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Introduction

Scientist Sir Isaac Newton was the first who discussed about laws of motion of
bodies: Three laws discovered by Newton are the milestone of mechanics. Many
problems in Physics and Engineering have been successfully solved by applying these
laws. In explaining linear motion and rotational motion, momentum, conservation
principle etc are some of the successes of Newtonian mechanics.

After studying this chapter students will be able to—
explain intuitive concept of force.
explain laws used in Newtonian mechanics by applying calculus.
explain limitation of Newton's laws.
explain terms relating linear and angular momentum.
learn about the use of centripetal and centrifugal force.
explain elastic and nonelastic collisions and will be able to solve problem
relating this.
Practical : Determination of moment of inertia of a Fly Wheel.
4'1 Intuitive concept of force

We have learnt about static inertia, dynamic inertia, displacement, velocity,
acceleration in the previous chapter. If you kick a football it normally moves ahead. But

el

_ Fig.41() ' Fig. 41 (b)
by hitting an iron-ball of the same size, it is not possible to make similar motion. A jet
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plane cannot be moved alone by pushing [Fig. 4'1(a)]; but a cycle moving in a particular
speed can be stopped by pulling it from behind [Fig. 41(b)]. From these examples it is
understood that the body having large mass cannot change its inertia of rest or inertia of
motion easily. So, the larger the mass, higher the inertia.

We have learnt from the above examples that in order to change the state of a body
at rest or a body in motion something from outside is to be applied tangentially. In our
daily life, we often push bodies by our sides, sometimes we take things from one place
to another by pulling or lifting. In all cases these need to have physical contact between
the object and the person who applies force. This type of force is called contact or
tangential force. Examples of contact or tangential force are frictional force, force
created due to collision, stretched force etc. It can be said that whatever is used to
change the state of rest or state of motion of a body is called force. |

Similarly, many events are happening in nature whereat two bodies are attracting
or repelling each other. Again, without being nearer or in touch two bodies may be
attracted by each other. For example, we do not know easily whether a mango of a tree
is attracting another mango of the tree or that mango is being attracted by the earth or
not. When the mango falls to the ground, it is seen that it touches the ground due to the
attraction by the earth or due to its weight. This type of force of attraction is called
gravitational force.

Again, when a box is pulled over the floor, then there is a force acting between the
floor and the box which resists the motion of the box. This retarding force is called the
frictional force. Ratio of this frictional force and reaction force is frictional co-efficient

()R p:-lg-

In case of dynamic friction it is f; and for static friction it is f; and reaction
R = weight of the body = mg, in case of inclined surface R = mg cos 6.

Nucleons exist closely and side by side inside the nucleus of the atom. In this case,
there is a force of attraction for which nucleons do not get separated. This type ofi
attraction in nucleus is called nuclear force.

In practice, there is no body on which R
force from outside does not act. But, if the
resultant of two more forces acting on a body
from outside is zero, then no effect of those
forces is observed on the body: For example, if
two equal forces act on a table from two sides
along the same line in order to move it, the !
table will not move as the applied forces are w
equal and opposite. That means, the table will Fig. 42

remain static. Again, if a container is placed on a table its weight (W) will act
downward and the reaction force R of the table will act upward. Here W = R, hence the
container will remain static [Fig. 42]. All these forces are contact forces.
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From Newton's first law of motion we can have idea about the force. That means,
if something is not applied on a body the body would like to stay in its state of rest
indefinitely and also a moving body would like to move indefinitely in a straight line in
perpetual motion: This property of the body is the inertia. So we take this decision that
influence from outside for which state of a body either at rest or in motion is changed is
called the force.

The body which has heavy mass will have higher inertia. If the inertia is more, large
force is needed to move it.
Definition : The external reason that changes the static body into motion or

changes the motion of a body or tends to change the state of rest or motion is called
force.

Mass of truck is many times more than that of the baby—taxl. Hence its inertia is also
more. So more force is needed to move the truck than the baby-taxi.

A list of effects that the force creates on motion has been prepared. These are :
(1) Applied force can make a body at rest to move. That means force can create
acceleration.

(2) Due to application of force velocity of the moving body can either be
decreased or increased.

(3) Applied force can change velocity i.e., the direction of motion of the body.
(4) Forces act in couple:

Unit : S. I. unit of force is Newton. F.P.S. unit of force is poundal.

1 poundal : The force applied on a body of mass of 1 pound that generates
acceleration of 1 ft/s? is called 1 poundal.

Dimension : Dimension of force [F] = [MLT-2]

If acceleration a is produced, by applying force F on a body of mass m, then

‘F=ma  cmesat 1i(4:1)
Force is measured by the product of mass and accelerauon

4°'1'1 Kinds of forces

Although we are familiar with different kinds of forces in nature and these forces
have different names but all forces are not fundamental. The forces which are
fundamental or natural i.e., the forces which are not derived from other forces,
rather other forces are derivatives of these forces are called fundamental forces.
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There are four fundamental forces in nature. Other forces can be explamed by any
one or more than one of the fundamental forces. Th lames 'ces ar

L. Gravitational force

2.  Electromagnetic force

8. Strong nuclear forces

4. Weak nuclear force)

1= Gravitational Force): In the universe, there ex15ts a force of attraction between
any two particles or objects. 1 :
magnitude of this force is proportion:
:parhcles and inversely proportio
l;eheve that mutual exchange of
grawtauonal attraction betweenf :

2. Electromagnetic Forcej: A kmd of force exists between two charged bodies and
between two magnetic materials. These are called Coulomb’s electric force and magnetic
force respectively. Electric force and magnetic force can either be attractive or repulsive.
The electric and magnetic forces are closely related to each other. Actually, the force
acting between charged particles in motion is electromagnetic force. When the ¢
are in motion then they produce magnetic field. Again, varying magnetic field acts as a
source of electric field. It is assumed that due to mutual change of massless, chargeless
particles called photons this force becomes actxve

lﬁlectromagnehc foree -is demonstrated in elastic fox
chemical reaction ete

3 ' Strong nuclear forcej: Nucleus of an atom is composed of protons anc
neutrons. These are combmedly called nucleon. In the nucleus protons having similar
charges stay very close to each other, so Coulomb's strong repulsive force is active there
which could break away the nucleus. But in practice most of the nuclei are stable.
Gravitational force acting between nucleons is so weak that it cannot balance the
Coulomb s force So, there must be a strong. force at:twe that keeps the nucleu:

dlsmtegrate spontaneously (for example, uramum.tho ium ef

Al

radioactive nuclei. Three d1fferent =-es’ of rays

e

radioactive nucleus. These are called alpha r:
rays (Y-rays) _
When beta particles or rays are emitted from radioactive nucleus. then ene

energy released from the nucleus is more than the kmehc energy of beta péirﬁcles.
Naturally, question arises, iff=particle carries anlittle :
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vhere the'Testiof theenergy remains'? In 1930 W. Pauli proposed that rest of the energy
is carried by another type of particles which are emitted along with B-particles. {Tfesé

arficlesare called neutrino. The emission of B-particles and neutrino particles is due'to
fundamental force called weak nuclear force. This force is much weaker than strongs

Wiclear force or electromagnetic force: Disintegration of many nuclei is caused due to this
force. It is assumed that due to mutual exchange of particles called bosons the force,
6@_, .5.'.3-_'_’ﬁ”1.' s e

4’1’2 Comparison of intensities of the fundamental forces

Comparison of relative strength of the four fundamental forces shows that
strongest force is the strong nuclear force and the weakest one is the gravitational force.
Both'strong and weak nuclear forces are short range forces. These forces aremot;
active outside the nucleuis:iOn the other hand range of gravitational and electro-magnetic ;
In order to have an idea about the strength of the four fundamental forces, fif Wey
take the valuie of strong nuclear force as 1 then relative strengths of the weak nuclear,
force, electromagnetic force and gravitational force are 10-12, 102 and 10 respectively.
Scientists have been trying for many years to establish relation between the four
fundamental forces. Prof. Abdus Salam, Wienberg and Glashow— these three scientists,
after‘many years of research; have established a relation between weak niticlear force.
ind electro-magnetic force ‘which is knownras Salam-Wienberg's Theory. e
4'1'3 Momentum
Suppose for any reason there is a collision between two bodies. After collision how
will you ascertain direction towards which the bodies will move ? Whether by their
momentum or by their velocities ? Why the impulse of a moving rickshaw is more than
that of a moving bicycle ? Why is it difficult to stop a moving rickshaw than a moving
hicycle ? The reason for these events is momentum. :
Then what is momentum ? It can be said that the motion produced in a body due
) the combined effect of mass and velocity is the momentum of that body. Keeping
ss constant, if velocity is increased, then momentum of the body also increases.
same body moves with higher velocity, then its momentum also becomes higher. As
many times the velocity of a body increases same increase of force compared to previous
one is needed to stop that body. If a car moves with double velocity, then double
amount of force compared to previous one will be needed to stop that car. Mass of a
bullet is very small, but its velocity is very large and so momentum becomes large and
the impulse of the bullet is very strong. ! |
Definition : The property of a body that is produced in it due to the combined
effect of mass and velocity of the body is called m
product of mass and velocity of the body. Thiertia ‘of 1
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4’2 Newton’s laws of motion

In 1687, Sir Isaac Newton in his famous and immortal book, “Natural philosophia
principia Mathematica” published three laws connecting relation beﬁveen,mas of ay
body, motion and force. These three laws are knownras Newton's laws of ma

First law: If the state of an object is not changed by applymg extemal force, a
static body will remain stationary for ever and a moving body will continue to move
with uniform velocity i.e., it will be moving in straight line with uniform speed.

Second lawi: Rate of change of momentum of a body is proportional to the
force applied on it and the direction in which the force is active, the momentum will
also be active in that direction.

Third laws: For every action there is an equal and opposite reaction

inside ? Explam

If a passenger sitting inside a motor car applies force on the car, then accordmg to
the third law of Newton the car will also apply equal and opposite force on the
passenger. Due to the action of these two action-reaction force momentum of the system
formed by the car and the passenger does not change. As a result the car does not move.
So the car remains stationary.

4'2'1 Newton'’s second law of motion

Law' : Rate of change of momentum of a body is proportional to the force
applied on it. The direction in which this force acts, the change of momentum also
occurs in that direction.

With the help of this law direction, magnitude, characteristics of
between acceleration and force, unit force, unit of force and independen
lforce can be knowny

= - -
Derivation of F = ma (calculus method)

: -
Suppose a body of mass is m and it is moving with uniform velocity v, [Fig. 43].

-

Suppose a constant force F is = =, ; 2
acting for time t on the body along its —).O—-p—— _—— —O—»
direction of motion. Consequently : m ; b SRS

—
velocity of the body changes to v . Fig. 43
So, momentum of the body moving with velocity 7 is
P=mv : ST e (42)

_)
Now, rate of change of momentum ?Iti

d i TOR 3 ioiiyonb
= 73 (m )_ i whiod ki 10 90108 ane
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Rate of change of momentum is proportional to applied force.
_)
=25d P
Sy
dp_ . d, >
=k AT k 7 (muv)
- d_) - d -
F =km d_!: =kma : (4.3) | Here k = constant, % ='a

From the definition of unit force it can be shown that k=1
When m =1 unit, |2 | =1 unit, then| F| = 1 unit.
. by inserting these values in equation (4.3) we get,
1=k.1x1

=1
=5
F=ma (4.4)

e T e SRR
Instead of a single force if forces F,, F,, F; ... F, etc are applied on the body then
—

. e e J S
net force active on thebody =XF = F; +F, +F; ... +F, .

- -
. Newton's second law is > F =m a ... [4.4(a)]
dere direction of acceleration is along the net foréé. We can define unit force from
Newton's second law.

The force applied on a body of unit mass to produce unit acceleration in it is

called unit force.

Mass =1kg That means,
Force = 1IN
éé Z m =1kg (S. 1. Method)
Y,
\7/ - =
G5 |a|=1ms2 then
Acceleration F=1N, [Fig.44]
Fig. 44 So, by inserting these values in equation (4.3),
we get,
- -
F =ma : (4.5)
.e., Force =m acceleratior
This is the equation indicating magnitude of force.

4°'2°2 Independent principle of forces
According to Newton's second law of motion rate of change of momentum a body

will be active along the direction of force. So, the momentum that exists along the

direction of force will be changed with time only. Even in case of many forces effect of
ody will not be influenced by other forces. The characteristic or feature

one force on the b
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of the forces on a body is called the independent principle of forces or physical non-
dependence.
What we have learnt from Newton's second law of motion aré :
{@)" Acceleration of a body is proportional to the applied force on the body.
(i) When the force does not act the body does not have acceleration or retardation.
(i) Direction of force is the direction of acceleration.
{i¥) When force acts on a body it moves with acceleration.

Mathematical examples
1. A body was at rest. A force of 15 N acted on it for 4 sec and then that force
did not act. The body then moved 54 m in 9 sec. Find the mass of the body.

Since the force did not act on the body Here,
after 4 sec, so it moved next 9 s at uniform F =15N
velocity. t; =4's
o= t, =9s
t24 | s=54m
= % = 6ms™! vy = 0 (since the body is at rest)
m =?

We know, v =19y + at,
or, 6 =0+ax4

or, 6 =4a
or, a = 2
4
a =15ms?
Again, F=ma
or, 15=mXx15

or, m=ﬁ

m =10 kg
2. A body acquires an acceleration of 3 ms2 when a force of 7 N is applied on
it. What is the mass of the body ? If the body is acted on by a force of 5 N along with
7 N force at an angle of 60°, what will be the acceleration of the body ?

1st part [Ch. B. 2010; R. B. 2009; S. B. 2003]
We know, Here, i ‘
F =ma e 7N S
Or! 7=mx3 a'=3ms‘_2 b - L1
U > sl rioil|a'd ot BallGFan sanelelh ey
m=7z=233kg T ol :
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4. How much force is to be applied on a body of mass of 60 kg so that its

velocity increases to 10 ms™! in 1 minute ?

We know,

=10 N

Here,
mass, m = 60 kg
time, f = 1 min. = 60 sec
increase of velocity, -
Av =10 ms™!

5. How much force is to be applied on a body of weight of 980 N to give

acceleration of 1 ms=2?

We know,
W = mg
980
or, m =--=go= 100 k
Again,
F = ma =100x1 =100 N

Here,
weight of the body,
W =980 N
acceleration, @ = 1 ms=2
=82

6. A bullet of mass of 14 g of a rifle at the velocity of 3'6 ms™1 can penetrate

0°21 m thick block of wood.

We know, Here!
work done, W = % mv? — % muvgy? m=14g=14x103 kg
1 vg =36 ms!
or, Fs =5m(v?—v?) 0'=0
1 §s=021m
5% 14x 102 [0 (3'6)?]
O+ el 021
=— 0432 N

7. How much force is to be applied on a body of mass of 4 kg to move it with

acceleration of 10 ms=2? (Frictional force of the road is 2'5 N kg1

We know, Here,
effective force, F=P — F;
40=P—10

or, P =50/N

applied force = 50N

[ B.B.2001]

mass of the body, m =4 kg
acceleration, a = 10 ms=2

. effective force, F = ma =4 >< 10 40N

Frictional force =25 N kg-l :
total frictional force, Fx =2'5x 4 =
applied force, P=?

SN
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8. A box of mass of 70 kg is being pulled on the floor with a horizontal force of

500 N. When the box moves the frictional coefficient between the box and the floor
is 0°50. Calculate the acceleration of the box. [ D. B. 2011; S. B. 2009; Din. B. 2009;
R. B. 2007; J. B. 2004]

We know, Here,
Frictional force, F; = iR m =70 kg
4 mr = 050
or, F, =050 x 686 N ;
: normal reaction,
=343 N R=70%x 98N =68 N
Again, horizontal force, F; = 500 N
resultant force, acceleration, a=7?
F =F, —F;
= (500 —343) N
=157 N
Now,F =ma
ey S E V157N
2 “m~ 70kg
=224 ms2

ck : W F—**PhyermakaetmabChpuﬂsl'us hand backward to catch the ball.
According to Newton’s second law if the applied force is less, then acceleration
will be less. If the change of velocity is less, time taken for this change is more,
acceleration will be less accordingly. So, in cricket match a player pulls backward his
hand to catch the ball so that for a particular change of velocity time taken is more;
consequently acceleration and reaction force will be less.

4’2’3 Impulsive force
During collision, explosion, sudden strike etc such type of force acts. To strike
carom globule by a striker, hitting of a tennis ball by the bat, to kick a football, to hit a
nail by a hammer, striking of a string of a musical instrument etc are special types Of

orce. . tas,.eailed impulsive force.

Impulsive force acts for such a brief period that during that time displacement of
the body may be ignored. But as the magnitude of force is very large, so there is a
sudden change of velocity and along with it momentum also changes. It is not possible to
know or measure impulsive force correctly. It is not needed also. If change of momentum
can be measured i.e., if impulse of force is known, then total result of the force will be
- known. For this reason, this sype of force is called impulsive force. That means, for 2
_very brief period if a large force acts on a body, then that force is called impulsive

. force.
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Example : Suppose, when a tennis ball is struck by a racket then a strong force -
acts on the tennis ball. Here the time of collision between the ball and the racket is

z: 3 EE:\.;‘
BE——" 2000 N
HH £ )
i)
Y
\ > 5N
’
Force on tennis ball Horeeon s“fItCh to
put on light
Fig. 4'5 (a) Fig. 45 (b)

very small. This type of force is impulsive force [Fig. 4 5(a)]. Again, when electric switch
is made off and on, this impulsive force also becomes effective [Fig. 4 5(b)]
4°'2°4 Impulse of force

Product of a force and the duration of action of the force is called impulse of

that force. If force F is acting on a body for time t, then

glmpulse of force.@g ; .. (4.6)

- o

iR = =
= M‘x t =m v —my, = change of momentum
& Impulse of force is equal to the change of momentiy

Mathematical examples

1. A force of 16 N acts on a body of mass of 4 kg for 4 s. Determme (a) the
change of velocity and (b) the impulse of force.

=, =
(a) Suppose, change of ve10c1ty =V —17 Here. ey _
We know, Force, F = 16N
Impulse of force = change of momentum m = 4kg
=2 —> — t - = 45
F xt=mv —mug .
or, FExt=m(v—vg) ;
(v—vg)=F xt_16Nx4s=16 =

m 4kg
(b) impulse of force, ] = F xt=16N x4s
= 64 Ns
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2. A body of mass 0°05 kg hits a vertical wall with a horizontal velocity of 0'Z=
ms~! and rebounds with a velocity of 0'1 ms~L. Find the impulse.

Suppose, impulse of force =]

We get, Here,
JER=TF>¢f and Mass of the body, m = 0°05 kg
= m (v —vg) Initial velocity, vg = 02 ms~!
L Final velocity, » = — 01 ms™!
J = _m(vt——vg) X t [Since vy and v are opposite, SO
negative sign is used]
Tl Impulse, ] =7
= 005 x (— 01— 02)
J] =—0015kg-ms!

[—ve sign indicates that ] and v are in the same direction]
|J| = 0015 kg-ms!
3. A cyclist while cycling at velocity 8 ms-! stopped pedalling and observed that

after travelling a distance 48 m the cycle stopped. Calculate the frictional force

between the tyre of the cycle and the road and impulse in 2 secs. [mass of the cyclist
including the cycle = 147 kg ]

Let the frictional force =F and Here,

retardation produced due to force, F=a Bo=

We get, v2 = 1y2 — 2as e lesdad 1) v = 8ms’!

- from equation (i) we get, m = 147 kg

R "!fvo;s— v?) : s = 49m
= 147 kg x {(821“5;321; g = 96 N

. frictional force, F = 96 N and impulse of force in 2 sec = Fx t =96 x2 =192 Ns
4. A cricket ball of mass of 150 g coming at velocity 10 ms! is struck by a bat.
The ball returned at velocity 18 ms-1. If the duration of collision between bat and
ball is 0°1 s, then find the magnitude of the applied force on the cricket ball.

We know, Here,
Ext=my—mu initial velocity, vg = 10 ms™
e _m(v—vg) : mass of the cricket ball,
4t m =150 g =015 kg
2015 x(=18-10) final velocity, v = —18 ms™!
01 ;
applied force, F =?
= —420 N

|F| = 420N
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4'3 Relation between Newton's laws of motion

In prder to establish relation between Newton's laws of motion we should have
enough idea about the laws and also we should have knowledge about the subjects on
which those laws deal with.

Fr?rn the first la‘fv we understand that if no external influence acts on a body the
body will not change its state. Body at rest will continue to be at rest and the body in
motion will continue to be in motion. This happens due to inertia of a body. In doing
something against this inertia, i.e., to change a body at rest to move or to change the
motion of a moving body, force is to be applied on the body. From this idea, we can
apply New ton’s second law of motion. More the mass of a body, the more the momentum
of that body. Suppose mass of a moving body is m and velocity is v; mass of another
body is 2m but velocity is same i.e., velocity is v. Then momentum of the first body = mv
and that of the second body = 2 mv. By resisting i.e., by applying force if the two bodies
are stopped at the same time then change of momentum of the second body will be
double than that of the first body. From the second law, we know that rate of change of
momentum is proportional to the applied force. So, in order to stop the second body at
the same time double amount of force is to be applied. Again, if two equal forces (F) are
applied on the two bodies then acceleration of the first body is a; and acceleration of the
second body is a,, then according to Newton's second law, F = ma; and F = 2 ma,.

So, it is seen that there is a relation between momentum and acceleration and by
this a relation can be established between the first and the second law of Newton or one
law can be transformed into another law.

In other way, if forces F; and F, are applied on two bodies along the same straight
line then while moving it may happen that the two bodies might have collided with each
other. Whenever they are collided then second body applies equal and opposite reaction
force on the first body. In this case, the force by which the second body is acted is called
action force and this body after collision applies force on the first body in the opposite
direction which is called reaction force. From Newton's third law of motion it is known
that this action and reaction are equal.

From the above event it is observed that inertia of the bodies, creation of acceleration
due to the application of force, action and reaction all these activities are mutually

related with Newton's first, second and third laws.

Mutual relation among Newton's laws of motion can be established
mathematically in the following way
W Relation between second law and first law

We know from Newton's second law of motion that rate of change of momentum is

Proportional to the applied force. That means,

-
moy — -
tmvoﬂ_cF

- -
m(v —vg) “?

t
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- =
or, Ifma =kF, k=1, then
-

- - - :
F =m a; here F = applied force, a = acceleration, v, = initial velocity,
—_ o
v = final velocity
- -
If external force is not applied, then F =0 and a =0.
But since mass of a body is not zero, i.e., m #0,
_)
=2 2td vy HLC=>
S0, @ == 0, i.e., v = constant (4.7)

S0, it can be said that if no external force is applied, there is no change in velocity.
No change takes place in the state at rest or in the state of motion. That means, in
absence of external force momentum of particles always remains same or constant.
B Relation between first law and third law :

From Newton’s first law we know that if external force does not work momentum
remains constant. That means

- -
Momentum, P = mv = constant

(4.8)
By differentiating with respect to ¢t we get,
P __ d(v)
v
qF - m af (4.9)

Again, when one of the two bodies applies force on the other body, then rate of
change of resultant momentum becomes equal and opposite.

— —
dP, __ dP,
deioaatidt
d, — d =
at (myv,) =— at (mav,)

— - -
or, mia; =mya, or, F;=—

[4.9(2)]

F;. 1.e. Action force = Reaction force

By equation [4.9(a)] mutual relations between Newton's First law and Thrid law of
motion can be established.
B Relation between second law and third law :

We know from Newton’s second law of motion that the rate of change of
momentum is the applied force. If impulsive force is considered then it can be written
Impulsive force = rate of change of momentum.

In this case, the force for which impulse is produced, conversely for that force
: ter impulse is produced. Here it can be said,

action = reaction.
This is Newton’s third law.
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4’4 Applications of Newton'’s laws of motion

When a body applies force on another body then the second body also applies
equal and opposite force: on the first body. We have learnt about this action and reaction
forces from New ton’s third law of motion. In nature forces act in couples. In nature there
is no individual separate force. Two forces are complementary to each other. One of
these forces is called action force and the other one is reaction force. As
force is there, reaction force also exists there. Somie practical applicatio
Jaws of motion are described below with examples; e
1. Motion of a carriage Ui,

When a carriage moves on the road, then force T:) applied in the belt on the
shoulder of the horse or on the arms moves-the carriage forward; at the same time

carriage also pulls the horse backward with equal and opposite force ? Naturally,
question arises how the carriage moves forward ? Look at the picture below.

How the carriage moves forward with passengers ? : In order to move the
carriage the horse applies force on the ground obliquely. Simultaneously ground also :
applies equal and opposite reaction force R on the horse. This force can be resolved into
horizontal Fy; and vertical Fy components. Vertical components Fy balances weight of the
horse. Now if the horizontal component Fy becomes greater than reaction force R
applied backward by the carriage, then due to the action of the force F; — R horse
moves forward i.e., the carriage moves ahead [Fig. 46]. - LW 2H

Re——F

Vertical component _
= — ’ 4 Reaction of ground
ol N 5
u'n_-uu.-"'nJ_.' ‘- *A el 1
e :
—3
FVV R
frio= » Horizontal component
(Frictional Force) F Fy b oot
Fig. 46

Now if the motion of the carriage is considered separately, then we will find that
two forces act on it— : 3
(i) Frictional force f on the wheel due to its contact with the ground. This force
feésists the motion of the carriage. | - OL Y
(i) Force applied by the horse F; this force tries to pull the carriage ahe.ad.’

2 Pulling a boat by rope (or Towing a boaf) .. =
Suppose M is a boat. At point O a rope is fastened and the boat is pulled by the

Tope along the bank of the river OR with a force —1? F can be resolved at poi.nt C;)T-Iinto
0 components— horizontal and vertical components [Fig-47]. WG R AEE H
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Horizontal component = F cos 6, its direction is along OA and the vertical

component = F sin 6, its direction is along OB.
AR AT A T A :
: ; : Horizontal component of the force F cos 0

pulls the boat forward and the vertical

Bf R component F sin 0 pulls the boat towards the

bank of the river. But vertical component F sin 0

JA is repulsed by the helm. Larger the rope of the

0

boat, smaller the value of angle 8; consequently

= value of F sin 6 will be less and that of F cos 6
2 Fig. 47 will be more. So, the boat will move fast ahead.

| Work : How the motion of a boat increases in case of towing. J
3. Long jump of an athlet

Before long jump an athlet runs some distance from behind. The purpose of it is to
acquire inertia of motion so that he can travel some distance after jump.

4. Firing of a bullet from a gun

When a bullet is fired from a gun, the bullet moves ahead with tremendous speed.
If the gun applies force F on the bullet, the bullet also applies equal and opposite force
on the gun. Due to this reaction force the gun also recoils backward [Fig. 4'8].

This can be explained by momentum
as well. Before firing both the gun and the

Backward velocity of gun

bullet remain at rest. So momentum of both g . S _
the gun and bullet is zero. Hence their total SRS 1‘“ Forward velocity of gun
initial momentum is zero. After firing, due ot LY

to explosion, the bullet moves ahead with Fig. 48

a velocity. So it gets a forward momentum. Now, according to conservation principle of
momentum total momentum after firing will be zero. So, the gun will also acquire an equal
and opposite momentum. Then the gun, of course, will get a backward motion [Fig. 4'8].

Let the bullet of mass m is released with velocity ;) from a gun of mass M. Again,
suppose the velocity of the gun after firing = V.
Before firing their total momentum = 0
After firing their total momentum

= momentum of the gun + momentum of the bullet = MV +my
But according to the conservation principle momentum before and after must be

equal. ESRE B2y
MV +mv =0

— -
mo =—MV =M(=V)
s ";’z"h&"” i (4.10)

The gun is pushed back with this velocity.
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According to equation (4.10) mass of the bullet x velocity of the bullet
= mass of the gun x recoil velocity of the gun.
From this equation it can be said that velocity of the bullet > recoil velocity of the
gun.
5. Flying of a bird
When a bird flies along OA then the bird applies forces by its two wings over air

along OB and OC. At the same time air also applies reaction force on the bird along OE
and OD [Fig. 4'9].

A
direction of reaction .  direction of reaction
force on the bird .- A ™.  force on the bird
o -
B C
direction of force direction of force
on air on air

Fig. 49

Due to the action of these two reaction forces motion of the bird is created. The
resultant of the two reaction forces is OA, so the bird can fly along OA. Now if the bird
applies less force by a wing compared to the other one, then the resultant of the reaction
force does not act along OA. Rather, the direction along which less force is applied by
the wing, the bird inclines to that direction. As a result the direction of the motion of the
bird changes. Since reaction force does not act in vacuum on the wing, so a bird cannot’
fly in vacuum. :

Perceptional work : Why a bird cannot ﬂy invacuum?

6. Exploration in the space :

When a rocket, during exploration in the space, moves
upward, then if you look at the rocket you will see that smoke
like white cloud comes out through the backward nozzles. Can -
you say why such smoke is seen ? Due to burning of fuel gas is
formed at very high pressure. We often see this coil of gas from
the earth. This gas comes out through the small opening at the
rear side of the rocket with tremendous velocity. Due to this, a =
tremendous reaction force is produced which pushes the rocket =0
forward with a very strong velocity [Fig.410]- o )

Extensive uses of artificial satellites are found in modern
telecommunication system and artificial satellites have also great
contribution in space research. Behind this successive develop-
ment of rocket technology is playing a vital role.

. Fig410
Although gasi is lighter but due to very high veloaty momemtum of the > emitted
is very high. Accordmg to conservation principle of momentum the rocket S aizfiuires
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equal but oppositely directed momentum and hence rises upward with high velocity.
Normally, as fuel rocket uses liquid hydrozen and for ignition liquid oxygen is used. By a
special process and controlled rate liquid hydrozen and oxygen are allowed to enter into
the combustion chamber. Due to burning of the fuel high pressure gas is produced that
comes out at a very high speed through the opening at the bottom of the rocket and the
rocket moves ahead fast.

Let us consider that a rocket is in motion in the space. So we can ignore air
resistance and influence of gravity. Since due to emission of gas from the rocket a force
or a thrust against the motion of the gas is generated which pushes the rocket ahead
with a very high speed. By the help of rocket it has been possible to acquire the @scape’
Welocity (112 kms™) and hence by overcoming the influence of acceleration due to

gravity the satellites can be stationed in space and various explorations have been
successful.

Let the applied thrust =F

Mass of the rocket = M

Mass of the ejected gas at time At = Am

Escape velocity of gas = v

Change of momentum of the gas in time interval, At = (Am)v
According to conservation principle of momentum,

change of momentum in time At = applied impulse force on the rocket.
(Am)v = F x At

F= (AA_?J v, here -i—? = rate of using of fuel
If the instantaneous acceleration of the rocket is 4, then F=Ma

E 1(Am
a=3[= M(At] (4.11)

with this acceleration the rocket moves forward.

From equatlon (4 11) 1t is seen that

o ffi rtocket decr creases the velocity increases.

icceleration of the rocket, rate of ejection of gas is to be increased.,
>f the s ‘gas increases acceleration also increases.

Mathematical examples

1. A rocket consumes 0°07 kg fuel per second. If the velocity of the gas e]ected
by the rocket is 100 kms?, what is the force acting on the rocket ? (Ignore the
grawtahonal force) _

~Here,
Consumptlon of fuel per second

dm
It -—0071<gS"1

63 VeIOCItY oftheejected gas,

S0 I GOS0l g e B oann of STnom A Sl oY
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_, 4V dm
We know, F=m IF = U’E?_' mg
i there is no effect of itati 4 :
Smce T Ot gravitational force (g = 0), active force on the rocket,

F SV
F =1x105 x007=7x 103N

; : 1
2. A rocket while moving upward loses 50 th part of its mass in the first 2 sec.
If the velocity of the ejected gas is 2500 ms-, find the acceleration of the rocket.

Let the mass of the rocket be m.

We know, Here,
UMM _
It 5y Ut Loss of mass, dm = 3’%
dv _ v (dm Time. d '
OL, v = RN Wl =8 ime, dt = 2 sec
32 2500 ms-! : m ‘ % VQIOCIL'Y of the gas, U, = 2500 ms!
e o m 50x2s 98 ms Acceleration of the rocket, a = ?
= 25ms?— 98 ms? '
= 152 ms?,

4’5 Contribution of Néwton's laws of motion

Mechanics which has been created and developed on the basis of Newton's laws of
motion is called Newtonian mechanics or Classical mechanics. By the help of this
mechanics motion of bodies on earth and motion of stars and planets in the vast endless
sky can be analysed. By applying Newton's laws of motion we can get accurate solutions
of the motion of these bodies. Newtonian mechanics or Classical mechanics has achieved

remarkable success in analysing the motion of El_x»eg?_‘l:lodies_. Eor this reason, N
Mechanics is said to have laid the foundation of modern physicsy

vtoniar

B S ke S SN

It has been assumed in Newtonian mechanics that mass and length of a body do
not depend on the velocity of the body. Furthermore, it has been assu-med ti}at action or
Performance of measuring instruments is not influenced by their motion. In this -
mechanics both space and time have been considered to be constant and are not relative
with respect to anything else. In Newton's first law of mot.ion only JIner_t;a can _be
correctly expressed with respect to a reference. For this reason, in Newtonian mechanics
a particular absolute reference of rest is to be considered. |

But scientist Einstein after extensive research came to the conclusion that no
absolute rest is there in the universe. All are in motion, but it may appeat that a
Particular body is at rest with reference to another body. He further proved dat la\.w_r_s._ofl
- Physics expressed in any frame of reference remain unchfll'lged-_Thls Ethe ﬁ}ndginenta
cOncept of the theory of relativity of Einstein. In order to make it applicable in all cases,
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scientist Einstein changed many Newtonian equations of motion. He proved these
changes by different experiments. One of these is the fact that the mass of a body
depends on speed. So, the acceleration that occurs due to the application of force does
not remain constant i.e., acceleration of a body depends on its speed. Besides, length of
a body and time interval also depend on motion. Experimental results of different
measurement also depend on motion. Einstein's theory of relativity has generated many
new concepts in physics and has changed many old ideas. Newtonian mechanics is not
effective in those cases where velocity of bodies is almost close to the velocity of light. In
analysing this type of high speed or motion relativistic mechanics is needed.

In analysing motions of atoms and molecules Newtonian mechanics is not effective.
Quantum mechanics is needed to analyse the motion of such tiny particles. But that does
not mean that classical mechanics has become obsolete.

Finally let us find the mechanism to determine the force acting on particles from the
properties of the particles and their environment.

As a matter of fact, Newton’s first law is related to frame of reference. Because
generally the accleration of a body measured with reference to a frame of reference
depends on that reference. First law states that, if there is no body available nearby,
then a family of frame of reference could be obtained whereat no acceleration of a
particle exists. In the absence of applied force bodies remain in the state of rest or
maintain uniform linear motion— this property is nothing but inertia.

From Newton'’s second law of motion we have learnt that acceleration of a given
body is proportional to the applied force on it. Now our question is whether same force
on other bodies will be different or not. The remaining significant question is : will the
same force acting on different bodies be different ? That means what kind of action is
applied by the same force on different bodies. From this law we get qualitative answer
of it. From Newton’s third law we learn that a unit force is simply the direction of the
interaction between two bodies. Further we see that the magnitude of these two forces
are equal but oppositely directed. So, there is no existence of an insulated or isolated
force— it is impossible to get it.

Physxcs 1s not the combmahon of ngld theories— rather it is a continuously

'seen 's7started-attaining petfection in 1660 By
ll’s%el ctromagnetic theory, in 1905 by;
a um mechanics! It is seen that theories

of Newtoman mechamcs are apphcable mthmted area and has some limitations.

During the last few decades it has been possible to measure properties of tiny
speedy particles like electron, proton and other fundamental particles by quantum
mechanics. Newtoman mechanics could not describe the motion of such speedy

partlcles Newtonian mechanics is very suitable in explaining difficult phenomena at ~ << 1
but collision, decay and interaction of fundamental particles having high speed cannot
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be explained by Newtonian mechanics. Even then importance of Newtonian mechanics is
not least. Newtonian mechanics may be considered as a special case of the general
mechanics that deals with particles having the speed of that of light. The mass of those
materials which we deal with in our daily life is much higher than that of electron (fiass
of electron, m =91 x 103'kg). It is a fascinating matter that the concept of extremely
close relation with ‘particle’ is the foundation of classical mechanics.

By this mechanics or by Newton's equations of motion it is not possible to measure
position x of particles and their velocity v simultaneously and accurately. There is an
uncertainty. This uncertainty is known as Heisenberg’s uncertainty principle which is
expressed as :

AX. S

1 L]
mAv,’ here h = Planck’s constants

Newtonian mechanics is a special form of general theory which fails to explain the
behaviour of small particles which have been done by quantum mechanics developed by
Heisenberg, Schrodinger, Barn in 1925-1926 and Dirac in 1927 and other physicists.

4'6 Limitations of Newton's laws of motio@
Limitations of Newton’s laws of motion are discussed below briefly.

® Newton'’s laws of motion are applicable for large bodxes The pa
masses are exceedmgly small, viz. for electron, proton; net
laws of motioriare not applicable.

e For very small particles (m = 10-31 kg) velocities are very large, ie., Almostcloss
fo the velocity of light, as a result these partic S
behaviour;! Newton’s laws of motion are not app
these particles theory of relativity is applicable.

e Further, When!the'acceler
then good results are not o
this case, force is proportional to the square of acceleration. Newton’s laws of

motion are applicable only for the cases where force is proportwnal to
acceleration. .

® When a body is in stationary frame of reference or in motion with uniform
velocn'y then Newton’s laws are apphcable. otherw1se wﬂl notbe apphcable

to the veloaty of light Newton s laws ot be apphed In this case Emstem s
theory of relativity is applied.
4’7 Concept of force, field and intensity

In the previous section, idea has been given about force and its different forms We
have learnt that, “The external cause that changes the static body into motion or

changes the motmn of a body or tends to change the state of a body is called force.”

\zEm
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Nature of force : Gravitational force is the natural attractive force between two
bodies. Two charged bodies attract each other when the two charges are of opposite
nature i.e., one is positive and the other one is negative and repel each other when the
two charges are similar. Gavitational force does not depend on the medium whereas
electric force depends on medium.

Field : The influence of a charge is observed around a large area of the charge. If
another charge is brought in that region, it experiences force. Again, the second charge
exerts force on the first charge. That means, the force acting between the two charges are
mutual. Now, if the amount of charge increases, force will also increase; and if the
distance between the two charges is increased, then force between them decreases.

Similarly, around a body there exists its influence. If another body is brought in
that region, then that body experiences force. This force is called gravitational force. This
force mutually acts between the two bodies. Now, if the mass of the body increases,
then force will also increase. Again if distance between the two bodies increases then
force decreases.

In above discussion it is observed that the force acting between the two bodies or
between the two charges acts at a distance without any connection or contact between
them. But question arises how the force acts without any physical contact between them.
Famous scientist Michael Faraday first realised that around a charge agitation is
produced consequently any charge placed in that region will experience a | forceHe
ed this a gitgtlon as*eleqm@]d' So electric field can be defined as follows

 Difinition : The region around a charge in which it exerts its influence is called
electric field.

In discussion relating gravitation concept of similar field is introduced. According
to this idea “fhe region around'a body in which its attractive force is experienced that
region’is called gravitatioal field of that bod;]" So, gravitational field acts as the
medium for the propagation of gravitational force.

Field Intensity : Alliover the electric or gravitational field its influence is not same:
The force that a charge experiences near a charged body will be less at long distance-
Again, if the amount of charge is more, then it will experience more force. This weakness

or strength of the electric field is expressed by an electric quantity. It is called intensity of
the electric field or electric intensity.

Definition : The force acting on a unit charge placed at a point in an electric
field is the electric field intensity or electric intensity.

— ;
Now, if F is the electric force and ¢ is the charge, then according to the definition

F --) —>
eIectncﬁeldE -;’;01', =qoE

Smﬂarly. force in all*p""_ nts in the gravitational field is not same: That means, the
grav:tauonal field intensity is different. In order to determine the intensity of grawtatlonal

'l'-



T S 7 AU TR

| §) |

1T T O DT TR

NEWTONIAN MECHANICS 239

field at a point, a body of unit mass is considered at that point. The force experienced
by that unit mass is measured as the gravitational field intensity.

Definition : The amount of force experienced by a unit mass placed at a point
in gravitational field is called the gravitational intensity at that point due to that field.

= =
Now, if electric force is F and charge is gq, then according to the definition, E = £

40

l

- o
or, F =qoE.]Itis a vector quantity. Its unit is NCL.

Similarly, this force is not active at all points of the gravitational field. That
means, gravitational field becomes different. In order to determine the intensity at a
point in a gravitational field, a body of unit mass is considered at that point. The force
that is experienced by the unit mass is the measure of the gravitational field intensity.

Definition : If a body of unit mass is placed at a point of gravitational field, the
force that is applied on that mass is called the gravitational intensity at that point
due to that field.

—
So, if a force F acts on a body of mass m placed at a point in the gravitational
field, then gravitational field intensity at that point will be,

> F
E==— (4.12)

m

Intensity has both magnitude as well as direction. The: d:rechen*o
indicates the direction of gravitational f1e1d Its unit is Nkg.

4’8 Conservation of linear momentum

Principle of conservation of linéar momentum is/an importar t matter in physi
From Newton's law this principle is obtained. Some bodies can exert force acon-
reaction) on one another and due to its influence the body may be in motion, but if no
external force is applied, their total momentum remains unchanged. You have noticed
that a person sitting on a chair cannot pull that chair by applying force on it. Can you
explain the reason behind it ? Since the chair and the person are at rest, so total
momentum is zero. Now if the person tries to pull the chair up i.e., apply upward force
on the chair, the chair will exert equal downward reaction force on the person. These
two forces are the acting force between the chair and the person. Since there is no
external force acting on them, so total momentum of the chair and I:he personwﬂl remain
zero. So, the chair will not rise, - >

Similarly, a person s:ttmg on a chair cannot pull himself up by pu.l]mg his hair up
by hand. Again, if a car stops, passengers inside the car cannot move the car even
though they push the car from inside. Answers of these phenomena is available from the
principle of conservation of linear momentum. ' SI'b g



240 PHYSICS—FIRST PAPER

From Newton's third law of motion we can know about the conservation principle
of momentum. Principle of conservation of momentum is equally applicable for all
bodies— small or large, earthly or terrestrial. From Newton's first law of motion we
know that if net applied force on a body is zero, then a moving body will continue its
motion with uniform speed along a straight line i.e., its speed remains constant. If

B : : e :
velocity v is constant with respect to time then momentum p =m v and remains
constant with respect to time.

4’9 Conservation principle of linear motion or conservation principle

From Newton’s second law of motion we know that the rate of change of
mementum of a body is proportional to the force applied on it. So, if external force is
not applied, then there will not be any change of momentum. That means, linear

momentum of that body will remain unchanged. This is the conservation principle of
linear momentum or conservation principle.

Principle : If external force is not applied on a body, then momentum will not
change. That means, momentum remains conserved.
Explanation : Suppose two bodies of mass of m; and m, while moving with

velocities u; and u; respectively are collided. After collsion the two bodies move with
velocities v; and v, respectively along the same strainght line [Fig. 4'11].

m, msy
h uy 7, v,
e —
1ty m,;
m

m,

before collision at the time of collision after collision

Fig. 411
So, total momentum of the two bodies before collision = myu; + maus
and their momentum after collision = myv; + myv,

Now, if no external force is applied then according to the conservation principle of
momentum,

myuy + Mol = M1 + Myv; (4713)
So, total linear momentum is conserved or remains unchanged

Look at -I:he followmg examples and you will be able to explain how conservation
principle of linear momentum is effective there.

Example 1. When a bullet is fired from'd
; it/goes ahead wil \ tremendous. vpL citys
efore firmg both the cannon and the bullet were
at rest, so momentum was zero. But after firing
the cannon the bullet acquires a momentum. The
‘cannon acquires equal but oppositely directed
momentum. Because of it the cannon gets force
towards back i.e., it recoils back [Fig. 4'12]. .
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Example 2. When a passenger jumps from'a
boat to the bank, the boat pushes backi Before
jump the boat and the passenger were at rest, so
their total momentum was zero. As the passenger
jumps, he becomes mobile and acquires momentum.
According to the principle of conservation of
momentum, total momentum is zero. So, there
occurs equal and oppositely directed momentum in
the boat. Hence the boat being mobile pushes back

[Fig. 413]. Fig 413

241

Fig. 4'14 o
at the back side of a rocket or jet plane and hence the rocket
equalmomenttim|Fig. 414].

4’10 Verification of conservation principle

Mathematical Method : Mathematically, the principle of conservation of momentum

can be verified.

Suppose two particles of masses 7t and m, are moving along Sme duectton in a

straight line with velocities #; and u, respectively [Fig. 415]. Here i, > iy At one
time the first particle strikes the second particle from behind and afterwards the two

parhcles continue to move in the same direction in a straight line with velocities v, and

v, respectively.

% u; % 2 F; %% F; % v
m m 1 m

before the collision at the time of collision after the collision =

Fig. 415
Let the time of collision of action and reaction be £. Then
Summation of the initial momentum of the two particles = myit; + myity
Summation of the final momentum of the two particles = myo, :+_..m'25;
From the laws of conservation of momentum it is to be proved that

m1u1 + malty = My + mgvz
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Proof :
Rate of change of momentum of the first particle is
_ mo, — mu,
g t
_ —
= reaction force =F,
= reaction force of the second particle on the first particle
Rate of change of momentum of the second particle
My0y — Miyily =%
= %——gﬁl = action force = F,
= applied force of the first particle on the second particle.

But rate of change of momentum of the two bodies (i.e., action and reaction forces)
is equal and opposite.

= = =
l1.e., Fz =— Fl

- - = -

MaUs — MUy mv; — My,
t N t

= =5 - -
Or, MyU; — My, = — MY, + myu,

= = = =
or, miu; + myu, = M0, + My0, ....... = a constant vector

sum of the initial momentum of the two particles = sum of the final momentum
of the two particles.

4 —
ie.,Ymuv = constant vector (4.14)

So; due to the action and reaction forces no change of total momentum takes
place, amount of momentum that a body loses, the other body acquires exactly the
same amount of momentum. That means, momentum remains same before and after
the collision. Hence, the principle of conservation of momentum is proved.

Recoil of a gun

The phenomenon of firing from a gun and feeling of thrust backwrad of the gun is
recoil.
Let, mass of the bullet = m, and velocity of the bullet = v,
and mass of the gun = m, and velocity of the gun = v,
their total momentum before firing = 0 and their total momentum after firing
. = mqu; + Ma¥2
From conservation principle of momentum, we get
0 =mv; + MoUs

2O y
. or, vz——mz 1 (1)
This velocity v.

: Chis velocity v, is the recoil or recoil velocity. By the negative sign of equation (i) it
is qnderstpod thatv; and v; are oppositely directed. That means, the direction along
which a bullet emerges, the gun moves in the opposite direction.
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Mathematical examples

1. A bird having mass of 4 kg is sitting in a mango tree. A bullet of mass 20 g
struck the bird at a velocity of 200 ms-1. Calculate the horizontal velocity of the bird

if the bullet remains inside the bird.

We know, Here,

My + Mylly = MUy + Ma0;
or, 4x0+002x200=4xv; +002x0
or, 0+4=4v,+0
or, 4v, =4

'01 =1mS'1

2. Two bodies of masses 40 kg and 60 kg

mass of the bird, m; = 4kg

2
mass of the bullet, m, = 20 g=% kg

=002kg

" initial velocity of the bird, u; = 0

initial velocity of the bullet,

Uy = 200 ms™!
final velocity of the bird, v; = ?
final velocity of the bullet, v, = 0

are moving opposite to each other

with velocities 10 ms-! and 5 ms-! respectively and at a time they collide. After
collision the bodies are combined to form a single body. With what velocity the
combined body will move ? [B. B. 2002; S. B. 2002; Ch. B. 2001; J. B. 2000; R. B. 2001]

Let the velocity of the first body be +ve, then
the velocity of the second body be —ve.

We know, mv; + m,yv, = mquy + mlly

Let the velocity of the combined body be v.

i.e., if v; = v, = v, then mv; + myv, = v(Mmy + my)

40 X v + 60v = 40 x 10 + 60 X (— 5)
or, 100v = 400 — 300
or, 100v = 100

v=1ms?!

Here,
m, =40 kg
m, = 60 kg
u; =10 ms!
Uy = —5 ms!

[*- u;, and u, are opposite]
Vi = V=102

3. A car of mass of 1200 kg was moving with velocity of 20 ms-1. While moving it
collided with a car of mass of 800 kg at rest. After collision the cars combined and
moved 50 m ahead and stopped. What was the magnitude of the resisting force.

We know,
Miv1 + Mavy = (Mmy + M) ©
or, 1200 x 20 + 800 x 0 = (1200 + 800) v
or, 24000 = 2000 v
s v=12ms?!
Again, v2 = vg? + 2as
or, 0=(12)2+2xax 50
or, 0=144 + 100 a
or, 100a=— 144
a =—144 ms2

.. Resisting force, F = ma = 2000 x — 1'44 = — 2880 N

Here,
mass of the first body,
my = 1200 kg
mass of the 2nd body,
my = 800 kg
velocity of the first body,
v; =20 ms-1 '
velocity of the 2nd body,
Uy = 0
combined velocity, v=?
final velocity, 7' =0 :
distance, s =50 m
resisting force, F =?

A i —
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4. A bullet of mass 001 kg is released from a gun of mass 6 kg with a velocity
of 300 ms-1. Calculate the recoil velocity of the gun.

" Let the recoil velocity of the gun =V Here, M = 6kg
According to the conservation principle of m = 001 kg i
momentum we get, v = 300 ms-! §
MV +mo =0 (i) V=7 |
or, MV =—mv ?i?i

- 001 kg x 300 ms™! .
<. from equation (i) we get, V = -ﬁg—’ = g6 ke =105 mszl1

5. The recoil velocity of a gun of mass of 8 kg is 10 ms~! when a bullet of mass
of 10 g leaves from the gun. After penetrating 0'3 m inside the target the bullet
stops. Calculate the applied resistance on the bullet.

|

Since before firing the bullet and the gun were at rest, so the magnitude of their
total momentum = 0.

" Now, if m; and m, are the masses respectively of the gun and the bullet and if v
and v, are their respective velocities, then from conservation principle of momentum we
get,

0= mqu; + myvy ... @
: 10
or, 0=8x10 + mxvz=80+1x10-202
80
or, '02=-—W=—8x103ms‘1

After penetrating 0°'3 m inside the target the velocity of the bullet becomes zero. If
the retardation of the bullet is a, from equation v? = u? — 2as

we get,
0 =(—8x103)2—-22x03 Here,
i _ (=8x10%2 64x106 u =—8x10%ms!
0% 06 m =10 g = 0010 kg
= 1'067 x 108 ms—2 '

. resistance, P=ma = 0010 x 1'067 x 108 = 1'067 x 106 N

4’11 Newton'’s third law of motion and conservation of momentum

Newton's third law is nothing but action and reaction: When a body exerts force o1
anotl.ler body, then the second body also exerts equal and oppositely directed force on
the first body. The force that the first body exerts on the second body is considered a5
action and the force applied by the second body on the first body is called reaction.

Whether the two bodies are at rest or at motion, or one touches the other or not of
stay apart from each other Newton's third law applies in all cases. s |
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The relation of action and reaction is not causal relation. Action and reaction do
not act one after another. Two forces act simultaneously. As long an action acts reaction’
force also acts for the same duration. When action stops reaction also stops.

In nature forces always act in pairs. There is nothing called single isolated force.
When we say that one force is active, actually we say one force instead of two active
forces. These two forces are complementary to each other.

From the above discussion we get an idea about Newton's third law of motion. The
daw is

To every action there is an equal and opposite reactlon ie., for every actmg
force there is an equal and opposite reacting force. may be ca nutuz

action of forces bet‘ween the bodies. So, if the acting force is F and the reactlng force is

%
R, then F — R On the otherhand, if no force other than action and reaction are

active, then no change of linear momentum takes place.

Explanation : According to Newton's third law if a body A applies force on
another body B, then the body B will also exert equal and opposite force on A [Fig. 416].

Force applied by A is action A B
and force applied by B is reaction. 4 oY -
—_
So, if action is F and reaction is R F
- e A
R, then F =—R Fig. 416

Action and reaction act on two different bodies. If there is no action, there will be
no reaction. If the duration of action or reaction is ¢, then,

- -
F xt =— R x¢ o 1 U7
That means, impulse of force of action = — impulse of force of reaction.
It is equally appllcable to bodles at rest or in mohon

Examples
12A' book on'a table®: If a book is kept on a table, weight of the book will exert
pressure perpendicularly on the table. It is action. According to Newton's third law of
motion the table will also exert upward force on the book. It is reaction. Since action and
reaction are equal and opposite, so the book will remain in stable position on the table.
“fire from'a'gui) : When a hunter fires a shot from the gun, he feels a
backward thrust. Imha]ly veoaty of both the gun and the bullet is zero. As a result their
combined momentum remains zero. When a bullet is fired, it acquires momentum in the
forward direction. According to Newton's third law of motion the gun also acquires an
equal and opposite momentum i.e., the gun will go backward with same momentum and
the hunter wﬂ.l feel backward thrust.
3. To jun M/a'Boa: When a passenger jumps from a boat on the bank Of ‘az
river, then the boat is seen to go backward. The boat goes backward because of the fo'
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applied by the passenger on the boat. According to Newton's third law the boat also
exerts equal and oppositely directed force on the passenger. As a result the passenger
reaches the shore.

4. Walking: When we walk, the front foot exerts
a normal downward force on the ground. This is the
action force. The ground in turn exerts an equal and
opposite force on the front foot. It is the reaction force.
Now since the action and reaction are equal, so the
front foot remains stationary. But the back foot exerts a

—
force F obliquely on the ground at point Q along QP
[Fig. 4'17]. This force makes an angle 0 with the
horizontal. According to Newton'’s third law the ground

Fig. 417 below the foot exerts equal and opposite force on the

— - -

foot. Let this reaction be R. So R = — F. The horizontal component of the reaction
force R cos 8 accelerates us in the forward direction and the vertical component R sin 8
helps carry the weight of our body.

But it is difficult to walk in a slippery path. Because it is difficult for the foot to
apply sufficient force on the ground if the path is slippery. As a result the reaction force
of the ground on the foot and also along with it the horizontal component of reaction
force become less. For this reason it is difficult to walk on a slippery road. Similar
problem arises while walking on a marble floor and a sandy road.

necessary frictional force are acquired by the car. Due to these grooves the tyres can grab
the road correctly. If it could not grab the road the car would not have been able to
move. Besides, during motion if brake would have applied the car could have skidded.
So, in order to drive the car properly grooves are cut on the outside surface of a tyre.

e B s G e

tn 2,

~ When a balloon is contracted a force is applied on air in it. So air rushes through
the open mouth. According to Newton’s third law, this time air also applies opposite
F forceonthe balloon, So, if air-filled balloon is released by opening the mouth, it is seen
~ to run in the opposite side of the open mouth.

412 Newton’s third law
' mom en tum :
e We know from Newton’s first law of motion that if the applied force on a body is

_ 2ero. then the body will move along a straight line with uniform velocity. If the velocity

and mathematical explanation of conservation of
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— - S\
v remains constant with respect to time, then momentum (P =mu ) will also remain

constant with time.

Law : When the external force applied on a system is zero, then total
momentum of the system remains conserved.

Suppose there are two bodies of masses m; and m,. No external force is acting on
these bodies. So, the two bodies are moving only due to action and reaction forces. If
applied force on m, by m, is Fy, then according to Newton's third law equal and
opposite force F, will act on m; by m,. That means,

Fi=—F ... (4.16)

Action and reaction forces act at the same time.

Let the momentum of the two bodies of masses m; and m, be P; and Py,
respectively. So, according to Newton's second law of motion,

F,=2 and £, =22
From equation (4.15) we get,
dP, dP, dP, dpP,
Tt SR Sariiinde

or, %(PI +P;)=0 ~ P; + P; = constant.

That means, if no external force is app]ied, then momentum remains constant. #€is
the conservation principle of momentu

From the above dmcumonwe‘have.leazgrﬁ: he following things
{@))While deriving the principle, the nature of actxon and reactlon forces have not
been discussed.

{@)iThis principle is applicable for any type of mutual actions.

{)/Momentum is a vector quantity. That means according to this principle change
of momentum of isolated combined bodies can only be possible by external force.

4) By using this principle, complicated problems about the mutual actions of more

than one body can be solved

As the road becomes hlgher. so speed of the rickshaw decreases, hemezmoméntlim
also decreases. Again, due to the application of force on the rickshaw momentum will be
generated. Consequently, the rickshaw will move ahead: But total momentum will
remain conserved. - : stgaih dndd vot fsvsial ool adt

ot
afl



248 PHYSICS—FIRST PAPER

4°13 Rotational motion

With the change of time if the position of a body is changed then its state is said to
be in motion. For example—car, man etc. If a moving body moves in a straight line then
the motion of that body is called translational motion. If a body is released from the top
of a building or a car moving in a straight line the motion is called translational motion.

Again, if a body is in motion around a circular path centring a fixed point or axis,
fhensthat:motionvis called rotational motion. Example—motion of an electric far. The
axis around which it rotates is called the axis of rotation. |
Characteristics of rotation :

Rotational motion has the following characteristics—

(i) If a body rotates then each particle in it rotates through the same angle in a
particular interval of time.

#(ii) Rotational axis always remains stationary:

4'14 Terms related to angular momentum
4°'14°1 Angular displacement

Suppose, a particle is rotating around a fixed point O on a plane like this page of
the book is circular path. Here the axis of rotation will pass through the centre O and will
be normal to the plane of the circle [Fig. 4'18]. In order
to know the position of the particle at any point a
fixed straight line OX is imagined on that plane. OXis

X called the reference line.

From the moment the particle crosses the
reference line, let us start to count the time and let
after time # the position of the particle is P. Obviously

Fig. 4'18 if the angle between the radius OP and the line OXis
known then the position of the particle will be known completely. Angle  is called the
angular displacement of the particle. OP is a radius vector.

Definition

: The angle through which a radius vector of a particle moving in

circular motion is displaced at a particular time interval is called the angular
displacement for that particular time interval.

: : ' "-If’it_‘is 'ex'pressed in radian then the relation between angular displacement 8 and
associated arc s becomes very simple. If 7 is the radius vector, then it can be written,

0=t )

4'14'2 Angular velocity

30 Lt : monon

S oh et T B S 1 har TN - i ke S S —
AT MOon can ailso be uniform or non- : ( - W

If the angular motion is non-uniform then the ratio of the angular displacement and
th_e time interval for that displacement is called the average angular velocity. It is
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denoted by w. Anglular velocity can be positive or negativé. Like angular displacement
similar rule is followed here.

If in exeedingly small interval of time At the angular displacement of a particle is
A0 [Fig. 4'19], then average angular velocity during the time interval will be,

AB
=T (4.18)

In order to know the angular velocity at a particular
instant it is needed to make time interval small to smaller. If
the limiting value of time interval is zero, then during that very
small time interval average angular velocity is equal to instant-
aneous angular velocity. So in a very small time the rate of

change of angular displacement is called instantaneous angular Fig. 4'19
velocity w.
That means,
Lt AB do

TAt—> 0 At T dt
Normally, angular velocity means the instantaneous velocity.
If the magnitude of the angular velocity remains constant then circular motion

is called uniform circular motion. In case of uniform circular motion if 6 is the angular
displacement in time ¢ then magnitude of angular velocity becomes,

(n=% or, 6=t (4.19)

This equation is similar to the equation of uniform linear mot:!on, s =t

Unit : Generally angular velocity is expressed in the un: a
simply rad/s. In mechanical engineering: another unit is used. Its name
Bpgute;onsimplyrpmg

Dimension of angular velocity

Time taken by the particle to complete one revolution is called time period. One
complete revolution means 27 radian of angular displacement. So, if time penod is T,
then according to equation (4'19),

2% : |
® = (4.20)

In .]i. unit time means total number of revolution. It is called frequency.
denoted by n then we get, = 27n. : '

Again, if time is t and number of revolution is N, then w= __2_1@_

s P (421) <

TR GIS

O
7 i YO ‘1§
o vl
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4'15 Relation between angular velocity and linear velocity
We know, linear displacement per second of a body in a linear path at particular
direction is called linear velocity and angular displacement per second of a body in a
" circular path is called angular velocity. Linear velocity is designated either by v or vy and
angular velocity is designated as . Now an equation relating linear velocity and angular

velocity is to be derived.

Suppose a particle is rotating along the circumference of
a circle if radius r with uniform angular velocity o [Fig. 420]. If
\5 in T second the particle rotates the circumference of the circle

B

N once, then according to the definition of angular velocity.
A = angular distance 27
< T time BT
2n
or, T= o) | (4.22)
s 2l Again, if angular velocity is ® and angular displacement

is 6, then number of rotation, N = o

Now, instead of rotating along the circular path if the particle travels the distance
equal to the circumference of the circle in straigat line in time T, then

sl circumference of the circle = 20Tr,
time to travel the distance equal to the circumference ~ T
2mr

or, T=—;- (4.23)
From equations (4.21) and (4.22), we get T = 2—“ = 2—35

L 2
o, =3

(4.24)

W- angular velocity x radius of’
Vector form of the equation (4.24) is : -z? = 8 X _r):
directions of these three vectors ar4e shown in fig. 4.21.

It is to be mentioned that if the circular motion is non-

uniform even then at any point v = wr. If the body moves w1th
umfonn angular velocxty then ® = constant. §

l-l:i .
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Inquisitive work : Sometimes ejected cricket ball by a baller is reflected with larger
velocity from the ground than the velocity of ejection—Explain. i e YR

During touching the ground if there is spin or rotation of the cricket ball, then spin
or rotational kinetic energy of the ball will be added to the linear kinetic energy. As a
result, due to the combined kinetic energies the ball is reflected from the ground with
larger velocity than the velocity of ejection of the ball.

Mathematical examples
1. A particle is executes 120 revolutions per minute along the circular path of
radius 1'5 m. What are its (a) linear velocity, (b) time period and (c) angular velocity?

[ R. B. 2001]
We know, Here,
(a) linear velocity, v = or radius of the circular path, r=15m
v =2mnr number of revolution or frequency,
=12:% 3142 254185 % B12049854120
- 18'852 ms-! " “1min T 60s
=ni2's7k r= iz
(b) time period, T=ﬁ=%=055 T=%=§=tﬁ
t
11 :

or, Sy S 05s

(c) angular velocity, ® = 2nn = ZTR
_2x3'142
SRR 0I5
= 12’568 rad s!
Ans. (a) 18852 ms1, (b) 05 s, (c) 12'568 rad s7!
2. What is the angular velocity of the minute hand of a wrist watch ?

We know, Here.
e e 2% angular displacement, 6 = o
~t 3600 t = 60 min = 60 x 60 = 3600 s
= 1800 rad s-

4’16 Angular acceleration

In many cases angular velocxty of a rotating particle increases or decreases. If
angular velocity changes then it is understood that the particle is moving with
angular acceleration.

Average angular acceleration of a rotating particle means rate of change of
angular velocity for a fixed time interval. _ rosr 360




T
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So, if for a very small time interval At the change of angular velocity is Aw, then
average angular acceleration during that time interval is,
"’ _ Ao
T At
So the definition of angular acceleration can be given as follows :

Definition : If time interval tends to zero, then the rate of change of angular
velocity of a body with respect to time is called instantaneous angular acceleration.

(4.25)

By applying the rule of calculus, we get,
Lt Ao
= At— 0 A
dw d do d%e

or, G‘.=E =Ch on T (4.26)

ngular acceleration means instantaneous angular acceleration.
Its unit is rad/sec? (rad s7).

If the angular acceleration of a rotating particle is constant, then instantaneous
angular acceleration in any time interval is equal to the average angular acceleration. In

this case, if rate of change of angular velocity in time ¢ is ®, then angular acceleration,
()

U':T

imension of angular acceleratiofi, ‘a]—[— === [T-2]

4'17 Relation between angular accelaration and linear accelaration

Suppose a particle is rotating along the circumference of a circle of radius r [Fig.
422] with nonuniform motion. Let the linear velocity of the particle at time ¢ = v,
angular velocity = @, linear acceleration = 2 and angular acceleration = c.

0 B We know,

20 v = r (4.27)
| _do
A &=
dv '
and =
Fig. 422
By differentiating equation (4.27) with respect to ¢, we get,
dv dm rdm ;

I =mdt dt [*» 7 = constant]
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Mathematical examples

253

1. Distance between the moon and the earth is 3°84 X 10° km and the moon is
rotating in a circular orbit around the earth and completes one rotation in 27°3 days.
Calculate the angular and linear speed of the moon.

We know,

27
(0) —T-andv_r(n

ons 2x 314
O = T =273 % 24X 60X 60

= 2662 x 106 rad s!
=rm =384 x 105 x 2'662 x 10-¢
= 1022 kms-!

and vy

Here,

T =273 days =273 x24x60x 60s
r =384 x 105 km

F=r7

U'r:?

2. An electric fan revolves 1500 times per minute. The fan stops in 4 minutes
after switching off. What is the angular acceleration ? How many times will the fan

revolve before stoppage ?

We know,
O =g+ ot

_o—wg 0—50mrads!
o YT 240 s

=— 0654 rad s2
Again, 0 =[‘”°2ﬂ}t

=

o =(501trac213 +0}x2405

= 6000 7 rad

. number of revolution before the stoppage of the fan =—=--

Ans. — 0°'654 rads—2; 3000 rev.

4°'18 Angular momentum

[Ch. B. 2007]
Here,
Initial angular velocity,
®o = 1500 rev-! min
_ 1500 x 2 w rad
v 60 s
=507 rad s7!

Time, t = 4 minutes =4 x 60s =240 s
Final angular velocity, =0
Angular acceleration, =2
Angular displacement, 6 = ?

6000 7t

= 3000 rev

Definition : Vector product of radius vector of a rotating particle and the lineas

momentum is called the angular momentum.

Explanatlon Suppose 7 = vector radius of a particle with respect to the centre of

rotation and P = linear momentum of the body

So, accordmg to the definition, an,
7 x ? fi Psin®

isf]
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Itis'a vector quantitys Here 1] indicates the direction of product or the direction of
angular momentum.
N Magnitude and direction : Magnitude of angular
P momentum, L =P sin 0

6 Here 6 is the angle between 7 and _)P [Fig. 4°23].
Perpendicular distance of the line of action of the momentum
from the centre of rotation is 7 sin 6. So, product of the linear
momentum of the particle and the perpendicular distance
of the line of action from the axis of rotation gives the
magnitude of the angular momentum.

Fig. 423
Direction : The direction of L will be along the normal to the plane 7 and P. This
direction (direction of f) is determined by the cross product rule.
Corollary : If the particle is moving in a circular path with respect to the centre of
the circle, then angle 8 between 7 and P is, 6 = 90°, In that case,
L=rPsin 0 =P = r(mo) = mr (r ) = mr’o ... (4.29)
Unit and Dimensional Equation : In MK.S. and S.I. systems unit of angular
momentum is kgm?s-! and dimensional equation
[L] = [momentum X distance] = [MLT-! L] = [ML2T-]
1"19 Relation between angular momentum and angular velocity

Let an objeét rotate about an axis with angular velocity . If the object is
composed of many small particles, then we can write,

L=L+L++..... + I,, where, I}, I, I3, etc. are the angular momentum of
individual particle.
Here I, I, I; etc. are parallel to one another.
Then,
L=npr+np,+rmps +... ... + P
= 1MU; + MUy + 3305 + ... ... + 1My
= 11y (1) + 7,m, (1,0) + rams (r;0) + ... ... + r,m(r,m)
= O{mr? + mor2 + mar2 + ... ... Mmr2}
= ®Xmr? [vI=Zmr]
= Jo
de,L =10 (4.30)
: 2n  2nN :

Here @ =2nn="7=—"4

This is the relation between angular momentum and angular velocity. From

e quaﬁon (4.32) we can define angular momentum as follows.
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Definition : The angular momentum of an object is the product of its moment of
inertia about the axis of rotation and its angular velocity.

Vector form of angular momentum :
Angular momentum is a vector quantity. The
direction of the vector is along the axis of
rotation. If a right-handed screw is rotated
along the direction of rotation of the particle —
then the direction in which the screw e T
advances is the direction of the angular Direction of rotation
momentum vector [Fig. 4:24].

41w

We know, in case of rotahonal-moh
>§tangula: momentum = moment of inert

If the angular velocity is units; Or =1tk
fotating with unit angular .veloaty”1s_ equal to its 2

4'20 Law of conservation of angular momentum

From Newton's first law for angular motion we know that change of angular
velocity i.e., angular momentum occurs due to the action of external torque only. If there
is no torque, the body will rotate in uniform angular velocity. That means, angular
velocity with respect to time becomes constant. As a result, angular momentum also
becomes constant. This is called conservation prmmple of angu]ar momentum. So it can

be said that if fesultant of the torquie onialbody:
lgle body remains conse'rvetﬂ
Mathematical proof : We know, angular momentum, ;
L=1Iw 35 5 lain)s

Here L is the angular momentum of the body, I is the moment of inertia and © is

the angular velocity.
Dxfferenhalmg equatmn (4'31) with respect to time,

dL IX6

b t (I)“I_

dw . - _ s VT T ek
Butgt-= (01

sxrsi ‘

So, fi]; I =1 [according to Newton'’s second law of ang‘ula.r motion ]"”

e
A Ba
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Now, T =0, ie, if torque is not active on the body,
% =0 .. L =constant
Hence, if the resultant torque acting on a body is zero, there will not be any
change of angular momentum. This is the conservation principle of angular
momentum.

§Example': You have seen #rapeze game in the circus. There players demonstrate
many exercises in air. While jumping from a swinging pad the hands and feet of the
player remain stretched. At this time his angular velocity is minimum. Now when hands

and feet are folded and brought near to the chest,
the angular velocity increases; so, it becomes
easier for him to somersault in air successively.

e Due to folding of hands and feet moment of
(SSATTY inertia (I) of the player becomes less, but as his
~Y angular momentum L = Io remains constant so his
o —

Fig. 425 angular velocity increases [Fig. 425].

Venfy Explam rotation of the body whﬂe jumping from the diving board or wh.ﬂe
skating on ice feat showmg rotation on toes many times.

4’21 Moment of inertia and radius of gyration

4°21'1 Moment of inertia

When a rigid body is confined in a fixed axis, then if force is applied on that body,
it cannot move in straight line due to confinement. The body rotates around the axis and
there is angular displacement of each of the particles of the body. This type of motion of
a body with respect to an axis is called rotational motion. The axis can either be inside
or outs1de the body.

Definition : If a rigid body rotates around an axis, then moment of inertia of
that body with respect to that axis means the summation of the product of square of
distance from the axis and mass of each of the particles of that body.

Explanation: Let B be a rigid body which is rotating 'YJ ®

around a fixed axis XY with a uniform angular velocity®
[F1g 426] If the body is the summation of innumerable | ____ /:::
particles “of ‘masses m;, m,, m; ......... m, and the particles b [olios oo "
are respectively at distances ry, r;, 75 ......... r, from the axis of (i o
rotation, then according to the definition with respect to that [ = |- Arrorlic]
axis, : i R N R 0
The moment of inertia of first particle = m;r;? AN o0
The moment of inertia of second particle = m,r,2 =557 CRCREE s
The moment of inertia of third particle = n,r,? and
The moment of inertia of n-th'particle:=im,r2 ! srilwonn | X ol
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So, the moment of inertia for the whole body with respect of that axis is,
I =mr2+myr2 +mars2 +......... + m,r,2

= mr? - (432)
=

2 sign indicates summation of all the quantities]

By integration the moment of inertia can be expressed in the following way :
I =[rdm 2y . (4'33)
where dm is the mass of infinitesimally small element of the body and r is the

distance of that small part from rotational axis.

Moment of inertia does not depend on angular velocity of particles, but depends
on distribution of particles about the axis of rotation.

Unit and dimension of moment of merti’a?'

dl.mensmn is [ 1 ] = [ mass X (distance)?] = [MLF}' """"
4°'21'2 Radius of gyration

Definition : If the total mass of a rigid body is assumed to be concentrated at a
point and if the moment of inertia of that point mass with respect to a rotational axis
is equal to the moment of inertia of that whole body, then the distance of that point
from the axis is called the radius of gyration. It is denoted by K.

Explanation : Let B be a rigid body whichis Yy Y o

rotating with respect to an axis XY. The rigid body — =
is composed of innumerable particles of masses | _____ /:::
my, my, Ms......... m, and the particles are respec- 1 SRR G
tively at distances 7y, 13, 73 ......... rn from the axis |7 [ : N
of rotation. SRR L] o LB T L ----.-------.};--.
Now, suppose there is a point mass M at a ___"'.___ ’ K
distance of K from the rotational axis [Fig. Ty et
4°26(a)]. Bt : ..
M=XYm;=(m +my+mz+......... + my,) -
clearly, moment of inertia in both cases will X X
be same. Fig. 4'26(a)
That means,
MK?2 = Ymr2 = (myri2 + mors? + Mara2 + cevvenees + Muly?)  oee (4.34)
mr2 + moro? + mara + ......... + Myly?
& - M

B
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Radius of gyration of a body with respect to a fixed axis is 02 m means that if
moment of inertia is determined considering that total mass of the body is concentrated
at a distance 02 m from that axis, then total moment of inertia is found out.

Example : Moment of inertia of solid sphere with respect to diameter is, I = L MR2,

3
So, radius of gyration with respect to the diameter is,

2
_1/L,\/§J‘E_ﬂ/zR
£ M~ |V ES I e

422 Rotational kinetic energy

Suppose a rigid body B rotating in a circular orbit with uniform angular velocity of
o around XY axis [Fig. 426]. For this rotation the body contains some kinetic energy.
This energy is called rotational kinetic energy.

Let, linear velocity of particle m; be v;, so v; = wr;
linear velocity of particle m; be v,, so v, = wr,
linear velocity of particle m; be v3, so v3 = wr3

So, kinetic energy of the particle m; = % myv3 = % myw2r?
kinetic energy of the particle m; = % Myv3 = %mzmzrﬁ

§oED 3 1
kinetic energy of the particle 3 =2 m3v} = % M302r}

In this way, by determining kinetic energies of all the particles and adding them we
get total kinetic energy of the body. So, rotational kinetic energy of the body,

= %mlm ?‘% +§m2m2r§ +Em3m2r§+ S e SRS ARe T
= %oﬂ [mar] +mars + mar + ...]
1 =
=5 O2¥m;r: = -?1: @2I  [according to equation 4'34]
L %Imz (436)
np: 3 :_Jth Eﬂrque;wve find that the role played by a mass in linear

lean rotatlonal motion.

Now ifo= 1 i e moment of inertia for a rotating body with unit angular velocity,
I 2E or t'w1ce the kinetic energy. So, it can be said that moment: of mertna of a body
ating with unit angular velocity is two times the Kinetic energy.

4'23 Torque or Moment of a force

A rigid body can rotate about a point. For example, a photograph can rotate about
the point of contact between the nail and the thread from which the photograph is
hanging and rotating; besides, the wheel of a vehicle can rotate about its axis.

P
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The torque or moment of force about a chosen axis is the product of the force
and its moment arm. It is denoted by t (Tau).

Explanation : Let us consider a thin sheet AB
fixed in horizontal position in such a way as it can
rotate about point O and about the perpendicular
axis XOY [Fig. 427]. If the sheet is rotated by =
applying a force on any point, say C, it is observed A |O [T — Ve Eiom

X

that, T
1. Greater the magnitude of applied force, Aok
greater is the power to rotate. A
2. Greater the distance d between point O and
the point of application of force F, the greater is the Y
power to rotate. Fig. 427

3. If the line of action of the force is parallel to the plane of the sheet, it will not/
rotate.

Because of the above reasons, magnitude of the moment of force or torque is
measured by the product of the magnitude of force and the perpendicular distance
d of the action of force from the axis of rotation.

ET=dXE (4:37)
or, \Torque*or-Nfol_ nent of Force = Force X Perp ar distance
In fig. 427 from O d:stance of the pomt of action of the force
action NC of the force = d and ZNCO= 6.
So, ON=d=rsinf
t=dxF=rFsin6
In vector form T can be expressed as,

2 =7 xF e (438)

Here T and F are respectively position vector and aPPhed force.

= r, the line of
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- Significance of torque : From the torque with respect to an axis it is understood
that how easily an extended body of fixed mass can be rotated with respect to that axis.”

That means, as torque is more, more easily the angular velocity can be changed with the
help of that torque.

4'24 Torque, Moment of inertia and Angular accelaration

We know that to create acceleration of an object in linear uniform motion we need
to apply force. Similarly, a couple is needed to generate acceleration on an object moving
about an axis. The moment of the couple so applied is called torque. Suppose a body is
rotating around a fixed axis XY with uniform angular velocity o [Fig. 420]. Now due to
application of a couple on it, its angular velocity will increase, i.e., acceleration will be
generated in the body. This angular acceleration generated in the body is equal to the
angular acceleration of each particle in it. But since particles are located at different
positions so they will acquire different linear accelerations. Larger the distance of the
particles from the axis, larger will be the linear acclerations. :

Let the object be composed of particles of masses m,, m,, m; etc. and respective
distances of the particles from the axis of rotation be respectively r,, r,, 73 etc.

Now, according to the above discussion, the angular acceleration of the object or
: S d :
its particles is, a = d_(: where o is the angular velocity.

Now, linear acceleration of the particle of mass m, at a distance r; from the axis
do

=TigE
F : : dw
orce applied on that particle = m,r, =

Moment of the force or torque on the particle with respect to the axis of
rotation T = force X distance of the particle from the axis of rotation

3 dw ,d®
= mlrl"d_t"‘x n=mr E

Similarly, for particles of masses my, mj, m, etc.,, moments of the force are
; 40 do dw
respectively, myr;?— Mals? 7y Mar? 7 etc.

Then the summation of the above moments is the torque applied on the object.

dm do dw
T = mir? et Myt52 s Mars2

-a?_’_ ---------

= (mr? +myry? + 13132 + )i—(’?-—(z z)d_m

= M 272 slgcti.-l) a8 T mr dt
do _ i
-1 =1 it = I [. Emr ——I]

where I is the moment of inertia and @, the angular acceleration.
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6t torque =_m6_mer_1£_ of inertia x angular acceleratic
acting on the particle rotating with angular acceleratio e
of the moment of inertia and ang_ﬁri?iccelei‘a'_tion“ﬁiﬁ'l i'esp“*fti he rofatio

Again, lffi—?= 1, thent %ﬂ

- Unit angular acceleration that is
body rotating around an axis is called m

ey - e
¥ ue
a,‘ e

‘equ

‘‘‘‘

producd due to the torque acting on a rigid
oment of inertia with respect to that axis.,

Perify : Show that the toquue ac_ﬁﬂg-on a body is e qual toe'thf;--ratg %

angular momentum.

We know,
- 5 o
angular momentum, L = r x p
- o5 5
or, L=r xmv

— -
dL

X

t
e T S S T

—
T =3 2D due o ey e
dt T@r XMU AT XM—e=v Xmv +r X ma

— - -
=V Xmv +r XF =r xF [+ vxp=0]

So, the torque acting on a body is equal to the rate of change of angular momentumy

Mathematical examples

1. Mass of a wheel is 5 kg and radius of gyration about an axis is 0'2m. What is
its moment of inertia ? In order to produce angular acceleration of 2 rad s in the
wheel what magnitude of torque is to be applied ?

We know,
I =MK?
=5 x (02)2
=5 X 0104
I =02 kg m?
Again,
TR0
=02x2=04
T =04 N-m

Here,
M=5kg
K=02m
L= %

Here,
[= 02 kgm?
o =2 rad s
T =7

2. Mass of a metallic sphere is 6 g. It is fastened at one end of a thread of
length of 3m and is rotated 4 times per second. What is its angular momentum ?

We know,
L =lp
_ 2N
ar
_ 0006 x (3)2x2x314x%x4
il
=1'366 kgm?2s-1

Here’ ity . A
Mass of the sphere, m =6 g =0006kg
Length of the ﬂ]]_'Ead or 4ii 1 gEFmas

radius of the circular pa&.l;-’-”-':‘f"?’%.ﬂ’_n
No. of rotation per sec, N = 4 times
time, t = 1 sec .
Angular momentum, L=?
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3. Mass of a wheel is 5 kg and radius of gyration is 25 cm. What is its moment
of intertia ? What magnitude of torque is to be applied in order to create 4 rad s2

angular acceleration of the wheel ?

We know,
I = MK
=855 (0:25)2
= 03125 kg?m?
Again, T =Ia
Y T =03125 x 4
=125 N-m

Here,
M =5kg
K =25cm =025m
JE=27.

Here,

I =03125kg-m?
o =4 rads?
Tii= 7

4. A boy weighing 40 kg sitting in a merry-go-round is rotated in a circular orbit
of 20 m diameter with angular velocity of 6 rpm. Calculate the angular momentum of

the boy.
We know,
L =Ilo=mro
= 40 x (10)2 x 3 kg m?s1
= 2512 x 103 kg m?s~1

Here,
_6x2n 1 1
Q= 60 —5nrads
m =40 kg
d 20m
r =§=—2—'—10

5. Planet mars is rotating in a circular orbit of radius of 2728 x 10'! m around
the sun. Calculate its angular momentum. Mass of mars is 6'46 x 1022 kg and its time

period is 5794 x 107 s.
We know, angular momentum

2n
It =I(1)=mr2xm=mr2><T

_646x10% x (2128 x 1011) x 2 x 3'14
& 594 x 107
= 355 x 10% kgm?Zs-1

SIRIPAT AT

Here,
radius, 7 =228 x 1011 m
mass, m = 646 x 10% kg
time period, T = 594 x 107 s
angular momentum, L =?

— A A

A
6. If radius vector r =2i +3j + 2k and force vector, F = 2i + 2j + 2k, then

calculate the torque 7.

AN A
Sobnslans ks dnsie K
torque, T =7 XF = 3 o
2 B0 )

\ A A

=i(6—4)—j(4—4)+k(@—6)
/} A\ A A

=2i—0—2k=2i—2k

7. Mass of a rotating body is 2 kg. Its distance from the rotation axis is 1 m. ?f
the body is rotated with angular velocity of 5 rad s, then what will be the kinetic

energy of the body ?
We know,

E; =%Ic02 = zlx mr? X @
%xzx 12x (5)2=25]

IR |
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4’25 Two theorems relating moment of inertia
There are two simple theorems for determinati
pody with respect to a particular axis:
One of the two theorems is called
is called (2) parallel axes theorem:

425’1 Perpendicular axes theorem

The sum of two moments of inertia of a plane lamina with respect to two
mutually perpendicular axes in the plane of the lamina is equal to the moment of
inertia with respect to the perpendicular axis drawn at the point of intersection of
the two axes in that lamina.

Explanation : Let the moments of inertia along two mutually perpendicular axes
OX and OY on a plane lamina be respectively I, and I,. Suppose the moment of inertia
along the perpendicular OZ drawn at the point of intersection of the two axes on that
lamina be L. It is to be proved that I, + I, = I

Drawing : Let us take a plane lamina. Let
us draw two mutually perpendicular axes OX
and OY on this lamina [Fig. 428].

Now let us draw a normal at the point of
insersection O of the two axes OX and OY.

Proof : Let us take a point P on the plane
lamina whose co-ordinates are x, y and z. Now
consider a particle of mass m at point P.
Moment of inertia of the particle with respect to
the axis OZ = mz2.

. moment of inertia of the whole lamina

on of moment of inertia of a rigid:

(1) perpendiculer axes theorem and the other one;

with respect to OZ, Fig. 428
I, =Zmz2=3m (x2+y?)
= Zmx?2 + Zmy? (4.40)

but Emy?2 =1, and Tmx2 =1,
So, from equation (4.40) we get,

L =1, +1, : |
oril =1 4T (4.41)
= the theorem is proved.

4'25'2 Parallel axes theorem' %
The moment of inertia of a lamina about any axis is equal to the sum Of_ the
moment of inertia of the lamina about a parallel axis passing thmugh:the.?qrx : of
mass and the product of the mass of the lamina and the square of perpendicular
distance between the two axes.  pi-lat B
Explanation : Let AB be any axis on the plane of the paper and CD‘S another ax:;
Parallel to it. The axis CD is passed through the centre of mass G of the lane andlmm'if!a' Lhe
mass M [Fig. 429]. If the distance between parallel axes AB and CDiisih, ancatt



264 PHYSICS—FIRST PAPER

moments of inertia of the lamina with respect to AB and CD are respectively I and Ig,
then according to the theorem it is to be proved that, I=Ig + Mh?
A : C Proof : Let the lamina is composed of
< h > particle of masses m;, my, mj3 etc. Distances from
the axis CD of the particles are respectively x;,
X, X3 etc, then moment of inertia of the particle
of mass m; with respect to the axis AB = m (x1 +
h)? = myx12 + mh2 + 2myxqh

Similarly, moment of inertia of the particle
of mass m; with respect to the axis AB = m; x52
+ myh? + 2m,xoh; moment of inertia of the
particle of mass m;3

= max3? + m3h? + 2maxsh etc.
. If I is moment of inertia of the whole

> lamina with respect to the axis AB, then it will be
D equal to the summation of the above moments of
Fig. 429 inertia.
I = myxg? + mah? + 2myxih + mpx22 + moh® + 2moyxoh + ms3x3? + mah?
+ 2m3xzh + ... ...

= Tmx2+h2Zm + 2hImx.

Here, Zmx = total moment of the mass of the whole lamina about CD. But the
weight of the lamina is acting downward along the line CD through the point G, so
moment of the mass of the lamina about the axis CD,

Zmx =0 andZm =M and Ig= Zmx2

426 Determination of moment of inertia and radius of gyration for some
special cases

(1) Moment of inertia and radius of gyration of a thin uniform rod about an-axis
dhrotughits centre and perpendicular to its length -

Let AB be a thin uniform rod of o
length / and mass M, free to rotate ;
about the axis CD which is passing :
through the centre O and perpendi- < 112 ;E (dx
cular to the length of the rod [Fig. i % _______
4°30]. The moment of inertia about |------------------ e
the axis CD and radius of gyration A ki siatdn
are to be found out.

Since the rod is uniform, the

M 4 ;
mass per unit length == - S0, at a D
distance x from the axis CD let dx. RSewHsd adnrde Figd
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be a small length whose mass is dM, then dM = 1\;[ dx. As dx is very small, we can
consider that all the particles in dx are at a distance x from CD. So, moment of inertia of
dx about axis CD = dM x x2 = I\Td Xidaex et

Now integrating the above equation within limits x =1/2 and x = — [/2 we get
moment of inertia for the entire rod.

Moment of inertia of the rod about the axis CD is,

1/2 1/2
I [%] x2dx = ]'\T/IJ‘ x2dx
L1/ ~1/2
fh]” Ayt
113 e I'|3x8"3x8
M 28 _MP
= SR
= £ (4.43)
Let K be the radius of gyration
M
o b )
MK —1—121

I

Il

or,

2. Moment of mertli and radius of gyration of a th
passing through one end and perpendicular to its
Let us consider a thin and uniform rod. Its mass is M and length is I. The rod is

rotating around CD, one of its end A and perpendicular to its length [Fig. 431]. The
moment of inertia and the radius of

gyration of the rod around this CD are to be C:

determined. i< ! >
According to the description, as the ; dx :

rod is uniform its mass per unit length is 1}—4 : V' Doy ey e T %_____ | 8

So, mass of a small element of length dx, :

= %d— X dx. As the element is very small, i
so each of its particles can be considered to P :
be at a distance of r from the axis CD. Fig. 431

Now, if it is integrated within limits x = 0 and x = /, then moment of inertia of the
whole rod with respect to CD will be found out

x=1 M M =1 i3
... required moment of inertia, I = I (T) XdxXx2 = T r x2dx
x=0 x=0 (M
M2 M

Rl R

gei
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Al MP ; ¥ (4.45)

e i MK?2 = 2 MI?
Now, if K is the radius of gyration. then =3
e ‘j: (4.46)
3 b . - .

3. Moment of inertia and radius of gyration of a solid cylinder rotating aboutits

own axis

Let mass of a uniform solid cylinder C be M, len.gth l and re.ldius r [Fig. 432]. Itis
rotating around its axis PQ. Moment of inertia and radius of gyration with respect to PQ
are to be determined. According to the description, volume of the cylinder = nr? x|

mass M

density of the material of the eylinder=Sepers =0

Let a hollow coaxial thin cylinder of radius r and width dx
be considered

Area of this thin cylinder = 2mxdx

volume =2mx xdx x| and mass = volume X density

ol =21txxdx><1><—N£_
: rél
P 2Mxdx
! - +c =22

~ Since the cylinder of width dx is very thin hence its each
particle can be considered to be at equal distance x from PQ. 50

oL oo
] -
»»»»

L : :;::::::;::;j,‘ moment of inertia of this thin cylinder with respect to PQ
&ﬁ =%‘,§d£xxz=%,l\z—dx3dx
T R
. CYlindSe(:i:v ilnﬁtg;rljge\étsthz:\gea?aix =r_if the moment of inertia of the above holloW thif

et find the moment of inertia I of the whole cylinder:
= |*2M M s
0 r~ | 4 5
M
= -4?2— [r 4 __ 0] .
S| _
=3 —m
o (84

In this case if radius of gyration is k then
MK2 = %Mrz

(4.48)
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Work : - What are the moment of inertia and radius of gyration (1) ﬂ"irbugh”'ﬂlea;u'd poi int
of a thin and uniform bar of mass M and Iength l, (ii) with respect to the. axis. 'assirr
through one end, (iti) through normal passing through ‘the centre ofa thm dlSC f mass M

M P i s
B adiusofigyrationisifie
17 radius of gyration is T
(ii) Moment of inertia of a thin and uniform bar for rotating around the:
passing through one end of the bar @%
(iii) Moment of inertia and radius of gyration of a thin disc'of mass M'and'rad

_1_7_0tati.ng through normal of the disc are respechvely %M,z and*.g

4’27 Equations of moment of inertia-and: radius of gyration w
to location of rotational axes’ "
Matter) Moment of inertia and radms of\gymhunha"{:’__ rding to the locatic
With respect to the normal axis With respect to the normal axis
passing through the centre passing through the end point
Straight bar Moment of Radius of Moment of Radius of
(length = 1) inertia gyration inertia gyration
[ l 1 l
I==mi2 So— I=zml? =—
12 243 3 \3
w.r.t. to the normal axis passing w.r.t. any diameter
through centre
Circular disc l=gm? K= 1= mr K=1
(radius = r) 2 :
w.r.t. to the normal axis passing- w.r.t. any diameter
through centre
Cylindrical disc R ) [Revr2 1= 1 ®2 + 12) B e
: ; = A [REEE = +12)2
(internal radius = r 2 K 2 4 K =_(R—.2—L
‘| external radius = R) Hodsaiis
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w.r.t. to the normal axis passing | w.r.t. any axis passing through the

through centre centre and parallel to the width
ength =1, 2 3
width = b)
w.r.t. the axis of the cylinder | w.r.t. any axis normal to the centre of
the length
Solid cylinder 1 r y2ig0]2 3
=—mr K= =m|— +— rogls
Ersha o 2 I m( +12] K=‘\/4+12
radius =7)

w.r.t. to the axis normal to the w.r.t. any diameter

centre
Circular ring I=mr2 K=r L r
= K=
(radius = 7) 5 B V2
w.r.t. any diameter w.r.t. any tangent
Thin spherical shell|; 2, 2 Rt 5
(radiuds = 7) I"er K= 37 I"31'"" K=‘\/§r

4-28 Ex'perlmental

At k‘-:""-’- IS

Detennination of moment of mertia of a ﬂy wheel

Theory : Suppose. angu.lar velocity of a wheel is @ and its radlus is 7. Then hnear

velocity of the wheel is, v = wr. If the moment of inertia of a body is I and the wheel is
rotating around an axle, then its

rotational kinetic energy, E = % Iw? (1)
Work done against friction for each complete rotation of the wheel is W. If the total

number of complete rotation of the wheel is 7, before the body of mass m falls on the

‘ground, then total energy = Wn,. If the body of mass m falls from a height &, then, .
Potential energy =mgh * (if) |

i We know, potential energy of the axle = kmehc energy of the axle + rotational |
kinetic energy of the wheel + total work of the wheel |

or, mgh = L mtﬂ +5 Icm2 + Wn,

or, mgh"lm m’r’+§lm=+wm (i)

The rotating wheel stops completing 1, number of rotation after the body of mass
7, attachediagihe end of thelaxeibysa thread has been separated from the axle, s0
work done against the friction = Wn,
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Wn, = %Im’-

ot
2 i 2”2

(iv)

In equation (iii), the value of W is inserted and we get,

2
mgh = %mmzrz + % Iw? +% (I (:—2) X 1,

or, mgh = % mwir? + % (05 (1 + ::—;)

or, 2mgh = mw?r? + ln? (1 + 2—;)

or, Iw? [1 + :—1] = 2mgh — mw?r?
2

_ 2mgh — mw?r?

or, = =
2 L4\
w [1 +n2]

)
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Apparatus : An iron axle, a heavy wheel, some ropes, a mass, stop watch, metre

scale, slide callipers.

Description of the apparatus : An axial rod B, attached to a heavy rotating
wheel, on which one end of a wrapped thread is tied and a mass m is attached to the
other end of the thread by which the wheel can be rotated.

Procedure: (1) First of all, let us measure the radius of the axle by a slide callipers.

(2) Then for the determination of number of
rotation a mark by a chalk is put on the axle and a
rope is wound on the axle. At the other end of the
rope a mass m is fastened and if it is dropped from
position R, the wheel after rotating a few times,
the weight with the rope will fall to position S. The
wheel makes n; number of rotation to touch the
~point S and time for this drop is noted from the
stop watch.

Now the rope is again wound on the axle and
the mass is fastened on the other end of the rope.
From position R the mass is allowed to fall to the
ground and as soon as it touches the ground, the
stop watch is started. When the axle comes to rest
the stop watch is stopped. Total time and number
of rotations of the wheel before it comes to rest are
noted i.e., total number of rotation (n,) is noted.

Rotating wheel
,l, Axle
= :
B
Mass —» [ 7 ?
= s
Fig.433 ,-r'.r:s.'{fam:.r

C —
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Table-1: Radius (7) of the axle B

No. of Main Vernier | Vernier | Vernier Total | Average | Radius
observa- | scale scale | constant scale reading | diameter D
tion | reading| reading | c(cm) | reading | =M+ | D(m) | "T2
M (cm) n cm D) cm (cm)
F=cXxn
1
2
3
Table-2 : Determination of time and number of rotation
No. of Number of Time for Total number | Average time for
observation | rotation of the rotations of rotations | average numbers
wheel t sec n, of rotation
(n,) t sec
1
2
3

Calculation : If the axis takes time ¢ for 1, number of rotation, then average
angular velocity, @, = ?'Mz

The axle acquires zero velocity with uniform retardation from angular velocity o,
so its average angular velocity

O+0 o 21n,

PR et or, ==

N E

_ angular velocity, o = 4—1:@ rad s-!

2mgh — mw?2r2

=i gam? = L. kgem?
n
(1+ T :
n, . :

By inserting the value of n,, @ can be found out. By inserting the values of m, ®, 7,
h, n;, n, and g in equation (v), moment of inertia of the heavy wheel can be found out.

Precautions : (1) In the axle rope is to be wounded in such a way that while
unwinding from the wheel it can easily drop on the ground. _

(2) Number of rotation n and time ¢ is to be measured correctly.
(3) Height 1 is to be measured from the mark on the axle
~ (4) h is to be measured correctly.
(5) The rope or the thread should be light and wrappmg on the rod should be
uniform.

Moment of inertia, I =
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4’29 Newton's laws for angular motion

Newton’s laws for rotatory motion are very similar to those for linear motion.
Corresponding to three laws in the case of linear motion, there are also three laws of
rotational motion. These laws are discussed below.

(1) First Law : The first law applies to a condition of equilibrium. The law is stated
as follows : ‘

A body does not change its angular velocity unless it is acted upon by an
external, unbalanced torque.

Explanation : A body at rest does not begin to rotate without a torque to cause it
to do so. Neither does a body that is rotating change its motion nor change its axis
unless a torque acts.

Example : A rotating wheel would continue to rotate for ever if not stopped by a
torque such as that due to friction.

(2) Second law : The rate of change of angular momentum of a body rotating
about a fixed axis in it, is directly proportional to the external torque applied and
takes place in the direction of the torque.

Explanation : We know, angular momentum, L = Io. Now according to this law,

rate of change of L ie., 7 d—L is proportional to the torque applied i.e.,

& gi_g Idu)
Pl dt

dm
Ca e [ a=-a*t—]

or, 1T =Kla
Here K is a porportionality constant.
InS. L unitK=1
= >
o T =la (4.49)
Rate of change of angular momentum dL will take place along the direction of .

(3) Third law : If a torque be applied by one body upon another body, an
equal and opposite torque is applied by the latter upon the former, about the same

axis of rotation.
Explanation : Let the torque applied by a body A on another body B be ‘E)z, then

the body B will also exert an equal and opposite torque 1:21 on the body A. Here apphed
torque on Bby A is T;, is the action torque and apphed torque on A by B is 't21 is the

reaction torque.

o= —
- T12=—"Tz and T3 =Ty

The direction of the reaction torque 1 is opp051te to the achon torque T12, hence
negative sign is used.
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4:30 Centripetal and centrifugal force

4°30°1 Centripetal force

According to Newton's first law due to inertia of motion a moving body always
intends to move in a straight line with uniform speed. So unless an external force is
applied motion of a body does not change automatically. In every moment direction of

motion of a rotating body in a circular path changes; so a force always acts on this body
from outside.

We have seen before that when a body of mass m rotates in a circular path of

2
radius r with speed v, then a centripetal acceleration 07 acts on that body. According
to Newton's second law of motion this acceleration is produced due to the action of a
force. Clearly, this force will be centripetal as well i.e., will act along the radius towards

the centre and its magnitude will be equal to the product of the mass of the body and the
2

centripetal acceleration i.e., g - If the action of this force stops for any reason, then
there will not be any force left to rotate the body in the circular path. Then the body will
go away along the tangent of the circle and will move with uniform speed in a straight
line.

The'action of force for which a body moves in a circular path with uniform
ispeedrand the force which acts perpendicularly to the direction of motion i.e.;
towards the centre of the circle is called centripetal force.

If a body of mass m rotates around a circular path of radius 7 with uniform speed;
o, then the magnitude of the centripetal force m-mri - In angular velocity- it is expressed:

By R

entripetal force is a no-work force
Centripetal force always acts perpendicular to the direction of motion, hence there
is no displacement along the direction of the force. So, the centripetal force does not do
any work. For this reason centripetal force is called no-work force.
Centrifugal reaction : Centripetal force acting on the body rotating in a circular
path is applied from outside. The body which applies this outside force, according to
Newton'’s thu'd law of mohon equal and opposite force is applied on that body by the

first body. @bvi ; 1 force acts along the radius vector towards outsidg.
This is called centnfugal reactlon

‘Suppose by fastening a piece of stone with a threéd is rotated in a circular path
[Fig. 434]. All the time a centripetal force Fc is acting on the stone by the thread, Here
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tension of the thread is the necessary centripetal force. If the thread is torn off, then
action of the centripetal force stops; instantaneously the stone swiftly moves away
along the tangent of the circle with uniform speed in a straight
line. While rotating the stone by the hand in a circular path,
the stone also applies equal and opposite reaction Fy on the
hand; as a result, the hand feels a tension outward. Like
other action-reaction here also Fc and Fr do not act on the
same body, but act on two different bodies, for example,
respectively on the stone and on the hand. When the thread
tears off then two forces disappear simultaneously. Fig. 434

Many other examples may be cited on centripetal force. Each planetin the‘universe
revolves round the sun. The gravitational attraction force that the sun,apphéﬁ“ m&thosy
planets, acts as centripetal force on the planets.

Do yourself : Centripetal force of a body rotatmg in a cu'cular path changes w1th the'
change of radius—explain. : . e o

4°30°'2 Centrifugal force

We have seen earlier that for every body moving in a circular path a force acts
towards the centre of the circle i.e., a centripetal force acts. The earth rotates around the
sun. Here gravitational attraction force of the sun on the earth is the centripetal force.
Naturally question may arise— by which force the centripetal force is balanced ? For
what hindrance the earth does not go straight to the sun ? Apparently, it appears that
another equal and opposite force acts on the earth. This apparent force is called
centrifugal force. Obviously, centrifugal force is equal and opposite to the centripetal
force. But it should be remembered that there is no real existence of cenl-nfugal force So

actually the centripetal force is not balanced by any real force. Centrif
imaginary force.

For every body rotating in a circular orbit has a tendency to move away along the

tangent of the circle, for example, in case of rotation of a stone by a thread if the thread

is torn off then the thread speeds away along the tangent of the

a circle. Suppose, a body moving in a circular path is at position

‘ A at any instant [Fig. 435]. If no centripetal force acts along the

A direction of the centre of the circle O, then the body would have

reached to point B along the tangent. But since the centripetal

force acts, so the body approaches slightly towards the centre

and reaches to point C, a point in the circle, instead of point B. -

Fig. 435 That means, due to the influence of centripetal force the body

is forced to move at every moment along the circular path, So, the centripetal force

always active in rotational motion. _ i
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Hence, the centripetal force is not balanced by any real force. For this reason, the
presence of centrifugal force is apparently considered as real which acts opposite to the
centripetal force. So, it is called pseudo force.

An imaginary force equal and opposite to the centripetal force i.e., opposite to the’
centre outwards, acts on a body rotating in a circular orbit with uniform speed. It isy
called the centrifugal forces T

4'31 Applications of centripetal and centrifugal force
Practical examples

1. Banking of roads :

(a) Turning of a car/vehiclein a horizontal road : Suppose a vehicle is taking turn
in a horizontal road. Here frictional force between the wheel of the vehicle and the road
provides the necessary centripetal force for taking turn. This friction is static friction and
‘self controlled. While taking turn the wheels of the vehicle tend to skid away. Frictional
force acting towards the centre resists the skidding. If the vehicle takes turn moving very
fast then the magnitude of the necessary centripetal force also increases enormously. But
magnitude of the frictional force cannot be more than a certain limit. So if the vehicle

takes turn with a great speed, then frictional force cannot provide necessary centripetal
force. Hence the vehicle skids away from the road.

Suppose a vehicle of mass m is taking turn in a circular path of radius 7 with a
velocity . If the frictional force between the wheel and the road is F, then condition for
safe turning of the vehicle will be,

mo?

F=""
r

As the magnitude of v increases the vehicle takes turn with higher speed. But
maximum value of Fis pmg ; here n is the co-efficient of static friction i.e., F< pmg.
So, condition of safe turning of the vehicle is

muv>
— Smumg

or, v’<urg
or, v<(urg)/? (4.50)
If the speed of the vehicle is more than the above value, i.e., more than (jrg)/2 then,
the vehicle will skid away from the road.
(b) Turning of a vehicle in a road having banking : Frictional force, acting
between the wheel of the vehicle and a horizontal road, damages the wheels. In order to

decrease the energy and also to avo.id accident due to skidding in every turn the outer
P:rt of the road is made slightly higher than the inner part. That is, the road slightly
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slopes at the centre of the banking. This is called banking of a road. Part of necessary
centripetal force for taking turn of the vehicle comes from the horizontal component of
the applied reaction force and the rest amount comes from the friction. If the angle of
banking is correct, then from the horizontal component of the reaction necessary
centripetal force is obtained; then frictional force has no role at all.

Here two torces are acting on the
vehicle— (i) weight of the vehicle W acts
directly downward and (ii) applied
reaction R by the road acts vertically
upward perpendicular to the plane of the
road [Fig. 4'36]. Let the plane of the road
be inclined with an angle 6 with the
horizontal plane; 6 is called the angle of
banking. Vertical component of reaction
Ris R cos 0 balances the weight of the
vehicle and the horizontal component R
sin @ provides the necessary centripetal
force. If the mass of the vehicle is m, its
speed is v and radius of the banking of the
road is R, then

muv? ig. 4
R sin 6 ="~ Hig. 4%

Rcos 0 =W =mg
Dividing the above two equations, we get

fan 0=

{From this equation we can determine the accurateranglejof:banking
depends on the speed of the vehicle. For this reason, , for parhcular value of the velocity
of a vehicle, accurate banking of the road can be made.

Nowadays, in order to avoid accident in every turning of a modern highway, a
banking is made. Banking is also made in rails. Here outer side of the rail is made higher
than the inner side. In all turning a sign board indicates the maximum allowable speed of
the vehicles. So the drivers remain alert not to drive the vehicle above the quoted speed.
Hence, number of acc1dent reduces

e
'- e

We can dlscuss the mmmg of a cychst in the same way. During turning the cyclist
automatically inclines towards inside i.e., towards the centre of the turning of the road
[Fig. 4'37]. As a result, the cyclist asserts pressure on the road inclinedly, so the react:lon_
R of the road acts making an angle 6 with the horizontal. The horizontal component ¢ of
the reaction provides the necessary centripetal force. If the cyclist along with the ycle
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bends inside making an angle 0 with the vertical in order to balance in the turning,
then the vertical and horizontal components of the reaction R will be R cos 6 and R sin 6

F cos 6 respectively. This vertical component of reaction
balances the weight mg of the cyclist along with

the cycle and the horizontal component provides
: mu?
the necessary centripetal force T

R cos 0 =mg
2
andRsinB:lIr?—
02
g

or, tan @ =

| (22
Fig. 437 + 0= tarc! (;“}
The cyclistalong with the cycle is to take turn making this angle 6. The larger the
§peed of the cyclist, less will be the radius of the turning and he will have to bend more;
From the above equation velocity of the cyclist along with the cycle, v = Vrg tan 6 can be

: -
P rceptional work : Why a cyclist along with the cycle needs to incline towards the
centre of circle while pedalling the cycle in a curved path ? |
There is a possibility of skidding to take turn in a straight path. A centripetal force
is needed along horizontal towards the centre of the circle for a cyclist along with the
cycle in circular path. To provide this centripetal force the cyclist along with his cycle
needs to incline towards the centre of the curvature.
8- Motion of the planets :
Planets are revolving around the sun in their own orbits. Here the gravitational
force of the sun acting on each planet is the necessary centripetal force.
Similarly, for satellites revolving around the planet the centripetal force is the

gravitational force of the planet.

Mathematical examples
1. At what velocity a motor cyclist should move in a circular path of diameter of
50 m so that he remains inclined at an angle of 30° with the vertical plane ?

We know, " Here,
tan@ =— 50 m
rg r=—%-=2m
or, v? =fgtan9 6 = 30°
or, = V?’g tan 0 g= 9'8 ms2
v = ‘\,_25 X 9'8 X tan (30°) ok,
_ V25X 98X 0577 '
= 1189 ms!
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2. In order to drive a car at a speed of 50'4 kmh-! along a path ofa.radls““:;':;““""'? (.
panking of 200 m, at what angle the path should remain inclined ? If the width of
the road is 2m, then what should be the height of the outer edge of the mdrftoxtfmt

f the inner edge ? NI RIS
We know, Here, _
tan 8 = .0_2 radius, 7 =200 m Ly o
'8 (14)2 speed, v =504 kmh!
or, tan0 =57—52=01 = 041000 e
200 x 98 = 0G0 14m5'1

@ = tan’1(01) =57°

=98 ; 2
When 0 is small, tan 6 can be written as, g > Smey
: h =
tan B = s 0 = E x =2m 3 o FEY .['[
_h height,h = ? b 92ugqUe.
Qilisn 7 OoiiveTiE ores el
h =01x2=02m 221l ot DEoHe
3. A cyclist is moving in a circular path of radius 18 m with a velocity of kam
per hour. What is its slope towards the vertical direction ? N & \
Let the slope of the cyclist towards the vertical direction be 6. |
We know, Hel'el 0t eyl Fo
2 velocity of the cy S P
) - oo = oo
18x9:8 radius of the circular path R
= 0'1746 r=18m ol iaite
8 = tan1 (0°'1746) g= 9 8 ms2 e
— 990 : B A [ 3 B
3 0 196

4’32 Collision

Sudden and T changeh e
duration is Called 11
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as total elastic collision: This type of collision is an ideal event. In reality such collisionis
gnotseen. So we can say that if relative velocity of two bodies before and after collision
remains unchanged then that collision is called total elastic collision. The total kinetic
energy before collision remains same after the collision.
: Example : Collision between two balls of glass or steel is almost an elastic
icollision. ‘ i
Again, if after the collision the two bodies instead of being attached to each other
gets separated from each other, then that collision is called partial elastic collision.
Total kinetic energy is not conserved in this type of collision also. During collision some
of the energy is changed into another energy, mostly as heat energy. In reality, this type
of collision occurs: |
In case of total elastic collision :

Suppose two bodies of masses 71, and m, moving along a same straight line and in
the same direction with initial velocity vg; and vg,, respectively collided head on.
Suppose the collision is total elastic [Fig. 4'38].

my
before the collision at the tlme of colhsmn after the collision

Fig. 4-38 : Total elastic collision.

During collision the two bodies apply action and reaction force F on each other.
F is an impulse and due to its action momentum of each body is changed. Suppose, the
two bodies after collision started moving along the same direction with velocities v; and
v, respectively. It has been assumed that the direction of motion of the two bodies before
and after collision is the same. Here, if vy; > vy, then collision between the two bodies
will occur and when v, > v; the two bodies will move away after collision.

Here, relative velocity before collision = vy — vy,

and relative velocity after collision = v,—v;

According to definition, vg, —vg, = v,—v;

Now according to the conservation principle of momentum,

total momentum before collision = total momentum after collision

MiVGL+ Moy =MV + Mavy ... .. (452)
From this equation values of v, and v, can be determined. From these two
velocities kinetic energy after collision may also be found out.

Again, total kinetic energy before collision = % Mmvg;2 + % mvg,? is conserved in case

of total elastic collision.
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So, by taking kinetic energies before and after collision equal, we get,

% mu,? + % muy2 = % mvg,? + % mugy? (4.53)

That means, kinetic energy after collision = kinetic energy before collision.

Determination of velocity after collision :

Let two bodies of mass as of m; and m; move along the same straight line with
velocities vg; and v, respectively. Since vg; > vy S0 elastic collision takes place between
them. If the velocities after collision are v; and v, then according to the conservation

principle of momentum,
total momentum before collision = total momentum after collision

MU0y + Mgy = M1V + MUy
niy (?.')01 = UI) =Ny (02 = 002) . (l)
Since the collision is elastic so summation of the kmehc energies before the collision
will be equal to the summation of kinetic energies after collisioni.e.,

1 2 1 2 1 2 i 2
5?7112)01 +2H!2‘002 —imlvl +.§m2'02

1 1 o
2 g ('001 —012) =5 mz (02 — 0022) e (11)

by dividing equation (ii) by (i) we get,
Vg1 + U1 =0z + Vg2 :
Uais U1 Etabiiton
by inserting the value of v, in equation (i) we get,

my — iy 2mi, : o
my + my Y0 T+ my 002 i

by inserting the magnitude of v m equation (i) we get (after calculation)

my—m 2m -
2:#'002-#—1—“001 (IV) ,
1+ Mo my + nip

v =

i.e., m; = my, then frm equatlon (iii)

ere my # m, and v, = 0. From equations (u1) and (v) we get:

my —my 2n1, _ ak
= - Vg1 and vy = — Vo2 £3 sh
my + my 01 )2 ??I_1_'+U_12"°2'_.
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(iv) {First body is very heavy and at the start the second body is motionless;
Here m; >> my and vg; = 0. So it can be written, my —my = —mj and my + my
= m,. So, we get, v; = Vg and v, = 2vp;. That means, after collision the heavy
body will remain almost stationary and the light body will speed up almost,

with double velocity.
(v) The second body is very heavy and initially motionless. Here, 11, >> m; and
vo2 = 0. So it can be written, my —my; = —mj and m, + my = my. From

equation (iii) and (iv) we get, v; = vg; and v, = 0. That means after collision
the heavy body will remain stationary and the light body will speed up in
opposite direction with initial velocity. <

Perj_ceptior'lal work : Why a ball rebounds backward after colliding with a wall 2 - :
In case of elastic collision between two bodies, velocity of the first body after

- _my—my 2my ) .
collision, v; = SN Vo1 + [m] 7 mz) X vgp for the collision of the ball with the wall,
vz = 0 and m5 >> m;. So, v1 = — vg; and vg; = 0 i.e., the ball will remain static and the

ball will return in the opposite direction with same velocity.

I’_ractical?iyork-: Take a ball in your hand.'Now throw it on a table. Which direction will
the table move 2 Why the ball will come back after collision with the table 2

When a lighter body collides with a heavier body, the heavier body remains at rest
and the lighter body moves away in the opposite direction with double velocity.
Perceptional work : dn‘cas ?ﬁf?ﬂﬁféﬁéf'é'EiiﬁSibﬁ-'-tWo'{b'odiés.':' of equal mass mutually

éxchange velocities— lain’

Two bodies of equal mass after collision mutually exchange velocities. Its explanation
in given below :

Suppose the masses of the two bodies are m; = m, and velocities after elastic
collision are v; and v, and velocities before collision are #; and u,. So, we get,
miuy + Maolp = M0 + Mol
Or, miuy; — MU = MUy — Malis
Oor, Uj—v1=0z— Uy (1)

Again, from equation (i) we get, ;2[- myuq? + % MioUn? = % myv;2 + % Myv72

1 1 1 1
or, i m1u12 = E m1012 = 2 m2022 = E‘ m2u22

or, u2—v12=v2—u? (v my=my) (ii)
by dividing equation (ii) by equation (i) we get,
U —u Uy— Uz
(u1— v1)(r+ v1) _ (W2 — ug)(vy + uy)
5 Uy — 01 U — Uy

or, U3 +v1 =02+ e (i)
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by adding equation (i) and (iii) we get,
U1 — U1+ UL +UV1=TVp— Uy + Ty + Uy
or, 2u; =2v;
(i)
So, two bodies of equal mass mutually exchange their velocities after elastic collision.
4°32°2 Inelastic collision

You just take two balls made of soft mud and make a collision between the two
balls. You will see that total kinetic energy does not remain conserved in this collision.

This type of collision is'also anideal évert. It is an example of inelastic collision. That

means, after collision between two bodies if they combine with each other and move
as a single body i.e., the relative velocities of the two bodies become zero, then it is
called inelastic collision.

In figure 4-39 a total inelastic collision

has been shown. Here two bodies of masses @ ,
m, and m, moving along the same straight @

line and in the same direction with ™M1 pefore the collision ™
velocities v,, and v,,, respectively collide

- - - v
with each other. After collision the two %—o
bodies combine with each other and start

e ; : ; fter t isi
moving in the same direction as a single (¥ ) alicEihe collsion

body with velocity v. Fig. 4'39 : Total inelastic collision.
Now, from the principle of conservation of linear momentum, we get,
Total momentum before collision = Total momentum after collision.
M Vgy + MyUgy = (My + my)v

or, p =120t Male; Al (4.54)
m, + m,
S
By subtracﬁng the total kinetic energy before collision 5 Moy + -12- m,0p% from the

total kmehc energy after colhsmn (m; +v,)v?, we can find dissipation of kinetic energy

It is seen that dissipation of kmehc energy is proportional to the square of relative
velocity (Vo1 — '002).
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4'32'3 One-dimensional collision

When the children play marbles, then if one marble collides with another marble
and after the collision if the marbles move in a straight line, then that collision is called
one-dimensional collision. That means, if the relative motion of the two colliding
bodies is along the same straight line before and after the collision, then that
collision is called one dimensional collision.

Suppose two particles of masses m; and m, are moving in a straight line along
X-axis with velocities vo; and vy, respectively [Fig. 4'41]. Here vy, > vg,. At one time

the first body hits the second body from behind and afterwards the two particles move
along the same straight line in the same direction with velocities v; and v, respectively.

%—9@%—*%—%—“

my
before the collision at the time of collision after the collision
Fig. 441

Here action force applied on the body of mass m, is F; and the mass m, also
eates reaction force F; on m,.

Again, suppose if the duration of the action and reaction is ¢, then
sum of initial momentum of the two particles = m,vg; + M50, 2 (4.55)
and the sum of the final momentum of the two particles = m;v; + mv,
According to Newton's third law of motion,
action = reaction

F,=—F
During collision the action and reaction forces act for the same duration.

Suppose, the two bodies move along the same straight line, before and after the
collision, with velocities vy; and v;, respectively. Due to action and: reaction,
accelerations of the two bodies become 4, and 4, .

Fi=—F -
or, ma,=— My,

or L‘—‘“l——m i—Hz_vm
1

or, MUy — MiUn= — MyUs+ MaVq | 2 |

Oor, mMqUgy + MaUpy = MUy + M0, i: Wi gt 49 (4-.5.6)
According to the principle of conservation of momentum, ]
momentum before collision = mommtum after collision.
This is the equation of one-dimensional collision: -
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Mathematical examples

1. Two boys are standing on two ends of a boat of mass of 200 kg which is
floating on water at rest. Their masses are 40 kg and 70 kg respectively. Each of
them jumps simultaneously from the boat with a horizontal velocity of 4 ms™’. Then
at what velocity and in which direction will the boat be moving ?

W Given,
e know,
Mass of the first boy, m; = 40 kg
MUy + Mol + Mally = M0, + My, + M3Us Mass of the second boy, m, =70 kg
or, 0+0+0=40%x4+70x—4+200x7, Mass of the boat, m; =200 kg
Before jumping,
or, —120+2002,=0 Velocity of the first boy, u, = 0

Velocity of the second boy, u, =0
Velocity of the boat, u; =0
After jumping, :
Velocity of the first boy, v; = 4 ms™
Velocity of the second
boy, v,=—4 ms’!
Velocity of the boat, v; =?
2. A ball of mass of 2 kg with velocity of 3 ms™ collides with another ball of mass of
0°5 kg at rest. If (a) these balls attach together after collision and (b) the collision is
total elastic, then what will be the velocities of the two balls after collision ?
(a) Since the two balls combine with each other after collision, so the collision is
total inelastic. Here, the velocity of the two balls will be same after collision.
According to the principle of conservation of momentum, ;
M1Vg; + MyUgy = MUy + M0,

So, in this case if we put v; = v, =v and v, = 0, then we get,
2x3+0=(2+05)xv
v =24 ms!

(b) Since the collision is total elastic, we know in case of total elastic collision,
Vg —UVp2=02— 10
3—0=(,— )
v, —v; = 3 ms! 5 (1)

Again, according to the prmc1ple of conservation of momentum,

MVg, + MyUg, = MUy + M0,

2x3+0=2v, + 050,

2v; + 050, = 6 e (i)
Solving (i) and (ii) we get, v; = 18 ms-! and v, = 48 ms™! :
So, the two balls will move in the same direction after collision. .

v; = 0'6 ms™ and its direction will be
towards m,
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3. A ball of mass 2 kg engaged directly in elastic collision at velocity of 3 ms™1
with a stationary body of mass 0’5 kg. What will be the velocity of the second body

after collision ?

We know,
_ mp—my 2 my >
%2 = v my my +my . 0l
2—-05 2% 2
=(2+0Jx°+2+05X3
=4'8 ms™]

[Ch. B. 2015]
Here,
m; =2kg
Vo1 = 3 ms™!
Upz2 = 0
U = ?

4. A body of mass 4 kg is engaged in elastic collision with a stationary body.
After the collision the body started moving in the same direction with velocity of
one-fourth of the initial velocity. What is the mass of the stationary body ?

We know,
_ my—my 2 m
2 m1+m2xv°2+m1+m2 X o1
_4-my 2 my 0
or, U = 4+m2)(002+—m1+m2 X
oSl —m3
o Voo  4+my
NN~
o 4 3 4+m2
or, 4+ my=16—4m,
or, Smy= 12
12 :
my =75 kg=24kg
Necessary mathematical formulae
D=5
50
ki
do
et
a=0or
0 = 0t
m=m0+at
0 = wp +50t?
6 21 27mw

Here,

]

m kg
myp
U2

Vo2

Il ]

O | o B

Vo1

(1)
(2)
(3)

(4)

(5)
(6)
(7)
(8)

9)



N'Ewro

_o
t
F=ma .
MUy + Mol = m0g + mz_vz - 5
miuy + mouy = (my +my)v e
— 2Ol e pXen
_mp—my 2m1 o v
A=y +my YL iy | 2920 L e -
: m < yosariok "ﬂéﬁ")'ﬁ]
Fis s em iy sty
4 1 y iy ghol s i Dansis et d!gi; _
ta.ne=— o 53 i L ) _=- e
rg Zhev Sgfisotey m{ugm: AW
I=Ymr2=MK2 rloniEs!
5l
KE =508, 0" 7 S S
[E= I(l) ; S
't::[a [=af ?ttrﬁi‘;*i}
_dL
o dt

1. Look at the followmg ﬁgur i
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Kinetic energy after collision = % mv,? + % mu,2 [~ vy=v,=0= g ms]
1 SijZi ] 5)2
=EX10X(§} -!-EXZOX(g}
243) 25
=95 X 9+ 10 x 9

=13'89 + 2778 =4167]
It is seen that in both the cases kinetic energy is not same. That means, kinetic
energy is not conserved.

2. A body of mass of 4 kg is fastened with a long rope of length 0'2 m and is
rotated around a fixed axis with angular velocity 2 rad s-1.

(a) Calculate the angular momentum of the rotating body.

(b) What change of torque will be if the mass of the body is made half ?
Explain by mathematical analysis. [J. B. 2016]

(a) We know,

L =Io =mr?n = 8 x (02)2x 2 = 0'64 kg m?s!
((b) We know, if angular acceleration is o, then
torque, T =1Io = mriq

T = mrio
_ : UL
or, if m; = 5 then
m
or, T = —2—1 r2o.
Tp myrao 1

—_—— —

T 2xmgrla. 2

T, = 32-1— ie., torque will be reduced to half.

3 -
B applied force
F =500 N
P Q
A

(a) Calculate the torque of the rod PQ rotating with respect to the rotation axis
AB.

(b) If the rotation axis AB from the end of the rod PQ is taken to the mid point,
then in which case moment of inertia will be more—give mathematical justification in
favour of your answer. [S. B. 2016]

(a) We know,

torque, T = rFsin 6
= 1 x 500 X sin 90°



NEWTONIAN MECHANICS 287

(b) moment of inertia with respect to the axis passing through the end of a rod,

M2
dobar _
Again, if the rotation axis passes through the centre of the rod then,
M2
)
L M2 12

E — —3— X W = 4
I; = 4], i.e., in the first case moment of inertia will be more.
4 A train is turning along the bending of a rail line of radius of 200 m. Distance
between two plates is 1 m. For turning the running train at velocity at 50°4 km.
(a) Calculate the of the inner and outer plates of the rain line and
(b) What will happen if the height of the two plates are equal and if not equal
then what will happen ? explain.

(a) We know, Here,
2 r =200m
tan e = % g P 9'8 ms—z
504 x 1000
- Lo (1 4) Rl 72 =150 kmithsl =
or, tan®6 "200x9'8_01 v 60 x 60
tan6 =01 e

When 6 is small, then tan 6 = 0'1 can be written.
Suppose the distance between the two rails = x.
If the height of one line with respect to the other is k, then.

tan 6 =—

or, h=01x1=01m.

(b) If the outer rail is made 0’1 m higher than the inner rail, the train will move
freely. This is because that in order to keep the train free from centripetal force the outer
rail must be placed at higher position. If two rails are of the same height then while
taking turn necessary centripetal force is to be applied. Due to the lack of the centripetal
force the train may skid because of moment of inertia. In order to balance this moment of
inertia the outer rail is made higher than the inner rail.

5. A small body A of mass 150 g is allowed to rotate by a thread of 75 cm of
length. It starts rotating from rest and after 3 minutes it rotates 120 times per minute.

(a) Calculate the effective torque on the body A.

(b) What amount of tension will act on the body A ? If the magmtude of
tension is made 4 times, what change of linear velocity will take place —give opinion.

(a) We know, : Here,
® =21n = 27K X 2 m =150 g = 015 kg
= 1256 rad s! ' ‘ r=75cm =075m
If angular acceleration is o, then t=3min=3x60s= 180 s
0=y +at n =120 mv/mm. ;
r, 12 +a X3 X 120 3 H5g
: a—s?)%{;Src:ds:il i n="gg rev/s=2revls

sl
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moment of inertia, I = mr?2 = 0'15 x (0'75)% = 00844 kgm?
torque, T = Io. = 0'0844 x 00698 = 5'89 x 10~ Nm
(b) mass of the body, m =150 g = 0'15 kg
r =75cm=075m

_2nN 27 x 120

60w 60
linear velocity, v = @r = 12'56 x 075 = 942 ms~!
tension of the thread, F = "’fz s (;‘.7(2 422 1775 N
Hence, tension on the body that will act is 17775 N
Again, if the tension is 4 times, then F; = 4F; in that case if linear velocity is v,

= 1256 rad s-1

2

then Fl-ﬁ?—and B =
Elie (o1}t
F ™~ »2 v

i.e., if tension is 4 times, then linear velocity will be double.

6. While taking turn in a curvature of radius of 100 m with velocity of 30 kmh?
a bus skidded from the road to a ditch. [Ch. B. 2016]

(a) Determine the banking angle of the
mentioned road in the stimulus.
(b) In the light of the stimulus analyse

mathematically the reason of skidding the bus
in the ditch.

(@) We know,
if the value of 6/is very small, then

tan_6_=sinﬁ|=d

04

e I9=Si1'l_:_l'g =Sin-_-1T=_2-86° : S
' (b) If for safe driving the car the banking angle is 6, then
_ RIg sl D U0 R ey
B 1 Y e Sogi
=@ 00 98] = : '

.'Ihe ban.kihg angle of the road in the stimulu
-1 the banking angle should have been 4'05°. So, the car

path at velocity of 30 .
skidded.

L

s is 2'86° but fbx_j safe driving in that

Az}
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7. A circus player was rotating a body over his head in the vertical plane. The
length of the thread was 90 cm and the body was revolving 100 times per minute.
All on a sudden one third of the rotating body was torn off. Due to this the player,
instead of becoming nervous, increased the length of the thread to keep the
number of revolution per minute unchanged.

(a) What was the centripetal acceleration of the body before its mass was
decreased ?

(b) Verify the correctness of the change of length of the thread made by the
player by mathematical analysis.

(a) We know, Here,

angular veolocity, ® = ZTN =2k :0100 N =100 times

t=1min=60s

= 10472 rad s’! !
and centripetal acceleration, r=90 cm=0 9 m

a=o% = (104722 x 09 = 987 ms2
(b) Tension or centripetal force applied by the hand of the player rernamed
unchanged.
Centripetal force or tension of the thread, Fc = ma = m X 987 = 98'7 mN
When the mass is reduced by one third

then the remaining mas m’, = m —
In this case, if the new length of the thread is 7/, then
m'w?r’ = mw?r
or, m'r' =mr

_2m
3

w|=

“2m/3 il
So, change of length = -3— —r= %

or, length was mcreased by 50% of the previous length.

8. Two bodies of masses 40 kg and 60 kg while coming from oppomte direction
of each other with velocities of 10 ms™ and 5 ms™! respectively collided with one
another. After the collision the two bodies combinedly continued to move.

(a) What was the velocity of the combined body.

(b) Why the collision was not elastic ? Give your opinion wnth mathematical
analysis.

(a) We know, Here, :
myuy + matiy = (My +my) v IissS _40 kg
or, 40 x 10— 60 x 5 = (40 + 60) v m2=60kg-'-1» Fie
. 100 5 _ cup o= 10mst o
-1-0_0"11:115'1 Uup =—5m3'1£ "m :
direction along the velocity 10ms? = = | i velgggri thF e

St 8oL

(i |
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(b) We know, during elastic collision both momentum and kinetic energy remain
conserved; but in inelastic collision although momentum remains conserved but kinetic
energy is not conserved. Kinetic energy is transformed into another energy.

Total energy of the two bodies before collision,

%mlulz - % MoUp? = %x 40 x 102 + %x 60 (— 5)2
(2000 + 750) ] = 2750 ]

After collision kinetic energy of the combined two bodies,

% (mq + my) v2 =%x 100 x (1)2=50]

In this case kinetic energies before and after the collision are not conserved. Hence
the collision is not elastic.

9. Radius of the bend of a road is 50 m and difference of height of both sides is
0’5 m; width of the road is 5 m. :

(a) What is the actual banking angle of the road ?

(b) Whether a car can move safely on the road of the stimulus velocity of 108
kmh-? is possible to move on the road of or not ?—verify mathematically.

[R. B. 2017]
(a) We know, Here,
Sl e o5 width of the road, d =5 m
4 5 [ A difference of height of both
0 =sin’! [05—5) = sides, x =05 m
= 5740 banking angle, 6 =?

(b) From (a) we get, 8 = 5'74°
According to the stimulus, radius of the bend of the road,

r=50m
If the maximum velocity of the car is v, then.
- tan 0 = EE /i
g

. v2=tanBxrg
or, v = \I tan 6 x rg

= Ytan (574) x 50 x 9°'8

= 702 ms1

= 2527 kmh-1

That means, in this road maximum velocity at which a car can mq_ve safely is 2527
kmh- : ' 0T spels
" So, on the road of the stimulus it is not possible to move a car safely at velocity of
108 kmh1. " ' '



NEWTONIAN MECHANICS 291

10. Nayan is rotating a piece of stone of mass 25 g by fastening at the end of a
thread of length of 1 m. The piece of stone is rotating 5 times per second. Keeping
the number of rotation constant, the length of the thread is made double. The

thread can withstand a force of 40 N.
(a) Calculate the angular momentum of the stone in the first case.
(b) Whether Nayan will be able to rotate the stone successfully by increasing

the length double or not—verify mathematically. [Din. B. 2017]
(a) We know, angular momentum, Here,
L =mor = mrlo length of the thread, 7=1m
2N 2N mass of the piece of stone,
S [ =T} m =25g=25x 103 kg
25 x 10-3 x (1)2 x 2 x 3'1416 x 5 time, t =1 sec
= 1 angular momentum, L = ?

= 07854 kgm?s~!
(b) Changed length of the thread i.e., changed radius,

r=2x1=2m
So, maximum tolerable force, F =40 N Givven,
: 2nN mass of pieece of stone,
an 1 )
gularyelochy by m=25g=25x103 kg
_2x371416 X5 number of rotation, N =5
L time, t =1 sec

= 31'416 rads!
centripetal force, F = ma?r =25 x 103 x (3'1416)? x 2
= 49'348 N
centripetal force or tension of the thread F is greater than the maximum
toterable force F.

So, Nayan will not be able to rotate the stone safely by increasing the length
double. As the tension of the thread is more so the thread will tear off.

11. Distance between the two plates of the rail lines of the metre gauge and
the broad gauge are respectively 0°'8 m and 1'3 m. The place where the radius of the
bend is 500 m, differences of height of the lines at that place are respectively 7°00
cm and 11°37 cm.

(a) What is the banking angle of the first line ?

(b) In which line train can take turn speedily ? Give opinion with mathematical

analysis. [S. B. 2017]
(a) We know, Here,
h 007 - height, h = 7700 cm = 0'07 m
tan 0 =5=—5 = 00875 .
Sasilis0i8 distance between the two lines
0 = tan-! (0°0875) = 5° of the metre gauge, /=08 m
banking angle of the first line = 5° - banking angle, =2
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(b) banking of the second line,

0, = tan’! [};]

01137
=1 _ o
[ 153 )_ >
Again, if the maximum velocity of the

train in the first line is v; and that in the
second line is vy, then

=01 _ v
tan 6; = rg and tan 6, = r
tanBl_E
tan 0,  v,?

PHYSICS—FIRST PAPER

Here,
radius of the bend, 7 = 500 m
acceleration due to gravity,
g =98 ms™?
banking angle of the first line,
0;=5°
distance between the two lines of
the broad gauge, I'=13
difference of height,
h" =11'37 cm = 011137 m

Since, 0; = 0, s0 v; = v,. That means, in both the lines the train can take turn with

same speed.

12. A dancer of mass of 60 kg can rotate 20 times per minute by stretching her

two hands. She tries to tune to a music.

(a) Compare the two moment of inertia if the dancer rotates 30 times per unit in

order to be harmonic with the music.

(b) Will the changed angular kinetic energy of the dancer of the stimulus be

double ? Give opinion analytically.

(a) Let moment of inertia of the dancer in
the first case be [; and angular velocity be »; and
in the second case moment of inertia be I, and

angular velocity be ;.

[B. B. 2017]
Here,

In the first case,

number of rotation of the dancer
per minute, n; =20

In the second case,

number of rotation of the dancer
per minute, nz =30

DRMER2T X205 02 1
®1="e0 ="g0 -3 mrads™
and o, _21;:12 27:6):)30 =T rads‘1 :
- Again, accordmg to the conservahon law. of angular momentum,
I1601 12032 3 i3
) 2
Iz— 2)(11:——)(11 gIl

- So, moment of inertia in the second case is
first case.

: % ‘times 'the:moment of inertia of the

(b) angula.r frequency in the ﬁrst case. ;= n rads‘1

moment of inertia in the first case. I

* changed moment of J.n:e'ri_za.j L= §§I1
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So, angular kinetic energy in the first case, E; = % ;042

and changed angular kinetic energy, E; = % Ly?2

E %110)12 %Il X T2
£ %Izmzz I; x%nz
210 953 :
ey i
Eg =15x E1

So, changed angular kinetic energy of the dancer will not be double, rather it will be
1'5 times.

Summary _

Force : The external cause which changes or tends to change the state of rest or of
motion of a body is called force.

Fundamental force : Forces which are fundamental and do not originate from
other forces, but all other forces are derived from these forces are called fundamental
forces.

Types of fundamental forces : There are four types of fundamental forces, viz.—
gravitational force, electromagnetic force, strong nuclear force and weak nuclear force.

Momentum : The property which is originated due to the combination of mass and
velocity of a body is called momentum of the body. Momentum = mass X velocity.

Newton's second law of motion : Rate of change of momentum is proportional to
the applied force on the body. Direction of momentum is along the direction of the
applied force.

Impulsive force : Impulsive force is a force of high magml'ude which acts for a very
short duration.

Impulse : The product of the impulsive force and the time during which the force
acts is called impulse.

Moment of inertia : The sum of the products of masses of all the particles of a
rigid rotating body and the square of their respective distances from the axis of rotation
about which the body rotates is called moment of inertia.

Angular momentum : Product of the radius vector of a rotating particle and the
linear momentum is called the angular momentum.

Radius of gyration : It is a distance of a point from an axis of rotation such that, if
a point mass equal to the mass of the body is placed at this point, its moment of inertia
about the axis of rotation is equal to the moment of inertia of the whole body about the
same axis.

Torque : In order to produce acceleration in a body rotatmg around a bxed axis
the applied moment of couple is called torque or moment of force. =~ | = -
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Conservation principle of angular momentum : If the resultant external torque
acting on a body is zero, then no change of angular momentum of that body occurs. This
is the conservation principle of angular momentum.

Centripetal force : When an object revolves in a circular path, the force that acts
on the body in the direction of the centre of the circle so that it keeps the object in
circular motion is called centripetal force.

Centrifugal force : A force equal and opposite to the centripetal force that acts on
a body rotating in a circular orbit with uniform speed i.e., an imaginary force that acts
outward from the centre of the circle is called the centrifugal force.

Collision : A sudden and large change of motion of a body by a large force acting
for a very short duration is called collision.

Elastic collision : If relative velocities of two bodies before and after collision
remains unchanged then that collision is called elastic collision.

Inelastic collision : The collision after which the two colliding bodies combine and
move away as a single body i.e., the relative velocity of the two bodies is zero then it is
called inelastic collision.

One-dimensional collision : If the relative velocity between two colliding bodies
before and after collision is along the same straight line then it is called one-dimensional
collision.

e Summary of the relavant topics for the answer of multiple choice questions '

1. “If a car starting from rest is accelerated, then the graph of the momentum against
i e :

—3 M0

‘time will be g
X
—>t

=4 T 5 :
28 Angular veloml:y of an watch for hour -hand is 55~ 720 rad min-1, or 21 500 rad s71, for

mmute-hand i 720 80 rad s71, for second-hand is 30 T radsl.

8. Work done by centripetal force will be zero. Banking angle depends on the velocity
 of the body and on the radius of the curvature of the road

F. 1 2
z= 4. lrmps=2m7 rad, "o is the equahon of cent:npetal force. Angular ve10c1t'y of hand

L of the second > ang'ular veloaty of hand of the mmute > angu]ar veloaby of hand

B - ofhour.: 7

by | Umt of angular momentum is kgmzs-l and dimension is MLZT—l Tk %"7‘ 2 mzr'
L = mor = mr’e. :

6. = Another name of torque is rotational force. Dnnensmn of angular momentum is
ML2T-1. Unit of torque is N-m or Joule. ' B

VR .' y i
kg —

L
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Radius of gyration of a thin circular disc is K = é. Moment of inertia of a body

depends on angular velocity. Moment of inertia of a thin uniform bar rotating
through one end and through the centre is 4 times.

Moment of inertia of a body depends on mass and on the position of rotation axis.
Unit of torque is N-m and dimension [ML2T-2].

If the collision between two bodies of equal masses is elastic and initial velocity of
the first body is u;, final velocity v; and initial velocity of the second body is u»
and final velocity v, then u; = v,. The weakest force is gravitational force. Strong
nuclear force is a strong force.

Unit force will be produced when unit acceleration is generated on a unit mass.

Unit of angular momentum is kg m?s-1,

If the radius of a body rotating with uniform velocity is double then torque will be

4 times. Dimension of angular momentum = [ML2T-1].

Angle between linear velocity and angular velocity is 90°. If a fan rotates 60 times

per minute then its angular velocity will be 21 rad s-.. Frequency of a minute-hand

is 2'78 x 10~ Hz.

While towing a boat vertical component of applied force is balanced by the helm of
the boat.

Banking is the source of providing centripetal force in the curvature of a road.

Angle between action and reaction is 180°.

For one complete rotation in a circular path of radius r displacement becomes 27r.

Dimension of angular acceleration [T-2].

Impulse of force is equal to the rate of change of momentum. And impulsive force

is the very large applied force acting for very small duration.

_)
- - - 5 - -
r

—
Moment of force or torque (i) T = r X F (i) T =la (m)‘c -a;—l;(iv) L= P

X

(v) E = %Im2 (E o« I when @ is constant), vector form of centripetal force :

- o ; :
—m (@ . ®)r. Angle between action and reaction is 180°.

Action and reaction force (i) act on two bodies, (ii) their summation is zero.

For rotational motion (i) work = torque x angular velocity, (ii) power = torque X

- angular velocity.

Moment of inertia of two bodies depends on (i) the position of rotational axis (ii)
shape of two rigid bodies (ii) rigid body around the axis of rotation. Force x time of
action = impulse force.

 If the mass of the first body is very large compared to the second body. then after

collision the first body will continue to travel with the same velocity.
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Angular velocity of hour-hand = % rad s71. Relation between moment of inertia

and rotational kinetic energy, E = %Imz. The ratio of kinetic energy of a body

rotating with uniform velocity and the moment of inertia is proportional to the
square of angular velocity. Moment of inertia of a body rotating with unit angular
velocity is twice the kinetic energy.

If momentum is increased by 100%, then kinetic energy will change by 300%.
Moment of inertia of a rotating body with unit angular velocity is numerically equal
to the double of its kinetic energy.

Radius of gyration of a rigid body is, K = ‘\’ ﬁ If the applied torque on a particle

is zero, then angular momentum will be constant. While jumping in a diving angular
momentum of the swimmer remains constant. Strongest force is strong nuclear
force.

Product of the radius vector of a rotating particle and linear momentum with respect
- =

inti X U
to a point is called angular momentum. Vector form of centripetal force is——-—m( = ) .

Relation between linear velocity v of a body rotating in a circular path and time

period T is, v = 2?.

In elastic collision kinetic energy and momentum remain conserved. In inelastic

collision total energy does not remain conserved. Angle betwen 7) and P is 90° for

a particle rotating in circular path with respect to the centre. Banking angle

depends on the velocity of the body and on the radius of curvature of the path.

In collision between two bodies action and reaction forces are—(1) equal and

opposite, (2) always act on the same body.

Unit of impulse of for;:e is Newton-second, relation between momentum and

1onehc energy is, E; = %

- Strong nuclear force is attractive, short range and charge neutral. Gravitational
force does not depend on the nature of medium. Intensity of gravitional force is 1.
Intensity of strong nuclear force is 1042 The weakest force is the grawtatlonal force.

Relahon between kmenc energy and moment of inertia, Ek == I(D2 Moment of

inertia of a disc of mass M and radius R rotating with respect to the normal axis is

MR2
" "2-@-' Moment of ‘inertia of body depends on mass and axis of ‘rotation. Linear

2

: veloc:lty of parucles near the ends of the wheel of the crusher of lenu]s is more and

33.

linear momentum of each particle is same.

‘ Electromagnetlc force is responmble for atormc srructure Angular momentum for a

body for circular motion is mr2e.



