LAWS OF MOTION

et e —————— T

-
A S ——

3.1 INTRODUCTION

In the previous lesson you have studied that it is possible to describe the
motion of an object in terms of its displacement, velocity and acceleration.
But have you ever wondered what causes an object to move? What causes
a ball rolling along the ground to come to a stop, apparently on its own?

From our everyday experience we know that we need to push or pull an
almirah if we wish to change its position in a room. Sirlarly, a football
has to be kicked in order to send it over a large distance. A cricket ball has
to be hit hard with a bat to send it across the boundary for a six. Some
kind of muscular activity is involved in these situations and the action and
its effect is quite visible.

There are, however, many situations where the action is not visible. For
example, what makes rain drops fall on ground? What makes the earth go
round the sun? In this lesson you will discover a close relation between
force and motion in the form of Newton's laws of motion. The concept of
force developed in this lesson will be useful in different branches of phys-
ics. Let us study about Newton’s laws of motion which enable us to predict
the behaviour of a particle or a system of particles under the influence of
different forces. ' ,

3.2° OBJECTIVES
After studying this lesson, you should be able to,

explain the meaning of inertia and relate it to force;

state Newton'’s laws of motion and illustrate them with examples; -

define momentum, impulse and calculate them in a given situation;

explain the law of conservation of momentum and illustrate it with

examples;

define coefficient of friction and distinguish between static frictiori, kinetic

friction and rolling friction;

® suggest different methods of reducing friction and highlight the role of
friction in every-day life; and

® analyse a given situation and apply Newton’s laws of motion using free

body diagrams.
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3.3 CONCEPT OF FORCE AND INERTIA

A large number of objects around us are known to remain wherever they
are placed. These objects cannot move on their own from one plecc to
another place. These objects have to be forced to change their state of rest.
Similarly an object which is moving at constant velocity has to be forccd to
change its state of uniform motion. The tendency of an object to remain
in its state of rest or in its state of uniform linear motion is called
. inertia.

The state of rest or the state of motion of an object are not absolute. In the .
previous lesson you have already studied that an object at rest with re-
. spect to one observer may appear to be in motion with respect to some
other observer. Observations show that the change in velocity of an
ohject can only be brought if some net force acts on the body.

You are very well familiar with the term force, We use it in so many situa-
tions in our everyday life. We are exerting force when we are pulling
pushing, kicking, hitting etc. Though a force is not visible but its effect can
be seen and experienced. Forces are known to have two kinds of effects :

(@) anychmcthcshapcmdﬂusmqmobjm For ex-
: ample, a balloon changes shape according to the forces acting on it.

(b) Forces also inftuence the motion of an object. A force can set an
object into motion or it can bring a moving object to rest. A force can
also change the direction of motion.

In lesson seven you will study about another effect of force - the rotational
or turning effect of force.

3.3.1 Force and Change in Motion

Motion of any body is characterised by its velocity. We come across many
situations where the velocity of an object is gradually increasing or de-
creasing. For example, in the case of a body falling freely, the velocity of
the object increases continuously, Similarly, in the case of a ball rolled on
some horizontal surface, the velocity of the ball is seen to decrease gradu-
ally to zero.

Observations show that some force is responsible for change in velocity of
abody. Direction of velocity of a body is always in the direction of its
motion. The velocity of the body will change depending upon the
direction of the force acting on it. If some force acts on a body in the
direction of its motion, the velocity of the body will increase in magnitude.
If the direction of force on the body is opposite to the direction of motion
the magnitude of velocity will decrease. In both these cases the object
moves in a straight line. However, if some force acts on a body in a direc-
tion perpendicular to its velocity, the magnitude of velocity of the body
remains constant. Such a force is able to change only the direction of
velocity of the body. It is'important to note that velocity of a body changes
long as some force is acting on it.

Force is a vector quantity, for'this reason when several forces act on a body
simultaneously, their single equivalent force can be found by vector addi-
tion about which you have already read in lesson 1. Every fo1- 2 has a
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magnitude and a direction. The effect, a force acting on a system can
produce, depends on,

(a) the mgnitude and direction of the force;
{b) the point of application of force; and
{c} the duration for which it acts.

3.3.2 Newton’s First Law of Motion

We see that in order to move a trolley at constant velocity it has to.be
continuously pushed or pulled. Similarly, a horse is seen pulling the cart
moving at constant velocity. Is there any net force acting on the trolley or
the cart in the situations mentioned here?

Galileo was the first to state that in the absence of any external influence a
body rannot only be at rest but also moves'aniformlyin a straight iine. He,
therefore, regarded uniform rectilinear motion also to be natural sfate of
bodies.

It is now xnown that action of the horse on the cart is needed for balancing
out *he force of friction on the cart. Similarly force of friction on the trolley
can be overcome by continuously pushing or pulling it. Galileo drew the
conclusion that in the absence of force of friction, a body such as a cart or
a trolley, when once set in motion would continue to move at constant
velocity. ‘

[saac Newton generalised Galileo’s conclusions in the form of a law known
as Newton’s first law of motion which states that a body continues to be in the
state of rest or in the state of uniform motion in a straight tine unless and until
it is acted upon by some net external force.

As you know, the state of rest or motion of a body depends on its relative
position with respect to the observer. A persor in a running car is at rest
with respect to another person in the same car. But the same person is in
motion with respect to a person standing on the road. For this reason it
becomes necessary to record measurements of changes in position, veloc-
ity and acceleratlon and force with respect to a chosen frame of reference.

A reference frame relative to which a body in transiatory motion has con-
stant velocity if no net external force acts on it is known as an inertial
Jrame of reference. Such a name follows from the property of inertia of
bodies due to which they preserve their state of rest or state of uniform
linear motion. A reference frame fixed to the earth (for all practtc«l pur-
poses) is considered an inertial frame of reference.

Now take a break and try to solve the following questions.

INTEXT QUESTIONS 3.1

1. s it correct to state that 3 body always moves in the direction of net external force acting on it

2.  What physical quantity is a measure of inertia of a body?
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. 3. Can a force change only the direction of velocity of an object keeping its magnitude
cangtant? .

4. What are the different effects a force is capable of producing?

.................................................................................................................................

3.4 CONCEPT OF MOMENTUM

Study of collision of bodies has revealed that there is a quantity mass
multiplied by velocity whose net value for the colliding bodies remains
unchanged in a collision. The product of mass m of a body and its
velocity v ismlkdtulmmmenmmors!mplymomentmp. So

P = mv (3.1)

In the SI system of units momentum is measured in kgm/s. Momentum is
a vector quantity. The direction of momentum vector is the same as the
direction of velocity vector. Momentum of an object, therefore, can change
on account of change in its magnitude alone or direction alone or both.
The following examples illustrate this point.

Example 3.1: A 2 kg object is.allowed to fall freely at t = 0 s. What will be
its momentum at (ajt=0s, (b)t=1 s and fc)t = 2 s during its free-fall ?

Solution : (a) As velocity of the object at t = 0 s is zero, the momenium of
the object will also be zero.

(b) At t=1 s, the velocity of the abject will be 9.8 m/s [use » = vo-@;q
pointing downward. So the momentum of the object will be -

P, = (2kg)x (9.8 m/s) = 19.6 kg m/s pointing downward.

(c] Att=2 s, the velocity of the object will be 19.6 m/s pointing down-
ward. So the momentum of the object will now be

P, =(2kg) % (19.6 m/s) = 39.2 kg m/s pointing downward.-r -

Thus e see that the momentum of a freely-falling body increases in magni-
tude only and points in the same direction. Now you think what causes the
momentum of a freely-falling body to change in magnitude?

. Bummple 3.2 : A rubber ball of mass 0.2 kg strikes a rigid vertical wall with
.aq:eedqflom/sandmbmmdsalongtheoriginalpathudththesamespeed
Find the change in momentum of the ball.

Solution : Here the momentum of the ball has same magnitude before
and after the impact but there is a reversal in its direction. The magnitude
of momentum is (0.2 kg) (10 m/s) i.e. 2 kg m/s.

If we consider initial momentum vector to be along +x axis, the final mo-
mentum vector will be along —x axis. Soif p, =2 kgm/s, p=-2kgm/s
~and change in momentum of the ball =p-p={(2kgm/s)-(2kgm/s) =
4 kgm/s.

Here negative sign shows that the momentum of the ball changes by 4 kg
m/s in the direction of -x axis. What causes this change in mome ‘tum of
the ball?
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In actual praoctice a rubber ball rebounds from a rigid wall with a speed
which is less than its speed before the impact. In such a case the magni-
tude of the momentum also change..

3.4.1-Newtonfs Second Law of Motion

1t is now known that a body moving at constant velocity will have constant
momentum. It is already known from Newton's first law of motion that no
net external force acts on such a body. ' : ‘

In example 3.1 we have seen that the momentum of a ball falling freely
under gravity increases with time. It is well known that such a body falls
under the action of gravitational force acting on it. So there appears to be
a connection between change in momentum of an object, net force acting
on it and the time for which it is acting. Newton’s second law of motion
gives a quantitative relation between these. According to it the rate of
change of momentum of a body is directly proportional to the net
force acting on the body. Change in momentum of the body takes
place in the direction of net external force acting on the body.

This means that if Apisthe change in momentum of a body in time At due
to some net external force F,__ onit, then

Ap
Fo = At

A
or F =k ﬁ

Here value of k, the constant of proportionality, depends on the choice of
units for F, pand . '
In the SI system of units p is measured in kg m/s, tis in s and F is mea-
sured in kg m/s2 That gives k= 1. So

-
F_= A"M (3.1)
In the imit At — 0, we can write
dp
F = - (3.
net dt (3 2)

From equation 3.1, it follows that change in momentum of a body is in the
direction of net external force on it. .Change in momentum of a body dur-
ing any time is taken as final momentum of the body minus initial momen-
tum of the body. :

From Newton's first law of motion it follows that a body at rest.can not
move on its own. Similarly if it is already moving, it can not change its
velocity on its own. You may recall that if a body has constant velocity, its
acceleration must be zero. You may also recall that by change in velocity
‘we mean change in magnitude of velocity or change in its direction or both.

Newton'’s first law also tells us that some net force must act on an object to
change its state of motion. So net force acting on an object is the cause of
acceleration of the object. Newton’s second law of motion gives a quantita- -
tive relation between force and acceleration. If due to the application of
F, force, the velocity of body changes by dv in time d¢, then dp = mdv.
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Then the equation 3.2 gives,

F oamd
net dt
F_ = ma (3.3)

net

Example 3.3: A ball of mass 0.4 kg which starts rolling on the ground at 20.
m/s when pushed comes to a stop after 10 seconds. Calculate the force
which stops the ball, assuming it to be constant in magnitude throughout.

Solution :Given,

m=0.4 kg u=20m/s
v =0m/s t=10s

_ m(vmu)= 0.4 kg (Om /s-20m /s5)
So F=""" 10s

= 0.8kgm/s?=-0.8N
Here negative sign shows that force on the ball is opposite to its direction
of motion. Itis evident from the fact that there is a decrease in the tnomen-
tum of the ball. You are already aware that the ball comes to rest because:
of the action of force of friction on it.

Impulse : From equation 3.1 it follows that it is the product & At that
determines change in momentum of a body. So a desired change in mo-
mentum can be brought about by a large force acting for a small duration
or by a small force acting for a long duration of time. The quantity F At is
called the impulse. Thus, the change in momentum of a body is equel
to the impulse.

Like momentum, impulse is also a vector quantity and is in the direction of
the change in momentum. Its SI unit of measurement is kg m/s or Ns.

In deriving equation 3.1 it was assumed that force Fremains constant over
time Atofits action. There are many situation where the time of action of
force is very small, for example, during the impact of a ball and a bat. In
such cases Fis considered as the average force.

Inertial Mass : The mass of a body defined by Newton’s second law of
motion is called inertial mass of the body. From Newton’s second law

F
m=—
a

The known value of force and the experimental determination of the accel-
eration of a body as a result of the force can help us to measure inertial
mass of the body.

Now stop and by solving the following questions check how much vou have
learnt.

INTEXT QUESTIONS 3.2

1. Two objects of different masses have same momentum. Which of them. is moving
faster?

.................................................................................................................................
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2. A ball is thrown up at a speed of 20 m/s by a thrower. If the ball returns to the
thrower with the same speed of 20 m/s only, will there be any change in .
(8] momentum of the BallP .........cccorvcriniirrenneereeeesessee s e e e s es s
(b} magnitude of the momentum of the ball? ........ccooeereeeenmnrerenann.s

3.  When a ball falls from a height, its momentum increazes? What causes increase in
its momentum?

"
e
T

4.  In which case will there be larger change in momentum of the object?
(a) A 150 N force acts for 0.1 s on a 2 kg object initially at rest.
(b) A 100 N force acts for 0.25 on a 4 kg. object mitially at rest.

Sravareusaninis Ponacer

5. Iait correct to say that a fast moving object possesses more force than a slow movm:
object? Why? ’

6. An obiect is moving at a constant speed in a circular path. Does the ohject have
constant momentum? Why? ' :

B A L akenp

Example 3.4 : A constant force of 50 Nis applied to a body uf 10 kg moving
initially with a speed of 10 m/s. How long will it take the body to stop if the
Jorce acts on it in a direction opposite to its velocity. '

Selution : Given,

Massof thebody, m =10kg
F, =-50N
v, =10m/s
v =0
To find : t =7
Formulafs} F,, = m("f t"") or -50 N = 10 kg[g-]ﬂ—mlf)

e —-100kgm /3 100kgm /s

3.5 FORCES IN PAIRS

It is the gravitational pull of the earth which allows an object to accelera.s
toward earth. Does the object also pull the earth ? Similarly when w¢
push an almirah, does the almirah also push us ? If so, why don't we
move in the direction of that force ? These situations compel us to ask:
whether a single force such as a push or a pull exists ? It has been ob-
served that actions of two bodies on each other are always mutual. Here,
by ‘action’ we mean force of interaction’. So, whenever two bodies inter-
act, they exert force on each other. The force of interaction could be ac-
tion-at-a-distance type or a contact force type. Thus forces have been
found to emerge in pairs always. But generally we are concerned with one
of the forces in a pair which is acting on the object of interest.

3.5.1 Newton’s Third Law of Motion

On the basis of his study of interaction between bodies, Newton formu-
. lated third law of motion which states that to every action there is
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equal and opposite reaction. The action and reaction act on differ-
ent bodies. . : .

Here by ‘action’ and Teaction’ we
mean force. It follows from here that
a single isolated force does not exist. -4

Thus, when we exert some force on a -

table by pressing our finger against \_[_J I [
it, the table also exerts a force of equal -
magnitude on our finger in the up-

ward direction as shown in Fig. 3.1.

Do the forces f, and f, shown here

1
cancel out? It is important to note 4 f4 f, &

that f and f, are acting on different
bodies. l | ] |

"The action and reaction in a given

situation appear as a pair of forces.

Any one of them cannot exist without Fig 3.1 : Force f, exerted by the

the other. finger on table and force f, exerted
-by the table on the finger.

If one goes by the literal meaning of words, reaction always follows an
action. Whereas action and reaction introduced in Newton’s third law ex-
ist simultaneously. For this reason it is better to state Newton'’s third law
as when two objects interact, the force exerted by the first object on
the second (the action) is equal in magnitude and opposite in direc-
tion to the force by the second object on the first (reaction).
Vectorially, if F,, is the force which object 1 experiences due to object 2
and F, is the force which object 2 experiences due to object 1, then

F,=-F, (3.4)
If m, and m, are the masses of objects 1 and 2 respectively then

ma =-ma,

3.5.2 Internal and External Forces

As you have studied that some net exter- “— @
nal force on an object causes the object to
accelerate. If a car breaks down it can ei- A B
ther be towed by some other vehicle or

pushed from behind. Here the force ex-

erted on the car by the towing vehicle or f

the push from behind acts as the externat A pe—
Jorceon the car. Can the car be moved by —
a person who is sitting in the car and push- - g
ing it from inside? Such a push is called f

0 -1 B |*— F
internal force and has no role to play as

far as motion of car is concerned. To make

the distinction between internal forces Fig 3.2: Two blocks on a
and external forces clear, let us look at frictionless horizontal surface.
some specific examples.

a) Consider two blocks A and B, placed in contact with each other on a
firctionless horizontal surface. When some external force f is applied to

=
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them in the direction shown:in Fig. 3.2, both the blocks move fo the left
with the same acceleration. But.what causes the block A on the left to
accelerate? It is the force fwhich the block B on the right exerts on it. In
accordance with Newton'’s third law, block on the left also exerts force fon
the block on the right. However, the forces of magnitude f each which
these blocks exert on each other are internal to the system of blocks.

b} Whenever bodies collide, the forces involved are ‘internal’ to the collid-
ing bodies taken as a system. So the absence of any external force on the
system demands that total momentuni-of the system should be conserved.

3.5.3 Forces in Equilibrium

Numbcrofforcesacﬂngoumiobjcctorasysummsaidwbcin
equilibrium {f the vector sum of all the forces is zero. In accordance
with Newton'’s second law, acceleration of such an object or system will be
zero. Let us take an example.

Consider a block of mass m resting on some horizontal surface as shown
in Fig 3.3(a). In this situation we can talk about a number of forces. Such
as, :

(i) gravitational pull of the earth on the block equal in magnitude to mg.
(i) force of magnitude mg which the block exerts on earth.

F TN T I IT I T T TFFTT mg T N
Fig. 3.3(a) 7 Fig. 3.3(b)
(iii) force of magnitude mg which the block exerts on the surface normally
on which it is resting.

(iv) force of normal reaction N exerted by the surface on the block in accor-
dance with Newton’s third law. '

Fig. 3.3(b) shows the forces acting on the block. Since the block is in
equilibrium N = mg. In the situation described above, is there any fric-
tional force acting on the block?

In the next section you will study problems where more than two forces are
in equilibrium.

Now, it is time for you to check how much you have learnt.

INTEXT QUESTIONS 3.3

1. When a high jumper leaves the ground, where does the force which accelerates the
jumper upwards come from ?

2. Identify action - reaction forces in each of the following situationas:
(a) A man kicks a football. ......cccoieune

Ao
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(b} Earth puils the Mmoon. ... T T I eeteetensiosas
{¢) A ball hits a wall. .coriiiiiniiciiiniinn

3. What is the magnitude and direction of the gravitational force which a 60 kg woman

exerts on earth?

4. Name the forces which are in equilibrium in each of the following situations?

{(8) A book resting on a table ...
{b) A cork floating ifh Wat®r ... s
(¢} A pendulum bob suspended from the ceiling with the help of a string.

5. Three blocks of mass m each are placed on top of a table as shown. Name a force each
which ia internal and external to the system of blocks.

N

.................................................................................................................................

6. “*A women exerts a large force on an almirah to push it forward. The woman is not
pushed backward beceuss the almirah exerts a amall force on woman” Is the argu-
ment given here correct ? Why ¢

3.6 CONSERVATION OF MOMENTUM

Momentum possesses a very useful property of being conserved under cer-
tain conditions. It has been experimentally confirmed and has been proved
also that if two bodies interact, the vector sum of the momenta of these
bodies remains unchanged provided the force of mutual interaction is the
only force acting on the bodies. The same has been found to be true for
more than two bodies interacting with each other. Generally, a number of
bodies interacting with each other are said to be forming a system. If the
bodies in a system do not interact with bodies outside the system, the
system is said to be a closed system or an isolated system. The law of
conservation of momentum is valid for isolated systems only and can be
stated as the vector sum of the momenta of bodies comprising an
tsolated system remains constant.

Here, it follows that it is the total momentum of the bodies forming an
isolated system remains unchanged and the momentum of individual bod-
ies may change in magnitude alone or direction alone or both depending
upon the type of interaction. What causes the momentum of individual
bodies in an isolated system to change momentum?

Conservation of linear momentum is applicable in wide range of phenomena
such as collisions, explosions, nuclear reactions, radioactive decay eic.
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3.6.1 Conservation of Momentum as a Consequence of
Newton’s Laws o

According to Newton’s second law of motion, equation 3.1, the change

in momentum Ap of a body whex. a force Facts on it for time Af is
Ap=F At

It follows from here that if no force acts on the body, the change in momen-

tum of the body will be zero. Therefore the momentum .of the body will

remain unchanged. This explanation can be, applied to a system of bodies
also.

Newton’s thﬁ'd law can also be used to arrive at the same result, Con-
sider an isolated system of two bodies A and B which interact with each
other for time At If F, and F, are the forces which they exert on each
other then, in accordance with Newton's third law
F, =-F B '

AP, _ _APs

At At :

or Ap,+ Ap,=0Oor Ap,__=0
- So there is no change in the momentum of the system.

3.6.2 A Few Illustrations of the Conservation of
Momentum

or

a} Recoil of a gun : When a bullet is fired from a gun, the gun recoils. The
velocity v, of the recoil of the gun can be found by using the law of conser-
vation of momentum. Let m be the mass of the bullet being fired from a
gun of mass M. If v, is the velocity of the bullet, then the velocity v, of the
gun will be such that

muv + My, =0

or my, =-Muy,

or vy = :-3-!:, | . (3.5)

Here, negative sign shows that v, is in opposite direction to v, . As gener-
ally m<<M, the recoil velocity of the gun is much smaller than the velocity
of the bullet. ' s

b) - Collission : In a collision we may regard the colliding bodies as forming
a system. In the absence of any external force on the colliding bodies such
as the force of friction, the system can be considered to be an isolated
system. The forces of interaction between the colliding bodies being inter-

nal to the system will not be able to change the momentum of the colliding
bodies.

Example 3.5 : Two coupled trolleys, each of mass m, dre morving with initial
velacity v. They collide and couple with three stationary trolleys also of
mass m each. What will be the velocity of the trolleys after the impact?

Solution : Let ¢ be the velocity of the trolleys after the impact.
Momentum before collision = 2 mpy
Momentum after collission = 5 my
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In accordance with the law of conservation of momentum

2mv = S5mv
.2,
or v 5

c) Explosion of a bomb : A bomb explodes into fragments through the
release of stored energy. Consider a bomb at rest initially which explodes
into two fragments A and B. As the momentum of the bomb was zero -
before explosion, the total momentum of the two fragments formed will
also be zero after the explosion. For this reason, the two fragments will fly
off in opposite direction with equal momenta. If the masses of the two
fragments are equal, the velocities of the two fragments will also be equal
in magnitude.

d} Rocket propulsion : Flight of a rocket is an important practical appli-
cation of conservation of momentum. A rocket is a two-body system. It
consists of a shell with a fuel tank, which can be considered as one body.
The fuel in the fuel tank can be considered as the other body. The shell is
provided with a nozzle through which high pressure gases are made to
escape. On firing the rocket, the combustion of the fue! produces gases at
very high pressure and temperature. Due to their high pressure, these
gases escape from nozzle at a high velocity. The rocket flies in the opposite
direction. The propulsion of the rocket can be explained as follows:

For an earth based observer, the total momentum of the rocket (shell and
fuel) is zero before launching. As a result of combustion of fuel, the ejected
gases acquire certain momentum. Considering the shell and the fuel to be
forming a closed system, their total momentum must also be zero after
ldunching. Therefore, the shell acquires a momentum equal in magnitude
to the momentum of the ejected gases but in opposite direction.

Propulsion of a rocket is different from the recoil of a gun in atleast one
important aspect as far as the conservation of momentum is concerned.
Unlike the bullet, the entire gas from the rocket is not ejected at once. In
actual practice, the rocket loses fuel at some rate which is generally constant.

Again it is time to check your progress. Solve the follomng questions.

INTEXT QUESTIONS 3.4_

1. Is the momentum of a ball falling freely conserved? Why?

.................................................................................................................................

2. Can a bomb, initially at rest, explode into
(a) two pieces which fly in opposite directions to each other?
(b) three pieces which fly i mutually perpendicular directions?

B Y e R AR S4B N B R A A AR e b Ak A BT AL A e et e g e r Rt P e EE I B R RAE A ks smm s ey ankmmbnne s

...............................................................................................................................

4. Two balls of masa 0.2 kg each are moving along the same line towards each other with

a velocity of 10 m/s just before colliding. What will be the total momentum of the
balls after the collision?

---------------------------------------------------- B b K b S N R SN I NS AR b b AR R AR A MR b dr ey iy,
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3.7 FRICTION

it is well known that when we push a ball to make it rol] along the ground,
the ball does not continue to travel for ever. It rather comes to rest after
travelling some distance. Thus the momentum of the ball which was im-
parted to it during initial push changes to zero. We have already studied
that some force on the ball is responsible for change in its momentum.
Such a force called the frictional force emerges whenever bodies in con-
tact tend to move or move with respect to each ‘other. It is the force of
friction on an almirah which has to be overcome when we push or pull it
along the floor to change its place. R

Force of friction is a contact force and is always directed along the
surfaces in contact. It is commonly known that friction is caused by
roughness of the surfaces in contact. For this reason deliberate attempts
are made to make the surfaces rough or smooth dependitig upon the re-
quirement. : '

Friction opposes the motion of objects,. causes wear'. and tear and is re-
sponsible for loss of mechanical energy. But then, it is due to frictiaq-o_nly.
that we are able to walk, drive vehicles and stop moving vehicles. Friction

thus plays a dual role in our lives.
3.7.1 Static and Kinetic Friction

It is common experience that certain minimum force is required-to move
an object over a surface. To illustrate this point let us consider a block
resting on some horizontal surface as shown in Fig. 3.4. Let some external
force F,, be applied to the block in the direction showns, such that the
block does not move. This is possible only if some other force is actingon’
the block which is of the same magnitude as F = Dutis in opposite direc-
tion. Such a force is called the force of static Jriction and is represented
by symbel f. As F__ is increased, [, also increases and remains equal to
F,. m magnitude untill it reaches a critical value f(max). When F__ ia
increased further, the block starts to slide and. is then subject to kinetic
Jriction. It is common experience that force needed to set-an object into
motion is larger than the force needed to keep it moving at constant veloc-
ity. For this reason the maximum force of static friction f(max} be-
tween a pair of surfaces in contact will be larger than the force of
kinetic friction f, between them. Fig. 3.5 shows the variation of the '
force of friction with the external force.

f. A
fnax
f ________
F , smooth sliding
i [ 4
fs S
7”’)7_75[;;77777777 F:_‘_

(at rest)

Fig 3.4: Forces acting on the block. Fig 3.5: Variation of force of friction.
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For a given pair of surfaces in contact, what are the factors on which
f(max) and f, depend? It is an experimental fact that f, (max) is dlrectly
proportmnal to the normal force F, . So
f(max) = or f (max) = pF, (3.6)
Here y_is called the coeﬂ'lc!ent of static Jriction
Asf, <f, (max),f, <p, F,
It has also been expenmentally found that maximum force of static fric-
tion between a pair of surfaces is independent of the area of contact.
Similarly, f, = p,_ Fy (3.7)
Where u, is the coefficlent of kinetic
Jriction. Generally p > u, but there are
exceptions. Moreover, coefficients u_ and

p, are not really constants for any pair of Fu
surface such as wood on wood or rubber A
on concrete etc. Valueof i and g, for a

given pair of materials depends on I
roughness, cleanness, temperature, hu-

midity ete. _ l mg

Asdiscussed earlier, the normal force FN of
the surface on the block can be found by
knowing the force with which the bleck
presses the surface. As shown in Fig 3.6,
the normal force F|, on the block will be mg
where m is the mass of the block. Fig 3.6: Normal force on the block.

Example 3.6: A 2 kg block is resting on a horizontal surface. The coefficient
of static friction between the surfaces in contact is 0.25. Find tte maximum
Jorce of static friction between the surfaces in contact.

Solution:
Here F, =mg
and p =025
As f(max)= yu, F,= p, mg
- (0.25) (2kg) (9.8 m/s)
= 49 N.

Eumple 3.7:AS5 kg block is on a horizontal surface for which p, = 0.1.
What will be the acceleration ofthe block if it is pulled by a 10 N force acting
on it in the horizontal direction? ,

SBolutiop-
“As f, = W, F, where F, = mg

Therefore f =y, mg
= (0.1) (S kg) (9.8 m/s%)
=49kgm/s?*=49N
Net force on the block = F_, - f,

= I0N-49N
= 51N
F., 5IN
1 E - e B emerennae = 2
and therefore, acceleration = a m  5kg 1.02m/s

So the block will have an acceleration of 1.02 m/s? in the direction of
externally applied force.
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3.7.2 Rolling Friction

It is common experience that it is easier to push
or pull objects which are on wheels. The motion
of a wheel is different from the sliding motion.
It is rolling motion. The friction in the case of
rolling motion is known as rolling friction. For
the same normal force, rolling friction is much
smaller than sliding friction. For example when
steel wheels roll over steel rails, rolling friction
is about 1/100" of sliding friction between steel
and steel. Typical values for coefficient of rolling
friction y_are 0.006 for steel on steel and Fig 3.7: Deformation of the fim

0.02 - 0.04 for rubber on concrete. surface during rolling. '

In the case of rollmg motion of a wheel on some surface, the point of contact
of the wheel has zero relative velocity with respect to the surface. This
mean the point of contact of the wheel has no sliding motion. Only the
centre of the wheel moves forward. The origin of rolling friction can be
explained as follows. Wheh a ball rolls on some flat surface, it slightly
deforms the surface. Figure 3.7 shows the deformation of the flat surface
during rolling. Because of the surface deformations, a rolling ball has to
climb a hill as long as it is rolling. If the surfaces in contact are harder,
lesser will be the surface deformations and hence smaller the rolling friction.

3.7.3 Importance of Friction

Friction plays very important role in our life. It is because of friction only
that we are able to walk or hold a tooth brush in our hand.

Appreciable friction is required between the brake shoe and the rim of a
bicycle for the purpose of stopping it when required. And mterestmgly, it
is the force of friction only which sets a vehicle driven by an engine irito
motion. Discussed below is a situation highlighting role of friction.

Walking : When we are standing on the floor there is no net force acting on
us in the horizontal or vertical direction. As we begin to walk, we must
have some acceleration in the forward direction. Which means that some
net external force must act on us in the forward direction. From where
does this force come? We create this force on us by pushing the floor jn the
backward direction. It is due to the friction between the floor and our feet
that we are able to obtain the desired force on us. Fig 3.8 shows the
direction in which floor is to be pushed by the feet to expcrience force of
friction on it in the forward direction. That cxplam why it is difficult for
us to walk on a smooth/slipper surface.

e )}

=% backward
push on the fioor

Fig 3.8: Forces on the feet while walking.
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Force of friction offers hindrance too. It is the force of friction which
brings a moving bi-cycle to rest on a level road if we stop paddling it. Do
we need to paddle a bicycle to move it at constant speed on a level road?
Friction is responsible for great amount of energy loss in machines. As you
will study in lesson 6, work is required to be done in overcoming force of
friction. For this reason deliberate attempts are made to reduce friction
where it is undesirable.

3.7.4 Methods of Reducing Friction

Wheel is considered to be greatest inven-
tion of mankind for the simple reason that
rolling is much - much-easier than sliding.
Making use of rolling friction_are the ball
bearings. In a ball-bearing steel balls are
placed between two co-axial cylinders as
shown in Fig. 3.9. Generally one of the
two cyclinders is allowed to turn with re-
spect to the other. Here the rotation of the
_balls is almost a frictionless motion. Ball-
bearings find application in almost all type
of vehicles and in electric motors such as
electric fan. Fig 3.9: Balls in the ball-bearing.

' Use of tubricants such as grease or oil between the surfaces in contact
reduces friction considerably. In heavy machines, oil is made to flow over
moving parts. It reduces frictional force between moving parts ai.i also
p events them from getting over heated.

Presence of lubricants such as oil and grease infact, changes the nature of
friction from dry friction to fluid friction which is considerably smaller than
the former.

Flow of compressed and purified air between the surfaces in contact
. also reduces friction. It also prevents dust and dirt from collecting on the
moving parts. A hover craft is made to run on a cushion of air provided by
powerful air pumps. ' '

INTEXT QUESTIONS 3.5

1. Atableis vl _ on a floor. Is some force of friction acting on the table?

..............................................................................................................................

.................................................................................................................................

3. With F, = 20 N and F, = 15 N the block of mass 3 kg is shdmg at constant speed. What

.................................................................................................................................

4. In pushing a box up an inclined plane, is it better to push horizontally or to push
parallel to the inclined plane? Why?

On the next p» - 'few Guidelines are given which Wﬂl{h'clp you in solving
Pr lems:Anu _er of solved examples have also been given at the end of
t!  section. You may try them yourself before going through their solution.
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THE FREE BODY DIAGRAM TECHNIQUE

1. Drawasimple, neat diagram of the systemasperthegwendeumption

2. Isolate the object of interest. This object will be called the Free Body
Nnow. :

3. Considcraliwétemalfomuacﬁngonthefmebudyaﬁdmarkthem
by arrows touching the free body with their line of action clearly repre-
sented.

4.  Now apply Newton’s second law ZF = ma
for EF, =maand IF, = ma)

Remember : (i) Thare must be net force on the object along the direc-

tion of acceleration of the object. (ii) For obtaining a complete solution,
you must have as many independent equations as the number of un-
knowns.

5. Ifthe free body diagram of an object is made with reference to a non-
inertial frame, pseudoforces like the centrifugal force will also be con-
sidered as real forces acting on the object in addition to ail other exter-
nal forces. The direction of such a force will be opposite to the direction
of acceleration of the frame of reference.

6. In some situations you may have to consider rotational motion of the
object and hence the experessions, torque, 7= J«,
torqure = force x force arm
are to be used. In such situations one has to balance clockwise mo-
ments’ with anticlockwise moments about some axis about which the
object rotates or tends to rotate.

Exnmplea.&fl’woblocksofmassesm and m, are connected by a string
and placed on a smooth horizontal surface. Iheblodcofmassm is pulled
by a force F acting parallel to the horizontal surface. What will be the accel-
eraiwnoftheblocksandthetenmonmthestnngmnnecungthetwoblacks
(assuming it to be horizontal)? ;

Solution: Let a be the acceleration of the blocks in the direction of F and
let the tension in the stnng beT. On applymg If = ma in the component
form to the free body diagram of m, and. m, we get-

N-(m, +m)g=0 andF*tﬂwma)a fr}——fma}—

| __F
On applying EF = ma in the component form (ma+ ) ‘

to the free body diagram of m, we get

N-mg=0and T=ma Ny va
1
___1:_,,} q]ma

N, = m,g and szx(ml =y

N, “_‘
F
o T:(___"h_}p 7 Gb "

m +m;
Apply £F = ma once agam to the free body diagram of m, and see whether
you get the same expressaons for a and T.
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Example 3.9: Two masses m, and m, (m, >m,) are connected at the two
ends of a light inextensible string that passes over a light frictionless Jixed
pulley. Find the acceleration of the masses and the tension in the string
connecting them when the masses are released.

Solution: Let a be the acceleration of mass m, downward. The accelera-
tion of mass m, will also be a only but upward. {Why?). Let T be the
tension in the string connecting the two masses.

On applying ZF = mato.m, and m, we get <
mg- T= ma ) (1)
T-m,g=ma ' 2)
On solving equations (1) and (2) m1

for a and T we get

T
as(moma) g (2mm )
m, +m, m, +m, .

™G
At this stage you can check the prediction of
the results thus obtained for the extreme val- ¥
ues of the variables (i.e. m, and m)). Either 8
take m, = m, or m, >> m, and see whether a m.g
and T take values as expected. -

Example 3.10: A trolley of mass M =10 kg is connected to a block of mass m
= 2 kg with the help of a massless inextensible string passing over a light
frictionless pulley as shown in Fig (a). The coefficient of kinetic Jriction be-
tween the trolley and the surface is pu, =0.02. Find ‘

a) acceleration of the trolley. '
b} tension in the string.

Solution: Fig (b), (c} shows the free
. body diagrams of the trolley and the
block. Let abe the acceleration of the
block and the trolley.

For the trolley, F, = Mgand

T-f, =~ Mawhere f, =p F, y Fu -

= 1 Mg T
So T- u Mg= Ma (1) ot a
For the block mg - T= ma 2) Frx v ™ ™
On adding equations (1) and (2} ® ©

we get mg — | Mg = {M+ mja
a=9- Mg _ (2kg)(9.8m /s%) - (0.02)(10kg)(9.8m / s?)
T T Mem (10kg + 2kg) o
19.6kgm /s® —1.96kgm / s?

T 12kg

=1.47m /s*

Soa =147m/s?

From equation (2) T = mg~-ma=m (g - a)
=2kg(9.8m/s?~1.47 m/s?
= 2 kg (8.33 m/s?)

SoT =16.66N
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INTEXT QUESTIONS 3.6

1.

3.8 WHAT YOU HAVE LEARNT

A block of masa m is held on a rough inclined gurface of inclination ® . Show in a -
diagram, various forces acting on the block.

..................................................................................................................................

A force of 100 N acts on two blocks A and B of
masses 2 kg and 3 kg reapectively placed in
contact on a smooth horizental surface as
shown. What is the magnitude of force which
block A exerts on block B?

.................................................................................................................................

What will be the tension in the string when a 5 kg object suspended from it is pulled
up with

(8) a velocity of 2m/fs P

(b} an acceleration of 2 m/s? ?

..................................................................................................................................

In the reference frame attached to a freely falling body of mass 2kg, what is the

magnitude and direction of inertial force on the body?

............................................................................. ARSI E R I I A As b et Tanbanbintabbbinnararsidbinans

The inertia of a body is its tendency to resist any change in its velocity.

Newton’s first law states that a body remains in a state of rest or in a state of
uniform maotion in a straight line as long as net external force acting on it is zero,

For a single particle of mass m moving with velocity v we deﬁne a vector quantity p
called the linear momentum as p = mu.

The 1mpulae of a force Fon a particle is equal to the change in momentum of the body
and i is given by the area under the Force-time curve,

Ncwbn’a second leww states that the time rate of change of momenturn of a body is
proportional to the resultant force acting on the body.

According to Newton’s second law, acceleration produced in a body of constant mass
is directly proportional to net external force acting on the body or F= ma

The proportionality factor between the net external force and the acceleration it causes
in any cbject is the object’s inertial mass.

Newton's third louw states that if two bodies A and B interact with each other, then
the force which bedy A exerts on body B will be equal and opposite to tlie force which
body B exerts on body A, .

According to the law of conservation of momentum if no net axternal force acts on a |

_system of particles, the total momentum of the system of particles will remain con-

stant regardless of the nature of forcea between the particles.

Frictional force is the force which acts on a body when the body attempts to slide,
alides or rolis along & surface. The force of friction ia always paratle] to the surfaces in
contect and cpposite to the direction of motion of the object.

In the cane of objects driven by some intermeal mechanism such as a wheel driven by
an engine, the force of friction causes motion.

The meximum force of static friction [ (max} between a body and a surface is propor-
tional to the normal force N acting on the bedy. This meximum force oceurs when the
body is on the verge of shdng.

For a body sliding on some surface, the magnitude of the force of kinetic friction fis
given by £ « W N where p,_is the coeificient of kinetic friction for the surfaces in
contact. :
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3.9 TERMINAL QUESTIONS

1

10.

11

1a.

13.

14,

15.

Use of rollers and ball - bearings reduces friction and associated energy losses con-
siderably as rolling friction is much smaller than kinetic friction.

Newton's laws of motion are applicable only in an inertial frame of reference. An
inertial frame ie one in which an isolated object has zero acceleration..

For an object to be in static equilibrium, the vector sum of all the forces acting on it
must be zero. This is a necessary and sufficient conditions for point objects only.

Which of the following will always be in the direction of net external force acting dn the
body?

(a) displacement’ (b} welocity
(c} acceleration {d} momentum.
When a constant net external forcs acts on an object, which of the following may not

change? _
(&} position (b} speed (c}  velecity {d) acceleration

" Justify your answer with an example each.

A 0.5 kg ball iz dropped from such a height that it takes 4 seconds to reach the
ground. Calculate the change in momentum of the ball.

Inwhichmewiﬂtherebelargerchangemmomenmofazlcgoquct?
(8) When 10 N force acts on it for 1 =
(b} When 10 N force acts on it for 1 m,
Calculate change in momentum in each case,

A ball of mass 0.2 kg falls in air with an acceleration of 6 m/s®. Calculate the airdreg
on the ball, '

A load of mass 20 kg is lifted with the help of a rope at conatant acceleration. The load
eovm-sa:heightomeini!uconds.Calcuiatethetexwionintherope. ‘

A ball of mass 0,1 kg moving at 10 m/s is deflected Eyawalla’;the same speed in the
direction shown. What is the magnitude of the change in momentum of the ball?

Findthewuﬂgenmﬂimmamadﬁnegunthnisﬁﬁng150bullet-perm.inute,
each with = apeed of 900 m/s. Mass of each bullet is 12 g,

Explain why, when catching a fast moving ball, the hands are drawn back while the
ball is being brought to reat.

A constant force of magnitude 20 N acts on a bady of mass 2 kg initially ax reat for 2
seconds what will be the velocity of the object after

= 1 second from start? - (b) 3 seconds from stert?

How does a force acting on a block in the direction shown here keep the black from
sliding down the vertical wall? e

A 2 kg block is resting on a horisontal surface. The cosfficient of atatic friction be-
tween the block and the surface is 0.5. What will be the magnitude and direction of
the fores of friction 'onthe'blwkwhmthamm'mdsofthemmfmuachng' on
the biock in the direction shown is

® ON (b) 49N © 98N

For a block ot: a surface the-ma:dmum‘{m'ca of static friction is 10 N. What will be the:
force of friction on the block when a 5 N external force is applied to it parallel to the

",

- surface on which it is resting?

What minimum force F is required to keep a 5 kg block at rest on an inclined plane of
inclination 30*. The coefficient of static friction between the block and the inclined
plane is 0.25. ‘
NobloclnPanonfmauelml-'ﬂkgandmj-Skgraspectively_mplmdin
contact with e other on a horigontal frictionless surfice, Some external force F =
10N is applied to the block P in the direction shown in Fig Find the following,
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16.

17.

18.

(a) acceleration of the blocks
(b) force which the block P exerts on block Q.

TFP7777P7 77777777777

Two blocks P and Q of masses m, = 2 kg and m, = 4 kg are connected to a third block
R of mass M as shown in Fig. For what maximum value of M will the syst=m be in
equilibrium? The frictional force acting on sach block is half the force of normal
reaction on it.

Explain the role of friction in the case of bicycle brakes. What will happen if a few
drops of oil are put on the im? ' ' :

A 2 kg. block is pushed up an incline plane of inclination 8 = 37° imparting it a speed
of 20 m/s. How much distance will the block travel before coming to rest? The
coefficient of kinetic friction between the block and the incline is j, = 0.5,

Take g = 10 m/s? and use sin 37° = 0.6, cos 37° = 0.8.

3.10 ANSWERS TO THE INTEXT QUESTIONS

Intext Questions 3.1 3. (a) ¥ the force with which a man kicks

1. The statement is true for a body which a football is action then the force which
was at rest before the application of the football exerts on the man will be
some net force. ' its reaction.

2. Inertial mass {b) If the force with which earth pulls

3. Yes the moon ia action then the force which

4, A force cen cause translational and - the moon exarts on the earth will be ita
rotational motion. It can alsc deform reaction,
bodies, () If the force which the ball exerta

Intext Questions 3.2 on the wall ia the action therr thie force

1. Object of amaller mass wh:.ch the wall exerts on the ball will

2. (a) Yes (b} No. be ita reection.

3. Momentum of the falling ball increases 3. 9‘“"“"“"“‘1 f.oree on a 60 kg Woman
because gravitational force acts on it is 60 x 9.8 N is 588 N. In accordance
in the direction of its motion. Vfith Newton's third law the gravita-

4. In case (b) the change in momentum tional force exerted by the woman on
will be larger. It is the F At product tl:mearthml'lalsuba 588 N. It will be
that gives the chenge in momentum. directed radially cutward,

5. No. Forceis not related with momen- + (8 8 amt_anonal force on the book and
tum. It is related with the rate of the reaction force of the table.
change of momentum. (b) gravitationel force on the cark and

6. No. Though the speed is constant, the the upthrust i.e. buoyant force.
velocity of the object changes due to (c) gravitational force on the bob and
change in direction. Hence its momen- the tension in the string connecting the
tum will not be constant. bob.

lnt ext Questions 3.3 5. Force internal to the systemn of blocks :

The f ith which block 2
The jumper is accelerated upward by bl:ckn;?" with w. a presses

the force which the ground exerts on )
the jumbper. This force is the reaction :.;:c:e:t::n: - thefﬁgtfh;)f bl"t’-
to the forck which the jumper exerts orce of Hie tableon tae

on the ground. blocks.
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Intext Questions 3.4

1.

No. The momentum of the ball is not
conserved because a freely - falling
object is under the action of ‘a net ex-
ternal force.

{(a) Yea. The two pieces formed as a
result of explosion will have equal and
opposite momenta so that the total
momentum of the pieces formed is zero
as before the explosion.

(b) Three momentum vectors can
never produce a zero resultant if they
are not in one plane, = bomb initially
at rest cannot explode into three pieces
which fly in mutually perpendicular di-
rections. Such an occurrence is not
possible as it viclates the law of con-
servation of momentum.

In accordance with the law of conser-
vation of momentum, a gun recoils with
the same magnitude of momentum as
that of the bullet, As the maga of the
gun is generally much larger than the
bullet, the recoil velocity of the gun ia
much amaller,

Zero,

Intezt Questions 3.5

4.

Na, 2. Yes, 3. 5m/s?

It is better to push the box by applying
the force parallel to the inclined plane.
When the force is applied horizontally,
only a component of this farce will act
along the intended direction of motion.
Moreover another component of this
force will press the box on the incline
thereby increasing the force of reaction
of the incline on the box, As a result of
this, the force of friction on the box will

also increase.

l'ntext Questions 3.6

Eall

Various forces acting on the block are
(@) force of reaction N of the inclined
plane

(b) force of friction f

{c) gravitational force mg.

Fig. shows them in their appropiiate
directions.

60N

{a) 49N (b} 59 N.

19.6 N in the vertncally upward direc-
tion.
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