrect answer.
1.1 The purpose of study ard discovaries in Physics is:
{a} theprobingofinterstellar spaces
(b} thebettermentof mankind
{¢] thedewslopment of destructive technology Inwarfare
(d} developmentinasesthetics forthe word

1.2 Thelength of a steel pipe is in between 0.7 m to 0.8 m. Identify from 1he following, the
appropriate instrument to be used foran accuracy of 0.001 m.

(a}  Amicrometer screw gaugs (b} Ametrerule
(¢! Atenmetres measuringlape (d} AWVernierCallipers

1.3 Thediameterof a steel ballis measured using a L
‘e’BmlﬁrGa”marsahdﬂarﬂadlng |5$hm In tha |II I|IIII|IIII IIII|I |IIII|IIII|II I|IIII|IIII
figura. What is the diameter of the steel ball? 1 2 3 4 =m

{a} 1.30cm {b) 1.39cm
{c} 1.40cm {d) 1.31cm
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14- The figure shows the reading on a2 micromeler screw
gauge used o measure diameter of a thin rod. One
complste turn of the thimble is 0.50 mm and there are
50 lines on the circular scale. The diameter of the rod is:

(a} 3.67¥mm {b} 3.17 mm (¢} 4.17mm (dy 420mm
1.5 Thanumberof significant figures of a measurement are definad as:

(a} iheyreflect the accuracy of the cbeervation in a measurement

(b} 1hayare thafigures which are reascnably raliabla

() they are the accuratsly known digits and the first doubtful digit nf a

megsurement

(d} alloftheabove

1.6 The number of significant figures in the measured mass 2500, Gkg is:

() two (b} three (&) four ' (@) five
1.7 Thesum 12 kg +2.02 kg + 5.1 kg according to appropristé predision is:
{a} 19kg (e) 19.0kg (c) 1_5!.1_#-; (dy 19.12kg
1.8 Theanswerto appropriate precision for the sUibtraction {1.126-0.87268)is:
{a} Q.15 {b} 0.153 {cy 0.1533 (d) 0.15332
1.9 Thea anawar of the product (2. 3?23):1 '8) o the appropriate number of significant
figures is:
{a} 4.59568 (b} 4.585 {c} 4.59 dy 4.8

1.10 The answer to the mathemtmal division {452 = 6.0} in appropriale numbar of
significant figures is:
fa} 7.5 _{b}_.' 7.53 {c} 7.533 (dy 7.5333

1.11 The answer to therfallowing mathematical oparation 24 4 mx 100 m/5.0 mto the
epprepriste number of significant figures is:

(a) 4880m (t) 4900m (c) 488x10°m () 4.9x16"°m
1.12 The ratig.aftha dimensicns of forco and enargy is:
(@ T by T = L @ L

1.13 ldentify which pair from the following does not have identical dimensions.
{a} Workand torque
(b} Angular momentum and Planck's constant
(¢} Momentofinertaand momeant of forca
{d} Impulseand momentum

1.14 The following figures ara of the same
Vernier Callipers. Figure (1) shows the w %ﬁu

reading when the jaws are closed while
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Fig. {2) shows the reading when a sclid cylinder is placed batween the jaws. The
length ofthe cylinderis:
fa) 3.26cm ib) 3.30em {cy 3A3dem {d] 4.20cm
1.15 Thelgastcount of aninstrument detorminegs:
(a) precisicncf a measurement
(k) accuracyof 2 measuremant
{c] fractional uncertainty of 2 measurement
{d) percentage uncertainty of a measurement

1.16 A measuring tapa has bean graduated with a minimum scale divisionof 0.2 em,
Tha allowed reading using thls taps may be:

() 805cm (b) BO06em fe) BD.85em (d). 807 cm

Short Answer Questions o,

1.1 Whatare base units and derived units? Give same examples of both these units.
1.2 How many significantfigures should be retained inthe following?
(' Multiplying or dividing several numbers (i) Adding or subtracting numbers
1.2 Howisthe Vemier scale related to the main scale of a Vemnier Callipers?
Whatis meantby L.C. of the Vernier Callipers?
1.4 VWrile the following numbers in scientific notaticon:
a) 1437 {b) 206.4x10°
1.5 Wrile the following numbers using correct prefixes:
(a) s8Ox10’g (b)) O46x10°s
1.6 Kinetic enargy of a bady of mass m maving with speed vis given by 1/2 mv’. What
are the dimensions of kineticenergy?
1.7 How many significantfigurea are there in the following measurements?
(i} 3Tkm -~ (i) 0.002853m (i} 7.50034em  {iv) 2000m
1.8 Wrila the dimensicns of: (i) Planck's constant (i} angularvelocity

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

1.2 Three students meaaured the length of a rod with a scale on which minimum
divislonls 1 mmand recordad as: {1) 0.4235 m {113 0.42 m (1133424 m. Which record
is cormact and whiy?

1.3 Whyisthe kilograrn (notthe gram), the base unit of mass.
1.4 Considerthe equation; P=Q+R
If Gand R both hava tha dimenslons of [WMLT), what are the dimenslons of £ ? What
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1.8

1.8

1.7

1.8

1.8

are the units of Pin 517 If the dimensions of & wers differant from those of R, sould
wedatammina dimenslons of P?

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

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

How would be the readings differ if the screw gauge is used lnstead of a Vemier
Callipars to maasura tha thickness of aglass plata? o 1 77 Wt a

Main ZEoak | o
Wrile the correct reading of the length of a sclid '
cylinder as shown in the figure if thers is an emror
of +0.02 cm in the Vemier Callipers. S
There ara 50 divisions on the circular scale of a screw gauge. H the head (thimble)
of the screw is given 10 revolufions, then the spindle advances by § mm. There is
also zers error as tha 2nd division of tha gircular scala
coincides with the datumn line and zero of circularscale is
below the datum line. What is the thickness of.a glass slab
as measured by the described screw gauge shown in tha
figure?

1.10 What is meant by a dimansionless quantity? Giveone example.
1.11 Astudent uses a screw gauge todeterming

tha thicknass of a shest of paper. Tha
student folds the paper-three timea and O
measures the tolal thickness of the folded e
sheet, Assume that there is no zero emor in

the screw goauge. The reeding of screw

gauga is shown in the figura. Find tha < ;
thickness ofthe sheat.

1.12 Round.off -each of the followlng numbars to 3 significant figures and wrile your

1.1

1.2

1.3

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

Comyg Br rehensive Questions
What is meant h_‘,l' Unc&nﬂlnw in a maasuramsnt? How the Uncaftﬁinw ina dlgltﬂ|

instrument is indicaled?

Differantate betwaen the tarms preclslon and accuracy with reference to
measurement of physical quantitiza.

{a) What iz meant by significart figuras? Write bwo reasons for using them in
measursrments. How to find the uncertainty in a timing experiment such ss the
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1.1

1.2

1.2

1.4

1.5

1.6

1.7
1.8
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time pericd of a simple pendulum?

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

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

its two benefits.

Check the homogeneity of the relation:

i JT_H‘-’
m
whera vis the spasd of fransverse wave on a stretched string oftension T, length £

and mass m.

NMumerical Prablems Al

Astronomers usually meas ure astronomical distances inlight years. Ona light year
is the distance that light fravels in one year If speed oflightis 3x 10° m s, what is
ona light year In metres? (Ane: 9.5x10" mj}
Wrile the estimated answer of the following.in standard form.

(a) Howmanyseconds aretherein 1 year?

{b) Howmanyyearsarein 1 second?

{Ans: (8)3.2x 10" s () 3.1x 10" years)

The langth and width of 2 rectangular p/ata are measured ko be 18.3 cm and
14 .60 om, respectively. Find the area of the plate and state the answer to correct

number of significant figures. {An=: 267 cm®)
Findthe sumofthe masses given in kg up to approprats precision:
(il 3197 (i) 0,088 (il 139 (iv)3.28 {Ans: 204 kg)

The diametar ang length of 8 metal gvlinder maasured with the help of a Vomior
Callipers of least count 0.01 crmare 1.22 em and 5,35 em respectively. Calculate its
volume and uncertainty in it. fAns: 6.2+ 0.1em®)

Show-that the expression; v’ — v* = 2a% is dimensienally corect, where v, is the
initial valocity, #is the accaleration and v.is the velecity after covering a distanca 8.
Show that the famous “Einstein equation” E = md® is dimensionally consistent.
Derive a formula Tor the time period of a simple pendulum using dimensignal
anhalysis. Tha vanous passibla fastors oh which e time period Tmay dapand ars:
(i) lengthofthe pendulum ¢

{ij massofthebobm

(iii} angledwhich the thread makes with the vertical

{iv) acceleration due to grevity g. {Ans: T =constant »JE )
L)
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Affer studying this chapter, the students will be able to:

Differentiale between scalar end vedior quantities

Raprasent avector in 2-0 88 wo perpendicular componants.

Dagcribe the product of two wastors (dol and cross-product) aleng with thalrpropaﬂles

Darive the aquations of motion [Far uniformn accelaratdon cases only. Dam&ﬁ‘om tha definitdans of
velncity and accalaration as well as graphizally]

Solve problame Leing the aquatone of motion [For the casae of unllum“ry aoealara'r.ad metion na
shraight ine, including tha meten of bedies faling in a unifom gravitational field without sir
resigtance. This algo Includes siuations when the equaﬂr.ms of mattlnn naed i be rogolvad Intg
wertical and horzomtal components for 2D moton]

Evaluate and analyse projectlle melion Inthe absanca uf_slr rgsimnoa

[This Includes eolving problema making usa of the balowfaots:

{il Horzontel componentfV, Jofvelociy i constant. -

i} Accalaration isinthavarical dirsclion andja'lh's"saﬁla as that of a varlically fras fal ling objac.
My The heerlzontal modon and varlleal motlpnare Independant of aach other. Sluatons may
req uire students bo determine I’t:!r'|::rt:y|3:;’ult':sth #

- Hew high doss bt ga? :

- How far would iLgo alonig e leve| Iar‘ld'?

- Wherewould itbe after s glventime?

- Howlang will it remain in fight?,

Situations may alss raquirs _s_'_wgaﬁtsto caleulata for a projactile launched fromgraund Reight the

- launchandgle that I'a@..lkhﬂn tha masdmum range.

-  relation betweenthe launch angles that result inthe same range |

Pradict qual'rtat'n.ralg_f"‘u':i'w'a'r rasistance affacts projechile motion. [This indudes anzlysis of both the
horizontal mmpuneﬁf and vertical component of velocity and hence predicting qualitatively the
range ofthe prma&’r.lle]

Apply tha phrrdpla of consanation of momenium ko solve smpla problems [Including akastic and
|nelastmnlemﬂl:|ns between cbjects in both one and twodimensions.

Knmnlaﬂgaofmamnmpt of coefliclant of mstitubon l& not required .

Examples of epplications include:

- karets chope b bregka plle of bricks

-  carcrashes

- ball &bat

- Thee modion uncler thriest of a roclket Inoa stralgh lins conslderng shor thruste during which the
masg remaing congtant]

Pradict and analysa motlon far elaste colllsions [This Includes making usa of the fact that for an
alastic colizion, total kinetic anargy is conzarved and the relative spaed of approach is squal ta the
relative speed of separation]

Justify how the momentum of 2 closed system s always consaned, some changa n kinedlc ansrgy
may taka placa,
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BASIC CONCEPT OF SCALARS AND VECTORS

Scalars and vactars are hasic concepta in physics. Many problems in physics requirato
distinguish between scalar and vector quantities to apply the comect mathemeatical and
conceptual approaches. Understanding scalars and vestors help us 1o grasp how
Physics apglizs to real-wordd situstions, such as calculating the total distance ravelled
{scalar) or determining the magnitude ang direction of force (vector). Leamning these
cohcepts develops critical think/ng and problem-solving skllls. This chapter Is primarl iy
cancemed with vector algebra and its application in uniform accelerated metion, in a
smraight line, motion of frealy falling bodies in unifarm gravitational fiald, projectile
motion, and interaction batwsan cbjscts in one and two dimensions.

21 SCALARS

Scalars are physical quantities that are described solely by a-magnitude (size or
amount) without any meantion of direction. Thus, scalars are directionless and can be
fully charactenzed bya single number and Its assoclatedunit.

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

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

Spead: The rate at which an cbject covere distanse. For axample, 40 km b,

Time: Tha duration betwasn bwo svants Laking place. Foraxample, 20s.

Enargy: The capacity to dowark. Forexample, 25.).

Tamperaturs: Amsasure of tha average kinglic enargy of particles in a substance. For
axample, 20°C.

2.2 VECTORS

Those physical’ guantities which require magnitude as well as direction for their
camplete specification are known as veclors.

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

Valoelty: The speed of an object in a particular direction (a.9., 50 km h” towards
west),

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

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

A good weay to represent a vector quantity is to use a vector diagram, in which vectors
ara often rapresented by arrows. Tha length of the arrows Indicates the magnifuds and
the haad of the amow shows the diection of the vector. Vectors ara typically denoted by
bold face letters {e.g; ¥, F) or an amow above symbol (K}_

Rectangular Components of a Vector

A component of a vector is its effective valus in a given direction. A vector may be
considered as the resultant of its component vectors along the specified directions. It is
ususlly convenient to resclva a vectar into its components alang the-mutually
perpendiculardirections. Such components are called rectangular components.

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

A=A +A, ... {20} Fig. 2.1

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

x

AsAcoal. ..t nnf2.2)
And the magnitude of A, or y-component of A is:
ACASNEEYD e (2.3

Determination.of a Vector from its Rectangular Componenis

If the ractangular companents of a vactor as shown In Flg.(2.1) are given, we can fing
out the magnitude of the vector by using Pythagorean Thecram.

Intherightangle ACMP
{OPY =(OM)" + (MFY’
or A AT e (2.4}
or A= JAC + A°
The diraction 6 is given by tang = %:%
or 6= tan'( A”} ................. {2.5)
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Exampila 2.1 Find the angle between two forces of equal magnitude when the
magnitude of their resullant is also equal to the magnitude of either of these forces.
Solution Let & be the angls ketwean two forcas £, and £, , where F, is along the
X-axis, Then x-companentof their resultant will ke:
R, =F cos0° +F,co8 0
R=F+Fcosd

And y-component of their resultant is E %
R,=F sin0*+F,3n0
R, =F sing F, o
Theresullant R isgivenby  R*= R, +R!
&5 R=FfR=F=F
Hence F? = (F+Foos@f + (Fsing)

F* = F* +F cos’0+2F Gos 0+ Fosin'g

or ¢ = 2Fcosh+F* fcos® 0+ sin'e)

or 0 = 2F cose+F 0=F" (2cos0+ 1)
Az F=0Q, s0 Zoosd+1=0

or cost =-05

or f = cos'(-0.5) = 120°

2.3 PRODUCT OF TWOVECTORS

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

If the productof bao vactors resulte In a scalar quantity, Itls
called scalar product while if the product of two vectors
rasultsin a vector quantity, it is called vacior product.

Scalaror Dot Product

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

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

the angle between them.

|

|
For physical interpratation of dot product of two vaectors A and :
B, these are first brought to a commen origin (Fig.2.2-a) then, ] '.
AB =Alprojection of Bon A) . = :
or Fig. 22 {n)
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A, B = A{magnitude of component of B in the-direction of A ), Fig.2. 2(b) 2
=A{BoosB) -ABcosd

Similarky B.A= BlAcos0)=EAcos B

This type of produet whan we consider the work done by

a foree F whose pointofapplieation moves adistance din

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

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

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

1. SBince A.B=AE cosfl and B.A = BA cos 8 =AB coa b, hence, A.E = B.A. The order of
multiplication Ig Irrelevant. In olharwords, Ecalar product Is commutative.

2. Theacalar product of two mutually parpendicular vectors (6= 90" is zero.
AB=ABcos00"=0

3. Tha scalar produci of twe parallal vectars is adqual ta the product of thairmagnitudes.
Thus, for parallal vectors (6= 07).

AB=ABcos("=AB
For antiparallel vactors (8.=180° )
A.B=ABcog180°=-A8
4. Theself product of avector Ais equal to square of its magnitude.
AA=AAcos("=A"
5. Scalarproductoftwo vectars A and Bin terms of their rectangular componeanis

AB=ABAABAAL, .o (27)

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

AB, +AB, +4,5,

4 oo (2.8)

Therefore cOs0=
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Yectoror Cross Product
The vector product of two vectors A and B, is a vector which is defined as:
AXB=ABSINOR ....oooevvirrae (2.9}

where fi is a unit vector perpendicular to the plane
containing A and B as shown in Fig. 2.4 {a}. lts direction
can be determined by right hand rule. For that purpose,
place together the tail of vectors A and B to define the
plane of vectors A and B. The direction of the product
vactor is parpendicular to this plane. Rotate the First
vactor A into B through the smaller of the twa possible
angles and cud the fingers of the right hand in the Fig- 244
direction of rofation, keeping the thumb eract. The direction of the product vector will be
along the erectthumb, as shown in the Fig 2.4 {b). Because ofthis direction rule, BxA s
avectoroppositen elgnto Ax B {Flg. 2.4-c). Hence,

AxB=-BxA

Flg. 2.4{8) Fig. 24{c) Fig. 2.4{d)
Characteristics of Cross Product
1. Sincg'Ax B is not tha same as B x A, ths cross product is nen commutative. so,
AxB = BxA
2. Thacross productof two parpendicular vectors (6 = 80°) has maximum magnitude.
AxB=AB ging(*n =ABnN

3. The cross product of bwo parallel oranti-parallel vectors is a null vector, because for
such vactore 8=0"cr 180°. Henca,

AXB=ABsnD°f =0 or AxB=ABsin180"A =0
As a consequence AXA=0(0 = 0%
4. Themagnitude of Ax B is equal to the area of tha parallelogram formed with A and B
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as two adjacent sides (Fig.2.4-d}.
Examples of Vector Product
I.  Whenaforce F is applied on a rigid body at & point whose position vectar is r from
any peint on tha axis about which the body rotates, then the tuming affect of the
force called the torque < is given by thevecter product ofrand F.
t=rxF
il. Thefarce F ona paricla of charge ¢ and velocity v in amagnatic field of strangth B is
given by vector productof vand B.
F=q{(vxB)

24 EQUATIONS OF MOTIONS

Equalions of maton can be used ta dascriba the motion of an ahjectin terms of its thrae
kinematic variables: velocity v, posilion $ and time L. There ars three ways 1o pair these
variables up: velocity-time, pesition-time and velocity-positien. In this order, they are
called first equation of motion, second equaton of mation and third eguation of motion,
respectively.

These equations of molion can only be applied Lo those objects, which are moving in a
straight linawith constantaccalsration,

Derivation of First EquationofMotion

Suppoee a bedy s moving with untform acceleraton along a stralght line with an Inktlal
velocity v, . Suppose its velocily changes from initial value v, (o a final value v, in time
interval £ Then the acceleration produced in the body during this time interval is given as:

E_m_w
; ¢ B
Rearranging, we can write
v-w = aft
visvtal...... (2.11)

This is the first equation of motion. [t comelates the final velocity attainsd by a body with
initial velacity 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 object moving
with Inlal velacity v final velocity v.and constant acceleration a.

Let the velocity of a body at pointAbs v,which changes to v. a1 point B in time interval tas
shown in Fig.2 5. A pempendicular BD iz drawn from point B to x-axis and another
parpandicular BE from B on y-axis, such that




S Physics 1) | 4\‘3:: < Chepter] 2 Force and Motion [
QA= v = Initial velocity of the body
0OE = DB = v =Final velocity of the hody
Fromthe gragh, it can observed thet;

P unianty — 3 M

DE=DC+CBE
DE=0A+CB (As OA = DC)
= e — D
Therefore v = CBHv....... {2.12) Flg. 2.5: Velozity-Time Graph

Tha valus of GB in the abova squation can ha datarminad by teking tha slopa of line AB,
whichis aqual to acceleration a.

CB
a= —
Al
A3 AC=
50 &= E
t
or BG=at ... (213

CombiningEgs. {2.12)and (2.13), wehava
v,= v +al

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

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

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

2
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28=2vit+a?

Thisls the sacond equation of matlon.
Derivation of Second Equation of Motion by Graphical Method

Becond aquation of molion can ba derved using valocity-time
graph for a body moving with Initial veloclty v, which attalnz a i
final value v, in time interval { While moving with constant
accelsration a, it covers a displacement Sintima i ¥

It can be seen from the graph that distance fravelled by the &
bodyis, S=vxl a T —% D

Also S =Araa oftha figura OABD Fig. 2:8: Velocity-Time Graph
5 = {Area of the rectangle CACD} + (Area of the triangle ABC)
S = (OAx OD)+ % (AC x BC)

As QA= vand OD=AC = So, the above equalion becomeas:

5= u',xt+%(f X BE)
Here BC = at {From graphical representaticn of first equation of motlen). By putting this
valuein the above equation, we have

8= vi+ %[f x at}

1 =
S=vi+—al
T

Thigis the sacond aquaﬁnn of mation.
Derivation of third equation of motion

Consider a body moving along a straight line with an initial velocity v, which attains a final
value v, in fime. Lat tha displacemant of the body be S during this time intarval. Than,
we canwrite:

Dispisicanent 2 l Initial velomly;— Final velo::llyj «Time
g8 = @x!
285 = Mt KRt {2.15)
Lsing the first equalion of motion:
v.=wtal
ar e M-
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Putting the value of tin Eq. (2.15)
25 =(v, +v)(
2a8 — v _ v
Thisis thethird equation of motion.
Derivatlon of third Equation of Motlon by Graphlcal method

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

-4
]

)

g= % (Bum of parallel sidas) x Haight

8= %{om BD) x00

Since DA=v,, BD=v, and DD=t
Tha above equalion becomes; 1E\
5= %{V,fl‘}}x[‘ g
Fromfirst equation of motion, i
v v T —2 u]
Tiiss st ; : Flg. 2.7: Vieloainy-Tirme Graph

Putting ¢ in ahove eguation
s = My ) -2

or S=%{v,+ -,.;)(“?;V:)

This iz the third equation of motion.

Tha aquations of motion are useful in solving the problems relating ta linsar motion with
uniform acceleration, when an cbject moves along & straight line. If its dirsction of
motion does not change, then all the vector quantities can be manipulated like scalars.
In such cases, initial valocity is taken as positive. A negative sign is assigned to
quantiies where direction is opposilte to that of inilial velocity. In the absence of air
resistance, all objects in free fall at the surface of the Earth, move towards the Earth
with & uniform accalsration. This accslarstion is known as acceleration due to gravity,
dencted by g and its average valug st the Earth surface is taken as 9.8 m 57 in the
dowrrward direction. The equation for uniformly sccelerated molion can also be applied
to free fall motion of the object by replacingaby g.
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Eramiple .2 || Acar travalling at 10 m ™' accelerates uniformally at 2 m s°. Galkeulate
itswelocity afters s,
Solutian v,=T¢ms’
a=2mg’
{=&3
V=7
Laing first equation of motion, we can write
V.= v, taf
v=10ms'+2ms®x5s
v,=10ms"+10me"
v,=20msg”
Emampla 2.2 [ A car travels with initial velocity of 15 m-s . It accslerates at a rate of
2 ms” for4 seconds. Find the displacement of the car,

v=15meg"
a=2ms”
t=4s
Displacement S=7
By using 2nd equation of motign

1
& =yt +—gtt
L 25'

Putting the values

S={15ms'xde)+ %(2 ms2){4 sf’

S=7Em
Emampl= 2.2 | In @& 3hort distence race, a contestant in a car starts from rest and
reaches the velocity of 300 km i, after covering a distance of (.45 km at a constant
accelsration. Find this constant acceleration.

Jolution Initial velocity = v =
Final velogity = v;= 200 km b

300=1000 ms-!
60 <60

V. =
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=8333ms"

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

vi -y =2a5

(BA33mE"Y — (0 =Z2xa=450 m

- 594388 s?
SO0 m
a=772 mg?

2.5 MOTION UNDER GRAVITY

A body falling freely under the action of gravity Is the moset famlllar exampla of uniformly
accelerated rectilinear motion. According to Gallic;, e/l bodies fall fresly {in vacuum)
undarthe acosleration due to gravity, denotad by 77" Hs experdmental value is 9.8 ms=in
Sl unlts. This means that different bodles, when allowed to fall from tha same helght,
sirike the ground with the same velocity. As regards the sign of g, il is faken positive fora
falllng bedy (when nltal valochty Is 2ero) and nagative for a body projacted vertleally
upward (whan initial velocity is not zero).

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

v, =V, + gl

1
S=h= vi+—gt
. 29
v,.—¥ = 2gh

Examplie 2.5 M An iron ball of mass 1 kg is dropped from & towar. The ball reaches the
ground ind.34 5. Find: {a) the velocity of the ball on striking the ground, (b} the height of
the tower.

Solution Since the ball is falling under the action of gravity, we shall putt 2 = g in
aquations of motian.
Mass of the ball m=1kg
Time taken to reach ground £= 3.34 s
Initial walocity v.=10
Final velocity ="

Accelration a=g=3%38ms’



{a) Using Frat equation of motion:

v,=v,tgt

v, =0+ {9.8ms’)(3.34 5)
v,=327mg’

by  Using third equation of motion:
Il"'r:_ Vlz = EQ‘h
{(32./ms'¥—{0Ff=2x9.8ms'x £

5 = 1069.20 m' 8
196ms”

h=5456m

26 PROJECTILEMOTION

Ul new we have baah studying the motion of a particlealohg a straight ine .2, mation
in one dimension. Now we consider the motion of & ball, when il is thrown horizontally
from certain height. It is cbserved that the ball fravels forward as well as falls downward,
until it strikes somathing such as ground. Supposa that the ball leaves tha hand of the
thrower at point A{Fig 2.8-a) snd that its velocity atthat instant is completely

herizontel. Lel this velocity be v, According to Newton's
first law of motion, there will be ng acceleration in
heorizontal dirgction, unless a herizontally directed force
acts on thie ball. Ignering the air friction, only foroe
acting on the ball during flight is the forcs of gravity.
There is no horizontal force acting on it. So, its
horzontal velocity will ramain unchanged and will ba v,
until the ball hits-tha ground. Tha horizontal motion of
ball is simple. The'ball moves with constant horizental
velocity component. Hence, horizontal distance x ia
given by

R e e {2.17)

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

1
= fz
¥ 29

Flg. 2.%{a)

B

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

Projectila motian iz two dimensional motion
under constant acceleration due to gravity.

In such cases, the motion of a projectile can be studiad easily by resclving it into
horizontal and vertical componants which ere independent of each ather. Suppose that
a projectlle |s fired In a direction angle 8 with the herlzontal by valachty v, 'as-shown In
Fig.2 8(b). Lel components of velocity v, elong the horizontal and vertical directicns be
v,cosfl and v sinf, respectively. The horizantal acceleration is a, = 0 because we have
neglected alr reslstance and no other faree 15 acting along this dirsetion, whereas the
vertical acceleration is &, = g. Hence, the horizontal compongntv, remains censtantand
atanytime 1, wa have

g information | N

?* Intaract

V, SV, =HCO0S0.................. (218}

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

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

v, = wsinB—gl o~ {2.19)

The magnitude of velocity at anyinstant is:

vE B, e (2.20)
A photograph of two bele releasad

The angle+qwhich this resyltant velocity makes withthe  simuimneousty from a mechanizm that
alkrws one bal 1o drp frealy while Ine

horizontal ¢an be found from s e B e
v tima the two belle are &l Iha Eame level,
tang = s 221 i, lheir vertical displacements ane

L al

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

Height of the Projectile

In ordar to detarmine tha maximum helght the projactile attains, wa use the equation of
miotion:



s
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2a8=vi—vf

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

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

The height of projectile will be reduced in presence of air resistance. In the presence of
airresistance, the upward velocity of the projectile will decrease and heneeits height will
alsodacreasa during tims 1.

Time of Flight

The time taken by body to covar the distance from tha place ofits prajacton 10 the place
whera it hits the ground is called the time of light.

This can be obtained by taking S = h = ), because body goes up and comes back to the
sama laval, thus coverdng no verieal distance. If the body I projocting with velacity v,
making angle & with the horizontal, then its vartical component will ba v, sing. Hence, the
equation of motion is:

5= vt+ %g!‘E
0=y Ein&t—%gfz
e il S (2.23)

where i i5 the time offlight of the projectile when it is prejected from lthe ground.
Range of the-projectile

Maximum distance which a projectile covers in the horizental direction is called the
rangs ofifnleiecilia. ‘-{‘" Do you know? "pfr.
Te detemmine the range R of the projectile, we multiply the =
harizontal component of the velacity of projection with
total ime taken by tha body to hitthe ground after leaving
the point of projection. Thus,

R=vy x!
H For an angle lesg than 46°, the
or R= M helght raachad by the projsctls and
a thamange both will ba less. Whentha
e anghe af prajectile iv lengar than 45°,
or R=21_2zinfcosd the hetght attalred vl be more
g tharange s againless.




As 2 sin 9 cosé) =sin 20, thus, the range of the projectile depends upon the velnclty af
projection and the angle of projactian.

2
Tharafara R= —';ir— sin 28 (2.24)

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

2G=gin'{1} or 20=90° or @#=45°
Air resistance will slow down projectile forward motion, reducing its velocity v, The
reduction in v.will reaultin a decrease in the range of projectile.

Furtharmore, air resistance is nol constart throughout the flight of tha object. As the
objact slows down, the air resistance experionced by it also decreases, This means that
the cbiect retards more slowly and accelerates more slowdy as it falls down. This results
In a trajectary that Is not parfactly parabellc but Ie skawsod, with steaper dascant than
ascant.

Exampls 2.6 A ball Is thrown with a speed of 30.m &” In a direction 30° abova the
horizon_ Determing the height towhich it rises, the time of flight and the horizontal range.
-‘..'-':;:"5'=.'r=': ||'"|Itlﬂ||1|l’

v.=vcosd=30ms’ xcosd = 2598 ms’
v, = v, 5ink =30ms' %503 =15ms’
Ag the time of flight, is

t = 2¥igna [@ #or your information
i Ideal Falh
= —2;:?“2: = (0.5) 7 ”“*-1\
' Actyal Path
5 2x15my = \
vEsnth I the pregance cf air fricion the
Height h= 2 S frajectory of a higs speed projectlls
29’ falks ghart of & pamabelic path.
o po (B0mMS'POEY
196 ms®
h= 11&m
w? v
Range R= -Lsin2fF = _gingo°
g g g
" qo (30m &'y x 0.866

9.8ms*t
= 78.83m
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27 MOMENTUM

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

P=MY¥ i d2.23)

In this axpression, v is the velacity of the mass . Linear momentum s, therefore, a
vector quantity and has the direction of velocity. The Sl unit of momentum i2 kilogram
metre persecond (kg ms ). ltcan also be expressed as newton second (M s).
Momentum and Newton's Second Law of Motion

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

this force is given by _——  Foint to ponder
3= | | =
¢

By Newlon's second law, the acceleration isgiverias:

a= b

m =

Equating the two expressions of accelerstion, we heve g

F_ %-Y% |

™ { % _
ar Fxi=mv,—mv _.... [2.26)

where mv, is the initial momentum and v, is the final L 1 weona

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

The equation {2.26) shows that change in momentum is
equal to the product of force and the tima for which fores is
applied. Thisform ofthe second law is more gencral than the fn’f“ufs:?m‘”ﬂ abject experience
form F = ma, because it can easily be exdended to account for g
changes as the body accelarates when its mass also .,ﬁ Do you kn ﬂﬁ,—ﬁa
changes. For example, as a rockel accelerabes, it loses mass "
becauseits fuel is bumt and gjected to provide greater thrust Tour, ot r ek 1he 8 STumpe
* 2ona on your ekull. A force of
From Eq_ {2_25) 5 Nmight be enough to fracture
F = MYy — My yaurnaked akull (eranium}, but
f with a coverng of =kin and halr,
Thus, sacond law of motion can also be statad In terme of & force of 5N would ba
momanturn as: £l

Palnt to pandart
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Tima raie of changs of momantum of 8 Body ia equal to the applied forca.

Impulse

Somglimes we wish to apply the concept of momentum to cases whera the applisd force
is ot constant, it acts for very short time. For example, when a bat hits a cricket ball, the
force certainly varies from instant to instant during the collision. In such cases, il is more
convenlent to daal with tha product of foree and ime (F i &) Instead of slther quantity
alone. The product of average force F that acts during time tis called impulse given by

Impulss= Fxt=mv, -mvy .............. {2.27)

Example 2.7 || A 1500 kg car has its velocity reduced from 20 ms ta15ms'in 3.0s.
Howlargs was the avaraga retarding forca?

Soiution Usingthe Eq. (2.27}
Fxi = mv,— v,
Fx3.0Ds= 1500kgx15ms' —1500kgx 20 ma’
or F =—2500kg ms®
=—2500M= —2.5kN

Tha negative sign indicates that the forca isretarding one.

Law of Conservation of Momentum

Let us consider an isclated system. Itis a system —_»
cnwhich no external agency exerts any force. For O @
example, the molecules of a gas enclesed in a

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

agency can exerta foree on them. @

Consider an isclated system of twe smooih hard re— —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

collide and after collision, ball of mass m, moves g
with veslocity i vand m, moves with velocity v in —

the samea diraction as shown In Fg. {2.9). |O |Q
To find the change inmomentum of mass nr,, m,

Using Eq. (2.27}as: Fig. 239
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F xt=my - mYy, Do you kmow?
Similarly, for the ball of mass m,, wa have

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

{(F+F )t = (mv, — my)+ (- mv)
Since the action force F is equal and opposite to the

reactlon force FY,wa have F'=—F, or F+F'=Dsoths
left hand side of the equation is zero. Hence, When a moving car.stops quickdy,

= ihe passengers move forward
0= (myi—my, )+ (M- MoVe) fowants T Wrdehibld, Sastbalts

Incther words, change in momentum of 15t ball + change &henge the-farces of motion and

: 3 prevant:the passangars from
in momentum ofthe 2™ ball is zero. moving. Thus, the chance of injury

or (mw+tmv}s{mvi+tm) (2.28) & gretlyreduced

Which means that total initial momentum of the system before collision is equal 1o the
total final momenturn of the systern after collision. Censeguently, the total change in
momenturn of tha isolatad two ball systam is zero.

For such e group of objects, if one object within.the group experiences g foroe, there
must exist an equal but eppoesite reactionforce on cther cbject in the same group. As a
result, the change in momentum of the group of objects as a whole is always zero. This
can be axpressed in the forrm of law of conservation of momentum, which states that

Tha total linear momeantum of an isolated system remains constant.

Inapplying the conservation law, wa must notica thatthe momentum of & body is a vactor
qQuantity.

Example 2.8 || Twosphencal balls of 2.0 kg and 2.0 kg ﬁ Do you kriow? E

masses are movingtowards each cther with velocities of
80 m 5" and 4 m 57, respactively. What must be the
velocity of the smaller ball after callisian, if the velocity of
the bigger ballis 3.0 ms" 7

Sl tiars As both the balls are moving towards ona
ancther, so their velceities are of opposite sign. Lat us
suppose that the dirgcion of motion of 2 kg ball Is
positive and that of the 3 kg is negative.

The momentum of the system before collision is:

- 1 1 Amatocycle's safety helmet is
my, s, = 2kgxEms +3kgx{—4ms) padded 30 as ko extend the
= 12kgms"—12 kgms"=0 time of any collision ko prevent

sericus injury.
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Momentum of the system zfter collision = m,v, +m, ¥

=2kgxv+3 kgx(-3)ms’
From the law of conservation of momentum

Momentum of the system} 2 [Mumentum of the system}
before collision = L after collision

0 2kgxv — Skgms '
¥ = 45mg'

28 ELASTICAND INELASTIC COLLISIONS

When a tennis ball is dropped an the floer vertically, it may not rebound to'its initial height.
It is because, a porion of K.E. I5 lost, partly due to fricion as the malaculas in the ball
mova past one ancther when the ball distorts and partly due taits change into heat and
sound energies. Similar is the case when two tennis balls collide with certain velacities,
thairfinal kinefic ehargy may ba laas than the total initial kinetic ahargy.

A collision in which the K.E. of the systemn is nat
conserved, is called inelastic colligicn.

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

Far example, when a hard ball is dropped onto a marble floor, it rebounds to very neary
the inilial height. It Inses negligible amount of enargy in the collisicn with the ficor. lis to
ba noted that momentum and. total energy are consarvad in all types of collisions.
However, the K.E. i3 conserved-onlyifit is an elastic collizion.

Elastic Collisions.in One Dimension ;

Consider two smooth, nen-rotating balls of masses /1, and —

m, maving initialy with velocities v, and ¥, respedtively, in O Q

tha sama diraction. Thay collkde and aftar colllslon, they

move along the same straight line without rotation. Lst their ™ T

velosiies after the collision be ¥, and v', respectively, as Bsafors collsion

shown in Fig.(2.10).

We take the positive direction of the velocity and momentum —» -,
to the right. By applying the law of canservalion of Q Q
momenturn we have
m. m,
g + AL ) = (MW + LV Aftar colllzlon
MW=V = (W= V) (2.29) Fig. 2.10

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

wohave Emﬂqz +§mz""z = E”’W—n i Emzvi
or my w2 —vi) = myef - )
or My, v - b iy elw-w) (2.30)
Drividing Eq. (2.28} by (2.30)
(v vy 1=( +w ) {2.31)
or (v = ) =y - %)= -y -V}

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

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

casa ()
v o= s S W s [2.32) v, ¥,
m+m, m,+m, g g L
2m M, — m, O :
AT Ly 2 Ny 2.33
= mtm, | mtm il Bofors collision

v,

=Y
There are some cases of special interest, which are discussed below, = i
{i) When m,=m, O o
Fram Eg. {2.32) and (2.33), wefind that i m

After collision
{ a Flg. 2.11
vz .
and v, =¥ fas shown in Fig. 2.1} e

¥, =

L
{Ih When m,=m,andv,=0 O. O
nr, L

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

Eqs. (2.32) and (2.33) glve Botors colllsian

‘:u - ' ,"; = “'1 11"1=D 'H'zz v,
When m, =m, then ball of mass m, after collizicn will come to & O O
stop and rm, will take off with the veloeity that m, originally had, “ m:
as shown in Fig.(2.12). Thus whan a billiard ball m,, maoving on After colligign

Fig. 2.12
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a lable collides with exactly similar ball m, at rest, the ball

m, stops while m, bagins to movea with the zame velacity,

withwhich ra, was moving initially.

{fiii}y When a light body collides with a massive
body at rest

In this case initial velocity v, = 0 and m,>>m,. Underthese
conditions 7, can be neglected as compared to m,. From
Eq.(2.33)and (2.32), we have v] =-v,andw; =0,

The result is shown in Fig.(2.13]. This means that m, will
bounce back with tha same velaclty while m, will remaln
stationary. This factis used of by the squash plaver.

{iv) When a massive bady collides with light
statlionary body

Inthis case, m,>>m,and v,= 0, s0 m1, can be neglected in
Egs.(2.32) and (2.33). This gives ¥/ = v, and V', = 2v,.
Thus, after the collision, thers is practically ne changein
the velecity of massive body, but the lighter one bounces
off in the forward direction with approximatehytwica the
velogity of the incident body, as shown in Fig.{2.14).

eptet ¥ Force and Motion ™

crae ()
w v, =
O
, 3
Bafore collkskn

'JI--VI fl-u

° O
i

Adtar cellision
Fig. 2.13

casa (v}
> v, m i
D ©
m‘|
Betors calllslon

Vi =2y,
_’. 7

Q
e
"y

Fig. 2.14 After collizlon

29 INELASTIC COLLISIONIN ONE DIMENSION

Consider two bodias having massas m,
and m., moving with velocities v,.and v,,
along the same line such that-w, > v,. In
such s case m, iz regarded as projsctile
and m, as target. Afier time { both the
bodies make inelastic collision and stick
together. Let their combined mass
become m, + @y which maves with final
velocity vyafter collision.

i,

iy

Flg. 2.1%

S

Aftar callision

Before colllsion s

Since the collision is perfectly inslastic, the total momentum of balls is conserved. Lsing

law af consarvation of momantum.

Total momertum of systam bafers collision = Tolal momenium of the system after collision

iy + my, = (mtm

m, +

Which gives the common velocity of the body after inelastic collision.
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Ina epecial caze when the target m, i= atrest, v, = {0, tha above aquation bacomas:

i,
w= Mo,

m + m,
o
m+m,

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

Exampie 2.8 [ A 70 g ball collides with another ball of mass 140 g. Tha initizl valocity
ofthe first ball is 9 m s to the right while the second ball is at rest. If the callision were
perfecty elastic. What would be the velocity of the two balls after the collision?

[T P
DAL

m, =70yg v,=9ms’ v, =0

m,=140g v =% vwi=?
We know that;
; m. = m,
Y = 4
m.+m,
70 g-14049 Tl ’
—mgﬂdug}xgms ams
i*id = i v
2 m1+ mz 1
N 2x70 g a
{?Og-l-Mﬂg}xgms
= &ms'
210 ELASTIC COLLISION IN TWO DIMENSIONS
Gensidar the motion of two balls of mass m, v
and m, in a siraight line with velocitiez v, and . ’
respectively undergoing an elastic collision with each Sy e A ?
other as shownin Fig. 2.18 B, m\\@g x
Assume the bodies move off in different directions c"
after collision with velocities ', and ', making angles Fig. 2.16 ¥ w

0. and {0, reapectively with x- axis.
As, the collision is elastic, so we apply both the laws of conservation of mementum and
law of conservation of kinetic energy. Momentum is a vector quantity, we resolve it into
its rectangular components and apply the law of consarvation of momentum along both
axos.
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Momaentum conservation along x-axis is:
Momantum before collislon = momantum aftar colllslon
MM AFLY, =BV COSD, + MY COSB, . (2.35)
Momentum conservation along y-axis:
Momentum bafore eollislon = Momentum after collislon

0 =mv; 8ing,-my: 8nG, .............. (238}
Consaervation of Enargy
Klnatlc Energy befora calllsion = Kinetle Enargy after callizion
1 .. 1 1 1
ZM v omy; = Emyf + Em’w: .................. {2.37)

Thase equations (2.35to 2.37) ara useful in solving problems akaut slastic collisions in
twodimensions.

2.11 INELASTIC COLLISION IN TWO DIMENSIONS
Tha macroscopic collisions ars ganerally inelasticand do not conserva Kinetic anergy.

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

Lat us taks twa balls having masses m, and v,
m. moving with velocities, v, and v,

respectively, in a two-dimensional. xy- m,
plana. Assuma that the first bodyis'moving — > X
along the x-axis while the second body

rmoves In a direction, making an angle © b
with x-axis. Both the bodizs collide at the

orkyin as shown Inthe figure 2.17. Fig. 217
Aftar colllslon, badles stick togather, having comblned mass M =m, + m,, which moves
with velocity v, making an angle d with x-axis.

Momeantum In tha X-direction:

my + Ly, cos8 s My cosd {2 38)
Momentum In the y-direction:
0 + myw, sind = My, sing v {2.39)
Equation 2.38 and 2.3% can be used to find the final velocity.

Kinetic Energy

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

=1 1
(K.E), = Qm,vf % szv;" ............. {2.40

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

Final Kinetic Energy
The totel final kinetic energy K. E, afterthe collision {(when the objects stick tegether) is:

(KE), = % M e {2.47)

where vis magnitude of thefinal velocitywhich san be calculated from Eqg. (2.41).
Energy Loss in the Collision
Since ihe collision is inelastic, there is a loss in kinetic energy, represented by AKE.

AK.E. = (KE),- (KE),

Thig lost kinetic ensrgy is transformed into other fonms of energy, such as heat, sound, or
in deformation.

Some examples of an Inelastic collision:

(i}

(i)

(iii)

When a karate chop breaks a pile of bricks, it's an example of an inelastic collision.
Inthis type of collision, the objectsinvolved don'thounce back after impact. Instead,
somae of tha anergy from the strke is absorbad by tha bricks, converting into heat,
sourd, and the force neaded to break tham, This means the energy goss into
breaking the bricks rather than causing the hand to rebound. If the Karate chop ig
rat perfectly vertical and invalves some horizontal maotion, the momenturn transfer
ang the resulting forces will have both horizontal and vertical components:.

In @ car.crash, the collision is an inelastic nature. Y¥hen the vehicles collide and
absorb the Impact enargy, causing tham to crumple and deform. This energy
ahsomtion slows down the cars, stopping them from bouncing back. Most of the
kinetic enargy is lost, turning into heat, sound, and damage to the vehicles.

Inrsalwodd gollisions, & ball and bat show an inglaslic behaviour. Whean the bat hits
tha ball, seme of tha kinstic snergy is lost bacausa the ball deforms, and energy is
aleo converted into heat and sound. Even though the bat is rigid, it dees not transfer
energy perfectly and absorbs some energy itself. The ball compresses upon
impact, which leads to further energy loss. Consequently, not all of the iniial kinetic
gnergyis consanved, making the collision overall aninelastic.
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2.12 ROCKET PROPULSION

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

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

When cne recket has done its job, it is discarded leaving
cthars ta carry the apace craft-further up at evar greater
speed.

It i is the mass of the gases ejected per second with
velocity v relative to therrocket, the change in mormertum
per second of the-gjecting gases is nne. This equals the
thrust produced by tha angine on the body of the rocker.
8o, theacceleration 'a’ of the racket is

where M is the mass of the rocket. When the fuel in the
rocket |s burmed and ejected, the mass A of rocket
decreasas and hencetha acceleration increasea.

Tual
{liquid
o trydrogen)
Bquid
oypen

combusticn
crember

Fig. 2.18

Fuel and oxygen mix in the
combuation chambear. Hot
geses exhaust tha chambar
at & wary high valoelly. The
gain In momentur of the
gasas equals the gain in
momentum of the rocket.
The gas and rocket push
against each other and
mave in opposite directions.

- <hepter] @ Force and Motion [~
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QUESTIONS _
[@ Multipie Choice Questions [

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

(a) 68" ib) 45 {cy 76" &) 30°
2.2  The projectile gains its maximum height at an angle of:

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

(a) perpendicular ib) parallel  {c} at30° Ady atd5°

24  The range of projectlls | same for two angles which are-mitually:
(a) parpandicular (b) supplamantary
(¢} complementary (d) 270°

25 The acceleration at the lop of a trajectory of pmjectlle is:

(a) maximum (b} minimum {c} Zem ' &) g
26 Sl unit of impulsa is: r N
(a) kgms? (b) Nm _“{cyNs (d) N
27  The rate of change of momentum4s:
(a) forca b) im_ptfi_lsa {c} accelaration {d} power
28  Asrockst moves upward durifig its journey, then its acceleration goes on:
(a) Increasing (b) 'd'acraaslng

() remains same [d:l it moves with uniform weloscity
29 Elastic mllisinn_--inmlves:
(a) loss of energy
(b} gain of snergy
(¢} .ne gain, no loss of energy
(d) _'qd‘:l"elation between energy and elastic collision
[ Short Answer Questions ]

2.1 State nght hand rule for two vectors with reference o vector product.
2.2 Define impulse and show how it is related to momentum.
2.3 Differentiate between an elasilic end an inelaatic collision.

2.4 Bhow that rate of change in momenturn is equal to foree appliad, Also stete
Newton's secand law of motion in terms of momentum.

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

2.1
22

2.3
24

25

2.1
22

23

24
25

2.8

2.7

28

21

22

attained by the projectile at 8 =60°.
Constructed Response Questions |

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

A person falling on a heap of gand doss not hurt more a5 compared to & person
falling on a concrete floor. Why?

State the conditions under which birds fiy in air.
Describe the circumstances for which velocily and acceleration. of a vehicle are:
in v is zero but a i3 not zero
(i} ais zero but v ia not zaro
{iii) parpandicular to one another
Descrbe briefly effects of air resistance on the range and maximum height of a
projectile.
Comprehensive Questions
Define and explain scalar product. YWhite down its impartant charecteristics.

Define and explain vector product of two vectors, Ciscuas important
charactaristics of vactor product.

Derive threa equations of motion by graphical method.

What is projeclile metion? Explain.

Derive the following, expressions for projectile motion:

(il time of flight

(i haight attained

(iii} range for projectile.

Explain alastic: callision in ona dimension. Show that magnituds of relative
velocities before and after collision are egual.

Explain elastic collision in twe dimensicns.

Explain an inalastic collision in one and two dimansions.

NMumerical Problems !
The magnitude of cross and scalar products of two vectors ared /5 and 4,
recpectively. Find the angle between tha vectors. {Ans: 607

A helicopter is escending vertically at the rate of 196 ms”. When itis ata
helght of 156.8 m above the ground, a stone |s droppead. How long doss the

stone take o reach the ground? {Ans: 8.0 8}
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23

24

2.9

28

2.7

2.8

2.9

2.10

21

b b

If |A+B| = |A-B| then prove that A and B ere perpendicular to each other,

{Ans: 6 = 80%}

Abody of masa A at rest explodes into 3 pieces, two of which of mass M7 4 each

arg thrown off In parpendicular directions with velogtles of 3m s’ and 4 m &7,

respectivaly. Find thevelocity of 3rd piece with which itwill be fown away,

(Ans: 2.5 m §”, opposite (0 resultant velocity vactor of two piaces)

A cricket bell is hit upward with velocity of 20 m s' atan angle of 45° with the

ground. Find its:

(a) tmeofflight {£) maximumheight (c) howfaraway it hits the ground

{Ans: 2 8=.44 m, 102 m}

A20 g ball hits the wall of a squash court with a constant foresaf BON. If tha time of

impact of force is0.50 5, find the impulse. {Ans: 25N s)

Aball is kicked by a footballer, The average force on theball is 240 N, and the

impact lagta fora ime interval of 1.25 5.

ial Calculate changein momentum

(k) State thediraction of changs in momentum

[Anst (@360 N s, {(b) In the diraction ¢f forca]

An aeroplane is moving horizontally ata speed of 200 m 5™ at a height of 8 km to

drop a bomb on a target. Find harizontal distance from the targst al which the bomb

should be released. {Ans: 8.08km)

Why does range R of a prejestile remain the same whan angle of projection is

changed from @ o 8F = B0%- . Alsc show that for complemantary angles of

projecton, the ratic R /R isequal to 1.

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

at rest:

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

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

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

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

tagsthar. Find their combined velocity. {Ans:2ms")

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

mass 1575 kg moving at S m a7 in tha sama direction,

{a} What is the final velacity if the wrecked carlock together?

[t} Howmuch kinetic energy is lestin the collision?

[Ane: (a) 7.67 ms", (b)y2.11 x10"]
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/Circular and Rotational Motion

After shudying this chapter, the students will be able to:

&
4

e & & ¢

&

PR

Express anglas inradians

Dehing and calculaie angular displacement, angukar velocity and angular aamluatmn [Thiz invohgs
useof S=rb, v=r@,@=21 #Ta=rc and 8=v7/" lor 33l WWG]
Usaaquations of angular motion to salve problems invilving rata;lmnahnmmns

Discuss qualiatively molion ina curved path dusto a perpencllm.il,arforce

Define and calculatecentripalal forca [Use 5 = v’y E_r: =~:.mrz,-’r]

Analyza shuatione Invohing clicular matlon n tem"u-s qﬂiantrlpahl forca [B.g. slluations In which
centripetal ecceleration is caused by 8 tensm fnme a frictional force, a grevitationsl force, or B
normal farca.] ‘ e

Defineand calculats averags orbital spmq fd’raaatslllhe. [from the equaton = 2mry Twhera rigthe
average radlus eftheorbltand T k& manrﬁtpaﬂod' apply s equation to sohie numerlcal problams]
Explainwhy the objadslnnrbmng aatallnasappeartobamrghuaes

Describs how ariflzlal g'e\'lt?jsmatedto counterwelghtlessneas.

Defteand calulatammﬂer@’oﬂnarﬂa of a bodyand angular momenibum.

Derive and apply the ndulldn betwesn orgue, moment of inerlia and angular aucelemtion. [llustrate

tha applications ﬁfwnservatlon of angular momentuim in rea Ife. [such as by fnwheals to slore
miatuonalanhgy,mgymsmpas innavigation syzlems, by ice skatars by adpst thelr angular velociby]

Descnt:e I’npwa centrifuge is used b separabe maternizls using centripetal force

Amung a2l possible motions of the malaral bodies, the circular motion is one that

Lappesrs to be working in the most of the natural world. Satellites moving in circular

orhits around the Earth, orbital and spin motion of the Earth itself, a carturning around a
curved road, and & stone whired arcund by a string are the familiar examples. YWhen
cbjects move in circular paths, thair direction is continuously changing. Singe velocity is
a vactor quantity, this change of direction means that their velocities are not constant.

In this chapter, we will study, circular motion, rotational molicn, moment of inertia,
angularmomantum andg the relatod toplcs.
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3.1 ANGLULAR MEASUREMENTS

Consider an angle subtended a2l the centre 0¥ of a circle by an arc
‘AB' asshownin Fig. 3.1. fithe length ofthe arc 'AB' is egual to the
radius ' of the circle, then the angle is called one radian. Itis the S1
unitofangular measurement and its symbaol ia ‘rad”.

Flg. 21

Angular Displacement

Consider the motion of a single parlicle P of mass m in a circular path of radius r.
Suppose this motion is taking place by attaching the particle P at the end of amassiess
rigicd rod of length r whese other end is pivoted at the centre O of the gircular path, as
shown in Fig. 3.2 (a). As the particle is maving on the drcular path, the rod OP rotates in
the plane of the circle. The axis of rotation passes through the pivet O and is nomal to
the plane of rotation. Gonsider a systemn of axes as shown in Fig. 3.2 (b). The z-axis is
taken alang the axis of rotation with the pivot O as crigin of coardinates. Axes xand y are
taken in the plane of rotation. While OF is rotating, supposeat any instant £, its position is
OP41, making angle & with x-axis. Al a later time f + Af, letits position be OPz making angle
B+ AB with x-axds (Fig. 3.2-C). ¥
S 2
|

P

-

>y

i
Flg. 3.2(a) ; * Fly. 3.2{b) Flg. 3.2ic}
Angle Af defines the angular displacement of OP during the time interval At. For

very small values of AB, the angular displacement is a veatar quantity.

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

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

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

Flg. 3.2{d}
Threa unites are genarally used to exprese angular displacemant, namsly degrees,
revolution and radian. Consider an arc of length 5 of a circle of radius r (Fig. 3.3) which
subtends ah angle 8 atthe centre oftha circle. Its value inradians (rad) is given as:
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p-3

r

or S=rf (wherefisinradian} ... ([3.1)

If P Is rotating, the point P covers a distance 5 = 2 =r In one
revolution of P. In radlan, ik would be:

§ - E_W— Z2r
r r Fig. 22
S0 1 revoluton = 2 rrad = 360°
-]
or 1 rad - 30 _ g7 90
b

Angular Velocity

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

=48
At

The instantaneous angular velogity o is this limit of the ratic ADIAL as At, approaches to
Zarm.

ay=22 L) 32)

Thus o= Lim 48

N {3.3)

In the limitwhen A? approaches zero, the angular displace ment would be infinitesimally
small. So, it would be a vector quantity and the angular velocity as defined by Eq. 3.3
would also be a vactar. It3 direction is alang the axis of rotation and is given by right hand
rule as described earlier.

Angulzar velocity s measured in radians per second which is the Sl unit.
Sommtimas itis alsa given in terms of revolution per minuts (rpm).

Angular acceleration

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

S - Ae
e r o 3.4
Y’ B4
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Tha instantanscus angular acceleration is tha limit of the ratio 3—‘? as Al appraaches
zero, Therefore, instantaneous angular acceleration o 15 given by

@ = Lim A (3.5}

Pl 1) "‘—i‘t
The angular aceeleration is also a vector quantity whose magnitude is given by En. 3.5
and itz dirsction is along the axis of ratation. Angular acceleration is expressedinrads .

Till now we have been considering the motion of a particle P on a circular path. The point
P was fixed at the end of a rotating massless rigid rod. Now consider the rotation of a
rigid bedy as shown in Fig. 3.4. Imagine a point P en the rigid body. Line-OF is the
perpendicular dropped from P on the axia of rotation usually
rafamad as the raferance [Ina. As thae body rotates, lins GF also
rctates with the same angular velacity and angular acceleration.
Thus, the rotetion of B rigid body can be deseribed by the
rotation of the raference line OP and all the terms that we
defined with the help of retating line OP are alse valid for-the
retational moton of a rigid body. Hanceforth, whila daaling with
rotation of & fgld body, we will replace it by Its reference line OF

Relation between Angular and LinearVelocities
Consider a rigid body rotating about z-axis ‘with an angular e ]

a]
velocily wm as shownin Fig. 3.5 {a).
Imagine & peint P in the rigid kody al a perpendicular distance r k
from the axis of rotation. OP represents the reference line of the Fz'ﬂ- 2.5(a)
rigid body. As the body rolates, the point P moves along a circle
of ragdius r with a linear velocily v whereas the ling OP rotates I’"

with angular valocity @ a3 shown in Fig. 3.5 (b). We ara
interested in finding.out the relation between w and v. As the
axis of rotation is fixed, so the direction of w always remains the
same and m can be manipulated as a scalar. As regards the
linear velocity .af the poinl P, let us consider only its P e
magnitude ohly which can also be treated as a scalar. X Fig. 3.5(b)
P.P,=AS . For your information
Suppose during the course of ite motion, the
paint P movas through a distance PP, =AS
in & time interval At during which referenca
line OP covers an angular displacemant
A} radian. Sp, AZ and AD are related by

Eq. 3.1as: s
AS= rAD Aethewhasel umathroughanangle s,
i Itlsye out B1angential distanca S=r6 .
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Dividing both sidas by At Poirt do pander

AS_ 50 R V'

At Al

In the limit when linear Af— 0 the ratic ASfAL represents v,
tha magnitude of the linsar velacity with which point P is
maving on the circumference of the circle. Similardy AG/AL
represents the angular velocity m of the reference line OP.

You may feel scared at the top
of rollar coaster rids in the

So0,Eq. 3.8 bacomes: amusamanl parke- but you
= never [l down eyen when you
V=1 (3.7) aro upsida dowrT. Why?

From Flg. 3.5(b), It can be seen that the polnt P Is meving along the arc PiPz. Inthe lmit
when As — £, the length of arc P1Pz becemes very small and its direction represents the
direction of tangant to the circle at point Pa. Thus, the velodity with which point P is
maving on the clrcumference of the clrcle has a magnitude v and It direction Is always
along the tangent o the circle at that point. That is why. the linear velocity of the point P is
also known astangantial velocity.

Similarly. Eq. 3.7 shows that if the reference line OP is rotating with an angular
acceleration ¢, the point P will alsp have a linear or tangential aceeleration 3, Using
Eq. 3.7 it can ba shown that the two accelerations are related by

HET i (3.8)

Eqs. 2.7 and 3.8 show that on a ratating body, points that are at different distances from
the axis do not have the same spead or accelaration, but all points on a rMgid body
rotating about a fixed axis da have the same angular displacement, angular speed and
angular acceleration at any instant. Thus, by the use of angular variables, we can
dascribe the motion of the antire body ina simpla way.

Equations of Angular Motion

The equations (3.2, 3.3, 3.4 and 3.5} of angular motion are exacly analogous to those
in lingar ‘motion if 0, @ and  be replaced by S, v and &, respactively. As the other
equations of linear motion were obtained by algebraic manipulation of these equations,
it follows that analogous equations will alsc apply to angular motion. Given below are
angularequationa togetharwith theirlinear counterparts.

Linear Equations Angular Equations
ve=Vv; +at W= b L. (39
2as= v’ - v* 2e6=wf —wf ... (310}

S=wt+%afz u=m,-:+12af2.......... {311
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The angular equations 3.9 to 3.11 hold rua only in tha 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.

Example 1.1 An electric: fan rotating at 3 rev 3™ is switchad off. It comes to rast in
19.0 5. Assuming decelerslicn to be uniferm, find ita walue. How many revelutions did il
tum before coming to rest?

Sziutien| | In thig problem, we have .};.' Be gon ol .fé}.

m=30rev g, ™=0 {=180s and w=7 , 8=7 i'-"'(" T
From Eg. 3.9, we have / \u
o Dr—@ _[0-30)revs™ _ = I .
; T Q16T revs | 3
and from Eq 3.1, we have \ f,-' \
4 -
{.":mr_r_'_lafz \ ’2‘: F
=30 revs'X18.0's + 1{0.167 rev 9% (18.0 5)° Dlrection of motion changes
2 cantinuouslyineirculzrmotion.

= 27 rawv

3.2 CENTRIPETAL FORCE

Newton's second law of mation states that whenaforce acts &8
on a body, it produces acceleration in the same direction. & %
force acting on a moving body. along the direcion of its
velocity will change magnitude aof the velocity (speed)
keaping the direction unchanged. On the other hand, a
constant force acting perpendicular to the velocity of a body
maving in a circular. path will change the direction but
magnitude of velcelty (epeed) will remaln the gams. Such - 5
force makes the body move in a circle by producing a radial

{or cantripetal) accelaration and is called centripatal forea 4
(Centre seeking) force. Figure 3.6(a) shows a ball tied at the 4
end of a string is whirled in a horizontal surface. kwould not

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

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

Thus, a farce is needed © change the direction of velocity or mation of a body
continuously at each point in circular moticen moving with uniform speed. The force that
does naot alter speed but only direction at each point is a perpendicular force which acts
alond tha radius of the clrcular path. This forge always pulls the obhjact towards the centra

Fig. 3.4{a)
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of the circular path. Its direction is perpendicular ta the tangential velosity at each point,

Theforce neaded to bend the stralght path of the particle
into & circular pathis called the centripetal force.

For a body of mass m moving with velocity vin a circular path of redius r, centripetal forca
F,is given by
2

E —ma, ='”T" .......... (3.12}
where a=v¥r istha centripetal acceleration and its direction is towsarnds the centreof the
circla. As v = ra, 80 the above equation hecomaes:

F =M@ e {3.13)

Exampis 3.2 If a CD spins at 210 rpm, what is the

radizl acceleration of a peint en the outer rim of the CD?
The CDIs 12 am indiameter,

(Soicton We convert 210 rpm into a frequency.in

revolutions persecond (Hz).
Th 35 rev 1 min _ g rev _
us =210 = e a0 s 3.5 5 A5 Hz

Foreach revolution. the ©D rotates through anangle of 2n
radians. The angularvelocity is:

w=2nf=2urad x 358" =70 rad s’
The radial accelerationis:
a=w'r={7.0nradg'y«006m = 20ms”
Exampls 3.2 || A hall ied to the end of a siring, is swung ina
vartlcal drcle of radlugrunder the actlon of gravity as shown cunsed fight at high spesd

in Fig. 3.7. What will be the tension in the siring when the ball requires a |arge cantripsial

" i ; . . . force that makes the stunt
is at the point AoFthe path and s spead is v at this point? dangerous sven If the air

Selurion N Farthe ball to travel in a circle, the force acting planes srencteo cose.
on the ball must provide the required centripetal force. In this
casa, at point A, two forces act on the ball, the pull of tha
string and the weight wofthe ball. These forces actalong the
radius at A, and so their vector sum must fumish the required
canfripatal force. We, tharefore, hava

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

2 2
S L
T“T mg_m[r g]

Flg. 37
If T""z =g, then T will be zero and the centripetal ferce is just equal to the weight
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Examples of centripetal force

In every circular or crbital motion, centripetal force is needed which is provided by some

agency.

1. When a ball is whirled ina horizental cirde with the halp of & string, then tension inthe
string provides necessary centripetalforce.

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

3. Tha gravitational force is the cause of tha Earth orhiting around the Sun, Moon and
rtificial satellite bvi dthe Earlh.
darincal 5a8 es reyoving aroun B Ea - [ 'a"%?‘a‘w__ :-

4. Anomnal or parpendicular magnetic force compesls a

charge particle moving along a straight path into a |
circular path. |

5. ¥hen a2 vehicle tskes turn on & road, it slse needs |
sentripetal foree which is provided by the friction &

H H Banked Iracks are needed for

betweaan !hs tyres and tha_m:ad. I[f the road is shpp:ery, S e b o Bk
then at high speed, the friction may not be sufficient hat fricion alons cannot provida

enough to provided necessary centripetal force, enargy forcantrinstal force.

Hencea, vehicle will not be able to take turn and may skid or may even be toppled. To
overcome this difficully, the highway road is banked ontums. That is, the cuter edge
ofthe rack|s kaptslightly higher than that of the Inner adga.

Applications of Centripetal Force

We know that an object moves in a circle hecause of centripetsl
farca. If the magnituda of appllad forca falls short of raquired
cantripstal fores then the object willmove away from the cantre
of the circle. The centrifuge {Fig. 3 8-a) lunctions on this basic
principle.

Centrifuge: It is one of the most useful

labaratory device. It helps to separale out

denser and llghter particles from 2 mbdurs. Tha

mixture is rotated at high speed for a specific 7
tima. In & laboratory setup, sample tubes are ( ]]
used where the denser particles will setde at
the betton and lighter particles will rise to the
top ofthe sample tubes {Fig. 3.8-k).

The dryer of the washing machine also functions on the
principle of centrifuge. The dryer cansists of a long cylinder with
hundreds of small holes on its wall. Wet clothes are piled up in
this cylinder, which is then rotated rapidly about its axis. Water
maves outward to the walls of the cylinder and thus, drained aul
through the heles. In this way, clothes become dry quickdy.

Flg. 36(} =
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Cream s paratoris another practics| device which is usad to asparste I |
cream form the milk In this maching, milk is whided rapidly. Since milk
iz a mixture of light and heavy particles, when it is rotated, the light
particles gather near the axis of rotaticn wherees the heavy particlea ~ ==
will go outwards and hence, cream can aaslly be saparated from milk.

3.3 ARTIFICIAL SATELLITES
Satellites are objects that orblt In neady clreular path

around tha Earth. They are put into orbit by rockets and are Fig. 3.10
held in orbits by the gravitational pull of the Earth. The low e
flying Earth satellites have acceleration 8.8 m s fowards | e =
the centre of the Earth. [T there is no gravitational pul, they 40,000 km * secapa

would fly off in a straight line along tangent to the orbit.
¥Whan the satellite is moving in a circle, it has an
acceleration rﬁ . In a cirgular orhit around the Earth, the !
cantripstal accelsration is supplied by gravity and wes have. |

o=L . @

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

- M
V= yoR Newion had pradicated about
f ] 5 tha artificial satellites 300 yaara
- ¥9Em s kB4 x10" m ago. The above figure has been
=79x10°ms" =789kmg" taken fom his  wall-known
T iy { 2 ook “Principla hathematza'
This iz the minimum velgcity necessary to put a satsllite Accorting tclnl this ook, if an
inta the orbit, called the chitical velocity. The pariod T 18 abject Is thrawn harlzontally with

qiven by a partcular spead from a place
which is sufficierty high, & will
7= 2::;}? =Zx314x _f:u::": startrevolving around the Earth,

h 5

= 5069 s = 84 min spprox.
If, however, & satellite in & circular orbit is at a distance b
much greater than R above the Earth's surface, we
must take Into account the experimental fact that the

gravitational acceleration decreases inversely as the Esuth

square of the distance from the centre of the Earth ; v
{Fig.3.11). 4

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

spesd and longer it will take ta complete one revolution
argund the Esrth. Fig. 3.1
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Orbital Velocity
Figure 3.12 shows s satellite going round the Earth in a

circular path. Lat the mass of the satellita be rmand v is it r

ortital speed. The mase of the Earth iz A and r represents i
the radius of the arbit. A centripetal force mvTis required C/
to hold the aatellite in tha orbit. Thiz forcalis provided by tha Earth

gravitational force of attraction between the Earth and the
salelite. Equating the gravitational force to the required

cantripstal forca, wa have Fig. 3.12
Gm,M _ m,v® Tidhite _
i _m | "
Tha memantyou switch on your
reTh maobilephons, your location can
or e ST {3.15) be tracked immediately by
Vs \globalpositioning systam.

This shows that the mass of the satellite is unimportantin
describing the satallite’s orbit. Thus, any satallite orbiting = Shelite ] |
at digtance r from the Earth's centre must have thea orbital
speed given by Eq. 3.15. Any speed less than this will
bring the satallite tumbling back to the Earth.

Enampia 3.4 An Earth satgllite is.in circular orbit at
distancs of 354,000 km from the Earth’s sufaca. What is its
period of one revolution in days? Take mass of the Earth
M =60 x10* kg and its radius R = 6400 km.

d sciution)
As  r=Rth=(6400+384000} km = 220400 km

=11 -2 24
Usiiigle ’ﬂ=JE.ﬁ?x1U N m? kg ? x 6 x10% kg
r 000 km

In 1984, ata height of 100 km
= A s abova Hawall lsland whh a

Al T 1'0.25 kam $ spoed of 29000 km h' Brugs
=0 McCandiess stapped Inta
ZnR 1 1day spaca from a space shuttia

s
1" BOxXBOx24 and became the first human
Luakae XOUXLAS  eataliteofthe Earth,

T =v—=2x3.'14 2 380400 ki

= 277 deys

Weightlessness in Satellites

When a satellite is launched by a rocket in its desired orbit Your welght slightly shanges
around the Earth, then it has baan observed practically that :::;m:";a:‘ﬁgcg “f'; £;
everything inside the satellite experiences weightlessness ri and of agﬂdad N during
because the zatellita is accelerating towards the cantre of the rest of the ride when that

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

Earth, andis expressed as: [ Can yourdetir B
FE =mg-F ... {3.18) Whan a buckalfull of watar is
. rapidly_whitled in a verlical
where F = A ciraular path, water does not
* r fell oul even il lhe buckel is
mv Invartad at tha maximum
Hence o =MG—F, e (3.16-a) height, Why is it sn?

It may be noted that the centripetal force responsikle for the revalution of the satellite of
masas M around the Earth is provided by ihe gravitational force of attraction betwaen the
Earth and the satallite. -

F,=F.
My = M v
vz
g= -
Hence, Eqg. 1.16(a)bacomes:
mg=myg—=§ S
ar F.=0 Astronaut fioating Insida the cabln of a spaceship.

This shows that the supporting force which is acting on a body inside the satellite is zero.
Tharefore, the bodies a5 wall a5 tha astranauts in a satallite find themaslves ina state of
apparentwaightlagsness.

Artificial Gravity

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

Consider a spacecraft of the shape as shown in Fig. 3.14. The outer radius of the
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spacaship is R and it rotates around i own central axis
with angular spaed w, then [ts angular acceleraticn a, |s

a, =Rm®

Bt - % where £ Is the perlod of revolution of spaceship

2xf _ 40 Fig. 3.14

£ £ ﬁ Dhts yowun lerscnm® E

As frequency £ = 14, therefore,

Hancz g, =R

a, -R4n’f
1 /&g
or -2 F=—e -2
dr? " YR

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

=g
_1 (= e R Tha surf=ce of the motating
50 f_2ilt e (3:47] anaerhi it o et

with which It ks In contact and

. : ; thenabyy prnvidae 1ha canlripatal

When the spaceship rolates with this fraquincy, the R Bt O et
artificial gravity like the Earth is provided.-to the inhabitants meying on 2 dmuler path,

of the spaceship.

34 MOMENT OF INERTIA

Conslder a mass m attached tothe end of amassless rod as
ghown in Fig. 3.15. Assume that the bearing at the pivat
paint G is frictionless. Letthe system bein 2 horizontal plane.
Adorce F is acting on theémass perpendicular to the rod and
hance, this will accelsrate tha mass according to;

F=ma

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

accelerationo by the eguation. sbout the axiz O srd gives
a =ra the masa m an angular
acceleration . about the pivot

Sa F=mrq point.

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

rf = T=torque = mri
which is rotational analegue of the Newton's secend law of motion, F = ma.
Here F is replaced by 1, a by« and m by mr’. Tha quantity mv* is known as the momant
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b
ofinertia and is reprasanted by £. The momeant of inertia plays .': Da you kmew?
the same rcle in anguler motion a3 the masa in linear motion,

It may ba noted that mameant of Inertla depands nat only on

massmbutalsoon r*. l w

Mpst rigid bodies have different mass concentration at
diferent dietancas from tha axis of rotation, which means tha
mass distribution is not uniform. As shown in Fig, 3.15(a), the
rigid hody is made up of 7 s3mall piaces of masses m, Mz,.... H v ]
atdistances .. f.en from the axiz of rotation ©. Letthe g eylinders of equel mass.
body be rotating with the angular acceleration ¢, 50 the The ane with:tha larger

: : ; diameter has) the greater
magnitude of thetorgue acting on s S

2
Ty =Mooy o

R § il | Fox, pour Fﬂ:'.ﬂ.'-.-;.:s. .*t‘l.*.#ﬁ'-:-.?.-l
Similarly, the torque on 2 is e -
Marmarts of Inere of vadaus

2
To =Ml G Eatrcdims abwourt aocis AK
A
G
€ T >
A
Thin Red
] =11I mi®
A
Fig. 3.1 ) = —
Each amall piece of mass within alarge, rigid body undemoes the ""—m—u—""

zame engular accelerstion about thephvot. point.
Thin ring or Hoop

Since the body is rigid. so allthe masses arerolaling with the
same angular aceeleration c.

Total terque Teeis then given by

F= o™
iz}
2 2 i
Tital = A + Ml + .. HB i) a P

n ) Bolk dise or eyclindor
= _1
=( ¥mrm plEg !
i=1

or T = [ (3.18} i)

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

J=im, i (3.19)

2 .
|=1 t=— A
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3.5 ANGULAR MOMENTUM

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

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

The angular momenturn L of a particle of mass m moving
with valocity v and mornantum p (Fig. 3.17] relative to the
originQ is defined a5

CErxp. oo {3.20)

where r is the pesition vector of the particle at that instant
relative to the origin O. Angular mementum is a vector
qQuantity. lts magnitude is:

L = rp &inB = m rv 5inB [

Figy 317

Far' yemar invfoerrgdisen _ﬂl

B
- S S, SR |

where 3 is the angle betwesn r and p. The direction.of Lis
perpendicular to the plane forrmed by rand p and its sense L
i& given by the right hand rule of vector product. 31 unit of I
angularmomentumiskgm’s ' orls. [
If tha particla is moving in a circle of radius » with unifarm
angular velocity @, then angle batween rand tangential L
velocity is 90°. Hence,
L=mrvaing0*=mrv {8) (b}
The sphera in (a) is rotaling in
Bul ¥=Era HEHCE L=ml'=m iha EansE g|vm b}r tha gm

; ' . . arrcy, [L6 angular velocily and
MNow censider a symmetric rigid body rotating about a fixed e ri e e Tl

axis through the centre of mass as shown in Fig 3.18. Each 15 be upward along the
particle of the rigid body rotates about the same axis in a  rotalional axis, a3 ahown by
gircle with an angular velocity . The magnitude of the e fghthand misln(e).
angular momentum of the particle of mass m.is m.v rabout
the origin Q. The direction of L is tha same as that of m.
Since v, = r, o, the angular mormentum of the th particla is
m, rim. Summing this over all particles gives the total
angular memantum of the rigid body.

n
L={}mr’) o=lo
-1
whera f is tha momant of inartia of tha rigid body about the
axis of rotation.
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Exempie 5.5 | The mass of Earth is 6.00 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 arcund the Sun. Determine the orbital angular mementum of the
Earth about the Sun, assuming thal it traversas a circular arbit about tha Sun onge a
year(3.16x107s),

Sotution| | Tofind the Earth'a arbital angularmaomentum, we must first know its orbital
spaad from tha glven data. Whan thg Earth moves around a clrcle of radius r, lttravels a

distance of 2rrinone year. Its orbital speed v, is thus, v - Iﬂ
Orbital angular momentum of the Earth = [ = mner

_ 2nt’m

Tt

_ 2r{1.50 X10"'m}* X(6.00 X10"kg}
2.16X10's

L=267%210"%kgm? s’
The sign is positive because the revolution is counter.clockwise.

3.6 LAW OF CONSERVATION OF ANGULAR MOMENTUM

The law of conservation of angular momentum states [0 Co youknow? Bl
that H no extemnal torque acts on a’aystem, the total Fyoutryisiton abikeat rest, &

angularmomentum of the system remains constant. falls. But if the bike is moving,
the anguler momentum of the

L.,.=LtL t+.  =constant spinning wheal resists any
, 5 tendency to change and helpa
The law of conservation of angularmomentum is one of the |, kesp he bie uprighl ard

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

the cosmological to the suly microscapic level, The effect of

the law of conservatien, of angular momentum is readily l Do you Know? jl
apparent if a single isolated spinning body alters its moment
ofingrtia.

If a body of moment of inertia §, spinning with angular speed
oy, alters-its momant of inertia to /., than ite angular speed o,
also changes so that its angular momentum remains
constant.

L

Hence fey=hw,
The angular momentum is @ veotor quantity with direotion WA
along the axis of rotalion. Henes, the direction of angular [ ™. {d i
mamentum along the axis of ratation also remains fived.
This Is llustratad by tha fact given below:
The ball's speed incresses as

The axis of rotation of an object will not change its s sting wraps around the
orantation unless an extornal torque causas ltto do &0. finger.
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This fact is of great importance for the Earth as it moves around the Sun. No other
sizegkle torque is experienced by the Earth. because the major force acting on ilis the
pull of the Sun. The Earth's axds of rotation, therefore, remalns fixed In one direction with
referencetothe universe around us.

Examples of conservation of angular momentum
Aman diving from adiving board

ﬁ .
A diver jumping from a springboard has to take a few ,5;
somersaulls in air before louching the water surfaca, as

shown in Fig.3.19. After leaving the springboard, he ji %n:r”
curls his body by rolling arms and legs in. Due Lo this, . .{

his mameant of inartia dectessas, and ha spins in midair

with a large angular velocily. When he is about to touch %‘v}
the water surface, he stretches out his amns and legs.

He anters the water at a gentla spead and gets a ?_L._
smooth dive. This is an example of the law of [F ]
corservalion of angular romerturm. Fig. 318 i
The splnnlng lce skater Aoman diving from a diving board,
An ice skater as shown in Fig.3.20 can increase his i large ! emall

it — Al o— karge

angular velodty by folding arms and brnging the
stretched leg close to the other leg. By.doing so, he
decraases his momant of inertia. A8 a result, angular
gpeed incragsez. Whan he streichaes his hands and a
leg outward, the moment ofineria increases and hence
angularvalocity dacreazes.

A person holding somé'welght In his hands

standing on a turntable. Angular I:hmmantuf Anguiar
i : y momarl’a.lm ) (wkx:t:.r
A parson is standing nn a tumtable with heavy mass i

{dumb-ball} in his hands stretched out on both sides as  Fg. 220
shown in Fig. 3.21. As he draws his hands inward, his  An loe ekater using angular momanturm

- For yoar information| _-

It hias bean noticad thet when ice on the
polarcapsof Earth melts and water flows
away in the farm of mar, the moment of

Y L inertia of water and hanes that of Earth
b about ita axis of mtation increeses due to

{a} (k) :
consarvation of angular momantum.
Py 431 Hannca, the angular valocity of Earth wil
Man with masszes in hiz hands on a turntable, decreasze, thersfore, the duration of day

Caonservation of angular momantum raquines that as the

man pulls his amms in, the angular velocity increases. increases slightty.




& physics 1) (=) ehwter {3 Grcular and Rotational otion|

angular speed at once increases. This is because the moment of inertia decreases on
drawing the hands inwards, which incresses theangular spead.

Flywheel Paoint to pondsr!
Flywheel is a mechanical device which consisls of a heavy
wheal with an axde (Fig. 3.22). It is usad to store rotational
energy, smooath out cutput fluctuations and provides
stabilily in a wide range of applications such as bicycles
and qther vehicles, industial machinery, gyroscopes,
ships and spacecrafts.

m Do you HHow? “

The fiywheel celled the bslance
whesl regulates the thme keeping
mechanism In rmechanical cooks
and waiches by rmalntalning
controlied ceodlstions meito.

¥Why does the cossling rotating
ayatem alow down aawater dripa
Fig 3.22: Afywhesl inlatha beakar?
When a fly wheel sping, it angular mementum
resigls changes to its erigntations, maintaining
stabilily. This is useful in systems that nead pracisa
control over their orientalion withoot external
Intarferanca.
The Gyroscope
Agyroscope is a device which isused to maintain its
orlentadon relative to the Earth's axis or resists
changes in its crientation: |t consists of a mounted
fiywheel pivoted in_supporting rings as shown in
Fig. 3.23. It works on the basis of law of
conservation of angular momentum dug to its large
mament of inartia. Whan the gyroscops apins at a
large angular speed, it gains large angular
momentumn. It is then dificult to change the
orientation of the gyroscope's rotationsl axis dus to
its large moment of inertis. A change in crientation
requires a change in its angular momerntun. To
change the direction of a large angular momentum,
a corresponding larga torqua is requirad. Even if
gyroscope is tlbad {Fig. 3.24), it afill keeps levitated
withaut falling. Henge, it is a reason why a
gyroscape can be usad to maintain oriantation. The

Fig. 324
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main applications of gyrascope are | E-'.'-Ih"’ﬂ'-l'llwllunﬂ:ui! ;'.:
in the guiding system of aeroplanas, - : 8

Planets mave anound the Sun in eliptical orbits with Sun

SUhmari"ES_ an_d spac:e_ \_"Ehﬁcles_ in situsted at one of its foci, thus, distence of a planet from
order to maintain a spacific direction  the Sun is notconstant when il is nearer the Sun. Its orbital
in space to keep steady course. velocity increases automatically, Why?

Lk

T cvsshons PR

Tigk {~'} the correct answar.

31

3.2

3.3

34

3.6

36

3.7

The ratio of angularspead of minute's hand and hour's hand ofa watch Is:

@ 1:6 it} B:1

< 1:12 (d} 12:1

A body travellingin a circle at constant apeed.

(a) has constant velocity {8} . hasaninward radial acceleration
ic) i3 not accelerated {d} . hasan oubward radial acceleration

A slone at the end of long string is whirled in vertical circle at a constant speed.
The tenaion in tha string will be mitimuUm when tha stona is:

(a) atthe top of the circle (=] halfway down

() atthe bottom of circle (d} anywhere inthe circle
Every pointof rotating rigid .budy has:

(&) same angular yelocity ()] same linear velocity

() same linear dcceleration {d} sams lineardistancs
The minimum ¥sldcity necessary to pula satellite into the orbit is called:
() terminal velocity {t) critical velocity

ch artifclal veloc/ty (d) angular valoclty

Andstronaut is orbiting around the Earth in alarge capsule. Then,

(a) hew!l be In a stale of welghtlessness with respect to capsule

(b) he is freely falling towards the Earth

(c) g ball projectad atan amnkle has a streight line path as observad by him
(d) sl tha above

An object in uniferm circular mofion makes 10 revolutions in 2 seconds. Which of
the following staterment is true?

(&) Its pariod is 205 (k) Its perivd is 20 s
(4] Itafraquancyls S Hz2 ) Its fraquancy 15 Q.2 Hz
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348

3.8

3.10

31
32
33
34

3.5
3.6

3.7

3.8

38

3.1

3.2

A man inside the artificial sateliite feels weightleszness because the force of
attraction duseto the Earthis:

(a) zeroatpole

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

(c) equaltothe centripatal forca

{cl) non-2ffective dus to some particular design of the sated lite

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

(a) Near the battorn (b} In the middle of bottle

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

The moment of inertia of body depends upon:

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

fb)  volume of the body

{c) kinetic #nergy of the body

(d) angular momentum of the body

Short Answer Qulestions

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

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

Why is it harder far a car Lo take lurn at higher speed than at lower speed?
What are the bensfits of using rear whasls of heavy vahlcles conslated of double
tyres?

When a-meving car tums arcund a cemer to the left, in what direction da the
actugants tend to fall? Explain briefly.

Whyis the acceleration of a body moving uniformily in a circle, directed
towarde the canbrs?

How does en astronaut feel weightlessness while orbiting from the Earth ina
spaceship?

Constructed Response Questions

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

A loaf of bread I3 lying on rotating plate. A crow takes away the loaf of bread and
the rotation of the plate increases. Why?
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a2
3.4

3.5
3.6
3.7
3.8
3.8

310

3.1

32
3.3

3.4

3.5
38

3.7

3.1

3.2

3.2

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

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

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

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

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

A ball is just supported by a string without breaking. If it is whided in a vertical
circla, it bragks. Explainwhy.

Howris the centripetal forca supplied in thefollowing cases:

(a] a salellite orbiting around the Earth?

b acartakingaturngnalgvel road?

Comprehenslve Queastions

What |s meant by angular momentum? Explain the law of congarvation of
angular momentum with daily life examples.

Shon that orbital angular momentumiis; L = e

Defilne mement of Ingrtla. Prove that torque acting on retating rigld body ks
equal to the product of its moment of inertia and angular acceleration.

\VWhat are artificial satellites? Galculate the minimum fime pericd necaszary to
put a satellite into the orkit near the sudace of the Earth.

Defing prhital velocity and derve an expression fortha sama.

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

Provethat { v=re and (I} a=rui

Numerical Problems

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

The distance of moon from the Earth is 3.8 x 10°m. {Ans: 6.6x107 rad)
Acaris moving with a spesd of 108 km h™. [ its wheel hag a diametar of 80 cm,
findits angularspeedinrad 5™ and revs™. {Ans: 100 rads”, 16revs)

An electric motar ig running at 1800 rev min™, On switching off, it comes to rast in
20 s_ If angular retardalion is uniform, find the number of revolutions it makes
befora stopping. {Ans: 300rav)
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3.4

35

3.8

3.7

2.8

g

310

A string 0.5 mlong holding a stone gan withstand maximum tension of 35.6 N.
Find the maximum spsaad atwhich a stone of 0.5 kg mass can be whired with itin
avertical circle. (Ans:55ms")

Tha flywhsel of an englne ks rotating at 2100 rev min™ when ths power source |s
shut off. What torqueis required 1o stop itin 3 minutes? The moment ofinertia of

tha fiywheel is 36 kg m’. (Ans: 44 N m)
What is the moment of inertiz of 2 200 kg sphere whose diameteris 80 cm?
(Ans: 7.2 kgm?)

A satellite is orbiting the Earth at an altitude of 200 km. Assuming the Earlh's
radiusis 6400 km, calculats the orbital spsed of the salellite.  {ArS:7.77kms")
A space slation has a radius of 20 m and retates al an angular velocity of
0.5 rad 5. What is the artificial gravity axpariencad by-the astronauts on the

space station? (Ans:5ms”)
A bicyche wheal has an angular momentum of 10kg.m’ 2 and angular velocity of
Zrad 5. Find the valua af its momeant of inertia; (Ans: 5 kgm?®)

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

(Ans: 0.6 rav)




After studying this chapter, the ztudents will be able to:
€  Derive the formula for kinetic energy [using the squations of mcﬂmn]

% Derive an expreasian for abaolute patantial energy of 8 hody ata qﬁﬂ}a{n pnalhnn inthe
grevitelional field including escaps velocity]

# Deduce lhe work done Iram lorce-dizplacamen] graph.
Differaniiate botwesn conssrvativa and non- mnsarvatwaa‘omas
& Slate and use thework - energy theocremina remsﬂve medlum b solve problems.

-4

W ork is oftan thought in tarms of physical ormental effort. In Physics, howaver, the
termuwork involves two things (i} force, and (ii) displacement. We shall begin with
& simple situation in which work is deneby aconstant farce.

41 WORK DONE BY ACONSTANT FORCE

Let us consider an object which is baing pulled by a constant force F. The force displaces
the cbject through a diaplacement d in the direction of force. In such a case, work Wis
dafined asths produstofthe magnitude ofthe forca F and magnitude oftha displacamant

d. This can bawritten as: Force,

(W= Fd (4.1) B |

Erjuation (4.1} shows that if the displacement is Zera, no
work is done even if a large force is applied. For axample,
pushing on a wall may tire your muscles, but work done
isZaroas shownin Fig. 4.1.

Wall

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

Flg &1 et
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W= [_F [:059} d = Fodcosg  -voevieins {4.2} r

ar W= Eadl i {4.3) T

Equation (4.3) shows that work is a scalar quantity. & 5

The unitefwork is joule {J). From Eg. (4.1), we have

M

L 3

1J=1Nm =

d oy
When a constanl force acts through a distance o, the Fig 4.3

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

From tha dafinition of work, wa find that:
fi) Work is a scalar quantity:

w»

o — Foee 0

dislance

\l’m

A

i} IFe<80° workis dane and it is said to he positive work.
i If & = 80°, noworkisdone.

fivi  Ife=30% thawork doneis said to be negative.

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

42 WORKDONE BYAVARIABLE FORCE

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

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

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

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

andin the second interval

AW, =F,_Ad, = F, cosl Ad,

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

=F cosb, Ad,+ F, cosd, Ad,+......+ F cosf, Ad
or Wi = éﬁmsujad, PR v

Wa can examinathls graphlealty by plotihg Foos 0
verses o as shown in Fig. 4.8. The displacement d
has been subdivided into the same n equal
Intervals. The value of F cos 0 at the beginning of
each intervalis indicated in the figure.

| Chapter | & Work, Erargy and Power |

P ag,
Fig. 4.5

A particle actad upoan by a
venahle force, moves along
the path shown from point P o
point Q.

Fig. 4.8

Now thei™ shaded rectangle haz an area £ cos 8, Ad which is the work dong during the

sth
1

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

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

Wisa = Limit T Foos@Ad ... (45)
A0 /=1
If this limit Ad approeches zere, the total erea of all
the rectangles (Flg. 4.6) approaches the area
batweenthe Foost verses d curve and x-axis from
Pto G as shown shaded in Fig. 4.7

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

-]

&

w

:

¥

d —
Fig. 4.7

example 4.1 || Aforce Facting on an object varies with distance das shown in Fig. 4.8,
{alculate the work done by tha forca as the objact moves from d=01o d=6 m.

selution| | The work done by the force is equal to the total area under the curve from
o =D in d =6 m. This area is equal to the area of the rectangular section from of =D 1o
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=4 m, plus the area of tlangular section from o =4 m to ’
= 4
d=Bm. i v
Hence £3
('
Work done reprasanted bythe area ofrectangla=4mx SN e 1 2 3 4 5 g
dim) —
=20Nm=20. i
Fig. 48
Woeork done represented by the area of triangle = % XZmASN
=5Nm=5J
Therefors, the tatal work done =20J+5]=25)

4.3 CONSERVATIVE AND NON-CONSERVATNE FORCES

Conservative Forces

The spaca arcund the Earth In which Itz gravitational force acts on a body 15 called tha
gravitational field. When an object is moved in the gravitational fiel, the work is done by
tha gravitational forca. If displacement is in tha direction of gravitational forca, tha wark is
positive. If the displacement is against the gravitational force, the work is said to be
negative.

There ia an inleresting property of the gravitational
force that when an object is moved from one place to
another, the work done by the gravitational force does
natdepand on tha cheica ofthepath. Latus explars it. = | Peth 3

Consider an cbiect of mass m being displaced with E ' ’;
ponstant speed from pointAte B along various paths :

in the presence of a gravitetional force (Fig. 4.9). In s
this casa, the gravitaticnal foree is equal to the weight Fig. 4.9
mguoftha oblect:

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

Woe =0 + (- mogh) = - mgh
If we consider the path 2 (ACB), the work done along AC is also (-mgi). Since the work
dona along CB ia zero, therefora,

We=-mgh+0=-mgh
Mow consider path 3, i.e., acurved one. Imagine the curved path to be broken down intoa
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seriaz of hordzontal and vertical elaps &s shown in
Fig. 4.10. There is no work dane along the horizontal
steps, bacausa myg iz perpendicular to the displacament
for these sleps. Work is done by the force of gravity only
along the vertical displacements. During the segment CD,
myf s not negative; it is positive. But hare all Ay elements
are negative, sc the products of mg and Ay for all the

Ay, B

T

i

elamants will again be negative. Therefors, we can write: Fig. 4.10
W, =- Ay AL FAY.+ A Asmocth path mey be replaced
= mafAY A% Ay $) by a serias of infinitesimal x and
As Aptdp tAy+ L tAy =h ¥ displecamants Work is dons
Hishos W, = - mgh anly during they diaplacamants,

The netamcunt of wark done along the curved path AB is still (~rghl. We conclude from
the abavae discussion that

¥Work done by gravitational force is independent of the path followed.

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

If the work done by a foroe in movingan.object between two points is
independent of the path followed-or'the work done in a closed path
be zero, the fonceis called a consenvative force,

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

Non-Conservative Forces
Alltypes of forces are not congervative farces.

A force is non-conservative if the work done by itin moving an object
betwaan bvtypoints orin a closad path depends an the path of mation.

The kinetle frictional forca s a non-consarvatlve force. Yhen an objact slides over a
surface, the kinetic frictional force always acls opposite to the motion and does negative
work equalin magnituda 1o the frictiohal force multipliad by tha length of the path. Thus,
greater amount of work is done over a longer path between any two points. Hence, the
work depends on the choice of path. Moreover, the total work done by a non-
censervativeforca in a cleged pathis notzero.

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

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

second or in one hour. The rate, at which work is dene, is often of interest in practical
epplications.



= Physics ll, . ""-i:";‘” | chapter . Wiork, Ervargy and Powver |
Powar iz the measure of tha rate at which work is being dona.
If work AWis dona in atime intarval Af, than the avarage power Faeduring the intarval Af

is defined as:

AW
w= o (.5)

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

AW

= i e DS R [

a0 Al (4.7]
where AW |s the work done In short Interval of time AL
Since AW = F Ad
Hence pe FA8 _p Ad

At At

g Al
Since i
Hence e Ty, e (4.8)

Thusa, power may also be defined asthe acalar product of F and V.
The Sl unit of powar is watt, definad-as one joule of wark done in one sacand.

Sometimes, for example, in the elsctrical measurements, I s our information s B
the unit of work is expressed as watt second. However, a = T ——
commercial unlt of electrical energy s kliowatt-hour. Device Power {W )
One kilowatl- hour is the.work done in one hour by an  Jumbo Jetaircraf  1.3x10"
CeratB) kmhb’ 1421y
agency whose power s one kKilowatt. S S
Tharaefors TEWh=1000¥Yx 36005 Coloursd TV 120
i Flash light (two cellal 1.5 .
or 1kWh=36x10"J=36MJ Pocked caleulater 7510
Exampin 4.2 N-A 70 kg man runs up along flight of stairs in 4.0 5. The vertical height of

the stairs is4.5 m. Calculatz his power output in watts.

salution | Workdone = nigh | DT |

o I It takes abﬂut mm“ J of erargy to
P r=m;' maka a car and tha car than usas
17
45
P=77X10°kgm's’ =77 X10' W
4.5 ENERGY

Energy ofa body I3 Its capaciy to do worl. There are two basle forms of anergy:
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(iy Kinetic enargy (il Potential enargy

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

The kinetic energy and the peteniial energy both are the kinds of mechanical energy.
Kinetic Energy

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

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

f=-ma

o AR
or S=m

Wa can now datermine the valua of {fd y by uslng tha third squaticn of matlon, I.8;

Zaf= 1{.2 4 'I."l2
Hsre, Initial velocity v,=v | € For your nformation()
Final valocity v,=0 Appm:lmm Emrgr Valuas
Distance it ;“1’“1 | Ew:;:{]l'
. e L Lming ooy B |
AOCaIBEC a=-m Burming 1 ive petral 510’
Putting valuesinthe above equation of moticn, wehave  KE ofacarat 1210
-f 5 90 km h'
2% [E) d=0-v Rurning Person at 3’
TR 10 km b !
fd- E mv Fissiun ol vne alom 18x10"
; s of uraniurm
As fdis equal to the kinatic energy of body, therafore, KE of a moleculs of air 6x10 "
Kinetic enargy= %m v (4.9)

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

Exampie 2.3 || A car weighing 18320 N is running with a spead of 16 m 5", Brakes ara
applled and ltls brought to rest In a distanca of BO m. Detamming the average force of
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friction acling on it.
Sohukforn

Giventhal v=18mg od=80m, w=186820Nandf="7

Tha kingtic engrgy of the ¢ar |5 equal 1o tha work done by It befora stepplng, Le.,
%mv‘ = fd
Here m=£=w=1gﬂu
g 98ms’ 8

Putting the value in the above aquation, wa have
%x*lsm:- kg x (18ms'Y = fxB0
ar f=3040N

Potential Energy
The potantial ansrgy is posssessead by a body because of its pasition in a forca field, e.9.
gravitational field or because of its vonstrained state.

Ths enargy stored In a compressed spring Is the potential anergy possessed by the
spring due to its compressed er stretched state. This foim of energy is called the elastic
potential enargy.

Absolute Potential Energy M-
N-1

The absolute gravitational potential energy of an object
at a cartain position is the work done by tha gravitaticnal ]
force in displaging the objeet from that pesition to infinity 47
where the fores of gravity becomes zero. 21

ha

=
[
=

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

—————— e
e e e

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

_l_diatﬂnces of point_s 1 and 2 respectively, from the centre C of the Earth (Fig. 4.11.), thg
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woark done during the first step i.e., displacing a body from point 1 to point 2 can b
calculated as below. The distance betwesn the centre of this step and cenire of the

Earth will be:
nth

fF=_—=°

2
Ag —:=Ar than HL=n tAr

min+Ar - +x§.r

Hance r :
2 z

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

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

Mm

F=67

.......... {4.11)

whera m = mass of anobject , M= mass of the Earth
and &= Gravitational constant

Squaring Eqg. 4.10

2
re —E" +ij
gl e BT Thare la mara enargy reaching
5 Earth In 10 days of sunlight
o oa Ar {Ar than in all the fossi fuels on the
s Earth.

As (Ary e i 20 (ArY can be neglected a8 compared Lo r”,
Hence FP=rl+r Ar
Putting tha value of Ar=5 -5
F= ¥ fg-a)=nr,
Hence, Eg. 4.11 b-ec_umeé

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

Wi, = F.AF = FArcos 1807 = - GMm r‘l:
1 fa

The negative sign indicates that the work has to ba done on the body from point 110 2
because displacement Is opposhte to gravitatonal force. Putting the value of Ar, we have

[
m s =-GMm =2
hifg

or Wiss = - GMm [1__1_]
L




1 Physics 11 x:‘# Chapter {8 Work, Erargy and Power

Simnilarly, the work done during the second step in which the body is displaced from paint
2tolis: _ _
T 1
LY =-GMm|——
z-*a [rz !‘?J . Thchiblis .
Mere coal hes been used since

and the work done in the last step is: 1945than was usad intha whole
4 f] of hlstory lefom that,

WH_f—>H =-GMm —_—
It T

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

Ww - W;%-z + Wz—)—s"' TR WM-]—}‘N

= -G Mm i-l + l-l + ol A L l
nore fz T3 Pt Iy

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

i fy

If the point N is situated at an infinite distance from the Earth, then

W= ; S0 i=1 =0

ry o
EMm
i
This total wark by definition is the absolute potential energy (RE} as stated eardier
represanted by L.

Herce =_

U=_GMm
r

This is also known asthe absolute value of gravilational potential energy of a body at
a distance r from the centra of the Earth.

Mote that when rincreases, U becomes less negative i.e., U increases. [t means when
we raise a-body above the surface of the Earth, its P.E. increases. Therefore, if we want
1o raise the body up to infinita distance, we will have to do work on it equal to gy , 50
thatits P.E. becomas zero.

Now the absclute potential energy on the surface of the Earth s found by putting
r=FR{Radius of tha Earth}, s0

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

Tha negative sign shows that the Earth's gravitatianal field for mass mis atfractive. Tha
abova expression gives the work or the energy required 1o take the body out of the
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Earth's gravitational field, where its potential energy with respectto Earth is zero.
46 ESCAPEVELOCITY [ @For your mrormationB |

It is our deily life experience that an objest projecled  Some Escope speeds (km ﬁ']
upward comes back to the ground after riging to 3 certaln  Haavenly body Eacaps speed

height. This is due to the force of gravity acting dowrnward.  Moon 24
With Increased Inltlal velocity, the object rises io the  Mersury 43
Mare 8.0

greater height before coming back. Ifwe ge on increasing

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

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

gravity. Meptune 254
The initial velocity of an object with which it Satum 3.0
goea out of the Earth's gravitational fisld, is Juplter il
known as estape velogity.

The escape valocity comasponds ta the initial kinetiz energy gained by the body, which
carries itto aninfinite distanoefmm the surface of the Earth:

Initial K.E. = mvm

Wa know thal the work done in Ilﬁlng a body from Earth's surface to an infinite distance is
equal to the increase in potential energy.

Incerase in PE. = (H- Gﬂﬁn] =G %
where M and R are the mass and radius of the Earth respectively. The body will escape
out of the gravitational field if theinitial K. E. of the bady is equal taincrease in FE. Then

1 2 Mt Mm
fmvm & G—
or Vs = q’ﬁ" Lt
R
_GM GM
As g= = of gR-= e
Hence Vg = ,}25;& {4.15)

The value of v comes out to be approximately 11 km ™.

4.7 WORK-ENERGY THEOREM

Whenever work is done on a body, itincreases its energy. For example, if a force Facts
on a body of mass m, initially maving with velocity v, , through a distance f and
increasesits velocity to v, , then the acceleration produ ced will be:

Pad = v —\}
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From the second law of motion;
F=ma
or a= % ..........
Comparing Eqs. 4.16 and 4.17, we have
F 1
m- 2g (""rz -¥)
Fif= 1 Reo R T
or - Em':’:« — Emlﬂ ..........
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{4.16)

w1y B Thdbits ||
All tha kxaxd you sat In one day
has about the sarme snergy as

1/3 Iitre of paral.

{4.18)

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

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

on it by anat force.

W = Change in kinetic energy ={K.£).— (K.E) = ; mvf it

This is alsoknown as work-energy principle.

m VZ
3 T

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

Torca may vary from point to paint,

Example 4.4 [| A motorcycle rider waighing 60 kg is coasting
downa 24° slope. The weight of motorcycle is 30 kg, At the top of
the slope, the speed of molorcycke is 3.2 m 87, If the kinetic o
fricional force is 100'N.-what will be the spead of the motorcycle

72 mdownhill?

Saltlon - The momal force F, is balanced by the component of weight (mgccaza”)
parpendicilar o the slope, Lat the kinetic frictional force is £, then the net forga Fis:

F= mgsin2d’—f whera m=total mass =50kg+ 30 kg=80kg

or F=(80kgx8.8ms?x04)—100N

F= 2B28N

Wokdona W=Fd=2628N=x72m=1820164J

Asworkis positive, so applyingwork —energy thaorem,

W= (KE) — {(KE}
Farm here,
(KE) =W + (KE),
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Putting the values, we have

1 1

Eml.f,z = W+ Emviz

%xgﬂkngf - 182014 +1§x90|-ch[3.2ms"}’

This gives, VvV = 4147m 8"
or ¥V, = +4147mfs® = 204ms’

4.8 INTERCONVERSION OF POTENTIAL ENERGY AND
KINETIC ENERGY

Consider a body of mass i at rest, at a height # above the FE = mgh

surfece of the Earth as shown in Fig. 4.12. At poaiion A, the KE=0 A
bady has P.E. = mgh and £ F. = (. We raleasa the body-and
as ltfalls, we can excamine how kinetle and potentlal enargles PR §
associated with it interchange.
Lat us calculats PE. and K.E. at the posltion B when the ) k
bady has fallen a distance x, ignoring air friction. EZ' mgihdl g2
= mgK
Now, height from the ground is (h-x), so that Y
o (-
PE. =mg (h-x} PF=1
and KE = ) mgd e
2 Fig. 4.12

Velocity v, at position B, can be calculated from 1he relation,

W=+ 298
as vy, w=0 5 S=x

v, =0+2gx

v = 2gx
Therefors KE= %m {20}

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

At position C, just before the body strikes the Earth, PE. =D and K.E = %mu;f ;
where v. ¢an be found out by the following exprassion.
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v = +2gh=2gh as w=0 S :
¥
ia., KE = %mvg =%mx2gh=mgh

Thus, &t point G, kinetic anergy is equal ta the original value oftha
potentlal energy of the body. Actually, when a body falls, Its II'

velocity increases e, the body is being accelerated under the Y T
action of gravity. Tha increasa in velocity results in the increasa in 5
its kinetic ensrgy. Cn the other hand, as the body fallg, ite height , i
decreases and hence, its potential energy also decreases. Thus, l

we sea {Fig. 4.13) that:

Fig. 4.13
Lossin RE. = Gainink.£

g (B — hg) = %m(u: Y R {4.20}

where v, and v, are he velocities of the body st the heights h. and b, respectively. This
resultis trua enly when frictional farce is not considerad.

If we assume that a frictional foree f is present during the downward motion, then a part

of PE. is used in doing work against friction equel ta Fh. The remaining BE. =mgh -k
le convarted Into K.E.

Hence mgh —fh= % m*

ar mgh=%mv2+fh e (429

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

Loss of K.E. = 3ain in PE. + Work dons against friction

——p— ]
Exampla 4.5

A car waighing 1100 kg is moving with a velocity of 12 m &, Whan it is at point P, its
enging staps. If the frictional force is 120 N, what will be: its velocity at point Q7 How far
beyond Grwill it go befare coming to rest?

L dertbam

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

Logsof K.E. =Gainin PE. +Work againstiriction
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%m(v,-z— v') = whifd
%xﬂﬂﬂ kg (144 m’ s —v') —[1100kgx9.8ms’x 1.5 m)+120 Nx24 m
550 kg (144 m* 57— v ) = 16170 ky m® 5° + 2880 kg i 5°
16170 kg m*s™ + 28B0 kg m" 5°
144amie*—v) =

{144m e~y ) 550 kg
v =144m’s’— 346m's’ = 1094 m’ s’
Velocity at pointQ, ¥ =10g4m’s” =10.5ms" '

Now if the car stops at point R, then using the formula:

1.2
= -f5
il

=34.6 m'e*

%ﬂmo kg %1094 m*s* = 120 kg m s* %S

§ = 501 m approximately
[l Exempic 4.6 [ An object of mass 3 kg falls from a height of 15 m. If it strikes the
ground with a velocity of 16 ms”, calculale tha average frictional farea ofthe air.
Wsoisionll]  Lossof PE=Gainin K.E_+Woikdone against friction

v =0, mgh =%1|'.r.ua-F +fh :
3kgx9.8ms“’x15m=%x_glig{16m5")z+f>c15m

441 kgm? 5T S 384 kg P st + 15 mx F

- _f= 441kgm5— 33"“(9“15 =a_akgms-2 =3BN
) 15 m
_ o
auestions D Y
[ Muitiple Choice Questions | _—

Tick {+') the corract answer.

4.1 A1 kg mass has potential energy of 1 joule relative to the ground whenitiz at a
height of:

{a) 0.102m it} 1m (c) 8.8m {dl 32m
4.2 An iron sphere whese mass is 20 kg has the same diameler as an aluminium

sphere whose mass is 10.5 Kg. The spheres are simultaneously dropped from a
oliff. When they are 10 m from the ground, they have identical:

{a) accelerations (b)momentums () potential enargiss (d) kinelic snargies
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4.3 Abodyatrestmay have:
(@) speed (b welocity () mormentum (d) energy
44 The height ahove the ground of a child on a swing varies from 0.5 m of his lowest
pointto 1.5 m at his highast point. The maximum speed of the child is approximately:
(@ 1.8ms’ it} 44ms’
(¢} 2.8msg” (d} Dependsuponchilds mass
4.5 When a ball is thrown vertically upward and then falls back to the ground, which
force can be congidered consarvativain this scenario®?
{@) Airrasistance b} Gravity
¢} Frictionbetweenballand air  (dY Contact force with hand
4.6 According to work-anargy principla in linear malion, the work dora on body is aqual

to:
(@) changeinkK.E. (b} changeinFL.”
c) zerm (d} sumofK.E.and BE.
4.7 Powerofalamp iz 8 W. How much energy dosg'a lgnip give outin2 min?
@ 12J {by 20J {©) 34 {d) 720

4.8 Adry battery can deliver 3000 J of energy to'a 2 W small electric motor before the
battery is exhausted. For how many.mihutes does the battery un ?
(&) 1800 min (b} 100 min () 50min (dy 25min
4.9 The kineiic energy acgquirad by & rnags m after travelling a fixed distance from rest
under the action of a constani farce is directly proportional ta:
(@ ~Nm (b} 1Alm © m (d) independentofm
4.10 Abody moveas a distan.c:\a'aﬁ U rn along a straight ling under the action of 3 N force. If
the work done is 254 the angle which the force makes with the direction of motion of
the body is:
@ ¢ - (b} 3C° (c) 60 (d) 8¢

[@_Short Answer Questions |

4.1 Why is elachical power required at all when the elavator is descending? Why
should be there alimitan the number of paasengers in thia case?

4.2, Ahody is being raised to a height H fram surface of the Earth. What is the sign of
work done by both {body and the Earth)? Justify.

4.3 Abody falls towards the Eardh in air, Will its total mechanical energy be conserved
during fall? Justify.

4.4 Calculate powerof a crana In Kllowatt which |ifts a mase of 1000 kg to 3 helght of
100 min20 second.




4.5

4.8
4.7

4.8
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Atrolley of mass 1500 kg carrying sand bags of 500 kg is moving uniformly with a
speed of 40 km h on a frictionless track. After some time, sand starts leaking out of
whole sand bags on tha road at a rate of 0.05 kg "' Whatis tha spead of tha frolley
after entire sand begs are empty?

Give absolute and gravitational units of workin M.K.S and C.5.5 systems.

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

Abicyclehas g KE, of 180J What FCE. would the bicycle have if it had:

il samemassbuthasspeaeddouble?

(i} thrastimas mass and was moving with ona half of tha spasd?

What will be the effect on K E_ of the body having mass re, maving with velocity v
whan its momantum bacomes doubla? Justify.

4.10 Dees the intermational space station have gravitational RE. or kinetic energy or

4.1
4.2
4.3

4.4

4.5

4.6

47

4.1
4.2

4.3
4.4
4.5
4.6

both? Explain.

r— . T -, . WY
Constructe Snonse Gaestions
¥

When will you say that a force is conservative? Give two conditions.
Alight end a heavy bady have same lingar mementum, which one has greater K.E. 7

Amotorcycle is running with constantspeed ona horizontal track. |s any work being
done on the motarcycle, if no net farce is acting onit?

Aforce acts on a ball moving with-14 m & speed and bringz its spesd ta 6 m 5", Has
the foree dong positive ornegalive work? Explain your answer.

A slow meving truck can have more kinetc energy than a fast moving car. How Is
this possible?

Why work done against friction ia non-conservative in nature? Explain briefly,

Does wind contain kinatic energy ? Explain.

LOMPprenensive LQUesitons

Define K E. and derive an expression for the same.

How is work done by a;

{iy constant force (i variabls forcs?

Define conservative field. Show thatgravitational figld is conservative in nature.
Whatle maant by absoluts P.E.? Derlve an expressinn forabsoluta RE.

State and explain work-energy theorem in a resistive medium.

Deflne ascapa veloclty. Show that an expresslon for escapa veleclty can bs
expressed as v2Ry, where R and g denole radius of the Earth and aceeleration due
to gravity, raapectively. Alsa find its numaricalvalue near tha surface of the Earth.
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Numerical Problems
4.1 A machine gun fires 8 bullets per minute with a velocity of 700 m s”. If each bullet

has amassa of 40 g, then find power developed by the gun? (Ans: BB0 W)

4.2 Afamily uses 10 kW of power, Direct aolar enargy is incident on herzontzl surface at
an average rate of 300 W per square metre. If 75% of this energy can be converted
into useful electrical enargy. howlarge arsais needed to supply 10 KA?

{Ans: 44.44 nry

4.3 Thamass ofthe Earth Is 6.0 x 10™ kg arxd mass ofthe Sunls 1.99x 107 kg. The Sun
is 160 million km away from the Earth. Find the value of gravitational PE. of the
Earth. {AngT>=4.97 x 10 J)

4.4 An object weighing 98 N is dopped from a height of 10 m. Its speed just before

hitting the ground is 12 ms". What is the frictionel forcz ectingonit?  (Ans: 26 W)
4.5 AT75wattfan is used for 8 hours daily for 30 days. Find:

(i)  energy consumed in electrical units

{iiy slectricity billifoneunit costs Rs. 22.57 [Ans; {i} 18 units (i} Rs. 405]
4.6 If an object of mass 2 kg thrown up from greund reaches a height of 5 m and falls

back tpthe Earth (neglecting air resistance), calculate:

(i) workdone by gravity when the cbjectreaches at 5 m height.

{iiy work donebygravity when the object comes back to the Earth.

(il total work done by gravity in upward and downward metion. Also mention
physical significance of the result.
[Ans: (1)-88J (+28.] [iYQdwork dona ina dosed path in a consanvative fiald s 2en)

4.7 An electrical motor of anie horse power is used to run a water pump. Water pump
tekes 15 minutes tofill & tank of 400 litres 2l a height of 10 m (1 hp 746 watta). Find:
{a)} actual inputwork done by electric motor lofill the tank

{b) actusl gutputwork done [Ana: {a) 671.4 kJ, {b) 38.2kJ]

4.8 Apassanger Just arrives at the airport and dragging his suitcass to luggage checks
in atthe desk. He pulls strap with a force of 200 N at an angle of 45" to the floor to
displace it 50 m to the desk Determine the value of work done by him on the

suitcasa. {Ans: 7 kJ)
4.9 A1200kg carls running at a spesd of 40 km i'. How much powear will be axpanded
by itto accelerate at2 ms*? {Ans: 26 67 KW)

4,10 A 200 g apple is lifted 1o 10 m and then dropped. What is its velocity when it hits the
ground? Assume that 75% of work done in lifting the apple is transferred Lo K.E. by
the time it hits the ground. {Ans:12.1 ms™
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After studying this chaptar, the stutonts will be able ta:

Distinguish betwaen Be struchines of crystall e, amerphale, and polynmeds sollds,

Cescrika thet deformation of golids In one dimension [That It 2 caused by & force and that In one

dimension, the deformaticn can batansils or compressive |

Dafine and uesa thetarme eTass, strain and the Young'e mod ulus

Dascribe an expetimend 1o delermine the Young's modulus of 2 metalwire:

Deecribe and r=ethe tems slastic deformation, plastic deformation andelastic limit

Justifywhy and apply the fact thatthe arsa under the force-cxiansion graph represants the work done

Letermine the elestic polentisl energy of 8 materdel [Thet is deformed within its limit of

proporiionality from the area under the force-extension.graph. Also state and usea EP-%;U-’ for &

matarial deformed withinlis lImH of proportianality]

Stete and useArchimedes” principle and Rotation

Justify hone ships are engineered o Roat in the saa

Lefine and spply the terms: steady (streamline or leminar? flow, incompressible flow and non -

yizcous fiow asapplied io the mation of anidesl fuid.

Stete and use equation of continuity to solve problems

Explzin that zqueszing tha end of & rubbar pips results inincreaza in flow velacity

Justify that the equationof continuibyls a form of fhe princlple of consaration ofmass.

Justify that the preseurs diffarenca can ariss rom diferant rates of fow of 3 fiukd [Bamoulli affest]

Explain end apply Bamaoullisaguation for hofzontel snd vertical Nuid ficw.

Explaln why rael flulds are viacous fiulds.

Describa how visceus forcas In afluld causs aratarding force an an objsct moving threughlt

Dascribe super Auidity [As The sbate inwhich a liquid will experience zeno viscosity, Stadents should

kncrw the irmplications of 1his state .. this allows For super uids to creepover the walla of containers

1o 'mmply’ themsalves, It dleo implies that i you sbr & supsfiuid, the voricas will kesp gpinning

ndafinitsty]

% Analyzethereal-word applications of the Bamoulli effact [For example, atomizare in parfume bottles,
1ha swinging trajectory of a spinning croicket ball and tha [l of & spinning golf ball {tha Magnus effect),
{he usae of Vanturs ducts n filtar pumps and car anginsers to adjust the Tow offluld, etz.]

e H0¢ $ @

24920 0e 290¢

atorials have spocific uses dapending upen their characterizlics and properties,

such as hardness, ductility, malleability, ste. Y¥hal makes a meial hard and othar
s50ft? It depends vpon the struslure, the particular order and bonding of atoms and
melecules in 2 material. Similary, the study of fluids in motfion ig relatively complicated
bul analysis can be simplified by making a few assumptions. The analysis is further
simplifiad by the usa oftwo important consarvation principles, the consarvation of mass
and conservation of energy. The |aw of corsarvation of mass gives us the equation of
continuity while the law of consarvation of anergy is the basis of Bermoulli's equation.
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Crystalllne Sollds

In crystalline solids, there is a reaular arrangament of atoms
and molscules. The nelghbours of every mocleculs are
arranged in a regular pattem that is consistent threughout the
crysial. Therais, thus, an ordared siruchira in Crystalline aolids.

Most solids, like metals and ceramics have a crystalline
structure. Thia mesans their atoma, molecules or ions are
arranged in & regular pattem. The arrangement of oo
meleculas, atoms or ions within all types of crysialline solids ()
can be studied using various techniques such as Xoray &
Diffraction (XRD} and Transmisslon Electron Microscopy o i)
{TEM}. It should be noted that atoms, molecules or ions in a 1
crysialline solid are not static. For example, aach atom in &
crysial vibrates about a fixed point with an amplitude. that  Giassy and crystalline-salic-
increases with rise in temperature. It is the average atormic Shortand lengranpe ordar.
poailions which are perfectly ardered over large distances. [¥ror your mfarmation |
The cohesive ferves between atoms, molecules or ions in  Sedium lon CHlenine o
crysialline solids maintain the strict long-range order inspite of Y f

- f
atomic vibrations. For every crystal, howaver, thers s a q l
tempersture at which the vibrations become grester that the T_* ﬂf‘v
structure suddenly breaks up, and the solid melts. The T
transition from sclid {order) ta liquid (dizorder} is, therefore, I 1"
abrupt or disgentinuous. Every crystalline solid has a definite L "-:.“ (\"

: : ; ica i Latti
malting point e.g., Quartz, Galeita, Sugar, Mica, diamond, etc. m..f“
Amorphous or GlassySolids Nal erystal Lattica

The word ameorphous means without form orstructure. Thus, in amorphous solids there
Is no reguilar arangamant of molecules llka that In grystalling sollds. We can, therefors,
say thatamorzhous solids are mora like liquids with the disordered structure frozen in.
For examplg, ordinary glass, which is a solid at ordinary tamperatura, has ne regular
arrangement of molecules. On heating, it
gradually softens inlo a paste ke state
before it becomes a very viscous liquid at
almest BOO*C. Thus, amorphous solids
ara also callad glassy solids. This typa of .
solids has no definite meling peint e.9.. § P DI

plastic, glass, fused silicon, etc. Crystalling sollds Amcrphoes sallds
Polymeric Solids

Polymers are solid materials with a structure that is intermediate batwean order and
disorder. They can ba classified as partially or poorty erystalline solids.
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Pobymears fomm a large group of naturally occurring and synthetic materials. Plastics and
synthetic rubbers are termed as polymers because they are formed by polymerization
reactions in which relatively simple molecules are chamically combined into massive
long chain molecules, ar threedimensiconal struciures. These materials have rather low

specific gravity compared with even the lightest of metals, and yel exhibit gcu:ld strenglh

toweight ratic.

Polymers consistwholly of in part of chemical combinations of

carbon with oxygen, hydrogen, nitrogen 2nd other metsllic or
nan metallic elements. Palythena, polystyrene and nylon, ele.
ara axamplas of polymers. Natural rubber is composed in tha
pure state entirely of & hyd recarbon with the formula {C.H. ).

5.2 MECHANICAL PROPERTIES OF SOLIDS
Deformation In Selids

If we hald a sof rubber ball in our hand and than squeaeze it,
the shape or volume of the ball will change. However, if we
stop squeezing the ball, and open our hand, the ball will relurmn
to Its original spharcal shaps. Thiz has baan llustratad
schematicallyin Fig. 5.1.

Similady, if we hold two ends of a rubbar glrfing in our hands,

Far yol ‘3\’)\ mation

(@

S ()
cc
(5]

()

Farta of a PV molamula

and meve our hands apart to some axtent, the length of the Flg.5.1:
stiing will increase under the action of the applied force (a}Grginalrubberball

axarted by our hands. Greater tha appliad forca, larger will ba (b
the increasein length. Now on removing the appliedforce, the

] Sgueezed rubber hall
subjected force F by the
hend

strirg will ratum to its originallength. From these examples, it ©) m“" Sl SRE T ey

is concluded that deformation (i.e_, change in shape, length or
volume) |8 produced whaen a body |s subjectad to soma
external force.

In crystalline solids, atoms are usually arranged in a certain
order. Thege atoms are held about their equilibrium position,
which depends on the sitrength of the infer-atomic cohesive
force batween tham. Under the influsnca of axtamal fores,
distortion ocours in the solid bodies besause of the
displacemeant of the atoms frem their equilibrium position and
the body is said 1o be in a state of slress. After the removal of
external force, the atoms retum to thair equilibrium position,
and the body regains its original shape, provided that external
applied force was nat too great. The ability of the body to
retum to iis original shape is called elasticity. Figure 5.2.
illustrates deformation produced in a unit cell of a crystal
subjectad to an extemal applied force.

D
&

{2 Unstretched unk call

%

B Unitcoll under outwand
atrabehing fores

(] Unk call under Inmand
applied foroe

&%
[ Unltnal amar ramoving

applied force
Flg. 5.2
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53 STRESS,STRAINANDYOUNG'S MODULUS

The results of mechanical tests are usually expressed in terms of stress and strain,
which are defined in terms of applied force and deformation.

Stress

It is defined as the force applied per unit area to praduce any change in the shape,
volume or length of a body. Mathematically, tis expressed az:
Force (F)

et =1
Stress {0} Area () =1

The Sl unit af stress {@) is newton per square metre {N m®), which is given the name
pascal (Pa). Sfress may causa a change in length, volume and shape. Whan a stross
changes length, it is cal ed the tensils stress, when it changes the volume, itis called the
volume stress and when it changes the shape, it is called the shear stress_

Straln B LU

Strein is 8 measure of the deformation of a solid when I L
strassis applied to it. In the case of deformation in one
dimensicn, strain is defined as the fractional change
in langth. If AL is the change in length and-L, is tha
original length {Fig. 5.3-a), thenstrainis given by

i F
Yoluma ¥

ch in langth (AL 3
s angein length (AL} ° (5 F{&i‘ l | ,j— N

Criginal length (L) . V- AV
Since strain is the ratio- of lengths, il is i

dimensianless and therefore, has ne units. If strain o L.
£ is due to tensile stress . it is called tensile strain, | ==
and ifit is produced as a result of compressive stress

o, itis tammed as comireasivea strain.

In case when the epplied stress changes the yolume,
the change.in volume per unit volume is known as
volumetric strain as shown in Fig. 5.3 (b), thus

Flg. &.3{a): Tenslla strain

Flg. 53({b}: Valumalric straln

AV
Valumetric strain () = v cereenen (B3} .
e

£ Ak A ae—
Lely beihe distance betwesn two opposite faces of a | '
|

rigid bady (Fig. 5.3-c}, which are subjecled to shear |
strass one of Its face slldes through a distance Ax, /
v
Flg. 53¢} Shaer strain

@ |

then shearstrainis produced whichis is given by

Shear straln () =}i= B9 ..en. (5.4)
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Howevaer, for amall value of angla 0, maasured In
radian tanf =6, sothat

For yirur iRen

Nthwghlt la named a-ﬁ-srti-waiéth
century British Sdentist Thames

SRH et 5 Sleat el e Rl
Young's Modulus In 1727 by Leanhard Eullar,
Tha streas applled par unit straln Table 5.1: Elasfic constants for some materals
is called Young's medulus Material | Young's Bulk Shenr
lnlo'l:iulu_lli M;dulu_uz Ho.dulu_s!
; PN PN | 10N
T Aumimiom | 70 70 a0
Tenzils strain Eeps Ty " a0
Brass a1 &1 LT
FA < =
e t5gy Leoidise 28
ALIL Copper 110 140 I
Diamond 1124 B0 450
It hag the sama unit as that of strass j.g,, _Slsa 55 il 23
N m* The vzlue of Young's modulus of 162 14 8 3
different material isgiven in Table 5.1. Lead 13 7.7 56
: : Mercury a iT 0
There are various methods to determine Saal 00 160 A4
the Yuurjg 5 I"I'IDd:.I|LI3 of a wire. Cne of the iheeion 0 500 )
method iz Searle’s method. Watar a 55 a

5.4 DETERMINATION OF YOUNGSMODULUS OF AWIRE

Experimentally, the magnitude of Young's modulus for a
material in the form of wire carrbe found out mostly with
the help of Seare’s apparatug aa shown in Fig. 5.4

It congiste of two wiras, refarance wirg and tost wire of
equal lengthe of same material having same diamstars
attarhed to a rigid support. Both wires are connected to
horzontal bars(frames F, and F.) at the other ends. Hang
a constant-weight to the hogk of horzontal bar of
raference ‘wira snd hanger on test wire so that wire
remains stretched and free from kinks.

Procedure

Tha following procedura is adapted for finding Young's

madulus of a wire experimeantally.

1. Measura the Inltlal length L, of the wire using a metra
scale.

2. Maasure tha diamater d' of the wira using a scrow
guags. The diametar should be measured at saveral

Fig. 5 4: Seare’s apparalus
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different points along the wine and take average.

3. Adjust tha spirit leveal so that it is in horizontal position by fuming the micrometar,
Record the micrometer reading lo use it as the reference reading.

4, Load the test wire with a further weight, the spirit [evel tilts due to elongation of the
testwira.

5. Adjust the micrometer screw 10 restore the spirit level in the horzontal position.
Subtract the first micromater reading from the second micrometer reading to obin

the extension of the lest wire. —
Braln soaFor -
b kg cteas A s?raln from tha following formula: A steel red and grubber band are
Stross = _Weight _F _mg subjected o a-same forca. Which
Araa of wira A are one will be stretched mare?
Strain = AL _ Changein length

i, Original l=ngth

7. Repest the above steps by increasing load on test
wire to obtain more values of stresses and streins.

8. Plotthe above values on stress strain graph, it should
be straight line. Now determine the value of slope Y.
Thavalua of slopa |s equal ta Young's modulus of wire.

5.5 ELASTIC DEFORMATION, PLASTIC DEFORMATION AND
ELASTIC LIMIT

In a tensile test machine, metal wire is extended at a specified deformation rate, and
strasses generated in the wira during defarmation are continuously measured by a
suttable alectronis devica fitted In the machanical testing maching, Forga-elongation
diagram or stress-strain.curve is plotted automatically on X-Y chart recorder, A typical
stress-strain curve fora ductile materialis shown in Fig. 5.5.

In the initial stage of deformaticn, stress is increased
linearly with-tha strain till we reach poinl A on the o
stress-strein curve. This is called proportional limit { ).
It Iz definad as the greatest sfress that a2 material can
withstand without losing straight line proporiionality
betwesn stress and strain. Hooke's law which states
that the strain (deformation) is directly propertional to
stress (force or load) is cbeyed in the region OA. From Stmin

Ato B, stress and strain are nol proportional. Flg. 5.5: Strass-sirain sune of 3

ic limi bzl ductle mataral.
Elastic limit yplealductiiama

Ifthe |oad is removed at any point betwean O and B, the curve will be retraced and the
material will return 19 its original state. In the region OB, the material is said O be

Strasn [a)
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slastic. The point B is called the yield point. The value of siress at B is known as alastic
limit o7,

Plastic Daformation

If the strass I Increased bayond the vield stress or alastic [Imit of the materlal, the
spacimen becomes peimanently changed and does not recover its original shape or
dimenszicn after the stress is remeved. This kind of behaviour is called plasticity. The
region of plasticity is represented by the porien of the curve from B 1o G, the point C in
Fig. 5.5 represents the ultimate tensile strength {UTS) o, of the materal. The UTS is
defined as the maximum stress that a materal can withstand, and can be regarded as
the neminal strength of the materal. Cnce point C comesponding to UTS s croseed, the
material breaks at poind 0, respanding the fracture stress (o).

Ductlle substances

Substances which undergo plastic deformation until they break, are known as ductile
substancas. For example, Lead, copperand wroughtiron areductile substances.

Brittle Substances

The substances which break just after the elasticlimit is reached, are known as brittle
substances. For example, glass and high carban steel are britle. Mareaver, Berglium,
Bismuth, Chromium are also britile metals.

Example 5.1 [ Astes|wire 12 mm in diameter is fastened to a log and is then pulled
by & tractor. The length of ateel wire between the log and the tractor is 11 m. A force of
10,000 N Is raquired to pull the log.-Calculate: (a) the strese and straln In the wire.
{0} how much does the wire stretch when the logis pulled? (E=200x107 N m®)

Soiwian | (a) Tongle stregg o = = — 10000N __gg 45, 4ooy
A 3.14(6%10°m)
—Z
Tpclesain v = ey e e DEBAG s i R Biorn B
i Strain Straln
_a
Strain | & 884G 1CNmM® _

200 = 10" N 2
{b} Using the relation; Strain = % or AL = Strainx L, = 4.4 *10 %11 m=4.84%10"m

5.6 STRAINENERGY IN DEFORMED MATERIALS

Whenh a body is deformed by a forcs, work is done against elastic restaring force. |t is
stored in it as its potantial anergy and 5 aqual to the gain in potential enargy of the
malecules of a body due to the displacement of these molecules from their mean
posilions.

Derivation of Expression for Energy Stored in a Stretched Material
Consider a materal in the form of a spring as shown in Fig. 5.6. |t is stretched by a
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force F through extension x. As the extension is directly
proportional to the slretching force within the elastic limit,
thersfore the force increases uniformly from zero to F as
shown in Fig. 5.7. Thus, tha average forca that stratchas tha
spring through x is1/2F. Hance work dene by the stretching
force will be given as:

Work done = Average forca x Distanca in tha direction ofthe force

W=;Fxx ......... 5.7)

From Hooke's |aw F= kix)
Therefore, W = [%krj_(x} =%kx’ spring _ I

or W = Areaof OPQ E‘

The work done by the stretching foree is stored in the Flg. 5.8
spring as its srained energy and is equal to the potential
anargy storad In Its molacules. F i

e
Strained energy storedinthe body £= 5 Fx =7 Kx*--(5.8)
| T RN

The amount of work done in stretching 2 malenal is equal to the
averags fores applied mulpllad by tha distancs mowved.

Tharafors, the area under g force-exdension graph represants tha
work done to stretch the metedal. Work done 1o stratch thes meterislis o
alsn equal to elaslic PE. storad inthe matenal.

w

Fig. 5.7
5.7 ARCHIMEDES" PRINCIPLE AND FLOATATION

An airilled ballaon immediately shoots up to the surface when releasad undar the
surface of water. The samewould happen if a piece of wood is raleased undar water. Ve
might have noticad that & mug filled with walter feals light under water but feals heavy as
s00n as wa take it nut of water.

Meore than two thousand years age, the Greek scientist, Archimedes noticed thet there
iz an upward force which actz on an object which ig kept inside & liquid. As a result, an
apparent reducion in weaight of the objecl is observed. This upward forca acting on the
objectis called the upthrust of the liquid. Archimedes’ principls states that:

When an object is totally or partially immersed in a liquid, an

upthrust acls on il equal o the weight of the fluid il displaces.
Consider a solid cylinder of cross-sectional 2rez A and haight / immerzed in a liquid as

shown in Fig. 5.8. Let i1, and h, be the depths of the top and bottom faces of the qylinder
respectively from the surfece of the liquid. Then



Physics 11 \3.5'; = hegte 5 Solids and Fluid Dysamics ™

B B e s o R e ;..:——:_:..q""‘
A
If £, and P.are the liquid pressures at depths ki, snd f, T ", £
raspactively and p is its density, then using equation ¥ =
B=pghofliquid prassure at haight h: i 1‘
h
P =pgh, }
and P,=pgh, e =
Lel the force F, b axarted at the top of cylindar by the :
liquid dus to prossurs P, and the force F, be axortad
at the bottem of the cylinder by the liquid due to P,
Then F,=PA=pgh,A Fig. 5.4: Uplhrusl on & body
irnmerzad in 3 liquid is squal to
and F.=FP.A=pghA therweight of e liquid displacad,

F, and F, are the forces acting on the opposite faces of the cylindar, Therefore, the net
force F will be equal to the difference of these forees. This netforce F on the edinder is
called the upthruet of the liguid. Henca

Fz_F1 = PghrA_Pgh1A

For voum mifor s? 4

= POAN—R). e 50} 4 icdag was bom abon ze7 BE,
s in Syracus on [ha lskand of Sialy. He
or Upthrust of liquid = pgah was Kllisd by a Roman saldler afar
he refused to leave his mathematical
Upthrust= pgV¥ .......005%n....{511) work,

Here Ahis the volume V of the cylinder and is equal to the voluma of the liguid displaced
by the cinder, therefore, pgVisthe weight of the: liquid displaced. This equalion shows
that an upthrust acts on a body immersed in a liguid and is equal to the weight of liquid
displaced, whichis Archimede's principle.

smpie 5.2

Awocden cube of sides 10 ¢m each has been dipped completaly in
waler Calculats the upthurstofwater actingenif.

tien B Glven
Length of side L=10cm=01m
Volumea V= L={31m’=1x10"m
Density of water  p = 1000 kg m’® I win ioaser Dl
Upthrust F=7 Why doaa a ahip made of
Using Archimede's principle m‘:’:;ﬁzlmugmm
Upthrust of water = pgV¥

=1000kgm*x88ms x 111 m' =68N
Thus, upthrust of water acting on the wooden cube is 9.8 N.
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Floatation

An object sinks into 2 fluid if its weight is greater than the upthrust acting on it. However,

an object fleats if its weight is egual or less than the upthmust. When an object foats ina

fluid, the upthrust acting on it is equal to the weight of the ohject In case of floating

object, the object may be partially immerzsed. The upthrust iz always equal to the weight
of the fluid displaced by the object. This is tha principle of flcatation. Itstates that:

A floating objact displaces a fluid having weight equal 1o the waight of tha objact.

Archimedas’ principle is applicabls on liquids as well as on gases. We find numsrous
applications of this prnciple in our daily life.

Applications
Following are somaimportant applications of Archimades’ principle.
1. Hot-alrballoon

The reasan why hot-airballoons (Fig. 5.9} rise and flost in mid-airis
bacausa of tha dansity of tha hot-air ballboh is less than the
surrgunding air. When the upthrust of the surrounded airis more, it
starts ko rise. This is done by varying the quantity of hot airin the
balloon.

2. Wooden block floating on water

Awooden block floats on water. It is because the
weight of an equal voclumea of water is-greater than
thea waight ofthe block. Accarding to the principls of
floatation, e body floats if its-displaced water is |
egual to the weight of the body wheniit is partially or

complstely immarsad inwater. :

3. Shipsandboats'<

Ships and beats. are designed on the same =
principle of fioatation. They carry passengers and =

goods over water. It would sink In water If I1ts total
weight becomas graater than the upthrust of water.

4. Submarine

A submaring can travel over as well as uncler
watar using the same principle of floatation.

It floats over water when the weight of water
equal 1o its volurne is gregter than its weight.
Under this condition, it is similar to a =hip and
ramains partially above water leval. It has a ; -
systern of tanks which can be filled with and B i
smptied from seawater. When these tanks are  Flg.5.10 (b): Submarine
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filled with seawater, the weight of the submarine increases. As soon as its weight

bacomes greater than the upthrust, it dives into waterand remains under water. To come
up on the surface, thetanks are made ampty from seawater.

Exampia 5.3 [ An empty meteorclogical balloon weighs B0 N. Itis filled with 10 cubic
metres of hydrogen. How much maximum contents the balloon can lift besides its own
weight? The density ofhydrogen is 008 kg m* and the density of airis 1.3 kg m™.

Sodution Glven:

Yeight of the balloon w = 80N
Volume of hydrogen =10m'
Danzity of hydrogan p, = 0.09 kg m®
Density of air P =13kgm®
Weight of hydrogen  w, =7
Weight of the contenta w, =7
Upthrust F = Weight of airdisplaced
=p.gVv
=13kgm*x9.8ms x10m’
=124 N
Welght of hydrogen W, = pVg
=0.00kgm X 10 m*x @8 ms*
=882N
Total waight lifted F = WHw W,
To lift the contents, the fotal-waight of the balloon should not exceed F.
Thus wtw +w, =F
BON+BBZN+w, =1274 N
or w, =38.58 N

Thus, the'maximum weight of 38.5&8 N can be lifted by the balloon in addition te its own
weight.

9.8 STEADY, NON-VISCOUS AND IDEAL FLUID

Maving fluids have greatimportancs. In order to find the behaviour oftha fluid in motion,
we consider their flow through the pipes. When a fluid is in metion, its flow can take place
in two ways, sithersireamline or turbulent.

Streamline or Laminar Flow

Tha flow is said ta ba streamlins orlaminar Row.
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If every particle that passes a particular point, moves along exactly the
same palh, as followed by particles which passed that points earier.

In & steady flow of a fiuid, the motion of the particles
is smooth and regular, as shown in Fig. 5.11. The -

smooth path followed by fluid parlides in laminar

flow iz called a streamline. The streamline may be

the straight or curved and tangerd to any point J—
gives tha direction of flow of a fluid. Tha differant  Fig. 5.11: Streamiines (laminar flow)
streamlines cannot cross each other.
Exampla: Afluid flowing in 2 pipe as shown in
Fig. 5.12 will have cerain velocity v, at P, a
velogily v, at Gt and s on. T the velocity of a
particle of the fluid at P, Q and R does net

: : Fig. 3.12: The velocities of the parficles at
_char!ge with the passage of time, t_he n the flow diférent poltsenstreamiine.
is said to be steedy flow ar streamline flow.

The line PQR which represants the path followsd-by tha
paticls s callsd & streamlina. It reprasents the fixed path
followad by orderly procassing particles. In streamline flow, all

L 4

the particles passing through P also pass through Q and R. It
maans that two streamilines cannot crozs each other,

Turbulent Flow

The imegular or unsieady flow of

the fluid is called turbulent flow.
Above a certain velocity of the fluid flow, the motion of the
fluid becomes unsteady-and irregular. Under this
condition, the welecity of the fluid changes abruptly as
shown in the Fig. 5.13. In this case, the axact path of the
particles cannotbeconsidered.

If two streamiines cross aach othar, then the pardcles will
ga in one.cr in the other direclions and flow will not be a
steady flow. Such a flow is a turbulent flow. When the flow
is unsteady or turbulent, there are eddies and whirlpools
in the molion and the paths of the particles are
continuously changing.

Ideal Fluld

The behaviour of the fluid which satisfies the following
conditions |s called ldeal fluld:

Flg. 5.1%: Turbulent fliow

Farnula Qne rasdng cars havs a
streamlined design.

St : H i g Coiphine hava straamined bodies
1. The fluid is non-viscous i.e., thers iz no frictional ta a';hmgtthﬂr Mmovameit I water

foree batween adjscant layars ofthe fluid.
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2. Thefluid isincompressible i.e., its density is constant
3. Thefluid mation is steady.
Rate of Flow

The rate of flow of a fluid through & pipe is the velume of

tha fluid passing through any section of pips par unit tirme.
Formula For Rate of Flow = x
Consider a fluid flowing through a pipe of arsa |q " |I/\\
of cross-section A as shown in Fig. 5.14. Lat ' | \)
the veloGity of the fluid be vand it flows through l\—/ . : . }

the pipe for time ¢, then the distance coverad by O™
the fluidin ime is: ' -

Fig. 5.14: Rate of fow.of a liquid
£=vf . 4

where £ isthe lengih of the pips through which the fluid passesin time ¢ Volume of the
fluid passing throughthe pipein time £, is:

Axé=Avt
Thus  The rate of flow of the liquid = ~YAUTS
Tims
= ﬂ = Av
t
Rate offlow ~=Av....._..._ .. (5.12)

In Sl units, it is maasured in cubic matre par sacond (M® 8”'). Sometimes, it is also
measured in litras persecond {Ls™).

Steady Flow
If the overall flow paltern dose not change with tima, the flow & called steady Aow.
In staady flow, avery particle of the fluid fol lews the sama flow ling asits provious particle.
59 EQUATION OF CONTINUITY

Statement

The praduct of cross-sectional ares of the pige and
the fluid speed {i.c., £Av) at any point along the pipe
i3 a constant. This constant is equal to the volume
flow parsecand oftha fluid or simply the flow rata.

Volume:
Time
Considera fluid flowing through & pipa of non-uniform gize. F18- 515 Steady flow of a fluid

Thus Av = Constant =
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Thea particles in the fluid move along the same linas in a steady state flow a3 shown in
Fig5.15.

If we consider the flow for a short interval of time At, the fluid at the lower end of the tube
covers a distance Ax, with a velocity v, , then distance covered by the fuid is:

.ﬂ.xT =V M.{5'13:] - Scseniifc Fact -
LalA, be the area of oross-section of the lowerend, then  Euler chtained the continuity
eguation for B incompressible fuid
volums of the fluld that fiows Into the tube at A, Is: with & large number f terms In

V = Aax, 1752. Lator, It was ranalated by
C. Truaadallfrom Englishin 1854,
or YV = Avat

If p, is the dengity of the fluid, then the mass of the fluid centained in the shaded region
{through A,]is:

Am, = Veluma = Dangity
ar Amn= Av, A x p.
Similarly. the mass of the fluid that moves with velocity v; threugh the upper end of the
plpahaving cross-gactional area A, Intha same ime Af 15 glven by

Am, = AN, M x p,
where n, is the density of the fluid flawing outthrough A, and Am, indicates small mass.

If the fluid is incompressible and the flowis steady, the mass of the fluid is conserved.
That is the mass flowing into the bottom of the pipe through A, in & time Af mustbes equal
to the fluid flowing outthaugh 4, in the seme time. Therefare,

AR, = Al v eeeie s sssesssenniens (5.14)
So A ALY p o= A AFx p,
or Aviphs= AVpgo (B8]

Equation {5.15) Iz called the eguation of continulty. Since density ks constant for the
steady flow of incompressible fluid, therefore, the equation of continuity becomes:

A A e sTE)

Equation {&.15} states that in steady flow, the rate of flow of the fluid inward is equdl to
tha rate of low of the fluid cutward.
This equation juslifies the conservation of mass of the fluid which is flowing through
apipe.

Eammple 5.4 |1 Awater hosa with a2n intemal diamater of 20 mm at the outlet discharge

30 kg of water in Bﬂ &. Calculate the watar spead at the outlet. Assume the density of
wateris 1000 kgm™® and its flow is steady.

Intarmal dlameater of water hose O =20mm =0.02m

Solrtion | Radius D _002m _
el 2 0.01m




& physics 1) e chogte(. Solids and Fluid Dynamics 2

Mass of water m = 30kyg
Time taken I = 60s
Donsity ofwatar p = 1000 kgm®
Speed of water v=7
Mass flow per second mft = 30kg/80s
= 0.5kgs"
Cross-sectonalarea A = nr®
=3.14x(0.01 my ¥ v,
As the water falla,” ks speed
=314 x10%*m’ increases and so lecss saclional

: o freadecregeds 8 mandatad by tha
From eguation of continuily. the mess of water  continuityequalion

dizcharzing perzecond through area Ale:

pAu’ = Mass/Secand -.Gi-‘u‘rye;lm{xm .
The equation of continuity is
= Mass [ Sacond _ ‘abpliedto:
pé () blood flowin arterss and velns
0.5 kg s* - (i) water flowinrivers and pipes

V= 5 (iii) air flow in duct and ventilation
1000 kg m™ = 344 >0 0 SO

=16ms"
5.10 INCREASEINFLOWVELOCITY

We can increass the flow valocity of water in & rubber pipe by sgueszing it. When we
squeeze the nubber pipe, we deerease the cross-sactional area through which the water
flows. According to the equation of continuity,

AFI"‘T = A?v!

whera A is the cross-sactional area and vis the flow valacity. By decreasing the cross-
sectional arga (A, < A}, the valosity of the watar {11,) must Increasa to malntaln tha same
flow rate. Therefore, squeezing the rubber pipe increases the fiow velocity of fluid.

5.11 BERNOULLI'S EQUATION
The sum of presaure, K.E. per unit volums

and BE. per unit volume of an ideal fluid
throughout its steady flow remains constant

As the fluid moves through a pipe of varying cross- ¢
section and height, the pressure will change along
tha pipe. Eemoulll's eguaticn Is the fundamental B e -
equation in fluid dynamics that relates pressure to N T R E L

fram the end of a gamen hose incesses
fluid speed and height. azthe hose is squeezed with Lhe thumb.
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In deriving Bemoulli's equation, we assumethat the fluid is incompressible, non-viscous
and flows in a steady state manner. Let us consider the flow of the fluid through the pipe
in time ¢, as shown in Fig. 5.17. P

The force onthe upperendof L .
the fluid is P,A, where F, isthe (5| |
pressure and A, is the area of
cross-section atthe upper end.
Tha work dana an the fluld, by
the fluid behind it, in moving it
thiough a distance Ax,, will be:

W, = Fdx, = PAAX

Similarly, the work done on the:
fluid elthe lower end is: Flg. 5.17: An ideal flow of fluid through a non-unifarm
cross-gection pip at different heights.
W, = - R, = -PAAY, o 4

where P, is the pressure, A . is the area of cross-section of lower end and Ax, is the
distance moved by the fluid in same time interval . Tha work W, is taken toba -ve asthis
work is done against the fluid force. Tha net work done will ba:

W=W + W,
or W= PA AN, - PAGRR, e (5.17)
If v, and v, arethe valocitiss at the uppet and lower ands respactively, then

s P1A1 V“ > P’ Aﬂvit - HBrain teazer -

From egquation of continuly; Fina s e ahar obs Elineebal
Ay, =AW in bazeball elate to Bernoulli's
inciple?
Herce Avid=Ay =V (vclume) REE S
S0 W R i e R B

If m is the mass and p is the density, then Vv = % So, Eq. (5.18) becomes:
W:(H—P,)F .................................. {5.15)

A part of this work is utilized by the fluid in chenging its K.E. and a part i2 used in
changing its gravitational P.E.

Changs in K.E. = AK.E, = %mv;— %mvf ............................. (5.20)
Change In PE. = APE= MOR, = MG eeereereeensvercsnaenn {5.21)

where f1, and h, are the heights of the upper and lower ends respectively.
Applying the law of conservation of energy to this volume of the fluid, we have
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(P _pﬂ)ﬂ = %mvzﬂ —%mv.q“ +mgh, —mah, _.....[5.22)
P

Rearrangirg Eq. (5.22), we have
1 1
R+sed +pgh =B +zpv +pgh,
This is Bermoulli's equation and is oftan axpressed as:

P +% p¥? + pgh = constant

5.12 USES OF BERNOULLI'S EQUATION

Anumber of devices operate by means of pressure difference that results from changes
in the speed of the fluid.

1.  Aeroplane Wings

Uplifting of an aeroplana is dua to tha dasigning of
Its wings, which deflect the alr so thal efreamlinas
are closer together above the wing than below it as
illustrated in Fig.5.18. \We have seen that where
tha straamiines are forced closer togethar,. the
speed is faster. Thus, air is travelling faster onthe Flg. 5.18: Lift of an acmplanc
upper side of the wing than

oh the lower. The prassure wil ba lowearat the top

of the wing, and the wing will be forced upward and Defiecton fores
the |ift of Bn acroplanzia due to thiz effect.

2. SwingofaBall

When a ball is thrown or kicked with spin or the = -
ball is mads smoothar on one side by the bowlar = o=
and remains reugh on the other side, the air = =
movas faster everrough sids and slows overthe -~ -
smoothar {Flg. 5.19). According to Barnoulll's S T—
equation, the faster moving air crestes lower 'F:‘rg:;[m
pressure, while the alower moving air creates

higher pressura, thle pressure difference Spinning Ll
generates a sideways force, known as Magnus .,-"
effectwhich causes the ballto curvesin the air. e

3_ Fi |tﬂ'r Pump Fig. 5.13: Turbulent flow

Adilter pump has a consfriction in the cenire, so that a jet of water from the tap flows
fastar harg. This causes a drop in prassure hear it and air, therafore, fiows in from
the side {ube. The air and water together are expelled through the lower part of the
pumg {Fig. 5.20}.
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Fig. 5.21: Flg. 5.22 A stream of gir passin
Fig. 5.20: Turbulentflow  Carburetor of an engine mluara tubecipped in aliquid. :

4. Carburetor

Tha carbureter of a car engine uses a Venturi duct 1o fead tha comect mixture of air and
palrol to the cylindars. Air is drawn through the duct and-along a pipe to the cylinders
(Fig. 5.21). Atiny inlet at the side of duct is fed with petrol.

The air through the duct moves very fast, creating low pressurs in the duct, which draws
pelrol vapours into the airstream.

5. PaintSprayer

A stream of air passing cver a tube dippad in 3 liquid will cause the liquid to rizs in the
tuba as shown in Fig. 5.22. This effectis usad in parffume bottles and paint sprayers.
Actually when tha rubber ball of atomizer Is sguaezead, the alr ks blown through tube ang
it ushes out through the namow aperture with high speed and it causes fall of pressure.
So, the atmeapheric preasure pushes the perfume up leading to the namow aperture.

6. Venturi Relation

Consider a pipe within which a fluid of density pis =~ %
flowing through differant areas of cross-section
asshownintheFig: 5.23.

Lel A, be the cress-sectional area at wide end and
A be the crogs-aectional area at namow portion.

Suppose that v, and v, be the flow speads at the
wide and namow portions respectively. Fressure
F, and F, indicate the liquid pressure at both
the porions by connecting tha limbs of the  Fig. 5.23; Yentur meter
manometer

As the pipe is placed hofzontally, therefore, we cansidar that average potential enargy
is the same at both plages while using Bemoulli's equation.

Thus, Barnoull's equation cah be written as:
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Biopvi= B ——py? . -
i z i 25 PYz l Interesting Information I
Pop — 1 e 1 8 It Is claar frem the rasult of
il 1702 = ZPVe 7PV Bermoulll's Equatien for harlzental
4 pipe that "where epeed is high, the
or F-B =_p (vf = vf) __________________ {5.23) preasura will ba low'.
2 Mathematically,
From tha aguatinh of continuity: 1
oY=
Hipoim i P+ 5 P¥= constant
A
or W= ==
1 A1

Az the cross-sectional arsa A, is small as cempared to the ares A, asis clear rom the
figure, i.e. A, < A,. So, v, will ba small as compared to v,.. Thus, the speed of the fluid is
vary slow in wider perfion of the pipa a2 compared to tha narrow portion, So, wa can
naglast v, on the Hght-hand side ofEqQ.(5.23). Hanges

PP, = %pvzz e O

This is known as Venturi relation, which is used in venluri mater, a devica used to
maasure spaad of liquid flow.

7. Torricelll's Theorem

A simple application of Bernoulli's equetion is
shown in Fig. 5.24. Suppose a large tank of fluid
has two amall orfices Aand B on it Let usfind the
speedwith which the water igws from the orifice A,

Sinca the orifices are so small, the oflux speeds 1,
and v, will be much larger than the spesd v, of the
top surface of water. We can therefore, take v, as
approximately zero. Hence, Bemoulli's equation
can bowrittan as:

q s
R+ pgh=Ft 2 pvy + pgh, Flg.5.24:
Atank comaining fiuld with a orifies.

But P = Pa= Almospheric pressure

Therefore, the above equation becomes:

I 2T S (5.25)

Thig is Torricelli'a thecram which stalea that:

The speed of eflux is equal 1o the velocity gained by the fluid in
falling through the distance (i1, - h,} under the action of gravity.
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Notics that the spaed of the offlux of liquid is the same as the speed of a ball that falls
through a height {1, - &,). The top level of the tank has moved down a lithe and the PE.
has baan transfarmed into K E. of the efflux of fluid. If the orifice had bean pointad upward
atB as shown in Fig.6.4, this K.E. would allow the liquid to risa to the lavel of walar tank.
In practice, viscous-energy losses would alterthe resultto some extent.

513 VISCOUS DRAGAND STOKES' LAW Far Yaur Information

Viscoaities of Liguids
The frictional effect between different layers of a flowing fluld and Gases ot 30°C

is described in terms of viscosity of the fluid. Viscosilty  materal Viscosity
; ; : 107 (N s ¥
measures, how much foree is required to slide one layer of the A 0.019
liquid ovar another layer. Substances that do not flow sasily, R 1 sz55
such as thick tar and honey, sic., havs large cosfliciants of  eianel 0.510
viscoslty, usually denoted by Groek lattar 'n'. Substancos  Benrens 0.564
which flow easily, like water, have small coefficient of “Water 0.801
viscosities. Since liquids and gasea have noh Zero viscoaity, . Ethanol 1.000
tharefore, a foree is required if an object is o be mavad  Flema 16
through them. Even the small viscosity of the air causes a  Gi¥earin Hi

large retarding force on 2 car as it travels at high speed. Fyou E Do you know? gg‘
stick out your hand out of the window of & fast moving car, you =

can easily recognize that considerable force hastobaexerted ———— ==

on your hand to move it through the air- These ars typical
examples of thefollowing fact.

An object moving through a fluid experiences a retarding force
called a drag force. The drag fortedincreases as the speed of
tha object increases.

Even in the simplesi cases, the exacl value of the drag force is
difficult to calculate. However, the case of a sphere moving
through a fluid is of greatimportance.

The drag force F on a aphere of radius r moving slowly with
spesd vthrough a fluld of viecoslty n Is glven by Stokes’ law as
under:

F=Bmnrv . coovceceeen o (5.26) Achimney works bastwhen I

Howsvar, at high spesds the foree I no longsr simply ::!u;:h:n:h:;mr::fmt: 1;:

proportional to speed. pres=ure at the bop and forces

5.14 TERMINAL VELOCITY it i

Consider awater droplet having radius rsuch as that of fog falling verlically, the air drag
on the water droplat incraases with speed. The droplet aceslarates rapidly undar the
over powering force of gravity which pulls the droplet rapidly downward due to force of
gravity. However, the upward drag forca on it increases as the speed of the droplet
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increases. Tha net force on the droplet is
Net force = YWalght — Drag forea .................... (8.27)

Az tha spaed of the droplet continues to increase, the drag force eveniually appreaches
the waight in the magnitude. Finglly, when the magnitude of the drag force becomes
equal ta the weight, the net farce acling on the droplet is zero. Then the droplet will fall
with constant spesd called terminal valocity.
To find the tarminal velocity v, in this cass, wa usa Stokes' law for the drag force.
Equating it to the weight cf tha drop, we hava

0 = mg - Bunrv,

v =4

e {5.28}

3
The mass ¢f the droplst Is pV, whera V =% 7 r Ig the volumeof tha spherg.

Substituting above values in the Eq. (5268}, we have

s :
e N
9n
Exampie 55 || A tiny water droplet of radius0.010 cm descends through sir from a

high building. Calculata its terminal velacity. Given that n forair=19x 10" kg m" 5" and
dengity oFwater p= 1000 kg m*.

Solutron
r=10x10"m, p=1000kgm?®, n=18x10"kgm's"
Putting the above valuasinEng. (5.29)
, _2x98msTx(1.0 %10 m) 1000 kgm™
! Bx19x10°kgm &'
Terminal velocity=1.1ms".

515 RE-AL FLUIDS AREVISCOUS FLUIDS
Ideal fluid

Itis a Auid that does not have viscosity end cannct be compressed. This type of fluid
cannot exist practically.

Real fluid

All types of fluids that possess viscosily are termed as real Tluids.

Examples: Keruséne oil, castor oil and honey ete.

Comparson of ldeal and Real Flulds

An example of ideal fluid cannot be provided because it does not exist in the real word.
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However, evary fluid that we see around us like water, diesel, petrol, honay, etc. are real
fluids. Moreover, differences in viscosity can be found in real life, for example, honey is
more viscous than water. Bemculli's 2quation states that the speed of fluid flow is
increased as a result of a simultaneous decreasa in the potantial snergy of the fluid ora
daergasa in tha static pressure an the fluid. When a fluid is viscous, it assentially refars
to the thickness of the fluid erthe friction, the fluid faces while Tluid lows. Thersforg, ideal
fluids do not face the cppesing force and have a non-viscous flow, while real fluids have
aviscous flow. Ideal flulds are Incompresslble. [t1s not 2ls0 subjectad to surfaca tansian,

5.16 SUPERFLUIDS

Superfluidity is 1he charactaristic property of fluids with zero viscosity ile., flow is
frigtionlesa. Aaubstance exhibiting this property i2 & superfiuid. Superfluids Now without
lose of kinetic energy. They can flow through incredibly narrow spaces without any
friction.

Superfluidity is achieved in some substances at = —p

extremely low temperature. For example, in fluid - ; -~ -

dynamics, a vorlex is region in a fluid in which the | FEmchutes increase air resistance
L ; [drag} by creating a larpge surface

flow revolves around an axial line, which may be e e

straight or curved. The vortices are generallycreated gravity. This slows down the persons

at a moving boundary due to fricionless canditions,  fall, allowing them io land safaly.

Yortices move with the fluid and dispersad by the

action of viscosity.

Superfluid helium-3 is the most studied example of

superfluidity. It changes from a liquid 1o a superfluids | e i
just a few degres bslow ils bolling point of -452°F  Superfuids can “climb” up walls and
{(-269°C or 4 K). Supserfluids hslium—d moving as a  over adges of contriners becausa
narmal glear ligquld, but It has no viscosity. Thig  they do nol experiance friction llke
means that once it startsto flow, it keeps moving past PATR ey

any obslacles,

Superfluidity Applications

Currently, there are few practical uses for superfluids. Superfluid helium-4 serves as a
coolant far high-field magnets. Baoth helium-3 and helium-4 are utilized in advanced
particle detectors. Researching superfluidity also helps us learn more about
supersond uctivity.

Liguid helium is recoghized for its great thermal conductivity and is used in cryogenic
applications, including cotling suparconducting magnets, scisnhtific rasearch, and
medical uses. Additionally, it is employed in industry for leak testing and in the
praduction of electranic and optical products.
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QUESTIONS

@ Muitipie Cholce Questions |

Tick (+) the correct answer.
5.1 Theregion of stress-sirain curvewhich obeys Hooke's lawis:
{z) proportional limit  {b)elasticregion ({c)plasticregion {d}yield limit
5.2 Which ofthe following is more elastic?
{a) Rubkar (b)Wood {c}Sponge {d} Steel
5.3 Which ofthe following is polymer aolid? o )
{=)Wool {b)Glass {c} Sadiumchlorde; {d)Copper
8.4 The effect of decrease of pressure with the increase in spead"'uf a fluid in horizontal
pipsis: :
{z)Torrceli's effect () Bernoulli's effect (c) Venture's affect  (d) Doppler's effect
58 The pressure willbe low when speed of a fluidds: )
{2)zer {oyhigh [ (c)low {d) constant
5.8 As perlawoffluid friction for steady streafiine flow, the friction:
{a) varies proportionally to velocity nfﬂuld
{b)varies inversely proportional to pressure
{c) does not depend on pressure - '
{d} firstingreases then dems'ases

5.7 If a stone is submerged-ih water and it weighs less in water than in air, this
phermamenon is dugo;

{a) the reduction of massin water (b}incraasa of dansity in water

{c) buoyartforce acting upwards {d} the gravitationalforce actingupward
6.8 Thapr nﬁp{éﬁfﬂoamtlnn l& a direct appllcation of:

{a) Pascal's law {b) Barnoulifs principle

{c)Archimedes' principle (o} Newton's third law
5.8 Anideal flow of any fluid must satisfy:

{8} Pascal law (b} Barnoullfs aquation

{c) Continuity equationonly {d} Both {b)and {c)
5.10 Thelift forca experianced by an aeroplana wings is primarily dus to:

{a) viscosity of air (b} density of air

{c) preceure differenca abova and balow the wing (d} gravitational force
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5.11 In madical fisld, a veniure mask, usad to deliver a known oxygen concentration to
patients operates is based on:

{g) Newton’s third 2w (byArchimedes' principle
{c]) Pascal's law {dYBarnoulli's principke
5.12 Which of the following is a defining eharactenstic of a supefiuid?
{a) Zaraviscosity (k) Infinila density
{c) Zero temperature (d) Infnlie tharmal conductivity

Short Answer Ouestions

5.1 Whatismeant by (i} cohasiveforca (i) viscosity?

5.2 Differentiate between streamling and turbulent flow of 2 fluid.

5.2 Howdoes pressure changeswith depth Influlds?

54 Howisvariation in pressure related to speed of a fluid?

5.5 Howizthe flowrate relsted totha croes-sectional area and velocity of the fluid?

5.8 How do you study the variation in valodty of afluid at differant points in a hosa with
varying diameter?

5.7 Howdossanobjsctfloat orsink according to Archimedes Frinclpla®?

5.8 HowdossArchimedas reportedly discovarthe principle that bears his nama?

5.9 Whystanding nearfast maving train is dangerous? Explain brigfly.

5.7 0'What are scma potantlal applications of sugerfiuldity?

5.11 Differentiate between shress, strainand Young's modulus. Write down their 31 units.

#l Constructed Response Questions
5.7 The ratlo stregs/straln remalns constant for small defarmation. Yhat will be effect

onthis ratiowhen the deformation made is very large?

5.2 Whah purewater falls on a fiat glazs plate, it spreads on the platewhile tha mercury,
when falls on the same plete gets converted into small glebules. Why?

5.2 According to Bemoulli's thecram, the prassure cf a fluid should remain uniform
in 2 pipe of uniforn radius. But actually, it goes on decreasing. Why is it so?

5.4 Why wings of an aeroplane are rounded cutward whila fiattenad inward?

5.5 What is the difference in real fluid, ideal fluid and superiuid? Which of thesa really
axits in thaworld ? Explain.

5.6 Why s the study of supariulds Important for advancing our knowlacge of low
tamparature physics?
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Comprehensive Questions

Explain in datail the classification of sclids with raspect to atomic arrangamants.
What Is Archimadas’ principle? Explain It Indatall for finding upthrust.

Justify that mass remains conserved when a fluid lows through a pipe.

Explaln the term superfiuldity.

State and deardve equation af continuity.

State and prove Bernoull's squation.

Giva some practical applications of Barnoulli's equation.

Define terminal velpcity of a body and show that terminal velocity is directly
proportional to the squars of radius of the body.

Numerical Problems

Asteel wire of length 2 metres and cross-sectional area.of 2 x 10° m’is stretched by
a force of 400 N. If the Young's modulus of steglis 2 x 10" N m*, cakulate the
extension of the wire. {Ans: 0.002 m)
Aspring with a spring constart 200 N mIs stretched by 0.5 m. Find tha elastic PE.
stored in tha spring. {Ans: 25.1)
Acopper wirg of langth 2 metras and cross-sectional area of 13 10° m’ is subjected
to a force of 500 M. Calculate the stress and strain preduced in tha wirs. {Young's
modulus ofcopper Y =1.1x10"Nm®) {Ans:5x10°"N m?, 0.00455)
A block of wood of mass-10 kg and denstty of 800 kg m? Iz floating In water.
Caleulate the buayant force acting onthe block. (Density ofwater = 1000 kgm™® }
(Ans: 58 N)
Water flows through'a pipe with a diameter of 0.05 m at a velocity of 2Zm s”. If the
pipe narrows-to a diameter of 0.02 m, calculate the velocity of water at namow
section. (Ans:8.56ms™)

Water flews through & horizontal pipe with a velocity of 3 m s and pressurs of
200,000 Pa at point 1. At the nozzle {point 2), the pressure decreases (o
atmospheric pressure 101,300 Pa and the velocity increases to 14 m g7, Cakulate
the velncity of the water exiting the nozde. (Density of water= 1000 kg m™)

{Ang: 1437 ms™"
Atank filled with water has a hole at a depth of 5 m from the watersurface. Calculate
the veloclty of water fiowlng out of the hole. (Ans: 8.9ms")
Cakulate the terminal velocity of a spherical raindrop with a radius 0.5 mm falling
through tha air.{nforair=15x10°kgm’s’, p= 1000kg m*forwatar}

{Ans: 2865 m s™)
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After studying this chapter, the students will be able to:

Dascribe the basle assumptions of the kinetle theory of gassas. [Includlng understanding the
tampereiure, pressure and dansity conditions under which an ideal gasig &goadappromahon ofe
redl gas |

Siats that regions of equal temperatura ara in thermal equilbrium )

Relabe arlsa Intemparature of an object toan Increasae In ks Inhrnalﬁnargsf

Apply the suuation of stale for an Ideal gaslasprassed a5 P = BRT, whera n= amount of substans
{numkarcfmoles) and as Py=N i, 7. whara N =numharofmlqm.'|lae]

Stata thattha Bolzmann canstant k ks gvenby k= RN,

Use W = PAVfor thework dona when the volure of a.gas changes at constant pressure.

Descrbe the differsnce between the work done by.a gas and the work done on £ gas.

Deflne and Use tha firet [aw ofthermodmamlca{ﬁﬂ Q-w axpragead In terme of the Increass In
Internal snargy, tha hasting of tha eystarn {amrgyt'a’nsfarrad tatha evstem by heatng) and tha work
donaonihe syetam]

Explain quelitatively, in tarms of pamclas the ralauonshlp hatween the pressure, temperatuns and
volurne of 2 gag [Speciically the bolow caze:

(&) prassuraandtamparawreatﬁmsmnwduma

() volume and termperature am:natantpraasura

[cy  preassurs nru!volmme.atnmnabarﬂhmperature

Use the wquation, includin ‘& graphical representation of the relationship betwesn pressure and
walurne far a gas at constan tamparaturs.

Justify how the first e of thermad mamics expresses the cansanmtionof enengy.

Relate arise injpmperéh.lre of 6 body ta an increese in its internal enemngy.

State the working principle of 2 hest engine.

Descrite the concapt of revarsitlaand irreversitile processes,

State andexplain the second law of thermodynamics.

State the iiiwting principle of Camot's Engine

Describe that refrigeratorisa heat engine operating in reversa as thatof an idsal heatengine.
Explainthatan increasza in tamparature, incrazses lhe disorder of the systam.

Explaln that ncrease Inentropy means dagradation of eneny.

Explain that energy ks dagraded durng all natiral processes,

Identifying that syctam tands tobecorme eas ordary cvertime.

Explaln that Entropy, S I8 £ themoedynamie quandety that relatss to the dagree of discarder of the
particles in g system.

Stats thettha Camol eycla sataa limH for the effislency of a heat angine at tha temperaturas of ks haat

reasnoir given by, Efficiency = 1—-;:'“M
! w—ve i
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hemaodynamics is tha branch of physigs that deals with the relatipnships and

conversions between heat and other forms of energy. H encompasses principles
goveming the behaviour of systems at macroscopic scales, such as temparature,
pressure, and volume. Thenmodynamics thus plays a key rcle in technology, since
almost all the raw energy available for our use is liberated in the form of heat. In this
chapter, we shall study tha bebaviour of gases and laws of tharmodynamics, thair
significance and applications.

6.1 ASSUMPTIONS OF THE KINETIC THEORY OF GASES

The kinetic theory of gases is a fundamental theory in physics and chemistry that
explains the behaviour of gasas based on the mation of their constituent particles. This
theory provides a macroscopic understanding of ges properies such a3 pressure,
temparature, and volume. Hare are the key asesumptons ofthe Kinsllc theory of gases.

) Gas Partlcles are In Constant, Random Mation

Gas molecules are in perpetuzl, random motion. They'move in straight lines until they
collide with elther another molecule or the walls of the container.

p 3 Negliglblz Volume of Gas Particles

The valurne of the individual gas moleculesis neqligible as compeared to the total volurme
ofthe gas. This means that the particles are considerad point masses with no sighificant
valume.

E 8 No intermelecular Forces

There are no attractive or repulsive forces between the gas molecules. The particlea do
hot exer any force an sachothar excapt duHng colllslons.

4. Elastic Collisions

The collisions hetween gas molecules, and with the walls of the container are perfectly

plagtlc. This means that there Is no net [oss of kingtlc energy durng colllslons. Thea total
kinetic energy is consarved.

o Large Number of Particles

A gas contains a large number of particlas. This large number allows for the use of
statistical mathods to describe the properlies oftha gas.

B. Average Kinetic Energy is Proportional to Temperature

The average Kinetic ensrgy of gas paticles iz diractly proportional to tha absolute
temperature of the gas. This implies that as the temperature increases, the speed of the
gas particles alsoincreases.

7. Pressure due to Particle Colllslons
The pressure exerted by a gas on the walls of its container is due to the gollisions of gas
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particles with the walls. The force exerted by the particles during collisions generates
pressuna.

B. Time of Collisions is Nagligible

The time interval of a collision hetween gas particles is exdremely short compared to the
tima habwesn collisions. This assumption simplifies tha analysis of parlicls dynamics.
Limitations of Kinetic Mclecular Theory

Real Gases

The assumptions of the kinetic thecry hold true for ideal gases, bul real gases exhibit
deviations due to intermolecular forces end finite molecular volume, especially at high
pressuras and low temparaturas.

In summary, the kinetic theoty of gases provides a macroscopic view of gas behaviour,
linking mecroscopic properties like pressure and temperature to the motion of gas
particlas, and serves as a faundational concept In undarstanding thamedynamics and
statistical mechanics.

Equation of Siate for an ldeal Gas
A gas that obeys kinatic theory of gases is tarmed as an ideal gas. ldeal gas equation is
given by

PV=nRT . (B1)

Here Frepresents prassura, V is volume, b is number of moles of the gas, Ris universal
gas constant (R =8.3145. mol” K and Tis the absolute temperature,
Equaticn (8.1) implies that product of pressure and volume is directly proportional te the
absolutetemperature for an ideal gas.
Real Gas to Bshave Like an ldeal Gas
According to kinetic theory of gases, a gas has no intermolecular interaction and
mlecules are farapart from each other. For & real gas to behave like an ideal gas, some
conditions must ba satisfied. P.E. of tha gas molecules is negligible and this have only
KE.
Number of moles ‘n'can be given by
_ Mass of gas
Mclar mass of gas

L5
M
50, Eq. {6.1) becomes. PV = %RT ar PM=(%} RT

PM M.
We know that density; = % . 8o, p = RT as EIS constant - p U:?

The density of a gas will be [ow at low pressure and bigh temperature due to which
molecules of the gas will be at large distence from each other and the intermolacular
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forces will ba negligible. So, the real gas behaves like an ideal gas at low pressure
and high temperaturs.
Ideal Gas Equation in Termns of Boltzmann Constant
From ideal gas equafion:
ey o) AR e

A mole can be defined as the number of atoms or
maleculas par unit Avogadre's number [N, = 6.02 x 10%).

Mathermnatically;
'} o
n= N n—— (i} , N is number of atoms. or malecules
A
Substituting Eq. (i) in Eq. {i), we have
pv=N Ry oo (i) R4 ror your informatian
. Real gases approach ideal
The term -2 ig termed as Bolzmann constantk,, i.e., B diningey,
N, {i1 kowpressure
R {ii) higgh Lewripera lura
e o T {6.2)

Substibuting the values of R and N, we have
k,=1.38 x 107 JK'
Substituting Eq. (6.2) in Eg. (i),
PY=pgeT &.3)
Equation {B.2) gives ideal gas aguation In terms of Bollzmann constant k.

Example 6.1 pb0pe mole of an kdeal gas is at a lemperature of 300 K. If the Beltzmann
conatant (21,98 % 10 J K, calculate the volumes of the gas at a presaurs af 1 atom.
[atm = 101325 Fg]

Solution We know that:

PV = nRT
R = Nxk, where kﬂzﬁ
Hers WV = % g
e 1molx6.02 % 10%mol’ x 1.38 x 10 J K' x 300 K
. 101325 Pa
V = 00245m°

Thus, veluma of gas would be §.0245 m’.
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Gas Laws

There gra some variables (state funcilions) which descrbe quantity of gas which
includes pressure, volume, and temperature ( P, V, and T} with change in one varable,
the second variable changes while the Ihird is kept constant. The laws that relate these
variables mutually for an ideal gas aretermed as gas laws.

Boyle's Law
This |lawwas introduced by Robert Boyle in 1662, and it provides & relationship between
pressure and voluma of a gas at constant tamparatura. It sates that for 2 fixsd mass of

an ldeal gas, the pressure P exarted by a gas varles Inverssly withvolume Woccupled by
the gas at conatant temperature.

Mathemat|cally; PRGARTA)
P« 1? at constant T

P = constant 1? or PY = constant
or PV, = BV, L'
Graphical represantation of Boyla's law is showr'in Fig. 5.1, " v

i Flg. &.1
Charles’ Law

Charles' law relates volume and temperature of an ideal gas for a fixed mass at constant
pressure. This law was formulated in-1870 by a French Physicist Jacquas CGhares. It
states that the volume of given mass of gas at constant pressure is directly proporticnal
to the absolubs termperaturs.

Mathematically; &
Vi T ateonstant P v
Ve
or T constant
V, vV,
F e gl
° Lo /
Graphically, itcanbe showninFig.6.2. OKor-273°G O § W

Joseph lussac’s Law Flg. 6.2

It states that for a fised mass of an ideal gas, the pressure exerted by 2 gas varies
directly with absolute temperaiure of the gas at constant volume.

Mathernatically;
£ « T stconstantV
or F = constamtxT
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or ; = constant (P T
R_ R

or Slim 0%
[ [

Craphically, Joseph lussac's lawis showninFig. 6 3.

Fig 6.3

Thermal Equilibrium

When twe bodies are at the same temperature, the thermmal energy {which is related to
tha kinelicanargy of particles} of each hody is equsl. As a rasult, thers is nodriving forca
for heat transfer between them, and thus they remainin themmal equilibrium.

Example

Whenh wa put a matal spoan into a hot cup of coffes:

(i initially, the coffee is hotter than the spoan.

{1 ovartime, heat flows from the coffea to the spoan.

{iiy  eventually, the coffes and spoonreach at the sams temperaturs.

Thermnal equilibium is achieved at this point, thers is no net heat flow between the
coffes and tha spoon, and they are sald ta ben tharmal egull ibrium,

6.2 INTERNALENERGY

The sum of all forms of molecular energies (kinetic and
polential) of a substance is termed as-its intemnal energy.

In the study of tharmodynamics, ‘usually idezl gas is ._E;lla\ﬂ:n
congidered g a working substance. The molecules of an
ideal gas are mere mass paints which exerdne ferceson . \ibration

ohe ancther. So, theintermal ensrgy of an ideal gas
system is generally the ranslational K.E. of its molecules.
Sines the temperature of a systern is defined as the

average K.E. aof its molecules, thus for an ideal gas \u.___
systam, tha Intornal enorgy Is directly proportional to lis
temperature. A distomio gos moleculz has both

According o the kinetic theory of gases, the average IETEistional end iotional e

kinslic shergy of gas molacules is given by aseockted wih the spring ke bond
helwaar is alams.

<KE> =2k, Tor < Jmvt> =257

2
where &, is Boltzmann constant [ Tielblt |

i, 3 Diffarant processe= can l#ad to changes in infemal
Thersfore, the rise in temparature of energy and temperature, such as heating (adding heat},

an cbject reflects an increase inthe  adisbatic compression or expansion (o heal exchange),
intermal kinetic energy of its particles.  or phase changes (whare heat energy changes the stata

This increase in intermal energy can ofmaterwithoul changingtemperature).




@
occur due to the absorption of heat enargy, which

raisas tha average kinatic energy of the particles and
thusincreases the temperature of the ohject.

6.3 HEATANDWORK

We lnow that both heat and work correapond to
transfer of enargy by some means. The idea was first
applied to the steam engine whara it was natural to
transfer heat in and get work out. Conaegquently, it
mads a sanse to defing hoth haat in and work out as
posilive quantitiss. Hence, work dona by the system on
its environment i3 considered positive while work done
on the gystem by the environment & taken as negative.
If an amount of heat © enters the system, it could
manifest itsalf as either an ingrease in internel energy
or as a resulling quantity of work performed by the
system onthe surrounding or both.

We can express the work in terms of directly
measurable variables. Consider the gas enclosed in
the cylinder with a moveable, friclionless piston of
crass-sactional area A as shown in Fig.6.4[a). In
equilicrium, the 2ystem occupies volume V and exerts
a pressure P on the walls of the cylinder and its piston.
Tha force F exartad by the gasontha pistan is P4.

e assume that the gaa expands through AV very
slowly, s0 that il remains.in equilibrium as shown in
Fig. 6.4(b). As the piston moves up through a small
distance Ay, the work Wdone by the gas is:

H Physls 11

W = FAy = PAAy
Sincz Ahy = AV
Herce W =PAV (E.4)

The work dome can also ba cakoulated by ares of the curve ¢

under P-Vgraph ag shownIn Flg. 6.5.
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r = |
ln_'i For your informertion ;1

Intamal enangy |l & funclon of
gtata, Consequenty, it dess nol
depend on path but depends Gn
InHlal and inal states of ha systsm.
Thus, intemal energy is similar to
lhe gravilaliovwl PE. So, ks lhe
potantial anargy, it is the changein
internel energy and not its ebsolute
valus, whichis Impartant.

E

Fig. 6.4

A gasissesled in & cylinder by a
weightless, frictionaless pistan.
The consiant downward applied
forga & equals A4, and whan the
piston is displaced, downward
workis donaonihe gas.

{Changeinwolume) _| B 3

1 .

Fig. 6.5

Knowing the details of the change in internal energy and the mechanical work done, we
are in a position to describa the genearal principlas which deal with baat energy and its
transformation into mechanical energy. Thase principles are known as lawse of
thermogynamigcs.
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6.4 FIRSTLAWOF THERMODYNAMICS [ Foryow informaiion ]

Heat

When heat is added to a system there is an increase in the _,_|—|5| .Q
Intamal energy due te the fse In temperatura, an Increase positive

in preszure or change in the state. If at the same time, a Haat
substance is allowed to do work on its environment by |
expansion, the heat Q required will be the haat necessary pATRAR

to change the intsrnal energy of the substance from L, in
tha firat state to U, in the second state plug tha work W _.;._- W
done on the environment.

Thus Q= fU-U)+W Wiork
+W._-[ ysteen |—>——
or Q= aAll+W . (6.5) positive

Thus the change In Internal enhargy AL = U, — U, & defined as Q=W Sinca It s the same
for all processes conceming the state, the first law of thermodynamics, thus can be
stated as,

In any thermodynamic process, when heat Q.5 added to a system, this
energy appears as an increase in the intemal energy AU stored in the
gyatem plus the work Wdone by tha system on its surroundings.

1. Conservation Principle: The ‘underlying principle of the first law of
thermodynamics is the conservation of snargy. It asserts that while snergy can
changs from cna form to another (such as from chemical potential anergy to
thermal energy), the total energy in an isolaled system remains constant over ime.

2. Wider Applicablilty: Beyond mechanical systerms, the first law of themmodynamics
applies universally to all forma of energy and all types of processes, including
chemical reactions, electrical systems, and nuclear reacltions. It provides a
foundational understanding that allows scientists end engineers to predict and
understand anergy fransformations in vanous contests.

The fimt law of thermodynamics expresses the law of conservation of enargy by
afinming that energy Is a conservad quantity In Isolatad systems. It providas a
framework to undarstand how energy is transferred and transformed within systems
without violating the fundamental principle that energy neither be created nor be
desetroved.

A bicycle pump is a good example of first lew of  Thermocouple  Trapped BAisia
thermodynamics. When wea pump an the handle S ™™ pehed in
rapidly, it becomes hot due to mechanical wark

done on the gas, raising thereby its intemzl energy.

One such simpls arangemant is shown in Fig. 8.6.  yilvokmeler

It consists of a bicycle pump with a blocked oullet. Fig. 6.6
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Athermocouple connected through the blocked outlet allows the air temparatura to be
monitored, Thermocouple tharmomeatsr can detact & minute variation of the
tempersture. When the pisten is repidly pushed, thermomeler shows e tempemture rise
due ioIncraass of Intarnal anergy of the alr. The push forca does work on the alr, theraby,
increasing its internal energy, which is shown, by theincrease in temperature of the gir.

Human metabolism also pravidas an axample of energy coneervation. Human beings
and other animals do work whan they walk, run, or meve. Work requires energy. Energy
is also needed for growth to make new cells and to replace old cells that have died.
Energy transforming processes that occur within an organism are hamad as
metabolism. We can apply the first law of thermodynamiscs (AL =@ — W), toan organism
of the human body. Work done will result in the decrease in infernal energy of the body.
Consaquently, the body temperature orin other words intamel anergy is maintained by
the food we eat

Exampie 8.2 [ A g5 is gnclosad in a containgr fitted with'a DIElDI"I of eross-sactional
araa 0.10 m’. The prassura of the gas is maintained at 8000 N m®. Whan heat is slowly
transferred, the pislon is pushed up through a distange of 4.0 cm. If 42 J hest ia
transfamred to the system durng tha expansicn, what I8 tha change In Internal anergy of
the systam?

Selutien ¥ The work done by the gasis
W=PAV=PAAy =800 NmM®° x 0.10 m* x 4.0 x 10% m
=32Nm=32J
The change in inlemnal energy is found from first law of thermodynamics
AUSG—W=42J-321=10J

Isotharmal Process

Itis & process which is camried cut at constant temperature and hence the candition for
the application of Boyle's law on the gas is fulfilled. Therelore, when gas expands or
compresszes iscthermally, the product of its pressure and volume during the process
ramaing constant. If 2., WV, are initial pressure and voluma whergas P, , V) are pressure
and volume after the isothermal changa takes placas {Fig. 8.7-a}, respactively, than

Y, = PV, P,
In case of an ideal gas, the PE. associated with ils
malecules is zero, hence, the intemal energy of an ideal T
gas depands only on ts temperature, which In this case  ©
remaing constant, therefore, Alf= 0. Hence, the first law of
tharmodynamice reduces to

Q=w Fiy. 6.7(a) v, v— ¥

Thus if gas expands and doea external wark W, an amount of haat (X has to ba supplied
to the gas in order to produce an isothermal change. Since transfer of heat from cne
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place to another requires time, hence, ie keep the tempereture of the gas constant, the
exXpanslon or compression must take place slowly. The curve rapresenting an

isothermal process is called an isotherm (Fig. £.7-a). I - I
. u Brain teaner!
Adiabatic Process e
An adiabatic process is the one in which no heat enters or energy of an ldeal ges
leaves the system. Therefore, AQ = 0 and the first law of s:t’:'" “‘I'“E“E'“ il
thermodynamics gives: =_AlS it i i

Thus, ifthe gas expands and does extemnal work, itis done atthe expense of the intemnal
energy of its molecules and, hence, the temperature of the gas falls. Conversely, an
adiabatic compression causss the temperature of the gas to rise bacauss of the work
done onthe gas.

Adlabatlc changa occurs when the gas expards or comprassed-rapldly, particularly
when the gas is contained inan insulated cylinder. Tha axamples of adiabatic process
are:

{3 Tharapld ascapa of alrfrom a burst tyra.

(i) Tha rapid exparsion and compression of air
throughwhich a sound wave is passing.

(i}  Cloudformation inthe atmasphers.

As the lemperature of the gas doss not remain constant,
s0it has been seenthal;

PVT = constant Fig. 6.7{b)
where y is the ratio of the molarspecific heat of the gas at constant pressure to molar
spacific hoat at constant valume (v = Cr ). Tha curve reprasenting an adlabatic procass
iz called an adiabat (Fig.6.7-b). %
6.5 REVERSIBLEAND IRREVERSIBLE PROCESSES

A reversible process is ocne which can be retraced in exactly reverse order, without
preducing .any-change in the surroundings. In the reverse process, the working
substance passes through the same stages as in the direct process but thermal and
mechanical effects at each stage are exactly reversed. If heat is shsorbed in the direct
process, itwill be given out in the reverses process and ifwork 18 done by tha substarncs in
the direct process, wark will be done an the substance in the reverse process. Henceg,
tha working substance is restored to its original canditions.

A succasszion of avents which brings the system back to its

initial condition is called & cycle. A reversible cyde is the

onea inwhich all the changeas ara raverzible.

Although no actual change is completely reversible butthe processes of liquification and
evaporation of a substance, performed slowly, are practically reversible. Similarly the
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slow compression of a gas in a oylinder is reversible | ] |

procass as the compression can be changed to expansion
by slowly decreasing the presaure on the piaton to reverse
tha operation.

If a process cannot be retraced in the backward
direction by reversing the controlling factors, itisan
Imavarsible procass.

All changes which occur suddenly or which involve fiction :irﬂllprﬂ;tiﬁl Sﬁ:m-;ng:tr;ewrh:

= : : aalgne fn Bralthwal
or d_|s§|pahnn_ of energy through cﬂndunllqn, ED_I'I'UBG’IIEII_‘I OF = od John EricssSth England
radiaticn are imaversible. An example of highly irreversible o 1838,

process s an explosion.

6.6 HEAT ENGINE

A heat gngine gonverts some thermal energy to mechanical work. Usually, the heat
comeas fram the buming of a fuel. The earliest heat shgine was the steam angine. llwas
developed on the fact that when water is boiled in a vessel covered with a lid, the steam
inside iries to push the lid off showing the ability to dowork This ocbservation helped to
tevalop a steam engine.

The working principle of & heat engine is based on the conversion of heat energy into
machanical work thraugh a cyclic process. Heva is how a haat engine typically operates.
The working principle of 2 heat engine invalves the cyclic transferof heat energy from a
high tarmperature reservoir 10 a low tamperature raservair, with the objective of

convarting a8 much heat as possgible Into mechanical T
B ; WA Hed regarvalr
work. This process is gowemed by principles of T,
thermodynamics and is assential in various applications e,
where machanical energyis required from heat sources. .

6.7 SECONDLAWOF THERMODYNAMICS

Flrst law of tharmodynamics tells us that heat energy can
be converted. into eguivalent emount of work, but it is
silent about the conditions under which this conversion
takas place. The sacond law is concemed with the
gircumstances in which heat can be converted into work
and direction of flow of heat. :

Cald reeervair

Before initiating the discussion on formal statement of the T

second law of thermodynamios, let us enalyze briefly the £ g5

factual operation of an angine. The engine ar the system  ¢yoo s moresentaton of s
{Fig. 6.8) absorbs a quantity of heat Q, frem the heat :aal wl?r:}n Thﬁ er:;lne ahsortlus
source at temperature 7,. It doss work YW and expals haat ;q,f'tha'hﬂ@sétﬂ, s e L

&, to low temparature reservoir at temperature 7,. As the  emidosswork W




H Physlcs TH) [ “’:"3 Chapoer [ Heat and Thamodymambcs|™
working subkstance geoes through a cydic process, in which the substance eventually
retums to its initial state, tha change in internal energy is zero. Hance, from the first law
of thermodynamica, networkdone should be equal to the net heat absorbed. i e,

W=, -6,
In practica, the petrol englne of a motor car axtracts heat from the buming fusl and
converts a part of this energy to mechanical energy or work and expels the rest to the
atmosphara. It has basn ohsarved that patrol sngines convert roughly 25% and diasal
engines 35 to 40% available heat anerngy into work.

The second law of thermodynamics is a formal stalement based on these ochservations.
It ean ba statad in anumber of diffarent ways:

According to Lord Kelvin's statement basad on tha working of a heatangine:
ltis impossible to devise a process which may ——
idbitx
convert heat, extractad from a aingle reaarvair, ‘ - -
entirely intc work without lsaving any change
in thewarking system.

This means thel a single hesat regenvair, nc matter how
much anergy it containg, cannct ba made to perform any
work. Thlg Is frue for oceans and our atmosphere which
contain a large amount of heat energy but cannot be
convertad Into usaful mechanlcal work, As a consequence
of second law of themmodynamics, two bodies at different
t=mperatures are essantial for the-comversion of heat inta
work. Hence, forthe working of heat engine thers must ba ) _

a source of heat at a hightemperature and a sink at low ey ame 2 tha Kalvin sistement
temperature to which haat may be axpellad. The reagon  themodynamics, the process
for our inability to utilize-the heat contents of oceans and ?.Ehnimg h::u';;mﬁm: Iﬂgil:;f:
atmpsphere is that there is no reserveir at a tfemperature m&ﬁfﬂf"" e corverted
lower than any one.of the two.

6.8 CARNOTENGINEAND CARNOT'S THEOREM

Sadi Carnct in 1824 described an ideal engine using only
isothermal and adiabatic processes. He showsd thel &
heat engine operating in an ideal reversible cycle
between two heat reservairs at different temperatures,
wolld ke the mopst afficiont angine. A Camat Gycla using
an ideal gas as tha working substance is shown on PV
diagram {Fig. 6.8). [t consists of following four steps:

n—>

1. The ges is allowed to expand isothermally at L ¥ W
temperature T, absorbing heal @, from the hot Fig. 6.0
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reservoir. The progess is represented by the curve AB.
2. The gas is then allowed to expand adiabatically until its temperature drops to 7T,. The
process is represented by the curve BC.

3. The gas at this stage is compressed iscthermally at temperature T, rajecting heal &,
to the cold reservolr. The process |s represented by the curve CD.

4. Finally the: gas is compressed adiabatically fo restore its initial state at temperature
T,. The process is rapresented by the Guree DA,

Themal and mechanical squilibrium ie maintained all the time so that each procass is

perfeclly reversible. As the working substance retums to the initial state, there is no

changa in its intamal anergyi.e., AU =D0.

The net work done during one cycle squals to the area enclossd by the path ABCDA of

the PV diagram. ll can alsa be estimated from net heat AQ absorbed in one cycle.

Q=0Q-Q E_L;cem:;:;:wc.g information § |
From 1" law of thermodynamics: ’ il
Q= AU+W
or W=0-4Q, {.. alt=0)}
The efficiency n of the heat engine is defined as: .
. Outpurt {Work)
Input {Enargy}
Thus n=8c9 O\ {6.6)

G

The energy transfer in an igothermal axpansion or
compression turns out to be propertional to kelvin
temperature. So @-and G, are proportional to kelvin
temperatures Toand T, respectively and hence,

T

'
ket {B_T) A watarall analogy for the

Ti Tr heat enging.

'|'| -
The efficiency is usually taken in percantage, in that case:

Percantage afficlency = E— ;—’-] % 100

1
Thus, the efficiency of Carnet engine depands on the temperature of hot and cold
rezervalrs. It 1s Independent of the naturs of working substance. Ths larger the
temperature difference of two reservoirs, the greater is the efficiency. Butit can never be
anaor 100% unless cold reservairis at absoluta zera tamperatura (T, = 0 K).

Such resarvoirs are nol available and hence the maximum efficiency is always less than
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one. Mevartheless, the Camet cycle establishes an upper limit on the efficiency of all
haat engines. No practical heat engine can be perfectly reversible and also enemy
dissipation iz inevitable. Thia factis stated in Camet'stheorem:

No heat engine can be mars afficiant than & Carmot
engine operating between the same two temperslures.

Tha Camot's theorem can be extended to state that:

All Camaf's engines cparafing batwasn tha same hwo lemperatures have
the same efficiency, imespective of the nature ofworking substance,

In most practical cases, the cold reservoir is near reom temperature. So, the efficiency

can 'DI'Il‘_p' b incraased D}I’ raising tha lam paralura of hot resarvair. All real haat anginas
are less efficient than Camot engine due toTriction and other heat [asses.

Sl The turbine in a eleam power plant takes steam from a boiler at 427 *C
and exhausts into a low temperaturs reservair at 77 °C. Whatis the maximum possible
efficiency?
Se Maximum sfficlancy for any englne operating betwsen temperatures
Tand T, is

%n = L2 100y  where 7, = 427 +273= 700K
1
and o= 77 +273=350 K
T, -T. 7OOK-3B0K _ 350K _ 1
S = 1 2 = it = -

o | T, T e T T 05T OF 9] 0.5 x 100 = 50,
6.9 REFRIGERATOR Highes tar persture muroundirgs
Refrigerator is & device which maintaing the
temperature of a body below that of its surmounding. It "h?‘atr al temparalura T,

operates in a cyclic procasas butin reveraa as that of the
heat engine asshown in Fig.6.10. Arefrigeratcrabsorbs

heat fromia_ cold reservoir and gives it off to a hot e
reservoir. Thie shows that in & refrigerator, the work is ISR
dong on the system whila in a haat enging work s dong ﬂeT

by the system, Hesiin | at temperature T,

A refrigerator works on the basis of Clausius stalerment
of sacond law of thermodynamics, Le., a haat shglng Is | Lo Femesmiure comgariment
opsrating in raverse. Heat Q. is drawn from Low v

: : k. B.10
Temperature Reservoir {LTR) T, by compressor and iS  p frigamtor ranstars hest from a

thrown into High Temperatura Raservair {HTR) T, with Ir?;ﬁfmmmpum :FEWWT:J:LQ tg

tha help of extemal work done. The heat rajected o HTR  with tha nalp af extarnal week. It s
[oTe] heat engine operating i

{Q, }isgiven by : 8 _anglnaop @ in reverse
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Q,:+ W=ﬂ,,- or W=QH 'Qc
The main purpese of refrigerator is to extract as much heat Q. as possible from LTR with
the expenditure of as littke work Was possible.

Coefficient of Performance of Refrigerator

The ratio of heat removed from LTR (&) to the work done (W) is called coefficient of
parformanca of 2 refrigarator.

A better refrigerator will remcve a greatar amount of heat from inside the refrigerator for
the expenditure of a smaller mechanical wark or electrical enemy. The coefficient of
performancs of a refrigerator can be glven by

Q &3
E = 13 = H
w Qﬂl = Qc
The cosfficlentof parfarmancas Inlerms of temperature, whare (< T |s:
T
S [8.8)
1w

Exampic §.4

Avrefrigerator has a coeflicient of performance 8. f tamperature in the freezer is -23 20,
thenwhatisthe temperaiure at which it rejects the heat?

Folution
Coeflicigntof pariormance E =8
Temperaturs of cold reservoir (freezer) 7, =-23°C=-253+273=250K
Temperaturs of ROt resarvoir (om) L=t
Coefficient of performance = TI =
Substituting the values g = 250K

T, - 250K

or 8(L -250K) = 250K or T, — 250K = zgﬁ
5 T,= 3M125K+250K =28125K = 825°C

6.10 ENTROPY

The concept of entropy was introduced into the study of thermodynamics by Rudolph
Clausius in 1856 to give a guantitative basis for the second law. It provides another
variable to describe the state of a system to go along with pressure, voluma,
temperature and intemel energy. If a system undergosa a reversible process during
whichitabsorbs a quantity of heat AQ at absclule temperature T, then the increase in the
state variable callad antropy S of the system ia given by
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_4Q
A8= T s (B8

Like potential enargy cor intsmal energy, itis the changs in entropy of the systam which is
important.

The change in entropy is posiive when haat is added and negative when heat is
removed froem the system. Suppose an amount of hegt & flows frorm & raservoir at
temperature T, through a conducting rod ta a reservoir at temperature T, when T.>T,
The change in entropy of the reservoir, at temperature T,, which loses heat, decreases
by Q/T, and of the reservoir gt temperature T,, which gains heat, increases by QfT.. As
T2T, 80T, wlibe greaterthan Q4T,, l.e. QT > Q/T..

Hence, net changs in entropy (Ti—%] is positive.
2 1

It follows that in all natural processas whars heat fiows from-one systam to another,
there is always & net increase in entropy. This is encther statement of 2™ law of
tharmedynamice. It states that;

Ifa system undergoes a natural process, it willgo in the dirsction that
causes the entropy of the system plusthe'environment to increase.

ItIs cbsarved that 2 natural process tends to proceed towards a state of greater disorder.
Thus, there is a relation between entropy and melecular disorder. For example, an
irrevensible heat flow from & hot to a.cold substance of a system incraases disorder
because the meolecules are initially sorted out in hotter and cooler regions. This order is
lost when the systern comes to thermal equilibrium. Addition of heat to 2 system
increases its disordar bacauss of increase in average maolacular spaads and therafora,
the randomness of molecular-motion. Similarly, free expansion of gas increases its
disorder because the molecules have grealer randemness of position after expansion
than bafars. Thus, inboth axamples, entropyis said o be incraased.

Y¥e can conclude that only those processes are probable for which entropy of the
system increases or remains constant. The process forwhich entropy remains constant
is a reversible process; whereas for all imeversible processes, entropy of the system
iNGreases,

Evary tima sntropy Increaseas, tha opportunity to convert scma haat Into woerkls lost. Far
example, thers is an increase in enfropy when hot and cold waters are mixed. Finally,
the warm watser cannot be separatad Into a hot layar and a enld layar. There has baen no
loes of energy but some of the energy i8 nc longsr available for convarsion into work.
Therefore, increase in entropy means degradation of energy from a higher leve| where
morework can ba extracted to & lower lavel at which less or no usaful work can be done.
The energy in 4 sense is degraded, going from more orderly form to less orderly form,
eventually ending up as thermal energy.

In all real procesasas where heat transfer occurs, the energy available for doing uaeful
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work decreases, eveniually, the entropy increases. Even if the temperature of some
systern decreases, thereby decreasing the entropy, itis al the expense of netincrsase in
entropy for some other system. When all the systems are taken together as the
unlvarse, the entropy of tha Lnivarse always InGraases.

[ Exampis 6.5 || Galculate the entropy change when 1.0 kg ice &t 0 °C melts into water
at0*C. Latent heat of fuslon of Ice L= 3.36x10° Jkg",

Wsoitionl| m = 1kg
T =0°C=273K
L; =336x10°Jkg' QA
_ AR o
= m o .
¥ does.g dack of cards
LT SHE Sk becoma more disorderad when
mi; shuffied?
So AS = _'_I" o ™

Subatituting tha values » \J
u5 o 190k x3.36x10° Jkg'
273K

AS 123 x10° JK' )

Thus, entropy increasas as it changq,é;!p water. The increase in entropy in this case is
a maasure of increasa in tha disorﬂg'; of watar malecules thal change from aalid to
liguid state. O™

LY Y

L e T

§ Multipie Choice Questions
Tick {v) the comect answer,
6.1 In an.sothermal change, intemal energy;

(a)decreases (b)increases (chremains the same (d) becomes zero
6.2  Firstlawof thermoedynamics is besed upon law of conservation of:
{a) mass b energy {c) momentum {d) charge
6.3 Adevice which converts themal energy into mechanical energyis called:
(a)heatengine (b)Carnotergine  {c) refrigerator {d] turtsine
G4  When tweo chigcls are made in thermal contact heving same temparature, then
thay are at:
(a)thermal Equllibrum (bychemizal Equilibium

{c) mechanical Equilibrium {d}) physical Equilibrium
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6.5 When the systemis expanded by adding heat energy, then the work done will be:

(a] positive and on the system {b} negative and on the system
{c] positive and by the system {d} negative and by the system
6.6  Eniropyof asysieminreversible process:
(a)decreases (b)increases {c}is Infinite {d)iszero
6.7  What happens tointermnal energy of an ohjact whenits temperature:
(a)dacreazes (bjremalng Constant (c)Incraases {d} fluctuates
8.8 The value of Boltzmann constant 1s:
{(2)1.38x 102 JK" (b}1.38x 1021 K"
{c] 1.38x 107 J K’ (d)1.38x 107" K"
6.8  Inanadiabatic process, thereis no:
{8 change intemperature {byexchange of heat
{c] change in intemal energy {dywork done

6.10 Thermodynamica mostly deals with:
(2] maasuremsnt of quantity of haat
(b} transfer of quantity of heat
(c) changs of slate
(d} Converslon of heatto other forms of ensrgy

Short Answer Questions

6.1 What |s meant by thermal equilibrium? Explaln briefly.

8.2 What is meant by intemal snergy? How is it relaled to temperature of an idsal
gas?

£3  Stala 2nd law of themmodynamics in two different forms.

B.4 Isit possible to construct a heat engine of 100% efficiency? Explain.

6.5 DHfarentlate beatween revarsible and Irreversible processes.

£.86  Whyadiabetis steeper then isctherm’ Explain.

57  Argfrigerator ransforms heat from cold to hot body. Does bhis violate the second
law of thermodynamics? Justify your answer.

6.8 Explain briefly heat death of universe in termsof entropy.

£9 Is it possible for & cydic reversible heat engine to absorb heat at constant
temperature and transforms it completely imto work without rejecting some heat
at low temperature? Explain.

610 How does behaviour of real gases differ from ideal gas at high pressure and low
temperature? |dentify tha reasons behind thesg diffarsnces based on kinatic
theory of gases.

#.11 Showthatarea under P-Vgraph is equal to work done.

612 How isworkdone (i) byagas (i) onagas?
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B.1
6.2

B.3

B.4

B.5

B.1

8.2
B.3

B4

B.5.

B.6

6.1

8.2

6.3

8.4
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Constructed Re SPOnNIT WUUMESTIDNS

Explain how thammadynamics ralates ko the concapt of enargy consanvation.
Explzein how thermodynamics applies t¢ biological systems, such as humen
bady.

A gas is expanding adiakatically. Explain what happens to temperature and
prassure of the the gas.

A coffee cup is left on a table. and overtime coffee cup copls down. Explain
thermodynamics processes occurring during this process.

How can we explain different weather patterns through thermoedymical
procasses llkewlind, rain, etc.

P~

™ o s = meburs S il 2 2 |
Comprehensive Questions 5.
al

What are the postulates of kinetic theory of gases? Derive a relation for idaal gas
equaticn intheform PV=NK, T from general gas aguation.

Etate and axplain various gas laws.

Explgin first law of thermodynamics in detail. Give an example in support of vour
explanalion. Give its two applications.

YWhat is a refrigerator? Explain its working. Derive an expressicn for its
ca-efficient of performance.

What is Carmoat engine? Describe Carnot cycle. State Carnct theorem and derive
an exprassion for efficiency of Camot engine.

Define and explain the term “Entropy”.

L{ Mumerical Probiems

A gas accupies 6.0 L of volume at 8 pressure of 12 atm. What will be the voluma
of gas'if the pressure is increased by 2.0 alm, assuming that temperature
remains constant? (Ans: 5.14L)
In a vaccum chamber which is connected to & cryogenic pump, pressure as low
as 1.00 nPa is being attained. Galculate the numbar of molacules in 1.00 m’
vessel at this pressure and temperature of 300K, {Ans: 2 41x10" molecules)
A gas undergoes & themmadynamic proceas wheare it absarba 500 J of heat
anergy and performs 300 J work on Its sumoundings. Calculate the change In
internal energy ofthe gas. {Ans: 200.J)
A Camot engine Is operating between a high temperature reservolr at 600 K and
alow temperature resenvoir at 300 K. Calculate:

)] the maximum possitle efficiency




o Physles T ‘I@ Chapter [ Heat and Thamodymambcs]

8.5

8.8

8.7

6.8

{ii} the amount of work output if the engine abserbs 500 J of heat from the

high temperatura rese nvoir [Ang: (1} 50% (i) 250 ]
A refrigerator extracts 1200 J of heat from its interior (the cold resenvoird and
releases 1800 of heat to the sumrounding emvironment {the hat reservair) durng
each cycle. Caloulate:

{h the work Input required per cycle.
{ii} the coefiicientaf performance (COP} of the refrigerator.

[Ans: (i) BOG J (i) 2]
Calculata the enropy change whaen 1.0 mola of ica at 0°C malts to'form liquid
water at the same temperature. (Heatof fusion of ice per mole =8.01x10°J)

{Ans: 22.0 JK)

A gas occupies 400 mL at 20 °C. What volume will it oceupy at 80 °C, assuming
constant pressure? {Ans: 482 mL}
A gas has a pressure of 2 atm at 300 K. What pressure will it have at 450 K,
assuming constantvolume? {Ans: Jatm)
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Waves and Vibrations
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After studying this chapter, the students will be able to:
Lise the principle of superposition of weaves ta sobe problems.
Differantiats botwean constructive and destructive Interference.

Apply the principle of supsrposition to sxplain thewerking of nolse canceling haadhi'i_bnas.

lllustrate exparmants that demonstrata stationary wavas [using microwaves, siretchad strings and
air colurnns fit will be assumed That end correclions are negligible; knuwludge of the concept of end
correctionsisnot requirad)]

Explain the farmaton of a statlonary wave Using graphical represemaﬂm
Explain the farratdon of hamenlcs In atatlonany waves.,

+ [escribe an expadmantthal demonstrates difracdon [Inupdl[_l'g'ﬁe qualitathe effectof the gap width
relative to thowavelength of the wave; for example diffraction of water veaves In a rippls tank]

+  Explain beats (a3 the pulsation caused by twn wavas of slighthy differsnt frequenclas Intarferng with
each ather].

+ [llustrate emmplesofhnwbealsaregeneq‘atedm musmal instrumeznts.

# Lseintensity= powerfarce to solve prol:_!l_émg. Lise intensity o (amplitude ' for a progressive wave to
atlva problams.
+ Explain that when & source ofaouhh WEVES Moves ralative to a atetlonary cbearvar, the ebsanmad

frequency is diffierent from lh& shuree fraquancy [dascribing the Doppler sffact for & staionary
source and a moving ubsanprlsnntmqumd]

+ % & &

& &

# Usethe expression f, = 1}_’{ for the obaerved frequency when a source of sound waves moves
i

reletive to & atationanrobserver.

+ Explainthe apcp_l_rca_lion's of thie Doppler effact [such a5 radar, sonar, astronomy, satellite, radar spead
traps and s_tqqyﬁng'nardiacpmblams in humans].

We arawell familiar with varicus types of wavas such as water waves in the ocean
:and circular ripples formed on a still pool of water by rain drops. When a musician
plucks a guitar string, sound waves are generated in air which reach our ears and
produces sensatien of music. The vast energy of the Sun, millions of kilometres eway, is
ransferred to the Earth by light waves. In this chapler, we will discuss, formation,
propagation end applications of different types of waves.

7.1 WAVE3

Awave is a regular disturbance or variation that carries energy, which spreads out from
the source. For example, energy is fransferred from the Sun to the Earth in the form of
light waves ealled dlectromagnetic waves. Thesa wawves can eveh fravel through
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vacuum. However, in a medium, energy is transferred
due to the regular and repeated disturbances that
fravel through the medium, making ts particles to
move up and down or back and forth (o and fro).
Imaging & stana thrown into a pond of watar (Fig. 7.1).

= The stone produces a disturbance (ripple) that Fg 71 Ropresenting a travalling
travels through the water (medium). disturkance {rppia)

+ The water pariclas move up and down about their mean positions, creating a
repeating patiem known az wave that spreads out

The displacement of a particle of a

et

J

™

wave is its distance in a specified g

i B ; PR Wewsl
direction frem its rest / eguilibrium i oogh il i
position. f the displacement is E% J, wa"'“;
plotted along the y-axis and the time ® — g ——x
in the direction of energy travel along By L of Gigizne
the x-axis, we get a waveform as ) e
shown in Fig. 7 2. %

The waves can be descrbed by the Elg. 7.2: Graphical description of a wave
following parameaters. B s ting information | IR
1. Ampllitude [A): The maximum iiaet

displacement of the wave {or v engin Cireclion of

Lravel af wave

particles of the medium) from.its

aquilibrium position.

3. Frequency {f}: The _number of
oscillations or vibrations or cycles
per sacond.

Movement of

3. Wavelength (L} The distance Trolgh e
betwean two. consecutive  similar Wawy shape of water wave In 33
pointe on thewave that aralnphase.

4. Perlod {T): The ime taken by tha wave o complete one oscillation or cyde. itis the
reciprocal ofthe frequency T=1/f.

5. Speed (v): The speed at which the wave travels. If a wava crast movas one
wavelength A in one period of oscillation T, thespead visgivenby v=4/T

as /T=r, so e A e (7.1}
&. Phase(9): The relative position of a peint on the wave ata given time.
Types of Waves

VYWaves have various forms, each with unique characterstics. A brief detail of diffarant
types of waves is given below.
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1. Mechanical Waves

These waves require a physical medium (solid, liquid, or gas) to propagate. Examples
are watar waves (0cean, lake, or pond ripplas), sound waves {audible vibrations in air,
waler, or solids}, seismicwaves [(sarthquakes), eic.

2. Electromagnetic Waves

They do not require a medium to propagate and therefore, can travel through vacuum.
Examples are radiowaves (wireless communication}, Microwaves (cooking and
heating}, Infrared waves (IR or heat radiation), Visible light {sunlight, lamp light),
Ultraviolet waves [UV radiation], X-rays {medical imaging), Gamma rays (high-energy
racliation), ete.

3. Quantum Waves [ mow? )
Quantum waves are associated with particles like electrons _These wave typas am
and photons. Examples are matter wavesiparticle waves “Sr"'iﬂ' ’f; “"'dm'a"l'd
{:a_'lacimn waves in atoms) or de-Broglia waves, photon waves ;:;:::_ :ng?:;mn:;emg
{light guanta}, etc. everyday life.

4, Surface Waves

Surface waves propagata akeng surfacas or interfaces between two mediums.
Examples are ocean surface waves (wind-drivenwaves}, seismic surface waves, etc.

Transverse and Longltudinal Waves Trnsversswaves

There are two main types of waves which are ‘ =
named as transverse waves and longitudinal
waves. A fransverse wavae is ane in which the
vibretions of the particles ere.at right angleatc the
direcion In which the energy of tha wava Is
travelling wheraas a longitudinal wave is cns in
which the direction ofthe vibration of the particles
I along er parallalte the the directlon Inwhich the
energy of the wave is ravelling.

\ F inceeg]
S
\ Eird

Vitars
-

Longhudinal waves
' Wave ., Fod
 — ", gend

Tha transverse wava and langitudinal wave ara ® .
lllustrated In Figs. 7.3 (aand b}, respectively. Flg. 7.3: Main lypes of waves

7.2 PRINCIPLE OF SUPERPOSITION OF WAVES

If a particle of the madium is simultaneously acted upen by two waves, then the resultant
displacement of the particle is the algskraic sum of their individual displacemsants. This
i5 called principle of superposition.

In other wizrds, the displacements of the individual waves are added together to form &
new wawe pattern as shownin Fig.7 4 (a and b}, respeclively.

{ If two waves, which overap each cther, have zame phase, their resultant
displacement will ba:
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¥Y=yty /‘T"“'\.__ Wave 1
wheare ¥, =amplituds of wave 1 L

¥, =amplitude of wave 2 //;:\ Wave 2
and y=resultant amplitude \-\_/

Particularly, if ¥, = ,, then resultant displacement ﬁ\-\"’\wﬂm 1 and 2 suparpoaed

will be:
o I et
y=2y,ory=2y, !
fiit If two weves, which cross each other, have coeimmvem
opposite phase, their resultant displacement YRR

will ba;

7.4 (&) Superpoalion) of two
=y, +H— waves ol the sane, ieguency
y=r ( 'VJ whichara exactly inphaze.
Y=¥—¥

Partlcularly, if y, = ,, then rasultant displacemant will be y=.

Thus, if a particle of a medium is simultaneously acted upon /\
by rr waves such that iz displacement due to each of the i

individual r waves be y, ¥, .......¥, then the-resultant W

displacament y of the particle, under the simultanecus acllon

of these nn waves is the algebraic sum of all the

displacements,ie., /,w:vA
FEV AWt ot Y \i//

This ie called principle of superposition of waves.

Mathematically, this can also be represented as: \\
yixtr=y, (xi e+ +y ()

where y{x.t} is the resultant wave, whereas y.(x1).

VAR Yol D) APE the Individual waves. e 1 e St

In the context of waves, y{x.t) represents the wave function
or wava displacemant at a given point x and time # It i R
describes the shape of the wave and its svel|ution overtimsa. ﬁéﬁnﬂ?ﬁﬁﬁﬁem
Tha principle of suporposition apgplias to linaar waves or Wwhich are exacily out of
small amplituda waves. R
Principla of superposition of waves leads to many intaresting phenomena;
{i) Twiowaves having same frequency and travelling in the W Pender upen!
sarma diraction (Imarfarance).
{i; Two waves of slightly diffarent fraquenciss and
travelling In the same direction (Beats).
{iil) Two waves of equal fraquensy travalling in spposite

direction (Stationary wavas). mngﬁr pattem formed
] I '

Resultant wave ¥=0
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Applications ofthe Principle of Superposition

By applying the principla of supemosition of waves, nolse-cancaling headphones

effectively eliminate unwanted noise, providing a more immersive and peaceful

listening experience.

1. The headphones contain one er more microphones thal capture ambient npise (like
background chatter or engine rumble or any environmental noise).

2. The microphone sends the sound signals to an amplifier and a processing unit in the
headphones.

3. The pracessing unit generates an "anfi-noise” signal, which is the exact opposile of
the amblent nolse {In terms of amplitude and phase).

4. The anti-noise signal is then played through the headphones, along with the desired
audia {like music or valca).

5. When the anti-ncize signal meets the ambient noise, the two waves cancel sach
otherout resulting In & much gulster |Istening axparanca.

Though the above example is an oversimplification of the situstion, as noise—cancelling
headphones use complax algorithms and multiple microphones to achisve optimal
noise cancellation, the basic principle of superposition remains a fundamental concept
in urklerstanding how they work.

7.3 INTERFERENCE AND ITS TYPES

Superposition of two waves having the same frequency and travelling in the same
direction results in phenomencn callsd interference.

[l 1 PA | i‘

Powar Amglifier e i
ol

Flg. 7.5{a): An axparimantal esiup to
obsanve Imerference of 50U nd wavae. Flg. 7.5 {b): Interferance of sound waves

An experimental setup to cbserve interference effect of sound waves is shown in
Fig. 7.5{a}. Two loud speakers 5, and S, act as two sources of harmonic sound waves of
a fixed frequency produced by an Audic Generator {A4G). Since the two speakers are
driven from the same generator, therzfora, they vibrate in phase. Such sources of
waves are called coherent sources. A microphone attached to a sensitive Cathode Ray
Oszcilloscope (CRO) acts a3 s detector of sound waves. The CRO is a device to displey
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the input signal inte wavaform onits scresn. The microphone is placed at various points,
turn by turn, infrontof the loud speakers as shown in Fig 7 &b).

Constructive Interference

At points P, P; and P, we find that a compression meets a compression and a

rarefaction meets a rarefaction. 3o, the displacement of two waves are added up at
these points according to the principle of supsmosition and a2 large resultant

displacement is seen on the CRO screen (Fig.7.5-¢). 0 = - s
€ interssting rsctt B
™y
Flg. 7.5(c): Fig. 7.5{cl}:
Conshructive Interfananca: Desstrucdiva Intarfarsnce: Inferfer=nce paem produced
Lama displacermant is displzyed ~ Zem displacermant isdisplayed by 5 thin soap film llumineted
on the CRO acreen on the CRO screen bywhitelight.

From Fig. 7.5 (b}, we find that the path difference AS between the waves at the point P, is:

AS = BaP 81

L L
AS=454-35h=h

Similarly, at points P, and P, path difference is zero and A, respectivaly. Hers, & is the
wavelength which ia the distance between any two succeasive 3olid or dashed lines.

Whenevar the path difference is an intagral multiple of wavelangth, the
twio wavesare added up. This effectis called constructive interference.
Therefara, the path diference {condition) for constructive interfaranca can bawritten as;
AS =nh where n=0, £1.12, £3. .........
Destructive Interference

At points P, and P., a compression meets a rarefaction, so that they cancel sach cther's
effect according to the principle of superposition. The resultant displacement becomes
2ere, as shown In Flg. 7.5(d).
The path difference AS betwsen the waves at points P, and P, is:

.":IS = SZPZ —Sﬂpa

1 1
AS=43—-3—i4=—
S=4h 32?\. 21,
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Similarly, at P, tha path differenca is %l.

80, at points whers the displacements of two waves tancel each
wther's effect, the path difference is an odd integral multiple of half
the wavelength. This effect is called destructive interference.

Tharefora, the path diffarsnce {condition) for destructiva intarfarance can ba writtan as:;
AS=(2n+ M2 wherep =0, 21,42, 13, .........

sxample 7.1 1 Two speakers are armanged as
3huwn inthe figura. Tha distance batwaan them is
3.0 m and they emit & constant tone of 344 Hz. A
microphone P is moved aleng a line parallel to and
4.0 m from tha line connecting the twa speakers. It
is found that tone of maximum loudness is heard
and displayed on the CRO when microphona is on
the centre of the line and directly opposite to each
speaker. Calculatetha spoed of sound,

Sohmio: & > P
Dislance between speakers 8,5, =30m :!I'i b .
Tona frequancy £ =344 Hz i
Diglance betwean speakers and line cfmotion of PEP=4.0m 5 Fs

«—— dm —>
Speedof sound v="?

For tonea of maximum loudness or he condition for constructive interfarencs, tha path
difference mustbe 0, £13, £24,+34,...

At middle point ‘0’ the path-difference between twa sound waves is zerg (5,0 = 5,09,
thus atthat point'0Q' congtructive interferenca takes place.

For the next poinl.P of constructive interference, the path difference between waves
should be k. Sa, + A= Path difference = §,P,— 5,F,

Now, wa calculate values of 5.P, from right angla friangle S.3,F,

8,P, = {58,)° +{3PF)° {By PythagorasThaorem)
SR =JBmP+{d mP = {9+18)m = /25m =5m
Therefore % =8P -5F, or L=Bm-4m=1m
This iz the path difference for constructive interference.
As w=Fh

Putting the values, we have r=3ms' x1Tm=344d maz"



- The wavelength of a signal from a radio |7
lransmrtter is 1500 m and the fraquency is 200 kHz. What

is the wavelangth for a transmitter operating at 1000 kHz
and with what speed the radiovwaves travel?

4 =1500m=15x10"m, §=200kHz = 20 x10°Hz
£, =1000 kHz =1 =10PHz, 4, =7, v="7 ,As v =
Since, the speed af both the signals is same, so

v = £,
v = 20%10°Hz = 1500 m
v =30 =10 m 5!
Also v =Lk,
v
Ry -
. : Hionochromatic Light
_ 2x10" ms Sodiurn chiorde In @ fame glves
i S
hz = Ax1Pm

7.4 STATIONARY WAVES & THEIR FORMATICN

Stationary waves, also known as standing waves, are the waves that cscillate in a fixed
position, without moving or propagating. They are formed by the superposition of two
waves with the same frequency and amplitude, travelling in opposite directions. The
resulting wave pattern remaina stationary, with nodes {poinila of zero amplitude) and
antinodes [points of maximum amplitude) at fixed positions. Examples include waves
an a string, and sound waves in a pipe. The term "standing wave" describas that the
wave pattem remains fixed in space, oscillating between positive and negative values,
without moving forward or backward.

Let us consider the superposition of two waves moving along a sting in opposite
directions. Figures 76 {g) end {b) show the profile of two such weves at instants
t=0, 74, 7/2, 314 Tand T, whara T | the time period of the wave. Ve ara Interssted In
finding cut the displacements of the points 1, 2, 3, 4, 5, G and 7 at these instants as the
wavas superposs. It is obvious that tha paints 1,2,..,7 are distant 2./4 apart, & baing the
wavelength of tha waves. Wa can determine the resultant displacement of thase points
by applying the principle of superposition.

Figure 7 .6 {c} shows the resuliant displacement of the pcints 1,3,5 and 7 at the instants
i=0, 74, T2 374 and T. It can bo sean that tha rasultant displacement of those points
is always 2erc. These points of the medium ars known as nodes, Here, the distance
between two conseculive nodes is A/2.
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Flg. 7.6: Stationary weaves

Figure 7.6 (d) shows the resultant displacement of the points 2,4 and 6 at the instants
t=0,114, 712, 374 and T. The figure shows that these points are moving with an
amplitude which is the sum of the amplitudes of the component waves reprasented by
arrows. These points are known as antinodes. They are situated midway between the
nades ard are A2 apart. The distance between.a node and the next anlinode ia A/4.
Such a pattern of nodes and antinodes is known Bs a stationary or standing wave,

Energy in a wave transfers because of the motion of the particdles of the madium. The
nodes always remain at rest, so energy cannot flow past these points. Hence, enargy
remalns "standing” In the medium batween nodes, although It altematas hetweon
potential and kinetic forms at the antinodes. Whan the antinodes are all at their extreme
diaplacements, the energy atored is wholly potential end when they are simultaneously
passing thraugh thelr egullicrium pealtions, the anargy 13 wholly kinstle.

7.5 STATIONARYWAVES ONASTRETCHED STRING

Consider a string of length £ which is kept stretched by clamping its ends so that the
tensleninthe strlng Is F.

(a) String Plucked at its Middle Point

If the string is plucked at its middle point, twa transverss waves will originata from this
paint. One of them will move towards the left end of the string and the other towardz the
rightend. When these waves reach the twa clamped ends, they are reflected back thus
giving risa to stationary waves. s tha two ands of the string
are clamped, no motion will take place there. So, nodes will
be formed at the two ends and one mede of vibration of the
sfring will bs as shown in Fig.7.7{a) with the two ands as
nodes with one antinode in between. Visually, the string
seems to vibrate in ong loop. As the distance between lwo 5, 7 74&): Fist mode of vibration




“ Physlcs 1) [ ‘11:} = Chapter [ F Weves and Vibretlons
consecutive nodes is one half of the wavelength of the waves set up in the string, soin
this mode of vibration, the length ¢ ofthe sting is

Po= W l2

e R e |

whara A, lsthe wavelength of thewaves setup In this moda. The spead vof the wawas In

the string depends upan the tension F of the string and m, the mass perunitlength of the

siring. It is independent of the paint from where string is plucked to generate wave. It is
glven by

3

y=.—

.\I m

Knowing the spead vand wavelangth ., the frequancy £, of tha wavesis:

L K
h= Ay 2¢
Subgtituting the value of v, = LoE (7.4}
; : p7 ;

Thug, in the first mode of vibration shown in Rig.7.7 {a), waves of frequency 7, only
will be sot up In the ghven string.

(b} String Plucked at Quarter Length

IFthe same string is plucked from ane quarter of its length, again stationary waves willbe
sat Up with nades and antinodos as showm Ih Fig. 7.7 (b). Nota that now the sring
vibrates in two loops. This paricular configuration of nodes and antinodes has
developed hecause the string was plucked from the position of an antinode. As the
distance betwaan two consacutive nodes is half the wavelength, so tha length £ of string
is equal to the wavelength of the waves set up in this mode. If A, is the measure of
wavelangth of thesawaves, then,

2 5 Daubie ks
y U L ) P R s B P8
L 2+2 1 A ‘;Q_x A ;1|
s N™~===" gi—i—"N
= 232 R
2 Fig. 7.7(5):
ha= {7.5) Second mode of vibretion

Comparison of Eq. (7.5) with Eq. {7.1) shows that tha wavalength in this case is half of
that in the first case. Equation {7.2) shows that the spaad of the waves depands on
tension and mass per unit length of the string, it is independent of the point where the
siring |= plucked. So, speed vramalne the sameInboth cases.

Iff;is frequency of vikration of string in its second mode, then

AR
2 1‘2
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Since Ay= #
Therafore L= %
Multiplying and dividing by 2, we have |
£ 2_2: | .a'-;-';as-f: -,-_o,-.-_:;p:-,u I
We know that; f= = Al e
1 27 producedy
S0 = 21

Thus, whan the siring vibrates in two loops, its requency becomes doublethan when it
viorates incne loap.

{c) $String Plucked at anArbitrary Point
Let the string resonates in 0 number of loops with (1 + 1} nodes.and r antinodes. Thus,

we can say that if the siring is made to vibrate in n loops, the-frequency of stationary
waves setup on tha string will be:

£ = n[i]
2t
T e {7.6)
and the corresponding wavalengih is,. 3 = %ﬁ .............................. 7.7

wheran=123,....

It ia clear that aa the string vibrates in more than one loop, its frequency f goes on
increasing ard the wavelangth . gets correspondingly shortar. Howaver, the product of
the fraquaency fand wavalength 3 is always equal to v, the spesd of wavss.

The above discussion clearly esteblishes that;

1. The statlonary wavas have a discrete sat of frequencles 7, 2f, 3f....nf which s
known as hammonic series. The lowast characteristic frequency of vikration is the
fundamental frequency f, corresponds fa the first harmonic. The frequency £, = 27,
comesponds to the second harmonlc and so on.

2. In other words, quantum jumps in frequency exist between the rescnance
fraquencies. This phenomenon is known as the Quantization of frequencias. It
means {, = nf,where 7=1, 2, 3, ...{Integral multiples). The statichary waves can be
set up on the string only with the frequencies of harmonic series determined by the
tension, length and mass per unit length of the alring. Wawves which are not in
harmonicseries are quickly damped out.

3. The frequency af a string an a musical instrument can be changed either by varying
the tension or by changing the length. For exampla, the tension in guitar and violin
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etrings is vared by tightening the pega on the neck of the instrument. Once the
Instrumant |s tuned, tha musiclans vary tha fraquency by moving thalr ingars along
the nack, tharsby changing the length of the vibrating portion of the siring.
Harmonles
Intha above example, the sat of all the possible standing waves, having fraquencies T,
2F, 34,,..., nf, are called harmenics of the system. The lowest or fundamental frequancy
of all the harmonics is called the fundamental or firsl harmonic. Subseguent frequencies
are called as second harmonic, third harmonic, ste.
Example 7.3 |1 A stationary wave is established in a string which is 120 em-long and
fixed at both ends. The string vibrates in four segments; at a frequency of 120 Hz.
Cetzrmine itawavelength and the fundamental frequency™?

Sciutfon = = E =
¥ =120 cm 100 m=12m
n=4
fr=120Hz
fi=7
A=

{i) Asthe string vibratas in four segments and the distance between two consacutive
nodesis A/2, so the wavelength of the atring is:

_
£ f >
= 2
ln_ n
_2x1.2Mm
ME
A, = fGm
{ii} Ifairing vibratasin n loops, then frequancy of atationary waves will ba:
§= nf
£, = 4f
120Hz = 44
120 Hz
f =
! 4
f = 30Hz

7.6 STATIONARY WAVES IN AIR COLUMNS

Stationary waves can be set up in other media also, such as air column inside a pipe or
tube. Acomman example of vibrating air columnis in theorgan pipe.
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Organ pipe

An organ pipe is a wind instrurment in which sound is produced, due to setting up of
atationary waves in air columin. It consists of a hollow long tube with both ends open or
with ong and open and the ather closed. Tha relationship betwoen the Incldent wave
and the reflectad wave dapends upon whether the reflecting end of the pipe is open or
clozed.

{I) Iftha reflacting and Is opan, the alr molacules hava completa freedomn of motlen and
this behaves as anantinode.

{ii} If the reflecting end is closed, then it behaves as a node because the mavement of
the malaculas is rastrictad.

Modes of Yibrations

Stationary longitudinal waves occurin a pipe as discussed by thefollowing two cases:
Case (1): Modes of vibrations In an organ plpe open at both ends
Let us consider an organ pipe of length £ which is open atboth ends. As at the open end,
an air molecule has complete freedem of motion so.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 reprasent the displasament and amplitude of vibration
of air particles at various points alongthe axis of pips.
{a) Fundamental mode of vibration

. - ——
In this case, a& shown in Fig. 7.8 {a), thara is only ; ;
one noda N at the middle of the-pipa. As both ®) -
ends of pipe are open, therg are two antinodes £ =1.L;~ f=
atbath tha ands. IF3., is thewavalangth of sound,
then i o »
- bk o 2>pa
4 4 P fmd J)
By 2
£ o= £
2

or i R e {7.8) m
(<) 0 il E

Iff, is the fraquency of sound, than the velocity of soundis, . %1} T
- Fig. TA:
fi=vid, Slaiinna-ry longtiudina] wsves n
Putting the value of i, we have B pips open at both ends.
A e 7.8

This frequency is called fundamental frequency or first harmonic.

{b) Secondmode of vibration
If there ara three antinodas and two nodas, frequency will be twice that of fundamantal
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frequency. It is second mods of vibration as shown in Fig.7.8 (b). Inthis case, there are
thrae antingges and two nodes.

Ifa, ie thewavalength of sound, then

= bz M A
S At T g

£ = {14241 %

or L= E
If fz is the frequency of sound, then speed v of sound becomes:
v = Fi;
or £ =X
. = Brain teaser D)
Putting the value of &, we have B sran taeer
¥ A giationary wave |8 formed
== on & string with & freguency
BTy of 100 Hz. H the sting Is 2 m
. long, how mary nodes ard
ar fz i Qf_l { o ﬁ) artinades are formed ¥

{c) nth mode of vibration
Similarly, frequency for air column vibrating in # loops is:

= w2}
L= nf,
and wavelength is
_ 2
A= e {7.10)
wheara n=12345, .........

So, the longitudinal stationary waves have a discrete set of frequencises £, 2f, 3F,...nf,
which is known as hermonic seres. The frequency f, is known as fundamentsl
frequency and the others are called harmaonlcs.

Case (2):Modes of vibration in an organ pipe closed atone end

Let us consider an organ pipe of length £ which is closed at one end. Then at the dosed
end, we get a nade while &t the open end, we get an antinode as shown inthe Fig. 7.9.

{al Fundamental mode of vibratlon:

Fundamental mode of vibration has one node and one antinode as shown in Fig. 7.8 (&),
If A, ia the wavelength of fundamental mode, then length of the pipe ia:
N ¥
£ 4
ar P TR {711




 thysies 1) s
Sp, the speed v becomes:

v =fA
P

By

_W s
h=g =49

Tha frequency f, is celled fundamantal freguency.
{b] SecondMode of Vibration:

Second mpode of vibration contains two nodes and two
anti-nodas as shown in Fig.7.9({b).

IF4, is the wavelength, thenlength ofthe pipeis:

f= h.ph
4 2
_ 3
i= zls
e 7.12)
(=g e ;
L= ¥
A3
Putling value of i, we have v=F%Kis
b= o
47
3
3v
ar f3= E
v
50 k3 3§ [‘«'4—f= f]

Thiais called sacond harmonic.
{c) nthanodeof vibratlon

If air column vibration in rr loops, thenfrequency £, is:

Chaster(F Waves and Vibrations |3

Flg. 7R

Statlanary langitudinal waves In
apips cioesd at one and, Only
oid hammonics ere present.

i

e
4/

I =nf where =135 ...
and the wavelength i, is:
4y
s s 7.13
iy {7.13)

In an omgan plpe. the primany
driving  mechaniam is wavering,
gheal |l jet of i from fute-slit,
which Interac:s with the upper lip
and Ihe alr solumn In the ppe
maintain a swady oscillation.

By studying both cases, wa conclude that the pipe which is open at both ands is richerin
harmonics than that of elosed at one end.




Exa An organ plpe has a length of 50 ¢m. Find the freguency of its
fundam ental note and the next harmonic, when it is:
{a}open at both ands
{b}closed atcneend

(Speedofsound =350 ms'}

atienl  ¢=50cm=—0-m=0.5m
100 Upen pipes produce &l harmonics,
v=2350msg’ while r.lmiu!:l pipes. producsd only
a) When pipe is open at both ends: R Hare
Fundarmental frequancy =2

Nextharmonic frequency L=7

The frequency for rth harmoniain Bn open argan pips is:

- n%ﬁ, whenn=123,.........

s0 the fundamental fraquency is,
1x350ms’
T 2x05m
f,=360Hz
Next hamonic fraquancy i.e., 0 = 2 is
2v
2
-1
f, =700H=z

put i1 =1

A

)] When pipeis cloged at one end:
Fundamental freguency f=7
Next harmonic frequency =7

¥¢hen the pipe is closed at one end, then frequency for nth hamonic is

f—nXt when n=1,3,57.....cc00
i 44
So fundamental frequeancy Is:
12350 ms" .
f=———— utting n=1
T 4x05m R
fi=178Hz

Next hamonic frequency i.e, n= 3 is
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3v
h=
3x350ms"
W 4x0.5m
f,= 526 Hz
Exampin 75 || A church argan consists of pipes, sach open at ona and, of diffierent

langths. The minlimum langth Is 30 mm and the longest Is 4 m. Calculzate the frequancy
range of the fundamental notes. (Speed of sound = 340ms™

30

Solution £ =30mm= o 30=107m

by =4 M
y=340ms"
Frequency range =7

For an ergan pipe open at one end only:

v
"oAg
(i) Minimum length | [T |
A Nule planpisr nolicws thal the Muks s
Far fundamental frequancy, put n =1 producing | pitch which iz slightly
sharp. What could be the cause of
e thia problem?
ai-F 4!1111\7
1
F 1x30ms

e T 30 <10~ m
£ or = 2833.33 Hz

{ii) Maximuim langth:

For fundamental frequency, putn =1

ny
{ e e ol
1.min
d"Ejrﬂl

1x340 m 5"
i dxdm

.=21.25Hz
S0, tha fundamental frequency range ls appreximately from 21 Hz 1o 2833 Hz.
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7.7 EXPERIMENT DEMONSTRATING STATIONARY WAVES
USING MICROWAVES

Mmlro'fnravas are a form of ellretftrorrlagnetlc
radiations. Thay are called "micro” waves

because their wavelengths are typically of the Magnetron  Metal mrﬂ
order of millimeiras ar centimetres, much shorfter  groduces  ¥BYs-guide

than radiowaves. Stationary waves, also known  Merowaves
as standing waves, can be produced by
microwaves when they are sonfined Lo a specific
region or cavily such as wave guidss orresonant
chambers. In these structures, microwaves can
hounce rack and forth, eraating a standing wave
pattern with nodes and antinodss. It occurs
when the microwave frequency matches the
resonantfrequency of the cavity.

The slationary wavas can be craated Using

microwavee by the following simple method as Food on miable 1
shown in Fig. 7.10. Matal bo to Kaap Windemw bae fha
9 mlcrowae Inslde metal mesh sver b
Mlcnoweve Probe Welal
Salrs datactor reflechor
o e
o \‘—\—r'/-/‘- =

Fip. 710 Experimental ssbx for stationary wavas using mioowang

The expenment setup consists of 8 microwave source (fransmitter), a probe detector
angd a metal reflector (a metzllic plate for the eflection of microwave). Threg of the
mentioned are placed in line.

The waves ceming out of microwave source are moving towards the metal plate and
then reflacted back. The reflected wave and incident wave superpose and create a
stationary wave pattern. This can be delected by a probe detector placed between
fransmitter and metallic plate. The intensily of the signal can be obsarved by the
detector. You can move the plate or detector to obaerve antinode and node. By finding
the distance from one antineda to the next antinode, the wavaelength of slationary wave
can be found.
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7.8 DIFFRACTION OF WAVES

Diffraction of wawes is the bending of waves around the sharp edges or comers of
abstacles or the apreading of waves beyond a bartier. It occurs when awave encounters
a physical barrier or an opening (a slit} that is comparable in size to the wavelength of the
wave. The longer thewavelength, the greater the spreading and vice versa.

Biffraction ¢an be obsarvad in varicus typas of waves, including water waves, sound
waves, light waves and electromagnetic waves.
Some examplas ofthe phenomenon of diffraction include:

= Hearing of sound waves around comers or through door way from where they were
generated as sound waves bend around he comers.

» Diffraction of X-rays by crysials as the spacing between the regular amays of atoms
is of the ordar of X-rays wavelength.

Difraction is a fundamental aspect of wave behavicur.and has many practical
applications in various fislds.

The Ripple Tank

Figure 7.11 shows a ripple tank. It is a very usaful apparatus not only 10 genarate watar
waves, but also to demonstrate wave properties (such as reflaction, diffraction and
refraction).

Fig. 7.11: Anpple tenk

Ripple tank contalns water, vibrator I 3
{e.q. amotorized oscillating nead|s), | \
cbstacles {e.g. a small rectangular ))) ))
block or a semicircular barrer) and ‘ ‘

gap widths of different sizes. It

creates a satias of concantriccircles  Smal gap, Increesad difftection  Lame gap, Decreased difiractian
Fig. 7.12
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or parallel waves using the vibrator. An obstacle is [l ([Fer yeur informarion| |
placed for creating a gap with a speacific width. The
experiment can be repeated with diferent gap widths.

It Is obsarved that whan the gap width 15 small
compared to the wavelength, diffraction is significant L
and the waves bend around the ohstacle, creating a
gamicircular pattern. As tha gap width Incroases
relative to wavelength, diffraction decreases and he  pimaciion olwhile light is shewn by a
waves pass through the gap with |ess bending. fine diffracticn grating.

Thizs expariment damaonstrates the qualitative effect of gap width on diffraction in a ripple
tank, illustrating how the relationship between gap width and wavelength affects wave
bahaviour.

R e T = = -]
| 8 Imseresiing information
airiieis L.

Exampla 7.6

In a ripple tank, a wave generator produces 500 pulses
in 10 &, Find the frequean sy at time period of the pulses
produced?

Soluitlenl| p— S00pulaes, #=10s, =7

Humber of pulses
As Frequency = Time The fine rulings, each 0.5 urm wide,
on a compact diec funchion &5 a
F- 600 = 50H diffraction grafing. When a small
= m = z source of white light lluminatas a
1 1 dlalg. ﬂl;ala dmﬂgd Ight farrlna
H CORILIFS e ara composlte
e know that; s F = B0 Hz of the diffraction patterns from the
T- 0025 iings

7.8 BEATS

When two waves ofelightly different frequencles, travelling In the same directicn overlap
each oiherhen.there is a periodic varation of sound between maximum and minimum
loudnesswhich is called as beats.

Tuning forks give cut pure notes (2ingle frequency). If two tuning forks A and B of the
same frequency say 32 Hz are sounded separately, they will give out pure notes. if they
are solunded simultanaously, it will ba difficult to differantiata the notes of ohe tuning fork
from that of the other. The sound waves of the two will be superposed on each ctherand
will be heard by the human ear as a single pure note.

If tha tuning fork B is Inaded with some wax or plasticine, its fraguency will be lowearad
slightly, sey it becomes 30 Hz. [ now the twe luning forks are saunded together, a note of
alttermately increasing and dearsasing intensily will be haard. This notais called baat note
ar a beat which is due to interference between the sound waves from buning forks A and B.
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Fig. 7.13 {a) shows the wavefurm of the nots emitled i .
from a tuning fork A. Similarly, Fig. 7.13(b} shows the n g
wavaform of the note emittad by tuning fork B. When ™ erﬁu LMU"lﬁ Wl

hoth the tuning forks A and B ars sounded togsthar, =i

the resultent waveform is shown in Fig 712l it o %ﬂJLﬂJ\l:nUﬂIU‘UHL» UU.\

shows how do the baat note occur. Al some Ingtant X,

the displacement of the two waves is in the seme ']‘T

direction. The resultant displacement is large and a m - e

loud sound Is heard. MU.W JLLUM,
; u(—:;;:—:u

After 1/ s the displacement of the wave due 1o ane

tuning fork is opposita tn ha displacemant of the wave Hﬁwllﬂﬂtm

due iz the other wning fork resulting in minimum Fig 7.13: Formation of beats

displacement at Y, hance, faint sound or no sound is

haard.

Another 1/4 s later, the displacements are egain in the same direction and a loud sound
is heard againatZ.

Thus, during one second, we ohsarve two Faintest sounds or two loudast. As the
difference of the frequency of the two tuning forks is elso 4 Hz so, we find that the
number of baats per second Is aqual to the differance between the frequenclas of the
tuning forks.

f,=32Hz, {=30Hz =,

No.ofbpaats= f,—£,=32Hz—-30Hz=2
However, when the difference between the frequencies of the two sounds is mone than
10Hz, it hecomes difficultia resognize tha heats.

Longitudinal wawa

AmpliLrie Rarfacton
i .
I
Sou I
e— oo L L ==t Dlnection
[ [
| AL
r 7 Camprassion Ear
Wavsizngih
Trargwrgs Wi
Crat
B
é Diirardion
Ampliude
Trougn Treugh
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Tha difference betwseen the frequencies ofthe
twowaves istarmed as beal frequency £,

One can use beats to tune a string instrument, such as piano ar viclin, by beating a note
ageinst a note of known frequency. The string can then be adjusted to the desired
frequency by tightening or looseaning it until no beats are heard.

Tuning Musical Instruments
Hers are some examples of how beats ars genarated In musical Instruments:

1.

Gultar: When playlng two strings with
slightly different tunings, beats are
craated. For exampla, playing a standard
tuned string and a string wned a few
cents higher or lower.

Piano: Playing two keys white and black,
acjacant to each other, craates beats.

Violin: Yhen playing two strings with
slightly different baw prassures ar
speeds, beats are generated.

Druma: \\¥hen ftwo drums “with
slightly different funings are playsd
slmultaneously, beats are created.

Flute: When playlhg two notes with
slightly different embouchure (lip and
facial muscles) positions, beats ara
generated.

Organ: When playing two pipes with
slightly different tunings, beats are
created.

_;"'E*-‘ Vialin

"I"f
@

1 =

Gullar

&«Lﬁ‘-
| P‘

"':h-.
T

L\| Grard plane
Callo ¥
T “ﬁ‘ =
Trornbnrle
1“-'-'.:“_-_.: ‘Hﬂmm‘ﬂ

The sound producad by most of string and wind
musital inslruments is due to the formation of
stationary waves or standing weves in these
Insruments.

Synthaslzer: Ganserating two oscillators with slightly different fraguencies creates

beats.

In each af thesa examples, the slight diference in frequency batween the two sound
sources creates a periodic increase and decrease in amplitude, resulting in 2 "beat” or
pulsation effect.

Musicians oftan use beats intentionally to creata interesting rhythmic efacts, add
taxture, of produce a sense of tenslon and release. However, In some cases, beats can
be unwanted and may require edjustments io tuning, pitch, or playing technique to
minimiza thalr impact.
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Example 7.7 | Two funing forks exhibit beats at a beat frequency of 3 Hz. The
frequency of one fork is 256 Hz. Ita frequency ia then lowered slightly by adding a bit of
way to ona of its prongs. The two Torks then exhiblt a beat frequency of 1 Hz. Datermine
the frequancy of tha second tuning fork.

Solurioni  Frequencyoffirsttuningfork =f =256Hz . =
Beatfrequency beforaloading= 3 Hz | BT w'“:“@w |
Beztfraguancy afterloading =1Hz &

Frequency of second tuning forkk =, =7

As .- =xn

Then f=ftn

Putting the values, we have
f,=258Hz £ 3Hz

Either f,=256Hz+ 3Hz;
In 1711, F. J. Shora, who was
or f, = 256 Hz — 3Hz : a royal tumpetar and luienist
£, = 250 Hz or  253Hz il

Let us considar 259 Hz as comect snswer [ 2. frequency af second tuning fork). When
first Tork & loaded with wax, the frequency offiret fork must fall below 256 Hz |.a., 266 Hz,
254 Hz and thus the number of beats produced per second will increase and will be
greater than 3 beats. Since the number of beats per second decreaseas on loading first
fork Is one, therefore 259 Hz Is not corract fraquency of secend tuning for

Thus, Correct freguency =f,=253Hz
7.10 INTENSITY ({YOF AWAVE

Intensity is defined as theamount of energy transmitted per unit area per unittime in the
direction of propagation of progressive wava.

It is a measure-of the power of a wave and is usually denated by the symbol *1". It is
measursdin units of walts per square metre (Wm).

A prograssive wava or ravalling wave is one that travels through a medium in a
congistant direction and ransferring energy from ona geint to another, It is a wava that
propagates or moves forward, as apposed to a stationary or standing wave. Examples
of pragressive waves include water waveas, sound waves, light wavas, ate.

By definiicn, the intensity of a wave ig:
E

T Axt

E
.( . f
A




f=i (v E{ =Py
Here
! = Intansity of wave In {\W¥ m™)
E = Energy in joules {J)
f=Time in secands (s)
P = Power in watls (¥)

We know that in mechanical waves. such as sound waves, waler waves, or waves on s
vibrating siring, ereryy is stored as kinetic energy and potential energy of the medium's
particies. How much energy is stored depends upon the displacement (amplitude) of the
particles from the maan position. Therefore, tha intansity | of wavasis propertional to the
square of the amplltuds A l.a.,

} xA

or I = kA {714
Here kis the constani of proporionality and depends upon the physical properties of
the wave and the medium.

Exanaple 7.8

{a} Awave has an Intensity of 0.5 W m>at a distance of 3.0 m from the source. What |s
the power ofthe wave?

{b} Two progreesiva waves have intansities of 0.5 W m™ and 0.25 W m™. Find total

intensities of two waves.
{a) ! = 05Wm? | Midbits |
= Frequency and amplitude af 2
: o travelling wava are independent cf
P= 7 each other. Thatls why you can tum
P up the volume of 3 song (increass
T smplitudawithout changing its pitch
A {which depends on fréguency’).
ke s
) 4xr?
P
Putting the valuss, (0&5Wm* = ——°
2 M = Ax314B0my
P = 0.51=13.04
P = 5652W
{b) {, = DEWm’
f, = 0.25Wm*
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f =7
oo g . Braln teaoer .
A - Can you find the decibel level
f = 0.5Wm +02Z5Wm of a travelling wave whose
! = 0I5Wm imtgnsity is 1M m 2
sample 7.2 [ A speaker is smitting sound wawves with a powsr of 50 watts. If the

sound waves are spreading out evenly in all directions and the intensity of the sound
waves is measured at a distance of & m from the speaker, what is the intensity of the
sound waves If the area of the sphere {tha surface araa of 2 sphare) at thatdistance 15
approximately 314 m?*?

Solution PowarP = S0WW

Area A = 314m’ RN ||

. _ Power Soupd cannot travel through
Intensity = Area vaeLum, as there ane no particles
e o tranarmithe souhd wawve.
I = 2
A
a0 W
I = B
314 m

F o= D.159Wm?2

7.1 DOPPLEREFFECT

The apparent change in the frequency {or pitch) of waves due to the relative motion
between the source and observer {listener) is called Doppler Effect.

This effect was first obsenved by Jehn Doppler while he was observing the frequency of
light emitted from 2 star. In some cases, the frequency of emitted light was found to be
slightly different from that emitted from a similar source on the Earth. He found that the
changs of frequency of ight depends upon motion of star relative to Earth.

This effect zan be obsarvsd with scund waves alsc. For example, when an cbgenver ie
standing on a railway platform, the pitch of whistle of an engine coming towards the
platform appears to bacome highar to an observar standing on the platform. Howevear,
tha pitch of whistle of an engine going away from the platform appears to bacome lowsr
to an observerstanding on the platform.

Consider a source of sound S at rest which amits sound waves having wavelangth A. Lat
speed of the sound for a stationary observer (i.e., listener)is v then the number of waves
received by cbserver in one second i.e., frequency f is:

v

A
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Case 1: When source of sound moves towards the stationary
observer

When the source moves towards the stationary observer A with velocity w, then waves
are compressed and their wavelength is decreased as shown in Fig. 7.14. In this case,
tha waves ara comprassed by an amaunt given as

\
N
The campression of tha waves is due to the fact that f f o Howﬂ
same number of waves are contained in a shorter space @r LT .4@
depending upon the velocity of the source. The Clbmm:rE! T -/” 1]

y. J

wawvalength observed by the obaarver Aisthen, / /
By = A= Ak Q)
i Flg.7.14
or Fuy = e Asource moving with welocily 1
f f towwands 5 stationary absenver A
v—u and away from stationary
A, = & obserrer B respectively.

Observer A hears an ncreasad
Hera Ak Is the decrease Inwavalength none second and  and obzerver B hearz a

is called Doppler shift. decreased frequency.
Thus, the number of waves received by phserver A in one second (i.e., changed or
apparont fraquancy) is

v
fa.=1—

.

Putting the value of L., wa hava

¥
’1 {( =T
r
v

L= f

* [v—uj

As LA

Vo

Therafare L>f

Thus, the apparent fregquency of sound heard by the observerincreases which in turn will

increase the pitch of sound.

Case 2: When source of sound moves away from the stationary
observer

When the source moves away from the stationary ebserver B with valecity u,, then
wewvea are expanded and their wavelangth ia increased. In thia case, the wavea
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expanded by an amount:

=

T

H

The expansion of the waves is due to the facl that same number of waves are now
contained ina large distance. The wavelength abserved by the observed B is then,

Ap= At AL
whare Ak isthea increase inwavelength inone second and is called Doppler shift

Thus, the number of waves received by observar B in one second (i.e.;. changed or
apparant frequancy) is:

R 4
de
Putting the value af ., we have

i (Eon
wra);

g =[ﬁ}f

¥
As Vg =1

Tharafore fy<f

Thus, the apparent frequency of apund heard by the observer decreases which in fum
will decreasa the pitch of seund.

<3
Do you knowT

Owvarlapping Shockurave

y
q\l{fl:#u Comer ol o ; —
~) Hearing Ranges e
Supersonic N J Supersoric ™
Organkems Fraquencles In Hz apaad Wavefront EpEed ;.
Dalphin 150 - 15¢ 000 {a) ) e}
Aa a plens aceelsrates, it builds up & frant of
St e alr pregsura by puehing air infrond of 1 Whon It
Cat 60 — 70,000 passes the speed of sound, the pressure trails
behind Ike 2 boat's wake, forming & sonlc
Dog 15 50,000 e
Hurman 20 = 20,000
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wample 7.0 Two trucks P and G travelling along a moterway in the same direction.
Tha I-:-admg fruckP travels ata steady spead of 12 m 5™, the athertruck 0, travelling ata
steady speed of 20 m 5", sound its homn to emita sleady note which P's driver estimate,

has a frequency of 830 Hz. What frequency doss Q's own drivar hear?
{Speed afsound = 340ms™)

Salwtion

u, = 12ms’ Saums (20 ma’) Litewiew {12 m =)
o .
v = 340ms"’ ( a ( ® F ®
{ = 830Hz

=t

Spepd of Qrelativato P = ik = g — 4 =20ma' —12m s’ =8 m g’

" v
fie i
F [v—us]"

Futting the value, we hava

HMoms'
830 Hz = .
¢ [Hﬂms"—ams"J
MOms"?
B o T iy
ot [332 ms" J g
o L5 830 Hz =332 ™ E"]
2T Wims' )
f, = 81047 Hz

Example 7,115 Afrain sounds its horn bafora it ssts off from tha atation and an obsarvar
waiting onthe platform estimales its frequency at 1200 Hz. The train then moves off and
accelerates steadily. Fifty seconds after departure, the driver sounds the hom again and
the platform obaerver estimates the frequency at 1140 Hz. Calculate the train speed 50 3
afterdeparture. How Farfrom the stationis the train after 50 5.

{Speesd of sound = 340m ™

Criginal frequency of horn =f=1200Hz
Apparant fraquancy =#=1140Hz

Speedof sound =v=340ms"
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Time =f=80s
Speedolsourca (i.e,train]) =u =7

Distance coverad by thetrain =5=7

0 f'=[ ! ]f
Yk l oo youknawt |}
Putting the values, we have .
30ms
1140 Hz — | ——|x1200H
& \340m5“+u3]x £
. 340 m s = 1200 Hz
340 =
M5 1140 Hz
g — 357.89— 340
g = 17.89ms"
(i) E= w.f

o [u+ 17.89 r_ns.T"] siis

a2 Bats navigate and find food by
acha kecafian.
S= 44B8m

7.12 APPLICATIONS ©F DOCPPLEREFFECT
Doppler affact is alao applicable to elsctromagnetic :’;ap"rgm Irlg-—_.":..——f"’
wawes. One of its important applications is the
reder gystem, which uses radic waves to delermine H. .
the elevation and =peed of an agroplane. RADAR -c'“-;j-
(RAdio Detection And Ranging} is a device, _j_ :+J g = o
which transmits and receives radio waves. If an K :::;ng l,}f
geroplane approaches towards the radar, then the '

wavelength of the wave reflected from asroplane (5 — .
would be shorter and if it moves away, then the \ —k ' /
wavalength would be larger as shown in Fig.7.15 ' '

(8} & Fig.7.15 (b), raspeclively. Similarly, speed of /™
satellites moving arpund the Earth can alse be 2
determingd by the same principle. Flg. 715

A frequeancy shift 12 used n 3 @Edar o
chertencd theer mcibion of an adrplane.
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S0ONAR is an acronym derived from "Sound Navigation And Ranging®. It is the generzl
nameg for sanic or ultrasonic undarwatar eche-ranging and schosounding system.
Sonar is the name of a techniqua far datecting the presance of objects under water by
acoustical echo. In Sonar, "Doppler detection” ralias upon the relative speed of the
target and the detsctor {o provide an indicetion of the target speed. It employs the
Doppler effect, in which an apparent change in frequency ocours when the scurce and
the observer are in relative moticn to one another. Its known military applications include
the detection and location of submarines, control of anisubmarine weapons, mine
hunting and depth measurementofsea.
In Astronomy, astronomers use the Doppler sffect to calculate the speeds of distant
stars and galaxies. By comparing the ling spectrum of light from the star with light froma
laboratery source, the Deppler shift of the star's light can be measured. Then, the speed
ofthe star can be calculated.
Stationany: star
(i) Stars moving sway from the Earth show a red shift as ™
shown in Fig.7.16(b). The emitied waves have-a RS &
lengarwavelangth than If the star had baen atrast. So, ]
the spectrum iz shiftad fowards longer wavelength, (@ - .
i.e., bowards the red end of the apectrum Astronomers
have alsa discovered that all the distant galaxies ars
moving away frem us and by measuring their red - :
shifts, they have estimated their speeds. receding
(i} Stars moving towards the Earth show a blue shift as \
shown in Fig.7.16(c}. This is because the wavelength b
of light emitted by the star are shoerter than if the star
had been =t rest. So, the spectrum is shifted towards ) -I .
shorter wavelength, 1.s., to the blus and of tha
spectrum:.
Another important applicalion of the Doppler shift using f;fmmmmx.;':
olactromagnetlc wavas Is the radar epead trap. *
Microwaves ara emitted from a transmitter in short bursts.
Each burst ia reflacted off by any car in the path of
microwaves in between gending out burats. The

transmlttar Is open to detect raflactad microwaves. If tha
reflaction is causaed by a moving obstacle, the reflacted  ich :
microwaves are Doppler shifted. By measuring the

Doppler shift, the speed at which the car moves is Fig. T.18
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calculzied by computer programme.

Satellite Navigation uses Doppler shift to determine satellite velocity and position,
enabling accurate locationtracking.

Satellite Communication also uses Doppler shift compensation ensuring stable
communication signals.

Doppler radar dstects wind valocity and pracipitation patterns. Doppler shift helps
rmeasura Earth's surface velocity and deformation.

Doppler echocardiography measures bloed flow velogcity and delects cardiac
abnormalities, such as valve slenosiz or regurgitation. Deppler echocandiography
aplimizes pacemakar sattings.

Doppler ultrazound measures blood flow and calculates cardiac output Deppler
ultrasound detects vasculer stenoais oroceluzion.

Exampla 7.12 | The wavalength of one of its lines of the.absomtion spactrum of a faint
galaxy is identified as Ca-u line found io be 478 nm..The wavelangth of same line is
observed and measured as 397 nmin the laboratory,

(a} |s the galaxy moving towards or away from the Earth?
(b} Compute the-apesd of the galaxy relative to the Earth.
Labaratory measured original waveléngth

A=397 nm=397x10"m
Changed orApparentwavalength  A'=478nm=478x10"m

Speed of light c =3x10' mg’
(g v = fai
e
=5 f =%
f = 3x10ms’
397x10°m
f = 7.56x107x10% »10%s"

7.9610" Hz

&
;'I..'

3x10m 5"
47810 m
I = B2Bx10YHz

Laboratoy frequency F

Apparenl frequency
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L=k or ffaf

. The galaxy is moving away from the Earth.

(b)

f'=[ i ]f
VL

f’=( 2 Jf trv=c)
£+

Putling the values, we have

Ix10%ms”

14 ) 14 =

108 m g x 7.58 1M Hz ﬁgalaxylsmmng away from ue at

3x10° +u= 20%ofthe spEed of light (1.8, 0.2 c).
€.28 x 10" Hz W observe & spectral lins from this
gelany that 13 nommally emitted st a

U= %—axm& ms’ weavalength of 500 nm.

U= 6.12x10°m s'

— QUESTIONS _‘
H

lhpia !:hmcs Euﬂstmns

Tiek [} the corroct answar.

7.1

72

7.3

74

The simple wave speed &quation is represented by
(@) v="ri (b} v=5{ Q) v=ro ) v =44/,
The principle of giperposition inwaves is stated as:

{a} the displacement of a wave is the sum of the displacements of its individual
compohehits

(0} the valocity of a wave is tha product of ils individual componeants

(c) thefrequency cfawave isthe difference of its individual components

(d} theampliugaof awave s the ratlo of its Indrddual components

Anodein a staticnary wave is:

(a)apointo! maximum displacament  (b)a pelnt ofintarmadiate displacamant
{c)a point of zero displacement (d) & paint of infinite displacement

An antinode In a statlonary wave |s:

{a) apointof maximum displacement (b} & paint of minimum displacernent
{c)a polnt of zaro displacement (d)a point of Infinlte displacement
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7.5 GSiationary waves are defined as:
{a) waves that maove with a constant velocity
{b) waves that move with a changing velocity
{c) wavesthat oscillate in a fixed position
{d) waves that propagate through a medium
7.6 Hammoenlce are:
{a) inlegermultiples of afundamental frequency
(b)) Imegersubmuitiplas of a fundamantal fregquency
(c) random frequencies
{d) nor-integer multiples of a fundamental frequency
7.7 The resultof canstructive interference habween wo waves is ragregented as:

{a) a decrease inamplitude {b} an increass in amplitude

{c) no change inamplitude (d) a shiftin phase
7.8 [Fthe amplitude ofthewave istripled, than the amount of hergy is increaszed by:

{a) 3times {b)6times (c)9times {d}12 times
7.9 Whattype ofwaves do headphones use to ppoduce sound?

{a) Elactromagnetic waves {b) Mechanical waves

{&) Prassure waves (o) Longitudinal waves
7.10 The typical fraquency ranga of micréwaves is:

() 10°-10°Hz  (B)10°-10'Hz {c)167-10°Hz {d)10*-10"Hz
7.11 The bending af waves around anobstacleis called as:

(a) refraction (b} reflaction (c)diffraclion (d)intsrference

7.12 The Doppler Efectusedinastronomy is for:
{2 measuring the diarmeters of stars
{b) determining velocity of galaxies
{c) analyzing properties of black holes
(d) studying behaviour of electromagnetic waves

Short Answer Questions

7.1 What are the conditions for interference 1o ogeur?

7.2 Differentiate between constructive and destructive interference of waves.
7.3 What are coherentwaves and coherantacurces? Give examples.

7.4 Distinguish betwean longitudinal and transverse waves.

7.8 Isit possible for two identical waves travelling in the same direclion along a string to

give rise io a stzlionary wave? How is it so?
7.6 Howwoukd you apply Doppler effect in studying cardiac preblems in humans?
7.7 What is meant by diffraction of waves? Forwhat purpose, the ripple tank is used?
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7.1 Which measurement of a wave is the most important when determining the wave's
intensity?

7.2 Canyou apply Doppler effectto light waves? Describe briefly.

7.3 Can you compere the compraasions and rarefactions of the longitudinal weve with
the paaks and troughs of tha transverse wave? Discuss.

7.4 How should a source of sound move with respect to an observer so that the
frequency of its seund does not change? Write two examples,

7.5 Why is it difficult to recognize: beats when the frequency difference is greater than 10
HZ? Examplify.

Comprehensive Questions

7.1 State and explain the principle of superposition of waves. Agply this principle to
alaborata the working of noise canceling haadphonas.,

7.2 What are standing waves? lllustrate a detailed experimeni that demanstrates the
standing waves using stretched strings.

7.3 Find the frequencies of the hammonics produced in an organ pipe when it is open at
bath ands and when itis dosed atone end.

7.4 Define and exemplify diffraction of waves:Describe this phenomenon by ripple tank
axperiment

7.5 Whet is meant by the term beats? Prove that number of beats per second is equal to
the difference batwaen the fraguencies of vibrating tuning forks.

7.6 What do you understand by progressive waves? Dizcuss the Intansity of progressive
waves.

7.7 Keeping in mind “Dappler effect”, analyze the following cases:
{a)when source ofsonnd moves away from the stationary observer.
{biwhaen source of sound moves towards the stationary cbeerver

Numerical

7.1 The speed of a wave on a typical string is 24 m s”. What driving freguency will it

resonateifits length is8.0m7 {Ans: 2 HZ)
7.2 The lowest resonance frequency for a guiter atring of length 075 m is 400 Hz,
Calculate the spesd of a transverse wava on the string. {(Anz: 600 me")

7.3 Atuning fork A produces 4 beats per second with another tuning fork B. It is found
that by lzading B with seme wax, the beat frequency increases ta 6 beats per
second. Iftha fraquency of Als 320 Hz, delarmineths frequancy of B when loaded.

{Ans: 314 Hz)
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7.4 A steel wire hangs vertically from a fixed peint. supporting a waight of 80 N at its
lower end. The diameter of the wire is 0.50 mm and its length from the fixed point to
tha weighlis 1.5 m. Calculata the fundamentsl frequency emitted by the wire when
itis plucked, Density of steelwire is 7.8x 10° kg™, (Ans:76.2 Hz)
7.5 Awverage intensily of sunlight on the surface of the Earth is neary 500 W m™,
Determine the amount of energy that falle on a solar panel having an ares of 0.50 m*
in fourhours. {Ans: 3.6x10°J)
7.6 {a) IFtheintensity of a wave is 18 W m™ and the amplilude is 2 m, whatis the value
of canstant k? fAns: 4 Wm™)
{b] IFthe intensity of & wave is 25 W m™ and the constant k is 5 Wm™, what is the
amplituda? {Ane: 2.24m)
7.7 (a) A sound system produces 200 watls of power. If the sound is directed at a
crawd with an arsa of 150 m®, whatistha intansity of thesound?
{Ans: 1.33Wm?)
{b) A light bulb emits 100 watts of power. If the-light is spread out evenly over a
aphere with a surface area of 400 m*, what is tha intansity of tha light?
{Ans: 0.25Wm™)

7.8 Aradio antenna broadcasts 500 watts of power. I the signal is received at a distance
of 10 km, what is the intensity of tha signal ? (Ans:4x 107 Wm?)

7.9 Anorgan pipe has a length of 1 m.-Determine the frequencies of the fundamental and
the first two hammonics:

{a} ifthe pipeisopenatbothendsand (b} ifthe pipeisclosedat one and.
{Speedofsoundinairis 340 ms™
(Ans 170 Hz, 340 Hz, 510 Hz; 85 Hz, 255 Hz, 425 Hz, raspectivaly)

7.10 A train is approaching a stafion at 99 km h”, sounding & whistle of freguancy
1000 Hz. YWhat will be the apparent frequency of the whistle as heard by a listener
gitting on the platform? What will be the appareni frequency heard by the sams
listener it the train moves away from the station with the same speed? (Speed of
soundis 340 ms™) {Ans: 1079.4 Hz, 831.5 Hz, respactively}




After studying this chapter, the students will be able to:

4 Explainthat polarization is a phencmenon associated with transverse waves. :

4 Deflne and apply Malus's law [ = £, cos'd to calculete the Intenshy of & ﬁl;iho—pnla’lzod
slastromagnstic wava after transmission through 8 polarizing fitar or 8 ssisg of polanzing fters.
[Calculation of the effact of a polarizing fiter on the intansity of an urgpnhnzad wayd is not
requirad],

4 Explaintheusa of polaroids in sky photography and stress analymsofrrlﬁtenals

%  Describequsliatively gravitabional waves.

[as waves of the inlensily of gravily generated by the a[:dﬁle,rated masszes of an orbital binary
syabam that propagate & waves outwam frotmhmrsoumaaﬂhn spesd aflight].

State that as a gravitational wave passes abody mtrrmasa distortion in space-time can cauge the
body to atretch and compress periodically. i

& State that gravitational waves pass through tha Eamuuatofamﬁmlwual avants, but they ana of
vary minuts amplilude.

@ Deccribethe uea ofImtarfarometars in daﬁamlnggmlmﬂnnalms
[Interferometers are very sensitive delectiﬂn devices thet maks use of the interference of lagser
bearms fwarking and set up detsils are Aot redquired) and were used o first detect ths exiatence of
gravitational waves). .

his chapier deals with two majur areas of physics namely polarzation of transverse
waves and gravilational waves.

8.1 POLARIZATION OF LIGHT Ita}
Physical optics wilh reference to polarization deals with the
behaviour of light waves and theirinteraction withmatier. (b)

Interference-and diffraction effects prove the wave nature
of light. Thase phenaomena, however, do not ell us whather
the light waves ara langitudinal or transvarsa. Polarization
af light suggasts that the light wavas ara fransverze in
character,

In transverse machanical waves, such as produced in a

stretched string, the vibrations of the partides of the

medium are perpendicular to the direcion of propagaticn

of the waves. The vibrations can be confined glong verlical,  Fip. 8.1: Transvarse waves
horizontal or sny other direction (Fig. 8.1}, In sach of thggg  °N & %iring pelarized

= 3 : (@} In avertical plane, and
cases, the transverse mechanical wave s said %o B2 (b)inahorizontal plzne




M Physlcs TH) | W RS thepte 8 Physteal Optics and Gravitational Waves [

polarized. The plane of polarization is the plane
containing the direction of vibration of the parlicles
of the meadium and the direction of propagation of
the wave.

Alight wave produced by oscillating charge consists
of a psriodic variation of the slactric field vector E
accompeanied by the megnetic field vecter B at right
angles te t. Ordinary light hae components of
vibration in all possible planes. Such a light is
unpclarized. On the other hand, if the vibrations are
confined only In oha plans, the light Is sald to be
polarized. Unpolarized light is shownin Fig. 8.2. —

EKEI“I"I[HEE of Uf'!pﬂ'&l‘lzﬂd light sources BI-'E sunlight, Flg. 8.2: /Ao hinpolarized Ight, dua to
incandescent light bulbs, flucrescent light bulbs, incandezcant bul, has vibrations in all

light from a candle orfirg. planes.

Polarization is the prasess by which the slactric and magnetic vibrations of light waves
are restricted to a single plane of vibration. Itis the property exhibited only by transverse
waves such as light waves. It does not cccur for longitudinal waves such as sound
Wwayveas.

How an Unpolarized Light be Polarized?

An unpolarzed light can be madae poladzed by the followlng methods:

1. Passinglightthrough a polarizing filker {e.g, polaroid shest).

2. Using apolarizing beam splitter.

3. Employing cartain opticalerystals or materials {8.4., calcite, quarz, ste.}).

Tha mest common meathod by which an unpolarized light can ba polarized is by passing
it through a polarizingfilter, such as a polarizing bearn splitter or 2 polaroid sheet. When
an unpolarized light passes through the polarized filter, only that electric field vector
which is pargllel to the
awis of polarized filter can

Polartrad filkar
pass through it. while all _
cther vectors are blocked. ?
H i : Axls Polarizatian

The resultant Ilghl then e [ s  direcion
becomga polarized as ~{[! i~
shown in Fig. 8.3. ' 18 ireciion

: .g T E gm&r
Thus, in simple words, the ] g
process of trensfoming an [P,

-

unpolarized light Inte a .
pclarized light is said tc be
polarization.

—

Fig. B.3: Folerizetinn of light using a polarzed filter
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Tha odentatlon of the electdc flald veclor E of light
waves in a specific direction is the basis of Polarization.

8.2 TYPES OF POLARIZATION ! Space (30)

Here are the hasic types of polanzation of light.
1. LinearPolarization

Whan tha electric field vector cedillates in a "‘;_9:
single plane, lightis said to be linearly polarized <
as shown in Fig.8.4 (a). Example is the light 4
paszing thrmough & poladzing fliter, llke Flg. B4 {a): Linsar polarizatlon of Ight
sunglasses.

2. Gircular Polarization ;
When the electric field rotates circulary, [ 4,4 i *mu%

either clockwise (right-handed), or !

countertiockwise (left-handed), the light r - | Ed o
is said to be circulary polarized as . % "'-,."-p-mpau
shown in Fig.8 .4 {b). Example is the light vily  TU% ppon A
reflected off a CD {Compact Disc) or Wardnee —

DVD (Digital Versatile Disc). Flg. 8.4 {b): Circular polarizatian of light

3. Elliptical Polarization

A combination of linear and circular polarization, ¥

whera the glactric fisld vector fraces an alliptical

path Is called elllptical polarzatien. In elliptical qm
polarization as shown in-Fig 8.4{c), the hwo ; T
components of alectric field £, and £, ara not v
agual or thay diffar in phasa by an arbitrary angle ‘

8. Example is the light passing through a stress
plate ora waveaplate.

8.3 PRODUCTION AND DETECTION OF PLANE POLARIZED LIGHT

Th= light emitted by an ordinary incandeacent bulbis unpolarized, because its electrical
vibrations ara randomly orignted in space as shown in Fig.8.2.

If unpolanzed light is made incident on a sheet of polaroid {polarizer), the transmitted
light will be plane polarized. If a second sheet of polareid {analyzer} is placed in such a
way that tha axes of tha twe polarolds shown by stralght linas drawn an them ara parallel
{Fig. 8.5-a}, the light is transmitted through the second polaroid. If the second polaraid
{analyzer) is slowly rctated about the beam of light as axis of rotation, 1he light emerging
from the sacond pokaroid gets dimmer and dimmar and ultimately disappears when the
axes become mutually perpendicular as shown in Fig. 8.5(b), the light reappears on

Fig. 8.4 (c}: Eliptical polarizafion of light
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further retatiocnh and becomes brightest
when the axes zre again parallel to aach
other,

This experiment proves that light waves
ara fransvarse wawas. If the light waves
wera |ongitudinal, they would never
disappear even if the twn polaroids were

Poladad-1

{Polanzar) Flane polardzed

mutually perpendicular.
Unpclarized
O lightl beam

Uinpoksiized
Eght beam

(b}
Fig. B.5:
Bxpanmental amrangemant to show that
light waves are tranaverse. Tha lines with
armows indicats slectric vibrations of ight werres.

Light refiected from smooth surface
of water 13 parially polanzed
parallel tothe surface,

8.4 POLARIZATION OF LIGHT. BY THE METHOD OF REFLECTION

In 1808, Malus discovered that polarized light is abtained when ordinary light is reflected
by a plana shest of glass. If tha raflectad light is viewsed through s polaroid which is
=lowly rotated sbout the line of vision, the light is praclically extinguished at a3 cerain

Ray Dlagram
Nafmal
ut:::llgﬁgd Wew through a
light BRltin!
[ordinary kght) Redleciac
o light
f=H, 9, Yibrations
B7u Plane palarred Bght
Mediumi1 Alr o
Medum > Fe
Crown glass
n=1%52
M I =8,

Refracted light
Fig. B6: Flana polarization by reflection
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crientation of the polaraid. The most suitable angle of incidence 'V is about 57° for gless
forwhich the raflactad ray bacomes plana poladzed, as llusirated by ray diagram In Flg.
{8.6). This proves that the light reflected by the glass is practically plane polarized. Light
reflacted from the surfaca of a table becomes darker when viewed through a mitated
polarald, showing thatitls partlally plane peolarized.

Brewster's Law

The particular angle of incidenca on a transparant meadium when the reflected light is
almoat plane polarized is called the polarizing angle. Let & beam of unpolarized light be
mace incident on the surface of medium 2 as shown in Fig.8.6. If the reflected baam of
light iz almost plane polarized, the reflectad and refracted beams are atright angles to
each ctherat the polarizingangle. /= 8,. Thus

8,+8 = 50°
ar g =80"—
From Snell's law, L at il 4|
n&ing, = naing, Malu_s's !aw la u_ead _In n‘l_udy _Ihe
: g polarizaion of light in biological
nsing, =nsin(80°-8,) systams, such as the polarization

n,sin B, o nzt:nsl?ll, oflight by cell mambranse.

EinBp _n

cosg, 1,

N P 8.1
1

This equation Is known as Brawster's law. n thls squation, n, Is refracttve Index of
medium 1 and #, ie refractive index of medium 2. If medium 1 iz air, then eguation
becomes tané, = 7 because 1,= 1 and n,= n. Here i & refractive index of madium on
which light is incident Hence, Brewaster proved that the tangent of the angle of
polarization is numerically equal to the refractive index of the medium 2 when medium 1 is
alr. In Brawster's law, the angle ‘3. for which the reflecied ray and the refractad ray make
an angle of 80° between them, is also called the Brewster angle 8;. Then, tant= 1 holds.

E 2 § A beam of light strikes the surface of a plate of glass with a refractive
Indax nf«."i &t the polanzing angle. What will be tha angle of refracion of the wave of

7
lg:rf lom = ME . B =7
As tanl, = »n
ot fe = tan' (W3}
0 = B0°
As & = 80°-8, § =90°-60°
B = 30°
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8.5 MALUS'S LAW

Malus's law statas that the intensity [ of plana polarized light after pagsing through an
analyzer is directly proportional to the square of the cosine of the angle 0 between the
transmission axis of the analyzer and polarizer. Thatis;  pgiarized g

} o costo with intareaity i,
f = L oosto Inttial polarizar
=]

whera [, = Intensity of the 1 .,ﬂ'
incidant polarized light. I/’ F
Actually, Malus's law gives a | i
mathematical reiation betwesn ;... oo I
the intensity of the light incident ight Anatylzer e
an the first polaroid [(i.a., Camponant of polerized light paraileh e
polarizer} and the intensity of b5 Wi o gf anaAyaor
light obtained after passing i Flg. 8.7 (3): Schemaltk; repregentation of Malus's law

through the sacond polaroid {i.a., analyzer). This is shown in Fig. 8.7{a). An analyzer is
alsc a polarizer that is placed afier a polarizer. Rotation of the analyzer affects the
intansity of the polarized light. It is used to further raduce the intansity of light and also
adjustit by adjusting the angla of the analyzer with respact to the polarizer.

Certain transparent crystalline materials,’ ke tourmaline, calcite crystals, etc., are
capable of confining vibrations of light waves in only one plane. Such materiale are
called polaroids which have high directionslity in crystal structure. Light can also be
polarized by natural phanomeanalike reflaction, refraction and seattering.

If a place of polarold Is rotated In front of a i

polarized ray of light, it causes a variation in the poiarizer

intensity of the light that gets through. The
reason that causes thevaration of intensity is
the angle between the initial polarizer and the
axis of sacond polarizer.

When the incident palarized light of amplitude A,
strikes tha analyzer at an angle #, it is resolved
Into two components A4.ccsd and Agsing as
shown in Fig. 8.7{b). Tha component Asind is
abgorbed in the analyzer. Since, only Acosd
pasees through tha analyzer, the amplitude A of

the transmitted light is thercfore, Fig.B T{b): Resolution of amplitude inta
components of plane polarization light

Plane of

A=Acosh e {8.2)

Since intensity / is proportional to he square of the amplitude A. it can be expressed as:
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e Aorinkd v vy R

where k=1, wecanwrite: f = A®
of i = A cos'e (i'dﬁmar-zn
Polarzar-1 oizania|
! = icosa (=A% (Varlical) = e

Here | is the intensity of the IncldarlrlBeu-n
incident polarized light. (Unpalerized)

There are two extreme conditons
of 8 followed by the above equation
givenas,

i. Ifg=0"then /=L Thismaans
the Intenslty transmitted
through the analyzer is equal
to tha initial light intansity that
passes through tha polarizer.

ii. If8=90° then F=0.This means the light is extinguished completsly, i e , no light is
allowed to pass through the analyzar.

Optical Activity

Optical activity is the ability of 2 substance tarotate the plane of polarization of light passing

through . The rotation is detacled with a polarizer or analyzar as shown in Fig. 8.6.

Many crystals and solutions rotate E, Felking fiar

the plane of polarization of light

pessing through  them. —~3uch

substances ars said to ha aptically

aciva. Examplas are quartz crystals,

cinnabar (H.8], sugar water, insulin

Light pa==ing trough crossad polarizers

and collagen. The amount and

direction of rotation depends on B $

following factors: Flg. &.8: Optlcal actlvity

{i} Thetypsof substance [ @interesting nformation)) ||

(il The concentration of the substance (the ﬁlﬁrﬁﬂ'aﬁﬂﬂd r"ﬁ':aﬂmd
amount of a substance present in a given g 'g
guantity of a mixture or solution).

(i} Thedistance the lighttravelsthrough it, and &‘9‘“ =Alen

: ] Polarizar Anglyzar
(“"} The wavelength uﬂ'ght' Bugar solution rolates the plane of
- i : palarizslion of incident light so that
Optical act.n.rlty occurs dus to the asyrr?metnc. shape of PO longer Moitzentsl bt &1 Bn
molecules in the substance, such as baing helical. Afew  angls 4. Tha analyzar thus stoas the

milimetre thickness of such crystals will rotate the plang  light whan ratated from the vertical
[crosaad) positons.
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of polarizaficn by many degreas. Certain organic substances, such as sugarand tartaric
acid, show optical rotation when they are in g selutien. This property of optically sctive
substancas can ba uged o determine thelr concentration In the solutlons.

Examplz 82 || Find the refractive index of a mediumif polarizing angle is 54.5",

Solution .
e -g Do your know? %.
a = S5 n=?

As tand, = #n
ar it = fané, g Bt b
2] = c gy
v} n = tfanH4.5 3 -J".;‘!!Fi’l“ @?.4. :
n = 14 h}eé "
Ezample 23 || Polarized light with an intensity of 75 W %
m* passes through an analyzer with its axis at 30° to the =) 71
polarizar's axis. Whatis the emarging intensity 7 _ ?
| Sodution -
L = 75Wm?a=30"1="7
Lising Malus's law:
! i ILGDBQG' Looking thiough two polarzers when
! = TSNmcostal et
= 75N m*{0.BG6Y*
= 75Nm*x0.75
! = B&25Wm”

Example .4 [ Apolarizedlight with an amplitude of 5 units passas through a polarizer
with it2 electric field aligned at 60° to the original polarizeticn direction. Find the
amplitude of tha wave aftarpassing through the anallzer?

SoluntbonSh
A = Sunits 0=60" A="7
Lising Malus's law:

A = A,cosb [ ] Tadbit .

ar A = EepsBlF A beam of unpoiarizad light pasees
through a fogoy amaosphera, Tall the
= bBxD5 polarization state of the geattered Eght,
A = Z2.5units

Importance of Polarization
The immenss significanca of polarization of light may ba justified by various fialds:
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1. Optics and Photonics

Polarization is essential for epplications like polanzed sunglasses, LCD (Liquid Crystal
Display) screens, and oplical communication systems.

2. Imaging and Microscopy

Polarization enhances image quality, redusing alare (unwanied light that interferes with
vislon)and Improving contrast, espacially In micreecopy and madical Imaging.

3. Medical Applications

Polarization is used in cancer diagnasis, tissue imaging, and lasar surgary, leveraging
Itz 2blity to-distinguish betwaen different tissue types.

4. Astronomy

Polarization hslps us to analyze cosmic phenomena, like the polarization of light from
distant stars orthe cosmic microwave backgreund radiation.

5. Miscellaneous Fields

Polarization has importanca in miscellanscus figlds such as optics and photonics,
imaging end misroscepy, biclogy and chemistry, communication system, ets.

Two Main Applications of Polarization
Polarizers, alzo known as polarizing filters, have two main applicaticns:

1.  SkyPhotography

Acamerawhich is used to photograph the
clouds is fittad with a polarcid. The light
coming from the sky is polarized by the Weee vibraling

dlcul
polaroid. lo e rgivuy

In sky photography, polarizers are used to
reduce the glare and-haze which are
produced by the-scattering of light by
small particlas of molecules present in the
atmosphere. F’olgrlzers alea an hlanaalﬂ'ue Light beam A
contraat by clocking the excessive bright %

whita lightwhila allowing the othar colaurs

to pags through, thus cresting a brighter Unpolarizad ligit

detailed image. Thus, allows to improve Pelarized light
tha overall mage quallty.

2. Stress Analysis of Materials

In materials science, polarizers are used to analyze the stress and strain on materials,
such as plastics, metals, and glass.

Y¥hen a material is stressed, its molecular structure changes, affecting the way, it

Lighl warves vibwadiy
¢ parallel to the
L highway
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interacta with light, and interference petterns on fringes are formed which in tum gives
qualitative information akout the materal. By shining polarized light through the
transparent matsrial and analyzing the changes in the light's polarization, the
rezeerchers can:

= detarming the matedal's stross patterns
= |dentify potentlal weaknesses or defacts
= anzlyze the material's oplical properties
= ungarstand how the matarial will behave Lndar diferant conditlons. This technlgua

is known as "photoalastichy” and is widely used in fields like enhginesring,
materials science, and quality control.

In both cases describad ahova, polarizars play a crudal rola insmanipulating light to
achiave specific goals, whethar it is snhancing image quality or analyzing material
properties.

8.6 GRAVITATIONAL WAVES (GWs)

A gravitational wave is a stretching and compressing of
space-time and can ba ohsarvad by measuring the change
in length between two objects.

Gravitational waves (GWs) are actually:

"Ripples in the fabric of apace-tima, produced by viclant o

i . i Albert Elnstaln {(1879-1955)
cosmic eventg, like colliding black holes or neutron stars Kol e e L )
that travel at the speed of light, camying information about Physiciat
thairsourca." One of the Wordd's renowned

The simplest example to understend GWsis given below: e

If we throw a stohe Into.a pond, the stone creatss ripples on the water surface (space-
time). These ripples travel outward, carmying information about the stone (the cosmic
avant). They can be detectad an the shore by (gravitational wave obsarvatories),
revezling the stene's presence and propertles.

Pradiction and Datection

Gravitational wavas are a pradiction of Einstsin's thaory of ganeral relativity which is
confimed by cbservations and iz opening a new window into the universe's most
exireme phenomena.

Accarding to Einstain's genaral theory of ralativity, gravity is not a force, but a curvatura
of space-ime caused by massive bodies. Gravity i3 like a dent in a matiress. Heavy
things wrap the space around them, and that is why we feel gravity.

Gravitational wavas, as initially predicted by Albert Einstein in 18186, are ripples in
spacetime that were first detected in 2015, but announced in 2016, the first
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obsarvation of its kind: the detection of
graviiational waves, produced from two
coliding neutron stars. In this fype, there is a
gradual increasa in frequancy and amplitude of
GWs.

A Binary System (B3] in the context of
gravilational waves refars to "a system
consisting of two compact objects, such as
black holes, neutron stars, or white dwarfs,
which are arbiting each other and amitting
gravitational waves.”

FourBaslc Types of GWs

i " |
There are four basic types of gravitational  Dr. Mergls Mavalwalals g

waves, each with different sources and  PakistaniAmencan
characterlstics: Aatrophyalcta at MIT Known for her work

1. Continuous GWs an grarvilational waves

¥Whanh a single massive cbject spins with a constant rata, such as a neufron sfar,
continucus GWs are produced with a constant.frequency ard amplitude. White dwarf
binary systems produce continuous GYVs:

2. Compact Binary InspirationalGWs

¥hena binary system, such as binary
neutron stars, binary black holes; ar a
nautron star and black hole orbiting
eech other, compact inspirational
GWs are producad.

3. BurstGWs

These are produced by violent svents
llke supemovae, gamma-ray burets,
orcosmic strings.

4. Stochastic GWs BS Modsl

Stochastic (5Ws are weak, randem signals of GWe which are produced by superposition
of many weak gravitational wave sources, such as distant binary systems. These G\Ws
are tha most difficult to datect.

Every physical object that sccelerales, produces gravitational waves. Vehicles,
airplanes, eitc. are included in it. The masses and acceleration of objects on the Earth
ara too small to make gravitational waves big enough to be datected with our
instruments.
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Az the binary systems falso termed as
binarizs) orbit each other, they emit
gravitalional waves, which ¢sn ba
detected by cobservatories like LIGO
(Laser Imterferameter Gravitational wave
Ohservatory) which is situated in USAand
Virgo, a large scale gravitational wave
observatory In Cascina, ltaly. The waves
carry imformation about the system's

mass, spin, and merger dynamics, : - . _
offering ingights into these extreme El'wsfﬂinﬁ“:tﬁfm“ﬁg“ﬁ'ﬁ%mﬁﬂm,E
cosmic abjects, and move with the speed  outwandimtothecosmos:. |

oflight.

The binary systeme arg significant souwrces of gravitational waves, and their margars
(cellision and unicn of two massive cbijects resulting mors. massive single object) ara
among the most intense cosmic evants.

As the masses orbil and accelerate, their
gravitational intensity fluctuates, genarating
waves that radiate outward in all directions:
These waves are not bound by the binary
systermn's gravity; Inglead, they travel freely
through spacetime at the speed of light. The
waves propagate through the. universe,
weakening in intensity as-ihey distance
thamselvas from the sourca.

The characteristics of GWs depend on the e forces camy the mathematical signatura of
systemn’s properfies, such as: gravitational waves

« Massesofthe objects
» Orbital pariod and fraquency

»  Eccentricity of the ombit Eceantricity e is a measura of the amount by which an
object deviates from a perfect circle.

e=0D Circular orbit
a=1 Parabolic trajectory
ex1 Hyperbolic irajectory

O0=e =1 Elliplical orbit
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Space-time Distortion/ Tidal Forces

Gravitational waves passing
through a body with masa can cause
the body to experience pericdic
stretching and compressing, also
known as "space-time distortion®.
This effectis known as "tidal forces®
and is a result of the gravitational

wave's pscillating nature. As the -

-
" il

the body, it causes the space-time around ths body to oscillate, lsading to a periodic
stretching and compressing of the body in the direction perpendicular to the wave's
propagation. This offect iz similar to how tha tides on Earth-ara caused by the
gravitational pull of the Moon and Sun.

The amount of stretching and compressing depends on thesirength of the gravitational
wave, as well 23 the masa and size of tha body. Thia affact ia an important pradiction of
Einstein's general thecry of relativity.

Gravitational waves generated by
far off celeatial events, such as the
marger of two black holas or
nautron stars, pass through the
Earth. However, the amplitude of
these waves Is axtramely small,
typically of the order of 107 to
10® meires. This means thattha Spacatime curva shown by two satellltes
distortion caused by the gravitational wave is incredibly tiny, and requires extremely
sensltve Instrumentsto datect.

Despite their gmall amplitude, gravitational waves offer a unigue window inlo the
univaraa, allowing ua to siudy strong-fiald gravity, to test ganaral ralativity, and to explore
the universe in ways previouzly imposzible.

8.7 INTERFEROMETER

An interferometer is an optical todl usad in detecting gravitational waves, I is a wary
sensltive detection device that may use the Intarference of LASER (Light Amplification
by Stimulated Emission of Radiatoin} bearns. The basic LIGO interferometer can be
seanin Fig. 8.9,

An interferometer that detects gravitational waves is a highly sensitive instrument that
uses LASER light to measure tiny changes in distance between mirmors, caused by
gravitational wavaes passing through tha datactors. Thasae intarfarometaers are callad
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LIGO (LABER Interferomater - . _»
(Gravitational Wave Observatory).

The main differencss batwaen LIGC
and conventional interferometars

A }Fabry-Perot cavity
{a) LIGC is 1000 imes largar than

conventional device, and

I

{b) LIGC uses LASER whereas pouec m"f'n'ﬁr

conventional interfaromatar recicing ™ I PabryPerolcap s

has nomnal light source. . 3
Basic Components of s |] ; Jh;'

Erd

GW Interferometer - spme,./’ | %~ Inputmirer Bl
The hasic components of & Phﬂh L7

gravitatiocnal wave interfferormeter

are: Fity. 8.9: Pasic LIGO Interfarormetar

1. Laser thatproduces astable and high intensity baam of light.

2. Fower recyellng mirror conlinually reflects LASER light that haz already travelled
through the instrument back into the interferometer and hence the term recyeling is
used.

3. Beam splitterdivides the LASER beam Intotwo perpendicular beams.

4. Mirmors reflect the beams, creating two perpendicular amms.

5. Fabry Perot cavity consists of two mirrors facing each otheér. The purpose of the
cavity is to enhance the path length.

6. Photodetecters measure the returning beams, detecting tiny phase shifts {ifany).

T. Armcavitles enhanca the LASER light, increasing sensitivity,

Working of Interferometer

A laser beamils-split Into two parpandicular beams, aach ravelling down two klantizal

paths {arms) of the interfercmeter. Tha beams bounca off mirrors &t the ends of each

arm and return te the starting point, where they are recombined. If a gravitational wave

passes through, i causes a tiny disturbance In the distance betwsen tha mirrors,
rasulting in a phase shift belwean tha two beams.

When the baams recombine, they create an interference pattem, which is measured by
a photodetector, The tiny phase shift caused by the gravitational wave zlters the
interference pattern, allowing the detector to sense the wave's presence.

Figure 8.9 is a simple figura of an interferometer, but in réality, it is much more complex.
On 14 September 2015, the universes gravitational waves were observed for the
very first time by LIGO. The gravitational waves which were predicted by Albert Einstein
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100 years ago, came from a collision between two black holes. Ittook 1.3 billion years far
the waves t¢ arrive at the LIGG deteatar in the USA. On their work on observation of
GWe, Ralner Welss, Bamry C. Barek and Klp 8. Throne recslved Nobel Prize In 2017. It
is interesting to note that one of the team members, Nergis Mavalwala a professor at
MIT {Massachusetts Institute of Technology), belongs to Pakistan.

Virgo Detection

Similar to LIGO, there is ancther facility for measuring gravitational waves. This is called
Virgo, which works under the Eurapean Gravitstional Observatory (EGQO) Cascina hear
Pisa, Italy. Virgo is also an inlerfercmeter with two arms of 3 ki whereas LIGO has 4 km
arms. The Virgo Observatory is named after the Virgo constellation, which is visible in
the night sky during the months of March, April and May. The Virgo cluster is & group of
about 1,500 galaxies sbout 50 MLY's (Million Light Years) away. Remember one Light
Year {LY} is a distance which light travels in one year. The approximate value of
1LY = 8.5 hillion km. Virgo has been invelved in detecting gravitational wave evenls, with
the first detactlun In2017.

Exanyple If the gravitational waves have a wavelength of 4000 km, find their
frequency_
Solutdon | & =4000 km =4 210°m , e =3«x10"m &', F=7
Asg v = fi
or f = ?E {-v=g)
g 310 mg
4%10°m
= 075x10%s"
f = 75Hz
Exampfe 84 Ablnary system smits gravitational

WaVes Iu-.nth a frequenc’y of 10" Hz. What is the
wavelength ofthase waves?

f= 107 Hz=10"8" ¢=310"msg', o =7
Asg ¥y = fa
or A= ? (-v=c¢)
310 mg
R T

3x10°m

=
n
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auestions | N
@ Multiple Choice Ouestions |
Tick [} the correct answar.
8.1 The phenomencn of polarzation of lightls:
(&) the process of scattering of light
|b) the property of light to vibrate in a specific plane
{c)tha ability of lightto travel in a straight line
td) the phenomenon of light changing colour
3.2 Malus's law statas that:
{a) the intensity of light is directly propertional to the square of the cozine of the
angle between the light wave and the analyzer

(b) the intensity of lightis directly properticnal to the squarecf the sine of the angle
betwasnths light wave and tha analyzer

{c) the intensity of light is directly proportional to the'angle between the light wave

and the analyzer .
fd) the intensity of ightis inversely proportionalto the angle between the light wave
and the analyzer j
8.3 Tha Inlensliy oflight when |t passes throligh'a polarzar:
(|) incresses (k) decreases
[cyremains the same {d) becomes zero
8.4 Theangle batwesn the light waverand the analyzer is called:
{a) polarizaticn angle (b)refraction angle
() reflaction angle {d)azimuth angle
8.5 The keypumpose of shanelyzer in a polarization experimentis:
(&) to polarze thelight (b)Y to measuretha intensity of light

{)tochange the direction of light (d)tofilter out unwanted light
8.6 The mathematical representation of Malus's law is:
()=t cos™® ib)f=Lsin’8
fcyd=1tan"D (dy/=/,cot’e
8.7 The effect of increasing the angle between the light wave and the analyzer on the
intensity of lightis:
{a) the Intensity Increases (b)the Intensity decreazes
{cYthe int=nsily remains the same(d) the intensity becomes zero
8.8 The condition for maximum intensity of lighl in a polarization experiment is when:
{a) the light wave andanalyzer are perpendicular
tb) the light wave and analyzer are parallel
() the light wave and analyzer are atanangle of 45°
(d) the light wave and analyzar are atanangls of 80°
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8.8 Tha unwanted light that interferes with vision istermed as:

(@yhaze {b)glare (c) contrast {d)flare
8.10 Who predicted the existence of gravitational waves?

(a)Galilec Galilei (k)Albert Einstein

{c) Issac Newion (d)Leonarda da Vinci
B 11 Whatare gravitational waves?

(a) Electromagnatic wavas (b) Machanical Waves

{¢) Ocaan waves {d)Ripples in the Fabric of spacatima
8.12 Which is the primary mathod used to detect gravitational waves?

(&) Optical teleacopes (b)Radictelescopes

(c)LASER interferometry (d) Gravitaticnal lensing

8.13 Which of the following is a primary source of gravitational waves?
(@)Binaryblackhole merger (k) Solarflargs
(¢)Earthquake (e Solarwind

Short Answer Questions

.1 Why are tha palarold sunglasses better than the ordinary sunglassas?
8.2 Islightfrom the sky partially polarizad? How is it 567

8.3 HowisMalus's law usadin evaryday lifa?

3.4 What are the applications of Brewstar's angle?

8.5 Whatisthe space-time curvature?

Constructed Response Questions [

4.1 Write down some applicaticns of plane polarized.

8.2 Would it be possible tQuse a polarizer as an analyzer? If yves, give at lzast two
examplas.

8.3 Explain how Malus's law is used in the design of polarized sunglasses. How do
these surfaces reduce glare from reflective surface? Frovide an example 1o
illugtrate your answar.

84 Howwilthe sky appearif there had been no atmesphere?

8.5 Whatisthe signilicance of detecting gravitalional waves?

8.6 Howaretidalforces formed?

@ Comprehensive Questions [

8.1 Dafine tha phenomenon of polarization of waves. How does polarization of
glectromagnetic waves ocour? Alzo classify the polarization of waves.

8.2 Howcanthe plane polarized light be produced and detected? What does it prove?

4.3 How tanpolarized lighthe abtained by the mathod of eflaction? Explain.
B4 Stale Malus's law. Explaintha intensaity formula.




" F ¥ = . =
2 Phyics L R RS e[ B Phiysical Opetics and Gravitational Waves [~

8.4
8.6
87
8.3

8.1

82

8.3

54

8.5

56

8.7

LR

8.9

Whatls a polarold? Explaln two maln applications of polarizatlon.

What are gravitational waves? Describe the basictypes of gravitetional waves.
Whatis aninterferometer? Describe the basic LIGO interfarometer in detail.
Whatis meant by optical activity? Diiscuss it.

Numerical Prohblemis

When an unpelarizad light of intansity £ is ingident on a polarizing shast, find the
Intensity of lightwhich doas not gat transmitted. {Ans: é_ }

A polarized light beam passes through s polarizer at an angle of 45°. Find the
intensity of the ransmitted light it the inibial intensity is 100Wm™ {8ns 50W m"}

A light wave passes through a polanizer with its lectric field aligned at 30° to the
herizontal, If the amplitude of the wave is 10 units, what is the amplitude of the
wave passing through the polarizer? (Ans: 8.6 units)

What angle i required between the direction of polaroid light and the axis of a
polarpid filler te reduceits intensity by 85%7 {Ans:67.57)

An unpolarized light having intansity of 13 W ni” iz incident on a pair of palarizers.
The first polaroid filter hes ita transmission axis at 50° from the vertical. The second
polarold fitter has Its tranemission agls’ at 20° from the vertcal. Calculate the
intensgity of light transmittad to both filkers. (Ans: 7.5W m* 5.6W m™, respactively)
Two polarizing sheets have their polarizing directions parallel so that intensity of
emitted [lght Is maximum. Through what angle must slther shaet be rotated If the
intensity isto be dropped by half? {Ans: 45%)
We wish to use a glass plate of refractive index of 1.5 in air as a polarizer. Find the
polarizing angle andangls of refraction. {Ans: 56.3°, 33.7°, respectively)
Atwhat angle of incidence, will light reflected fram water be completely polarized?
{Ans: 53%
Abeam of unpolarized light is incident on a stack of four polarizing sheets that are
lined uprso that the charactaristia dirsction of each is rotated by 30° clockwise with
respect 1o tha preceding shest. Whal fraclion in percertage of the incident
intenzity be franamitted? (Ans: 21%}

B.10A polarizer and an analyzer have thelr axes aligned at 60°. What Is tha fraction of

thainitial intensity that amerges’? (Ans: 0.25)

8.11 IFthe gravitational waves have a wavelength of 3000 km, then find their frequency

asauming it moves with the speed of light? {Ans: 100Hz)
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Electrostatics and
Current Electricity

Aftar studylng this chaptar, the students will beabie to:
% Deline and calculate electricfield strangth.
[Use F =g lor Ihe loree on & charge in 60 elecine leld. Use E = %’- o caloulale the Tield slenglh
cfthaunlform flald betwesn changad paralks] pladas]
Dagcribs the offact of & uniform sdactric field on tha moton of charged parices.

Slata that, for a point outside a spherical conductor, the chame on tha sphare'may ba congidansd to
be a point charge atizcentre.

& Explainhowa Faraday cagaworks.

[by Induzing Intemial elecric: flalde that work to shlald the Inslde from the hfluense of extamal eleciric
flelds]

Shate and apply Coulomb's (aw.

L

2

F=kq'—§2 for the fraca batwasn two point charpas in free spaca, [vhare k=# ]
r

LUsza E =|l{':?—2 forthe alectricflald strength dueta apaint chargs In frea space.

Usa, for a cumant-camying conductar, the axpreasion § = Anvig. [whers k18 the numbear of chargs
cATiarsparunit valums]

Shate and use V= WL

State and usa P=1¥, P={' Rand P=V/R.

Stataandusa § = P%

Stata that the reeistance of 4 light depondent reasistor {LDR) decreases e tha light intensity
Incraases.

Stata Klrchhoffs firet ey 6ndd deecrbe that i le & conesquence of consarvation of charga.

Siate Kirchhoffa second lew and describe thatitia B conaequence of conservation of enargy.

Llza Kirchhaoffs [aws o sohva sirmpls circutt problsme.

Slale and uselhe pring ple ol 1he polen iomeler as g means ol @mpaing polenbal oilerencs,
Explainifae use of a gatvancmater in nullmsthods.

Explaintha useofthermistors and light-depandant rasistors in potential dividers.

[ta prowvide & potentiel difarance that ls dependant on Esmperature and lght Intanes ity]

Explain the intemal resistance of sources and its consequences forexternal circuils.

Explain how Inspactore can aaslly check tha rallabllity of a concreta bridge with carbon flbres as the
fibres canduct alectricily:

9 L5622924%¢ & & SO &

e know that magnitude of tha charge on an electran iz equal ta that of a protan.
Thechargeon a proton ls e’ and that on an electron Is 2. lts valuels; = 1.6 x 107
C where C {coulomb) is the 31 unit of charge. This charge (e} is the smallest amount of
free charge thel hes been discovered. Charges of larger megnitude are built up on an
object by adding or removing electrons. It is the minimum amount of charge that any
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particle may centain. Thus, any amount of charge g isan integermultipleof e, i.a.,

g=Nso where N isaninteger
Elactrosiatics Is the study of phenomana and proparties of electric chargss at rast.
When charges are in motian, we czllit as an electric current.

Charles de Coulomb (1736-1808)

Couknnb's major cuntribution o stience was in the fisld of electrostalics and
magnetsm. During his lifstime, he alan investigated the shrengths of material and
detmimningd the forces that efect on beams, tharby, contributing tathe fisld of strushural 18
machanica. In tha figld of argonomics, hia ressarch provided a fundamental @
understanding of the ways in which people can best dowork,

2.1 COULOMB’'S LAW

Coulombs law is a fundamental principle in g o 3 E,
electrostatics that quantifies the force botween two <= ) —
charged objects. The first measurement of the force PRSI e
belween eclectric charges was made by a French : '
Physicist Charles de Coulomb in 1574, Coulomb's lawis .

essential in understanding the behaviour of charged -

particles and the intaractions that govern many alectrical
phenomana. On the hasis of thasa measiremeants, ha
deduced alaw kninwn as Goulomb's law. 1 states that: Fig. 8.1

The force between two-point charges is directly (s} Repulsive forces batween like

proportional to the product of the magnitudes of chargas charges and
and Invarsely proportiohal to tha equare of the distanca (b altaslive forces balwasn

between them. tis mathematically expressed as unlike charges.
Fﬂ:% ar F=kq;# ............ {9.13

whera Fis the magnituda of tha mutual force that acts on each of the twg point charges
q., 9. and ris the distance between them. The force F ahways acte along the line joining
the two point.charges (Fig. 9.1), k is the constant of proportionality. s value depends
upon the.nature of madium between the two charges and systam of unils in which 5 ¢
and rare measured. If the medium betwesn the two point charges is free space and the
system of units |s 31, then & ls represented as

p =m‘+ ............... {0.2)

where &, is an electrical constant, known as permitlivity of free space. In Sl units, its
valueis 8.85 10" C* N m®. Substituting the value of 5, the constant

k—-1  _ gx10°Nm?Q?

4r Pt to poruder!
Thus, Coulomb’s foree in free space is Tonar bache wie e
F= 1 44, exist betwean a charged

= Er—g .(93} and an ncherged?
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As slatad sarllor, Coulambe' fores Is mutital farca, [t maans that If @, sxerts aforcs on g,
then g, also exerts an equal and opposite force on g, If we denole the force exerted on g
by g, asF,, end thaton charge g, dueto g, as F,. then

B E e e [0.4)

The magnitude of both these two forees is the sarme and is given by Eq. 9.3, Torepresent
the direction of these forces, we introduce unit vactors. If £, is the unit vector directed
from g, to g, andf,; is the unit vector directed from g, to g. then 2

a0, [

Fﬂ = 41‘5&,‘1 _..-i_rzl ....................

_ 1 q‘ﬁ'z s r
F.= ﬁ?rﬁ .................... {8.6) i /
(& A

e {a}
Theforces F,,and F, are shownin Fig. 9.2 {aandb). kean ba “ _
saonthatf, =-F,,, 50Eqs. 2.5 and 9.6 showthat; . Mf
Fo= —Fy T

The sign of the charges in Eqs. 9.5 and 9.6 determine B
whether the forcea are atiraclive or repulsive. Tahle 9.1
We shall now considar the affect of medium betwean tha two LpEleEd &
charges upon the Coulomb's force. |fthe medium is an  Vawum 1
insulator, it is usually referred as dielectic. It has besn found  Arfm; | 1.0006
that the presence of a dielectric-always reduces the ‘;’"m?t"'a ity 22'125
electrostatic force as compared with'that in free space by a E:?;e:e ;2::1
certaln factor which Is a constant for the given dielectric. This o, .0 o '1 &
constant is known as relative penmittivity and is represented 50 4010
by &. The values of relative permitlivity of different dielectrics  Mica 275
ars givenin Table 9.1. Faraffined paper 2
Thus, the Coulomb's force ina medium of relative permittivity ZT::::SB g;ﬂ
&.is given by Tellan =

S 1 e ©7) Tranafonmer oil 7.1

v aﬁ et ' Watar {distllad) 78.5

It can ba 3een in the table that &,. for giria 1.0006. This value is 2o close to one that with
nagligible error, tha Eq. 9.3 gives the slectric force in air.

Exampia 7.1 || Three point charges q,, §. and g, are lying
in the same plang as shown in Fig. 9.3(a). Find the
magnitude and direction of the net fore acting on o,

Sodurtion by
Thed B Fo T

Force un g, exerted by g, is attractive. Lel it ba £, lie HDT:C =018 M A0pE
magnitude is given by Fig. 9.3(a)
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P qu qs ($x10°N m G-z}(4ﬂx1ﬂ_EC}(EU = 1078
HE Rt

rl B Electrostatics and G

=280N

I f0.15 m)®

F

t Electricity ™

Force on g, exartad by q, is also atractive. Let it be F .. Its magnitude is given by

F.

= Rq.l_:?s_ (9% 10°Nm* C){4D =10 C){50x10°C)

—1250 N

n {0.12 m%)

Tofind the rezultant of F,; and F,,, let us make free-body diagram,

rasclving F,, intoits rectangular components, we have
Fn=Fac0sB0°= 1250 N x Q5 = 625N

£, =F,3in60° = 1250 N = 0.86 = 1075 N
The xcomponsant of resultantF is

¥
8 F'|I
2
=
®
(L o

| = x
Ficos 0 F,
¥ Fig. 9.3()

Fo=Fp +Foc0s60°  |ENNNNNT

4
z

F =9B80N +825 N Aan de Graeff generator is, 2n eleclmstztic generator which
x

uses & moving belt to accumulate slectnic chame on a hollow
F.=15885N metal globa on the top of an insulgtad column, creating vary high

y-component of F is:

woltage direct current [[C) at low current levels. [t was inwented
By anAmarican physicistRebert J. Yan da Graffin 1929,

F _F.sinB0f — 1075 N The potentlal aifference achleved In maodem Van de Grasff

. i generators cam rEach 3 megavolts. A tabletop wersion can
Magnitude of F is given by gﬁmﬁgguﬁgzgg‘gﬂﬂ@“ end can produce enough
ey AEE=18TSN, LSO ity skt sy st ot

For direction of P: 52?3.;'3.1Zi'r‘i.amﬁdaf{r?;“m;“:uéﬁgmﬁi”&s“ﬁi :::133

tano =£ - 1075 10 spread to the dome.
F 1585 touzhed?

x

Tharefora, 8 =34° with the-ina joining g+ and gs.
9.2 ELECTRIGFIELD STRENGTH

\Wa have Isamt- that a charge experiences an
slectrostafic foresin the presenca of other charges. Let
us considara pesitivaly chargaed object Q. If we place a
small charge +g at point A, it will experience an
electrostetic force F due to the charge Q. Thus, an

alectrc flald Is sald to exlst at palnt A. Coulomb's law
suggests that the field gets stronger as the paint A gets \+ﬁ7
]

closerto{ as represented in Fig. 9.4. The strength ofthe

field at a position is known as its intansity at that poirt.

Fig. 9.4

=0.68 Why do the hairs lift when VAN DE GRAAFF GENERATOR s

Thaelectric intensity of the field or simply alectric fisld at any point is defined
as the force axparienced by a unit positive charge placed at that point.

Elactricintensily is a forca, sa itis a vector guantity and is usually danoted by E. It can ba

obtained by tha relation:
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F
E== 9.8

7 (8.8}

1 qQ 1 Q
A = — E - ——
) i drg, r* dme, r?

1 @ »
In vector form; E :——zl‘

dng, 1

Frarm Eq. 9.8, the unit of electric intensity is newlon per coulormb N G, The direction of E
inthe same as that of F. The Eq_ 9 & can also ba written as:

| ) S e e sl i {9.9)

Example 92 | Two positive point charges g, = 16.0 uC )4..“.'_,{
ard g, = 4.0 pC are separated by a distance of 3.0 m, as : =
shown in Fig 9.5 Find the spot on the line joining the two - P > -
charges where slectricfield is zero. Fig. 9.5.7€ 0 m L

isdution| | Between tha two charges, the fields contributed.- by them have opposita
directicons, and electric fiald would be rera at a point P, whera the magnituda of E, agquals
10 E;. In Fiy. 2.5, let tha distanca of B from 4, be . AL R IE, = E,which Implles that:
1 aq 1 g
dnz, (3.0-4)° dre, ofF
18.0x10°C _ 4.0x107°C
9.0+d’-6d o
There are two values of d, the negative value corresponds to a location off Lo the right of
both the charges where megnitudes of E, and E, are equal but directicns are same. In

this caze E, and E; do not cancel at this zpot. The poslive value cottesponds to the
laeation shown in tha figure and-is the zern filed location, hence, & =+1.0m.

or g3 +2d—3=0, whichgives d=+1m,.-3m

Exmmpin 5.3 || A proton-experieances an alectrostatic force equal to its weight at a
particular point in an electric fiald. What is the field intensity at that point?

Mass of proton=167 x 10" kg and charge, e=1.6x 10" C

Sahstion

Using e
[r} -
Substituting the values,
167 *107 kgx 9.8 ms” 7 1
E= =10=x1"'NC
16=10"C
Electric Field Lines

Avisual reprasentation of the eleciric field can be obtained in terms of electricfield lines,
an idea praposed by Michael Faraday. Electric fiald lines can be considered 2s a visual
map used 1o reprasent the direction and strength of an alectric fisld around a chargad
object. As electric field lines provide information about the electric force exeted on a
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charged ohject, thess lines are commonly called "slactric linas of force”.

To introduce electric field

linea, we place positive el & DN

test charges +g, each of k’“f o, K‘_{

magnitude g, at different ,.-"“ = Y

places but at equal g pra Yy

distances from a positive "% ['9) > e
charge +7 as shown in K\r - i

the Fig. 9.5. Each test B o

charge will experience a r'e "c‘m___;q; - "

repulsive  force, as :‘:'

indicated by arrows in 3

Fig. 9.6{a). Therefore, i Ll

the electric fisld created  FlOB8.6
by the charge +q is fah A posiive test chargs +¢ placed anywhera In the viclhlty of a

direoted radially outward. pemsitve point charge -+ exparanies a repllsve forca diractod

Figurs 9.8{(b}  shows radiallyautward *
4] 8 : th} The electric field lings ‘wre directed radizlly outward from the
mrl"ﬁspﬂndmg fiald Iines b poklchaae N

which ghow the flald

directicn. Figure 9.7 shows the electric flald lines In the
vicinity of a negzfive charge —q_ In this case the lines are
directed radizlly “imward”, because the force on a positive
test chargs i3 now of attraction, indicating the slaciric fiek!
points ireard.

Figures 9.6 and 9.7 represent two dimensional pictures of
the field lines. Howsaver, electric field lines emerge from
the cherges in three dimensions, and an infinite number af

lines could be drawn. Flg 8.7: Tha siaciricfiskd linas are
The electric field lines “map" also provides information @lracked fadially Inward Tawards a
about the strength of the electric field. A= we notice in TRAE RIS

Figs. 9.6.and 9.7 that fleld lines are cloger to each other
near the chargas whara the figld is strong while they
continuously spread cut indicating & continuous
decrease in the field strength.

The number of lines per unit area passing
perpendicularly through it is proportional to tha
magnitude of the electric field.

The electric field lines are curved in case of twe identical
separatad charges. Figure 9.8 shows the patten of Ines  Flg.2.8: Tha sleciric fisld lines

associated with two identical positive point charges of L?_Ira:'ggs'm"“m' oppashe polnt
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aqual magnituds. It reveals that tha lines in the regicn
batwean twao liks charges ssem to repsl sach other. Tha
behavioyr of two Kanlical negatively charges will hea
exactly the same. The middle region shows the presence
ofazera field spot or neutral zone.

Figure 8.9 shows the electric field pattem of two opposite
charges of egual magnitudes. The field lines start from
positive charge and end an a negative charge. The
electrc field at points such as 1, 2, 3 is the resuliant of
fields created by the twa charges at these paints. The S%E’Sﬁmﬁ"&ﬂﬁfﬂz

tangents drawn ta the field lines at these peints.

In the ragions whera tha field lines are parallal and
oaqually spacad, the same humbar of lInes pass per
unit area ang therefore, field is uniform on all points.
Figure 2.10 showstha field lines between the platea of a
parallel plate capacitor. The fleld Is unlfarm In- the
middle region where field lines are equally spaced.

\Wa 2re now in a position to summarize the propartias of
electric field lines.

1. Electric field lines originate from positive charges i 0.40: In the central region of &

and and an negative chargess. parallel plata capacilor, the elactric
) ) . fiedd lines ara parsliel and evenly
2. The langent to 5 field line at"any point givas the spaced, indicaling that the elactic

diraction of the electric fiekd atthat point. figld there has the same magniude
and direclion at points.

3. The lines are closer where the field is strong and the =
lines arefarther apartwhers the field is weak. B o reainow Bl

4. Notwo Iineg cross each o'd'ler. This is_because E_has Lmti;’e ggng:ﬁgf Tt
only one direction ai any given point. If the linss
cross E could have more than one direction.

93 ELECTRIC FLUX

When we place an alement of area in an electric field,
someofthe lines of force pass through it (Fig. 9.11). The
number of the field lines passing through a certain
olemant of area Is known as electric flux through that
area. It is usually denoted by Greek letter ¢,. For
example, the eleciricflux ¢, through the area A is 4 while
thefluxthrough Bls 2.

In order to give & quantitative meaning to M, the field  Flg.%11: Electric flux through a
surlaca nomal to E.
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lines are drawn such that the number of field lines
passing through a unit area held perpendicular o field
lines at a point represent the intensity E of the field at
that point.

Usually, the element of area is represented by a
vector area A whose magnitude is equsl to the
surface area A of the element and direction Is along
norral tathe area.

In Fig.2.12 {a}, area A is held perpendicular to the fisld
linas, then EA4 lines pass through it. The flux 4, in this
caseis:

e 2 T et

In Figure 9.12 (b}, area A i2 held parallel to field lines
ard, as is cbvious no lings cross this area, so that flux
¢, inthis case is:

B =EA=Oeciien 8.1}

Figure 9.12{c} shows the cass when A is neithar
parpendicular nor paraliel 1o field lines but j2 inclined
at an angle & with tha flald E. In this case, we have to
find the projection of the area which is pempendicular
to the field lines. The area of -this projection
{Fig.9.12-c}is Acosd. The flux ¢, inthis caseis:

d, = EACOSD ..o {9.12)

The electric Aux 4., throogh a patch of flat surface in
tarme of E and A isthen given by

¢, = E4cosB = EA ........{9.13)

whers 85 the angla batwasn the fiald lines and the
normaltothe area. Electric flux being & soalar product,
is & scalarquantity. Its Sluniti sNm* £,

Electric Flux Through a Surface
Enclosing a Charge

Let us calculate the electric flux through a closed
surface, inshape of a sphere ofradius r dueto a point
charge q placed at the centre of sphere as shown In
Fig. 9.13. To apply the formula J, = E.A for the
computation of electric flux, the surfece ares should
ba flat. For this reascn the tolal surface area of the

—
— i
A E
—_— — —
—_— —tpe
i

Fig.2.92{(a): Maximum

—i
Fig.8.12{b): Minimuin

—
—

— i

AsaeH ——A

Fig8.12{e)

&

AR

\

Flg.9.13; The totel electds Aux
through the surace of the sphene
due to 3 charge patitseantra iz of,
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sphere is divided into n small patches with areas of magnitudas AA,, AA,, A, .......... 4
AA, respectively as shown in Fig. 8.13. The direction of each vector area is along
perpendicular drawn outward to the correspanding patch. Tha electrc intensitias at the
centres of vector areas Ay, ARy, ARy A AN E, Es Bl o veveuny B, respectively.

Accordingto Eq. 9.13, thetotal lux passing through the closed surface is:

@ =E,.AA *EAA  ELAdA S s ] S e (9.14)
The direction of electricintensity and vector area is the same at each patch. Moreover,
1 g
Ei= EiF|Ey|=cmiinnne =|E, =E= e 9.15
[El= EJ=|E)| L =E=d (9.15)

o}

Since E is parallel to vector area A therefore, 8 = 0° {Fig. 9.13)
so for each E.AA = EAcos)
=EAcos0c=£E4 (- cosl=1)

§, — EAA +EAA, + EAA,+............ +EAA
-E (AA+AA+ AR — ... +AA4 )
— E (Total spherical surface area)
1 g 2
£ < xdur
4rz, 1*
9 = Si ...................................... (9.16)

Mow Imagine that a closed surface S is enclasing this
sphare. It can ba sean in Fig 8.14 that the flux through
the closed surfacs 5 Is the-same as that through the sphare. So, we can conclude that
total flux through a closed surface doss net depand upon the: shaps or geometry of the
closed surface. [t depends upon the medium and the charge enclosed.

9.4 GAUSS'S LAW

Suppose point chargss §, 9, Qu...........q, are arbitrarily
digtributed within an arbitrarily shaped dosed surface, a5 shown
in Fig. 8.15. Since ¢,= g/s,. s¢ the electrc flux passing through
thaclosed surfacais:

Fig: 314

¢. =g: 1 g: | ':: | arsaras 1 ::
&, =E%x{q1+q'2+qa+ .............. +4q,}
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where O =g, +g,+q,+............+g,, is the total charge endosed by dosed surfaca.
Eruation 8.17 is mathematical axpression af Gauss's law which can be slated as:

The total electric flux through any closed surface
is 1/, timesthe total charge endosed in it.

Applications of Gauss's Law

Gauss's lew can be gpplied o cekulate the slectric intensity due to different charge
configurations. In all such cases, an imaginary closed surface ig congidered which
passes through the point at which the electic intsnsity is to be evaluated. This clasad
surface is known as Gaussian surface. Its chaice is such that the flux through it can he
aasily evaluated.

As an example, let us find the sleciric field at any point outside 2 sphere on which a
charge gis placed.
The Field of a Charged Conducting Sphere

Consider a conducting sphars of radius R containing ‘a charge q. We know that
all the charga Is distributad uniformly over tha surface of sphare as shown In
Fig. 2.16. We can also conclude frem the spherical symmetry that the eleclric field is
radial everywhere and thal its magnitude depends only on the distance r froem the centre
ofthe sphera. Thusg, tha magnltude Els unifenm over 2 spharlcal surface with any radlus r
concentric with the spherical conductor. Therefore, we take our Gaussian surface as an
imaginary sphere with radius rgreaterthan the radius R of the conducting sphere.

The area of the Gaussian sphere is 4ar°, and

bhecause E is unifarm gver the sphere, the
total Aux throLgh the whols surface will be:

Electric lux b, T EA=Ex 4mr?
By Gauss's law, total fluxis:

? =2

== 8,
Therefare Ex4nr?= Ei
_ 9 1

B sty T

or E. dgr?
il q

B o=

ar dng, ot Flg: 9.16

This showa that the field et any point outside the sphere is the same s though the entire
charge were concentrated at its centre, Just outzide ofthe sphere, where r=R, i.e.,

=4u13 % RN (- -
In wvectar farm; E =+r+e,}:_ﬁ whera r is the direction of E.
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9.5 ELECTRIC POTENTIAL
Figura 9.17 shows two oppositaly charged parallel "] o] o o] 4 )
platad which produce a uniform elsctric field. F

Lat us conslder a poslthve charge g which |s allowed to
move in this uniform electric field. The positive charge

will move from plate B to Aand wil gain K.E. Ifitis to be -

moved from Ato B, an extemal force is neaded to make

tha chargs move against the slaciric fiald and will gain e

PE. Let us impose a condition thal as the charge s

moved from A te B, it is moved keeping electrostatic A=l -1 =1 =1 =] -] —§
equilibrum, i.e., it moves with uniform welocity. This Flg=a.17

condltion could ba achlsvsd by applying a force F aqual and cpposite to gE at every
point along ils path. The woark done by the exdernal forea against the electric field
increases elecirical petential energy of the charge thatis moved.

Let W, be the work done by the force in camying the positive charge g from Ato B while
keeping thecharge in equilibrium. The change initz potantial energy AL = W,..
or e s W 9.19)

whera U, and U, are defined to be the potential ensrgies atpointz Aand B, respactively.

To describe electric field, we introduce the idea of electric petential difference. The
paotential difference between two pointaAand B in an electric field is defined as the work
dane in carrying a unit positiva_charges from A o B while keaping the chargs in

equilirium, ie. B e Tl

ALS l

W,
AV =V, -V, =" = e e | 2L
N T, (9.20)

where V, and V, are-defined as electric potentials at AI
paints A and B respedtively. Electric polential energy |
difference and slectric potental difference betwaan -

tha points Aand B arerelated as:
An ECG records tha “wpltape”
Alf=gaAV ... .o (3021) betwaen palnts on human skin
genemted by elastrical procgas in the
Thus, the potential differenca betwaen the two points  heart. Thiz ECG is made in running
can be defined as the difersnce of the potential fh““h':”lf"w'?'"ﬂ '"f“'mag"" Eeb'”'-"
snergy perunit chargs. & hearl's performencs under siress.

As the unit of PE. is joula, Eq. 9.20 shows that the unit of potential differance is joule per
coulomb. Itis callad volt suchthat,

1 jaule
i e e 9.22
1 coulomb e
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Thatis, a potential difference of 1 volt exists betweaen bwo paints ifwork done inmoving a
1 coulomb positive charge from one point to the other, keeping electrostatic egquilibrium,
Isona jouls.

In erder te give a concept of electric potential at a pointin an electric field, we must have
a raferance to which we asgign zero electric potential. This point is usuelly takan at
imfinity. Thus, in Eq. 8.20, if we take point Ato be atinfinity and choose V,=0, the electric

sctricity @

potential at B will be v B_% Generally, Foln: to ponder!
Why i3 it advised to wesar
V= w (9.23) rubber solsd shoas whils
=00 cha o handing slaciric appliances?

which states that the eleciric potential at any point in an electric field is equal to the work
done in bringing & unit positive chargs from infinity to that point keeping it in electrostatic
adquilibium. So, the potential at a poirt k always melative to patential at infinity. Bath
potential and potantlal diferances are scalar quantitles because both Wand g ara scalars.
Electric Field as Potential Gradient

In this section, we will establish a relation between electric inlensity and pctential
difference. Let us consider the situation shown in Fig-9.17. The electric field between
the two charged plates is uniform and its value is E. The potential difference between
Aand Bis given by the equation:

s TR -7 T E2 Bommel ziphe, tHythm)

where W, = Fd=-gEd {the negative sign o
is needed becausz F must be applied Diference
apposite to gf 50 as tokeep it in '
equilibrium). YWith this, Eq. 9.24 becomes: | An A kst oA s i i

i : 7 ek 'W'll'v” II Il,l' ' 5.;" "".i"l' II """'r’lll,.‘ l."-' -;ll‘ "ul I""'r”u"".llllq.lpu

. _v, —=9E
q Time —»
orE = —@ — "-':1_"" ............ {3.25) T ECG {Abnormal)
If the plates A and B are separsted by

FPotantisl
Infinltezimally small distance Ad, the o ..

Eq. 8.25is modified as:

The quantity AV /Ad gives the maximum Tima ——————
valug of the rale of change of potential In chkecirecnccphalography the pofontial deference

with distanca because the charge has . .. by the elecirical activity of tha brain are used
bean movad along a field lina inwhich the  fordisgnosing abnormelbehavior.
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distance Ad between the two plates is minimum. It is known as potential gradient. Thus,
the electric field intensity is equal tc the negative of the gradient of electric potential. The
nagative sign Indicates that tha direction of £ | along the decraasing potental.
The unit of electric intensity from Eq.9.26 is valtfmetre (W m™) which is equal to NC' as
given balow:

1 volt 1 joulsfcoulomb ey newlonxmetre _ newton

= = ={1NC"
metire rnetre metrs xcoulomk  soulomb
Examphe 9.4 [ Two parallel metal platas ara 1.0 cm apart. Thase ars connected to a

battery of 12 volts. Find the magnituds of electrlc flald Intensity betweasn tham:

Hers, A¥=12V, Ad=10cm=1x10*m,F=?

Usingtheequation £ -2Y
Fits)
Substituting the values,
E=—12V  _jo0pvm
140" m
Evampie ¥5 | Two horizental parallel metal plates are connected to a 12 volt battery.

An electron is released from the negative plate. Determine its velacity as it reaches the
positive plate. Mass of electron = 0.1 x 10™ kg and charge=g=e=16x 10" C.

Samiioe
The slactron is repsliad by the nagative plate and atiracted by the positive plate. It will

be accelerated towards positive plate. Therefore, its PE will be lost that will be
converted inloits K. E.

Lossof PE=Gainin K.E
1

AVixe =5 mv*
Submittingths values,
12V 18 x1ﬁ"’c=%x 8.1 % 107 kg % v?
v2=42 %107 5"
or v =21x10%ms’
9.6 ELECTRON VOLT

\¥e know that when a particle of charge g moves from point A at potential ¥, to a point B
at potential ¥, keeping electrstatic equilibium, the change in potential energy ALf of
particle Is:

AU=g(V, - V) =gAV..............[9.27)
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If ne external force acts on the charge o maintain equilibhium, this change in F.E.
appears Inthe form of change In /. E.

Suppose change camied by the particleisg=e=1.8x10™C.
Thus, in this case, the energy acquirad by the chame will ba:

AKE.—gaV -eaV - {1.6x107°C){AV)
Moraovsr, assume that AV=1volt, henca,

AKE= gAY =[1.8x107"C)x {1vol)

AKE={1 Bx107)x (CxV) =1.6x107"

The amount of energy equal to 1.6 x 10"J is called one electron-volt and.is dencted by
1 aV. ltiz defined as "the amount of energy acguired or lost by anelectren as ittraverses
apotantial differance of one volt”. Thus,

s e s (9.28)

Exampie 9.5 || A particle carmying a charge of 2efalls through a potential difference of
3.0V, Calculate the energy required byit.
Solution g=26,AV=3.0V
Tha energy acquired by the particleis:
All=gal = (2e){3.0V}=6.0eV
AU =8.0x16x10"%)=9.8x10"J

9.7 MOTION OF CHARGED PARTICLES IN A UNIFORM
ELECTRIC FIELD

Two oppositaly charged parallel metal plales produce unifonm elactric field batwaan
therm. The direclion of elactrizflald |6 Trom positive to hegathve plate. Aposiiive charge +g
placed in the field will mowve in the direction of electric field whereas a negalive chanje -
will move opposite to the electricfield. The magnitude of electric force acting ena charge
gis represented.in Fig 3.18 given by

F=0F v [8.20) jhI S I e A J_
whera E Is the electic intensity of the uniform | 1 &1 | ;_L Lo b
electric field. If V is the potential difference | T & Gatiary
between the plates and d is the separation of *| ]
platss, then
v Fig. 9.18
E - =, {9.30)

To undarstand the affect of uniform electric field on the mofion of charged paricles, letus
consider an electron placed between the two plates. The electron accelerates towards
the: positive plate dus to a force Facting oniit.
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Forexample.lst ¥ = 20V, d =2.0em=2 x10% m, the magnitude of £ wil be:
V_ 20V

E=—=_—— —=1R0VC"
d 2x10"m’
The acceleration forthe electron will be given by
F=ma
_F _gE
or a=s— = —
m m

The charge on analactren g =&= 1.8 10" C and mass of glactron m=2.1x 10" kq. 50,
_ 18x10° G x1000 v G’
9.1x 107 kg

If the electron is redaased from the nepgative plata, the valocity gainad by it when it
reaches pasitive plate can be found by the third equation of motion.

= 1.76x10"m &2

285 =v" -7
Here S=d=2x10"m,v,=0, v,=v=?
Putting the values in the above equation
2x1.76x10" me" x2x 10%m=*
or vi=7.04x10" m's?
or v=265x10"ms"

9.8 PATH OF A CHARGED PARTICLE

The path of a charged particléis determined by the
glectric fiek! in the region. The path is typically
siraight if the field -is uniform and the charged [ -4-.0..0.0
particle is moving-along the field. Howaver, if 2 g
charged particle enters perpendicularly ta the
uniform fisld betwsen tha oppositely changed
parallel plates with 3 certain valocity as shown in
Fig. 9.19, it will not go straight. Its path will be
parabudlic just like a projectile thrown horizontally
in the gravilational field. The harizontal
component of the velocity of the charged particle [
remalns constant whereas vertical componant | o
accelerated due to the eleciric force. Sy

Figure 9.19 showsthat a positivity chargad particle ([= = = = £ £ = & = =]
is atfracted towards the negatively charged plate
and thus undergoes defleclion in that direction. Fig. 8.19
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©n the other hand, a negatively charged particle iz atracted towards the positively
charged plate and expsriencas deflsction inthat direction.

9.9 SHIELDING FROM EXTERNAL ELECTRIC FIELD

An English acisntist Michasl Faraday invanted a structurain 1536, called Faraday cage
or Faraday shield. Faraday cage is an enclosure that blocks the extemal electricfiglds in
conductive maierials. It acts like a hollow conductor where devices ar chjects can be put
for protection from electrical external fields. Any electrical shock received by the cage
runs through its outer surface without causing any harm inside. The electric field inside
the hollow conductor remains zero,

To underatand the working of Faraday caga, suppasa that a place of conductor (say
copper) carries a number of free electrons. Each electron will experience a force of
repulzion because of the electric field of its neighbouring electrons. As 8 conseguence,
gll the electrons rush to the surface of the conductor. Once static equilibrivrm is
established with all of the excess charges on the surface, no fudher maovement of charge
accurs. If some electrons shift from the conductor to ancther object due to friction eto., a
het positive chamye appears on the surface of the conductor. We can say,

At aquilibrium under electrostatic conditions, any
excess charge rasides on the surfaca of a conductar.

Now consider the interior of the hollow conductor. The excess charges arrange
themselves on the conductor's surface precisely in the manner that the total field within
the interior becomes zem. In other wonds,

The conductor shields any chargewithin it
from electricfields autsidethe conductor.

To eliminate the interference of external
fields, circuils are oftan enclosed within metal
boxas that pravide shialding from such fields.

Figure 9.20 shows ancther aspect of how
conductors ‘alter the electric field lines
created by.external charges.

Tha lines are alterad bacauss tha slactric fisld Just cutside the surface of a conductor s
perpendicular to the surface at equilibrium under electrostalic conditions. If the field
were not perpendicular, there would be a component of the field parallel to the surface.
Since the free slectrons on the surface of the conductor can move, they would do so
under the force exerted by the parallel component. Butin reality, no electron flow oceurs
at equilibriurn. Therefore, there can be no parallel component, and the electric field is
perpendicularto the surface.

| R e e |
L
I
(Rl B
|

Fig- B.20

The principle of Faraday cage demands a materiel that contains a lot of free electrons
that can mewva freely to the surface cf the material. Only the conductors have free
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alactrons wheraeas insulators do not contain frea electron, so the insulators can nct ba
used to construct Faraday cage.

A good exampls of Faradsy cage in our daily life is that of cars, Thea chassis and bodias
of cars pratect pacsla insida due to its matal framed structura during the thundarstorms.
The electrical charge travels gvar the matal surface of the vehlds Inte tha ground and
prevent the passengersinside.

A metal body of the microwave oven acts as a Faraday cage. Thus, they pravent tha
microwaves in an oven from expanding inte the environment. Metal frame of an airplane
also acts a5 a Faraday cage. When lightning strikes an airplane, sleciricity is distributed
along its metal frama surface that keaps passengors and all devices insida the airplana
safe.

9.10 ELECTRIC CURRENT

Usually, itis said that slectric current is tha flow of charge. Lat ug see what actually flows
in a conducter. The charge cariers are the free electrons. When the ends of & conductor
are connected to & battery or some other source of potantial, an alectric field is set up at
avary point within tha conductor. The fraa electrons exparience & farca intha direction of
—E and thay start moving. As the frea electrons are bumping ameng the atoms, so they
are nct accelerated in a straight line under this force. They keep on celliding with the
atoms of the conductor. The averall effect of these collisians is to transfer the energy of
accelerated eletrons to the |attice with the result that the electrons acquire an average
veloeity, called the drift veleaity in the direction of —E. The drift velocity ia of the order of
10%°'m g, This drift velocity of alectrons forms the slactric current. The slow drift velocity
does not mean that it takes long time for an glectric current to set up. Wea know that as
soon es we switch ON a bulb, ititupimmediately.

The rsason & that an tluming the switch ON, all the free slactrons In the clrcult start
drifting. They repel the neighbouring ones and the dislurbance propagates along tha
wire almost instantaneously. Thatis why, the electric current is set up very rapidly.

If & net charge Q) passes through any cross-section of a conductor in time ¢, the current /
flawing throughit is:
Lo

The Sl unit of currant |s ampaera (A) and & |s the currant due 1o fliow of one coulomb
charge per sacond through any cross-saclion of a conductor. If the chargas mowve
around & circuit in the same direction at all times, the current is said to be direct current
{D.C). For example, batteries produca diract current. If the charges move first one way
ard then tha opposite way, changing diraction in ragular intarvals, the current is said to
be altemating current (A.C}. Mostly tha electric genarators produce A.C. Tha electricity
supplied toour homes, offices, factories etc., by power stalions isan A.C.

Conventional Gurrent
As we now understand, the electric current is due to low of electrons through the metal
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wires, bul early scientists believed that electric current was due to flow of positive
charges. The scientisis heve kept the convention and teke the directicn of cument flow to
ba thedirection in which positive charges would move. We call it convantional current.

Conventicnal cument is hypothetical flow of positive charges that would have the
same effactin the circuit a5 the Aow of negative charges that actually does oocur.

In Fig. 9.21, negative electrons arrive at
the positive terminal of tha battery. The Devica
same effect would have been achieved if
an equivalent amount of positive charge #
has |eft the positive terminal. Tharafora, Conventional Elsétron i
I

‘f

we can say thal the conventional current currant fhore
flows from positive terminal towards the
negative terminal of a battery. A |}
convantional curmant is consistant with

our garlier use of 2 positive test charge for Flg. 8.21
defining electric fields and potential. The direction of cenventional cumrent is always from
a point of higher potential towards a paint of lower potential that is from the positive
tarminal towarde the negative tarminal. Now ohward tha currant f alwaye means tha
conventional current.

2.11 CURRENT THROUGH ACONDUCTOR

Consider a segment of the current camying
conductor having length L and ares of cross-
section A. Tha \r{IJI ume of the segment is AL, “—B -

as represented in Fig. 922, Let n ba the —0Q «—O /
number of charge carriers par unit volume, | <0 , ~ < Q24O

then total number of charge camriers in the —a
sagment at any tima arenAL. Ifthe chargsa on
acharge camlar & g, the total changa presant
inside the segmentat anyinstantis:

Q= PALG woovoreenr e (9.32) | T |

Usually, the charge carriers in a conductor are ¥ Flow of current s diractly proportonal

]
=
w

Flg. 9.22: Negative charge camiera

X 5 1o the potentlal difference.
free alectrons which have negativa charge. & Liowaf haatisdirecty prosationalic
Suppose that charge camiers move towards left the temparaturecifiarance.

face of the segment when a polantial differencels ¢ Flow of fuld Is direclly propertional to
applied across the conductor. Then electric the preseura diffaranca.

current is set up in the conductor directed [ [
towards dght face. Assuming that drift veloclty of - i ow of RS T
the charge carries to ba v, the time taken f by all  Into motlon ty voltags and hampered by
the charge carriers originally present in the  resistance.
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segment to exitthrough the left face will ba:

I3

t==
By definition of the current ]

:=%
Putting the value of Q and tin the above eguation, we have

f= nALg

Ry
W

or f=ndvg o (BU33)

Exampia 3.7 || A copper wire has a cross-sectional area of 2 x 10°m" and camies a
current of 3 A. If the number of elections per unit valurne is 8.5 x 10 m®, calculate the
driftvelocity ofthe electrons In the wire. Charge on an electron 1.6 x10™ C.

Sodurtsan
I=3A A=2x10"m’ n=B56x10%m® g=18x10"C, wv=7
Using equation,
= Amvg
3 = 2x10°m{B.5x 102 v(1 6x 10" C)
v=11%10"ms"

9.12 OHM'S LAW
\When a potentizl difference V is applied across the ends of a conductor, a current starts
flowing through it. The Ohm'slaw stales that:

The gurrant figwing through a conductor is dirgetly preportional
to the potential difference applied across the conductor,
provided thereis no charge in the physical stete of the conductor.

Mathematically,
oy or Voo |
or V=R .. (9.34)

whera R is a constant of proportionality known as registance of the conductor, The Sl unit
of reslstanca la ohm denated by tha Greak capltal letter omega (0}, and Is dafinad aa:

The resistance of a2 conductor is 1 ohm if a current of 1 ampere flows
through it whan a potential difference of 1 voltis appliad across its ends.

9.12 RESISTIVITY AND ITS DEPENDENCE UPON TEMPERATURE

It has bean experimentally seen that the resistance R of a wire is directly proportional to
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it langth L and invarsely proportional to its cross sectional arsa A. Mathamatically,

L
R« A
ar R-pL {9.35)
_pA ............... v

where p (rho) is 2 constant of proportionality known as resistivity ar specific resistance of
the material of the wire. |t may be noted that resistance is the characteristic of a
particular wire whereas the resistivity is the property of the material of which the wire ia
made. From Eg. 9.35, we have

The above equation gives the definition of resistivity as the resistance of a metre cube
of e material. The 5| unit of resistivity is ohm-rmetre (£ m)

Conductanca Is anothar qua I'|'t|t‘_',|f Lusad to describe tha alecircal prupartles of malerials.
In fact, conductance is the reciprocal of resistance, ie

1
Resistance

tathematically, conductvity, o {sigpma }is the reciprocal of resistivity {p), i e.

Condudtance = , F = :—q . G is the conductance,

The Sl unit of conductivity is ohm™m™ or mho m™. Resistivity of various matarials is given
In Table 9.2. It may be hoted fom Table 9.2 that siiver and copper arg two bast
conductors. That is the reasan; mostof electric wires are made of copper.

The resistivily of a substance depends upon the Table 8.2

temperature also. It can be explained by regslling _Substance | p{0m} afK)
that the resistance offered by a conductor to the _Silver 152x10% | 0.00380
fiow of electiccurrant is due to collisions, which  Copper 1.89x 10% | 0.00330
the free eleetons encounter with atoms of the _Goid 2.27%10° | 0.00340

lattice. As the temperature of the conductor rises,  Aluminum | 263x10° | 0.00390
the amplitude of vibration of the atoms in the Tumgsten | 5.00x 109 | 0.00460

lattice increases and hence, the probability of Iron .00 x 168 | 0.0a520
their aollision with free elastrons alao increeses.  Platinum 11.00 x 10 | 0.00520

Cne may say that the atoms then offer a bigger  Constanton | 4u.00 x 10 | 0.0000
target, that is the collision cross-section of the  “marcury 94.00 x 104 | 0.00091
atoms increases with temperature. This makes Nichrome | 100.0x 10° | 0.000Z0
the collisions between frew slectrons and the ~gaman 5Ex10F | -0.00005
atoms in tha lattica more fraguent and henca, the  —Gempanium 135 0.05
reslstance of the conductor incroases. Silizan 200300 .07
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Experimentally, the change in resistance of 2 metallic condustor with temperature is
found to be nearly inearover a considerable range of temperature above and below 0°C
{Fig.9.23). Over auch a range the fractional change in resistance per kalvin is known a3
thetemperature coafficient (o} of resistance, i.s. |

e BB e (0.38)
R ¥
where R, and R, are resistances at temperatures
0°C and t°C respectively. As resistivity p depends upon
thetemper=ture, Eg. 8.35 gives

a0m) —p

L L
Ro=pgand R, =g~ (9.39) o .
Substiluting the values of R and R, in Eq. 9.39, we have ™% ) gj"’ o0 o
=Rzl Flg. 8.3 \ariation of resiztivity of
o= S mmaeen (9.40} s s iy

where p, is the resistivity of aconductorat 0 *C and p.is | BTES T
the mglﬁtmty at{"C. Values of temperature coe!‘ﬁmenlts Inspé s ey S iloie
of resistance of some substances are also listed i rgjiability of & concrete bridgs
Table9.2. Thers ara some substances lika gemmanium,  made with carbon fibers. The
silicon, etc. whose resistance decreases with increase 22:::”:“;&“\5' tﬁz";ﬁfgﬁ;‘:
in tamperature, these substancas have negative rslstanca Is Incraasing over ima

tamperature coofficlents. the fibers ars saparating becausa
of cracke.

Exampie 0.8 1 075 A current-flows through an ron wire when a battery of 1.5 V Is
connected across its ends. Thelength of the wire is 5.0 m and its cross-sectional area is
2.5x107'm". Compute the resistivity of iron.

N ——
il dle o]

The rasistance £ of tha wire can be calculated by Eq.9.54 ia,,
Vv 18¢ 4
R_T_—D.?m =20VA =200
Theé resistivity g of iron of which the wina i made of is given by

A 200x25x107 m

o -
_RI_ 50m ={0x10'Qm
Exampde 5.9 | Aplatinum wire has resistance of 10 Q at 0°C and 20 02 at 133°C. Find
tha value of temperature coefficiant of resistance of platinum.
Solutlon R=100 R=200,t=-488 K- 273 K=193K
Temperature coefiicient of resistance can be found by
R-FK, 200-105 1

» = =518=107° K"
Rof  100= 193K 193K :
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9.14 ELECTRICAL POWER

Consider a circuit consisting of a battery of entf & connected in seres with a resistance R
{Fig.9.24} Asteady current f flows through the circuitand a steady potential difference v
exists hetween the terminals A and B of the resistor /. Terminal A, connected to the
positive pole of the battery, is at a higher potential than the temminal B. In thig circuit the
battery is continueusly lifting charge uphill through the potential difference V. Using the
meaning of potantial differance, the wark dona in maving a chamge Q up thraugh the
potential difference Vis given by f—

= A
Work done =W=VxQ._ ... (641) :

Thizis the energy suppliad by tha battary.

The rate at which the battery is supplying elecirical

anergy is the powear output or electrical power of the :__—E
battary. Lising the definition of power, we have I :
Electrical powsr = Enorgy suppileed = VE
Time taken t :
Since f= ? L B
The above squalicn can alsobe writlen es: :&ﬁ; rheap:mwfarﬂ;mmg
Electical powor = Vi.........c.sidien. . (8.42) Ll i

Equation 9.42 Is a general relathan-for power dellversd from a sourse of cument !/
operating on a voltage V. In the gircuit shown in Fig. 8.24 the powar supplied by tha
battery is expended or dissipated in the resistor R. The principle of conservation of
anergytells usthat the powar dissipated in the resistor is also given by Eq. 9.42.

Powerdissipated P="V{

Alternative equation.for calculating power can ba found by subsilituting V=IR, ' = WK In
turnin Eq. 8.42.

P=vi=(R}M=IR

ar P=Vi=V(V/R)=V/R

Thus, we have three equations for calculating the power dissipated in a resistor.
P=\1, P=FR
FEVE o e 193]

If Vis exprassad Involts and /n ampares, the powear 15 axprassed Inwatls,

8.15 ELECTROMOTIVE FORCE (EMF) AND POTENTIAL DIFFERENCE

\We know that 2 source of alectrical energy, say a cell or a batlery, when connectsd
across a resistance, maintains a steady current through it Fig. 8.25. The cell
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continuously supplies anergy which is dissipated in the resistance of the circuil.
Suppose when a sleady current has been established in the circuil, 8 charge ) passes
through any cross-gaction of the circuit in time t. During the course of motion, this charga
anters the cell at its low potential end and leaves at its
high patantial and. The source must supply enargy Wia | ¢ £
the positive charge lo compel i{ to go to the point of high —=—
potential. The amf £ of the source is defined as the
enorgy suppllad to unlt charge by the call.

1
by

BARAA R AR
THAYTRT

i.a E = E {9 44} Fig. 9.25: Electromotive: forer
el PR e 4 sy

It may be noted that elsctromotive force is not a force and we do not measura it in
newtons. The unit of emf is joulefcoulomb which is volt (V). The erergy supplied by the
cell ta the charge carriers is derved from the conversion of-chemical energy inta

electrical energy inside the call. 7B b e
u . . - |I Y
Like other componzants in & circuit, & cell also offers seme W P

resistance. This resistance is due to the slectrolyte present Fig. 9.28; an equbvalant elrcult of
batwaan the two electrodes of the cell and Is callad the & cell of emf £ and intemal
internal resistance of the cell. Thus, a cell of emf E having resitance 1

an inlernal resistence r is equivelent to a source of pure
amf £ with a resistanca rin saries as shown in Fig. 8.28.

Let us consider the performance of acell'of emf E and
internal resistance r as shown in Fig.9.:27. A valtmeter of Y
infinite resistance measures the, potential diference |
across the external resistance R or the potential { 4%
difference ¥ across the lerminals of the cell. The current/ "7

fiowing through the circuitis given by 5
E R
k= R+r
Fig. 8.2F: The terminal potential
or E=IR+ir. ... (9.45) differance V' of a cell Is E-Ir.

Hor IRV Is the tormine | 5 v S

potential difference of the call In £
the presenca of current £ When [1£ I:

the switch S is open, no current
passes through the resistance.
In this cass, the voltmetar reads
the emf E as terminal voltags.
Thus, terminal voltage in the

prezance of tha current (switch =

ON) would be less than the mf /A velimeter connected acroze tha terminale of a call measures:
(a) the amf of the cell on open circult,

Eb'f fr. (b) the termingl potential difference on 8 clossed cimcuit
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Let us interpret the Eq. B.45 on energy considerstions. The left side of this equation is
the emf E of the cell which is equal to enesrgy gained by unit charge as it passes through
the call from its negative to positive terminal. The right side of the equation gives an
account of the utilization of this anargy as tha cument passes the circuit. It states that, as
a unltcharge passas through the clrcult, a part of thls snergy equal to frls disslpated Into
the cell and the rest of the energy is dissipated into the external resistance R. It is given
by potential drop {R. Thus, the emf gives the energy supplied to unit charge by the cell
amd the potential drop across the varous elements account for the dissipation of this
energy intoother forms as the unitcharge passes through these elements.

The emf is tha "cause” and potential difference is its “effect”. The amf iz always presant
even whenng current is dravwn through the battery or the ceall, but the potential difference
across the conductaris zere whan no current Aows throughit.

Emamipis .90 1 The potantial diferenca betwaen the terminals of a batlery in cpan
mrcurt is 2.2 V. When itis connected across a resistance of 5.0 4, the potential falls o
1.8 V. Calculate tha curment and the internal resistance of the battery.

Safution

E=2.2V, R=5.00, V=12V

Wa have ta calculste fand r
sl v 18
V=ik or I=E “erd =0.36 A
Internal resistancs rean be caleulated by using
E =\ +ir
22V=18V+026Axr
or r=110

9.16 KIRCHHOFF'S RULES

Kirchhoff's rules-are twa fundarmental principles in circail analysis that help to determine
the current and volizge in electrical circuits. They are particularly useful for analysing
complex circuits that cannat be simplified by Ohm's law and seres or parallel
combinations.

Kirchhoff's First Rula

Itstates that the sum of all tha currents meating at a palnt In the clrault B zem.

i, H=0. ... ... .[9486} I b & Por your infonmation

Itis a convention that a current flowing towards a point /A node is & point in &n elecins
i taken as positive and that flowing away from a point ﬂﬁm!“h el

is taken as negative,
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Consider & situation whare four wires meet at g peint A

{Fig.9.28). Tha cummants flowing into the pointA are {, and 4, /

and currents flowing away fram tha point are Land 4,

According to the convention, currents [, and 1, are i

positive and currents {, and I, are nagative. Applying
Eq. 545, wa have
lr1"';2'"":' "J}-.-(.!#) =0

or Lel=dad e (5.47)

. . ] g 9.28: According i Kirchhelfs
Using Eg.5.47, Kirchhof's first rule can be stated in 1‘ru|a Leh=h+h

otherwords as: R i aet
= [\“"_H\diwﬂ knowT l:l
Thg sum of all the currents flowing towards a The nade at which potertial is
point is equal to the sum of all the currents takan'as zero |s callad datum
flowing awsay from the point. nctle or referanca nods.

Kirchhoff's first rule which is also known as Kirchheff's pointrule is a manifestation of law
of conservation af charge. If there is no sink or source of charge at a point, the total
charge flowing towards the point muat be equal tothe total charge flowing away from it

Kirchhoif's Second Rule

It states that the algabraic sum of valtage changas in & clossd circuit or a loop must ba
equal to zero, Consider g slosed sireuibshéwn in Fig. 8.28. The direction of the current
flowing through the circuit depends on the cell having the greater emf. Suppose £, is
greater than £,, so the cument flows in counter clockwise dirsction. We know that &
steady current s equivalent toa coninuous flow of posltive chargas thmugh the clrgull.
We also know that avoltage change or potential difference is equal to the work donz ana
unit positive charge or energy gained or lost by it in roving from one paint to the other.
Thus, when a positive charge @ due to the current { in the closed circuit {Fig.59.29),
passes through the cell E, fram low (-ve}to high potential (+ve), it gains energy because
work is done on it. Using Eq. 9.44 tha energy gain ie £,Q. Whan the current passas
through the call £, , it loses enargy equal te - E,0) bacause here the charge passes from
high ko low.potential. In gaing threugh the resistor A, the charge Q@ lbses energy equal to
—IR.Qwhera /R, is potantial difference across K. The minus sign shows that the charga

is passing from high to low potential. Similady, tha logs L P [ E
of snergy while pagsing through the reslstor R, 1s iR, Q. WA I
Finally, the charge reaches the negative terminal of the:
cell £, from where we started. Accerding to the law of —Lt- m
conservation of energy, the total changs in energy of our s
system is zerp. Therefore, we can write: a

EQ-IRQ-EQ-IR,Q=0 WA

Flg. 2.29: According 1o Kirchhoff
or E,-IR,-E—IR,=0........ {9.48) L el
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which is Kirchholff's sacond nule and il states that;
The algebraic sum of potential changes in a clesed circuit is zero.

\Wea have sean thatthizs rule Is simply a particular wayofshﬂng tha law of mnsarvatlnn of
energy in electrical preblerns. N8 For voLx Infor

Befors applying thia rula forthe analysis Signa for Eand ¢
of complax hatworlk, It Is warthwhlle to

theroughly understand the rules for = | |
finding the potential changes.

{iy If a source of emf is traversed from
positive to negative terminal, the o WAAA & —AAAA—B
potantial change is posilive. It is " -
negalive in the cpposite direction. v=-Ir V=R

{ii} If a rasistor is travarsad in the direction of current, tha change in potantial is positive.
Itle negativa In the opposita directian,

Exansphe 9.1 Calculate the currerts in tha thres b
resistances of the circuitshown in Fig. 9.30. &, & oLt

First we select two loops sbcda and ebefe. The choice

E-+E

af locps is guite arbitrary, but it should ke such that T
each raslstance Is Included atleast onée Inthe selactad R=100 A=30 R=1804
lcops. E =40V, E =60V, R,=50v

Flg. %.39

After selecting the loops, suppose a current /, is flowing in the first [oop and £; in the
gacond loop, all flowing in the same sanss. These cuments are called loop cuments. The
actual currents will be calsulated with thair halp. It should be notad that the senss of the
current flowing in allieops should essentially be the sama. It may be clodowise or
anticlockwise. Here we have assumed itto be clockwise.

We now apply Kirehhoff's sacond rule 10 abtain the equeations reguirad 16 calculates the
currents through the resistances. W first consider tha loop abeda. Starting at point awe
follow the leop clackwize. The voltage change while crossing the battery £, is —F,
basause the curant flows through 1t from positive to nagative. The voltags shanga
across R, is—/ R _Theresistance R, is common to both the loops { and £, |, therefore, the
currents {; and {; simultanzously Aow through it. The directions of currents /; and |, as
flowing through K, are cpposite, so we have 1o decide that which of these currents is ta
be assigned a pasitive sign. The convention regarding the sign ofthe current is that if we
are applying the Kirchhotf's second rule in the firs loop, then the curent of this loopi.e.,
1, will ba assigned a positive sign and all currents flowing cpposite to {, have a negative
sign. Similarly, while apolying Kirchhoff's secand rule in the second loop, the current 1,
will be considered as positive and f, as negative. Using this convention the currsnt
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flowlng through R, Is {4, - L] and the voltage changa across Is -fi, - LJR,. The voltage
change across the battery £, is E.. Thus, tha Kirchhotfs sacond rule as applied to the
loop abcda gives

—E -} R - -LR,+E =0
Substituting the values, we have
-0V x100-{f-L)x300+60V=0
20V 100 x[f+3(L-L)] =0
or AL =3L=2V0 '=2A. ....codid
Similary, applying Kirchhoff's second rule to the loop ebefe, we have
-E-(L-t)R.-LR,+E,=0
Substituting the values
—G0V - [L-{)x30Q-Lx152+50V=0
— 10V -1aQx[L+2{L-1)=0
6f—0L=2%Q=24A . ........{D
Solving Eg.{i)and Eq. {ii) for {, and [, we have
L=AB8Aand L= 0.2 A

Knowing the value of loop cuments [/, and L-the actual cumrent flowing through sach
resistance of tha circuit can be detemined. Fig. 9.28 shows that {, and L are the actual
currents through the resistances R;.and R, The actual current through R, Is the
difference of £, and L, and its direction isalong the larger cumrent . Thus,

The currant through R, = £, =2/3A = 0.66 A flowing in the direction of f, La., fomatod.

The cumrentthrough R, = .~ f,= 2/3 A- 2/9 A= 0.44 A flowing in the direction of f, i.e.. from
clob.

The current through R, = 1, = 2/9A = 022 Aflowing in the direction of L e framTlo g

Procedures.of Solution of Circuit Problems

After solving the above problam, we are In a position to apply the same procedure to

analyze other direct current complex networks. While using Kirchhoff's rules in other

prablems, itis worlhwhile to follow the approach given below:

{i) Drawthe circuitdiagram.

{ii} Tha choica of loops should be such that each resistance is included at least once in
the salactad loops.

{iii) Assume a lcogp cument in each lcop. All the loop currents should be in the same
sansa. t may ba aither clackwise or anticlockwisa.

{iv¥) Write the loop equations for all the selected loopa. For writing sach lcop equation,
the voltage change across any component is positive if travarsed from low te high
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potenttal and It Is negativa If traversad fram high to kaw potentlal.
{v} Sclve these eguations forthe unknown quantities.

9.17 WHEATSTONE BRIDGE

It is an electric circuit. The Wheatstone bridge
circuit shown in Fig. 9.21 consists of four
resistances R, R, R, and R, connacted In such
away 50 as lo form 2 mesh ABCDA. A battery is
connected between points A and C. A sensitive
galvanometer of resislance R, is connecled
batween points B and D. If the swilch S is
closed, a ocurment wil flow through the
galvanometer. We have tc determine thae
conditioh under which no cument flows through
the palvangmeter even after the switch is
clased. For this purpose, we analyse this circuit
using Kirchhoff's second rule. We conslder twe
lcops ABDA and BODE and assume
anticlockwise lcop cumrents f, and 1. through the "
lcops respectively. The Kirchhoffs second rula
asappliadioloop ABOAgives:

A

)]
iy

R, — (b R~ 1Ry =0 e (8.49)
Similarly, by spplying the Kirchhoff's sécond rule to loop BCDB, we have
AR~ R~ (b )R =0, (9.50)

The current fliowing through-the galvanometer will ke zaro if, £,— L=0or J, = .. With this
condition Eq. 9.51and Eq: 2.52 reducato:

R = {8.51)
and “LR=IR, . ..._....[(359)
Dividing Eqg.. 9.48 by Eq. 849, we have
—.‘| R.‘l - f., H; Point to pander!
1R, = T {9.53) Y G AT T Tt

in some electic appliances?

As = I, therefore,

Thus, whenever the ¢ondition of Eq. 9.54 is satisfied, no current flows through the
galvanometer and it shows no deflaction, or comrersaly whan the galvanometer in tha
Wheastatone bridga circuit shows ne daflaction, Eq. ©.54 is satisfied. If we connact threa
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resistances R, &, and R, of known adjustable values and a fourth resislance R, of
unknown value and the resistances R, R, and R, are 50 adjusted that the galvanometer
shows no deflection, then frem the known resistances R, B, and R, , the unknown
resistance R, can be detarmined by using Eq. 9.54.

9.18 POTENTIOMETER

A potontlomatar & malnly used to compara potantlal dlffarencas and to find tha value of
anunknown resistance. Ibworks on the principle of Wheatslone Bridge.

Working of Potentlometer

Potential difference is usually measured by an ingtument called a-volimeter. The
valtmeater is connectad across the two points in a circuit between which potential
difference is to be measured. It is necassary that the resistancs of thevaltmeter be large
compared {o the circuit resistance across which the voltmestsris connactad. Othanwisa,
an appreciabla currant will flow through the voltrmeter which will alter the circuit cument
ard the potential differsnce to be measurad. Thus, the volimater ¢an read the corract
potential difference only when itdoes not draw any current from the circuit across which
itis connacted. Anidesl volimeter would have an infinite resistance.

However, thers are some potential measuring insthuments such as digital voltmeater and
cathode-ray cscilloscops which practically.do-not draw any cument from the circuit
bacause of their large resistance and-are thus very accurate potential measuring
instruments. But these instruments are vary expensive. A very simple instrument which
canmeasure and compare potential differences accurately is a potentiometer.

A potentiometar consists of a rasistor R in tha form of a8 wira on which a tarminal G can
slide {Fig. 9.32-a). The resistance betwesn A and C can be varied from 0 to K as the
sliding conlact C i moved from A to B, If

a battery of amf £ i§ connected acroes R le R 3|

{Fig. 9.32-b) the cumsnt flowing through it is

f=E/R. IFwe reprasant the resistance batween o Jc B
Aand G by  the potential drop betwaan thase (2 e i

points wil be'r i =r E/R. Thus, as C is moved
from & to B, r varies from 0 to R and the E
potentlal drop betweean A and C changas from
OtoF.

Such an amangement alsoc known as potential
divider can be used tc measure tha unknown A
emf of a source by using the circuit shown in

Fig. 9.33. Here Risin the form of a straightwire 1, i
of uniferm area of qoss-section. A source of x“:fL
patential, say a cell whose emf E, is o be Flg. 9.32
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measured, is connected between A and the sliding £
contact C through a galvanometer G. It should be
nated that the posiive termiinal of £, and that of the 5
potartial divider are connacled b the same paint A e r___x
If, in the loop AGCA. the point € and the negative |
terminal of E, ara at the same pctential, then the
two terminals of the galvanomater will be at the
same potential and no current will flow through the 5 Y
galvanometer. Therefore, to measure the petential 4' |—LEL£
E, tha position of € Is so adjusted that the -
galvanometer shows no deflection. Under this
condition, the ernf £, of the cell is squal to the potential difference belween A and G
whose value EFRis known. In case of a wire of uniform cross-seclion, the resistance is
proporional to the length ofthe wire. Therefore, the unknown emf iz alac given by

r f
e e iy gt 955

whera L is the total length of the wire AB and £ is il length fram Ato C, aftar C has been
adjusted far no defledtion. As the maximum petential that can be obiained betwesn A
and Cis £, 50 the unknown emf £, should not exceed this value, otharwise the null
condition will not ba obtained. t can be sesh that the unknown amf £, is datemminad
when no current is drawn from it and therefore, potentiometer is ane of the most
acturate methods for measuring potential.

The mathod Tor measuring the emf of @ ¢oll as describad above can be used 10 compara
the emfs £, and £, of two cells. The balancing lengths £, and £, are found separately for
thetwoeells. Then,

E1=E%and Egze%

Fig. 8.33

Dividing thesatwo eguations, wa have

E‘- = % .................................. (9.96)

Sp. the ratio of tha emfa is equal to ratia of the balancing langths.
9.19 USE OF A GALVANOMETER

Agalvanometer is an instrument for detecting a cument. We are not going ta discuss its
internal structure and how doea it work. We focus only on ita use. It is often used in null
methods to achieve preciee measurements in electrical circuits. The null mathod
involves adjusting the cireuit until tha galvanomaler shows no deflection ie., a zero
resding. This indicoles that certain required sonditions are met in the circuit. Inthis state,
the slectric potentials at both ends of tha galvanometer are the same. Although a
galvanomater has its own resistance, but at the null raading, its resistance does not
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come inko play. The reason is that, in this conditien no current is passing through it. The
null method is widely used in bridge circuits such as Vyheatstone and potentiometer
selups.

As we havs shudied in the pravious section, the null method is used b measure an
unknown rasisiance in the Whaatstone bridge circuits. The galvanometar is connected
between the mid-paints of opposite sides. The variable resistance is adjusted untl the
galvanometershows no deflection. At this point, the bridge is balanced and the unknown
reslstance can be calkculated uslngthe ratlo of the Known reslstances.

In a potentiometer, null method is used tc measure an unknown voltege by comparison
with a known reference voltage applied across the resistance wira of the potantiomelsr.
A galvanometer and a jockey are used to maka contact along the wire. At null point, tha
paotential difference between the jockey and the end of the wire equals the unknown
voltage. The poeition of the jockey gives the measure of the unknewnvoltage.

There are some advantages of using a galvanometerin null method.

1. Null method, eliminates the sffect of the galvanormater's internal resistanca on the
measurgmeant resulting in more accurate readings.

2. {alvanometars are highly senstive and can-datect very emall currents of the order
of 107 ampere.

3. "Nodeflaction’ indicates a direct and clear condition of balance making it easiar to
identify the null paint.

9.20 THERMISTORS

A tharmmistor is a heat sensitive resistor. Mast /
thermistors have nagative tamparature /*“

cosflicient of resistance, i.ethe resistance
of such thermistors decreases whan thair
tamperature is incregssd. Thermistors with /
positive temperature coeflicient are also 4
available.

In tha tharmistors, resistance dacreases as
temperature increases. This is because
increasing tsmperature provides maore e
energy to tha charge carrlers (slactrons or . n ' - :
holes), enabling them to move more freely . I_._ h
and thus reducing resistance. H 2
Thaermisters are made by heating under high
pressure semiconductor ceramic made
from mixtures of metallic oxides of
manganese, nickel, cobalt, copper, iron, etc.
These are pressed intz degired shapes and

Flg. 3.34: Thermisiore sysmbols

Flg. 8.35: Typae of tharnletors
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then baked st high temperature. Different types of thermistors are shown in Fig. 8.34,
Thay may ba in the form of baads, rods or washers.

Applications of Thermistors

Temperature Measurement

Thermistors are used in thermomseters, and slectric davices auch as air conditioners,
rofrigerators, hieaters, microwave ovans, incubators, ste.to manitor tamperatura.

Thermistorz with high negative temperature coefficient ars vary accurate for measuring
low temperatures eapacially near 10 K. Tha higher resistance at low temparahure
enables more accurata maasursment possila.

Tharmistors have wide applications as tempearature sensors, i.g. they convert changes
of termparature inta elechical valtage which is duly processed. Forexample, thess are
used in coolant temperature sensors in automobile engines to prevent the engine
averheating and in digital tharmometars.

Temperature Compensation

Tharmletors are used In circulls where temperature changes could affect performanca.
Such asinoscillators, hattery charging circuits and power systems.

Inrush Current Limiting
Thermistors are used o limit the initial flow.cf current when a deviceis firstturned on.
VYoltage Divider

Thermistors are widely used as voltege divider. As Hi=
shown in Fig. 9.36 when temperatura of a themistor
m‘nstor

increases, its resistance decreases. This decreases i vl I—
tha voltage drop acroas the-thermistor. As a result, the | m-dar i kO The
potantial at point B Increases that can be used to
trigger a circuit connected toit. In case of a fire alarm,
the use of a themmistor tuma the NOT gate low when it
gets heated. The output of NOT gate goes high and g 2.36
turns the siren QM.

9.21 LIGHT DEPENDENT RESISTOR

Light dependent resistor (LDR} Is 2 reslstor whose reslstance decreases with Increasing
light intensity. Due to this properly, it is also known as photo resister. The LDRs are
typicelly made from semiconductor materisl like cadmium sulphide. The material is
dapoeited in 2 spacial patlern on an insulating plate.

Working Principle
The principla usad i an LCR is the ncreass in the conductivity of tha material on

oxpaosing it ta light. In darkness, the semiconductor material has a few freg electrons
{charge carriers) resulting in high resistance. When light phatons hit the material, they

B
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transfer anergy to slecirons in the outar orbits, thus, making tham free to conduct
alactriclty. This dacreases tha reslstancs of LDR. Tha amount of light hitdng the LDR's
surface determines the number of free elections. Conversely, less light resulis in
lowering the free elections, thua, making higher resistance. This change in reaistance
can be measured and usad in cireuits to sanse light lavels.

Applications of LDRs

Light Sensors

LDRs ara commonly usad In light sensing clrcults such as automatic lighting systams (n
homes and street lights. An LDR works just like a switch that tums ON at dusk and OFF
atdawn.

Camara Exposure Control

LDORs help in adjusting the exposure lime in cameras based on tha amount of available
light.

Voltage Divider

In a lypical circuit, an LDR can be a par of voltage divider, that converts the resistance
change into meaasurable voltege change. This voltage can then be read by a micro-
contraller cr other control clreultry to perform actlons basad on ight Iavels. A clrcult Is

9 Physles M Cherier{ . Electrostatics and Current Electricity [

shown in Fig. 9.37 in which an LDR is used as voltage
divider. Inthe dark, the LCR has a very high resistance as
comparad to the standard resistance (100 kQ) in tha
circuit. Thersfore the vollage drop across the LDR is very
large as registered by a vaoltmeter. When the LDR is
exposad tolight, the resistance of LDR decreases to very
low. Now, the voltmeter registers a lower reading. Hence,
the change in light intensity gives rise to change in
voltage. Therafors, by 'connacting mid-point B to a NOT
gate, L DR can bg usad as a switch.

Rellabliity of A Concrete Bridge

Inspecions can aasily check the reliakility of concrate
bridge with the help of carbon fibers embedded in its slab.
This is possibla hecausa of the conducting praperdy of the
carbon fibers. Let us know step by step how does it work™?

1. Firststep isto know the elecirical propsrtiss of carban
fikare. Carbon flbars are known to be good
conductors of eleciricity due to their high carbon
conlent.

Secondly, we can embed the carbon fibers within the
slab of the concrete bridge during its construction.

A

High rezizlance
of ordar of kQ

+

Flg. .58 Carbon fibre sheats
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Than we ¢an connact them to farm & conductars netwark.

3. Inspectors can check the reliability of the concrete bridge by applying small electric
currentto the carbon fiber natwork. They can determine the integrity of the concrate
struchure by measuring the resistancs of the natwark.

4. The sensor installed into the netweork can show whether the slectric resistance is
changing or not. If the resistance remains the same over time, it indicates that the
conerete bridge is maintaining its structural integrity. However, if the resistance
incraases, it means that the concrets is detariorating or that the carbon fibers ara
being damagad.

Some other methods are alse used to check the strength of the concrete bridge. For
example. a type of eensore continuously monitor strain, vibration and temperatura.
Internal flaws, such as cracks or voids are detacted by using ultrasound waves.

& A

ST ovcstons DR

§ Muitipie Choice Gugstions |

Tick {+') the correct answer.

9.1 Two point charges Aand B are separated 0¥ 10 m. If the distance betwaen them is
reduced to &m, the forge axerad on@ach:

{a) decreases to halfits orginal value

{b}increases to twice the anginal value

{c}decreases o one quartarofits original valua

{d)increassas four times toits original value
9.2 Which glsctric chargs ispossible on a particla?

{2)2.5x10"C_\(b}3.2x10™C {c)1.6x10™C {d)6.02x10%C
9.3 Which diagram bast represents the alactric fisld lines around two oppositely

shasged parlicleg'? \Q}/‘ .\L%
/ ]\ >1 R NS

{d)

E
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9.4 Whatis the work done on an eleclion by potential difference of 100 volts?
() 1.6x10™eV {(b}1.6x10" eV {c)8.25x10" oV (d) 100 e¥
8.5 The potential at a point situated ata distance of 50 em from a charge of 50 pGis:
{2)9x10"volis  (b)18x 10" volts {c)9x 10° volis (d) 18 x 10" volts
9.6 Aballof weight 0.1 N having & charge of 100 pC remainad suspendad batwesn two
oppositely charged horizontal metal plates. The electric intensity between the
plates is:
(@) 10NC {by10ONC" {c)1000NG’ {d)10000N G
9.7 A piece of wire has resistance of 410). It is doubled on itseli =0 that Ttz length
becomaes halfbwt ares of cross-saction is doubled. s resistance novirwill be:
E TS {byd 02 {c)252 @i1n

9.8 The cument through a conductor is 3.0 A when it is sltached scross a potential
diffarence of 8.0 V. How much powerls ussd?

{(a)0.5W {by2 OW {c)a.ow (dy1aw
9.9 The algebraic sum of potential changes for a'Complets dreuit iz zero. It is the
statement of:
(2} Ohm's law {h) Gauss's law
{c} Kirchhoffs first law {d) Kirchhoff's second law

9.1Q The radius of curvature of the path oFg charged particle in a uniform magnetic field
is directly proportional to:

{a)ihe particle's charge {b) the particle's marmentum
(c}the particle’s energy {d} the flux density of the fisld

(7, Short Answer Questions
8.1 How doas a moving conductor llke an aercplane acqulre charge as It flles threugh
the air? Describe briefly.
9.2 Define electdc Intenslty and slectric potental.
9.3 A baltery is rated at 100 A h {ampere-hour). How much charge can this battery
supply?
9.4 Iselectron-volt a unitof potential differance orenergy? Explain.

9.5 Acopperwire of length L hag resistance R, It s stretchad 1o doutile of its langth.
Whatwill be the resistance of the new length of wire?

9.6 Why does the resistance of a conductor rise with increase intemperature?

97 Isthefilament resistance lower or higherin a 500W-220V light bulb than in a 100 W-
220V bulk?

9.8 Why does reslstance of a thermlstor changes astemperature Increases?
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9.9 Which materials can be usedta construct Faraday's cage and why?
Construcied Response Questions

9.1 Electric lines of force never cress each olther, Why?

9.2 |3 E neceszarily zero inside a charged rubber balloon if the balloon is spherical?
Assume that chargeis distributed uniformly over the surfacs.

9.3 Electroatatic force i 10* times sironger than gravitational force. Argue that our
galaxy ehould be almest elacirlcally nautral.

9.4 Anuncharged conducdting hollow sphere is placad in the field of a positive charge .
Whelwil be the net flux through the shell?

9.5 Apotential differsnce is applied acrass the ands of a copper wire. What is the effact
on tha driftvaloclty of frae alectons by
{i} increasingthe potentizl dfference?
{l} decreasing the length and the temparature of the wire?

986 Why the terminal potential difference of a baltery decreasaes when the cument
drawn from itis increased?

Comprehensive Questions

8.1 Explain the sleciric potantlal and prove that slactric fleld Intansity Is aqual to the
negative of potential gradient.

9.2 Btate and explain Kirchhoff's rules.

9.3 WhatisaWheatstone bridge? Explain its working with the help ofadiagram.

9.4 What iz a light dependent resistor (LDR)Y? How can this be used as ON-QFF switch
for lighting?

9.5 Whatisapotentiometar? Describs its working.

§ Numerical Problems

9.1 Twounequal peint charges repel each cther with a force of 0.4 N when they are .0
cmapart. Find the forpe which each charge exerts on the other when they are {a)
2.5cmapant{h) 15.0 cmapart. [Ans:{a}1.8N (b) C.04N]
9.2 Aparticle of charge +20 pC is placed betwean two parallel plales, 10 cm apart and
having a potential difference of 0.5 kV between them. Calculate the electric field

between tha plates, and the alactric Toree axerbed on the charged particle.
{Ans: 5 kN C", 100 mN)
9.3 Theelectron and proten in 2 hydrogen atom are separated (an the average) by a
distance of approximatsly 5.3 x 107" m. Find the ratia of the glectric force and the

gravitatiohal force betweaen tha electron and prcton inthis state.

(Ans: = 2.3 x 10™)
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9.5

9.6

9.7

98

9.9

910

After a pleasant showering, a water droplet of mass 1.2 x 10" kg is located in the
air near the ground. An atmospheric electric fiekd of magnitude 6.0 x 10° N ¢
points vartivally dowrmvard in the viginity of the watar droplet. The droplst remaing
suspanded at restin the air. Find the electric charge on the droplet.

{Ans: —1.96 x 10 C)
An elactron enters the reglon of a uniform slactric fled, with v,=293 x 10° m g”
and £ = 300 N C". The horizontal length of the plates is 10.0 em. Find the
acceleration of the electron while it is in the electric field. How long will it take ta
paas through tha fleld? (Ans: 5.27x10"ms? 2,34 x10"s)
A dise of 10 em” area is placed in a vartical electric fisld E= 5 x 108N T, 1 tha
planaof the disc makes anangle of 30 with the horizontal, determine the electric
flux through the disc. [AnsT 2503 N m* C")
& circular copper red is 50 cm long and has 1 cm diameter. Find the resistance
across its ends. What should be the side of square cross-gection of a 50 cm long
tungsten rod if its resistance is the same? [Resistivity of copperis 1.69%10°Qm
and that oftungstenis 5.0x 107 m.] {Ans: 1.0Bx107 2, 1.52 cm)
The copper winding of an electric fan has @ resistance of 50 {3 at 30 °C. After
running for some time, the resistance becomes 52 {1 How much is the increase in
temperature ofthe winding? [Forcopper o=0 0039K"] fans: 10.37°C)
During an experimant, a copper wireof 50 m long and 150 pum thick is hung
verticalty. Then e current of 1A is.pessed acress its ends for 32 s. Find the
reslsiance of the wire and the heat disslpated durlhg this process. [Reslstivity of
copperis 1.89x10" 2 m.] fAns: 47.84),2390.J)
The em of a battery. is 12V, |t is connectsd to a 3.6 £ resistor. If the intarnal
resislance of the battery is 0.2 {), what will be the terminal vollage across the
battery? {Ans: 11.4V)




After studying this chapter, the students will be able to:

# Siate that a force might act on acu ment=-camying conductor placedinamegneticlield

& U=s the aguation F=8IL=in0 fwith direclions as interpreted by Fleming's Iaft-hand e to sohe
problems]

& Define magnetic flux (25 the product of the magnelic flux density and ﬂ1ve Uoﬁ-@ectlona] ares
perpendcularto fhe directicn of the magnetic fl ux density]

& Use ¢=BAtosolve problems

& Usa tha concept of magnetic flux linkage

% Dafine magnetic flux density [as the force acting parunltc:..lrmntparuml Ignglhcn awire placed at right
anglera to the rnagnetic fiald]

& Use F—EgVzind to eolve prublems

% Describe the melicn of a charged parfide moving in a mi’arm magnetic field perpendicular to the
direction of motion of the particle

% Explain how electric and megnetic izlds canbe ugﬂdm m[e]m:ll],rselec:hnn

% Explain experiments that demonsirate Faradafa.gih;l'Lerlfs laws [{g]) that a changing magnetic flix
can induce an &mfin a circuil, (b} that the ind !J_md'ernfis in such 8 direclion B= to oppose the change
produsingit, (c) the factons affecting the magntude cfiheind used emtf. |

% Uae Fereday'sand Lenz's laws of elecliromagnedic inducton ko solve problems

# Describe how ferrofiuids work [they make use of temporary soft magnetic materials suapended in

liguids to develop Auids thet react to the poles of & magnet and have many applications in felds auch
as akactronkea)

@ Explain how seismomsters n'mhe ume of alectromeagnetc induction to the asrthquekes detection
[apesifically In tarmaof: :

[ vy mcwememnt or vibration of the rock on whish the seismomater rasls (burisad in 8 probactive case)
results Inrelstiva motish babwaen the magnatand tha call {Suspended by a apring from thaframe. )
(I Tha emfindused In the coll 15 direstly propartional ta the d splacement assoclated

3 Currsnt
We havealready studied that a magnetic field is ; —w

=1 1

produced around a current-carrying conductor. Also, & =
changing magnstic field gives rise toa current in a conductor 6 4 |
placed in it. Eleciromagnetism is a key area of physics that [ had '

|
studies how electric charges and magnedic fields interact. d 1nll*|—|l—l
In 1820, Hans Christian Qersted found that elestricity and o o o
magnstism are correlated. fiald produced by a currant

N T e

Mapgnelism skaded with Indestone, a naturalmineral discoveed in ancicnt TOrkiye.
Lodeatons, of megratie (Faz0y ), can etirect metals Iks Iron and ateal and aligna
wilh the Eeth’smagnelic pales, leading totha invention of the compass.

) 1
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Electromagnetism is crucial for modem technelogy, including phones, computers, and
medical devices. In this chapter, wa will explore basic concapls like elactric fislds,
megnetic forces, and slecromagnstic induction, and see how these principles affect
beth natural phenomena and technology. Understanding these concepts help us
appreciate how electromagnetism influences ourwaerld end drives innovation.

10.1 FORCE ON A CURRENT-CARRYING CONDUCTOR INA
UNIFORM MAGNETIC FIELD

It has been observed experimentally that a cumeni-carmmying
conductar placed in a magnsiic field expariances a force.
Consider astraight conductor camying a steady current placed
perpendicular io uniform magnetic field. Assume the direction
of the currant is out of the paper as shown by @ in Fig. 10.2,
The direction of megnetic field produced by the current is also
showr.

Just as two magnets exert forces on each other through their

magnetia fialds, a current-carrying condustar experiencas a «- _r |
force due fo the Interactien betwasan Itz cwn magnstic fleld and ’7 S e
the external magnelic field. To determine the direction of this ! S
force, considerthe interaction betwean the two fields. F;;ﬁ‘, =

The magnetic field produced by the current and the external uniform magnetic field
reinforce each other on the left side of the conductor and oppose each other on the right
sida. Consequently, the conductor moves towards the sids where the field iz weekser.
Thatis, the force on the conductor is directed to the right as viewed from the front. Thus,
the force F is perpendiculzar to both the conductor and the magnetic field. Fleming's left-
hand rule is used to predict the direction of the force experienced by a current-camying
sanductor ina magnelicfiokd. Toapply the rula;

Position your |eft hand such that the first
finger points in the direction of magnetic
figld,-the second finger points in the
diraction of currant, the thumb will than
pointin the direction of force.

The Fleming's lefl hand rule is illustrated in Fig. 10.3. Fig. 103

However, direction of farce can also be found by using right hand rule that can be
stated as:

Curl fingars of your right hand from curant to magnetic fisld through
amaller angle, the stretched thumb will indicate the direction of force.
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Lat us now determine the magnitude of the ferce on a cumrent-carmying conductor placed
inside a magnetic field. Experimentally, it has been ohserved that the magnitude of the
forca acling on the conductor is directly proportional to the current [ in the conductor, the
length L of the conductor, and the strength of the external magnetic field 8. The atrength
of the magnetic figld is also known as the magnetic induction B, which has the same
direction as the fiald. Thus, tha forca F on a conductor of langth £, carrying a currant J
and placed perpendicular to a magnetic field of strengih B, is given by
F e BiL

F = kBiL
In 51 units, the value of k = 1. Thersfore,
F 2B vreeieeeieeens [10.1)
FramEq. (10.1}wecanseathat B = %.snwecan gefing Bas:

Tha magnatic strength is numarieally egual to the forca exertad on a sonductsr of length
ane matre carrying ona ampara current, placad parpandieliartotha magneticfield.

B
Equation B =% alsogives usthe unitof B. The Slunitof Bistesla{T}. *
1T=1NA"m’ '
It may be noted that magnetic induction 'isa vector quantity. lis
direction is the same as that of magnetic fiald.
We can also consider a vector L which has a magnitude equal to the
length of the conductor and its direstion is along the flow of current.

Now consider & conduclor L placed at an angle 'd'
w.r.L the magnetic field, then we will use the
component of L perpandicular to B i.e., (L sind), as
shown in Fig. 10.4. Thenthe Eq. {10.1)will become,

F= BILEING correvscesereene e (10.2) siadf A ks
In thevector form tha Eq. 10.2 can bewritten as
FEilaB . s {(10.3) e s

Equation {10.2) showa that the force will be ;:Efﬂ:g:{;‘mﬂmwg:ﬂ

maximum {B81L) whan the conducior Is  magret, whare the south megnetic pole i
perpendicular to the field, i.e., 8 = 90°, and it will be mmm“;;mﬁ:::“;“TDP::;T:::
zerawhenthe conductior is sleng thefield e, 8=0.  geagraphicsouthpos.

Exampie 1010 A 20.0 cm wire camying a current of 10.0 A is placed in a uniform
miagnetia fisld of 0.30 T. If the wire makas an angle of 40° with the dirsstion of magnetic
fiald, find the magnitude of the force acting on the wirs.

Solution Lengthofthewire =L = 20.0cm =0.20m
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Current =f = 10.0A
Strength of magneticfield =8=030T
Angls =0 =4

Substituting the values inEq. {(10.2): F=10.0Ax0.30Tx0.20mxsin40°=0.39N
10.2 MAGNETIC FLUX AND FLUX DENSITY

We can represent the strength of a magnetic field B by the lines of force inthe same way
as for alectric field. Than, the population of thass lines in tha fisld par unit area passing
through a surface perpendicular tothe field will reprezent the magnetic flux. Thus,

The magnetic flux through a patch of area A is the /\\

number of magnetic lines passing through this area. / \ LA
If & represents the numberof lines passing through unit a
area placed perpendicular to the field, then the total flux \ B
through area A perpendicularto the fieldwill be; \ /

_ b
-1 R

The surface A may not be perpendicular to the field, that Flg 10.5

ig the nomnal to the surface makes an angle & with B as A
shown I Fig.10.5. Then, wawlll have ta usa componant
of B {Bcos6) along the vector area ‘A (Fig. 10.5).
Tharafora, the flux passing through tha surface will ba:

D, =BACOSD ... {10.5)
As B and A both are vectars, sowe can write
Da=BA N 0B

Equation {10.6) shows.that &, i a scaler guantity. _..//
Therafore, we can define magnetic flux as:

L 3

v ¥

3

v

4

%

k4

The magnetic flux ¢.. through a plane element of area
A in 2 uniform'magnelic field B is given by dot product
of Band A e

Nots that A is a vector whose magnitude is the area of () L
the element and whose direction is along the normal T

to the surface of the elementand 9 is the angle batween

the directions of the vectors B and A {Fig. 10.5). In e —
Flg. 10.7{a}, tha fleld Is diracted along the nermal to the f a0 /
araa, 50 0 is zera (cos0”=1} and the flux is maximum, / / 5
equal to BA. When tha fleld |& parallel to the plane of the f—

area (Fig. 10.7-b), the angla bstween ithe field and
namal to ares iz 90° i.e., B = 90*{cos00°=0 }, 0 the flux (b

through the ares in this orentation is zera. Flg. 10.7

¥y

L 4

L

Yy ¥yr¥

w
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In cass of 8 curved surface placed in a uniform magnetic fisld, the curved surface is
divided Into a number of small surface slements, each slament baing assumad plane
and the fliex through the whole curved surface is calculated by the sum of the
contributions from all tha alemants of tha surface using Eq.{10.5).

From the definition of tesla, the unit of magnetic flux iz N m A” which is called weber
{Wh). According to Eq. 10.5, the magnetic induction B is the flux per unit area of a
surface parpendicularto B, hance, itis also called as magnatic flux density. Its unitis Wb
m”. Therefore, magnetic induction, i.e. the magnetic field strength is measured interms
of Wh m*arNA' m” (lesla).

Exampie 10.7 A rpetangular kap of wire |s plagad (0 a uniform magnetic flald of
magnitude 1.2 T. If the loop is 25 cm long and 20 cm wide, detarmine the magnetic flux
through the loap for the three orientations as shewnin Fig 10 8.

L' d W o oY W W > e TR W
) -
g /E"'
4 Vs
¥
(a) &) o
Flg. 10.8
Solwtion | For ofientation (a).-angle betweean B and area
vactor &isd=80" B A
Using = BA cosf ]

= 1.2 T x20 om x 25 cm x cosBl’
=1{.2Tx5x10rm'x05
= 3x10°Wb
Fororientation (h), anglag=45"
By =12Tx5x10°m' x0.707

=42 x10°Wb
Fororientation (), angke 8 =30°
B =12T x5 %x10°m’ x 0.886 L
= 5.2x10°Wh

Fig. 10.8
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10.3 MAGNETIC FLUX LINKAGE

Magnetic flux linkage is a key concapt in electromagnatism, partisularly in the study of
inductance and electromagnstic induction, Magnetic flux linkage refers to the product of
the magnetic flux through a ceil and the number of tums in the goil. |t essentially
measurss how much magnetic fluxis linkad with the coil due to its multiple tums, and is
an important factor in understanding how coils and inductors cperate in elecirical
circuits.

Magneticfluxlinkage=¢=Na.........(10.7)

where 4y, is the magnetic Aux through a single
loop of area A and N is the total number of
tuns of the coil. Magnetic lux linkage plays a
crucial role in the design and operation of
transformers, electric mobars, generators,
and inductora. This concept ia particularly A magnetic strip on the ATM card containa

' f r milllense wh-tiny magnetic domalns heald
important i Faraday's o of tugether by u resin binder. The machine resds

alactromagnetic induction, which we will e inforriation sncoded cn the magnatic strip
explore laterin this chapter. andit makas your acoass to your seeounl

10.4 MOTION OF A CHARGED PARTICLE IN A MAGNETIC FIELD

We have cbsarved that a current-camying conductor placed perpendicularly in a
uniform magnatic fisld axperiancas & forca F. Since a currant is the flow of sladric
charges, it raises the question: do individual charges moving through a megnetic fisld
also experience a force? The answer is yes. Experiments show that a charged parlicle
does experience a force when imoves across a magnetic feld. We can calculate this
force by examining the behaviour of a current-carrying conductar in a magnetic field.

Consider a conductor oflength L through which N E Do you know? m

charged particles, each with charge g, are passing in - : . ;
Lika eleciric fiald lines, ot
fims £. The motior of these charged particlos Produces  fuid lnas also never croos-sech

a currant fin the.conductor, which s givan by atner. However, they can attract ar
rapel aach other .
20
it 1t

where L} is the tctal charge flowing in time £, If vis the velocily of charged pariicles, then
the velocity of the particles along the cond uctar is

v_vi
where L is the unit vector in the direction of the current. The sign of the foree depends

on whether the charge g is positive or negative. Howeaver, the unit vector L is directed
along the direction of the curent, which is the direction of metion of pesitive charges.

Since the particles take time { to move across the conductor of length L, therefore,
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: =£ Foint to pomde
v Why doss o plcturs become distortad
N N when 8 magnetic bar iz brought nearta
Then = LR {10.8} the scroen of TV, computar mon ltar or
t L oscilloscope?
If thiz conductor is placed in 2 uniform magnetic field B, it will exparience a forca F,
as given by Eq.10.3. B Into the paper
x X ® < MW x x
F= iLxB cwiiviaein {10.9)
o .4
Az L= AL ceeeeesieeenme {10.10)
i : ™ * KRR K %
Substituting the values of i and L in Eg. {10.3}, we have b B
F:%{LLXB} @ ® XA ox x x
or F = NgvLaBo e (10.11} Bintothe paper

Asvelocityvis directed along the conductor L, g0

wecanwrite: vi=v¥=v {asL=7%) -q e BN
F = Ng{vxB) i, (10.12} %

Tharefcre the forca on a single particla will be {MF O B S B R
F = QIVEB) coocrmemrnicnerseiniias {10:13) Fig. 10.10

Iflis the angle between B snd v, then maghitude of foree Fia given by
(&= T e e e {10.14}

Thersfore, the force is maximym when B is perpendicular to v, i.e., B = 80°, and farge is
zaro when B is in the direction of v, i.e., 8 = {. The direciion of force can be known by
applying Fleming's left hand rule or right hand rule for vector product.

{a} The positively charged parlicle enters into the magnetic field along the dotted line en
plana of paper. It experiancas a forca in the upward direction due to which it is
deflected alorng a curved path (Fig. 10.10-a).

{b} The negallvaly charged particle s deflacted downward by the forca acting on it
downwards (Fig. 10.10-b).

Example 2.3 An slection enters inte a uniform magnetic field perpendicularly with &
speed of 10* m &, Whatpath the slectron will move along Insldethe fleld?

(B=25Wbm’. m=911x10"kg, e=16x10"C)
Solution The Forcea F acting on the elactran will be:
F = gvE gind
Asthe velocity vis perpendicularto B, i.e,, § = 80%, the charge g =g, s0
F=&vB x1=8avEB
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Sinee F acls perpendicular to v, 5o this force provides centripetal force to the elegtron to
keep itina circls of radius r. Then

_ma
gvB = 2
Fac e
e

Putting the values in ahove equation, we have

. 8.1 10" kgx 10" m &'
1.6x10"Cx 2.5 Whm ?

r=23x10°m
Tha path of alactron will ba a circle of radius 2.3 = 10° m.

10.5 VELOCITY SELECTOR

A velocity selector is a device used to determine the : B inlo the paper
valocity of a charged particla. In this davics, alactic and XA® X ox X X X
magnetic forces are applied to the moving particle in il el i
such a way that they balance each ather onlyforone (3w ~ ~ © ~
valu? of .valoc'rty. alluwingl tha paricla to continua ; B o e
mcying with a canstant velocity. ¥ OMK K M M M M

. . . e x X X » » My
Consider a particle with a positive charge +g that enters Fia. 10.41

ig. 10.

a uniferm magnetic field B at a right angles to it, with a
velocity v. The magnelic foerce acts enthe particle inthe
upward direction, as shown in Fig.10.11. Te balanca this ®OX

B inlo the papsr

X E] X = ®
magnetic force, an electric force must act downward on ¥ X ¥ X X X x
tha particle. ey

within a magnetic field B. Inside the tube is a parallel | | =
plate capacitor-thal creates a uniform alactric fisld E. X X X X X X X
The slectric fisld E is oriented perpendicular to tha ¥ N X X X X X
magneticfiekd B, as shownin Fig. 10.12. Fig. 10.12

¥han the charged particle anlers the |eft and of the lube, the magnetic force acts
upward, while the electric force acts downward in the direction of the electric field E on
the positively charged particle. If the strengths of the electric and magnetic fields are
adjusted appropriately, theae forces will cancel each other out. With no net force acting
on the particle, its vilogity ¥ remaineg constant in accordances with Newiton's first law As
rasult, the particls moves in a straight line at a constant velocity and exits the rightend of
the tubz.

The particlas with valogitias diffarsnt from v will be deflected ang will not exit at the right
end of tha tube.

Avalochty salector conslets of a cylindrical tuba ocated "JT >
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The magnituda ofthe velocity selected can be determinad as below.
Asthe velocity v is perpendicular to both B and E, therafore,

Magnetic force {upward) = Bgv
Electric force {downward) = gE
For no deflection of particle, EBgv = gE
E
e e s 10.15
ar ¥ ( )

Ex 164 Alpha particles ranging in speed from 100[} ms’ to2000ms enterinto
a velocity solactor whare the eloctric intensity 15 300 ¥V m™ and the magnetic induction
£.20°T. Which particle will move undeviatad through the field?

Solution E=300Vm'=300NC", 8=020T

Only thoee particles will be able to pass through tha plate forwhich the alactric force gE
acling on the particles balances the magnetic force Bgvon the particles as shown inthe
Fig. 10.12.

Therafora qE = Bgv Point to ponder
e A force is exeried on a moving
Thus. the selected speedis: cherged parlida in a magnetic fisld.
E 300 N C" Inwhat direction it =hould mova that

S A R =1500m 8’  thaforea s notexaried an it?

The alpha paricles having a speed of 1500 m 5" will move undeviated through the field.

Exampie 10.5 | A charged particle moves through a valoclty salector at a constant
valuuty in & straight line. The leciric field of the velocity selectoris 4.8 x 10°N C", while
the magnetic field is 0.2 T-When the eleciric filed is umed CFF, the charged particle
travels on a clrcular path ofradius 3.0 em. Find the charge to mass ratlo of the particle.

Solution Since the particle is moving in a direction perpendicular to both E and B,
=0 the magnitude of valodity ¥ will be given by

gE = Bgy or ¥ = %
When the electricfiled is fumed off, the particle will move along a circular path of radius .

Then the magneticforce provides necessary centripetal force. Then

B e X
So, charge to mess ratio becomes: r
L
E m Br
Putting thevalue of v = B , Wea have
T . E
m B'r
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Putting the values of E, B and r, we have

g _ _ 48«10°NC
m  (0.20 TY(3 »10% m)
3 -1
4. 8x10 r:ISC = 4x10°C kg’
1.2:x10°m

10.6 INDUCED EMF AND FARADAY'S LAW

It has beon obsarved sxperimentally that when a conducter moves across a magnetic
field, an electremotive force (emf) is induced between its ends. The induced emiin the
maving conductor (s simlilar fo that of a battary. That Is, If the ends of tha conductor ara
connected by a wire ioform a cloged circuit, a current will flowr through it.

The emf Induced by the motion of 2 conductar
across a magnetic fiekd is called motional emt. E imo the paper

Consider an experiment as shown in Fig. 10.13. A G e el

conducting rod of length L is placed on two
paraliel metal rails aeparatad by a distance L. A
galvancmeter is connected between the ends¢

and d of the rails. This forms a complate g G e B

conducting locp abeda. A uniform magnetic field P

B is applisd dirested into tha page. Initially, whan ; 1
. 4 A —] a

the rod is stationary, galvanometsr indicates no —

currentinthe loop. [fthe rod is pulled tothe right
with congtant velocity v, the galvanometer indicates a cument flawing through the laop.
Obwvinusly, tho current Is Indusad dug to tha motlan of the sonductng rod across tha
magneticfield. The movingrod is acting as a source ofemf & =V, -V, =AWV
When the red moves, a charge g within the rod alsn moves with the same velocily v in
the magnetic flald B and experlences a foree glven by, Eq. 10.13.

F=g(vxB)
The magniude of the force is:

F=gvBsin
Since angle 8 between vand Bis 90°, so

F=gvB .. .........(10.16}
Applying right hand nila, wa zee that the force F acting on the charge q is directad from
peint & to point b along the rod. As a result, charges migrate to the top end of the
conductor. As more charges move, a concentralion of charge builds up at the top end b,
while there is & deficiency of charges at the bottom end &. This redistribaution of charge

creatas an electrostetic fisld E directed from b o &, The slectrmstatic foree on the charge
ie F,=qE direcled from b ta a. The system quickly reaches an equilibrium state
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where these two forces on the charge are balanced. I l;\i:
E is tha slectric field intansity in this state, then

gE =qgvB
or | ST - T & [ I 4

Tha motional emf £ will be equal i the potential
difference AV = V, - V, between the twc ends of the
maving conductor In ths egullibrium state. The gradlent
of potential is given by AVAL. As the electric intensity is ~ Wirslese charging works under

given by the negative of the gradient, therefore, msum;ime af Zlggemanetic
= e Puint 5 ponderi
L Metal pot GI\a:ss pot
or AV =_LE =_(LvB) r
The motional emfis: LS
£=AV = LvB.o. (16.18)

This heabar cperates on the principle

This is the magnitude of motional emf. Howgver, if the of slectromagnetic Induction. The
watar I the matal pat 1 Bolling

angla babweenvand Bisd, then whersaa thal in the plasa pot i3 nct.
Eventhe glesa top af the heater |5 cool
s=—vBLsing ..., 8. {10.20) b2 tewch. The-coll jut bansath the iop

Cxr s M: thet pm@m_as n}:nnging
Dug 10 ihe induged amf, positive changes aw 210N the et e s in hem. umen o
path abcda; therefore, the-inducsd current is E:ﬂ;ﬁiﬂﬁlml 'ﬁ:ﬂ ?1:‘;:
anticlockwise in the diagram-As the current flows, the mmyghthe giese pan, why?
quantity of charge at the top decreases, which reduces
the elactric field intensity; while the magnstic force remains unchanged. This imbalance
disturbs the equilibrium’in favour of the magnetic force. Consequently, as the charges
reach the end ‘a’ of the conductor due tothe cumrent flow, they are cairied back to the top

end 'b' by the unbalanced magnetic fiekd, and the current continues to flow.

L pu
] L

The mational emf induced in a
rod moving perpendizular to 8
magnetic field s £= -wBL. The _
motional emf az well as mherlﬁm.,
induced emfs can be described \'z{f_‘___.ﬁf T
in terms of magnstic flux
Consider the experiment - » x x | %
ghown In Fig. 10.14 again. Let T _ ' |
the conducting rod be moving o ____. . ""';F!'-'-“--; |_

from poesition 1 te position 2ina

X ® ®ix X

X X X

B Ink: papar
L R S R > Fig. 10.14
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small interval of time Af. The distance travelled by the rod
intime Atis x,—x,=Ax.

Since the red is moving with constant velecity v, therefore,

Ax
S 10.21
‘- 2 (10:21)
Putting this value of vin Eq. 10.19, we have
e= B =-p {10.22)
At

As the rod moves through the distance Ax, the increase in
the area of loop Is glvan by AA = AxL. This Increases tha
flux through the loop by Ad, = {AA)B. Putting {AxL)E = Ady
inEg. 10.22, wa have

= A
B I {10.23)

Eqation{10.20) shows that if tha magnatic flux is changing
through the single loop of a conducting coil, then the
negative of the rate of change of magneatic fluxiz equal to
the emfinducadin the locp.

Ifthere is a coll of N loops instead of 2 single loop, then the
induced emfwillbecome N timas.

: Adyy
.8, =o=M= o 10.24
is, E . { )

Although the above expression is derived an the basis of
motional amf, but itis trugingeneral. This conglusion was
first arrived at by Faraday; so this is known as Faraday's
law cf electromagnelic induction which states that:

The average emfinduced In 2 conducting
ooil of Mlogps'is equal ta the negative of
the rate-at which the magnatic flux
through the ceil is changing with time.

Thea minus sign indicates that the direction
of the induced emf ia such that it oppoass
the change in flux.

Chapir (10 Becoromagnetism [

Point to ponderl B

9,
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A copper ring passes through a
rectangle regon where 2 consiant
megnatic fisld iz dimcted inlo the
pane. Whal da vou quess abaul Lhe
currantin the ring at the positions 2, 3
and4?

l For your infarmation '

Fara:."s huupular genarator
with which he was abla to produce
& continusls induesd current.

10.7 LENZ'S LAW AND DIRECTION OF INDUCED EMF

In tha pravious section, 8 mathamatical exprassion for Faraday's law of

sleciromagnetic induction was derived as:
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The minus sign in the expressian is very important; it relates to the diraction of the
induced amf, To detemine the direction, we use a principle based on the discovery
made by the Russian physicist Heinrich Lenz in 1834. He found that the polarity of an
induced emf always produces an induced cument that opposes the change in the
magnetic field that causes the emf. This principle is known as Lenz's Law, which states
that;

The direction of the induced current is always such that it
oppoaas the change that causes the curmant.

Lanz's Law specifically applies to induced currents and not directy toinduced amf. This
means we can apply Lenz's Law to closed conducting loops or cails. If the loop iz not
closad, wa can Imagine It as If t wara ¢losed to detarming the dirscilon of the Induced
current, and from thig, we can infer the direction of the induced amf.

Lel us apply Lenz's law to a coil in which a current is induced by the movement of a bar
magnat. A current-camying coll gensratas a magnetic. flald simlar 1o that of a bar
magnet, with one face of the coil acting as the narth pole and the other as the south pols.
To oppose the motion of the bar magnet, the face of the coil towards the magnet must
become a north pole (Fig. 10.15). This arrangement causes the twe north poles to repal
each other. According to the right-handrule, the induced current in the coil must flow
anliclockwise whan viewsd fram the sids ofthe barmagnet.

¥

\‘\4 ey
N } — B
Curred
anlirkockwisa s =T o
Flg. 10.15 i?&@"

‘e

According to Lenz's law, the "push™ of the magnet is the "change® that produces the
Inducad currant, and the current acts to apposa tha push. On the athar hand, I we pull
the magnet away from the coil, the induced current will oppose the “pull” by creating a
south pole on the face of coil towards the bar magret.

Lsnz's law is also a manifestation of the law of conservation of anergy and can ba
conveniently applied to circuits involving induced currents. To understand this, let us
revisit the expariment depicted in Fig. 10.16. When 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 anticlockwise
direction. Because the current-camying red is moving within the magnetic field, it
exporiEnces amagnetic forge F, with the magnituds of F, /LB sing{".

According to the right-hand rula, the directlon cf the magnellc force F,, |g opposlte tothat
of the velocity v, so il tends to stop the red (Fig. 10.16-a). To keep the rod moving with a
constant valocity, an extemal force equal in magnituda to F,, but opposite in diraction
must be applied. This extemnal force provides the energy necessary for the induced
curreni to flaw. Thus, electimmagnetic induction adheres to the law of conservation of

enargy. I B Irtd papar

Flgy.10.18

The Lenz's law farblds the Induced current directad clockwilza In this case, because the
force F,, would be, then, in the direction ofv that would accelerate the rod towards right
{Fig.10.16-b}. This in turn would induce a stronger current, the magnetic field due to it
also increases and the magnetic force increases further. Thus, the metion of the wire is
accelerated more and more. Starting/with a minute quantity of energy, we obtain an
aver-incraasing kKinatic energy of motioh apparently from nowhera. Consaquantly, tha
precess becomes self-perpetuating which is against the law of conservation {:ufenergg,u,lI

xample 1080 A metal rad of length 25 cm is moving at a speed of 0.5 m s’ in a
dlrectlon p-arpendmulartoa 0.25T magnetic field. Find the emf producedin the rod.
Ean ki oy
Spaadiofrad =y=0.5mg’
Length of rod =L=25cm=0.25m By naglaciing the resistanca,
Magneticflux density =B=D25T=025NA"m"' naconstantcurentinacoil

act up a potentlel difference
Induced amf =a="7 acrossthe ooil?

Paoint to ponder!

Uszing the relation,
z=vBL
e=0.5ms" xD.25NA" M ' x0.25m
e=3.13x107J ' =313 10°V
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Exampie 10.7 | Aloop of wire is placed in a uniform magnetic field that is perpendicular
to the plane of the loop. The strength of the magnetic field is 0.6 T. The area of the loop
bagins to shrink at a constant rate of ‘i—? = (.8 m" g'. What is tha magnitugde of emf
induced inthaloop whila itis shrinking?

selutien )| Rata of change of area = % =D8ms!

Magnetic Aux density = B=06T=06NA m’

Number of turng =N=1
Induced emf =g=7
Rate of change of flux = &=B£ eosl® = IEJ!E
AF Af At
Applying Faraday's law, magnitude of induced emf is:
Atk AA
E=N—= NB—
Af Af

=t xOENAM'*0B8m ¢
£=048J)C'=0ABY

10.8 FACTORS AFFECTING EME
1. Rate of Change of MagneticFlux

Faraday's law sugigests that faster changes in magnetic flux result in greater induced
entf.

2. Number of Turns ofthe Coil

According to Faraday's law incuced emfis also proportional ta the number of turmes of the
coil. Mere turns result in 2 greaterinduced emf.

3. Relative Speed

The speed of the eeil (or conduchar} through a magnetic field alzo affecta the magnitude
of the induced emf. Faster speed increases the rate of change of magnetic flux that
results into-anincrease in the induced emf.

10.9 FERROFLUIDS

Farrofiuid is a uniqua material that exhibits both liquid and magnetic properties. It
oparzies through a combination of magnetic and fluid dynamics principles.

E=sentially, the ferrofluid is a colloidal suspension of magnetic particles in a carrier fluid
(such as oil or watar}. Typically, the magnetic particles are iron oxide, ground to the
nano-scale and approsdmately 10 nanometres in size. These paricles are coated with a
surfactant, a substance that reduces surface tension. This coating prevents the
particlea from clumping together, ensuring they remain evenly dispersed in thefluid. The
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viscosity of the fluid, the nanometre size of the particles, and their constant movement
prevent the particles from ssitling down.

¥¥hen there is nc magnet around, a ferofiuid acts like 2 |§
liquid, but when thore s a magnet nearby, the particles ™~ SR
are lemporarily magnetized and the fluid becomes a 1o st femofluid developed by

s 3 Q NASA In 1260, was ground from
magnet. They form struetures within the fluid csusing the ) . magnethe. Farrefluld was
ferrofiuld to act more llke a solld. Yhan the magnet |&  invented to move liquida through
removed, tha particles are demagnetized and the spece.

femofluid acts like a liquid again.

For your inform

This phencmenon Is due o the competition betwsen magnetic forces, surface tenslon
and gravity. In the presence of strong magnetic field, the formaticn of chaindike
structures is a result of magnetic forces pulling the fluid upwards whilea gravity
and surface tension work to pull il back down. These chains align along the magnetic
field lings and increase the
viscosity, making it behave
like a solid bulging in certain
directions. These are
commanly known as spikes.
However, the spikes are
fomned where tha magretic
forces overcome the other .
forces (Fig.10.171. Fig-10.17

Tha followlng expariment will axhibh thiz phencmenon.
Experiment

You nead some laser printer toner, goma enoking oil, a
testtube, a glass botlle, asmall stick and a magnet.

Procedure

Pour soma toner intha test tube. Rameamberthal laser
printer toner contains 40 % iron oxide in nanometre —
particle size. Add some cooking ail in it and mix it well
with the sfick to farm ferrofiuid. Put this fluid in the |
boitle. The fluid will act lke & liquid on sheking the
bottle. Now bring the magnetnear to fluid outside of the

botde. [—— ot E 4 I= i
You will observe that the fluid jumps towards the s = -
magnet, bacausa It has lteself become a magnet. If wa &

hold the magnet on the side of the bettle, you will ses a

structure with spikes formad by tha fluid as shown in

Fig.10.18.

—

Flg.19.18
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Applications of Ferrofiuids

There are many applications of ferrofluida in the fields of eleetronics, medicine,
enginesering, and aclive rasezrch In Physlcs and Materal sclance. In elactronics,
femofluids are used in rotary seals for computer hard drives and other rctating shaft
mators. In loudspeakers, fermofluids are used to cool the voice enil which can heat up
during operation. The magnstic fleld holds the fluld In p/2ce around the coll, allowlng It to
absork and dissipate heat more effectively. Ferrefluids are also used in speakers to
dampen vibrations and improve sound guality.

In medlcal applicatons, ferrafluids can be directed to specific areas in the body using
external magnets, allowing for targeted drug delivery. The magnetic particles can carry
drugs directly to a tumor or other targetsed site, reducing side effacts and improving
treatment efficiency. Femofluids can also be used as contrast.agents in magnetic
resonance imaging (MR1}.

(Othar applications of farrofluids include damping or pracisely controlling the flow of
liquids by manipulating the magnetic field.

10.10 A SEISMOMETER

Asglsmometar s an Instrumant that responds to any movament of tha rocks undear the
ground or vibration caussd by earthquakes, velcano sruption and explosion. A
sgismometer delects earthquakes by using electromagnetic induction to convert
ground motlon Into electrical signals. Typlcally, a sslemometer Includes a welght
suspended by a spring. When an earthquake occurs, the ground moves but the weight

tends to stay stationary dueto ingrtia. This g -
results in relaive moticn between the ; ﬂf .&!
welght and tha frame of tha selsmomater i

which is attached to.the ground. The
weight is often altached to a magnet which
meves insids 2 coil of wire (Fig.10.19).
This setup works-according to Faraday's ~’-,-'|I.-_..-','_."II,", —

law of electromagnetic induction, that is, § i 1] P
the changing magnetic flux through the ;
¢oil induces an emf in the coil. This gives d
rise to an inducsd elactric currant.

Fig. 10,19 Seismomatar

The induced cumrent is proportional LS
to the velocity of the ground | For your Informatien _=ﬂ

motion. The slectrical  signals Most earthquakes are cauvsed by plete teclonics
generated are then amplified and (dizplscemsnt) and ocour at a deplh of 60 km. Thesa
recorded. Thus, data Is provided on  aarhquakes ara categorized as shallow. Intermacdiate and
tha amplitude, frequency and the desp intemadiate can ba as Jaep, as 280 km benaath tha
duration of the earthquake weves. onust, while doep garthquakes can reachdepths past 280 km.
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The data s analyzed to determine [N 7o oo inmmnmarion | I

various characteristics of the iy T i

: : ere are two maln types of aslamle waves genarats
earlhquaka, such asits location, sarthquakes 1.0., P-waves ara primary wevas which are
magnitude and depth. longitudinal and S-waves are secondary waves which aro

Ustally, a selsmomster Is burled 'ansverselnnature.
under the ground at a dapth of 50-1000 metres. It Is placad In a protective case callad a

vault. This is a cylindrical steel tank that is approximately 1 metre wide and 2 melres
deepwith a concrele pad at the bottom {Fig. 10.20).

Solrenergy GRS communicsts with

chargas the ~ citiez for leslion mﬂ‘m

Battares = T
Sammic weves b, Selzmic equ il

Flg. 10.20

§ QUESTIONS §

@ Multipie Chelce Questions
Tiek () the correct answer.

10.1 Acurrent & flowing towardanarlh along a power line. The direction of the magnetic
field over tha wire is directet towarda:

{a} north (b)-south {c} east {d} west
10.2 Tha radius of curvatdre of tha path of a charged particls in a uniform magnetic field

is direclly proportitnal to:

{a) the particle's charge {b} the particle's momentum

{c} theparticle's anergy {d) the flux density of the field Magnetic: flsld
10.3Tha 'diagram shows a beam of alactrons antering a magnetic

field. YWhat s the effect of magnetlc feld on the elecirons?

{a) Theyare deflected into the plane ofthe diagram. Beih of

{b) Theyare deflected cutof the plane of the diagram. Agchene

{c) They ara daflactad towards the hetiom of the diagram.

{d} Theyare deflected towards the top of the diagram.

10.4 Thaforce exarted on a wire of 1 matra length camying 1 ampera current placed at
rightangle to the magnellc fleld Is callad:

(a) magnetic field intensity (b) magnedic Avux
(c)magneticinduction (dnone of these
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10.5 Theunitofflux densityis:

(@ NA" m" (b)NAmM" [c}NmA* (d)M mA
10.6 Amaving charged particls |s suroundad by:

(a)elsciric fiald anly {b] magneticfisid anly

() both elechic and magnetic field (d] nofiekd
10.7 Magnetic force on the charge q moving parallel ta magnetic field with velocity vis:

(a)gv Bsing (byquB (g} zero (dii8
10.8 TheunitNA"m" is called:

(a)weber (b)tesla (c} coulomb {d) none ofthese
10.9 Electrons while moving perpendicularly through a

uniform magnetic field are:

(a)deflacted towards north pola (b) deflected towards scuth pola

(c) deflacted along clrcular path {d) natdeflected atall

10.10 Amagnet is suspended from a spring. The magnat oscillates
and moves in and outofthe coil connectad 1o a galvehdmeter.
When the magnet oscill ates, the galvanomater shows:

(a)defiection to the left and to the rightwith constant amplitude
(b) deflected on one side
() nodeflection

(d} deflection to the lefl and right, but the amplitude steadily
decraasas

Short Answer Questions

101 It is said 1hat Lenz's |aw speciically applies to induced currents and not directhy to
induce emf. Explain briafly.

10.2 Asquare loop of wire is moving through a uniform magnetic field. The normal to the
loop is oriented parallel to the magnetic field. 12 an emf induced in the qup"* Gwe a
reason for your answer. Fras

10.3 Does thelinduced emf always act to decreass
the magnetic flux through a circuil?

104 When a magnetis pushed into the solenoid, as
shown in the figure (@), the galvanometer
indicates a small current. VWhy is the current
produced? What will be the magnstic pole
produced etthe left end ofthe solenoid?

10.5 A bar magnet falls through e fixed metal ring
(Fig-b). Wil the magnet fall with en acceleration P
of a fraely falling body? Give reason. (b) _'f-" = }

i
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10.6 Which of the two charged particles of the same mass will be deflected mast in the
magneiic field {a) fast moving (b) slow moving?

10.7 An electron and a preton are projected into a magnetic field at right angles to it with
a certain velocity. Which of the particles will suffer greater deflection? Why?

10.8 Canasingle moving proton producs magnetic flald?

10.8 Amagnetic ield is necassary if there is (o be a magneatic Nlux passing through a coil
of wire. Yet, just because there is & magnetic field doas not mean thal a magnetic
flux will pass through a coil_Account for this situation.

e e PN
Constructed RHesponse U

10.1 Acharge is lying stationary batween the apposite poles
of two magnets. Is a magnetic force exerted on it? Why?

10.2 When tha switeh in the circuit is closed, a current iz
established in the coil and the metal ring jumps ;
upward. Why? Dascribawhatwould happen to the fing Col
if the hattery polarity were reversed?

10.3 The figure ahows a coil of wire in the x — y plane with a
magnetic field directed along the y-axis. Around which
of tha threa-coordinate axis should thecail ba ratatad
in orderto generate an emf and a cament in the coil ?

104 Is it possible to change both the area of the loop and
tha magneticflald passing through the loop and still ot
have an induced amfin tha loop? Giva reason. —

10.5 Does the appllcation of untform rmagnetic fisid to a X
moving charged paricle result in a change in
kinatic enargy of tha paricla? Explain. x/

10.6 A uniform electric field and a magnetic field act in the same direction. A proton is
projected, into the space, with a uniform velocity in opposite direction. What will
happen fathe proten?

10.7 A conductor moves in a magnetic field when a current is passed through the
conductor. Would you expect the reverse effect to occur? That is, would a current
be producedif 8 conductor iz maved across the magneticfield?

k

10.8 Gonsider a condueting rod of length L moving | cn"mr’f’_','g o
with velocity v to the right as shown in the el B K'
figura. Laft ande of the cenduecting ralls are ; B \
connected to & bulb. Due to motion oftherod |0 = % % Fl, 7L & /
through the magnetic field, an emf is |4 ® ¥ xR ® M
produced acroes tha ends of the rod. This emf PR . .r’
gives rise to a curment £ As a result, the bulb 1

I—*  (Conducting red
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lights up. Explain where does the slactrical energy consumed by the bulb come
from?

10.9 What will you da if you want to save a sansitive instrumeni from siray maghetic
fields?

™ o o o B il @ 1T T parmse. 1
Lomprehensive Questions

10.1 Distinguish batwesn magnetic: flux and flux dansity. How are they relatad?

10,2 Fird anexprassion forthe force axertad ona currant-carmying conductor placed in
aunformmagnetc fleld.

10.3 State and explain Faraday's law and Lenz's law. Also describe factors aftecting
theinduced emm.

10.4 Determine the force acting on a charged parlicle moving through a uniform
magneticfield.

10.8 Whatis avelocity salactor? Explainits working.

106 Explainhow ferrofiuids work?

Bl srmmoeieal Pessblemmye
Umarncal Froiems

10.1 A positivaly chargsed particle is projectad parpandiculary inte a magnetic figld at a
gpeed of 1500me”. It expariences a force of magnitude F. Atwhat angle 8 with the
field, the partide should be projected at a speed of 2000 m 5", so that it
axperiahcas the same magnitudeof farce? {Ans: B=48%)

10.2 Electrons are accelerated from rest through a potential difference of 15 kV in an
pacilioscope. The electrons then pass through & 0.35 Tmaghetic fiald that deflects

them to the desired position on the screen. Find the magnitude of the maximum
foree that an electronican experiance. (Ans: 4.1x10™N]

10.3 A square ¢oil of side 15 om each consists of 60 tuna. Initially, it is located in a
uniform magnetic field of magnitude 0.8 T such that plane of the coil is
parpendicular to the fiald. The coil is then tumed through an angle of 8=3 ina
time of 2 5. Determine the sverage induced emf. {Ans: 0.07V)

10.4 Amatallicrod is moving through a uniform magnetic field of 0.2 T. The amfinduced
across its ends is found to be 0.8 Y. It is required toinduce an emfof2 4 acrossits
snds. How much flald strangth s neaded for this? (08T

10.5 Acopper ring has a radius of 4 0 cm and resistance of 1.0 m{). Amagnetic field is
applied over the ring, perpandicular to its plane. If the magnatic fisld increases
from 0.2 T to 0.4 T in a time interval of <107 s, whal is the current in the ring during
this interval? {Ans: 201 A)

10.6 Acoil of 10 tums and 35 ¢m” area is in & perpendicular magnetic field of 0.5 T. The
coil is pullad out of the field in 1.0 5. Find tha induced amf in tha coil as it is pullad
outofthe field. {Ans: 1.75x107V)
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10.7 A proton is agcelerated by a potential difference of Gx10° volis. It then gnters
petpandlculardy In a unlform magnetic flald B =1.0 wabar m®. Find the radlus of
curvature of the path of the proton. m=1 £7>10" kg, e= 1610 C.

{Ans: 11.2 cm)

10.8 A proton enlers a uniform magnstic fiald B = 0.3 waber m™ in a direction making an
angle 45° with the magnetic field. What will be the radius of the circular path if the
velocltyof pratonls 10°m s, (Ans-2.46x10°m)

10.9Thrae Identleal conducting rods L., L, and L, B
ara moving in different planes with the same speeds 7T z 4 ;
v,=v,=v,=25ms" as shown in the figure. The T
length of aach rod is 80 ¢m. A constant magnetic field H
of magnitude 2 = 0.5 T is directed along z-axis. Find 8 ¥
the magnitude of emfinduced in each rod and indicate 8
which end of the rod is positive. b
[Ans: (Rod L,) emf = 0.75 V, and and a is positive,
{Rod L )emf =0 (Rod L) emf=0]

L L 9

10,10 An emf of 0.5V is induced across the ande of 2 metal rod moving through a
magnetic field of 0.4 T If an emf of 1.5 V-bas to be induced, what field strength
would ba nesded for that? Assumethat allothar factors remaln the same.

(Ars: 1.2 T)

10.11 A charged particle moves thiough a velocity selector at a constant velocity of
4 96x10" m s' in a direction-parpendicular to both E and B. If the magnetic fisld
strength iz 0.114 T, what should be the magnitude of alectric field irtensity so that

the particle moves undeflected? [Ans: 5.65x10°N )
1012 A current-carrying, conductor PGy of length 2 m is I |
placaed perpandiculany to a magnetic field of Aux dansity
0.5 T as shown in the figure. The resulting foree on the d A

conductoris 1N acling into the plane of the paper. YWhat
iatha magnitude and direction of tha currant? +
{Ans:1 A, QtoP) =)

Y WV W Y YWY




/Special Theory of Relativity

Aftar atudying thia chaptar, the studsnts will ba abls ta:
¢ Distinguizh between inerfisl andnon-inertial mmesof reference. .
Dascribs the signifcance of Einglein's assumption of the constancy cfihe spasd of hgm.

Dascriba thal if ¢ is constant thenspace and time bacome relative. -

Siate the postul ates of Special theony of ralativity

Explain gualitativaly and quantitativaly the mnsaquaneascfspeual naladmtr

Specifically in the case of:

a. Tharalaibdty ofsimultanaty.

b. Theeguivalence betwesn mass and ensrgy.

¢, Lenglhconraction,

d. Tmediaticn.

a, Massincrease

% Stata that spacstme |x & mathamatical macdel |n ralathvity that treats t me 55 & fourth dimenslon of the
{rad tienal three dimenskonaof space
{Itcan ba thought of as a retaphornical B!ﬁeﬂ of paparthat can band, and whan tbandz it can causa
affects such as siretching and compresslon seenwhengravitaticnal waves pass through objects: )

L - -]

t the beginning of the 20th century, new experments and theoretical calculations

revealed that classical physies, basad on Newton's laws, could not explain
phanomena involving extremely amall particlas or very high velocities. This led to the
development of relativistic mechanics, which affered a more comprehensive framework
than clagsical mechanics and fundamentally changed our view of the universe. Albert
Elnsteln's Speclal Theory of Ralativity, Introducad In 1805, addrezsed these Issuse by
proposing that the laws of Physics are the same for all observers and that the speed of
light is constent, regardless of the cbserver’s motion. This theory not only resolved the
conflicts betwasn dassical mechanics and electromagnetic theory but also revolutionized
oUr understanding of time, space, and malion, forming the basis of whalis now known as
mogdem physics. This chapter will explorg how Einstein's thaory rashaped our vigw of the
universe and continues toinfluence our understanding of the physical world.

11.1 RELATIVE MOTION

Consider throwing 2 ball to yourright. For somaona facing you, this direction appears to
his left. This illustrates that direction is a relative concept. Similarly, the state of rest or
motion of en object dependa on the observer. For example, the walls of a moving train
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asem stationary to passengers inaide the train but appear ko be moving to someone
standing on the ground. Thus, we cannot definitively say whether an object s absolutaly
at rest ar in motion; all motions are relative 1o the observer or to the reference frame
being used. This becomes evident with the following example: An observer in a closed
train compariment uses tha compartment as his frame of reference. To determine the
frain's motion, the ohsarver drops a ball and measuras the horizontal distanca travalled
by the ball, keeping the vertical distance the ssme in each case. |t is assumed that the
vartical distance i coveradin “f” sacondsinall scensrios.

Case (a): Suppose the train s stationary. In that ease, the horizontzl velogity of the ball
will be zero, and the horizontal distance travslled will also be zero, In thig scenaric, the

chservations mads by the
observer inside the Tain and
by someone outside the train
will ba idantical. The ball will
have fallen to a polnt on the
flcor directly below the point

from where it was dropped Observer In the train Observar outslds the traln
fFig. 11.1-a). L e 1-4m)

Casze (b]: The train is maving with a uniform velocity v,. When the ballis released, ithas
an initial horizontal velocity v, and behaves |lka a projectila. It travels a honzontal
distance 1t in time t it takes for the ballto reach the flocr. Since both the train and the
abserver inside it are moving with the same velodty v, they both travel the same
horizental distance v.t In the same time . Therafora, the observer Inslde the tran
saes that the ball falls to & pointon the floor directly below where it was dropped. In
contrast, an observer cutside

the train wil ses the ball

following a projectile path, { @ “

as shown in Fig. 11.1{b). e 1

Thus, observersin different | J1 «  [i '......__..... ...__i b~
frames ofreferance, moving

with uniform velocity relaive  qpeaner in the ” .

Ia ‘each wigpr; Wil percelve. ‘icing tein Cbsarver outside the moving trein
motion differenty. Fig. 11.1{b)

11.2 FRAMES OF REFERENCE

We have discussed the most commonly used Cartesian Coordinate System. In effect, a
frame of refarence is any coordinate systam relative to which measurements are taken.
Forexample, the position of a table in a room can be described relative to thewalls of the
room, making the room the frame of reference. Similady, the laboratory is the reference
frame for measurements taken thera. If the same experimant is performed in a moving
train, tha train bacomas the frame of raferenca. Tha position of a spacaship can ba



= Physics 11 w‘ Chagbee{1 1 Special Theory of Relativity ™

deszribed relative to the positinns of distent stars. A coardinate system based on thesa
stars is then the frame of refarenca.

Inertial and Non-inertial Frame of Reference

An inertial frame of referance is defined as a coordinata systam in which the law of
Inertla 15 valld. This maane a boey at rest remalns at rest unless acted upen by an
unbalanced force that produces acceleration. Other laws of nature also apply insuch a
syatem. Forinstance, a body placed on the Earth remains at rest unless an unbalanced
force asts upon it, indicating that the Earth can be considered an inertial frame of
reference A body in 8 car moving with uniformn velacity relative to the Earth.alsa remains
at rest, so the car is also an inertial frame of reference. Thus, any frame of reference
moving with uniferm velocity relative to an inertial frama is also an inertial frame.

However, if the moving car ia auddenly stopped or :;L‘f;;':-‘;-““"5~’-'5i‘*‘f‘f‘w?a-='£""f
accalerated, 1h.9bcdy|nls|dalnu longsrremaine sirest. Insuch Relmtivity i the shody T
cases, the car is nol an inertial frame of reference. Therefore, 0 ich cossrvars from
an agscelerated frame of reference is a non-inertial frame.  meving frame of referenca
While Earth is rotating and revolving, making it-strictly affect your parcaption of tha
spesking a non-inertial frame, it is often traatad as an inertial  werdd.

frame duato Its relativaly small accalaration.
11.3 SPECIAL THEORY OF RELATIVITY Il ccrov w7 BN

The theory of relativity deals with how gbservers in
different states of relative motion describe physical
phencmena. The special theory of relativity addresses
problema involving inertial {non-accelerating) frames of
refarenca. Thera ig ancthar thecry, called the genaral
theory of ralativity, that deals with problems involving The spead of light o emitted by the
frames of reference thatare aceelerating relative to one Eg;“"g”‘ = TRALERT S N D

A SR ervers, one moving Inthacar with
another. The special theory of relativity is based ontWo ;.o v and other standing on the
postulates, whichican be stated as follows: road.

1. The awsofphysics ara the same in all inertial frames {Principle of Relativity).

Z. The speed of light in free space has the same value for all observers,
ragardless of the state of motion of the sourca or the abserver {Princlple of
Canstancy of Light).

The first postulate generalizes the fact that all physical laws arg the same in frames of
reference moving with uniform velodty relative to one ancther. If the laws of Physics
differed for obearvers In relative motion, those observers could daetermine which was
stationary and which was moving. However, such a distinction does not exist, implying
that there is no way to detecl absolute uniform motion.

The sacond postulate statas the expar mantal fact that tha spaad of light In free apasa ls
a universal constant, denoted as ¢{c=3x 10" m s} Since ¢ is constant, space andtime
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become relative. Foraxample, if you are sitting in a train moving at the spaed of light and
you haold up a mirror in front of you at arm's [ength, you will still see your reflection in tha
mirrar. This is bacause, accarding to tha principle of relativity, no expariment can detect
the constant motlan of the train relativetothe person Inside It

Thaege simpla postulatas hava farreaching consequencas. They include phanomena
such as the slowing down of clocks and the contraction of langths In moving referenca
frames as obsarvaed by a stationary chserver, Some interesting results of the spacial
theory of relativity can ba summarized as follows, without going into their mathematical
datails.

The Relativity of Simultaneity

If two events in different localions are observed by one observer to be simultaneous,
they will generally nat be observed as simultaneous by ancther pbserver in a different
frame of raference moving relstive to tha first observear. In otherwords, whethar two
evenls ars sean as simultaneous depends on the chsarver'sframe of reference,

Consider a train equipped with light-cperated deora. The light switch is located in the
cantre of the oof and is operated by a traveler standing in the middle of the
compartment. When the frain is travelling at half the spaed of light, the travelar tums on
the: light. The light travels forward and backward atequal speed and reantms hom duors
at the sama tims. Consequently, the traveler gees both | or Yo m—
doors opening simultaneously. However, an obSErvar v, ansinaframe of referance
cutside the train will see the back door open before the moving et sonatant velocity
front docr. Thiz is because tha hack door is moving from which vou cannot aze any
towards the light waves, whila the front door is maving  9ther frame of refarancs, thars
awayfrom the light waves. in no way ko know if vou are

maving or gtrest.
Time Dllatlon

Ageording to the special theory of relativity, time is not an absolute quantity; it depends
cn the motion of the frame of reference.

Suppase an observer is staficnary in an ingrtial frame and measures the time interval
between two events in this frame. Let thistime imtensal be {. Thisis known as propertime.
If the observer is meving wilh respect fo the frame of events with relativistic velocity v, or if
the frame of events is moving with respect to the observer with a uniform relativistic
valocity v, thetime measured by the cbserverwill not ke £, butrather?, givenby

t=— s {11.1)

1

: J &
2

As the quantity 1= ‘;—2 is always less than one, 50 ¢ is greater than ¢, i.e., time has

dilated gr stretched due to the relative motion of the observer and the frame of reference
of the events. This astonishing result applies to all timing processes—physical,
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chemical, and biclogical. Even the aging process of the human boady is slowed hy matinn
atvary high speeds or relativistic speeds.

For example, if a traveler on a plane moving at 0.8 ¢ picks up and cpens a book, the
event takes one second as measured by the traveler. However, to a person standing
outsida tha plane, the same eventtakes 1.7 secords.

Length Contraction

Tha distance from Earth to a starmeasurad by an obaervarin a moving spaceshipwould
appear smaller than the distance measured by an observer gn the Earth. In gther words,
if yau are in motion relative to two points that are a fixed distance apart, the distance
between the two points appears shorter than if you were at rest relativa to them. This
effecl is known as length contraction. Length contraction occurs only along the direction
of mation; no auch cantraction is ohaervad perpendicular to the direction of motion. The
langth of an object or the distance bstween two pcints measured by an obzarver who is
at rest relative to them is called the proper langih £, If an ebjectand an observer are in
reletive motion with speed v, then the contrected length '¢'is given by

2

gy i M
i—2 7 st {11.2)

Let a train that is measurad to be 100 metresiong whean al rest travel at 80% ofthe speed
of light (0.8 ¢). A parson insida ths train will measura its lsngth as 100 metres. However,
a person standing by the side of the rack will observe the train to ba only 80 metras long.
This affect of ralativity, which is the shortaning of langth in the directioh of motion, is dua
tolength contraction.

Mass Varlation

According to the special theory of relativity, the mass of an object ia a variable quantity
that depends on the object's spesad. An object whose mass is measured at reslis called
its rest mass m, , will have an increased mass mwhen observed to be moving at speed
v. They are related by
mﬂ
m= ﬁ ........................................ {11.3)
iz
c

Ths inareass in mass indicates the increase iningrtia that an obiect has at high speeds,
As vapproaches ¢, itrequires a greater foree to change the object's speed.

2
As ve, L1, therefore, J1—V—, -0
e c

Thus M —> oo

An infinite mass would require an infinite force to accalerate it. Since infinite forcas are
not available, an object cannot be acoelerated to the spesd of light ¢in free space.

In our everyday life, we deal with speeds that are extremely smazll compared to the
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speed of light. Even Earth's orbital speed is only 30 km 57, while the speed of light in free
space is 300,000 km s". This is why Newton's laws are valid in sveryday situations.
However, whan dealing with aubatomic particles moving at valacities approaching the
spocd of light, relativistlc affecls bacome vary prominsnt, and axperimantal results
cannct be explained without eensidering Einstein's equations.

114 THE EQUILANCE BETWEEN MASS AND ENERGY

According to the special theory of relativity, mass and energy are distinct entities but are
inlerconvertible. The total energy £ and mass o of an cbject are related by the
expression:

B iiien et s {(11.4)

wherea i depands on the spead of the object. At rest, the enargy equivalant of an ablect's
mass m, is called its rest mass enargy £, Thus,

E =mg

As mc’ is greater than m &, the difference of energy (mic’ — m ') is due to the motion,
and It represents the kinetic energy of the mass. Hencs,

K.E.=fm-m,}c

From Eq. 11 4, the change in mass mdue to changée in energy AE is given by
Am=AE
&
Because & is a very large quantity, this implies that small changes in mass require very
lerge changes in energy. In our everyday world, energy changes are too small to provide
meagurable mass changes. However. energy and mass changes In nuclear reactions
are found to be exactly in accordance with the aforementioned equations.

11.5 SPACE-TIMEINRELATIVITY

Space is said to be athree-dimensional extent in which all objects and svents ocour. I
provides a framework to define the position and motion of varous cbjects under tha
influance of someaforce.

Time measures the sequence and duration of events. In the theory of relativity, time is
not absalute; it is considared the fourth dimension. For example, oscillatory motion,
such as that of a swinging pendulum, relies on tima to detarming the frequency of
oscillations. Another example is time dilation, & phenamencn discussed earlier in this
chapter, whare tima passes mora slowly for an ohsarver moving at extramely high
eposds compared to one at rest. The epeclal theory of ralativity axplalns that space and
time are related fo each other. i desaribes how space and time are influenced by gravity
and speed, such as the bending of light around masaive objects like stars.

Space-limee is, in Fact, a mathematical modsl that unifies space-tima intg a singla
continuum. Itis & concept used to descrike all points of space and time and their relation
to sach other. According to Einstein's theory, space-time iz curved especizlly near
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massive bodies and for apeeds
approaching the epeed of light. Wa can
hypothetically visualize this as a fabric
sheel. If a heavy ball is placed over this
shest, it curves as shown in Fig. 1.2,

Ohjects such as stars and planels cause
space-time to curve around themselves,
much like an elastic fabric deforms when
holding 8 ball. The more massive the
object, the deeper the curve. Fig. 11.2

Conssquanty, we da not speak of a forca of gravity acting on bodles; Instead, we say
that badies and light rays move aloeng geodesics (analogous to straight lines in plane
geometry) in curved space-time. Thus, a body at rest or moving slowly near a massive
objectwould follow 2 geodesic toward that object.

Einstein's theory provikles a physical picture of how L0
gravity works. Newton discoverad the inverse square law
of gravity but sxplicitly statad that he offerad nhe
axplanation for why gravity should follow this, law.
Einstein's theory alse describes gravity as following an
invarse square law {except in strong gravitational fialds),
but it explains why this is so. This is whyEinstein's theory
is congidersd an adwancement over Newlon's, even
though It encompasees Newton's theery and vlelds the
sama results as Newton's thaory.jn all but very strang
gravitational fields.

Tha banding of slarlight causead by the Sun's gravity was
measured during a solar-eclipse in 1919. The results 2 :

maiched Einstein’s theary rather than Newion's, leading mﬁﬁfmﬁﬂhﬂfﬁeﬂ%
to Einstein's theory being hailed as a sdienlific iumph. 55 casses clase twthe Sunon s
Another success of Einstein's theory was the detection of gvay;ht: E!:::;'mv: :Tric't Tnstgr
gravitatioral weves, produced by seme celeslial events ' =
causing disturbances (squeszes and stretches) in the Fflee by L arelc ¢ Slnelsn

: predicted that § = 1.745 eeconds
curvature of spaca-time. Thess waves were detacted in  of angle which was found 1o ba

2015 and announced in 2016. tha same during the salar eclipsa
of 1818,
ixantpde 10.10  The period of a pendulum iz meazured to be 3.0 a2 in the inerial

refarence frame of the pendulum. What is its period measured by an obsarver moving
at a spead of .95 c with respect io the pendulum®?

w8 14 B s
SRR S

f=30s, v=0595¢, =2
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Using t= b
\"2
-
Fae 308 e A0s _96s
\(1_(9.95@2 41-(0.95¥
B.E

Example 1125 A bar 1.0 mIn longth and located along x-axls moves with a spaed of
0.75 cwith respect to a staticnary ohserver, Whalt is the length of the bar a5 measurs:
by the stationary observer?

€ el er il i =L, i TR T
Solertian For yourinformation
e e

£=10m , v=0D75 ¢ , £=7 The faster Yol ars maoving of close
to a8 -atrong source of gravity, tha

alowerthe time goes for you,
Using ) h-z—: il

I’W_Lum xo1—(0.75)" — 0.BEm

-1 0m=,1-
L
Example 11.2 0 Find tha mass mof a moving abject with speed 0.8 ¢

imterasiing Information

Usi 1, &l
sng m = ST If you Bre on some spaceship
\, i mowing extremely fast through
¢t space near 2 black hole (ke in
o movia, TInterzteller” then you
or m = 3 = 2 5 =187 cnuid miss 7 years on the Earth in
J1_m.sch J1-(0.8) auBryou
4]
of mi=1 1.67m,

Hypothetical Example of Spacse Time

Let a spaceship be travelling to a star with half of the speed of light. Let it takes eight
yearg to reach to the star, fram the point of view of the observer on the Earth. From the
Earth's point of view, the clocks on the spaceship are moving slowly, so thal less time
passes on the spaceship compared to the Earth.

Fortha spaceship acclupants, the length ofthe journay has contracted which they cover
in less time. The occupants of the spaceship record T years to reach their destination,
ratherthan & years.
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Tick (v} the correct anawer.

11,1 Relativistic mechanic yvields results different from classical mechanics for
objects moving with:

(a) low veloocity (b} velocity equal to that of sound waves
(c) velochty greater than sound waves  (d) veloclty approaching that of light
11.2 If an cbserver is moving in the same direction as a sound waye, the velocity of the

wava saems b be:
{a) more (b less
(c) constant (d) sum l:rfltl_jle'twﬁ velocities

11.3 If the rest mass of a particle m, increases to mydyd fo its high speed, then its
kinatic anergy is:

{a) 1/2 mc’ by12m? = (e){m-m,)c {dy12{m-m)c
11.4 The speed of beam light of a car whildsfhoving with high speed as compared to
its rest position is: .
(a} graater (b) less . () sama {d} zaro
11.% A phcton is a particle of light. _What is its mass whan it moves with 0.9 ¢?
(2)9.1x 10 kg (b} 1.67 2 10™kg (c) 1.67 x 10" kg {d} Zero

[@__{Short Answer Questions
111 Whatis meanthy'iﬁ'erﬁal frame of referance and a non-inertial frame of reference?
11.2 Whatara the two postulatas of spacial theary of re|ativity ?
11.3 Describs #vhy itis impessible fora material particle to move with speed of light.
114 DDésthénry of relativity contradicts Newton's laws of motion™? Explain briefty.
11.5 Whatis meantby proper time, and propar langth?
11.6 Whatis meantby relativislic mass, length andtime?
11.7 Why mass of a moving objectincreases?
11.8 All motion are relatives. Does space-time is absclutet Explain briefly.
11.% Explainthet speed of lightia anultimate limit for any object.
11.10 Give axamples wharaths results of speclal theory of relativity have baon verfled.
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1.3
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11.2

11.3

12
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1.5

Chagbee{1 1 Special Theory of Relativity ™
Constricted ?'E{ESE';;ES&HES.“ Ouestions

Speed of sound is affected by relativa motion between the observar and the
source. Coes this apply to speed oflight 25 wel1? Describe brigfly.

Is it aver possible to see a star moving away from us at a uniform velocity equal to
tha velocity of ight?

Ifthe spead oflightis just 50 m s, how would every day events appearto?

If the speed of light wars infinite, what would the squations of special theory of
redativity reduce to?

Acoording te Einstein's equation; £ =m¢?, is it possible to create a single slectron
fromenergy? Exphain.

Comprehensive Questions ¥

Vhat is meant by the “frame of reference™? Distinguish between inertial frame of
refarance and noninardal framea of rafarancs by giving examplas.

Describe the Einstein’s mass-energy equation; why cannot we observs its effacts
In sveryday | ifa? Whatara [ts skynificant consequences? Give examples.

State the Einstien’s concept about the space-time. Describe the view of gravity
according to this concept.

Numerica] Problems
An glectron is accelerated to a speed of § 285 ¢ which passes down an evacuated

tube 500 mlong. How long will thetube appearto the elactron? {Ang: 50m)

A neutron, being not a stable particle, disintigerates in 20 minutes on the average.

How long will it seem toexist if shoots cut from a nucleus with aspeed of 0.8 c7
{Ans: 33.3 min)

Aspaceship is measured 100 mlong while itis at rest with respect to an cbserver. if
thls spaceshlp how fllas by the cheserver with a speed of 029 ¢, whatlangth will the

obsarver find for tha spacaship? (Ans: 14 m)
The rest mass of an electron is 9.11 x 10* kg. Calculate the comesponding rest-
mass energy. {Ans: 8.2x 10" Jor0.51 MeV)
An electron is accelerated to a speed v = 0.85 ¢. Calculate its total energy and
kinatic enargy In electron volt. (Ans: 0.97 Mev, 0.459 MaV)
Atwhat spaad , would the mass of a proton in a particle accalerator be tripled?
{Ans:0.843¢c)

The period of pendulum is measured to be 3 s in an inertial frame of reference.
What will be the pericd measured by an cbserver in a spaceship with a constant
speed of 0.95 cwith respect to the pendulum? (Ans: 9.65)
Hypothetically, If a ball of mass 0.5 kg ks projacted with 2 veloclty of 0.9 ¢, what will
be its massin flight? {Ans:1.15kg)
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Learning Objectives
After studying this chapter, the students will ba abls to:

% stats that nucleon nurmber and chargs are consorved in nUCiear protessas

% describe the compostilon, mass and chargs of o-, f- and yradiations [both §--(electrons) and
f+{pasitrona)areinaluded]

4% Explainthal &n anti-partide has ihe same mass but opposie charge o the cormesponding padicle
[giva the exampls that a positron istha anti-particls of an electren]

state that (electron) ani-nauirings are produced dudng PB-decay and [sleciron) nautdnos are
produced durnhg B+dacay

+ +»

Explein that o-particles heve diacrete energies but that B-particlea have a conlinuoua renge of
energies because (artinoutines are gmitled in B-docay

Dezcrbe quarks and ardi- quarks (as a fundamental lincluding that thara ars six flavors (ypss) of
quark; up, down, atrange. charm, top and bottonn]

dencribe protons and neutrons in termaof theinguark caompoaition

4

L

stat= that & hadron may be either a baryan (consisting of three quarks} or a meson (consiztng of
onaquark and an antiquark)

describva the changes to quark compeos|tion that taka placa durng B- and B+ decsy
stata that slectrons and newrtings are fundameantal paricles called laplons

State, W, £, gluon, end photone as fundamentsl particles called axchange paridlae or force
Camers

o &

¥ Stale tha Higgs Bosonias a fundamentsl particlewhich i msponsibie forthe paricla's mass.

4 Explzain that cvery subatomic particle has a coresponding anti- particle [thet has the samo mass
85 B ghven particle but opposlie electric ormeagnetc proparties eccording tothe Standand Model of
Particle Physias)]

4 Explain that thers are varicus contending theoriss about what 'mass’ and foree' am genarabed
frarn [8.g. that these are genarated from quantum flelds whan thay amres energteed, or from muld
dimanskonal "strings' that wWibrate It hig her dimerslons bo glve dss 1o partekss (no furthar echinlcal
knowlsdge beyond these simple descriptions iz expected at this level 1]

Ilustrate that anki -partices usually heve the same weight, but spposite charpe, compared to their
matter Counterparts

State that most of the matter In the observable unlversals matter
Dresscribaer Lher ssyrmirmely el melier and anl -redlerin (be universe as anunsobed myslery

Descrbe annlhilation reactions [e pertdcle meets ks comasponding and -perticle, they undergo
annihilation neactions in which sithar all the mass is convartad to haat and light anangy, or 2nma
mass 5 left over In the form of new sub-atomic particles.]

@
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We believe thet all atoms are made up of neutrons, protens, and electrons. The
antiparticles of these three pariicles are alse known. The posilron {a positive
electron), the neutrino, and the photon are also known. By the end of 1960s, many new
types of parlicles similar to the nautron and the proton ware discoverad. These were
called mesons whose masses were mosily less than nuclean masses but more than the
eleciron mass. Aftarwards, other mesons were alse found that have masses grester
than nuclecns. Physicists started to ook for more fundamental particles which must
have evan smaller constituents which was later confirmed by exparimants. These ware
named as quarks. We will discuss in this chapter, the besic building blocks of matter.

12.1 STRUCTURE AND PROPERTIES OF THE NUCLEUS

The atomic nucleus comprises two types of particles: priotons and neutrons. Aproten is
the nudleus of the simplest atom, hydrogen, called a protium. The proton has a positive
charge of the same magnitude as that of the slectron (18107 CY and its mass is
1.87 x 107 kg. The neutron, whosa existence was pointed out in 1932 by James
Chadwick, is slacirically nautral as its name suggsstad-and its mass is nearly the same
asthat of proton. Now we can say that the nucleus has two types of particles (neutrons
and protons) called nucleons.

Besidezs hydrogen, the nudlei of all other elements consist of both neutrons and protons.
The different nudei are called nuclides. The number of protons in a nuclkeus is called the
atarnic number represented by the swmbol Z. The total number of nualesns, the sum of
nautrons and protons, ls reprasemted by the symbol A and e zalled the atomic mass
number, or slmply mase number. It ls wrtton as

AsN%Z .. (1213

where N represents the' neutron number.

In order ta spacify tha glvan nuclsl, the symbel X1s commonly used as ;X, where X |s the
chemical symbol for the elsment To Indlcate the mass of atomic particles, Instead of
kilogram, unified mass scale {u) i= genarally used. By definiton 1u iz axactly cne
twelvath the mass of carbon-12 aton {1u = 1.8808 x 10 kg = 231 MeV). Using this
value of u, the mass of a preton is 1.007276 u and that of a neutron is 1.008665 u while
thatof an electron is 300055 u.

For a particular atom (e.g., carbon), huglai are found to confain different numbears of
nautrohs, although they all have the sama humbetr of protons. For example, carbon
nuclei alwaya have 6 protona, but they may have different number of neutrans. Nuclei
that conlain the same number of protons but different numbers of neutrons are called
isctopes. Isotopes of carbon are '2C, ¢, and %G, amongst them C and C are stable
bul ;C is unstable and decays into nitrogen along with the emissien of B and neutrino
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12.2 FUNDAMENTAL FORCES OF NATURE

To understand the structure of the nudeus, it is important to Know the nature of the
forcesthat bind the nuclean together. But hefore that, we should know the basicforces in
nziura. Despita the apparent complaxity within the universe, all interactions in the
univarse are govemed by the four basic forces, known as fundamental forces. These
forces control how objects move, inleract and behave at different scales from nudeons
in the atom tc massive galaxies. The four fundamental forces are gravily,
eleciromagnetism, weak nuclear force, and streng nuclear force.

Gravitational force or gravily is one of the four fundamental forces of nature. It is the
weekest of the four but it is a long-rengs force. [t is an atiractive force and arizes due to
the gravitational interaction betwoen the bodies. The gravitational force betwaen two
bodies is proportional to the praduct of thelr masses and inversaly proportional to the
square of the distance between them. When considered for meassive objects, such 55
tha Sun, or glamt planets, gravitational force Is consldered to be signiflcant as the
masses of these objacts are larga. However, on an atemic level, this force is considerad
o be negligibly weak.

The slactromagnetic force Is responsible for electric flekd and magnetic fleld
interacticns. Like the gravitalional force, the eleciromagnetic force follows an inverse
square law but is much strongar than gravity: Itgovams a vast range of phenomeana,
from atomic structure, chemical bonding, electricity, magnetism, and light propagation.
<Jamas Clerk Maxwsll {136 1) formulated asetof four fundamental equations named as
“Maxwall’s aquations” that unifiad eleciricity and magnetism into elactromagnatiem.
These equations describe how. electric and magnetic fields interact and how
eleclromagnetic waves propagate. These equalions showed that electric and magnetic
fialds are not saparate forces but are twa aspects of & single elsctromagnetic force.

Cut of the four fundamental forces, nuclear forces are the strengest attractive forces.
Electromagnetism holds the matter together, but there was no explanation on how the
nucleus is held together in the atom. If we only consider the farces of electromagnetism
and gravity, thernucleus should fly off in differant directions. Tha stability of the nucleus
implias that another force should exist within the nucleus which is stronger than the
gravitational force and electromagnetic Tahle 12.1

force. This is where nucdlear forces Relatlve atrength and range of four

; fundamental forces
come into play. Strang nuclear forces

; ; : Fo ropdimate Relati Ra
are respensible for holding the nuclei of s e Strongth i aad
atomns together. They only exist inside feompared b strong forcw)
the nucleus. So, we call them ea short- gy 1o -

range forees, The strong nudear foree weak nuclear
acts as an attractive force betwean a|l forees
nucleona. Thus, protons attract each Eleciromagnetic 1o =
other via the strang nucisar forcos at Firong nuclear 1 1075 m

1w <1074 m
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tha same time they repal each other via the elactric forca. A neutron, being electrically
neutral, can atiract other neutrons or protens via the strong nuclear force. Weak
nuclear forces are responsible for the radioactive decay, particulary the bela decay
and intaractions involving neutrina. Unlike the othar fund amaental forces, the wesak forca
can change the identity of particles, making it essential for processes like nuclear
fusion in stars and the decay of unstable atomic nuclei. The relative strength and range
ofthe above fourforces aregiven inTable 12.1.

12.3 MATTER AND ANTI-MATTER d J1 |

It was predicted by Paul Dirac In 1828 that the 1A paricla accslarator-ls a huga
fundamental particles have their anti-particles. The rest ’”:gi"t':’::s“"a: :f:ft:feizﬁ?
masses of the anti-particlas are the same as that of thair Emmns. AR Rkl higl':
I:DI"I'BEpundlng pal‘tlcles but with ﬂppﬂslte chams and Bngrg|33 and EPBECIS, 3F|Pmach|r|g
magnetic moments. For example, positron is the anti-  the speatlof ight

pattlcle of an alsctron. |t s rapresenied iy @', The rest 2. Lineer Accelerators, Cyclotrans
mass of the positran is the same &s that of an electron’ Bnd Betairons are impaortant
bul it camries positive charge with magnitude the same particie accalerabors.,
asthatofan alsctron. Itis noted that the positron was thea

first discovered anti-particle by Anderson in 1932 in &

cloud chamber experiment. This was first expedimental [l interesting infosmation |
discovery of an anti-particle. After that s lot of anti- . 4. wcrkﬁ;nthlsdlsucr\rery
particles were discoverad, Usnally, the anti-particles aré birac snd Anderson racsivad the
rapreseanted by a latter with a barover it @.g., anti-proton Nabel Priza In Physies-Diracin 1933,

is represented by p anti-neutring by v and so on. and Anderson in 1938, In 19535,
Begre and Chamberlsin discovered

The quarks and leplons hava been racognized as the antbproton uslng a  particla
fundamental particles also known as slementary accelermior and were awarded the
particles among the fon'many discovered particles. Nobel Priza in physics in 1859 for

Thase alsmantary paricles hava also anti-particlas. MBsparertol antron

o - L )

{i) Tha cesmicrays are high-anargy parides coming from the ouler-space with unknown sources. Thair
saurts may be thae Sun or the other stars. Thase parlichas consist mosty of protons. naumons and
heaviar nucksi, which are continually bormbarding tha Earth. Yhan thesa particlss interact wilh the
atoms of tha gasas of the Earth's atmasphars, thay produce shionwers of secomdary particias which
raln down an us all the tima.

(i) When nuclei of ureinble mdicactive slemend say U undergo fiasion renstiona in the nuclear
reactors, they emit & varety of paticles, such as; neutrons, neutrinos, a-perdicles, photons,
electrons and positrons.

{iliy When the chargad particles, such as elactrens end pretons ane eceslarated by an accalarator and
thsn hombardad on thetarget materal, which is hydrogen, these accelarated charged particles may
abin collide head-on with aach athar. Ax a result, ths dabriz from thess resctions contain parficdas
lika pions, kaons, muans and evan anti-protans.

S e
Far your Information
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Palr Preduction

Pair production occurs when a v-ray (high energy photon) passes nearby an atomic
nuclaus. As a result, an elactron-posilron pair is emitted as shown in Fig. 12.7. The
presence of a third particle, such as a nucleus, is necessary to conserve lingar
momentum. According to the law of mass-energy equivalence, the minimum enargyofa
phaton far pair preduction must be squal to the sum af the rast mass ensrgiss of the
cregted parlicles. The rest mass energy of the electron-positron pair is
2m & = 1.02 We¥ which has been verified experimentally. A gamma ray photan with
energy less than 1.02 MeV cannot produce an — —

sleclron-positron pair whereas & photon with N -7 S
energy greater than 1.02 MeV creates an The pair producion cannet take place in
eleciron-pasitron pair and the excess energy VESLLET OF Space., The pair produslion Gan

: 2 : : happan only in tha presenca of an extamal
goes intn tha kinetic energios of tha particios. A S

Tha process of pair production satisfies the exparience spmo recoll durng tha collislon
laws of conservation of charge, momentum and  Precess to conserve the endrgy and e
onergy. It can occur for any particle and anti- MOTENWMatthesame time.

particle.

Annihilation of Matter

It is the opposite process of pair production. For axample, when an electron and a
posilron interact to each cther, they annihilate into two gamma ray photons as shown in
Fig. 12.2. The reaction can be written a3

& ¥e 5 vty
The enengy of each gamma ray ghoton s 0.87 MeV which is equal to the rest mass
erargy of an alactron ar a positron, i.a. E=m¢’. In an annihilation reaction, energy and
maomentum are conserved. Besides the electron and positron annihilation, the
annihilation reactions of other particles and their anti-paricles can alse be camied out
e.d., proton and anfi-proton, lepton and anti-lepton, quarkand anti-quark, ate,

Pasilrf:_r? __,.-"'K'E+ ]

b = 1 012 MaV / g ¥
TR Ry A | | % O " ‘
8 » L]

Ineddanl photan
fr-rey}

L

-

Flg. 12.1: A high energete phobon (y-roy)
intaraciing with a nucleus and rasults into an Flg. 12.2: Annihilation of mattar
sloriron ang a positin pair.




J
¥

G

¥ phystes 1) | | (2 Mudear and Paride Physhs |

A particle accelerator, named a5 Hegativa
picrer )

Largs Hadron Colllder {LHC) at
CERN have revealed that some

mass of colliding particles s Eea Bchad
changed to clectromagnetic
radiaticn according fo Einstein’s
aguation _and laft over mass e clkabort vl et
appears in the form of new BGESElE )

sub-atomic icles (Fig.12.3).
et (Fig } Fath of nautral lembela particle (£ )

Flg. 125: A high energstle pp colll
pariclas.

124 RADIOACTIVITY o o

It hae been cheerved that the nuclel whose atomic numbsrs-are greater than 82 are
found neturally unstable, and these nudlei spontanecushy emit radiations. Such nuclei
are called radioactive and the emission of rediglion’is known Bs netural radioactivity.
These radlations are of three types, «, p and y-radiations. Unstable Isctopes can also be
preduced artificially in the laboratory by nuclear reaclions. This aocurs when a stable
slgment I8 hombarded with high-anergy paricles, such as neutrons, protons, alpha
particles, or gamma ray2, causing it to become unstable and emit radiation. Thig is
called artificial radipactivity and radipactive isotopes are named radicisotopes or
radlonuciidas.

The o-particles, B-particles and v-radiations are traverzed differently when passed
through the electric field as shown in Fig. 12.4. It is seen that o-paricles deflecl towards
the negativa tarminal of the slactric field, showing that they have a positive charga. The
e-particles are emitted-at high speeds, typically a few percent of the speed of light.
However, c-partides can travel only several centimetrss in the air dug to their large
mass. The [-particles deflect towards the positive terminal of the electric field, showing

zlon producing 18 naw

Lead block
o
+ Braya
e e
S S
(4 rays
/r
[ Elnctrically mmnn:gmphlc \
Sbatanea charged plates

Fig. 12.4: The: lhree rediouclve mdialons, namely alpha, beda and gamima rays
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they have a negative charge. The deflection of B-particles is more than the o-particles,
proving that they are lighter paricles than a-particles. The B-particles are fast-moving
electrons and move with speeds up to 0.9985 of the speed of light. The y-radiations
passed through the aleciric field without deflection, showing that they have no chargs.
The y-radiations are slectromagnetic rediations which consist of photons. They move
with the speed of light with the highest penetrating power but the lowest ionization power.

The procsss of amiting e-partidas, P-particles and y-radiations from the nucleus is
cdlled o-decay, B-decay and yv-decay, respectively, and are discussed below.

u-Decay

If the nuclaus has more protons than the number of neutrons, the electrostatic force of
repulsion becomes greater than the strong nuclear force of attraction_In this case, the
nucleus becomeas unstable and emits alpha particles in radlozctive decay. An e-particle
is equivalent 1o a helium (He) nucleus which consists of two protons and two neutrons.
This means tha nuclaus lnsas two protons and nautrons in tha c-decay. Henca, the
atomic number Z decreases by 2 while its mass number Adecreazes by 4. Alpha decay
can bewritten in general as:

Mo DI HE N (12.2)

Here X is the parent nucleus which decays into the daughter nucleus 75X and He is
the alpha particle. In the a-decay, it & experimertally observed that the number of

nucleons (A) and electric charge are conserved. An ™Ra
example of a-decay isgiven below: Parenl nucleus o-particls
A radlum-228 Isotope { *3Ra ) amits an alpha particle P eite o el
and decaysinto a daughter nucleus radon-222( “,Rn ). i

E:Ra = zan + :He .................. (12.3) [ WA

Inthe above nuclearreaction, the daughter nucleus { %, Rn)is different from the parent
nucleus { “;,Ray. This transition ofone elementintc ancther is cal ed the transmutation
of tha slemenis: It is experimentally found that tha mass of the parent nucleus is greater
than the total masa of the daughter nucleus and the mesz of the e-particle. Thus, the
total mass-ensrgy (E=m¢’) of the docay products is less than the mass-energy of the
onginal nuclide. This difference in mass-energy is called the dlaintegration energy 0,
orthe G-value ofthe decay.

p-Decay

Thera ara two types of f-decay; [ -decayand B-decay.

(i) P -Decay

Same nuclides have neutron-to-proton ratio (N/P) toe large and are the source of

B -decay. The B-particles ara not tha orbital electrons but they ara creatad wilhin the
nucleus at the moment of emission. In this process, a neuiron in the nucleus decays into
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a proten and an electron, plus another particle called arti-neutrino which is the anti-
particle of neulrine. The neutrino is denoted by a Greek symbol v {nu) and anti-neutring
is denotad by a bar overthe v. The decay process is given by the fellowing relation:
s p otV

Cne of the neutrons changes ko a proton and in onder to conserve charge it emits an
alactron. Thasa elactrons ara called beta particles. Howewver, thay ara indistinguishable
from orbital elecirons. Beth the neutrine and the anti-nsutrino have zero charge and
very small mass, that is why they are very difficult to abserve when passing through the
matter. No nucleons are lost when a P-particle is emitted, and the total number of
nucleons A remains the same but the mass number £ changes. Beta decay process can
be writlan as:

;}( - I;:X +ia+ 3y I !F-'r.-:_i@xfiﬁ*ﬁ.\aﬂsmz.daw‘: |

A The neutdng was first proposed -
From the above eguation, it is clear that the parent  wymeang Pauliin 1933,0‘,',",,“,:’;’

element of atomic number Z is transmuted to another  anargy sonsarvation In the bata-
element of atomic number {2+1). An example is the ° minusand beta-plus decays. Later
isotopa of thorium, which is unstable and decays intg . in 1953, noutring wes dotacted by

F. Reines and C. L. Cowan in a
protactinlum by beta emisslen. The reactlonls Hlo Polrer Tilhar Reachr o

represented as: this diacovery, F. Reinea received

’;Th-» 2ﬁPa+je+ 7 ihe Mabel prize in 1995,

{iiy p'-Decay

There are also nuclides that have neutron-te-proten ratio (N/P) too small for stability and
decay by amitting a positran instead of an electron. The positron (6+) has the samsa
mass a5 the electron but it hag a positive charge. The positron is the anti-partide of the
electren. In this process, aproton in the nucleus decays into a neutron and a posifron,
plus aneutring. The genaralized decay ia given below:

Ko AN +lety

An example of adecay of Neon into Flourine by emitling positron and neutring is:
TNe— “F +5%a+ v

Energy oflpha and Beta Particles in Radicactive Decay

In both a-decay and p-decay, for a partlcular T
radionuclide, the same amount of energy is
released. In a-decay of a particular radionuclide,
avery emitted a-particle has the =ama sharply
defined kinelic energy. When the number of
a-particles is plotted against kinetic enargy, thera
are dislinct spikes that appear on the graph as
shown in Fig. 12.5. This demonstrates that Kinatic Erorgy (o)
da-particles have discrete enarglas.

Mo of a-partiches (M}

| L%
r

Fig. 12.5: Discrete enemy valuas of ao-particles




Psle=uP | ?3 12 Hudear and Fartide Physhs|

However, in the case of B-particle emission,
energy is shared between Pparticle and anti-
nautring In varying proportions. The sum of
electron (or positron) energy and the anti-
neutrino's {or neutrino's) energy, however, in
avery case remalns tha same. Thus, In B-dacay,
the energy of an electron cr a positron may

Ho. of [partices (N)

range from zere ta 8 masxirmum value. Whean the 3
number of p-particles k plotted againsi Kinetls Kinefic energy (£Y)

energy, the graph shows a curve as shown in Fig. 12.6: Confinuos spactum

Flg. 12.8. This demonstratas that bata particies of f-paricles

(slectrons or positrons) have a centinucus renge of anergies.-Tha principle of
conservation of momentum and energy spplies in both alpha and beta emission.

i} y-Radlation
The amission of-rhradiationfmm anucleusis ganemlly rapnasanted b‘_\o‘ thisaquatiun:
X+ 31X 4y

L
whare ;X represents an excited nucleus while 3¢ shows ground state of the nuclsus.

Table 12.2: The summary of naiumﬁ?ﬁ[ﬁﬁ%, beta and gamma radlatlons

Characteristics m-partigias f-particias rays

1. Natura Helwim nucled Elactrans or pasltrans from | E . wavas from exclbad
ol chame 28 the nudeus of chamge += nuclei with no charpe

2. Typical sources | Rador-222 Stronfium-Bd Cubalt-60

3, lonizalion AbmAAn® About 10* Ahout 1

{lon pairs mm™ in =i}

4. Range In alr Zeveral cantimatras  Savaral metras Cheye Inverse soaia law

&, Abzorbed by Apaper 1-& mm of Al sheet 1-14J cm of le=d sheed

B. Erwrgy spactrurt | Emikted with he Variable arergy Variabla arwryy
EBITIEE €NEEy

¥. Spead -1 ms’ Az 10 ms" ~3x10°m s’

12.5 FUNDAMENTAL PARTICLES

By the tarm fundamental partlels, we mean a particle that has no internal siructurs,
which means that it is indivisible. Presently, the fundamental constituents of matter are
considered to be quarks (protons, neulrons and mesons are made up of quarks) and
leptons (including electrons, positrons, and neulrinas). They are considered the basic
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building blocks of matter.

¥hen 2 nucleus ks smashed In an ultra high enargy particle accalerator, or two high
ernergy particles are colided, entirely new iypes of particles are created which
apparantly do nol ex|st within tha atoms of the ordinary matter. They ara the outcoma of
the violent collisions needed to probe the basic structure of matter. More than a hundred
new particles have bean identified to be classified into families with similar properties.
Many of thess ware accounted well with the achame of theoratical physicist whils the
resl were named "strange particle”. They are always created in pairs, €.9., when & pion
{x") collides with a proton, twe strange particles k* (Kaon}, and A*{Lamda) are created.
The nuckear reaction ia:

Ttp K+ A

Al particles spin on their axes and the spin of charged parlicles makes them tiny
magnets. The characteristic spin of electrons, protens, neutrens is 172 and the spin of
photon i 1 and of pions is taken as zéro. Half spin particles obgy the Pauli's exclusion
principle whish says that only one particde of a kind occuples a ghven quantum state.
These parlicles are called “fermians”. The padicleswith zero or whole number spin do
not obay this principle. They are called "bosons" as hey obey Base-Einstsin statistics.
Further major classifications are:

1. The nuclecns and the heavier parlicles such as A" and k" which decay to nucleons are
called "baryons" (heavy).

2. The particles that do not interact strongly with nucleons, and are caled leptons
{small) along withthe electrons, lau and neutrino.

Bath of the P-dacay {bata-minus end beta-plus) processes provide aevidencs thal tha
protons and neutrons are not the fundamental partides. By the 1860s many new types
of particles similar to the neutron and proton were discovared, as well as many
“midsized” paricles called mesons whose masses wers mostly less than nucleon
masses but mora than the slectron mass (other mesons, found later, have masses
graatar than nuckscns). Tha strongly attractive particles are called n meson or picns
while the weakly interacling particles were named p.mesons or muons.

This discovery |ad to the cohclusion that thase particles could hot ba fundamental
particles, and must ba mads up of even smaller constituents , which wera givan the
name quarks.

Hadrons and Leptons

Particles can alsc be classified based on the four fundamental forcas that act on them.
While 1he gravitational force affects all particles. lis impact at the subalomic level is so
minimal that it is generally disregarded at the sub-atomic level. The clectromagnetic
force, which acts on all elgcirically charged particles, is well understeod and can be
considered when necessary, howevear, in this chapter, we will largely ignore its effects.

Farticles can be broadly classified based on whether theyinteract via the strong force or



5 Physics 11) | iﬁ? 12 Hudear and Partide Physkes[™

dc not. Thoge that experience the strong force are known as hadrons, while those that
do nat, are called leptons. Examples of hadrons include protons, neutrons, and pions,
whareas alactrons and nautrinos are classiied a3 laptons.

Hadrons ere composite subatomic particles that can be further divided into two broed
categeries: some ara bosons, raferred to as masans such as plon, while othsrs ars
farmicns, known as baryons, with protons and neutrons being the key examples.
Baryons are made of an odd number of guarks {usually three quarks), and mesons are
made up of an even number of quarks {usually two quarks: one quark and one anth
quark).

The leptons intaract only through weak or alectromagnetic: interactions. No experiments
have yet been able to reveal any Internal structure for ihe leptons; they appear to be
fruly fundamental particles that cannot be split into smaller. particles. All known
laptons have spln %%, a0 they all ara Farmions. Tha alx known leptons are grouped
as three pairs of particles as shown in Table 12.3. Each pairincludes a charged particle
(e, w, v} its associated neutrino and comresponding anti-particles. Charged leptons can
combine with other particlas to form wvarious composite particles such as atoms and
positrenium, while neutrinos rarely interact with anything. and are censequerntly rarely
observed. The best-known of all lkeptons is the electron.

Table 12,3: The lepton family

. N Masa ) .
Family Parligle Eymbol (Mevict) Charga ¢ Antipartigle
Electron g 0a1l -1 el
ey Elactren neutring w # 10107 4] Ve
huon wl 105.7 -1 !
wian Muen neubinn Vi » 1107 0 Vi
Tau 1 1777 =1 1
Tau T 7 =
Tau Naufrina e ® 1x10 4] ¥
126 QUARKS

In 1964, M. Gell-Mann and George Zwaig proposed that none of the hadrons, not even
the proton and nautron, are truly fundamental, but instead are made up of combinations
of three more fundamental entities called quarks or quark flavours. Quarks are
coneldered to be truly fundamental partcles, lIke leptons. Three quarke criginally
proposed were named up, down, and strange, with abbreviations u, d and s,
respactivaly. Prasently, we are awara of sl¥ quarks, |ustas thera ara s laptens-based on
a prasumed symmelry in nature. The cther three quarks are called charm, bottom, and
fop (g, b, 1). These new quarks can be distinguished from the 3 original quarks (Table
12.4). All guarks have a spin and an electric charge (a fraction of the praviously thought
smallestcharga e on an electron). Quarks ara invisibla. They naver appezron their own.
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All hadrong are conskdered to be Tahle 12.4: Quark flavaura

made up of combinations of guarks Particies |gymbol [Gharge| Mass | antie Chorge
{plus the gluons that hold tham (@ |oavicy | particla (o)
together). and thelr properilas ara
described by looking at their quark i L2 5 = 2
content. Mesans consiat of a . 3 3
quark—antiquark pair. For example, pown d el 10 = el
ax mesonisaud combination. A x° 3 3
can be mada of ui). 2 2
Charm C T 1500 & =i
Each baryon, on the cther hand, 3 3
consisls of three quarks, such@s.  gyange | s e ([ EOR 5 Ly
The protan has a quark compesition 3 3
of uud and 50 its charge quantum ¢ |+= [iEdE] 7 o
number &: 3 3
qluud) = §+ g +(-%) =+t Botom | o | ] il -
Neutron has a quark composition of
udd and Itz charge quantum Nediran

Freton
numberis:
itare e Den Yy b g0
1 3 3 2 L d] &)

Mesons are quark—anliquark pairs. Consider the meson n*, which consists of an up-
quark, u and an antidown quark-d. We ses that the charge gquartum number of the up
quark iz +2/3 and that of the antidown quark is +1/3. Thiz eddsz nicely to a charge
quanturn numbarof +1forthe m° mason; that is, qiuy=2/3+1/3=+1.

Motlong after the quark theory was proposed, il was suggested that quarks have another
property {(or quality) caled colour, or "golour charge” (analegous to glectric charge).
According to this thaery, each flavour of guark can have ono of thres colours, usually
designated rad, green, and klue. Nola that the namess “colour” and “flavour” have nothing
to do with our sensas, but are purzly whimsical—as are other names, such as charm, in
this new fiald. The anti-quarks are coloured antired, antigrean, and antiblus. Baryons ara
made up of three quarks, ona of aach colour. Mesons consist of a quark—anti-quark pair

Meulron Proton Anti-proion
u v
d
Flg. 12.7 {a): Colourless baryons: Flig. 12.7 (b}, A colourlass anti=haryons:

blue + red + grean = while ant-blue + antired + anti-green = whita
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of a particular colour arkd its anti-colour. Both baryons and mesons are thus colourless or
white. Each quark is assumed o carmy a colour charge. analegous fo an electric chame,
and tha strong force batwean quarks |s refarred to as tha ealour ferea. This theory of tha
strong force is called quantum chromodynamles or QCD, to indicats that the forca acts
between oolour charges (and not bebaween, say, ekedric charges). The strong force
batwean two hadrons le considered to ba a force between tha quarke that maketham up.

Beta Decay in Terms of Quarks B ocrevimew Bl

When a neutron in the nucleus decaysinte a prolanandan , .o mihy e

electron (beta particle), an anti-neulring is also produced nucieus. Free nelrons decay

inthe reaction and the decay process isgiven as: with a halHlfe of #0s.
noolp e+ X

MNow, we can identify that a neutron with composition udd ® . L *

can convert inlg a proton with composition uud by B

changing a down quark into an upquark. Thefundamental o

decsy procesa can now be expressad as: ¥ o

d > u+Sa+ i
Thus, as our understardding of the fundamental nature of matter deepens, we can
analyze familiar processes at increasingly.intricate levels. The quark model not only

enhances our comprehansion of paricle structures but algso provides Insighi into thalr
interactions.

12.7 HIGGS BOSON

Fundamentsl particles are considered to be the six quarks, the six leptons and the
gauge bosons (Higgs boscons), which are the cariers of the fundamental forces.
Leptons and quarksa interact with each other by sending and receiving bosona. For
axample, electromagnetic Interactlons occur when two positively charged particlas
sand and receive {exchangse} photons. The photons are said to ‘carry” the force
between charged perticles. Likewise, attraction between two quars in an atomic
nucleus ooclrs when two quarks sand and recelve gluons. Simliarly, the W', W and Z
are the basons that are the carriers of weak nuclear force and gravitons are the carriers
of gravitational force. The Higgs boson is a special paricle discoverad in 2012 at large
hadron collider at CERN. It Is assoclatad with the Higg's fleld that permeates all of the
space. s crugial role is that it provides explanation for how the other particles get mass
by interacting with it.

The parlicles that interact strongly with Higg's fisld get more mass such as carriers of
electroweak interaction i.e., W', W and Z bosons whereas the particles like photons do
nct intaract with Higg's field and hencs, thair rest mass is considared zaro. Higgs boson
has a mass of around 125 giga-electron-volts (GeV/c® and decays rapidly into other
particles_Here are some key facts:
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1. The Higgs boson gets its mass fromits interactions with its associated Higg's field.

2. ltzan be a uniqus portal to find the corditions of universe shorlly after tha Big Bang
and signs of dark matter dueto its distinctive characteristics and properties.

12.8 CONSERVATION LAWS

All nuclear processess such as nuclear | ( Foryour information | 8
reactions and nuclear decays obesy consarvation .

lews suchas: Mescons, 2.0 Flons, kaons
14 cansarvation of anargy, momantum and  baryams, 8.9. pretons, neltdna, omega,
charge. |t includes the nuclson number N skamaand lambda parlicles
and charge numherZ. Non-hadrgns
Leptons, including elastrons, muon,
2. baryon numbar neutrings
3. lepton number photens, gravitons
12.9 THE ASYMMETRY OF MATTER AND ANTI-MATTER IN
THE UNIVERSE

Many observalions show that there is the asymmetry between matter and anti-matter.
This is the most remarkable features of cur universe. A number of hypothesis are existed
which show that the universe consists almost entirely of matter rather than anti-matter.
eq., the universe is assumed t{o ke composed up 5% of ordinary matter (elestrons,
protans and neutrons), 71% of hydrogen atorms and 24% of helium atoms, there are no
any contribution of anti-hydrogen or anti-helium atoms in the compaoszition of the
universe.

The exparimental results explain that the matter and anti-matter asymmedry is indesd
due to the viclation of conservation of baryon number. i.e., thers is imbalance number of
karyons and its ant-haryons. Now if the particla-antiparticle symmetry is alsg violated,
then there will ba a machanism for making mora guarks than anti-<quarks, more leptons
than anti-l=ptons and eventually mare matter than anti-matter. Henee, it is conduded
that the prablem asymmetry of matter and anti-matter is still mystary.

12.10 MOST OF THE MATTER IN THE OBSERVABLE UNIVERSE
IS PLASMA

Qur universe is more vast than our thinking, because we siill know about its 5% part but
we still do not know about its remaining 5% part. Forexample, our universe consists of
about 27% of unlnown matter called dark matier and about 68% & mysterous
antigravity material known as dark energy. By adding 27% and 68% we have 85%. It
means 95% universe is out of cur thinking, i.e., we know nothing about 95% of the
universe.

On tha other hand, the 5% of the universe that we know aboul It, Is an ordinary
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matter, where hydrogen and helium are almost in the plasma state. Therefore, these
figures indicate that 95% of the 5% of the observable universe is the plasma state, while
tha ramaining 5% is in the form of matier. Henca, itis concludad that mast of the mattar in

the cbaervable universe is plesma.

12.11 THETHEQRIES ABOUT THE FORCES BETWEEN THE

MASSES OF PARTICLES

To explain tha interactions botween tha masses of the I For your infarmatian I

particles through diffarent mediators, we have the
fellowing two theores, the quantum field theory and
the string theory.

1. TheQuantum Field Theory

According to this theory, each pariicle is represented
by a field called quantum field and it is responsible to
transmit a force from one particle to ancther by a
mediator. For example, let a positively charged
particle produces en electric field in the space around
it. This charged particle exerts an attractive forcs ona
nearby negatively changed particle through its-field.
Mareover, the field can also carry energy and
momantum from cne particle to ancther. Whers the
energy and momanturm of all fields arequantized. The
quanta that exchange momentum and energy ram
one type of paricle to anotherinethelr field are called
fisld particles. Thus, we can say that the interactions
hetween particles are described In terms of the
exchange of field particle or quanta which are all
bosons. For example; the electromagnetic force is
madiated by ‘photons called quanta of the
electremagnetic field. Similarly, the strong nuclear
force is medialed by field particles called gluons, the
electro-weak force is mediated by the fisld particles
called Bosons (W and Z) and the gravitational forces
is mediated by field particles called gravitons.

2.  String Theory

String Theory is an advancad concept in
theoratlcal phyzslcs proposing that the fundamental
particles of the universe, instead of being point-like,
are actually tiny, vibrating strings. Thase strings can
be apen or cloged locps, and their vibrations

Mokeculs

{
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determine the properlies of particles. including rmass and force. String Theory
framework, offering a potential theory of everything, still remains unpreved
aexperimantalhy.

12.12 THESTANDARD MODEL

The standard model is the collection of
theories that describe tha smallest
expermentally chserved particles of matier
and |nteractlon betwaen ensrgy and matter.
Three cetegaories of particles form the
standard model are shown in Fig. 12 8.
Matter, which makes up only 5% of the
universe is composad of quarks and leptons.
The fundamental bosons provide thres
forees: electromagnetism, the sireng
nuclear forge and the weak nuclear forge.

. 5 . . £
:i HI;:E 8 bu?sc'” l:u'_"’l’"d“ ta" OXpIANALON 7\ Fig. 12.8: Elementery partilos i the
rhowtne other particles get mass. | standard rmode|

This madsl is still considared incompleta. Currsntly, it is unable o explain many
imporiant features of the known universesuch as: (i} gravity (i) dark matter (279% of
the universe (iii}dark energy (E8% of the universe).

[ ausstions DIEEEGEG

[ Magtipie Choice Questions -

Tick {v) the correct answer.
12.1 Which one cfths following is the fundamental particle?
(a) Proton (k) Neutron {c) Electron {d) Meson
12.2 The firgt-discoversd anti-particle is:
(8) anfi-proton () anti-nautrino {¢) anfi-photon {d} anti-alactron
12 3 Which one of the following pair of particles creates annihilation?
[a) proton-proton [b) proton-nautron

(5] neutren-ghoton [d) electron-posiron
12.4 The strong nuclear force between the two particles is medisted by:

(a) glugns (b) pheton (¢} mesons {d} gravitons
12.5 Which one of the following Torces interacts betwsean two particles through photons?
(&) Strong nuclear force (M Weakforce

(c] Electromagnstic force {d) Gravitationalforce
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12.8 When a nautron changas into a proton, then wewill observe:

(a)f-decay (b)p'-decay fe)vdecay  {d)o-decay

12.7 Baryan is formed by combination of:
(&) 2 quarks {b} 3 guarks
()4 quarks {d)Aquark and an anb-quark

12.8 Which one of the following forces has negligible effect between the elementary
particles?
(8] Strong nuclear forca (o) Waak foreea
(c) Gravitational force {d}Electromagneticforcs | '

12.9 Which particles are producad by strong intsraction? ) )
(a) Graviton  (b)Leptonsz (c)Hadrons {d) M_ésohs

12.1Q Astrong nuclearforce exists between the nucleons of, (7
(e)p-p (b)n—n Ghp—n - {dallofthese

1211 Which one of the following radiationfparticles H‘:_Ia_s-the highest ipnization power?
fa)ex (&) B (@B @y

12.12 Which one of the following radiation!pal;fiﬁ:las has the highest penetrating power?
(8o {b) B ), e B {dir

12.13 Achange occurs In atomic member of a nucleus but lts mass number remalins the
same by decay of: :
fe)w ()] N, (chr {djoandy

1214 In a nucleus, a neutfalj.chénges into & proton, the atomic number changes by
one, the mass numbsarwill:

(a) decrease \ ('I:::l}i'ncrease {ciremainthesame {d)nonecfthese
12.13 The eleciroweak theory was intreduced by:

fa)Dirag> =  (b)Einstein {ciAnderson {d}Dr.Abdul Salam
12.18 The'd@symmetry of matter and anti-matter is due to imbalance number af:
(&) hadron it} lepton tc}baryon  {d)photons
1217 Which one of the following particle is responsible for the mass of the fundameantal
particle?
(a) Quarks (R) Anti-quark {ciLepton {d)Higgs boson
12.18 Aprcion is composed of up and down quarks, the order of quarks is:
{e)udd (R)udu fciuud {didud

1218 The numberof quarks that composed of a neutron is:
{a)2 b)3 {c)4 {d)5
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Short Answer Questions
What do differant isotopas of a given elament have in common? How are
thay different?
ldentify tha element that has 87 nucleons and 50 neutrans.

What are the similzrities and differencas batwean the strong nuckear force and
the electromagnetic farce?

Fill intha missing particla or nucleus:

(a) sCax?+e + ¥

(B ¥ou 574y

Why neutring must be released in the poaitron emission?

Distinguish between fermions and bosans.

How does strong force hald the nucleus?

Can there be pair production for photons having energy 20 keV? Explain briefly,
What isthe difference batween beta particle and electron?

How do a protonand a neutron convert toreach other?

Why does baete-decay have a continuous energy spectrum and alpha-dacay
have a discrate snargy spectrum?

Differentiata betwsean hadron and leptons with examples.
Why electron-positren paircannotdecay inte a single photon?

State the role of Higgs ‘Boson in the generation of mass in modern physics
theorigs.

What are Mesons? Give examples.
Constructed Response Questions
|s meson,.aboson or fermion? Give reason.

Why does an alpha emitter emit alpha particlaa instead of four separate
necleons?

Which is rmore enargaticalpha decay or beta desay’t Justify your answer,

A nueleus undergees gamma decay, emiting gamma ray photon with energy
1.5 MaV. Calculate.

{i} frequency of gamma ray
{ii} wavelength of gammaray
{iii} momentum of gammaray

Why does the g-particles not make physical contact with the nucleus when
haadad diractly towards it?
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Comprehensive Questions
12,1 What is meant by radioactivity? Compare the properties and behaviour of three
types of radiations.

12.2  Elaborate the phenomeanon of bata-positiva decay and beta-nagative decay with
examples.

12.3  What i the difference between matter and anti-matier? Discuss reasons why
our universe is almosterntirely composed of matter.

12.4  Explain the phenomenon of pair annihilation with an example, Explain the utility
cfits principle in the medical field.

12.5  Explaln the law of consarvation of energy and momenium 1n.slectron-posion
pair annihilation.

12.6  Describe protens and neutrons in terms of their quark composition.
12.7 Deecribafourfundamental ferces Innaturs.
12,8  Describethe dassification of elemantary particles,

Numerical Probiems

12.1 Uranium-238 is an alpha emitter. In the. process, it is transmutated into a daughter
nucleus. What is the mass number A and charge number 7 of the daughter
nucleus® What isits chemical symbol? [Ans: A=234, Z=80, Thorium(Th)]

12.2 Polonium “LPo is a beta minus emitter. What will be the mass number A and
chargs number Z of the daughter nucleus? (Ans:A=218,Z=85)

12.3 Nitrogen "N bombarded. by alpha particle results into ;0. What i the produst
particle in this nuclear reaction™” {Ans: |H proton)

12.4 Show that nucleonnamber N and charge number £ are conserved in the numerical
question 12.3,

12.5 Detarmine the rest-mass anergy of elactron in eV, lisresl-mass is 0.000555 u?
(Ans: 0817 Mel)

12.8 Calculate the Q-value for the reaction taking placa in Ruthetford’s experiment on
artificial disintegration of nitrogen by bombardment with alpha particles. Relative
massas are:

"N=14.007515u , He=4.003837u, [0=17.004533uand H=1.008142u
{Ans: -1.23 MeV}
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