SOAL

ODM ADVANCED LEARNING

STUDY MATERIAL: PHYSICS

ROTATIONALMOTION

CENTRE OF MASS
Definition:

1.  For a system of particles centre of mass is that point at
which its total mass is supposed to be concentrated.

2. Itis apoint about which vector sum of moment of masses
of all the particles in the system is always zero.
Moment of mass: It is the product of mass of the particle
and its position vector w.r.t. the reference point.
i.e. momentof mass= jy x ¥ ; Unit:kgxm
Calculation of centre of mass : For a discrete system of
particles centre of mass is defined as

mlfl + mzfz + m3f3 1

= =—2XYmT
my +m, + my M il where

rcm

M =m; +m, +.....+m, (total mass of the system)
If co-ordinates of positions of the particles of masses
mp, my, ... are given as (X, 1, Zy), (X3, Y2, Zp) ovve.
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then position vector of their center of mass is

Tm = Xem!tYemJ t+ Zcmk

my (Xqi+y1j+2z1k) +my(Xpi+ysj+25k)
+mj (X3i + y3_] + ZSk)

fem = my +my +msz+......

[ myx; +moXy +.. ) 1
cm — - 22 = X m;X;
m1+m2+m3+ ...... M

X

( m;y; +m +.... \ 1

Yem = 71 2 J = — X m;y;
ml +m2 +m3 +.... M
( + o) 1

Zom = Mz ¥ M3 =—2Xm;z;

M Amy +my +my e M o
If the system has continuous distribution of mass, treating
the mass element dm at position § as a point mass and
replacing summation by integration.

- 1 ¢.
Lm =M_[r dm
1 1
So that X¢p =MIX dm, yn =

1
and Z¢y, = M'[Z dm

NOTE

COLA

* There may or may not be any mass present physically at
centre of mass (See Fig. A, B, C, D)

It may be inside or outside of the body (See Fig. A,B,C, D)
Its position depends on the shape of the body.
(SeeFig. A, B, C,D)

* For a given shape it depends on the distribution of mass
of within the body and is closer to massive part. (See Fig)

* For symmetrical bodies having homogeneous distribution
of mass it coincides with centre of symmetry of geometrical
centre. (See Figure A, C, D).

* If we know the centre of mass of parts of the system and
their masses, we can get the combined centre of mass by
treating the parts as point particles placed at their
respective centre of masses.

* It is independent of the co-ordinate system, e.g., the centre
of mass of a ring is at its centre whatever be the co-ordinate
system.

* If the origin of co-ordinate system is at centre of mass,

e, L, =0, then by definition.

1
MZmifiZOSZmiﬁZO

the sum of the moments of the masses of a system about
its centre of mass is always zero.
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* Centre of mass of some commonly used systems:

Body
a. Uniform rod of length L. L/2
b. rod having linear mass density A = o x 2L/3
¢. Quadrant of a uniform circular ring, radius R. | 2R/ ®
d. Uniform semi circular ring of radius R. 2R/m
e. Uniform semi circular disc of radius R. 4R /3m
f. Uniform hemispherical shell of radius R. R/2
g. Uniform solid hemisphere of radius R. 3R/8
. ) h/3 from base of

h. Hollow cone of base radius R & height h.

the cone.
. . . . h/4 from base of
i. Solid cone of base radius R and height h.

the cone.

MOTION OF CENTRE OF MASS
As for a system of particles, position of centre of mass is

_ mlfl +m2f2 +m3f3 +....

my +myp +msz+....

dr df, d5,
my—+my, —=+my—+..

d . dt dt dt
SO — =
dt (rcm) 1’1’11+1’1’12 +l’1’13 +....
Velocity of CM
Vi+m,yVy +.... 1 T
Vem = myvy +mpvj =—3Xmy, { EZ \7}
my+m, +..... M dt
Similarly, ¢ = avcm
acceleration of CM
mia; + myay +.... 1 _ v
cm — — 22 :_Zmlal "ﬁzﬂ
my + my +...... M dt
Example1:
Three bodies of equal masses are placed at (0, 0), (a, 0)
(a ay3)
and at LE’T) . Find out the co-ordinates of centre of
mass.
a
Oxm+axm+—xm a 2 a3
Sol. X.p = =— ( )
° em m+m+m 2 22
a3
Oxm+0xm+ Xm (a,0)
Ve = 0.0 —
cm

m+m+m

Example 2 :

If the linear density of a rod of length L varies as
A=A+ Bx, compute its centre of mass.

Let the x-axis be along the length of the rod and origin at
one of its end as shown in Fig. As rod is along x-axis, for
all points on it y and z will be zero so,

Sol.

Yom = 0and zqy, =0
i.e., centre of mass will be on the rod.
Now consider an element of rod of length dx at a distance
x from the origin
mass of this element dm = Adx = (A + Bx) dx

L L
dem Ix(A-i—Bx)dx

_0 _0
SOaXCM_L L

[dm  [(A+Bx)dx
0 0

ALZ BI?
74_7
2 3

2
AL+£
2

_ L(3A+2BL)
3(2A+BL)

Note: (i) If the rod is uniform density then
A =constant and B=0 ; X,=L/2

(i1) If the density of rod varies linearly with x, then A = Bx
and A=0. ;0 Xem = 2L/3

Example 3 :

Find the centre of mass of a uniform disc of radius 'a' from
which a circular section of radius b has been removed.
The centre of the hole is at a distance ¢ from the centre of
the disc.

Sol. Let the circular disc of radius ‘a’ is made up of the circular
section of radius b and remainder. Further let the line of
symmetry joining the centres O and O, be the x-axis with
O as origin.
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The centre of mass of the disc of radius ‘a’ will be given

by XCM _ m;X; +myX,y
my + my

while Y~ and Z~; will be zero (as for all points on x-axis

y and z = 0). If & is the density of the material of disc.

m = nb%c and X;=¢

m,=n(a’-b?) candx,=?

M=m, +m2:nazcandXCM:O

So substituting these values in equation (i)

nbloe+m (3.2 —b2) OX,

o (i)

ma o

0=

i.e., centre of mass of the remainder (say O,) is at a distance
cb?/(a2 —b?) to the left of O on the line joining the centres
OandO,.

Example4:
Two blocks of masses m; and m, are connected by a light
inextensible string passing over a smooth fixed pulley of
negligible mass. Find the acceleration of the centre of
mass of the system when blocks move under gravity.

Sol. .. m,; >m, so m; will move downwards and m, upwards.
Magnitude of acc of each block

_ net pulling force

mass to be pulled
_(m-my)g
ml + m2

mlﬁl +m252 m1a+mza
Cm = =

m; +m, m; +m,
_ ( my — mz\\ a
Lml rm, J (+ve downwards and -ve upwards)

2
i _(ml—mz\\x(ml—mz\ _(ml—mz\
In the direction of acceleration of m,, downwards
y

Example5:
Three rods of the same mass
are placed as shown in the
figure. Calculate the
coordinates of the centre of
mass of the system.

O3

A
(0]
(0,0) (a,0)
CM ofrod OAis at (a/2,0), CM ofrod OB is at (0, a/2),
CM ofrod AB is at (a/2, a/2)

Sol.

a a
m><—+m><0+m><5

For system : 4 M = =
m+m+m

o
3

a a
mx0+mx—+mx—
2 2

Ln|E§

y =
M m+m-+m

CENTRE OF MASSAND MOMENTUM OF CONSERVATION
For a system of particles m;, m, ...........

Mv =m1\71+m2\72 +...

cm
or Mif'cm :f)l +f)2 +f)3 +... ['.'f):m(’]
or MV., =Pcm [ Z Pi =Pem]

Linear momentum of a system of particles is equal to the
product of mass of the system with velocity of its centre
of mass.

d (Mv.,)

From Newtons second law, l:“ext = ot

If F

ext —
If no external force acts on a system the velocity of its
centre of mass remains constant, i.e., velocity of centre of
mass is unaffected by internal forces.

0 then v, = constant

Displacement of objects using centre of mass concept :
Consider a system of two masses m; and m, if first mass
is displaced by distance d towards centre of mass to find
a displacement of second mass. Assume centre of mass at
distance x| and x, fromm; and m,
From centre of mass definition
m; X, =m,X,
andm;(x; —d)=m, (x, —d').

Solve (i) and (ii) d d'
m;d=m,d' ml:.lj_“: 5 ¢ 8 :‘,I'fm2
m b X, X, o

or d'= m_l d (d'is displacement of m, wrt ground)
2

If displacement of m; wrt m, = ;112 = al - 212

djp =d-(-d")=d+d’
m m
d=—ld=d=—L@d,-d), ¢-—" g4,
my my ’ my + m,
Note : From above relation we can write velocity expression
my

m
also v'=—Lvy and v’ =

mj

A%
my +m, 12

Example6:
A man of mass M stands at one end of a plank oflength L
which lies at rest on a frictionless surface. The man walks
to other end of the plank. If the mass of the plank is M/3
then the distance that the man moves relative to ground is
(A)3LM4 B)L/A4
(©) 4L (D)L3

Sol. (B). Let the distance moved by plank is x.

m Ax; +m,Ax, =0
3L

M(L—X)+%(—X):0 =x= e

.. Distance moved by person w.r.t. to ground=L—-x=L/4

B
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Example 7 :

Sol.

A particle of mass 3m is projected from the ground at some
angle with horizontal. The horizontal range is R. At the
highest point of its path it breaks into two pieces m and
2m. The smaller mass comes to rest and larger mass finally
falls at a distance x from the point of projection where x =
(A) 3R/A4 (B)3R2

(C) 5R/A4 (D)3R

mxy +mpX,

X =
(©). Xem ==

m (%) +2m (x,)

3m

R =

=X SR
2=—=
4

Example 8 :

Sol.

A man weighing 80 kg is standing at the centre of a flat
boat and he is 20 m from the shore. He walks 8m on the
boat towards the shore and then halts. The boat weight
200 kg. How far is he from the shore at the end of this time?
(A)11.2m (B)13.8m
(©)143m (D)154m
(C). Let the distance moved by boat be x.

80 {—(8—x)} +200 (+x)=0 = x=16/7=2.3
Distance of person from shore =20 — (8 —2.3)=14.3m

Example9:

Sol.

A man of mass m climbs a rope of length L suspended
below a balloon of mass M. The balloon is stationary with
respect to ground. If the man begins to climb up the rope
at a speed v (relative to rope) in what direction and with
what speed (relative to ground) will the balloon move?
Balloon is stationary Balloon
= No net external force acts on it.
= The conservation of linear
momentum of the system
(balloon + man) is valid

= va +meb =0,
where Vi, =V, +Vp,
= MV +m [V, +V,]=0 fman
where v, = velocity of man relative to the balloon (rope)
. m?fmb
=> V=
b M+m

Where v =v = v = and directed opposite to

M+m
that of the man.

Q.1

Q2

Q3

Q4

Q5

Q.6

Q.7

Q8

Q.9

TRY IT YOURSELF-1

Calculate the position of the centre of mass of a system
consisting of two particles of masses m; and m, sepa-
rated by a distance L apart.

A circle of radius R is cut from a uniform thin sheet of
metal. A circular hole of radius R/2 is now cut out of the
circle, with the hole tangent to the rim. Find the distance
of centre of mass from the center of the original uncut
circle to the CM.

A rigid body consists of a 3 kg mass connected to a 2 kg
mass by a massless rod. The 3 kg mass is located at

f =(2i+5))m and 2 kg mass at % = (4i+2j) m . Find

the length of rod & the coordinates of the centre of mass.
of the same mass is

released from the shown

shell on the horizontal floor 4

when the ball comes to S

Inside a smooth spherical !
position (Fig.) Find the
the lowest point of the

shell of the radius R a ball ' P
m
Eim
H4R/4
distance travelled by the
shell.

/77777777777777

3R/4

Xi X

A 1-kg rock is suspended by a massless string from one
end of a 1-m measuring stick. What is the weight of the
measuring stick if it is balanced by a support force at the
0.25-mmark?

| ] 1
(A) 0.25kg (B)0.5kg
(©) 1.0kg (D)2.0kg
A fisherman in a small fishing boat at rest in a lake hooks a
giant log floating in the lake 30 meters away. The fisherman
reels the log in. During this process, the boat moves
12meters in the direction of the log. If the mass of the boat
and fisherman is 400 kg, what is the mass of the log?
Assume frictionless.
Two particles of mass 1 kg and 0.5 kg are moving in the
same direction with speed of 2m/sec and 6 m/sec
respectively on a smooth horizontal surface. Find the speed
of centre of mass of the system.
Two particles of mass 2 kg & 4 kg are approaching towards
each other with accelerations 1m/sec? and 2m/sec?
respectively on a smooth horizontal surface. Find the
acceleration of centre of mass of the system.
A man of mass m is standing on a platform of mass M kept
on smooth ice. If the man starts moving on the platform
with a speed v relative to the platform, with what velocity
relative to the ice does the platform recoil ?

e
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Q.10 A block A (mass = 4M) is MOMENT OF INERTIA axis

placed on the top of a wedge The virtue by which a |y

B of base length ¢ (mass = body revolving aboutan T

20M) as shown in figure. axis opposes the changein ~ p~" I

When the system is released B rotational motionisknown e i r, ------ g

from rest. Find the distance /1T as moment of inertia.

moved by the wedge B till the block A reaches at lowest

end of wedge. Assume all surfaces are frictionless. The moment of inertia of a

ANSWERS particle with respect to an axis
of rotation is equal to the axis
M Yem=0 2cm=0 5 xy = m,L product of mass of the Ly
m; +m, particle and square of -
distance from rotational axis. . !
[14 2 19 A.) I=mr2 ol
2 (0,-R6) @)| 1T Im (4)-3R/8 ) ) m;
5 5 r = perpendicular distance
é © (6) my,, = 267kg (7) 3.33 m/sec from axis of rotation. B -
mv Moment of inertia of system of particle s
® Imisecz (9)V=—— (10) ¢/6
M+m I:m1r12+m2r22+m3r32+ ..........

RIGID BODY [=Zmr’

System of particle which does not change its shape under )

the influence of external force or torque and distance axis .

between the particle remains unchanged is called rigid Q_) continuous

body. body
(1 Nobody inuniverse is perfectly rigid. However the bodies

in which strain effect is quite negligible under the influence

of external force may be said to be rigid bodies e.g. earth,

billiard ball, stone, piece of steel, etc.
(i) The internal structure of a rigid body and its shape and

size do not change in state of motion.
ROTATORY MOTION I= J r* dm

A body rotating about a fixed axis then every particle of
the body moves in a circle and the centres of all these
circles lie at axis of rotation.

Rigid body

= . .th .
v = velocity of i* particle of mass m;.

% = position vector of it particle

R; = perpendicular distance of ith particle from axis of
rotation.
All particles of rigid body moves with same angular

velocity ¢ -

Moment of inertia depends on

(a) Mass of the body

(b) Mass distribution of body

(c) Position of axis of rotation

= its shape, size and density

Moment of inertia does not depend on

(a) Angular velocity

(b) Angular acceleration

(c) Torque

(d) Angular momentum

Unit : SI: kg-m?, CGS : g-cm?, Dimensions : M!L2T0
As the distance of mass increases from the rotational axis,
the moment of inertia (M.1.) increases.

=
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Moment of inertia of different objects

Shape of Rotational axis Figure Moment of Radius of
Body inertia Gyration
(1) Ring (a) Perpendicular to plane C MR? R
M : mass passing through centre of mass
R : radius
1 R
(b) Diameter in the plane 5 MR? E
2) Di Perpendicular to pl Lvr? =
(2) Disc (a) Perpendicular to plane 5 N
passing through centre of mass
MR? R
(b) Diameter in the plane 2 B
(3) Thin walled (a) Geometrical axis MR2 R
cylinder
(R?2 12) 2 2
R® L
b) Perpendicular to length : M|—+ —=
(b) Perpendicular to leng 5 L 5 12) ST
passing through centre of mas | .
< - >

[4
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5 MR R
(4) Solid cylinder (a) Geometrical axis ; 2 _2
|
(R2 12) 2 12
R® L
P icular to length M| —+— —_—=
(b) Perpendicular to leng k 4 12) 2 12
passing through centre of mas;
R +R3 R? +R2
(5) Hollow cylinder | Geometrical axis M{ > %
2 2
(6) Solid sphere (a) Diameter 3 MR? SR
7 7
(b) Tangent 5 MR?2 5 .R
2 2
(7) Thin spherical shell| Diameter —MR? —~R
3 3
, et to lenadh 5 ML® L
(8) Thin rod Perpendicular to lengt ETH 3
cm

passing through centre of mass




( ROTATIONAL MOTION )) §? OAL

ODM ADVANCED LEARNING

RADIUS OF GYRATION (K) Theorem of parallel axes (for all type of bodies)
The radius of gyration of a body is the distance from axis Moment of inertia of a body about any axis is equal to the
of rotation, the square of this distance when multiplied by moment of inertia about a parallel axis passing through the
the mass of body then it gives the moment of the body centre of mass plus product of mass of the body and the
(I =MK?) about same axis of rotation square of distance between these two parallel axis.
axis Tem =l ep+Md?
CM parallel
d axis
—
[=1cy, +Md?
Iy = Moment of inertia about the axis passing through
Rigid body centre of mass.
[=MK?but =% mr? so MK? =% mr? MOMENT OF INERTIA OF SOME REGULAR BODIES
N N 2 Moment of inertia of ring :
— g2 =Dull TMeh T Mty (i) About an axis passing through the centre of ring and
M perpendicular to its plane
Mass of ring = M and radius of ring =R z
2 2 2
-~ K= \/ Myl Mol + oo MMl The ring is assumed to L)
my +my +...+my be made up of small elements.
Ifm; =m, =m; =mthen, M=mn Consider one such element Y R
of mass dm. =
- +r22 o rr% ~ total ber of particl Moment of inertia of this element dm
= " [n = total number of particles] about the axis ZOZ' = dI L
dI=dm.R2%
) ) I Moment of inertia of the whole ring abotu axis ZOZ' is
Radius of gyrationK = 4| —
M I=[dI=R?[dm=MR’
K has no meaning without axis of rotation, K is scalar = MR2
tity. R
quantity (ii) About the diameter of the ring
THEOREMS OF MOMENT OF INERTIA Let moment of inertia of the ring about each diameter

=l (i.e. XX'and YY")

Both the diameters are perpendicular to the axis ZZ' which
is passing through the centre of the ring and perpendicu-
lar to its plane, by theorem of perpendicular was

Theorem of perpendicular axes (applicable only for two
dimensional bodies or plane laminas

The moment of inertia of a plane lamina about an axis
perpendicular to its plane is equal to the sum of the

= z
moments of inertia of the lamina about any two mutually }XXJFJIF IJ};YI' L Q) y
perpendicular axes in its own plane intersecting each other or 2% —%\/IR
at the point through which the perpendicular axis passes. =~ X;’e\ f X
L=1+1I 1
zZ X 'y - Id _ _MRZ , Id
2 y f
d 7
(iii) About an axis tangential and parallel to the diameter of
the ring : Let moment of inertia of the z

ring about the tangent AB parallel
to the diameter YY" of the ring =1

where I, = MI of the body about X-axis Applying theorem of parallel axes

I, = MI of the body about Y-axis I+ = moment of inertia of ring .
I = MI of the body about Z-axis about diameter YY'+MR? y z T
applicable only for two dimensional bodies and cannot be 1

_ 2 2 3.2
used for three dimensional bodies. It = EMR +MR" = It = EMR

=
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(iv) About the tangent parallel to the axis passing through
the centre of ring and perpendicular to plane.
Let MLI. of the ring about the I &Z)
tangent parallel to an axis
passing through the centre of
the ring and perpendicular to

its plane = I'y

I'T

Applying theorem of parallel axes 7
I'r = moment of inertia about ZZ' + MR? = MR? + MR?
' =2MR?
E le 10 A
xample 10 ; A

Find the moment of R P

inertia about axis AB.
Sol. I,p=1Iy,+MR? v

2
- MR vr2 - %MRZ
bl

Example 11 : v
Four bodies of masses 5
kg, 2 kg, 3 kg and 4 kg are
respectively placed at
position (0, 0, 0), (2, 0, 0),

3kg @ (0,3,0)

0,0,0) | 5k 2kg
(0,3,0) and ) CL— C X
(-2, -2, 0). Calculate the e 20,0
moment of inertia about °
(-2,2,0)

x-axis, y-axis and z-axis.
=3 x(3)>+4 x(2)> =43 unit

I,=2x (2)% +4 x (2)2 =24 unit
[,=2x(2)2+3x(3)2+4x (24/2)> =8+27+32=67 unit
(I, =T +1,=43+24=67)

Sol.

Example 12 :
The moment of inertia of sphere is 40 kg-m? about the
diameter. Determine the moment of inertia about any
tangent.

2
Sol. Given that gMR2 = 40

or MR?=100
By theorem of parallel axes
[=1y +MR?

7

= %MR2 +MR? =§MR2

T 100=140 kg-m>
5 g
Example 13 :
A uniform wire of length 7 and mass M bented in the shape
of semicircle of radius r as shown in figure. Calculate mo-
ment of inertia about XX'.

Mr®  M/?
2 2n?

l
Sol. Lengthofthe wire (=nr= 1=—= Iyxr =

Example 14 :
Calculate the moment of inertia of an annular disc about
an axis which lying in the plane of the disc and tangent to
the (i) inner circle and (ii) outer circle.

Sol. (i) M.IL about tangent to the inner circle is

M > 2 2
Lig= T(Rl +R35)+MRj

B
R,

=)

A
C

(i) M.IL about tangent to the outer circle is

M o o2 2
1N :(Rl +R3)+MR;
Example 15:
Two masses m; and m, are placed at a distance r from each
other. Find out the moment of inertia of system about an
axis passing through their centre of mass.

Sol. mr;=myryandr; +r,=r
S r >
m; e o om,
< r > € 9) >
. 1'1 _ mzr 1= mlr
my + m, my + m,

Moment of inertia | = m1r12 + m2r22

2 2
( myr ) ( myr ) (m1m2\2
™) ™y rm) )’
m1+m2 m1+m2 m1+m2
mym;
Note : Here I = ur? where p = reduced mass =
my + m,
Example 16 :
Adjoining diagram has three X
disc, in which each has mass
M and radius R. Find the
moment of inertia of this
system
about axis xx'.
Sol. Isystem =2x Iupper + Iinner
2
—oxIMR2 MR g2
4 4 <
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Example 17 :

Diameter of each spherical shell is R and mass M, they are
joined by a light and massless road. Calculate the moment
of inertia about xx' axis.

X

R »,
/ o
202 12,52 2
Sol. Tyem = 3 MR +[§MR +M (2R) }
_ *MR? 1 amRr? = O mRr2
3 3
Example 18 :

Sol.

Q.1

A thin uniform disc of mass
9OM and of radius R. A disc of
radius R/3 is cut as shown in
figure. Find the moment of
inertia of the remaining disc
about an axis passing
through O and perpendicular
to the plane of disc.

As the mass is uniformly distributed on the disc,

oM
so mass density (mass per unit area) = R2
T
) oMr [RT
Mass of removed portion= —— x| —| =M
nR 3

So the moment of inertia of the removed portion about the
stated axis by theorem of parallel axis

2 2
RIS
213 3

If the disc would not have been removed, then the mo-
ment of inertia of complete disc about the stated axis is I,

2
R
then I, =9M—
2
So the moment of inetia of the disc shown figure is I, — 1.
ie., I,~1, =4 MR?

TRY IT YOURSELF-2

Four rods are placed in the form of a square. Calculate the
moment of inertia about an axis passes through the centre
and perpendicular to the plane.

(Assume mass M and length L of each rod)

Q2

Q3

Q4

Q5

Q.6

Q.7

Three rods are placed in the form of equilateral triangle.
Calculate the M.I. about axis passing through the centre
and perpendicular to the plane. (Assume mass and length
of each rod is M and L respectively)

The moment of inertia of a sphere about its diameter is I.
Four such spheres are arranged as shown in figure. Find
the moment of inertia of the system about the axis XX'.

X

X

Two rings have their moments of inertia in the ratio 4 : 1
and their diameters are in the ratio 4 : 1. Find the ratio of
their masses. v

Four holes of radius R are cut A
from a thin square plate of
side 4R & mass M. Determine
inertia of the remaining portion
about z-axis.

N

Each wheels has an outer ring having
radius R and mass m. Other than
outer ring the wheels comprise of
some uniform rods (each of mass m
and length R).

Calculate radius of gyration about centre
and perpendicular to plane.

Two uniform identical rods
each of mass M and length 7
are joined to form a cross as
shown in figure.

Find the moment of inertia of the cross about a bisector as
shown dotted in the figure.

oo
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Torque = Force x perpendicular distance of line of action

of force from the axis of rotation.

DM ADYANCED LEARNING STUDY MATERIAL: PHYSICS
Q.8 Inthe figure shown find moment of inertia of a plate having
mass M, length ¢ and width b about axis 1, 2, 3 and 4. ?
Assume that mass is uniformly distributed. — -
6=90°
4 2 6=0°
1 Y F
M «—3¥M
C F
3 b
The magnitude of torque :
—
0

Q.9 Calcualte the moment of inertia of a hollow cylinder of

mass M and radius R about a line parallel to the axis of the
cylinder and on the surface of the cylinder.

Q.10 The diameter of flywheel increases by 1%. Find the

)

®)
@®

&)

percentage increase in moment of inertia about axis of
symmetry.

ANSWERS
2
& mr? 2 ML 3)91 @)1:4
3 2
8 10m R
[5 —7} MR? (6) ;] (7)M/2/12

I, =Mb%3, I,=M(?/12,1,=Mb%12,1,= M(?/3

5
ZMR?

3 (10) 2%

TORQUE (ORMOMENT OF FORCE)

If a pivoted, hinged or suspended body tends to change
in state of rotation under the action of a force, it is said to

be acted on by a torque I=TxF

Unit of torque (N-m) cannot be written as joule, because
joule is used specifically for work or energy.

Unit : N-m (same as that of work or energy)

Dimensions : [ML?T 2]

Itis an axial vector, i.e. its direction is always perpendicular

to the plane containing vector t and F .

It’s direction is determined by right hand screw rule.
Positive sign to all torques acting to turn a body anti-
clockwise and a minus to all torques tending to turn it
clockwise.

t=rFsin®=F (rsin0)=Fb

Relation between torque and angular acceleration :
t=Ia

For complete equilibrium, XF =0, Xt1=0

Example 19 :

Find out the torque about point A, O and B for fig. (i) &

about O for fig. (ii).

A

(3.5
A F=10N

(0,5)

o B
(1) (3,0)

(i)

Sol. 1,=0;15=10x5=50N-m; 7,=10x5=50N-m
Torque about O
1=-10x2-20sin30°x2+30x2=20N-m

Example 20 :

A rod is pivoted at its one edge about point O. Other edge
of rod is suspended from the ceiling through rope as
shown. If the rope is suddenly cut then find the angular

acceleration of rod.

L

LeO

Sol.
will produce torque about point O.

T =Ia, consider force amy acting as shown in figure at CM

ofrod (i.e. middle point of the rod)

L
P L »
Lo 0 e
D 7 ’I
mg

2

L L
mel = =M :>§=L_°‘:> _3sg

2 3 2 3 2

When the rope is cut, weight of rod due to force of gravity

4
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Example 21 :

Sol.

What should be the value of
force F for a block of mass m as
shown, if it is toppled about O.
F tends to move the block r
clockwise while mg tends to
move the block anticlockwise. v
If block topples then YA

3a a 2
Fx—>mgx— =>F>—m
4~ MYy 38

Example 22 :

Sol.

A uniform disc of radius R and mass M is free to rotate
about a fixed axis perpendicular to its plane and passing
through its centre. A string is wrapped over its rim and a
block of mass m is attached to the free end of the string as
shown in the figure. The block is released from rest. If
string does not slip on the rim then find the acceleration of
the block. Neglect the mass of the string. M
Since string does not slip on the
disc hence tangential acceleration
of the point on the

rim which is in contact with the
string is equal to the acceleration of the block.

Let angular acceleration of the disc about axis be o, hence
acceleration of the blocka=a R

F.B.D. of the Block F.B.D. of the Disc.

T

la

mg

= mg-T=moR,asa=aR ...()
Torque on the disc is T= Trepgion T Ting

=>la=TR ast ,=0

(where, I = MLI. of the disc about the axis)
= T=IwR ...(i)
Eliminating T for (i) and (ii),

MR?
o= mgl :22mg , as I=—2
[mR+7) (2m+M)R
R
2mg
H a= .
e T omeM
ANGULARMOMENTUM

Angular momentum of a body about a given axis is the
product of its linear momentum and perpendicular distance
of line of action of linear momentum vector from the axis of
rotation.

b sin 6 A
=rsin@® /)

Angular momentum = Linear momentum x Perpendicular
distance of line of action of momentum from the axis of

rotation. L=mvxrsin® = L=7xp
Here [ 1is the angular momentum of a moving particle

abotu point O, p is the linear momentum of the particle &

T isthe position vector of the particle regarding the point.
Unit : S.I. J-sec or kg-m?/sec

Dimensions : [ML?T 1]

Angular momentum is an axial vector.

@

b)

As torque (T xF) is defined as the ‘normal of force’,
angular momentum is also define as moment of linear
momentum. In Cartesian coordinates angular momentum :
L=(Fxp)=m(fxV)[.p=mV]
i ] Kk
L=m|x y z
Ve Yy Vy
L=m [(xi + yj + 212) X (vxi + vyj + VZE)]

Le, L=m [ i (sz _ZVy)_j (XVZ _va)+l; (XVy _ny)]
Magnitude of the angular momentum, L = mvr sin 0
For6=0°o0r180°i.e. T and V are parallel or anti-parallel

sin =0 : L will be minimum.

If the axis of rotation is on the line of motion of moving
particle then angular momentum is minimum and zero.
For 6 = 90°, i.e. angular momentum is maximum when

T and v are orthogonal sin 6 =1 : L will be maximum. i.e., in
case of circular motion of a particle, angular momentum is
maximum about centre of circle and is mvr.

As |L|=mvrsin® so if the point is not on the line of

motioni.e. 80 or 180°1i.e., a particle in translatory motion
always have an angular momentum unless the point is on
the line of motion.

=
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In case of circular motion of a particle
R t= Vo/g
L=txp=m(fxV) [ p=mv] i
- Vo
= L=mvrsin90n[. 0=90°]
[Where f is a unit vector perpendicular to the plane of P A45° 5

motion in accordance with right hand Screw rule]

2

or L=mrwh ['v=r10]

or L=16 [mr’=1&oh=a]

In case of circular motion, angular momentum is equal to
the product of moment of inertia with angular velocity.
This result is rotational analogue of p =mv

In case of rotational motion

2
1 1L U
LZIQ&ERZEIQZ = ER:EI[T} Tl

2

This result is rotational analogue of E = ;)—
m

In case of circular motion of a particle

L=To=>—=1— [ Tisconst.]

[+ —=adandT=1I0]
dt dt

The rate of change of angular momentum is equal to the
net torque acting on the particle. This expression is

d -
rotational analogue of P_§ and so also referred as

dt

newtons II law for rotational motion.

ANGULARIMPULSE

If a large torque acts on a body for a small time then

Angular impulse = T dt

Angular impulse = 7, At = AL = change in angular

. AL
momentum. [ t=—]
At
Action of angular impulse is to change the angular
momentum. It has same unit, dimensions and direction as

angular momentum.

Example 23 :

Sol.

A particle of mass mis projected at t =0 from the point P on
the ground with speed v, at an angle of 45° to the
horizontal. Find the magnitude and direction of the angular
momentum of the particle at time t = v/g.

Only force acting on projectile (particle) is its weight mg
so at time t torque of mg about P is

V_Oxt

N

T=mgd = mg

*. change in angular momentum = angular impulse

L L 2 3
AL:IrdtzmgVOJ‘rdt,mgVOt _ 1 mvy
0

2o TR 2 a2

Initial angular momentum about P is zero (line of action of
linear momentum is passing through P) so angular

. Vo . 1 mvg
momentum attimet= — 1s

g 22 g

perpendicular to the plane of page inwards.

and its direction is

Example 24 :

Sol.

The diameter of a solid disc is 0.5m and its mass is 16 kg.
What torque will increase its angular velocity from zero to
120 rotations/minute in 8 seconds ?

Moment of inertia of solid disc

2
1= LMr2 = Luiex| 22| =
2 2 2

120
120x2r _
60
and change in angular momentum, AL =Io—-0=Iw
Angular impulse T x t=AL

:£:lxlx4n:£N—m
t 8 2 4

1
2

Angular velocity, ® =

= 1T

Example 25 :

Sol.

A particle having mass 5 kg is moving on a straight line

y = 2x + 4 with velocity 3v5m/s. Find its angular

momentum about origin.
m=tan0=2andc=4 (y=mx+c¢)
y =2x+4
y
L 2
; )
E 1
e
d 1 4
—=cosf=—7=  d=—
1 NN
4 2
= L:mvd:5><3«/§><—:60kg-m /sec.

NG

=
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Example 26 :

Sol.

A disc of mass M and
radius R rotating at an
angular velocity wabout an
axis perpendicular to its

plane at a distance R/2
from the centre, as shown
in the figure. What is its
angular momentum? The
moment of inertia of a disc

>
R/2

The axis of rotation at a distance
R/2 from the center of the disc.

1
about the central axis is EMRz.

The moment of inertia of the disc about the given axis may
be found from the parallel axes theorem, equation

I=1I,+ Mh2, where h is the distance between the
given axis and a parallel axis throug the center of mass.
Here, h =R/2 therefore,

2
I=LMR2+M [5) _3MR2
2 2 4

The angular momentum is,

L=1Io :%MRZQ).

CONSERVATION OFANGULARMOMENTUM

AL Ly -L; Jof-lo; I(of-o))
— = T= = =
At At At At

If the resultant external torque acting on a system is zero
then the total angular momentum of the system remains
constant.

%:

AL
If T =0 then A =0 = L =constant

=>Li=L; or Lo =lm,

Ifa system is isolated from its surrounding i.e. any internal

interaction between part of the system cannot alter its

total angular momentum.

For example,

(i) Ifaperson skating on ice folds his arms then his M.I.
decreases and o increases.

(ii) A diver jumping from a height folds his arms and legs
(I decrease) in order to increase number of rotation in
air by increasing o.

(iii) If a person moves towards the centre of rotating
platform then I decrease and o increase.

Example 27 :

A solid cylinder of mass M and radius R is rotating along
its axis with angular velocity o without friction. A particle
of mass m moving with velocity v collide against the
cylinder and sticks to its rim. After the impact calculate
angular velocity of cylinder, and that will be initial and
final kinetic energy?

Sol.

Initial angular momentum of cylinder = l®
Initial angular momentum of particle = mvR

After

) ()

o

Before

Before striking total angular momentum,
L,=Io+mvR
After striking total angular momentum,
L,=(I+mR?) @
L,=L,= (I+mR?) o'=Io+mvR
Io + mvR

New angular velocity, ® =
& Y I+mR>

1
Initial kinetic energy of system = 5 lo? + Emv2

1
Final kinetic energy of system = 5(1 + mRz) '

Example 28 :

Sol.

Keeping the mass of earth constant. If its radius is halved
then what will be the duration of the day will be.
Lo = Lo,

2
2 2t 2. (R) 2
- EMsz—nng(—] il

T, 2) T,
T
= T,= 7 o T,=24hr
o Ty=6hr
Example29:

Sol.

Explain with reason why if ice melts at pole then moment
of inertia of earth increases, angular velocity @ decrease
and day will be longer.

If ice of the pole is melts then it will come towards the
equator and moment of inertia of earth will increase be-
cause mass particles at equator are at more distant from
rotational axis as compare to pole.

Time period (T) =27/®

so if I increases then o decreases = T increases

Due to increment of time period the duration of day and
night will increase.

o
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Example 30 : Example 31 :

A rotating table has angular velocity ® and moment of
inertia I;. A person of mass stands on centre of rotating
table. If the person moves a distance r along its radius
then what will be the final angular velocity of rotating
table.

Sol. Initial angular momentum = Final angular momentum

2 _ Il(x)
o= +mr)e, = Oy="—+

I} +mr Sol.

ROTATIONALKINETICENERGY

* The energy due to rotational motion of a body is known as
rotational kinetic energy.

* A rigid body is rotating about an axis with uniform angular
velocity . The body is assumed to be composed of
particles of masses m, m,, .....

The linear velocity of the particles is
V| = @, Vy = Oy, e,
therefore the kinetic energy of the rotating body is

1
KE, = Elelz + mzvg o
1
KE, = E(mlrlz + m2r22 oo ) 0? = —Io?
It is a scalar quantity.
Rotational kinetic energy
2
1 14 1
KE, = ~lo? =~ x— = —MK’n>
2 2 12 2

2 2

1 L. L

KE, = Lix ¥ Le L
2 R? 2 21

* If external torque acting on a body is equal to zero (t=0),

1 1

L = constant. Eoc—ac P
I MK

WORKENERGY THEOREM IN ROTATIONALMOTION

A point mass is tie to one end of a cord whose other end
passes through a vertical hollow tube, caught in one hand.
The point mass is being rotated in a horizontal circle of
radius 2m with speed of 4 m/s. The cord is then pulled
down so that the radius of'the circle reduces to Im. Compute
the new linear and angular velocities of the point mass
and compute the ratio of kinetic energies under the initial
and final states.

The force on the point mass due to cord is radial and
hence the torque about the centre of rotation is zero.
Therefore, the angular momentum must remain constant
as the chord is shortened.

Let mass of the particle is m and in the circle of radius r
linear velocity v, and angular velocity ;. Further let in a
circle of radius r, the linear velocity v, and angular velocity
0,.

- Initial angular momentum = Final angular momentum

Lio; =L,
2 V] 2 V2
mri — =mr, —= —
= 1 2 T, =TIV =1V,
1 2 A% 8
. v2:—1v1:—><4:8m/s&m2:—2:—:8rad/s
rz 1 1'2 1

2
1 2 rnr2 X Y2
Final KE. 2292 "7 n | 3 @

Initial KE. 1, 2 272 )2
5o mrﬁ{vl} T

h

The work done by torque Example 32 :

= Change in kinetic energy of rotation.

W= lIm% . lof
2 2
The change in the rotational kinetic energy of a rigid body
equals the work done by torques exerted from outside the
body. This equation is analogous to equation to work-
energy theorem for a particle.

Rotational power : The power associated with the work

done by a torque acting on a rotational body.

Divide both sides of equation dW = t dO by the time

interval dt during which the angular displacement occurs.
dw  do

i =1 m instantaneous rotational power P, =1 o

A thin meter scale is kept vertical by placing its one end on

floor, keeping the end in contact stationary, it is allowed to
fall. Calculate the velocity of its upper end when it hits the
floor.

Sol. Loss in PE = gain in rotational KE

A AT T .
ti Yl em
v
2
mgl 1 - m/

e
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Example33:

Sol.

Q.1
Q22
Q3
Q.4

Q5

A uniform ladder of length L
rests against a smooth friction-
less wall. The floor is rough and

the coefficient of static friction L
between the floor & ladder is .
When the ladder is positioned at 0

angle 0, it is just about to slip. What is 6.
At equilibrium X F =0,
=>N;=mg
X1, =0

L .
= mg50056+flLsm6 =N;Lcos6

0 .
MECOsT 4 pmgL sin® = mgL cos®

tan0=1/2p

TRYITYOURSELF-3

If the kinetic energy of a body is increased by 300% then
determine percentage increase in its angular momentum.
If the angular momentum of a body is increased by 200%
then find increase in its rotational kinetic energy.

The power output of an automobile engine is advertised
to be 200 hp to 600 rpm. What is the corresponding torque.
About which axis angular acceleration will be more in
diagram. Force is applied at the middle point of triangular
lamina.

dn d2

'y

In the following figure r; and r, are 10 cm. and 20 cm.
respectively. If the moment of inertia of the wheel is 1500
kg-m?, then determine its angular acceleration.

5N

I5N

10N

Q.6

Q.7

QS8

Q.9

In the figure, a force of magnitude F is applied to one end
of a lever of ength L. What is the magnitude of the torque
about the point S? l

F

(A)FLsin 6 (B)FL cos 0

(CO)FLtan6 (D) None of the above

In the situation where a particle is moving in the x-y plane
with a constant velocity, the magnitude of the angular

o —PpV

k-

momentum | L | about the origin

(A) decreases then increases

(B) increases then decrease

(C) is constant

(D) is zero because this is not circular motion.
A non-symmetric body
rotates withan angular
speed m about the z axis.
Relative to the origin

z

(A) I:O is constant.

(B) |L,| is constant but — 4

Lo/ |Lg| is not.
(C) Ly/ |Lg is constant but [Ly is not.

D) I:O has no z-component. .

You are trying to open a door that is stuck by pulling on
the doorknob in a direction perpendicular to the door.
Assume the doorknob is at the same height as the center
of mass of the door. If instead you tie a rope to the door
and then pull perpendicularly with the same force, the
torque about the center of mass of the door you exert is
(A) increased (B) decreased

(C) the same (D) unsure

Q.10 A man on a unicycle pedaling northward begins to slow

)
@
™

down. The direction of the cycle’s angular acceleration
vector will be —

(A) North (B) South

(C) East (D) West
ANSWERS

100% (2) 800% (3)237.5N-m

0y >0y (5) 103 rad?  (6)(B)

© ®®B) 9 ©) 10)(©)

B
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COMPARISON BETWEEN FORMULA OF TRANSLATORY MOTIONAND ROTATORY MOTION

Translatory motion
. dp -
. F=2 Foma
dt

2. Linear momentum (P), p = mv

1
3. Linear kinetic energy, KE = Emv2

4. Work done W =FS (constant force)
5. Variable force W = J'IE -ds

1 1
7. Work energy theorem W = EmV% _EmVlz

8. Linear impulse

- d
It is produced a large force for small time F = XI‘E

Impulse momentum theorem

Ap = FAt = Impulse

Rotatory motion

_dL .
l.t=—,7=1a
dt

2. Angular momentum (L), L = I&

1
3. Rotational kinetic energy, E = 3 Io?

4. Work done W =70 (constant torque)
5. Variable torque = W = J.?. dé

7.d6
dt

@

Al

. . . dw
6. Power in rotational motion, P = T =

1 1
7. Work energy theorem W = 5 Iw% 3 Iw12

8. Angular impulse

~ AL
It is product of large torque for small time T = vy

Angular impulse momentum theorem

AL =7 At = Angular impulse

ROLLING MOTION

It is a combination of translatory and rotational motion. In
this type of motion axis of rotation is not stationary. If a
body rotates about an axis with angular velocity ® then
with respect to the axis of rotation linear velocity of any

particle in the body at a position T from the axis of rotation
isequalto V=@xT

If the axis of rotation also moves with velocity v, then net
velocity of the particle relative to stationary frame will be

V=®xT+7,.
If a regular rigid body (like sphere, disc or ring) is spined
to a certain angular velocity and placed on a surface such
that plane of rotation must be perpendicular to the surface

and a velocity Vv, is given to a centre of mass of the body
then net velocity of the particle of the body at a distance r
from the centre is equal to X T + V.

“A body is said to be in pure rolling motion if relative
velocity between the point of contacts is zero”.

Pure rolling motion is a combination of pure translatory
and pure rotational motion. It is equivalent to pure rotation
about point of contact. If velocity of the surface on which

the body has to roll is V, and R be the radius of the body
then, for rolling xR + Vo =V,

If v, =0 then the condition for rolling is v, = @R .

The steps for analyzing combined rotation and translation

is as follows:

(i) List the external forces acting on the body.

(i) The vector sum of external forces divided by the mass
of the body gives the acceleration of the centre of
mass.

(iii) Then find the torque of external forces and the moment
of inertia of the body about a line through the centre
of mass and perpendicular to the plane of motion of

1D D W
m—T OL—T.

the particles. a_ ;

If motion of the body is studied from non-inertial frame of
reference having an acceleration a in a fixed direction with
respect to an inertial frame, we have to apply a pseudo
force (-ma) to each particle. These pseudo forces produce
a pseudo torque about the axis. In such a case we do not
hope T, = la to hold.

But there exists a very special and very useful case when
T, = lo does hold even if the angular acceleration o is

measured from a non-inertial frame A. That special case is
when axis of rotation passes through the centre of mass.
Take the origin at the centre of mass. The total torque of

the pseudo forces is, Zf] x(-m;a) = _(Zmifi ) xa

where 1, is the position vector of the it particle as

measured from the centre of mass.

v
I 332




( ROTATIONAL MOTION J)

SOAL

ODM ADVANCED LEARNING

But, Zmiﬁ =0 = Pseudo torque is zero and we get,

Tow =10

How the translational motion and rotation motion about
the centre of mass are superimposed to get the motion of
a rigid body (say a disc of radius R) are illustrated in the
following figure.

Q
Vem Q wR
+
Vem R
P P
O 2 Vem
!V Or
P

To get the instantaneous velocity of any point on the rigid

body we calculate the instantaneous velocity of that point

in the pure translation and in pure rotation and add then

vectorially.

Veloc1ty of instantaneous point of contact P,

= Velocity of point of contact in translation + velocity of
instantaneous point of contact in pure rotation

= Vg In the forward direction + R in the forward
direction

= Viq— Ro, in the forward direction.

Velocity of the instantaneous top most point Q

= Velocity of top most point in pure translation + velocity
of instantaneous top most point in pure rotation

= Vg in the forward direction + Rw, in the forward
direction

= Viq T Ro, in the forward direction.

Veloc1ty of point O

= Velocity of point in pure translation + Instantaneous
velocity of point O in pure rotation

= Vg, inthe forward direction + x, perpendicular to CO
as shown in the figure.

—Yem 54 xw
The figure below illustrates how the instantaneous
acceleration are superimposed:

o &

acm=0

Vem =0,

Acceleration of the instantaneous point of contact w.r.t.

supportlng surface

= Acceleration of point of contact in pure translation
+ acceleration of instantaneous point of contact in
pure rotation

= (agy in the forwards direction) + (Ra, in the backward
direction + w?R, vertically upward towards centre of
mass)

R
= dem 44 R P p2R

Acceleration of the instantaneous top most point

= Acceleration of the top most point in pure translation
+ Acceleration of the instantaneous top most point in
pure rotation

= (agy,, in the forward direction)+(Ra, in the forward
direction + w?R, vertically downwards towards the
centre of mass)

_ R
= dem 4 ¢ +i«032R

Acceleration of point O
= Acceleration of point O in pure translation
+ Acceleration of point O in pure rotation
= (agy, inthe forward direction) + (xa., perpendicular to
CO as shown)+(w?x,along OC directed towards C)

- — 5+ x0+ ©°R
aem

Note :

When the body on the surface, the frictional force on the
body (if may) will be static in nature less than its limiting
value, f, < u N. The value and the direction of the friction
can be obtamed using XF=ma_, 7., = [, ,o and given
constants (basically equation relatmg the acceleration
under rolling condition).

When the point of contact moves w.r.t. the supporting
surface, Vpc # 0, the frictional force (if the surface is rough)
is equal to w N, opposite to the direction of motion of
point of contact w.r.t. the surface.

Rolling motion of a rigid body is also equivalent to pure
rotation about the point of contact.

1 1
Total KE (in pure rolling) = Emvgm + 7 [no
= lmmsz + lIcmo)2
2 2

2
_IPoint of ®

1 2 2
=—(mR"+I )0 =
2 2 contact
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Example 34 :
A body of radius R and mass m is placed on horizontal . . Vo
o V=
rough surface with linear velocity v,,, after some time it Velocity of body when pure rolling starts K2
comes in the condition of pure rolling then determine Work done in sliding by frictional force 1+ F
= Initial kinetic energy — Final kinetic energy
(K2
Work done by friction, Wy = lMV(Z) - lMv2 1+ LS
2
2 2 L R J
Iyl Mv Mvg
T T 2 0 2 ( K2 K2

Sol.

(1) Time t at which body starts pure rolling.

(i) Linear velocity of body at time t.

(ii)) Work done by frictional force in this time t.

For translatory motion : v=u+ at

Initial velocity u=v,,

Let after time t pure rolling starts

and at this t final velocity = v and

acceleration =a. FBD

FromFBD:

Normal reaction N =mg N

Friction force f=pN=p mg I

= ma=pmg [ " f=ma] <

Retardation l
a=ug mg
v =V, — gt (~ve sign for retardation)
V=vy-pgt @)

For rotatory motion

® =0g +a t (Initial angular velocity o, = 0)
o=ot
fR R
T _ pmexr

=So=7 = a=— ... il
I sz sz (i

ng .
Fromeq. (ii) and eq. (iii), ® = Ft ........ (iv)
v
"+ Forpurerolling, v=0oR=> o= e )
. v _HeR ugR’ :
Fromeq. (iv) and (v), ' = e tor v= 2 (vi)
Substitute v from eq. (vi) into eq. (i)
2
Rt v
ug2 vo-pgt Y0
K R2
ug {1 + 2}
K
Putting the value of n t in eq. (i)
\
V:Vo_ug—ozzvo— VO _ VO
R R’ K?
ng|l+— I+ 1+
K K? R?

Example 35 :

Sol.

A cylindrical drum, pushed along by a board rolls forward
on the ground. There is no slipping at any contact. Find
the distance moved by the man who is pushing the board,
when axis of the cylinder covers a distance L.

Let v,, be the linear speed of the axis of the cylinder and @
be its angular speed about the axis. As it does not slip on

v
the ground , ® = EO , where R is the radius of the cylinder.

Speed of the topmost pointis v =v, + ®R =2v,

Since time taken by the axis to move a distance L is equal
to t=L/v,. Inthe same interval of time distance moved by

L
the topmost point is S=2vyx—=2L.

Vo
As there is no slipping between any point of contact hence
distance moved by the man is 2L.

Example 36 : B

Sol.

A constant force F acts F
tangentially at the highest C
point of a uniform disc of mass

m kept on a rough horizontal _
surface as shown in figure. If

the disc rolls without

slipping, calculate the acceleration of the centre (C)and
point A and B of the disc.

The situation is shown in figure. As the force F rotates the
disc, the point of contact has a tendency to slip towards
left so that the static friction on the disc will act towards
right. Let r be the radius of the disc and a be the linear
acceleration of the centre of the disc. The angular
acceleration about the centre of the disc is o= a/r, as there
is no slipping.

Rough
sphere

vym
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For the linear motion of the centre,
F+f=ma
and for the rotational motion about the centre,

1 2 a 1
Fr—fr:Ia:[—mr][—] _f==
2 r or F f 2ma

F Dand (2 2F—§ma or a—£
rom (1) and (2), > m

Acceleration of point A is zero.
4F] _8F

Acceleration of point Bis 2a=2 [
3m

" 3m

ROLLINGMOTION ONAN INCLINED PLANE
For pure rolling motion (pure translational + pure
Rotational) on in inclined plane friction is must to provide
the necessary torque.

It is interesting to observe work done by friction in pure
rolling is zero (no sliding — no work against friction) hence
PE at the top converts into KE ( KE, + KE, ) at the bottom.

| ([ k2)

Emv2 LI“L?J =mgh

(2eh)’?  (2gsin0)"?

Velocity, v = =
( K2\1/2 ( 2\\1/2
I+— I+—
el e
sin O
v2=2as ; Acceleration a=S00 ;Szlatz
[ x2)
K 2

| r2)

( K2\1/2
5 (2s)"? Ll ) J
Time t= ;—t:\/z_isz R
a (gsin®)?

Different forces acting on body :
(1) Weight of the body vertically downward
(i) Normal reaction perpendicular to the surface
(iii) Friction force (f) opposite to the direction of motion of
body.
Mgsin 6 —f=Ma

Mgsin 6 —f= M{ gsin® }

1+k2/R2

1
_ .
f Mgsme{ 1+k2/R2}

k2
Rr2 tan 0
p [Mgcos 0]=Mgsin0 5| k= an 3
k R
47 )
R k

For cylinder and disc R%/k?=2
Body slides without slipping on inclined plane, if

1
> —tan0
N 3

Example37:
When a sphere of moment of inertia I rolls down an in-
clined plane. Find the percentage of rotational kinetic en-
ergy to the total kinetic energy.

2 v2
Sol. ——x100 - — 2 x100= I %100
Er “mv? + -’ 2( K2)
2 2 mv LIJ’_TJ
T
=28%

Example 38 :

A uniform disc of mass mand

radius R is rolling without

slipping up a rough inclined

plane which makes an angle

30° with the horizontal. If the 0

coefficient of static & kinetic

friction are each equal to p and the only force acting on
the disc are gravitational and frictional, then find direction
and magnitude of the frictional force acting on it.

Since disc does not slip hence
frictional force is static and
static friction can have any
value between 0 and uN.
Component of mg parallel to
the plane is mg sin 6 which is
opposite to the direction of
motion of the centre of the
disc, and hence speed of the centre of mass decreases.
For pure rolling the relation v, = ®R must be obeyed.
Therefore @ must decrease. Only frictional force can
provide a torque about the centre.

Sol.

Torque due to friction must be opposite to the ¢ . Therefore

frictional force will act up the plane
Now, for translational motion

mgsin@—f=ma_, ...Q0)

v
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For rotational motion
fr = Ia, where I = M.I. of the disc about centre.

_fR?

1 .. (i)

a
=[- asg=0R = a
R c.m.
From (i) and (ii) we get,
_ mgsin0

f=
mR?
1+ —

I

Using eq. (i) and (ii), we get f=mg/6.

TRY IT YOURSELF-4

For Q.1-6

Q.1

Q2

Q3

Consider a bicycle wheel of radius R and mass m with
moment of inertia I, aboutan axis passing perpendicular
to the plane of the wheel and through the center-of-mass.
The bicycle wheel is initially spinning with angular velocity
o, about the center-of-mass. The wheel is lowered to the
ground without bouncing. As soon as the wheel touches
the level ground, the wheel starts to accelerate forward
until it begins to roll without slipping with a final angular
velocity o and center-of-mass velocity v

cm,f *

Bicycle Wheel: Forces
How many forces (in a frame fixed to the ground) are acting
on the bicycle when it is translating and rotating but is not
yet rolling without slipping?

(A) One (B) Two

(C) Three (D) Four

Bicycle Wheel: Direction of Kinetic Friction

What is the direction of the
kinetic friction force on the
bicycle wheel in the figure?
(A) Points to the right

(B) Points to the left

(C) Points up

(D) Points down.

Bicycle Wheel: Torque about the Center-of-Mass
Is the torque about the
center-of-mass zero?
(A) Yes

(B)No

(C) Not sure

Q4

Q5

Q.6

Q.7

Bicycle Wheel: Angular Momentum about the Center-of-
Mass

Is the angular momentum constant about the center-of-
mass?
(A) Yes (B)No (C) Not sure
Bicycle Wheel: Torque about S due to Friction Force
Consider the point S shown in the figure. S lies on the line
of contact between the wheel and the ground. Is the torque

about S due to the kinetic friction force zero?

[ X))

(A) Yes (B)No (C) Not sure

Bicycle Wheel: Torque about S due to Normal Force
Consider the point S shown in the figure. S lies on the line
of contact between the wheel and the ground. Is the
magnitude and direction of the torque about S due to the

normal force

(A) |fS,N | =Nd, out of the page.
B) |fS,N| =Nd, into the page.
© |fs,N| =NR, out of the page.

(D) |fS’N| =NR, into the page.

Two disks are separated by a spindle of smaller diameter. A
string is wound around the spindle and pulled gently. In
which direction does it roll?

(A) To theright, in the direction of F, winding up the string
(B) To the left, opposite to F, unwinding the string.

(C) It does not roll, it slides to the right

(D) It does not roll, it slides to the left
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QS8

Q.9

A hollow sphere of mass M and radius R as shown in
figure slips on a rough horizontal plane. At some instant it
has linear velocity v and angular velocity about the centre
vo/2R as shown in figure. Calculate the linear velocity after
the sphere starts pure rolling.

~’

—>Vp

:Vo/ 2R

R
A
TITTITTTTTTTTT
A sphere of mass m rolls without slipping on an inclined
plane of inclination 6. What should be the minimum
coefficient of static friction to support pure rolling ?

f

Q.10 Sphere, disc, ring and solid cylinder of same radius on

M
®)

(C)

mass are placed on frictionless inclined plane. Comment
on the order of time when they will reach the bottom of
inclined plane.

ANSWERS
®B) (2)(A) 3®B) @®B)
(A) (6) (A) M A) B)4vy/5
p> %tan 0 (10) All will reach simultaneoulsy.

IMPORTANT POINTS

If C.M. of system is initially at rest and system is set free to
move under the influence of resultant force of fixed line of
action then system as whole may move in translatory as
well as in rotatory motion but C.M. of system will move in
translatory motion only in the direction of resultant force.
The angular momentum of a system of n particles about

n
the originis L = z L Xp;
i=1

The torque or moment of force on a system of n particles

about the originis t = Zfi xE
i
The force F; acting on the ith particle includes the external
as well as internal forces. Assuming Newton’s third law
and that forces between any two particles act along the
dL

line joining the particles we can show 1, =0 and o = Text

The angular acceleration of a rigid body rotating about a
fixed axis is given by Io. =t . If the external torque t is zero,
the component of angular momentum about the fixed axis
I of such a rotating body is constant. The angular
momentum L and the angular velocity o are not necessarily
parallel vectors. However, for the simpler situations
discussed in this chapter when rotation is about a fixed
axis which is an axis of symmetry of the rigid body, the
relation L = Im holds good, where I is the moment of the
inertia of the body about the rotation axis.

The moment of inertia of a rigid body about an axis is

defined by the formula I=Y m® where r; is the
perpendicular distance of the i point of the body from

the axis. The kinetic energy of rotation is K = 11@2
2

The theorem of parallel axes : I'Z =1+ MaZ2, allows us to

determine the moment of inertia of a rigid body about an
axis as the sum of the moment of inertia of the body about
a parallel axis through its centre of mass and the product
of' mass and square of the perpendicular distance between
these two axes.

Theorem of perpendicular Axes - This theorem states that
the moment of inertia of a plane about an axis perpendicular
to its plane is equal to the sum of its moments of inertia
about any two mutually perpendicular axes in its plane
and intersecting each other at the point where the
perpendicular axis pass through it.

Thus, [,=1 + Iy

For rolling motion without slipping v, = Rw, where v
is the velocity of translation (i.e. of the centre of mass), R
is the radius and m is the mass of the body. The kinetic
energy of such a rolling body is the sum of kinetic energies

1
of translation and rotation: K = Emvzm + 51032

A rigid body is in mechanical equilibrium if

(a) Itistranslational equilibrium i.e., the total external force
onitiszero: X F;=0.

(b) Itisrotational equilibrium i.e., the total external torque
onitis zero : X t; = Xr; X F; = 0.

L . ,
e Thet 5 L =@ (for rotatory motion only)
dL d6)+03d1 IfTi tant dL o ; 7=1Iq
—=l—+0—. is constant —=1Io ; 7=
adt e dt t=la

(applicable for rotatory motion with constant M.1.)
B
1=0; at ;dL=0

[ =const.(conservation of A.M.)

If a body is released from rest on rough inclined plane,

n
then for pure rolling K, 2 1 tan6 (I = nmr?)
n

Rolling with sliding

n sin®
0< <(—jtan9- g i
I Tl ] <a<gsin®,

=
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ADDITIONAL EXAMPLES

Example1:
Find the position of centre of mass for a system of particles
places at the vertices of a regular hexagon as shown in fig.

A(a a\/—\ (3a a\/_\

22 ) 2
2m

mX:---- X
Sol. (0.0)F
(2 —a3)
272
_ > mixi
Xem = Sm:

1

m><0+2m><2+m><3—a+2m><2a+m><3—a+2m><i
2 2 2 2

m+2m+m+2m+m+2m
|
_ 2 myy;

Yem = Sm,

mx 0+ 2m x

(ay3)

a3 a3
2

+mXT+2mX0

(-ay/3)

+rn><L +2m L J
9m
Yem =05 cm.:(a, 0)

Example2:
In a boat of mass 4 M and length ¢ on a frictionless water
surface. Two men A (mass = M) and B (mass 2M) are
standing on the two opposite ends. Now A travels a
distance ¢/4 relative to boat towards its center and B moves
a distance 3/¢/4 relative to boat and meet A. Find the
distance travelled by the boat on water till A and B meet.

Sol. Let x is distance travelled by boat.
Initial position of center of mass
_ MpoatXpoat + MaXa + MpXp
MBoat + MA + MB

_AM(L/2)+M.O0+2M.L  4ME 4

AM +M +2M ™ 7
M
VT 7
o ® > 1
e 7 > Initially
M 2M
? % 4M
e =\: >e— > Finally
Px 0/4 30/4

Final position of center of mass

4M £+x +M x+£ +2M x+£
_ 2 4 4

™

2M€+W+M—£+7M
4 2

lle+7X

™ 7

Since there is no horizontal force, position of center of
mass remains unchanged.
Center of mass initially = Center of mass finally

—+7x
110 50
NV N
= 7 7 = 4 28

Example3:
A circular disc of radius 2m is revolving at 240 rev/min. A
torque is applied which makes it slow at constant rate
7 radius/s? in what time disc completely stop ? Calculate
how many revolutions the disc makes before it come to

rest.
Sol. ™y =m —ot S 0=2mn-at
(= 2nn 21 x 240
= e T T axe0
Now, - m% = 031 —206 . 0= 031 —200
2 2 2 2 2
4 4 24
-~ 0= Op_stn A (_0) -3
20 20, 2n 60
. 9 327r
= Number of revolutions = =16
275 27:

evew
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A cylit}der o'f mass 5 kg and radius 39 cm. and free to rotate _|8m (6a) +2ma2 +m (2a)2 o

about its axis, receives an angular impulse of 3 kg m%s~! 12

initially followed by a similar impulse every 4s. What is the
angular speed of the cylinder after 30s of the initial
impulse? The cylinder is at rest initially.

Sol. Change in angular momentum = total angular impulse
Io=8x3=24
24 24
® = ) =3 =106.7 rad/s
(MR“/2) 2 (0'3)2
2
Example5:

Find the magnitude of
force on sphere B. Also
find moment of inertia of
system about an axis
passing through centre of
any one of the sphere.

A

Sol. ForceonB,
° GM? 3 3Gm?
FB=2Fcos[ﬂj:2 zxiz‘/_;“
2 (2r) 2 4y
Fp=F.=F

Moment of inetia (about an axis passing through A)

Example6:
A uniform rod of mass 8m and length 6a is lying on a
horizontal table, two point masses m and 2m moving with
speed 2v and v respectively strike the rod and stick to it as
shown in figure then —

2m
]
a
>
C ) D
>
2a
I 2v
m

(a) Calculate the speed of centre of mass of rod after the
collision.
(b) Calculate angular velocity of the rod abotu an axis
passing through its centre of mass.
Let velocity of centre of mass be v, then by
conservation of linear momentum
2mv-m2v)=(8m+2m+m)v, = v =0
(b) By conservation of angular momentum
2mav +m(2a) (2v)=Iw

Sol. (a)

= = v/5aanticlockwise.

Example7:

A solid cylinder of mass 2 kg
and radius 0.2m is rotating
with angular velocity 3 rad/s.
A particle of mass 0.5 kg
moving with velocity 5 m/s
strike at the circumference
and stick on it then calculate.
(a) Angular velocity after sticking the particle.
(b) Loss in kinetic energy due to collision. A
(a) By conservation of angular momentum g

N

—02m |

Sol.
Io+mvR = (I+mR2) o'

%MRZ(» +mvR

3 oo’:l— = 10.3rad/s
[+mR EMR2+mR2

o I + mvR
O =

1 1
(b)Now, (K.E); = 51032 + Emvz

= X

x2x(0.2)%> x (3)° + % % (0.5)x (5)> =6.43]

N | —

1
2
(K.E.) —l(1+lmR2)m' 2

1 (1
- Ex[gx 2%(0.2)% +(0.5) x (0.2)2] 10.3)2 =318
= B =KE,—KE=643-3.18=3.25]

Example8:

Ahomogeneous rod AB of length L and mass M is pivoted
at centre O is such a way that it can rotate freely in the
vertical plane as shown in figure. The rod is initially in the
horizontal position. An insect S of the same mass M falls
vertically with speed v on the point C, midway between
the points O and B. Immediately after falling determine
angular velocity of rod.

A L2 0 Ty e

B
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Sol. By applying conservation of angular momentum

2 2
mvr=lo= MV(£]= £+M(£] ®
4 12 4

= MVEZLMLZQ):@:H—V
4 48 7L

Example9:

A stick of length L and mass
M lies on a frictionless
horizontal surface on which
it is free to move in anyway.
A ball of mass m moving with
speed v as shown in figure.
What must be the mass of the
ball so that it remains at rest
immediately after collision.
Let velocity of CM of stick be V then by conservation of

y
d
._"_>
m O —

Sol.

) mv
linear momentum mv=mx0+MV = V= —

M
By conservation of angular momentum
mvd
mvd=lo= o= |

By conservation of mechanical energy
L2 = Imv2 i L2
2 2 2

Substituting the value of V and ®

2 2
1 1 1 2
Emv2 =—M[ﬂj +—I[de) Here, I=%

2 M 2 I
m md? ML2
SO, 1:—+2—:>m:ﬁ
M ML/12 (L +12d9)
Example 10 : 3 " "
A lightrod carries three equal TOIOO
masses A, B and C as shown A B C

in figure. What will be
velocity of B in vertical
position of rod, if it is
released from horizontal

position as shown in figure.

Sol. LossinP.E.=GaininK.E.

m £+m [%]+m 4
g3 g 3 g
( 2 2 3
:l m(gj +m(%) +ms? (02
2 3 3
_ 2t [36e _ [er
- 3\ 14¢ 7

36g
O=,—=vp =0/
= 140 BB

Example 11 :
A horizontal force F acts on the sphere at its centre as
shown. Coefficient of friction between ground and sphere
p. What is maximum value of F, for which there is no slip-

ping ?

Sol. For linear motion, F—f=Ma
and for rotational motion, t=1a
2 2 a 2 5
=—MR".— =—Ma—= F-f==—f
= fR 5 R = f 5 = 7
7 7
or F:Ef f<uMg so FSEHMg
Example 12 :
Two identical uniform discs roll without slipping on two
different surfaces AB and CD (see figure) starting at A
| and v,, respectively, and
always remain in contact with ths surfaces. If they reach
B and D with the same linear speed and v, = 3 m/s, then
v,inm/sis (g= 10 m/s?)
Sol. 7. Final kinetic energy of both discs is same

311 ) 31 »
—|—m@3)" + 30)=—— + 27
{Z}Zm() mg (30) 22rnV2 mg (27)

é-9+300=3v§+27o
4 4

27 3
T+30:ZV% 2V22:9+40:>V2:7

yre
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Example 13 :

Sol.

A ring of mass M and radius R is rotating with angular
speed o about a fixed vertical axis passing through its
centre O with two point masses each of mass M/§ at rest
at O. These masses can move radially outwards along
two massless rods fixed on the ring as shown in the figure.
At some instant the angular speed of the system is (8/9)
 and one of the masses is at a distance of (3/5) R from O.
At this instant the distance of the other mass from O is :

(A) 2/3)R

(B)(1/3)R < g
©) @35R

(D) @4/5)R <5
(D). By conservation of

angular momentum

( 2 2)
MR20 = | MR2 +M&+& 8o
8 25 8 9

r2 [ 200R% +9R? 4254 ) 8
k 8x25 J9

225R?-209 R?=25 d? "

4 16R? 4R
25 5

Example 14 :

Sol.

The densities of two solid spheres A and B of the same
radii R vary with radial distance r as p, (r) =k (r/R) and

pg (M =k (1/R)?, respectively, where k is a constant. The

moments of inertia of the individual spheres about axes

passing through their centres are I, and I, respectively,
IB n

Ifazﬁ,the value of n is —

6. Consider a shell of radius r and thickness dr

dl = %(p . 4TCI‘2dI') r?

1=de

B




SOAL

ODM ADVANCED LEARNING

QUESTION BANK

STUDY MATERIAL: PHYSICS

QUESTION BANK

CHAPTER 8 : ROTATIONAL MOTION

EXERCISE - 1 [LEVEL-1]

PART-1:P

Q.1

Q2

Q3

Q4

IT1 FCENTRE OF MA

A system consists of mass M and m(<M). The centre of
mass of the system is —

(A) At the middle

(B) Nearerto M

(C) Nearer to m

(D) At the position of large mass

For which of the following does the centre of mass lie
outside the body ?

(A) A pencil (B) A shotput

(C)Adice (D) Abangle

A circle of radius R is cut from a uniform thin sheet of
metal. A circular hole of radius R/2 is now cut out of the
circle, with the hole tangent to the rim. Find the centre of
mass from the center of the original uncut circle to the
CM.

(A) (0,R/6) (B)(0,-R/3)

(©)(0,-R/6) (D) (0,—R%2)

If the linear density of the rod of length L varies as
A=A+ Bx, then its centre of mass is given by —

L (2A+BL) L (3A+2BL)
(A)3 (3A+2BL) ®)302Aa+BL)

L (3A+2BL) L (2A+3BL)
©——5— (D) =5

PART -2 : MOMENTUM CONSERVATION

Q5

Q.6

Q.7

QS8

AND CENTRE OF MASS MOTION
If no external force acts on a system. Choose the
INCORRECT statement.
(A) Velocity of centre of mass remains constant.
(B) Velocity of centre of mass is not constant.
(C) Velocity of centre of mass may be zero.
(D) Acceleration of centre of mass is zero.
A man of mass M stands at one end of a plank of length
L which lies at rest on a frictionless surface. The man
walks to other end of the plank. If the mass of the plank
is M/3 then the distance that the man moves relative to

ground is
(A)3L/4 (B)L/4
(C) 4155 (D)L/3

A man weighing 80 kg is standing at the centre of a flat
boat and he is 20 m from the shore. He walks 8m on the
boat towards the shore and then halts. The boat weight
200 kg. How far is he from the shore at the end of this
time?

(A)112m (B)13.8m

(©)143m (D)154m

Consider a system of two particles having masses m;
and m,. If the particle of mass m is pushed towards the
mass centre of particles through a distance d, by what

Q.9

Q.10

Q.11

Q.12

Q.13

distance would the particle of mass m, move so as to
keep the mass centre of particles at the original position

m

d

m,
—=d

Mg
© 1, (D)d
Two blocks of masses m; and m, are connected by a
light inextensible string passing over a smooth fixed
pulley of negligible mass. Find the acceleration of the
centre of mass of the system when blocks move under
gravity.

(m;—m,)
B) (i, +m, ) &

(ml —1’1’12\2
A Uy rmy ) &

(m1+m2\2 (ml—m2\22
©ln—m,) O (5 m,) 8
Two particles of mass 1 kg and 0.5 kg are moving in the
same direction with speed of 2m/sec and 6 m/sec
respectively on a smooth horizontal surface. Find the
speed of centre of mass of the system.
(A)3.33 m/sec (B)2.33 m/sec
(C) 1.33 m/sec (D) 9.33 m/sec
Consider a system of two identical particles. One of the

particles is at rest and the other has an acceleration & .
The centre of mass has an acceleration —

(A) zero B)a/2

©a (D) 2a

An isolated particle of mass m is moving in horizontal
plane (x-y), along the x-axis, at a certain height above
the ground. It suddenly explodes into two fragment 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 —
(A)y=-5cm
(CO)y=+5cm

(B)y=+20cm
(D)y=-20cm

PART -3 : MOMENT OF INERTIA
Moment of inertia of HCl molecule about self axis hav-
ing bond length r and masses of H and Cl atoms my; and
mg; will be —

my.m 2 myg +mep 2
(A) H-Cl r ( r
my +mgy my.mgcy
2my.me o my +Mey 2
©) ' (D) 5 '
my + Mgy my + meq

e
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Q.14 The diameter of flywheel increases by 1%. The Q.22 The ratio of the radii of gyration of a circular disc about

Q.15

Q.16

Q.17

Q.18

Q.19

Q.20

Q.21

percentage increase in moment of inertia about axis of
symmetry will be-

A)1% B)2%

©)3% (D)4%

The moment of inertia of sphere is 20 kg-m? about the
diameter. The moment of inertia about any tangent will
be-

(A) 70 kg-m? (B) 35 kg-m?

(C) 50 kg-m? (D) 20 kg-m?

If the moment of inertia of a disc about an axis
tangentially and parallel to its surface be I, what will be
the moment of inertia about the axis tangential but
perpendicular to the surface-

(A)6l/5 (B)31/4

(©)312 (D)51/4

Calculate moment of inertia w.r.t. rotational axis XX' in
figure.

Y
4kg T 03)
X C X
2kg @(0-2)
3 kg @ (0,4)
(A) 1 kg-m? (B) 90 kg-m?
(C) 92 kg-m? (D) 3 kg-m?

If the radius of solid sphere is 35 cm. The ratio of radius
of gyration, when the axis is along a diameter to that
when the axis is along a tangent will be-

0 ® |

(®)y/a! (D) 1/7

Two circular discs A and B of equal masses and thickness
but made of metals with densities d , and d (d, > dp). If
their moments of inertia about an axis passing through
the centre and normal to the circular faces be I, and I,
then-

A1, =1Ig B) I, >1y

O, <Ig D)1, =15

Three point masses of 1 kg, 2kg and 4 kg are placed at
position of (2, 0), (3, 0) and (4, 0) respectively in X-Y
plane. Calculate moment of inertia about X-axis :-

(A) 32 kg m? (B) 95 kg m?

(C) 70 kg m? (D) None of them
PQR is aright angled triangular P

plate of uniform thickness as

shown in the figure. If I}, I, and 3 5

I; are moments of inertia about

PQ, QR and PR axes L
respectively, then Q 3 R
A) <L, <I, B, =1,=1,

© L>1;>14 D) I;>1,>1,

Q.23

Q.24

Q.25

>
!
|
Sk —>

Q.26

Q.27

a tangential axis in the plane of the disc and of a circular
ring of the same radius about a tangential axis in the
plane of the ring is

(A) 1:42 (B)1:3
©)2:1 (D) \/5:/6

One quarter section is cut from a ;
uniform circular disc of radius R. k,)
This section has a mass M. It is R
made to rotate about a line i
perpendicular to its plane and
passing through the centre of the
original disc. Its moment of inertia about the axis of
rotation is :

1 1 1
(4) ;MR? (B) MR (€) T MR? (D) >

The moment of inertia of a disc, of mass M and radius R,
about an axis which is a tangent and parallel to its
diameter is —

(A) (1/2) MR? (B) (3/4) MR?2

(C) (1/4) MR2 (D) (5/4) MR?

Find out the moment of inertia of the following structure
(written as (PHYSICS) about axis AB made of thin
uniform rods of mass per unit length A.

«—(—> / «—f—s <I{—> —(—> —(—>

_____ Sl

(B) 101 3

©) 7103 D) 111 ¢

Two thin rods of mass m and length ¢ each are joined to
form L shape as shown. The moment of inertia of rods
about an axis passing through free end (O) of a rod and
perpendicular to both the rods is

- B

(A) 131 73

«—(—>

2 m/?
(A)7m€2 (B)T I
2
(C) me> (D) 511;2 l
(@]

A lamina is made by removing

asmall disc of diameter 2R from

a bigger disc of uniform mass P
density and radius 2R, as

shown in the figure.

The moment of inertia of this lamina about axes passing
through O and P is I and I respectively. Both these
axes are perpendicular to the plane of the lamina. The
ratio Ip/I to the nearest integer is

(A1 (B)2

©3 (D)4

B
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Q.28

Q.29

Q.30

A thin rod of length 4/,
mass 4m is bent at the
points as shown in the
figure. What is the moment
of inertia of the rod about the axis passing point O and
perpendicular to the plane of the paper.

m/? 10m/¢? m/? m/?
W B O B
A square plate of edge a/2
is cut out from a uniform
square plate of edge 'a' as v |
shown in figure. The mass .

of the remaining portion is
M. Find the moment of in-
ertia of the shaded portion
about an axis passing a

through O (centre of the square of side a) and perpen-
dicular to plane of the plate.

9 P (oS e (o M2
(A) [eMa? (B) [ Ma? (O 7 Ma? (D) =
The radius of gyration in the xis
following figure will be im
2kg
Im

( ) 12 ( ) 6 521:2 2m

11 1 kg
© \E (D)2

PART -4 : TORQUE AND EQUILIBRIUM

Q.31

Q.32

Q.33

OF RIGID BODIES

Given that, ¥ =2{+3j and F = 2i+ 6k . The magnitude
of torque (N-m) will be-

(A) /405 (B) V410
(©) \/504 D) \510

A constant torque acting on a uniform circular wheel
changes its angular momentum from A, to 4A in 4 sec.
The value of torque will be-

(A)4A, (B) 124,

©OA, (D) 3A,/4

A wheel having moment of inertia 2 kg-m? about its ver-
tical axis, rotates at the ratio of 60rpm about this axis.
The torque which can stop the wheel’s rotation in one
minute would be —

I 21

Z N- N-
(A) [gN-m (B) 75 N-m

T T

~N- ZN-
© pNm (D) g N-m

Q.34

Q.35

Q.36

Q.37

Q.38

Q.39

Q.40

Q.41

Moment of inertia of a body about an axis is 4kg-m?2.
The body is initially at rest and a torque of 8 N-m starts
acting on it along the same axis. Work done by the torque
in 20 s, in joules, is

(A)40 (B)640

(C)2560 (D)3200

The rotational analogue of force in linear motion is :
(A) torque (B) weight

(C) moment of inertia (D) angular momentum

A force F=-10k N acts on the origin of Cartesian
coordinate system. The torque about the point (1,— 1) is

(A) 10i-10] (B) —10i +10]

© 10i+103 (D) -10i-10j
A uniform disc of mass m and radius

r and a point mass m are arranged as

shown in the figure.

The acceleration of point mass is:

(Assume there is no slipping between pulley
and thread and the disc can rotate smoothly
about a fixed horizontal axis passing through its centre
and perpendicular to its plane)

(A) g2 (B) g3

(©)2g/3 (D) none of these

You are trying to open a door that is stuck by pulling on
the doorknob in a direction perpendicular to the door.
Assume the doorknob is at the same height as the center
of mass of the door. If instead you tie a rope to the door
and then pull perpendicularly with the same force, the
torque about the center of mass of the door you exert is
(A) increased (B) decreased

(C) the same (D) unsure

A metre stick is balanced on a knife edge at its centre.
When two coins, each of mass 5g are put one on top of
the other at the 12.0 cm mark, the stick is found to be
balanced at45.0 cm. What is the mass of the metre stick?
(A) 66gm (B) 56gm

(C)76gm (D)46gm

Following objects each having same mass and same
radius are rotated about their respective self axes. Which
will have greatest angular acceleration if same tangential
force is applied on each :-

(A) Disc (B)Ring

(C) Solid sphere (D) Hollow sphere

A uniform rod of mass M and length L is horizontally
suspended from the ceiling by two vertical light cables
as shown. Cable A is connected 1/4 th distance from the
left end. Cable B is attatched at right end. What is the
tension is cable A —

T

® m

Mg Mg

(A) 4 ®) 3 Al B
2Mg 3Mg

© S D) 4 /4

£
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Q.42 In the figure shown, a cubical block is held stationary Q.49

Q.43

Q.44

Q.45

Q.46

Q.47

Q.48

against a rough wall by applying a force 'F' then incorrect
statement among the following is —
(A) Frictional force, f=Mg

(B) F=N, Nis normal reaction

(C) F does not apply any torque
(D) N does not apply any torque

N

le—2a—>
S
a I F

A uniform thin rod of mass 'm' and length L is held hori-
zontally by two vertical strings attached to the two ends.
One of the string is cut. Find the angular acceleration
soon after it is cut —

AV

(A)g2L (B)gL
(©)3g2L (D)2¢/L
PART -5:A LARMOMENTUM

The z-component of angular momentum in terms of linear
momentum will be-

(A)J,=xp,—ypy (B)J,=yp, —xp,
(©)J,=2zpy—vp, (D)J,=zp,—xp,

A body of mass 1.0 kg is rotating on a circular path of
diameter 2.0 m at the rate of 10 rotations in 31.4 sec. The
angular momentum of the body is- (in kg. m?/s)

(A)3 B)4

©2 D)1

Figure shows a particle P moving with constant velocity
V along the positive x-axis and four points a, b, c and d
with their x and y coordinates. If L, L,, L; and L, are the
magnitudes of angular momentum of the particle about
the points a, b, ¢ and d respectively then which of the
following is INCORRECT :

Y
a
21) [ 62 &
b ‘ vd

-------- *—>-a-e--

Gy 15765
(A)L,>L, B)L,=L,
© L,=L, D)L, >L,

A particle falls freely near the surface of the earth.
Consider a fixed point O (not vertically) below the particle
on the ground. Then pickup the incorrect alternative —
(A) Angular momentum of the particle about O is
increasing
(B) Torque of'the gravitational force on the particle about
O is decreasing.
(C) The moment of inertia of the particle about O is
decreasing.
(D) The angular velocity of the particle about O is
increasing.
The angular momentum of the earth rotating about its
own axis will be- (Mass of earth = 5.98 x 1027 gm and
mean radius R of earth=9.37 x 10° m)
(A)1.53 x 103*kgm?%/sec  (B) 1.23 x 1034 kg m?/sec
(C)2.53 x 103*kgm?/sec (D) 1.51 x 103* kg m?/sec

Q.50

Q.51

Q.52

Q.53

PART -

Q.54

A particle is moving in x-y plane and the components of
its velocity along x and y axis are V, and V.. The angular

.. . y
momentum about the origin will be-

(A) m lE(xVy - yVX) (B) % (xvy - yVX)

(C)mk XVy —yVx JXVy —yVx

PART - 6 : CONSERVATION OF
ANGUILAR MOMENTUM

A cockroach of mass m is moving on rim of a disc of
radius r with velocity v in anticlockwise direction. The
moment of inertia of the disc about its own axis is I and
it is rotating in the clockwise direction with angular speed
o. If the cockroach stops moving then the angular speed
of the disc will be-

(D)

N | =

Io I + mvr
A5 B) >
A) T mR2 ® T m?
c Io —mvr b Io —mvr
O3 (D) =

A smooth tube of certain mass is rotated in gravity free
space and released. The two balls shown in the figure
move towards ends of the tube. For the whole system
which of the following quantity is not conserved —

N
Q 0 0

(A) Angular momentum (B) Linear momentum

(C) Kinetic energy (D) Angular speed

A disc is rotating with angular velocity . If a child sits
on it, what is conserved ?

(A) linear momentum (B) angular momentum
(C) kinetic energy (D) moment of inertia

A rotating star has a period of 30 days about an axis
passing through its centre. The star undergoes an
internal explosion and converts to a neutron star. Initial
radius of the core was 1.0 x 104 km, whereas final radius
is 3.0km. Determine the period of rotation of the neutron
star.

(A)2.7 x 1070 days
(C)4.1 x 107 days

(B) 1.7 x 100 days
(D) 5.2 x 107 days

: ROTATIONAL KINETIC ENERGY
AND WORK ENERGY THEOREM

A uniform thin rod of length 7 is suspended from one of
its ends and is rotated at f rotations per second. The
rotational kinetic energy of the rod will be-

(A) (2/3) 22 m(? (B) (4/3) 2 m/2

(C) 4 f2m¢2 (D)0

Ty
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Q.55

Q.56

Q.57

Q.58

Q.59

Q.60

Q.61

The moments of inertia of two rotating bodies A and B
are I, and I (I, > Ip) and their angular momentum are
equal. Iftheir kinetic energies be K , and Ky, respectively,
then-

Ka Kg
A) —>1 B) —>1
Ka Ky 1
0 =2 =1 pyXa_1
()KB ()KB 2

The moment of inertia of a body about a given axis

2 TInitially, the body is at rest. In order to produce
arotational K.E. of 1500 joule, an angular acceleration of
25 rad/s? must be applied about that axis for a duration
of-
(A)4s B)2s
©)8s (D)10s
If a flywheel of mass 20 kg and diameter 1m is rotating
300 revolutions per minute, its kinetic energy will be -
(A)24651] (B)2.465]
(C)24.65] (D)246.5]
A cord is wound round the circumference of a wheel of
radius r. The axis of the wheel is horizontal and moment
of inertia about it is I. A weight mg is attached to end of
the cord and falls from rest. After falling through a
distance h, the angular velocity of the wheel will be-

A 2gh B 2mgh

(A) I+mr ® I+mr’
2mgh

O\ om (D) y2gh

A rod of length ¢ is held vertically stationary with its
lower end located at a position P on the horizontal plane.
When the rod is released to topple about P, the velocity
of the upper end of the rod with which it hits the ground

1S
(A) g/ 1 (B) |3l
(D) J3g/¢

© 3Jg/t
Circular disc of mass 2 kg and radius 1 m is rotating
about an axis perpendicular to its plane and passing
through its centre of mass with a rotational kinetic energy
of 8 J. The angular momentum in (J-s) is

(A)8 (B)4

©)2 D)1

PART -8 : ROLLING MOTION

A solid cylinder of mass M and radius R rolls without
slipping down an inclined plane of length L and height
h. What is the speed of its centre of mass when the

cylinder reaches its bottom ?
(A) 4gh (B) y2gh
4
—gh
(D) 38

© \/%gh

Q.62

Q.63

Q.64

Q.65

Q.66

Q.67

Q.68

A spherical ball rolls on a table without slipping. Then
the fraction of its total energy associated with rotation
is-

(A)2/5 (B)3/5

©)2/7 (D)3/7

A solid sphere and a solid cylinder having the same
mass and radius, roll down the same incline. The ratio of
their acceleration will be -

(A)15:14 B)14:15

(©)s5:3 (D)3:5

When a ring of moment of inertia I rolls down on an
inclined plane, then the percentage of its rotational ki-
netic energy in total energy is —

(A) 100 % (B)50%

(©)28% D)72%

A sphere is rolling down without slipping in the incline
plane from a vertical height h. The linear velocity as it
reaches the ground, ifits mass is m and radius is r, will
be-(k is radius of gyration of sphere)

2gh
(A) Vi+2k2 /12

1+k% /212
2gh

_2¢h | _eh
O\ 2 O\ T2 /2

Two solid cylinders P and Q of same mass and same

radius start rolling down a fixed inclined plane from the

same height at the same time. Cylinder P has most of its

mass concentrated near its surface, while Q has most of

its mass concentrated near the axis. Which statement

(s) is (are) correct?

(A) Both cylinders P and Q reach the ground at the
same time.

(B) Cylinder P has larger acceleration than cylinder Q.

(C) Both cylinders reach the ground with same
translational kinetic energy.

(D) Cylinder Q reaches the ground with larger angular
speed.

A sphere is rolling without slipping on a fixed horizontal

plane surface. In the figure, A is the point of contact, B is

the centre of the sphere and C is its topmost point. Then,

L D C
(A) Vo=V, =2(Viy -V,
c=Va=2(Vs-V¢) !\_.

A

2oh
B)|—>

(B) Vo -V =V -V,

©) Ve =Va =2 V5= Vc |
(D) Both (B) and (C)

A sphere is released on a smooth inclined plane from the
top. When it moves down its angular momentum is —
(A) conserved about every point

(B) conserved about the point of contact only

(C) conserved about the centre of the sphere only

(D) conserved about any point on a line parallel to the

inclined plane and passing through the centre of
the ball.

e
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Q.69 A uniformring ofradius R is given a back spin of angular Q.75 In a vertical plane inside a smooth hollow thin tube a

Q.70

Q.71

Q.72

Q.73

Q.74

velocity Vo/2R and thrown on a horizontal rough surface
with velocity of center to be V. The velocity of the
centre of the ring when it starts pure rolling will be —
(A) V2 B)Vy4

(©)3vy4 (D)0

A disc is performing pure rolling on a smooth stationary
surface with constant angular velocity as shown in
figure. At any instant, for the lower most point of the
disc

v/R

(A) Velocity is v, acceleration is zero

(B) Velocity is zero, acceleration is zero

(C) velocity is v, acceleration is v2/R

(D) velocity is zero, acceleration is vZ/R

In the figure shown a ball

rolls without sliding. On a

horizontal surface. h
It ascends a curved track

upto height h and returns.

Value of h is h; for sufficiently rough curved track to
avoid sliding and h, for smooth curved track, then —
(A)h; =h, (B)h, <h,

(C)h;>h, (D)h,=2h,

A body of mass m slides down an incline and reaches
the bottom with a velocity v. If the same mass were in
the form of a ring, which rolls down this incline, the
velocity of the ring at bottom would have been-

(A)v (B) \2v

1
—V
© 5 (D)
A disc of mass M and radius R rolls on a horizontal
surface and then rolls up an inclined plane as shown in

the figure. If the velocity of the disc is v, find the height
h to which the disc will rise on the inclined will be :-

2/5v

O—

(A) 4v2/3g
(C)3v22g

(B) 4v¥/g
(D) 3v2/4g

PART -9 : MISCELLANEOUS
A train of mass M is moving on a circular track of radius
R with constant speed V. The length of the train is half of
the perimeter of the track. The linear momentum of the
train will be —
A0
(C)MVR

(B)2MV/n
(D)MV

Q.76

Q.77

Q.78

Q.79

block of same mass as that of tube is released as shown
in figure. When it is slightly disturbed it moves towards
right. By the time the block reaches the right end of the
tube then the displacement of the tube will be (where ‘R’
is mean radius of tube). Assume that the tube remains in
vertical plane.

(A)2R/n
(C)R2

(B)4R//n
D)R

When two particles of masses m; and m, are moving

under the action of their internal forces fl and 1?2 —

(A) The motion of one particle relative to the other is the

) ) m; m,
same as the motion of a particle of mass p=
ml + m2

under the force fl .

(B) Their relative motion is the same as that of one of the
particles with its mass replaced by the reduced mass
of the system, with the other particle remaining at
rest.

(C) Their relative motion can be obtained by assuming
one of the particles to have an infinite mass and by
replacing the mass of the second particle by the
reduced mass of the system, the force between them
of the same as before.

(D) Both the particles move with uniform velocity.

If the external force acting on a system has zero resultant

the centre of mass

(A) Must not move (B) Must not accelerate

(C) May accelerate (D) None of these

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 is

initially at rest on a horizontal frictionless surface. Just
after firing, the centre of mass of the gun-shot system :

(A) moves with a velocity Vm/M

(B) moves with a velocity % cos 0 in the horizontal

direction
(C) remains at rest

M—m)

\Y%
(D) moves with a velocity in the horizontal di-

(M + m)
rection.

Consider the following two statements

(a) Linear momentum of the system remains constant

(b) Centre of mass of the system remains at rest.

(A) aimplies b and b implies a

(B) a does not imply b and b does not imply a

(C) aimplies b but b does not imply a

(D) b implies a but a does not imply b.

=
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Q.80

Q.81

Q.82

Q.83

Q.84

Q.85

Q.86

Q.87

A particle at rest suddenly disintegrates into two particles
of equal masses which start moving The two fragments
will-
(A) Move in the same direction with equal speeds
(B) Move in any directions with any speed
(C) Move in opposite directions with equal speeds
(D) Move in opposite directions with unequal speeds
In a free space, a rifle of mass ' M' shoots a bullet of mass
'm' at a stationary block of mass M distance 'D' away
from it. When the bullet has moved through a distance
'd' towards the block, the centre of mass of the bullet
block system is at a distance of

(Dfdﬁn

M+m

md+MD
from the block(b) — 7, fromtherifle

(a)

©

(A)b,c (B)a,d

(C)a,b,c (D)a,b

A body has its centre of mass at the origin. The

x-coordinates of the particles

(A) May be all positive

(B) May be all negative

(C) May be all non-negative

(D) May be positive for some cases and negative in

other cases

Two particles A and B initially at rest move towards each

other under a mutual force of attraction. The speed of

centre of mass at the instant when the speed of A is v

and the speed of B is 2v is :

A)v (B) Zero

©)2v (D)3v/2

A bomb travelling in a parabolic path under the effect of

gravity. explodes in mid air. The centre of mass of

fragments will:

(A) Move vertically upwards and then downwards

(B) Move vertically downwards

(C) Move in irregular path

(D) Move in the parabolic path which the unexploded
bomb would have travelled.

Two balls are thrown in air. The acceleration of the centre

of'mass of the two balls while in air (neglect air resistance)

(A) depends on the direction of the motion of the balls

(B) depends on the masses of the two balls

(C) depends on the speeds of the two balls

(D)isequalto g

Two particles are moving towards each other along a

line joining them so that their centre of mass does not

move. After elastic collision between them —

(A) their centre of mass will move

(B) their velocities will not change

(C) their speeds will not change

(D) their velocities will not change if they have equal
mass

A uniform ladder of length 5Sm and mass 100 kg is in

equilibrium between vertical smooth wall and rough

horizontal surface.

from the rifle (d) (D—d)% from the bullet
m

Q.88

Q.89

Q.90

Find minimum friction coefficient between floor and
ladder for this equilibrium —

Wall

37°

T

Floor

(A)2/3 B)12

(C)3/4 (D) 1/3

A uniform rod of mass M and length L lies radially on a
disc rotating with angular speed o in a horizontal plane
about its axis. The rod does not slip on the disc and the
centre of the rod is at a distance R from the centre of the
disc. Then the kinetic energy of the rod is —

®
P

(B) %msz2

1
© ﬂmw2 L (D) None of these
A planar object made up of a uniform square plate and
four semicircular discs of the same thickness and material
is being acted upon by four forces of equal magnitude
as shown in figure. The coordinates of point of

application of forces is given by —

Y W

3 A
LAl

(A)(0,2) (B)(0,—-a)

(©(,0) (D) (-a,0)

The moment of inertia of a door of mass m, length 2/ and
width ¢ about its longer side is —

11m/? 5m/?
A B
(A) o (B) o
2
© mT (D) None of these

yre
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Q.91 Aring of mass m and radius R rolls on a horizontal rough Q.95 Two forces of magnitude 2F and 3F are acting on a

Q.92

Q.93

Q.94

surface without slipping due to an applied force 'F'. The
friction force acting on ring is :

F
7. 7777
(A)F/3 (B)2F/3
(OF/4 (D) zero

In the pulley system shown, if radii of the bigger and
smaller pulley are 2m and lm respectively and the
acceleration of block A is 5 m/s? in the downward
direction, then the acceleration of block B will be —

&)

[a] [B]

(A) 0 m/s? (B) 5 m/s?

(C) 10 m/s? (D) 5/2 m/s?

A uniformrod of length ¢ is placed symmetrically on two
walls as shown in figure. The rod is equilibrium. If N,
and N, are the normal forces exerted by the walls on the
rod then —

(A)N; >N,

(B)YN,=N,

(CON, <N,

(D) N, and N,, would be in the vertical directions

Four identical spheres and two long planks are arranged
as shown in figure. The planks are being pulled by
constant velocity as shown in figure. Assuming no
slipping at any surface, the speeds of centres of mass of
A and C are respectively

EONOTNg
ONO

B) v, v/2
(D) None of these

(A)2v,v
(C)3v/2,v/2

uniform solid sphere initially kept at rest on a horizontal
surface as shown in the figure. Friction force by the
horizontal surface on the sphere will be —

2F

3F

(A) in forward direction

(B) in backward direction

(C) zero

(D) depend on the value of F

A cube of side a, mass m is to be tilted about point A by
applying a force F as shown in figure. The minimum
force required is

F
°® 3.,
4
€ a—>A
(A) mg (B) (2/3) mg
(©)(32)mg (D) (3/4) mg

A rod of mass m and length 2/ hangs by two identical
light threads tied to its ends. An insects of mass (3/8)m
hits the rod with a speed v at a distance ¢/3 from the
centre of the rod as shown and sticks to it. As a result
one of the thread breaks. The acceleration of the insect
just after the thread breaks given that the insect remains
at rest with respect to the rod —

/ / / / L

0/3

<_>‘I’

ANNANNRRANNRN

20
(A) g/4 (B)3g/4
(©)2g3 D)g

A uniform cube of side a and mass m rests on a rough
horizontal table. A horizontal force F is applied normal to
one of the faces at a point that is directly above the
centre of the face, at a height 3a/4 above the base. The
minimum value of F for which the cube begins to topple
an edge is (Assume that cube does not slide)

5 F
3a/4
Y
(A) mg/3 (B) mg/2
(C)2mg/3 (D) 3mg/4
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EXERCISE -2 [LEVEL-2]

ONLY ONE OPTION IS CORRECT

Q.1 A string is wrapped around a cylinder of mass m and
radius R. The string is pulled vertically upward to prevent
the centre of mass from falling as the cylinder unwinds
the string. The length of the string unwound when the
cylinder has reached a speed m will be :

Q5

Ro R’
(*) g B~

Ro R’
© g (D) g,

A small block of mass 'm' is rigidly attached at 'P' to aring
of mass '3m' and radius 'r'. The system is released from
rest at © = 90° and rolls without sliding. The angular
acceleration of hoop just after release is —

Q.2

P

'~
Q.6

(A) g/ar (B) g/8r

©) gf3r (D) g/2r

A uniform triangular plate ABC of moment of inertia I
(about an axis passing through A and perpendicular to
plane of the plate) can rotate freely in the vertical plane
about point 'A' as shown in figure. The plate is released
from the position shown in the figure. Line AB is
horizontal. The acceleration of centre of mass just after
the release of plate is —

Q3

Q.7

A > B

mga’
41

mga’

A 5 ®)

2
mga mga2

©3 NG D) =

A sphere of mass ‘m’ is given some angular velocity
about a horizontal axis through its centre and gently
placed on a plank of mass ‘m’. The coefficient of friction
between the two is pt. The plank rests on a smooth hori-
zontal surface. The initial acceleration of the plank is —

ECH

T

(B)(7/5) ng
(D)2 pg

Q4

(A) zero
©)ng

A magnetic tape is found on an empty spool rotating at
a constant angular velocity. The final radius r; of the
winding was found to be three times as large as the
initial radius r; (Fig.). The winding time of the tape is t.
What is the time t, required for winding a tape whose
thickness is half that of the initial tap?

(A) (B-D B) 5+ 1,
O W5-1 D) 2- D

In the figure shown, the instantaneous speed of end A
of the rod is v to the left. The angular velocity of the rod
of length L, must be —

B
A 30° 60°
(A)v/2L (B)v/L
©) v\3/2L (D) None of these

A uniform rod of mass m, length ¢ is placed over a smooth
horizontal surface along y-axis and is at rest as shown in
figure. An impulsive force F is applied for a small time At
along x-direction at point A. The x-coordinate of end A
of the rod when the rod becomes parallel to x-axis for the
first time is (initially the coordinate of centre of mass of
the rod is (0, 0))

\
P

A

o]
X
]

B
P fx5,pd
&) 15 B 58 125
/ po l po
© 78" ¢o ® 58"

[¢
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Q.8 Two identical balls are rolling without slipping on a Q.12 Two rings made of same material and thickness, one of

Q.9

Q.10

Q.11

horizontal plane as shown in figure. They undergo a
perfectly elastic collision. Just after the collision the
speeds of bottom points of balls A & B will be
respectively. (Assume that there is no friction between
the balls)

20,
@y
vV, 2V,
A B
(A) Zero, Zero (B)2Vy,4Vy
(C)3V,3Vy (D) None of these

In the instant shown in the diagram, the board is moving
up (vertically with velocity v. The drum winds up at a
constant rate . If the radius of the drum is R and the
board always remains horizontal, find the value of
velocity v.

2\
A wR B 2wR
(A) 1+cosq ( )1+cosq
C wR b wR
( )l—cosq ( )1+sinq

A uniform disc of radius R lies in the x-y plane, with its
centre at origin, its moment of inertia about z-axis is equal
to its moment of inertia about line y=x + c. The value of
cwillbe—

R R
W -5 ®*

(C)+R/4 (D)-R

A system of uniform cylinders and plates is shown. All
the cylinders are identical and there is no slipping at any
contact. Velocity of lower and upper plates is V and 2V
respectively as shown. Then the ratio of angular speeds
of the upper cylinders to lower cylinders is —

O O

v

B)3
(D) None of these

\4

(A)1/3
O1

Q.13

Q.14

radius R and other of radius R/2 are welded together at
point A. Now, it is hanged on a nail at wall, the nail
touching both the rings at A. Now it is slightly displaced
in the plane of rings and released. The period of small
oscillations is — A

[2R [SR
A — B -
(A) 2n 52 (B) 2n 6
[9R [SR
= D o
©) 2n 5 D) 2xn 2

A uniform solid sphere of radius r is rolling on a smooth
horizontal surface with velocity V and angular velocity

o (V =or). The sphere collides with a sharp edge on

the wall as shown. The coefficient of friction between
the sphere and the edge p = 1/5. Just after the collision
the angular velocity of the sphere becomes equal to
zero. The linear velocity of the sphere just after the
collision is equal to —

\Y%
B ety edge
AV B)V/5
(©)3V/5 (D)2V/s

Smooth uniform rod AB of mass M and length / rotates
freely with an angular velocity a in a horizontal plane
about a stationary vertical axis passing through its end
A. A small sleeve of mass m sliding along the rod from
the point A. The velocity of sleeve when it reaches other
end B, is —
D

A

=

ol :
(A) === relative ground
3m
I+—
M
ol .
(B) 7= relative torod
3m
I+—
M
(C) zero relative to rod
12 .
(D) 12008 relative to ground
3m
I+—
M

B
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Q.15

Q.16

Q.17

Q.18

Q.19

A solid homogeneous cylinder of height h and base
radius r is kept vertically on a conveyer belt moving
horizontally with an increasing velocity v = a + bt2. If
the cylinder is not allowed to slip find the time when the
cylinder is about to topple.

2rg rg
(A) bh ® 2bh

2rg rg
© 3 bh ) bh

A disc of radius R rolls on a horizontal ground with
linear acceleration a and angular acceleration o as shown
in figure. The magnitude of acceleration of point P shown
in fig. at an instant when its angular velocity is o, will be

R ®,0
eP
............ a

ar
(A) \/ (a+ra)’ +(w’)> (B R
© Vr?a? + e’ (D)ra

Two thin rods of same length but of uniform mass per
unit length | and p, respectively are joined together.
The system is rotated in horizontal plane as shown in
figure. The tension at the joint will be —

(o]

N

1 H2

3 3
(&) SHt0” (B) 5 (1 +1p) o

© %mfzwz (D) %mfzwz

A uniform smooth rod is placed on a smooth horizontal
floor is hit by a particle moving on the floor, at a distance
¢/4 from one end. Then the distance travelled by the
centre of the rod after the collision when it has completed
three revolution will be :

[e # 0, ¢ is the length of the rod]

(A) 2l (B) can't be determined
(®)F,%4 (D) None of these

A cylinder weighing 450 N with a radius of 30cm is held
fixed on an incline that is rotating at 0.5 rad/s. The
cylinder is released when the incline is at position 6
equal to 30°. Ifthe cylinder is 6 meter from the bottom A
at the instant of release, what is the initial acceleration
of the centre of the cylinder relative to the incline, if
there is no slipping (g = 10 m/s2)

Q.20

Q21

Q.22

(A)2.33 m/s? (B) 4.66 m/s?

(C) 1.33 m/s? (D) None of these

A uniform disc of radius R and mass M is spinned to an
angular speed @ in its own plane about its centre and
then placed on a rough horizontal surface such that plane
of'the disc is parallel to the horizontal plane. If co-efficient
of friction between the disc and the surface is p then
how long will it take for the disc to come to stop.

2m0R
A
(A) g

3ooR
© e
The following figure shows two situations in which a
uniform round rigid body is released from rest from the
positions shown, such that it is just able to loop the
loop without leaving contact with the track. Assuming
that radius of the track is large in comparison to the
radius of round body, the ratio h,/h,.

h, h,
Smooth Very
rough
No slipping
7 7

(A) must be greater than 1

(B) must be less than 1

(C) must be equal to 1

(D) can be greater than or less than 1, depending on the
moment of inertia of the round body

A wedge B of mass M is placed on a smooth horizontal

surface. An ideal string is wrapped over a cylinder A of

mass M and radius R which is kept over the wedge and

other end of the string is connected to block C of mass

M passing over an ideal pulley as shown in the figure. If

system is released from rest then after how much time

the block C will hit the wedge. Friction between cylinder

and wedge is sufficient to prevent slipping. All other

surfaces are frictionless.

=
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o mg mg
. O ®)
e mmg
) ©~5 ®) =,
. ! Q.26 A solid sphere of mass M and radius R is lying on a
rough horizontal plane. A constant force F =4 Mg acts
H 2H vertically at point P such that OP makes 60° with
(A) 4o B) 4 horizontal. Find the minimum value of coefficient of
g g
3H

Q.23

Q.24

Q.25

F JE
© % D)

The line of action of the resultant of two like parallel
forces shifts by one-fourth of the distance between the
forces when the two forces are interchanged. The ratio
of the two forces is

(A)1/3 B)573

©)273 (D)5/4

Two masses m; and m, connected through a massless
and inextensible strings are placed on a smooth
cylindrical surface as shown in figure. Angle of
equilibrium in each case is —

(A) 0 =tan"" {2—;\ and 0 =sin~! Li_;}

(B) 0 =tan~! {m_\

2 and @ =sin! (ﬁ\
my my

(C) 0 =tan"! (ﬂ\ and 0 = sin”! m
Lmz L my

(D) 0 = tan~" {2—?\ and 0 =sin~! Li_;}

An equilateral prism of mass m rests on a rough
horizontal surface with coefficient of friction p. A
horizontal force F is applied on the prism as shown in
the figure. If the coefficient of friction is sufficiently high
so that the prism does not slide before toppling, then
the minimum force required to topple the prism is —

F

Q.27

Q.28

Q.29

F =4Mg
P

P

(A)3/7
(€)2/7

(B)4/7
(D)2/5

A sphere of mass m is rolling without sliding along
positive x-axis on a rough horizontal surface of coefficient
of friction . It elastically collides with a wall and then
returns back. The correct statement of friction force (f)
acting on the sphere is —

(A) f=p mg ] before collision and f=—p mg ] after
collision.

(B) f=0before collision and f=+ p mg ] after collision

(C) f<umg ] before collision and f=p mg ] just after
collision.

(D) f=p mg before collision and just after collision.

A billiard ball of at rest is struck horizontally one tenth

of the diameter below the top. If P be the impulse of the

blow find the initial kinetic energy of the ball, the mass

of the ball is being m.

13p? 11P?
A B) ——
(A) 10m (B) 10m
13p? 9p?
C) — D) —
© 9m ( )10m

Thread is wrapped over a cylinder of mass 1 kg. It is
pulled with 10N force horizontally. The thread passes
below a light smooth pulley fixed to centre of the cylinder
by a light rigid rod making an angle 30° with horizontal
as shown. The pulley just touches the surface of the
cylinder. Another force of 10N is applied on the cylinder
making 60° with horizontal and passing through the centre
of mass of the cylinder. Find the velocity (in m/s) of
centre of mass of the cylinder when it purely rolls a
distance 60m on the horizontal surface.

B
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Q.30

Q.31

Q.32

Q.33

(A)40 m/s (B)20my/s
(C)30my/s (D) 15m/s
A square plate of mass M and edge L is shown in figure.
The moment of inertia of the plate about the axis in the
plane of plate and passing through one of its vertex
making an angle 15° from horizontal is —

T ------- 150
JL
ML? 11ML2
A) —— B
(A) T (B) >4
TML?
© T (D) None of these

Determine the minimum coefficient of friction between a
thin rod and a floor at which a person can slowly lift the
rod from the floor without slipping, to the vertical
position applying to its end a force always perpendicular
to its length.

(A) 1/242 B)13

©)1/2 D) 1/3

A cylinder of height h, diameter h/2 and mass M and
with a homogeneous mass distribution is placed on a
horizontal table. One end of a string running over a pulley
is fastened to the top of the cylinder, a body of mass m
is hung from the other end and the system is released.
Friction is negligible everywhere. At what minimum ratio
m/M will the cylinder tilt ?

h/2

h| M

(A)1 (B)2
©3 (D)4
A spherical ball of mass M and radius R is projected
along a rough horizontal surface so that initially (t=0) it
slides with a linear speed v, but does not rotate. As it
slides, it begins to spin and eventually rolls without

slipping. How long does it take to begin rolling without
slipping ?

2v 2vg
®) Tugg ® 5u g
2vg 3vp
© 3ukg ® 7¢

A small sphere A of mass m and radius r rolls without
slipping inside a large fixed hemispherical bowl of radius
R (>>r) as shown in figure. If the sphere starts from rest
at the top point of the hemisphere find the normal force
exerted by the small sphere on the hemisphere when it is
at the bottom B of the hemisphere.

o) m B) - m
(A) —mg (B) - mg

© 2mg (D) Zme
7 5

A cylinder of weight W and radius r is supported in a
horizontal position against a wall by a rod AB of
negligible weight. The rod is hinged to the wall at A and
supported at the other end B by a horizontal rope BC.
Neglecting friction find the angle 0 that the rod should
make with the wall so that the tension in the rope is
minimum.

(A)30° (B)4s°

(C)60° (D)75°

The figure shows a frictionless horizontal track which
smoothly turns into a frictionless inclined surface of
inclination 0. A ring of radius R rolling without slipping
on the horizontal surface with angular speed w, moves
towards the inclined surface. The maximum distance
moved up the inclined surface is —

@ £

A (0(2)R2 B ngz

(A) 2¢g ( )2gsin9
m(Z)R2 .

© ) sin (D) zero

e
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EXERCISE -3 (NUMERICAL VALUE BASED QUESTIONS)

NOTE : The answer to each question isa NUMERICAL VALUE.

Q.1

Q.2

Q3

Q4

Q5

Q.6

Q.7

A uniform stick of mass m and length ¢ spins around on
a frictionless horizontal plane, with its Centre of Mass
stationary. A mass M is placed on the plane, and the
stick collides elastically with it, as shown (with the
contact point being the end of the stick). What should
M (in kg) be so that after the collision the stick has
translational motion, but no rotational motion?

Take m=24kg.

The radius of curvature of the path traced by a point
situated at the edge of a rolling disc of radius R when
the point attains its highest position is XR. Find the
value of X.

A uniform solid disc of mass 1 kg and radius 1m is kept
on a perfectly rough horizontal surface. Two forces of
magnitude 2N and 4N have been applied on the disc,
one is acting along horizontal direction and other is along
vertical direction as shown in the figure. Linear accel-
eration of the centre of mass of the disc is (in m/s2).

2N

4N

A wheel of radius R rolls on the ground with a uniform
velocity v. The relative acceleration of topmost point of
the wheel with respect to the bottommost point is Av%/
R. Find the value of A.

A cubical block of mass M and side a is kept on a smooth
horizontal surface. One corner is given an impulse so
that the corner attains velocity V as shown. The instan-
taneous angular velocity is XV/4a. Find the value of X.

v
Top view

Arigid equilateral triangular plate ABC of side 2m, is in
motion in the x-y plane. At the instant shown in the

figure, the point B has velocity vy = (3i+8j)m/s and

the plate has angular velocity & =2k r/s. Find the
speed of point A (in m/s)
Y

Lo

B
Ad— 2m—>

AB and CD are two identical rods each of length ¢ and
mass mjoined to form a cross. The moment of inertia of
these two rods about a bisector of the angle between

2
. Find the value of A.

. ml
the rods (xy) is il

Q8

Q.9

Q.10

Q.11

Uy

D
Two equal rods of weight 10N are freely joined. Their
free ends are attached by strings to a fixed point. A cir-
cular disc of weight 60N and radius r rest in the angle
between the rods and the whole hangs in a vertical plane
if 4m is the length of each rod and 90° is the angle be-
tween the rods then find r (in m).
A rod of mass m and length / is released from rest on a
smooth surface shown in figure. Find the angular speed
(in rad/sec.) of the rod when the centre of rod has
descended by ¢/4 from its initial position.

240
[where £ = ch]

A box and a solid sphere of equal mass are moving with
the same velocity across a horizontal floor. The sphere
rolls without slipping and the box slides without friction.
They encounter an upward slope in the floor and each
move up the slope some distance before momentarily
stopping and then moving down again. The maximum
vertical heights reached by the box and the sphere are

Hp and Hg respectively. What is the ratio lloiﬂ ?

/'\A
Solid N
spher@

A 60g and 80g ball are fixed to the ends of a 28cm rod of
negligible mass. The rod is balanced by a pivot such
that it is horizontal and stays at rest. With what angular
acceleration (in rad/s?) does it start to move, if the pivot
is shifted 2cm. closer to the heavier ball ? (Take g =9.8
m/s?)

® ®
60g

80g

Y.
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Q.12 The two ends of a uniform thin rod of length /2R and

of mass 2+/2kg can move without friction along a

vertical circular path of radius R. The rod is released
from the vertical position (ab). Find the force (in N) exerted
by an end of the rod on the path when the rod passes
the horizontal position (cd).

Q.13 A 200kg. beam 2.0m in length slides broadside down the

ice with a speed of 16m/s (figure). A 50 kg small favicol
can (guaranteed sticking) at rest sticks at one end as it
goes past, both go spinning down the ice. Assume
frictionless motion. What is the angular velocity of
combined mass in rad/s.

Horizontal plane

\%

°
Position of can

EXERCISE -4 [PREVIOUS YEARS AIEEE / JEE MAIN QUESTIONS]

Q.1

Q.2

Q3

Q4

Q5

A ring of mass M and radius R is moving in horizontal
plane at angular speed ® about self axis. If two equal
point masses are placed at the ends of any diameter.
Find final angular speed of system - [AIEEE-2002]

M
Ao ® B Mom®
0 ——o D fab
( )M+2m (D) none of above

A solid sphere, a hollow sphere and a ring are released
from top of an inclined plane (frictionless) so that they
slide down the plane. Then maximum acceleration down

the plane is for (no rolling) [AIEEE-2002]
(A) Solid sphere (B) Hollow-sphere
(O)Ring (D) All same

Moment of inertia of a circular wire of mass M and raidus

R about its diameter is — [AIEEE-2002]
MR?
(A)MR? (B) 2
) MR?
(C)2 MR (D) 2

In the following figure angular momentum of particle of
mass m and speed v about originis— [AIEEE-2002]

Y

(A)mvL (B)mv/

(©)mv/L (D) mv/?

A circular disc X of radius R is made from an iron plate of
thickness t and another disc Y of radius 4R is made from
an iron plate of thickness t/4. Then the relation between
the moment of inertia Iy and Iy is — [AIEEE-2003]
(A)Iy=161x (B) Iy =Ix

(C) IY = 64 IX (D) IY = 32 IX

Q.6

Q.7

Q8

Q.9

Q.10

A particle performing uniform circular motion has angular
momentum L. Ifits angular frequency is doubled and its
kinetic energy halved, then the new angular momentum

is [AIEEE-2003]
(A)2L (B)4L
(C)L/2 (D)L/4

A solid sphere is rotating in free space. If the radius of
the sphere is increased keeping mass same which one of
the following will not be affected ? [AIEEE-2004]
(A) Moment of inertia

(B) Angular momentum

(C) Angular velocity

(D) Rotational kinetic energy

One solid sphere A and another hollow sphere B are of
same mass and same outer radi. Their moment of inertia
about their diameters are respectively 1, and Iy such

that [AIEEE-2004]
(A)Ix=1Ip B)I,>1g

I _da
O x<Ig D1, "y

where d and dg are their densities.

An annular ring with inner and outer radii R, and R, is
rolling without slipping with a uniform angular speed.
The ratio of the forces experienced by the two particles
situated on the inner and outer parts of the ring, F|/F, is

[AIEEE-2005]
Ry Ry ?
W o
Ry
O1 (D) R,

The moment of inertia of uniform semicircular disc of
mass M and radius r about a line perpendicular to the

plane of the disc through the centre is [AIEEE-2005]
12 2002
A) —Mr B) —Mr
O ®) -
12
©MP (D) S Mr

=
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Q.11 A 'T'shaped object with dimensions shown in the figure, (A)1/3 B)12
is lying on a smooth floor. A force'§'is applied at the ©) 1/6 (D) 1/4

Q.12

Q.13

Q.14

Q.15

Q.16

point P parallel to AB, such that the object has only the
translational motion without rotation. Find the location
of P with respect to C. [AIEEE-2005]

«—/—>
2 3 A B
GV B) S ¢ , T
4 > 20
o3 o l
C

A thin circular ring of mass m and radius R is rotating
about its axis with a constant angular velocity . Two
objects each of mass M are attachecd gently to the
opposite ends of a diameter of the ring. The ring now

o'=  [AIEEE2006]
om
A) (m+ M) ® m+2m)
o(m+2M) o(m-2M)
O ©) "+ 2m)

A force of — Fk acts on O, the origin of the coordinate
system. The torque about the point (1,— 1) is| ATEEE 2006]
z

o) y
X
(A)F(i+]) (B)-F(i-))
©F(-)) (D)-F(i+])

Four point masses, each of value m, are placed at the
corners of a square ABCD of side /. The moment of
inertia of this system about an axis passing through A

and parallel to BD is — [AIEEE 2006]

(A)3m¢? (B) m/2

(C)2m/? (D) /3 m¢?

For the given uniform square lamina ABCD, whose centre

is O, [AIEEE 2007]

F

(A) \/5 Iac =Igp D C

(B) Iy =3I

(OTsc=Igr 0
D)l,~= I

(D) Iyc= /2 Igp NE B

A circular disc of radius R is removed fromEa bigger
circular disc of radius 2R such that the circumferences
of the discs coincide. The centre of mass of the new disc
is R from the centre of the bigger disc. The value of o
is [AIEEE 2007]

Q.17

Q.18

Q.19

Q.20

Q.21

Q.22

Q.23

A round uniform body of radius R, mass M and moment
of inertia ‘I’, rolls down (without slipping) an inclined
plane making an angle 6 with the horizontal. Then its

acceleration is [AIEEE 2007]
gsin6 gsin6
A 5 B — 5
A 1/ MR? B MR/
gsin® gsin®
(O ——y D) 5
)11/ MR ) oMR2 /1

Angular momentum of the particle rotating with a central
force is constant due to [AIEEE 2007]
(A) Constant Force

(B) Constant linear momentum

(C) Zero Torque

(D) Constant Torque

Consider a uniform square plate of side ‘a’ and mass ‘m’.
The moment of inertia of this plate about an axis
perpendicular to its plane and passing through one of

its corners is [AIEEE 2008]
A L 2 B l 2
(A) 7, ma (B) 1, ma
2 5
=z .2 — ma2l
© 3 ma (D) ¢ ma

A thin uniform rod of length ¢ and mass m is swinging
freely about a horizontal axis passing through its end.
Its maximum angular speed is . Its centre of mass rises

to a maximum height of - [AIEEE 2009]
A 1 lo B 1 Pw?

NI ®) 5

ol Po? . Po?

© 5 03—

A thin horizontal circular disc is rotating about a vertical
axis passing through its centre. An insect is at rest at a
point near the rim of the disc. The insect now moves
along a diameter of the disc to reach its other end. During
the journey of the insect, the angular speed of the disc —
(A) remains unchanged [AIEEE 2011]
(B) continuously decreases

(C) continuously increases

(D) first increases and then decreases

A mass m hangs with the help of a string wrapped around
apulley on a frictionless bearing. The pulley has mass m
and radius R. Assuming pulley to be a perfect uniform
circular disc, the acceleration of the mass m, if the string

does not slip on the pulley, is — [AIEEE 2011]
(A)(32) g B)g
©)@23)g D) g3

A pulley of radius 2m is rotated about its axis by a force
F = (20t — 5t2) newton (where t is measured in seconds)
applied tangentially. If the moment of inertia of the pulley

Y
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Q.24

Q.25

Q.26

Q.27

Q.28

about its axis of rotation is 10 kg m2, the number of Q.29 From a solid sphere of mass M and radius R a cube of

rotations made by the pulley before its direction of
motion is reversed, is : [AIEEE 2011]
(A) less than 3

(B) more than 3 but less than 6

(C) more than 6 but less than 9

(D) more than 9

Adiatomic molecule is made of two masses m; and m,
which are separated by a distance r. If we calculate its
rotational energy by applying Bohr’s rule of angular
momentum quantization, its energy will be given by —

(n is an integer) [AIEEE 2012]
A (m; +m, )’ nh? B n’h?
S e S
{msr m;+my)r
© 2n’h? D) (my + m2)2n2h2
(m; +m,) r? 2m1m21r2

A hoop of radius r and mass m rotating with an angular
velocity y is placed on a rough horizontal surface. The
initial velocity of the centre of the hoop is zero.What
will be the velocity of the centre of the hoop when it

ceases to slip ? [JEE MAIN 2013]
(A) rwy/2 (B) ray/3
(O)ray/2 (D) ra,

A bob of mass m attached to an inextensible string of

length 7 is suspended from a vertical support. The bob

rotates in a horizontal circle with an angular speed ®

rad/s about the vertical. About the point of suspension

[JEE MAIN 2014]

(A) Angular momentum changes in direction but not in
magnitude.

(B) Angular momentum changes both in direction and
magnitude.

(C) Angular momentum is conserved.

(D) Angular momentum changes in magnitude but not
in direction.

A mass ‘m’ is supported by a massless string wound

around a uniform hollow cylinder of mass m and radius

R. If the string does not slip on the cylinder, with what

acceleration will the mass fall on release?

[JEE MAIN 2014]
] m
(A)5g/6 B)g
(©)2¢/3 (D) g2

Distance of the centre of mass of a solid uniform cone
from its vertex is z,,. If the radius of its base is R and its

height h then z is equal to [JEE MAIN 2015]
(A) 3h/4 (B) 5h/8
(C) 3h%/8R (D) h%/4R

Q.30

Q.31

Q.32

maximum possible volume is cut. Moment of inertia of
cube about an axis passing through its center and

perpendicular to one of its facesis ~ [JEE MAIN 2015]
A MR? 5 4MR?
N T6vzn PN
© 4MR? o MR?
331 3242

A particle of mass m is .
moving along the side of Y D—¢—C
square of side 'a', with a aby V2

. . A Yy IB
uniform speed v in the x-y R a
plane as shown in the figure: 5o
Which of the following 0 X

statements is false for the angular momentum [ about

the origin? [JEE MAIN 2016]

(A)L=mv {i - a} k when the particle is moving from
V2
CtoD.
- R . L .
B)L=mv {— + a} k when the particle is moving from

NG

BtoC.
(O L= % R k when the particle is moving from D to A.
2

D)L =2
V2
A roller is made by joining,
together two cones at their
vertices O. It is kept on two rails
AB and CD which are placed

e
(@)

asymmetrically (see figure),
with its axis perpendicular to A
CDand
its centre O at the centre of line joining AB and CD (see
figure). It is given a light push so that it starts rolling
with its centre O moving parallel to CD in the direction
shown. As it moves, the roller will tend to:

R k when the particle is moving from A to B.

S i

[JEE MAIN 2016]
(A) turn right. (B) go straight.
(C) turn left and right alternately. (D) turn left.

The moment of inertia of a uniform cylinder of length ¢
and radius R about its perpendicular bisector is I. What
is the ratio //R such that the moment of inertia is

minimum? [JEE MAIN 2017]
(A)3/2 (B)1
(©) 3/\2 (D) \3/2

e
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Q.33 Aslender uniform rod of mass M and length ¢ is pivoted

Q.34

Q.35

Q.36

at one end so that it can rotate in a vertical plane (see
figure). There is negligible friction at the pivot. The free
end is held vertically above the pivot and then released.
The angular acceleration of the rod when it makes an
angle 0 with the vertical is: [JEE MAIN 2017]

z

X

2g . 3g
—sin 6 —cos0
(A) 30 sin (B) Y cos

2¢g 3g .
©) Y cos0 (D) Y sin@
Seven identical circular planar disks, each of mass M
and radius R are welded symmetrically as shown. The
moment of inertia of the arrangement about the axis
normal to the plane and passing through the point P is
[JEE MAIN 2018]

73

(A) =MR? ®) 81 \r2
2 2

©) %MR2 (D) 5—25MR2

From a uniform circular disc of /
radius R and mass 9 M, a small

disc of radius R/3 is removed as

shown in the figure. The R
moment of inertia of the

remaining disc about an axis

perpendicular to the

plane of the disc and passing through centre of disc is :

<—u,|%—>

[JEE MAIN 2018]
37
(A) 10 MR2 (B) ?MR2
40
(C) 4 MR2 D) FMR2

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

B

made by AB with
downward vertical ™
is 0, then : ¢
[JEE MAIN 2019(JAN)]

Q.37

Q.38

Q.39

Q.40

(A)tan 0 = 2/\/5

(C)tan0=1/2 (D) tan 0= 1/(2/~/3)
Two masses mand m/2 are connected
at the two ends of a massless rigid
rod of length /. The rod is suspended

by a thin wire of torsional constant k %
at the centre of mass of the rod-mass system (see figure).
Because of torsional constant k, the restoring torque is
T =k®0 for angular displacement 0. If the rod is rotated by
0, and released, the tension in it when it passes through

(B)tan6=1/3

y777/77177 11777

its mean position will be: [JEE MAIN 2019(JAN)]
(A) 3k03 / ¢ (B) k03 / 2¢
(C) 2k03 / ¢ (D) k63 / ¢

Four particles A, B, C and D with masses m, =m,

mp =2m, m-=3m and mp, = 4m are at the corners of a
square. They have accelerations of equal magnitude with
directions as shown. The acceleration of the centre of

mass of the particlesis: [JEE MAIN 2019 (APRIL)]
.
Y
B T >»a
C
X
<« D
T A l
a
a ~ » a ~ »
(A) g(l—J) (B)g(lﬂ)

(C) Zero MD)a(i+])

A thin circular plate of mass M and radius R has its
density varying as p (r) = p,r with p,, as constant and r
is the distance from its centre. The moment of Inertia of
the circular plate about an axis perpendicular to the plate
and passing through its edge is I = aMR2. The value of

the coefficient a is: [JEE MAIN 2019 (APRIL)]
(A)32 B)12
(©)3/5 (D) 8/5

A solid sphere and solid cylinder of identical radii
approach an incline with the same linear velocity (see
figure). Both roll without slipping all throughout. The
two climb maximum heights hSph and hcyl on the incline.

The ratio }lllsiph is given by : [JEE MAIN 2019 (APRIL)]

cyl

(A)14/15
©)1

(B)4/5
(D) 2/+/5

v
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Q.41

Q.42

Q.43

Q.44

A block of mass m is suspended Q.45 Consider a uniform cubical box of side a on a rough floor
from a pulley in form of a circular that is to be moved by applying minimum possible force
disc of F ata point b above its centre of mass (see figure). If the

mass m & radius R. The system is coefficient of friction is p = 0.4, the maximum possible

released from rest, find the angular
velocity of disc when block has

b
value of 100 x N for a box not to topple before moving

dropped by height h. (there is no is > [JEE MAIN 2020 JAN)]
slipping between string & pulley) T b> F
[JEE MAIN 2020 (JAN)]
1 |4gh 1 [2gh n=0.4
MRV B3 . .
Q.46 Consider a uniform rod of mass M = 4m and length ¢
pivoted about its centre. A mass m moving with velocity
(OR 2gh (D) R } g v making angle 0 = 1t/4 to the rod's long axis collides with
3 3 one end of the rod and sticks to it. The angular speed of
Three point masses 1kg, 1.5 kg, the rod-mass system just after the collision is :
2.5 kgare placed at the vertices 2.5kg [JEE MAIN 2020 (JAN)]
of a triangle with sides 3<.:m, 4cm o Sem R 3 v . W2y
and 5cm as shown in the (A) 72 ¢ ( )Tz
figure. The location of centre 1.5kg
of mass with respect to 1kg kg 3cm 4v 3v
mass is : © 70 D) 70
[JEE MAIN2020 (JAN)] Q.47 The coordinates of centre of mass of a uniform flag
(A) 0.6 cm to the right and 2 cm above 1kg mass. shaped lamina (thin flat plate) of mass 4kg. (The
(B) 0.9 cm to the right and 2 cm above 1 kg mass. coordinates of the same are shown in figure) are :
(C) 0.9 cm to the left and 2 cm above 1 kg mass. [JEE MAIN 2020 (JAN)]
(D) 0.9cm to the right and 1.5c¢cm above 1 kg mass. 0, 3) 2,3)
The radius of gyration of a uniform rod of length L,
about an axis passing through a point L/4 away from the 2,2)
. . 1,2)
centre of the rod, and perpendicular to it, is :
[JEE MAIN 2020 (JAN)]
0,0) (1,0)
‘L =R} L oy 2o
(") 23 (B) 43 © 51~ Oy (A)(1.25m, 1.50m) (B)(1m, 1.75m)
(C)(0.75m, 0.75m) (D)(0.75m, 1.75m)

The surface mass density of a disc of radius a varies

o =A+ Brwhere A & B are positive
constants then moment of inertia of the disc about an
axis passing through its centre and perpendicular to the

plane [JEE MAIN 2020 (JAN)]
(A) 2ma* [%+ %J (B) 2na* [% + %]
(€) ma* [%+%] (D) 2na* (%%]
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EXERCISE -5 (PREVIOUS YEARS AIPMT/NEET EXAM QUESTIONS)

Choose one correct response for each question.

Q.1

Q2

Q3

Q4

Q5

Two bodies have their moments of inertia I and 21
respectively about their axis of rotation. If their kinetic
energies of rotation are equal, their angular momenta

will be in the ratio — [ATPMT 2005]
(A)2:1 B)1:2
©2:1 (D) 1:42

A drum of radius R and mass M, rolls down without
slipping along an inclined plane of angle 6. The frictional
force — [AIPMT 2005]
(A) Dissipates energy as heat

(B) Decreases the rotational motion

(C) Decreases the rotational and translational motion
(D) Converts translational energy to rotational energy
The moment of inertia of a uniform circular disc of radius
R and mass M about an axis touching the disc at its

diameter and normal to the disc is — [AIPMT 2006]
2 3

(A) TMR® (B) S MR’
5 2
1 b 5

© ) MR (D) MR

A uniform rod of length / and mass m is free to rotate in
a vertical plane about A. The rod initially in horizontal
position is released. The initial angular acceleration of

. o . m/?
the rod is (Moment of inertia of rod about A is mT)

[AIPMT 2006]

< l >

A B

20 3g
() 3, B

mg/

© ==

A particle of mass m moves in the ¥

XY plane with a velocity v along A

the straight line AB. If the angular

momentum of the particle with

respect to origin O is L , wheniitis X

at Aand L when it is at B, then [AIPMT 2007]

(A) Ly=Lg

(B) the relationship between L, and Ly depends upon
the slope of the line AB.

(OL <Ly

(D)L,>Lyg

3
™3,

Q.6

Q.7

Q8

Q.9

Q.10

Q.11

A wheel has angular acceleration of 3.0 rad/sec? and an
initial angular speed of 2.00 rad/sec. In a time of 2 sec it
has rotated through an angle (in radian) of[AIPMT 2007]
(A)10 B)12

©4 D)6

The ratio of the radii of gyration of a circular disc to that
of a circular ring, each of same mass and radius, around

their respective axes is [AIPMT 2008]
(A) V2:43 (B)\3:42
©)1:2 (D) V2:1

Thin rod of length L and mass M is bent at its midpoint
into two halves so that the angle between them is 90°.
The moment of inertia of the bent rod about an axis
passing through the bending point and perpendicular
to the plane defined by the two halves of the rod is

2 2
(A) L (B) ML [AIPMT 2008]
24 24
ML? ML?
O —— D) ——
© D (D) p

A thin circular ring of mass M and radius R is rotating in
a horizontal plane about an axis vertical to its plane with
a constant angular velocity o. If two objects each of
mass m be attached gently to the opposite ends of a
diameter of the ring, the ring will then rotate with an

angular velocity: [AIPMT 2009]
A oM B ® (M +2m)

) M+2m ® M

C oM b ® (M -2m)

© M+m D) M

If F is the force acting on a particle having position
vector T and T be the torque of this force about the

origin, then [AIPMT 2009]

(A) T >0and EX <0  (B) t.T =0and Fx =0

(C) ¥T =0and F1 #0

Four identical thin rods each of mass M and length 7,
form a square frame. Moment of inertia of this frame
about an axis through the centre of the square and

(D) 1 #0and FX =0

perpendicular to its plane is : [AIPMT 2009]
2

(A) M7 B) Smr?
3 3
1

©) gMzz (D) %Mﬁ
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Q.12

Q.13

Q.14

Q.15

Q.16

Q.17

Two bodies of mass 1 kg and 3 kg have position vectors
i+2j+k and —3i—2j+k , respectively. The centre of
mass of this system has a position vector:[AIPMT 2009]
(A) 22i-j+k (B) 2i—j-2k

©) -i+j+k (D) -2i + 2k

A circular disk of moment of inertia I, is rotating in a
horizontal plane, about its symmetry axis, with a constant
angular speed o.. Another disk of moment of inertia I} is
dropped coaxially onto the rotating disk. Initially the
second disk has zero angular speed. Eventually both
the disks rotate with a constant angular speed ;. The
energy lost by the initially rotating disc to friction is —

[AIPMT (PRE) 2010]
G R
A) S 41 ®) 1 41y
Ib _It 2 l IbIt 2
C) ———wo; D ;
( )(It+Ib) i ( )2(1t+1b) 1

Two particles which are initially at rest,move towards
each other under the action of their internal attraction. If
their speeds are v and 2v at any instant, then the speed
of centre of mass of the system will be —

[AIPMT (PRE) 2010]
(A)2v (B) zero
©)1ls5v D)v

From a circular disc of radius R and mass 9M, a small
disc of mass M and radius R/3 is removed concentrically.
The moment of inertia of the remaining disc about an
axis perpendicular to the plane of the disc and passing

through its centre is — [AIPMT (MAINS) 2010]
(A) (40/9)MR?2 (B) MR?
(C) 4 MR? (D) MR2

Asolid cylinder and a hollow cylinder, both of the
samemass and same external diameter are released from
the same height at the same time on an inclined plane.
Both roll down without slipping. Which one will reach the

bottom first ? [AIPMT (MAINS) 2010]
(A) Both together only when angle of inclination is 45°
(B) Both together

(C) Hollow cylinder

(D) Solid cylinder

(i) Centre of gravity (C.G.) of a body is the point at
which the weight of the body acts.

(i) Centre of mass coincides with the centre of gravity
if the earth is assumed to have infinitely large radius.

(iii) To evaluate the gravitational field intensity due to
any body at an external point, the entire mass of the

Q.18

Q.19

Q.20

Q21

Q.22

body can be considered to be concentrated at its
CG.

(iv) The radius of gyration of any body rotating about
an axis is the length of the perpendicular dropped
from the C.G. of the body to the axis.

Which one of the following pairs of statements is

correct? [AIPMT (MAINS) 2010]
(A) (iv) and (i) (B) (i) and (ii)
(C) (i) and (iii) (D) (iii) and (iv)

A thin circular ring of mass M and radius r is rotating
about its axis with constant angular velocity . Two
objects each of mass m are attached gently to the opposite
ends of a diameter of the ring. The ring now rotates with

angular velocity given by —  [AIPMT (MAINS) 2010]
A (M+2m) ® 2Mo

(A) 2m ®) M+2m

C M+2m) D Mo

© M ©) M+2m

The moment of inertia of a thin uniform rod of mass M
and length L about an axis passing through its midpoint
and perpendicular to its length is I . Its moment of inertia
about an axis passing through one of its ends and

perpendicular to its lengthis—  [AIPMT (PRE) 2011]
2
(A)I,+ML? B) Iy + %
ML? s
©) Iy + T (D)I,+2ML

The instantaneous angular position of a point on a
rotating wheel is given by the equation 6 (t) = 2t3 — 6t2.
The torque on the wheel becomes zero at

[AIPMT (PRE) 2011
(A)t=2s B)t=1s
(C)t=02s (D)t=0.25s

A small mass attached to a string
rotates on frictionless table top as
shown. If the tension in the string is
increased by pulling the string causing
the radius of the circular motion to decrease by a factor
of 2, the KE of the mass will: [AIPMT (MAINS) 2011]
(A) remain constant
(B) increase by a factor of 2
(C) increase by a factor of 4
(D) decrease by a factor of 2
When a mass is rotating in a plane about a fixed point,
its angular momentum is directed along :

[AIPMT (PRE) 2012]
(A) aline perpendicular to the plane of rotation
(B)the line making an angle of 45° to the plane of rotation.
(C) the radius
(D) the tangent to the orbit.
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Q.23 A solid cylinder of mass 3 kg is rolling on a horizontal Q.29 Arod PQ of mass M and length L is hinged at end P. The

Q.24

Q.25

Q.26

Q.27

Q.28

surface with velocity 4ms™!. It collides with a horizontal
spring of force constant 200 Nm~!. The maximum
compression produced in the spring will be —

[AIPMT (PRE) 2012]
(A)0.5m (B)0.6m
(©)0.7m (D)0.2m

ABC is an equilateral triangle with O as its centre
F,F, and F; represent three forces acting along the

sides AB, BC and AC respectively. If the total torque

about O is zero the magnitude of F3 is
A [AIPMT (PRE) 2012]

3

>
>

/1—:1 C 2
(A)F,+F, (B)F,-F,
F+E
© S (D)2 (F, +F,)

Two persons of masses 55 kg and 65 kg respectively,
are at the opposite ends of a boat. The length of the
boat is 3.0 m and weighs 100 kg. The 55 kg man walks
up to the 65kg man and sits with him. If the boat is in
still water the centre of mass of the system shifts by :

[AIPMT (PRE) 2012]
(A)3.0m (B)2.3m
(C) zero (D)0.75m

A circular platform is mounted on a frictionless vertical
axle. Its radius R = 2m and its moment of inertia about
the axle is 200 kgm?. It is initially at rest. A50 kg man
stands on the edge of the platform and begins to walk
along the edge at the speed of 1ms™! relative to the
ground. Time taken by the man to complete one

revolution is— [AIPMT (MAINS) 2012]
(A)ms (B)(31/2) s
(C)2ms D) (n/2)s

The moment of inertia of a uniform
circular disc is maximum about an axis
perpendicular to the disc and passing
through [AIPMT (MAINS) 2012]
(A)B B)C
(©D (D)A
Three masses are placed on the x-axis : 300 g at origin,
500g at x =40 cm and 400g at x =70 cm. The distance of
the centre of mass from the origin is —

[ATIPMT (MAINS) 2012]
(A)40cm (B)45cm
(©)50cm (D)30cm

Q.30

Q.31

Q.32

Q.33

Q.34

rod is kept horizontal by a massless string tied to point
Q as shown in figure. When string is cut, the initial

angular acceleration of the rod is — INEET 2013]
gy
L Q
L
(A)2g/3L (B)3g/2L
©) gL (D)2gL

A small object of uniform density rolls up a curved surface
with an initial velocity v. It reaches upto a maximum height
of 3v%/4g with respect to the initial position. The object

is [NEET 2013]
(A) Disc (B)Ring
(C) Solid sphere (D) Hollow sphere

A solid cylinder of mass 50 kg and radius 0.5 m s free to
rotate about the horizontal axis. A massless string is
wound round the cylinder with one end attached to it
and other hanging freely. Tension in the string required

to produce an angular acceleration of 2 revolutions s 2
is— [AIPMT 2014]
(A)25N (B)50N

(C)78.5N (D)157N

The ratio of the accelerations for a solid sphere (mass m
and radius R) rolling down an incline of angle 0 without
slipping and slipping down the incline without rolling is

[ATIPMT 2014]
(A)5:7 B)2:3
©)2:5 D)7:5
A mass m moves in a circle on a Vo

smooth horizontal plane with
velocity v, at aradius R,,. The
mass is attached to string wihich
passes through a smooth hole in
the plane as shown.

The tension in the string is increased gradually and
finally m moves in a circle of radius R /2. The final value

of the kinetic energy is — [AIPMT 2015]
| )

(A) ymvg (B) 2my
| )

(© 5 mv (D) mv,

A rod of weight W is supported by two parallel knife
edges A and B and is in equilibrium in a horizontal
position. The knives are at a distance d from each other.
The centre of mass of the rod is at distance x from A. The
normal reaction on A is : [AIPMT 2015]
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Q.40 From a disc of radius R and mass M, a circular hole of
(A) — (B) Wd-x diameter R, whose rim passes through the centre is cut.
X What is the moment of inertia of the remaining part of
the disc about a perpendicular axis, passing through the
W (d- \W%
© @-x) (D) AL centre? [NEET 2016 PHASE 1]
d d (A) 15MR2/32 (B) 13MR2/32
Q.35 Two spherical bodies of mass M and 5 M and radii R and (C) 1 IMR2/32 (D) 9MR2/32

Q.36

Q.37

Q.38

Q.39

2R released in free space with initial separation between
their centres equal to 12 R. Ifthey attract each other due
to gravitational force only, then the distance covered by

the smaller body before collision is: [AIPMT 2015]
(A)4.5R B)7.5R
(O15R (D)2.5R

Three identical spherical shells, each
of mass M and radius R are placed as

X
shown in figure. Consider an axis XX' QD
which is touching to two shells and ‘m
passing through diameter of third
shell. Moment of inertia of the system X'
consisting of these three sphereical shell about XX' axis

is : [AIPMT 2015]
(A) 3 MR?2 (B) (16/5) MR2
(C)4 MR2 (D) (11/5) MR2

An automobile moves on a road with a speed of 54km/h.
The radius of its wheels is 0.45 m and the moment of
inertia of the wheel about its axis of rotation is 3 kgm?. If
the vehicle is brought to rest in 15s, the magnitude of
average torque transmitted by its brakes to wheel is —
[RE-AIPMT 2015]
(A)2.86 kg m2s2 (B) 6.66 kg m?s 2
(C) 8.58 kgm?s2 (D) 10.86 kg m?s 2
Point masses m; and m, are placed at the opposite ends
ofarigid rod of length L, and negligible mass. The rod is
to be set rotating about an axis perpendicular to it. The
position of point P on this rod through which the axis
should pass so that the work required to set the rod
rotating with angular velocity o, is minimum, is given

by [RE-AIPMT 2015]
L m;L
(A) x =—2 (B)x=—"—
m + m, my + mj
m
© x=—LL (D) x=—2L
m2 m]

A force F=qi+3j+6k is acting at a point

F=2i- 63—121;. The value of o for which angular
momentum about origin is conserved is:

(A1 (B)-1 [RE-AIPMT 2015]
©2 (D) zero

Q.41

Q.42

Q.43

Q.44

Q.45

Q.46

A uniform circular disc of radius 50 cm at rest is free to
turn about an axis which is perpendicular to its plane
and passes through its centre. It is subjected to a torque
which produces a constant angular acceleration of
2.0 rad s~2. Its net acceleration in ms2 at the end of 2.0s

is approximately [NEET 2016 PHASE 1]
(A)8.0 B)7.0
(©)6.0 D)3.0

A disk and a sphere of same radius but different masses
roll off on two inclined planes of the same altitude and
length. Which one of the two objects gets to the bottom
of the plane first? [NEET 2016 PHASE 1]
(A) Disk

(B) Sphere

(C) Both reach at the same time

(D) Depends on their masses

Two rotating bodies A and B of masses m and 2m with
moments of inertia I, and I ;5 (I5 >1,) have equal kinetic
energy of rotation. If L, and L be their angular momenta

respectively, then [NEET 2016 PHASE 2]
(A)Ly=Lg2 (2L =2Lg
(O Lg>L, (D)L, >Ly

A solid sphere of mass m and radius R is rotating about
its diameter. A solid cylinder of the same mass and same
radius is also rotating about its geometrical axis with an
angular speed twice that of the sphere. The ratio of their

kinetic energies of rotation (Esphere/ Ecylinder) will be
[NEET 2016 PHASE 2]

(A)2:3 B)1:5

©)1:4 D)3:1

A light rod of length ¢ has two masses m; and m,
attached to its two ends. The moment of inertia of the
system about an axis perpendicular to the rod and
passing through the centre of mass is

[NEET 2016 PHASE 2]
mm,; - my+mp >
14 Y4
( ) my + my (B) mym,
(©) (m; +mj,) 2 (D) \ym;m, 72

A rope is wound around a hollow cylinder of mass 3 kg
and radius 40 cm. What is the angular acceleration of
the cylinder if the rope is pulled with a force of 30 N ?
(A) 0.25 rad/s? (B) 25 rad/s>[NEET 2017]
(C) 5 m/s? (D) 25 m/s?

e
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Q.47 Two discs of same moment of inertia rotating about their Q.50 Three objects, A : (a solid sphere), B : (a thin circular

Q.48

Q.49

regular axis passing through centre and perpendicular
to the plane of disc with angular velocities ®; and w,.
They are brought into contact face to face coinciding
the axis of rotation. The expression for loss of energy
during this process is— INEET 2017]

(A) 10 -0,7 B) I (0 —0,)?

1
(© 5 @i-0) (D) 311 +0,7

Which of the following statements are correct ?
[NEET 2017]

(a) Centre of mass of a body always coincides with the
centre of gravity of the body.

(b) Central of mass of a body is the point at which the
total gravitational torque on the body is zero.

(c) A couple on a body produce both translational and
rotation motion in a body.

(d) Mechanical advantage greater than one means that
small effort can be used to lift a large load

(A) (a) and (b) (B) (b) and (c)

(©) (c) and (d) (D) (b) and (d)

A body initially at rest and sliding along a frictionless

track from a height h (as shown in the figure) just

completes a vertical circle of diameter AB =D. The height

h is equal to INEET 2018]

(A) (7/5)D
© 32)D

B)D
(D) (5/4)D

Q.51

Q.52

Q.53

Q.54

Q.55

disk) and C : (a circular ring), each have the same mass
M and radius R. They all spin with the same angular
speed ® about their own symmetry axes. The amounts
of work (W) required to bring them to rest, would satisfy

the relation. [INEET 2018]
(A)Wg>W,>We B)YW,>Wp>W,

O W>Wp>W, D)W, >W>Wg

The moment of the force, F = 4i + Sj -6k at(2,0,-3),
about the point (2, -2, -2), is given by [NEET 2018]
(A) —7i-8j—4k (B) —4i—j-8k

©) —8i-4j-7k (D) —7i-4j—8k

A solid sphere is rotating freely about its symmetry axis

in free space. The radius of the sphere is increased

keeping its mass same. Which of the following physical

quantities would remain constant for the sphere?
[NEET 2018]

(A) Rotational kinetic energy

(B) Moment of inertia

(C) Angular velocity

(D) Angular momentum

A solid sphere is in rolling motion. In rolling motion a

body possesses translational kinetic energy (K,) as well

as rotational kinetic energy (K, ) simultaneously. The

ratio K, : (K, + K, ) for the sphere is [NEET 2018]
(A)10:7 B)5:7
©7:10 D)2:5

A disc of radius 2 m and mass 100 kg rolls on a horizontal
floor. Its centre of mass has speed of 20cm/s. How much

work is needed to stop it? [NEET 2019]
(A)3] (B)30kJ
©)2J] D)1J

A solid cylinder of mass 2 kg and radius 4 cm rotating
about its axis at the rate of 3 rpm. The torque required to
stop after 27 revolutions is [NEET 2019]
(A)2x10°Nm (B)2x 103 Nm
(C)12x 104 Nm (D)2 % 10°Nm
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ANSWERKEY

EXERCISE -1
Ql1]2(3|4]|5[6|7|8|9]|10|11]12]|13|14|15(16{17]|18|19|20]|21|22(23]|24]|25(26]|27|28(29|30
A|lB|D|C|B|B|B|C|C|A|A|B|A|A|B|JA|JA[C|A|C|D|A|D|A|D|A|D|C|B|B|B
Q[31]32(33|34|35(36|37|38|39| 40 | 41| 42 | 43 |44)|45|46|47|48|49|50]|51|52| 53| 54| 55| 56| 57| 58| 59| 60
A|C|D|D|(D|A|D|C|C|AfC]|]C|D|C|A|C|C|IB|A|JA|C|D|B|A|A|B|B|A|B|B|B
Q|61|62(63|64|65/66|67|68|69| 70 | 71| 72| 73 |74|75|76|77|78|79|80]|81|82(83|84|85(86|87|88(89]|90
A|D|(C|A|B|C|D|D|(D|B|D]JC|C|D|B|C|C|B|C|D|C|B|B|B|D|D|C|A|A]|B|C
Q[91]92(93|94]|95(96| 97|98
A|D|(D|B|C|C|B|D|C

EXERCISE - 2
Q|1 2 3 4 5 6 7 8 9 |10 |11 | 12|13 | 14| 15|16 | 17| 18 | 19| 20
A | B B|C|]C]|]C]|B DIC]|A]|B B|C]|]A|B D|A|A|B]|]A|B
Q| 21|22 )| 23| 24| 25| 26| 27| 28|29 | 30| 3132|3334 35| 36
AlB|]C|B|]A|J]A|]C|B|]A|]A|B|A]J]A]|]A]|B]|]C]|B

EXERCISE - 3

Q|1 2 3 4 5 6 7 8 9 |10 (11|12 | 13
A 12| 4 0 2 3 5112 3 | 10| 14| 10| 50| 6

EXERCISE -4
Q|1 2 3 4 5 6 7 8 9110|1112 13| 14|15 16| 17| 18| 19| 20
A B| D B| B|C]|D B|C D|D|C|B|A]J]A[C]A|[A]C|C]|]C
Q21|22 (23|24 (25|26 |27 |28 29| 30| 31| 32| 33| 34| 35| 36| 37| 38| 39| 40
A|D]|C BID|C|A|D|A|B|AC|ID|D|D|B|C|B|D|A|D]|]A
Q (41|42 |43 | 44 | 45| 46 | 47
A|A| B|]A|]A]|5]|B]|D

EXERCISE -5
Q|1(2|3|4|5|6(7|8[9|10{11(12|13(14|15(16|17|18(19]|20(21|22|23(24|25(26|27(28|29|30
AlD BID|A C|IC|A|B|D|(A|D|B|A|D|(A|DfC|B|C|A|B|A|C|[C|A|A|B]JA
Q|31(32|33|34|35|36(37|38(39|40|41|42|43(44|45(46|47|48|49|50(51|52(53|54 |55
A|(D|(A[(B|C|(B|(C|(B|A|B|B|A|B|C|B|A|B|A|(D(D|C|D|D|B|A|A
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(C)

ROTATIONAL MOTION
TRY IT YOURSELF-1

Treating the line joining the two particles as x axis

m; x0+my xL
X=———"=—
my +my (0,0 (L,0)
Yem =0, 2oy =0
m,L [eeemeenennens | P >
XM =
m] + m2

We treat the hole as a negative mass (imaginary) object that
is combined with the original uncut circle. (When the two
are added together, the hole region then has zero mass) By
symmetry, the CM lies along the +y-axis in figure, so

xcpm = 0. With the origin at the center of the original circle
whose mass is assumed to be m.

y

Mass Location of CM
Original uncut circle  m; =m (0,0)
m R
Hole of negative axis mj = 1 093

m
myy; +myy; _
my +m2

Thus: YoMm =

The CM is at the point (0,—R/6)

Length of rod = | %, -5 | = \/(4_2)2 +(2-5)2 =/13m
Centre of mass

= mi+myh 3 . a2 . (14? 19A~j
= ==Qi+5)+—-A+2))=| 1+ m
mtm, 5 @E+2) =it
As initial momentum of the system in x-direction is zero, and
there is no net external force in x-direction the momentum of
system remains zero in x-direction and thus the center of

mass of the system undergoes zero displacement in x-
direction my§; +m,s, =0

When the ball comes to the lowest position; shell moves
backwards say by a distance x.

Displacement of ball in x-direction

= Displacement of ball w.r.t. shell + displacement of shell.
Displacement of shell = (—x)

®)

©)

™

@®

3R
Displacement of ball in x-direction is e +(=x)

m[3—R—xj—mx:0
4

3R

8

If we do not consider that the shell
moves back ward, we can take its
forward displacement to be x,

X

3R
Displacement of ball in x-direction = = +X

3R
8

(—ve sign indicates its backwards motion)

(O). Because the stick is a uniform, symmetric body, we can
consider all its weight as being concentrated at the center of
mass at the 0.5-m mark. Therefore the point of support lies
midway between the two weights, and the system is balanced
only if the total weight on the right is also 1 kg.

my,, = 267 kg

Because there are no external forces on the system, and the
center of mass is initially at rest, the center of mass must
remain at rest. Set x =0 as the center of mass of the fisherman
/ log system:

3R
m T-l—X +mx =0 ;X =

_ X fisherman Mfisherman T XlogMiog _

= 0

Mfisherman T Mmyyg

XCl’l’l

= Xfisherman Mfisherman + X10g mlog =0

m _ ~XfishermanMfisherman
= log =
Xlog
_ (12m) (400 kg) 267 ke
(18m)

Velocity of c.m. of the system is given as
~ m1\71 + 1’1’12(’2
YeM =—
my + m,
Since the particles m; and m, are moving unidirectionally,
m;v, and m,Vv, are parallel =
|y V) +myVy [ =myvy+myvy

Cmyvi+myv, | myvy +myv,

Therefore, Vcwm

(1/2)+(1/2)(6)
T +(1/2)]

The acceleration of c.m. of the system is given by

m/s=3.33m/sec

- _ ma, +m232

cm m, +m, = “cm

_[myd; +mya, |
m; +m,

v
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_[mja; —mya, |

R - . a
Since a, and a, are anti-parallel, %cm my +m,

_1@O0O-4 @]
o 2+4

Since, m,a, > m,a,, the direction of acceleration of c.m. will
be directed in the direction of a,.

(9) Consider the situation shown in figure. Suppose the man
moves at a speed w towards right and the platform recoils at
a speed V towards left, both relative to the ice. Hence, the
speed of the man relative to the platformis V +w.
By the question, V+w=v,orw=v-V 0]

m/sec® =1m/sec’

T i I/ /

Taking the platform and the man to be the system, there is

no external horizontal

force on the system. The linear momentum of the system

remains constant.

Initially both the man and the platform were at rest. Thus,
0=MV-mw or MV=m(v—V)[Usingeq. ()]

mv

or =
M+m

Initial position of center of mass
_ XgMg +X M, Xp-20M+/-4M S5Xg+/
Mg +Mjp 24M 6
Final position of center of mass
_ (Xg+x)20M+4Mx  5(Xg +x)+x
24M 6

10

Ay

. Initially
B i >
T X
—>

XB

. Finally
B

VL e
x + X

Since there is no horizontal force on system
Center of mass initially = center of mass finally.
SXgtl=5Xg+5x+x
l=6x =>x=10/6

TRY IT YOURSELF-2

2 2 2
L ML M2 4,
=41 +4M[—) :4[—] 4 =ML
M M 2 12 4 3

M,L

@

3MIL2 L)
= + 2= ——+3M [—)

ML? . ML? ML
4 4 2

3) I=§M(2R)2 = M (2R)? =§1

= Lygem =121+ M (2RY]+1
5
=1+20+2x EI +1=91
L _M R ’
@ LM R
2 2 2
2 ~
M L [R, [ 4 1P 1
:> —_— X | — = —X| — _- —
M, I, |Ry 1 |4 4
(5) M = Mass of square plate before cutting the holes
M ] nR?% = ™
Mass of one hole m = 16R2 | 16
.. Moment of inertia of the remaining portion,
[= Isquare -4 Ihole
2
_ % (16R2 +16R?)— 4 {nﬂ; +m(«/§R)2}

8 10m
_ SMR2 Z10MR? = | S- =% | MR?
3 316
(mRz\
©) Tl :m(R2)+3xL J:ZmR2
. 2mR? R
A1SO7 Mtotal =4m . K= am = E

(7) Consider the line perpendicular to the plane of the figure
through the centre of the cross. The moment of inertia of
each rod about this line is M¢%/12 and hence the moment of
inertia of the cross is M¢2/6. The moment of inertia of the

¢
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(C)

(10

Q)

@

(€)

cross about the two bisector are equal by symmetry and
according to the theorem of perpendicular axes, the moment
of inertia of the cross about the bisector is M (2/12.
Moment of inertia of the plate about axis 1

(by taking rods perpendicular to axis I; = Mb?%/3
Moment of inertia of the plate about axis 2

(by taking rods perpendicular to axis 2) 1, = M/2/12
Moment of inertia of the plate about axis 3

(by taking rods perpendicular to axis 3) I; = Mb2/12
Moment of inertia of the plate about axis 4

(by taking rods perpendicular to axis 4) 1, = M?2/3.
The moment of inertia of the cylinder about its axis = MR2.
Using parallel axes theorem,

I=1,+MR?=MR?+ MR? = 2MR?
Similarly, the moment of inertia of a hollow sphere about a

“@

%MRZ +MR? = %MRz ®)

The moment of inertia of flywheel is given by, I=MR?2. 6)

Taking log, logI=logM+2logR

. . .odl dR
Differentiating, 1 0+ 2?

dI
.. % change in moment of inertia = T x100=2x1%=2%

TRY_IT YOURSELF-3
L,-L

Percentage increase in momentum = x100

LxyE=E, =E )

300
E,=E+>—E=E, =4E
100
Increase in momentum

JE;» —VE; J4E —

VB VB g0 L YAEYVE 0 100%
VEi JVE

200 _

100

Percentage increase in rotational energy

L,=L+ 3L

E,-E E
_ =2 1 100=| =2-1{x100
E; E;

@®

2 2

L 9L

_ _5_1 x100 = | —-—1x100 =800%
L L

746W 5
P=200hp=200hp x =1 49x107W

2n
®=6000 rev/min= 6000 x a =628 rad/sec.

P 149x10°
c= 2 XY 30 sNm
® 628
I:m1r12+m2r22+ ..... +mnr§ ; 1= mr?

(mass distribution is at more distance from axis 11' as com-
pare to axis 22')

d
111: > 122{ 5 T= FE:> Tlll = T22v
= Il i 0(11’ = Izzr 0(22'
Ill’

—— = 0y >0y
1227

a227 —
apr

_T_(5+10n 155 _15(20-10) x1072

= =10"3rad™2
I I 1500

(B). Choose units vectors such that ix j = 1A<, with
i pointing to the right and 3 pointing up. The torque about
the point S is given by T, = & x F, where

Lr =Lcos0 i+Lsin0 ] and F=—F ] then

T, =(LcosO i+Lsin0 j)x—F j=—FLcos0 k

So the magnitude of the torque about S is | T |= FLcos®.
Note that the perpendicular moment armisr; =L cos 0, so

the magnitude of the torque about Sis |t |=1 F.

(O). As the particle moves in the positive x-direction, the
perpendicular distance from the origin to the line of motion
does not change and so the magnitude of the angular
momentum about the origin is constant. Recall that for the
motion of the particle x (t) varies with time but (y, z) are fixed.
The angular momentum about the origin is

]:0 =(x(t) f+yj+zlz)><mvfz—ymvlz+zmvj
which is constant. In the above, the relations

ixj=k, jxi=-k ixi=jxj=0

were used. Note that the magnitude of |i0| is given by

1/2 12 _

[Lo| = ((ymv)? + (zmv)*)!? = mv (y* +2%)

wherer = (y2 + z%)1/2 is constant.

(B). For this non-symmetric rigid body, the angular
momentum about the origin has time varying components in

mvr|

the x-y plane, Ly =L,k +L,f (t), (where () is a radial
unit vector pointing outward from the origin) The magnitude

of |Ly| is constant because both L, and L, are constant .

The direction of 1 (t) in the x-y plane depends on the
instantaneous orientation of the body and so the direction

of Lo/ |Ly| is changing.

¢
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(10

)

@

©)]
“@

®)

©)

(C). Because you have not changed the moment arm about
the center of mass and you are pulling with the same force,
the torque is the same.

(C). By definition, the direction of any angular acceleration
vector will always coincide with the direction of the axis
about which the rotation occurs. The axis of rotation for a
bike moving northward will be east/west. But which is it,
east or west? Think about the direction of the angular
velocity. If you make the fingers of your right hand curl to
mimic the wheel's motion (i.e., curl the fingers to follow the
rotation of the wheel), your right-hand thumb will point west.
That is the direction of the angular velocity of the wheel. If
the angular acceleration's direction were also to the west,
the sign of the angular velocity and angular acceleration
would be the same and the bike would be speeding up. But
the bike is slowing down, so the direction of the angular

acceleration must be opposite west, or east.

TRY IT YOURSELF-4

(B). There are two forces acting on the wheel, the contact
force between the wheel and the ground and the gravitational
force between the wheel and the earth. If you said three,
that’s ok because the contact force has two components the
normal force and kinetic friction.

(A). Points to the right.

The kinetic friction force on the bicycle wheel points to the
right. This is the force that is responsible for the acceleration
of the wheel. (All the forces are shown in the figure.)

(B). The kinetic friction produces a torque about the center-
of mass that points out of the page.

(B). Since the torque is non-zero, the angular momentum
about the center-of-mass is changing. The torque due to the
kinetic friction decreases the angular velocity.

Since the vector from S to the where the kinetic friction is
acting is parallel to the kinetic friction the torque about S is
Zer0.

(A). The torque about S due to the normal force is out of the

page and has magnitude |%S,N| = Nrs’ . =Nd

Y

@®

(C)

(A). For forces below a fixed maximum value, the torque due
to the force of friction is larger in magnitude than the torque
due to the pulling force. Therefore the cylinder has an angular
acceleration pointing into the page (in the clockwise
direction) hence the cylinder rolls to the right, in the direction
of F, winding up the string.

4v,/5.

Ve(l)ocity of the centre = v, and the angular velocity about
the centre = v/2R . Thus v, > wyR. The sphere slips forward
and thus the friction by the plane on the sphere will act
backward. As the friction is kinetic, its value is uN = uMg
and the sphere will be decelerated by a_, = /M.

f

Hence, v(t)=v,— —t

D=vo-
This friction will also have a torque t = fr about the centre.
This torque is clockwise and in the direction of . Hence
the angular acceleration about the centre will be

R 3f

(2/3)MR? 2MR
and the clockwise angular velocity at time t will be
VO 3f
t=—"t+——
2MR 2R 2MR

Pure rolling starts when v(t) =R (t)-,i.e.,
t = V_O + it
VO oM
Eliminating t from (1) and (2),

a="f

o (t)=my+

3 3 v 2 4
Zv()+v ) =Zvy+—2 t)==x2v) =—
ZV() v (1) S Vot = or v (D) 5% 2V =3V

Thus, the sphere rolls with linear velocity 4v,/5 in the

forward direction.

Suppose the radius of the sphere is r. The forces acting on

the sphere. They are (a) weight mg. (b) normal force N and

(c) friction f.

Let the linear acceleration of the sphere down the plane be a.

The equation for the linear motion of the centre of mass is
mg sin O — f=ma (1)

As the sphere rolls without slipping, its angular acceleration

about the centre is a/r. The equation of rotational motion

about the centre of mass is,

w3 )(3) o

. . 5 . 2 .
From (i) and (ii), a = 7gsm9 and f= 7mg sin®

f= %ma (i)

The normal force is equal to mg cos0 as there is no accelera-
tion perpendicular to the incline. The maximum friction that
can act is, therefore, L mg cos0, where L is the coefficient of
static friction. Thus, for pure rolling

2 .
p mg cos 6 > 7mgs1n9 or pu> %tane

=
I 370
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HAPTER-8 : ROTATI ALMOTI ©) (B). Let the distance moved by plank is x.
EXERCISE-1 mAx; +myAx, =0
(1)  (B). Centre of mass ig nearer to heavier mass. M (L-x)+ M (=x)=0 = x— 3L
?2) (D). Out of the four given bodies, the centre of mass of a 3 4
bangle lies outside it whereas in all other three bodies Distance moved by person w.r.t. to ground
it lies within the body. =L-x=L/4
() (O We treat the hole as a negative mass (imaginary) (7)  (C). Let the distance moved by boat be x.
object that is combined with the original uncut circle. o
(When the two are added together, the hole region \ N /
then has zero mass) By symmetry, the CM lies along T T
the +y-axis in figure, s0 Xy, = 0. With the origin at “Som
the center of the original circle whose mass is assumed 80 {—(8—%)} +200(+x)=0 =x=16/7=2.3
to be m. ) Distance of person from shore =20 — (8 —2.3) = 14.3m
Mass Location of CM ®  (O.md, =my,
Original uncut circle m; =m (0,0)
d m
. ) m = d,= G -y
Hole of negative axis mj = " (0,R/2) m, my
y &) (A). m; >m, som; will
You = myy; +myys move downwards
m; +mj, and m, upwards.
Magnitude of acc of
m(0)+ (_E) [E) each block
4)\2) R i ,
= =% net pulling force (m;-m;)g a l
m = =
m+ (— —j mass to be pulled my +m,
4
la
The CM is at the point (0, —R/6) - ma +mpa, mpa+mpya (ml - mz\ a
“) (B). As the rod is along x-axis, for all points on it y and z om ™ m; +m, h m; +m, B m; + sz
willbe zero, so Y =0and Zgy, =0 (+ve downwards and -ve upwards)
Y
dx 2
———— X —— 3 — _ [ml—mz\ (ml—mz\ (ml—mz\
ey = X =1 2
[ I?l X o Lm1+m2J kmﬁszg Lm1+m2) £
L
Z/ In the direction of acceleration of m, downwards
i.e., the centre of mass will lie on the rod. Now, (10) (A). Velocity of c.m. of the system is given as
consider an element of rod of length dx at a distance ~ m;v; +m,v, i b ol &
x from the origin, then dm= A dx = (A + Bx) dx Vem = Tmtme ince the particles m; & m,
1 +my
L L are moving unidirectionally, m,;v, and m,v, are
fxdm Ix(A+BX)dx o 22
parallel
So. Xens =2 _0 ~ ~
o, CM L L = | mlvl +m2V2 | = mlvl +m2V2
J‘dm .[(A + BX) dX v _ ‘ m1\71 + m2\72 | _ l’nIVl +m2V2
0 0 Therefore, Vem = mamy,  m4m,
AL2+B7L3 _ WO o3 33msec
2 '3 L(A+2BL) [1+1/2)]
B2 3(2A+BL) (11)  (B). Consider a system of two identical particles. One of
AL+T the particles is at rest and the other has an

(1) Ifthe rod is of uniform density, then
A = constant =A and B = 0. Hence, Xy, = L/2
(i) Ifthe density ofrod varies linearly with x,
i.e., A=Bxand A=0 then Xy, =2L/3
Q) (B). If no external force acts on a system then velocity of
centre of mass remains constant.

acceleration a . The centre of mass has an
accelerationis 3/2 .
_ mja; +mya,

om my + m,

=
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(12) (A). Before explosion, particle was moving along x-axis
i.e., it has no y-component of velocity. Therefore,

the centre of mass will not move in y-direction or we

my; +myy,

cansay yo = 0. Now, YeMm = my +m,

(m/4) (+15)+(Bm/4) (y)
m 3m

4 4
(A). For any two particle system of masses m; and m,

Therefore, 0= ory=->5cm.

(13)

_mmy
my + m,

and distance r moment of inertia is

(14)  (B). Moment of inertia of flywheel is given by, I = MR?2
Taking log, logI=logM +2logR

. . .odl drR

Differentiating, T° 0+2 R

dI
% change in moment of inertia = T 100=2x1%=2%
(15) (A). According to the theorem of parallel axes, the have

I=1g+Ma?= = MR2+ MR? = = MR2(~- a=R
=IgTMa"=7 =3 (- a=R)

2 20 % 5
Giventhat — MR2 =20 or MR2= > =

5 > 50,

7
I=7 x 50 =70 kg-m?

(16) (A). According to the theorem of parallel axes, the moment
of inertia of the disc about an axis tangentially and
parallel to the surface is given by

MR 2

5
=1 —— +MR?>= — MR?
4 4

parallel =

The moment of inertia of the disc about an axis
tangential but perpendicular to the surface is given

MR?

byl'=1 — +MR?

perpendicular =

3 6[5 2} 6
- 2 MR2 =—|=MR?* |==1
; MR 5[4 5

(A7) (O). Iy =4x(3)*+2 % (2)?+3 x (4)? =92 kg-m?

(18)  (A). Along the diameter, Ig:(2/5)mR2 or Ké =(2/5)R2

2 2
or Kg—R\/; :35\/; :7«/ﬁcm

Along tangent, I=1Ig+ mR2
B mKZZmKé +mR?orK?= Ké +R2
=(2/5)R2+R%=(7/5)R?

7 7 Ky ]10
K—R\/g—?)S\/;,NowK— .

2 2
r mpgf;
A and Iy = 1B

19 5

>

m
(€).1,=

I, 1

Ig g (. my =mp)

__ .2 _ 2
Now, my=nry tdy, mg=n 13 tdy

2
5 5 A _dp
So, m ry tdy = mrg tdg or 2 _dA ...... @)
B

From equations (1) and (2)

Ia_dp
Iy _dA' As d, >dghencel, <Iy

Y/

20) (D).

lkg 2kg 3kg
X

2,0) 3.0) (40)
Moment of inertia about X-axis will be zero
because all points lie on the X-axis.
(A). The radius of gyration about PQ axis is more than
that about QR axis and the radius of gyration about
QR axis is more than that about PR axis.
1€, KPQ > KQR >Kpr
So, [} > 1, > 15

@1

y oy

MR?

(22) | Circulardisc[1] 1, =——

2
r =MRT L MR2 2 2vR2
4 4

MR?

i Circularring [2] Iy, =

2
MR
I, =——+MR” = 3 MR?
2 2

" 2 v 2

Iy, =MKJ, I}, = MK3

2 I

K
—IZILDKIIKzz\/g:\/g
K Ly,

(A). Mass of the whole disc = 4M
Moment of inertia of the disc about the given axis

23

= %(41\/[) R? = 2MR?

[4
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Moment of inertia of quarter section of the disc

1
~MR?
2

(28)
_! 2y_
= L OMR?) =

(24) (D). The moment of inertia of a disc which is a tangent

5
and parallel to its ZMR2 @

(A). The moment of inertial of all seven rods parallel to

=710

The moment of inertia of all five rods lying on AB =0
The moment of inertia of all 18 rods perpendicular to AB

(25)
AB and not lyingon AB= 7" (1 ¢) ¢*

2

is:18(1€)%=61£3

29)

Hence net MI of rod about AB = 71 > +61 7> =131 /3

(26) (D). Moment of inertia of rod 2 about an axis passing
. m/?
through O perpendicular to both roots, I, = =

The distance from O to the parallel axis through the
centre of mass of rod 2 is

G

| =

Moment of inertia of rod 1 about an axis passing through

O perpendicular to both rods,
m /? ,_ M 2 sme?
I, = +mx~ =

12 2 4

4

4me? . m/*  5m/?

3 3 3
(C). Let mass of compelte disc of radius 2R is 4M & mass
of removed part is M.

()

_4M(2R)* | MR’
2 2

I=1,+1,=

@

(30)

(€2))

+MR2} :gMRZ

{4M (2R)?
IP =

+4M (2R)2:|

2
{wﬂw (SR)ﬂ _3TuR?
2 2

(B). The given structure can be broken into 4 parts.

2?5
For AB: I=I+tm’ 2= e
12 4
2
ForBO: 1—%

For composite frame : (by symmetry)

¢4mr®> m/*u 10

[=2[I5g *Iogl=2¢
é

(B). Let m; = mass of the square plate of side ‘a’ and
m, = mass of the square of'side ‘a/2’

Then m; =8 g% , m2=s(a)2,

(o along the area density) and m, —-m; =M

rnza2 iml(a/Z) &0 }1
b= i Mgy
f b
sat i (a/2)* &ao &BOP
=i
6 i 6 82@ 84ﬂb
il 1 412716)-2- 35
—sa = -
161664161\)’ T2}
Iggtl 27
6 129
14 5 4 M

Also, M =s - —¥a2p s =2 ;
i 41% 3a2

ze4Moa41 27 g, ,_3Ma’
§3.25° 112" 16} 16

(B). K= Zmrz :\/2(3)2+4(l)2+5(2)2+1(2)2

2+445+1
h8+4+20+4 / /
(C). We know that, 7=

= T=0i+3))x(2i +6k)=12(-])+6(-k)+18i
- 12] -6k +18i

[Note:1x1=0,1x]j=k,]Jx1i=—k etc]

A ~ A A

Now, | T |= \/(—12)2 +(=6)? +(18)°

= J144+36+324 = /504

=
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(32) (D). Torque, t=rate of change of angular momentum f
MgZ -, 3L 1
_ A _4Ag-Ag_3Ag @ ©. Mey= Ay
dt 4 4 . (42) (D). For equilibrium, f=Mg !
(33) M).txAt=L) = txAt=Io (" since L;=0) So answer (A) is also correct M | —
. Also, F=N >N F
or 1tx60=2x2x60m/60 or T= EN'm Hence, answer (B) is also correct
. Ao QN _ For rotational equilibrium normal v
(34) (D). Given, [=4kg-m”, 7=8N-mand t=20s reactional force will shift downward. Mg
= Tam o=t= 8_ 2 Hence, torque due to friction about centre of mass is
I 4 balanced by torque due to normal reaction about centre
| of mass. Hence, answer (D) is incorrect.
0=—qt? = 1 x 2 %20 %20 = 400 (43) (C). Immediately after string connected to end B is cut,
2 2 the rod has tendency to rotate about point A.
0=10=8x400=3200J Torque on rod AB about axis passing through A and
(35) (A). The rotational analogue of force in linear motion is ) ;
torque. normal to plane of paper is mTa =mg b a= 2";
(36) (D). T =7 xF = (-1i+1j)x (~10k) =—-10i—10] )
(37) (O). There is no slipping between pulley and thread. (44)  (A).J, =xp,—yp,, because J=Txp
o T (45) (C).Mass ofthe body, m=1.0kg
\ The distance of the body from the axis of rotation,
a _20 _
- l r=—= 1.0m
mg Moment of inertia of the body about the axis of
So,(a=ar) 1) rotationis, 1=mr?=(A).(A)>= 1 kg-m?
Forpointmass:mg—T=ma ... Q) Angular velocity of the body, ® = 2nn, where n is the
Equation of torque for disc Tr=1a number of rotations per/sec
2 mro m; - — —
Trzmzr o or T:T:[Tg] _____ 3) Here, n= - ®=2x3.14x = =2rad/s
Angular momentum, J=Ion= 1 x 2=2kg-m?/s
mg 3mg 2g (46) (C) |IL;|=mvd=mv4 ; |L,|=
mg-—=ma ; mg=—-= : a=—
75 P METT T Ly =m3 |L4|:0
(38) (C). Because you have not changed the moment arm (47) (B). The magnitude of angular momentum of particle about
about the center of mass and you are pulling with the O =mvd. Since speed v of particle increases, its angular
same force, the torque is the same. momentum about O increases. i
(39) (A). Let m be the mass of'the stick which acts at C, (centre Magnitude of torque of
point). gravitational force about
A o c B O =mgd = copstant .
7'y Soem Moment of inertia of particle
l 45em l about O = mr?
10g mg Hence, MI of particle about O decreases. g * ©
For equilibrium about C'i.e., 45 cm mark vsin®
10g (45— 12)=mg(50—45) Angular velocity of particle about O =
10gx33=mgx5; m= 10x33 _ 66gm -+ v and sin 0 increase and r decreases.
’ .. angular velocity of particle about O increases
40) (O. (48) (A).Given,M=5.98 x 1027 gm=5.98 x 102* kg and
(1) Disk t=1Ia (2) Ring R=9.37x10°m
Angular velocity,
_ MR2 ) g ty.
FR.= > o FR.=MR".a, 27w radian 27
= = rad/sec
(3) Solid sphere Hollow sphere 1 day 24 x 60 x 60

FR.= %MRZ.OL::, FR.= %MRZ.OL4

O3 >0y >0y >0y

Moment of inertia of earth

2 2
=5 MRZZE % (5.98 x 1024)(9.37 x 106)2

4
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o T=Io=1.53 x 103* kg m?/sec
(Putting the values of ® and I)

(49) (A). We know that angular momentum of a particle

=m f((xVy —yVX)

(50) (C). According to law of conservation of angular
momentum.
Angular momentum before the cockroach stops
= Angular momentum after the cockroach stops.
I —mvr
= lo-mvr=(I+mrd) o . o =""75
I+ mr

(51) (D). As Zt =0, Angular momentum, linear momentum
remains conserved.

As the two balls will move radially out, I changes. In
order to keep the angular momentum (L = Iw)
conserved, angular speed (m) should change.

(B). If external torque is zero, angular momentum remains
conserved. [External torque is zero because the weight
of child acts downward]

L =Iw = constant

(A). During collapse of star no external torque acts on it,
it undergoes redistribution of mass, resulting in
change of moment of inertia. From conservation of

(52)

(53)

angular momentum, ]:i = ]:f

2. of2m) 2 of2m)

2
or T, =T, (Ry) =2.7x10"® days
(®;)

(54) (A). The M.L. of a rod about an axis passing through its

o . M2
one ends and perpendicular its to axis [ = S

Now rotational kinetic energy

2
K = (12)Ie?=(112) % LY =(2/3) M2.x22

(B). The kinetic energy of a rotating body is, K = 1/2 I
and the angular momentum is, J=1Iwm

(35)

2
L
21

Let K, and K be the kinetic energies of A and B.
The angular momentum of each is J. Then

Kpy JP/214 Iy
Kp J2/ZIB Ip
ButI, > I (given), .. Kg>K,

(56) (B).K.E.=(1/2)Ie? =(1/2)1 (at)?=(1/2) o2t
1500=(1/2) (1.2) (25)*t2ort=2s

300 x 21 ~31 4rad/
—60 =31.4rad/sec

I=mR2=20(1/2)?=5kgm?

(57) (A).Here, o=

1 1
KE.=~ 10)2:5 x 5% (31.4)> =2465]

(58) (B).mgh =(1/2) Io? +(1/2) mv?

=(1/2) 1o? + (1/2) mrle?

ngh :|1/2

or 2mgh=[I+mr?]w?, m—{ :

I+mr
(59) (B). When rod fall on horizontal surface then rod will
rotate about point P then its potential energy change

into rotational kinetic energy.

. ‘1
From law of conservation of energy, Mgg = Elm2

Since, moment of inertia
of rod about point P is

M2

A

I
3
¢ 1 me2)
Meo=o )0

()

=5

1
(60) (B). Rotational kinetic energy = 510)2 =8J

L 1 59 1 2 2
—x—mr-'o° =8 —x2x(1)*w” =8
272 or x2x()

or =16 = o=4rad/s

Angular momentum,

2

L:Im:%mr co:%x2><(1)2><4 =4]-s

(61) (D). Applying principle of conservation of total mechani-

1),

cal energy Mgh = EI LFJ tomy

4
oo v=,/—gh
2 3g

(62) (C). Total energy, E=(1/2)Iw?+(1/2) mv?
=(1/2) (2/5 mr?) o? + (1/2) mr2e?
= (1/5) mr2e? + (1/2) mr2w?=(7/10) mrw?
Rotational energy = (1/5) mr2@?
2.2

. —mr-o
Rotational energy 5

2
Total energy lmrz 2 7

10

gsin®

63 —
3 (1+k%/R?)

(A). We know that, a =

=
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(64)

(65)

(66)

(67)

(68)

(69)

q ~ 5gsin6 _ 2gsin®
ere,a; = —_— anda, 3
aj:a,=15:14
1, K?
E . —lo 5
(B) rotational _ 2 __R
" E 2) 2
Total 1 - K K
—mv kl + —ZJ I+—
R R
Forrin K_2 —1- Erotational _ l —50%
& R2 ’ ETotal 2 ’

(C). When the sphere reaches the ground, its P.E. is
converted into its. K.E.
- KE. =(1/2) mv2+(1/2) Io? = (1/2) mv2 + (1/2) (mk?) o
mgh = (1/2) m (v2 + k20?)
or 2gh=a? (@2 +k?) (" v=ro)
2gh 2gh
2 +k%° 1+k% /12

_ gsin0
(D)' a= k2
1+—
R2
(where k is radius of 5

curvature); kp > kQ)

(D). V, = V(i)+oR (-i), =V

Vg = Vi, V¢ = Vi+oRi
Ve - V4 =20Ri o
2 [ VC] 2 [V(1) V(1) (DR(]) —200R(1)
Hence, \70 - VA =-2 (\78 - \7C)
50 | Ve =V [=12 (Vg - Vo)

~Vg =0R (i), Vg -V, =R (i)

VC _VB = VB _VA
Hence, \7C —\7A = ZmR(f) , \7C —\7B = \73 —\7A
4Vy = 4V(i) = 40R (i) Hence, Vi -V, =2 (Vp)

(D). As the inclined plane is smooth, the sphere can never
roll rather it will just slip down.

Hence, the angular momentum remains conserved about
any point on a line parallel to the inclined plane and
passing through the centre of the ball.

Vo

B). H =V, Wo =
( ) €re, u 0 0 2R

ai‘FfO .V Vo +33Ff 0

w5 R 2R EmRé

At pure I‘Olling, V=V
8 R
1 Q

t

(70)

(71)

(72)

(73)

(74

STUDY MATERIAL: PHYSICS
_t_FERS
(Inpure V=Rw) 8 I mRZ%
Vo Vo Vo
Vy- V=V+2 V=20 - Y
b 0 2 b 2 b 4

(D). As the disc in combined rotation and translation,
each point has a tangential velocity and a linear velocity
in the forward direction.

AR

v=Ro
From figure, v, (for lowest point) =v—-Ro=v-v=0

2 V2

and Acceleration = A +0=—
R R

(Since linear speed is constant)

(C). If the track is smooth (case A), only translational
kinetic energy changes to the gravitational potential
energy. But, if the track is rough (case B), both
translational and rotational kinetic energy changes to
potential energy. Therefore, potential energy (= mgh) will
be more in case B than in case A. Hence h; > h2

(C). Forslidding, a= g sin 6. Hence the Veloc1ty v is given
by, v2=0+2(gsin0)x¢
For rolling, acceleration down the inclined plane is given

by, a:(gsmg\ ;gsine (- k2=R2)
)
In case of ring,
2 : - v v =Y
V. =2x(1/2gsin0) x{= — . Vrfﬁ

(D). By conservation of mechanical energy

S

— +

5 mv k ' J =mgh

For di l 2(1-}-1] — hh_ﬁ
ordise - mv ) —mgh; = g

(B). If we treat the train as a ring of mass M then its COM

2R
will be at a distance — from the centre of the circle.
p

Velocity of centre of mass is :

2R 2RaVs \
VCM:RCM.W:?W—?‘—; o=

As the linear momentum of any system = MV 1.

e
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(75)

(76)

)

(78)

(79

80

@1

(82)

(83)

84

(85)

(86)
@87

. . 2MV
.. The linear momentum of the train = T

(C). Let the tube displaced by x towards left, then
mx=m(R-x)P x=%

(C). When two particles of masses m,; and m, are moving

under the action of their internal forces 1?1 and Fz . Their

relative motion can be obtained by assuming one of the
particles to have an infinite mass and by replacing the
mass of the second particle by the reduced mass of the
system, the force between them of the same as before.
(B). If the external force acting on a system has zero
resultant the centre of mass must not accelerate
(C). Aloaded spring gun of mass M fires a shot of mass m
with a velocity V at an angle of elevation 6. The gun is
initially at rest on a horizontal frictionless surface. Just
after firing, the centre of mass of the gun-shot system
remains at rest.
(D). If centre of mass of the system remains at rest then it
is sure that Linear momentum of the system remains
constant but if momentum is constant then centre of mass
may be moving with constant velocity.
(C). A particle at rest suddenly disintegrates into two
particles of equal masses which start moving The two
fragments will move in opposite directions with equal
speeds (From momentum conservation).
(B). In a free space, a rifle of mass ' M' shoots a bullet of
mass 'm' at a stationary block of mass M distance 'D'
away from it. When the bullet has moved through a
distance 'd' towards the block, the centre of mass of the
(D - d) m

M+m

bullet block system is at a distance of (i) from

the block (ii) (D—d) from the bullet

M+m

(B). A body has its centre of mass at the origin. The x-
coordinates of the particles may be all negative.

(B). Two particles A and B initially at rest move towards
each other under a mutual force of attraction. The speed
of centre of mass at the instant when the speed of Ais v
and the speed of B is 2v is zero (From conservation of
momentum).

(D). Abomb travelling in a parabolic path under the effect
of gravity. explodes in mid air. The centre of mass of frag-
ments will move in the parabolic path which the
unexploded bomb would have travelled.

(D). Two balls are thrown in air. The acceleration of the
centre of mass of the two balls while in air (neglect air
resistance) is equal to g.

(). As V,;, =0 . V=—ii; and V, =i,

(A). For vertical equilibrium, mg=N, ............ (1)
For horizontal equilibrium, — pN, =Nj............. 2)

(83)

@89

90)

on

92)

93)

%4

95)

(96)

N

Torque about A :

N; x5sin37°=mgx 2.5 cos 37°
(A). Moment of inertia of the rod w.r.t. the axis through
centre of the disc is (by parallel axis theorem)

ML?
1= T +mR? and K.E. of rod w.r.t. disc
1 ¢ , 1%u
Ll o cmw?eR2 4y
2 8 12

(B). The two forces along y-direction balance each other.
Hence, the resultant force is 2F along x-direction.

Let the point of application of force be at (0, y).

(By symmetry x-coordinate will be zero).

For rotational equilibrium :

F(a)+F(a)+F(a+y)- Fla- y)=0 p y=-a

KZ
(C).1(about YY") = “11—2

Using parallel axis theorem : Y
2 2 72 ’
I(aboutAD) = —+ = = B A
12 4 3
D). F+f=ma ... )
2/
a
Also, Fr—fr= I?
F-f=ma ... 2 cC D
= f=0 Y'

(D). Given a, =2a =5m/s?

b a=5/2rad/s’ b ag =1(a) =(5/2)m/s2
(B). Balancing torque about the centre of the rod :
1 1

NlZ_NZZZO = N1 :N2
(C). Lowest point of 'C' is at rest but the top most point
has a velocity v .. vepof Cis v/2
For A : The lowest point has a velocity v and highest
point 2V. - Ve of Ais 3v/2
(C). Let us assume, surface is frictionless

SF=ma, 2FR=Io = 5F=mRa
Solving these equations, a=a R
=> Acceleration of contact point along the surface is zero.
Thus, friction force =0
(B). Taking moment about A,

Fx3—a:mgx3:>F:2£
4 2 3
3 / (as2) 2
D). mg£+ﬂ[£+—j =|m i +§m[£] o
8 3 3 8 3
3g
o=—, a=
I

4




SOAL

ODM ADVANCED LEARNING

Q.B.- SOLUTIONS

STUDY MATERIAL: PHYSICS

9%

M

()

€)

Q)

©)

(C). For toppling about edge xx'
At the moment of toppling the normal force pass through

3a a 2mg
i ! F —= — F ===
ax1S Xx. min mg > or I, 3
EXERCISE-2

B). T=mg
R =Tr =100 ; @2 =200

03_2_ o1 B ©’mR? B o’R
200 2TR 2x2xmgR  4g

o’R?
4g

B). f=4ma ... @)
(mg—f) r=3mr?+mr?)a
mg—f=4ma ... 2)
From (1) and (2) mg

f
8ma=mgp a=—Pb a -£
8 8r
(C). Torque about A : a2

A B

arc length OR =

=2

mg%=la b a — e

21 a\//3_ a a

) A, mga2

acceleration = NG 231 N
(C). FBD for sphere and block

f _pmg

a, = =1
m m m m

a, = ugi ; a, =—ugi

(C). The area of the spool occupied by the wound thick
tape is S, :r(rfz'f rfz),ZSn ri2 .
Then the length of the would tape is =S ;/d=8 7 ( ri2 /d),

Where d is the thickness of the thick tape.
The area of the spool occupied by the wound thin tape is

S, = mn(rf?—r’), where 1f is the final radius of the

wound part in the latter case. Since the lengths of the
tapes are equal, and the tape thickness in the latter case
is half that in the former case, we can write

22
2 (rf° -1
1= % , rv%_riz :4ri2
Consequently, the final radius r'; of the wound part in

the latter case is r', = N

()

®

(C)

The numbers of turns N; and N, of the spool for the
former and latter winding can be written as

2n _ (\/g—l) 4

N, = T’Nz 42 WhencetZZJ(_S—l)t].

(B). Draw a normal at A and B to locate IC.

A 300 N60°
T
(D). As torque = change in angular momentum
.. FDt=mv (linear) ... €))
(6. mf?
and %ﬂF-Eth =5 W (angular) ... @)
iving (1) and (2), = -
Using S=ut:
Displacement of COM is P wt = aﬁ—vgt and x=vt
2 €r 6
2x ! p!
ving s ——=_Pp x=-=
Diving : b 6 X 2

| T
p  Coordinate of A will be §n 2%
(C). As they are in pure rolling condition,
we have [before collision]
Vo =k, and 2vy=2dw,
Immediately after collision the translational velocities are
changed and the angular velocities will remain uneffected
for A, the situation after collision will be

2V, { }) @

The velocity at lowest pain is 2vy + Roy =3V,
For B the velocities after collision are

2w, (( ) >V,

The velocity at the lowest point is
Vo+2Ray=3V,

e
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(10)

(11

(12)

(13) (A). [ Ndt=-mV'—(mV)

£ =y+z (total length at any time t) = y+ Jyz + (%

M:ﬂ_,_ y dy

de ot [ dt

wR =v(l+cosq), Vv

_ wR
1+cosq

(B). Tpqr =Iaop + M.(ON)’

| c)?
2

Ipor = —MR +M.[—j .

POR = NI

1 R
But IPQR :EMRZ C:iﬁ

(B). In the absence of slipping, velocities of contact points
of upper cylinders and lower cylinders are respectively.

o =V _YVAB Yo _ V. Ow g
2R ABC Y CD 2R g
A 2v C v
VQ 5 v=0
R
m(5]+2mR
(C)‘ X = =—R
em m+2m 6
IA:11+12’
R)? R}’ mR?
Il=m E +m 5 =T X

9 n2
I, = 2mR% +2mR?% =4mR? = I :EmR

I
For compound pendulum T = 27 ,M_gd
5 9R
HereM=3m,d=—-R = T=2n, |—
6 5g

(14)

15)

(16)

a7

(18)

Fromeq. (1) and (2), we get Ith =2mV and V'=V

(B). By conservation of mechanical energy

1 M/? 1 1 M/?
——Emgz—m(m2€2+v2)+——f 2
2 3 2 2 3

By conservation of angular momentum

(D). WRT of belt, pseudo force ma acts on cylinder at
COM as shown about to cylinder will be just about to
topple when torque to weight w.r.t. P.

dv

— =2bt

dt

m.2bt.% = mgr 3
(- = L

~ " bh ’ me

(A)- dp =gy +do OO0 O O O
- —>»a
Here, ap, = acceleration of P with respect to O

= aPOt +aPOn ap = aPOt +aP0n +a0

atro

Here, 5P0t = tangential

component of ap, and

apo)( = normal component of 51:0 .

g

|ag +dp, [=a+ra ro?

- 2 .
| apyy |=ro” | ap|= \/(a+ roc)2 + (rcoz)2
(A). The tension at joint is due to force exerted by the rod
of linear density p,.
20
2
So, F= | Hadxo’x =
!

(A). Let F be the magnitude of force exerted on the rod
due to the collision.

3;,12032[2
2

¢ mf?
Then F=ma and F= 1 = nll—za (about O)

b a=£a
3
. 1 > 1 5
Using, S=ut+5at and q=w0t+zat
1 2 1 2 6p a 3
S=—at 6p=—at —=—=—
2 and 6p 5 p s a7 [From (1)]

b S=2pl

4
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19

20

@1

plane. Torque about point of contact O.

(A). Free body diagram of the cylinder w.r.t. the incline
(22)

(mgsin@—mrcoz) R =1la = szz 2
2 R

2

3
=—ma

. mgsin0—mre

F

mg cos 0

:—(gsme ro?) = 3{ 0><——6><—} =233 m/s?

(B). Consider a differential circular strip of the disc of
radius x and thickness dx. Mass of this strip is
dm=2pnx dx.

M
where p= —. Frictional force on this strip is along the
e

23
tangent and is equal to dF = pp2n xdx g

Torque on the strip due to frictional force is equal to
dr = ppg2nx2dx discis supposed to be the combination
of number of such strips hence torque on the disc is

R

R’

2

: t=|dt =ppg2n | x* dx =ppg2n —

given by I J(; 3 24)

= 1=uMg((2/3)R = a:%:%%

12

The a is opposite to the
4
ca)=aytat = 0=0, —3—'( =

25

Very
rough
No slipping

U

V=\/£R

V=J5_gR

| )
(K E. )translatlon Kﬁans - _mV

Whole gravitational potential energy is converted into
translational K.E. only

Case-1:mgh, =

1 1
= Esz + Elcmﬂ)z

Case-2: mgh2 = Kirans Kot

Some part of gravitational potential energy will be con-
verted into rotational K.E. also.
Hence in second case, greater height is required.

(26)

1 1
(C). Mg (H-y) =5M(v2 +v%>+5Mv%

1 2 19
+EM(VC) +EICC0

2MV1 =My,
2Vc =v

3
Solving (i), (ii) and (iii), sz =g(H-y)

Q

F,/F
(B) F_]LI 2[ F.L
F+F,¥|fg-- » v F+F,
_______ L/4
— F,/F,
FL BL LK _S
F+F, FE+F, 4 F 3

(A). For (a) : Take moment about O
m,grsin 0 =m;grcos O (r=radius of cylinder)

(m) Afm
tanG—Lsz :

=tan \
Lsz

For (b) : Take moment about O
m,grsin 6 =m;gr

(m )
=sin"_ L J

(A). The tendency of rotating will be about the point C.
For minimum force, the torque of F about C has to be
equal to the torque of mg about C.

. m
sme——1 .
b

A

36
829

aeao
82@

mg

N

b F=

R
©). 4mg><3—f><R=IOL ; f=Ma and N=5mg

e
I 380
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(30) (B).Fromparallel axis theorem
amvge o T e 2
------- e
2 T
Hmin = 7 ) 3L :\X ’?5 L2 e :
I = ML 22 i _____:Zu ™
; VS
Mg
(27) (B).Before collision, pure uniform rolling therefore f=0. 5
After collision, point P is having net velocity along -x axis 2 ML? 3L 11ML?
12 = Il +Mx“ = +M =
- 12 22 24
(31) (A). Consider a general position of rod as shown in fig-
ure. Let applied force be F.
v As the end is moved slowly so the rod has no accelera-
tion. Applying Newton’s law in x-direction
P f-Fsing=0P f=Fsinq e )
R In y-direction, Fcosq+N=mg  ..... 2
Therefore f=pmg (i) Y @
(28)  (A). Using impulse-momentum equation Making t, =0P F(- mggcos q=0
P
P=MVDP V=— .. (1)
Using angular impulse-momentum equation, w.r.t. centre
PR = 2mR%w
5 5
4 | P >
—R X
5 ) v
mgcos
MR ° = F= % ......... 3)
2P For no slipping
- mR
Total K.E. =Trans KE + Rotational KE FENND m® % b m’ Fs;n q , sin qcozs q
mg - Fcosq 2- cos
= lmv2 + 1 Iw? d
P oy, - inacosad 1
1 pP* 12 _, 4P 13p? T € cos2q0,,, 242
=—m —+—.—m =
2 m? 25  m’R? 10m T
(29) (A). Work done =change in K.E. >
(32) (A).| ¢ AN-mg

10><60><%+10>< 0s60° x 60 :%mvz L2

v=ro;v=40m/s

mg—T=ma = T=Ma

__ Mg gl MmE
Mim % M+m
h Mmg h h
T—: — —_= —_
84 7 M+m2 4
o M M
m m

B
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(33)

34

(A). Equations of motion for translation of sphere are :
y=-f=Ma L. 0]

N y

L.

CM ¢ Vem

NS

mg

Sf,=N-Mg=0 .. )
Fromeq. (1) and (2)

a=s-peg 3
The velocity of the centre of mass at time is

v=vptat=vy—p, gt €))]

Equation of motion for rotation is

2
St =y, MgR = gMRzot ........... Q)
or qotk ©6)
2 R

Then the angular velocity of the ball at time t is
Spy gt

o=0)+at=0+

When the ball comes into contact with the horizontal
surface, the friction force has two effects. Friction force
acts to decrease the linear velocity of the CM (slow down
the translation motion).

Secondly, friction tends to rotate the ball clockwise. The
sphere starts rotating immediately after it touches the
ground, but it rolls with slipping. It eventually stops slip-
ping at the instant the contact point has zero velocity
w.r.t. ground and centre of mass has velocity vy = Ro.
The condition for pure rolling is that vy ; = ®R. From eq.

Suy gt
(4)and (7), Vo — Mk 8to = HZkIf OR , Where t is the time
at which pure rolling starts.
2V0
So, to =
Tukg

1 5 1 5
B). mgR=—mv" +—Io
(B) & 2 2

12 R
0=—": ng:—mV2+—.—mr2><V—2 ¢
r
flOR
gR=—mV2:>V: e
7
mv? 17mg
N-mg= N= 7

(C). Consider the free body diagram of the cylinder.

The forces acting on it are (i) Weight W vertically
downward ; (ii) reaction R due to the wall at P and
perpendicular to wall, (iii) reaction R' due to the rod at Q
and perpendicular to rod.

Since three forces keep the cylinder in equilibrium so these
must form a concurrent force system and Lami’s theorem
will be applicable.

R'

R’ W AW ., W

sin90° sin (180°—0) sin® °F R sin®

Now the rod in equilibrium under the action of the forces:
(i) Tension T in string :

(i1) Reaction R" at Q due to the cylinder. R" will be equal
and opposite to R’

(iii) Reaction R 4 at the hinge. Its direction is not known.
Taken moment about A (to eliminate R )
IM,=-T(AC)+R"(AQ)=0

AC =/ cos 0 where ¢ is length of rod.

0
AQ =rcot 3 from triangle AOQ

(AQ) W rcot®/2 02k

T=R" =—
(AC) sin® /lcosO
A
Wr cos—/sin— Wr 1
¢ (ZSin—cosg]cose ¢ 2sin’ ~ cos O

For T to be minimum, the term in denominator

.20
2sin? 5 c0s 0 must be maximum.
. i[ZSinZQrsosO] =0
© do 2

2.0 0
or Zsin—cos——sin? g.sine =0
2 2 2 2

or lsinecosﬁ—sin2 g.sine =0
2 2

or sin0 [lcose —sin? 9} =0
2 2
.. Either sin 0 =0, i.e. 6 = 0 which is not possible.

1 .2 9]
ZcosO— Zl=0
or [ cos 0 —sin

[¢
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(36)

Q)

()

&)

Q)

. l(1—2sin29]—sin2g:0 cosG:l—ZsinZQ
T2 2 2 2

.20 1 .0 1 0 o e
. sin o or sm2 : ie., 2 30° or 6 = 60
(B). For pure rolling
Since the inclined surface is smooth, therefore the rota-
tional kinetic energy of the ring is not converted into
potential energy.

If ¢ = distance moved along the inclined plane then
- AKtranslational =AU

2n2
R
lmv2 =mglsin0 ; (= (DO.
2gsin 6
EXERCISE-3
12. () L;=L; M
5 0 —>V
m/ 14 mo/
—O=MVx—=V=—o-
12 2 6M >
oy m < ©
(i) P, =P, <_V1 1
0-MV-mv, = V=L, 2y,
= —-mv;=> V= M = 6 1
V-(-V, ®
(iii) e:1=—€( D = V+V=—;
o—-0

m m m
[MHJ 3:>M 5 g

4. Since centre is non-accelerated thus acceleration of

highest point w.r.t. centre of mass as well as from ground

. (2V)2 v2

issame: ——=— .. 1=
r R

0. Taking torque about contact point,
1=4xR-2x2R=0

P

4R

2v

®)

©)

Y
@®

&)

1—

V% _4V2 2v?

Vr:VPszV arzﬁ_ R :—R
2

3V

3. 2Ma—w—MVE:0,w:—

3 2 4a

y-distance of point A and B will be same from
instantaneous axis of rotation so x-velocity will be same.
For B let x-coordinate 2 X x =8, x=4 somx2=4

2 2

2 2
m/® ml m/{ m/{
12. Iy = + = ;1 =—
"2 12 6 T T2
3. 2T cos =W +2w; 2N cos (90— 0) =W ;2N sin 6 =
w

Taking torque about B

1
TXABSinze:WEABSil’le'f‘NXOBCOSG

D

a;fx:::

T x 4 x 5in20=wx 2 sin +N x r cot 0
(AB=4m, OB =rcosec 0)
Solving from above r =3m

)
2
/2
)
&:cosezyzﬁ(l—cosm 4
L 2 5

‘.
Vy = +Ew sin@ .. )

10.cosO =

\eo\ o

/4 1
H cosf=——=—=0=060°
e, 1/ 2

¢
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(10

11)

(12)

(13)

Conservation of mechanical energy

IS SR L G
£ 8™
2
2 1 m/ 2
mg—=—mvy, +———®°~ ... 2
87 2™ @

/24
Solvingeq. (1) and (2), ®= F? ; ®=10rad/sec.

I - I > 1. 9
14. mgHp =—mv” : mgHq =—mv” +—Iw
ghp ) ; mgHhg ) 2
Hg 7
:lmV2+ngmr2m2:lxsz2; —S=—=14
2 25 25 Hg 5
10. 80g x £ =60g x (25— 1)
4—[—}4—287{{—>
A
60g
80g
8/=168—6(
140=168 ; (=12cm.
<+— 10cm > < 18cm >
A
60g
80g
—80g x 10+ 60g x 18=(60 x 182+ 80 x 10%) o
_ 280g _280><9.80_10 &2
4T 8000419440 27440 OB
50. By energy conservation,
2.2 3
mg R _1mO2R o 3
22 3 V2R
3 R
g X —— stﬂzso

°_ =mx
2N cos 45° —mg NG = N
6. —
After collision let velocity of centre rod
is v' and angular velocity o.
Applying conservation of angular momentum

about point 'P' on ground (see figure) we get | T—>V
MvL MvL [ wmr?)
= + o )
2 2 12 lelp
From conservation of momentum we get
m(v'+L/20)
Mv= ML momentum of particle " )
momentum
of rod

On solving (1) and (2) we get @ = 6 rad/sec.

M

()

(€)
Q)

©)

(©)

™)
®

(C)

(10
11)

(12)
(13)

(14

EXERCISE-4

(B). By conservation of angular momentum.

Lo, =L,

MR2w=[MR?2 + 2mR?]o'
, M
0 = (0]
M+2m

(D). In case of sliding acceleration = g sin 0

same for all.

_ 2. — 2
(B). 1 i, +14;a=MR“; 1 g =MR?/2 .
(B). Angular momentum J = mv (L distance)
K=mv (/)

(C). Momentum of inertia I =

1
m=Vd=(At)d=(nR)td. So 1= E(nthd)Rz
I oc R4

. = X —
Iy RY ty Iy @r)* t/4

4
Ix _Rx tx Ix_RY ¢

Iy =641

1., K 1 5 I
K==I0?; = ==1'Qw)> =>I'=-
(D) 2 ;=51 8

>

I L

" Ty - L':[—) 20) = —

So,L'=To' ; P (2o) 4
(B). Torque is zero so any momentum will be constant.

2 2
(O). Solid sphere I, = g mRZ; Hollow sphere I3 = E mR?

Ig>1,
F_R
(D). Force F=ma?r ; g = R_2
1
(D). > Mr?
2 m,¢ cm,
(C). Position of cm from O
m;X; +MmyX,y
Xcm = _ 202m
my + my cm,
m(2{)+(2m)! 4 l
m+2m 3

(B).1,0, =0, ; mR?0= (MR?+ 2mR?)e'
(A t=7xF =(i-])x(-Fk)

vym
I 384
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15)

(16)

)

(18)

19

20

(e3)

22

I=1, +1g+1-+1p

= 0+m[%}2 +(€x/§)2 +m[%}2 =3m/?

(©). L=Ix+1y  Solgp=1I,c

(A).
Ag-Ay,  0-7R?(R)  -R
Im = = 5 T L
Aj—-A;  m(2R)*-mR* 3
(A). Acceleration of particle rolling on inclined plane.
_ gsin®
1+ ! 3
MR
(C). Zero torque
[/ e
©.
I=1_ +md?= 2+m[ij2 _ma2 ma” =—ma
em V2 6 2 3
1 M¢? 0’0

(D).

From angular momentum conservation about vertical axis
passing through centre.When insect is coming from
circumference to center. Moment of inertia first decrease
then increase. So angular velocity inecrease then decrease.

m : \u =a/R
o3
T
mg
! (25)
o

mg
mg—T=ma
(26)
2
R
RoMR% g _mRo_ma
2 2 2
e A _ o 3ma_ o 2g
g 2 b 2 g’ 3

(23) (B).Toreversethe directionj‘ T dO =0 (work done is zero)

7= (20t —5t2) 2 =40t— 10t
2 ¢ t3

T _A0t-10 2 o=[adt=2t"-—

10 0 3

3
. t
1S zero at 2t2—?=0 (3=6t2;t=6 sec.

36
No. of revolution E less than 6.

< r >
ul 9

).\ = ‘

™ CcoM Ty

mry =myl, ;1 +1,=T1

mpr
H=— I =
! m1+m2’

mr

my +m,

1 1
L E= —I()\)2 = —(m1r12 + m2r22).0)2 ......... (1)
2 2
nh
mvr=—=Io ; 0=
21'[: 2751

1. n n’h? ( 1 )

2 42’1%  8n? Lmlrlz + m2r22J

..8

2.2
nh? 1 N mpr
= m
8n° m%rg

1 (m; +m,)?
(m; +mj)*
2h2 _ (m; +my) n’h?

n (m; +m,)*

8nr? mmy(my +my)  8x’r’mym,

© &) G-

% ®or
mrz(oo = mvr + mr? ><—0:>V=_20
r

(A). L changes in direction not in magnitude.

4
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(27) (D). For the mass m, mg—T =ma
a
For the cylinder, TR =mR? — {
R o
= T=ma=mg=2ma=a=g/2 RE: N
(28) (A).dm=mnr?dyp
h \
2
nrdy x p x
J-y dm J(; yxpxy R
Yem = = =
,[ dm l7tR2hp
3
29 d=2R=a3 ma-—=R
29 ®). 5
4 53
M 3™ 5 oM
Mg V2 3n
5
NE)
[_Ma? oM 4o, 1 4MR’ 33
6 B 3 6’ 9\f3n (33)

(30) (AC). Angular momentum of a particle moving in a straight
lineis L =m (f x V) . Hence, A and C are false.

(31) (D). As the wheel rolls forward the radius of the wheel (34)
decreases along AB hence for the same number of
rotations it moves less distance along AB, hence it
turns left.

32 ). ﬂicgl D dm=prR2dx

dmR2 2 .
dl = + dm x“ (Parallel axis theorem) 35)
0/2 0/2 2 2 0/2
I= I dl = .[ pde—i— I anzxzdx
—0/2 —1/2 —0/2
P ( 3\4/2
R
CpTREXRE g prr? | X
4 3
—0/2
nR? x R? R? A mR? me?
= x 0+ X —=
4 3 4 12 (36)
_mR2+m£2_ m? +m€2 )
4 2 4mpr 12 (pmril=m)
For I to be max.

dI mz[lj mE_O: m? _m£3

= | — |+ .
de 4Anp\ 2 6 dump 6

1/3 1/3

73 =3_m:>€=(§] (ﬂ}

27np 2 P

m m
p=—" fa—

nR*/¢ npl

o2 2[2]1/3 (@)1/3 B (L\ 2/3 (Ej 1/3

np\3 n anJ 3

 re [nﬂp]m [§)1/6
(3j1/3 (2\1/3

%m)(
3

p.

/ m/? 3g .
Z =——q ; o=—>sinb
mgx251n6 3 o 2

o).,

mg

MR?
2

2
®). [y = +6{M§ +M (2R) }

55,

= MR? B+3+24} MR

O is CM of the system. Applying parallel axis theorem

between O & P. I, =1+ 7M (3R)?
= %MRZ +63MR? = %MRZ

©. [ OM) R? M ®R/3) +M[§j2
2 2 3

2

_9MR* |MR?
- 18 9

2
MR } =4MR?

N

mg
Let mass of one rod is m.

®). 4

M

s
I 386
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Balancing torque about hinge point. 1 5 1. 5
mg (C,P)=mg(C,N) 41) (A). mgh= EmV + EI“) ; v=omR (no slipping )
mg[Lsinej mg(Lcose Lsiné)j 2 3
= = = - 1 I mR
2 2 mgh = —mo’R? + ———?; mgh = > me?R>
2 2 2 4
3 . mgL 1
—mgLsin® =——cos0 tan0 = —
= "8 2 = 3 oo |deh 1 J4gh
3R? RV 3
m2 T m (42) (B). Take 1 kg mass at origin
37 O 25k
’ —F P
Y Y
Secm
m2 i 4 cm
n |1 ! fc E—
r_ - E ~hE g <—(>:<M—> 1.5 k X
2 I, I lkg 3cm > X8
[ me? 2) 1x0+1.5x3+2.5x0
lkegzllmzzl %...Eﬂ ®?2 Xem = S =09 cm
2 2 20 9 2 9
_Ix0+1.5x0+2.5x4 —2em
3k03 K0} cm = -
mzz—gzo ;T:mw2§:70 >
fn . . . ML M| L " MK? C"
(38) (A).d,=-ai, dg=aj,dc=aidp=-a] @3) @A =
gy = ala “i‘bab :mﬁ: Mgl S e %
m, +myp + M +my LT
12 16
i - —mai + 2maj + 3mai — 4maj (44) (A).oc=A+Br
o 10m jdm:I(A+Br) 2nr dr
2mai—2maj ar a~_a» »
Jzmamamy 81 25-24-)) L .
10m 5.5 5 I:Idmr :I(A+Br)2nr dr
R 3 0
x2n xR
I L ¢ ) (A B
0 =2n| A—+B— :2na3[—+—)
4 5 4 5
R x 2nR> .
I = I por (27r dr) x 2 = PoX otk (45) 50.00. For no toppling,
(MOl about 3 a a
coM) F(i+bjSmg3 ; HE+HbSE
By parallel axis theorem 2 2
5 3 0.2a+0.4b<0.5a; 0.4b<0.3a
I=1,+ MR = Pox2TR°  pgx27R" o5 b<3a/4 ; b<0.75a(in limiting case)
5 5 But it is not possible as b can maximum be equal to 0.5a
8 8
=pg x 2nR” x—=MR? x - - [100%)  =s0.00
15 5 S a )
max 4m
. 1 5, 12 5 v (46) (B). Let angular velocity of the
(40)  (A). For solid sphere —mv"+=-2mR RZ mehsph system after collision be o. 2
By conservation of angular g
- I > 11 2V momentum about the hinge : 4
— +—-——mR* - —= h /
For solid cylinder 2 mv 25 m RZ mgh ey W %
56 ps
hyn _7/5 14 22 N
= hy 3/2 15 o
4m?  m/? m
= +— o
12 4

4
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32y Q) (A). Angular momentum
On solving, ®= T[?] = Linear momentum X distance of line of action of
linear momentum about the origin.
g
47) (D).m;=3kg,m,=1kg \ﬂ
0,3) 2,3)
m, |Plate-2 /A./B-/
m, [(1,2) (2,2
Plate-1
0,00 (1,0 d >
. o -
1\(/)[2}5331 (;f plate-1 is assumed to be concentrated at Ly=P,xd, Ly=Pyxd
©05,1.5). . As linear momentum are equal, therefore, L, =Ly
Mass of plate-2 is assumed to be concentrated at
(1.5,2.5). . 1 -
(6) (A). Since, 6= 0gt +§Ott
_MXp+myXy  3x0.5+1x1.5 ) ) ) o
Xem = m, +m, :f:oﬁ Where o is angular acceleration, o is the initial
1
yo = myy;+myys  3x1.5+1x2.5 s angular speed 0 = 2 x 2+EX 3 (2)2 =4+6=10rad.
om ml + m2 - o
EXERCISE-5 12
Ky Iy; 1
(7) (C)- disc — disc — 2 -
5 2 Ky L; )
@M @M.K= o1 =L =2KI= L =+2KI rng rng
L_&®sL_ k1t 1. o . e '\
L, \Ky I, VK21 2° =2 8 (C).1=2 le[E} ML { axis j
?2) (D). Net work done by frictional force when drum rolls 32182 12 M/ 2L/ 2
down without slipping is zero. =7
W, =0 ©® (). Lo, =Lo,, I;=MR?1,=MR?+2mR?
Wtrans + Wrot =0 . 11 M
AKtrans—"_AI<r0t:0 . COZ:EO):M-FZH’I(D
_AKtrans - AKrot ) .
5 ® ;\.;[3., convertsf tr.ansla.tlon ?nergg.to rotke)ltlonal energy. (10) (B). T=tx F=71=0;F7 =0
.Moment of 1nertia of a disc about an axis . . . . .
perpendicular to its face and passing through its (11) (D). Moment due to single rod about given axis of inertia
. 1, _ M2 ME?_4mE?wie?
centre is [~y = EMR B FEEREET I
Now, given axis is parallel to the axis given above, M2
so, applying theorem of parallel axis. Total M.I. = 4 x
21y 0 2 _ 332 . .
I=Icy +Md =EMR +MR =5MR " & = MR +myR, 1[ 8- 4ivak]= 2l 4k
=————= =—[-8i—-4j+ =-2i—j+
1y @.R=— =% =, j j
¢ (13) (D). As no external torque is applied to the system, the

“@ (D). Torque due to gravitational force = mg x E

Angular acceleration

Torque 2

N | W
~ |oa

~ Moment of inertia 72

angular momentum of the system remains conserved.
S L1 = Lf
According to given problem, Lo, = (I, + I,)) o

or g = L ........ (1
(I +1p)

. 1. - ..

Initial energy, E; = Eltwi ......... (i)

¢
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(14

15)

(16)

1
Final energy, E¢ = E(It +1 )0)% ......... (iii)

Substituting the value of w; from equation (i) in
equation (iii) we get Final energy,

2
( It(Di \ _ 1 ItZ(DIZ
L1t+IbJ 2(L+1)
Loss of energy, AE=E, - E;

1
E¢ = E(It )| ——| =57 5 (iv)

1o 1 o] o
5 t0i TS (I, +1p) (Using (ii) & (iv))
o 2 )

_TLIt_(ItHb)J

o (Benl ) 1
2 L (I +1p) J 2(I +1,)
(B). As no external force is acting on the system, the
centre of mass must be at resti.e. vy = 0.

(A). Mass of the disc = 9IM
Mass of removed portion of disc = M

//;%{;:\\

%
The moment of inertia of the complete disc about an
axis passing through its centre O and perpendicular

9
to its plane is I = EMR2

Now, the moment of inertia of the disc with removed

2
[EJ LEVE:
3 18

Therefore, moment of inertia of the remaining portion
of disc about O is

portion I, =%

MR? MR? 40MR?
2 18 9
(D). Time taken to reach the bottom of inclined plane

I=1,-1,=9

Here, ¢ is length of incline plane
2
R
For solid cylinder K? = -

For hollow cylinder = K% = R2
Hence, solid cylinder will reach the bottom first.

17)
(18)

19)
(20

@n

(22)
(23)

29
25

(26)

@n

(28)

A).
(D). As no external toruqe is acting about the axis, angular
momentum of system remains conserved.

Loy Mr’o Mo
L M+2m)r>? (M+2m)

O. =1+ Mh? (Parallel axis theorem)
(B). Torque zero means, a. zero

110)1 = 120)2 = Q0]

d%o
dt_2:0:> 12t—12=0 .. t=1 second
2
L
O). KE. =—
© o1

From angular momemtum conservation about centre.
L — constant ; I=mr?
2 r
KE'=——— 1'=2, KE'=4KE.
2 (mr'?) 2>
K.E. is increased by a factor of 4.
(A). It’s always in axial direction.
(B). At maximum compression the solid cylinder will stop,
so loss in K.E. of cylinder = gain in P.E. of spring

1 5, 1 5, 1. 5
—mv- +—Io” =—kx
=3 2 2

2 2 2 \RJ) 2

= %mvz——kxzj—x3><(4)2_ x 200x>
36 _2 0.6

= o0 X = x=06m

(A).F x+F,x=F3x ; F3=F +F,

(C). There is no external force so centre of mass will not
shift.

(C). Using angular momentum conservation
L;=0, L;=mvR-lw
mvR=Iw;50%x1x2=2000;n=1/2
(v+oR)t=2nR

[1+%><2)t=27[><2 ; t=2msec.

(A).1=1_, +md?
d is maximum for point Bso [ about B

300 x (0) + 500 (40) + 400 x 70

. X
(A)- Zem 300+ 500 + 400
500 x 40 + 400 x 70
Xcm =
1200
Xem :@:%:MCm

¢
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(35) (B). As their C.M. will remain stationary

P

29 @B).E= ‘)

L
) 5M
a \l, : ‘
mg @( 12R - 3R =9R
L (mLz\ 3g
5M

rzla:mg(E]:LTja:Mx:Z

v

M

(30) (A). From conservation of mechanical energy
() (3
lmV2 Ll +K—2J =mgh
2 R
s0,(M) (x))=(5M) (x,) .
1 2(1+£2\_ (ﬁ\ K2 1 and for touching :
= k RZJ_mgL4gJ:F=E X +X,=9R,s0x; =7.5R
= The object is disc. 2 2 <
31 ). Tr=Iu : 36) (O Lgiameter = 3 MR .‘
- r h 2 r a 2 Itangential = EMR +MR” = EMR
50x0.5x2x%x2m
=——,  N=-I5N T ol =§MR2+[§MR2) x 2 = 4MR?
32 A).ag . =gsin 0
(32) (A agipping = & (37)  (B). Velocity of the automobile
gsin® 5 | Arolling 5 5
arolling =5 = - 8sinb . — == v=54x— =1
) 1+ K27 ’ Alipping 7 g 1oms
r’ v 15 100
®g=—=——=—-rad/s
R 045 3
33) (B). \@ So, angular acceleration,
R ()L:A—O):—mf_o)o:—mrad/s2
t t 45
Applying angular momentum conservation 1
Torque =I o.= 3 X ——=6.66 kg m*s 2
Ry = (m) (v)[ -2 4
mvolkg ={(m) (vy 5 ) vy =2y 00
1 2 2 m, P m,
NewKE= —m (2v()~ =2mvj (38) (A). % b
2 X =
(34) (O). Equating torque about center of mass

The position of point P on rod through which the
Ny Np axis should pass so that the work required to set the

A A
A k B k rod rotating with minimum angular velocity ey is their
I 1 centre of mass, som;x=m, (L —x)
d X mzL
X = 2=
my + m,
v
me (39) (B). For conservation of angular momentum about origin.
N, x=Ng (d—x) -
A B - =
N, +Np=mg ZTextzO: IxF=0=>a=-1
W(d-x
Solving, Ny = W@-x)

d

¢
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I
E 1 [ngzj w?
@4) (B sphere _ 2\5 _1
R 7 cylinder 1 [l sz 20)% 5
@0 ®). Q 2 (M) )
-——
= 45 A). x; CM x
1= Lemain * I(R/Z) @3 @ m, : : m,
Iremain =1- I(R/Z)
X, = mzf 4 X = m1€
-2 y=—
_M(R)z m; +m, an my +my,
2 | 5l 2
MR AR MR = mp? + myx} = 22
2 2 m; +my
L 30N
2 [ ymp2 2
_ MR _ MR + MR 46) (B).
2 32 16
) =Ia
r — 2
~MR? MR2+2MR2} RF=mR"o
2 L 32 a:i: 30 =25rad/s’
mR 3 x 40
MR? 3MR? 100
2 32 47  (A). COAM : 1w +1o, =2Iw
_16MR?-3MR* 13MR? L oo tes
32 32 2
1 0+ 2
0.5m (KE)f = 5% 2le? =1 [—1 > 2)
1) (A |
Loss inK.E. = (KE);~(KE); =, 1(01~ ®,)*
: - -2
inguiar acceileratlon ?: 42 razid S,l (48) (D). Centre of mass may lie on centre of gravity net torque
a n:g;lojlzr:s%eg XO; 6 :ocg m/szra s of gravitational pull is zero about centre of mass.
. .
—ar= Load
= or=lnads Mechanical advantage = ot
_ 2 2 _ @2 12 _ 2
a—\/ac+at —\/8 +1" =8m/s — Load> Effort
(42)  (B)-agpere > Agige (49) (D). As track is frictionless, so total mechanical energy
gsin® will remain constant
Acceleration (a) = —
1+K*/r

independent of mass and radius.

L2
(43) (C)'E:E:EA:EB
Ly _ Ly
=20, 2
Ig>1, = Lg>L,

h

l

T.M.E;=TM.E

1
0+mgh= 3 mVL2+O

For completing the vertical circle, v; >./5gR

ho8R _Sp_ 3,
2¢ 2 4

B
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(50) (C). Work done required to bring them rest

STUDY MATERIAL: PHYSICS

| )
1, (53) (B). Kt:EmV
AW =AKE; AW = lo

I o2 1.2
AW oc] forsame o Kt+Kr=5mV +—Iw
WA:WB:WC:EMRZ:lMRz:MRZ 15 1(2 (v 7,
5 2 =—mv +—|=mr° || —| =—mv
2 2\5 r 10
_%'1'1*4'5'10
5720 T S Ky 5
o, =
= We>Wp>W, K+K, 7
v (54) (A). Work required = change in kinetic energy
Final KE=0
N F InitialKE:%mV2+%IOJ2=%mV2
ATy
’ 3 2.2
1) O). |. =5 x100x(20x1072)? =31
Ty ‘
' |AKE|=3]J
[¢) X

1
(55) (A). Work energy theorem, W = EI (of —©7)

0 =2nrevolution=2x x 21 =4nr2 rad
T T = (2i+0j—3k)—(2i — 2] 2k)

2
o Wi:3><—nrad/s
=0i+2j-k 60
1 1
ij k —T9=5><Emr2(02—(niz)
T=[0 2 -1|=-7i-4]-8k
11 _ o2
4 5 -6 —x—=x2x(4x10 2)(—3>< )
22 60
) dL_O_ L 4n?
(52) (D)., =0.So, e = constant 1=2x 10N m

So angular momentum remains constant.

[¢
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