PHYSICS FOR JEE MAIN & ADVANCED
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Whenever surfaces in contact are pressing each other slide or tend to slide over each other, opposing forces are

Friction

generated tangentially to the surfaces in contact. These tangential forces, which oppose sliding or tendency of
sliding between two surfaces are called frictional forces. Frictional forces on both bodies constitute third law action-
reaction pair.

TYPES OF FRICTION
All types of frictional phenomenon can be categorized are
Friction
|
v v \

Dry Friction  Fluid Friction  Internal Friction

1. Dry friction:
It exists when two solid un-lubricated surfaces are in contact under the condition of sliding or tendency of sliding.
It is also known as Coulomb friction.

2. Fluid friction:
Fluid friction is developed when adjacent layers of a fluid move at different velocities and gives birth to phenomena,
which we call viscosity of the fluid. Resistance offered to motion of a solid body in a fluid also comes in this
category and commonly known as viscous drag. We will study this kind of friction in fluid mechanics

3. Internal friction:
When solid materials are subjected to deformation, internal resistive forces developed because of relative move-
ment of different parts of the solid. These internal resistive forces constitute a system of force, which is defined as
internal friction. They always cause loss of energy.

Frictional forces exist everywhere in nature and result in loss of energy is primarily dissipated in form of heat. Wear
and tear of moving bodies in another unwanted result of friction. Therefore, sometimes, we try to reduce their effect
- such as in bearings of all types, between piston and the inner walls of the cylinder of an IC engine, flow of liquid
in pipes, and aircraft and missile propulsion through air. Though these examples create a negative picture of
frictional forces, yet there are other situations where frictional forces becomes essential and we try to maximize the
effects. It is the friction between our feet and the earth surface, which enables us to walk and run. Both the traction
and braking of wheeled vehicles depends on friction.

TYPES OF DRY FRICTION
In mechanics of non- deformable bodies, we are always concerned with the dry friction. Therefore, we often drop the
word “dry” and simply call it friction.
To understand nature of friction let us consider a box of weight W placed on a w

horizontal rough surface. The forces acting on the box are its weight and

reaction from the horizontal surface. They are shown in the figure. The weight

does not have any horizontal component, so the reaction of the horizontal A
surface on the box is normal to the surface. It is represented by N in the figure. N

The box is in equilibrium therefore both W and N are equal in magnitude,
opposite in direction, and collinear..
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Now suppose the box 1s being pulled by a gradually increasing horizontal force F to slide the box. Initially when the
force F is small enough, the box does not slide. This can be explained if we assume a frictional force, which is equal
in magnitude and opposite in direction to the applied force F acts on the box. The force F produce in the box a
tendency of sliding and the friction force is opposing this tendency of sliding. The frictional force developed before
sliding initiates is defined as static friction. It opposes tendency of sliding.

|w
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f=F TN f.=F

Static friction Limiting friction: The maximum static friction

A
—
Z

As we increase F, the box remains stationary until a value of F is reached when ¢ F
the box starts sliding. Before the box starts sliding, the static friction increases f
with F and counterbalances F until the static friction reaches its maximum value

known as limiting friction or maximum static frictionf_. N

Kinetic friction
When the box starts sliding, to maintain it sliding still a force F is needed to over come frictional force is known as
kinetic friction (f,). It always opposes sliding.
Dry friction

Static friction Kinetic friction
Opposes sliding and has a constant

Opposes tendency of sliding characteristio value

LAWS OF FRICTION
When a normal force N exists between two surfaces, and we try to slide them over each other, the force of static

friction (f)) acts before sliding initiates. It can have a value maximum up to the limiting friction (f ).
fs < fsm

The limiting friction is experimentally observed proportional to the normal reaction between surfaces in contact.
f =uN

sm

Here p_ is the constant of proportionally. It is known as the coefficient of  static friction for the two surfaces
involved.
When sliding starts between the surface, the frictional force rapidly drops to a characteristic value, which always
oppose the sliding. This characteristic frictional force is known as kinetic friction (f,). Kinetic friction is experimen-
tally found proportional to the normal reaction between surfaces in contact.

f =uN

Friction 4

Static friction Kinetic friction
/_/%/ N

T S N

£, /\

\

Tangentially applied force
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Here p, is the constant of proportionally. It is known as the coefficient of kinetic friction for the two surfaces

involved.

The frictional forces between any pair of surfaces are decided by the respective coefficient of friction. The coeffi-
cient of friction are dimensionless constants and have no units. The coefficient of static friction (n) is generally
larger than the coefficient of kinetic friction (u, ) but never becomes smaller; at the most both of them may be equal.
Therefore, the magnitude of kinetic friction is usually smaller than the limiting static friction (f ) and sometimes
kinetic friction becomes equal to the limiting static friction but it can never exceed the limiting friction.

The limiting static friction and the kinetic friction between any pair of solid surfaces follow these two empirical laws.

o Frictional forces are independent of measured area of contact.

o  Both the limiting static friction and kinetic friction are proportional to the normal force pressing the surfaces in

constant.

Angle of Friction

The angle of friction is the angle between resultant contact force of normal reaction N, when sliding is initiating. It

is denoted by 2

f M N i F
tanh=—""=—"—= L,
N s £, =pN

For smooth surface ), =0 \;JN

Angle of Repose (0)
A body is placed on an inclined plane and the angle of inclination is gradually

increased. At some angle of inclination 0 the body starts sliding down the
plane due to gravity. This angle of inclination is called angle of repose (0).
Angle of repose is that minimum angle of inclination at which a body placed on
the inclined starts sliding down due to its own weight.

Thus, angle of repose = angle of friction.

Ex. A block of mass 1 kg is at rest on a rough horizontal surface, where coefficients of static

and kinetic friction are 0.2 and 0.15. Find the frictional forces if a horizontal force

(a)F=1N (b)F=196N (¢c)F=2.5N isappliedonablock @~ wmm

Sol.
Maximum force of friction is the limiting friction f =0.2x1x9.8N=1.96 N
(@) For F=1IN, F<f

So, body is in rest means static friction is present and hence f =F=1N

(b) For F=1.96N, F={ =1.96 N. Theblock is about to slide, therefore f=1.96 N

(c) For F=2.5N, SoF >f
Now body is sliding and kinetic friction acts.
Therefore f=f = N=p mg=0.15x 1x9.8=147N

\\\\\\\\\\\\\\\\\\
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Ex. Length of a uniform chain is L and coefficient of static friction is u between the chain and the table top. Calculate
the maximum length of the chain which can hang from the table without sliding.

Sol.  Lety be the maximum length of the chain that can hang
without causing the portion of chain on table to slide.
Length of chain on the table = (L —y)

. . M
Weight of part of the chain on table = f(L - y) g

M
Weight of hanging part of the chain = fyg
For equilibrium with maximum portion hanging, limiting friction = weight of hanging part of the chain

M M _uL
np(L-y)e=Tye = y=7 ]

Ex. An insect crawls on the inner surface of hemispherical bowl of radius r. If the coefficient of friction between an insect
and bowl is p and the radius of the bowl is r, find the maximum height to which the insect can crawl up.

Sol. The insect can crawl up, the bowl till the component of its weight tangent to the bowl is balanced by limiting
frictional force.

ZF“ =0-> N =mgcos0 ..(i)

D> F.=0-> £ =mgin® ..(i)
Force of limiting friction f = uN ...(1ii)
From equation (i), (ii) and (iii), tan® = p .(iv)

h:r—rcosezr{l— ! }

A1 +u2

Ex. Abody of mass M is kept on a rough horizontal ground (static friction coefficient = 1 ). A person is trying to pull
the body by applying a horizontal force F, but the body is not moving. What is the contact force between the
ground and the block.

Sol. ‘Mg Mg
l v L>
fS
N A
N=R=Mg R\ |N=Mg
When F =0 When F <f,, When F =1,
R=Mg R =V(Mgy’ + R=Mg1+ 7
Therefore Mg <R < Mgy/1+p?
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Ex.

Sol.

Sol.

A block rest on a rough inclined plane as shown in fig. A horizontal force F

is applied to it (a) Find the force of normal reaction, (b) Can the force of

friction be zero, if yes when? and (c) Assuming that friction is not zero find

its magnitude and direction of its limiting value.

(a) > )F,=0—> N=mgcos6+Fsin
N F ///
(b) >.F, =0— Fcosd=mgsind = F = mg tan0 W
?é\‘\% 0066 | .
e when friction is zero.

(¢) Limiting friction £ _ = uN = p (mgcos0 + Fsin0); P

sm

It acts down the plane if body has tendency to slide up and acts up the plane if body has tendency to slide

down.
Two blocks with masses m =1 kg and m, = 2 kg are connectedly a string and °
slide down a plane inclined at an angle 6 =45° with the horizontal. The coefficient /
of sliding friction between m, and plane is p,=0.4 and that between m, and
plane is p,=0.2. Calculate the common acceleration of the two blocks and the K6
T

tension in the string.

As p, < p,, block m, has greater acceleration than m, if we separately consider the motion of blocks. But
they are connected so they move together as a system with common acceleration.

So acceleration of the blocks :

(m1 +m2)gsin9—ulmlgcose—pzngcose

a:
m, +m,

(1 +2)(10)[1]—0.4 Xx1x10%x—=—0.2x2 x10 x =

) ) ) 2

= — -2
1+2 32

For block m, : m,gsin® —p,m,gcos0-T = ma = T = m,gsinf—-p,m,gcos0—m,a

1 . 22 2 o
= 21007 402 x 2X 10 x "= 2x T = T

A block of mass m rests on a rough horizontal surface as shown in figure (a) and (b). Coefficient of friction between
block and surface is p. A force F = mg acting at an angle 0 with the vertical side of the block. Find the condition for
which block will move along the surface.

O
yZa SN0
(a) m b) % m

HITHTTHITHTHITIT TN
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NEWTON’S LAWS OF MOTION & FRICTION

Sol.

Sol.

Sol.

For (a) : normal reaction N =mg— mg cos 0
frictional force = uN = p(mg —mg cos 0)
Now block can be pulled when : Horizontal component of force > frictional force

i.e. mg sin 0 > p(mg— mg cos 0)

0 0
2sin—cos— = pu(l —cosH <
or > ) u( )
0 0 0 0
2sin—cos— >2usin’— or cot—>
or 5 5 n 5 or 5 n

For (b) : Normal reaction N =mg + mg cos 6 =mg (1 + cos 0)

Hence, block can be pushed along the horizontal surface when > !
Q i
horizontal component of force > frictional force g)
ie. mg sin 6 > pmg(1 + cos 0)
. 0 0 , 0 0
or 2sin—cos— > ux2cos” — = tan— >
2% ! 2 Pk

A body of mass m rests on a horizontal floor with which it has a coefficient of static friction p.
It is desired to make the body move by applying the minimum possible force F. Find the magnitude of F and the
direction in which it has to be applied.

Let the force F be applied at an angle 0 with the horizontal as shown in figure. v Ffme
X
DF =0—-> N=mg-Fsin6 ..() N=mg-Fsin0 ..() mg o
il F cos0

D>F =0—>  Fcos0>f = Fcos®>pN [asf =uN] ..(i) £
Substituting value of N from equation (i) in (ii), IN

S - (i)

(cosO+ pusin0)

For the force F to be minimum (cos 0 + p sin 0) must be maximum,

pmg
maximum value of cos © + usin 0 is /1 +p? so that Frin = ﬁ with 6 = tan™' ()
+u

Abook of 1 kg is held against a wall by applying a force F perpendicular to the wall. If p, = 0.2, what is the minimum

value of F ? R
The situation is shown in fig. The forces acting on the book are— ’ f
For book to be at rest it is essential that Mg = f
N F
But f, =uNand N=F — | —
Mg 1x9.8
Mg=pF = F=—= =49 N mg
L 0.2
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Ex.

Sol.

Ex.

Sol.

A is a 100 kg block and B is a 200 kg block. As shown in fig., the block
A is attached to a string tied to a wall. The coefficient of friction between
A and B is 0.2 and the coefficient of friction between B and floor is 0.3.

Then calculate the minimum force required to move the block B. ]
(g =10 m/s?). B F

When B is tied to move, by applying a force F, then the frictional forces acting on the block B are f, and f,
with limiting values, f, = (ug),m,g and f, = (uy), (m, + my)g
Then minimum value of F should be (for just tending to move),

F=f+f=02x100g+03x300g =110 g=1100 N

In the given figure block A is placed on block B and both are placed =02, =01 | 10kg
on a smooth horizontal plane. Assume lower block to be sufficiently long. B 20kg |—F
The force F pulling the block B horizontally is increased according to smooth

law F =10t N
(a) When does block A start slipping on block B? What will be force F and acceleration just before slipping starts?

(b) When F is increased beyond the value obtained in part (a), what will be acceleration of A ?

(¢) Draw acceleration-time graph.

Direction of friction forces

Block A moves forward always, due to friction, therefore friction on it must be in

forward direction. A f
—

B

—>»F
TTTTTITITTM

Friction between two adjacent surfaces are equal and opposite because they make
Newton's is third law action reaction pair.

Range of Value of friction

Before slipping starts, friction is static f <20 N

After slipping starts, friction is kinetic f, =10 N

Maximum possible acceleration

A can accelerate only due to friction, its maximum possible acceleration is a,, (when f = f =20 N)

m,g=100N

Block A S020=10a,, = a,, =2 m/s’

Sequence of slipping :

Since ground is smooth, block B first starts slipping on the ground and carries A together with it. When acceleration
of A & B becomes equal to a,, , Block A starts slipping on B.

AM?
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@

b)

©

Sol.

Just before the moment A starts slipping, both were moving together with acceleration a,,.
Considering them as a one body.

(mA+mB)aAM=60

(On a smooth stationary surface we will not show the normal forces i.e. FBD of combined block showing horizontal
forces only).

Value of F F=60N and Time 10t =60 = t=6s
If F is increased beyond 60 N, A slides and kinetic friction acts on it. Now acceleration of A
2, = 10=10a, = a, = | m/s’

f=10
When F < 60 N, both are moving with same acceleration a. We treat them as one body.

A A 1
[ F=10r BB W 30a SolOt:30a:>a:§t

B

This acceleration increases to a,,, = 2 m/s*>, when F = 60 N at t = 6 s. Thereafter A starts slipping and its acceleration
provided by kinetic friction, drops to a constant value a, = 1 m/s>. However acceleration of B keeps on increasing
according to equation

= F=1ot 20 10t — 10 = 20. : :
L CY t—10=20a, =>a = —t — —
S hT 3
Graph between acceleration and time  a(m/s’)$ a=l 1
"2 g
25
2
: a,=1m/s’
A2
° t(s)
6s !

Block A is placed on another block B, which rests on a rough horizontal ground. Horizontal force F pulling
the block B is increased gradually.

(@ Find the maximum value of F so that no motion occurs. A 10kg
=02, =0.1
) Find maximum F so that A does not slide on B. B
o ] ) 20kg |—F
(©) If F is increased beyond the value obtained in part (b) what are =03, =02

acceleration of both the blocks ? Explain your answer in terms of F.

()] If F is increased according to law F =10t N draw a—t graph

Directions of friction forces Range of values of frictional forces

A A f, = 10 N (A is slipping)

fi f,, =20 N (A is not slipping)
B «—

y oF ° ' f, =60 N (B is slipping)

«— «—f
Before B starts slipping After B starts slipping f,, <90 N (B is at rest)
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Maximum possible acceleration : A can move only due to friction. Its maximum possible acceleration is

10a,,
Block A A =lA —— a,,=2 m/s’

—
f, =20

1sm

Sequence of slipping : When F > f, block B starts slipping on ground and carries block A together with it till
its acceleration reaches value a,,,. Thereafter A also starts slipping on B.

@) F=90N

b) When A does not slide on B, both move with the same acceleration (a, ) and can be treated as one body, which
can have maximum acceleration a,,, = 2 m/s>.

B | F, - B o202
F-60=60=F=120N —
£,=60

(¢) When F is increased beyond F = 120 N, block A starts sliding and friction between A & B drops to f,, = 10 N. Both
the blocks now move with different acceleration so we treat them separate bodies. Now acceleration A also drops
to a constant value a,.

Acceleration of A : A = — 8 = 10=10a, = a, = 1 m/s’
—_—
f,= 10
f,=10
. 20a, F-70
Acceleration of B : —>F= —  So F-70 = 2021B = ag = 20
4—
f,=60
d If F = 10t, values of acceleration of both the blocks in different t
L a (m/s’)a 275735
time intervals are as under:
. F<90ON= t<9s a =a = 25
t ) 2
. OON<F<I20N9s<t<l12s aA:aﬁzg— 1 a=%_2$ o
In the interval both the blocks move as one body
™ 6s 9s 12s t(s)
F=10t _ 30a: aZlOt—60:£_2
30 3
4—
60
t
. F>120N =t>12s a, =1; a3=5—3.5
Ex. Block A is placed on another block B, which rests on a rough horizontal ground. Horizontal force pulling A is increased
gradually
A
=06, =0.5| 10kg F
B
10kg
=02, ,=0.1
(@) Find maximum F so that none of the blocks move. Which block starts sliding first ?
) Express acceleration of each block as function of F for all positive values of F.

(¢) If F=10t draw a-t graph
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Sol. Directions of friction forces Range of values of friction forces
f,<60N
L ﬂ_’F £ =50N
- £, <40N
£,=20N

Maximum possible acceleration of B : Block B acceleration due to friction only. Its maximum acceleration is

f,=60

»

B = B —10a,, ,
— 60-20 = 10a, = a, =4 m/s

f,=20

Sequence of slipping : Smaller, limiting friction is between B and ground so it will start sliding first. Then both will

move together till acceleration B reaches its maximum possible values 4 m/s®. Thereafter A starts sliding on B

@) Till the F reaches the limiting friction between block B and the ground none of the blocks move.

1) IfF<40=a =a=0 ..

IfF > 40 N, block B starts sliding and carries A together with it with the same acceleration till acceleration reach to

4 m/s?. At this moment A starts slipping. Before this moment we may treat both of them as single body.

- [

= —T—>20a,, = F*20:203.AB:>3AB = ap = ag =

F-20
20

—
20

When A starts sliding on B, a, = a, =4, from the above equation, we have F = 100 N.
When F > 100 N block A also starts slipping on B and friction between A & B drops to value 50 N.

Now since they move with different acceleration we treat them separately.

F_ 10a, F -50
BlockA A — A — " =a, = 1
— 0
50
—>»50
10a, 50 -20
BlockB B =B ——— " =ap :—10 = 3 m/s?
—
20
a(rR/sz) o
<
fb;
© F<40Nt<4s a,=a =0 5
t 3 aB
40<F<100 4<t<10 aA:aBZE_l
(1) t(s)
R v aA:t_Sa aB::';l'n/S2 4 10
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Ex.

Sol.

@

(b)

Block A is placed on B and B is placed on block C, which rests on smooth horizontal ground as shown in

the figure. Block A is pulled horizontally by a force F which increases gradually.

(a) Decide sequence of slipping.

(b) If F is increased gradually find acceleration of each

B
ool 20k
block for all values of F. o|C 3okg  f—»F
(¢) If F = 15t N, draw a—t graph.
Direction of friction forces : Range of values of friction forces

f, <10 N (A does not slides on B)

f, =10 N (A slides on B)

£, <60 N (B does not slides on C)

f,=60 N (B slides on C)

Maximum possible acceleration : Blocks A and B move due to friction forces only, we find their maximum possible
acceleration.

Block A = 1OaAm a, /s’
—

fiem=10

10

— 60 -10
Block B = ZOaEm agy = ———— =2.5m/ s?

& 20

Sequence of slipping
Since ground is smooth the block C starts sliding first

A starts slipping on B secondly till that moment all the three blocks move with same acceleration, which can achieve
maximum value of a,,, = 1 m/s.

Thirdly B starts sliding on C, till that moment B & C move with the same acceleration a, = 2.5 m/s?

Before A starts slipping, all the three were moving with the same acceleration a,, = 1 m/s*. We therefore treat then
as a single body.

ABC — "AM

F
When A starts sliding a_<a, = %0 <1=F<60N

When F > 60 N, block A starts slipping on B and its acceleration decided by friction f , achieves a constant value
a, =1 m/s.

Now, F is increased beyond 60 N and B and C will continue to move together till their acceleration a_. becomes
a, = 2.5 m/s’, when slipping between B and C starts. Till this moment, we treat B and C as one body.

B
B Bl F-10

"""" 20+30)a -
c F = c __(> )asc = aBC = 50
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F-10

When slipping between B & C starts : a,. = a, = T: 25=F<135N

B

When F > 135 N, block B also starts slipping on C. Now acceleration of A & B achieves the maximum value a_

= 2.5 m/s? and acceleration of block C is decided by F.

<80 F-60

|c }_.F=|c |_,306c =>F-60=30a.=a_ = 30

Acceleration of blocks for different values of force.

F
. F< 60N a, =a,—a=a, = ——

F-10
. 60<F<I135N a,=a, =1lm/s’a,=a.=a, = 50
F - 60
. 135<F a, =a, =l,a,=a, =25,anda,= 30
© IfF = 15t
a(m/s®)
t A
. F<60 t<4s aA:aB:aC:%:ZZO.zst /Q({}/{L
Ib()
[ < < — 2
60 <F <135 4<t<9a, =1m/s 55 - a,
P10 im0 ; %
a,=a.= =0.3t-0. 1 a
50 A
oF
. 135<F 9<t a, = 1 m/s? e o5 >{(s)
a, =2.5m/s’
F - 60 N,
%T 30
Static Friction N
Static friction acts when two contact surface are not moving relative to each T
other. For example, consider a block on a horizontal table, as in figure. If we ‘ —>F
apply an external horizontal force F to the block, acting to the right, the block el |
remains stationary if F is not too large. The force that counteracts F and keeps l
the block from moving acts to the left and is the frictional force f. As long as the mg

block is not moving, f=F. Since the block is stationary ,we call this frictional F=F.As long as the block is not moving

force the force of static friction, f.

If we keep two books one on top the other and now we slowly push %
the lower book, both the book move together, the force moving the .
upper book is friction. Since the book are moving with respect to %’

ground but they are not moving with respect to each other, this force

of friction between two books is of static nature.
Two books kept on top of each other
& the lower book being pushed slowly
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Similarly when we walk on ground the riction force acting on the foot 1s of static nature. You may be surprised but
the foot in contact with ground is not moving while the other foot is moving. During this time friction acting between

=@
———¢
[

Free body diagram of two books

foot and ground is static friction.

If we are increasing our speed then static friction is acting in forward direction.

This happens because we try to pull our leg backward while walking in forward Man is moving but the point in contact

of the foot is not moving i.e., Static friction
is acting on the man

to ground and ground applied friction in forward direction. person is walking due to static friction

direction. This means foot is trying to move in back ward direction with respect

Static friction is self-adjusting and it opposes the tendency of relative motion

In fact, in the previous case of books also, we can see that static friction acting in forward direction on upper book
has given it some motion so it can move with the lower book. Another point to be denoted here is that even by third
law, pair of static friction is opposing relative motion by trying to slow down the lower book (which is being
accelerated externally).

For example in figure we assume that the block is stationary and we can see that static friction is acting in such a

direction so as to oppose the rel ative motion. F represents externa foroeand f_ represents friction.
The magnitude of the static friction between any two surfaces in contact can have the values

f < uF,.

s =

F,
N
St f, =/ +F

Block is stationary due to static friction

where the dimensionless constant p_is known as the coefficient of static friction and F is the magnitude of the
normal contact force exerted by one surface on the other. The equation holds when the surfaces are the normal
contact force exerted by one surface on the other. The equality in equation holds when the surfaces are on the verge
of slipping, thatis whenf =f _ =uF,, This maximumvalue of fs is called limiting friction. This situation is called

impending motion. The inequality hold when the surfaces are not on the verge of slipping. Maximum strength of the
joints formed is directly proportional to the normal contact force, thatis f  oc F.

Maximum strength also depends on the roughness of contact surface fs,max (also called flimiting

)= uN. Magnitude of
static friction is self-adjusting such that relative motion does not start (but still it has maximum value).

Let us say we are applying force F on a block kept on horizontal rough surface with coefficient of static friction p = 0.1 &
mass of block is 5 kg. When applied F is less than 5 N the value of static friction is equal to the applied force, not 5 N. It
is the maximum value of friction. But when applied force F is equal to 5 N, the value of static friction is 5 N
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Sol.

Sol.

Sol.

Sol.

Sol.

A block lying on a horizontal surface is pulled by a force of 0.1 N but the block does not move i.e., remains at rest.
Find friction force

To analyse the frictional force on the block we proceed as follows.

As the block remains at rest, the force of static friction is balancing the 0.1 N force (the applied force). So the

frictional force— 0.1 N
f

A block of lying on a horizontal surface is pushed by forces as shown in figure 4N

but the block does not move i.e. it remains at rest. Find the frictional force on
the block.

Net force acting on the block is /32 1 42 = 55

As the block remains at rest, the force of static friction is balancing the applied force (5 N)

A block lying on an inclined surface at an angle 30° with the horizontal is pushed
by force as shown in figure but the block does not move i.e., it remains at rest.
Find the frictional force on the block.

Two forces are acting on the block along the surface of inclined, first one is mg sin 30° down the inclined and second
5 N shown in figure.

So the net force acting on the block along the surface of inclined is v12> +5° =13N
As the block remains at rest, the force of static friction is balancing the applied force (13 N)

A block of weight 100 N lying on a horizontal surface just begins to more when a horizontal force of 25 N acts on it.

Determine the coefficient of static friction.
N

At the 25 N force brings the block to the point of sliding i.e. limiting friction is 25 N.
limiting frictional force = pu N UN 2 25N

From force diagram : N=100N )
uN=25 = p =025

mg =100 N

A block of weight 100 N lying on a horizontal surface is pushed by a force F acting at an angle 30° with horizontal.
For what value of F will the block begin to move ifp_=0.25?
Consider the force diagram of the block at the moment when it is just to start moving.

Balancing force : F
N=mg+ F sin 30° %\

F=cos30°=p N

F=cos 30°=p_(mg+Fsin30°) J77777777777777777 F\ mg

3 ,mg ~0.25(100) v
0s30°—p, sin30°  +/3-0.25

F=33.74N : T
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Kinetic Friction

Kinetic friction acts when there is relative motion between two surfaces in contact. It acts always opposite to the
relative velocity as we see in figure. The magnitude is not self-adjusting as in static friction. It is always is equal to

u, Fy
3 m/s
<« A A
A —>» 2m/s » f, f <
B —>» 3 m/s
B —>» 5m/s E
With respect toB With respect to A

Experimentally, we find that to a good approximation, both f

smax

and f,_are proportional to the magnitude of the
normal force. The following empirical laws of friction summarize the experimental observations:

1. The magnitude of the force of kinetic friction acting between two surface is

f = p, N where p, is the coefficient of kinetic friction. Although the coefficient of kinetic friction can vary with
speed, we shall usually neglect any such variations in problems.

2. The value of 1, and p, depend on the nature of the surface.

3. L, is generally less than p_ .

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 vary. 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 on over the other. The friction coefficient as defined above, becomes much larger
than one this is called cold welding. 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.

4. The direction of the friction force on an object is parallel to the surface with which the object is in contact and
opposite to the motion (kinetic friction) or the tendency of motion (static friction) of the object relative to the
surface.

5. The coefficient of friction are nearly independent of the area of contact between the surfaces. We might expect that

placing an object on the side having the more area might increase the friction force. While this provides more points
in contact, the weight of the object is spread out over a larger area, so that the individual points are not pressed so
tightly together. These effects approximately compensate for each other, so that the friction force is independent
of the area. So those extra wide tires you see on some cars provide no more friction than narrower tires. The wider
tire simply spreads the weight of the car over more surface area to reduce heating and wear. similarly, the friction
between a truck and the ground is the same whether the truck has four tires. or eighteen! More tires spread the load
over more ground area and reduces the pressure per tire. Interestingly, stopping distance when brakes are applied
is not affected by the number of tires. But the wear that tires experience, very much depends on the number of tires.
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................. . AN
t e > F
R i f <« l
Ablock is pulled by force F to right on a l
rough horizontal surface
mg
F
N
f
A block is pulled up the rough incline mg
N,
A N, A
F | F
- S | «—N N—> I
Two block in contact pushed by the force F l l
to the right on a frictionless surface. m,g m,g
i T
1| m, N
i u
‘ —> T
Two block connected by a light cord. v f m,g
The surface is rough and the pulley is frictionless mg i
1

Ex. A hockey puck on a frozen pond is given an initial speed of 20.0 m/s. If puck always remains on the ice and slides 115
m before coming to rest, determine the coefficient of kinetic friction between the puck and ice.

Sol. Imagine that the puck in figure slides to the right and eventually comes to rest. The forces acting on the puck after
it is in motion are shown in figure first, we find the acceleration in terms of the coefficient of kinetic friction, using
Newton’s second law. Knowing the acceleration of the puck and the distance it travels, we can then use the
equation of kinematics to find the numerical value of the coefficient of kinetic friction.

Defining rightward and upward as our positive directions, we apply Newton’s second law in component from to the
puck and obtain.

E\f Motion
—
[ 1
\
\ 4
mg
XF =f=ma_ a
2F =N-mg=0 (@,=0 )
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Sol.

Sol.

ButF, = p, N and from (2) we see that N = mg, Therefore,
(1) becomes
-, N =—p mg=ma_
a=ung
The negative sign means the acceleration is to the left in figure because the velocity of the puck is to the right, this

means that the puck is slowing down. The acceleration is independent of the mass of the puck and is constant
because we assume that p, remains constant.

Because the acceleration is constant, we can use equation v = u? + 2as

2
u

- 2gS

0=uw+2aS=v"-2pgS = v=0 = My

(20.0m /%)

= . =0.136
2(9.80m / s*)(115m)

My

A 5 kg block slides down a plane inclined at 30° to the horizontal. Find

&) The acceleration of the block if the plane is frictionless.
(V)] The acceleration if the coefficient of kinetic friction is 0.2.
i %
(@) N =mg cos 30° G- \p
mg sin 30° = ma mg sin 30° 20°
) ) mg cos
down the plane if plane is smooth.
a=g/2=49m/s?
b) N =mg cos 30° o i H.N
mg sin30°—p N = ma mg sin 30°

a=gsin30°—p gcos30° mg cos 30°

a=3.20m/s?

5 kg block projected upwards with an initial speed of 10 m/s from the bottom of a plane inclined at 30° with
horizontal. The coefficient of kinetic friction between the block and the plane is 0.2.

&) How far does the block move up the plane ?

) How long it move up the plane ?

While the block is moving up the frictional force acts downward.

As the block is slowing downs, the velocity and acceleration must be in opposite direction.

Velocity in this case is upwards, so acceleration is in downward direction.

Zo0
ooe\e‘a}\o/ B
o M}
0
0%
. N
mg cos 30°

mgsin30° +umgcos30°

the magnitude of acceleration = = g(sin30° + pmgcos30°)

m
= a=—g(sin 30° + pu mg cos 30°) - -6.6 m/s’
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For the motion of block from the bottom to up the plane :

u=+10m/s = v?=u?+ 2as, we get
02=10*+2(-6.6)(s) = s=7.58m
v=u+at = 0=10-6.6xt = t=1.5 second

Hence the block moves up the plane for 1.5 sec covering 7.58 m.

Varieties of Questions in Friction

1.

Minimum force required to move the particle

A body of a mass m rests on a horizontal floor with which it has a coefficient of

static friction . It is desired to make the body slide by applying the minimum

possible force F. R 4
Let the applied force F be at angle ¢ with the horizontal
R
For vertical equilibrium,
R+Fsin ¢ =mg or,R=(mg—-Fsin ¢) ..() v mg
Fcos¢ =puR .....(ii)
Substituting for R,
Fcos¢ =pu(mg—Fsing) or F=pumg/cos¢d +pusind)

for minimum F (cos ¢ + psin ¢ ) is maximum,
= Letx=cos ¢ +psind)

dx .
—=—=SIn+ Ucos
i d+pcosd

. dx _
for maximum of'x, do

tan ¢ = p and at this value of ¢

min W

Friction as the component of contact force

When two bodies are kept in contact, electromagnetic forces act between the charged particles at the surfaces of the
bodies. As a result, each body exerts a contact force on 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.

N = normal force
F, = contact force \
A

= friction

AT EEARRRRNNRNNNNNY
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Sol.

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. The perpendicular component is called the normal contact force or normal force and parallel
component is called friction.

Contact force = \[f2, N2 = F.,,, = N{whenf =0}
F. =Ji®N'=N? {whenf =pN} = N<E < J(W+I)N = 0<i<tan'p

A body of mass 400 g slide 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 = 10 m/s?.

Let the contact force on the block by the surface be F_ which makes an angle } with the vertical (shown figure)

f e —

i

The component of Fc perpendicular to the contact surface is the normal force N and the component of r parallel to
the surface is the friction f. As the surface is horizontal, N is vertically upward. For vertical equilibrium,

N=Mg=(0.400kg) (10 m/s?>)=4.0 N
The frictional forceis f =3.0 N

tan?»i—E =tan'(3/4)=37°
(@) N 40r,k7tan (3/4)=
) The magnitude of the contact force is

F =N’ +2 =(4.0N)’ +(3.0N)’ =5.0N

Motion on a rough inclined plane
Suppose a motion up the plane takes place under the action of pull P acting parallel to the plane

N =mg cosa

Frictional force acting down the plane

F=pN = pmg cosa

Applying Newton's second law for motion up the plane mg cosa

P — (mg sina + f) =ma

P — mg sino. — p mg cosa. = ma
If P = 0 the block may slide downwards with an acceleration a. The frictional force would then act up the plane
mg sino.— F=ma

or, mg sina — L mg cosoL = ma
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Ex.

Sol.

@
(i)

Ex.

Sol.

A 20 kg box is gently placed on a rough inclined plane of inclination 300 with horizontal. The coefficient of sliding
friction between the box and the plane is 0.4. Find the acceleration of the box down the incline.

Xv‘" Y

In solving inclined plane problems, the X - Y directions along which the forces are to be considered, may be taken
as shown. The components of weight of the box are

mg sina acting down the plane and

mg cos a acting perpendicular to the plane.

N =mg cosa.

mg sino—mN =ma = mg sino. —m mg coso. =ma

a =g sina — mg cosa. = g (sina — mcosa,)

= 9.8[%—0.4x§] =4.9%0.3072 =1.505 m/s?

The box accelerates down the plane at 1.505 m/s?

A force of 400 N acting horizontal pusher up a 20 kg block placed on a rough inclined plane which makes an angle
of 450 with the horizontal. The acceleration experienced by the block is 0.6 m/s?. Find the coefficient of sliding
friction between the box and incline.

The horizontal directed force 400 N and weight 20 kg of the block are resolved into two mutually perpendicular
components, and parallel and perpendicular to the plane as shown.

N=20gcos45°+400sin45°=421.4N

The frictional force experienced by the block
F=pN=px421.4=421.4pN. /a=0-6m/8“
As the accelerated motion is taking placed up the plane

400 COS 45U — 20 g sin45°— f: 203 ....................... » 400 N

20 g sin 45° 400 sin 45°

400 20x9.8

N

-421.4pn=20a=20x0.6 =12 20 cos 45°

=0.3137

_(400 _ 196 ) 1 _2828-138.6-12
B L 421.4 421.4

The coefficient of sliding friction between the block and the incline =0.3137
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4. Angle of repose
Consider a rough inclined plane whose angle of inclination 6 with

ground can be changed. A block of mass m is resting on the plane.
Coefficient of (static) friction between the block and plane is p.

mg sin 0

For a given angle 0, the FBD (Free body diagram) of the block is \e

Where fis force of static friction on the block. For normal direction to the plane, we have N = mg cos0. As 0
increases, the force of gravity down the plane, mg sin6, increases. Friction force resists the slide till it attains its

maximum value.
o = WN = pmg cos0

which decreases with 0 (because cosO decreases as 0 increases)

Hence, beyond a critical value 0 = 0 , the blocks starts to slide down the plane. The critical angle is the one when mg
sin0 is just equal of f_ . i.e. when

mg sin@, = p mg cosO_
or tan = p
where 0 is called angle of repose

If 0> 0, block will slide down. For 0 < 0_ the block stays at rest on the incline.

5. Two blocks on an inclined plane

Consider two blocks having masses m, & m, respectively. IfN is the normal force between the contact surface of m,
&m,

Now three condition arises.

(i) If p, = p, = p then

N = 0 because, Both the blocks are in contact but

does not press each other.

a, =a,=gsin0—pmg cosq

(a,, a, are acceleration of block p, & p, respectively)
(i) Ifp, <p, = then

N = 0 because, there is no contact between the blocks.
a, =gsin0 —p, g cosd

a,=gsin0 —p, g cosO

=a >a

(iii) Ifp, >p, = then N = 0

al :az
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EX. Mass m, & m, are place on a rough inclined plane as shown in figure.
Find out the acceleration of the blocks and contact force in between
these surface.
Sol. As we known if pul > p2 both will travel together so
a,=a,=a
EB.D
which is equivalent to é £ (37 = 3D
. 0 f, = pmgcos37’ =4
a:3gs1n37 —(f, +1,) ae 18-7.2 3.6 m/sec? m, gsin 37° ¢
3 -
m, gsin 37
Now F.B.D of 1 kg block is
N
4N
3gsin 37 a=3.6 m/sec’
3gsin 37° /
gsin37°+N—-4=(1)a
N=3.6+4—-6=1.6 Newton
6. Range of force f for which acceleration of body is zero.
Ex. Find out the range of force in the above situation for which
2 kg block does not move on the incline.
Sol.  F.B.Dof2kgblock
&
o
N
f.=8N
mgsin 37°
12N
Now take different value of F
Force (F) F.B.D Acceleration Direction & magnitude Friction Type
- Fnct
T m
8N
(@i F=0N 2 m/s? / 8N Kinetic
12N
4N
8N
(ii) F=4N 0 m/s? 8N Static
12N
8N
4N
(iii) F=8N 0 m/s? 4N Static
N
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@)

)

()

(vii)

Note:

Ex.

Sol.

12N

=0
F=12N 0 m/s? 0 Static
F=16N lZN‘ﬂ 0 m/s? 4N Static

f=4N

(in this condition friction change its direction to stop relative slipping)

20N
F=20N lzNﬁ 0 m/s? &N Static
8N
24N
F=24N IZNﬁ 2 m/s? 8N Kinetic
N

From the above table block doesn't move from F = 4N (mgsin6 — pmgcos0) to F =20 N (mgsin6 + pmgcos0). So
friction develope a range of force for which block doesn’t move

If Friction is not present then only for F = 12 N the block will not move but friction develop a range of body is zero.

mg sinf — umgcos® F mg sinB + p mgcoso.

In the following figure force F is gradually increase from zero. Draw the graph
between applied force F and tension T in the string. The coefficient of static ™
N
!

F €«—

friction between the block and the ground is .

As the external force F is gradually increased from zero it is compensated by the

T
friction and the string bears no tension. When limiting friction is achieved by
increasing force F to a value till p mg, the further increase in F is transferred to

the string. ‘ ° i

pmg

Fig. shows two blocks tied by a string. A variable force F = 5t is applied on the block. The coefficient of friction for
the blocks are 0.6 and 0.5 respectively. Find the frictional force between blocks and ground as well as tension in the

string at
(A)t=1s (B)t=2s (C)t=3s
B A
1kg 2kg
F =5t
n=0.6 n=0.5
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Sol.

@

b)

©

Sol.

10N 20N

Te——

B

f,¢——

10N 20N

Att=1s,F=5x1=5N

Maximum value of friction force

f,=mN=0.5x20=10N

To keep the block stationary the magnitude of frictional force should be 5 N. So
f =5N

Now from the figure it become clear that if

f,=5SN&F=5N, Tension T =0

Since tension is not in application so frictional force on the block Bis O i.e.,
£,=0

Att=2s,F=5x2=10N

Maximum value of friction force

f=uN=0.5x20=10N

To keep the block stationary the magnitude of friction force should be 10 N. So
f,=10N

From the figure it is clear that if

f,=10NandF=10N

Tension T=0

Hence friction force on block B is f, =0

Att=3s,F=5%x3=15N

Maximum value of friction force

f=uN=0.5%x20=10 Newton

Again applying the same analogy f, = 10 N

From the figure it is clear that if

f,=10NandF=15N

TensionT=5N

So frictional force on block B is f, = 5 Newton

Find the tension in the string in situation as shown in the figure below. Forces 120 N and 100 N start acting when the
system is at rest.

120 Ne—— 10 100 N
]

£,.=90N £,,.=60N

(i) Let us assume that system moves towards left then as it is clear from FBD, net force in horizontal direction is
towards right. Therefore the assumption is not valid.

120N 10 20 100 N

90N 60 N
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Sol.

Above assumption 1S not possible as net force on system comes towards right. Hence system 1s not moving
towards left.

(ii) Similarly let us assume that system moves towards right.

120N 10 20 100 N

«— <«
90N 60 N

Above assumption is also not possible as net force on the system is towards left in this situation.
Hence assumption is again not valid.

Therefore it can be concluded that the system is stationary

T
120N 10 20 100 N

F,.=90 N fo =60 N

Assuming that the 10 kg block reaches limiting friction first then using FBD's

10 +——T Te— 20 (——

%
120N
90N ; 100 N

120=T+90 = T=30N
Also  T+f=100
30+f=100 = f=70N
which is not possible as the limiting value is 60 N for this surface of block.

Our assumption is wrong and now taking the 20 kg surface to be limiting we have

«—— 10 —>T Te— 20 }—>
120N 100 N

f 60N
T+60=100N = T=40N
Also f+T=120N = f=80N

This is acceptable as static friction at this surface should be less than 90 N.

Hence the tension in the string is T =40 N

Pully block system involving friction

If friction force is acting and value of acceleration of a particle is negative, then it means direction of friction force
is opposite to that what we assumed and acceleration would be having a different numerical value.

Two blocks of masses 5 kg and 10 kg are attached with the help of light

string and placed on a rough incline as shown in the figure. Coeffi-
cient of friction are as marked in the figure. The system is released
from rest. Determine the acceleration of the two blocks.

Let 10 kg block is sliding down, then acceleration of both the blocks are given by,

A 10gsin37°—u, x10gcos37°—5gsin53°—u, x5gcos53°
15 -

—ve
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Sol.

Sol.

It means our assumed direction of motion is wrong and 5 kg block is going to slide down, if this would be the case,
the direction of friction force will reverse and acceleration of blocks would be given by

5gsin33°—u,x5gc0853°—u,x10gcos37°~10gsin37°
15 -

It means in this direction also there is no motion. So we can conclude that the system remains at rest and friction

a, —ve

force is static in nature.

Two Block System

Find out the maximum value of F for which both the blocks will move together 7
A 4 kg ——> F

L777777777777777777777

In the given situation 2 kg block will move only due to friction force exerted by the 4 kg block
EB.D

B| 2kg f

The maximum friction force exerted onthe block Bis f«—7  4kg —>F
[177777777777777777777

f =(0.5(20)=10N

So the maximum acceleration of 2 kg block is 2 kg » fou= 10N

10
a, =—=5m/s’

2max 2

a_is the maximum acceleration for which both the block will move together, i.e., fora < 5 ms2acceleration of both

blocks will be same and we can take both the blocks as a system.

EBD 2y 5

6 k F,.
F =6x5=30N -g

for 0<F <30

Both the block move together.

In the above question find the acceleration of both the block when
(i) F=18N (i) F=36N

(i) Since F <30 both the blocks will move together

EBD 6kg ——>F=18N
— E = 3 m/ 2
a=" = s
(i) When F > 30 both the blocks will move separately so we treat each block independently
F.B.D of2 kg block Bl 2kg | — =10 N (Friction force)
a,=5m/s’
F.B.D of 4 kg block f= 10N<—A 4kg — > F=36N
e 36-10 _ 26 /2
AT = =, mls
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Ex. Find the acceleration of blocks A and B for the following cases.

H H,
(A)p,=0and p,=0.1 (Pya,=a,=9.5m/s’ g )
(B) i, =0and p, =0.1 (Qa,=9m/s’a,=10m/s> 3
(C)p,=0.1and p,=1.0 (R)a,=a,=g=10m/s é I kg I kg
(D)p,=1.0andp,=0.1 (S)a,=1,a,=9 m/s? é A B

Sol. (@R, (b)Q, (¢) P, (d) S
(i) FBD in (case (i))
{n,=0,p,=0.1}

WN Mg

While friction’s work is to oppose the relative motion and here if relative motion

will start then friction comes and without relative motion there is no friction so

both the block move together with same acceleration and friction will not
come.

U§<—>

(ii) Friction between wall and block A oppose relative motion since wall is

stationary so friction wants to slop block A also and maximum fric- <L 2
tion will act between wall and block while there is no friction between !
block. AR M

Note:  Friction between wall and block will oppose relative motion between wall and

1
block only it will not do anything for two block motion.
10 10

a, =9m/s’;a,= 10 m/s?

(iii) Friction between wall and block will be applied maximum equal to 1 N . ‘
but maximum friction available between block A and B is 10 N but if \
this will there then relative motion will increase while friction is to
oppose relative motion. So friction will come less than 10 so friction H
will be f'that will be static.

10
10 f 10

19
by system (20-1)=2xa=a= — =9.5m/s2

2
10
, 11-10 ‘
(iv) 2~ - 1 m/s?
¥
a, = T =9 m/s?
10
10 1 10

10N
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9. Friction involving Pscudo (-Toncept
Ex. What is the minimum acceleration with which bar A should be shifted :
horizontally to keep the bodies 1 and 2 stationary relative to the bar?
The masses of the bodies are equal and the coefficient of friction A 2
between the bar and the bodies equal to p. The masses of the pulley
is absent.
Sol.  Let us place the observer on A. T
Since we have non-inertial frame we have pseudo forces. ]
For body ‘1’ we have, pmg uNh 1T
T=ma+ umg (D) ma N
A «—Jt 2
For body ‘2’ we have,
N=ma AR5
mg—T — uma e (2) —
I-p
From(l)and(2) a =g _1+H
Ex. Find out the range of force for which smaller block is at rest with respect to bigger block. DIAGRAM
Sol. Smaller block is at rest w.r.t. the bigger block. Let both the block travels together with acceleration a F.B.D of smaller
block w.r.t. to the bigger block.
n=05
f =mxN F M=
N=ma “he
f=pma () 77777777777777777777
= f=mg e(2) i
from (1) & (2)
a=g/u=20m/s? Fsead T TN
SoF=20(M+m)=20(5)=100N v
If F > 100 N Both will travel together e
Ex. Mass m, placed on a plank of mass m, lying on a smooth horizontal N
plane. A horizontal force F = a t (a is a constant) is applied to a bar. If
acceleration of the plank and bar are a  and a, respectively and the m,
coefficient of friction between m, and m, is p. Then find acceleration
a with time t.
Sol. If F < pm,g then both blocks move with common acceleration, i.e., a, = a,

When F > pm,g, then
Equation for block of mass m

F-—umg=mpa, (D)
and umg=ma, «(2) .
From equation (1) T .
al0t—umg=m,a, a
i.e., acceleration a, varies with time linearly, its o a,
slope positive and intercept negative. NG
From equation (2) a, is independent of time. 0

So, the graph between a & t is as follow
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Inertial and Non-inertial Reference Frames

A body is observed in motion, when it changes its position or orientation relative to another body or another set
of bodies. A frame of reference consists of a set of coordinate axes fixed with the body relative to which the motion
is observed and a clock. The coordinate axes are required to measure position of the moving body and the clock
is required to measure time.

All the kinematical variables position, velocity, and acceleration are measured relative to a reference frame; therefore
depend on the state of motion of the reference frame and we say that motion is essentially a relative concept. When
the reference frame and a body both are stationary or move identically, the body is observed stationary relative to
the reference frame. It is only when the reference frame and the body move in different manner, the body is
observed moving relative the reference frame.

Now think about the whole unive rse where the planets, stars, galaxies and other celestial bodies all are in motion
relative to each other. If any one of them can be assumed in state of rest, we can attach a reference frame to it and
define motion of all other bodies relative to it. Such a body, which we assume in state of rest with respect to all
other bodies in the universe, is known in absolute rest and the reference frame attached to it as most preferred
reference frame. Unfortunately, the very notion of the reference frame and the idea motion as a relative concept,
make it impossible to find a body anywhere in the universe at absolute rest. Therefore, the idea of absolute rest and
a preferred reference frame become essentially meaningless. Now we can have only two categories of reference
frames. In one category, we can have reference frames that move with uniform velocities and in the other category;
we can have reference frames that are in accelerated motion.

To understand the above ideas let us think an experiment. Consider a closed container on a goods train either at
rest or moving with constant velocity v on a level track. The floor of the container is smooth and a block is placed
in the center of the container. We observe the situation relative to two reference frames, one fixed with the ground
and other fixed with the container. Relative to the ground frame both the container and the block are at rest or move
together with the same velocity and relative to the container frame the block is at rest as shown in the figure.

v, a
t=0s > —p
dar? i
i e
vt G 1] [1
2 P' I L} I L 24>|
i vot+2at
1

1=

Q

S
N}

Uniformly moving container accelerates

L]

Container accelerates from rest

Now let the driver of the train accelerates the container at uniform rate a. If the train were initially at rest, relative to
the ground, the block remains at rest and the container moves forward. Relative to the container the block moves
backwards with the same magnitude of acceleration as with the container moves forward. If the train were initially
moving uniformly, relative to the ground the block continues to move with the same original velocity and train
accelerates and becomes ahead in space. Relative to the container the block appears moving backward with
acceleration that is equal in magnitude to the acceleration of the container.

Now consider a man sitting on a fixed chair in the container. He is always stationary relative to the container. If he
does not look outs side, in no way he can know whether the container is at rest or moving uniformly. However, he
can definitely say whether the container accelerates or not, by observing motion of the block relative to the
container. Because net forces acting on the block are still zero, therefore observed acceleration of the block can
only be due to acceleration of the container as per Newton’s laws of motion.
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Now we can conclude that there can be only two kinds of reference frames either non-accelerated or accelerated.
The reference frames that are non-accelerated i.e. at rest or moving with uniform velocities are known as inertial
reference frames and those in accelerated motion as non-inertial reference frames.

Inertial Reference Frames and Newton’s laws of motion

In Newton’s laws of motion, force is conceived as two-body interaction that can be the only agent producing
acceleration in a body. As far as we observe motion of a body from an inertial frame, any acceleration observed in
a body can only be due to some forces acting on the body. All the three laws are in perfect agreement with the
observed facts and we say that all the laws holds true in inertial reference frames.

Non-Inertial Reference Frames and Newton’s laws of motion

A body if at rest or in uniform velocity motion relative to some inertial frame net forces acting on it must be zero.
Now if motion of the same body is observed relative to a non-inertial frame, it will be observed moving with
acceleration that is equal in magnitude and opposite in direction to the acceleration of the non-inertial frame. This
observed acceleration of the body is purely a kinematical effect. But to explain this observed acceleration relative
to the non-inertial frame according to Newton’s laws of motion, we have assume a force must be acting on the
body. This force has to be taken equal to product of mass of the body and opposite of acceleration vector of the
non-inertial frame. Since this force is purely an assumption and not a result of interaction of the body with any
other body, it is a fictitious force. This fictitious force is known as pseudo force or inertial force.

Until now, we have learn the idea that how we can apply Newton’s

.. . . . . . . . ¥ y
laws of motion in non-inertial frame to a body in equilibrium in inertial A
frame. Now it is turn to discuss how we can apply Newton’s laws of —>
motion to analyze motion in non-inertial frame of a body, which is in A X B  px

accelerated motion relative to an inertial frame.

Reference frames A is an inertial frame and B

Consider a net physical force | in positive x-direction applied on is a non inertial frame.

the box. Here by the term physical force, we refer forces produced by
two body interactions. Relative to inertial frame A, the box is

F=ma
1
observed to have an acceleration g = F/ m defined by the second >|:| ma
law of motion and a force equal in magnitude and opposite in direction E
to 11: can be assigned to the body exerting 11: on the box constituting A net physical force imparts acceleration to

the box in inertial frame A4 .

Newton’s third law pair. All the three laws of motion hold equally well
in inertial frame A.
Relative to non-inertial frame B, the box is observed moving in

1 1 1
x-direction with acceleration a, =a —a_, which can satisfy ° E
B [ —
>E_

] . L ro.
Newton’s second law, only if the fictitious force F, =-ma_ is

) ) ) . ) A net physical force and pseudo force imparts
assumed acting together with the net physical force  as shown in acceleration to the box in non-inertial frame B.

the figure. Now we can write modified equation of Newton’s second
law in non-inertial frame.

1 1 r

F+F =ma;, > F-F =ma,
From the above discussion, we can conclude that in non-inertial frames Newton’s second law is made applicable
by introducing pseudo force in addition to physical forces. The pseudo force equals to the product of mass of the

concerned body and the acceleration of the frame of reference in a direction opposite to the acceleration of the
frame of reference.
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Practical inertial frame of reference

Sol.

The definition of an inertial frame of reference is based on the concept of a free body in uniform velocity motion or
absolute rest. It is impossible to locate a body anywhere in the universe, where forces from all other bodies exactly
balance themselves and lead to a situation of uniform velocity motion according to the first law. Thus, we cannot
find anywhere in the universe a body, to which we attach a frame of reference and say that it is a perfect inertial
frame of reference. It is the degree of accuracy, required in analyzing a particular physical situation that decides

which body in the universe is to be selected a preferred inertial frame of reference.

The earth and other planets of the sun are rotating about their own axis and revolving around the sun and the sun
is moving too. In fact, all celestial bodies in the universe the sun, its planets, other stars, our galaxy the Milky Way,
and other galaxies are in accelerated motion whose nature is not known exactly. Therefore, none of them can be
used as a perfect inertial frame of reference. However, when the acceleration of any one of the above-mentioned
celestial bodies becomes negligible as compared to the accelerations involved in a physical situation, a frame of
reference attached with the corresponding celestial body may be approximated as an inertial frame of reference and

the physical situation under consideration may be analyzed with acceptable degree of accuracy.

The centripetal acceleration due to rotation of the earth at any point on its surface varies from zero at the poles to
a maximum value of approximately 0.034 m/s? at the equator. The physical phenomena, which we usually observe
describe motion of a body on or near the earth surface such as motion of transport vehicles, short-range missiles,
an oscillating pendulum etc. In these phenomena, the acceleration due to rotation of the earth may be neglected
and a frame of reference attached at any point on the earth surface may be considered as a preferred inertial frame
of reference. If the moving body is at considerable distance from the earth as in the case of satellites, long-range
missiles etc., the effect of rotation of the earth become significant. For these situations or like ones we can attach
the frame of reference at the earth’s center and consider it as an inertial frame of reference. In astronomical field and
space exploration programs, we require very high accuracy. Therefore, a frame of reference attached to distant
stars is used as an inertial frame of reference. These stars are situated at such a vast distance from the earth that

they appear as a motionless point source of light thus closely approach to the condition of absolute rest.

A pendulum of mass m is suspended from the ceiling of a train moving with an acceleration 'a' as shown in figure.

Find the angle 6 in equilibrium position.

Tcos0
Tl
io.
o o
Non-inertial frame of reference (Train) . ™ R
F.B.D. of bob

F.B.D. of bob w.r.t. train. (physical forces + pseudo force) : with respect to train, bob is in equilibrium

a
- ZF,=0= Tcos 6 =mg and XF, = 0 = T sin 6 = ma = taneza = 6ztan‘1(§]
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Ex.

Case

@

b)

©

The weight of a body is simply the force exerted by earth on the body. If body is on an accelerated platform, the
body experiences fictitious force, so the weight of the body appears changed and this new weight is called
apparent weight. Let a man of weight W = Mg be standing in a lift.

We consider the following cases :

(a)-."-5 az0 () T Ol g4V @

X 7‘5'%9 I

@-a W =-M(g-a)
(Negative)

W’ =M(g +a)

If the lift moving with constant velocity v upwards or downwards. In this case there is no accelerated motion
hence no pseudo force experienced by observer inside the lift. So apparent weight W™ = Mg Actual weight.

If the lift is accelerated upward with constant acceleration a. Then net forces acting on the man are
(i) weight W = Mg downward (ii) fictitious force F=Ma downward.

So apparent weight W' = W + F = Mg + Ma = M(g + a)

If the lift is accelerated downward with acceleration a < g . Then fictitious force F, = Ma acts upward while
weight of man W = Mg always acts downward. So apparent weight W'=W+F = Mg — Ma = M(g-a)

Special Case :

@

Ex.

Sol.

Sol.

If a = g then W’ = 0 (condition of weightlessness).Thus, in a freely falling lift the man will experience
weightlessness.

Iflift accelerates downward with acceleration a> g . Then as in Case ¢ . Apparent weight W’ =M(g—a) is negative,
i.e., the man will be accelerated upward and will stay at the ceiling of the lift.

A spring weighing machine inside a stationary lift reads 50 kg when a man stands on it. What would happen to the
scale reading if the lift is moving upward with (i) constant velocity, and (ii) constant acceleration?

(i) In the case of constant velocity of lift, there is no fictitious force; therefore the apparent
weight = actual weight. Hence the reading of machine is 50 kgwt.

(ii) In this case the acceleration is upward, the fictitious force ma acts downward, therefore apparent weight
is more than actual weight i.e. W'=m (g + a).

Hence scale shows a reading = m (g + a) =

mg[1+aj
—g:[so L2082
g

J kg wt.
g

Two objects of equal mass rest on the opposite pans of an arm balance. Does the scale remain balanced when it is
accelerated up or down in a lift?

Yes, since both masses experience equal fictitious forces in magnitude as well as direction.
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Ex.

Sol.

Ex.

Sol.

Sol.

Dynamics of Circular Motion

A passenger on a large ship sailing in a quiet sea hangs a ball from the ceiling of her cabin by means of a long
thread. Whenever the ship accelerates, she notes that the pendulum ball lags behind the point of suspension and
so the pendulum no longer hangs vertically. How large is the ship’s acceleration when the pendulum stands at an
angle of 5° to the vertical?

The ball is accelerated by the force T sin5°.

Therefore T sin5° = ma

Vertical component XF = 0, so T cos5° = mg

By solving a = g tan 5° = 0.0875 g = 0.86 m/s? mg

Consider the figure shown here of a moving cart C. If the coefficient of friction
between the block A and the cart is p, then calculate the minimum acceleration c
a of the cart C so that the block A does not fall.

’(:Ua/ $U,)_‘
The forces acting on the block A (in block A’s frame 4
f,
(i.e. non inertial frame) are :
For A to be at rest in block A’s frame i.e. no fall, N < L
We require W =1{f = mg=p(ma) Thus a £ Mo
S “ v
Ablock of mass 1kg lies on a horizontal surface in a truck, the coefficient of static El a,
friction between the block and the surface is 0.6, What is the force of friction / /
on the block. If the acceleration of the truck is 5 m/s?. mg T
Fictitious force on the block F=ma=1 x5=5N ma

While the limiting friction force
F=uN=pmg =0.6x1x9.8=588N
As applied force F lesser than limiting friction force. The block will remain at rest in the truck and the force of friction

N

will be equal to 5N and in the direction of acceleration of the truck.

Velocity vector points always tangent to the path and continuously change its
direction, as a particle moves on a circular path even with constant speed and /

give rise to normal component of acceleration, which always points toward

the center of the circular path. This component of acceleration is known as

centripetal (center seeking) acceleration and denoted by a . Moreover, if speed
also changes the particle will have an additional acceleration component N
along the tangent to the path. This component of acceleration is known as The centripetal and

tmgenhd leration and denoted bya tangential accelerations
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The centripetal acceleration accounts only for continuous change in the direction

of motion whereas the tangential acceleration accounts only for change in
speed.

Consider a particle moving on circular path of radius r. It passes point O

with velocity v_at the instant t = 0 and point P with velocity v at the instant t
traveling distance s along the path and angular displacement 6 as shown in

the figure. Kinematics of this circular motion is described in terms of linear
variables as well as angular variables.

Kinematics of Circular Motion

Angular Variables Linear Variables
Angular displacement 0 Distance traveled s
do ds
Angular velocity © = — Speed v=—
s YO q i dt
do d’e do dv é _dv

Angular acceleration oo = —=—=

=—=0—— Tangential acceleration a_ =
dt  dt do

datde T ds

2
. . v
Centripetal acceleration a, = —

Relations between angular and linear variable in circular motion
Distance traveleds = Or
Speed v=or

Tangential acceleration  a = ar

2

. ) \4 3
Centripetal acceleration a. =—=0Tr =@V
it

Application of Newton’s law in Circular Motion

Consider a particle of mass m moving with uniform speed v in a circle of radius
ma
r as shown in figure. It necessarily posses a centripetal acceleration and ¢

I T
hence there must be a net force (Z F =F, ) acting always towards the center

according to the second law. This net force F . acting towards the center is
known as centripetal force.

i r
Z:F:ma—>FC =ma,

When a particle is whirled with the help of a string in a horizontal circle, the required centripetal force is the tension
in the string. The gravitational attraction between a satellite and the earth, between moon and the earth, between
the sun and its planets, and the electrostatic attraction between the nucleus and electrons are the centripetal
forces and provide the necessary centripetal acceleration.
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Sol.

Now consider a particle moving on circular path with varying speed. The net acceleration has two components, the
tangential acceleration and the centripetal acceleration. Therefore, the net force must also have two components,
one component in tangential direction to provide the tangential acceleration and the other component towards the
center to provide the centripetal acceleration. The former one is known as tangential force and the latter one as
centripetal force.

£ > ma;
............... - <
v ma,
i v v
Particle moving with increasing speed Particle moving with decreasing speed

When the particle moves with increasing speed the tangential force acts in the direction of motion and when the
particle moves with decreasing speed the tangential force acts in direction opposite to direction of motion.

To write equations according to the second law, we consider the tangential and the radial directions as two
mutually perpendicular axes. The components along the tangential and the radial directions are designated by
subscripts T and C.

FC =ma,

FT:maT

In free space, a man whirls a small stone P of mass m with the help of a light

string in a circle of radius R as shown in the figure. Establish the relation
between the speed of the stone and the tension developed in the string. Also,
find the force applied on the string by the man.

The system is in free space therefore no force other than the tension acts on the stone to provide necessary
centripetal force. The tension does not have any component in tangential direction therefore tangential component
of acceleration is zero. In the adjoining figure it is shown that how tension (T) in the string produces necessary
centripetal force.

o

. 3 mv
Applying Newton’s second law of motion to the stone, we have F.=ma. > T=ma, =——

The end where man holds the string is stationary and tension applied by the string to this end is T towards the
stone, therefore the man must apply a force equal to the tension in magnitude but in a direction away from the
stone.
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Sol.

Ex.

Sol.

A boy stands on a horizontal platform inside a cylindrical container of radius R

resting his back on the inner surface of the container. The container can be
rotated about the vertical axis of symmetry. The coefficient of static friction
between his back and the inner surface of the container is p. The angular
speed of the container is gradually increased. Find the minimum angular speed
at which if the platform below his feet removed, the boy should not fall.

As the container rotates at angular speed w the boy moves in a circular path of

radius R with a speed v = oR. Since the angular speed is increased gradually
the angular acceleration can be ignored and hence the tangential acceleration
of the boy too. Thus, the boy has a centripetal acceleration of @’R, provided
by the normal reaction N applied by the wall of the container. The weight of
the boy is balanced by the force of static friction. All these force are shown in mg
the adjoining figure where the boy is shown schematically by a rectangular

box of mass m.

D> F =ma, > N=mo’R ..(0)

ZFy =ma, > f{ =mg ...(ii)
Since force of static friction cannot be greater than the limiting friction u N,

we have f <p N ...(iiii)

From the above equations, the minimum angular speed is @min = LR
S

A motorcyclist wishes to travel in circle of radius R on horizontal ground and increases speed at constant rate a.
The coefficient of static and kinetic frictions between the wheels and the ground are p_and p,. What maximum
speed can he achieve without slipping?

The motorcyclist and the motorcycle always move together hence they can be

assumed to behave as a single rigid body of mass equal to that of the
motorcyclist and the motorcycle. Let the mass of this body is m. The external
forces acting on it are its weight (mg), the normal reaction N on wheels from
ground, and the force of static friction f. The body has no acceleration in
vertical direction therefore; the normal reaction N balances the weight (mg).

N=mg (i)

The frictional force cannot exceed the limiting friction.

f <uN ...(ii)

sm
During its motion on circular path, the only external force in horizontal

plane is the force of static friction, which is responsible to provide the body
necessary centripetal and tangential acceleration. These conditions are shown
in the adjoining figure where forces in vertical direction are not shown.

F =ma_ ...(iii)

c =ma;. = (iv)
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The above two forces are components of the frictional force in tangential and normal directions. Therefore, we have

f= \/Ff +F = m\/ai +al (V)

The centripetal acceleration increases with increase in speed and the tangential acceleration remains constant.
Therefore, their resultant increases with speed. At maximum speed the frictional force achieves its maximum value

(limiting friction f ), therefore from eq. (i), (ii), (iii), (iv), and (v), we have

o[ sy o]

Circular Turning of Roads

)

(i)

(iii)

When vehicles go through turnings, they travel along a nearly circular arc. There must be some force which will
produce the required centripetal acceleration. If the vehicles travel in a horizontal circular path, this resultant force

is also horizontal. The necessary centripetal force is being provided to the vehicles by following three ways:
* By friction only. * By banking of roads only. * By friction and banking of roads both.

In real life the necessary centripetal force is provided by friction and banking of roads both.

By Friction only

Suppose a car of mass m is moving at a speed v in a horizontal circular arc of radius r. In this case, the necessary
centripetal force to the car will be provided by force of friction f acting towards centre.

2
myv

Thus, f=

7 £ THN=pmg

. ., mv? mv’
Therefore, for a safe turn without sliding L <f .. = . Sumg = v <, jurg

By Banking of Roads only

Friction is not always reliable at circular turns if high speeds and sharp turns are
involved. To avoid dependence on friction, the roads are banked at the turn so
that the outer part of the road is some what lifted compared to the inner part.

2 2

v
and N cos@=mg = tane:g = v=./rgtan0

) mv
Nsin® =

Friction and Banking of Road both
If a vehicle is moving on a circular road which is rough and banked also, then
three forces may act on the vehicle, of these the first force, i.e., weight (mg) is

fixed both in magnitude and direction. The direction of second force, i.c.,

normal reaction N is also fixed (perpendicular to road) while the direction of the

third force, i.e., friction f can be either inwards or outwards while its magnitude

can be varied upto a maximum limit (f = uN). So, the magnitude of normal reaction N and direction plus

2
myv

magnitude of friction f are so adjusted that the resultant of the three forces mentioned above is towards the

centre.
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Conical Pendulum

Sol.

Sol.

@

(b)

If a small particle of mass m tied to a string is whirled in a horizontal circle, as shown in figure. The arrangement is
called the 'conical pendulum'. In case of conical pendulum the vertical component of tension balances the weight
while its horizontal component provides the necessary centripetal force. Thus,,

and TcosO=mg = v= rgtan0
v gtan 0 -
-, Angular speed ® = —= [/ :
r r
2n r Lcosb .
So, the time period of pendulumis T = — = 27 =2n B mg
® gtan® g

Find the maximum speed at which a car can turn round a curve of 30 m radius on a level road if the coefficient of

2
Tsing = 2V

friction between the tyres and the road is 0.4 [acceleration due to gravity = 10 m/s?]
Here centripetal force is provided by friction so

IIlV2

Spmg =v_ = . Jurg =120 ~11ms’

For traffic moving at 60 km/hr, if the radius of the curve is 0.1 km, what is the correct angle of banking of the road ?
(g=10m/s?)

T

2

\% 5 50
In case of banking tan = E Here v=60 km/hr=60 x — ms'= —ms'r=0.1 km= 100 m

18 3
<o tanpo 30/ 3%50/3 5 o (i]
0 T lo0x10 18  9=tan” (g

A hemispherical bowl of radius R is rotating about its axis of symmetry which A
is kept vertical. A small ball kept in the bowl rotates with the bowl without :
slipping on its surface. If the surface of the bowl is smooth and the angle made
by the radius through the ball with the vertical is o . Find the angular speed at
which the bowl is rotating.

Ncosa=mg and Nsino. = mre?® but r=R sina.
= Nsino = mRsinaw’ = N=mRw?’

g
Rcosa

= (mR@?) cosa=mg = o=
A car is moving along a banked road laid out as a circle of radius .

What should be the banking angle 0 so that the car travelling at speed v

needs no frictional force from the tyres to negotiate the turn? l
The coefficients of friction between tyres and road are pi, =0.9 and p, =0.8. mg

At what maximum speed can a car enter the curve without sliding towards the
top edge of the banked turn?

Add. 41-42A, Ashok Park Main, New Rohtak Road, New Delhi-110035
+91-9350679141



PHYSICS FOR JEE MAIN & ADVANCED

2 v?
and Ncosb=mg = tanf = E

m
Sol. (@ Nsin 0= ——

Note : In above case friction does not play any role in negotiating the turn.
(V)] If the driver moves faster than the speed mentioned above, a friction
force must act parallel to the road, inward towards centre of the turn.

2

= FcosO+Nsinb= and NcosO = mg + fsin0

For maximum speed of f=puN

2

= N(ucose+sir16) - and N (cose—usine):mg

v\ sin@+ pcos® (sin®+pcos0)
= A n = A N

rg - cosO—pusin® cosO —pusin 0
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e Etoos Tips & Formulas e

NEWTON’S LAWS OF MOTION
Force

A push or pull that one object exerts on another.

Forces in nature
There are four fundamental forces in nature :
1. Gravitational force 2. Electromagnetic force

3. Strong nuclear force 4. Weak force

Types of forces on macroscopic objects
(a) Field Forces or Range Forces :
There are the forces in which contact between two object is not necessary touching each other.
Ex (i) Gravitational force between two bodies
(ii) Electrostatic force between two charges.

(b) Contact Forces :
Contact forces exist only as long as the objects are touching each other.
Ex. (i) Normal forces. (ii) Frictional force

(c) Attachment to Another Body :
Tension (T) in a string and spring force (F = kx) comes in this group.

Newton's first law of motion (or Galileo's law of Inertia)

Every body continues in its state of rest or uniform motion in a straight line unless compelled by an external
force to change that state.

Inertia : Inertia is the property of the body due to which body opposes the change of it's state. Inertia of a
body measured by mass of the body.

inertia_oc_mass

Newton's second law

lg—i—i(m{/)—m—{/+€d—m Li b= mk
at dt b = (Linear momentum p = my )

L r
For constant mass system F = ma

w 1
Momentum : It is the product of the mass and velocity of a body i.e. momentum P =mv .
SI Unit:kgms™ Dimensions : [ML T]
F
Impulse : Impulse = product of force with time
t

Fora finite interval of time from t, to t, then the impulse = J. Fdt t

1'l
impulse= area under curve

If constant force acts for an interval At then : Impulse = i:At
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Impulse - Momentum theorem
1
Impulse of a force is equal to the change of momentum FAt = Ap

Newton's third law of motion :

Whenever a particle A exerts a force on another particle B, B simultaneously exerts a force on A with the same
magnitude in the opposite direction.

Spring Force (According to Hooke's law) :

Natural length

In equilibrium F = kx (k is spring constant)

Note : Spring force is non impulsive in nature.

Motion of bodies in contact

When two bodies of masses m, and m, are kept on the frictionless surface and a force F is applied on one body,
then the force with which one body presses the other at the point of contact is called force of contact. These two
bodies will move with same acceleration a.

(a) When the force F acts on the body with mass m, as shown in fig (i)
F= (m1 +m,)a

a,

F

I m, m,

VP00 0000009999994
Fig. (1) : When the force F acts on mass m,

(b) If the force exerted by m, onm, is f, (force of contact) then for bodym : (F—-f)=ma

a—» a—

_ m;, e — mz

Fig. 1(a) : F.B.D. representation of action and reaction forces

: m,F
Forbodym, : f, =m,a = action ofm onm,: —

m, +m,
Pulley system

A single fixed pulley changes the direction of force only and in general, assumed to be massless and frictionless.

SOME CASES OF PULLEY
Casel

Letm >m,

now for massm , m,g—-T=ma

formassm,, T-m,g=m,a

Acceleration=a= (ml — mZ) g= net pulling force
( )

m, +m, total mass to be pulled
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2m m, 2 x Pr oduct of masses

Tension=T = =
(m, +m,) 87 Sumof twomasses

4m,m,g
Reaction at the suspension of pulley R =2T = (m1 + mz) —.a
Casell m, T
Formassm :T=m, a T I T TTTTTTTTTTTTTTTI 777

Formassm,: mg—-T=myza

L L,

Acceleration a— T and T— T m | |a
cceleration a = (m1 +m2) an = (m1 +m2)
FRAME OF REFERENCE

Inertial frames of reference : Areference frame which is either at rest or in uniform motion along the straight line.
A non-accelerating frame reference is called an inertial frame of reference.

All the fundamental laws of physics have been formulates in respect of inertial frame of reference.

Non-inertial frame of reference : An accelerating frame of reference is called a non-inertial frame of reference.
Newton's laws of motion are not directly applicable in such frames, before application we must add pseudo force.

Pseudo force : The force on a body due to acceleration of non- inertial frame is called fictitious or apparent or

L L T ™ A . . . . .
pseudo force and is given by F =-ma, where a, is acceleration of non-inertial frame with respect to an inertial

frame and m is mass of the particle or body. The direction of pesudo force must be opposite to the direction of
acceleration of the non-inertial frame

When we draw the free body diagram of a mass, with respect to an inertial frame of reference we apply only the real
forces (forces which are actually acting on the mass). But when the free body diagram is drawn from a non-inertial

I
frame of reference a pseudo force (in additional to all real forces) has to be applied to make the equation F = ma to
be valid in this frame also .

Man in a Lift

@) If the lift moving with constant velocity v upwards or downwards this case there is no accelerated
motion hence no pseudo force experienced by observer inside the lift.

So apparent weight W' = Mg = Actual weight.

(V)] If the lift is accelerated upward with constant acceleration a. Then forces acting on the man w.r.t.
observed inside the lift are

(i) Weight W = Mg downward
(ii) Fictitious force F, = Ma downward.

So apparent weight W =W +F =Mg+Ma =M (g +a)

(©) If the lift accelerated downward with accelerationa < g.
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Then w.r.t. observer inside the lift fictitious force F, = Ma acts upward while weightof man W = Mg
always acts downwards.

So apparent weight W' =W +F =Mg—-Ma=M(g—a)

Special Case :
Ifa=gthen W" = 0 (condition of weightlessness).
Thus, in a freely falling lift the man will experience weightlessness.

()] If lift accelerates downward with acceleration a > g. Then as in Case (c). Apparent weight
W' =M(g— a) is negative, i.c. the man will be accelerated upward and will stay at the ceiling of the lift.
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FRICTION

Friction is the force of two surfaces in contact, or the force of a medium acting on a moving object. i.e. air on aircraft.
Friction forces arise due to molecular intractions. In some cases friction acts as a supporting force and in some cases
it acts as opposing force.

Cause of Friction

Friction is arises on account of strong atomic or molercular forces of attraction between the two surfaces at the point
of actula contact.

Friction

!

Types of friction l
Static friction
(No relative motion

Dynamic friction
(Kinetic friction)
(There is relative motion

between objects .
jects) between objects)
Friction force (f) Limiting friction
A
f=f M
J W
. Dynamic fricti
Graph between applied force % v een
C . <
and forces of friction ¢ applied force cﬁ@@
45° Applied force F
F=f
e - ¥ N I o
Static friction coefficient p_ = ES,O <f <pN,f =-F .. (f,) =pN= limiting friction
T o e . o fk ;. 7
Sliding friction coefficient M, = E,fk = _(ukN)Vrclalivc

s

Z|

Applied force tan A =

Angle of Friction (1)

Angle of repose : The maximum angle of an inclined
plane for which block remains stationary on the plane.

For smooth surface 6, =0

tand, = p,
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Dependent Motion of Connected Bodies

Method I : Methos of constraint equations

g 2
in = constant = ZXi =0= ZXi =0
For n moving bodies we have x , x,, ....x_

No. of constraint equations = no. of strings

Method II : Method of virtual work : The sum of scalar products of forces applied by connecting links of constant
length snd displacement of corresponding contact point equal to zero.

SE=0= YEY,=0 =Y EA4 =0

Here a, = 2a,

Aeroplane always fly at low altitudes becuase according to Newton's II law of motion as aeroplane displaces air &
at low altitude density of air is high.

Rockets move by pushing the exhaust gases out so they can fly at low & high altitude.
Pulling a lawn roller is easier than pushing it beacuse pushing increases the apparent weight and hence friction.

A moonghphaliwala sells his moongphali using a weighing machine in an elevator.He gain more profit if the elevator
is accelerating up because the apparent weight of an object increases is an elevator while accelerating upward.

Pulling (figure I) is easier than pushing (figure II) on a rough horizontal surface beacuse normal reaction is less in
pulling than in pushing.

While walking on ice, one should take small steps to avoid slipping. This is beacuse smaller step increases the
normal reaction and that ensure smaller friction.

A man in a closed cabin (lift) falling freely does not experience gravity as inertial and gravitational mass have
equivalence.
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