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WORK, POWER & ENERGY
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INTRODUCTION:

The term ‘work’ as understood in everyday life has a different meaning in scientific sense. If a coolie is
carrying a load on his head and waiting for the arrival of the train, he is not performing any work in the
scientific sense. In the present study, we shall have a look into the scientific aspect of this most commonly
used term i.e., work.

WORKDONEBY CONSTANT FORCE:

The physical meaning of the term work is entirely different from the meaning attached to it in everyday
life. In everyday life, the term ‘work’ is considered to be synonym of ‘labour’, ‘toil’, effort’ etc. In physics,
there is a specific way of defining work.

Work is said to be done by a force when the force produces a displacement in the body on which
it acts in any direction except perpendicular to the direction of the force.

For work to be done, following two conditions must be fulfilled.

(i) A force must be applied.

(i) The applied force must produce a displacement in any direction except perpendicular to the direction
of the force.

Suppose a force F is applied on a body in such a way that the body suffers a displacement S in the
direction of the force. Then the work done is given by
W =FS

P (< 3
However, the displacement does not always take place in the direction of the force. Suppose a constant

force F, applied on a body, produces a displacement S in the body in such a way that S is inclined to
F at an angle 8. Now the work done will be given by the dot product of force and displacement.

W = I; S
Since work is the dot product of two vectors therefore it is a scalar quantity.
W =FS cos 6

or W = (F cos 6)S

W = component of force in the direction of displacement x magnitudes of displacement.
So work is the product of the component of force in the direction of displacement and the magnitude of
the displacement.
Also, W =F (S cos 0)
or work is product of the component of displacement in the direction of the force and the magnitude of
the displacement.

»|

F cos 0

Special Cases:

Case (i)

When 6 = 90°, then W = FS cos 90°=0

So, work done by a force is zero if the body is displaced in a direction perpendicular to the
direction of the force.

Examples :
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1. Consider a body sliding over a horizontal surface. The work done by the force of gravity and the
reaction of the surface will be zero. This is because both the force of gravity and the reaction
act normally to the displacement.
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The same argument can be applied to a man carrying a load on his head and walking on a
railway platform.

2. Consider a body moving in a circle with constant speed. At every point of the circular path, the
centripetal force and the displacement are mutually perpendicular (Figure). So, the work done
by the centripetal force is zero. The same argument can be applied to a satellite moving in a
circular orbit. In this case, the gravitational force is always perpendicular to displacement. So,
work done by gravitational force is zero.
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] E
O—%
3. The tension in the string of a simple pendulum is always perpendicular to displacement.

(Figure). So, work done by the tension is zero.

Case (ii):

When S =0, then W =0.

So, work done by aforce is zero if the body suffers no displacement on the application of a force.
Example :

A person carrying a load on his head and standing at a given place does no work.

Case (jiii) :

When 0°< 0 <90°[Figure], then cos 0 is positive. Therefore.

W (= FS cos 0) is positive.

Work done by a force is said to be positive if the applied force has a component in the direction
of the displacement.

F
8(<90°)
—
Positive work S
Examples :
1. When a horse pulls a cart, the applied force and the displacement are in the same direction.
So, work done by the horse is positive.
2. When a load is lifted, the lifting force and the displacement act in the same direction. So, work
done by the lifting force is positive.
3. When a spring is stretched, both the stretching force and the displacement act in the same
direction. So, work done by the stretching force is positive.
Case (iv):

When 90° < 0 < 180° (Figure), then cos@ is negative. Therefore W (= FS cos 0) is negative.
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Work done by a force is said to be negative if the applied force has component in a direction
opposite to that of the displacement.

F
0( > 90°)
s
Negative work
Examples :
1. When brakes are applied to a moving vehicle, the work done by the braking force is negative.
This is because the braking force and the displacement act in opposite directions.
2. When a body is dragged along a rough surface, the work done by the frictional force is

negative. This is because the frictional force acts in a direction opposite to that of the
displacement.

3. When a body is lifted, the work done by the gravitational force is negative. This is because the
gravitational force acts vertically downwards while the displacement is in the vertically upwards
direction.

Example 1. Figure shows four situations in which a force acts on a box while the box slides rightward a

distance d across a frictionless floor. The magnitudes of the forces are identical, their orientations
are as shown. Rank the situations according to the work done on the box during the
displacement, from most positive to most negative.

[ -

(A) (B) ©) (D)
Answer : D,C,B,A

Explanation : In (D) 8 =0°, cos 6 =1 (maximum value). So, work done is maximum.
In (C) 8 < 90°, cos 0 is positive. Therefore, W is positive.
In (B) 8 =90°, cos 0 is zero. W is zero.
In (A) 6 is obtuse, cos 6 is negative. W is negative.

AN
WORKDONE BY MULTIPLE FORCES:

If several forces act on a particle, then we can replace F in equation W = F. S by the net force ZF
where

—

sF=F;+F,+Fs+

W=[zF]. S )

—

This gives the work done by the net force during a displacement S of the particle.
We can rewrite equation (i) as :

W=F1.S+F2.+F3.S+

or W=Wi1+W2+Wsz+ ...
So, the work done on the particle is the sum of the individual works done by all the forces acting on the
particle.

Important points about work:
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1.

6.
7.

Work is defined for an interval or displacement. There is no term like instantaneous work similar
to instantaneous velocity.

For a particular displacement, work done by a force is independent of type of motion i.e.
whether it moves with constant velocity, constant acceleration or retardation etc.

For a particular displacement work is independent of time. Work will be same for same
displacement whether the time taken is small or large.

When several forces act, work done by a force for a particular displacement is independent of
other forces.

A force is independent from reference frame. Its displacement depends on frame so work done
by a force is frame dependent therefore work done by a force can be different in different
reference frame.

Effect of work is change in kinetic energy of the particle or system.

Work is done by the source or agent that applies the force.

Units of work:
1. Unit of work :

In cgs system, the unit of work is erg.
One erg of work is said to be done when a force of one dyne displaces a body through one

centimetre in its own direction.

lerg=1ldynexlcm=1gcms2?2x1lcm=1gcm?s

Note: Erg is also called dyne centimetre.

Note

In Sl i.e., International System of units, the unit of work is joule (abbreviated as J). It is named
after the famous British physicist James Personal Joule (1818 — 1869).

One joule of work is said to be done when a force of one Newton displaces a body through one
metre in its own direction.

1 joule = 1 Newton x 1 metre = 1 kg x1 m/s? x 1 m = 1kg m? s

Another name for joule is Newton metre.

Relation between joule and erg

1 joule =1 Newton x 1 metre

1 joule = 10° dyne x 102 cm = 107 dyne cm
1 joule = 107 erg

1erg =107 joule

DIMENSIONS OF WORK:

[Work]

= [Force] [Distance] = [MLT-2] [L] = [ML2T-?]

Work has one dimension in mass, two dimensions in length and ‘-2’ dimensions in time,
On the basis of dimensional formula, the unit of work is kg m? s=2.
Note that Lkgm?s2=(Lkgms?)m=1Nm=1J.

——— Solued Examples

Example 2.

Solution :
Example 3.
Solution :

Example 4.
Solution :

AN |

There is an elastic ball and a rigid wall. Ball is thrown towards the wall. The work done by the
normal reaction exerted by the wall on the ball is

(A) +ve (B) —ve (C*) zero (D) None of these
As the point of application of force does not move, the w.d by normal reaction is zero.

Work done by the normal reaction when a person climbs up the stairs is -
(A) +ve (B) —ve (C*) zero (D) None of these
As the point of application of force does not move, the w.d by normal reaction is zero.

Work done by static friction force when a person starts running is
As the point of application of force does not move, the w.d by static friction is zero.
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WORK DONE BY VARIOUS REAL FORCES
Work done by gravity Force.

——— Solved Examples

Example 5.
(1)
10 m/s 2)
10 m/s
()

100 m

The mass of the particle is 2 kg. It is projected as shown in four different ways with same speed

of 10 m/s. Find out the work done by gravity by the time the stone falls on ground.

- |
. _|F|IS _ :

Solution : W = cos 6 = 2000 J in each case.

(AN|

Work done by normal reaction.

— Solued Evamples

Example 6.

100m

Y.

<

20kg[™T10kg A {E]
Yoy ;/////////// VLI ead

F=120N
—>

(i) Find work done by force F on A during 100 m displacement.
(i) Find work done by force F on B during 100 m displacement.
(i) Find work done by normal reaction on B and A during the given displacement.
(iv) Find out the kinetic energy of block A & B finally.
Solution : (i) (WF)ona = FAS cos 6
=120 x 100 x cos 0°
=12000J

(i) (WF)ons =0 F does not act on B
(iii)

4 m/s’

—

N 110 kg
B

10x4=40N

N =
120 | 20 kg |40

A

(Wn)ons =40 x 100 x cos 0° = 4000 J
(Wn)ona =40 x 100 x cos 180° = — 4000 J
(iv) v2 = u? + 2as u=0

v2=2x4x100 = v=20\/§m/s
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N -

KEa = ¢ x 20 x 800 = 8000 J

1
KEs = 2 x 10 x 800 = 4000 J
W.D. by normal reaction on system of A & B is zero. i.e. w.d. by internal reaction on a rigid
system is zero.

-

Example 7. A particle is displaced from point A (1, 2) to B(3, 4) by applying force F =2 + 3. Find the work

%

done by F to move the particle from point A to B.
-

Solution : w=F AS

AR

AS:(3—1)i+(4—2)]

=@i+3ly. @i+2]

=2x2+3x%x2=10units
A B
(1,2) (3.4)

ENERGY:

Definition: Energy is defined as internal capacity of doing work. When we say that a body has energy
we mean that it can do work.

Energy appears in many forms such as mechanical, electrical, chemical, thermal (heat), optical (light),
acoustical (sound), molecular, atomic, nuclear etc., and can change from one form to the other.

KINETICENERGY :

Definition:

Kinetic energy is the internal capacity of doing work of the object by virtue of its motion.

Kinetic energy is a scalar property that is associated with state of motion of an object. An aero-plane in
straight and level flight has kinetic energy of translation and a rotating wheel on a machine has kinetic
energy of rotation. If a particle of mass m is moving with speed ‘v’ much less than the speed of the light
than the kinetic energy ‘K’ is given by

K=1mﬂ
2
Important Points for K.E.
1. As mass m and v2 (V-V) are always positive, kinetic energy is always positive scalar i.e, kinetic
energy can never be negative.
2. The kinetic energy depends on the frame of reference,
2
P

K= 2m and P= 2mK; P = linear momentum

The speed v may be acquired by the body in any manner. The kinetic energy of a group of
particles or bodies is the sum of the kinetic energies of the individual particles. Consider a

LT uT LT
system consisting of n particles of masses mi, m, ...... , mn. Let V1, V2 Vo, be their
respective velocities. Then, the total kinetic energy Ex of the system is given by
1 1 1
Ex= 2mwvi2+ 2mav22 + ......... + 2 mpvn?
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If m is measured in gram and v in cm s, then the kinetic energy is measured in erg. If m is
measured in kilogram and v in m s, then the kinetic energy is measured in joule. It may be
noted that the units of kinetic energy are the same as those of work. Infect, this is true of all
forms of energy since they are inter-convertible.

Typical kinetic energies (K):

S.No. Object Mass (kg) |Speed (ms™) K(J)
1 Air molecule ~107%° 500 ~ 107
2 Rain drop at terminal speed | 3.5 x 107° 9 1.4 x 107
3 Stone dropped from 10 m 1 14 10 ?
4 Bullet 5x 107° 200 103
5 Running athlete 70 10 3.5x 10°
6 Car 2000 25 6.3 x 10°

RELATION BETWEEN MOMENTUM AND KINETIC ENERGY :

Consider a body of mass m moving with velocity v. Linear momentum of the body, p = mv
1

Kinetic energy of the body, Ex = 2 mv2

il L
Ex= 2M (ma?) or Ex= 2m or p= 2mE

Example 8. The kinetic energy of a body is increased by 21%. What is the percentage increase in the

magnitude of linear momentum of the body?

121 1 121 "
Solution : Ee = 100 B or 2mvzz= 100 2 mye2 or v2= 10y,
" " -
or mv2= 10mvi or p2= 10p; or Pt _1=10 _1=10
P2 — P4 1

or P1 x100= 10 x 100 = 10

So, the percentage increase in the magnitude of linear momentum is 10%.
Example 9.

smooth =

10kg > F = 10N
AARRARRRR NR RN R RRRNNNY
Force shown acts for 2 seconds. Find out w.d. by force F on 10 kg in 3 seconds.
- - —
Solution : w= F AS = w= F AScoso° = w=104S
LI
Now10=10a - a=1m/s? = S=2a2=2 x1x22=2m

w=10x2=20J

Example 10. Find Kinetic energy after 2 seconds.
Solution : V=0+at
> V=1x%x2=2m/s
1

~ KE=2 x10x22=202J.
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(AN
WORKDONEBY AVARIABLE FORCE:

When the magnitude and direction of a force vary in three dimensions, it can be expressed as a function
of the position. For a variable force work is calculated for infinitely small displacement and for this
displacement force is assumed to be constant

5
dw = F.ds

The total work done will be sum of infinitely small work
B

T; ds [ Foose)ds
A

Wa B = = A
In terms of rectangular components,
F:Fx'i‘+|:yj rFk > dS‘:dx7+dyj+dzf<
*B B ‘B
W, g = IFX dx + J' F,dy + Idez

YA ZA

 Selued Evamples

Example 11. An object is displaced from position vector
F = (3x%i + 2yj)N

- 2 4t - Y
n=(2i+3))m o =(4i+61)M ,14er the action of

a force . Find the work done by this force.

P 5 N . N N .
W:J‘_,F.dr J'ﬁ (3x27 + 2]).(dxi + dy] + dzk)
Solution : f =""

7}

- (3x%dx + 2ydy) 3, ,21(4,6)
In DOHYles) Cgay aps.

8|
AREA UNDER FORCE DISPLACEMENT CURVE:

Graphically area under the force-displacement is the work done

+ve work +ve work
F. F,
F, +ve work
)
[ —>X -ve work [ —>Z
The work done can be positive or negative as per the area above the x-axis or below the x-axis
respectively.

———— Solved Evamples

Example 12. Aforce F = 0.5x + 10 acts on a particle. Here F is in Newton and X is in metre. Calculate the work
done by the force during the displacement of the particle from x = 0 to x = 2 metre.

Solution : Small amount of work done dW in giving a small displacement dx s given by
dw = F . dx or dW = Fdx cos 0° or dW = Fdx [+ cos 0°=1]

J-x=2 x=2
<
Total work done, W = “x=0 x=0 (0.5 x + 10)dx

x=2 x=2
j 0.5x dx +j
=0 10dx=0.5

xz x=2 x=2

X

x=0 + 10 x=0

2 [22-07+10[2-0] = (1 + 20) = 21 J
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(AN|

Idwzj' Fae

Work done by Variable Force W =

———— Solved Examples

Example 13.  An object is displaced from point A(1, 2) to B(0, 1) by applying force F = xi + 2yj.

Solution :

Example 14.

Solution :

Example 15.

Solution :

N

%

Find out work done by F to move the object from point A to B.

- = . .
dw= F  ds  aw=(xi+2yl)@xi+dyl)
A B
(1,2) (0,1)
0 q
dex I2y dy
dw =1 + 2 W=-35J
The linear momentum of a body is increased by 10%. What is the percentage change in its kinetic
energy?
Percentage increase in kinetic energy = 21%]
. 110 11 E, (11)* 121
Hintmv, =——mv,,v, =—v,,—==| —| =—
100 10 " E, 10 100

E,-E
Percentage increase in kinetic energy = 2E 1 x ‘IOO}

1 =21%

A time dependent force F = 10 t is applied on 10 kg block as shown in figure.

t=10
10kg

ANARRRRARRRARNY
Find out the work done by F in 2 seconds.
- -

dw= F .ds

dW =10t. dx

dW=10tvdt ... (1) dx=vdt
dv

also 10x dt =10t

Ivdv Ittdt v
0 =0 = V= 2 . (2)
(12)

from (1) & (2) szlOt.Lszt
5
f[ﬂ?
dw =5t3dt, w=4 0 =20J

> F =10t
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1

Aliter : AK.E.= 2 x10(22-0)=0

(AR|

WORK DONE BY SPRING FORCE

———— Solved Evamples

Example 16.

Solution :

Example 17.

Solution :

Example 18.

Solution :

K i
g_nW\’WWV‘.:%F
Ta—

X

Initially spring is relaxed. A person starts pulling the spring by applying a variable force F. Find

out the work done by F to stretch it slowly to a distance by x.
(Kx2\

faw _[Fas [ kxax oz

In the above example

0] Where has the work gone ?
(ii) Work done by spring on wall is zero. Why?
(i) Work done by spring force on man is
0] It is stored in the form of potential energy in sprlng
(ii) Zero, as displacement is zero.
1Kx2
(iii) -2

Find out work done by applied force to slowly extend the spring from x to 2x.

Initially the spring is extended by x

- -
w= F .ds
2X
.[ Kx.dx
= JX
2 2X
{KL} 3
W = 2 X = 2 Kx2
Ly
- TO00T0
x=0 X=X X = 2%
— 000000 —>
2%

It can also found by difference of PE.
1 1

e U= 2K@2x)?2=2kx® = U= 2k o U

r\Jlr.o

kx?
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AR|

WORK DONE BY OTHER CONSTANT FORCES

——— Solved Examples

Example 19. A block of mass m is released from top of a smooth fixed inclined plane of inclination 6.

J|fixed AN
Find out work done by normal reaction & gravity during the time block comes to bottom.
Solution : Wn=0 asF L AS
- —

Wg= F .AS =mg.AS.cos (90 -6) =mg AS sin 8 = mgh

Example 20. Find out the speed of the block at the bottom and its kinetic energy.
Solution : V2 = u? + 2as
h

V2=0+2(gsin0) SN0 o  v2=ogh = v=vah
1
KE = 2 mv2=mgh

(AR|

WORK DONE BY TENSION

——— Solued Examples

Example 21. A bob of pendulum is released at rest from extreme position as shown in figure. Find work done
by tension from Ato B, Bto C and C to A.

Solution :
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Example 22.

Solution :

Example 23.

Solution :

Example 24.

Solution :

In the above question find out work done by gravity from A to B and B to C.
- —

Wg: FAS
mg AS cos 6
Wy =mg(/—/¢cos0) forAtoB

Wy =—-mg (¢ — ¢ cos 0) forBto C

10 kg
2m
Ground
The system is released from rest. When 10 kg block reaches at ground then find :
(i) Work done by gravity on 10 kg (i) Work done by gravity on 5 kg
(iii) Work done by tension on 10 kg (iv) Work done by tension on 5 kg.
(i) (Wg)iokg=10gx 2
=200J
(i) (Wg)skg =5 g x 2 x cos 180°
=-100J
200
(i) (Wr)10kg= 3 x 2 x cos 180°
-400
= 3 J
200 400

(iv) Wr)sig= 3 x2xcos0°= 3 J
Net w.d. by tension is zero. Work done by internal tension i.e. (tension acting within
system) on the system is always zero if the length remains constant.

A block of mass m is released from top of an incline plane of inclination 6. The coefficient of
friction between the block and incline surface is p (1 < tan 6). Find work done by normal reaction,
gravity & friction, when block moves from top to the bottom.

WA
Wn=0 ~ Fn LAS

Wg=mg ¢sin 8
Ws=—pmgcos 0./
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Example 25. What is kinetic energy of block of mass m at bottom in above problem.
Solution : V2 = u? + 2as
V2 =2(gsin 6 — pgcos 0) (4)
1
~KE=2m2(gsin6—pgcos6)¢=mg/ (sin 6 — p cos 0)

AN
WORK DONE BY FRICTION

———— Solved Evamples

Example 26. In the given figure

=0.5
" N 10Akg

Smooth B
10 kg ——>100 N

HITTTTTTTT //!lf/l/////l!//l/ﬂ///l

2Zm
(i) Find work done by applied force during displacement 2m.
(i) Find work done by frictional force on B by A during the displacement.
Solution : 0] 100 x 2 x cos 0° =200 J
(i) fsmax =pmg =0.5%x10g =50 N
Assuming they move together.
100=20a = a=>5 m/s?
Check Friction on A
f=z10x5=50N
freqd = favailable -~ They move together
Hence (Wfons = — 100 J

(W) ona=100J -~ Net zero
i.e. w.d. by internal static friction is zero.

Example 27. A block of mass 10 kg is projected with speed 10 m/s on the surface of the plank of mass 10
kg, kept on smooth ground as shown in figure.

—>V=10m/s
roted 0
smoothé\_i 10kg B V=0
0] Find out the velocity of two blocks when frictional force stops acting.
(i) Find out displacement of A & B till velocity becomes equal.
Solution : ()
A e=1mis’ 8 —>1m/s’

10N

Va=10 -1t = Ve = 1t

Frictional force stops acting when

Va=Vs = 10-t=t

10=2t = t =5 sec.

Ve = Va=5m/s

Situation becomes

5mi/s
5mls
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1
(ii) SAa=10x5-2x1x52 =375m
1
Se= 2 x1x52 =125m

Example 28. In the above question find work done by kinetic friction on A & B.

Solution : (Wkr)on A =10 x 37.5 cos 180° =-375J

(Wkr)on B =10 x 12.5 cos 0

=125

work done by KF on system of A & B
=-375+125=-250J

Work done by KF on a system is always negative.

Heat generated = — (Wkr) on system
(Wkr) on system = — (fc X Srelative)
=-10%x25=-250J

True / False:
Example 29. Work done by kinetic friction on a body is never zero.
Answer : False

Example 30. Work done by kinetic friction on a system is always negative.
Answer : True

8|
WORK DONE BY PSEUDO FORCE

Kinetic Energy of a body frame dependent as velocity is a frame dependent quantity. Therefore
pseudo force work has to be considered.

———— Solved Evamples

Example 31. A block of mass 10 kg is pulled by force F = 100 N. It covers a distance 500 m in 10 sec. From
initial point. This motion is observed by three observers A, B and C as shown in figure.

th =
smcg m‘—) F=100N i
e—

500 min 10 sec

a=0 u=0
a=10 —10m/s —>a=10 m/s’
A v=0 B C

Find out work done by the force F in 10 seconds as observed by A, B & C.
Solution : (WE)on block w.rt A = 100 x 500 J = 50,000 J

(WE)onblockwrte = 100 [500 — 10 x 10] = 40,000 J

(WE)on block w.rtc = 100 [500 —500] = 0

(AN
WORK DONE BY INTERNAL FORCE

Fas = — Fea i.e. sum of internal forces is zero.

But it is not necessary that work done by internal force is zero. There must be some deformation or
reformation between the system to do internal work. In case of a rigid body work done by internal force
is zero.
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Work-Energy Theorem:
According to work-energy theorem, the work done by all the forces on a particle is equal to the change
in its kinetic energy.
Wec + Wne + Wps = AK
Where, Wc is the work done by all the conservative forces.
Wi is the work done by all non-conservative forces.
Wes is the work done by all psuedo forces.

Modified Form of Work-Energy Theorem:
We know that conservative forces are associated with the concept of potential energy, that is
Wc =- AU
So, Work-Energy theorem may be modified as
Whe + Wps = AK + AU
Whe + Wps = AE

— Solved Evamples

Example 32. A body of mass m when released from rest from a height h, hits the ground with speed \/971
Find work done by resistive force.
Solution : Identify initial and final state and identify all forces.

u=0

Wy + Wairres. + Wintforce = AK

1 2
mgh + Wairres + 0 = Em(@) -0
_mgh
= Wair res. = 2

Example 33. The bob of a simple pendulum of length | is released when the string is horizontal. Find its speed
at the bottom.

Solution : Wy + Wt = AK
1
mgl/+0= 2mu2-0
U= 2g/
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Example 34. A block is given a speed u up the inclined plane as shown.

A *
M
0

Using work energy theorem find out x when the block stops moving.

Solution : Wg + Wi + W = AK
1 u’

—mgxsin®—pumgxcosd+0=0— 2mu? = x = 29(sinf + pcoso)

Example 35. The masses M1 and Mz (M2 > M1) are released from rest.
BAVERARCUELLVEANAVEARCYARARATALYY
)
M| M,

Using work energy theorem find out velocity of the blocks when they move a distance x.
Solution : (WailF)system = (AK)system

(Wg)sys + (WT)sys = (AK)sys as (Wr)sys =0

1
Magx — Migx = 2 (M1 + M2)V2—0 .......... (1)
2(M, — M, )gx

V= M, + M,

Example 36. In the above question find out acceleration of blocks.
1 dv
Solution : (M2g — M1g) = 2 (M1 + Mp) 2v dx [Differentiating equation (1) above]
(M - M, | dv
V —_—
= M1 + M2 = dx = a

Example 37. A stone is projected with initial velocity u from a building of height h. After some time the stone

falls on ground. Find out speed with it strikes the ground.
Solution :
u

Wall forces = AK
Wg = AK
1 1

mgh = 2mv2— 2 mu?

V= Ju? +2gh
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Power :

———— Solved Evamples

Power is defined as the time rate of doing work.
When the time taken to complete a given amount of work is important, we measure the power of the
agent of doing work.

The average power (ﬁ or pav) delivered by an agent is given by
W

Porpa= t where W is the amount of work done in time t.
Power is the ratio of two scalars- work and time. So, power is a scalar quantity. If time taken to complete
a given amount of work is more, then power is less. For a short duration dt, if P is the power delivered
during this duration, then - .

-
p_Fds 2ds
dt = dt =F v

This is instantaneous power. It may be +ve, —ve or zero.
By definition of dot product,

P =Fvcos 6

where 8 is the smaller angle between F and V.
This P is called as instantaneous power if dt is very small.

Example 38. A block moves in uniform circular motion because a cord tied to the block is anchored at the

centre of a circle. Is the power of the force exerted on the block by the cord is positive, negative
or zero?

Answer : Zero
Explanation. F and v are perpendicular.

AR

Power = F.V = Fv cos 90° = Zero.

Unit of Power :

A unit power is the power of an agent which does unit work in unit time.
The power of an agent is said to be one watt if it does one joule of work in one second.
1 watt = 1 joule/second = 107 erg/second

1 newton x 1 metre

Also, 1 watt= 1second =1Nms?.
Dimensional formula of power

[Work]  [ML2T72]

[Power] = [TMel = [T =219
Power has 1 dimension in mass, 2 dimensions in length and — 3 dimensions in time.
S.No. Human Activity Power (W)

1 Heart beat 1.2
2 Sleeping 83
3 Sitting 120
4 Riding in a car 140
5 Walking (4.8 km h™) 265
6 Cycling (15 km h™") 410
7 Playing Tennis 440
8 Swimming (breaststroke, 1.6 km h™") 475
9 Skating 535
10 Climbing Stairs (116 steps min™) 685
11 Cycling (21.3km h™) 700
12 Playing Baskethall 800
13 Tube light 40
14 Fan 60
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— Solved Examples

Example 39.

Solution :

A block moves with constant velocity 1 m/s under the action of horizontal force 50 N on a
horizontal surface. What is the power of external force and friction?

— 5 v=1m/s
—1—> 50N
(\ﬁlﬂfﬂﬂ T

rough
Sincea=0ie.fk=50N
Pext=50x1=50W
Pi=-50 x 1=-50 W

— s v=1m/s

——> 50N

T T

Example 40.

Solution :

Sa&eed Evamples

Power is also the rate at which energy is supplied.
Net power =P1+ P2+ Ps .............

dw,  dW, [dW1 +dW, + . ]
Pret = dt + (o] = Pret = dt

oK
Pre = dt . Wai = AK

Rate of change of kinetic energy is also power.

A stone is projected with velocity u at an angle 6 with horizontal. Find out

(i) Average power of the gravity during time t.

(i) Instantaneous power due to gravitational force at any time t where t is time of flight.

(iii) When is average power zero ?
(iv) When is Pinst zero ?

(v) When is Pinst Negative ?

(vi) When is Pinst positive ?

0"
mg | usinét - gt?
w mgh g 2 g
(|) <P> = T = — t = — t
mg [gt usme}
<P>= L2
(i) Instantaneous power
P= Fov

= (-mg I) [ucose i + (usin® — gt]))]
= —mg(usin 8 — gt)
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gt ) 2usin®
=—=usind
(iii) 2 = t= 9 | e time of flight.
usin®
(iv) When F & V are Lie.att= 9  whichis at the highest point.
(v) From base to highest point.

(vi) From highest point to base.

AN
POTENTIAL ENERGY

Energy :- Itis the internal capacity to do work.

Kinetic Energy :- It is internal capacity to do work by virtue of relative motion.

Potential Energy :- It is the internal capacity to do work by virtue of relative position.
Example :- Gravitational Potential Energy , Spring PE etc.
Potential Energy
Definition:
Potential energy is the internal capacity of doing work of a system by virtue of its configuration.
In case of conservative force (field) potential energy is equal to negative of work done by
the conservative force in shifting the body from some reference position to given position.
Therefore, in case of conservative force

U, L= = -

_[ duz—j F.dr U, -Uy =—[ F-dr=-w

U f ie., fi
Whenever and wherever possible, we take the reference point at and assume potential energy to be zero
there, i.e., If we take r1 = and U1 = 0 then

U= —j;l?-dr_’: —w

€) Gravitation Potential Energy :
U = mgh for a particle at a height h above reference level.

——— Solved Examples

Example 41  Calculate potential energy of a uniform vertical rod of mass M and length /.
M

Y
Solution :

dx$

X

Y

dU = (dm) gx
U f
IdU=I[%dx} gx Mg/
0 0 , u= 2
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(b) Spring potential energy :
1Kx2
U= 2

Where x is change in length from its natural length.

Note : Gravitational potential energy can be +ve , —ve or zero but spring potential energy will always be +ve.

————— Solved Evamples

Example 42 Inthe given figure, a uniform rod of mass m and length | is hinged at one end. Find the work done
by applied force in slowly bringing the rod to the inclined position.

0= 1m
m=5kg
Solution : WaLL = AK by work energy theorem
{1 1

x=2 -2 cos60°= 4m=0.25m
W+ Why W+ Wy = 4K Wy =Wy =0

)

mg
0 —mg(0.25) + Wrapp =0—-0
AK = 0 as slowly brought

o WFapp =5x9.8x0.25
It can be seen that Wrapp = mgh =5 x 9.8 x 0.25 J.

Example 43 A uniform rod of mass M and length ¢ is held in position shown in the figure. Find the potential

energy of the rod.

=M. [
///// e
Uu=0

Solution : dU =dm.g.h
ju

fau )7 ,

=0 dx.g.xsin®
Mgsino £
u= 2
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/ . xsin
e

//// L // 7 /////////// i

u=0

o)

Example 44 A uniform solid sphere of mass M and radius R is kept on the horizontal surface.
M,R

Note that centre of mass of the rod is at height from the ground.

Find potential energy of the solid sphere.
Solution : U = Mghem
for symmetrical body COM is the geometrical centre of the body. .. U=MgR

Example 45  Find work done by gravity in moving the block
(i) from Ato B
(i) from B to A
(i) Calculate Ua — Us
(iv) Calculate Us — Ua

M
B —
h
M
A U=0
Solution : (Wg)atos = —mgh
(Wg)stoa = mgh
Ua—Us =—mgh
Us — Ua = mgh
It can be said
Wg =—=AU
Work done by gravity is the -ve of the change in PE .
ie. Wy = —[Ur = U]] = Wy = Ui — Ut
Important Points for P.E. :
1. Potential energy can be defined only for conservative forces. It has no relevance for non-
conservative forces.
2. Potential energy can be positive or negative, depending upon choice of frame of reference.
3. Potential energy depends on frame of reference but change in potential energy is independent
of reference frame.
4, Potential energy should be considered to be a property of the entire system, rather than
assigning it to any specific particle.
5. It is a function of position and does not depend on the path.

Work done by spring force
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As above Wsp = — AU

| ' X =.O X =.x
Wspr = — AU
Wspr = Ui — Ur
1 1

Wspr=0— 2kx2=— 2kx2

——— Solved Examples

Example 46
K =100 N/m
C B
x=0 x=0.1 x=0.2
Find out the work done by spring force from A to B and from B to C. x = 0 is position of natural
length.
1 1
Solution : (Wspring)a— = Ui — Ur = 2K (0.2)2— 2 K(0.1)2
3
(Wspring)A»B =2 J
1
Slmllarly (Wspring)BC = 2 J
Example 47  (a) The mass m is moved from A to C along three different paths
(i) ABC
(i) ADC
(iii) AC
Find out work done by gravity in the three cases.
B L _C
vertical
h| plane-’ h
AT 0

(b) The block is moved from A to C along three different paths. Applied force is
horizontal. Find work done by friction force in path.

(i) ABC
(i) ADC
(iii) AC
B— b C
Rough . a
honzonta'\.'
a | plane .-
Am D
Solution : €) (i) —mgh
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(i) —=mgh
(iiiy —=mgh

(b) (i) Wasc = —umg (a+b)
(if) Wapc = —umg (a+b)

(ili) Wac = —umg (Va“ +b%

CONSERVATIVE FORCES

A force is said to be conservative if work done by or against the force in moving a body depends only on
the initial and final positions of the body and not on the nature of path followed between the initial and
final positions.

7 i, T,

....... [
A A -
m m m7

T T T
(a) (b) ()

Consider a body of mass m being raised to a height h vertically upwards as show in above figure. The
work done is mgh. Suppose we take the body along the path as in (b). The work done during horizontal
motion is zero. Adding up the works done in the two vertical parts of the paths, we get the result mgh
once again. Any arbitrary path like the one shown in (c) can be broken into elementary horizontal and
vertical portions. Work done along the horizontal parts is zero. The work done along the vertical parts
add up to mgh. Thus we conclude that the work done in raising a body against gravity is independent of
the path taken. It only depends upon the initial and final positions of the body. We conclude from this
discussion that the force of gravity is a conservative force.

Examples of Conservative forces.

0] Gravitational force, not only due to the Earth but in its general form as given by the universal law
of gravitation, is a conservative force.

(i) Elastic force in a stretched or compressed spring is a conservative force.

(i) Electrostatic force between two electric charges is a conservative force.

(iv) Magnetic force between two magnetic poles is a conservative forces.

In fact, all fundamental forces of nature are conservative in nature.

Forces acting along the line joining the centres of two bodies are called central forces. Gravitational force
and Electrostatic forces are two important examples of central forces. Central forces are conservative
forces.

(i)

(i)

PROPERTIES OF CONSERVATIVE FORCES

Work done by or against a conservative force depends only on the initial and final positions of
the body.

Work done by or against a conservative force does no depend upon the nature of the path between initial
and final positions of the body.

If the work done a by a force in moving a body from an initial location to a final location is independent of
the path taken between the two points, then the force is conservative.

(iii)

Work done by or against a conservative force in a round trip is zero.
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If a body moves under the action of a force that does no total work during any round trip, then the force
is conservative; otherwise it is non-conservative.
The concept of potential energy exists only in the case of conservative forces.

(iv)

The work done by a conservative force is completely recoverable.

Complete recoverability is an important aspect of the work of a conservative force.

———— Solved Examples

NON-CONSERVATIVE FORCES
A force is said to be non-conservative if work done by or against the force in moving a body depends
upon the path between the initial and final positions.

The frictional forces are non-conservative forces. This is because the work done against friction depends
on the length of the path along which a body is moved. It does not depend only on the initial and final
positions. Note that the work done by frictional force in a round trip is not zero.

The velocity-dependent forces such as air resistance, viscous force etc., are non conservative forces.

S.No. Conservative forces Non-Conservative forces
1 Work done does not depend upon path Work done depends on path.
2 Work done in round trip is zero. Work done in a round trip is not zero.

Forces are velocity-dependent and

3 Central in nature. oo
retarding in nature.

When only a consenvative force acts within a
systrem, the kinetic enrgy and potential energy  [Work done against a non-conservative

4 can change. Howewer their sum, the mechanical [force may be dissipated as heat energy.
energy of the system, does not change.
5 Work done is completely recoverable. Work done in not completely

recoverable.

Example 48  The figure shows three paths connecting points a and b. A single force F does the indicated work

on a particle moving along each path in the indicated direction. On the basis of this information,
is force F conservative?

—60J

60J

60J b

Answer : No

Explanation : For a conservative force, the work done in a round trip should be zero.

Example 49  Find the work done by a force F = xi + yj acting on a patrticle to displace it from point A (0, 0)

to B(2, 3).
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Solution :

True or False

Example 50.
Answer :

Example 51.
Answer :

Example 52.
Answer :

Example 53.

Solution :

Example 54.

Solution :

Example 55

dW = F.ds = (x 1+ yl).@xi +ady))

T2 » 3
2 3 x y 13
xdx d {2} {2} *

W:jo +ony: 0 + 0 = 2 ynits

In case of a non conservative force work done along two different paths will always be different.
False

In case of non conservative force work done along two different paths may be different.
True

In case of non conservative force work done along all possible paths cannot be same.
True

Find work done by a force F = xi + xyj acting on a patrticle to displace it from point O(0,0) to
C(2,2).

2 2
IdW dex Ixydy
=0 + 0
can be found cannot be found

until x is known in
terms of y i.e. until
equation of path is known.

Find the work done by F from O to C for above example if paths are given as below.

B C(2, 2)
N N
010, 0) A
OAC = OA + AC
forOA y=0 dy=0
2
xdx
deOA f
=0 +0 ~Woa=21J
for AC xX=2 dx=0
jdw jz d
yay
A -0 +270 Wac = 4J
Woac =Woa + Wac=2+4=6J
(i) OBC >  OB+BC
forOB x=0 dx=0 Woe = O
forBC y=2 dy=0
72
X
_[dw jxdx {2 J
= W = 0=2]
Woac # Wosc

Hence the force is non-conservative.
(iii) For Woc  dW = xdy + xydx
forOC x=y dx=dy

szdx . ‘[Dzyzdy 14

dw = 7o w= 3 unit

Find out work done by the force F = yi +x! to displace the particle from point O to C along the
given paths. Decide whether the force is conservative or non—conservative.
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B > C(2, 3)
N N
0(0, 0) A

Solution : 0] OAC = OA + AC

AN |

forOA y=0 dy=0
dW =0 Woa= 0
forAC x=2 dx=0

3
d
_[dw j y _
=20 = W=6J = Woac = 6 units
(i) OBC = OB + BC
for OB x=0 dx=0 dw =0
for BC y=3 dy=0
2
[aw I 3dx . .
=0 = W = 6 units = Wosc = 6 units
(iii) oC
3 3
forOC y= 2x dy = 2 dx
2 2
3 3
—xdx — Xdx
_[dw Jz 2
2
IdW Ix dx |
= =30 = Woc = 6 units

Above force seems conservative but cannot be confirmed yet unless we can integrate it without
the knowledge of path.

Again we had dw = xdy + ydx & xdy + ydx can be written as dxy
faw _ [dxy [ oy pops
- = W = 0,0 - [ y]O,D =6J

Hence knowledge of path was not required to integrate the above so F is conservative.

POTENTIAL ENERGY AND CONSERVATIVE FORCE :

Fs =—-0Uls,
i.e. the projection of the field force, the vector F, at a given point in the direction of the displacement dr
equals the derivative of the potential energy U with respect to a given direction, taken with the opposite
sign. The designation of a partial derivative 6/0s emphasizes the fact of deriving with respect to a definite
direction.
So, having reversed the sign of the partial derivatives of the function U with respect to x, y, z, we obtain
the projection Fx, Fy and F: of the vector F on the unit vectors i, j and k. Hence, one can readily find the
vector itself : F = F«i + Fyj + FzKk, or
When conservative force does positive work then PE decreases

duU =—dw

dU =-F.ds

dU = (Fxi + Ryl + F.K) L (axi +dy! +dzk)
dU = — Fxdx — Fydy — Fzdz
if y & z are constants thendy =0dz =0
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dU = — Fxdx
du
Fx=— dxif y & z are constant
-ouU
Fx= OX
—du —du
Similarly Fy = &Y : F,= oz

(U, au. U )
LTl + '-\_J + —kJ
F=_\0Xx oy oz
The quantity in parentheses is referred to as the scalar gradient of the function U and is denoted by grad
U or VU. We shall use the second, more convenient, designation where V (“nabla”) signifies the symbolic
vector or operator
il otk 9
y= Ox "dy oz

Potential Energy curve :

. A graph plotted between the PE a particle and its displacement from the centre of force field is
called PE curve.

O X —
. Using graph, we can predict the rate of motion of a particle at various positions.
du
° Force on the patrticle is Fx) = _dx
Case : | On increasing X, if U increases, force is in () ve x direction i.e. attraction force.
Case : Il On increasing X, if U decreases, force is in (+) ve x-direction i.e. repulsion force.

——— Solved Examples

Example 56. The potential energy of spring is given by U = 2 kx? , where x is extension spring
Find the force associated with this potential energy.
—du

Solution : Fx= OX =_kx Fy=0 Fz=0.

Example 57. The potential energy of a particle in a space is given by U = x2 + y2,
Find the force associated with this potential energy.

—Ju —au A
Solution : Fx= OX =—[2x+0]=-2x = Fy= 0X =—(2y+0) =2y = F=—2xin—2yj
Example 58.  Find out the potential energy of given force F = — 21 — 2yj .
Solution : du = —-dwW
IdU _ I—(—QXI — 2yj).(dxi + dyj) s J‘dU _ IZxdx+j2ydy . Usxety?eC

Example 59  Find out the potential energy of the force F = yi + xj .
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Solution :

Example 60

Solution :

AN

dU=—dW = du=—(yi +x)).@xi +dyh

IdU _ _[—ydx+_[—xdy - IdU _ —dey & Usxy+c

Find out the force for which potential energy U = — xy.

Al ) ~ Al )~ Al — ~ — .
) [ouwouj} ) [o( xy)”a(ﬂxy)j}
F —-_ oX ay N F - _ OX oy

F= yi +x Hence verifying the previous example.

EQUILIBRIUM OF A PARTICLE
Different positions of a particle :-
Position of equilibrium :

du

If net force acting on a body is zero, it is said to be in equilibrium. For equilibrium dX = 0. Points P, Q &
R are the states of equilibrium positions.

Types of equilibrium :

———— Solued Evamples

Example 61

Solution :

Stable equilibrium :
When a particle is displaced slightly from a position and a force acting on it brings it back to the
initial position, it is said to be in stable equilibrium position.

du d’u

Necessary conditions : — dx =0 and dx? = +ve

Unstable Equilibrium :

When a particle is displaced slightly from a position and force acting on it tries to displace the
particle further away from the equilibrium position, it is said to be in unstable equilibrium.

du d’uU

Condition : — dX =0 potential energy is maximum i.e. = dx® = _ve

Neutral equilibrium :

In the neutral equilibrium potential energy is constant. When a particle is displaced from its
position it does not experience any force acting on it and continues to be in equilibrium in the
displaced position. This is said to be neutral equilibrium.

A particle is in equilibrium if the acceleration of the particle is zero. As acceleration is frame
dependent quantity therefore equilibrium depends on motion of observer also.

a b
. . . 12 6
The potential energy between two atoms in a molecule is given by, Uxy = X~ — X where a

and b are positive constants and x is the distance between the atoms. The system is in stable
equilibrium when

1/6 11
(A)x=0 (B) x = % (C) x = [%EJ (D) x = [5_:}
a b

© Given that, U)= X° = X
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Example 62.

Solution :

Example 63.

Solution :

Example 64.

Solution :

AN

du
We, know F=—dX =(-12) ax 8- (-6b) x7=0
—6b  12a ( 2_a]”6
or x = xP or x8 = 12a/6b = 2a/b or X = b
d’U [ 2.;1']”‘3
dX2 =—+4+ve atx = b

u=0
A e EANT S T2t N @T

—» 10 m/s

@ Moon

Earth
(E) smooth (F)

of the cases above which is not a case of equilibrium.
(F) as moon is always accelerated. It has centripetal acceleration or it is changing its velocity all
the time.

FI\

A'\ /E\

C
Find out positions of equilibrium and determine whether they are stable, unstable or neutral.

Equilibrium is at B,D,F as force is zero here.

For checking type of equilibrium displace slightly.

We have B as stable equilibrium

D as unstable equilibrium and F as neutral equilibrium

U
h

A

Identify the points of equilibrium and discuss their nature.
-oU
C,E,F are points of equilibrium because F = &X
When slope of U - x curve is zero then F is zero.
Check stability through slopes at near by points.
If we move right then slope should be positive for stable equilibrium and vice versa. In short it is
like a hill and plateau.

MECHANICAL ENERGY :
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Definition: Mechanical energy ‘E’ of an object or a system is defined as the sum of kinetic energy ‘K’ and
potential energy ‘U’, i.e., E=K+U
Important Points for M.E.:

1.
2.
3.

— Solved Examples

Problem 1 :

Solution

Problem 2 :

Solution

Problem 3 :

Solution

Problem 4 :

It is a scalar quantity having dimensions [ML2T-2] and Sl units joule.

It depends on frame of reference.

A body can have mechanical energy without having either kinetic energy or potential energy.
However, if both kinetic and potential energies are zero, mechanical energy will be zero. The
converse may or may not be true, i.e., if E = 0 either both PE and KE are zero or PE may be
negative and KE may be positive such that KE + PE = 0.

As mechanical energy E = K+ U, i.e., E - U = K. Now as K is always positive, E - U 0,i.e., for
existence of a particle in the field, E U.

As mechanical energy E = K + U and K is always positive, so, if ‘U’ is positive ‘E’ will be
positive. However, if potential energy U is negative, ‘E’ will be positive if K > |U| and E will be
negative if K < |U|

i.e., mechanical energy of a body or system can be negative, and negative mechanical energy
means that potential energy is negative and in magnitude it is more than kinetic energy. Such a
state is called bound state, e.g., electron in an atom or a satellite moving around a planet are in
bound state.

On passing through a woodn sheet a bullet looses 1/20 of initial velocity. The minimum number
of sheets required to completely stop the bullet will be

Use v2 = uz2 + 2as

(E ]=u2+2as

for a sheet of thickness s v = (19/20)u = 20

39]u2

400/ 2s

2as = (361/400)uz —u2 a= —(400 suppose for n sheetv =0

u2

2 2
o 2[ 39 ] u X8
2as — 400/ 2s

The work done in taking out 2 lit of water using a bucket of mass 0.5 kg from a well of dpeth 6m
will be

W = mgh
= (mbucket + mwater)gh  [2 Lit water = 2 kg water]
=(0.5+2.00)x9.8x6=15%x9.8=147J

=11

O2=u2+2a(ns)n=—

A body has velocity 200 m/s and its kinetic energy is 200 J. The mass of the body would be

1m\.f2 =E
2

_[E}_M 4x10° 1
or vZ/ (200" T 4x10° 100

m = 0.01 kg

A body of mass 8 kg moves under the influence of a force. The position of the body and time
are related as x = 1/2t2 where x is in meter and t in sec. The work done by the force in first two
seconds.
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Solution

Problem 5:

Solution

Example 6

Solution :

Work done = change in kinetic energy

2 2 2
1m\.f2 :1m(g] :1m[§] :1x8>< 2x2 =16Joules
2 2 \dt 2 \2 2 2

A body falls on the surface of the earth from a height of 20 cm. If after colliding with the earth,
its mechanical energy is lost by 75%, then body would reach upto a height of

or

1
—mgh = mgh'
2 g g

h'= x 20 = 5cm

N
Ny [N

As shown in figure there is a spring block system. Block of mass 500 g is pressed against a
horizontal spring fixed at one end to compress the spring through 5.0 cm. The spring constant is
500 N/m. When released, the block moves horizontally till it leaves the spring. Calculate the
distance where it will hit the ground 4 m below the spring?

e

UARALATEARTUAAUATERTERR AR TRRATANAS

When block released, the block moves horizontally with speed V till it leaves the spring.

1 1
By energy conservation 2 kx2 = 2 mv2
kx? lkx? 2H
V2= m = v=1\¥m Time of flightt= V 9
So. horizontal distance travelled from the free end of the spring is V xt

flod  [2H  [500x(0.057  [2x4
- Vm Vg - 0.5 « V10 -,

So, At a horizontal distance of 2 m from the free end of the spring.

31| Page



