Centre of Mass

Centre of mass of a system of particles is the point that behaves as whole mass
of the system is concentrated on it and all the external forces are acting on it.

For rigid bodies, centre of mass is independent of the state of the body, i.e.
whether it is in rest or in accelerated motion, centre of mass will remain same.

Position of Centre of Mass

For different particles system, the position of centre of mass is as given below,

(1) Two Particles System If a system consists two particles of masses
my, my and respective position vectors ry, r,, then the position of centre of
mass is given by

_ Y + mely

em =
my + my
I +r
If m; = m, = m(say), then rpy = -1 2 2,

(i1) System of n Particles If a system consists of n particles, of masses m,,
Mg, ... m, Withr, r,,..., 1, as their respective position vectors, at a given
instant of time, then the position vector of CM, i.e. xyy; of the system at

that instant is given by
n n
2 m;x; 2 m;x;

_ m1r1+m2r2+...mnrn _i:l _ i=1
oM = = =
my+ mg+...+m, M
Ym
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In terms of coordinates, Xqy = -

<

-
3
=
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Further, Yom =
M
n
2 m;z;
_i=1
o=y

Note The centre of mass of a body may lie within or outside the body. It is not at all necessary that
some mass has to be present at the centre of mass.
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Example 1. The position vectors of three particles of masses
m, =1kg, m, =2 kgandm; =3 kg are r, =i + 4} + IA()m/

r, = (i+ i + IA() mandr = 2i - ; -2 IA() m respectively. Find
position vector of their centre of mass.

(b)%<3i+i—fo
(d)%(3i+2}—4|2)

(a)%(3i+2i—4f<)
1 A~ » =
~_@i+j-k

(c)3(l -k

Sol. (b) The position vector of CM of the three parts will be given
by
MYk + Myt + My ky
femM=—_—"—"—"——
my +m,+m,
Substituting the values, we get
Ti+4j+k +2(i+j+k+3Q2i—-j-2k)
1+2+3

fem

9i+3j-3k
6
rCM:%(3Ai+i—IA()m

Example 2. Three point particles of masses 1.0 kg,
1.5 kg and 2.5 kg are placed at three corners of a right angle
triangle of sides 4.0 cm, 3.0 cm and 5.0 cm as shown in the

figure. The centre of mass of the system is at a point

[JEE Main 2020]
25kg

4cm

1.0 kg 1.5 kg

3cm
a) 2.0 cm right and 0.9 cm above 1 kg mass
b) 0.6 cm right and 2.0 cm above 1 kg mass
c) 1.5 cm right and 1.2 cm above 1 kg mass
d) 0.9 cm right and 2.0 cm above 1 kg mass

(@)
(b)
(
(

Sol. (d) We choose origin as shown in the figure.

Y-

(0, 4) @M3=2.5kg

4cm

my=1kg
my=1.5kg

. mp + MyX, + Myx
Using xoy = ————22—3%3 we have

my +m, +ny

. _1x0+ 1.5x3+ 2'5X0—09cm
M T+1.5+25 '

Similarly,
_1x0+ 1.5x0+ 2.5x 4

Yem = 1+ 1.5+ 2.5

So, centre of mass (CM) is 0.9 cm right and 2.0 cm above 1 kg
mass.

=2.0cm

Example 3. The centre of mass of a uniform [-shaped
lamina (a thin flat plate) with dimensions as shown is (g mass
of lamina is 3 kg)

y
2
F(0,2) ¢— m/;)z)
*Cs|p(, 1)
————— 18(2, 1)
.CWE 62 m
X
0(0, 0) A@2, 0)

(a)(é/éj b) (5,5) <c>[5,9j @ (Z,éj
5 6 6 6 6 5 55

Sol. (b) Taking the [-shape to consist of 3 squares each of length
Tm. The mass of each square is 1kg, since the lamina is uniform.
The centre of mass C,, C, and C; of the squares are, by symmetry

. . . 11 1
their geometric centres and have coordinates (E , 5)(% , 5)/

(% , %) respectively. We take the masses of the squares to be

concentrated at these points. The centre of mass of the whole L
shape (x, y) is the centre of mass of these mass points.

1(%)+1(%)+1(%) kg-m
Hence, X == = =-m
1+1+1)kg
1(%)+1(%)+1(3) kg-m
and y==t J =2m
(1+1+1) kg 6

Centre of Mass of Rigid
Continuous Bodies

A body is said to be a rigid body when it has perfectly
definite shape and volume.

The distance between all points of particles of such a
body do not change, while applying any force on it.

Since, a real rigid body contains so many particles
(atoms) that we can treat it as a continuous distribution
of matter. The particles then become differential mass
elements dm, and the coordinates of the centre of mass
are defined as



For uniform objects which have uniform density or mass
per unit volume, we have
~dm M
av v
where dV is the volume occupied by a mass element dm
and Vis the total volume of the object. Thus, we find that

Xem =%J.de
Yem =%.|‘de
ZeM :%J. zdV

Centre of Mass of Different Rigid Bodies

« For a uniform rectangular, square or circular plate, CM
lies at its centre.

//'\\ PANN
/// CM \\\ L7 CM '~
// \\ // \\

+ Centre of mass of a uniform semicircular ring lies at

a distance of A = 2R from its centre, on the axis of
1

symmetry, where R is the radius of the ring.

- For a uniform semicircular disc of radius R, CM lies

at a distance of h = z—R from the centre on the axis of
i

symmetry as shown in the following figure.

- Centre of mass of a hemispherical shell of radius R
lies at a distance of A = R/ 2 from its centre on the axis
of symmetry as shown in the following figure.

+ For a solid hemisphere of radius R, CM lies at a

distance of h = % from its centre on the axis of

symmetry.

- Centre of mass of a uniform rod is located at its

mid-point.

CM

Example 4. Find the centre of mass of a uniform
semicircular ring of radius R and mass M.

(@0,2mR (b)O,ﬁ (C)O,ﬁ

T T

(d)0,mR

Sol. (b) Consider the centre of the ring as origin. Let a differential
element of length d! of the ring whose radius vector makes an
angle O with the X-axis. If the angle subtended by the length d/ is
do at the centre, then dl = R d6.

Let A be the mass per unit length.

F?Sin’6 ‘ RcosB

Then, mass of this element isdm = AR d6

Xem =lj:(R cos AR dO =0
m

= YCM:lIn(Rsine)-dee
m?Yo
2 2
or :XLJR sin Bdez}bi[—cos ol
m Yo A TR
= YCM:E
T
As, m:I;[deG:ZnR

Example 5. A rod of length L has non-uniform linear mass

2
density given by p(x) =a + b(i) , where a and b are constants

and 0 < x < L. The value of x for the centre of mass of the rod

is at [JEE Main 2020]
a)i 2a+bL (b)i a+b !
4(3a+b 3\2a+3b
C)é a+bL (d)é 2a+bL
2\2a+b 2\3a+b
Sol. (a) For a continuous mass distribution,
xdm
Xep = S
CM J-dm




Here, mass of an elemental length dx of rod,

2
dm =pdx= {a + b(%) }dx

RS 2]

al + —

)
wa

7+7
2 4

a+—
3

3(2a+b
So, Xem = — L
™ 4[3a+ bj

N

Position of Centre of Mass after Removal of a
Part from a Rigid Body

If some mass or area is removed from a rigid body, then
the position of centre of mass of the remaining portion is
obtained from the following formulae.

pa, = Tt T Moly
M
my — my
or r A11'1 Apr,y
™ ~
A - A
In terms of coordinates,
_ X — myXy A1x1 Apxy
XeMm = or Xem =
my — my A - A
_ My —myys _ A - Ay,
YmMm=—_ ——  O'Yem =—,
m; — my A - A
and O myz; — My2, or z A121 Ayzy
™M ~ cM =
m; — my A - A,

Here, my, A, 1j,%,, y; and z; are the values for the mass of
the whole body before the mass has been removed while
Mg, Ay, ¥y, Xy, Vo and z, are the values for the mass which
has been removed.

Example 6. Find the position of centre of mass of the
uniform lamina shown in figure is

a
-—,0 b) (0, 0
(a)( 6’) (b) (0, 0)

Sol. (a) Here, A, =area of complete circle = a’
2
. a na
and A, =area of small circle=m (Ej =

(X, y;) = coordinates of centre of mass of large circle =(0,0)

. . a
and (x,, y,) =coordinates of centre of mass of small circle = (E , O).

AXy —AxX
Usin Xy = 22
8 M A A,
1) 6
We get, 4 \2)__1\8 a

and yy =0 asy, and y, both are zero. Therefore, the coordinates

. L a
of centre of mass of the lamina shown in figure are e 0|

Motion of Centre of Mass

Consider the motion of a system of n particles of
individual masses m;, m,,...,m, and total mass M. It is
assumed that no mass enters or leaves the system during
its motion, so that M remains constant. Then, velocity of
centre of mass is

vy = V1 +mgVy+...+m,v,
my+ my+...+m,
n
m:v.
— l l

i=1
Acceleration of the centre of mass is
ma; + mqay +...+ m,a,
M

acm =

n

or

i=1
Further, in accordance with Newton’s second law of
motion, F = ma.

We can write, force on centre of mass is
n
Fou = 2
i=1

If total net force acting on a system of particles is zero, then
acy = 0. Hence, in the absence of any net external force
acting on a system, the centre of mass of the system is either
at rest or in uniform motion along a given straight line.



Example 7. Four particles A, B, C and D with masses

m4 =m, mg =2m, mg = 3m and my, = 4m are at the corners of
a square. They have accelerations of equal magnitude with
directions as shown in the figure. The acceleration of the
centre of mass of the particles (in ms™) is [JEE Main 2019]

B ]

B F’a
X
@, lD
a
as a 24
(@ g(l—j) (b) a(i+ j
(c) zero (d) §(§+ })

Sol. (a) For a system of discrete masses, acceleration of centre of
mass (CM) is given by
_mua,+mg@g + meac + mpap

acm
c my +mg +me +mp
(o
N ~
g —ai
B me=3m
I C
Q
g
3
A 9
A~ Ma=m D%
—alie———— 3y
_al

where, m, =m, mg =2m, m- =3mand mp = 4m,
|a, =|agl =]ac| =|ap| = a (according to the question)
~mai + Zmaf +3mai - 4ma]
m+2m+3m+ 4m
_ 2ai - 2a]
10

a o -2
=—-(l —])ms
5 (=19

acm =

Note Centre of mass is not the geometric centre.

Collision

The physical interaction of two or more bodies in which
equal and opposite forces act upon each other causing the
exchange of energy and momentum is called collision.

Types of Collision
Collision between two bodies may be classified in two
ways
(1) Elastic Collision A collision is said to be elastic, if
total linear momentum and kinetic energy remains
conserved before and after collision.

(i1) Inelastic Collision A collision is said to be
inelastic, if only linear momentum remains
conserved and not the kinetic energy, the collision is
said to be perfectly inelastic, if approaching
particles permanently stick to each other and move
with a common velocity.

Elastic Collision in One Dimension

Let the two balls of mass m;and m,, collide each other
elastically with velocities u; and u, in the directions
shown as in Fig. (a). Their velocities become v, and v,
after the collision along the same line.

mo my
uos U4
@
Before collision
mo Vo my v,
(b)

After collision

Since, in a perfectly elastic collision, total energy and
total linear momentum of colliding particles remains
conserved, then

Relative velocity of approach = Relative velocity of
separation, i.e. Uy — Uy = Uy — U;

m;—m 2m .
= v =| 2 luy + 2 |u, )
my + my my + my

2m my—m
and vz=( Ly +| —2—2 |u,
my + my my + my

Special Cases of Elastic Collision in

One Dimension

« If m; = my, then from Egs. (i) and (i1), we get
U = uyand vy = uy

...(i)

i.e. when two particles of equal mass collide elastically
and the collision is head on, they exchange their
velocities.

< If m; >> my and u; = 0, then

my _o
my

Now, we get
v = 0and vy = — u,

i.e. The particle of mass m,; remains at rest while the
particle of mass my, bounces back with same velocity.
« If my>>m; and u; =0

Now, we get, v} = 2uy and vy = u,

i.e. The mass m; (lighter particle) moves with velocity
2u,, while the velocity of mass m, (heavier particle)
remains same.



Example 8. Two particles of mass m and 2m moving in

opposite directions collide elastically with velocities v and 2v.
Find their velocities after collision.
(@ 0, 3v (b) 3v, 0 (o) 3v, 3v (d)o,0

Sol. (b) Here, u; = —v,u, =2v,m; =mand m, =2m

2v v
@) e

Substituting these values in Egs. (i) and (ii), we get

v1:(m_2mJ(—V)+( am j(zv)
m+ 2m m+ 2m

v 8v
or V,=—+-—=3v
3 3
and vy = NI oy [ 2y
m+ 2m m+ 2m
or vzzgv—gv:()
3 3

o=

i.e. The second particle (of mass 2m) comes to a rest while the first
(of mass m) moves with velocity 3v in the direction shown in
figure.

Example 9. In a collinear collision, a particle with an
initial speed v, strikes a stationary particle of the same mass.
If the final total kinetic energy is 50% greater than the original
kinetic energy, the magnitude of the relative velocity between

the two particles after collision, is [JEE Main 2018]
Yo Yo Vo
M b) 2 Yo 2o
(@ 1 (b) N2 v, (0 P (d) 7

Sol. (b) Final kinetic energy is 50% more than initial kinetic
energy

= lmv§+lmv12=@><lmv§ (1)
2 2 100 2

Yo

Before collision

m m
O &
After collision
Conservation of momentum gives
mvy =mv; + mv,
Vo =V, + Vv, .. (i)
From Egs. (i) and (ii), we have
v12+ v22+ 2vyv, = vo2
2
= 2vy, = o
2
(2 —v2)2 = (v +v2)2 - 4vy,= 2v02

or Vi =2V

Inelastic Collision in One Dimension

In an inelastic collision, the total linear momentum as well
as total energy remain conserved but total kinetic energy
after collision is not equal to kinetic energy before collision.

For inelastic collision,
v V. —>V

oy~ @y ()

Before collision v,=0 After collision
m,v
Common speed, v = —1—
my + my

N2
and loss of kinetic energy, AK = MMV~ V)"
2(my + my)

Here, vy =0
mymyv;
2my + my)

AK =

which is a positive quantity. Therefore, kinetic energy is
lost mainly in the form of light, sound and heat.

Example 10. A block of mass 0.50 kg is moving with a
speed of 2.00 ms™* on a smooth surface. It strikes another
mass of 1.00 kg and then they move together as a single
body. The energy loss during the collision is

(@) 0.16 ) (b) 1.00

(c) 0.67 ] (d)0.34)
Sol. (c) From law of conservation of momentum, we have

my; + my, =(m; + my) v

Given,m; =0.50kg,v; =2ms™", m, =1kg,v,=0 [at rest]

0.5x2+1x0 =1.5xv [assumed that2ndbody is at rest]

2

= v==

3

AK =K; =K;
2
1.5x(§) 52 9

=————-(05)x—=-=]=-0.67
5 (0.5) 5 3J J

So, energy lost is 0.67 J.

Newton’s Law of Restitution
According to this law, the ratio of relative velocity of
separation after collision to the relative velocity of
approach before collision remains constant,
e= 27U

Ug — U
where, e is called the coefficient of restitution and it is
constant for two particular objects.
Following are few important points related to coefficient
of restitution.
« In general, 0<e<1
- e =0, for completely inelastic collision, as both the

objects stick together and e = 1, for an elastic collision.
- If 0 < e <1, the collision is said to be partially elastic.



+ For head-on collision, the final velocities of the colliding
bodies can be written as

m; — em,
U1= u; +
m, + my
1+em my —em
_Grom o (my—em)
(my + my) my + my

1+ e)ymy
(my + my)

2

and U,

Putting, e =1, we will get formulae of v; and v, for an
elastic collision.

Similarly, putting e=0, we get formulae for inelastic
collision.

+ The loss in KE during an inelastic collision can be
given as,

1 mumy

AK 1= €% (uy - uy)’

2 my+ my
However, if the target is massive (i.e. my>> m;) and
uy = 0, then the lighter body loses all its kinetic energy.

Example 11. A ball of mass m moving with a speed v
makes a head-on collision with an identical ball at rest. The
kinetic energy after collision of the balls is three-fourth the
original kinetic energy. The coefficient of restitution (e) is
1
(a) 5 3
1 1
V2

Sol. (c) From the law of conservation of momentum,

(c)

mv =mv; +mv,

or V=v;+V, ()
. . Vy—V
which gives, e=—2"1
v-0

m y m
Before collision
C Vo C 4
After collision
or V,—Vv,=ev .. (i)

Adding Egs. (i) and (ii), we get

V+ev
v, = 5
and v1_(1—e)v
2
imvz_m vii+e? (1-e?v?
4 2 2 4 4
= 3=(1+0?+(1-0>=2(1+¢€)
= 92=1
2
or e—i
V2

Rebounding of a Ball on Collision with
the Floor
- Speed of the ball after the nth rebound
v, =e"v, =e"\/2gh,
- Height covered by the ball after the nth rebound
h, =e*"h,
- Total distance (vertical) covered by the ball before it
stops bouncing

2
H=h0+2h1+2h2+2h3+...=h0(1+62)
—e

 Total time taken by the ball before it stops bouncing

T=ty+t+1+1t +...
_ [2hy[1+e
g \(1l-e

:\/2h0 +2\/2h1+2\/2h2 +...
g g g

Two Dimensional or Oblique Collision

If the initial and final velocities of colliding bodies do not
lie along the same line, then the collision is called two
dimensional or oblique collision.

In horizontal direction,
MUy COSOLy + Mglly COSOLy = MUy COSP; + My, COSP,
Y, m,
my
Ui Vo

a1

Bo

X

ay
Up

Vi

B1 my

my

In vertical direction,
myuy SN0, — Mylly SINOL, = MUy SInP; — myv, sinP,
If m; = myand oy + a5 = 90°, then B, + B, = 90°.

If a particle A of mass m; moving along X-axis with a
speed u and makes an elastic collision with another
stationary body B of mass m,. Then,

Va
m,v; sino. = myv, sinf}

Example 12. After perfectly inelastic collision between
two identical particles moving with same speed in different
directions, the speed of the particles becomes half the initial
speed. Find the angle between the two before collision.

(@) 120° (b) 140° (c) 90° (d)100°



Sol. (a) Let 8 be the desired angle. Linear momentum of the
system will remain conserved. Hence,

p* =pi + p3 + 2pp, cos B

2
or {Zm (;j} =(mv)? + (mv)2 + 2mv)(mv) cos 0

or 1=1+1+2cos0
-_1
or cos 0= 5
6=120°

Example 13. A particle of mass m is moving with speed 2v
and collides with a mass 2m moving with speed v in the same
direction. After collision, the first mass is stopped completely
while the second one splits into two particles each of mass m,
which move at angle 45° with respect to the original
direction. The speed of each of the moving particle will be

[JEE Main 2019]
@ V2 v (b) %
© ﬁ (d) 242 v

Sol. (d) According to the questions,

Initial condition,

As we know that, in collision, linear momentum is conserved in
both xand y directions separately.
So, (Pinitial = (P final

m(2v) + 2m(v) =0 + mv’ cos 45° + mv’ cos 45°

’

2
= 4mv=—mv

V2
= v/ =22v

Example 14. Two particles of equal mass m have

respective initial velocities ui and u['zﬂj They collide

completely inelastically. The energy lost in the process is
[JEE Main 2020]

Sol. (d) Collision between particles are as shown in the figure.
m

O—i .
u (i+j/2)

o

After collision, both
particles stuck as they
collided inelastically

Before
collision

%
2m /

From momentum conservation, we have

m(uAi) + mu[i;jj =2mv

u s A|+] 3 4 1 2
= v=—1i+u ==ui+—uj

2 4 4
Initial kinetic energy of particles,

2
k=g mut+ 2m( )

2 V2
LI SR SR .
2 4 4
Final kinetic energy of combined particles,
1
K,= 2 2m) v?
2 2\
() (3]
=—X2mx —u| +|—u
4 4
== mu?

Change in kinetic energy or energy lost
=K =K,
3

2 5
=—mu°-—mu
4 8

2



Practice Exercise

Topically Divided Problems

Position of Centre of Mass

1. A cricket bat is cut at the location of its centre of

mass as shown. Then,

e ) ) =z D

(a) the two pieces will have the same mass

(b) the bottom piece will have larger mass

(c) the handle piece will have larger mass

(d) mass of handle piece is double the mass of bottom
piece

. Which of the following does the centre of mass lie
outside the body? [NCERT Exemplar]
(a) A pencil (b) A shotput

(c) A dice (d) A bangle

. The centre of mass of two particles with masses
4 kg and 2 kg located at (1,0,1) and (2,2,0)
respectively has coordinates.

(a) (1/3, 2/3, 2/3) (b) (4/3, 1/3, 1/3)

() (2/3, 1/3, 1/3) (d) (4/3, 2/3, 2/3)

. Three rods of the same mass are placed as shown in
figure. What will be the coordinates of centre of mass
of the system?

(0, a)
0 (a,0)
a a a a a a
of5:3) w5 godedo wlzs)

. Which of the following points is the likely position
of the centre of mass of the system shown in figure?

[NCERT Exemplar]
Hollow sphere

Air

R/2

an
G

Sand
(a) A (b) B (c) C (d) D

6. Four particles of mass 1 kg, 2 kg, 3 kg and 4 kg are

placed at the corners A, B, C and D respectively of
a square ABCD of edge X-axis and edge AD is
taken along Y-axis, the coordinates of centre of
mass in SI unit is

(ad,1)m

(®) (5, 7) m

(¢) (0.5,0.7 m

(d) None of the above

. In the HC] molecule, the separation between the

nucolei of the two atoms is about 1.27 A

(1 A=107"1" m). Find the approximate location of
the centre of mass of the molecule, given that a
chlorine atom is about 35.5 times as massive as a
hydrogen atom and nearly all the mass of an atom
is concentrated in its nucleus. [NCERT]
(a) rCM =1.24 A

(b) roy = 2.24 A

(© 1oy = 0.24 A

(d) gy = 3.24 A

. The centre of mass of three particles of masses

1 kg, 2 kg and 3 kg is at (2, 2, 2). The position of the
fourth mass of 4 kg to be placed in the system as
that the new centre of mass is at (0, 0, 0) is

(@) (-3,-3,-3) (b) (-3,3,-3) [EAMCET]
(c) 2,3,-3) ) 2,-2,3)

. Three particles of masses 50 g, 100 g and 150 g are

placed at the vertices of an equilateral triangle of
side 1 m (as shown in the figure). The (x, y)
coordinates of the centre of mass will be

[JEE Main 2019]

o' 05m 1.0m

7 3
o) olgmi

) (‘6 m, - mj



10.

11.

12.

13.

Three bricks each of length L and mass M are
arranged from the wall as shown. The distance of
the centre of mass of the system from the wall is

Wall

Li4
L2

L L 3 11
(a) " (b) 5 (© B L ) 5 L

The coordinates of centre of mass of a uniform flag
shaped lamina (thin flat plate) of mass 4 kg. (The

coordinates of the same are shown in figure) are

[JEE Main 2020]

(0, 3) 2,3)

@2

(1.2

0,0

(a) (1.25 m, 1.50 m)
(c) (0.75 m, 0.75 m)

(1.0

(b) (1 m, 1.75 m)
(d) (0.75 m, 1.75 m)

Look at the drawing given in the figure, which has
been drawn with ink of uniform line thickness. The
mass of ink used to draw each of the two inner
circles and each of the two line segments is m . The
mass of the ink used to draw the outer circle is 6m.
The coordinates of the centres of the different parts
are outer circle (0, 0) left inner circle (- a, a), right
inner circle (a, a), vertical line (0, 0) and horizontal
line (0, — a). The y-coordinate of the centre of mass
of the ink in this drawing is

L] : y

a a a a
e b) & @ He
(3)10 ()8 (C)12 ()3
The distance of the centre of mass of the T-shaped

plate from O is
f——8m———

ol

m

==

\2____6_r_n______

(a) 7Tm (b) 2.7 m (¢)4m (d)1m

14.

15.

16.

17.

A circular hole of radius 1 c¢m is cut-off from a disc
of radius 6 cm. The centre of hole is 3 em from the
centre of the disc. The position of centre of mass of
the remaining disc from the centre of disc is

(a) —% cm (b) % cm

(c) 13—0 cm (d) None of these

The density of a non-uniform rod of length 1m is
given by p (x) = a (1+ bx?) where @ and b are
constants and 0<x <1. The centre of mass of the rod

will be at [NCERT Exemplar]
3@2+0b) 42+ Db)
@ 6+ b) ®) e
(C)i(2+b) (d)4(3+b)
@+ b) 3@+ b)

A non-uniform thin rod of length L is placed along
X-axis as such its one of ends is at the origin. The
linear mass density of rod is A = Ayx. The distance
of centre of mass of rod from the origin is

L 2L
(a)g (b)?

L L

d =
(c) 1 (d) 5
An L-shaped object made of thin rods of uniform
mass density is suspended with a string as shown
in figure. If AB = BC and the angle is made by AB
with downward vertical is 0, then [JEE Main 2019]

(a) tan0=

2
7
1 (d) tan 0=

[SURIE

Motion of Centre of Mass
18.

An isolated particle of mass m is moving in a
horizontal plane (x-y), along the X-axis, at a certain
height above the ground. It suddenly explodes into
two fragments of masses m/4 and 3m/4. An instant
later, the smaller fragment is at y = +15 cm. The
larger fragment at this instant is at

(b)y=+20m
(d)y=—20cm

(a)y=—5cm
(c)y=+5cm



19.

20.

21.

22.

23.

Two identical particles move towards each other
with velocity 2v and v, respectively. The velocity of
centre of mass is

v
b) Y
(@) v (b) 3
(© 2 (d) zero
2
Find the velocity of centre of the system shown in
the figure.
y 1kg 2ms™!
X X 2kg
30°
V'
2ms™!
[2 +243 j 23 b 41
3
[2 2J§j z (d) None of these

Consider a two particle system with particles
having masses m; and m,. If the first particles is
pushed towards the centre of mass through a
distance d, by what distance should the second
particle be moved, so as to keep the centre of mass
at the same position?

(@) 2d (®) d
my my +my
©™d @ d
my
Two blocks A and B are connected by a massless

string (shown in figure). A force of 30 N is applied on
block B. The distance travelled by centre of mass in
2 s starting from rest is

B
A
10kg 20kg F=30N
Smooth
(a)1m (b) 2m
() 3m (d) None of these
A partlcle of mass m moving with a velocity

Bi+2j)ms”
M and finally moves with a velocity (-21i + J)ms
™ - —, then

M 13

! collides with a stationary body of mass
-1

(a) the impulse received by M is m (5 i+ })
(b) the velocity of the M is % Gi+))

(c) the coefficient of restitution %

(d) All of the above are correct

Collision in One Dimension

24.

25.

26.

27.

28.

Two equal masses m; and m, moving along the

same straight line with velocities +3 m/s and
—5m/s respectively collide elastically. Their
velocities after the collision will be respectively
(a) +4 m/s for both

(b) =3 m/s and +5 m/s

(¢c) -4 m/s and +4 m/s

(d) -5 m/s and +3 m/s

A large block of wood of mass M =599 kg is
hanging from two long massless cords. A bullet of
mass m = 10 g is fired into the block and gets
embedded in it. The (block + bullet) then swing
upwards, their centre of mass rising a vertical
distance A = 9.8 cm before the (block + bullet)
pendulum comes momentarily rest at the end of its
arc. The speed of the bullet just before collision is
(Take, g =9.8 ms?) [JEE Main 2021]

P —— §

v
(a) 841.4 m/s
(c) 831.4 m/s

(b) 811.4 m/s
(d) 821.4 m/s

A body of mass 2 kg makes an elastic collision with
a second body at rest and continues to move in the
original direction but with one-fourth of its original
speed. What is the mass of the second body?

[JEE Main 2019]
(a) 1.5kg
(c) 1.8 kg

®) 1.2 kg
) 1.0kg

A small block of mass M moves with velocity 5 ms™!
towards an another block of same mass M placed at a
distance of 2 m on a rough horizontal surface.
Coefficient of friction between the blocks and
ground is 0.25. Collision between the two blocks is
elastic, the separation between the blocks, when
both of them come to rest, is (g = 10 ms™~2)

(a) 3m (b) 4 m

(¢)2m (d) 1.5m

A body of mass m; moving with an unknown
velocity of v;i, undergoes a collinear collision with a
body of mass m, moving with a velocity v,i. After
collision, m; and m, move with velocities of v;i and
v4i, respectively. If my =0.5m; and vy = 0.5v;, then

U1 is [JEE Main 2019]
(@) vy + Uy (b) v, —%

v
(©) vy~ -2 (d) vy, — vy

2



29.

30.

31.

32.

33.

An a-particle of mass m suffers one-dimensional
elastic collision with a nucleus at rest of unknown
mass. It is scattered directly backwards losing 64%
of its initial kinetic energy. The mass of the nucleus

is [JEE Main 2019]
(a) 1.5m (b) 4m
(¢c) 3.56m @ 2m
A thick uniform bar lies on a frictionless horizontal

surface and is free to move in any way on the
surface. Its mass is 0.16 kg and length is 1.7 m.
Two particles each of mass 0.08 kg are moving on
the same surface and towards the bar in the
direction perpendicular to the bar, one with a
velocity of 10 ms ! and other with velocity 6 ms™.
If collision between particles and bar is completely
inelastic, both particles strike with the bar
simultaneously. The velocity of centre of mass after
collision is

(a) 2 ms™* (®) 4 ms™*
(¢) 10 ms™* (d) 167 ms™!
In the given figure four, identical spheres of equal

mass m are suspended by wires of equal length [,
so that all spheres are almost touching to one
other. If the sphere 1 is released from the
horizontal position and all collisions are elastic, the
velocity of sphere 4 just after collision is

(a) /2 gl (b) /3 gl
ONED (d @

A body of mass 1 kg falls freely from a height of
100 m on a platform of mass 3 kg which is
mounted on a spring having spring constant

k =1.25 x 10° N/m. The body sticks to the platform
and the spring’s maximum compression is found to
be x. Given that g = 10 ms ™2, the value of x will be

close to [JEE Main 2019]
(a) 8cm (b) 4cm

(c) 40 cm (d) 80 cm

A man (mass = 50 kg) and his son (mass = 20 kg)

are standing on a frictionless surface facing each
other. The man pushes his son, so that he starts
moving at a speed of 0.70 ms ™ with respect to the
man. The speed of the man with respect to the
surface is [JEE Main 2019]

(a) 0.28 ms™* () 0.20 ms™
(¢) 0.47 ms™ (d) 0.14 ms™!

34.

35.

36.

37.

38.

39.

A block of mass 1.9 kg is at rest at the edge of a
table of height 1 m. A bullet of mass 0.1 kg collides
with the block and sticks to it. If the velocity of the
bullet is 20 m/s in the horizontal direction just
before the collision, then the kinetic energy just
before the combined system strikes the floor, is
(Take, g = 10 m/s? and assume there is no
rotational motion and loss of energy after the
collision is negligible) [JEE Main 2020]

(@) 20J  (b)194J () 21J d)23J
In an elastic head on collision between two
particles,

(a) velocity of separation is equal to the velocity of
approach

(b) velocity of the target is always more than the
velocity of the projectile

(c) the maximum velocity of the target is double to
that of the projectile

(d) maximum transfer of kinetic energy occurs when
masses of both projectile and target are equal

A sphere of mass m moving with a constant
velocity v hits another stationary sphere of same
mass. If e is the coefficient of restitution, then the
ratio of velocity of two spheres after collision will be

l1-e 1+e e+1 e—1
d ¢
(a)1+e (b)l—e (C)e—l ()e+1
A particle of mass m collides with another

stationary particle of mass M. If the particle m stops
just after collision, the coefficient of restitution for
collision is equal to

(@) 1 @%

m
M+m

M-m
() m (d)

In a one dimensional collision between two
identical particles A and B, where B is stationary
and A has momentum p before impact. During
impact B gives an impulse J to A. Then coefficient
of restitution between the two is

@27 1 w27 41
p D

(¢ J +1 (d) J_ 1

p p
Three identical blocks A, B and C are placed on
horizontal frictionless surface. The blocks A and C
are at rest. But A is approaching towards B with a
speed 10 ms™. The coefficient of restitution for all
collisions is 0.5. The speed of the block C just after
collision is

(4]~ [a] [e]

(b) 6 ms!
(d) 10 ms!

(a) 11.25 ms™!
(c) 8 ms!



40.

41.

42.

43.

A bullet of mass m hits a target of mass M hanging
by a string and gets embedded in it. If the block
rises to a height 2 as a result of this collision, the
velocity of the bullet before collision is

(@) v=42gh

(b) v=4/2 gh (14—%)
(c) v:(1+%j1/2gh
) v=12 gh (1—%)

If a ball is dropped from rest, its bounces from the
floor. The coefficient of restitution is 0.5 and the
speed just before the first bounce is 5 ms™. The
total time taken by the ball to come to rest is
(a)2s

(b)1s

(¢)0.5s

(d) 0.25 s

A tennis ball bounces down flight of stairs striking
each step in turn and rebounding to the height of
the step above. The coefficient of restitution has a
value

(a) 1/2 (b) 1
(©1A2 ) 1/2v2
Two bodies A and B of definite shape (dimensions of

bodies are not ignored). A is moving with speed of

10 ms™ and B is in rest, collides elastically. The

(a) body A comes to rest and B moves with speed of
10 ms™!

(b) they may move perpendicular to each other

(¢c) A and B may come to rest

(d) they must move perpendicular to each other

Collision in Two Dimensions

44.

45.

A ball moving with a certain velocity hits another
identical ball at rest. If the plane is frictionless and
collision is elastic, the angle between the directions
in which the balls move after collision, will be

(a) 30° (b) 60°
(c) 90° (d) 120°
A body at rest breaks up into 3 parts. If 2 parts

having equal masses fly off perpendicularly each
after with a velocity of 12 m/s, then the velocity of
the third part which has 3 times mass of each part
is

(a) 4v2 m/s at an angle of 45° from each body

(b) 242 m/s at an angle of 135° from each body

(c) 6+/2 m/s at 135° from each body

(d) 44/2 m/s at 135° from each body

46.

47.

48.

49.

50.

51.

A particle of mass m with an initial velocity ui
collides perfectly elastically with a mass 3m at rest.
It moves with a velocity v j after collision, then v is

given by [JEE Main 2020]
2 1 u u
(a) v—\gu (b) v—ﬁu (c) v—ﬁ (d) v—ﬁ

A smooth steel ball strikes a fixed smooth steel
plate at an angle 6 with the vertical. If the
coefficient of restitution is e, the angle at which
the rebounce will take place is

(a) 6 (b) tan™* (Lne)
e
tan 0 d) tan™! (L)
(c) etan (d) tan p—
Particle A of mass m; moving with velocity

3i+ j) ms ! collides with another particle B of
mass my, which is at rest initially. Let v; and v,

be the velocities of particles A and B after

collision, respectively. If m; = 2m, and after
collision v, =(i ++/3 j) ms™, then the angle between
v, and v, is [JEE Main 2020]

(a) 15° (b) 60° (d) 105°

A mass m moves with a velocity v and collides
inelastically with another identical mass. After

() —45°

collision, the 1st mass moves with velocity % ina

direction perpendicular to the initial direction of
motion. Find the speed of the second mass after
collision.

(@ v ORCEINCE- T
A particle of mass m moving in the x-direction with

speed 2v is hit by another particle of mass 2m
moving in the y-direction with speed v. If the
collision is perfectly inelastic, the percentage loss in
the energy during the collision is close to

[JEE Main 2015]
(a) 44% (d) 62%

(b) 50% (c) 56%

A particle of mass m is projected with a speed u
from the ground at an angle 6 = g w.r.t. horizontal

(X-axis). When it has reached its maximum height,
it collides completely inelastically with another
particle of the same mass and velocity ui. The
horizontal distance covered by the combined mass
before reaching the ground is [JEE Main 2020]

2 2

(@) 3«8/§ u” ®) 32 u”
8 4 g

2 2

© 2% @ 2484
8 g g



=INEI) Mixed Bag

Only One Option is Correct
1. A 10 kg object collides with stationary 5 kg object

7. Three identical balls A, B and C are lying on a
horizontal frictionless table as shown in figure. If

and after collision they stick together and move
forward with velocity 4 ms™'. What is the velocity

ball A is imparted a velocity v towards B and C and
the collisions are perfectly elastic, then finally

with which the 10 kg object hit the second one? —V
(a) 4 ms! (b) 6 ms! @ @
(c) 10 ms? (d) 12 ms—!

. A bullet of mass M hits a block of mass M’. The
energy transfer is maximum, when

@M =M byM" =2M

)M <<M (d) M’">>M

. Two bodies having masses m; and m, and velocities

u; and u, collide and form a composite system of
myvy + myvye = 0(my # my). The velocity of the
composite system is

(a) ball A comes to rest and balls B and C roll out with
speed v/2 each

(b) balls A and B are at rest and ball C rolls out with
speed v

(c) all the three balls roll out with speed v/3 each
(d) all the three balls come to rest

. In the figure shown below, the magnitude of

acceleration of centre of mass of the system is

(a) zero (b) u; +uy (Take, g = 10ms-2)
u; +u,
() u; —u, (d)T u=0.2 5kg| Y
. A gas molecule of mass m strikes the wall of the
container with a speed v at an angle 0 with the
normal to the wall at the point of collision. The
impulse of the gas molecule has a magnitude 5kg
(a) 3mv (b) 2muvcos 6
(c) mv (d) zero (a) 4 ms2 (b) 10 ms™
. A system of three particles having masses m; = 1kg, (©) 2v/2 ms™? (d) 5 ms™2

my =2 kg and m4 = 4 kg respectively is connected
by two light springs. The acceleration of the three
particles at any instant are 1 ms2, 2 ms2 and

0.5 ms~? respectively directed as shown in the
figure. The net external force acting on the system

. A piece of wood of mass 0.03 kg is dropped from the

top of a 100 m height building. At the same time, a
bullet of mass 0.02 kg is fired vertically upward
with a velocity 100 ms ™ from the ground. The
bullet gets embedded in the wood. Then, the

18 maximum height to which the combined system
@ vo0uoueono @ v0obouoong @ reaches above the top of the building before falling
1 m/s2 2 m/s? 0.5 m/s? below is (Take, g =10 ms2) [JEE Main 2019]
@@ 1N ®) 7N ©3N 6N (@) 20m (b) 30 m
() 10m (d) 40 m

. A loaded spring gun of mass M fires a shot of mass
m with a velocity v at an angle of elevation 6. The
gun was initially at rest on a horizontal frictionless
surface. After firing, the centre of mass of gun-shot
system

(a) moves with a velocity %

10.

Two blocks of masses 10 kg and 4 kg are connected
by a spring of negligible mass and placed on a
frictionless horizontal surface. An impulsive force
gives a velocity of 14 ms™ to the heavier block in
the direction of the lighter block. The velocity of
centre of mass of the system at that moment is

(b) moves with a velocity in the horizontal 14 ms-!
cos p—
directi
irection 10 kg 4 kg
(c) remains at rest
(d) moves with velocity M in the horizontal
M+m (a) 30 ms? (b) 20 ms?
direction (c) 10 ms! (d) 5 ms!



11.

12.

13.

14.

A particle is projected with 200 ms ™!, at an angle of
60° At the highest point, it explodes into three
particles of equal masses. One goes vertically
upward with velocity 100 ms™?, the second particle
goes vertically downward with the same velocity as
the first. Then, what is the velocity of the third
particle?

(a) 120 ms! with 60° angle

(b) 200 ms! with 30° angle

(c) 50 ms ! vertically upwards

(d) 300 ms-! horizontally

An object of mass m, collides with another object of
mass m,, which is at rest. After the collision the
objects move with equal speeds in opposite
direction. The ratio of the masses my : m; is

[JEE Main 2021]
(@) 3:1 d1:1

b)2:1 (©1:2

Two bodies of masses m; and my, (m; > my)
respectively are tied to the ends of a massless
string, which passes over a light and frictionless
pulley. The masses are initially at rest and then
released. Then acceleration of the centre of mass of
the system is

—
H
PR

2 2
@ [ml—mzj p ) [ml—mzj
my + mqy my + mqy
(©g (d) zero
Three identical sphere lie at rest along a line on a

smooth horizontal surface. The separation between
any two adjacent spheres is L. The first sphere is
moved with a velocity u towards the second sphere
at time ¢ = 0. The coefficient of restitution for
collision between any two blocks is 1/3. Then choose
the correct statement.

(a) The third sphere will start moving at ¢ = Z—L
u

(b) The third sphere will start moving at ¢ = 4L
u

(¢c) The centre of mass of the system will have a final
speed u/3.

(d) The centre of mass of the system will have a final
speed u

15.

16.

17.

18.

19.

Two carts on horizontal straight rails are pushed
apart by an explosion of a powder charge @ placed
between the carts. Suppose the coefficient of
friction between carts and rails are identical. If the
200 kg cart travels a distance of 36 m and stops,
the distance covered by the cart weighing 300 kg is
(a) 32 m (b) 24 m (¢c) 16 m (d) 12 m

The masses of five balls at rest and lying at equal
distances in a straight line are in geometrical
progression with ratio 2 and their coefficients of
restitution are each 2/3. If the first ball be started
towards the second with velocity u, then the
velocity communicated to 5th ball is

5)° 5Y’ 5\
(b)(g) u (C)(g) u (d)(g) u
Consider a rubber ball freely falling from a height
h =4.9 m onto a horizontal elastic plate. Assume
that the duration of collision is negligible and the
collision with the plate is totally elastic. Then the
velocity as a function of time and the height as

function of time will be
v Vv

(a)%u

Vil--

A ball strikes a horizontal floor at an angle 6 = 45°.
The coefficient of restitution between the ball and
the floor is e = 1/2. The fraction of its kinetic energy
lost in collision is

(a) 5/8 (b) 3/8
(c) 3/4 (d) 1/4
A ball falls freely from a height of 45 m. When the

ball is at a height of 25m, it explodes into two equal
pieces. One of them moves horizontally with a
speed of 10 ms™. The distance between the two
pieces when both strike the ground is

(a) 10 m (b) 20 m

(c) 15m (d) 30 m

20. A set on nidentical cubical blocks lies at rest

parallel to each other along a line on a smooth
horizontal surface. The separation between the
near surface of any two adjacent block is L. The
block at one end is given a speed v towards the next
one at time ¢ = 0. All collisions are completely
inelastic, then



21.

22.

23.

(a) the last block starts moving at ¢ = L;l) L

n(n-1)L
2v

(c) the centre of mass of the system will have a final
speed v

(d) the centre of mass of the system will have a final
speed zero

(b) the last block starts moving at ¢t =

A block C of mass m is moving with velocity v, and
collides elastically with block A of mass m and
connected to another block B of mass 2m through
spring constant £. What is £? If x, is compression of
spring when velocity of A and B is same.

2

mu, muy
(a) — (b)) —>
x02 247
3 mv? 2 mv?
@573 @7
%o %o

The position vector of the centre of mass r, of an

asymmetric uniform bar of negligible area of
cross-section as shown in figure is [JEE Main 2019]

2m

L 2L 3L

@r=SLx+2Ly

o | Ot

1. . 3.
Dr=—Lx+°>L
®)r g Lx+gly

3. . 11, .

=°Lx+—1L
©r gLx+ Ly

5. 13 .
Dr="Lx+—L
(d) gLx+oLy

Blocks of masses m, 2m, 4m and 8m are arranged
in a line on a frictionless floor. Another block of
mass m, moving with speed v along the same line
(see figure) collides with mass m in perfectly
inelastic manner. All the subsequent collisions are
also perfectly inelastic. By the time, the last block
of mass 8m starts moving, the total energy loss is
p% of the original energy. Value of p is close to

[JEE Main 2020]

(a) 77 (b) 87 (c) 94 (d) 37

24.

25.

26.

27.

A uniform rectangular thin sheet ABCD of mass M
has length a and breadth b, as shown in the figure.
If the shaded portion HBGO is cut-off, the
coordinates of the centre of mass of the remaining
portion will be [JEE Main 2019]

(0, b) b
A H (aB)
ab
2 2
E O G
D C
(0, 0) F (a, 0)
2a 2b 5a b5b
@ [5%5) o (55)
3a 3b 5a b5b
o2 22 d) [ 2= =2
o (2,2) o [%.2)

A particle of mass m is dropped from a height A
above the ground. At the same time another
particle of the same mass is thrown vertically
upwards from the ground with a speed of \/2gh. If
they collide head-on completely inelastically, then
the time taken for the combined mass to reach the

ground, in units of h is ;
’ [JEE Main 2020]

g
1 1 3 3
(@) \g ®) 5 © \g (d)\/;

Three blocks A, B and C are lying on a smooth
horizontal surface as shown in the figure. A and B
have equal masses m while C has mass M. Block A
is given an initial speed v towards B due to which it
collides with B perfectly inelastically. The combined

mass collides with C, also perfectly inelastically gth

of the initial kinetic energy is lost in whole process.

What is value of %?
m [JEE Main 2019]
A B C
(] fm] [w]
(a) 4 () 2 (c) 3 d 5

A simple pendulum is made of a string of length [
and a bob of mass m, is released from a small angle
0,. It strikes a block of mass M, kept on a
horizontal surface at its lowest point of oscillations,
elastically. It bounces back and goes up to an angle
0;. Then, M is given by [JEE Main 2019]

0, + 6, m(0,-6
(a)m(eo—91j ® 2(90+91j

@ m(eo+elj
2 (6, -6,



28.

29.

Two particles of masses M and 2M, moving as
shown, with speeds of 10 m/s and 5 m/s, collide
elastically at the origin. After the collision, they
move along the indicated directions with speed v,
and v, are nearly [JEE Main 2019]

(a) 6.5 m/s and 3.2 m/s
(¢) 3.2m/s and 12.6 m/s

(b) 3.2 m/s and 6.3 m/s
(d) 6.5 m/s and 6.3 m/s

As shown in figure, when a spherical cavity
(centred at O) of radius 1 is cut out of a uniform
sphere of radius R (centred at C), the centre of mass
of remaining (shaded) part of sphere is at G, i.e. on
the surface of the cavity. R can be determined by
the equation

[JEE Main 2020]
(@ R*+R+1)2-R) =1
®b) (R”2+R-1)2-R)=1
(©) (R”®-R-1)2-R)=1
(d R*-R+1)@2-R)=1

Numerical Value Questions

30.

31.

32.

The centre of mass of a solid hemisphere of radius
8 cm is x cm from the centre of the flat surface.
Then, value of x is ...... . [JEE Main 2020]

A body A, of mass m =0.1 kg has an initial velocity

of 3i ms ™. It collides elastically with another body,
B of the same mass which has an initial velocity of
5j ms"Al. After collision, A moves with a velocity

v =4(i+ j). The energy of B after collision is written

as - J. The value of xis ......... .
10 [JEE Main 2020]

A square shaped hole of side / = % is curved out at a
distance d = % from the centre O of a uniform

circular disc of radius a. If the distance of the

35. A ball of mass 10 kg moving

36. The disc of mass M with uniform

centre of mass of the remaining portion from O is
- %, value of X (to the nearest integer) is ......... .
[JEE Main 2020]

33. Two bodies of the same mass are moving with the

same speed, but in different directions in a plane.
They have a completely inelastic collision and move
together thereafter with a final speed which is half
of their initial speed. The angle between the initial
velocities of the two bodies (in degree) is ............
[JEE Main 2020]

34. A particle of mass m is moving along the X-axis

with initial velocity ui. It collides elastically with a
particle of mass 10 m at rest and then moves with
half its initial kinetic energy (see figure). If
sin 0, = +/n sin B,, then value of nis ........ .

[JEE Main 2020]

After collision

with a velocity 10v/3 ms™! Y

along X-axis, hits another ball

of mass 20 kg which is at rest.

After collision, the first ball 8 X-axis
comes to rest and the second

one disintegrates into two

equal pieces. One of the

pieces starts moving along

Y-axis at a speed of 10 m/s. The second piece starts
moving at a speed of 20 m/s at an angle 0 (degree)
with respect to the X-axis. The configuration of
pieces after collision is shown in the figure. The
value of 0 to the nearest integer is ..... [3EE Main 2021]

surface mass density ¢ is shown in
the figure. The centre of mass of
the quarter disc (the shaded area)

is at the position d Q’ X 2 Where x
3n 3mn

is ...l .
(Round off to the nearest integer)

(Here, a is an area as shown in the figure.)
[JEE Main 2021]
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41. (¢) 42. (¢) 43. (b) 14. () 45. (d) 46. (¢) 47. (b) 48. (d) 49. (¢) 50. ()
51. (a)

Round II
1. (b) 2. (@) 3. (@) 4. (b) 5. (c) 6. (c) 7. (b) 8. (c) 9. (d) 10. ()
11. (d) 12. (@) 13. (@) 14. (@) 15. (¢) 16. (d) 17. (¢) 18. (b) 19. (b) 20. (b)
21. (d) 22. (@) 23. (¢) 24. (b) 25. (¢) 26. (@) 27. (@) 28. (d) 29. (@) 30. 3
31. 1 32. 23 33. 120 34. 10 35. 30 36. 4

Solutions
Round I 5. The position of centre of mass of the system shown in

1. Centre of mass is closer to massive part of the body,
therefore the bottom piece of bat has larger mass.

2. Centre of mass of a bangle lies at the centre of the
bangle, which is outside the body.

3. Here, m; =4kg, m,=2kg
X =15y1 =Oa 2 =15‘x2=2)y2=2722=0

The coordinates of centre are
x_m1x1+m2x2_ 4x1+2x2 4

my + my 4+2 "3
_myy tmyy; 4x0+2x2 2
- m; + my 442 "3

2:m121+m222: 4><1+2><O:g

my, + my 4+2 3

4. Asshown in figure, centre of mass of respective rods are
at their respective mid-points.

Hence centre of mass of the system has coordinates
X, Your)s then

(0. a)

o] a (@, 0)
5]
a a
mx—+mx§+m><0
Xy = ==
oM 3m 3
a a
mx0+mxX—+mxX—
Yom = 2 2-2
3m 3

0 XCM:

figure is likely to be at C. This is because lower part of

the sphere containing sand is heavier than upper part

of the sphere containing air.
muX,+mpXp+meXo+mpXp

my+mpg+me+mp

Y

D c(,1
0.1) R

A X
©, 0) B(1,0)
_1x0+2x1+3x1+4x0

1+2+3+4

_2+3 1

=—=0.5m
10 2

muY ,+mpYp + meYo + mpYp

Similarly, Yoy =
my+mpg+ me +mp

_1x0+2x0+3x1+4x1
1+2+3+4
7

=—=0.7Tm
10

. Let mass of hydrogen atom =m

. Mass of chlorine atom = 35.5m

Let hydrogen atom be at origin, i.e. position vector of
it, n, =0.



. Position vector of chlorine atom, r, =1.27x107*° m

Position vector to centre of mass is given by
myr 4+ myr,

Tem
my + mey

_mx0+355mx1.27x 107
B m+35.5m
35.5x1.27x 1071°

- 36.5
=1.235x10m=1.24 A

8. my=1kg, my=2kg, my;=3kg
Position of centre of mass (2, 2, 2).
my =4kg
New position of centre of mass (0, 0,0).
For initial position,
_ My X+ my X+ mg X3

Xem
my + mgy+mg

My X+ My Xy + Mg X
- 1+2+3
My + MoXe + MyXy =12
Similarly, my y, +myyy+mg y3 =12
and my 2 +mgzo+mg 23 =12
For new position,
My X+ Mg X+ Mg Xy + My

2

X v =
oM m1+m2+m3+m4
_12+4Xxx,
1+2+3+4
= 4x,=-12 = x,=-3

Similarly, y,=-3 = z,=-3
.. Position of fourth mass (-3,-3,-3).
9. The height of equilateral A is

h=y ={1)?-05)%=+/3/2m

Thus, coordinates of three masses are (0, 0), (1, 0)

and [0.5, \/gj
2

Y
my=150g
' <><30.5 m,ya‘/2m>
m;=50g i (m2:1X00 9)
(x1=0,y1=0) 0.5M  (x,=1m,y,=0)

. mx, + m + m.
Usmg, XCM _ M 2Xo 3 X3 ,
m; + mg + mg

_50x0+100x1+150x05
50+ 100 + 150
1757

300 12

o myy;, + Moy, + m
Similarly, Yy = LY T MYy T M5 Yy
my + my + mg

3

50 x0+ 100 x0 + 150><7

= =—m

50 + 100 + 150 4

&

10. From figure,
Wall

N
h
at
b‘

+
2 4
M2 + Moxy + My
M, + My+ M,

Xem =

Mx§+MxL+Mx%

M+M+M
11

ZML 11

3M 12

11. Given lamina consists of 2 parts I and IT as shown in the

figure.
A (0, 3) E(,3) F(2,3)

«ll

N G2 2
D (1,2

B(0,00 C(1,0

As mass of uniform lamina is 4 kg, mass of part I is
m; =3 kg and mass of part IT is my =1 kg.

These masses can be assumed to be concentrated at
geometrical centres of sections I and II.

So, m; =3 kg has coordinates x; =0.5 m,
yy=15m

and my =1 kg has coordinates x, =1.5m,
Yo =25m
Now, we use formula of centre of mass (CM) to find
Xom and Yoy
SO, XCM — mx + moXy
m; + my

_ 3x0.5)+ (1 x1.5)
4

=0.75m



and YCM = 7”7’1:}/1 * MaYe
m; + my
_ Bx 1.5)+ (1x 2.5) -175m
4
m +m + m. +m +m,
12, you = 1N 2Y2 33 4Y4 55

my + my + mg +my +ms
_ 6m)(©0)+ m(a)+ m(a)+m@)+ m(-a) _a

6bm+m+m+m+m 10

13. Coordinate of centre of mass is given by
_ i+ myXy

X =
™ m1+m2
k 8m {
(0]
Axmy IZm
| |
"3m 3m !
£ |Bx |mo
f——
2m

Taking parts A and B as two bodies of same system.
m=Ilxbxoc=8x2x0 = 160
my=1lxbxoc=6x2x0 =120

Choosing O as origin,

x=1m, x=2+3=5m
160 x1 + 120 x5 19
166 + 1206 7

=2.7 m from O

Xom =

14. For the calculation of the position of centre of mass,
cut-off mass is taken as negative. The mass of disc is

(%)

m, = o
=1 6)% =3610
where o is surface mass density.
The mass of cutting portion is
Mmy=T1 1)% =no
L
my —msy
Taking origin at the centre of disc,
x5 =0,%=3cm
36 o X0—-mo X3

Fom = 36 mo — o
-3nc 3
= =——cm
35 1o 35

15. Here, p (x)=a (1 + bx?)

When b —0, (x) =a = constant, i.e. density of rod of
length 1 m is constant. In that event, centre of mass of
rod would lie at 0.5 m , (i.e. at the centre of rod.)

When we try b —0in all the four given options, we find
3@2+b) 6

choice (a) alone given x= =—=0.
43+0b) 12

16. The mass of considered element is

(—X—)l |<—dx

dm =Adx=Axdx
1 1
-[0 xdm B -[0 x (Ax dx)

) J.dm ) J.; Agx dx

XeMm

0 3
= = =2
27k I’ 3
ko{x} }\0?
2 0

as,

where, (COM), and (COM), are the centre of mass of
both rods AB and AC, respectively.
So, in AA’ BB, u
tan 0= ﬂ -4 _ 1
A'B 3a 3
4

or ‘canezl
3

. Since there is no external force acting on the particle,

hence
i tmeys g
my +my

Hence,(%) x(15)+ (37771) (¥9)=0

= Yo =—Hcm

Yem

)



19. Let mass of each body be m.

= VCM:7:

20. Here, m; =1kg, v; =2i
my =2 kg, v, =2 cos 30° i-2sin30°j

myv; + Mgyvy

VCM: m1+m2
1x21+22cos30°i—2sin30° j)
- 1+2
:2§+2\/§i—2}:[2+2\/§J§_23
3 3 3

21. To keep applied centre of mass at the same position,
velocity of centre of mass is zero, so
myvtmy vy _ o
my; +ms,

where, v; and v, are velocities of particles 1 and 2

respectively.
= mlﬁ_‘_ erz_o 12%3.(1 22%
dt dt dt dt
= mdr; + mydry,=0
Let 2nd particle has been displaced by distance x.
= my (d) + my(x)=0 = xz_LId
my

(negative sign shows that both the particles have to
move in opposite directions.)

22. The acceleration of centre of mass is
F 30 i)

= =1ms
mA+mB 10+ 20

Aem =
1 2_1 2
s=—aeyt ==—%x1x2"=2m
2 M T
23. (a) Impulse received by m
J=m(v;-v)
=m((-2i+j-3i-2j)
=m(-5i-j)
and impulse receiveAd bAy M
=-J=m®Bi+]j)
(b) mvzm(5i+fi)
m oz oA 1 _: 4
or v=—0it+j)=—0i+]
T Gi+]) 3 Gi+])
(c) e=(relative velocity of separation/relative velocity

of approach) in the direction of —} =11/17

Vo = =5m/s

As m, =m,, therefore after elastic collision, velocities of
masses get interchanged.

25,

26.

27.

i.e. velocity of mass, m; =-5m/s
and velocity of mass, my =+3m/s

From energy conservation

after bullet gets embedded till the
system comes momentarily at rest

(M+m)gh=%(M+m)u12
(where, vy is velocity after collision)
v =+/28h

Applying momentum conservation, (just before and
just after collision)

mv=M + m)y
[M+ m)
v= o
m
-5 [ax98x98x107
10% 10
~ 83155 m/s

Given situation is as shown
At rest

@ @ @ @

After collision

Before collision

Using momentum conservation law for the given

system,
(Total momentum) L=
before collision

(TOtal momentum)after collision

=  m@+MQO)= m(zj + M) @)
e=1and
we know that, e=- D270
Ug — Uy
= 1:_0_70/4
0-v
= v=v-v/4
or v =5v/4 ...(1)

Using value from Eq. (ii) into Eq. (i), we get
mo=""4+ M (@)
4 4

=§m=§><2=1.2kg
5 5

M

Retardation due to friction
a =pg = (0.25) (10)=2.5 ms>
Collision is elastic, i. e. after collision, first block comes to
rest and the second block acquires the velocity of first
block or we can understand it is this manner that
second block is permanently at rest while only the first
block moves. Distance travelled by it will be,
Ve
2a (2)(2.5)

.. Final separation will be (s—2) =3 m



28. Given, m,=0.5m,;
= m, =2my
Let mq =m, then, m; =2m
Also, v; =0.51y
Given situation of collinear collision is as shown below.
Before collision,

After collision,

.. According to the conservation of linear momentum,
Initial momentum Final momentum

mlvll + m2U21 = mlv31 + m2v41
= 2mv11 + mv21 =2m(. 5v1)1 + mv41
= Uy =0+ Uy
= U = Uy - Uy
29. We have following collision where mass of o particle
=m and mass of nucleus =

%@

Let a-particle rebounds with velocity v, then
Given; final energy of o= 36% of initial energy

1
= “mv?=0.36x = 5 mvZ
= v, =0.6v ...Q0)
As unknown nucleus gained 64% of energy of o, we
have

1 1
= Mv: =064 x — mv*
2 2

- v2=,/% x08 v ..(i)

From momentum conservation, we have
mv = Muv, — my;
Substituting values of v; and v, from Egs. (i) and (ii),

we have
/m
mv=M,— x0.8v-m x0.6v
M

= M =4m
30. Here, m =0.08 kg, m,=0.16 kg
According to conservation principle of momentum,
mu, + mvy = @2m+mgy) Yoy

Vi
me— 3

o+—> VCM

v2/‘\

2m+m,
0.08x16 1.28 128 .
= = =——=4ms
0.16 +0.16 1.32 32

31. When the sphere 1 is released from horizontal position,
from energy conservation, potential energy at height
Iy =kinetic energy at bottom

or mgly= %mv2 or v=,/2gl,

Since, all collisions are elastic, so velocity of sphere 1 is
transferred to sphere 2, then from 2 to 3 and finally
from 3 to 4. Hence, just after collision, the sphere 4
attains a velocity to 2 gi,.

32. Initial compression of the spring,

mg = k|
£= (100)
3x10x100 3

1.25x10° 1250

which is very small and can be neglected.

X, In cm
0

= X =

Applying conservation of momentum before and after
the collision, i.e. momentum before collision =
momentum after collision.

mx2gh =(m+ M)v
(- Velocity of the block just before the collision is
v -0%=2gh or v:\/@)
After substituting the given values, we get
1x,2x10x100 =4v

or 4v =205
So, v=5vV5 m/s
Let this be the maximum velocity, then for the given
system, using

1
fmvzzlkxz
2 2
2
lx4><125:1><1.25><106><(i)
2 2 100
2
= 4=10" x
10

or x=2cm
-. No option given is correct.

33. The given situation can be shown as below

my=50 kg
u=0 my= 20 kg
Us=
% % yH=0
Son
Before collision
m1:50 kg
mo= 20 kg
% % yH=0
Son

After collision



34.

35.

36. Given, m,

Using momentum conservation law,
(TOtal momentum)before collision

= (Total momentum)
(my X0) + (mgy x0) =myv; + my vy

after collision

0 =my (—u)i + mgvoi

= MyU; = Myly
= 50y, =200,
= Uy =2.50 ...(1)

Again, relative velocity = 0.70 m/s
But from figure, relative velocity = v, + vy

v+ 0y, =07 ...(i1)
From Egs. (1) and (i1), we get
v +2.5y, =0.7
- 1, 35)=0.7

0.7
=—=0.20m/s
“ 3.5

When the bullet undergoes an inelastic collision with
block, a part of KE of bullet is lost.

u=20ms™'
C—

|
+

When bullet + block system falls from height A, its
total energy (kinetic + potential) becomes kinetic
energy, so kinetic energy of bullet + block system at
bottom just before collision is equal to total energy just
after collision.
Now, by law of conservation of momentum, we have

mu = (m+ M)v

mu 0.1x20 =

= v= = =1 ms
m+M 0.1+ 1.9)

Total energy of bullet and block just after collision
=KE+PE=%on+AD&+on+A@gh

:%x2x12+2x10x1

=1+20=214d
For elastic collision e=1 and velocity of separation is
equal to velocity of approach.

The velocity of the target may be more, equal or less
than that of projectile depending on their masses.

The maximum velocity of target is double to that of
projectile, when projectile is extremely massive as
compared to the target.

Maximum kinetic energy is transferred from projectile
to target when their masses are exactly equal.

=mg=m, uy =vand uy =0

=19

37.

38.

39.

v
02=§(1+€)

v ( 1- e]

vy \l+e
As net horizontal force acting on the system is zero,
hence momentum must remain conserved.

Hence, mu+0=0+ Muv,
mu
= Vg =—-ro
M
As per definition,
_(y-v) _1y-0
(wg—uy) O-u
mu
_L_ M _™m
u u M
Let p; and p,be the momenta of A and Bafter collision.
P p
At Lie) Ay B

Ar—P (B

Before collision After collision

Then applying impulse = change in linear momentum
for the two particles

For B J=p
For A J =p-—p,
or po=p—d
Coefficient of restitution, e = %
_pbi-p+t J
p
_J-p+dJ
P
_29
p
For collision between block A and B,
_UB"Us
- Up—Up
_Up~Ua _Up—Uy
-~ 10-0 10
vg—vy =10e=10x0.5=5 ..

From principle of momentum conservation,

mals+mpup =myUy + Mplg

or mx10+0=muv, + mug
vy +ug =10 ...(11)

Addlng Eqgs. (1) and (i1), we get
vp = 7.5 ms™ ...(ii)

Similarly, for collision between B and C,
vo—vg =T.5e="7.5%0.5=3.75
ve—vg =3.75 ms™ ...(1v)
Addlng Eqgs. (i11) and (iv), we get
v =11.25 ms™



40. If initial velocity of bullet be v, then after collision
combined velocity of bullet and target is

yo MV
(M +m)
U/Z

and h= or v =.2gh
2g

muvo
Mam) VEE

© (M) (1 M)

41. Acceleration, g= U;tvo
v=0
Speed before first bounce
vy =-5 ms™
=B
g
:O_(_5) =i:0.5 s
10 10

42. As shown in the following figure, ball is falling from
height 2 A and rebounding to a height A only. It means
that velocity of ball just before collision.

d

N
i

and velocity just after collision.
2h

v=—[—
8

e="Vo g _ 1
8

43. (a) This is only possible when collision is head-on
elastic.

(b) When collision is oblique elastic, then in this case,
both bodies move perpendicular to each other
after collision.

(c) Since, in elastic collision, kinetic energy of system
remains constant so, this is not possible.

(d) The same reason as (b).

44. This is an example of elastic oblique collision. When a
moving body collides obliquely with another identical
body at rest, then during elastic collision, the angle of
divergence will be 90°.

45. The momentum of third part will be equal and opposite
of the resultant of momentum of rest two equal parts.

Let vbe the velocity of third part.

By the conservation of linear momentum,
3mxv=mx122

= v =42 m/s

46. As collision is elastic as shown below, both momentum
and KE are conserved.

o 6 @

Before collision After collision /2
Momentum conservation gives,
mui =muvj + 3mv,
1 2 =
= vy =— (ui — vj)
3
u?+ v*
= [ vyl =
9
or v = (W?+ )19 ()
Kinetic energy conservation gives,
1 1 1
= fmu2=fmv2+f3mvg
2 2
= u? =1 + 3v3 ...(11)

Substituting value of v, from Eq (i) into Eq (ii), we get
u
V2
47. Since, no force is present along the surface, so

momentum conservation principle for ball is applicable
along the surface of plate.

U=

V4 ,
7
7

//
,
//
% 7\91
n

64

v Plate

musin 6, = my, sin 6,

or vsin 6; = v, sin 0,
o lLcos 0, v cos 0y

vcos 0, vcos 0



v; = cos 0, = evcos 0

v;sin®, vsin® tan®

v, cos 0y evcos O e
tan 0 = tan 0
e
0, = tan™! (Lan 6)
e

48. Given that, u, = (\/gi + j) m/s, uy, =0

v, = (i++/3])m/s and my =2mg

Using conservation of linear momentum,
P; = Py

myu; + mylly = myvy + myvy

2my(V3 1+ j) + my©) =2my(i + v/3 §) + movs

vy=263i+j)-2G++3))
=2(3 - 1)@ - j) m/s
Let the angle between v; and v, be 6, then

vy Vg
UpUg

_G+B1)-268-1iG-))
2.242(/3 -1)
(v, =2mls, v, =2v2(/3 - 1) m/s)
_263-1)-2V3(B - 1)
423 - 1)
_263-1)(1-+3)
423 - 1)
1-43
242

= 0=105°

cos 0=

cos 0= =-0.259

Alternate solution
Directly observing the direction of v; and v,
y

1
0, = tan_l(—) =60°
' V3

= 0, =tan ' (-1) =45°
0=0,+0,=60°+45°=105°
49. In x-direction, apply conservation of momentum, we get
mu, +0=mu,
= mv =mu,
= U, =V

50.

Before collision

VA3 m
ﬁ?—ew

Y
After collision
In y-direction, apply conservation of momentum, we

get
O+O=m(1)—mv
J3 y
= v, = —
RVE}

Velocity of second mass after collision,

v'= (U)2+ v?= év2 or U’—lv
V3 (B} V3

Consider the movement of two particles as shown below.
m 2m
B\ S
Conserving linear momentum in x-direction
(py)x = (pf)x
or 2mv = @2m + m) v,
2
or v, = 3 v
Conserving linear momentum in y-direction
@)y = (pf)y
or 2mv = @2m+m) v,
or v, = 2 v
73

Initial kinetic energy of the two particles system 1is
1 1
E;==m Qv)’+ = @m) (v)*
2 2
=L amor+ L xome?
2 2
=2mv® + mv® = 3mv®
Final energy of the combined two particles system is
1
E; = 3 Bm) (U5 + v2)
40®  4v?
PR + —_
9 9
_om[80*]_am®
219 3

=;@m{

Loss in the energy AE = E; - E;
=mvz[3—é} =§mv2
3] 3

Percentage loss in the energy during the collision

2
AE o0 6B my
E, 2

><100=§ x100=56%
i 3mu 9



51. Collision is as shown in the figure.

Particle 1
ut

u cos 731

v NParticle 2
0=173

Velocity of the particle projected from origin at its
topmost point,
Ty us
u,=ucos—-i=—1i
3 2
By conservation of momentum (velocity of combined
mass after collision (v)), we have
2 Uz
mui+m 3 i=2mv

3 2
= v=—1ul
4

Time of fall of combined mass from A

LW
_using 45y \/gg

max?’

g g 2 g
During this time, combined particle keeps on moving

with a horizontal speed of | v| = % u

So, horizontal distance covered by combined mass
before reaching the ground,

R:speedxtimezgux —
4 2 g 8 g

Round I1

1. As, myu +mguy=(m; +my)v

= 10xu; +5x0=(10+5)x4

15x4
= u; = 10

=6 ms™’

2. If M = M, then bullet will transfer whole of its velocity

(and consequently 100% of its KE) to block and will
itself come to rest as per theory of collision.

. Since net momentum of the composite system is zero,
hence resultant velocity of the composite system should
also be zero.

. In the following figure, it can be seen that the
component of momentum along X-axis (parallel to the
wall of container) remains unchanged even after the
collision.

.. Impulse =change in momentum of gas molecule along
Y -axis, i.e 1n a direction normal to the wall =2muvcos 6

. Q. =

F,, _ma, +myay+ myag

acm =

(my +my+msy) (my + mg+my)

F,, =mja; + mqa, + mgag

=1x1+2%x2+4%x(-0.5)=1+4-2=3N

q

. Since gun-shot system is an isolated closed system, its

centre of mass must remain at rest.

. When two identical balls collide head-on elastically,

they exchange their velocities. Hence when A collides
with B, A transfers its whole velocity to B. When B
collides with C, B transfers its whole velocity to C.
Hence, finally A and B will be at rest and only C will be
moving forward with a speed v.

58-518 _ 4 2

system 5+5
a _m1a1+m2a2_5(4i)+5(4j)
oM my +ms 10
542 + 42
= 710 22\/5 m/SZ

. Velocity of bullet is very high compared to velocity of

wooden block so, in order to calculate time for collision,
we take relative velocity nearly equal to velocity of
bullet.

So, time taken for particles to collide is
d 100
t=—="—""=1s
U, 100
Speed of block just before collision is,
v =gt=10x1=10ms™ '
Speed of bullet just before collision is

re.

Uy=u— gt
=100-10x1
=90 ms™ !
Let v =velocity of bullet + block system, then by
conservation of linear momentum, we get

- (003 x 10) + (002 x 90) = (0.05) v
1

= v=30 ms~
Now, maximum height reached by bullet and block is
o
2g
- - 30 x 30
2x10
= h=45m

.. Height covered by the system from point of collision
=45m
Now, distance covered by bullet before collision in 1 s.

:100><1—%><10><12:95m

Distance of point of collision from the top of the
building

=100-95=5m
- Maximum height to which the combined system
reaches above the top of the building before falling
below =45-5 =40 m.



10. At the time of applying the impulsive force on block of
10 kg pushes the spring forward but 4 kg mass is at rest.

Hence,
myv; +myvy  10x14+4x0
my +my 10+4
= 140 =10 ms™
14
11. At the highest point momentum of particle before
explosion

P = mv cos 60°

=mx200 Xé =100 m horizontally.

Now, as there is no external force during explosion,
hence

P = Pp; + Py + p3 =constant
However, since velocities of two fragments, of masses
m/3 each, are 100 ms™' downward and 100 ms™!

upward.
Hence, P =—P2
or p; + Py =0

p; = % -vs = p =100 m horizontally

v, =300 ms ! horizontally

12.
" my4 my
—> “—eo o—>
my mo v v
myv, = —myU+ myv
mgy
Uy =—-v+—v
my
(v +v) _my
v my
2v
e=—-=1
U
v,
v=—2+
2
vy+y/2 m m
1 1 :72$3: 2
v /12 my my

Hence, the ratio of masses my:m, is 3: 1.

13. In the pulley arrangement, |a;|=|a |/ =a = ("11—’"2]
m, +m,

but a; is in downward direction and a, in the upward
direction, i.e. a, =—a;.

. Acceleration of centre of mass

_ma, +mea,

acm
ml + mz

m; —my m; —my
m |——|8—My| —— | 8§
_ m; +my m; +my

(my +my)

2
m; —my
=sl—— 1 &8
m; +ms

14. First sphere will take a time ¢, to start motion in second

1 e L
sphere on colliding with it, where ¢; = —.
u

Now speed of second sphere will be
u 2 1
Ug=—(1+e)=—u ve=—
=targ=2 (e=3]
Hence, time taken by second sphere to start motion in

third sphere ty =———=—.
28u  2u

.. Total time t=t1+t2=£+£:ﬂ
2u 2u

15. Consider the two cart system as a single system. Due to
explosion of power, total momentum of system remains
unchanged, i.e. p; + py =0 or myv; = myvy, hence

L _my

Up My
As coefficient of friction between carts and rails are
identical, hence a; = a,and at the time of stopping, final

velocity of cart is zero. Using equation v*—u? =2 as, we

have
s _u_m
Sg U% m12
2 2
= s2zslm;:36><(20;)) =16m
m2 (300)
16. We know that velocity of 2nd ball after collision is given
by
_uy (ltem (my—mye)
2 (m, + my) 2 (m, +my)

In present problem u, =0,m, =2m; and e=2/3, hence

u1+gm
_ 315

Uy = =
T m+2my) 9

As four exactly similar type of collisions are taking place
successively, hence velocity communicated to fifth ball

54
Us =(§j u
1, .
17. h= 5 gt (parabolic)

v=—gt and after the collision v = gt (straight line).

Collision is perfectly elastic, then ball reaches to same
height again and again with same velocity.
v v

B /\/\
h
0 t
2 2t1§1[ 4t1\ \m
LN N\ t

18. Let ball strikes at a speed u, the K; = %muz.

Due to collision, tangential component of velocity
remains unchanged at wusin45°, but the normal

. . 1
component of velocity change to usin45° = 5 u cos 45°



.. Final velocity of ball after collision

2
v= \/(u sin45°) + (% u cos45")

2 2
[ G -
V2 242 8
Hence, final kinetic energy

K2=lmvz—imu2

2 16
.. Fractional loss in KE
_K-K,
K,
1 mu’?- 5 mu?
_2 16 _3
1 mu’ 8
2

19. Let at the time of explosion velocity of one piece of mass
m/2 is (101). If velocity of other be v, then from

conservation law of momentum (since there is no force
in horizontal direction), horizontal component of vy,
must be —101.

.. Relative velocity of two parts in horizontal direction
=20ms™L.

Time taken by ball to fall through 45 m,

_g0= [2h_ [2X45 g
g 10

and time taken by ball to fall through first 20 m,

o [2h :/2><20:2s
g 10

Hence time taken by ball pieces to fall from 25 m height
to ground =t—-¢'=3-2=1s.

Horizontal distance between the two pieces at the
time of striking on ground =20x1 =20 m.

‘e ea ]

Since, collision is perfectly inelastic, so all the block will
stick together one by one and move in a form of
combined mass.

Time required to cover distance (d) by first block = £
v

Now first and second block will stick together and move
with v/2 wvelocity (by applying conservation of

momentum) and combined system will take vy = 2L to
v v

reach upto block third.
Now, these three blocks will move with velocity v/3 and

combined system will take time 73 =— to reach upto
v

the fourth block.

So, totaltime£+£+£+...(n_l)L = nin-1)L
v v v v 2v

Final velocity of the centre of mass of the system will be
v/n.

21. Using law of conservation of linear momentum, we have

mu, = mv+2mu

v,
= v="2

3
Using conservation of energy, we have

1 5, 1.4 1 )
—mu, =—x5+—@Bm)v
9 0770 2( )

where, x, = compression in the spring.
2
v
mug = kxg + (3m)§0

2
_ 2mu;
2

3

= k

22. For given system of rods, masses and coordinates of
centre of rods are as shown in the following figure.

y
(SR
2m
(L, L)
m 2
X
M (5L, 0)
2
2mL+m2L+m% 13
So, X, = =—1L
COM 4Am )
L
2mL + mx —+ m x0 5L
andYCOM: 2 = —

4m 8
So, position vector of COM is
room = XcomX + Yeom ¥

13, 5 .

=—1Lx+—-Ly
8 8

23. (Assume)
v at at at at V'
rest rest rest rest
m WMWIS_mI: m | m|2m|4m|8m

Before first collision

After last collision

Since, all the collisions are perfectly inelastic, so after
the final collision, all blocks will be moving together.
Let their final velocity be v".

By law of conservation of linear momentum,
(p sys )i = (p sys )f
= muv+ mQ) + 2m(Q) + 4m©) + 8m ()

=m+m+2m+4m+8m)v’

= mv =16mv’
, U .
= vV=— (@
6 @)



Now, initial kinetic energy of system,

K

2
sys )i =

lmv2+0+0+0+0=1mv
2 2

And final kinetic energy of system,

(K

sys)f :%(m+m+2m+4m+8m) v)?

1 v )2
=—x1l6bm x| —
2 16
2
=1><16m><v—
2 256

=—miv?
32
Loss in kinetic energy,
(AKS = (Ksys )i - (Ksys )f
=—mv® - N muv*
2 32
1
= 15 mv?
32
% loss 1n kinetic energy,
) _ (AKsys )loss
logg = ——yzloss
ys /loss (Ksys )i
15 muv*
_32
1

7ml)2

ys )loss

%(AK, x 100%

= 15 x100%
16

=93.75%
Given that, % (AK )1ess = D%

so, p=93.75=94

24. The given rectangular thin sheet ABCD can be drawn

as shown in the figure below,

y
A0, b) H B(a, b)
R
\ 44
TR
D 22l ¢
Ol 00 F @, 0) X

Here,

Area of complete lamina, A; = ab
Area of shaded part of lamina = % X 3 = aZb

(%, ) = coordinates of centre of mass of complete

. (a b)
lamina=| —, —
2 2

(x4, ¥9) = coordinates of centre of mass of shaded part of

. (Sa Sb)
lamina=| —, —
4 4

25.

.. Using formula for centre of mass, we have

A - Ay
{2
_\2) al4
ab - ab
4
8a%b - 3a’b
___ 16 _ba
RN
4
.. Ay — Ayy.
Similarly, Ygy=-—A 272
imilarly oM A A,
o{2)-2(2)
_e) ") s
ab -9 12
4
Let particles collide at some distance A’ from top at time
ty- Then,
1 .
W == ot
2 8lo @)

(for particle A)

... (1)
(for particle B)

and h—h :ngh-to—%gtg

From these equations, particles meet after time ¢

given by
et [
0 \2gh 2g

Velocities of particles A and B at instant of collision
are v, = gty and vg = 2gh — gt,.
Hence,

h 1 1
=oX |— =_|= gh =— h
Vg =8 22 2g ﬁ\/g
and 1)B=1/2gh—g/2i
8

(V2 - 5 Nk = x e

So, particles collide as shown in the figure.

From momentum conservation, we can see that
partlcles Stuck, pinmal = pﬁnal.

J—
VA=V h

1
VBV oh



26.

This means the combined system of particles comes to
rest (Usombined mass = 0 ) instantaneously.

Now, we have to calculate time of fall of combined mass.

B

Combined mass starts with u =0

H=h-h'
=h-1/2gt
=h-1/4h
=3/4h

and its height above earth’s surface is H = 2 h.

So, time taken by combined mass to reach ground is
given by

H=ut+ 1 at?
2
= §h=1g><t2:>\ﬁ ﬁ=t
4 2 2
Initially, block A is moving with velocity v as shown in
the figure below,

A B C
[} [m] [W]

Now, A collides with B such that they collide
inelastically. Thus, the combined mass (say) move with
the velocity v as shown below.

C
m]mlov

Then, this combined system is collided inelastically
again with the block C. So, now the velocity of system be
v” as shown below.

m|m M}—>v"

Thus, according to the principle of conservation of
momentum,

initial momentum of the system = final momentum of

the system
= mvu=Q@m+M)v”’
or =) .. ()
2m+ M
Initial kinetic energy of the system,
(KE) = %mzﬂ (i)

Final kinetic energy of the system, (KE)f
2
1 9 1 mv
== @m+ MW )Y2==@m+ M| "
2(m ) Z(m )[2m+MJ

[ using Eq. (1)]

1 v'm?
—-._ 7" ...(111)
2 @m+ M)
Dividing Eq. (ii1) and Eq. (i1), we get
1 2 9
KE —m- v
BB, _ 2 m )

(KE), @m+M) 2m+M

1
= mv?
2

27.

It is given that g th of (KE), is lost in this process.

= (KE), =% (KE),
KE
= (KE), =l .. (V)
(KE); 6
Comparing Eq. (iv) and Eq. (v), we get
_m 1 =6m=2m+ M
2m+ M 6
am=M = M =4
m

Initially, when pendulum is released from angle 6, as
shown in the figure below,

LLLLLLI[
ek
70 eh

J{ [cosO:/—h]
RN /

We have, mgh = Emv

Here, h=1-1cos0,

So, v=4/2gl (1 - cos B,) ...Q0)
With velocity v, bob of pendulum collides with block.
After collision, let v; and v, are final velocities of
masses m and M respectively as shown.

@
‘L@ J After collision

Then, if pendulum is deflected back upto angle 6,, then

v =428 (1 —cos6,) ...(1)
Using definition of coefficient of restitution to get
e | velocity of separation |

J Before collision

| velocity of approach |

Uy — (1)
v-0

From Egs. (1), (i1) and (ii1), we get

= vz=\/27gl(\/1—coseo —\/1—cosel) ...(tv)

According to the law of conservation of momentum,

1= ...(iii)

=SU=U+ Y

initial momentum of the system = final momentum
of the system
= mv = Muvy — muy;

Mvy =maj2gl (\/1 —cos 0, + \/1 —cosf) ..(v)
Dividing Eq. (v) by Eq. (iv), we get
M \/l—coseo + \/l—cosﬁl

- E_\/l—cose0 —\/l—cose1

sin(%) + sin(ij
M 2 2

sin(%j - sin(&)
2 2




For small 6, we have

% , &
M_2 2 M—m(60+elj
m 8 _ & 0, -6,
2 2

28. The given condition can be drawn as shown below.

29.

[ .
4 vqsin 30°
[

2M Vo 8in 45° M

|
|
|
|
|
¥ 55in 45°
|
|
!
|

Applying linear momentum conservation law in
x-direction, we get
Initial momentum = Final momentum

(M x10cos 30°) + @M x5 cos 45°)

= (M X vy cos 45°) + 2M x v, cos 30°)

= 5\/§+5I=%+ u3 )]

Similarly, applying linear momentum conservation
law in y-direction, we get
(M x10sin 30°) — @M x5sin 45°)
=(M x vysin 45°) — @M x v, sin 30°)

- 5—5I:%—u1 ... (i)
Subtracting Eq. (11) from Eq. (1), we get
(B3 +542) - (5 -542)
w300
S NG
(ﬁ K LY
= v, =6.516m/s = 6.5 m/s ... (111)

Substituting the value from Eq. (iii) in Eq. (i), we get
= Uy = 6.3 m/s
If we combine the remaining and removed spherical

parts at their initial relative positions, we get complete
sphere as shown in the figure.

So, for complete sphere,

m X X
XCM =

+m

remaining remaining removed X Xremoved

mremaining + Myemoved

30.

31.

As, X 1s at C which is taken at origin of our chosen
reference axis, so Xqy =0.

= mremaining X xremaining + Myemoved X Xremoved =0 (1)
4 5 4 3
Here’ mremaining = 5 nR _5 nl P

where, p = density of sphere,
X, =2-R

remaining
Mremoved == (% TC]-S ) P.

Here, mass removed is negative
and X =R-1.

removed —

So, from Eq. (i), we get

(gnRS —%njpx(Z—R)z(%n)px(R—l)
= (R -1)@-R=R-1
= (R?+ R+1)@-R)=1

The distance of centre of mass of a solid hemisphere
from the centre of the flat surface is given by

a=>F
8
Here, R=8cm
d:3X8=30m
8
Given, d=xcm
: x=3

Given situation is shown in the figure.

A

"/@3 Tms™ X

0.1 kg gﬁ !
B 0.1 kg

Total initial momentum, p; = my v, + mpup
=01x3i+01x5j
=0.31+0.5j(kg-ms™)

Final velocity of 4, v, =4 (i + j)

Let final velocity of B be vg.

Then, final momentum after collision,

Py =myUy + Mplp
=0.1x41+j)+0.1xug

Now, by conservation of momentum, we have

. PB=by .
= 0.3i+0.5j=0.4i + 0.4j + 0.1up
= vp=—i+]

Kinetic energy of B after collision will be

1 51 Ik
K—Emv —§><0.1><‘( l+])‘

=%><0.1 x2=0.14dJ

It is given, energy of B after collision is X

So,izo.lorle.
10



32.

33.

34.

Centre of mass of remaining portion is given by
mX; — MyXy
Xom =
my — My
Here note that, removed mass (m,) is treated as a
negative mass.
Let x = mass per unit area of uniform disc.

Then, m, = mass of complete disc = x-na>
2

. a
and my =mass of square portion = xI

Also, x; =x-coordinate of centre of mass of m; =0

and  x, = x- coordinate of centre of mass of m, = d.
2
xma® x 0 - x% x d u
= Xong = = ..Q
oM 9 a? 2@n —-1) ®
xma” —x—
(Since, d= gj
2
Given, Xy = — = (i1)
M T Ty

Comparing the Eqgs. (1) and (i1), we get
X=204n-1)=2312 or X =23.

Let initial velocities of two bodies are making angle 6,

and 0, with horizontal direction as shown in figure.

m
O\Yo
________ ?1\(_\_)____0_).____.
8,0~ 2m Vo
i 2
/O
m

Initial momentum, p; = p; + py
={mu, cos 6,1+ my, sin 0, j} + {my, cos 0,i + my, sin 6, — j}
=muy(cos 0; + cos 0,y)i + myy(sin 6; —sin 0,)j

Final momentum, p; = (2m)(%) i

= p; = my,i
In collision momentum remains conserved, so,
applying momentum conservation,

Pr =D
or  muyi=muy(cos 6, + cos0,)i + muy(sin 6; —sin 0,)j
= sinf —-sinB,=0 = 6, =06,

and mu, =2mu, cos O or cos 0= % or 6 =60°

But angle between initial velocities is 6, + 6, which is
equal to 60° + 60° =120°.

Given, impact is shown below,

35.

36.

For particle 1, final KE is equals to half of its initial
value,

1
K,=-K.
f 9 4
1 1 1
= fmlvf = (* mluz) X —
2 2 2

u

V2

Momentum in y-direction is conserved,
m vy sin 6,

v
m AV
u 81 m v, cos 8,

Final velocity of m; will be, v =

%7) 0, 10 m v, cos 6,
10m v
10 m v, sin 6,
ie. 10muysin 0, = muy, sin 6,
Here, v, = “ and sin6, = Jn sin 0,
V2

So, we have

u-«/;sinez

. m
10muy-sin 0, = ﬁ
= vy = u\'n ()
10v2
Also collision is elastic, so KE is conserved.
1 5

1 5 1 2
= —mu” =—muv; + — (10m)v.
2 2 ! 2( )2

Substituting values of vy; and v,, we have

2 2
2 u un
u=|—| +10
(ﬁ] [100><2J

2 2
= w_un = n=10
2 10x2
Before collision
A 10v3 B
._m/;s @ Rest
10 kg 20 kg

After collision
10 m/s

[ ) £10kg

From conservation of momentum along X-axis,
P; =Py
10 x 10+/3 =200 cos 6

cosezﬁ =0=30°

.. 4a 4
Centre of mass of the quarter disc is at —— 3—a
n’ 3n

According to the centre of mass of the quarter disc (the
shaded area) is at xra x g, So, x=4
3n 3 n



