CHAPTER 6

FRICTION

6.1 FRICTION AS THE COMPONENT OF
CONTACT FORCE

When two bodies are kept in contact, electro-
magnetic forces act between the charged particles at
the surfaces of the bodies. As a result, each body exerts
a contact force on the other. The magnitudes of the
contact forces acting on the two bodies are equal but
their directions are opposite and hence the contact
forces obey Newton’s third law.

<V = normal force

7; F = contact force
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J f = friction

Figure 6.1

The direction of the contact force acting on a
particular body is not necessarily perpendicular to the
contact surface. We can resolve this contact force into
two components, one perpendicular to the contact
surface and the other parallel to it (Figure 6.1). The
perpendicular component is called the normal contact
force or normal force and the parallel component is
called friction.

Example 6.1

A body of mass 400 g slides on a rough horizontal
surface. If the frictional force is 3'0 N, find (a) the angle
made by the contact force on the body with the vertical
and (b). the magnitude of the contact force. Take
g=10m/s”

Solution : Let the contact force on the block by the surface
be F which makes an angle 6 with the vertical
(figure 6.2).

Figure 6.2

The component of F perpendicular to the contact surface
is the normal force =V and the component of F parallel
to the surface is the friction f As the surface is
horizontal, =V 1is vertically upward. For vertical
equilibrium,

<NV = Mg = (0400 kg) (10 m/s *) =40 N.
The frictional force is f= 30 N.

_f_3
(a) tanB—dv =2
or, 9 =tan ' (3/4) = 37°.

(b) The magnitude of the contact force is
F=\A?+f?

=V@40N)?+(30N)? =50N.

Friction can operate between a given pair of solids,
between a solid and a fluid or between a pair of fluids.
Frictional force exerted by fluids is called viscous force
and we shall study it in a later chapter. Here we shall
study about the frictional forces operating between a
pair of solid surfaces.

When two solid bodies slip over each other, the
force of friction is called kinetic friction. When two
bodies do not slip on each other, the force of friction
is called static friction.

It is difficult to work out a reliable theory of
friction starting from the electromagnetic interaction
between the particles at the surface. However, a wide
range of observations can be summarized in a small
number of laws of friction which we shall discuss.
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6.2 KINETIC FRICTION

When two bodies in contact move with respect to
each other, rubbing the surfaces in contact, the friction
between them is called kinetic friction. The directions
of the frictional forces are such that the relative
slipping is opposed by the friction.
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Figure 6.3

Suppose a body A placed in contact with B is
moved with respect to it as shown in figure (6.3). The
force of friction acting on A due to B will be opposite
to the velocity of A with respect to B. In figure (6.3)
this force is shown towards left. The force of friction
on B due to A is opposite to the velocity of B with
respect to A. In figure (6.3) this force is shown towards
right. The force of kinetic friction opposes the relative
motion. We can formulate the rules for finding the
direction and magnitude of kinetic friction as follows :

(a) Direction of Kinetic Friction

The kinetic friction on a body A slipping against
another body B is opposite to the velocity of A with
respect to B.

It should be carefully noted that the velocity
coming into picture is with respect to the body applying
the force of friction.

=

Figure 6.4

As another example, suppose we have a long box
having wheels and moving on a horizontal road
(figure 6.4). A small block is placed on the box which
slips on the box to fall from the rear end. As seen from
the road, both the box and the block are moving
towards right, of course the velocity of the block is
smaller than that of the box. What is the direction of
the kinetic friction acting on the block due to the box ?
The velocity of the block as seen from the box is
towards left. Thus, the friction on the block is towards
right. The friction acting on the box due to the block
is towards left.

(b) Magnitude of the Kinetic Friction

The magnitude of the kinetic friction is proportional
to the normal force acting between the two bodies. We
can write

fo = W N (6.1)

where =N is the normal force. The proportionality
constant p, is called the coefficient of kinetic friction
and its value depends on the nature of the two surfaces
in contact. If the surfaces are smooth b, will be small,
if the surfaces are rough p, will be large. It also
depends on the materials of the two bodies in contact.

According to equation (6.1) the coefficient of kinetic
friction does not depend on the speed of the sliding
bodies. Once the bodies slip on each other the frictional
force is p, =V, whatever be the speed. This is
approximately true for relative speeds not too large
(say for speeds < 10 m/s).

We also see from equation (6.1) that as long as the
normal force =V is same, the frictional force is
independent of the area of the surface in contact. For
example, if a rectangular slab is slid over a table, the
frictional force is same whether the slab lies flat on
the table or it stands on its face of smaller area
(figure 6.5)

===
u u

Figure 6.5

Example 6.2

A heavy box of mass 20 kg is pulled on a horizontal
surface by applying a horizontal force. If the coefficient
of kinetic friction between the box and the horizontal
surface is 025, find the force of friction exerted by the
horizontal surface on the box.

Solution : The situation is shown in figure (6.6). In the
vertical direction there is no acceleration, so
N =Mg.

N

mg

Figure 6.6

As the box slides on the horizontal surface, the surface
exerts kinetic friction on the box. The magnitude of the
kinetic friction is
fe=te NV = Mg
=025 x (20 kg) X (98 m/s >) =49 N.
This force acts in the direction opposite to the pull.
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6.3 STATIC FRICTION

Frictional forces can also act between two bodies
which are in contact but are not sliding with respect
to each other. The friction in such cases is called static
friction. For example, suppose several labourers are
trying to push a heavy almirah on the floor to take it
out of a room (figure 6.7).

Figure 6.7

The almirah is heavy and even the most sincere
effort by them is not able to slide it on the floor even
by a millimeter. As the almirah is at rest the resultant
force on the almirah should be zero. Thus, something
is exerting a force on the almirah in the opposite
direction. In this case, it is the floor which exerts a
frictional force on the almirah. The labourers push the
almirah towards left in figure (6.7) and the floor exerts
a frictional force on the almirah towards right. This is
an example of static friction.

How strong is this frictional force ? Suppose the
almirah is pushed with a small force in the beginning
and the force is gradually increased. It does not slide
until the force applied is greater than a minimum
value say F. The force of static friction is equal and
opposite to the force exerted by the labourers as long
as the almirah is at rest. This means that the
magnitude of static friction adjusts its value according
to the applied force. As the applied force increases, the
frictional force also increases. The static friction is
thus, self adjustable. It adjusts its magnitude (and
direction) in such a way that together with other forces
applied on the body, it maintains ‘relative rest’
between the two surfaces. However, the frictional force
cannot go beyond a maximum. When the applied force
exceeds this maximum, friction fails to increase its
value and slipping starts. The maximum static friction
that a body can exert on the other body in contact with
it, is called limiting friction. This limiting friction is
proportional to the normal contact force between the
two bodies. We can write

fmax=us~—’/V ... (6.2)

where f.x is the maximum possible force of static
friction and =V is the normal force. The constant of
proportionality is called the coefficient of static friction
and its value again depends on the material and
roughness of the two surfaces in contact. In general,
Ms is slightly greater than p,. As long as the normal

force is constant, the maximum possible friction does
not depend on the area of the surfaces in contact.

Once again we emphasise that p,=V is the
maximum possible force of static friction that can act
between the bodies. The actual force of static friction
may be smaller than p, =V and its value depends on
other forces acting on the body. The magnitude of
frictional force is equal to that required to keep the
body at relative rest. Thus,

fssfmaxzusd\/- ... (6.3)

Example 6.3

A boy (30 kg) sitting on his horse whips it. The horse
speeds up at an average acceleration of 2:0 m/s > (a) If
the boy does not slide back, what is the force of friction
exerted by the horse on the boy ? (b) If the boy slides back
during the acceleration, what can be said about the
coefficient of static friction between the horse and the boy.

Take g =10 m/s”.

Solution : (a) The forces acting on the boy are
(i) the weight Mg.
(ii) the normal contact force =V and
(iii) the static friction f;.

Mg

Figure 6.8

As the boy does not slide back, its acceleration a is equal
to the acceleration of the horse. As friction is the only
horizontal force, it must act along the acceleration and
its magnitude is given by Newton’s second law

f.=Ma = (30 kg) (20 m/s ) = 60 N.

(b) If the boy slides back, the horse could not exert a
friction of 60 N on the boy. The maximum force of static
friction that the horse may exert on the boy is

fi=p NV =y, Mg
=, (30 kg) (10 m/s ) = u, 300 N

where |, is the coefficient of static friction. Thus,

K (300 N) <60 N
or, U < 560% =0-20.
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Finding the Direction of Static Friction

The direction of static friction on a body is such
that the total force acting on it keeps it at rest with
respect to the body in contact. Newton’s first or second
law can often be used to find the direction of static
friction. Figure (6.9) shows a block A placed on another
block B which is placed on a horizontal table.

S

Figure 6.9

The block B is pulled by a force F towards right.
Suppose the force is small and the blocks do not move.
Let us focus our attention on the upper block. The
upper block is at rest with respect to the ground which
is assumed to be inertial. Thus, the resultant force on
the upper block is zero (Newton’s first law). As no other
external force acts on the upper block the friction
acting on the upper block due to the lower block, must
be zero. If the force F is increased, the two blocks move
together towards right, with some acceleration. As the
upper block accelerates towards right the resultant
force on it must be towards right. As friction is the
only horizontal force on the upper block it must be
towards right.

Notice that it is the friction on the upper block
which accelerates it towards right. It is a general
misconception that friction always opposes the motion.
It is not really true. In many cases friction causes the
motion. A vehicle accelerates on the road only because
the frictional force on the vehicle due to the road drives
it. It is not possible to accelerate a vehicle on a
frictionless road. Friction opposes the relative motion
between the bodies in contact.

Another way to find the direction of static friction
is as follows. For a moment consider the surfaces to
be frictionless. In absence of friction the bodies will
start slipping against each other. One should then find
the direction of friction as opposite to the velocity with
respect to the body applying the friction.

6.4 LAWS OF FRICTION

We can summarise the laws of friction between two
bodies in contact as follows :
(1) If the bodies slip over each other, the force of
friction is given by
=V
where =V is the normal contact force and |, is the
coefficient of kinetic friction between the surfaces.

(2) The direction of kinetic friction on a body is
opposite to the velocity of this body with respect to the
body applying the force of friction.

(8) If the bodies do not slip over each other, the
force of friction is given by

fsSps N
where |, is the coefficient of static friction between the
bodies and =V is the normal force between them. The
direction and magnitude of static friction are such that
the condition of no slipping between the bodies is
ensured.

(4) The frictional force f; or f, does not depend on
the area of contact as long as the normal force =V is
same.

Table (6.1) gives a rough estimate of the values of
coefficient of static friction between certain pairs of
materials. The actual value depends on the degree of
smoothness and other environmental factors. For
example, wood may be prepared at various degrees of
smoothness and the friction coefficient will varry.

Table 6.1 : The Friction Coefficients

Material Mg Material U
Steel and steel 0-58 Copper and copper 1-60
Steel and brass 035 Teflon and teflon 0-04
Glass and glass 100 Rubber tyre on dry 10
Wood and wood 035 | concrete road
Wood and metal 040 Rubber tyre on wet 07
Ice and ice 010 concrete road

Dust, impurities, surface oxidation etc. have a
great role in determining the friction coefficient.
Suppose we take two blocks of pure copper, clean them
carefully to remove any oxide or dust layer at the
surfaces, heat them to push out any dissolved gases
and keep them in contact with each other in an
evacuated chamber at a very low pressure of air. The
blocks stick to each other and a large force is needed
to slide one over the other. The friction coefficient as
defined above, becomes much larger than one. If a
small amount of air is allowed to go into the chamber
so that some oxidation takes place at the surface, the
friction coefficient reduces to usual values.

6.5 UNDERSTANDING FRICTION
AT ATOMIC LEVEL

It has already been pointed out that friction
appears because of the interaction between the charged
particles of the two bodies near the surfaces of contact.
Any macroscopic object like a steel plate or a wood
piece has irregular surface at atomic scale. A polished
steel surface may look plane to naked eyes but if seen
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under a powerful microscope, its surface is found to be
quite irregular. Figure (6.10) shows qualitatively how
an apparently plane surface may be at the atomic

scale.

Figure 6.10

When two bodies are kept one over the other, the
real area in contact is much smaller than the total
surface area of the bodies (figure 6.11) The distance
between the particles of the two bodies becomes very
small at these actual points of contact and the
molecular forces start operating across the surface.
Molecular bonds are formed at these contact points.
When one of the two bodies is pulled over the other,
these bonds are broken, the materials under the bond
is deformed and new bonds are formed. The local
deformation of the bodies send vibration waves into
the bodies. These vibrations finally damp out and the
energy appears as the increased random motion of the
particles of the bodies. The bodies thus, become heated.
A force is, therefore, needed to start the motion or to
maintain the motion.

oo

Figure 6.11

6.6 A LABORATORY METHOD TO
MEASURE FRICTION COEFFICIENT

(a) Horizontal Table Method

Figure (6.12) shows the apparatus. A wooden plank
A is fixed on a wooden frame kept on a table. A
frictionless pulley is fixed to one end of the plank. A
block B is kept on the plank and is attached to a
hanger H by a string which passes over the pulley.

Figure 6.12

The plank is kept in a horizontal position. The
friction coefficient between the block B and the plank
A can be obtained by using this apparatus.

The weights of the block B and the hanger H are
measured. Standard weights are kept on the hanger.
The weights are gradually increased and the minimum
weight needed to just slide the block is noted.

Suppose the weight of the block is W; and the
weight of the hanger together with the standard
weights is W, when the block just starts to slide. The
tension in the string is W, and same is the force of
friction on the block by the plank. Thus, the maximum
force of static friction on the block is fp.x = W,. The
normal force on the block by the plank is equal to the
weight of the block itself as the block is in vertical
equilibrium. Thus, the normal force is =V = W,.

The coefficient of static friction is
_ fmax W2

=" =w,

To obtain the coefficient of kinetic friction, the
weight on the hanger is slightly reduced and the block
is gently pushed with a finger to move it on the plank.
The weight on the hanger is so adjusted that once
pushed, the block continues to move on the plank with
uniform speed. In this case, the tension in the string
equals the force of kinetic friction. As the hanger also
moves with uniform velocity, the tension equals the
weight of the hanger plus the standard weights kept
in it. For vertical equilibrium of the block, the normal
force on the block equals the weight of the block. Thus,
if W, is the weight of the block and W, is the weight
of the hanger plus the standard weights, the coefficient
of kinetic friction is

One can put certain standard weights on the block
to increase the normal force and repeat the
experiment. It can be verified that the force of friction
also increases and f, /=/V comes out to be the same as
it should be because the nature of the surfaces is same.
If the block is kept on the plank on some other face,
the area of contact is changed. It can be verified by
repeating the above experiment that the force of
friction does not depend on the area of contact for a
given value of normal contact force.

(b) Inclined Table Method

In this method no pulley is needed. A wooden
plank A is fixed on a wooden frame. One end of the
plank is fixed to the frame on a hinge and the other
end can be moved vertically and can be fixed at the
desired position. Thus, the plank can be fixed in an
inclined position and the angle of incline can
be adjusted. A schematic diagram is shown in
figure (6.13).
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Figure 6.13

Block B is placed on the incline and the angle of
the incline is gradually increased. The angle of the
incline is so adjusted that the block just starts to slide.
The height £ and the horizontal distance D between
the two ends of the plank are measured. The angle of
incline 0 satisfies

tan6 =h/D.
Let m be the mass of the block. The forces on the
block in case of limiting equilibrium are (figure 6.14)
(i) weight of the block mg,
(ii) the normal contact force =V, and

(iii) the force of static friction f,.

Figure 6.14

Taking components along the incline and applying
Newton’s first law,
[; = mg sin6.
Taking components along the normal to the incline,
NV =mg cos6.

Thus, the coefficient of static friction between the
block and the plank is

To obtain the kinetic friction, the inclination is
reduced slightly and the block is made to move on the
plank by gently pushing it with a finger. The
inclination is so adjusted that once started, the block
continues with uniform velocity on the plank. The
height 4’ and the distance D’ are noted. An identical
analysis shows that the force of kinetic friction is

[, = mg sin®

and the normal contact force is
N =mg cosO

so that the coefficient of kinetic friction between the
block and the plank is

ﬁ ’ 4
He ="y =tan0=h’/D".

Example 6.4

A wooden block is kept on a polished wooden plank and
the inclination of the plank is gradually increased. It is
found that the block starts slipping when the plank
makes an angle of 18° with the horizontal. However, once
started the block can continue with uniform speed if the
inclination is reduced to 15°. Find the coefficients of
static and kinetic friction between the block and the
plank.
Solution : The coefficient of static friction is

Hs = tan 18°
and the coefficient of kinetic friction is

yg = tan 15°

Rolling Friction

It is quite difficult to pull a heavy iron box on a
rough floor. However, if the box is provided with four
wheels, also made of iron, it becomes easier to move
the box on the same floor.

Q.. Q

Figure 6.15

The wheel does not slide on the floor rather it rolls
on the floor. The surfaces at contact do not rub each
other. The velocity of the point of contact of the wheel
with respect to the floor remains zero all the time
although the centre of the wheel moves forward. The
friction in the case of rolling is quite small as compared
to kinetic friction. Quite often the rolling friction is
negligible in comparison to the static or kinetic
friction which may be present simultaneously. To
reduce the wear and tear and energy loss against
friction, small steel balls are kept between the rotating
parts of machines which are known as ball bearings
(figure 6.16).

Fixed Part

Ball Bearing Rotating Part

Figure 6.16
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As one part moves with respect to the other, the  and rolling friction being very small causes much less
balls roll on the two parts. No kinetic friction is involed  energy loss.

Worked Out Examples

1. The coefficient of static friction between a block of mass not move on the table, how much frictional force the table
m and an incline is p,=03. (@) What can be the is applying on the block ? What can be said about the
maximum angle 0 of the incline with the horizontal so coefficient of static friction between the block and the
that the block does not slip on the plane ? (b) If the incline table ? Take g =10 m/s °,
makes an angle ©/2 with the horizontal, find the  golution : The situation is shown in figure (6-W2). The
frictional force on the block. forces on the block are

Solution : The situation is shown in figure (6-W1).
(a) the forces on the block are
(1) the weight mg downward by the earth,
(i1) the normal contact force =V by the incline, and fa | ——20N
(iii) the friction f parallel to the incline up the plane, by
the incline.

N

40N
N f Figure 6-W2

(a) 4kgx 10 m/s*=40 N downward by the earth,
mg (b) = upward by the table,
(c) 20 N towards right by the experimenter and
(d) f towards left by the table (friction).
As the block is at rest, these forces should add up to

Figure 6-W1

As the block is at rest, these forces should add up to . . .
zero. Also, since 0 is the maximum angle to prevent zero. Taking horizontal and vertical components,
slipping, this is a case of limiting equilibrium and so f=20N and NV =40N.

f=p,N. Thus, the table exerts a frictional (static) force of 20 N
on the block in the direction opposite to the applied force.

Taking components prependicular to the incline, . e AR
Sinde it is a case of static friction,

N —mg cosf=0
or, N =mg cosh. . @) fSus N, or, ps2f/N or, ps205.

Taki i t llel to the incli
aking components parallel to the incline, 8. The coefficient of static friction between the block of 2 kg

f-mgsinB=0 and the table shown in figure (6-W3) is u,=0'2. What
or, f=mg sind should be the maximum value of m so that the blocks do
or, us <V =mg sind. ... (D) not move ? Take g =10 m/s >. The string and the pulley
Dividing (ii) by (i) p, = tan® are light and smooth.
or, @=tan ' p,=tan ' (0'3). A
(b) If the angle of incline is reduced to 6/2, the 2kg T
equilibrium is not limiting, and hence the force of static fe :
friction f is less than p,=V. To know the value of f, we T
proceed as in part (a) and get the equations 20N
N =mg cos(0/2) "
and f=mg sin(8/2). mg
Thus, the force of friction is mg sin(6/2). Figure 6-W3
2. A horizontal force of 20 N is applied to a block of mass Solution : Consider the equilibrium of the block of mass

4 kg resting on a rough horizontal table. If the block does m. The forces on this block are
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(a) mg downward by the earth and
(b) T upward by the string.
Hence, T-mg=0 or, T=mg. .. @)
Now consider the equilibrium of the 2 kg block. The
forces on this block are
(a) T towards right by the string,
(b) f towards left (friction) by the table,
(c) 20 N downward (weight) by the earth and
(d) <V upward (normal force) by the table.
For vertical equilibrium of this block,

N=20N. ... (@1
As m is the largest- mass which can be used without
moving the system, the friction is limiting.

Thus, f=n, <N. .. (i)
For horizontal equilibrium of the 2 kg block,
f=T. ... ()
Using equations (i), (iii) and (iv)
Hs N =mg
or, 02x20N=mg
02
or, m= 1>(<) 20 kg=04kg

. The coefficient of static friction between the two blocks

shown in figure (6-W4) is |\ and the table is smooth. What
maximum horizontal force F can be applied to the block
of mass M so that the blocks move together ?

ml—]i.

M —F

Figure 6-W4

Solution : When the maximum force F is applied, both the

blocks move together towards right. The only horizontal
force on the upper block of mass m is that due to the
friction by the lower block of mass M. Hence this force
on m should be towards right. The force of friction on
M by m should be towards left by Newton’s third law.
As we are talking of the maximum possible force F that
can be applied, the friction is limiting and hence
f=n=V, where <V is the normal force between the
blocks.

Consider the motion of m. The forces on m are
(figure 6-W5),

N

f=pN
mg
Figure 6-W5

Solution :

(a) mg downward by the earth (gravity),
(b) =V upward by the block M (normal force) and
(c) f=p NV (friction) towards right by the block M.
In the vertical direction, there is no acceleration. This
gives
N =mg. .. @
In the horizontal direction, let the acceleration be a, then
MN=ma
or, umg=ma
or, a=ug.
Next, consider the motion of M (figure 6-W6).

o

f=p N -—

. (i)

Ny

Mg

Figure 6-W6

The forces on M are

(a) Mg downward by the earth (gravity),
(b) &V, upward by the table (normal force),
(¢) =V downward by m (normal force),

(d) f=pn <V (friction) towards left by m and
(e) F (applied force) by the experimenter.
The equation of motion is

F-pN=Ma
or, F-pmg=Mug [Using (i) and (ii)]
or, F=pgM+m).

5. A block slides down an incline of angle 30° with an

acceleration g/4. Find the kinetic friction coeffcient.

Let the mass of the block be m. The forces on
the block are (Figure 6-W7),

N f
30° '™
Figure 6-W7

(a) mg downward by the earth (gravity),

(b) &V normal force by the incline and

(c) f up the plane, (friction) by the incline.

Taking components parallel to the incline and writing
Newton’s second law,

mg sin 30° -f=mg/4
or, f=mg/4.
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There is no acceleration perpendicular to the incline.
Hence,

V3
(/V=mgc0530°=mg-?-

As the block is slipping on the incline, friction is
f=m=V.

_ mg _ 1
M= V= AmgN3/2 23

So,

. A block of mass 2'5 kg is kept on a rough horizontal
surface. It is found that the block does not slide if a
horizontal force less than 15 N is applied to it. Also it
is found that it takes 5 seconds to slide through the first
10 m if a horizontal force of 15 N is applied and the
block is gently pushed to start the motion. Taking
g=10m/s® calculate the coefficients of static and kinetic
friction between the block and the surface.

Solution : The forces acting on the block are shown in

figure (6-W8). Here M = 25 kg and F = 15 N.

N
Hs =V —F
-~ ]
Mg
Figure 6-W8

When F = 15 N is applied to the block, the block remains
in limiting equilibrium. The force of friction is thus
f=u,=V . Applying Newton’s first law,
=,V and =N =mg
so that F=p,Mg
F__ 1N _
mg (25kg) (10 m/s ®)
When the block is gently pushed to start the motion,
kinetic friction acts between the block and the surface.
Since the block takes 5 second to slide through the first
10 m, the acceleration a is given by

or, U = 0°60.

10m=—;-a(5s)2

or, a=§%m/sz=0'8m/sz.
The frictional force is
f=w V= Mg.
Applying Newton’s second law
F-wMg=Ma
or, W= F-Ma
Mg
_15N-(25kg) (08m/s?) 052
T @25kg)10ms? '
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7. A block placed on a horizontal surface is being pushed

by a force F making an angle 0 with the vertical. If the
friction coefficient is ., how much force is needed to get
the block just started. Discuss the situation when
tanb < p.

Solution : The situation is shown in figure (6-W9). In the

limiting equilibrium the frictional force f will be equal
to p=V. For horizontal equilibrium
Fsin=poNV
N
F_ 9

fg= paV S
]

mg

Figure 6-W9

For vertical equilibrium

F cos® + mg =NV.
Eliminating oV from these equations,

Fsin® = u F cos® + L mg
umg

or F= Sin@ — p cos®
If tanf<p we have (sin® —p cos@) <0 and then F is
negative. So for angles less than tan ™' |1, one cannot push
the block ahead, however large the force may be.

. Find the maximum value of M/m in the situation shown

in figure (6-W10) so that the system remains at rest.
Friction coefficient at both the contacts is 1 . Discuss the
situation when tan6 < p.

[ ]

Figure 6-W10

Solution : Figure (6-W11) shows the forces acting on the

two blocks. As we are looking for the maximum value
of M/m, the equilibrium is limiting. Hence, the frictional
forces are equal to p times the corresponding normal
forces.

M
N
el [_Jm—i : T
mg HN, M
Mg [¢)

Figure 6-W11



94

Concepts of Physics

Equilibrium of the block m gives
T=p=V, and N, =mg
which gives

T=umg. e @
Next, consider the equilibrium of the block M. Taking
components parallel to the incline

T + p oV, = Mg sind.
Taking components normal to the incline
N, =Mg cos®.
These give T = Mg (sin® — | cos0).
From (i) and (ii), p mg = Mg (sin® — u cos0)

N S
sin® — pu cosO

... ()

M/m

or,

If tanB <, (sin® — 1 cos0) <0 and the system will not
slide for any value of M/m.

. Consider the situation shown in figure (6-W12). The

horizontal surface below the bigger block is smooth. The
coefficient of friction between the blocks is p. Find the
minimum and the maximum force F that can be applied
in order to keep the smaller block at rest with respect to
the bigger block.

Figure 6-W12

Solution : If no force is applied, the block A will slip on C

towards right and the block B will move downward.
Suppose the minimum force needed to prevent slipping
is F. Taking A + B + C as the system, the only external
horizontal force on the system is F. Hence the
acceleration of the system is
__F
@= M+2m
Now take the block A as the system. The forces on A
are (figure 6-W13),

. @)

N
T
f T f'? v
mg mg
Figure 6-W13 Figure 6-W14

(i) tension T by the string towards right,
(ii) friction f by the block C towards left,
(iii) weight mg downward and
(iv) normal force =V upward.

10.

For vertical equilibrium =V =mg.
As the minimum force needed to prevent slipping is
applied, the friction is limiting. Thus,

f=paNV =pmg.
As the block moves towards right with an acceleration
a,

T-f=ma
T-umg=ma. ... (1)
Now take the block B as the system. The forces are
(figure 6-W14),

(i) tension T upward,

(ii) weight mg downward,
(iii) normal force =V’ towards right, and
(iv) friction f” upward.

or,

As the block moves towards right with an acceleration a,
N’ =ma.
As the friction is limiting, f'=pu=V"=u ma.
For vertical equilibrium
T+f'=mg
or, T+ pma=mg. ... (i)
Eliminating T from (ii) and (iii)
1-p
Tmin =70
When a large force is applied the block A slips on C
towards left and the block B slips on C in the upward
direction. The friction on A is towards right and that on
B is downwards. Solving as above, the acceleration in
this case is

g.

1+p
max ~— 1 _ u g .
1-p 1+p
1+“g and 1_ug.
From (i) the force F should be between

a

Thus, a lies between

———ﬁ(M+ 2m) g and ha

1
1-—

11 E M +2m)g.

Figure (6-W15) shows two blocks connected by a light
string placed on the two inclined parts of a triangular
structure. The coefficients of static and kinetic friction
are 028 and 025 respectively at each of the surfaces. (a)
Find the minimum and maximum values of m for which
the system remains at rest. (b) Find the acceleration of
either block if m is given the minimum value calculated
in the first part and is gently pushed up the incline for
a short while.

m 2kg

45° 45°

Figure 6-W15



Friction 95

Solution : (a) Take the 2 kg block as the system. The forces
on this block are shown in figure (6-W16) with M = 2 kg.
It is assumed that m has its minimum value so that the
2 kg block has a tendency to slip down. As the block is
in equilibrium, the resultant force should be zero.

N
T N T

f/
Mg mg

Figure 6-W16 Figure 6-W17

Taking components L to the incline
N = Mg cos 45° = Mg /2.

Taking components |l to the incline
T + f= Mg sin 45° = Mg /N2

or, T=Mg/N2-f.
As it is a case of limiting equilibrium,
f=p =V
Mg Mg Mg .
or, T ‘\/2 “‘S \/2 \/2 (1 p.s) cee (l)

Now consider the other block as the system. The forces
acting on this block are shown in figure (6-W17).

Taking components L to the incline,
=mg cos 45° =mg /2.

Takingcomponentd|to the incline
T=mgsind5°+f’'= +f’
As it is the case of limiting ethbnum

’ ’ mg
f =lls</‘/ =us\j_2'

Thus, = \/2 (1+us) .. (1)

From (i) and @i)
ml+p)=M 1 -y, ... (i)

" _-w) 1-028
’ TQ+p) 1+028 °%8
9
—Skg.

When maximum possible value of m is supplied, the
directions of friction are reversed because m has the
tendency to slip down and 2 kg block to slip up. Thus,
the maximum value of m can be obtained from (iii) by

putting p =- 0-28. Thus, the maximum value of m is

_1+028
T 1-028
32

_?k

(b) If m=9/8kg and the system is gently pushed,
kinetic friction will operate. Thus,

M, ,_ M mg

x2kg

where , = 0-25. If the acceleration is a, Newton’s second
law for M gives (figure 6-W16).

Mg sin45°-T-f=Ma

or Mg W, Mg
’ 2 V2

Applying Newton’s second law m (figure 6-W17),

-T-

=Ma. ... (@)

T-mgsin45° —f" =ma

mg W, mg
or, T- 2 2 =ma. e V)

Adding (iv) and (v)

M,

T - - 75 L+ p) =M +m)a
CMQA-p)-m 1+
- N2 (M +m)

_2x075-9/8x125
- V2 (2+9/8)

=031 m/s>

or,

QUESTIONS FOR SHORT ANSWER

1. For most of the surfaces used in daily life, the friction
coefficient is less than 1. Is it always necessary that the
friction coefficient is less than 1?

2. Why is it easier to push a heavy block from behind than
to press it on the top and push ?

3. What is the average friction force when a person has a
usual 1 km walk ?

4. Why is it difficult to walk on solid ice ?

5. Can you accelerate a car on a frictionless horizontal road
by putting more petrol in the engine ? Can you stop a
car going on a frictionless horizontal road by applying
brakes ?

6. Spring fitted doors close by themselves when released.
You want to keep the door open for a long time, say for
an hour. If you put a half kg stone in front of the open
door, it does not help. The stone slides with the door
and the door gets closed. However, if you sandwitch a
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the body will
(a) increase
(c) remain the same

(b) decrease
(d) may increase or decrease.

. While walking on ice, one should take small steps to

avoid slipping. This is because smaller steps ensure
(a) larger friction (b) smaller friction
(c) larger normal force (d) smaller normal force.

. A body of mass M is kept on a rough horizontal surface

(friction coefficient = p). A person is trying to pull the
body by applying a horizontal force but the body is not
moving. The force by the surface on A is F, where

(a) F=Mg (b) F=uMg

) Mg<F<Mg\N1+p® (d) Mg=2F>Mg\N1-p°>.

. A scooter starting from rest moves with a constant

acceleration for a time Af,, then with a constant velocity
for the next Az, and finally with a constant deceleration
for the next Az, to come to rest. A 500 N man sitting on
the scooter behind the driver manages to stay at rest
with respect to the scooter without touching any other
part. The force exerted by the seat on the man is

(a) 500 N throughout the journey

(b) less than 500 N throughout the journey

(c) more than 500 N throughout the journey

(d) > 500 N for time Af, and Az, and 500 N for At,.

. Consider the situation shown in figure (6-Q1). The wall

is smooth but the surfaces of A and B in contact are
rough. The friction on B due to A in equilibrium

Figure 6-Q1

10.

Concepts of Physics
20 g piece of wood in the small gap between the door 8. Can a tug of war be ever won on a frictionless surface ?
and the floor, the door stays open. Explain why a much
lighter piece of wood is able to keep the door open while 9. Why do tyres have a better grip of the road while going
the heavy stone fails. on a level road than while going on an incline ?
A classroom demonstration of Newton’s first law is as 10. You are standing with your bag in your hands, on the
follows : A glass is covered with a plastic card and a ice in the middle of a pond. The ice is so slippery that
coin is placed on the card. The card is given a quick it can offer no friction. How can you come out of the ice ?
strike and the coin falls in the glass. (a) Should the
friction coefficient between the card and the coin be 11. When two surfaces are polished, the friction coefficient
small or large ? (b) Should the coin be light or heavy ? between them decreases. But the friction coefficient
(c) Why does the experiment fail if the card is gently increases and becomes very large if the surfaces are
pushed ? made highly smooth. Explain.

OBJECTIVE 1

. In a situation the contact force by a rough horizontal (a) is upward (b) is downward (c) is zero

surface on a body placed on it has constant magnitude. (d) the system cannot remain in equilibrium.
If the angle between this force and the vertical is
decreased, the frictional force between the surface and 6. Suppose all the surfaces in the previous problem are

rough. The direction of friction on B due to A
(a) is upward (b) is downward (c) is zero
(d) depends on the masses of A and B.

. Two cars of unequal masses use similar tyres. If they

are moving at the same initial speed, the minimum
stopping distance '

(a) is smaller for the heavier car

(b) is smaller for the lighter car

(c) is same for both cars

(d) depends on the volume of the car.

. In order to stop a car in shortest distance on a horizontal

road, one should

(a) apply the brakes very hard so that the wheels stop
rotating

(b) apply the brakes hard enough to just prevent slipping
(c) pump the brakes (press and release)

(d) shut the engine off and not apply brakes.

. A block A kept on an inclined surface just begins to slide

if the inclination is 30°. The block is replaced by another
block B and it is found that it just begins to slide if the
inclination is 40°.

(a) mass of A > mass of B (b) mass of A < mass of B
(c) mass of A = mass of B (d) all the three are possible.

A boy of mass M is applying a horizontal force to slide
a box of mass M’ on a rough horizontal surface. The
coefficient of friction between the shoes of the boy and
the floor is 1 and that between the box and the floor is
V. In which of the following cases it is certainly not
possible to slide the box ?
(a) p<p, M<M’

© u<y,M>M’

b)u>p, M<M’
@ u>pw,M>M".
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OBJECTIVE II

. Let F, F, and f denote the magnitudes of the contact
force, normal force and the friction exerted by one
surface on the other kept in contact. If none of these is
zero,

@F>F, W F>f (Fy>f (A Fy—-f<F<Fy+f.

. The contact force exerted by a body A on another body
B is equal to the normal force between the bodies. We
conclude that

(a) the surfaces must be frictionless

(b) the force of friction between the bodies is zero

(c) the magnitude of normal force equals that of friction
(d) the bodies may be rough but they don’t slip on each
other.

. Mark the correct statements about the friction between
two bodies.

(a) Static friction is always greater than the kinetic
friction.

(b) Coefficient of static friction is always greater than
the coefficient of kinetic friction.

(¢) Limiting friction is always greater than the kinetic
friction.
(d) Limiting friction is never less than static friction.

. A block is placed on a rough floor and a horizontal force

F is applied on it. The force of friction f by the floor on
the block is measured for different values of F and a
graph is plotted between them.

(a) The graph is a straight line of slope 45°.

(b) The graph is a straight line parallel to the F-axis.
(¢c) The graph is a straight line of slope 45° for small ¥
and a straight line parallel to the F-axis for large F.
(d) There is a small kink on the graph.

. Consider a vehicle going on a horizontal road towards

east. Neglect any force by the air. The frictional forces
on the vehicle by the road

(a) is towards east if the vehicle is accelerating

(b) is zero if the vehicle is moving with a uniform velocity
(c) must be towards east

(d) must be towards west.

EXERCISES

. A body slipping on a rough horizontal plane moves with
a deceleration of 4:0 m/s’. What is the coefficient of
kinetic friction between the block and the plane ?

. A block is projected along a rough horizontal road with
a speed of 10 m/s. If the coefficient of kinetic friction is
0-10, how far will it travel before coming to rest ?

. A block of mass m is kept on a horizontal table. If the
static friction coefficient is p, find the frictional force
acting on the block.

. A block slides down an inclined surface of inclination
30° with the horizontal. Starting from rest it covers 8 m
in the first two seconds. Find the coefficient of kinetic
friction between the two.

. Suppose the block of the previous problem is pushed
down the incline with a force of 4 N. How far will the
block move in the first two seconds after starting from
rest ? The mass of the block is 4 kg.

. A body of mass 2 kg is lying on a rough inclined plane
of inclination 30°. Find the magnitude of the force
parallel to the incline needed to make the block move
(a) up the incline (b) down the incline. Coefficient of
static friction = 0-2.

. Repeat part (a) of problem 6 if the push is applied
horizontally and not parallel to the incline.

. In a children-park an inclined plane is constructed with
an angle of incline 45° in the middle part (figure 6-E1).
Find the acceleration of a boy sliding on it if the friction
coefficient between the cloth of the boy and the incline
is 06 and g =10 m/s °.

9.

10.

11.

A\ 45°
Figure 6-E1

A body starts slipping down an incline and moves half
meter in half second. How long will it take to move the
next half meter ?

The angle between the resultant contact force and the
normal force exerted by a body on the other is called the
angle of friction. Show that, if A be the angle of friction
and p the coefficient of static friction, A < tan™'p.

Consider the situation shown in figure (6-E2). Calculate
(a) the acceleration of the 1:0 kg blocks, (b) the tension
in the string connecting the 1-0 kg blocks and (c) the
tension in the string attached to 0-50 kg.

1.0 kg 1.0kg
p=02 p=02
0.5kg
Figure 6-E2



98 Concepts of Physics

12. If the tension in the string in figure (6-E3) is 16 N and
the acceleration of each block is 0-5 m/s®, find the friction
coefficients at the two contacts with the blocks.

4 kg

2kg H3

M

Figure 6-E3

13. The friction coefficient between the table and the block
shown in figure (6-E4) is 0-2. Find the tensions in the
two strings.

5kg
M
« LI D)

5kg
15 kg

Figure 6-E4

14. The friction coefficient between a road and the tyre of a
vehicle is 4/3. Find the maximum incline the road may
have so that once hard brakes are applied and the wheel
starts skidding, the vehicle going down at a speed of
36 km/hr is stopped within 5 m.

15. The friction coefficient between an athelete’s shoes and
the ground is 0-90. Suppose a superman wears these
shoes and races for 50 m. There is no upper limit on his
capacity of running at high speeds. (a) Find the
minimum time that he will have to take in completing
the 50 m starting from rest. (b) Suppose he takes exactly
this minimum time to complete the 50m, what
minimum time will he take to stop ?

16. A car is going at a speed of 216 km/hr when it
encounters a 12'8 m long slope of angle 30° (figure 6-E5).
The friction coefficient between the road and the tyre is
1/2V3. Show that no matter how hard the driver applies
the brakes, the car will reach the bottom with a speed
greater than 36 km/hr. Take g = 10 m/s °.

= >

30°

Figure 6-E5

17. A car starts from rest on a half kilometer long bridge.
The coefficient of friction between the tyre and the road
is 1'0. Show that one cannot drive through the bridge
in less than 10 s.

18. Figure (6-E6) shows two blocks in contact sliding down
an inclined surface of inclination 30°. The friction
coefficient between the block of mass 2:0 kg and the
incline is y,, and that between the block of mass 40 kg

and the incline is p,. Calculate the acceleration of the
20 kg block if (a) p, =020 and p,=030, (b) pu, =030
and p,=020. Take g =10 m/s °.

2kg
4 kg
30°
Figure 6-E6

19, Two masses M, and M, are connected by a light rod
and the system is slipping down a rough incline of angle
0 with the horizontal. The friction coefficient at both the
contacts is J. Find the acceleration of the system and
the force by the rod on one of the blocks.

20. A block of mass M is kept on a rough horizontal surface.
The coefficient of static friction between the block and
the surface is p. The block is to be pulled by applying
a force to it. What minimum force is needed to slide the
block ? In which direction should this force act ?

21. The friction coefficient between the board and the floor
shown in figure (6-E7) is p. Find the maximum force
that the man can exert on the rope so that the board
does not slip on the floor.

Figure 6-E7

22. A 2 kg block is placed over a 4 kg block and both are
placed on a smooth horizontal surface. The coefficient of
friction between the blocks is 0-20. Find the acceleration
of the two blocks if a horizontal force of 12 N is applied
to (a) the upper block, (b) the lower block. Take
g=10m/s >

23. Find the accelerations a,, a,, a, of the three blocks
shown in figure (6-E8) if a horizontal force of 10 N is
applied on (a) 2 kg block, (b) 3 kg block, (¢) 7 kg block.
Take g =10 m/s *.

=02 —2

hp=03 —ea,

p3=0.0 7 kg —>a,
Figure 6-E8

24. The friction coefficient between the two blocks shown in
figure (6-E9) is p but the floor is smooth. (a) What
maximum horizontal force F can be applied without
disturbing the equilibrium of the system ? (b) Suppose
the horizontal force applied is double of that found in
part (a). Find the accelerations of the two masses.



25.

26.

27.

28.

ANSWERS

OBJECTIVE 1
L®b 20 3@©@ 4@ 5@ 6@ 1
7.(00 8.(b) 9.(d 10. (a) 2.
3,
OBJECTIVE I 4
1. (a), (b), (d) 2. (b). (d) 3. (b), (), (d) 5.
4. (¢), (d) 5. (a), (b) 6.

Friction

Suppose the entire system of the previous question is
kept inside an elevator which is coming down with an
acceleration a <g. Repeat parts (a) and (b).

Consider the situation shown in figure (6-E9). Suppose
a small electric field E exists in the space in the
vertically upward direction and the upper block carries
a positive charge @ on its top surface. The friction
coefficient between the two blocks is pu but the floor is
smooth. What maximum horizontal force F can be
applied without disturbing the equilibrium ?

[Hint : The force on a charge @ by the electric field E
is F = QF in the direction of E.]

A block of mass m slips on a rough horizontal table
under the action of a horizontal force applied to it. The
coefficient of friction between the block and the table is
W. The table does not move on the floor. Find the total
frictional force applied by the floor on the legs of the
table. Do you need the friction coefficient between the
table and the floor or the mass of the table ?

Figure 6-E10

Find the acceleration of the block of mass M in the
situation of figure (6-E10). The coefficient of friction
between the two blocks is p, and that between the bigger

block and the ground is p,.

99

29. A block of mass 2 kg is pushed against a rough vertical

30.

31.

wall with a force of 40 N, coefficient of static friction
being 0-5. Another horizontal force of 15 N, is applied
on the block in a direction parallel to the wall. Will the
block move ? If yes, in which direction ? If no, find the
frictional force exerted by the wall on the block.

A person (40 kg) is managing to be at rest between two
vertical walls by pressing one wall A by his hands and
feet and the other wall B by his back (figure 6-E11).
Assume that the friction coefficient between his body
and the walls is 0-8 and that limiting friction acts at all
the contacts. (a) Show that the person pushes the two
walls with equal force. (b) Find the normal force exerted
by either wall on the person. Take g =10 m/s °.

Figure 6-E11

Figure (6-E12) shows a small block of mass m kept at
the left end of a larger block of mass M and length [.
The system can slide on a horizontal road. The system
is started towards right with an initial velocity v. The
friction coefficient between the road and the bigger block
is u and that between the block is w2. Find the time
elapsed before the smaller blocks separates from the

bigger block.
o]

M l

—_—

Figure 6-E12

EXERCISES
04
50 m
zero
011
10 m
(a) 13 N (b) zero
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7.
8.
9.
11.

12.
13.
14.

15.

18.
19.

20.

21.
22,

175 N

2V2 m/s’

021 s

(@) 04 m/s® (b)) 24 N
u, =075, u, =006

96 N in the left string and 68 N in the right

16°
0, 10
(a) 3 S (b) 3 S
27 m/s’, 24 m/s’
a =g (sin 6 — p cos 6), zero
_pmg
Virw
LM+m)g
1+p

(a) upper block 4 m/s? lower block 1 m/s®
(b) both blocks 2 m/s’

(c) 48 N

at an angle tan'p with the horizontal

23

24.

25.

26.
27.

28.

29,
30.

31

Concepts of Physics

. (@) a,=3m/s% a,=a,=04m/s’

(b)a,=a,=a,= % m/s® (c) same as (b)

2umg
M+m

(a) 2umg (b) in opposite directions

@ 2um @-a) (b)%
2u (mg — QE)
wmg

2m-wM+m)lg
M+m([5+2 W -l

it will move at an angle of 53° with the 15 N force
(b) 250 N

,/ 4aMl
" NM+m)pg



SOLUTIONS TO CONCEPTS

CHAPTER 6
Let m = mass of the block R
From the freebody diagram, t
R-mg=0=R=mg ..(1) Celocity a—>
Againma—p R =0=ma=pR =pmg (from (1)) I&I ma <+ > iR
Sa=ug=>4=pug=>n=4/g=4/10=04
The co-efficient of kinetic friction between the block and the plane is 0.4 Mg
Due to friction the body will decelerate
Let the deceleration be ‘@’ Ra—>
R-mg=0=R=mg (1) velocity a— I
ma—puR=0= ma=pR=pumg (from (1))
—a=pg=0.1x10=1m/s> ' ma+ >R
Initial velocity u = 10 m/s
Final velocity v =0 m/s d
a=-1m/s’ (deceleration) mo
g= Vi-u?_0-10° _ 100 _ .

2a 2-1) 2
It will travel 50m before coming to rest.
Body is kept on the horizontal table.

If no force is applied, no frictional force will be there mg T
f — frictional force o i )
F — Applied force
From grap it can be seen that when applied force is zero, R
F —»

frictional force is zero. o

From the free body diagram,

R-mgcos6=0=R=mgcos6 ..(1)

For the block

U=0, s =8m, t = 2sec. 30°
ss=ut+%att > 8=0+%a2’= a=4m/s’

Again, uR+ma-mgsin6=0

—>umgcos®+ma-mgsind=0 [from (1)] R
= m(ugcosO+a—-gsind)=0 3
= ux 10 x cos 30°=gsin 30°—a
= ux10x ,/(3/3) =10 x (1/2) — 4 ma’~  Mip

'

= (5/43)u=1=pn=1/(5/+/3) =0.11 g
.. Co-efficient of kinetic friction between the two is 0.11. A/4N
From the free body diagram 4kg
4—-4a-uR+4gsin30°=0 (1) 30°
R—-4gcos 30°=0 ..(2)
= R=4g cos 30° R

uR_ &

Putting the values of R is & in equn. (1)
4—-4a-0.11 x4gcos 30°+4gsin30°=0

:>4—4a—0.11><4><10x(\/§/2)+4><10><(1/2)=0 ma,// S
—4-4a-381+20=0=a~5m/s SN
For the block u =0, t = 2sec, a =5m/s? mg

Distance s =ut+ % at? = s=0+ (1/2) 5 = 22 = 10m
The block will move 10m.

6.1
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To make the block move up the incline, the force should be equal and opposite to

the net force acting down the incline = u R + 2 g sin 30°

=0.2 x (9.8)\/§+ 219.8 x(1/2) [from (1)]

=3.39+9.8=13N

With this minimum force the body move up the incline with a constant velocity as net

force on it is zero.
b) Net force acting down the incline is given by, (body movmg down)
F=2gsin 30° - uR
=2x9.8x(1/2)-3.39 =6.41N
Due to F = 6.41N the body will move down the incline with acceleration.
No external force is required.
.. Force required is zero. \
From the fzree body diagram (body ::gvmg u5)
g = 10m/s”, m = 2kg, 0 =30°, p=0.2
R-mgcos6-Fsin6=0
=R=mgcos0+Fsin6 ..(1)
Andmgsin6+uR—-Fcos =0
= mgsin0+umgcos6+Fsinb)—Fcos6=0
= mgsind+umgcosO+puFsin6—-Fcos6=0
(mgsin® —umgcos0)
(usin®—cos )

L p o 2x10x(1/2)+0.2x2x10x(/3/2) _ 13464 _ o o o

0.2x(1/2)-(\/3/2) 0.76

EOO\

mg
m — mass of child R R
R-mgcos45°=0 5
= R=mg cos 45° =mg Ve (1)
Net force acting on the boy due to which it slides down is mg sin 45° - uR e
=mg sin 45° - u mg cos 45° mg N

=F=

=mx10(1/+/2)=0.6 x m x 10 x (1/+/2)
=m[(5/V2)-0.6x (5/42)]

=m(2+2)
acceleration = Force _ 2\/_ = 24/2 m/s?

mass m
Suppose, the body is accelerating down with acceleration ‘a’.
From the free body diagram
R-mgcos06=0
= R=mgcos 6 (1)
ma+mgsin0—pR=0
=a= mg(smer;ucose) =g (sin 6 — u cos 0)
For the first half mt. u=0, s=0.5m, t=0.5sec.
So,v=u+at=0+(0.54=2m/s
S=ut+%att =05=0+%a (057 =a=4m/s*> ..(2)
For the next half metre
u =2m/s, a= 4m/sz, s=0.5.
=05=2t+(12)4t? =2t +2t-05=0

6.2
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10.

1.

12.

=>4+4t-1=0

- —4+416+16 - 1.656
N 2x4 8
Time taken to cover next half meter is 0.21sec.

=0.207sec

f — applied force
F;— contact force

- R
F — frictional force ! N
R — normal reaction

F —>f
p=tan A =F/R AT

When F = pR, F is the limiting friction (max friction). When applied force increase, force of friction
increase upto limiting friction (uR)
Before reaching limiting friction

Limiting
F< HR Friction
Stand = Esﬁ :tanksu:kstan"1 n
R R
From the free body diagram
- A B

T+05a-05g=0 (1) ,WI m A
pR+1a+ T -T=0 ...(2) 1=0.2 1=0.2 la
pR+1a-T4=0

0.5kg 0.5g
pR+1a=T, ...(3) T0'59
From(2)& (3)=>uR+a=T-T,4
AT=Ty=Ty R N
=T=2T,

. T4 1a o HR T
Equation (2) becomes yuR+a+T,-2T;=0 <—R<— -« >T -9 >
= HR +a-— T1 =0 :
=>T,=pR+a=02g+a ..(4) A¥1g 19
Equation (1) becomes 2T, + 0/5a - 0.5g =0
=T = w = 0.25g — 0.25a ..(5)

From (4) & (5) 0.2g + a =0.25g — 0.25a

= a

= 0'0: x 10 =0.04 1 10 = 0.4m/s’

a) Accln of 1kg blocks each is 0.4m/s?

b) Tension T =0.2g +a + 0.4 = 2.4N

c)T=059-05a=05%x10-0.5%x04=4.8N a&f m/s?
From the free body diagram

WwR+1-16=0 X $ko
= p1(29) +(-15)=0 2kg 30°
= uy = 15/20 = 0.75 T T T
poR1+4%x05+16-4gsin30°=0
R
—15(204/3)+2+16 —20=0 ‘ H
= —2_ = =0057~006 205 »16N 405
203 17.32 UR;
16N=T

..Co-efficient of friction pq = 0.75 & p, = 0.06 v

49
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13.

14.

15.

AT B t LT1
A T
T1 ].LR
< > —>
1159 159 5a|°9
15a ¢ r=5g |
From the free body diagram
T+15a-15g=0 T—(T4y +5a+ puR)=0 Ti—5g—-5a=0
=>T=15g-15a ...(i) =>T-(5g+5a+5a+uR)=0 =T4=5g + 5a ...(iii)

= T=5g+10a + puR ...(ii)
From (i) & (ii) 15g — 15a = 5g + 10a + 0.2 (5g)
= 25a =90 = a = 3.6m/s
Equation (i) => T=5%x10+10%x 3.6 +0.2x 5% 10
= 96N in the left string
Equation (iii) Ty =5g + 5a =5 x 10 + 5 x 3.6 =68N in the right string.

s=5m, p=4/3, g = 10m/s?
u = 36km/h = 10m/s, v=0,

2 2 2
a= Y Y - 0-10 = —10m/s?

2s 2x5
From the freebody diagrams,
R—mgcos€)=0;g=10m/s2
= R=mgcos0....() ; = 4/3.
Again,ma+mgsin®-pR=0
= ma+mgsind—pumgcos6=0
—a+gsind-mgcos6=0
= 10+10sin0®-(4/3)x10cos 6 =0
=30+ 30 sin 6 —-40cos 6 =0
=3+3sinB-4cos8=0
=4cos0-3sinb=3

= 41-sin?0 =3 +3sin O

=16 (1—sin“0) =9 + 9sin0 + 18 sin O

—18+182-4(25)(-7) _ —18+32 _14
2x25 50 50

= 0=sin"' (0.28) = 16°

Maximum incline is 6 = 16°

sin 6 = = 0.28 [Taking +ve sign only]

to reach in minimum time, he has to move with maximum possible acceleration.

Let, the maximum acceleration is ‘a’
~ma—-pR=0=ma=pumg
=a=pg=0.9x10=9m/s’

a) Initial velocityu=0,t="7?
a=9m/s’, s=50m

s=ut+%atf=50=0+(12)9t’ =>t= |—

100 _ 10
= —SecC
3

b) After overing 50m, velocity of the athelete is
V=u+at=0+9x(10/3) = 30m/s
He has to stop in minimum time. So deceleration ia —a = —9m/s? (max)

6 — the max.
angle
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16.

17.

18.

R =ma

ma = puR(max frictional force)

= a = g = 9m/s?(Deceleration)
u'= 30m/s, vi=0
t= vi-u'_0-30 _ 30 _ 10 e

a —-a -a 3

Hardest brake means maximum force of friction is developed between car’s type & road.
Max frictional force = uR
From the free body diagram
R -mg cos 6 =0
=>R=mgcos6 ..(i)
and uR+ma—-mgsin)=0 ...(ii)
= umgcos®+ma—-mgsin6=0
—>ugcosO+a—-10x(1/2)=0 ma
—a=5-{1-(2/3)}x 10 (+/3/2) = 2.5 m/s? mg
When, hardest brake is applied the car move with acceleration 2.5m/s?
S=12.8m, u=6m/s
S0, velocity at the end of incline

V = Ju? +2as = /62 +2(2.5)(12.8) = +/36+64 = 10m/s = 36km/h

Hence how hard the driver applies the brakes, that car reaches the bottom with least velocity 36km/h.
Let, , a maximum acceleration produced in car.

Il/m

pR

R
.. ma = puR [For more acceleration, the tyres will slip] Y a2,

—Sma=pmg=a=pug=1x10=10m/s’
For crossing the bridge in minimum time, it has to travel with maximum uR
acceleration “-—d—-—= >

u=0, s =500m, a = 10m/s?
s=ut+ %at?
= 500=0+(1/2) 10 * =t = 10 sec. ,

If acceleration is less than 10m/s?, time will be more than 10sec. So one can’t drive through the bridge
in less than 10sec.

From the free body diagram
a
R=4gcos30°=4x10 x+/3/2 =203 ...(i) o

2kg
ue R+4a—-P—-4gsin 30° =0 = 0.3 (40) cos 30° +4a— P —40sin20° =0 ...(ii) 4kg

P+2a+p,R—2gsin30°=0  ...(iii)
Ry=2gcos30°=2x10x +/3/2 =10+/3 ..(iv)
Equn. (i) 6+/3 +4a—P-20=0

R 2a /
Equn (iv)P+2a+2+3 -10=0 ya &~ P wi Ry
From Equn (ii) & (iv) 643 +6a—30+2+3 =0
= 6a=30-8+3 =30-13.85=16.15

—a= % =2.69 = 2.7m/s? 49

mg

b) can be solved. In this case, the 4 kg block will travel with more acceleration because, coefficient of
friction is less than that of 2kg. So, they will move separately. Drawing the free body diagram of 2kg
mass only, it can be found that, a = 2.4m/s>.
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19.

20.

21.

From the free body diagram

a uR4 R
DR N
S a
LAEAN
-

R=M; gcos 6 . (i)
Ro=M,gcosf ... Mip
T+Migsind—-mya—puRy=0 ... (iii)

T-My—-Mya+puR,=0 ..(iv)
Equn (ii)=> T+ M4gsin6—-M;a—pMigcos=0

Equn (iv) > T-Mygsin6+Mya+pMygcos0=0 ..(v)
Equn (iv) & (v) = g sin 6 (M + My) —a(M; + M) —ug cos 6 (M; + M) =0
= a(M;+M;y)=gsind (My+M,y)—pgcos 6 (My+ M)

= a =g(sin 6 — u cos 0)

Mza

uR;

Mg

.. The blocks (system has acceleration g(sin 6 — p cos 6)
The force exerted by the rod on one of the blocks is tension.

Tension T = - Mg sin 6 + Mya + p M4g sin 6

= T =- Mg sin 6 + M4(g sin 6 —p g cos 8) + u Mg cos 6

=T=0

Let ‘p’ be the force applied to at an angle 6
From the free body diagram
R+Psin6-mg=0

= R=-Psin6+mg . (i)

uR —p cos 6 ... (ii)

Equn. (i) is u(mg—P sin®) —Pcos06=0
wmg

>umg=ppsin6—-Pcosf=p= ———
psin® +cos6

Applied force P should be minimum, when p sin 6 + cos 6 is maximum.

Again, p sin 0 + cos 0 is maximum when its derivative is zero.

-.d/dé (nsin® +cos0) =0
—>upcosf-sing=0=> 6=tan"1u

So. P = pmg _ umg/cos6 _ pmgsec 0 _ kmgsecH
’ usinO+cos®  psin® cos®  1+putano 1+tan?0
cosO cosH

_ uwmg _  umg e

_ _um
secO  Jdt+tan20  1+p2

pmg 1
V1+ u?

Let, the max force exerted by the man is T.
From the free body diagram

Minimum force is

R+T-Mg=0
=>R=Mg-T .(i)
Ri—-R-mg=0
= R;=R+mg ...(ii)

AndT-uR;=0

atan angle 6 =tan ™ p.

i

R+

r mg

D
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22.

23.

=>T-p(R+mg)=0 [From equn. (ii)]
=>T-uR-umg=0
=>T-uMg+T)—pumg=0 [from (i)]
=T(1+n)=pMg+pmg
_ 7= #M+m)g
T+
Maximum force exerted by man is uM=mjg
T+
R Ri
2 2kg| =02 y 2, 4 2
4kg 0.2R4 19N 4a . R
| E— > > 2a K
v ‘749
29 V2
R1 - 29 =0
=>R;=2%x10=20 4a1—uR1=0
2a+02R;-12=0 =4a,;=pu Ry =0.2(20)
= 2a+0.2(20) =12 =4a,=4
—=2a=12-4=8 = a; = 1m/s’
= a=4m/s’
2kg block has acceleration 4m/s® & that of 4 kg is 1m/s’
R1 a R1
4 = ?
12N R, 4a
—> | 4kg ‘28 y 1 - P uR;
| —
'LZ v49
g v2g
(i)Ry=2g =20 4a+02%x2x10-12=0
Ma-pRy=0 =4a+4=12
=2a=0.2(20)=4 =4a=8
= a=2m/s’ =a=2m/s’
10N
2g \ 39
=02 A[2 kg —>10N 15N
wm=03 B HR1=<4_N__ 4 »10N — — —»
w=05C[ 7kg |
I
IR1 lR2=5g

a) When the 10N force applied on 2kg block, it experiences maximum frictional force
uR4 = p x 2kg = (0.2) x 20 = 4N from the 3kg block.

So, the 2kg block experiences a net force of 10 — 4 = 6N

So, a; = 6/2 =3 m/s’

But for the 3kg block, (fig-3) the frictional force from 2kg block (4N) becomes the driving force and the
maximum frictional force between 3kg and 7 kg block is

].,L2R2 = (03) X 5kg = 15N
So, the 3kg block cannot move relative to the 7kg block. The 3kg block and 7kg block both will have
same acceleration (a, = a3) which will be due to the 4N force because there is no friction from the floor.

say=a;=4/10 = 0.4m/s?
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24.

25.

4N ng
4 3g
A[2 kg 10N
B [ 3kg 3kg —ON
C 7 kg
15N _
R=5g

b) When the 10N force is applied to the 3kg block, it can experience maximum frictional force of 15 + 4
= 19N from the 2kg block & 7kg block.

So, it can not move with respect to them.

As the floor is frictionless, all the three bodies will move together

- ay=ap=az=10/12 = (5/6)m/s’

c) Similarly, it can be proved that when the 10N force is applied to the 7kg block, all the three blocks will
move together.

Againa;=a;=az= (5/6)m/s2

Both upper block & lower block will have acceleration 2m/s? R
Ry
HR; T
F < T >—> HRs ) -
I
n;g R
Ri=mg ..(i) T-uRy=0
F-uRi = T=0=F—-umg-T=0 ..(ii) = T=umg
S~ F=umg+umg=2pumg [putting T = n mg]
R a
\ e
a R 1
— A
‘;‘ma T >
2 TR MR ’
Mo
I
1
b)2F—-T—umg—-ma=0 ...(i) T-Ma-pmg=0 [.. Ry =mg]

=T=Ma+pumg
Putting value of T in (i)
2f—Ma—umg—pumg—ma=0
= 2(2umg)-2umg=a(M+m) [Putting F =2 umg]

2um
=4umg-2umg=a(M+m) — g = ZHMY
M-+m
Both blocks move with this acceleration ‘a’ in opposite direction.
51 5\:2
i :
_F T R ‘HR1 HR1 T
< >— a ‘4 < >
M
mg Mg T=mR;y
1 1R =m (mg-ma)
ma ma

R1 + ma—-mg =0

= Ry=m(g-a)=mg-—ma ...(i)
T-uRi=0=T=m(mg—-ma) ..(ii)
Again, F—T—-puR;=0
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26.

27.

28.

= F —{u(mg —-ma)} —u(mg -ma) =0
=>F-pmg+pma-pmg+uma=0
=>F=2umg-2uma=F =2um(g-a)
b) Acceleration of the block be a,

a —

R pma
l ! R, &
@ 2F T :HRJ may mai puRy T R
ymg
Y m
L YRy
ma
Ri=mg-ma (i) T-uRy—Ma;=0
2F—T—HR1—ma1=0 :>T=HR1+M31
= 2F-t—-umg+pa—-ma; =0 .. (i) =T =p(mg - ma) + Ma,

=>T=pmg—puma+Ma,
Subtracting values of F & T, we get
2(2um(g — a)) — 2(umg — uma + Ma;) —umg + pma —pa; =0

=>4umg—-4pma—-2umg+2uma=ma;+Ma, :>a1=M
M+m
Both blocks move with this acceleration but in opposite directions.
Ri+QE-mg=0
Rs=mg-QE (i)
F-T-uR;=0
=>F-T uimg-QE)=0
=F-T-umg+uQE=0 ...(2) F=QE
T- o8 Ri=0 AR R,
=T=pRy =p(mg-QE)=nmg-pQE I 1
Now equation (ii)isF-mg+ pQE-pumg+pu QE=0 L T Ry W& ]
=>F-2umg+2uQE=0 il mﬁ . 1mg
= F=2umg-2u QE v ae R,
= F=2p(mg — QE) R
Maximum horizontal force that can be applied is 2u(mg — QE). 1
Because the block slips on the table, maximum frictional force acts on it. ug 3
From the free body diagram |
R=mg m
S~ F-uR=0=F=pR=pumg
But the table is at rest. So, frictional force at the legs of the table is not u Ry. Let be mgy _”B
f, so form the free body diagram. R
fo-nR=0= f,=puR=pmg. -
Total frictional force on table by floor is © mg. P
Let the acceleration of block M is ‘a’ towa;ds right. So, the block ‘m’ must go down with an acceleration ‘2a’.
AT Ro4
H1R1T R, ma Ma ﬁ&
— — T
¥ mg HR2 ¥ Mg
(FBD-1) (FBD-2)

As the block ‘m’ is in contact with the block ‘M, it will also have acceleration ‘a’ towards right. So, it will
experience two inertia forces as shown in the free body diagram-1.

From free body diagram -1
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29.

30.

31.

Ri—ma=0=R;=ma . (i)
Again,2ma+T-mg+ wR;=0
=T=mg-(2-p)ma ...(ii)

From free body diagram-2
T+H1R1 +mg—R2=0

= R,=T+ pyma+ Mg [Putting the value of R4 from (i)]
= (mg - 2ma — ps ma) + uy ma + Mg [Putting the value of T from (ii)]
R, =Mg + mg - 2ma ...(iii)

Again, form the free body diagram -2

T+T-R-Ma—-R,=0

=2T-MA-mA -, (Mg +mg-2ma)=0 [Putting the values of Ry and R, from (i) and (iii)]

= 2T = (M + m) + uy(Mg + mg — 2ma) . (iv)

From equation (ii) and (iv)

2T=2mg—-2(2 + py)mg = (M + m)a + uy(Mg + mg — 2ma)

=2mg-uwp(M+m)g=a(M+m-2um+4m + 2um)
[2m — 1, (M+m)]g

M+m[5 +2(pq —pp)]

Net force = *(202 + (15)2 — (0.5) x 40 = 25— 20 = 5N

. tan 0 = 20/15 = 4/3 = p = tan”'(4/3) = 53°

So, the block will move at an angle 53 ° with an 15N force

a) Mass of man = 50kg. g =10 m/s’

=a=

Frictional force developed between hands, legs & back side with the wall the wt of 0
man. So he remains in equilibrium. R 5 R
He gives equal force on both the walls so gets equal reaction R from both the walls. If <

he applies unequal forces R should be different he can't rest between the walls.
Frictional force 2uR balance his wt.

From the free body diagram

_ 40x10

x0.8

= 250N

uR + uR =40g = 2 uR =40 x 10 =R

b) The normal force is 250 N.
Let a4 and a, be the accelerations of ma and M respectively. velocity a
Here, a; > a, so that m moves on M az
Suppose, after time ‘Y’ m separate from M.
In this time, m covers vt + %2 a1’t2 and Sy=vt+%a, t t
For ‘m’ to m to ‘m’ separate from M. vt + V2 a, = vt + Y% a, P+ (1)
Again from free body diagram R
Ma; + w/2 R =0 toa, I
— may = — (W2) mg = — (W2)m x 10 = a;= ~5p Ma, g ol
Again, uM+mg
Ma; + p (M + m)g — (n/2)mg = 0 | 4
=2Ma,+2u (M+m)g—umg=0 (M+m)g
= 2Ma,=pumg-2uMg -2 umg
—pmg — 2uMg

M
Putting values of a; & a, in equation (1) we can find that

T- { 4ml ]
(M+m)ug

= day

L N N N )
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