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. mong 2ll possible motions of the maiarial bodies, tha circular mofion is ona that
f A appears to be working in the most of the natural world. Satelites moving in circular
orbits arcund the Earth, erbital and spin motion of the Earth itself, a car turning around a
curved road, and & stone whired arcund by & siring are the familiar examples. When
objects move in circular paths, (hair direction is continuously changing. Since velocily is
avactor quantity, this changs of dirsction meana that their velocitiss are not constant.

In this chepter, we will study, circular motion, rotational moticn, moment of inertia,
angularmomantumand the related toples.
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3.1 ANGULAR MEASUREMENTS

Consider an angie subtended at the centre 0¥ of a circle by an arz
‘AB' as shown inFig. 3.1. Hthe length ofthe arc ‘AB' is egual to the
radius v'of the circle, then the angle is called one radian. It is the 51
unitof angular measurement and its symbaol is“rad”.

Angular Displacement i
Consider the motion of a single particle P of mass m in & circular path of radius r
Suppose this motion is taking place by attaching the particle P at the end of a massiess
rigid rod of length r whose other end is pivoted at the cenre Q of the circular path, as
shownin Fig. 3.2 {a). As the pariicle is moving on the circular path, the rod OP rotates in
the plane of the circle. The axis of rotetion passes through the pivet @ and is nomel 1o
the plane of rofalion. Gonsider a system of axes as shown in Fig. 3.2 (b). The z-axis s
takan along the axis of ratation with the pivat O as origin of coardinates. Axes xand y ane
taken in the plane of rotation. While CF is rotating, supposeat any instant £, its position is
OP4, making angle & with x-axis. At a later time { + At et its position be OP:making angle
B+ AR with x-a0ds (Fig. 3 2¢).
.
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Fig. 3.2(a) N Flg. 3.5 Fig. 3:2(c}
Angles AB dafines the angular displacement of OP during the time interval At. For
verysmallvakies of 48, the angular displacement s a vector quantity.

The angular displace ment AB is assignad a positiva sign whan tha
sense of rotation of OF is counter dockwise.

The directicn associated with Ad is along the axis of rotation and is
given by righthand rule as showr in Fig 2.2 {d) which stetes that:

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

Ag. 3.2(d)

Thraa units ara genarally ussd to express angular displacameant, namaly degreas,
revolution and redian. Consider an arc of length S of a cincle of radius r (Fig. 3.3) which
subtends an angle 8 at tha centra ofthe circle. Its valus in radians (rad) is given as:
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A=

= [t

or S=rfi [wherefisinradian}y ... {3.1)

If OF Is rotating, the peint P covers a cistance 3 =2 xr In ona
ravolution of P. In radian, ikt would ba;

§ - E_H.I"_ 2
£ Fig. 33
So 1 revolution = 2 rrad = 360°
(-]
ar 1rad = 20 g7
25

Angular Velocity

Very often, we are interested in knowing how fast or how slow @ body |s rolating, It is
determined by its angular velodty defined as the rate at which the angular displacement
is changing with time. Referring to Fig. 3.2(c), if AS is the angular displacement during
tha time interval At the average angular velosity @, during this interval is given by

Al L %
=== o kb 3.2
Wt & e 3-2)
The instantanaous angular velogity s the imitof the retio ABFAL as AL approaches o
Zefo.

Thus o=Lmd& . (3.3)
. PN e Al

In the limitwhen Af approaches zero, the angular displacement would be infinftesimally

small. 3o, it would be & vector quantity and the angular velocity as defined by Eg. 3.3

wollld alao be a vectar. It diraction is along the axis of rotation and is given by right hand

rule azdescribed earller.

Angular ‘velgcity s measured in radians per second which is the S| unit.
Sometimes itis also given interms ofrevolution per minuts (rpm).

Angular acceleration

Whien we switch on an elactricfan, we notica that its angular velocity goes an increasing
till it becomes uniform. We say that it has an angular acceleration. We cefine angular
accaleration as the rate of change of angular velodty. 1T @, and «, are the values of
instanianeous velocity of a rotaling body &t instants §, and £ , the average angular
acceleration during theinterval {1, is givenby

B -0 _ Aw

WS (3.4)
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Tha instantansous angular acceleration is tha limit of the ratio -f &5 At approaches
zero, Therefore, instantanecus angular goveleration wis given by

-]
&= |lim — 35
o (3.5}
The angular acceleration is also a vecior guaniity whose magnitude is given by Eq. 35
and itz direction is along the &xis of rotstion. Angulsraceelerstion s expressed in rads”.

Till now we have been considering the molion of a paricle P on a circular path. The point
P wiss fixad at tha and of a mtating massless rdgid rod. Now consider the rotation of 8
rigid body as shown In Fig. 3.4, Imagine & point F on the rigid body. LineOF is the
perpendicular dropped from P on the axis of rolalion usually
refamad as the refarence line. As the bady rotates, line GF also
rotates with the same angular velocity and angular acceleration.
Thus, the rotation of 8 rigid body can be descrinad by the
rotation of the refarence line OP and all tha terms that wi'
defined with the help of ratating line OP are glsc valid for the
rotational mation of a rigid body. Hancaforth, whils daaling with
rotation of a rigid body, we will replace &t by Itz refarence line OF.

Relation between Angular and LinearVelocities

Consider a rigid body rotating about z-axis with an angular
velocity was shownin Fig. 3.5(3).

Imagine & point P inthe rigid body &l a perpendicular distance r
from the axis of retation. OP renresents the referenca line of the
rigid body. As the body rotates, the peint P moves alonga circle
of radius r with a lingar velocily v whereas the ling OP rotates
with angular velccity @ aa shown in Fig. 3.5 (b). We ara
interested in finding.out the relation between @ and v. As the
axis of rotation s fixed, so the direclion of @ always remains the
aama and o ¢an be manipulated as a scaler. As regards the
linear velocity af the poind P, let us consider only its
magnitude ohly which can alsa be treated as a scalar,

PP,=AS T Foryouriniormation B I
Suppose during the course of its molion, the oA
paint P moves through a distance PP, =AS f'

in & time interval AF during which reference

line OP covers an anguiar displacerment

All radign. So, AS and AD are related by ,
Eq.3.1a8: T

AS = FAQ Asthewhoo! lumathreughan angle s,

It by oant 5 1angentiel distenes S=r8,

b
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Dividing both sides by At '

}i| Paird to pocnBer] ||

AS MG
=F—

T Baded mEEEE 315
At Al s

In the limit when linear At — O the rafic ASfAlrepresents v, :-___.
tha magniude of the linsar valacity wilth which point P iz
maving en the dreumnference of the circle. Similardy ASfAL

, 4 You may feel scared at the op
represents the angular velocity @ of the relerence line OP. OF TERGF tor iide.in e

.y

S0, Eq. 3.8 bacomes: amussmanl parke- but you
= never [l down even when you
VEMD 0 aieisceees (3.7} ﬂmﬂﬂﬁﬁmﬁ-w

From Flg. 3.5{b}, It can bs sgen that the polnt P ls moving along the arc P1Pe. Inthe Imit
when A7 — 0, the length of arc P1Pzbecomes very small and its direction represents the
direction of tangent to the circls at poaint Py Thus, tha valocily with which point P (s
maoving on the clrcumference of the circle has a magnitude v &nd Itz direction Is always
along the tangant fo the circle at that point. Thatis why the inear velocity of the point P s
alsn known as fangsntial velocity,

Similady, Eg. 3.7 shows thal il the reference line OF is rolating with an angular
acceleration g, the point P will also have a linear or tangential accelerzlion a,. Using
Eq. 3.7 it can ba shown that the two acoelarations are relaied by

a=ra it (3.8)

Eqgs. 3.7 and 3.8 show that on a rotating body, peints that are at different distances from
the axis do not have the same speed or accolaration, but all points on a rigid body
retating about a fixed axis do have the same angular digplacemant, angular speed and
anqular acceleration at any instant. Thus, by the use of angular variables, we can
dascribe the motion offhe entire bady ina simpla way.

Equations of Angular Motion

The equaﬁpﬁa"[ﬁz, 3.3, 34 and 3.5) of angular motion are exactly analogous to those
in linear'motion if ¥, @ and n be replaced by S, v and &, respactively. As tha ather
eqgustions of linear motion were obiained by algebraic manipulation of these equations,
it follows that analogous equations will alsc apply to angular meton. Given below are
angularaquationatogsetharwith theirlinear countamparts.

s Bt AT BT
vi=v; & at Wy =l +f L {3.9}
2aS=y’ - v* 2a6=0f —&f .. (310

S =ut+ % at? B =, +"E G, (311)
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The angular equations 3.9 to 3.11 hold true only in tha case whan tha axis of rotation is
fixed, 50 that all the angular vectors have the same direction. Hence, they can be
manipulated as zcalara.

HEsmmple 11 B An slectric fan roteting at 3 rav 2" s switchad off. It comes to restin
18.0 5. Assuming deceleration to be uniform, find its value. How many revolutions did it
tum befora coming to rest?

{Sclution In this problem, we have : :
m=30revs’, =0 {=180s and u=7 , 8=7 .. .
From Eq. 3.9, we have / '\_1
o - ©O-30mys” _ 2 [” \
= G =-(.i6T revs \ h:
and from Eg 3.11, we have (X
1 z o 1‘\‘. ‘_"’ ix
ﬂ"'mit"'iﬁ-! ~ _‘___:,?’J.‘,l"
=301avs X1805+.(0,167 revs¥)x (1805~ | Direction of mation changes
2 e eorfinuouslyin circular mofon.

= 27 rav

3.2 CENTRIPETAL FORCE")

Mewton's second law of motion states that when a force acts
on a body, it produces acceleration in the same direction. A
force acting on a8 meving body. along the directicn of its
velocity wil change magnitude of the velocity (speed)
keeping the direction unchanged. On the other hand, a
constant force acting perpendicular to the velacity of 2 body
moving in & cireular . path will change the direction but
magnituds of velocity (speed) wil remaln the same. Such
force makes the body move in a circle by producing a radial
{or cantripatal} acceleration and ie called canTipatal force
(Cantra eeeking} forcs. Figure 3.6{a) shows a ball tied at the
end of a siring is whirled in a horizontal surlace. twoold not
continua in a circular path if the siring iz anapped. Cereful R
observaiion shows at once that if the string snaps. when the

ball is at Ihe point A, in Fig. 3.6 {b), the ball wiil follow the Fig. 360k}
straight line path AB which i3 tangent AB at paint A.

Thus, & foree is needed to change the direction of velodity or modon of & body
continuously at each point in circular motien moving with uniform speed. The force that
does nat alter speed but anly direction 2t each point is a perpendicular force which acts
along the radius of the clroular path. This force always pulls the object towards the cantra
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of the mmlar path. Its dirsotion is perpendicular to the tangential velocity at each paolnt.

Theforce needed to bend the stralghtpath of the particie

into & circular pathis called the centripetal force.
Fora body of mass m moving with valocity vin a circularpath of radius r, centripetal forca
F.isgiven by

H
F =, -fl"’;._ (3.12)

where a= 1 isthe centripelal acceleration and its direction is towards the centre of the:
circle. As v = ra, 30 the above aquation bacomes:

F.= mea: AR tha g (213}
| Example 3.2 [ |f @ CD spins at 210 rpm, what is the

radial acceleration of a point en the outer rim of the CD7?
Tha GCDis 1Em1 indiemater.

USelusen’ e convert 210 rpm Inte a frequem:,r mf

[&\FUMIGI’B persemnd {Hz}.
1 min - ;
Thus f= mﬂ—rhﬁ-l'i H—E'O—T —35— -3.5,HZ

Foreach revelution, the CD mtdﬁthmudaanﬂngleufh
radians. The angularvelocity (&

w=2nf=2zrad » 355" =_=T;G.4:rﬂlis"

Theradial acceleration is: \

a=w'r={(7.0rrads’y = 0.0Em = 29ms”
{ Ewampts 1.2 [ Aball tied to the end of a siring, isswung ina
yvartical crcle of radiug runder the action of gravity 3s shown  Curved fiight at High spesd

inFig. 3.7. Whatuﬂlb-é”ihe tension in he siring whenthe ball  requires & |arge centripsial

force that makes the stunt
i at the point ﬁ,nl‘fhn path and s spead is v at this point? GEIATOE BiAR - T AN

1 soiuvian N Forthe ball to travel in a circle, the force acting planeaarenoteo doss.
on the ball must provide the required centripetal force. In this i a
casa, at point A, two forcas act on the ball, the pull of the -

string and the weight wofthe ball. These forces actalong the

radius al A, and so their vector sum must fumish the required

canfripatal forca. We, therefore, have

Flg. 37
if = —g then T will be zero and the cenripetal force iz just equal to the weighL
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Examples of centripetal force

In every circular ororkital motion, centripetal forees iz needed which is provided by some
agency.

1

2
3

Applications of Centripetal Force

We know that an ohjectmovea in a aircle because of centripetal
forca. If the magnituca of appliad force falls short of raquirad
cantripetal fores then the object willmove awey from the cenire
of the circle. The {:erllriruge {Fig. 3 B-a)} funclions on this basic
principle.

Centrifuge: 1t is one of the most useful
laboratory device. I helps fo separale out
densar and lIghter particles from & mbcdure. Tha
mixture is rofated at high speed fior a spedific
tima. In & laboratory setup, sampla tubas are
uzed where the denser pariicles will setle at
the bottom and lighter particles will risa to the P8 38}
top of the sampls tubas (Fig. 3.8-k).

Tha dryar of the washing machine also functions on the
principle of centrifuge. The dryer consists of a long cylinderwith
hundreds of smzll holes on its wall. Wet clothes are Pllﬂﬂ upin
this clinder, which is then rotated rapidly sboutits axis. Water
moves outward to the walls of the cylinder and thus, drained oul
through the holes. In this way, clothes become dry quickly.

. Anamal or parpandicular magnetc force compels a

. ¥When a vehicle takes turmn on & road, it alsc needs

When a ball is whirled in a horizontal cirde with the halp of & giring, then tension inthe
siring provides necessary centripaial force.

Foran abjact placed on a tumtable, the fictian s the cantripatal forca.,

Tha gravitational forca is the cause of tha Earth orbiting around the Sun, Moon and
artificial satellites revolving around the Earlh. .;"

charge particle moving along & straight path intc 8 |
circular path.

centripetal force which is provided by the frction
betwean he tyres and the road. If the road is slippery, B2

then at high speed, the friction may not be sufficient Eﬁ?ﬂ‘;ﬁn‘;‘w“;"mﬁ ;m
snough to provided necessary ceniripetal forca, ansrgy for centipsial force
Hence, vehicle will not be eble to take turn and may skid or may even be toppled. To
overcome this difficully, the hlghwayrﬂqd is banked on tums. That is ﬂ'lﬂ ocuteredge
of the track|s kaptslightly higher thanthat of the Inner adgs.
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Cream asparatoris anothar praclical device which is used to asparate ¥ T
cream form the mille In this maching, mik is whided rapidly. Since milk 5 {
iz a minture of light and heavy particles, when it is rotated, the light n

paricles gather near the axis of rotation whenzes the heavy particles —
wlllgo cutwands and hence, cream can easlly be separated from milke

3.3 ARTIFICIAL SATELLITES

Satellitas are objacts that orblt In neady clreular path
around the Earth. They are pul into orbit by rockets and are Fig. 3.10
held in orbits by the gravitalional pull of the Earth. The l::ml I ¥For your infomation B
flying Earth satellites have accaleration 8.8 m s ' towards kv of

the centre of the Earth. i there is no gravitetional pul, they 401,000 krn 1 eacaps
would fly off in a straight ine alang iangent o the orbit |
When the satellite is moving in a circle, it has an|
acceleration _'lrri . In a circular orbit around the Earth, the |

g=L . @iy 0

whers v s the orbital velocity and R ig the radiue of the |
Earth (6400 km). From Eq. 3.14, we have

E T ¥
Ml Do you know? [

e
V= yoR Newion hari predicated about

o e the artificial sstelites 300 years

h -JQ.Erns i age. The sbove figure hiea been

=79x10"ms" =78kms"’ taken from his  wall-known

L o g ook "Pr la Mathemadca®.
This is the minimum velocity necessary to put a satellite Ammﬂﬂni:] b m: i e

inta thae orbit, called the critical velccity. Tha peridd T I8  abjestie trown horzontally with

agiven by a particular spoed from & place
which s sufficenty high, & wil
F o ZiN =2X3.14 x iﬂ:“m: shori revolving around the Earth,

4 s

= 5060 s = 84 min approx.

If, however, & satelliie in & circular orbitis ata distance f1
much greater than K above tha Eath's surface, wa

must take Into account the experimental fact that the

gravitational acceleration decreases inversely as the Eiuthy

square of the distanca from the cantre of the Earth ¥
{Fig.3.11). 4

The higher the satellite, the slower will be the required pan i

speed and longer it will take ta complete one revolution
around the Earth. Fig-3.11
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Orbital Velocity

Figure 3.12 shows & satellite going round the Earth in a
circular path. Lat the mass of the satellite be m,and visits
orbital speed. The mass of the Earth is M and r represents
the radius of the orbit. A centripetal foree rmy Vris required
to hold the aatedlte in the orbit. Thiz forcais provided by tha
gravitational force of atiraction between the Earth and the
salelita. Equating the gravitational force 1o the required

cantripatal forca, wa have Fig. 3.12
%2 ”_ mi'l.’! -J Tidhlw ‘.i-
r E The mamentyou swkch an your
mabilap | yOur location can
or p= .J% .......... {2.15) be fracked immediately by
g@ ening eystem,

This shows that the mass of the salellite is unimportantin .
deagribing the satellite’s orbit. Thus, any satellite orbiting ' Fidbizs -
ai distance r from the Earth's cenire must have tha orbital
spead given by Eq 3.15. Any speed less than this will
bring the satellite tumbling back to the E&rth,

{ Ewampie 35 1 An Earih setelife is dn cifuler orbit at
distance of 384,000 km from the Earth's surface. Whal is s
period of one revolution in days? Take ‘meass of the Earh
M =60 x10* kg and fts radius R = 6400 km

{sotutton]) O

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

GM _ |567x107" N kg 6 x10%ig
[ _j

il In 1984, ata hoight of 100k
= 10265kms above Hawall laland with a

Using v=

Al spoed of 29000 km b’ Bruge

S0 McCendiess stepped nto

5 fro =huttis

PR s taxssosnme L 10 s fom 3 e e
. sata/iite of the Earth,

= 27.7 doys

Weightlessness in Satellites
Whan a sataliits is launched by a rockst |n its desirad orbit Your walght skigity mﬁnw
around the Earth, then it has baen observed praclically that when the wvelocily of the
everything inside the satelite experiences weighllessness mmﬁ.ﬂm‘mﬂuﬁ
bacausa the satelita is accelarating towarda the cantra of the rest of the ride when that

the Earth as afrealy falling body. velocity [s conatant.
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Censider a satellite of mass M revolving In its orbit of
radius raround the Earth. A bady of mass minside the
satalite suspendad by a sprng balanca fram tha
ceiling of the satellite is under the action of two forces.
That is, its waight mg acting downward, while the
supporting ferce, callad normal forea F,; or tanslon In
the spring acling upward, as shownin Fig. 3.13. Their
rasuitant forcs is equal to the cantripatal force required
by the mass mwhich is acting towands the centre of the

Earth, andis expressed as:

E =mg-FK .o {3.16) Whan 3 bucket il of naler is
: rapidly whifled in & verfical
whare F = my mn;ml!u;_mlh watsr does not
‘2 r Fiestl wlhen il he boackel is
I at tha maximum
Hence m_rv. EMG=Ff, e E31Eil} 'M&%mnw

I{tmey be noted that the centripetal force responsible for the revolution of the sateliite of
mass M around the Earth is provided Wlhﬁmtﬂtbﬂﬂlfﬂ'ﬂ&ﬂfﬂﬂrac‘tmn betwaen the
Earth and the satalllle.

F,=F.
Mg = ML
v
-
Hence, Eg. 3.16({a) becomes:
mg=mg—-F,
ar =0 mnilt I-ua'lna Inside the cabln of 2 spaceship.

This shows that the supporting force which is acting on a body inside the satellite is zero.
Tharefore, the bodies as wall as the astronautsin a satallita find themselves In a3 state ot
apparent weightiegsness.

Artificial Gravity

In a gravity fram space, thara will ba no forca that will push anybady to any side of the
spacecrafl, If this spacecraft is io stay in the orbit over an extended period of ime, the
weightlessness may affect the performance of the astronauts present in that spacecraf.
To overcome this difficulty, an artificial gravity can ba crested n the spacecraft. This
could 2nable the crew of the space ships to function in an almost normal menner. For
this situation lo prevail, the spaceship is sel inlo rolaion around ils own axis. The
astranaul then is pressad towards the outer rim and exerts 2 foree on the 'floor’ of the
spacashipinmuch the sarme way as on the Earth.

Consider a spacecraft of the shape as shown in Fig. 3.14. The outer radius of the

e R R R S+
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spacathip is & and it rotatas around s own canlral axis
with angular speed w, then Its angular acosleration a. s

g, =Ra’
Buto = 2—: whora £ |5 the period of revolution of spaceship

g o R.:z:f e Fig. 314
t - B Do you know? [
&s frequency £ = 14, therefore,
ﬂ;=R4TC2f2
e W 2 L.
or f 4m2.ﬁ or f eV R

As descrbed above, the force of gravily provides the
raguired centripstal mﬂalaratbn thersfore,

=4
1 {a 33 X5 T siates of the otaing
S0 e b i 7] ke 5 ;
2z4R k apace-ship pusheson an object

with whilch it I in cortact and
When the spaceship rotates with this fraquency, the mwml m&ﬁ‘:&g
antificial gravity like the Earth s provided.to the inhakitants mng_m'ﬂmw;;h

of the spaceship.

34 MOMENT OF INERTIA

Conslder a mass m attached tum end of amaasless rod as
shown in Fig. 3.15. Assume. thet the bearing at the pivat
point Qs frictionless. Letthe system be in a horizontal plane.
Aforce F is acting on the'mass perpendicular to the red and
hence, this will accelstate the mass accerd|ng to:

F=ma

In doing s0,1ha force will cause the mass to rotate about O, Fig 345
Since tangential acceleration ar is related to angular The force F causes a tarque:

accelerstiona by the eguation. shaut the axia O snd gives
a =ra the masa m an angular
eoceleraton vabot the pivot

S F=mra point.

Az turning sffect is preduced by forgue +, it would, therefore, be betier to wrils the
equation for rotation in ferms of forgue. This can be done by mulliplying both sides of the
above aquation by r. Thus,

rf = t=torque = mrg
which is rotaticnal analogue of the Newton's second law of motion, F = ma.
Hare F is repraca:! by 1, & by e and m by mr®. Tha quantity mr is known as the momsnt
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ofinertia andis representad by /. Themomsntcf inertia plays W
the same role in angular motion as the masa in linear motion,
It may b neted that mamant of Inerila depends not anly en

mass mbutalsoon r®.

Most rigid bodies have different mass concentration at
dffarant distances from the axis of rotation, which means the
mass distribution |5 not uniform. As shown in Fig. 3.16{a), the = .
rigid body is made up of n small places of masseas my, Mz,.... ﬂ v (]
at distances r, , r; ...... from the axds of rotation ©. Letthe  que eviinders of equal mass.
body be rotating with the angular acceleration o, so the The one nﬂh‘ﬂm larger

magnitude of theterque acting on mi s ml.nl.mn;f%a araster
2
LR TEr v #1 :
For pour brforsetion
Similarly, the torqus on me is Lfresyon Z11
2 Memarits of Inems of Varols
T, =Mty o bidins about asis A -
i
- A
=)
e A o >
A
Thin Red
i='-|1!- i’
A
Fig. 3.8 ) x:
Emﬁnﬂpbuenfmmuﬂﬂdnq-ﬁje.'m body undemgoees e """'—RT-—""'

wame sngular scoelersticn about thephot point
& Thin rlr‘ uannp

Since the budy is rigid, so all the masses are rofating with the
same angular aceeleraton o

Total torque Tisuls then given by » @t
i
i = (s Hmars + 4R o

= . wuau nre-_.-:lmu
= Xmr
=1

= z""'

o TS R (3.18) e

whera ! is the moment of inerfia of the body and is
expressed as

n
P=Smnt e 3.19)

=1 *n%-nr
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3.5 ANGULAR MOMENTUM

Wa have already saen that linear momantum plays an Important rola In transiational
motion of bodies. Similady, another quantily known as angular momenium has
important role in the study of rotational motion.

A particle |5 sald to possess an angular momentum about a reference axis If It
&0 moves that its angular position changes relative to that reference axis.

The angular momentumn L of & paricle of mass m maoving

with velacity v and mementum p (Fig. 3.17) reletive to the -
orfginQ is defined as; L A
L=EXp e {3.20) e i =
e
where ris the positon vector of the particle at that instant _,:’

refative 1o the origin O, Angular moamenium is 2 veclor
quantity. lta magnitude is:

L = fp &ind = m rv sinD
where 8 is the angie betwesn rand p. The directionof L is

perpendicular to lhe plane formed by rand p and ils sense
is given by the right hand rule of vector product. S unit of

L
1}
angular momentumiskgm*s ' orJ 5. r* 1
If tha particis iz maving in a circle of radiua rwith uniform Q &
anguler velocity o, then angls baiwean r and tangential {
velocity is 90°. Hence,
(&) L

L=mrvaindl*=mrv

Fig 397

[ er your infarmation b |

Bul v=r& . - Hence L=mrfo xmﬁ;ﬁ}gtmﬂ

Now consider a symmetric rigid bady rotaling about a fixed fﬁ’:::“ il mlfﬂ‘g
axis through the centre of mass as showninFig 3.18. Each 4o be upward zlong the
particle of the rigid body rotates about the same axis ina  rotatonal mdas, a8 shown by
circle with ‘an, angular velocity «. The magnitude of the '® fghthand miein (k).
angutar momantum of the particle of mass m.is m,v, rabout
the origin Q. The direction of L is the same as that of o.
Since ¥, =, m, the angular mormenium of the th particle is
my, #'o. Summing this owver all particles gives the Iofal
angular momantum ot the rigid body.

n
L={Ym %) o=lo
-1 _
whera f ta the moment of inartia of tha rigid body about the
axis of rotation.
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Example 1.5 | The mess of Earth is 6.00 x 10* kg. The distance r from Earth to the
Sun is 1.50 » ﬂ]" m. As seen from the direction of the North Star, the Earth revolves
counter-clockwise around the Sun. Determine the orbital angular momentum of the
Earth about the Sun, assuming thal it raversas a circular orbit about the Sun once a
year(3.16x10s).
 Solution . Tofind the Earth's orbital angularmomentum, we must first know its orbital
spaad from tha given data. Whan ths Earth moves around a clrcle of radius 1 Ittravels &
distance of 2zrinone year. iz orbital speed v.is thus, v - iﬂ
Orbital angular momentum of the Earth = £ = myr
2nr’ m

£ Y
_ 2m(1.50 x10"m}' X(5.00 X10" k) !
316X10"s
L=287%X10%kgm’s"
The sign is positive because the revolution is munter cbckmae.

3.6 LAW OF CONSERVATION OF, ANGULAR MOMENTUM

The law of canasarvation of angular mmﬁh:m states [ _Ooyouknowi Biij
that if no extemnal torque acts on a system, the total iryutytostonanikaat stk

g

angularmomentum of the system remdins constant. fals, Bui if the bike is moving,
the anculer momenum o the
L. =L +L+. . =constant spinning wheel resists any

. = endenty o change and hel
The law of conservation of angularmomentum is one ofthe 1 keep the bie uorighl ﬂm

fundamental principles of Physics. |t has been verified from  skabie.

the cosmological ta the sub' micmscapic level, The effect of

the law of consenvalion of angular momentum is readily IS 2
apparant if a mngla isslated spinning body albers its mament
of inertiz.

If & body of mixment of inartia f, spinning with angular speod
o, alters itz miomant of inertia io I, , then itz angular epeed o,
alen changes so that ils angular momentum remains
constant.

Hence L=l

The angular momentum is 4 veclor guantity with direction
along the axis of rolalicn. Henea, the direction of angular
mamentum along the axis of rotetion alsa remaing fixed
Thils s lustratad by the fact given balow:

The balfs speed increases
The axis of rotation of an object will not change its e aing wrape arnundﬂﬁ

orlentation unless an external torque causes ltto doeo.  frger
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This fact is of great importance for tha Earth &s it moves amund the Sun. No other
sizenble torgue is experienced by the Earth, because the maejor foroe acting on ilisthe
pull of the Sun, The Earth's aude of rotation, therefore, remalns fixed In one direcion with

referencetothe universe arcund us.
Examples of conservation of angular momentum

Aman diving from a diving board

A diver jJumping from a sgringboard has o take a few -
sornersaulls in air bafors louching the waler surfaca, as |'F
shown in Fig.3.15. After leaving the springboard, he j!.'u
curls his body by rolling ams and legs in. Due ta this,
his moment of inatla decreases, and he spins In midair

with & large angular velocity. When he is about to touch

the water surface, be stretches out his arms and legs. T

He enters the water at a gentle speed and gete & B
smooth dive. This is an example of the law of - >
corservalion of angular momentum. Fig. 218 !
The spinning lce skater Amandiving kom s diving boer,
An ica skater ag shown in Fig.3 20 can inorease his i lomge ! emal
angular velocity by folding arms and_bringing the Al Sk
stretched leg close to the other leg. By doing so, he . %,
decreazes his momeant of inertia. Az & result, angular

gpeed increasee. Whaen he sireiches his hands and a
leg outward, the moment ofinertiaincreases and henca
angular velocity decraases.

A person holding som@welght In his hands
standing on a turntable. Anguiar mmm} {m%:l

I'ﬂml'ﬁ.llﬂ

A parson is standing on & tumtable with heavy mass Lo P
{dumb-ball) in his hands stretched out on both sidesas  Fg. 220
shown in Fig..3.21. As he draws his hands inward, his  An ce skater using angular memantum

- §l For your information|) -

It has been noticad thet when lce on the
polarcapsof Earth meks and waterfiows
avray in tha farm of far; the momant of

LY Sk inerfia of water anvd henca that of Earth
(@} (b about its axis of mbation increases due o

consarvation of angular monnsmtum.
iy Hance, the angular vakocity of Earth wil
Man with masses in his hands on & turnteble. decreass, therefore, the duration of day
Gommauun of angular momantum requines that as the increases sightly,
man pulls Fis arms in, the angular yeiocity Increases.
S ——— — = — B
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angular speed at once increases. This is because the moment of inertia decreases on
drawing tha hands inwards, which incressas the angularspead.

Flywheel F Foim 1 pander |
Fiywheel is a mechanical device which consisls of a heavy
wheal with an axde (Fig. 3.22). It is used to store rotational
energy. smooth oul cutput fluctuations and provides
stabilily in a wide range of applications such as bicydes
and ather wehicles, industrial machinery, gyroscopes,
ships and spacacrafts.

Bl Do you iaow? [

The fiywheel celled the balence
whesl regulates the Sme keeping
mechanism In mechanical clacim
and watchas by rmalntalning
controliod coclletions ret,

h"lﬁly ooes the cosging miating
- ayabor olow down oo waler dipas
Fige .32 Adywhasl iniahe beakar?

When a fly wheel spins, itz angular mementum
resisls changes to its orientatipns, maintaining
stabilily. This is useful in syslems that nead precize
control over their orientation without external
Interfaranca.

The Gyroscopsa

Agymscope is a device which isused to maintain its
orlentation relative to the Earth's axis or resists
changes in its orientation.. [t consists of a mounted
fMlywhasl pivoled in supporling rings as shown in
Fig. 3.23. It worke on the basiz of law of
consenvation of angular momenturn due to its large
mament of inartia. Whan the gyroscops spins at a
large &ngular speed, it gaing large angular
momentum. It is then difficult to change the
oriertation of the gyroscope's rotational sxis due to
its large moment of inertis. A change in orientation
requires a change in its angular momenturn. To
change the direction of a large angular momentum,
a corrasponding large torqua is required. Bvan if
gyroscope is filked (Fig. 3.24), it24ll keaps levitated
withaut falling. Hence, it is a reason why a
gyroscape can be used to maintain erianhtation. Tha
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main applications of gyroscope are

in thﬂml'ﬂ system ﬂwm“’ Pl.l.nm mave n.-mnd ihu&:m in dhtnul arbits with Surn

submarines and space vehicles in gy oed at one of its fod, thes, distence of a planet from
ordar to maintain & spacifiic dirmction the Smhmtmm-ﬂhunhh rzares the Sun. lbs orbital

inspace to keep steady course. vElosity noreases automatically, Why?

W GO s—

[l Muitipie Choice Questions [

| Y

Tigk {+"} the correct answer. .
31 Tharatioof angularepead of minute's hand and holr's nand,uix wat::h Is:
@ 1:6 () B4
oy 1:12 () 12:1 7
32  Abodytreveling inacircle atconstantapsed: ' 4o
fa)  hasconstant velocity (b} < has an inward radial acceleration
{c) isnotaccelerated {q} hu an cutwerd radial aceeleration
3.3  Aslone at the end of lorg string is hhrigﬂ n vertical circle at a constant speed.
Tha tenaion in tha string will ba rnIQIﬁ'Il;m whan tha stons |s;
(@)  atthetopofthecircle {t)  halfway down
(¢}  atthebotiom n!csmlu )" {d} anywherzinthe circle
34  Everypointof rofating glg[l:l_hudwhas.
(@) same amlﬂi"i&!ﬁch {t)  samelinearvelocity
() same Itna&f acceleration {d)  samslineardislanca
35  Theminimum vemmh.r necessary (o puta satelite into the orbit is called;
(a) t_at;_rqinalvalncrty {p) critical velocity
(). " ‘artifclal velocity {(d)  angularveloclty
36  Angsfronautisorhiling around the Earth inalarge capsule. Then,
(@) hewill be Inastaieofwelghtlessnesswith respect o capsule
(b} he is fresly falling toward s the Earth
c) 2 ball projected st an angle has a streight line path a=observed by him
(o) sl tha abowve
3.7  Anobject imuniform drcularmelion makes 10 revolutions in 2 seconds, Which of

the nllewing statement |sirue?
fa) lsperiodisZ0s (t) IMsperiodis20s
(e} Itsfrequencylsbhz (@  isfrequencyls0.2Hz
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3.8

3.10

a1
32
33
3.4

38
3.6
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39

3.1

a.2

Aman |nside the arliical sateliite feels weighllessness because the Torce of
attraction due to the Earthis:

(@ zeroalpole
{b) balanced by the force of atiraction due to the moon
(c)  equaltothe cantripstal forca
(d)  non-eflectivedue o some particular design of the satellite
A botile of soda water is grasped from the neck and swung briskly in a verlical
cirgla. Nearwhich portion of the bottls do the bubblgs collact?
{a) Near the boltom (b} In the middle of bottle
(g}  Bubbles remain disiributed throughout the volume of the botlle,
(e} Maar the nack of the botile
The moment of [nertia of body depends upon:
{a)  mass of the body and its distribution about axiz of rotetion
{3} volume of the body
(g}  kinefic enemngy of the body
d) angular momentumn of the body
[ Short Answer Quiestions )|

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 wa get butter fram the milk by using centrfuge?

Mass Is a measure of Inertia In Inear metlon. ¥¥hat Is its analogue In rotational
motian? Describe briafly.

Why is it harder for a car o take fum at higher speed than at lower speed?
What arethe benafite of uslng rearwheels of heavy vahlcles conelsted of double
tyras?

When a-meving car fums arcund a comer fo the left, in what direction da the
aceugants tend to a7 Explain briefly.

Whytis the 2cceleration of a body moving uniformly in a circle, direcied
towards the centrg?

How does an astronaut feel weightlsssness while arbiting from the Earthin a
spaceship?

@ Constructed Response Questions |
If anguiar velogity of diffarent particles of a rigid body is constant, will the linsar
velocity ofthese particles be also constant?

Aloaf of bread Is lying on rotating plate. A crow takes away the loaf of bread and
the rotation ofthe plate increases. Why?
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4.3 Whydo we umblewhen we take the shamp turn with large spesd?

3.4  Whatwill batime period of a simple pendulum in an artificial satellite at a certain
height?

3.5  Isthemactionofasatelliteinits orbit, uniform or accelerated?
3.6  Whatare the advantages that radian has besn prefarmed 85 S unit to degrea?

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

a8 In & rainstarm with & strong wind, what determings ihe best position to hold an
umbrella?

3.9 Aballis jusl supporied by a string without breaking. If it is whirded in a verlical
circle, it breeks. Explain why.

5.10 Howis tha centripstal forca suppliedin the following cases;
(8] asalellite orbiting around the Earth?
(b]  acartakingaturnonalavel road?

[{] Comprehensive Questions |
3.1 What|s meant by angular mementum? Explain the law of consarvation of
angular momentum with daily Iife examples.
4.2  Show that orbital angular momeanfumis; L = fe.

3.2  Define moment of Inertla. Prove that torque acting on rotating rgld body Is
equal to the product of its moment of ineria and angular acceleration,

3.4 YWhat are artificial satellites? Calculate the minimum time period necessary io
put azatalliite intothe orbit nearthe surface of the Earth.

3.5  Defing orbital velocity and derive an expression forthe same.

3.6  Write & note on erlificial gravity, Derdve an axprassion for fraquency with which
the apaceship rotatsa to provide artificial gravity.

3.7  Provethat ()v=re and (I)a=ra

@  Numerical Problems
3.1 Alaser beam is diected from tha Earth to the moon. The beam sproads ovaera
diameter of 2.50 m at the moon surface. What Is divergence angle of the beam’?

The distance of moon from the Earth is 3.8 x 10°m. {(Ans: 6.6x10” rad)
3.2 Acaris moving with a apesd of 108 km h”. T itls wheel has a diametsr of 80 cm,
find its angularspeed inrad 5™ and rev s {Ans: 100 rmds”, 16revs")

3.3  Anelectricmotoris running at 1800 rev min”. On switching off, it comes to restin
20 =. If angular retardafion is uniform, And the number of revolutions it makes
befora stopping. (Ans: 200 rav)
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A string 0.5 m long holding 2 stone can withstand maximum fension of 36.6 N.
Find the maximum speed atwhich a stone of 0.5 kg mass can be whirled with itin
g vertical circle. (Arm:5Eme")
The fiywheel of an engine Is rotating at 2100 rev min” when the power source |s
shut off. What torqueis requined o stop itin 3 minutes? The mement of inertia of
tha fiywheal is 36kg m'. {Ans: 44N m)
What is the moment of inertia of 2 200 kg sphere whose diameteris 60 cm?

(Ans; 7.2 kg m™)
A satellite is orbiling the Earth at an altitude of 200 km. Assuming the Earlh's
redius is 6400 km, celculate the orbital speed of the safellite.  (Ara:7.77kms")

A space station has a radius of 20 m and rotates al an angular velocity of
0.5 rad 7. What is the artificial gravity sxperiencad by the astronauts cn the

space station? {Ans: 5ms”)
A bicyclewhesl has an angular momentumof 10kgm® =" and angularvelocity of
Zrad s’ Find the value of its moment of inartia, {Ans:5 kgm™

A diver comes off a board with arme streight up and lege straight down, giving
him a mament of ineria of 18 kg m® aboul his rotafion @xis. Then lucks inko a
small ball, decreasing his moment of inertia to 3.8 kg m". Whie tucked, he
makes two complete rotations in 1.0'secord. If he had nol tucked at &ll, how
many revolutions would hie have made in 1.5 from board iowater?

(Ans; 0.6 rav)




