7.1 Momentum

Momentum is the property of a moving body. Momentum can be defined as the guantity of motion
contained in a body. The product of mass of body and its velocity is called its momentum. It is a vector quantity
and denoted by p, so that

D=m-V

7.2 Law of Conservation of Linear Momentum

As per Newton second law of motion the external force acting on the body or system is equal to the rate
of change of its momentum. Therefore

ap
F=—
dt
It no external torce acts on the system, L.e., F= 0, then
E’B =0 or = constant
ar - pmoon

If the resultant external force acting on a system is zero, then the total linear moment in magnitude and
direction remains constant. This is called law of conservation of linear momentum.

7.3 Impulse

When a large force is applied on the body for a very short time, then total effect of force is considerable
and such type of force is called impulsive force.

Total effect of impulsive force on the motion of body is called impulse. It is measured by the product of
the applied force and the time duration during which it acts on the body. It is a vector quantity and is represented

-

by J.
If a force Facts on the body for a short time dt, the impulse of force is
dd = Fdt
If the force acts from time 1, to 1,, then the total impulse is

t .
J= J“:th .. ()



if Fis constant then

t
J= Fldt =F(t,-1,) = FAt
fy
Hence the impulse of a constant force is equal to the product of the force and the time interval during
which force acts.

7.4 Impulse Moment Theorem

If pis the momentum of the body at time t and Fis the force applied on the body then from Newton's
second law,

ap )
oo T = |~ 1
i or dp = Fdi
I the momentum of a body at time ¢, is p, and at time ¢, is p,,
{o P
[Fat = [dp
[1 P
i
or _[th = (P, ~ Py) = MV, — V) (i

t
From equation (i) and (ii) we get
J=(p,-py) =Ap=mAv
Thus the impulse of the force is equal to the change in momentum due to the force applied on the body.
This is called impulse-momentum theorem.

7.5 Elastic and Inelastic Impact

When balls of different materials are allowed to fall on a floor, they rebound to different heights. The
property of bodies which leads to rebound after impact is called elasticity.

Greater the elasticity of the body, greater wili be the rebound. The impact is inelastic if the body does not
rebound at all.

7.6 Conservation of Momentum Before Impact
Consider two bodies of mass m, and m, moving with y— . [T—
respective velocities of v, and u, before impact and v, and v, @D <m22

after impact.

During collision, an impulse Fx texerted by body m,
on body m,,. Thisimpulse on body Bis measured by the change
in its momentum. That is

Fxt=m,v,-m,u,

According to Newton’s third law of motion, action and
reaction between the colliding bodies is equal in magnitude
and opposite in direction, and it acts for the same time. The
impulse on body m, will be (-Fx ). Accordingly

~Fxt=mv,-m, u,

or Fxt=m u-m,v, (i)




From equation (i) and (ii) we get

My Uy =My vy = My Vo= My U

My Uy + My Uy = M,V + M, v, .. (i)
Thus the momentum of the system before collision is equal to the momentum of the system after collision.

If the two bodies moving with velocity u, and u, before impact get coupled after collision and move together in
the same direction with velocity v, then

m, Uy + My U, = (M, + m,)v . (iv)

7.7 Coefficient of Restitutions

Consider two bodies of mass m, and m, respectively. Let these bodies be moving with respective
velocities u, and u, before impact. The impact will take place only if U, > U, Thus velocity of approach is
(uy ~ ).

After a short period of contact, the bodies will separate and will start moving with velocities v, and v,
respectively. The separation will occur only if v, > vy and velocity of separation is (v, — v,).

Newton's law of collision for elastic bodies states that

When two moving bodlies collide with each other, their velocnfy of separaz‘/on bears constant ratio of their
velocity of approach. o

or Vo=V = e(Uy — Uy)

where eis a constant of proportionality and called the ooeﬁxo;em of restitution. The coefficient of restitution
is a parameter which indicates the energy loss durlng an fmpaot The value of e lies between 0 and 1. If e = 0,
the bodies are inelastic. If e = 1, the bodies are prefectly elastic.

7.8 Loss of Kinetic Energy During Impact

Consider two boeis of mass m, and m, moving thh

-4 Ancko nﬁ‘nv‘ UA‘—-————)» ) Uy, =

- Before Impact

respective-velocities-of-uy-and-uy-before-impact-v-and-vyafter

imapct.
Kinetic energy of the two masses beforc impact

LR

After impact

Kinetic energy of the two masses after impact : Vy e Vy

1 2. 1 5
E, = 5V Emzv2
Loss of kinetic energy during impact

E, =E-E

Fig: 7.2

1 +
or E = “2“[(m1U12 + Mot ) = (M5 +myv3)] )

From the law of conservation of momentum,
My U+ My Uy = My Vi + M, Y, ... (i)
The relation for cocfficient of restitution gives
Uy~ Uy, = e(u, - U,) - (i
Solving equation (i), (ii) and (iii) gives
my M,

E = gy — ) (1-6%) ()

2(my +m,)



Case 1: When the colliding bodies are inelastic or € = 0

my, m .
EF = 2 U, — U 2
L 2(m, +m2)( 17 )
Case 2: When the colliding bodies are perfectly elastic or e = 1
my+my P
= ety ~ U)X (1=T1) =0
L o(my + m2)< 1) > (1=

Thus in case of perfectly elastic impact both the momentum and kinetic energy are conserved.

xample . The 10 kg block is moving to the right with a velocity of 2 m/sec on a horizontal
surface when a force Pis applied at time t = 0 as shown in figure. Calculate the velocity ug of the block
when t = 4. The kinetic coefficient of friction is 0.2.

ID

Uy = 2 misec

40N
10 kg

el 4

20N

2 4
Solution:
Figure show all the force acting on it. Here the horizontal force which acts in the direction of
displacement does positive work and the friction force pW does negative work. The normal reaction
R = Wand the weight of the block do not displace hence do not work do. Net work done is equal to
change in momentum.
From the conservation of momentum we know that,
[ZzFat = mav

t
[ xPot—uW-4 = m{v-u)

OX2+20X(4“2>~O.2X1Ox9,8><4 - 10(\/_2) 1
416 = 10 (v-2)
v = 416+ 2=06.16 m/sec

" A ball of weight W is thrown in the
direction shown in figure with an initial speed u.
Determine the time needed for it to reach its highest point A

and the speed at which it is travelling at A. Use the principle of
impulse and momentum for the solution.

Solution:

Lett be the time that ball take to reach at point A. The acting force on ball is only its weight in vertical
downward direction and initial velocity in vertical direction is usine. Velocity in vertical direction at
point A is zero. Here the change in momentum is equal to the impulse.

o



j[[? SFAt = MAv
1

= (o
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mple 7.3 Determine the velocities of blocks A and B shown in figure at time = 2 sec

after theyare released rom rest.

Solution: ,
From the figure we can write

28, +2s5= L
OF 2¥ 2V =0
Thus Vi= Vg
writing momentum equation for block A and B we gel .
W, W, .
(2T W,) t= »g—<vA—O>=-AvA ()

(2T-W,) t= %(VB~O):%3~(—VA) (D)

Subtracting equation (i) from (i) we get

W, + W
W - W,
or = (W;WA)QZ‘

substituting Lhe values we get

!

(%é)Q.B x 2 = 4.9 m/sec

Vg = —v,=-4.9 m/sec

Va




. Block A and B masses 40 kg and 60 kg respectively are placed on a smooth
surface and the spring connected between them is stretched a distance 2 m. If they are released from
rest, determine the speeds of both blocks the instant the spring becomes unstretched. Take k = 150 N/m

Solution:
Before release the total momentum was zero because of rest condition. From the conservation of
momentum we can write

0= m,v,+ Mg Vg A WWWWT?’
or 0 = 40, + 60 v, et S —
or vy = —1.5 v, ()

When spring is stretched its has energy and when it is unstretched all its enerty is transferred to both
block. Therefore

1 1 o 1 .
5/(_\—2 = SMAvs+ -—2—/775\/[:’;
1 P 1 2 1 P
or 5><150><2~ = —2-4-O><VA+;Z—6O><\/B
or 30 = 2v,? + 3vy (i)
Substituting the value of v, from equation (i) we get
: 30 = 2(-1.5vp)? + 2v7
or 30 = 757
or Vg = 2m/fsec
and v, = =3 mfsec

Example | Aballmass8kg movmg w;th a velocxty of 10 m/seo co!hdes W|th another ball
of mass 3 kg movmg wrth 5 m/sec in the same direction and then they form a single body and move.
Determine the velocity with which the single body will move.

If ball were moving in opposite direction then what will be the velocity of single body?

Solution: Before Impact
Using the law of conservation of momentum, we can Uy~ [T—

my U+ m, U, =(m, + /772) 1%

or 8x10+3x5 =(8+3)v
80 + 15 After Impact
or Vo= 7= 8.64 m/sec

The single body moves in opposite direction then
direction of both the bodies.

If ball were moving in opposite direction then assume that the formed singie body moves along the
direction of the ball of 8 kg mass.
We can use conservation of momentum and write
myuy=m,u, = my
8x10-3x5 = 11v
80-15 65

v = =— =591
r E 591 m/sec




_Exam Three perfectly elastic balls A, B and C of masses 1 kg, 2kg and 4 kg move
in the same dnrectxon with velocities of 4 m/sec, 1 m/sec and 0.75 m/sec respectively. If the ball A
impinges with the ball B, which in turn, impinges with the ball C, prove that the balls A and B will be
brought to rest by the impacts.

Solution:

First consider the impact of the first and second

ball. From the law of conservation of momentum

we can write
/’7’).! u.I + IT)2 U2 = 177.I \/1 -+ rr72 V2

Before Impact

or Tx4+2x1 = 1x vy 2x Vo After First impact
or v, +2v, = 6 (i) Rest Vy—s  Uy—n
From the law of collision of elastic bodies we can write

Vom vy = elU - ) it

= 1(4-1)=3 S
Adding equation (i) and (i) we get, . piter Second Impact
3v, = 9 S ‘ Rest Rest Uy~

or v, = 3m/sec
Substituting the value of v, in equation (i)

3-v, =3 :
or v, =0

Thus the first ball will be brought to rest by the impact of first and seoond ball. Now consider the
impact of second and third ball. In that case u, = 3 m/seo s

From the law of conservation of momentum we can wnte ‘
My Uy + My Uy = 1My Vy + 1My Vg
2x3+4x075 = 2x \/2+4>< Vy
or 2v, +4v, = 9 i)
From the law of collision elastic bodies we can write
Vg=V, = € (U~ Uy)

or vy—V, = 1(3-0.75) =225
or 4v,—dv, = 9 . {iv)
Subtracting equation (iv) from (iif) we get
Bv, = 0
or v, = 0

Hence the second ball will also be brought to rest by the impact of second and third ball.

m| Thwev rhasses of two balls are in the ratio of 2 : 1 and their velocities are the
ratio of 1: 2, but in the opposite direction before impact. If the cosefficient of restitution be 5/6 then prove

that after the impact, each ball will move back with 5/6th of its original velocity.

Solution:
Let mass of ball be 2mand m. If initial velocity of first ball is uthen initial velocity of second ball will be

~2u because of opposite direction.



From the law of conservation of momentum we can write

- Before Impact
My Uy + My Uy = My Vy+ My v,
or 2MX U+ m(=2U) = 2mv, + mv,
or 0 = 2mv1 +mv,
~2V, ()
From the law of colli'%lon of elastlc bodies we can write
Vo= Vy = € (U1 - uz) After Impact
5 5 — .
= 2(u-(-2u) = Zu g

Substituting the value of v, from equation (i) we get

5u

2V -V, =

or v, = oy
o6

Minus sign indicates that the idrection of v, is opposite to that of u. Thus the first ball will move back
with 5/6th of its origintal velocity.
Now substituting the value of v, in equation (i) we get,

5 ) 5
V, = 2| —=xU|=+=x2U
2 ( 6 6
Plus sign indicates that the direction of v, is the same as that of u of opposite to that of v,. Thus the
second ball will also move back with 5/6th of its original velocity.

A ball is dropped form a height of 1 m on a smooth floor. If the height of the

first bounce is 81 cm, then determine coefficient of restitution, and expected height aftet the second

bounce.

Solution:
If ball drops from height h, then it impinges on the floor with velocity

u= \2gh=J2gx1=J2g 0

It eis coefficient of restitution then it will bounce with velocity v, = euand will go at height h, and we
can write

+(+
vi = \Jogh; = \[2g < 0.81 O After First
rebound
= 0.9{29 ~ @
) . After Second
!’ ,,)' o s
0 eu= 09/2g - (i) robound
_— — im
or eJ2g = 092
J2g 0.92g . +®
or e=0.9
h,
Let v, be the velocity after the second bounce. u vivi v
Then we can write
v, = ev,
or v, = 09x09/2g ... (iil)



Let h, expected height after the second bounce, then
v, = J2gh, (V)

From equation (iii) and (iv) we get

0.9x0.92g = f2gh,
or h, = 0.81°=0.656 m

Example79 A bullet of mass mis shot towards a wooden plate of mass M and penetrates

a thickness x when the place is fixed. If the plate is free then prove that thickness of penetration of the

bullet x, will be

i)

M+ m Before Impact After Impact
Solution: . [
Let R, is the resistance of the piace per unit thickness of
penetration and u be the velocity of the bullet when it touches :
to the plate. When bullet penetrated the thickness x, its total |
kinetic energy is lost. Thus total work done in penstration.is. —— u —¥
equal to its kinetics energy.

Thus Rix = —;-muz ()

When plate is free, it will move after impact with some velocity Fig. (a)
with bullet. Let this velocity be v and the thickness through

which the bullet penetrated be x,. Momentum before impact __Before impact After Impaci
X
must be momentumn aftet impact s
Thus mu = (M+m)v
_o_my 7,
or V= e
Total kinetic energy after impactis —=u >
| 1 mu Y
= = (m+MW? :—(M+m)( )
2 2 M+ m Fig. (b))  —=v
Kinetic energy loss due to impact is
1, 0
AKE = —mu® ——(m+My*®
> 2( )
2
m
L. —1(/\/1 + m)( u ~)
2 2 M+m
1, A mfe® ,[ m? ] v? Mm
= =M - — =—u{m- =
2 2M+m 2 M+m 2 M+m

This loss in kinetic energy is due to the resistance offered in penetration by plate. Thus

2

m° ] ue Mm
m =
) 2

M+m M+m

Rix, = ';u



Dividing equation (i} by (i) we get
Ry _ UZ( Mm ) 2

R, x 2\M+m
M
or X, = X(M+ m) Hence proved.

A bullet of 0.25 N is ﬂred on a wooden block of 7 N which rest on a rough

(= 0. 25)hor|zonta| p!ane The velocity of bullet is 150 m/sec and it is embedded into the block.
Determine :

(a) The velocity of bullet and block together

(b) The distance travelled by the combined mass along the floor.

Solution:
Here momentum just before the impact must be equal to momentum just after impact. Let v be the

common velocity of bullet and block after impact. Then

Before impact
mu = (M+ m)v pac

—— 7 kN
w o (Wew) -
or 2y o= -y e
g g
or wu = (W+ w)v Just After Impact
Here u = 150 m/sec
w = 0.25N
W = 7N
Thus 025x10 = (7+0.25) x v
150 % 0.25
v = e 5.17 m/sec

Atthis point combined body has energy due to velocity v. The motion of combined body will retard
due to friction force as shown in figure and finally it will come to rest after travelling distance s.
All of its energy will go in work against friction.

1
Thus §(m + MW = R, s
Friction force R o= wWW+w=pM+m)g
| 2
Thus 5(ff7+ My = p(M+m)g-s
or Ve = 2ugs
. 2673
-~ 2x0.25%x98

545m

il



bjective Brain Teasers

Q.1 A person standing on the floor of on elevator (a) 30 kJ (b) 26.66 kJ
drops a coin. The coin reaches the floor in time (c) 15kJ (d) 10 kJ
L ifthe elevator is stationary and in time ¢, if it is
moving uniformly. Then B ANSWERS
@ t=1 .(d) 2 (a 4. (b)
(b) &, <t,
©) >t . .
]
(d) &, < t, or t; > t, depending upon whether Hints & Explanation
the elevator is going up or down 2. (a)
Q.2 Ablock of mass m and a pan of equal mass are
connected by a string going over a smooth light
pulley as shown in figure. Initially the system is
at rest when a particle of mass m falls on-the
pan and sticks to it. If the particle strikes the
pan with a velocity of 1.2 m/s, the speed which
the system moves just after the collision is , ) ‘
y ves Letthe N = magnitude of contact force
between particle and pan
I = tension in the string
Consider the impulse imparted to the particle.
T The force N is in upward direction and the
& } impulse is [Nt .
\ M
" e This should be equal to change in momentum.
(a) 0.4m/s (b) 0.8m/s
Q.3  Ablock of mass 2 kg is moving on a horizontal For pan impule imported
frictionless surface with velocity of 1 m/s, J(/\/—T)dT = mV L (2)
towards another block of equal mass kept at
rest. The spring constant of the spring fixed at for block jTC/T = mV -(3)
one end is 100 N/m. The maximum compression Adding (2) and (3)
in the spring (in cm) is
1 e = [Nat = omv
=  mv-mV = 2mV
v 12
= V = gz"?)—z()‘élm/s
Q.4 A bullet of mass 0.05 kg moving with a speed
of 400 m/s penetrates 15 cminto a fixed block 3. (10)

of wood. The average force exerted by the wood
on the bullet will be

Mass of each block M, and Myis 2 kg.
Initially, V, = 1m/s, V=0



K = 100 N/m

Let final velocity of both block x be the
compression in spring be V and the
compression is spring be x.

Since no force acting.

Applying conservation of momentum,

=MV + MgVg= (M, + Mg)V
= 2x1 = 4%V
= V = 0.5m/s

Using conservation of energy

1 2 1 o 1.5
M,V = —(M, +Mz IV +—Kx
= 5VAVA 2( A B) > X
= 1><2><(1)2 = l><4><(0,5)2+1><100x2
2 2 2
1
2
= EEETYs!
= x = 0.1m=10cm
1 5 )
§mV = /Cang
1 0(x>x(4oo)
— =
2 0.15. avg
F = 26.66 kJ

avy
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‘Student's
Assignments

The coefficient of friction between the load and
flat bed trailer shown in figure, are s =0.40 and
1y, =0.30. Speed of the rigis 15 m/s, determine
the shortest time in which the rig can be brought
to a stop if the load is not to shift.

l.oad

Q) OO0

010!

Q.2

Q.3

Q0
Ve

A man of mass 70 kg stands in an aluminium
canoe of 40 kg. He fires a bullet of 25 gm
horizontally over the bow of the canoe to hit a
wooden block of mass 2 kg resting on a smooth
horizontal surface. If the wooden block and
bullet move together with a velocity of 5 m/s,
find the velocity of the canoe.

A cylinder of radius R, mass moment and
moment of inertia / about centre C rolis down
the inclined plane as shown in figure. Cylinder
starts from rest, what will be its velocity after ¢
seconds if 6 = 30°7?

0, o




