Chapter # 04

Work, Energy and Power

STUDENT'S LEARNING OUTCOMES (SLO's)

After studying this unit, the students will be able to:

n Derive the formula for kinetic energy [using the equations of motion] i

a  Derive an expression for absolute potential energy of a body at a certain position in the gravitational field [including
escape velocity)

Deduce the work done from force-displacement graph.

Differéntiate between conservative and non-conservative forces.

State and use the work - energy theorem in a resistive medium to solve p

“4.1 WORK DONE BY A CONSTANT FORCE

Ve

T_} ;1 Define work and its S| unit.

Ans. Work
Definition
He dot product of force and displacement is called work.
Mathematically;
Work = Force = Displacement

=+ —
or W=F.d
or W=Fdcos@
The SI unit of work is joule (J).
Joule

Ifa fcrce_ldisphces a body in the direction of force to a distance of one metre, then work done will be on joule.
One joule = One newton x One metre
or 1J=TNx1m=Nm

gg: How is work done by a constant force? Explain.

Ans. Constant Force
Definition
A force that remains unchanged in magnitude and direction overtime while it is appl:ed to an object is known as
constant force.
Work done by a Constant Force
Consider an object pulled by a constant force F. The force displaces the
object through a displacement d in the direction of force. In such a case, work
W is defined as the product of the magnitude of the force F and magnitude
of the displacement d.
If the displacement is zero, then no work is done even if a large force is
applied. For example, pushing on a wall may tire your muscles, but work done
is zero; Fig. 1.
The force applied on a body may not-always be in the direction of force;
Fig. 2. If the force F makes an angle 6 with the displacement d; Fig. 3, the
work done is equal to the product of the component of force along the
direction of the displacement ahd the magnitude of displacement. Then
W= (Fcos6)d=Fdcos@




W=F-d Fig. 2
When a constant force. acts through a distance d, as plotted on a graph; :
Flg 4, the distance is normally plotted along x-axis and the force along y-axis.
As the force does not vary, in this case, the graph will be a horizontal straight
line. If the constant force F and the displacement d are in the same direction,
then the work done is Fd. Clearly shaded area in Fig. 4 is also Fd. Hence, the-
area under a force-displacement curve represent the work done by the
constant force. In case if the force F is not in the direction of displacement,
the graph is plotted between F cos 6 and d.
As work is a scalar quantity, therefore,
(i) if8 < 90° work is done and it is said to be positive work.
(i) if8 =90° no work is Jne.
(iii) if @ > 90° the work done is said to be negative. 7:;:;:::;:;:;:;:::::;:;:;:
(iv) the SI unit of work is Nm, also known as joule (J). :.:::.f:i::i:::::‘:";:::,'
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o 4.2 WORK DONE BY A VARIABLE FORCE

g{ How is work done by a variable force? Explain.

Ans. Variable Force .
Definition
A force whose magnitude and / or direction changes with respect to time, position, or another varrable is kr\m
as variable force.
Work done by a Variable Force
In many cases, the force does not remain constant during the process of doing work. For example, as a rocket
moves away from the Earth, work is done against the force of gravity, which varies as the inverse square of the
distance from the Earth's centre, Similarly, the force exerted by a spring increases with the amount of stretch.
How can we calculate the work done in such situations?
Let us suppose the path of a particle in the xy-plane as it moves from
point P to point Q; Fig. 5. The path has been divided into 'n’ short
intervals of displacements Ad,, Ad;, ....., Ad, and F,, Fy, ..., F, are the
forces acting during these intervals, respectively.
During each small interval, the force is supposed to be approximately p

: e 2 : Ad,
constant. So, thg work done for the first interval can then be written as: Fig. 5: A particle acted upon by a
: AW, = Fy . Ady= Fy cos By Ady mhﬂ.mﬁqﬁ.pﬁ
and in the second interval shown from polnt P to point Q.
AW; = F3 . Ad,= F; cos 8; Ad; and so on. ¢4
The total work done in moving the object can be calculated by adding all
these terms. b a0
Wiow = 8W, + AW, + ... + AW, g i‘“”“ﬁ —
-= Fy cos 8y Ady + Focos 68, Ad; + ..., + F, cos 8, Ad,, g t i
n Y : - R
ur Wiga = ET F; cos 8; Ad; — ° " pad, aﬂld Ad, ad,Q A
We can examine this graphically by plotting F cos 8 verses d. Fig. 6. The Fig. 6

displacement.d has been sub-divided into the same 'n" equal intervals. The value of F cos 6 at the beginning of
each :ntewaF is indicated in the figure.

Now the i shaded rectangie has an area F; cos 6; Ad which is the work done during the i™ interval. Thus, the
work done given by Eq. (i) equals the sum of the areas of all the rectangles. If we sub-divide the distance into a
large number of intervals so that each Ad becomes very small, the work done given by Eq, (i) becomes mare

accurate. If each Ad approach to zero, then we obtain an exact result for the work done, such as:



Wigro = Limit .‘?% F; cos 8; Ad, B ()

If this limit Ad approaches zero, the total area of all the rectangles; Fig. &
approaches the area between the F cos 8 verses d curve and x-axis from P
to Q as shown shaded in Fig. 7

Thus, the work done by a uar:able force in moving a particle between two : i
points is equal to the area under the F cos B verses d curve between the
two points P and Q as shown in Fig. 7.

=]

[ Y
Fig. 7

Example 4.1: A force F acting on an object varies with distance d as shown in Fig. 8. Calculate the work dune by the
force as the object moves from d=0tod=6m.
Solution: The work done by the force is equal to the total area under the curve
from ;
d = 0tod = 6 m. This area is equal to the area of the rectangular section fromd = 0
to d = 4 m, plus the area of triangular section fromd =dmtod = 6 m,
Hence
Work done represented by the area of rectangle =4 mxSN=20Nm = 20)

1 »
Work done represented by the area of triangle = 2% 2mxSN=5SNm=5

) ; :
Therefore, the total work done =20J+51=25) Ans.

4.3 CONSERVATIVE AND NON-CONSERVATIVE FORCES

4, Define conservative field and conservative force. Prove that; work done by gravitational force is
independent of the path followed.

or Define conservative field. Show that gravitational field is conservative in nature.

Ans. Cn_:msewative Field For Your lnfnrmation
Definition

; A T When an object is moved in the gravitational

Lr:eas::;e ia,srz:lrl's; tr:arﬁigtr:t?hrltlii gravitational force acts field, the wr::i: rk is done by the gravitational

v g bl ot force. If displacement is in the direction of

Expanation ' gravitational force, the work is positive. If the

displacement is against the gravitational force,
the work is said to be negative.

This is an interesting property of the gravitational force that
when an object is moved from one place to another, the work

done by the gravitational force does not depend on the choice of the path. Let us explore it.
Consider an object of mass m being displaced with constant speed . ¢ Pamz,,.. .
from point A to B along various paths in the presence of a

o

4

i
gravitational force. In this case, the gravitational force is equal to the i Je E
weight mg of the object. s ¢ E .
The work done by the gravitational force along the path-1 (ADB) can E t“‘ %
be split into two parts (path AD and path DB). The work done along A il::-

AD is zero, because the weight mg is perpendicular to this path,
whereas the work done along DB is (-mgh) because the direction of

w.tvwmmm—:w.mirmmn—
: Fig. 9
mg is opposite to that of the displacement i.e,, 0 = 180°. Hence, the work done in displacing a body from A to B
through path 1 is: :

W,os = 0 + (-mgh) = -mgh
If we consider the path-2 (ACB), the work done along AC is also i.'—mgh} Since the work done along CB IS Zero,
therefore,

Wacs = -mgh + 0 = -mgh



MNow consider path-3, ie, a curved one. Imagine the curved path is
broken down into a series of horizontal and vertical steps; Fig. 10. There
is.no werk done along the horizontal steps, because mg is perpendicular

' to the displacement for these steps. Work is done by the force of gravity
only along the vertical displacements. During the segment CD, mg is not
negative; it is positive. But here all Ay elements are negative, so the
praducts of mg and Ay for all the elements will again be megative.
Therefore, we can write:

Wye = =mg-Ay, + A); + AYy + e + AY)
As ﬁf‘+ﬁyl+ﬁyj+ ...... +ﬂ}'in=h
Hence W,g = -mgh

The net amount of work done along the curved path AB is still (-mgh). We conclude from the above discussion

that:
Work done by gravitational force is independent of the path followed.
Conservative Force
Definition
It is a force for which the work done in moving an object between two
points is independent of the path taken.
Examples of Conservation Force:
The gravitational force is a conservation force, other examples of

conservative force are electrostatic force and elzstic spring force, Magnetic
force in certain contexts.

gﬁ: Define non-conservative force. Also give examples,

Ans. Non-Conservative Force

For Your Information
If the work done by a force in

_moving an object between two

points is independent of the path
followed or the work done in a
closed path be zero, the force is
called a conservative force.

A force is non-conservative if the work done by it in moving an object between two points or in a cinsed path

depends on the path of motion,
Examples of Non-Conservative Force

()  The kinetic frictional force is a non-conservative force. When an object slides over a surface, the kinetic frictional
force always acts opposite to the motion and does negative work equal in magnitude to the frictional force
multiplied by the length of the path. Thus, greater amount of work is done over a longer path between any two
points. Hence, the work depends on the choice of path. Moreover, the total work done by a non- canservative

force in a clozed path is not zero.

(i) Other examples of non-conservative force are air resistance, tension in a string, normal force and propulsion

force of a rocket, applied forces by humans or machines in some cases.

g: Prove that the work done along a closed path by the gravitational force is zero.

Ans. Consider the closed path ADBA or ABDA; Fig. 10. Now total work done along this closed path is equal to the
sum of the work done from point A to D, from point D to B and finally from point B to A

Wroar = Wacson = Wap + Wog + Wee + We,
—

=Fd+Fh+Fd+F.h
= Fd cos 90° + Fh cos 180° + Fd cos 90° + Fh cos 0°
=0-mgh + 0 + mgh =0
Wiotai = Wacepa = 0
Thus, work done along a closed path by the gravitational force is zero.




1.  Work has dimensions like: (A) Minimum (B} Maximum v
(A) Torquev” (B) Momentum (C) Infinity - (D) Varies
(C) Velocity (D) Power 11. The work done is said to be negative if:
2.  If S0kg crate is pushed through 2m across the floor (A) Work is always positive (B) B < 90°
with a force of 50 N, the work done will be. “(C) 0 > 90°v" (D) 6 = 90°
{A) 2454 {B) 150 J 12. Which of the following statements is true?
(C) 2004 (D) 100 v (A) Work is a vector quantity
3. Work done is maximum when angle between force (B} Work can never be negative ’
and displacement Is: (€) Work is always done when a force is applied
() 90° (B) 0°v" (D) Work is a scalar quantityv”
(C) 180° (D) 45° 13. The area under a force versus displacement graph
4, The work is zero if the angle between force and represents: :
displacement is: (A) Power (B) KE.
(A) 45° (8) 90°v (C) Work done v (D) Force
: (©0° (D) 180° 14. If a force acts in the opposite direction to
5. The dimensions of work are: displacement, the work done is:
(A) MLT™) (B) [MLT?) (A) Positive (B) Negativev”
() IMLIT-E]\/ (D) [MLT) (C) Zero {D) Infinite
15. The total work done by a gravitational force im a
6.  Work is negative when angle between F and d Is: closed path is: :
(a) 0° (B) 90° (A} Maximum (B} Equal to change in K.E.
(C) 45° (D) 180°” (C)Zerov” (D) Negative
16. Which of the following is true for a non-conservative
7. When a force F makes angle 60* with displacement d force?
, then work done on the body will be: (A) Work done is independent of the path
Fd {B) Total mechanical energy is conserved
(A} Fd - & '_2{ (C) Work done in a closed path is zero
; Fd - (D) Work done depends on the path taken v
(C) 0.866 Fd {ﬂ}";‘ 17. The work done by a conservative force results in a
8.  The Sl unit of work is: r;":?»t':'“
otal energy
EE; ;:::1 : :g:; El#f {B} P.E and KE with no lossv” )
8.  Areaunder force-displacement graph gives: {;} KE. only {D! B.5. only
(A) Velocity (B) Power _ 18. The work done by a grnrltltignal force WIIH.'I an
i object is dropped from a height is converted into:
(€) Work donev” (D) Acceleration A Heston 1) Encitical wnargy
10. When the finite force is parallel to the direction of i ael ey OV KE o
/motion of the body, the work done is: (SIEE %
4.4 POWER
7. Define and explain the term power
Ans. Power
Definition
The rate of doing work is called power.
If work AW is done in a time interval At, then the average power P,, during the interval At is given as:
_Aw
Pov = "at

If work is expressed as a function of time, the instantaneous power P at any instant is given as:

P L-i’i"lltlﬁI W
= Limi
Af=+0 At



where AW is the work done in short interval of time At.

Since AW = Fad

" ,_E.ad__ ad
b =N TR
Ad

S:m:g- ar =V

Hence P=Fv

Unit: The Sl unit of power is watt (W).
Watt: If one joule of work is done in one second, then power will be
equal to one watt.
Commercial Unit of Electrical Energy

A commercial unit of electrical energy is kilowatt-hour.
Kilowatt hour: It is the work done in one hour by an agency whose
power is one kilowatt.

Therefore 1 kW h = 1000 W x 3600 s

or 1TkWh=36x10%)=36M)

For You Information

Approximate Powers

Device Power (W)
Jumbo Jet Aircraft 13x10°
Car at 90 km h™' 1.1 % 10°
Electric heater 2x10°
Coloured TV 120
Flash light (two cells) 15

Pocket calculator 7.5 % 107

'Eurnpla 4.2: A 70 kg man runs up a Iang'ﬂight of stairs in 4.0 s. The vertical height of the stairs is 4.5 m. Calculate his

power output in watts.

Solution:
Given that;
m=70kg , t=40s , h=45m
To Find: '
P=7
Calculations:
Werk done = mgh
h
Power = EE'

Putting the values .

_70kgx98ms?x45m

== 4s

P=77x10%kgm?s3 =77 x 10° W Ans.

p

Do you know?

| It takes about 9 x 107 ) of
energy to make a car and
the car then uses about
1 = 10" ) of energy from
petrol in its life time.

-

4.5. ENERGY

gﬂ: Define K.E. and P.E. Derive an expression for K.E.

Ans. Potential Energy
Definition

The energy of a body due to'its position or height is known as potential energy.

Potential Energy = P.E = mgh

Kinetic Energy
Definition
Kinetic energy is the energy possessed by a body due to its motion.

- 1
Kinetic Energy = KE. = 5 mv?




Derivation of Expression for K.E.

Consider a ¢ar running with a constant speed on a road. If its engine is switched OFF, it will still cover some
distance before stopping. As long as it is moving, it is doing work against the force of friction of the road. In
other words, during this interval, it will exert a force equal in magnitude to the force of friction f.
Let the distance travelled before coming to rest be d, then the work done by the car would be f d. This work is
done by the car due to its motion. The ability of a body to do work due to its motion is its kinetic energy.
Therefore, kinetic energy of the car is equal to f d. The acceleration can be found by using Newton's second law
of motion, ie.

F=ma
As the car slows down and finally stops, its accéleration a is negative because it is produced by force of friction f
acting apposite to the direction of motion. Thus,

L

m
We can now determine the value of (f d) by using the third equation of motion, i.e,
205 = v - v} . 1
Initial velocity v, =v
Final velocity vy=0ie
Distance S=d
£

m
Putting the values in Eq. (i)

zx[” d=0-

f=-ma or a=-

Acceleration a=-

fd= m'ﬂ
Asfdis Equa1 to the klnetlc energy of the bndy. 't!'nen'.‘h:.'rr*.:r
Kmetu: energy = KE. = 5 mvﬁ

Unit: Since, kinetic energy is equal to work which the body is capable of doing, so the unit of kinetic energy must be

that of work, i.e.; joule I'.I‘}

F.mmpie 4.3: A car wenghmg 18620 N is running with a speed of ‘IE- ms™. Erakes are apphed and it is brought to rest
in a distance of 80 m. Determine the average force of friction acting on it. -

Solution:
Given that;
v=16ms', d=80mw= 18620 N
To Find: g
fe?
Calculations: For You Information
The kinetic energy of the car is equal to the work done Approximate Energy Values
by it before stopping, i.e. Source Energy (J)
%mvz - fd . Burning 1 ton.coal . 30 x 1IZ:I:
' 18620 N Burning 1 litre petrol 5x10
w :
Here M= = s amed = 190049 KE ofacarat90kmh™ 1x10°
: . T Running Person at 10 km h™' 3x 10
he val the ab ation:
C va1ue i : 5 Fission of one atom of uranium 1.8 x 10"
5% 1900 kg x (16 m s™)" = f= 80 K.E. of a molecule of air 6 x 10%
@ f= 3040 N Ans. o




l g 9. What is meafh by absolute potential energy? Derive an mépresslnn for absolute P.E.

‘Ans. Absolute Potential Energy
Definition

The absolute gravitational potential energy of an-object at a certain position is N_“::

the work Hone by the gravitational force in displacing the object from that

position to infinity where the force of grawt}r becomes zero. :
Expression for Absolute P.E. -

The relation for the calculation of the work done by the gravitational force or 34

potential energy is mgh, which is true only near the surface of the Earth where
the gravitational force is nearly constant. But if the body is displaced through a

g

large distance in space, let it be from point 1-to N; Fig. 11 in the gravitational
field, then the gravitational force will not remain constant, since it varies
inversely to the square of the distance.

In order to overcome this difficulty, we divide 'the dlstance between points 1
and N into small steps each of length Ar so that the value of the force remains
constant for each small step. Hence, the total work done can be calculated by
adding the work done during all these steps. If r, and r, re the distances of

points 1 and 2 respectively, from the centre O of the Earth Fig. 11, the work

. Tl
L e, e -y

done during the first step i.e., displacing a body from point 1 to point 2 can be
calculated ‘as below. The distance between the centre of this step and centre of
the Earth will be: ‘

ry +r;
-2
As fa—ry=4Ar  then ry =1y + Ar
ry + F +Ar Ar
Hence r =‘_"2L—".= RS e (i)
The gravitational force F at the centre of this step is:
Mm i
F= GT ...... (1}
where m = mass of an object, M = mass of the Earth
and G = Gravitational constant
Squaring Eq. (i)
&
Ar
Rs= (r., + ?)

2
As (Ar)? << r,? so (Ar)? can be neglected as compared to r,”.
Hence RP=r2+r Ar
Putting the valueof Ar =1, -,

Rerdye =Rz
Hence Eq. (i) becomes:

L
T :
As this force is assumed to be constant during the interval Ar, 50 the work dane is:

Ar

3

W, _, » = F.Ar = FAr cos 180° -—GMmr



The negative sign indicates that the work has to be done on the body from point 1 to 2 because displacement is
opposite to gravitational force. Putting the value of Ar, we have

ry=r
- 41
Wiz = ~GMm
W, GM 71 1

w i i 3 T '

Similarly, the work done during the second step in which the body is displaced from point 2 to 3 is:
1 1
W, _, ,=-GMm { —]
el ; i
and the work done in the last step is:
1 1
Wy_1.n=-GMm (—-‘_‘J

i Tn
Hence, the total work done in displacing 2 body from point 1 to N is calculated by adding up the work done

during all these steps.
Wm,=w\|_d+wi_‘3+ ......... +WN-
SR Y B
My Tn

11 11
--GHm[(ﬁ fz) ["'z_lﬁJ+

On simplification:
)

= (” (R HJ

If the point N is situated at an infinite distance from the Earth, then
i |
y== 50 a s o= 0
GMm

Hence Wootat = = P
This total work by definition is the absolute potential energy (P.E) as stated earlier represented by U.

. GMm

S

This is also known as the absolute value of gravitational potential energy of a body at a distance r from the
centre of the Earth,

Note that when r increases, U becomes less negative i.e., U increases. It means when we raise a body abm'e the
surface of the Earth, its P.E. increases. Therefore, if we want to raise the body up to infinite distance, we will have

GMm .
to do work on it equal to=p5 .50 l:hat its P.E. becomes zero. - \
Now the absolute potential energy bn the surface of the Earth is found by putting r = R (Radius of the Earth), so
GMm

Absolute potential energy = Uy = T

The negative sign shows that the Earth's gravitational field for mass m is attractive.
The above expression gives the work or the energy required to take the body out of the Earth's gravitational
field, where its potential energy with respect to Earth is zero.

m.s@’

The ratio of dimensions of K.E and Power is: The power is equal to dot product of force and:

A 1:1 (8) [T]: 1v" (A) Displacement (B) Acceleration

©1:M (D) (M1 : [T] (C) Velocityv” (D) Position vector

The dimensions of power are: ' 4. If 6 joule of work is done in 3 seconds, then power is:
MLET S (A} 6 watt = (B) 3 watt

(A 1 (8) IMLIT'] (€} 18 watt (D3 3 watts

(©) IMLAT )" (D) (MLET?)



10.

1.

12.

Which one is non-conservative force?

(A) Electric force’ (B) Elastic force

(C) Gravitational force (D) Frictional forcev”
Which one Is a conservative force?

{A} Elastic spring force (B) Frictional farce

(C) Air resistance {D) Tension in the string v
Which of the following is the example of conservative
force?

(A Resorting force in compressed spring

(B} Tension in string

(C) Propulsion force of rocket

(D) Gravitational field v

The Dimensions of work are:
(A) IMLET 3 (B) (ML)
(©) MOLOT3) (D) (MLOT]

The power of an electric heater |s (approximately):

(A) TkW (B) 2kw
(C) 3kW (D) 4kW "
One watt-hour is equal to:

(A) 3.6 M/ (B) 3.6 IV
Q36K (D) 36 MJ
One kilowatt-hour (kWh) Is equal to:
(A) 3.6 M)y {8) 36 kJ
(C) 36 M) (0)36
Power s also defined as:

(A) F.m 8) F.d
©FIV (D) F.t

13.

14.

15,

17

18

19.

One kilowatt Is equal to:
() 1000 57"V (B) 10° watt
(Q) 10° J57" (D) 100 Js~

The unit of electrical energy commonly used in,
household Is:

(A) watt (8) watt-houry”

(C) kilowatt-hour (D) joule

Which of the following Is a correct example of a unit
of power?

(M) watt (B) Js™' ;

(C) horsepower (D) all of thesey”

Which of the following appliances uses the most
power?

(A) 100 W bulb (B) 200 W iron

(C) 1500 W microwave oveny”

(D) 500 W heater |

A machine with higher power rating means:

(A) It consumes |éss power -

(B) It works more slowly ’

{C) It does more work in less timey”

(D) It cannot be used continuously

A machine does 500 J work In 10 s. What Is its power

output?

(A) S W (B) SO Wv~

(C) 5000 W (D) 0.02 W .
What s horsepower (hp) appreximately equal to:
(A) 100 W (B) 746 Wy

(C) 1000 W (D) S00 W

4.6 ESCAPE VELOCITY

g‘i Define escape velocity. Show that an expression for escape velocity can be expressed as \ngR.

Ans. Escape Velocity
Definition
The initial velocity of an object with which it goes out of the Earth’s gravitational field, is known as- escape

velocity.

Expression for Escape Velocity
The escape velocity corresponds to the initial kinetic energy gained by the body, which carries it to an infinite

distance from the surface of the Earth.

N 1 2
Initial K.E. = Em Viic

We know that the work done in lifting a body from Earth's surface to an
infinite distance is equal to the increase in potential energy.

Mm

Increase in P.E. = 0 - (— G‘@J =G 5

R

where M and R are the mass and radius of the Earth respectively. The
body will escape out of the gravitational field if the initial K.E. of the

body is equal to increase in P.E. Then _

1 2 Mm
> MV, = G R
2GM

of Ve P

For You Information
Some Escape speeds (km s™')
Heavenly body Escape speed

Moon 2.4
Mercury 43

Mars 5.0
Venus 104
Earth 1.2
Uranus 224
Neptune 254
Saturn 370
Jupiter 61




GM GM
As g="m  or gR =—

Hence Vege = ‘\u‘ZgR
The value of v, comes out to be approximately 11 km L
7 4.7 WORK-ENERGY THEOREM

@ State and explain work-energy theorem in a resistive medium.

Ans. Work Energy ﬁmum
Statement
The network done by all the forces acting on an object is equal to the change in its kinetic energy.

Explanation
If a force F acts on a body of mass m, initially moving with velocity v, through a dsstam:e d and increases its
velocity to vy, then the acceleration produced will be:

20d = vi - vf
1
or @=3g v -vd -
From the second law of motion:
F=ma ' Tidbits
- 25 3 (i) All the food you eat in one
E 1 1 g n AN day has about ‘the same
Comparing Egs. (i) and (ii): energy as 1/3 litre of petral.
1
m=2g WV -vD
, 4] 1 2
or Fd =5 mvf -5 my,

This expression is the work-energy theorem. It states that
The change in kinetic energy of an object is equal to the warlc done on it by a net force.

: 1
W = Change in kinetic energy = (K.E),— (K.E), = .m'nrif -3 mv
The work-energy theorem is applicable in a wide range of physical situations. For example;

(iy forany system with varying velocity (i) for both constant and variable forces
(iii) for linear.and Curvilinear motion (iv) for friction and non-conservative forces
(v) for rotational motion (vi) for particle system and rigid bodies.

Example 4.4: A motorcycle rider wewghing 60 kg is coasting down a 24° slope.
The weight of motorcycle is 30 kg. At the top of the slope, the speed of
motorcycle is 3.2 m 57", If the kinetic frictional force is 100 N, what will be the
speed of the motorcycle 72 m downhill? 24°

Solution:
Given that;
m=60kg , 0="24°, v=32ms" , m=30kg
{ To Find:
=1
Calculations:
The normal force Fyy is balanced by the component of weght (mg cos 24° perpendicular to the slope, Let the
kinetic frictional force is f, then the net force F is:
F=mgsin24° - f where m = total mass = 60 kg + 30 kg = 90 kg




or F=(90 kg =98 ms™x04)- 100N
F=2528N
Work done W= Fd = 2528N =72 m = 182016 )
As work is positive, so applying work - energy theorem,
W = (KE) - (KE);
Form here, :

(KE) = W + (KE),
Putting the values, we have

1 1
Smyv? = W+ 5 my?

1:5nk§xuf2=1azmn%x9nkgx{32ms-‘}z

This gives, v,2 = 414.7 m? 572

or '\,‘414 Tm?s2=204m <! Ans.

N 4.3 IHTER-CGN?ERSIGN OF PDTENTIAL ENERGY AND KINETIC ENERGY

g*_l_?_._ Explain, how do P.E. and K.E. are inter-convertable.

Ans. Consider a body. of mass m at rest, at a height h above the surface of the Earth, Fig. 12. At position A, the body
has P.E. = mgh and K.E. = 0. We release the body and as it falls, we can examine how hnet:c and potential
energies associated with it interchange.

Let us calculate P.E and KE. at the position B when the body has fallen a megnal T

distance x, ignoring air friction. KE=0 T y ya)
PE=mg(h-x) . +
1 X
and KE =3 mvg®
Velocity vg. at position B, can be calculated from the relation, h
s PE =mg (h-x)
v = vl + 295 :
' KE=mgx ¥
As v=vg ., %=0 , 'S=x
{h-x}
"” B PE=0 l
t=200 K.E = mgh LY. ¢
Fig. 12
1 .
Therefore KE. =35 m (29%)
= mg.:

Total energy at position B = P.E. + KE
Total energy = mq (h - x) + mgx = mgh
: . ’
At pasition C, just before the body strikes the Earth,,P.E. = 0 and KE = 'im"czf where v can be found out by the
following expression.
vii=vl+2gh=2g9h as v=0

I

1 1 ;
e, KE. = Emvf =5 mx 2gh = mgh



~ Thus, at point C, kinetic energy is equal to the original value of the potential
energy of the body. Actually, when a body falls, its velocity increases i.e, the body
is being accelerated under the action of gravity. The increase in velocity results in
the increase in its kinetic energy. On the other hand, as the body falls, its height
decreases and hence, its potential energy also decreases. Thus,

Lossin P.E = Gain in K.E

-

: 1 3
mg (h, - h,) = Fm {vf - vti}
where v; and v, are he velocities of the body at the heights h, and h, respectively.
This result is true only when frictional force is not considered,

If we assume that a frictional force f is present during the downward motion, then
a part of P.E. is used in doing work against friction equal to f h. The remaining

P.E = mgh - h is converted into K.E. g
1

Hence mgh ~fh =5 mv?
1

ar mgh=—mv’ +fh

Thus Loss in P.E. = Gain in K.E, + WWI: done against friction
Conversely,
Loss of K.E. = Gain in P.E. + Work done against friction

mpl: 4.5: A car weighing 1100 kg is moving with a velocity of 12 m s*'. When it is at point P, its engine stops.
If the frictional force is 120 N, what will be its velocity at point Q7 How far beyond Q will it go before coming to
rest?

Solution: The kinetic energy possessed by the car at point P will partly be Q R
converted into P.E, and partly used up in doing work against friction as it ohe
reaches point Q. Therefore, 156m

Loss of KE. = Gain in P.E. + Work against friction P, ~ v

1 2
2"1[? "‘0“’-} Wh+fd
x 1100 kg (144 m? s‘z—v‘z}-{110ﬂkgx93ms"2x15m}+’tEDNx24m
550 kg (144 m? 572~ v%) = 16170 kg m? 52 + 2880 kg m? 52

16170 kg m® s~2 + 2880 kg m? s~2
- I - 2
{144 m-s I""f ] 550 kg 346 m*-s
vZ=144m?52 - 346 m? s = 109.4 m?s™2

Velocity at point Q, Vi = '\J1D9.4 m?s2=105ms""
Now if the car stops at point R, then using the formula:

3 ,

2 mvz =15

1 3
5% 1100 kg 1094 m?s2=120kgms2 xS

S = 501 m approximately Ans.

Example 4.6: An object of mass 3 kg falls from a height of 15 m. If it strikes the ground with a velocity of 16 m
s, calculate the average frictional force of the air.
Solution:

Given that:

m=3kg, h=15m, v=16ms™
To find:
f=1?




Calculations: $
Loss of P.E = Gain in K.E. + Work done against friction

1
S v=0, mghbz-z'mvzﬂh

- 1
3kgxiﬂms’lx15m=5x3kg|:15ms“jz1-fx15m

441kgm?s?2384kgm?s?+ 15mxf
_a41kgm?s® - 284 kg m® s
3 15m

or f =38kgms?=38N Ans.

Qs

1.  The value of escape velocity is maximum for: = =
(A) Moon (B) Earth Stk n . PKEeg
(C) Jupiterv” (D) Mercury 12. The value of ‘g’ at the centre of the Earth is:
2. Which heavenly body had maximum escape velocity: ‘tA) Infinite {B) 29
-TA) Moon (B) Mercury (C) 3g (D) Zeroy”
(C) Marsy” (D) Earth 13.  Pull of the Earth on 20 kg body on surface of earth Is:
3.  Escape velocity of object depends upon: T O(A)20N (B) 196 N
(A) Mass of object (B) Size of object (€) 19.6 Ny~ (D) 1960 N
(C) Shape of object (D) Radius of planety” 14. Escape velocity is independent of:
4.  Absolute P.E of an object at an infinite height w.rit (A} Mass of the planet
Earth Is taken as: | {B) Radius of the planet
(A) Zerov” (B) Negative (C) Mass of the escaping objecty”
(€) Minimum (0) Maximum (D) Gravitational constant
5.  If velocity and mass of a moving object are doubled, | 15, What happens if an object is launched at exactly
then K.E becomes: escape velocity?
(A) Dmlblez (B) 4 times (A} It escapes the planet’s gravity and slows to a stop at
() 6 times (D) 8 timesv"” infinityv”
6. In Earth's gravitational field, work done in a closed (B) It orbits the planet
pathis: ; (C) It returns to the surface
(A) Maximum (B) Positive (D) It falls into the planet's core
~ (©) Negative (D) Zeroy” 16. If a spacecraft is launched with a velocity greater
7. - In work-Energy principle work done on a body is than escape velocity, it will:
equal to: (A) Return to the Earth
(A) Kinetic energy (B) Potential energy (B) Enter a circular orbit
(C) Plastic potential energy (D) Change in energyv” (C) Move into an elliptical orbit
8.  Gravity performs zero work when body moves: (D) Leave the gravitational influence of the Earth
(A) Vertically (B) Horizontallyy” permanentlyy”
{C) at 80" with vertical (D) at 60" with honzontal 17. According to work-energy theorem, if no net work is
9. The KE of an object of mass "m” Is "E", its done on a system, then:,
momentum will be: (A) The P.E. changes
2E (8) The K.E. remains constanty”
(A) 2Em BN 'm (C) The mechanical energy increases
(D) The system must be at rest
(€ % Emy’ (D)2 mE 18. The work-energy theorem Is applicable:
10. Escape velocity of an object is independent of: A Onty for comsecvative forces
(A) Mass of the objectv’”  (B) Mass of planet (S Clnlie whan ction s ant
(O) Radius of planet (D) Type of planet (C) For all types of forcesv”
11. KE of a body with constant mass ‘m’ has the relation (1) Oy 1 vertacal enotion
\With TarRantm: 19. If the reference level is taken at ground level, the
(A KE « p (8) KE o p2v” absolute P.E. of a body at height his:
: (A) Zero (B) mghv”
(<) Negative (D) Constant



20. Which of the following effects the absolute P.E. of an i increasesy’” (D) It becomes zero.
object? 23.  If the reference level is changed, the absolute P.E. of
(A) Its speed a body:
(B) Its height from reference levely” {A} Remains the same (B) Increases exponentially
(C) Its temperature (C) Changesv” (D) Becomes negative
(D) Its density 24. A ball is thrown upward. As it rises, its:
21. The absolute P.E. of an object becomes negative, (A) K.E. increases, P.E decreases
when: (B) KE. decreases, P.E. increasesy”
(A) Itis moving downward (C) Both KE. and P.E. increases
(B) It is an a frictionless surface (D) Both K.E. and P.E. remain constant
(C) Itis at the ground level 25. During free fall, the loss in P.E. is equal to:
(D) It is below the chosen réference levelv” {A) Loss in KE. (B) Gain in KE.v"
22.  What happens to the absclute P.E. as an object moves (C) Total energy of the body
higher above the Earth's surface? (D) Work done by friction
(A) It decreases (B) It stays the same :

ADDITIONAL SHORT ANSWER QUESTIONS |

) 1. What is the work done by gravity when an object falls vertically downward?

(D3] Ans. Positive work, since force (gravity) and displacement are in the same direction.

Q.2 What is meant by a variable force?

Ans. A variable force is a force that changes in magnitude or direction over time or distance.

Q.3 Can the formula W = F.d be used for variable force?

Ans. No. This formula is is only valid for constant force. For variable force, work is found by using calculus or
graphical methods.

Q.4 How can we find work done by a variable force graphically?

Ans. By calculating the area under the force versus displacement graph.

Q.5 Iswork done by a variable force always positive?

Ans. No, it can.be positive, negative, or zero depending on the direction of force relative to displacement.

Q.6 What is a conservative force? Give two examples.

Ans. Conservation Force
A conservative force is a force for which the work done is independent of the path taken and depends only on
the initial and final positions.
Example: Gravitational force, electrostatic force.

Q.7 What is non-conservative force? Give two examples.

Ans. Mon-Conservative Force
A non-conservative force is a force for which the work done depends on the path taken.
Examples: Friction and air resistance.

Q.8 Can work done by a conservative force around a closed path be non-zero?

Ans. No, the work done by a conservative force in a closed path is zero.

Q.9 Can work done by a non-conservation force around a closed path be zero?

Ans. No, it is not zero; energy is lost or gained depending on the path. i

Q.10 What is work done by gravitational force? ’

Ans. It is the work done when an object is moved in the gravitational field of the Earth.

Q.11 Does the path taken affect the work done by gravity?

Ans. No, it depends only on the vertical displacement.

Q.12 What happens to the work done by gravity if height increases?

‘Ans. Work done increases proportionally with height.




Q.13 What is average power and instantaneous power?
Ans. Average power is the total work done divided by the total time taken. Whereas-instantaneocus power is the
power at a specific moment.

Q.14 On What factors does G.P.E. depend?

Ans. It depends on mass, gravitational acceleration, and height.

Q.15 What is absolute P.E?

Ans. It is the total P.E. of a body measured frnm a reference p-mnt. usually taken as zero at infinity or ground level.
Q.16 What is the most common reference point for absolute P.E.?

Ans. The ground or infinity is commonly taken as the reference point where P.E. is considered zero.

Q.17 Is absolute P.E. always positive?

Ans. No, it can be positive or negative depending on the choice of the reference point.

Q.18 How Is absolute P.E. different from relative P.E7

Ans. Absolute P.E. is measured from a fixed zero level, while relative P.E. is measured between two points,
Q.19 Can absolute P.E. be negative?

Ans. Yes, if the object is below the reference level, the P.E is negative.

Q.20 Does escape velocity depend on the mass of the object?

Ans. No, it depends only on the mass and radius of the planet or celestial body.

Q.21 What is the escape velocity?

Ans. It is the minimum velocity needed for an object to escape the gravitational pull of a planet or celestial body
without returning.

The escape velocity from_ the surface of the Earth is approximately 11.2 kms™ or 11, Zﬂﬁ ms™'
Q.22 How |s escape velocity related to orbital velocity?
Ans, Escape velocity is vri times the orbital velocity for a circular orbit at the same altitude.
Q.23 Is the work-energy theorem valid for variable forces?
Ans. Yes, it is valid for both constant and variable forces.
Q.24 Can the work done be negative in the work-energy theorem?
Ans. Yes, if the force acts opposite to the motion, the work is negative and K.E. decreases.
Q.25 What is the significance of work-energy theorem?
Ans. Itlinks force, displacement and energy, and simplifies solving problems invalving motion.
Q.26 Can the work-energy theorem be applied to a falling object?
Ans. Yes, the gravitational force does work on the aobject, increasing its KE.
Q.27 Give an example of interconversion of P.E. and K.E
Ans. When a ball is dropped from a height, its P.E. converts to K.E. as it falls.
Q.28 Can K.E. be converted back into P.E.?
Ans. Yes, for example, when a roller coaster climbs a hill, its K.E. changes into P.E.
Q.29 Does friction affect the interconversion of energy?
Ans. Yes, friction converts some mechanical energy into heat, reducing total usable mechanical energy.
Q.30 Can energy be lost during interconversion?
Ans. Ideally, no but in real-life situations, some energy may be lost as heat, sound, or air resistance.

Q.31 A car is moving along a circle of radius r. It completes four revolutions and terminates its journey at
starting point. How much work Is done by the car? Explain.
Ans. Work done is given by

w=F.d

Since total displacement is zero, because tﬂe car completes four revolutions and terminating and starting points
are coincided.

S'Gp 3=D



Hence, W = F . (0)

So, total work done by the car is zero.
Q.32 What will be the velocity of the particle if its momentum and kinetic energy are equal in magnitude?
Ans, Letv be the velocity of the particle.

Momentum of the particle = p = my

KE. of the particle = kE. = %rmrz

Conditions: KE =p
1

or 5nw*=mv
¥ 2m

or voom

or v=2

So [v=2ms]
Q.33 Convert 1.4kW into joule per second.
Ans. 14 kW = 1.4x10° W (" k=109
[ 1.4 kw = 1400 Js~' (" W=JsT)

Q.34 Does work done in raising a box on platform depend upon how fast it is raised up? If not why?
Ans. No, work done in raising a box does not depend upon its speed.
Reason: As we known; W = F.d'= Fd cos 8 -]
It is clear from Eq. (i) that work done depends on:
(i) Force-acted on the body
(i) Distance cdvered by the body
(iii) Angle between force and displacement
Q.35 Point out positions where gravitational potential energy Is taken as zero.
Ans. Gravitational potential energy is zero:
(i) When object is on the ground,
{iiy At centre of the Earth
{iii) When separation between two increasing mases is infinity.
Q.36 A person holds a bag of groceries while standing still, talking to a friend. A car is stationary with its
engine ‘unning. From the stand point of work, how are these two situations similar?
Ans. In both cases, displacement .d =0
Work=Fxd=Fx0
Hence, in both cases, no work is done,
q.i'r:::;:ﬂ_ihwnrkdmﬂn kilo joules in lifting a mass of 10 kg (at a steady velocity) through a vertical
tof 10 m.

Ans. Here m=10kg ; h=10m,
g=98ms? ,  Workdone=W=7
W = P.E = mgh

=10=x98x= 10 =980 J



980.
=7000 ¥/

Q.38 A force F acts thrcugh a distance L. The force is then
increased to 3 F, and acts through a further distance of 2 L.
Draw the work diagram to scale.

Ans. Work done = Area under the curve

=(Fxl)+(3F%2L)=FL+6FL=TFL : L ) 3 ~ AL

X

Q.39 In which case is more work done? When a 50 kg bag of books is lifted through 50 cm, or when a 50 kg
crate is pushed through ? m across the floor with a force of 50 N?

Ans. For the bag of books: -
Case-1: m =50 kg

Su,
h=5£|m‘-‘=1mm
=05m

Work = W = mgh
=50%x98x05
For the crate:
Case-2: F=50N ., d
Work = W=Fxd
=50x2
Hence, work done on the bag of books is greater than work done on the crate. i.e., more work is done in case-1.
Q.40 An object has 1 ) of potential energy. Explain, what does it mean?
Ans. An object has a potential energy of 1 joule, when a force of 1 newton is applied to lift the body through a height
of 1m.

2m

Faxh=W
1 newton x 1 m = 1 joule
This work has been stored in the object and the object has ability of doing 1 joule of work.

Q.41 A ball of mass m is held at a height h,; above a table. The table top is at a height h; above the fioor. One
student says that the ball has potential energy mgh1 but another says that it is mg (h, + h;). Who is
correct?

Ans. Both the students are correct because P.E with respect to table = mgh,

P.E with respect to floor = mg (hy + h)
One student has chosen table top as the point of reference and the second student has taken the fioor as the
point of reference.

Q.42 When a rocket re-enters the atmosphere, its nose cone becomes very hot. Where does this heat energy
come from? |

Ans. When a rocket re-enters the atmosphere, a part of its kinetic energy is converted in to heat energy, in doing
work against the frictional forces of the atmosphere and does particles. That is why nose cone of the rocket
becomes very hot.

Q.43 What sort of energy is in the following?

(a) Compressed spring
(b) Water in a high dam
(c) A moving car

Ans. (3) Elastic potential energy is stored in a compressed spring.

(b) Gravitational potential energy is stored in water in a high dam.



(e} A moving car has kinetic energy.
Q.44 A girl drops a cup from a certain height, which breaks into pieces. What energy dungumlmnlnd?
Ans. When the cup was in the hands of the girl, it had gravitational P.E. When the cup is dropped, its P.E. is converted
into the K.E. + work done against friction. On striking the ground, this energy is converted into sound energy,
heat energy and work done in breaking the cup into pieces.
Q.45 A boy uses a catapult to throw a stone which accidentally smashes a greenhouse window. List the
possible energy changes.
Ans. () Before throwing the stone has elastic potential energy due to the pulled catapuit.
(i) When the stone is thrown elastic potential energy of catapult is converted in to kinetic energy of stone +
~ work done against friction.
(i) When the stone smashes the greenhouse window, a part of kinetic energy of stone is used in smashing the
window.
(iv) A part of kinetic energy of stone is converted into heat energy and sound énergy.
(v) A part of kinetic energy of stone is converted into the kinetic energy of the broken pieces of glass of the

window.
| Sﬂl. VED EXERCISE I
o ‘MU LTIFI.E CHOICE QUESTIONS
Tick (v) thie correct answer.
41 A1 kgmass has potential energy of 1 joule relative to the ground when it is at a height of:
(a)0.102 my" (b) 1 m " () 98m (d)32 m

4.2 An iron sphere whose mass is 30 kg has the same diameter as an aluminium sphere whose mass is 105 kg. The
spheres are simultaneously dropped from a cliff. When they are 10 m from the ground, they have identical:

(a) accelerationsy” . {b) momentums ~ [c) potential energies {d) kinetic energies
43 A body at rest may have:
(a) speed (b) velocity {¢) momentum (d) energyv”

44 The height above the ground of a child on a swing varies from 0.5 m of his lowest point to 1.5 m at his highest
point. The maximum speed of the child is approximately:
(a15ms™ (b)ddms'y (€)9.8ms™ (d) Depends upon child's mass
45 When a ball is thrown vertically upward and then falls. back to the ground, which force can be considered
conservative in this scenario?

(a) Air resistance (b) Gravityv”

(c) Friction between ball and air (d) Contact force with hand
4.6 According to work-energy principle in linear motion, the work done on body is equal to:

(a) change in KE.v~ (b) change in P.E. (c) zero (d) sum of K.E. and P.E.
47 Powerof alamp is 6 W. How much energy does a lamp give out in 2 min?

(a) 121 (b) 20J (€31 (d) 720 3"

' 48 Adry battery can deliver 3000 ] of energy to a 2 W small electric motor before the battery is exhausted. For how

many minutes does the battery run?
() 1500 min (b) 100 min (c) 50 min (d) 25 minvy”

49 The kinetic energy acquired by a mass m after travelling a fixed distance from rest under the action of a constant
force is directly proportional to: )
(@\m b) 1AJm (c) m (d) independent of mv”

4,10 A body moves a distance of 10 m along 2 straight line under the action of 5 N force. If the work done is 25 J, the
angle which the force makes with the direction of motion of the body is:

(a) 0° (b) 30° (c) 60°y” (d) 90°



4.1

(ii}

(i)

(i)
(i)

Ans.

4.3
Ans.

~ SHORT ANSWER QUESTIONS |

Why is electrical power required at all when the elevator is descending? Why should be there a limit on
the number of passengers in this case?
Let us break this question into two parts:

Why is electrical power required when the elevator is descending? e
Even when an elevator is going down, electrical power is still needed for a few reasons:

Control and safety systems: The elevators motor, brakes and control systems need power to ensure smooth
and safe descent.

Counterweight system: Most elevators use a counterweight that balances the elevator car. When the alwatur
descends, the motor may actually act as a brake or generator, controlling the descent.

If too much weight is in the car, the system could become imbalanced, and power is needed to manage that.
Regenerative braking: Some modern elevators are regenerative drives that generate -electricity when
descending. But even in those systems, control electronics and safety systems still need power.

Why should there be a limit on the number of passengers when descending?

Even though you are going down (which might seems easier than going up), limiting the number of passengers
is still important.

Weight limits: Elevators are designed to carry a maximum load. Exceeding it stresses the cables, brakes, and
motor. On descent, if the elevator is too heavy compared to the counterweight, it might descent too quickly-
making it harder to brake safely.

Braking system: The brakes need to handle the extra K.E. from a heavier load during descent. Overloading can
make it harder to stop safely and could lead to dangerous situations.

System balance: The elevator system is finally balanced. Too much weight throws off the balance, making h
harder for the motor and control system to manage the motion, even during descent.

A body is being raised to a helght. H from surface of the Earth. What is the sign of work done by both
(body and the Earth)? Justify.

When a body is raised to a height H from the surface of the Earth, two main forces are involved: ~

» Gravitational force

» Applied force

Work done by the applied force:
The applied force acts upward, in the same direction as the displacement of the body.
Since force and displacement are in the same direction, therefore, work done byr the applied force is positive.

Justification: W,ped = Fd cos (0°) = Fd

Work done by gravity:
The gravitational force acts downward, while the displacement is upward.
Since force and displacement are in opposite directions, work done by gravity is negative.

Justification: Wgrayity = mg H cos (180°) = ~mg H

A body falls towards the Earth in air. Will its total mechanical energy be conserved during fall? Justify.

Mo, the total mechanical energy of a body falling through air is not conserved during the fall.

Justification: Mechanical energy is the sum of P.E. and KE. In an ideal vacuum, where there is no air resistance,

the only force acting on the falling body is gravity (a conservative force). In such a case, the loss in P.E. is exactly

equal to the gain in KE., so mechanical energy is conserved. However, when a body falls through air, air

resistance (drag) acts on it. Air resistance Is non-conservative force. !
This force does negative work on the body, converting a part of the mechanical energy into thermal energy

(heat) and sound. As a result, the body loses mechanical energy over time.

Conclusion; Because of air resistance, some of the mechanical energy is dissipated, and tutal mechanical energy

is not conserved during the fall in air.



4.4 Calculate power of a crane in kilowatt which lifts a mass of 1000 kg to a height of 100 m in 20 second.
Ans. Using the formula:
Work done
Time

Work done = Force x Distance where Force = Weight

Therefore, weight = mg = 1000 kg = 9.8 ms™2
= 9800 N

Thus Work done = 9800 N x 100 m = 980,000 )
Putting the values in Eq. (i)

980,000 )
]
Power = 20s

Power = )

Power = 49,000 Js~1 = 49 kW

4.5 A trolley of mass 1500 kg carrying sand bags of 500 kg is moving uniformly with a speed of 40 km h~' on
a frictionless track. After some time, sand starts leaking out of whole sand bags on the road at a rate of
0.05 kg s~'. What is the speed of the trolley after entire sand bags are empty?
Ans. Mass of trolley = 1500 kg
Mass of sand bags = 500 kg
Total mass = 2,000 kg
40 x 1000
3600 :
Now, sand leaks vertically. and since the track is frictionless and no external horizontal force acts, horizontal
momentum s conserved.

Initial velocity = 40 km'h™ = ms~' = 11.11 ms™!

Momentum Conservation:
Initial momentum = Final momentum

Initial momentum = 2000 kg x 11.11 ms™" = 22220 kg ms™2
After all the sand has leaked out, only the trolley remains:
Final mass = 1500 kg and final speed = v, then

1500 Kg x vy = 22220 kg ms™'
_ 22220 kg ms™'
I 1500 kg
v;= 1481 ms™" or 53.3 km h™’
So, the trolley speeds up because the leaking sand takes no horizontal momentum with it

4.6 Give absolute and gravitational units of work in M.K.S and C.G.S systems.

Ans. 1. M.K.5 system (Metre-kilogram-second)
s  Absolute unit of work is joule (J) : or e W iee o
One joule {J) is equal to the work done when a force of one newton moves an object one metre in the direction

of the force.
ie., 1J=1Nx1m=1kgm’2

e Potential unit of work is kilojoule (kJ) or Megajoule (MJ)

1k = 1000) = 10%)

1 MJ = 1000,000 ) = 10°) . l
2. C.G.S system (Centimetre-gram-second)

e  Absolute unit of work is erg: 7
One erg is equal to the work done when a force of one dyne moves an object one centimetre in the direction of
the force.



ie,  Oneerg=Onedynexlcm=1gem®s?
Potential unit of work is kilo erg, mega erg
1 kerg = 1000 erg = 103 erg
1 Merg = 1000,000 erg = 10° erg
Conversion between units:
1 joule = 107 erg
lerg = 1D‘?joule
4.7 A body dropped from a height of H reaches the ground with a speed of 1.2 \I’g_H Calculate work done
air friction. :

Ans. To calculate the work done by air‘ friction, we will compare the mechanical energy, the body should have (in
vacuum or no air resistance) with the mechanical energy, it actually has (with air friction).

1. Ideal case (No air resistance)
If the body falls from a height H and there is no air resistance, the P.E. at the top is fully converted into KE. at the
bottom.

Initial P.E = mgh
1
Final KE = ‘an" = mgh
S0, in an ideal case:

v:\ngH

2.  Actual case (with air resistance)
As the body reaches the ground with a speed of v = 1.2 \JgH.
So, the actual K.E at the bottom is:

1 ) S 1
KE'=3 mv? = Z7m(1.2 "v..,‘gH:pE =5m (1.44 gH)
=0.72 mgH

3. Work done by air friction:
This is the [bss in mechanical energy due to air friction.

Wiiction = Initial P.E - Final KE = mg H - 0.72

mgH = 0,28 mgH
Thus, work done by air friction is 0.28 mgH.

4.8 A bicycle has a K.E. of 150 J. What K.E. would the bicycle have if it had:
() same mass but has speed double?
(ii) three times mass and was moving with one half of the speed?
Ans. Given that original KE. = 150)

(i) Same mass, but speed is doubled
As KE = %mv’-
If speed is doubled, then
| H.E.--%m{zﬂh%m.miﬂ(%m@)
KE'=4x150) =600
(i) Three times the mass and half the speed:

So m'=3mand\r*=‘;‘



Thus, K.E. becomes as:
2 -
1 vi© 1 v 3
KE.';zBm}(Z) =2_3m.4=3m92

’ K.E."=§::2:150]=5525.I
4.9 mtmﬂhﬂr’gtﬁuctmK.E.nftlnhudthingmmm.nmuingwiﬂwﬂodtvahmiumuMm
bomnmdouhh?lusﬂﬁr

Ans. As KE. = Emvz and P.= mv

If the momentum becomes double, then
P'=2P =2mv

Let the new velocity be v, and since the mass m is tunstant 50
P=mv=2mv or v =2v

The new KE. wil be

K£'=%mtﬂz >m (v = m-w'! 4—m=.r2 4KE

Conclusion: When the momentum of a bodj.r becomes double, its K.E. becomes 4 times greater. This is because
K.E. depends on square of velocity, while momentum is directly proportional to velocity.

4.10 Does the international space station have gravitational P.E. or kinetic energy or both? Explain.
" Ans. The international space station (ISS) has both G.P.E and KE.

1. Gravitational Potential Energy (G.P.E.)
Even though it is in orbit, the ISS is still within Earth's gravitational field. G.P.E depends on the mass of the
object, the mass of the Earth, and the distance from the centre of the Earth.

GM

GPE=—""

The negative sign indicates that the 1SS is in a bound grav#tational system.

2. Kinetic Energy (K.E.) - =
The ISS is moving very fast (about 28,000 km h~! or TE-E km s~) to stay in the orbit. It.constantly falls towards
the Earth, but its forward velocity keeps it in a circular path.

1
KE =3 mv?
In orbit:
The ISS maintains a balance between these two energies. In fact, for a stable circular orbit.
1 -
KE. = 5% P.E

So, yes the IS5 has both G.P.E and KE, and they are crucial for keeping it in orbit.
[ CONSTRUCTED RESPONSE QUESTIONS _

4.1 When will you say that a force is conservative? Give two conditions.
Ans. A force is said to be conservative if it satisfies the following two conditions:

1.  Path Independence
The work done by the force in moving an object between two points is independent of the path taken. It

- depends only on the initial-and final positions.

2. Zero work in a closed path
The total work done by the force when moving an object around any closed path is zero.

4.2 Alight and a heavy body have same linear momentum, which one has greater K.E.?
Ans. The lighter body will have greater kinetic energy-if both bodies have the same linear momentum.



Explanation: The kinétic energy KE. is given by

43

1
K.E:Emv’

If the two bodies have the same momentum (p), the kinetic energy is inversely proportional to ﬁ1eir mass (m).
Thus, the lighter body (smaller m) will have a larger K.E., while the heavier body (larger m) will have a smaller KE.

A motorcycle is running with constant speed on a horizontal track. Is any work being done on the
motorcycle, if no net force is acting on it?

Ans. If the motorcycle is moving at a constant speed on a horizontal track and no net force is acting on it, no net

work is being done on the motorcycle.

Reasons:

i

" Work is _done when a force acts on an object and causes displacement in the direction of the force.

Mathematically, work is given by
W=Fdcos@

~ The problem states there is no net force acting on the motorcycle. This implies that all forces (e.g, engine thrust,

air resistance, rolling friction) are perfectly balanced. According to Newton's first law, an object in motion at
constant velocity dpes not require additional force to maintain its mation if the forces are balanced.

Since there is no net force acting on the motorcycle, there is no net work being done on it.

However, internal work is being done by the engine of the motorcycle to overcome friction, air resistance, and
other opposing forces. This internal energy is converted from the fuel to maintain constant speed, but it does
not change the motorcycle's kinetic energy, as its speed is constant. Hence, the net work on the motorcycle is
Zero. e = i

A force acts on a ball moving with 14 m s~ speed and brings its speed to 6 m s™'. Has the force done
positive or negative work? Explain your answer. :
The force has done negative work on the ball. That is why:
Work and Kinetic Energy: Work done on an object is related to its change in kinetic energy by the Work-
energy Theorem:

w =AKE = K'Ei'lrﬁll_ K,Ennﬂ
Initial and Final Kinetic Energies: The kinetic energy of the ball is given by:

pi LN
KE = > mve
1
Initial kinetic energy: KE i = Em (142 =98 m

1 o
Final kinetic energy: KEga =3 m B):=18m

Change in Kinetic Energy:AKE = KEj .y~ KE s = 18mMm -98m =-80m

Since the change in kinetic energy is negative, the work done is also negative.

Interpretation: Negative work means the force acting on the ball opposes its motion, causing it to lose energy
and slow down.

A slow moving truck can have more kinetic energy than a fast moving car. How is this possible?

. The kinetic energy of an object is determined by the formula: KE. = ‘;-m,,,l

For a slow-moving truck and a fast-moving car, their kinetic energies depend on both their masses and
velocities. While the truck may be moving slowly, it has a much larger mass compared to the car. If the mass of
the truck is significantly larger than the car’s, it can compensate for its lower velocity, resulting in a higher overall
kinetic energy. ' :
For example:

A truck with a mass of 10,000 kg moving at 5 ms™";

1
K.Erm :Ex "}.Dﬂﬁ * 51 = 125;@1

A car with a mass of moving at 20 ms™:



, 1 -
K:Ecar = 5 x 1,000 x 20 = 200,000 J
In this case, the car has more kinetic energy. But if the truck moves slightly faster, say at 7 ms™, its K.E. becomes:
KE. =35 x 10,000 x 72 = 245,000 )

Now, the truck’s kinetic energy exceeds that of the car, despite moving slower. Hence, the truck’s large mass can
make its kinetic energy greater even at lower speeds.

4.6 Why work done against friction is non-conservative in nature? Explain briefly.

Ans. Work done against friction is non-conservative because the energy dissipated by friction cannot be fully
recovered. In conservative forces, like gravity, the work done is path-independent, and the energy is conserved;
it can be fully converted back into potential or kinetic energy. However, friction always converts some of the
mechanical energy (kinetic or potential) into heat, which disperses into the environment, making it impossible to
recover the same amount of energy. Therefore, the work done by friction depends on the path taken and results
in a loss-of mechanical energy.

4.7 Does wind contain kinetic energy? Explain.
Ans. Yes, wind contains K.E,

Explanation .
Kinetic energy is the energy possessed by a body due to its motion. Wind is moving air, and since air has mass
and is in motion, therefore, it possesses KE.
The K.E. of the wind can be calculated by using the formula:

1
KE=3 mv

The K.E. of the wind is what wind turbines capture and convert into mechanical or electrical energy. 1;he stronger
and faster the wind, the more K.E, it has.

[ COMPREHENSIVE QUESTIONS |

4.1 Define K.E. and derive an expression for the same.

Ans. See Q. 8 :

4.2 How is work done by a:
(i) constant force (if) wvariable force?

Ans. See Q. 2and Q. 3

4.3 Define conservative field. Show that gravitational field is conservati» in nature.

Ans. See Q.4

4.4 What is meant by absolute P.E.? Derive an expression for absolute P.E.

Ans. SeeQ. 9

4.5 State and explain work-energy theorem in a resistive medium.

Ans. See Q. 11

4.6 Define escape velocity. Show that an expression for escape velocity can be expressed as ﬁ. where R
and g denote radius of the Earth and acceleration due to gravity, respectively. Also find its numerical
value near the surface of the Earth. :

Ans. See Q. 10
| NUMERICAL PROBLEMS |

: Mass of each bullet = m = 40 g = 0.04 kg
4.1 A machine gun fires 6 bullets per minute with a Gl el e
velocity of 700 m s™'. If each bullet has a mass Tfﬂng each bullet = v = 700 ms
of 40 g, then find power developed by the gun? a _
Soluti Power developed by gun =P =?
i Calculations: Converting rate to bullets
Given data: g per

second:
MNumber of bullets fired per minute = 6

dr



4.2

8

6 bullets per minute = 650 = 0.1 bullet per second

Kinetic energy of one bullet is:
1 1
' KE =3 mv? = 5% 0.04 kg x (700 ms™)

= 0.02 kg x 49000 m® 5~
K.E. = 9800 kg m?s~2 = 9800 J
Now power developed by the gun is:
Power = Energy per second
= KE. x bullets per second
= 9800 = 0.1

P =980 W] Ans.
A family uses 10 kW of power. Direct solar
energy is incident on horizontal surface at an
average rate of 300 W per square metre. If 75%
of this energy can be converted into useful
electrical energy, how large area Is needed to
supply 10 kW?

Solution:;

4.3

Given data:
Power required = 10 kW = 10,000 W

Incident solar power = 300 Wm™

Efficiency = 75%
To Find:
Area=A=17
Calculations:
P Pawer requilzed .
Incident solar power per unit area x Efficiency
_—10000W
© 300 Wm™2x 75%
_ 10,000 W
T 225 Wm |
A = 4444 m?

Thus, 44.44 m? of area is needed to supply 10 kW
of power,

The mass of the Earth is 6.0 x 10%* kg and mass
of the Sun is 1.99 x 10*° kg. The Sun is 160
million km away from the Earth. Find the value
of gravitational P.E. of the Earth.

Solution:

Given Data:
Mass of Earth = m = 6.0 x 102 kg
Mass of Sun = M = 1,99 x 10° kg
+ Distance = r = 160 million km =16 x 10" m

Gravitational constant = G = 6.67 x 107" Nm? kg2

4.4

To Find:

T GMm
Gravitational PE = GPE=-—""

.
Putting the values

667 x 107" Nm® kg 199 % 100k« 60 10™ kg
- 16x10"m

GPE=

79.7 x 1043

T 16x1g"
GP.E=-497 x10%)
So, the GP.E of the Earth due to the Sun is
497 x 1073 ),

An object weighing 98 N is dropped from a
height of 10 m. Its speed just before hitting the
ground is 12 m s™". What is the frictional force
acting on it? ;

Solution:

4.5

Given Data:
Weight = w = 98 N
Height=h=10m
Final speed = v = 12 ms™!
Accelerate on due to gravity g = 9.8 ms™¢
To find:

Frictional force mem =1 .
Conclusions:

. W 98 N
As wﬂﬂ’lg ar M'g"glams.\}

, = 10 kg
Initial P.E. = mgh
=10 kg x 9.8 ms™x 10 cm

P.E. = 980)
K.E. just before hitting the ground:
1 i :
KE. = % mv2 = 5% 10 kg (12 ms™1)?
: =720)
Energy lost due to friction = P.E. - KE.
=980J-720. 260)
Thus, work done by friction = Frictiona force x

Distance
W= F'l'iﬂl‘ﬂﬂ = d

W 260
Firiction =g =70 m

Ans.

A 75 watt fan is used for 8 hours daily for 30
days. Find:

(i) energy consumed in electrical units

(i) electricity bill if one unit costs Rs. 22.57

or



Solution:

M

(i)

4.6

. Cost per unit

Given Data:
Power of the fan =P = 75W = 0.075 kW
Time used perday=t=8h
Number of days = 30
= Rs. 22.5
Energy consumed in electrical units (kwh):
Energy consumed = Power x Time
= 0.075 kW x B h / day = 30 days
= 0.075 kW x 240
Energy consumer = 18 kWh (units) Ans.
Electrical bill .
Cost = Energy consumed = Cost per unit
= 18 kWh = 225
Cost = 405 Ans.

If an object of mass 2 kg thrown up from
ground reaches a height of 5 m and fallsback to
the Earth (neglecting air resistance), calculate:
(i) work done by gravity when the object
reaches at 5 m height. .
work done by gravity when the object
comes back to the Earth.

total work done by gravity in upward and
downward motion. Also mention physical
significance of the result.

(i)

(iii)

Solution:

(i

(¥)

Given Data:

Mass of the object =m =2kg

Max. height reached = h £ 5m
Acceleration due to gravity =g = 9.8ms™
To Find: .
Work done W =7
Calculations:
Work done by gravity when the object reaches 5 m
height.

W="Fdcos@
When the object is moving upward, displacement is
up, but gravitational force is down, so
Angle (8) =180°, and cos (180°) = -1
W = mg = h x cos (1807
=2x98ms x5 mx(-1)

S0

W=-98)
Thiis, work is done by gravity.
Work done by gravity when the object comes back
Earth:

(- cos1B80°=-1) |

T

MNow the object is moving downward, and gravity
also acts downward, so angle (8) = 0° and
cos (0% = 1
W=mg=h
=2kgx9.5ms—2x5mx‘i (" cos0° = 1)
W=298) :

(iii) Total work done by gravity during upward and

downward motion:

Wiory =981+ 981 =01
Work done-in a closed path in a conservative field
is zero.

4.7 An electrical motor of one horse power is used
to run a water pump. Water pumptakes 15
minutes to fill a tank of 400 litres at a height of
10 m (1 hp 746 watts). Find:

(a) actual input work done by electric motor
to fill the tank
(b) actual output work done
Solution:
Given Data:
Power of motorP=1hp = T46 W
Time taken'=t=15min = 15 x 605 =900 s
Volume of water = V = 400 L
Height =h =10m

Acceleration due to gravity =g = 9.8 ms™?2

Mass of water =m =400kg (" 1L=1kg)
To Find:

(a) actual input work done to till the tank

(b) actual output work done
Calculations:

(a) Inputwork is calculated as:

Input work = Power x Time
= 746 W = 900 S= 671400
Input work = 671.4 kJ Ans.

(b) Actual output work is the work done to lift the
water: .
Output work = mgh

= 400 kg x 9.8 ms™2x 10 m = 39,200)
Output work = 39.2 kJ Ans.

4.8 ' A passenger just arrives at the airport and
dragging his suitcase to luggage checks in at
the desk. He pulls strap with a force of 200 N at
an angle of 45° to the floor to displace it 50 m
to the desk. Determine the value of work done
by him on the suitcase.

Solution: -

Given Data:
Force =F =200 N



Angle = 8 = 45°
Distance =d = 50m
To Find:
Work done =W =7
Calculations: Using the formula:
W=Fdcost
Putting the values
W= 200N = 50 m = cos 45°
= 10,000 Nm = 0.707
(" cos45° =0.707)
=T7070)
W=7k Ans

Thus, the work done by the passenger on the
suitcase is 7 k.

A 1200 kg car is running at a speed of 40 km

49
h~'. How much power will be eupendul by it to
accelerate at2ms?
Solution:
Given Data:
Mass of car = m = 1200 kg
_1 40 x 1000
Speed of car = v = 40 km h’ =60 60 M

v=11.11ms"
Acceleration produced = a = 2 ms™?

To Find:
Power=P =7
Calculations: Using the formula:
=FxV i)
where F=ma = 1200 kg x zms""*Zle}N

Putting the values in Eq. (i)
P=2400Nx11.11 ms™!
P = 26.67 kW Ans.

= 26664 W

4.10 A 200 g apple is lifted to 10 m and then

dropped. What is its velocity when it hits the
ground? Assume that 75% of work done in
lifting the apple is transferred to K.E. by the
time it hits the ground.

Solution:

Given Data:
Mass =m=200g=02kg
Height=h=10m
Gravitational acceleration = g = 9.8 ms™2
To Find:
Velocity=v=7
Conclusions: To talculate the velocity of the apple
when it hits the ground, we can follow these steps:
Find the G.,P.E, when the apple is at 10 m. -
G.P.E = mgh
G.PE=02kgx98ms2x10m
GPE=196)
Account for the efficiency (75% of work done is
canverted to K.E)
Since 75% of the work done in lnftmg the apple is
converted into K.E, at the point just before it hits
the ground is:
KE. =075x196)=14.7)
For calculation of velocity, use the formula:

:
KE 535 mv?.

. [2keE

or Y= m

Putting the values

2 x 14? _ A |294
- I_']_E =

v=121 rns" Ans.
Thus, the velocity of the apple when it hits the
ground is 12.1 ms™,
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