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We dedicate this book to the hundreds of anonymous professors at I1Ts
who formulated the challenging problems for IIT-JEE. The book is a
showcase of their creation.



Foreword

Physics starts with observing the nature. The systematic observation results in
simple rules which unlock the doors to the nature’s mystery. Having learned a
handful of simple rules, we can combine them logically to obtain more complicated
rules and gain an insight into the way this world works. The skill, to apply the
theoretical knowledge to solve any practical problem, comes with regular practice
of solving problems. The aim of the present collection of problems and solutions is
to develop this skill.

IIT JEE questions had been a challenge and a center of attraction for a big section
of students at intermediate and college level. Independent of their occurrence as
an evaluation tool, they have good potential to open up thinking threads in mind.
Jitender Singh and Shraddhesh Chaturvedi have used these questions to come up
with a teaching material that can benefit students. The explanations accompanying
the problems could bring conceptual clarity and develop the skills to approach any
unseen problem, step by step. These problems are arranged in a chapter sequence
that is used in my book Concepts of Physics. Thus a student using both the books
will find it as an additional asset.

Both Jitender Singh and Shraddhesh Chaturvedi have actually been my students
at IIT, Kanpur. Jitender Singh has been closely associated with me since long. It
gives me immense pleasure to see that my own students are furthering the cause of
Physics education. I wish them every success in this work and expect much more
contribution from them in future!

Dr. H C Verma
Professor of Physics
IIT Kanpur



Preface

This book provides a comprehensive collection of IIT JEE problems and their solu-
tions. We have tried to keep our explanations simple so that any reader, with basic
knowledge of intermediate physics, can understand them on his/her own without
any external assistance. It can be, therefore, used for self-study.

To us, every problem in this book, is a valuable resource to unravel a deeper under-
standing of the underlying physical concepts. The time required to solve a problem
is immaterial as far as Physics is concerned. We believe that getting the right answer
is often not as important as the process followed to arrive at it. The emphasis in this
text remains on the correct understanding of the principles of Physics and on their
application to find the solution of the problems. If a student seriously attempts all
the problems in this book, he/she will naturally develop the ability to analyze and
solve complex problems in a simple and logical manner using a few, well-understood
principles.

For the convenience of the students, we have arranged the problems according to
the standard intermediate physics textbook. Some problems might be based on
the concepts explained in multiple chapters. These questions are placed in a later
chapter so that the student can try to solve them by using the concept(s) from
multiple chapters. This book can, thus, easily complement your favorite text book
as an advanced problem book.

The IIT JEE problems fall into one of the nine categories: (i) MCQ with single
correct answer (ii) MCQ with one or more correct answers (iii) Paragraph based
(iv) Assertion Reasoning based (v) Matrix matching (vi) True False type (vii) Fill
in the blanks (viii) Integer Type, and (ix) Subjective. Each chapter has sections
according to these categories. In each section, the questions are arranged in the
descending order of year of appearance in IIT JEE.

Detailed solutions are given for each problem. We advise you to solve each problem
yourself. You may cover the solution with a piece of paper to focus your attention to
the problem. If you can’t solve a problem, you can always look at the solution later.
However, trying it first will help you identify the critical points in the problems,
which in turn, will accelerate the learning process. Furthermore, it is advised that
even if you think that you know the answer to a problem, you should turn to its
solution and check it out, just to make sure you get all the critical points.

This book has a companion website, www.concepts-of-physics.com. The site will
host latest version of the errata list and other useful material. We would be glad
to hear from you for any suggestions on the improvement of the book. We have
tried our best to keep the errors to a minimum. However, they might still remain!
So, if you find any conceptual errors or typographical errors, howsoever small and
insignificant, please inform us so that it can be corrected in the later editions. We
believe, only a collaborative effort from the readers and the authors can make this
book absolutely error-free, so please contribute.

Many friends and colleagues have contributed greatly to the quality of this book.
First and foremost, we thank Dr. H. C. Verma, who was the inspiring force behind
this project. Our close friends and classmates from IIT Kanpur, Deepak Sharma,
Chandrashekhar Kumar and Akash Anand stood beside us throughout this work.
This work would not have been possible without the constant support of our wives
Reena and Nandini and children Akshaj, Viraj and Maitreyi.

Jitender Singh, jsinghdrdo@gmail.com
Shraddhesh Chaturvedi, shraddhesh80gmail.com
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CHAPTER 4

Friction

One Option Correct

Q1. A block of mass m is on an inclined plane of angle
0. The coefficient of friction between the block and the
plane is p and tan @ > p. The block is held stationary by
applying a force P parallel to the plane. The direction
of force pointing up the plane is taken to be positive.
As P is varied from P; = mg(sinf — pcosf) to Py =
mg(sin 0+ p cos ), the frictional force f versus P graph
will look like (2010)

P
0
(A) B)
P L P P P> P
©) ¢ D) s
P = p P Py P

Sol. The forces acting on the block are its weight
mg, normal reaction N, applied force P and frictional
force f.

Resolve mg along and normal to the inclined plane
and apply Newton’s second law to get

0=P+ f—mgsin,
which gives
f=—-P+mgsind. (1)

This is a straight line with slope —1. Substitute the
values of P; and P, in equation (1) to get the frictional
force at these points i.e.,

and

f1 = pumgcosé, fo = —umgcos@.

25

We encourage you to show that if P < P; then the block
starts sliding down and if P > P, then block starts

moving up. Note that P; > 0 because tanf > pu.
Ans. A [

Q 2. What is the maximum value of the force F' such
that the block shown in the arrangement does not
move? [Take g = 10 m/s%.] (2003)

F
o —__1_
60:§\/§kg H=573

(A) 20N (B) 10N (C) 12N (D) 15N

Sol. The forces acting of the block are applied force F',
weight mg, normal reaction IV, and the frictional force
f as shown in the figure.

> F' cos 60°

myg

F Si;l 60°
Resolve F in the horizontal and the vertical direc-

tions and apply Newton’s second law to get

N = Fsin60° 4+ mg,
f = Fcos60°.

(1)
(2)

The force F' becomes maximum when the friction force
f attains its maximum value i.e.,

f=nN. (3)
Eliminate f and N from equations (1)—(3) to get
pmg
Fhax = - =20 N.
cos 60° — psin 60°
Ans. A [

Q 3. An insect crawls up a hemispherical surface very
slowly (see figure). The coefficient of friction between
the surface and the insect is 1/3. If the line joining the
centre of the hemispherical surface to the insect makes
an angle a with the vertical, the maximum possible
value of « is given by (2001)
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(A) cota=3
(C) seca=3
Sol. The forces on the insect are its weight mg, normal
reaction N, and the frictional force f.

(B) tana = 3
(D) cosecar =3

Resolve mg along and perpendicular to the normal.
Apply equilibrium condition to get

f=mgsina, (1)
N =mgcosa. (2)

The angle « attains its maximum value when the fric-
tional force reaches its maximum limit of f.x = pV.
Substitute in equation (1) and then divide by equa-
tion (2) to get tana = p = 1/3. Thus, cot o = 3.

Ans. A

Q4. A block of mass 0.1 kg is held against a wall by
applying a horizontal force of 5 N on the block. If the
coefficient of friction between the block and the wall is
0.5, the magnitude of the frictional force acting on the
block is (1994)
(A) 25N (B) 098N (C) 49N (D) 049N

Sol. The forces on the block are applied force F' =5 N,
normal reaction N, weight mg and the frictional force f.

f

mg

In equilibrium, N = F = 5N and f = mg =
0.1x9.8 = 0.98 N. Note that f is less than its maximum
possible value of fiax = N =0.5 x5=25N.

Ans. B O

Q 5. If a machine is lubricated with oil, (1980)

(A) the mechanical advantage of the machine increases.

(B) the mechanical efficiency of the machine increases.

(C) both its mechanical advantage and mechanical ef-
ficiency increases.

(D) its efficiency increases, but its mechanical advan-
tage decreases.

Part I. Mechanics

Sol. Lubrication reduces the mnon-conservative fric-
tional forces. This increases the efficiency of the ma-
chine.

Ans. B

Q6. A block of mass 2 kg rests on a rough inclined
plane making an angle of 30° with the horizontal. The
coefficient of static friction between the block and the
plane is 0.7. The frictional force on the block is (1980)

(A) 98N (B) 0.7x9.8x V3N
(C) 98x V3N (D) 0.7x98N
Sol. The forces on the block of mass m = 2 kg are

its weight mg, normal reaction N, and the frictional
force f.

The net force on the block is zero because it is at
rest. Resolve mg in the directions parallel and perpen-
dicular to the inclined plane. Apply Newton’s second
law in these directions to get

N =mgcos30° = (2)(9.8)(0.866) = 16.97 N,
f =mgsin30° = (2)(9.8)(0.5) = 9.8 N.

Note that f is less than fmax = N = (0.7)(16.97) =
11.88 N.
Ans. A [

One or More Option(s) Correct

Q7. A small block of mass 0.1 kg lies on a fixed inclined
plane PQ which makes an angle # with the horizontal.
A horizontal force of 1 N acts on the block through its
centre of mass as shown in the figure. The block remains
stationary if [Take g = 10 m/s% ] (2012)

Q

o [N p

(A) 0 =45°

(B) 6 > 45° and frictional force acts on the block to-
wards P

(C) 6 > 45° and frictional force acts on the block to-
wards @

(D) 6 < 45° and frictional force acts on the block to-
wards @



Chapter 4. Friction

Sol. The forces acting on the block are FF = 1 N to-
wards the left, weight mg = 0.1 x 10 = 1 N downwards,
normal force N, and the frictional force f. Resolve F
and mg along and perpendicular to the inclined plane.

When 6 = 45°, the net force that brings the block
down is

1 I 0

V2o V2o
Thus, the block is stationary if § = 45°. When 6 > 45°,
the force F; > 0, and hence the block has a tendency

to move down. Thus, the frictional force f acts on the
block upwards i.e., towards Q.

Fy=mgsinf — Fcosf =

Ans. A, C @

Assertion Reasoning Type

Q8. Statement 1: It is easier to pull a heavy object
than to push it on a level ground.
Statement 2: The magnitude of frictional force de-
pends on the nature of the two surfaces in contact.
(2008)
(A) Statement 1 is true, statement 2 is true; statement
2 is a correct explanation for statement 1.
(B) Statement 1 is true, statement 2 is true; statement
2 is mot a correct explanation for statement 1.
(C) Statement 1 is true, statement 2 is false.
(D) Statement 1 is false, statement 2 is true.

Sol. Both, statement 1 and statement 2, are true but
statement 2 is not a correct explanation of statement 1.
The forces acting on the body in pull case are shown in
the figure.

Npull

Fpull

1)

fpull

mg
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In this case, the body will just start moving when
the horizontal component of F},y is equal to or greater
than the maximum value of friction force i.e.,

Fpull cosf = fpull = /ijpulL (1)
Since there is no acceleration in the vertical direction
Npuil = mg — Fpunsin 6. (2)

Eliminate Npu from equations (1) and (2) to get

P = pmg
Pl 0080 4 psind’
Npush
Fpush
mL
fpush
\

mg

The forces acting on the body in push case are
shown in the figure. In this case,

Fpush cosf) = fpush = uNpusha
Npush =mg + Fpush sin 97
pmg

Foush = ————.
pPush = 686 — (sin @

Note that Fyun = Fpush = pmyg if 6 = 0.
Ans. B [0

Q9. Statement 1: A cloth covers a table. Some dishes
are kept on it. The cloth can be pulled out without
dislodging the dishes from the table.

Statement 2: For every action there is an equal and
opposite reaction. (2007)
(A) Statement 1 is true, statement 2 is true; statement

2 is a correct explanation for statement 1.

(B) Statement 1 is true, statement 2 is true; statement

2 is not a correct explanation for statement 1.

(C) Statement 1 is true, statement 2 is false.
(D) Statement 1 is false, statement 2 is true.

Sol. Both statements are true but statement 2 is not
a correct explanation for statement 1. Generally, state-
ment 1 is attributed to Newton’s first law but this is
not entirely correct. We encourage you to repeat this
experiment by pulling the cloth slowly. The outcome of
experiment depends on acceleration acjon, of the cloth.

Gcloth l
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The forces acting on the dish are its weight mg,
normal reaction N, and the frictional force f. Maxi-
mum value of the frictional force is

fmax = ///N = pmg.

By Newton’s second law, acceleration of the dish is
agish = f/m. I acotn is small then the cloth and the
dish move together i.e., agish = Gcloth. Maximum value
of aclotn for the cloth and the dish to move together is
given by

Qcloth = Qdish = fmax/m = HKg-.

Beyond this limit, acioth > adish = g and hence the
cloth comes out leaving the dish on table.
Ans. B [

Matrix or Matching Type

Q10. A block of mass m; = 1 kg and another block
of mass ms = 2 kg are placed together on an inclined
plane with angle of inclination 6 (see figure). Various
values of 6 are given in Column I The coefficient of
friction between the block m; and the plane is always
zero. The coefficient of static and dynamic friction be-
tween the block ms and the plane are equal to y = 0.3.
In Column II expressions for the friction on block mo
are given. Match the correct expression of the friction
in Column II with the angles given in Column I. The
acceleration due to gravity is denoted by g. [Given,
tan(5.5°) ~ 0.1, tan(11.5°) &~ 0.2, tan(16.5°) ~ 0.3].

(2014)
Column I Column II
(P) 8§ =5° (1) megsiné
(Q) 8 =10° (2) (mq +mg)gsind
(R) 8 =15° (3) pmagcos®
(S) 6=20° (4) p(m1 +ma)gcosd

Sol. The forces on the block of mass m; are its weight
m1g, normal reaction from the inclined plane Ny, and
the reaction from the second block R.

Similarly, forces on the block of mass ms are mog,
No, R, and the frictional force f. If 6 is slowly in-
creased, f starts increasing and attains its maximum
value f = uNo at 0 = 6, (angle of repose). The blocks

Part I. Mechanics

are stationary if @ < 6,. otherwise they are moving. Con-
sider the limiting case, 8§ = 6,., when the blocks are at
rest and

= pNs. (1)

Apply Newton’s second law to mq,

R =migsin, (2)

Ni =mygcosb, (3)
and to mg,

f =R+ magsin, 4)

Ny = magcos . (5)

Eliminate R, N2, and f from equations (1)—(5) to get

. 2
6, = tan~* _pmz = tan"* 0.3 x
mi -+ mso 1+2

= tan™'(0.2) = 11.5°.

Thus, for # = 5° and 6 = 10°, blocks are at rest with
frictional force

f =R+ mogsinf = (my + mz)gsinb.

For 6 = 15° and 6 = 20°, blocks are moving with fric-
tional force

f = puNy = pmagcosf, (limiting value).

Ans. P—=2, Q—2, R—3, S—3 [

True False Type

Q11. When a person walks on a rough surface, the
frictional force exerted by the surface on the person is
opposite to the direction of his motion. (1981)

Sol. To walk in the forward direction, the person
pushes his foot backward. Thus, the foot has a ten-
dency to move backward against the rough surface. To
oppose this movement, the friction force on the foot
acts in the forward direction. Note that the frictional
force is the only horizontal force on the person. Thus,
a person can accelerate in forward direction only if the
frictional force is forward.

Ans. F [

Fill in the Blank Type

Q12. A block of mass 1 kg lies on a horizontal surface
in a truck. The coefficient of static friction between the
block and the surface is 0.6. If the acceleration of the
truck is 5 m/s?, the frictional force acting on the block
is...... N. (1984)
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Sol. The acceleration of the block is equal to the accel-
eration of the truck i.e., a = 5 m/s?. Only horizontal
force acting on the block is frictional force f.

N
o
I
mg

Apply Newton’s second law to get f = ma =
(1)(5) = 5 N. Note that the limiting value of frictional
force is foax = pN = umg = 0.6(1)(9.8) = 5.88 N.

Ans. 5 [

Integer Type

Q 13. A block is moving on an inclined plane making
an angle 45° with the horizontal and the coefficient of
friction is p. The force required to just push it up the
inclined plane is three times the force required to just
prevent it from sliding down. If we define N = 10u then
Nis....... (2011)

Sol. Suppose block just slides up in case I and just
slides down in case 2. The forces acting on the block
are its weight (mg), normal reaction (R), applied force
(F1 in case 1 and F» in case 2) and frictional force (f;
in case 1 and fo in case 2), as shown in the figure.

)
Ry F Ry f2
f1
mg mg
45° 45°
Case (1) Case (2)

The equilibrium conditions in case I and case 2
give

Fy = mgsin45° + f1,
Fy = mgsin45° — fs.

Ry = mgcos45°,
Ry = mg cos45°,

Using I} = 3Fs, fi = pRy, and fo = pRo, we get
@ =0.5. Thus, N = 5.
Ans. 5 [

Descriptive

Q 14. A circular disc with a groove along its diameter
is placed horizontally. A block of mass 1 kg is placed as
shown in the figure. The coefficient of friction between
the block and all surfaces of groove in contact is pu =
2/5. The disc has an acceleration of 25 m/s?. Find the
acceleration of the block with respect to disc. (2006)
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[

a = 25m/s?

cosf =4/5, sinf =3/5

Sol. Let us solve the problem in a frame attached to
the disc. This frame is accelerating towards the left with
an acceleration a = 25 m/s?2. We can apply Newton’s
second law in this non-inertial frame if we apply a psedo-
force ma acting towards the right.

The forces acting on the block are pseudo force ma
towards the right, its weight mg into the paper, normal
reaction on the bottom surface of the block N; coming
out of the paper, frictional force f; = uN7 correspond-
ing to Ny, normal reaction on the side surfaces of the
block Ny and frictional force fo = Ny corresponding
to Na (see figure). The constraint that the block moves
in a horizontal plane along the groove gives

Nl =mg,

Ny = masin.
Apply Newton’s second law along the groove to get
macost — fi — fo = ma,.

Substitute the values of the parameters to get a, =
10 m/s%.
Ans. 10 m/s? [

Q 15. Two blocks A and B of equal masses are released
from an inclined plane of inclination 45° at ¢ = 0. Both
the blocks are initially at rest. The coefficient of kinetic
friction between the block A and the inclined plane is
0.2 while it is 0.3 for the block B. Initially the block A is
v/2 m behind the block B. When and where their front
faces will come in a line. [Take g = 10 m/s? ] (2004)



30

Sol. The forces acting on the blocks are weight mg,
normal reaction N and the frictional force f = uN.

Newton’s second law gives
N =mgcos?,
ma =mgsinf — f
=mgsinf — uN
=mgsinf — uymgcosf.
Thus, acceleration of the two blocks are
aa = gsin — pagcosd = 8/v/2,
ap = gsin® — ppgcosh = 7/V/2,
where uqa = 0.2, up = 0.3 and 6 = 45°. Let front faces

comes in a line at time ¢. The distances travelled by A
and B in time ¢ are

Sa = Laat? = (4/V2)2,
Sp = Lapt® = (3.5/V2)

Using S4 — S =2, we get t =2 s and Sy = 8v/2 m.
Ans. S4=8v2m, 2s O

Q 16. In the figure masses mi, mo and M are 20 kg,
5 kg and 50 kg respectively. The coefficient of friction
between M and ground is zero. The coefficient of fric-
tion between m; and M and between ms and ground
is 0.3. The pulleys and the strings are massless. The
string is perfectly horizontal between P; and m; and
also between P and ms. The string is perfectly verti-
cal between P; and P,. An external horizontal force F
is applied to the mass M. [Take g = 10 m/s2.]  (2000)

Py
m1

Py M —F

/////// T777777777777727777777777777777777777777777777.

Part I. Mechanics

(a) Draw a free body diagram of mass M, clearly show-
ing all the forces.

(b) Let the magnitude of the force of friction between
my and M be f; and that between mo and ground
be f5. For a particular force F' it is found that f; =
2fs. Find f; and f;. Write equations of motion of
all the masses. Find F', tension in the string and
acceleration of the masses.

Sol. Let T be the tension in the string, N be the reac-
tion force between M and ground, N7 be the reaction
force between m; and M, f; be the friction force on
my, and fo be the friction force on ms. The free body
diagrams of mq, msy, and M are shown in the figure.

T Ny
f1i
T
Mg
T
N
No N
-
f2 fi
m2g mig

Apply Newton’s second law on m1, ms, and M in
the vertical direction to get

Ni=myg, Ny=mpg, N=N;+ Myg.

Limiting (maximum) values of the frictional forces are

fimax = pN1 = pmig = 0.3 x 20 x 10 = 60 N,
f2,max = ,UNE = Humaog = 0.3 x5x10=15N.

Let aq, as, and A be the rightward accelerations of my,
ma, and M w.r.t. the ground. As string is inextensible,
the accelerations of m; and msy are equal i.e., a1 = ag =
a. Apply Newton’s second law on mi, mo, and M in
the horizontal direction to get

T — fg = Maag = Maa, (1)
fi—T =mia1 = ma, (2)
F—fi=MA. (3)

The magnitude of F' decides the values of the frictional
forces fi1 and fo and the motion of the blocks. There
are two possible cases
(i) mq does not slide over M (i.e., A =a), and
(ii) my slides over M (i.e., a # A) and hence f; =
fl,max .
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Consider the horizontal motion of the blocks in
case (i). In this case, the external forces on the sys-
tem of my, mo, and M are F' and fy. The system starts
moving only when F' > f5 nax.

f2(N)
15

(6] 15 )

The force fo adjusts itself such that it is equal to
F till it reaches the maximum value of fa max i.e.,

if F<15N;

F
= ’ 4
f2 {15 N, otherwise. )

Eliminate 7" and A from equations (1)—(3) to get
the frictional force

fi= foM + (m1 +TYL2)F
e mi+mo+ M '

(5)

f1(N)
60

15
F(N
015 150 )

From equations (4) and (5), the f; is equal to F till
F < 15 N, then it increases linearly with F' with a slope
% till it reaches a value of fi max = 60 N, and
then remains constant at its limiting value (see figure).

Mathematically,

F, if F<15N;
_ ) 156M+(mi+mo)F . .
f]— T mitmatM 1f15N<F§150N,
60 N, otherwise.
(6)
Note that f; = 60 N when F' = 150 N.
a(m/s?)
A
1.8 7 a
0.6
F(N)

015 60 150

Eliminate T from equations (1) and (2) to get the
acceleration

a=(f1— f2)/(m1+my). (7)

Substitute f2 and f from equations (5) and (6) in equa-
tion (7) to get

0, if F <15N;
a={ Al =20 fISN<F <150N;
1.8 otherwise.
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Beyond F' = 150 N, the assumption that m; does
not slide over M is invalid and case (ii) comes into play.
In this case, the acceleration a remains at its maximum
value of 1.8 m/s?. Using equation (3), the acceleration
A varies with F' as

A= (F — fi.max)/M = (F — 60)/50.

From equations (5) and (6), the condition fi; = 2f
occurs when fo = fomax = 15N and fi = 2f3 max =
30 N. Substitute the values of f; and fo to get a =
0.6m/s?, F=60N, and T = 18 N.

Ans. (b) f1=30N, fo=15N, F =60 N,
T=18N,a=2m/s? O

Q17. Block A of mass m and block B of mass 2m
are placed on a fixed triangular wedge by means of a
massless, inextensible string and a frictionless pulley as
shown in the figure. The wedge is inclined at 45° to
the horizontal on both sides. The coefficient of friction
between block A and the wedge is 2/3 and that between
block B and the wedge is 1/3. If the blocks A and B
are released from rest, find, (1997)

N

45°

(a) the acceleration of A.
(b) tension in the string.
(c) the magnitude and direction of friction force acting

on A.

Sol. Let block B is accelerating down the plane with an
acceleration a. The string is inextensible which makes
block A to move up the plane with the same acceleration
a. The tension T in the string remains same throughout
the string as it is massless and the pulley is frictionless.
The forces on the two blocks are shown in the figure.

Resolve forces along and normal to the plane. Ap-
ply Newton’s second law in normal direction to get

N = mgcos45° = mg/V/2, (1)
Np = 2mg cos 45° = V/2myg. (2)
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Apply Newton’s second law along the plane to get

T —mg/V2— fa =ma, 3)
V2mg —T — fg = 2ma. (4)

Eliminate T from equations (3) and (4) to get

a=o (mo/V3— fa— fu). (5)

When blocks move relative to the plane then frictional
forces attain their maximum values which are given by

fA = .fA,maX - MANA:(Q/S)(mg/\/i):\/img/Sv
fB = fB,max = NBNB:(1/3)<\/§mg>:\/§mg/3

Substitute these values in equation (5) to get a =
—g/9v/2. The negative sign shows that our assumption
of block B moving down the plane (and hence assumed
directions of fa and fg) was wrong. If we assume block
B to move up and rewrite equations (3) and (4), we get

o= L gV e g),

again a negative quantity.
Thus, blocks are neither moving up or down i.e.,
a = 0. Substitute a = 0 in equations (3) and (4) to get

fA =T~ mg/ﬁ7
fs =2mg/V2 -T.
The minimum and the maximum values of fo and fg

are zero and v/2mg/3. The variation of f4 and fp with
tension T is shown in the figure.

f
2mg
p_mg
T
fB a
0 \ T
mg 2mg.

It can be seen that fp attains its maximum value
earlier than f4 attains its maximum. Substitute fp =
V2mg/3, to get T = 2v/2mg/3 and fa = V/2mg/3.

Ans. (a) 0 (b) 2—‘3/5mg (c) S"\L/%, downwards [

Q18. A block of mass m rests on a horizontal floor
with which it has a coefficient of static friction u. It is
desired to make the body move by applying the mini-
mum possible force F. Find the magnitude of F' and
the direction in which it has to be applied. (1987)

Part I. Mechanics

Sol. Let the force F' be applied at an angle 6 to the
horizontal plane. The forces acting on the block of mass
m are its weight mg, normal reaction IV, frictional force
f, and the applied force F.

N
A
F'sin 6 F
f F%ﬁ Fcos6
v
mg

Resolve F in the horizontal and the vertical direc-
tions. The net force in the vertical direction is zero
(because there is no acceleration in the vertical direc-
tion) i.e.,

N + F'sinf = mg. (1)

The block will just start moving when the horizontal
component of the applied force is equal to the limiting
value of the frictional force i.e.,

Fcosf = fiax = uN. (2)
Eliminate N from equations (1) and (2) and simplify to
get

pmg
F=—F"-—. 3
cosf + psinf 3)
The applied force is minimum when dF/df = 0 i.e.,

dF uwmg .

= T _(_sind 9)=0

dé (cosG—O—ﬂsinG)Q( sind + pucos) =0,
which gives § = tan~! . Substitute § in equation (3)
to get

fimg

V1+p?
We encourage you to solve this problem if the block
rests on an inclined plane.

Fmin:

tan™! p O

Q 19. Masses My, My and Mj are connected by strings
of negligible mass which passes over massless and fric-
tionless pulleys P; and P, as shown in figure. The
masses move such that the portion of the string be-
tween P; and P, is parallel to the inclined plane and
the portion of the string between P, and M3 is hori-
zontal. The masses My and M3 are 4.0 kg each and the
coefficient of kinetic friction between the masses and the
surface is 0.25. The inclined plane makes an angle of
37° with the horizontal. If the mass M; moves down-
wards with a uniform velocity, find, [Take g = 9.8 m/s?,
sin37° ~ 3/5.] (1981)
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(a) the mass of M;.
(b) the tension in the horizontal portion of the string.

Sol. The masses M7, My, and M3 are connected by the
inextensible strings. Since M; moves downwards with
a uniform velocity, all the three masses will moves with
the same uniform velocity because they are connected
by the inextensible strings. Thus, accelerations of My,
My, and M3 are zero. By Newton’s second law, the net
force on each mass is zero.

Let T7 be the tension in the string that connects
M; and My and T be the tension in the string that
connects My and M3. The normal reactions on Ms and
Ms are Ny and N3, and the frictional forces on these
blocks are fy and f3. The free body diagrams of the
three masses are shown in the figure.

Mag

Mig Msg

Resolve Msg along and normal to the inclined
plane. The frictional force on the mass Ms is fo = ulNo
and that on the mass Mjs is f3 = pwN3 because these
blocks are sliding on the rough surfaces with the co-
efficient of kinetic friction u = 0.25. Apply Newton’s
second law on the three blocks to get

Ty = Mg,

Ny = Msg cos 37°,

Ty = To + uNo + Mogsin 37°,
N3 = M3y,

Ty = ulNs.

(1)
(2)
(- fo=puN2) (3)
(4)
(5

(. fz3 = uN3). (5)

Solve equations (1)—(5) to get

Ty = pMsg = (0.25)(4)(9.8) = 9.8 N,

My = pMs + puMs cos 37° + Mo sin 37°
= (0.25)(4) 4+ (0.25)(4)(4/5) + (4)(3/5)
= 21/5 ke,

Ans. (a) 4.2kg (b) 9.8 N O

Q 20. Two blocks connected by a massless string slides
down an inclined plane having an angle of inclination of
37°. The masses of the two blocks are m; = 4 kg and
mo = 2 kg respectively and the coefficients of friction
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of my and moy with the inclined plane are 0.75 and 0.25
respectively. Assuming the string to be taut, find (a)
the common acceleration of two masses, and (b) the
tension in the string. [Take sin37° = 0.6, cos 37° = 0.8,
g=9.8m/s?] (1979)

é\@

37°

Sol. The forces acting on the block of mass m; = 4 kg
are its weight m1 g, normal reaction Nj, frictional force
f1, and the string tension 7. Similarly, forces on the
block of mass my = 2 kg are its weight mog, normal
reaction N, frictional force fy, and the string tension
T.

Resolve m1g and msog in directions parallel and
perpendicular to the incline. Apply Newton’s second
law on m; and msy in a direction perpendicular to the
incline to get

Ny =mqgcos37°, (1)

Ny = magcos37°. (2)
The frictional forces on the sliding blocks m; and msy
are equal to their limiting values

f1=piNy = pymigcos37°, (3)

fa = poNa = pomagcos 37°, (4)
where g1 = 0.75 and ps = 0.25 are the coefficients
of friction for m; and msy. Let blocks are accelerating
down with an equal acceleration a (note that the string
remains taut). Apply Newton’s second law on m; and
me in a direction parallel to the inclined plane to get

m1gsin37° +T — f1 = mqa, (5)

mogsin37° — T — fo = maa. (6)
Add equations (5) and (6) and substitute f; and fo from
equations (3) and (4) to get

H1mi + fama

a = gsin37° — o gcos37°,
B (0.75)(4) + (0.25)(2)
= (9.8)(0.6) — 112 (9.8)(0.8)
=13 m/s%
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Now, multiply equation (5) by mq and equation (6) by
my and then subtract to get,

T = —(m ~ pa)mama gcos 37°,
mi + mo

~(0.75 — 0.25)(4)(2) B
= T (9.8)(0.8) =5.2 N.

Ans. (a) 1.3m/s? (b) 52N [

Q 21. In the figure, the blocks A, B and C' have masses
3 kg, 4 kg and 8 kg respectively. The coefficient of slid-
ing friction between any two surfaces is 0.25. A is held
at rest by a massless rigid rod fixed to the wall, while
B and C are connected by a light flexible cord pass-
ing around a fixed frictionless pulley. Find the force F'
necessary to drag C' along the horizontal surface to the
left at a constant speed. Assume that the arrangement
shown in the figure i.e., B on C and A on B, is main-
tained throughout. [Take g = 10 m/s?.] (1978)

Sol. The masses of the blocks are m4 = 3 kg, mp =
4 kg, and mc = 8 kg. The coefficient of sliding friction
between any two surfaces is p = 0.25.

Let the frictional force between the block A and
the block B be fi, between the block B and the block
C be fs5, and between the block C' and the ground be
f3. The applied force F slides the block C along the
horizontal surface to the left at a constant speed. The
frictional force f3 on the block C resists this movement
by acting in the rightward direction. Since the string is
inextensible and the pulley is fixed, the block B starts
moving towards the right with a speed equal to that of
C. The frictional force fo on B resists this motion by
acting in the leftward direction. The frictional force fo
on the block C acts in the rightward direction (New-
ton’s third law). The block A is fixed and the block B
moves towards the right relative to the block A. The
frictional force f; on the block B acts in the leftward
direction to oppose this motion. The force f; on the
block A acts in the rightward direction.

Part I. Mechanics

The free body diagrams of the blocks A, B, and
C are shown in the figure. The forces on the block A
are its weight m 4 g, normal reaction N4, frictional force
f1, and reaction from the rod R4. The forces on the
block B are mpg, normal reaction Np on the lower sur-
face, normal reaction N4 on the upper surface, tension
T from the string, frictional force f; on the upper sur-
face and frictional force fo on the lower surface. The
forces on the block C' are m¢g, normal reaction N¢
on the lower surface, normal reaction Ng on the upper
surface, tension 7' from the string, frictional force fo on
the upper surface and frictional force f3 on the lower
surface. Newton’s second law on the block A, B, and C
gives
NA =mag, (1)
Np = Na+mpg
= (ma +mp)y,
N¢ = Np +mcg

= (ma+mp+ me)g.

(using (1)) (2)

(using (2))  (3)
The frictional forces in the sliding motion are equal to
their limiting values i.e.,

J1=uNa

= pmag, (using (1))  (4)
f2 = uNp

= pu(ma +mp)y, (using (2))  (5)
f3 =uNe

(using (3))  (6)
Apply Netwton’s second law on the block B and the

block C to get the force F required to drag the block
C at constant speed,

T=f1+ fo=pmag+ u(ma +mp)g=25N.
F=T+ fy+ fs=p(4ma + 3mp +mc)g=80 N.
Ans. 80N [J

Q 22. A block of mass 2 kg slides on an inclined plane
which makes an angle of 30° with the horizontal. The
coefficient of friction between the block and the surface
is v/3/v/2. What force along the plane should be applied
to the block so that it moves (a) down, and (b) up,
without any acceleration? [Take g = 10 m/s2.]  (1978)

Sol. Let F' be the force required to move the block
downwards with a constant velocity. The forces on the
block are its weight mg, normal reaction N, and fric-
tional force f. The frictional force in the sliding motion
is equal to its limiting value f = fiax = pdV.

= pu(ma +mp+ me)g.
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Resolve mg in the directions parallel and perpen-
dicular to the incline. Apply Newton’s second law to
get

N = mgcos 30°, (1)
F = f—mgsin30° = uN — mgsin 30°

(o f=uN)

= mg(p cos 30° —sin 30°) (using (1))

Let I’ be the force required to move the block
upwards with a constant velocity. The direction of
frictional force f is downwards and its magnitude is
f = fmax = uIN. The normal reaction N is given by
equation (1).

Apply Newton’s second law in the direction parallel
to the incline to get

F' = f +mgsin30° = uN + mgsin 30°
= mg(pcos 30° + sin 30°)

= (2)(10) (g‘f + ;) saN

Ans. (a) 11.21 N (b) 31.21 N [
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