8.1 ¥ GRAVITATION AND GRAVITY

1. Distinguish between the terms gravitation and
gravity. Give examples.

Gravitation. Every body in the universe attracts
every other body with a force called force of

gravitation. Thus

Gravitation is the force of attraction between any two
bodies in the universe.

The attraction between the sun and earth, the
attraction between a tablé and a chair lying in a room,
etc., are examples of gravitation. Gravitation is the
weakest of the four basic forces in nature. However,
it is the most important force as it has played an
important role in initiating the birth of stars and in
controlling the structure and evolution of the entire
universe.

Gravity. Gravity is a special case of gravitation. If
one of the attracting bodies is the earth, then
gravitation is called gravity.

Gravity is the force of attraction between the earth and
any object lying on or near its surface.

A body thrown up falls back on the surface of the
earth due to earth’s force of gravity.

GRAVITATION

8.2 " ACCELERATION DUE TO GRAVITY
AND WEIGHT OF A BODY

2. What is meant by the term free fall ?

Free fall. The motion of a body under the influence of
gravity alone is called a free fall. If we neglect the resis-
tance or friction offered by air, the fall of a body in air is
a free fall. In fact, a body falls freely only in vacuum.
The motion of a small heavy body in air may be taken
as a free fall because air resistance on it is very small.

3, What is meant by acceleration due to gravity ? Is
it a scalar or a vector ?

Acceleration due to gravity. When a body falls
freely towards the surface of the earth, its velocity
continuously increases. The acceleration developed in
its motion is called acceleration due to gravity.

The acceleration produced in a freely falling body
under the gravitational pull of the earth is called
acceleration due to gravity.

It is denoted by g. It is a vector having direction
towards the centre of the earth. It does not depend on
the mass, size and shape of the body. The value of g is
constant at a given place. However, it varies from place
to place on the surface of the earth. It depends on
altitude, depth, rotation of the earth and shape of the

earth.
8.1
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Usmg lasers, it is possible to measure distances up
to 100° m and by electronic devices time can be
measured upto 1077 s, Using these techmques, gcanbe
determined to an accuracy of 1 part in 10® by observing
the free fall of a body in vacuum.

2

Near the surface of the earth, ¢=98ms™* or

32 fts 2.

4. What do you mean by weight of a body ? Is it a
scalar or vector ? What are its units ?

Weight of a body. The weight of a body is the
measure of the gravitational pull exerted by the earth
upon it.

Weight of a body is defined as the gravitational force
‘with which a body is attracted towards the centre of
the earth.

If the g is the acceleration due to gravity at a place,
then a body of mass of mis attracted towards the centre
of the earth with a force equal to mg at that place.
Hence weight of a body is given by

W =mg

: — -
In vector notation, W =mg

Weight is a vector quantity. It is measured in the
units of force such as newton, kgwt, etc. As the value of
g varies from place to place, the weight of a body also
varies from place to place.

8.3 " NEWTON'S UNIVERSAL
LAW OF GRAVITATION

5. How did Newton discover the universal law of
gravitation ?

Discovery of Newton’s law of gravitation. One
day in the year 1665, seeing an apple falling from a
tree, Newton was inspired to think about the law of
gravitation. He thought that the force which attracts
the apple towards the earth might be the same as the
force attracting the moon towards the earth. By
comparing the acceleration due to gravity on the earth
with the acceleration required to keep the moon in
orbit around the earth, Newton was able to deduce the
law of gravitation as discussed below.

Newton assumed that the moon revolved around
the earth in a dircular orbit of radius R (=3.84 x 10%m), as
shown in Fig. 8.1.

Period of moon around the earth,
T =27.3 days =27.3 x 86,400 s
Speed of the moon

_ Circumference of orbit
Orbital period

2 7mx(3.84x10% m)
27.3 x 86400 s
=1.02 x 10* ms™!

Centripetal acceleration of the moon,

. _v? (102 x 10

© R 384x108
=272 x10"3 ms~2 (i)
\
\
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Fig. 8.1 Centripetal acceleration of the moon.

Accelerahcm due to gravity at the earth’s surface,
g=98ms”

Clearly a.<<g. Newton assumed that both
acceleration of the moon and acceleration of the falling
object are provided by earth’s gravitational attraction.
Newton argued that force and hence the acceleration
produced must decrease with distance from the centre
of the earth. From the relative values of 4, and g, he
proposed that the gravitational force should be
inversely proportional to the square of the distance. If
R; is the radius of the earth, then

g 1/R? (R
Newton knew that —& R —i
60

R, \ 12
ac=(?EJ Xg:[éﬁ) x9.8
=272x10"? ms2.

This value is in close argument with the value
obtained in equation (i), thus verifying the inverse
square law. It is called Newton’s moon test.

Newton further analysed that the force of
gravitation exerted by an object should be proportional
to its mass. By the third law of motion, the second
object should exert an equal and opposite force on the
first one. This force should be proportional to the mass
of the second object. Taking into account all these facts,
he arrived at his famous universal law of gravitation.
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6. State Newton's law of gravitation. Hence define G.
What are the units and dimensions of G ? Why is G called
a universal gravitational constant ?

Statement of Newton's law of gravitation. In 1687,
Newton published the universal law of gravitation in
his book Principia. This law can be stated as follows :

Every particle in the universe attracts every other
particle with a force which is directly proportional to
the product of their masses and inversely proportional
to the square of the distance between them. This force
acts along the line joining the two particles.

m m
1 E E 2
i i
g sia's s e e P o

Fig. 8.2 Law of gravitation.

Consider two bodies of masses m and m, and
separated by distance r. According to the law of
gravitation, the force of attraction F between them is
such that

F o mym, and Fu:%
Fuc%
or F=G%

where Gis a constant called universal gravitational constant.
Definition of G. If m =m, =1 and r=1,then

F=G

The universal gravitational constant may be defined as
the force of attraction between two bodies of unit mass each
and placed unit distance apart.

In SI, the gravitational constant is equal to the force
of attraction between two bodies of 1 kg each and
placed 1 m apart.

In cgs system, the gravitational constant is equal to
the force of attraction between two bodies of 1 g each
and placed 1 cm apart.

Dimensions of G. As F=G %

.
mm,
Dimensions of G= M =M 3T ?)
Mx M
Uniits of G. As G=F7—
mm,

Nm?

kg x kg
Similarly, cgs unit of G=dyn cm?g 2.
Value of G. In SI, G =6.67 x 10~ ! Nm? kg™
G=6.67x10"® dyn cm?g™>.

SI unitof G=

=NmZkg ™2

In cgs system,

The value of G does not depend on the nature and
size of the bodies. It also does not depend on the nature
of the medium between the two bodies. That is why G
is called universal gravitational constant.

7. Briefly explain the Cavendish’s experiment for the
determination of the universal constant G.

Cavendish’s experiment for the determination of
G. The value of the gravitational constant G was first .
determined experimentally by English scientist Henry
Cavendish in 1798. The apparatus used is shown in
Fig. 8.3.

Fig. B.3 Cavendish method.

Here two small identical spheres of lead, each of
mass m are connected to the two ends of a light rod to
form a dumb-bell. The rod is supported by a vertical
length of quartz fibre. Two large lead spheres of mass
M each are placed near the ends of the dumb-bell on
the opposite sides in such a way that all the four
spheres lie on a horizontal circle. The small spheres
move towards the larger ones under the gravitational
attraction,

_ GMm

r

where r is the distance between the centre of the large
and its neighbouring small sphere.

F

The forces on the two small spheres form a couple
which exerts a torque. This torque deflects the rod and
twists the suspension till such time as the restoring
torque of the fibre equals the deflecting gravitational
torque. The angle of deflection 6 is noted by measuring
the deflection of a light beam by a lamp and scale
arrangement. Let Lbe the length of the light rod.
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Then,
Deflecting torque = F x L= i L

r

Restoring torque = k6
where k is the restoring torque per unit angle of twist
and is called torsion constant of the suspension fibre.

In rotational equilibrium, both the torques are
equal and opposite.

GMm
2

L=ko

c_ker
MmL

Knowing all the quantities on the right hand side
from the experiment, the value of G can be determined.

or

Since Cavendish’s experiment, the measurement of
G has been improved upon. The currently accepted
value is

G=6.67x10"" Nm? kg2

8.4  EVIDENCES IN SUPPORT OF
LAW OF GRAVITATION

8. Mention some experimental evidences in support
of Newton's law of gravitation.

Experimental evidences in support of the law of
gravitation. Many of the results predicted theoretically
on the basis of the law of gravitation are found to be in
close agreement with the experimental observations.
Some of such evidences are as follows :

(1) The rotation of the earth around the sun or that
of the moon around the earth is explained on
the basis of this law.

(11) The tides are formed in oceans due to the
gravitational force of attraction between the
moon and sea-water.

(171) The times of solar and lunar eclipses calculated
on the basis of the law of gravitation are found
to be reasonably accurate.

(fv) The orbits and periods of revolutions of artificial
satellites can be predicted very accurately on
the basis of this law.

(v) The value of g varies from place to place on the
surface of the earth in accordance with the law
of gravitation.

8.5 ¥VECTOR FORM OF THE
LAW OF GRAVITATION

9. Express law of gravitation in vector form. What
are its implications ?

Vector form of Newton's Law of Gravitation. As
shown in Fig. 8.4, consider two particles A and B of
masses m, and m, and separated by distance r.

LTy —— o a e adslicadal -
-+ —+
m Fp, Fy nty
[ - Sy BT S S PP
A B
T2 ™
P

Fig. B.4 Law of gravitation in vector form.

Let

A

1, = a unit vector from Ato B

sl

11 = a unit vector from Bto A
F:z = gravitational force exerted on A by B
321 = gravitational force exerted on Bby A

In vector form, Newton’s law of gravitation can be
expressed as

F12=_Gmlrzmz,':21

The negative sign shows that the direction of force
?12 is opposite to that of ;21 i.e., the gravitational force is

attractive in nature so that m is attracted towards m,.

G A
Similarly, ?2] =— ’Emz ha
But ;21 == ;12
Hence 1—:;1 =— i:;z

Thus the vector form of the law of gravitation
implies that the gravitational forces acting between

two particles form action and reaction pair. As i:z and

‘:';1 are directed towards the centres of the two
particles, so gravitational force is a central force.

8.6 Y IMPORTANT FEATURES OF
GRAVITATIONAL FORCE

10. Mention the characteristic features of gravita-
tional force.

Important features of gravitational force :

(i) The gravitational force between two masses is
independent of intervening medium.

(1) The mutual gravitational forces between two
bodies are equal and opposite i.., they form
action and reaction pair. Hence gravitational
forces obey Newton’s third law of motion.

(11]) The law of gravitation strictly holds for point
masses.
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(iv) The gravitational force between two point masses
is a central force. Its magnitude depends only
on rand has no angular dependence. Thus the
gravitational force possesses spherical symmetry.

(v) The gravitational force is a conservative force.

(vi) The gravitational force between two bodies is
independent of the presence of other bodies.

8.7 V¥ PRINCIPLE OF SUPERPOSITION OF |
' GRAVITATIONAL FORCES

11. State and illustrate the principle of super-
position of gravitational forces.

Principle of superposition of gravitational forces.
According to the principle of superposition, the gravitational
force between two masses acts independently and
uninfluenced by the presence of other bodies. Hence the
resultant gravitational force acting on a particle due to a
number of masses is the vector sum of the gravitational
forces exerted by the individual masses on the given particle.
Mathematically,

f;a=?+?;+f;+ ...... +?;=

1

—

E

M=

where f:, i;, I—:;, ...... , E are the gravitational forces

exerted individually by n masses m,, m,, m, ......, M, on
the particle of mass m Each force is determined by the

law of gravitation.

Illustration. In Fig. 8.5, the total gravitational force
on point mass m, is the vector sum of the gravitational
forces exerted by the point masses m,, m, and m,.
According to the law of gravitation, the force on m,
exerted by m, is

F,=-G 215
12 21
B
m, my

A -

where r, =7,/1, is a
unit vector pointing
from m, to m,. The
negative sign shows
that m is being
attracted by m,.
By the principle of
superposition, the
total gravitational
force on m, is

5 A

ll]ﬂ3

Fig. 8.5 Principle of superposition of F19-

gravitational forces.

o] Ty T ;ﬂ]

41

8.8 ¥ SHELL THEOREM

12. State Newton's shell theorem for the gravita-
tional force.

Newton’s shell theorem. This theorem gives
gravitational force on a point mass due to a spherical
shell or a solid sphere. It can be stated as follows :

(i) If a point mass lies outside a uniform spherical
shell/sphere with a spherically symmetric internal
mass distribution, the shell/sphere attracts the point
mass as if the entire mass of the shell/sphere were
concentrated at its centre.

Fig. 8.7 Force on an outside particle due to a solid sphere.

(i) If a point mass lies inside a
uniform spherical shell, the
gravitational force on the
point mass is zero. But if a
point mass lies inside a
homogeneous solid sphere,
the force on the point mass
acts towards the centre of the

sphere. This force is exerted Fig. 8.8 No force

llrytthg spher;lcal mass situated J ¢ on a particle
interior to the point mass. inside a shell.

M

F=0,r<R

M

F

=GM,m_GMmr [ﬁ__r:‘_]
r R M g

8.9 A net force acts towards the centre on a
particle inside (r < R) a solid sphere.
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13, Is gravitational shielding possible ?

Gravitational shielding is not possible. Although
the gravitational force on a particle inside a spherical
shell is zero, yet the shell does not shield the other
bodies outside it from exerting gravitational forces on
the particle lying inside it. Thus gravitational shielding
is not possible.

‘\Jz? For Yotr Knowledge

&\ The law of gravitation is strictly true for point masses.
However, it is valid in the following circumstances also :

% For two bodies of any size provided they both
have spherical symmetry.

% When one body has spherical symmetry and the
other is small compared with the separation
between their centres,

% When neither body has spherical symmetry but
both are small compared with the separation
between their centres.

A\ The value of G does not depend on the nature and
size of the masses.

&\ The law of gravitation is universally valid. It applies to
small objects on the earth, planets in the solar system
and to galaxies.

a\ Though the gravitational force between two particles
is central, the force between two finite rigid bodies is
not necessarily along the line joining their centres of
mass. For a particle lying outside a spherical symmetric
body, the force acts as if the mass is concentrated at
the centre of the body. Therefore, this force is central.

4\ The -gravitational force on a particle lying inside a
hollow body of any arbitrary shape is zero.

les based on
‘Newton’s Law of

Exam

 Principle of §

FormuLat Usep | g
. T iy G
1. Newton’s law of gravitation, F = "rz'l”’z

. ) Il an?y
2. Mass of planet or satellite, M = W

3. Principle of superposition of gravitational forces,

FR=E+E+..+E

Units Uskp

Force of gravitation F is in newton, masses m1 ) m2
and M are in kg, distance r in metre and period of
revolution in second. Ll i
T i1
Constant Usep A e

Universal gravitational ,constant,
G=6.67 x107"! Nm?kg™2 (it

Exampre 1. Calculate the force of attraction between two
balls each of mass 1kg each, when their centres are 10 cm
apart. Given G=6.67 x 10™'! Nnikg™ 2 [Delhi 1997]

Solution. Here m, =m, =1kg, r=10 cm =0.10 m
_Gmm, 6,67 x 100 T x1x1

o (0.10)2
= 6.67x 10° N.

ExampLE 2. The mass of planet Jupiter is 1.9 x 107 kg and
that of the sun is 1.99 x 10% kg. The mean distance of the

Jupiter from the Sun is 7.8 x 10" m. Calculate the gravita-
tional force which the sun exerts on Jupiter. Assuming that
Jupiter moves in a circular orbit around the sun, calculate
the speed of the Jupiter.

Solution. Here M=1.99x10* kg, -
m=19x10% kg, r=78x10"m,
G=6.67x10"" Nm? kg2

_GMm _6.67x10" " x1.99x 10% x 1.9 x 107
r* (7.8 x 1011

=4.145x 102 N.

The gravitational force of attraction due to the sun
provides the necessary centripetal force to the Jupiter
to move in the circular orbit. If v is the orbital speed of
Jupiter, then

F

N F

mDZ

r

‘ [rF 7.8 x 10! x 4.145 x 102
or v=.— =
m 1.9 x 107

=1.304 x 10* ms™..

ExampLE 3. Two particles, each of mass m, go round a
circle of radius R under the action of their mutual
gravitational attraction. Find the speed of each particle.

Solution. The force on each particle is directed
along the radius of the circle. The two particles will
always lie at the ends of a diameter so that distance
between them is 2R. :

p=gmxm Gnt*

@R? 4R?
As this force provides the centripetal force, so
Gn* _ mo®
4R R

IGm
or D= Jf—.
4R

EXAMPLE 4. The mean orbital radius of the earth around the
sun is 1.5x 10® km_Calculate the mass of the sun if
G=6.67x10" ! Nnfkg™2



GRAVITATION 8.7

Solution. Here r=15x10% km =1.5x 10! m

T =365 days =365 x 24 x 3600 5

*+ Centripetal force required = Force of gravntahon
between the earth and the sun

mv®:  GMm m(?.m‘)z GMm
—_—= or —|—| =
r e r\T )+ 2
2
or M= 4n 'j
GT

4x9.87 x (1.5 x 1011)?
T 667x10" U x (365 x 24 x 3600)%
= 2.01x 10% kg.

EXAMPLE 5. A mass M is broken into two parts of masses
_ my and m,. How are m, and m, related so that force of gravi-
tational attraction between the two parts is maximum ?

Solution. Let mo=m, then m, =M-m-

Force of gravitation between the two parts when
they are placed distance r apart is
' mM-m) G-
T2 72

Differentiating w.r.t m, we get

F=G (Mm - 1)

or g-(M-Zm)=O

or M=2m or m=M]/2 .

Lmp=m=M/2
EXAMPLE 6. Three equal masses of m kg each are fixed at the
vertices of an equilateral triangle ABC, as shown in Fig. 8.10.
(a) What is the.force acting on a mass 2m placed at the
. centroid G of the triangle ?
(b) What is the force if the mass at the vertex A is
doubled ?

Take AG=BG=CG=1m [NCERT, Delhi 06]

Fig. 8.10

Solution. We choose the co-ordinate axes as shown
in Fig. 8.10.

“Angle between GC and positive x-axis =30°.
Angle between GB and negative x-axis = 30°,

Force on mass at G due to mass at A,
P Gm(2m) »
GA — 12 ]

Force on mass at G due to mass at B,

%B Gm(Zm)( i COS30°—] sin 30°)

Force on mass at G due to mass at C,

Féc Gml(Zm)( 1cos30°

/ sin30°)

By the principle of superposition, the resultant
force on mass 2mis
e

;‘1’2 = %A + %B *
=2GnP[] +(~1 cos30°— ] sin30°)
+(i cos30° -] sin30°)]
=2Gr2 (] -2} sin30°]
=2Gnt (f -] )=0.

From symmetry consideration also, the resultant
force on mass 2m=0..

() Now the mass at the vertex A is2m Then

%A G(2m)(2m) A i =4 sz

FE;B and I%C remain same as above.
:p; = ?GA * l-Li;zs' * I?g;c
=2Gn? [2] +(~1 cos30°- ] sin30°)
+(zf‘ c0530°—]"\ sinBO")]
=2 G2 [2] -2 sin30°]
=2GnP 2] -f)=26u?}.

= PROBLEMS FOR PRACTICE

1.- A sphere of mass 40 kg is being attracted by another
sphere of mass 80 kg with a force equal to 1/4 of a
milligram weight when their centres are 30 cm
apart. Calculate the value of G.

(Ans. 6.88 x 1071 Nm?kg™?)

2. The centres of two identical spheres are 1.0 m apart.
If the gravitational force between the spheres be
1.0 N, then what is the mass of each sphere’?
(G= 667x10'“ m3kg~s72).

(Ans. 1.225 x 10° kg)
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3. Find the gravitational attraction between two

H-atoms of a hydrogen molecule. Given
G =06.67 x 10:” Nm? ‘kg_z, mass of the atom
~167x10 ¥ kg and distance’ between two

H-atoms = 1A. (Ans. 186 x 10" * N)

Calculate the force of gravitation between two

bodies, each of mass 100 kg and 1 m apart on the '

surface of the earth, Will the force of attraction be
different if the same bodies are taken on the moon,
their separation remaining constant ?

(Ans. 6.67 x10" 7 N, No)

An apple of mass 0.25 kg falls from a tree. What is
the acceleration of the apple towards the earth ?
Also calculate the acceleration of the earth towards
the apple. Mass of the earth =5.983 x 10™ kg,
Radius of the earth =6378x10°m and
G=667x10"" Nm? kg™

(Ans. 9.810 ms~ 2 4099x10" % ms™?)

If the mass of the sun is 2 x 10° kg, the distance of
the earth from the sun is 1.5 x 10'" m and period of
revolution of the earth around the sun is one year
(= 365.3 days), calculate the value of gravitational
constant. -(Ans. 6.69 x 107 "Nm? kg~ 2

How far from earth must a body be along a line
towards the sun so that the sun’s gravitational pull
on it balances that of the earth. Distance between sun
and earth’s centre is 1.5 x 10" km. Mass of sun is
3.24 x 10° times mass of earth. (Ans. 2.63 x 107 km)

¥ HINTS

1. Here

3.

m, =80 kg, m, =40kg, r=30cm =0.30 m
F=%mgm=%~xw‘f’kgwt

107" x98
T4
e s _107° x9.8%0.30 x0.30
—'m.‘ ’"z_ 4 %80 x40

= 6.88 x10" "' Nm? kg2

cmi'fl;g_b

N -

667107 x1.67x 1077 x1.67 x 107
- (10—10)2

=1.86 x10°¥ N,

Fe Gmym, ~ 6.67 x 10711 x 100 x 100
r?. - (1)2

=667x1007 N.

The force of attraction between the two bodies will
remain same on the moon as the masses of two
bodies also remain the same.

5. Here m=0.25kg, M = 5.983 x 10 kg,
R=6378x10° m
Force of gravitation between earth’and apple,
GMm
F= Py
Acceleration of the apple towards the earth,
_F_GM

a —_—= -
m R
667 x107"" x5.983 x 10
N (6378 x 10°)?

- 9,810 ms >

Acceleration of the earth towards the apple,
_F Gm_667x107" x0.25
A=—=—7" 6\
m R (6.378 x 107)
=4.099 x10" % ms™?.
7. Let P be a point at distance x where the gravi-
tational pull due to the earth and the sun balance.

Then
GME m B GMSni
x% i (r—x)2
2
-x% M
or X Ms 304108
X ME
or r=X _ [324%10° =570
X
. 1.5 x 10"
or =t 10T 63107 km.
571

571

8.9 - ACCELERATION DUE TO GRAVITY

OF THE EARTH

14. Write expressions for the gravitational force
exerted by the earth on a point mass m located above,
below and on the surface of the earth. Hence deduce
expression for g on the earth’s surface.

Acceleration due to gravity of the earth. Consider
the earth to be a sphere of radius R and uniform
density p. Then its mass will be

4 .3
M=—-nR
3 p

(i) At points above the earth’s surface. Suppose a
point mass m is situated outside the earth at a distance
r from its centre. According to shell theorem, the
gravitational force at a point outside the earth is just
as if the entire mass of the earth is concentrated at its
centre. Hence the gravitational force on the point

mass m 1is
Mm
F=G—
2

(i1) At points below the earth’s surface. As shown

(For r> R)

in Fig. 8.11, suppose a point mass mis located at a point
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P in a mine at a depth d below the earth’s surface. Thus
the point P lies outside the sphere of radlus r and
inside the shell of thickness

d=R-r

Earth's

surface

Fig. 8.11 Gravitational force on a‘mass m at depth d. .

According to shell theorem, the outer shell exerts
no- force on the mass m kept at* point P. The inner
‘sphere of radius r exerts a force on point mass m at
point P as if its mass-m, is concentrated at the centre.

Thus the gravitational force on mass mis

_ Gmm, .
’,2
4 3 4 .3 1P P
But mr=§1rr p_.a_-n;R pF_ F
F:EE. M_ r3 ‘
2 3
: P='G£§mr ‘" (Fprr<R)

(iii) At points on the earth’s surface. If the point
mass m is situated 'on the earth’s. surface, then r =R,
"and the gravitational force on mass m is

P X ;
or - : F= Gﬁm" . F A (F.or r—R)

Suppose the mass m expenences acceleratlon 3
called the acceleration due to gravity, then accordmg
to Newton's: second law of motion, .

s

FE mg
mg=GMm ’.-.
- R? : ..
or ' gé% . o= ' o
. R -

This gwes the acceleration due to gra\nty on the
surface of the earth.

15: Obtain an expressron for the acceleratwn due to
gravity g in terms of mass of the earth M and
gravitational -constant G.

Relation between g and G. "

Tonsider the earth to be a
sphere of mass M and radius
R. Suppose a body of mass ntis
lying on its surface, as shown
in Fig. 8.12, According to the
law of gravitation, the force of
attraction between the earth

and the body is Pt s )
Fig. B.12 Relation
between g and G.

A TR

Here we have used shell theorem according to

‘which the gravitational force due to a sphere on a mass

outside it acts as if the entire mass of the sphere is
concentrated at its centre. The force of gravity F
produces an acceleration g (called acceleration due to
gravity) in the body of mass m. From Newton s second
law of motion, we get

= mg

From thelabove two equations, we have
= GMnm or g GM
’ R2 ' R2

This gix}es acceleration due to gravity on the surface

_ of the earth. The value of g is independent of the mass, size

and shape of the body falling under gravity.

8.10 . MASS AND DENSITY OF THE EAR1:H

~ 16. Explain how the mass and average density of the
earth can be estimated from the knowledge of G ? '

- Mass of the earth. As g = i—A;I , therefore

2
M=%
G

Knowmg the values of g, Gand R, the mass of the
_earth can be determined.
- As ¢=98ms "2

. G=667x10"" Nm%kg?
98x(637x10 ¥
6.67x10° " -

. - 5.97x 102 kg=6x 102* kg
| As the value G was first experimentally determined
by Cavendish, so he is regarded as the first person to have
weighed the earth.

Average density of the earth. If the earth is taken
as a sphere of radius R and average density p, then lts
mass would be

-M =Volume x density = — nR3 p

Mass of the earth,

R=637%10°m,
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But mass of the earth,

LS
G
oR? 3
3 aR? p= 8 o p= 3
3 G 4nGR

Knowing the values of g, G and R, the average
density p of the earth can be estimated. Thus
3x9.8

T 4%3.142 x6.67 x 10”1 x 6.37 x 10°
= 5497 kgm ™~ > =5500 kgm

In fact, the clenSIty of the upper layers of the earth is
around 2700 kgm~? while the density of the inner
layer is much larger than average value of 5500 kgm ™~ %

S T Yy

Vs 1)
IR A r R o S RN u.:lf{“

FormuLrae Usep

Examfles based on S

1. Acceleration due to gravity on the earth’s surface,

GM
R
2
2. Mass of the earth, M = 32
3. -,Mean density of earth, p = 3
4nGR
; . anr
4. From Kepler's law of periods, M = oo

5. Weight of a body, W
Units Usep

=mg

The masses M and mare in kg, acceleration due to

gravity ¢ in ms™2, period of revolution T in
second and density p in kgm ™

EXAMPLE 7. We:ghmg the Earth You are given the
following data : g=9.81ms °, R. =637x 10° m, the
distance to the moon r =3.84 x 108 m and the time period of

the moon's revolution is 27.3 days. Obtain the mass of the

Earth M in two different ways. [NCERT]
RF 9. : 612
Solution. (i) M; _8Rp _9.81x(6.37 x 1? )
G 6.67 x 10~

=5.97 x 10™ kg.
(ir) From Kepler's law of periods,
ar’y’ _ 4x314x3.14x (3.84)° x 10%
GT?  6.67x 107 x (27.3 x 24 x 60 x 60)?
= 6.02 x 10* kg. |

Both the methods give almost the same mass, the
difference being less than 1%.

ME=

Exampre 8. If the earth were made of lead of relative
density 11.3, what then would be the value of acceleration
due to gravity on the surface of the earth ? Rad:us of the
earth =6.4 x 105 mand G=6.67 x 10~ ! Nnf kg™ 2

Solution. Density of the earth,
p = Relative density x density of water
=11.3x 10 kgm >
Acceleration due to gravity on the earth’s surface,

GM_G 4_ 3 4

= = nR°xp=—-mnGR

" RETR3 P=3 5
%x%?'-x667 «10- 1 x 64 x106x 11.3x 10°

=22.21 ms 2

ExampLe 9. The acceleration due to gravity at the moon's
surface rs 167 ms™*. If the radius of the moon is
1.74 x 10° m, calculate the mass of the moon. Use the known
value of G. [NCERT]

Solution. Here G=6.67 x 10~ ! Nm? kg™ 2,
g=167ms 2, R=174x10° m
M8 R® _1.67 x (174 % 10°)
G 6.67 x 10~ 1!

=7.58 x 10% kg,

ExampLE 10. Two lead spheres of 20 cmand 2 cm diameter

-respectively are placed with centres 100 cm apart. Calculate

the attrachon between them, given the radius of the earth as
6.37 x 105 cm and its mean density as 5.53 x 103 kg m"
Specific gravity of lead =11.5. If the lead spheres are replaced

by brass spheres of same radii, would the force of attraction
be same ?

Solution. Here n =22—0 cm =0.10 m,

n =% cm =0.01m
r=10m, p' =11.5x10% kgm~3
R=637%x10% em =6.37x10° m,
p =553x%10° kgm™?

Masses of the two lead spheres will be

my =3 p
=3x3.14%(0.10)° x 115x 10> =48.15 kg
my =3 5 pf
%x314x(001) x 115 x 107 =0.04815 kg
As g=%=§ix§an3p
G=—8

_47tRp
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The force of attraction between the two lead The acceleration due to gravity on the surface of
spheres is Mars is given by
mom,  3g omym, GM,, .
P = G = =
"2 4nRp . P S R?" 4
) 3% 9.8 x 48.15 x 0.04815 Dividing equation (ii) by (i), we get
6 3 2 2
4X3.]4X(6.37X10 )x 553 x10 x (1) g;n=_%|:&] :lx[%:lzzé
=154x 101N & M. [R,] 9 111 9
As the density of brass is less than that of lead, the 8 = g 8.

masses of brass spheres will be smaller than those of lead
spheres, so- the force of attraction (F ecmym,) will Weight on the surface of Mars,

decrease when lead spheres are replaced by brass spheres. W =mg = 4 - g, = é x 90 kg f = 40 kg f
n n € '

Exampre 11. Compare the gravitational acceleration of the
earth due to attraction of the sun with that due to at!ractron Examrre 13. If the radius of the earth shrinks by 2.0%,
~ of the moon. Given that mass of sun, M, =1.99 x 10% kg, mass remaining constant, then how would the value of

mass of moon, M, —7 35 x 10 kg, a‘zstance of sun from acceleration due to gravity change ?  [Central Schools 09]

earth, r_=1. 498x 10" m and distance of moon from earth Solution. Acceleration due to gravity on the surface
Tom =3 84x10° m of the earth is given by
Solution. Here M, =1.99 x 10% kg _GM
2 R
M, =735x10% kg

Taking logarithm of both sides, we get

1;3=1.49x10u m
log g =log G+ log M -2 log R

) ' 8 m
and m =3-84x10 As G and M are constant, so differentiation of the
Let M, be mass of earth If g, is acceleration of the above equation gives
earth due to the attraction of the sun, then dg _ =0+0-2 drR
M, M GM, g R
Mg =Gt =2 i
e es ,i or & ,«; ® As radius of the earth decreases by 2%, so
dR 2
If g, is acceleration of earth due to the attraction of R == 100
the moon, then
dg dR
M M o x100=~2 =2 x 100
M, g = G Or g =5 i 8
o e =-2x (—i)x 100 = 4%.
Dividing equation (i) by (ii), we get 100

Thus the value of g increases by 4%.

8 _GM, 7, M

- 2 GM M" :—'5' EXAMPLE 14. A man can jump 1.5 m high on the earth.
Sem s ' Calculate the approximate height he might be able to jump
1.99 % 1030 (3.84 x 108) on a planet whose density is one-quarter that of the earth and

= . 9‘8 . . _ . ’ .
735 x 1022 (149 x 1011) whose radius is one-third of the earth’s radius.

Solution. Acceleration due to gravity on the earth’s

or g gem =1798:1 ‘ surface is given by
\ 4
LxampLe 12. A body weighs 90 kg f on the surface of the §=3 T GRp
earth. How much will it weigh on the surface of Mars whose 4
mass is 1/9 and the radius is 1/2 of that of the earth ? On the planet,  g'= 3" GR'p’
Solution. The acceleration due to grawty on the ., R, p
surface of the earth is given by But R'= I p'= 1
M : 4 R 1 4 1
8 =—3 (i) = ZnGx—xP=_ x - nGRp=—g
© R : e T R S T
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Assuming that the man puts in the same energy in
jumping high on the earth and the planet, then

mg' h'=mgh

or X L yx ' = mgh
2 8 8

or =12 h=12x15=18 m.

% PROBLEMS FDOR PRACTICE

1. A spherical mass of 20 kg lying on the surface of
the earth is attracted by another spherical mass of
150 kg with a force equal to the weight of 0.25 mg.
The centres of the two masses are 30 cm apart.
Calculate the mass of the earth. Radius of the earth
=6x10° m. (Ans. 4.8 x 10* kg)

2. The period of moon around the earth is 27.3 days
- and radius of the orbit is 3.9x10° km.
G=6.67x10""" Nm~? kg2, find the mass of the
earth, ; (Ans. 6.31 x 10* kg)

3. Assuming the earth to be a uniform sphere of
radius 6400 km and density 5.5g cm , find the
value of g on its surface, y -
Given G = 6.66 x10™ ! Nm? kg™ 2.

(Ans. 9.82 ms™ %)

4. The mass of Jupiter is 314 times that of earth and the
diameter of Jupiter is 11.35 times that of earth, If ‘g’
has a value of 9.8 ms 2 on the earth, what is its
value on Jupiter ? "~ (Ans. 23.90 ms~ 2)

5. The value of ‘g" on the surface of the earth is
9.81ms™ % Find its value on the surface of the
moon, Given mass of earth = 6.4 x 10** kg, radius of
earth = 6.4 x10° m, mass of moon = 7.4 x 10 kg,
radius of moon = 1.76 x 10° m. (Ans. 1.63 ms™ %)

6. An astronaut on the moon measures the accele-
ration due to gravity to be 1.7 ms™ 2. He knows that
the radius of the moon is about 0.27 times that of
the earth. Find the ratio of the mass of the earth to
that of the moon, if the value of g on the earth’s
surface is 9.8 ms™ . (Ans. 79)

7. The acceleration due to gravity on the surface of the
earth is 10 ms™ %, The mass of the planet Mars as
compared to earth is 1/10 and radius is 1/2.
Determine the gravitational acceleration of a body
on the surface of Mars. - (Ans. 4 ms~ 2)

8. A body weighs 100 kg on earth. Find its weight on
Mars. The mass and radius of Mars are 1/10 and 1/2 of
the mass and radius of earth. (Ans. 40 kg wt)

9. The weight of a person on the earth is 80 kg. What

will be his weight on the moon ? Mass of the moon
= 7.34 x 10% kg, radius = 1.75 x 10° m and gravita-
tional constant = 6.67 x 10" -Nm? kg~ 2.

10.

What will be the mass of the person at the moon
and acceleration due to gravity there ? If this person
can jump 2 m high on the earth, how much high can
he jump at the moon ?

(Ans. 128 N, 80 kg, 1.6 ms™ 2, about 12 m)
On a planet whose size is the same and mass 4 times
as that of the earth, find the energy needed to lifta 2
kg mass vertically upwards through 2 m distance in
joule. The value of g on the surface of earth is

10ms™ 2. _ (Ans. 160 J)
X HINTS :
1. Here m =20kg, m, =150 kg, r=30cm =0.30 m
F=0.25mg wt=025x10"° kg wt
=25x10" 8 x9.8 N
oo FP _25x98x107° x(0.3)’
ny i, - 20 x 150
=7.35%x10" Nm? kg2
Mass of the earth,
| 02 ' 612
M= = =4.8 x10°° kg.
G 735x107 M &
; - M.
4. Given — =3 M
Me
D!?mefer of Jupiter _ 1135
Diameter of earth '
5
— = 1135
R, ;
GM GMJ-
NOW . g(.'= 28 and g)‘:_RT
€ i
2
2
Sio i Ry [—1 ]
8, M| R 11.35
314 314 x9.8
or - g-:'——-‘——)(gaz——.
/' 11.35x11.35 11.35x11.35
=23.90 ms 2. -
] Mﬂl RE ?
Em M E * 8
[ "
2
74x10% | 6.4x10°
= 7 e g| x98
6 x10 1.74 x 10
)
_74x64x64x98x10 -1.63 ms2.
6x1.74x1.74
GM
6.

Here g, =R—2"
2

| GM,, .
a]'\d gm —3 I{i




GRAVITATION 8.13
) 2 2
8 M R, o S. R (i)
x”] M"l Rl‘ g (R + h)
2 2 -2
- 8 R It
or ﬂ‘; qt‘ ﬁ :%x 1 5 =79, or _h':__-%:[] 72)
M, 8.|R, 1.7 (0.27) 8 g2 (1 o )
R
GM,, 667 x10""" x7.34 x 107
9. nge &m = R = (175 % 10°)2 Expeu;ding RHS. by using binomial theorem, we get
g h
=1.6 ms =1~

Mass of the person on the moon = 80 kg

Weight on the moon = mg =80 x 1.6 =128 N,
As mg'h'= mgh

:’:3—','=9'§:2~12m
g ’
10. On the. earth, g= % ;
R
On the planet, 4(;M 4g s

8.11 ¥ VARIATIONS IN ACCELERATION

DUE TO GRAVITY

17. What are the various factors on which the value

of g at any place on the earth depends ?
Factors on which g depends. The value of g

changes from place to place. It depends on various
factors such as (i) altitude (ii) depth (iii) shape of the
earth and (iv) rotation of the earth.

8.12 © VARIATION OF g WITH ALTITUDE

(HEIGHT)
18. Discuss the variation of g with altitude.

Effect of altitude on g. Consider the earth to be a
sphere of mass M, radius R and centre O. Then the

acceleration due to gravity at a point A on the surface
of the earth will be

Besg,
=i—"2’1 (i) x ’

If 8y, -is the acceleration due

to gravity at a point Bat a height
h from tHe earth’s surface, then
GM ..
g = (i
5= Renp )
\

Dividing equation (ii) by (i),
we get
& GM
=0 = X
g8 (R+h)?

RZ
oM

PR L ARATL R

Fig. 8.13 Effect of
altitude on g.

— + terms containing higher powers of I
g R R

If h << R, then J—I'Z < <1, so that higher powers of %

can be neglected, we get

& _ P 2h
g R
2 )
or 8 = g(l _Eh) (i)

Both equations (jii) and (iv) show that the value of
acceleration due to gravity decreases with the increase
in height /1, that is why the value of g is less at
mountains than at plains. While solving numerical
problems, equation "(iii) should be used when h is

comparable to R and equation (iv) should be used
when h << R.

w0

&\ The decrease in the value of g at height /1 is
2gh

£~ &, = R

Clearly g — g, <l

A The percentage decrease in the value of g at height h is

£ 78h 4100 = EhxlOO%

A\ The loss in weight of a body at a height )

=mg - mg, = 2mgh

A\ At an altitude h =320 km, g, =0.9 g, i.e., the value

of g decreases by 10%.
a\ A typical space shuttle altitude is h =400 km.

; :;.Ela,mP’?S' based on

FormuLae. Usep

8 (—th—)z , when I is comparable to R

1, 8~
2. 8, =g(l—%§] ,when h << R
Unirs Usep

Here gand g, areinms- %, and hand R are in metre.

~
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ExamrLe 15. At what h_eight from the surface of the earth,
will the value of g be reduced by 36% from the value at the
surface ? Radius of the earth = 6400 km. [Delhi 11]

Solution. Suppose at height h, the value of & reduces
by 36% i.e., it becomes 64% of that at the surface. Thus

64
=64% of g =—
gh g 100 g

RZ
8 =8 (R + h)?
R 8 _ R
(R + h)? 10 R+h
_ R _6400

or h=—="=1600 km.
4 4 .

EXAMPLE 16. At what height above the earth’s surface, the
value of g is half of its value on earth’s surface ? Given its
radius is 6400 km

Solution. Here

"But

79
100878

Bi=8/2

: 2

R
But = .
“ En g(R-«-h}

' 2 N2
g R ' R 1
==g or =—
/. R+h R+h 2
R+h

0 =2

d R

or h=(~2 —1) R =0.414 R =0.414 x 6400

= 2649.6 km.

ExampLr 17. Find the percentage decrease in the weight of a
- body when taken to a height of 32 kmabove the surface of the
earth. Radius of the earth is 6400 km

Solution. Here h =32 km, R =6400 km

As h<<R so
2h 2gh
=gl1-20 |z -280
Eh g( R] 8 R
2gh '
or E=& = R

Percent decrease in weight

=Mx100=g__ﬁxwo

mg 3
= 28" 100=2" 4100
gx R R -
:“i)(loo:lo/n.
6400

ExampLe 18. A mass of 0.5 kg is weighed on a balance at

the top of a tower 20 m high. The mass is then suspended
from the pan of the balance by a fine wire 20 m long and is

reweighed. Find the change in weight. Assume that the

radius of the earth is 6400 km -

[Delhi 05]

Solution. At a height h (< < R), we have

2h 2gh
=gll-——|=z=¢g-22_
&h 8( R) 8 R
. - 2gh
g_g’l . R

Change in weight = W. at the foot of tower .
— Wt. at the top of the tower
: 2 mgh
=My —mg, =m(g=gy)=——2—

Butl

mg=05kgf, h=20m,
R =6400 km =6.4 x 10° m.
. Change in weight _
S2X05%20 4 15y 105 kg .
6.4 x10° .

EXAMPLE19. A body hanging from a spring stretches it by
Lcm at the earth’s surface. How much will the same body
stretch the spring at a place 1600 km above the earth’s
surface ? Radius of the-earth = 6400 km :

“Solution. In equilibrium, weight of the suspended :

“body = Stretching force

. At the earth’s surface, mg‘: kx x

Ata height h, mg=kxx
g .x_ R* (64000
8§ x (R+h)® (6400 +1600)
R 6400)2 _16 [
8000/ 25°
or x’:El)(Jk:lé % 1cm = 0.64 cm.
25 25

¥ PROBLEMS FOR PRACTICE

1. The radius of the earth is 6000 km. What will be the
weight of a 120 kg body if it is taken to a height of

- 2000 km above the surface of the earth ?
- T (Ans. 67.5 kg f)
2. A body of mass m is raised to a height / from the
surface of the eatth where the acceleration due to
“gravity is g. Prove that the loss in weight due to
variation in g is approximately 2 mgh/R, where R is

the radius of the earth. '

3. The Mount Everest is. 8848 m above sea level.
Estimate the acceleration due to gravity at this
height, given that mean g on the surface of the earth
is 98 ms™? and mean radius of the earth is
6.37 x10° m. (Ans. 9.772 ms™ ?)

4. At what height above the surface of the earth will
- the acceleration due to gravity be 25% of its value
on the surface of the earth ? Assume that the radius

of the earth is 6400 km." (Ans. 6400 km)



5 Flnd the value of g at a height of 400 km above the
surface of the earth. Given radius of the earth,
R = 6400 km and value of g at'the surface of the
earth=9.8 ms™? [Central Schools 12

(Ans. 8.575 ms™?)

6. How far away from the surface of earth does the
acceleration due to gravity become 4% of its value
on the surface of earth ? Radius of earth = 6400 km.

' [Delhi 98] (Ans. 25,600 km)

X HINTS
1. Here mg=120kgf, h=

(R :[@9]2 9
8=\ R+n) £ \8ooo) *8 168

9 9

200 km, R =6000km

mgh—Témg_RxIZO 67.5 kg f.
2. For h<R,
2h 2gh
= 1l—-— —_—
. &h g[ R] 8 R
2¢h
or ¢-8,= i

Loss in weight due to variation in g
= mg —mgy, =m(g - g)
_mx2gh  2mgh
" R R
3. Here h=8848m,g=98ms 2, R=637x10° m
Acceleration due to gravxty at helght h (when h < R)

is given by _
2k . 2x8848
=g|1-=|=98[1-——
5 g( R] ' [ 637xIOGJ

=9.8(1- 0002773) 9.772 ms™ 2.

4, fRY
1008 8 R+h
2_ R

10 R+h ;
h=4R =4 x 6400 = 25,600 km

8.13 v VARIATION OF g WITH DEPTH
' 19. Discuss the variation of g with depth.
Effect of dépth on g. Consider the earth to be a

sphere of mass M, radius R and centre O. The acce-
‘Jeration due to gravity at any point A on the surface of

the earth will be
GM

RZ
Assuming the earth to be a homogeneous sphere of
average density p, then its total mass will be

M Volume x dens;ty nR3p

GRAVITATION 8.15
Gx g mR3p
&= RZ
or g=3nGRp
A g
B! g,

.

Fig. 8.14 Effect of depth on g.

Let g, be the acceleration due to gravity at a point B
at depth d below the surface of the earth. A body at B is
situated at the surface of inner solid sphere and lies
inside the spherical shell = of thickness d. The
gravitational force. of attraction on a body inside a
spherical shell is always zero. Therefore, a body at B
experiences gravitational force due to inner shaded
sphere of radius (R — d) and mass M, where

M =§n(R-—'d)3p

GM' G B 3
= = x—m(R-d
8= R_af (R_ap 3 R-4P
or gd=§1cG(R-d)p
g _37G(R-dp R-d__ 4
b4 %nGRp R - R
' ' d
or o 8y =_g(1—i)

Clearly, the acceleration due to gravity decreases with

' the increase in depth d. That is why the acceleration due

to gravity is less in mines than that on earth’s surface.
~ 20. How much will be the wexght of a body at the
centre of the earth ?

Weight of a body at the centre of the earth. At the
centre of the earth, d = R,

A5, °
—¢[1-= =0
84 8( RJ

Weight of a body of mass m at the centre of the
earth,
=mg, =mx0=0.
Hence the weight of a body at the centre of the earth is
zero though its mass is not zero.
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A For Yo Kriowledde;

a1
A\ The acceleration due to gravity decreases both with
the increase in height and increase in depth. So it is
maximum at the surface of the earth and zero at the
centre of the earth.

A\ Decrease in the Value cc:if g at depth d is

E-8=RE _—y
4\ Percentage decrease in the value of g at depth d is

wah%xm%

21, What is the relation between height h and depth
d for the same change in g ?

Relation between height h and depth d for the
same change in g. Acceleration due to gravity at a

 height h above the earth’s surface,

2h
j P it
8= g( R]

Acceleration due to gravity at a depth d be]ow the
earth’s surface,

gd:S(l”%)
For the same change in g, we have
& =84
1_2_h_1_£ or 2—h=£ or d=2h
R R R R

Hence the acceleration due to gravity at a height h above
the earth’s surface will be same as that at depth d =2 h, below
the earth’s surface. But this fact holds only when 1 << R.

Examples base_d _on
Variation 5 :
Fomuus Ustp .

1. Atadepthd, g,Fg (1 - i)

2 When d=2h, g8,=8,

Units Usep i

Here g and g, and g, are in ms™
are in metre.

2 andd, hand R

EXAMPLE 20. Find the percentage decrease in weight of a
body, when taken 16 km below the surface of the earth. Take
radius of the earth as 6400 km

Solution. Here R =6400 km, d =16 km

_ (1—i)= (1_ 16) 399
84=8\" "R )78 6400 200 %
399 1
| S‘3d=8‘m8—ﬁ8

The percentage decrease in weight of the body

=wx100:&x100
mg g
_(1/400)g 400 = 0.25%.
&

ExanrLe 21, How much below the surface of the carth does
the acceleration due to gravity become 1% of its value at the
carth’s surface ? Radius of the earth =6400 km

Solution. H 1% of g = S
10N ere gd O 8 100
d
But =ol1-=
L g[ R)
& _ (1_i)
100 R
d 1 99
or —_—=]l-— =
R 100 . 100
or d= 22 Ri=dot x 5400 = 6336 km,
100 100

EXAMPLE 22. At what height above the earth’s surface, the
value of g is same as in a mine 80 km deep ?

Solution. Let h be the height at which ‘g’ is same as
that at depth d. Now

2h d
1-=—|=¢|1-=
8y =8 ©Or 8( R] g( R)

2 d
or —_— =
R R |
n=2-80 _40x
272

ExAMPLE 23. Imagine a tunnel dug along a diameter of the
earth. Show that a particle dropped from one end of the
tunnel executes simple harmonic motion. What is the time
period of this motion ? Assume the earth to be a sphere of
uniform mass dens:ty (equal to its knewn average density
=5520 kg m™ %) G=667 x 10~ 1 N kg'2 Neglect all
damping forces.

Solution. The acceleration due to gravity at a depth
d below the earth’s surface'is given by

d

84=8 [1 - ‘R“) k

' !
B _ (R—dJ=§l R—d
8¢ =8| " |TRY l

(@]

where y =R —d = Distance

of the body from the centre i
of the earth. "

Thus g, <y

B e e 4 WAL SR RSETINEA

Fig. 8 15
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As the acceleration is proportional to displace-
ment and is directed towards the mean position, so the
motion of the body is simple harmonic. Its time period
is given by

T—on [stplacement 2 o
Acceleration

GM_G
But = =— nR =—n GR
SR TR 3 ; CRp
r-2n [ R _, [ 3 3n
3T GRp 4 nG p Gp
= 2% ?‘11142 = 5059.77 s.
6.67 x 10~ 11 x 5520

¥ PROBLEMS FOR PRACTICE

1 Find the value of acceleration due to gravity in a mine
at a depth of 80 km from the surface of the earth.
Radius of the earth = 6400 km. (Ans. 9.68 ms™ %)

2. Calculate the depth below the surface of the earth
where acceleration due to gravity becomes half of
its value at the surface of the earth. Radius of the
earth = 6400 km. (Ans. 3200 km)

3. -How much below the surface of the earth does the
acceleration due to gravity become 70% of its value
at the surface of the earth ? Radius of the earth is
6400 km. (Ans. 1920 km)

4. How much below the surface of the earth does the
acceleration due to gravity (i) reduces to 36% (ii)
reduces by 36% of its value on the surface of the

_ earth ? Radius of the earth = 6400 km.

[Ans. (i) 4096 km (ii) 2304 km]

5. Compare the weights of a body when it s (i) 100 km
above the surface of the earth and (if) 100 km
below the surface of the earth. Radius of the earth is

6300 km. (Ans. 0.984)
X HINTS 7
5. Ataheighth, g, =g ( = 2—;1)
' d
At a depth d, gd=g(l—ij
1 2
& A - R R—-2h
: R
s _V\i _mg, _ R -2h
W, mg; ‘'R-d |
But R =6300km, i=100km, d=100km

Wa
W,

~ 6300-200 6100
T 6300-100 - 6200 0984,

8.14 . VARIATION OF g WITH SHAPE OF

THE EARTH
22, Discuss the variation of g on earth’s surface due

to shape of the earth. Why does the weight of a body
increase when it is taken from the equator to the pole ?

Fig. 8.16 Equatorial and
polar radii of the earth.

Effect of shape of
earth on g. Earth is not
perfect sphere. It is flat-
tened at the poles and
bulges out at the equator.
So the equatorial radius
R, of the earth is greater
than the polar radius R
by about 21 km.

SRS T

Acceleration due to gravity on the earth’s surface is
given by

_GM
=g
i:8., g % [* G, M are constant]
As RE>RP, SO 8, <&y

Thus the value of g is minimum at the equator and- -
maximum at the poles. That is why the weight of a body
increases when it is taken from the equator to the pole. The
variation of g between the poles and the equator is about

0.5%. -

8.15 " VARIATION OF 'g” WITH LATITUDE

(OR ROTATION OF THE EARTH)

23. Definé latitude at a place.

Latitude. The plane passing through the centre of
the earth and perpendicular to its axis of rotation is
called its equatorial plane. The latitude of a place is
defined as the angle which the line joining the place to the
centre of the earth makes with the equatorial plane. In
Fig. 8.17, the latitude of place P = Z POE = Clearly,
A =0° at the equator and A =90° at the poles.

Axis of rotation
Q?J of the earth

Equatorial
plane

R ECWEL NN e LD e S T A R

Fig. 8.17 Latitude.
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. 24, Explain how is the acceleration due to gravity
affected at a latitude due to the rotational motion of the
earth. ' '

Effect of latitude or rotation of earth on g. Refer

to Fig. 8.18. As the earth rotates about its polar axis,

‘every particle lying on its surface also revolves

along. a horizontal circle with the same angular
velocity am

2
nrw cos A

E

S

QFig. 8.18 ' Effect of rotation on g.

Consider a particle of mass m lying at point P,
whose latitude is A . The particle P describes a
horizontal circle of radius,

| r= PC=Rcosh

The centrifugal force acting on the particleis F, =
mrmz, -acting along PA

This force has two rectangular components :
mra’cosA and mre’sini. The component mro’sini
acts perpendicular to mg and has no effect on it. The
component mro? cosh acts opposite to mg. So the

apparent weight of the particle P is

mg, =mg— mro’ cos A

or "gl =g—ro’cosh

8 =8~ Ra’ cos? A [ r= RcosA]

As L increases, cos A decreases and g, increases. So as

we move from equator to pole, the acceleration due to gravity
increases.

or

Special cases :- .

(i) At the equator. .. =0° cos A =1, hence
8,=8- Ro?

(11) At the poles. A =90°, cos A =0, hence
gp=g—Rm2x0=g

Thus acceleration due to gravity is minimum at the

equator and maximum at the poles. The difference in the
two values is

8, ~8 =8 —(§ — R&?) = Re®

25. Draw a graph showing the variation of accele-
ration due to gravity g with distance r from the centre of
the earth.

For points lying outside the earth (r > R),

S_ R R 8K
- g (R+h? 1 e 7
1
= gh CC? | |
For points lying inside the earth (r < R),
g(R—d) _gr 8
s S
= 8

Hence the graph showing the variation of
acceleration due to gravity ¢ with distance r from the
centre of the earth is of the type as shown in Fig. 8.19.

g4

¢ at the earth's surface

s/
A
g/ . 2
& ] Onitside earth, g oc 1/r
gl -f---- :s ------
89| f----- e
ey~ ----- fEsm==mn e [ - )
(8] 2R 3R 4R r

Figure 8.19 Variation of g with disfance r
from the centre of the earth.

8.16 VARIATION OF ‘¢’ DUE TO

OTHER FACTORS

. 26. State some factors (other than altitude, depth
and latitude) on which g depends. What is the utility of
measuring g accurately on earth surface ?

Variation of g due to other factors. The earth’s
surface is uneven. It has mountains, plateaus and
valleys. This causes a variation in the value of g.

- Moreover, the density of earth is not uniform. Its inner
core is heavier than the mantle. Also, the density of

. earth’s crust varies from place to place. Hence the

value of g is different at different places.

When ¢ is measured accurately, its variations
indicate the presence of o0il and heavy minerals.
Hence such studies are useful in oil and mineral
-explorations.
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& @ Lor Yolir Knowledge
A\ Acceleration due to gra'vity decreases due to rotation
of the earth (g' <g).

Acceleration due to gravity increases with the increase
in latitude of the place. _ i
The effect of rotation of the earth is maximum at th
equator and minimum at the poles. In fact, rotational
motion of the earth has no effect on the value of g at
the poles.

If the earth stops rotating, the weight of a body would
increase due to the absence of the centrifugal force.
Both the rotation of the earth and its equatorial bulg
contribute additively to lower the value of g at the
equator than at the poles.

Even for the rotating earth, the direction of accele-
ration due to gravity is towards the centre of the earth
both at the equator (AL=0° and at the poles
(A =+90°). At intermediate latitudes, this direction
slightly deviates from the centre of the earth. The
maximum deviation is about 0.1°.

a

a

'\

a

A

based on

reet

b i &

FormuLae Usep :

1 Atlatitude A, g, =g - Ro?cos® A
A=0°5s0 g,=¢- Ra?
A=90°so0 8, =8

2. At equator,
3. At poles,
4. 8,8 = R’
Units Usep _ |
Here g,8,,8,/ 8, are in ms™?, latitude A in
degrees, angular velocity  in rad s7., and R in
metre.

EXAMPLE 24. Calculate that imaginary angular velocity of
the earth for which effective acceleration due to gravity at the
equator becomes zero. In this candition what will be the
length (in hours) of the day ? Given radius of the earth
=6400 kmand g =10 ms™ %,

Solution. At latitude A, g, =g — Rw? cos® A

| At equator,” A=0°, so g, =g— Ra”
When g, =0, we have,

o= \[_i = ——12—3 =125x 10 3 rad s~ L.
R 1640010

In this condition, the new period of rotation or the

length of the day will be
2n . 2x3.14

— W=5024S=1.4 h.
w . X

ExampLE 25. Determine the speed with which the earth
would have to rotate on its axis so that a person on the
equator would weigh 3/5th as much as at present. Take the
equatorial radius as 6400 km [Roorkee B8]

Solution. Acceleration due to gravity at the equatoris -

v mgy= mg
. £ 5

=78x10"* rads™\.

g, =8 - Ro’
mg, = mg — mRw*

% mg =mg — mRaw”

2g - 2x98 »
. m = = 3
5R | 5x6400x10
EXAMPLE 26. If the earth were a perfect sphere of radius
6.37 x 10° m, rotating about its axis with a period of 1 day
(=8.64 x 10* s), how much would the acceleration due to
gravity (g) differ from the poles to the equator ?

Solution. Acceleration due to gravity at the
latitude A is g'iVEI'l by 8 =8 R(,)z CQSZ A

Atequator, A=0°
50 £, =8~ Ra®
At poles, A=90° so g,=g
gp — & =g_(g_ Rmz)
, _4n* R [ 211
— R(_D = 2 W= —
T T
But T=1day =8.64x10*s, R=6.37x10°m
__4x9.87x637x10°
gp gf-’ % (8"‘@4 X 104)2

-337x10"2ms % =34 cms 2.

¥ PrROBLEMS FOR PRACTICE

1. Calculate the value of acceleration due to gravity at
a place of latitude 45°. Radius of the earth
= 6.38 x 10° km. (Ans. 9.783 ms~ %)

2. If the earth stops rotating about its axis, then what
will be the change in the value of g at a place in the
equatorial plane ?. Radius of the earth = 6400 km.

(Ans. 3.4cms” %)

3. Assuming that the whole variation of the weight of
~ a body with its position on the surface of the earth
is due to its rotation, find the difference in the
weight of 5 kg as measured at the equator and at the
poles. Radius of the earth = 6.4 x 10°m. ~

: (Ans. 17.2 gf)

4. How many times faster than its present speed the
earth should rotate so that the apparent weight of an
object at equator becomes zero ? Given radius of the
earth = 6.37 x 10° m. What would be the duration of
the day in that case ? (Ans. 17 times faster, 1.412 h)
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X HINTS contact. This interaction is called action at a distance. It
can be best explained in terms of concept of field.

s - 6 _ -2
1. Here)t—45°' R=6.38x10 m, 3—9‘8ms According to the held Concept,

2 5094107 rad s (i) Every mass modifies the space around it. This
T T 24x60 %60 .~ modified space is called gravitational field.
8, =8 — Ro? cos? A (i) When any other mass is placed in this field, it
=9.8-6.38x10° x(7.27 x 107 %)? feels a gravitational force of attraction due to its
x(cos 45°)2 - interaction with the gravitational fiel(j.l.
8 - 98- 001687 = 9.783 ms 2. The space surrounding a material body within which its
; gravitational force of attraction can be experienced is called
2. Change in the value of g its gravitational field. ;
2 :
—g-g =Ra?=R [2_7‘] The earth is surrounded by a gravitational field.
‘ T Any body brought in this field experiences a force of
o 2 ; attraction towards the centre of the earth.
= 6.4 x10° x (—J ' _
e 8.18 ' INTENSITY OF GRAVITATIONAL FIELD
=337x10"* ms™? =34 cms™ 2, 28. Define intensity of gravitational field at any
3. Change in the weight of the body when taken from point. Is it a scalar or vector ?
pole to equator | Intensity of gravitational field or grawtatlonal
=m(g, -g,)=mRo? =m R( ] field strength. The gravitational field intensity at any
P T point in the gravitational field due to a given mass is defined
= 5% 337 % 10~ 2 newton as the force experienced by a unit mass placed at that point
. 3 provided the presence of unit mass does not disturb the -
5 x3.37 x 10 - Lo ‘
= kg f=172gf. original gravitational field.
9.8

The gravitational field intensity is a vector
4. At the equator, we have .
& =8-Rw or mg =mg—mRaf

As the apparent weight at equator is zero,
so mgJl =0 . . 29. Show that gravitational field intensity at any
i - point is equal to the free acceleration of a test mass

quantity, denoted by E. 1t always acts-towards the

mass producing the gravitational field.

#o mg-mRay= (1)2 placed at that point.
or - . ,
L= m, Ans. Intensity of gravitational field due to a body.
= \[7 28 Y 1 241 x 103 rads™!.  Consider a body of mass M. To determine its gravi-
6.37 x 10 tational field intensity at a point P at distance r from its
But the present speed of the earth is ~ .centre O, place a test mass m(m << M) at the point P..
oj.=-2f-=—L=7.27 x107° rad s~! ‘ M -
T 24x60x60 , . = —
F
241x107 3 R (- b -—00
ﬁ=1—-"—°_5- =17.06 =17. , P
w 727 x10 . L . ]

or op=17w

i.e. the earth should rotate 17 times faster than its Fig. 8.20 Gravitational field intensity.
present speed o

New duration of the day = % =1.412 h. Let F be the force of gravitation experienced by test

mass m. The gravitational field intensity at point P will
/ be C
8.17 ¥ GRAVITATIONAL FIELD

27. Give the concept of gravitational field.

Gravitational field. Two bodies attract each other -
by the gravitational force even if they are not in direct The direction of E is same as that of F.

2 _F

m

D)
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According to Newton’s law of gravitation,

GMm

. rz .

E= i = @ (u)
m r

At r=o, E=0. Thus gravitational field mtensaty
decreases as distance r increases and becomes zero at
infinity.

If the test mass mis free to move, it will move towards
the mass M with acceleration a under the force F, so

...(iii)

a=—
m
From equations (i7) and (i), we get a= E
. Thus the intensity of gravitational field at any point is
equal to the free acceleration produced in the test mass when
placed at that point.

30. Show that the gravitational field intensity of the
earth at any point is equal to the acceleration produced
in the freely falling body at that point.

Intensity of gravitational field due to earth. As
shown in Fig. 8.21, let earth be a sphere of radius R and
mass M. Suppose a test mass mbe placed at'a point P at
distance r from its centre O. According to Newton's law
of gravitation, the force of attraction on test mass mis

GMm
F=
rz ‘ .
| LRy -

E‘ m
Earth{ =-dr-c-==cn--23 O
P

I » L

I~ L

Fig. B.21. Gravitational field intensity due to earth.
The gravitational field intensity at point P will be

E=f =22
m o

But GM/r* is equal to the acceleration due to
gtavity at the point P. Hence the gravitational field
intensity of the earth at any point is equal to acceleration
produced in the freely falling body at that point.

For any point on the surface of the earth, r = R, so
GM
R2

This is the acceleration due to gravity at the surface
of the earth.

31. Give the units and dimensions of gravitational
field intensity.

Units of E. As gravitational fleld intensity is force per
unit mass, so its Sl unit is Nkg™ ! and cgs unitis dyn g™

=&

surface —

Dimensions of E. As E = L
m

MLT 2

. Dimensions of E = =[LT?).

8.19  GRAVITATIONAL POTENTIAL ENERGY

32. What is meant by gravitational potential energy
of a body ? What is the zero level of potential energy ?

Gravitational potential energy. When two bodies
are placed close to one another, they interact through
the gravitational force. Due to this, they possess mutual
gravitational potential energy. When the distance
between the two bodies is changed, work is done -
either by the gravitational force between the two
bodies or against this force. In either case, the gravita-
tional potential energy of the bodies changes.

The gravitational potential erergy of a body is the energy
associated with it due to its position in the gravitational field
of another body and is measured by the amount of work done

in bringing a body from infinity to a given point in the
gravitational field of the other.

When one body lies at infinity from another body,
the gravitational force on it is zero. Consequently its
potential energy is zero. This is called zero level of
potential energy.

33. Derive an expressibn for the gravitational

potential energy of a body of m located at distance r
from the centre of the earth.

Expression for gravitational potential energy. As
shown in Fig.,8.22, suppose the earth is a uniform
sphere of mass M and radius R. We wish to calculate
the potential energy of a body of mass m located at
point P such that OP=rand r> R.

Suppose at any instant the body is at point A such
that

OA=x

w
|
]
1

" The gravitational force of
attraction on the body at Ais

r- GMm

x%

The small work done in
moving the body through
small distance AB(=dx) is
given by

AW = Fdx = GMm

x2

- The total work done in
bringing the body from
infinity (x ==) to the point
P (x =r)will be

dx

Roalielat e, LEsSOCIASD

Fig. 8. 22Gravutat|onal
P.E. due to earth.
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r ) ro.
¢ GMm , ta
W=IdW—I " dx-QMn_rI x~“dx
- r .
= GMm[— l] =_—GMm [1 _ l} e GMm
: Xl . r o0 r

By definition, this work done is the gravitational .

potential energy U of the body of mass m located at
distance r from the centre of the earth.

u.='— GMm ' -..(i)
r

Some important points :

1. The negative sign in equation (i) indicates that the
potential energy is due to the gravitational attraction between
the earth and the body. When the body is brought from
infinity to a distance r, work is done by the gravitational
force of attraction. As the mutual energy of the two bodies
is expended, so their energy reduces by this amount.

2. As the distance 7 increases, the gravitational P.E.
increases because it becomes zero i.e., maximum.

3. If a body of mass m is moved from a point at
distance 1, to a point at distance , then the change in
potential energy of the body will be

1

. '2 Tz
au=[ SMm 4o GMm[— —J
X

2
rl * - L rl
non

If >, then AU be negative. So when a body is
brought closer to the earth, its gravitation P.E. decreases,

4. If a body is moved from the surface of the earth
(n, = R) to a point at height h above the.surface of the
earth(r, = R + h), then the change in its gravitation P.E.
will be -

AU=GMm|:%— . ]=GM"‘[1 R ]

R+h| R | R+h
_GMm[ i 1
S & (1+£J
R
: o
- Snl,_(1.4) J
. NEE R

Applying binc_'inﬁal theorem, we get

GMn :
_ AU =Tm 1—(1 —‘%4» terms containing -

.hiéher powei'_s of —%J]

Ifh << R, then higher powers of /1 / R can be negiectéd.

Hence. AU= % [1 —(1 - —h—]] = GMrmk .

R R?
GM " ; TR
But —- = ¢ = acceleration due to gravity on the
R .
earth’s surface..
Al = mgh '

8.20 v GRAVITATIONAL POTENTIAL -

34, Define the term gravitational potential. Is it a
scalar or vector ? Give the units and dimiensions of
gravitational potential.

Gravitational potential. The gravitational potential at
a point is the potential energy associated with a unit mass
due to its position in the gravitational field of another body.

The gravitational potential at a point in the gravitational
field of a body is defined as the amount of work done in
bringing a body of unit mass from infinity to that point.

Gravitational potential,

Vo Work dene W
i} Mass m

The gravitational potential is a scalar quantity: Its
SI unit is Jkg™ ! and cgs units is ergg L.

The dimensional formula of gravitational potential
is [ML2T~?).

35. Derive expression for.the gravitational potential
at a point in the gravitational field of the earth. How is
gravitational P.E. related to gravitational potential ?

Gravitational potential at a point due to the earth.
The work done in bringing a body of mass m from
infinity to a point at distance r from the centre of the
earth is '

w=_GMm

r

Hence the gravitational potential due to the earth at
distance r from its centre is

v __GM
¥ m r
At the surface of the earth, r = R, therefore
__GM
surface ~ R

Relation between gravitational potential energy

and gravitational potential. From the above equations,
we find that

U=-GMm=(__%_)x m

- Gravitational potential energy
= Gravitational potential x mass
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FormuLaE Usep
1. Intensity of gravitational field, E= F %
m
2. Gravitational potential, V = Vprkdang ||| GM
Mass r
3. ‘Gravitational potential energy,
U = Gravitational potential x mass =— L
3
_dv
E=
h dr
5. Total energy of a body in a gravitational field,
~KE+PE=1m?+ (— GM’"J
o
Unirs Usep
Gravitational intensity E is in Nkg™! or ms™?,
gravitational potential V in J kg™! and gravita-
tional P.E. in joule.

ExAmPLE 27. Find the intensity of gravitational field when
a force of 100 N acts on a body of mass 10 kg in the
gravitational field.

Solution..Here F =100 N, m=10 kg

Intensity of gravitational field,
_F 100 N
0 kg

m
ExampLE 28. Two bodies of masses 10 kg and 1000 kg are
at a distance 1 m apart. At which point on the line joining
them will the gravitational field intensity be zero ?
Solution. Let the resultant gravitational mten51ty
be zero at distance x from the mass of 10 kg on the line
joining the centres of the two bodies. At this point, the
gravitational intensities due to the two bodies must be
equal and opposite.

Gx10 Gx1000

=10 Nkg .

2 (1—x)2
or 1001:2:(1—;\:)2 or 10x=1-x
or 11x=1 or x=1/11m.

ExampLE 29. Two masses, 800 kg and 600 kg, are at a
distance 0.25 mapart. Compute the magnitude of the intensity
of the gravitational field at a point distant 0.20 m from the
800 kg mass and 0.15 m from the 600 kg mass.

Solution. Let A and B be the positions of the two
masses and P the point at which the intensity of the
gravitational field is to be computed.

800 kg 0.25m 600 kg
Fig. 8.23
Gravitational intensity at P due to mass at A,
GM 800
E,= vy 5 =20,000 G, along PA
- Gravitational intensity at P due to mass at B,
- 600 _ 80,000 G, along PB
0152 3
In A APB,
A% + PB* = AB®
2 APB=90°

Hence the magnitude of resultant gravitational
intensity at P is

2 2 » (80,000 *
E=.[E + E2 =GV/(204000) +[“_3 )
=6.66x 107" x @%’9 =2.22x10"° N.

EXAMPLE 30. At a point above the sur, face of the earth, the
gravitational potential is -5.12 x lO Jkg™' and the
acceleration due to gravity is 6.4 ms™ 2. Assuming the mean
radius of the earth to be 6400 km, calculate the height of this
point above the earth’s surface.

Solution. Let r be the distance of the given point
from the centre of the earth. Then

Gravitational potential,

ve-SM__s12x107 Jkg! ()

r

Acceleration due to gravity,

g % =64 ms> (i)
Dividing (1) by (i),
. .
_212x107 o 105 m =8000 km

6.4
Height of the point from the earth’s surface
= 8000 - 6400 =1600 km.

EXAMPLE 31. The radius o 3f the earth is 6.37 x 10° m, its];1
mean density is 5.5x 107 kg m™ 3 and G=6.66x 10

Nnt* kg~ 2. Determine the gravitational potential on the
surface of the earth.
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Solution. Here R =6.37 x 10° m,

p=55x10" kgm™?, G=6.66x10""" Nm? kg2
Mass of the earth,

_) |
Angle between E, and E; is 120°. Their resultant is

E=,IEE+ E22+2E, E;cc_)s:120°
36’"J1 1+2x ( 1)_3'—(;.-'1’,a.longo'l’T
G 2 12

Clearly, E is equal and opposite to E;, hence the

M = Volume x density :g R p

Gravitational potential on the earth’s surface

GM
V== > g ; R3p=- 3 nGR2 resultant gravitational field at O is zero.
4 ) i 6o ) As gravitational potential is a scalar quantity, so the
== x3.14x6.66x10" " x (6.37 x 10”)" x 5.5 x 10 total gravitational potential at O is
: Gm Gm Gm
=-6.22x 107 J kg~ . VW + Y N 51 Ve oC
Exawere 32, Three mass points each of mass m are placed _ 3Gm _ 3Gm: OA=OB=0C = l
at the vertices of an equilateral triangle of side I. What is the Y 1/\3 B -}
gravitational field and potential due to three masses at the Gt
centroid of the triangle ? or V.=-343 I

Solution. In Fig. 8.24, three' mass points, each of
mass m, are placed at three vertices of equilateral
A ABCof side I. If O is the centroid of the triangle, then
OA=0B=0C.

ExamPLE 33. Find the potential energy of a system of four

particles, each of mass m, placed at the vertices of a square of

side . Also obtain the potential at the centre of the square.
[NCERT]

Solution. In Fig. 8.25,
AB=BC=CD=DA=1

AC=BD=yP+12 =21

OA=0B=0C=0D=+21/2=1/2 _

A N —2 B
\::I I
7 ’ O N ~
Fig. 8.24 D& i
m 1 m
From right AODB,
3 BD 1/2 Fig. 8.25
< OB _ OB By the principle of superposition, total potential
energy of the system of particles is
OB vz 12 1
% c0s30° V3/2 B U=Ugy +(Ugg + Ugy )+ (Upy + Upy + Upe)
Gravitational fields at O due to mass points at A, B =4 Uy, +2 Upy
and C are as follows : . [~ Ug, uDA = Upe =Ugg, Upy = Upgl
E = Gm = Gm =3G2m , along (_TA —4f - Gmm w2~ Gmm
(OA? (1/\B)F 1 h ) U\
~Gm__3Gm 2
5 along OB 2 sz[ 1 ] 2 Gn
= — e 24 | = 2 +0.707
(OBP 1 r ") [ [ ]
3= il ﬂ , along oc 541 Gnt?
(0C)? s

l
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Total gravitational potential at the centre O,
Gm
V=V, +Vp+ V. +V,=4V, =4(——)

OA
[_ Gm)=_4~/§6m
1/\2 '

ExampLE 34. Two bodies of masses my and m, are placed at
a distance r apart. Show that at the position where the gravita-

tional field due to them is zero, the potential is given by
G
V=——[m +n +2,/n ] '
Uy 2 ] (I}
Solution. Let the gravitational field be zero at a
point P at distance x from m, and (r — x) from m,.Then Fig. 8.26
. T ﬁ ‘["z Gravitational field at distance r = R/ 4 from the centre,

x* _(r—x)z o X =(r—:rc)
1

4 (RY
or (T—X).\/_ ‘/_ or x'(F+JT)—rﬁ E1=Gx§ﬂ(z) pox(R_/4)2
Crym \/F Jm =b.33ncnpo.

pn/8

‘/E ¥ ‘/_ ' ‘/_ (if) For r = R/ 2, density of the portion of sphere of
and (r-x)=r- 4 \[_ " radius R/3 is p, and of the portion between R /3 and
\/;': \/_ ﬁ*xf"_’z R /2, the density isp, /2.
or . M + \/—_ .. Mass of the spherical portion of radius R/2,
r=x rm 3 3
. X . y . § M=_ﬂ[£] p0+ EH(E) _Eﬂ(gj &J.
Gravitational potential at point P due to masses m, 3 \3 3 \2 3 \3 2
and m, will be 4 1' 1‘ 1
. _4 3
- X r=x X r-x
{’"1 (‘/—_ \/—) m, (\["? + ‘/—)} The gravitational field at th: distance r = R/2,
Gx0.108 t R
& E,=— (R/Z")Z P0_ 0437 GRyp,
=— —[ +m, +2 [mom].

‘ prdl e " (i1i) For r =5R / 6, the density of portion of radius
EXAMPLE 35. A non-homogeneous sphere of radius R has R /3 is P of the portion between r=R/3tor=3 R/4
the following density variation : is p;/2 and of the portion between r=3 R/4 to

p=p, for r<R/3 r=5R/6isp,/8.

p=pg/2 forR/3<r<3R/4 4 (RY 4 3 4 (RV]p
p=py/8 for3R/4<r<R M=§7‘(3J Pop * [5 [4J 3 (g):l =l
What is the gravitational field due to the sphere at
r=R/4,R/2,5R/6and2R ? | {5}_ (_5] __n( ) ]
13 6

Solution. The gravitational field due to a spherical

body of mass M at a distance r is glven by
CM 4 3 [1 27 1 125 27
E=22% , =EonRpy | ottt o
> 3 27 128 54 1728 512
(i) For r = R/ 4, density =p '=0332 1 R p,

Mass of the spherical portion of radius R/ 4, The gravitational field at the distarice r=5R /6,

4 (RY ’
(5R/6)
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(iv) For r=2R, the gravitational field is due to the % HinTS
whole of the mass of the sphere.

3 3 3
¥ M:ﬁn[R) pu+ in(ﬁ) _EK[E) ..p_o
3 A3 3 4 3 \3 2
3
3 inm-in[iﬁj Py
3 4 8

4 3 [1
=-nRpy| =+
3 27 128 54 8 512

=0.402 © R? p,

The gravitational field at the distance r =2 R,

p _ Gx0402 R*p,

=0.1n GRp,,.

¥ PrROBLEMS FOR PRACTICE

1.

The gravitational field intensity at a point 10,000 km
from the centre of the earth is 4.8 N kg™'. Calculate
the gravitational potential at that point.

(Ans. - 4.8 107 J kg™h)

The distance between the earth and the moon is
3.85 x 10° metre, At what point in between the two
will the gravitational field intensity be zero ? Mass
of the earth =6.0x10" kg, mass of the moon
=7.26 x 102 kg,

(Ans. 3.47 x 10° m from the centre of the earth)

Two bodies of masses 100 kg and 1000 kg are at a
distance 1.00 metre apart. Calculate the gravita-
tional field intensity and the potential at the
middle-point of the line joining them.
Take G = 6.67x10" "1 Nm? kg~ 2

(Ans. 240 x 1077 Nkg™!, - 147 x1077 J kg™ )

The mass of the earth is 6.0x10% kg. Calculate
(1) the potential energy of a body of mass 33.5 kg
and (i) the gravitational potential, at a distance of
3.35x10" m from the centre of the earth. Take
G=667x10""" Nm? kg2,

[Ans. (i) - 4.02 x 10° J (i) - 12 x10° J kg ™}

The radius of the earth is R and the acceleration due
to gravity at its surface is g. Calculate the work
required in raising a body of mass m to a height h

from the surface of the earth. A mgh
ns, —2—

h

1+ —

R

Find the work done to bring 4 particles each of mass
100 gram from large distances to the vertices of a
square of side 20 cm. (Ans. -1.80x107 ' )

1. Gravitational field intensity, E = ——GA:
R
Gravitational potential, V = - %
V_x
E

= - Ex R=-438x10,000 x 10’
=-48x10" J kg .
5. Let M be the mass of the earth. Then
Work done = Change'in P.E.

__ GMm 1:_ GMmj|

or

R+h R

R R+h
__GMmh__ gR* mh
R(R+h) R(R+h)
_ mgh
1+h/R

6. Asshown in Fig. 8.27, suppose the four particles are
placed at the vertices of A, B, C and D of square
ABCD. Here AB=BC=CD=DA=20cm =0.2m

AC = BC= /(0.2 +(0.2)*> =022 m.

A # B

=GMm|:—1—— 1 ]

[+ GM = gR%]

02m b4 02m

0.2m

Fig. 8.27

Total work done = Gain in P.E. of the system

or W=UBA+(LICB+UCA)+(UDA+UDC+UDB)
=4UBA+2UDB
[ Ugy =Upy =Upc=Ug
and U, = Up,l
PP R U
AB BD

4 x|:- 6.67 x 10'! xO.le.l]

0.2
B 6.67 x107 ' x0.1x0.1
0242

=-133x10" - 047 x 10" =—1.80 x10° M J.

.-
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8.21  ESCAPE VELOCITY

36. Define escape velocity. Obtain an expression for
the escape velocity of a body from the surface of the earth.

Escape velocity. If we throw a ball into air, it rises
to a certain height and falls back. If we throw it with a
greater velocity, it rises to a greater height. If we throw
it with a sufficient velocity, it will never come back. It
will escape from the gravitational pull of the earth.
This minimum velocity is called escape velocity.

Escape velocity is the minimum velocity with which a body
must be projected vertically upwards in order that it may
just escape the gravitational field of the earth.

Expression for escape velocity. 0
Consider the earth to be a sphere of :
mass M and radius R with centre O. Qe 7
Suppose a body of mass m lies at pe _,ff”

point P at distance x from its
centre, as shown in Fig. 8.28. The
gravitational force of attraction on
the body at Pis

F= GMm

x2

The small work done in moving
the body through small distance
PQ =dx against the gravitational
force is given by

dW =Fdx =

GMm 4
Bl Fig. 8.28

POLRIETS

X

The total work done in moving the body from the
surface of the earth (x = R) to a region beyond the
gravitational field of the earth (x = o) will be

GM m
dx

wjdwj

=GMmI x‘zdszMm[—l]
“r 1R
=GMm[—l+%]= GMm

R

Ifv, IS the escape velocity of the body, then the kinetic
energy mu, 2 imparted to the body at the surface of the
earth w:ll be just sufficient to perform work W.

o0

1 o GMm 2 - 2GM
—mv, =—— or u,=——
g ¢ R ¢ R
Escape velocity v, = %‘M (1)
\
As g= %1\24 or GM=gR?

...(i)

' 2
v, = % or ve=,/2gff/‘

If p is the mean density of the earth, then

M= s nR3p
2G 4 1 8aip GRE ©
= \/? pd 3 nR7p = —3 ...(11r)

Equations (i), (if) and (iii) give different expres-
sions for the escape velocity of a body. Clearly, the escape
velocity does not depend on the mass of the body projected.

o T
i

A Forthe earth, g =9.8 ms~ ? and R =6.4 x10% m, so

y, = J2gR =\2x 9.8 6.4x 10°

=11.2x10° ms ' =11.2 kms~

a\ [n deriving the expression for escape velocity, we have
neglected the air resistance on the body. In actual
practice, the value of escape velocity is shght]y greater
than the above calculated value.

&\ The escape velocity does not depend on angle of
projection from the earth’s surface. But as the earth
rotates about its axis, so it becomes easier to attain
escape velocity if the body is projected in the direction
in which the launch site is moving.

&\ As the escape velocity depends on the mass and radius
of the planet from the surface of which the body is
projected, so value of escape velocity is different for
different planets.

A\ Some important escape velocities

Heavenly body Escape velocity
Moon 2.3 kms™!
Mercury 428 kms ™!
Earth 11.2 kms ™’
Jupiter 60 kms ™!

Sun 618 kms '
Neutron star 2 x10° kms ™"

a\ A planet will have atmosphere if the root mean square
velocity of its atmospheric molecules is less than the
escape velocity for the given planei That is why moon
has no atmosphere (v, =2.3 kms~ ') while Jupiter has
a thick atmosphere(n =60 kms~ ). Even the lightest
hydrogen cannot escape from its surface.

Eg_agpple‘sr based on

KR

Fomuuz Useo '

N Ei_M: [2¢R = gnGpRz

Units Usep

Velocity v, is in ms~ 1 radius R in metre.
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ExamrLe 36. Find the velocity of escape at the earth given
that its radius is 6.4 x 10° mand the value of g at its surface

2

1§ 9.8 ms™“. Lo
Solution. Here R =6.4x10° m, g =9.8 ms™2

v, =2 gR =2 x 9.8 x 6.4 x 10°
=112x10° ms™ ! =11.2 kms ™,

EXampLE 37, Determine the escape velocity of a body from
the moon. Take the moon to be_a uniform sphere of radius
1.76 x 10° m, and mass 7.36 x 10% kg.

. Given G=6.67 x 10" Np? kg™ %

Solution. Here R =1.76 x 10° m, M =7.36 x 10 kg

o — [2GM _ [2x667x10""" x7.36 x 10%
¢ R 1.76 x 10°

=2375ms™ ' =2.375 km s~ ..

ExAmpLE 38. A black hole is a body from whose surface
nothing may even escape. What is the condition for a uniform
spherical body of mass M to be a black hole ? What should be
the radius of such a black hole if its mass is nine times the
mass of the earth ? [Delhi 03C]

Solution. From Einstein’s special theory of relativity,
we know that speed of any object cannot exceed the
speed of light, ¢ =3 x 10® ms™ . Thus cis the upper limit
to the projectile’s escape velocity. Hence for a body to
be a black hole,

v = {ZGM &c
‘ R

If M=9 M, =9x 6 x 10% kg, then
: 2GM 2 x6.67x10" "' x9x 6 x 10%*
?. (3 x 10%)?

R=

=8x10" 2 mor nearly 8 cm.

+ EXAMPLE 39. Jupiter has a mass 318 times that of the earth,

and its radius is 11.2 times the earth’s radius. Estimate the
escape velocity of a body from Jupiter’s surface, given that
the escape velocity from the earth’s surface is 11.2 kms™ .

Solution. Escape velocity from the earth’s surface is

v, =J¥ =11.2 kins™

Escape velodty from Jupiter’s surface will be

: {ZGM'
v ——
R
But M'=318 M, R'=11.2 R

o _\/26(318 M) _\/2 GM 318
11.2 11.2

--- f R
=0, X }ﬁ =11.2 x J.’il_S =59.7 kms™ L.
11.2 11.2

-

EXAMPLE 40. Show that the moon would depart for ever if
its speed were increased by 42% .

Solution. The centripetal force required by the
moon to revolve around the earth is provided by gravi-
tational attraction.

mvy  GMm

R  R?
GM |[gR?
w7 TR VR
Velocity required to escape, v, =,2¢gR
% increase in the velocity of moon
%~ % x100=_____._V23R_- \'“ng 100
Vg J8R

= Jz‘l— 1100 =(1.414 - 1) x 100 = 41.4% = 42%.

or

ExampLE 41. Calculate the escape velocity for an atmos-
pheric particle 1600 km above the earth’s surface, given that
the radius of the earth is 6400 km and acceleration due to

gravity on the surface of earth is 9.8 ms™ 2.

Solution. At a height h above the earth’s surface,
we have

. Rz
ve=,22gh (R+h), 2, . . .

(R + h)?

2 2

5, = 2"3R2x(3+h)= 2R
(R + h) R+h
g=98ms % R=64x10°m,

h=1600 km =1.6 x 10® m,
R+h=(64+16)x10°=8x10° m

But

8 x 10°

. =10.02 x 10° ms™! =10.02 kms ™.

Exanmrre g42. The radius of a planet is double that of the
earth but their average densities are the same. If the escape
velocities at the planet and at the earth are v, and vg
respectively, then prove that v, =2 v,.

Solution. If p is the average density of the earth,
then mass of the earth,

4 _ 53

' ‘/2 x 9.8 x (6.4 x 10°)?
v, =

Escape velocity on the earth,

UE = 2——G ME = ZEX‘—KRE P
R, \R, 3

s J2 Gwn
E\3 P

2
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Similarly, escape velocity on the planet, By conservation of mechanical energy,

’8 ’ E.=E
_UP=RP EGTEP ! N

1 5 GMm 4GMm GMm 4GMm
v _ R or —mv” - - == s
P __F 2 R 5R 2R 4R
v R ' or vz_ZGM[E_l)JGM
But R,=2Rp . vp=27 R (5 2) 5R
' 3GM
Example 43. Two uniform solid spheres of equal radii R, v= 1’—5? ,

but mass M and 4 M have a centre to centre separation 6 R,

as shown in Fig. 8.29. The two spheres are held fixed. A

projectile of mass mis projected from the surface of the sphere g FREN 'TEM s FaR PRAGYEE

of mass M directly towards the centre of the second sphere. 1. Find the velocity of escape at the moon. Given that

Obtain an expression for the minimum speed v of the its radius is 1.7x10° m and the value of g” is
1.63ms™ 2. (Ans. 2.354 kms™ ')

projectile so that it reaches the surface of the second sphere.
| [NCERT] 2. The mass of Jupiter is 191 x 10% kg and its diameter

is 13.1 x 107 m. Calculate the escape velocity on the

m_o, : surface of Jupiter. (Ans. 1.972 x 10° ms™ 1)
: S VA 3. If earth hasa mass 9 times and radius twice thatof a
planet Mars, calculate the minimum velocity required

by a rocket to pull out of gravitational force of Mars. .

t: — 6R J Take the escape velocity on the surface of earth to

be 11.2kms™ . " [Chandigarh 04 ; Himachal 09]

Fig. 8.29 (Ans. 5.28 kms™ ")

Solution. The two spheres exert gravitational 4. The escape velocity of a projectile on the surface of

forces on the proje_ctile in mutually opposite directioxjs. the earth is 11.2 kms™ 1. A body is projected out

At the neutral point N, these two forces cancel each with twice this speed. What is the speed of the body

other. If ON =, then far away from the earth i.e. at infinity ? Ignore the
GMm _ G@AM)m presence of the sun and other planets, etc.

2 (6R-1) (Ans. 19.4 kms™ ")

5. Find the velocity of escape from the sun, if its mass

or (6R—r)2=4r’2 or 6R-r=%2r
is 1.89 x 10% kg and its distance from the earth is

. r=2R o 159 x 10 km. Take G = 6.67 x 10~ Nm? kg™
The neutral point r=-6R is inadmissible. =7 GRS xAl 31;:“ 1(]):5 4
ON=r 3" 6. A body is at a height (nns.h. ; mfsh)
. w . ; . i ody is at a height equa o the radius of the
, I_t willibe sv.;ffme}x\’ljtdt‘o prgiect‘ the Paflt.:ct[lf mvx.uth a earth from the surface of the earth. With what
%Tlflt? Spt:xz Ua:Vticle enaetses ;: t: :z:!cb ;‘pomt N i velocity be it thrown so that it goes out of the gravita-
eafter, m attrac e gravi- . : :
tational pull of EM. i b & tional field Ef the earth ? Given M, = 6.0 x 10%* kg,
P R =64x10°mand G=6.67x10"" Nm? kg™"
The total mechanical energy of m at surface of left (Ans. 7.9 kms™ ")
A 7. A body of 00 1l
E. =K.E.of m+ P.E. dueto left sphere - " i ocy ‘?thass.nlb !<g fa] > on the earl_tlh fm;‘n
+ P.E. due to right sphere infinity. at will be its velocity on reaching the
B ght sp earth ? What will be its K.E. ? Radius of the earth is
o .2 GMm 4 GMm 6400 km and g = 9.8 ms~ > Air friction is negligible.
: R 5R (Ans. 112 kms™, 6.27 x 10" ])

' At the neutral point, speed of the particle becomes
zero. The energy is purely potential.

E, = P.E. due to left sphere 3. Forearth, v, = ,_Z_Cﬂ
_+ P.E. due to right sphere ‘ R

" GMm 4GMm ; ’ZGM'
=-— -~ For Mars, v, =,[——
2R 4R : R

" HINTS
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v, M R [1 2 2
—_— —_— X = _X—_— = —
v M R’ 9 1 3
1.414 x 11.2
or u,'= Q e dad_— 5.28 kms !,

¢

5 o - [2GM _ [2x667x10°" x1.89 x 107
v R 1.59 x 10!

=3.98 x10* ms™,
6. Escape velocity from earth’s surface,

2GM,
v, = |—
¢ R,_,

If the body is at a height R, from the earth’s surface,
then the distance of the body from the centre of the
earth will be 2R . Hence in this case, the escape
velocity of the body will be

- [25M, _ {2 x6.67 x 10711 x 6.0 x 102
“ V2R, 2 x6.4 x10°

=79x10° ms™! =7.9 kms ™!,
7. A body thrown up with escape velocity v, reaches
infinity. Hence a body falling on the earth from
infinity should come back with velocity v, given by

0, = 25K, =298 x 6400 x 10°

=11.2x10° ms™ ! =11.2 kms™ 1.

K.E. =—_.} my? :% x 100 x(11.2 x 10%)
=6.27 x10° J.

8.22 NATURAL AND ARTIFICIAL SATELLITES
37. What is a satellite ?

Satellite. A satellite is a body which continuously
revolves on its own around a much larger body in a stable orbit.

38. What are natural and artificial satellites ? Give
examples.

Natural satellite. A satellite created by nature is called
a natural satellite. Moon is a natural satellite of the earth
which, in turn, is a satellite of the sun. In fact, each
planet is a satellite of the sun. The planets Jupiter and
Saturn have fourteen and twelve satellites respectively.

Artificial satellite. A man made satellite is called an
artificial safellite. Russians were the first to put an
artificial satellite, SPUTNIK-], in an orbit around the
earth on October 4, 1957. Since then, many artificial
satellites have been put into orbits around the earth
to study various phenomena in the outer regions of
the earth’s atmosphere. India entered space age on
April 19, 1975 by putting in orbit its first satellite
Aryabhatta from Russian soil. India’s list includes
important  satellites like INSAT-IA, INSAT-IB,
INSAT-2B, IRS-IC, INSAT-2D etc.

8.23 ' LAUNCHING OF A SATELLITE

39. What is the principle of launching an artificial
satellite ?

Ans. Principle of a launching a satellite. Consider
a high tower with its top projecting outside the earth'’s
atmosphere. Let us throw a body horizontally from the
top of the tower with different velocities. When the
velocity is low, the body describes a parabolic path
under the effect of gravity and hits the earth’s surface
at A With somewhat larger velocity, its path is still
parabolic but hits the surface at B covering a larger
horizontal range. As we go on increasing the velocity
of horizontal projection, the body will hit the ground at
a point farther and farther from the foot of the tower.
At a certain horizontal velocity, the body will not hit
the earth, but will always be in a state of free fall under
gravity and attempt to fall to the earth but missing it all
the time Then the body will follow a stable circular
path around the earth and will become a satellite of the
earth. This horizontal velocity is called orbital velocity.

Satellite

= =

ST TSR

Fig. 8.30 Launchin'g of a satellite.

Hence to put a satellite into an orbit around the
earth, we need to give it two velocities :  *

1. A minimum vertical velocity (escape velocity)
to take the satellite to a suitable height.

2. After the satellite has ascended the required
height, it is given a suitable horizontal velocity
to make it move in a circular orbit around the
earth.

40. Explain the use of multistage rockets in launching
a satellite.

-Use of multistage rockets. Escape velocity on the
earth’s surface is 11.2 kms™. At this high velocity, the
air resistance is very large. Still much higher escape
velocities are required to take the satellite to a suitable
height. Such high velocities can be imparted to the
satellites by using multistage rockets. Generally 3-stage
rockets are used. The satellite is placed on the third
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stage. At lift off, the exhaust gases build up a very large
upthrust so that the rocket accelerates upwards. The
rocket rises vertically through the denser atmosphere
with a minimum tii:... When the fuel of the first stage
gets exhausted, its casing is detached. Now the rocket
is tilted gradually, the second stage comes into
operation and its velocity increases further, The second
stage gets detached. The final stage of the rocket tumns
the satellite in a horizontal direction and gives it a
proper speed. With this speed, the satellite moves
around the earth in a stable orbit.

8.24 ~ ORBITAL VELOCITY

41. Define orbital velocity of a satellite. Derive
expressions for the orbital velocity of a satellite. Show
that the escape velocity of a body from the earth’s
surface is V2 times its velocity in a circular orbit just
above the earth’s surface.

Orbital velocity. Orbital ‘velocity is the velocity
required to put the satellite into its orbit around the earth

Satellite
m
o = Yo
- -
-~ ~
'
5 R+h M
£ A"
7 A}

1 \
I 1
A h—
i ]
\ |
\ r.
\ i
N s
Y r'd

Fig. 8.31

Orbital velocity.
Expression for orbital velocity. In Fig. 8.31, let

M = mass of the earth,
R = radius of the earth,
m= mass of the satellite
v, = orbital velocity of the satellite
h = height of the satellite above the earth’s surface
R + h = orbital radius of the satellite’

According to the law of gravitation, the force of

gravity on the satellite is
GMm

T (R+h)

The centripetal force required by the satellite to
keep it in its orbit is :

2
muvy

R+h

In equilibrium, the centripetal force is just provided
by the gravitational pull of the earth, so

va _ GMm
R+h (R+hy
2 GM
or vy =
R+h
GM
Orbital velocity, UV, = P
i elocity 0 il (1)

If g is the acceleration due to gravity on the earth’s
surface, then

_GM
s
or GM = gR?

Hence
R+h

2
o = ng..=R
YR+h

When the satellite revolves close to the surface of the
earth, h =0 and the orbital velocity will become

v =y8R

As =98 ms ?and R=6.4x10°m, so

v = 9.8 x 6.4 x10° =7.92 x 10° ms™"

=7.92 kms™ L.

Some important points

From equation (i), it is clear that the orbital velocity of
a satellite

(i) is independent of the mass of the satellite.

(ii) decreases with the increase in the radius of the orbit
and with increase in the height of the satellite.

(iii) depends on the mass and radius of the planet
about which the satellite revolves.

Relation between orbital velocity and escape
velocity. The escape velocity of a body from the earth’s

surface is
v, =, /2 gR

The orbital velocity of a satellite revolving close to
the earth’s surface is

vy =48R
v _V28R_ 5
v 8K

or v, =27,

Hence the escape velocity of a body from the earth’s
surface is V2 times its velocity in a circular orbit just above
the earth’s surface.
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42. Derive expressions for time period, height and
angular momentum of a satellite.

Time period of a satellite. It is the time taken by a
satellite to complete one revolution around the earth. It is
given by

T = Circumference of the orbit _2n(R+h)
Orbital velocity Yy
As orbital velocity,
GM
R+h
_2n(R+h)_,  [(R+ h)?
GM GM
R+h
But ¢ = GM/ R? or,GM = gR?, therefore
R+ h)® ;
( 5 ) (1)
gR

If the earth is a sphere of mean density p, then its
mass would be '

‘M = Volume x density =— nR3p

3
g | (R+H) :\/Bn(R+h)

3
G. % R% GpR

When the satellite revolves close to the earth, h =0 and
the time period will be

[ R3
T=2n —R—=2n B, |OE
GM 8 Gp
Putting g =9.8 ms~2 and R =6.4x10% m, we get

? 6
T=2n1/% = 5078 s = 84.6 min.

Height of a satellite above the earth’s surface.
Squaring both sides of equation (i), we get

T2_4n2(R+h)3
gR?
2752 2 p2, T3
or (R+h)3=TR23 or R+h=TR23
. 4~ 4n

r2R2% ]
Height of satellite, h=|-—5| -R
4n°

Angular momentum. The angular momentum of a
satellite of mass m moving with velocity v, in an orbit

of radius r( =R+ h)is gwen by
l’-—'\.’ ) r

L= mu,r =

Examples based on
' Orbital Veloc.lty of Satellltes

FormuLAE Usep
1. Orbital velocity at a height h,

GM gR* _
R+ h R+ h R+

2. When a satelhte revolves close to earth’s surface

% = Y8R

U = \/EDD
3. Time period of a satellite
o 2n(R+H) =2ﬂ\/(12+ h? _2n [(R+ h)®
Uy’ GM R 8
3n(R+h)?
Gp R®

! 1/3
' TR
4. Height of a satellite, h = g - R
‘ 4n’

Units Usep
Velocities Y and v, areinms” 3 , R and h in metre.

EXAMPLE 44. An artificial satellite revolves around the
earth at a height of 1000 km. The radius of the earth is
6.38 x 10° km. Mass of the earth is 6x10% kg and
G=6.67x10""" Nn? kg™ 2. Find its orbital velocity and
period of revolution.

Solution. Here : h=1000 km =10° m,
R =638 x10° km =6.38 x 10 m
R+h=738x10°m, M=6x10* kg
Orbital velocity,

i = GM _\/6.6’7><10'11><6>-<1024
= =

R+h 7.38 x 10°

= 7364 ms ™!
Period of revolution,
2n(R+h) 2mx7.38x10°

T =
: 7364

= 6297 s.

Ty

ExaAMPLE 45. A remote sensing satellite of the earth
revolves in a circular orbit at a height of 250 km above the
earth’s surface. What is the (i) orbital speed and (1i) period of
revolution of the satellite ? Radius of the earth,

R =638 x 10° in, and accelemtton due to gravity on the
surface of the earth, g =9.8 ms~

Solution. (i) Here ¢=9.8 ms™ 2,
R =6.38x10° m, h =250,000 m
R + h=6.38 x 10° + 250,000 =6.63 x 10° m
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The orbital speed is given by
B J gR? Jg.s x (6.38 x 10°)2

U= =
0O " VR+h 6.63 x 10°

=776 x10° ms~ ! =7.76 kms ™.

(if) The period of revolution of the satellite will be
_2n(R+h) 2x22x6.63x10°
Y 7% 7.76 x 10°

=5370s.

EXAMPLE 46. An artificial satellite is going round the
earth, close to its surface. What is the time taken by it to
complete one round ? Given radius of the earth =6400 km.

Solution, Here R =6400 km =6.4 x 10° m,

T

£=98ms" .
Orbital velocity near the earth’s surface is
Dy = /3R = 9.8 x 6.4x 10° =7290 ms™ !

Time period,
2n R 2x22x64x10°
7, 7 x 7290

=1.411 hour.

ExXAMPLE 47. A satellite revolves in an orbit close to the
surface of a planet of mean density 5.51x 10% kgm™ 4
Calculate the time period of the satellite.

Given G=6.67 x 10~ 1 Nn? kg™ 2.
Solution. Here p =5.51x10% kgm ™2,
G=6.67x10""" Nm® kg™ 2.

Time period of the satellite near the surface of the
planet (h =0) is

T = /f’-’i
Gp
b =5062.7 s.

) \[6.67x 10" " x 551x10° -

T= =5079 s

EXAMPLE 48. An earth’s satellite makes a circle around the
earth in 90 minutes. Calculate the height of the satellite above
the earth’s surface. Given radius of the earth is 6400 km and
¢ =980 cms™ 2.

Solution. Here T =90 minutes = 5400 s,

R =6400 km =6.4 x 10° m
g =980 cms™2=9.8 ms™?

(R+h)?

As T=2n 3
gR

- 2.271/3
R+n=| 8T
i 4r
_|9:8x (6.4 x10)" x (5400)
1 4 x9.87
=6.668 x 10° m =6668 km
Hence h = 6668 — R =6668 —6400 = 268 km.,

Examrre 49. If the period of revolution of an artificial
satellite just above the earth’s surface be T and the density of
earth be p, then prove that p T? is a universal constant. Also
calculate the value of this constant.

Given : G=6.67x 10" n kg1 572

3
Solution. As T=2n (R +h)
" GM
728 4n® (R + h)*
GM
2 3 }
or M= 4 (R + h)
Glie

For the satellite revolving just above the earth’s
surface, h =0. So

_ an* R3
GT?

Also, M= i;— nR> p

2 p3
E R3 p= 41! l;

3 GT
2 3n Dy .
pT* = < which is a universal constant.
snd oT2 3x3.14

T 6.67x107 M md kg 1572
=1.41x 10" kgs’ m 2.
EXAMPLE 50. In a two-stage launch of a satellite, the first
stage brings the satellite to a height of 150 km and the second
stage gives it the necessary critical speed to put it in a
circular orbit around the Earth. Which stage requires more
expenditure of fuel ? (Neglect damping due to air resistance,
especially in the first stage). '

Mass of the Earth =6.0 x 10** kg, radius =6400 km,
G=6.67x10""" Nnfkg™ .

Solution. Work done on the satellite in first stage,

W, = P.E. at height of 150 km

—P.E. at the surface of the earth
__GMm _(_ GMm)

R+h R

= GMm 1 1 _ GMmh -
(R R+h R(R + h)
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Work done on the satellite in second stage,
W, = Energy required to give it orbital
velocity v,
GM

_1 2 1 1 GMm
_—m’[}0=—m = —
2 2 (R+h) 2{(R+h)

Wy _2h _2x150 _3
W, R 6400 64

As W, >W,, so the second stage requires more
expenditure of fuel.

* PROBLEMS FOR PRACTICE

1. An artificial satellite circled around the earth at a dis-
tance of 3400 km. Calculate its orbital velocity and
period of revoluhon Radius of earth = 6400 km and
g=98ms" (Ans. 6400 ms™', 9621s)

2. The orbit of a geostationary satellite is concentric
and coplanar with the equator of earth and rotates
along the direction of rotation of earth. Calculate the
height and speed. Take mass of earth = 5.98 x 107 g
and its radius = 6400 km. Given, n? = 9.87.

(Ans. 35850 km, 3.071 kms ™)

3. A satellite revolves round a planet in an orbit just
above  the surface of planet. Taking
G=667x10""" Nm? kg™ ? and the mean density
of the planet = 8.0 x 10° kg m~ 3, find the period of
satellite. [Ans. 4206.7 s]

4. An artificial satellite of mass 100 kg is in a circular
orbit of 500 km above the earth’s surface. Take
radius of earth as 6.5 x 10° m. (i) Find the accele-
ration due to gravity at any point along the satellite
path. (ii) What is the centngetal acceleration of the
satellite ? Take g = 9.8 ms

[Ans. (i) 8.45 ms™ 2 (ji) 8.45 ms™ 2]

5. A space-ship is launched into a circular orbit close
to the earth’s surface. What additional velocity has
now to be imparted to the space-ship in the orbit to
overcome the gravitational gull ? (Radius of the
earth = 6400 km, ¢ =9.8 ms [Roorkee 88]

(Ans. 3278 kms™ 1)

£ HINTS
1oy =R |8 =64x10° |— 0
R+h (64 + 34) x 10
=6400 ms™! '
h 5
=2n(R+ )=21tx98><10 — 9621 s,
Y 6400

2 Here T=24x3600s,G =667 x10" ! Nm? kg~ 2,

M =598 x107 g =598 x10* kg
R =6400 km

3 1/3
R+h =[T GZM}
4n
_[ (24 x 360012 x 6.67 x 101" x5.98 x10% "
4 x9.87

=4.225 %107 m = 42250 km
h = 42250 — 6400 = 35850 km

Orbital speed,
_2n(R+ h) _ 2x3.14 x 42250

°o” T 24 x 3600
4, Here h=500km =0.5x10° m, R=6.5x10° m;
R+h=70x10®m

h 2 6\2
. R 65x10 -
= —. 9,8 . = 8.45
ey (R ¥ IJ [7,0 x 106J e

vz 1 . gR?

"R+h R+h R+h
5. Orbital velocity near earth’s surface, v, = ﬁ
=1.414 JgR,
Additional velocity required

=9, -1, =(1.414- 1) [gR,

= 0.414 x 9.8 x 6400 x 10° = 3.278 x 10° ms !

=3.278 kms ™!

=3.071 kms™!.

(ii) a, =8.45 ms 2.

Escape velocity, v, = /2gR,

8.25 = GEOSTATIONARY SATELLITES

43. What are geostationary satellites ? Calculate the
height of the orhit above the surface of the earth in
which a satellite, if placed, will appear stationary.

Geostationary satellite. If a satellite is made to
revolve from west to east with a period of revolution
equal to 24 hours in a circular orbit concentric and
coplanar with the equatorial plane of the earth, its
relative velocity with respect to the earth will be zero.
Such a satellite is called geostationary satellite because it
appears stationary to an observer on the earth. It is
called synchronous satellite because its angular speed
is same as that of the earth about its own axis. When
such a satellite is used for communication purposes, it
is known as communication satellite. Telstar was the first
communication satellite sent by U.S.A. into space in 1962,

A satellite which revolves around the earth in ifs
equatorial plane with the same angular speed and in the
same direction as the earth rotates about its own axis is
called a geostationary or synchronous satellite.

Height of a geostationary satellite. The height of a
satellite above the earth’s surface is given by

2.2 1/3
h:[TRg} -R

an®
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But T =24 h=86400s,
R =radius of the earth =6400 km,
¢ =9.8 ms™2=0.0098 kms
1/3
| (86400)? x (6400)° x 0.0098
4 %987

h - 6400

= 42330 - 6400 = 35930 km.

44, State the necessary conditions for a satellite to
be geostationary.

Necessary conditions for a geostationary satellite.
These are as follows :

1. It should revolve in an orbit concentric and
coplanar with the equatorial plane of the earth.

2. Its sense of rotation should be same as that of
the earth i.e., from west to east.

3. Its period of revolution around the earth should
be exactly same as that of the earth about its
own axis i.e., 24 hours.

4. It should revolve at a height of nearly 36,000 km
above the earth's surface.

45, Discuss the use of geostationary satellites in
global communication.

Use of geostationary satellites in global trans-
mission. A satellite cannot establish communication
link over the entire earth. This is because, the curvature
of the earth keeps a large part of the earth out of sight.
However, three uniformly spaced satellites (120° apart
from each other) placed in a geostationary orbit and
equipped with radio transponders can be used to
provide line of sight communication between any two
points on the earth, as shown in Fig. 8.32.

Fig. 8.32 Three uniformly spaced satellites placed
in a geostationary orbit.

Such satellites are called synchronous communi-
cation satellites (SYNCOMS). The geostationary orbit
is also called Clarke geosynchronous orbit or Clarke arc
after the name of famous science writer Arthur C.
Clarke who first proposed the idea of a communication
satellite in 1945.

46. Give some uses of geostationary satellites.
Uses of geostationary satellites :

1. In communicating radio, T.V. and telephone
signals across the world. Geostationary satellites
act as reflectors of such signals.

2. In studyihg upper regions of the atmosphere.
3. In forecasting weather.

4. In determining the exact shape and dimensions
of the earth.

5. In studying meteorites.
6. In studying solar radiations and cosmic rays.
ExampLe 51. To what latitude does the SYNCOMS

coverage extend 7 What is the orbital speed of a SYNCOMS ?
. [NCERT]

Solution. Clearly, the latitude of the coverage
extends upto the tangent SP, as shown in Fig. 8.33.
From right AOPS,

OP Ry 637x10° km

coOs A=——= =0.15L
OS 0S 422x10*km
A =81.3"
_________ S
Communication
satellite

Fig. 8.33

Thus a circular arc of about 90° is left uncovered
around the pole. That is why we need three satellites to
cover the entire earth.

Orbital speed of the SYNCOMS

v_2_rrr_2><3.14x4‘22x107m
T 86400 s

=3067 ms .

8.26 '~ POLAR SATELLITES

47. What are polar satellites ? Give some of their uses.

Polar satellite. A satellite that revolves in a polar orbit
is called a polar satellite. A polar orbit is one whose plane
is perpendicular to the equatorial plane of the earth. A |
polar orbit passes over north and south poles of the
earth and has a smaller radius of 500 —800 km. As the
earth rotates about its axis, the polar satellite
successively passes across the different parts of earth’s
surface. Thus the polar satellite eventually scans the
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entire surface of the earth. Examples of polar satellites
are European SPOT and the Indian Earth resources
satellites (IERS).

Polar orbit

Geostationary
orbit

Fig. 8.34 Polar and geostationary orbits.

Uses of polar satellites :

(1) Polar satellites are used in weather and environ-
ment monitoring. They provide more reliable
information than geostationary satellites because
their orbits are closed to the earth.

(i) They are used in spying work for military
purposes.

(if1) British polar satellite first detected hole in the
ozone layer.

(iv) They are used to study topography of Moon,
Venus and Mars.

8.27 ¥ TOTAL ENERGY AND BINDING
ENERGY OF A SATELLITE

48. Derive an expression for the total energy of a
satellite orbiting the earth. What is the significance of
negative total energy ?

Total energy of a satellite. Consider a satellite of
mass m moving aroyund the earth with velocity v in an
orbit of radius r. Because of gravitational pull of the
earth, the satellite has potential energy which is given by

GMm
r

The kinetic energy of a satellite due to its orbital
motion is

U=-

GM

) e

K=lmv§—lm(
2 2

Total energy of the satellite is

E=U+ K=_GMm+l-GMm
r 2 r
or E=—GMm
2r

The total energy of the satellite is negative. It
indicates that the satellite is bound to the earth. At infinity
(r =), the potential energy is zero and also the kinetic

energy is zero. Hence total energy at infinity is zero.
Thus a negative total energy means that in order to
send the satellite to infinity, it needs to be given extra
energy (to make total energy zero) ; otherwise it will
continue revolving in a closed orbit. This fact is
expressed by saying that the satellite is bound to the earth.

49. What do you mean by binding . energy of a
satellite ? Write an expression for it.

Binding energy of a satellite. The energy required by
a satellite to leave its orbit around the earth and escape to
infinity is called its binding energy.
The total energy of a satellite iﬁ%ﬂ .In order to
r
escape to infinity, it must be supplied an extra energy

equal to + Qbn so that its total energy E becomes

equal to zero. Hence
GMm -

Binding energy of a satellite =

2r

4\ The total mechamcal energy of an object (say satelhte
in orbit), is negative if it is bound, e.g., its orbit is an
ellipse or circle. But it is not always negative. It can be
positive in which case its trajectory is a hyperbola and
the object is not bound to the central star or its
equivalent. These statements are evidently true when
the zero of potential energy is chosen at infinity.

Exasaed on_
'l' tal Energy'and"Binm

A al'!

of Satellite

FormuLae Usep

1. Potential energy, %
4 R .
2. Kinetic energy, K = i mvg = 1 m (%J_—.} GMm
2 2 r 2 r
3. Total energy, E= K+ U= 1 mvg _ GMm __GMm
| 2 r 2r
4, ASE=LEI=—K . AK=—-AEand AU =2 AE

5. Binding enérgy = GI:Im
r

Units Usep

Masses M and m are in kg, distance  in metre,
energies K, U and E in joule.

ExampLE 52. A 400 kg satellite is in a circular orbit of
radius 2 R about the earth. How much energy is required to
transfer it to a circular orbit of radius 4Ry ? What are the
changes in the kinetic and potential energtes ?  [NCERT]

a2
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&

Solution. Total energy in orbit of radius 2R ,

=<
GV -y
! 4R, C2r
Total energy in orbit of radius 4 R,
__GMgm :
f~ " 8R,

Energy required to transfer the satellite to orbit of

radius AR,
GMgm GMgm
+

AE=E,—E =~
ST BR, 4Ry
- GMym [ GM; |mRg _gmRg
8RR, | R} ) 8 8

But g =9.8 ms 2, m=400 kg, R, =6.37 x 10°m

_ 9.8x 400 x 6.37 x 10°
B 8
Change in K.E., AK=-AE=-313x 10" J
Change in P.E.,, AU =2AE = 6.26 x 10° J.
EXAMPLE 53. A satellite orbits the earth at a height of
500 km from its surface. Compute its (i) kinetic energy,
(ii) potential energy, and (iii) total energy. Mass of the
satellite =300 kg, Mass of the earth =6.0 x 10%* kg, radius
of the earth =6.4 x 10° m, G =6.67 x 10~ ' Nni® kg™ 2. Will
your answer alter if the earth were to shrink suddenly to half
its size 7
Solution. Here
h =500 km =500 x 10>m,
m=300 kg, M=6.0x10% kg
R=64x10°m, G=6.67x10" " Nm? kg™?

AE =3.13x10° J.

(1) Kinetic energy o
1 _, 1 _GM GM
=—MmMyv - =—m. U=
2 2 R+h R+h
_1_300x667x10"" x6.0x 10
2 6.4 x 10° + 500 x 10°
=87x10° J.

(i) Potential energy
__ GMm _
(R+h)

=-174x10° J.

6.67 x 10~ 1 x 6.0 x 1024 x 300
6.4 x 10° + 500 x 10°

(1if) Total energy
=K.E.+P.E.=87x10° -17.4 x 10°
=-87x10°J.

ProBLEMS FOR PRACTICE

1. A rocket is launched vertically from the surface of
the earth with an initial velocity of 10 kms™ . How
far above the surface of the earth would it %o ?
Radius of the earth = 6400 km and g =9.8 ms™ “.

(Ans. 2.5 x 10* km)

2. A satellite of mass 250 kg is orbiting the earth at
a height of 500 km above the surface of earth.
How much energy must be expended to rocket
the satellite out of the gravitational influence of
the earth ? Given mass of the earth = 6.0 x 10* kg,
radius of the earth = 6400 km and
G=667x10""" Nm?kg=%  (Ans.7.25x10° ])

3. A body is to be projected vertically upwards from

earth’s"surface to reach a height of 9R, where R is
the radius of earth. What is the velocity required to
do so ? Given g=10ms" 2 and radius of earth
=6.4x10° m. (Ans. 1.073 x 10* ms™)

4. Show that the velocity of a body released at a dis-

tance r from the centre of the earth, when it strikes
the surface of the earth is given by
v=_[2GM [—l- - 1)
R r

where R and M are the radius and mass of the earth
respectively. Also show that the velocity with
which the meteorites strike the surface of the earth
is equal to the escape velocity.

5. Calculate the energy required to move an earth
satellite of mass 10° kg from a circular orbit of
radius 2R to that of radius 3R. Given mass of the
earth, M =5.98 x 10 kg and radius of the earth,
R=6.37x10° m. (Ans. 5.02 x 10° J)

HINTS
1. Initial K.E. of the rocket = Gain in gravitational P.E.

1 5__ GMm _{_ GMm]_ GMrmbh
2 (R+h) R R(R+ h)
2
or lv2= ghk BT
2 R(R+h) R+h
R+h 2gR R 2gR
=— —+ 1=
h v? or h 7
=1
or thl:z—g.‘,E—J
v
2x98x64x10° |
=6ax108| 00— 1
(10%)
= 6.4 x10° x(0.2544) ' =25x10" m

=25 x10* km.
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2. Total energy of the satellite at height h,

E=P.E.+K.E.

GMm 1 22 GMm GMm
=~ + - my® =-— +

R+h 2 R+h 2(R+h)
___ GMm B g GM

2(R+h) ' R+h

Energy needed to rocket out the satellite
__ GMm
2(R+h)

_6.67x107" x6.0x10* x2.5
2 x(6.4 x10° + 5 x 10°)

=7.25x10° J.
3. By the conservation of energy,
-t~ mt = - +0
R 2 10 R :
2 v_z__GM+GM_9GM_9gR2_9gR
2 10R R 10R 10R 10

[18gR \/18x10x6.4x106
or = =
10 10

=1.073 x10* ms™’.
4. Asthebody is initially at rest, its total initial energy

E =KE+PE =0~ M" |

r

If v is the velocity of the body on reaching the
earth’s surface, then its total final energy
_ _ 1 2 GMm
Ef = K.E.*‘P.E.—E P'.?!'U —T
By conservation of energy,
GMm 1 5 GMm
AT e |/ e ——
r 2 R

or U= ZGM(—I--EJ
R r

As meteorites come from a large distance, r = w0,

V= J% =11.2 kms ™.

5. Total energy of a satellite,

BE-PE «KE - SMm 1 2
r 2
_GMm 1 G_M__GMm
B r 2 r 2r
" GMm GMm GMm
=E, -E=- =
Wb -B=~ o ar 9.0r 1R
_ 6.67x107 1 x598 x 10% x10°
- 12 x 6.37 x 10
=5.02x10° J.

8.28 * THEORIES ABOUT PLANETARY MOTION

50. Discuss the various theories about the planetary
motion.

Different theories about planetary motion. Since
ancient times, scientists have been studying the motion
of celestial objects like sun, planets, moon, etc. Some of
these noteworthy theories are as follows :

(1) Geocentric model. Around 100 A.D. Greek
astronomer Ptolmey wrote a book, The Almagest, in
which he proposed the geocentric model of the
planetary motion. According to this model, the earth
remained stationary at the centre and all planets, moon, sun
and other stars revolved around it. The planets revolved
in small circles called epicycles and the centres of these

epicycles moved in larger circles called deferents,
around the earth.

(if) Aryabhata’s contribution. In 498 AD, the great
Indian mathematician and astronomer. Aryabhata,
proposed that the earth revolves around the sun along with
other planets and also rotates about its own axis. He was
able to explain phenomena like solar eclipse, lunar
eclipse, formation of days and nights, etc. However,

his ideas could not be communicated to the western
world.

(1) Heliocentric model. In 1543, the Polish
astronomer Nicolaus Copernicus suggested that the sun
is at the centre of the solar system and the earth and other

planets revolve around it. This theory was called
heliocentric theory.

(iv) Contributions of Brahe and Kepler. To test the
validity of Copernicus model, the great Danish
astronomer Tycho Brahe (1546-1601) made extra-
ordinary observations by studying the motions of
planets and stars without the aid of a telescope. His
data were critically analysed over a period of twen
years by Johannes Kepler (1571 — 1630), who was Brahe's
assistant. From these complicated data, Kepler deduced
simple relations that governed planetary motion.
These are three famous laws of Kepler which strongly
supported the Copernicus model of solar system and

played major role in the discovery of Newton's law of
gravitation.

8.29 ¥ KEPLER'S LAWS OF PLANETARY MOTION

51. State and explain the Kepler's laws of planetary
motion.

Kepler's laws of planetary motion. To explain the

motion of the planets, Kepler formulated the following
three laws :

1. Law of orbits (first law). Each planet revolves
around the sun in an elliptical orbit with the sun situated at
one of the two foci.



GRAVITATION 8.39

As shown in Fig. 8.35, the planets move around the For two different planets, we can write
sun in an elliptical orbit. An ellipse has two foci 5 and le Ri’
St ins at f S. R
1e sun remains at one focus Tzz R?
B Thus larger the distance of a planet from the sun, the
o g e T larger will be its period of revolution around the sun. The
e d period of revolution of the farthest planet Pluto around
P A& S e the sun is 247 years while that of the nearest planet
5 / l mercury is 81 days.
TC 8.30 DERIVATION OF KEPLER'S LAWS
- E— 52. What is Kepler problem ?
Fig. ':';; Elliptical.orbit of a planet, Kepler problem. Tle derivation of the Kepler's three
PA = 2a = major axis, BC = 2b = minor axis. laws of planetary motion from Newton's law of gravitation

is called the Kepler problem.

The points Pand Aon the orbit are called the perihelion , y
and the aphelion and represent the closest and farthest 53. Prove the Kepler's first law of planetary motion.

distances from the sun respectively. The orbits of Pluto and Proof of Kepler's first law of planetary motion.
Mercury are highly elliptical. The orbits of Neptune and  The planetary motion takes place under the action of
Venus are circular. The orbits of other planets have the gravitational force exerted by the sun,
slight ellipticity and may be taken as nearly circular. 2 _ GMm, >

2. Law of areas (second law). The radius vector P
drawn from the sun to a planet sweeps out equal areas in 4o M_ i the mass of the sun. This force is radial and

equal intervals of time i.e., the areal velocity (area covered L > _
per unit time) of a planet around the sun is constant. central. Negative sign indicates that F is oppositely

Suppose a planet takes sauw time to go from directed to v
position Ato Bas in going from Cto D [Fig. 8.36]. From ' -
Kepler's second law, the areas ASE «. u CSD (covered
in equal time) must be equal. Clearly, the planet covers
a larger distance CD when it is near the sun than AB
when it is farther away in the same interval of time. O
Hence the linear velocity of a planet is more when it is
closer to the sun than its linear velocity when away from the
sun.

P(Planet)

PEIEUREST T ELAUE S RO T T |

Fig. 8.37 Gravitational force on a planet due
C to the sun.

The torque exerted on the planet P about the sun is
5 5 o - [ GMSHIP}—P -

D A T =rxF =r x =
' g

- = =

rxr =0]

But 7 = Rate of change of a regular momentuim

Fig. 8.36 Kepler's second law of areas.

3. Law of periods (Third law). The square of the

period of revolution of a planet around the sun 1is .4t
proportional to the cube of the semimajor axis of its elliptical R
orbit. : . dt
If T is the perf'od pf rex'rolut.ion of a planet and R is ar -0 or L =constant.
the length of semimajor axis of its elliptical orbit, then dt
T? « R This shows that the angular momentum of the

planet about the sun remains constant both in magni-

or T2 = KR3 g i
tude and direction. Since the direction of L(=r x p)is

where K is a proportionality constant.
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—+ = — .
fixed, r and v lie in a plane normal to L. Moreover, it

can be shown that the central force under the action of
which the planet moves varies as the square of the
distance between the planet and sun and this orbit is
an ellipse.

54. Prove the Kepler's second law of planetary
motion.

Proof of Kepler's second law. As shown in
Fig. 8.38, consider a planet moving in an elliptical orbit

-5
with the sun at focus S. Let r be the position vector of

the planet w.r.t. the sun and F be the gravitational

force on the planet due to the sun. Torque exerted on
the planet by this force about the sun is

=rx1? =0

1y 7 and F are oppositely directed]

—
v

P(Planet)

Fig. 8.35 Area swept by the radius vector in time At.
L dL
T =—
dt

dL
— =0

dt
Suppose the planet moves from position P to P’ in

But

Y
or ~ L =constant

; s > .
time At. The area swept by the radius vector r is

AA = Area of triangular region SPP'

=lr X'FP'
b —
- -
But PP=Ar =0 At=L At
m
1.—> v
AZ=—r xlAt
2 m
or a4 -1 (?x_")— L
At 2 P _2m
AZ -
or —M—=C0nstant [* L and mare constant)

Thus the areal velocity of the planet remains
constant i.e., the radius vector joining planet to the sun
sweeps out equal areas in equal intervals of time. This
proves Kepler’s second law of planetary motion.

55. Using Newton's law of gravitation, prove Kepler's
third law of planetary motion for circular orbits.

Proof of Kepler's third law. Suppose a planet of
mass m moves around the sun in a circular orbit of
radius r with orbital speed v. Let M be the mass of the
sun. The force of gravitation between the sun and the

planet provides the necessary centripetal force.
mv? _GMm _ ,_GM

r 2 r
But orbital speed,

_ Circumference m
Period of revolution T
4’ _GM
T2 r
or T2 = 4i P = Ksre'
GM
Thus T? o

This proves Kepler’s third law. The constant K_ is
same for all planets. Its value is2.97 x 10~ % s?m™3. For
an elliptical orbit, r gets replaced by semi-major axis a.

8.31 ¥ DEDUCTION OF LAW OF GRAVITATION
FROM KEPLER'S THIRD LAW

56. Using Kepler's law of periods, derive Newton's
law of gravitation.

Proof of Newton's law of gravitation. Suppose a
planet of mass m moves around the sun in a circular
orbit of radius r. Let M be the mass of the sun. If v is the
orbital velocity of the planet, then the required
centripetal force is

2
muv
F=
.

But orbital velocity,

Circumference  2nr

- Period of revolution T
m (2 mf)z antmr
F=—x|—]| =
r T T?
Accordmg to Kepler's law of periods,
2oy
or T2 =k ¢
where k is a constant. Therefore,

ant m
| k2
As the force between the sun and the planet is

mutual, it should also be proportional to the mass M of
the sun.

_4n’mr
k7
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Hence the factor,

2 2
ﬂ o« M or EE— =GM
where G is another constant. So we have
’ Mm
F=G——
=z

This is Newton’s law of gravitation and it is

applicable to any two bodies in the universe.

On the basis of Kepler's laws, Newton made the

following conclusions :

1. A planet is acted upon by a centripetal force
directed towards the sun.

2. The force acting on the planet is inversely
proportional to the square of the distance
between the planet and the sun.

3. The force acting on the planet is directly
proportional to the product of the masses of the
planet and the sun.

Exam
T R

" Kepler's Law of

"R
SRV ek e p S

les a ‘

T

FormuLAE Usep
1. Angular momentum, L= ni7r =constant

2. Law of areas, % = constant

3. Law of periods, T? « 73 or T? =k 7*. For a satellite

of earth, k= —47‘— =108 ¢2m 3

E
ol
Units Usep

Time periods T, and T, are in second, distances
and r, in metre.

EXAMPLE 54. Calculate the period of revolution of Neptune
around the sun, given that diameter of its orbit is 30 times
the diameter of earth’s orbit around the sun, both orbits
being assumed to be circular.

Solution. According to Kepler's law of periods,

2 3
Ty e
v =30 and TE =1year
'

But

3

\ |

T =T Lﬂ] =(1)% x (30) =27000
E

T,, = V27000 = 164.3 years.

Examrir_55. In Kepler's law of periods : T2 =kr®, the
constant k =10~ 12 s*ni” 3, Express the constant k in days
and kilometres. The moon is at a distance of 3.84 x 10° km
from earth. Obtain its time-period of revolution in days.

[NCERT]
2
Solution. Given k =10 ™12 5—3
m
As ls——I—-da and 1m=-1—km
24 %60 % 60 4 1000
k=10"Px L d? i -3
(24 60x60)*  (1/1000)°

=1.33x 107 d%km 2,
For the moon, r =3.84 x 10° km.
T2 = k® =1.33x 10~ 4 x (3.84 x 10%)°
= 27.3 days.

ExAmpLE 56. In an imaginary planetary system, the
central star has the saine mass as our sun, but is brighter so
that only a planet twice the distance between the earth and
the sun can support life. Assuming biological evolution
(including aging process etc.) on that planet similar to ours,
what would be the average life span of a ‘human’ on that
planet in terms of its natural year ? The average life span of a
human on the earth may be taken to be 70 years.

Solution. According to Kepler's law of periods,
2 3
L) (R
T B
Here,
T, = Average life span of a human on the earth
=70 years.
T, = Average life span of a human on the planet
=7

R1 = Distance between the earth and the planet

=2R2

R, = Distance between the earth and the sun.

)

or =8
2
Tz
or T22 = Ay
8
70
T, = —= = 25 planet years.
PN P Yy

Exampre 57. The planet Mars has two moons, Phobos and
Delmos. (1) Phobos has a Eeriod 7 hours, 39 minutes and an
orbital radius of 9.4 x 10° k. Calculate the mass of Mars.
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(if) Asswme that Earth and Mars move in circular orbits
around the Sun, with the Martian orbit being 1.52 times the
orbital radius of the Earth, What is the length of the Martian
year in days ? [NCERT ; Delhi 08]

Solution. (/) Here r=9.4x10% m

T=7h39 min=459 min =459 x 60 s
Mass of Mars,
_art® 4x9.87x(9.4)x 10"
T GT? 6.67x 107 T x (459 x 60)
= 6.48 x 10% kg,

© (i) Here r, =1.52 1., T, =365 days

M

M

According to Kepler's law of periods,

2 3
Ty _ Ry
2 3
TE RE
R 3/2
T =[—M-J T,
RE

= (1.52)*'% x 365 = 684 days.

ExamrLE 58. The distances of two planets from the sun are

10" mand 10" mrespectively. Find the ratio of time periods
and speeds of the two planets. : ;

Solution. Here 7, =101 m, 7, =102 m

From Kepler's third law,
3/2 3/2
T 13
_lz[r_l} :Ii%} =10 +/10.
10

L%
Ifv, and v, are the orbital speeds of the planets, then
2y 2nr,
v, = and v, =
1 T?.

EXAMPLE 59. Let the speed of the planet at the perihelion P
in Fig. 8.35 be vp and the sun-planet distance SP be 1.
Relate {r,,vp} to the corresponding quantities at the
aphelion {r, , v , |. Will the planet take equal times to traverse
BAC and CPB? [NCERT]

Solution. At any point, the radius vector and velocity
vector of the planet are mutually perpendicular.
Angular momentum of the planet at the perihelion Pis

Lp = mphpvp
Similarly, at the aphelion,
Ly =mpryv,

or

or .

By conservation of angular momentum,

L, =1L,

MpTpUp = Mpla 0,
Vp _a
D
As Ty > Ty SO Vp >0,
To traverse BAC, area swept by radius vector
= Area SBAC.
To traverse CPB, area swept by radius vector
= Area SBPC.
But Area SBAC >Area SBPC

From -Keplet-‘ s second law, equal areas are swept in
equal times. Hence the planet will take a longer time to
traverse BAC than CPB.

# PROBLEMS FOR PRACTICE

1.

The distance of Venus from the sun is 0.72 AU. Find
the orbital period of Venus. [CBSE 93C ; Delhi 06]
(Ans. 223 days)

If the earth be one half its present distance from the
sun, how many days will the present one year on
the surface of earth change ?

(Ans. Year decreases by 236 days)

. The distance of planet Jupiter from the sun is 5.2

times that of the earth. Find the period of revolu-
tion of Jupiter around the sun. (Ans. 11.86 years)

The planet Neptune travels around the sun with a
period of 165 years. Show that the radius of its orbit
is approximately 30 times that of earth’s orbit, both
being considered as circular.

A geostationary satellite is orbiting the earth at a
height 6R above the surface of earth, where R is the
radius of the earth. Find the time period of another
satellite at a height of 2.5R from the surface of earth
in hours. . [1IT 87]

(Ans. 642 h)

The radius of earth’s orbitis 1.5 x 10° km and that of
Mars is 2.5 x 10" m. In how many years, does the
Mars complete its one revolution:? (Ans. 2.15 years)

A planet of mass m moves around the sun of mass
M in an elliptical orbit. The maximum and minimum
distances of the planet from the sun are 5 and r,
respectively. Find the relation for the time period of
the planet in terms of 4 and r,.

(Ans. T (5 + )%

. HiNL}:s

1.

For the earth, T, =1year, = 1AU
For the planet Venus, T, =? n =072 AU
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3 3
. 1;2.[3} =P x[g'—:g:l - 037 yr?

p
1

or =+0.37
2. Here 'I; =365days, R =

=0.61 yr = 223 days.
r, R2 = ’./ 2
2 3/2
T = Tl[i] _365[ /2) = 129 days
K r
Decrease in the number of days in one year
=365 - 129 = 236 days.

3/2 3/2

r 2

3. T =T |-L]| =1x 227 | _11.86 years.
"E e .

4. Here T, =1lyear, T, =165 years

2/3 2/3
T,
Rﬁ:R‘H - <[ 18] =30,

1
=6R+ R=7R, T,=24h

=25R+ R=35R, T, =?

I Y LY G I
2 lwi 7R 2»/5

6. Herern =15x 10® km =1.5x 10" m,
=25x10" m, T =1year

R, 1" 25x10" |2 512
TZ =—= x ']i =| ———71 x1=|—
R, 1.5x10 3
= 2.15 years.
7. Semimajor axis of the elliptical orbit of the plane

around the sun, r=(5 +1)/2 According to
Kepler’s third law,

3 3/2
2 I[m) or Tx[f::_fzJ
: 2 2

or Tov:(r1 +r,

5. Here

2 h.

}3/2

8.32  WEIGHTLESSNESS

57. What is weightlessness ? How does weight-
lessness arise in various situations ? Give some problems
of weightlessness.

Weightlessness. When a body presses against a
supporting surface, the supporting surface exerts a
force of reaction on him. This force of reaction
produces the feeling of weight in the body. If somehow
the force of reaction becomes zero, the apparent weight
of the body becomes zero.

A body is said to be in a state of weightlessness when the
reaction of the supporting surface is zero or its apparent
weight is zero.

A body can be in the state of weightlessness under
the following circumstances : :

(i) In a freely falling lift. Consider a person of true
weight mg standing in a lift which is moving vertically
downwards with accele-
ration a.If R is the reaction of
the floor on the man, then

mg — R =ma
Apparent weight,
R=m(g—a)

If the cable of the lift
breaks, it begins to fall freely.

Then a=g, and e
Fig. 8.39 Lift moving

downwards.

mg

=m(g=g)=0

Thus the apparent weight of the man becomes zero.
Both the man and the lift are moving downwards with
the same acceleration g. There are no forces of action
and reaction between them. Hence the man falling freely
develops a feeling of weightlessness.

(i) Inside a spacecraft. Consider a spacecraft
revolving around the earth in an orbit of radius r. The
acceleration of the satellite is GM/r?, towards the
centre of the earth. Here M is the mass of the earth.
Suppose a body of mass m lies on an inside surface of
the satellite. Forces acting on this body will be

(a) Gravitational pull of the earth = Gi\;[m.

(b) Reaction force R of the surface.

By Newton'’s second law,
GMm GM
5— — R=ma=m| —
. 2
R=0

Thus the surface does not exert any force on the
body and hence its apparent weight is zero. That is
why, an astronaut sees all the bodies floating
weightlessly inside the spacecraft.

(iff) At null points in space. At certain points in
space, called the null points, the gravitational forces due
to various masses cancel out. As the value of g is zero at
these points, so the effective weight of the body is zero.

(iv) At the centre of the earth. As the value of g is

zero at the centre of the earth, so weight of a body is
zero at the centre of the earth.

Problems of weightlessness :

(i) Eating and drinking become difficult in the
state of weightlessness. An astronaut cannot
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drink water from a glass because on tilting the
glass, the water comes out in the form of
floating drops. He takes food in the form of
paste from tube squeezed into his mouth.

(i1) Space-flight for a long time adversely affects the
human organism.

(itf) While walking in a space craft, an astronaut is
pushed away from the floor and he may crash
against the ceiling of the spacecraft.

(iv) Tt is not possible to perform experiments on
simple pendulum in the state of weightlessness.

Asg=0,s0T=2n/L/g =

VU B :
i) O] s | 'ﬂ@?ﬁﬂl E?- ,: f.g.gg
AT IR e o i PTOS RNET .

A\ When a body is in a free fall, a gravitational pull mg
does act on it, It is said to be weightless because it
, exerts no force on its support.

a\ An astronaut experiences weightlessness in space.
This is not because the gravitational force is small on
him. It is because the astronaut and the satellite both
are in a state of free fall towards the earth.

A\ In the state of weightlessness, though the bodies have
no weight, they have inertia on account of their mass.
So bodies floating in a space craft may collide with
each other and crash.

8.33 INERTIAL AND GRAVITATIONAL MASS

58. What is inertial mass of a body ? Give its
important properties.

Inertial mass. The mass of a bedy which measures its
inertia is called its inertial mass. It is equal to the ratio of the
external force applied on the body to the acceleration
produced in it along a smooth horizontal surface.

Applied force
Acceleration produced

Inertial mass =

F
or " =—
a

.The inertial mass of a body is a measure of its
ability to resist the production of acceleration by an
external force. If some force is applied on two different
bodies, then the inertial mass of that body will be more in
which the acceleration produced is less and vice versa.

Properties of inertial mass :

1. Inertial mass of a body is directly proportional
to the quantity of matter possessed by it.

2. It is independent of size, shape and state of the

body. .
3. It is conserved both in physical and chemical
processes.

4, Itis not affected by the presence of other bodies.

5. When different bodies are put together, their
inertial masses get added together irrespective
of the nature of their materials.

6. The inertial mass of a body increases with its
speed. When a body of rest mass m, moves with
speed v, its inertial mass will be
"o

2

m=
v

CZ

59. What is gravitational mass of a body ? Explain
its equivalence with inertial mass.

Gravitational mass. The mass of a body which
determines the gravitational pull due to earth acting upon it
is called its gravitational mass. If M is the mass of the
earth and Rits radius, then according to Newton's law
of gravitation, the gravitational pull acting on a body
of mass. placed on the earth’s surface is given by

1=

_ GMmg
RZ
RZ
Gravitational mass, m_ =——
& GM

Greater the gravitational mass of a body, greater is
the gravitational pull of the earth on it. So if two bodies
lying at equal heights from the ground experience
equal force of gravity, then their gravitational masses
must be equal. This forms the principle of a pan balance.

Equivalence of inertial and gravitational masses..
According to Newton's law of gravitation, the gravi-
tational force acting on a body of gravitational mass m,
placed on the surface of the earth is given by )

~ GMm 7
=2
If a body of inertial mass m; is allowed to fall freely,
then from Newton's second law,

F = Inertial mass x acceleration due to gravity =, ¢
From the above two equations, we get

GM‘mg
nt. GM .
or — =— =k (a constant)
m R
g
or n. = km or .M

8 $
Thus the inertial mass of a body is proportional to
its gravitational mass. In fact the proportionality
constant, k=1, so that m =m, ie, inertial and
gravitational masses are equivalent. Hence in the force
equation F = ma and weight equation W = mg, we need
to consider only one type of mass m.
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60. Give a comparison of inertial and gravitational
masses.
Comparison between inertial and gravitational
masses :
Similarities :
1. Both represent the quantity of matter in a body.
2. Both are equivalent in magnitude and have
same units of measurement.
3. Both do not depend on the shape or state of
matter. v :
4. Both are not affected by the presence of other
bodies.
5. Both are scalar quantities.

Differences :

1. Inertial mass is the measure of difficulty of
accelerating a body while gravitational mass
measures the force of attraction between the
body and the earth.

2. Inertial mass is determined from Newton’s
second law of motion while gravitational mass
is determined from Newton's law of gravitation.

3. Inertial mass can be measured only under
dynamic conditions ie., when the body is in
motion, which is neither convenient nor
practical. Gravitational mass can be easily
measured by using a common balance. '

61. Give an illustration to distinguish between
inertial and gravitational masses.

How did Einstein experimentally prove the equiva-
lence of inertial and gravitational masses. How did it
help in forming the general theory of relativity ?

Einstein’s view of gravitation. Einstein pointed
out that gravitation and acceleration are equivalent. This is
called principle of equivalence. Einstein used this
principle as one of the basic ideas in forming his general
theory of relativity that explains gravitational effects in
terms of curvature of space. He proved the equivalence
of inertial and gravitation masses by the following
simple experiment.

me

l @
[ ]
(a) The Einstein box at rest on earth's surface.

(b) The Einstein box accelerating through
interstellar space at 9.8 ms ™.

Fig. 8.40

Consider a person enclosed in small box, called
Einstein box. In Fig. 8.40(a), the box is at rest on earth'’s
surface and is subject only to earth’s gravitational
force. In Fig. 8.40(b), the box is accelerating through
interstellar space at9.8 ms~ 2 and is subject only to the
external force producing this much acceleration. It is
not possible, by doing experiments within the box, for
the person to tell which situation heisin [i.e, (a) or (b)].
For example, the platform scale on which he stands
reads the same weight in both cases. Moreover, if he
observes an object falling past him, the object has the
same acceleration relative to him in both cases. This
conclusively proves the equivalence of inertial and
gravitational masses.

Very Short Answer Conceptual Problems

Problem 1. Why is the law of gravitation called the
universal law ? .

Solution. This is because of the fact that the law of
gravitation holds good for any pair of bodies in the
universe whether microscopically smail or astronomically
large in size.

Problem 2. Why is G called the universal gravi-
tational constant ?

Solution. This is because the value of G is same for any
pair of the bodies in the universe. It does not depend on

" the nature of the medium between the two bodies or on

the nature of the bodies themselves.
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Problem 3. What is the ratio of the force of attraction
between two bodies kept in air and the same distance
apart in water ?

Solution. 1:1, because the gravitational force does not
depend on the nature of the medium.

Problem 4. If spheres of same material and same
radius r are touching each other, then show that the
gravitational force between them is directly propor-
tional tor*.

Solution. If p is the density of the material, then

4 3 4 _3
LT p X o TP
F-G ”‘l"’g g3 23 g e
(2r) (2r) 9

Clearly, F = .

Problem 5. If the density of planet is doubled
without any change in its radius, how does g change on
the planet ?

Solution. It gets doubled, because g = p. i

Problem 6. Is it possible to shield a body from
gravitational effects ?

Solution. No, it is not possible to shield a body from
gravitational effects because gravitational interaction
does not depend upon the nature of the intervening
medium.

Problem 7. If the force of gravity acts on all bodies in
proportion to their masses, why does a heavy body not
fall faster than a light body ? [Delhi 12]

Solution. If F be the gravitational force on a body of
mass /1, then
GM
I

Clearly, F o« mbut g does not depend on m . Hence all
bodies fall with same rapidness if there is no air
resistance.

F=G%:mg or g=

Problem 8. The mass of the moon is nearly 10% of
the mass of the earth. What will be the gravitational
force of the earth on the moon, in comparison to the
gravitational force of the moon on the earth ?

Solution. Both forces will be equal in magnitude as
gravitational force between two bodies is a mutual force.

Problem 9. Earth is continuously pulling the moon
towards its centre, still it does not fall to the earth. Why ?

Solution. Gravitational force of attraction due to earth
provides the centripetal force, which keeps the moon in
orbit around the earth. Moreover, this gravitational force
acts perpendicular to the velocity of the moon.

Problem 10. We cannot move finger without
disturbing all stars. Why ?

Solution. When we move our finger, the distance .

between the objects and our finger changes. Hence, the
force of attraction changes, disturbing the entire universe,
including the stars.

Problem 11. According to Newton’s law of gravi-
tation, the apple and the earth experience equal and
opposite forces due to gravitation. But it is the apple that
falls towards the earth and not vice-versa. Why ?

[Delhi 1999]

Solution. According to Newton’s third law of motion,

the force with which the earth is attracted towards the

apple is equal to the force with which earth attracts the

apple. However, the mass of the earth is extremely large

as compared to that of apple. So acceleration of the earth
is very small and is not noticeable.

Problem 12. According to Newton’s law of gravi-
tation, every particle of matter attracts every other
particle. But bodies on the surface of earth never move
towards each other on account of this force of attraction.
Why ? [NCERT]

Solution. Because of their small masses, the
gravitaional attraction between two bodies is too small to
produce any motion in them. But due to the large mass of
the earth, the gravitational attraction between the bodies
and earth is very large and so all bodies are attracted
towards the centre of the earth.

Problem 13. Does the gravitational force of attraction
of the earth become zero at some height above the
earth ? Give reason.

Solution. No, the gravitational force of attraction of
earth on a body at height h is

F=G Mm :
(R+h)

Clearly, F will be zero only when h is infinity.

Problem 14. Which is more fundamental-mass or
weight of a body ?

Solution. Mass is more fundamental than weight
because the mass of a body rem¥ns constant while its
weight changes from place to place due to change in the
value of g.

Problem 15. If the diameter of the earth becomes
twice its present value but its mass remains unchanged,
then how would be the weight of an object on the
surface of the earth affected ? [Roorkee 80]

Solution. Weight of body,

GMm

W =g = Y

When the diameter or radius of the earth becomes
double its present value, the weight of the body will be
W' = GMm _ 1
(2R 4
i.e., weight will become one-fourth of the present value.

Problem 16. If the diameter of the earth becomes half
its present value but its average density remains
unchanged then how would be the weight of an object
on the surface of the earth affected ?
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Solution. Acceleration due to gravity on the surface of

the earth

GM G 4 3 4
——=—x—nRp=- nGR
5 7 X— nR°p 31t P

When the diameter or radius becomes half its present

value,

4 R g
i | B B
g§=3" [2]" 2

Hence the weight of the object will be halved.

Problem 17. The mass and diameter of a planet are
twice those of the earth. What will be the time-period of
that pendulum on this planet, which is a second's
pendulum on the earth ? [1IT]

Solution. Initially, ¢ = ?{—Azd and T=2n \{I =2s
g

(For a second’s pendulum)
When M and R are doubled,

,_GeM) g
5 (2R)? 2

T'=2n —,—=J§T=2\/§s.
E

Problem 18. If the radii of two planets be R, and R,

and

and their mean densities be p, and p,, then prove that

the ratio of accelerations due to gravity on the planets
will be R, p, : R,p,.

Solution. On the surface of any planet, g = % tGRp

4

2t GRp
&:34—]—] = Rlpl . Rzpz.
8, 4nGRp,

Problem 19. The distance between two bodies A and

B isr. Taking the gravitational force according to the law

- of inverse square of r, the acceleration of the body is a. If
the gravitational force follows an inverse fourth power
law, then what would be the acceleration of the body A ?

Gt
Solution. For inverse square law, F = —ﬁzﬁ
) r

G
Acceleration of body A= P # =q
mooor
X . Gmym,
For inverse fourth power law, F'= ——=
r
C W@
Acceleration of body A = E24 # = —"5 .
mooor r

Problem 20. Why is centre of mass of a body often
called its centre of gravity ?

Solution. The torque due to gravity on a body acts as
if its entire mass were concentrated at its centre of mass.
That is why centre of mass of a body is often called its
centre of gravity.

Problem 21. Why the value of g is more at the poles
than at the equator ?

. GM
Solution. As g = (?J and the value of R at equator

is greater than that at poles, hence g at poles is greater
than g at equator.

Problem 22. Why a body weighs more at the poles
than at the equator ? [Himachal 03]

Solution. At the poles 8, > 8. . hence, mg, >mg, .

Problem 23. Where does a body weigh more ? At the
sea level or on the mountains ?

Solution. At the sea level because weight decreases
with altitude.

Problem 24. Where will a body weigh more — 1 km

above the surface of eartl_1 or 1 km below the surface of
earth ?

Solution. As g, = ¢ (I - %h] and g, =g (1 = ;i)
1

For h=d =1km, clearly g, > 8y

Hence the body will weigh more at a depth of 1 km
below the surface of earth.

Problem 25. Does the concentration of the earth’s
mass near its centre change the variation of g with
height compared with a homogeneous sphere ? How ?

Solution. Any change in the distribution of the earth’s
mass will not affect the variation of acceleration due to
gravity with height. This is because for a point outside the
earth, the whole mass of the earth is ‘effective’ and the
earth behaves as a homogeneous sphere.

Problem 26. The weight of a body is less inside the
earth than on the surface. Why ?

Solution. As we go inside the earth, the value of the
attracting mass M decreases and hence the value of g
decreases. Therefore, the weight of the body mg is less
inside the earth than on the surface.

Problem 27. Why do you feel giddy while moving on
a merry-go-round ?

Solution. When moving in a merry-go-round, our
weight appears to decrease when we move down and
appears to increase when we move up.

Problem 28. At which place on earth’s surface, the
value of g is largest and why ?

Solution. The value of g is largest at the poles due to
following fwo reasons :

(n) Distance of poles from the centre of earth is
smaller than the distance of any other point on
earth’s surface from its centre.

(b) At poles, no centrifugal force acts on the
body.
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Problem 29. When dropped from the same height a

body reaches the ground quicker at poles than at the
equator, Why ?

Solution. The acceleration due to gravity is more at
the poles than at the equator. When the initial velocities
and distances travelled are the same, the time taken by the
body is smaller if the acceleration due to gravity is large.
Hence, when dropped from the same height, a body
reaches the ground quicker at the poles than at the
equator.

Problem 30. When a clock controlled by a pendulum
is taken from the plains to a mountain, it becomes slow
but a wrist-watch controlled. by a spring remains
unaffected. Explain the reason for the difference in the
behaviour of the two watches.

Solution. Due to decrease in the value of g at the
mountain, the time period of the pendulum of the clock
increases. On the other hand, the spring watch remains
unaffected by the variation in g.

Problem 31. A clock fitted with a pendulum and
another with a spring indicate correct time on earth,
Which shows correct time on the moon ?

Solution. A clock fitted with a spring will show
correct time on the moon, because its time period is not
affected by the variation in g.

Problem 32. Why does a tennis ball bounce higher
on a hill than on plains ? [Himachal 03]

Solution. The value of g is less on hills because they
are comparatively at a greater distance from the centre of
the earth. Therefore, the gravitational pull on the tennis
ball is less on hill tops and so it bounces higher on hills
than on plains.

Problem 33. A man can jump six times as high on the
moon as that on the earth. Justify.

Or

Explain, why one can jump higher on the surface of
the moon than that on the earth. [Himachal 07]

Solution. The value of ‘g’ on the surface of moon is
about é-th of its value on the surface of earth.

For the same gain of P.E. in both cases, we have

mgm hm = "lgf’hf

h I
or h, = &Ml _ 81t =6h,.
g"l gt‘ /6
Problem 34. Moon-travellers tie heavy weight at
their back before landing on the moon. Why ?
Solution. Due to the small value of g on the moon, the

traveller would weigh less. To compensate for this loss in
weight, the travellers load their backs with heavy weight.

Problem 35. Why is earth flat at the poles ?
Solution. Due to its rotation about the polar axis.

Problem 36. What is the effect of rotation of the earth
on the acceleration due to gravity ?

Solution. The acceleration due to gravity decreases

due to rotation of the earth. This effect is zero at the poles
and maximum at the equator.

Problem 37. Name two factors which determine
whether a planet would have an atmosphere or not.

[Himachal 06 ; Delhi 99]
Solution. The two such factors are

(i) The value of acceleration due to gravity on the
planet.

(i) Surface temperature of the planet.

Problem 38. If the earth stops rotating about its axis,
what will be the effect on the value of g ? Will this effect
be same at all places ?

Solution. The value of g will increase at all places

except at the poles. The increase will be different at different
places, maximum at the equator.

Problem 38(a). If the earth stops rotating about its
axis, then by what value will the acceleration due to
gravity change at the equator ?

Solution. The value of g increases by w’R.

Problem 39. Explain why tidal waves (high tide and
low tide) are formed on seas.

Solution. The gravitational attraction of moon on sea
water causes high tides. Tides at one place cause low tides
(ebbs) at another. Attraction by sun also causes tides but
only of half the magnitude. Hence on new moon and full
moon days, when both effects add, tides are very high.

Problem 40. Why are we not thrown off the surface
of the earth by the centrifugal force ?

Solution. The force of gravity exerted on our body by
the earth towards its centre is greater than centrifugal
force acting an our body away from the centre.

Problem 41. A satellite does not need any fuel to
circle around the earth. Why ? [Himachal 05]

Solution. The gravitational force between satellite and
earth provides the centripetal force required by the
satellite to move in a circular orbit.

Problem 42. Why a multi-stage rocket is required to
launch a satellite ?

Solution. The multistage rocket helps to economise
the consumption of fuel.

Problem 43. Why do different planets have different
escape velocities ? [Himachal 06]

/ M ..
Solution. As v, = %, therefore escape velocities

have different values on different planets which are of
different masses and different sizes.
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Problem 44. An elephant and an ant are to be
projected out of earth into space. Do we need different
velocities to do so ?

Solution. The escape velocity, v, =/2¢R, does not

depend upon the mass of the projected body. Thus we
need the same velocity to project an elephant and an ant
into space.

Problem 45. Does a rocket really need the escape
velocity of 11.2 kms (nitially to escape from the earth ?

Solution. No, rocket can have any velocity at the start.
The rocket can continue to increase the velocity due to
thrust provided by the escaping gases that will carry it to
a desired position.

Problem 46. The moon has no atmosphere. Why ?
[Himachal 03, 05 ; Delhi 05C, 10]
Solution. Due to the small value of ‘g’, the escape
velocity on the moon surface is small (2.38 kms™'). The air
molecules have thermal velocities greater than the escape

velocity. Therefore, the air molecules escape away and
cannot form atmosphere on the moon.

Problem 47. The earth has atmosphere. Why ?

Solution. Because the r.m.s. velocity of air molecules
is less than escape velocity on the earth, the air cannot
escape from the surface of the earth. Hence the earth has
atmosphere.

Problem 48. Lighter gases like H,, He, etc. are rare in

the atmosphere of the earth. Why ?

Solution. Usually the average velocity of the molecules
of lighter gases is greater than the escape velocity at the
earth’s surface. So lighter gases have escaped from the
earth’s atmosphere.

Problem 49. The gravitational force exerted by the
sun on the moon is greater than (about twice as great as)
the gravitational force exerted by the earth on the moon.
Why then doesn’t the moon escape from the earth
(during a solar eclipse, for example) ?

Solution. The moon can escape only if the moon has
no orbital motion. In fact, while revolving around the
earth, the moon has orbital motion around the sun also.
The gravitational attraction of the sun on the moon
provides the centripetal force required for the orbital
motion around the sun.

Problem 50. The escape velocity for a satellite is
11.2 kms™ 1. If the satellite is launched at an angle of 60°

with the vertical, what will be the escape velocity ?
Solution. 11.2 kms™, velocity
(v¢.=m) does not depend on the angle of
projection.
Problem 51. An astronaut, while revolving in a

circular orbit happens to throw a spoon outside. Will the
spoon reach the surface of the earth ?

because escape

Solution. The spoon will continue to move in the
same circular orbit, and chase the astronaut. It will never
reach the surface of the earth.

. Problem 52. An artificial satellite revolves around
the earth without using any fuel. On the other hand, an
aeroplane requires fuel to fly. Why ?

Solution. Air is essential for an aeroplane to fly. To
overcome the resistive forces of air, aeroplane requires
fuel. The satellite orbits at a much higher height where air
resistance is negligible and so it needs no fuel.

Problem 53. Why are space rockets usually launched
from west to east in the equatorial plane ?

Solution. Due to rotation of the earth about its polar
axis, every particle on the earth has a linear velocity
directed from west to east. This velocity (v= Rw) is
maximum at the equator. When a rocket is launched from
west to east, this maximum velocity gets added to the
launching velocity, so the launching becomes easier.

Problem 54. A satellite of small mass burns during
its descent and not during ascent. Why ?

Solution. The speed of the satellite during descent is
much larger than that during its ascent. As the air resis-
tance is directly proportional to velocity, so heat produced
during descent is very large and the satellite burns up.

Problem' 55. Is it possible to place an artificial
satellite in an orbit such that it is always visible over
New Delhi ?

Solution. No. A satellite remains always visible only if
it revolves in the equatorial plane with a period of
revolution equal to that of the earth. New Delhi does not
lie in the region of equatorial plane.

Problem 56. The astronauts in a satellite orbiting the
earth feel weightlessness. Does the weightlessness
depend upon the distance of the satellite from the
earth ? Give reason.

Solution. No. The gravitational acceleration of the
astronaut relative to the satellite is zero, whatever be the
distance of the satellite from the earth.

Problem 57. Can we determine the gravitational
mass of a body inside an artificial satellite ?

Solution. No, because both the body and the artificial
satellite are in a state of free fall.

Problem 58. A satellite is orbiting the earth with
speed v, To make the satellite escape, what should be

the minimum percenta8ge increase in its velocity ?
Solution. Required percentage increase in velocity

U, — 1

%100 = i—l] %100
Uy Yy
= (V2 = 1) x 100 = 41.4%.
Problem 59. Why an astronaut in an orbiting
space-craft is not in zero gravity although weightless ?
[Delhi 1997]
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Solution. The astronaut in the orbiting spacecraft is
still in the gravitational field of the earth and experiences
appreciable gravity. However, the gravity is used up in
providing the necessary centripetal force.

Problem 60. Why does an astronaut in a spacecraft
feel weightlessness ?

Solution. This is because the orbiting spacecraft
alongwith the astronaut is in a state of free fall towards
the earth.

Problem 61. Two identical geostationary satellites
are moving with equal speeds in the same orbit but their
sense of rotation brings them on a collision course. What
will happen to the debris ?

Solution. The collision between the two satellites is
inelastic. They stick together.

mv+(—mv)y=(m+mV or V=0

The kinetic energy of the debris in its orbit will be
zero. Due to gravity, it falls to the surface of the earth and
in the course of its journey, it may get burnt up.

Problem 62. The linear speed of a rocket is not
constant in its orbit. Comment.

Solution. The areal velocity of a planet around the sun
is constant but its linear speed continuously changes. The
linear speed of the planet is large when it passes close to
the sun and is small when the planet is away from the sun.

Problem 63. Identify the portion of sun in the
following diagram if the linear speed of the planet is
greater at C compared to that at D.  [Central Schoeols 03]

C

Fig. 8.41
Solution. The sun should be at position B, because the
speed of a planet is greater when it is closer to the sun.
Problem 64. The largest and shortest distances of the
earth from the sun arer, and r, respectively. What is the

distance from the sun when it is perpendicular to the
major axis of the orbit from the sun ?

Short Answer Conceptua] Problems

Problem 1. Answer the following :

(a) Among the known types of forces in nature, the
gravitational force is the weakest. Why then does
it play a dominant role for motion of bodies on
the terrestrial, astronomical and cosmological scale ?

Solution. Let R be the dislance of the earth from the
sun in the position perpendicular to the major axis of its
elliptical orbit,

Using the property of an ellipse, we can write

1,111

R R r

or £=r‘+r2
R nn i

R= 27'11‘2

h+n

Problem 65. Why does the weight of a body become
zero at the centre of the earth ? [Himachal 06)

Solution. As we go inside the earth, the value of
attracting mass M decreases and its value becomes zero at
the centre of the earth, Consequently, a body at the centre
of the earth feels no gravitational attraction or its weight
becomes zero at the centre of the earth.

Problem 66. Imagine a spacecraft going from the
earth to the moon. How does its weight vary as it goes
from the earth to the moon ? [Himachal 07C]

Solution,

(i) As the spacecraft moves from the earth towards
the moon, its weight decreases.

(if) The weight of the spacecraft becomes zero at the
null point where the gravitational forces of the
earth and the moon are equal and opposite.

(i1) Again the weight increases, becoming mig/6 on the
moon’s surface.

Problem 67. The artificial satellite does not have any

fuel, but even then it remains in its orbit around the
earth. Why. - [Himachal 05]

Solution. The centripetal force necessary for orbital
motion of the satellite is provided by the force of gravi-
tation exerted by the earth on the satellite. So the satellite
does not need any fuel for its orbital motion.

Problem 68. According to Albert Einstein, no particle
can have velocity equal to or greater than that of light.
Hence what may be the value of escape velocity from the
surface of a ‘Black hole’ such that it holds everything to
itself ? [Central Schools 08]

Ans.u:/g‘;ﬁ <c .
“ VR

(b) Do the forces of friction and other contact forces
arise due to gravitational attraction ? If not, what
is the origin of these forces ?

Solution. (@) The strong nuclear forces operate only over
a range of distance of the order of 107 to 107> m. The
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forces involved in weak interactions operate only during
radiactive decay. Electrical forces are stronger than
gravitational forces for a given distance, but they can be
attractive as well as repulsive unlike gravitational force,
which is always attractive. As a result, the forces between

massive neutral bodies are predominantly gravitational. .

(b) No, the forces of friction and other contact forces

have electromagnetic origin.

Problem 2. Choose the correct alternatives :

(1) If the gravitational potential energy of two mass
points infinite distance away is taken to be zero,
the gravitational potential energy of a galaxy is
(positive/negative/zero).

(i) The universe on the large scale is shaped by
(gra\rltauonal/electromagnetlc forces), on the
atomic scale by (gravitational/electromagnetic)
forces, on the nuclear scale by (gravitational /
electromagnetic/strong nuclear) forces.

Solution. (i) The gravitational potential energy of a
galaxy is negative because it is a bound system.

(i) The universe on the large scale is shaped by
gravitational forces, on the atomic scale by electromagnetic
forces and on the nuclear scale by strong nuclear forces.

Problem 3. What is the difference between inertial
mass and gravitational mass of a body ?

Solution, The inertial mass of a body is a measure of
its inertia and is given by the ratio of the external force
applied on it to the acceleration produced in it. The
gravitational mass of a body, on the other hand, is a
measure of the gravitational pull acting on it due to the
earth. The gravitational mass is measured by a common
balance.

Problem 4. Which of the following observations
point to the equivalence of inertial and gravitational
mass :

(a) Two spheres of different masses dropped from
the top of a long evacuated tube reach the bottom
of the tube at the same time.

(b)) The time-period of a simple pendulum is
independent of its mass.

(c) The gravitational force on a particle inside a
hollow isolated sphere is zereo.

(d) For a man in closed cabin that is fallmg freely

: under gravity, gravity ‘disappears’.

(¢) An astronaut inside a spaceship orbiting around

. the Earth feels weightless.

() Planets orbiting around the sun obey Kepler's
Third Law (approximately).

(g) The gravitational force on a body due to the Earth

is equal and opposite to the gravitational force on
the Earth due to the body. [NCERT]

Solution. The observations (a), (b), (d), (e) and (f) point
to the equivalence of gravitational masses, because in
these situations the bodies are in motion.

The observations (c) and (¢) do not establish the
equivalence of inertial and gravitational masses because
the bodies are not in the state of motion.

Problem 5. A body is taken from the centre of the
earth to the moon. What will be the changes in the
weight of the body ?

Solution. (i) At the centre of the earth, the weight of
the body is zero (g = 0).

(i) As the body is moved from centre to the earth
surface, its weight increases (due to increase in g)

(i) As the body is moved from earth’s surface
towards the moon, the weight decreases (due to the
decrease in g), becomes zero at the point where the
gravitational forces of the earth and moon are equal and
opposite.

(iv) Again the weight increases, becoming mmg /6 on
the moon's surface.

Problem 6. Mention the conditions under which the
weight of a person can become zero.

Solution. The weight of a person can become zero
under the following conditions :

(i) When the person is at the centre of the earth (as
¢ =0 at the centre of the earth).

(if) When the person is at the null points in space
(At these points, the gravitational forces due to
different masses cancel out).

(iti) When the person is standing in a freely falling
lift.

(iv) When the person is inside a spacecraft which is
orbiting around the earth.

Problem 7. How will the value of g be affected if

(i) the rotation of the earth stops (ii) the rotational speed
of the earth is doubled (iii) the rotational speed of the
earth is increased to seventeen times its present value ?

Solution. (i) If the rotation of the earth stops, no
centrifugal force will act on the bodies lying on it. The
value of g increases maximum at the equator. As no
centrifugal force acts on body at poles, so the value g is not
affected.

(if) If the rotational speed of the earth is doubled, the
centrifugal force on the bodies increases. The value of g
decreases maximum at the equator and is not affected at
poles.

(iif) If the rotational speed of the earth is increased to
seventeen times its present value, the value of g at the
equator will become zero. At the poles, the value of g
remains unchanged.
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Problem 8. When a satellite moves to a lower orbit in
the atmosphere of the earth, it becomes hot. This
indicates that there is some dissipation in its mechanical
energy. But the satellite spirals down towards the earth
with an increasing speed, why ?

Solution. For a satellite orbiting the earth,

Total energy = — Kinetic energy ie, E=- K

When the satellite enters the atmosphere of the earth,
it dissipates its mechanical energy (which is negative)
against atmospheric friction. Energy E becomes more
negative. As a result, the kinetic energy of the satellite
increases and hencé its speed increases. But its orbital
speed v, =,/GM /(R + h) can increase only if its height h
becomes smaller. Hence the satellite moves to a lower
orbit with an increased speed. Thus due to the atmos-
pheric friction, the satellite spirals down towards the
earth with increasing speed and ultimately burns out in
the lower dense atmosphere.

Problem 9. What are the conditions under which a
rocket fired from the earth becomes a satellite of the
earth and orbits in a circle ? :

Solution. (i) First the rocket should be given a
sufficient vertical velocity so that it reaches a height at
which it is supposed to revolve around the earth.

(i) At this height, the rocket must be given a
GM
R+ h

horizontal orbital velocity given by v, =

(ifi) The air resistance should be negligible at the
height of its orbit.

Problem 10. What would happen if the force of
gravity were to disappear suddenly ?

Solution. If the force of gravity suddenly disappears,
then

(1) All bodies will lose wejght.
(i) We would be thrown away from the earth due to
the centrifugal force.
(iti) Eating, drinking and in fact all operations would
become impossible.
('v) Motion of satellites around the planets and the
motion of planets around the sun would cease.
Problem 11. The radii of two planets are R and 2R
respectively and their densities p and p/ 2 respectively.
What is the ratio of acceleration due to gravity at their

surfaces ? [Central Schools 05]
Solution. Here,
GM G 4 5 4

g?—?:?.aﬂR p=5KGRp
or g = Rp

& _ —pr =1:1.

8 2Rr.P

2

Problem 12, The time period of the satellite of the
earth is 5 hours. If the separation between the earth and
the satellite is increased to 4 times the previous value,
then what will be the new time period of the satellife ?

[AIEEE 03]
Solution. According to Kepler's law of periods,

-G - &%)
i R 5 R
or T, = /64 x25 = 40 h.

Problem 13. Prove that acceleration due to gravity on
the surface of the earth is given by g = g npGR, whereG

is gravitational constant, p is mean density and R is the
radius of the earth. [Delhi 01, 05C]

Solution. Mass of the earth, M =§ nRSp

Acceleration due to gravity on the earth’s surface,

GM G 4 3 4
g=F=Fx§7{R =§T’£pGR.
Problem 14. Why is the weight of a body at the poles
more than the weight at the equator ? Explain.

[Himachal 03 ; Delhi 05C]
Solution. As g =GM/ R? and the value of R at the

poles is less than that at the equator, so g at poles is greater
that g at the equator. Now, as 8p > 8, hence mg, >mg,
i.e, the weight of a body at the poles is more than the
weight at the equator.

Problem 15. Why does the earth impart the same
acceleration to all bodies ? [Chandigarh 02]

Solution. The force of gravitation exerted by the earth
on a body of mass mis

Mm
F=G ? =mg
Acceleration imparted to the body,
GM
'

Clearly, g does not depend on m Hence the earth
imparts same acceleration to all bodies.

Problem 16. If suddenly the gravitational force of
attraction between the earth and a satellite revolving
around it becomes zero, what will happen to the satellite ?

[AIEEE 02]

Solution. If the gravitational force of the earth
suddenly becomes zero, the satellite will stop revolving
around the earth and it will move in a direction tangential
to its original orbit with a speed with which it was
revolving around the earth.
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"HOTS

Problem 1. Draw graphs showing the variation of
acceleration due to gravity with (i) height above the earth’s
surface and (ii) depth below the earth’s surface.

Solution. (i) The value of g varies with height /1 as

1
m_.
Sm(mh)z $§3

‘Thus the graph of g versus r is the parabolic curve
AB, as shown in Fig. 8.42.

A

SelA

I
=
@]
=

Fig. 8.42
(i) The value of g varies with depth 4 as

gzg(]_%) i.e.,gétR—d)

Thus the graph of g versus depth d is the straight
line AC, as shown in Fig. 8.42.

Problem 2. Are we living at the bottom of a gravita-
tional well ? Give reason.

Solution. Yes, we are living at the bottom of a
gravitational well. Fig. 8.43 shows the variation of
gravitational force F with distance r from the centre of
the earth. Clearly, the graph has a force minimum at
the surface of the earth (r = R).

N

R r—

GM

P===2

F=-

GM
3
r

Fig. 8.43

Problem 3. Generally the path of a projectile from the earth

is parabolic but it is elliptical for projectiles going to a very great
height. Why ?

Solution. Under ordinary heights, the change in
the distance of a projectile from the centre of the earth
is negligible compared to the radius of the earth. Hence
the projectile moves under a nearly uniform gravita-
tional force and its path is parabolic. But for projectile
going to a very great height, the gravitational force
decreases in inverse proportion to the square of the
distance of the projectile from the centre of the earth.
Under such a variable force, the path of projectile is
elliptical.

Problem 4. A person sitting in a satellite feels weight-
lessness but a person standing on moon has weight though
moon is also a satellite of the earth. Give reason.

Solution. For the person sitting in the artificial
satellite, the gravitational attraction on him due to the
earth provides the necessary centripetal force. The net
force on him is zero, so he feels weightlessness. For the
person standing on the moon, the gravitational attrac-
tion acting on him due to the moon is left unbalanced,
which accounts for his weight on the moon.

Problem 5. The sun attracts all bodies on the earth. At
midnight, when the sun is directly below, it pulls on a body
in the same direction as the pull of the earth on that body ; at
noon, when the sun is directly above, it pulls on a body in a
direction opposite to the pull of the earth. Then will the
weight of the body be greater at mid-night than at noon ?

Solution. No, earth is a satellite of sun. Any body
placed on earth is also the satellite of sun. The body
and the earth both will have the same acceleration
towards the sun. Hence there will be no relative sun’s
gravitational acceleration between the body and the
earth. That is, a body placed on earth will experience
no gravitational effect due to the sun. It will experience
a gravitational force only due to the earth. This will be
weight of the body measured on the earth and will
remain same for all the twenty four hours.

Problem 6. Suppose the gravitational force varies
inversely as the nth power of distance. Then, find the
expression for the time period of a planet in a circular orbit of
radius r around the sun. [AIEEE 04]

Solution. As the gravitational force varies
inversely as the nth power of the distance, so the
gravitational force on the planet is given by

GMm

rﬂ

F=

This force provides the centripetal force mr” to the
planet.
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GMm 2 _ 2m)? attraction. Show that their relative velocity of approach at--
M gl T separation r between them is
2 ] 2 (n+1) 2G (m, + ,—

or i 4(’;‘M" rols (';M ' =\/+'5) [BHU 94]

2n . g :
or T An+1)2 Solution. By conservation of energy,

VGM

Clearly, T o A"+1)/2

Problem 7. A simple pendulum has a time period T,

when on the earth’s surface, and T, when taken to a height R
above the earth’s surface, where R is the radius of the earth.
What is the value of T, | T, ? [1IT Screening 01]

Solution. Let ¢ and g’ be the acceleration due to

gravity on the earth’s surface and at a height R above
the earth’s surface respectively. Then

- 8 8
2
(1+h) [1+R)
R R

Time period of simple pendulum,

T=21t\/I

8

T _ /E g _
L Vg Vg/4

Problem 8. A geo-stationary satellite orbits around the
earth in a circular orbit of radius 36,000 kin. Then, what will
be the time period of a spy satellite orbiting a few hundred km

> (09

above the earth’s surface ( R, =6400 km)?
[IIT Screening 02]
Solution. As T2 « R and R, =6400 km , therefore
2 3
L =[ﬂ) T=17h.
(24)- \36000

For the spy satellite, Ris slightly greater than R, .
So IL>T or T.=2h.

Problem 9. Find the period of oscillation of a simple
pendulum of length L suspended from the roof of a vehicle
which moves without friction down an inclined plane of
inclination a. [IIT Screening 2K]

Solution. The effechve value of acceleration due to
gravity,
g=gcosa

T= 211:( 2n

Problem 10. Two bodies of masses m, and m, are initially

at rest placed infinite distance apart. They are then allowed
to move towards each other under mutual gravitational

cos ﬂ

K.E. of first body = Its gravitation P.E.

l ”Ll U 1 ”'2
2 r
26
or vl = rnz
]
26
Similarly, U = | —

r
~. Relative velocity of approach

2Gi 2G
SR T T
- ’2(?(111.1 +m,)
r

Problem 11. Imagine a light planet revolving around a
massive star in a circular orbit of radius r with a period of
revolution T. If the gravrtatmnal force of attraction between

/ -5/2
planet and the star is proportional to r then find the
relation between T and r. [T 89]

Solution. Force of gravitation on the planet
= Centripetal force

2
s 2n
kr™ % = mro?® = mr[?J

. T2 4n® mr N an’ m 7/2
1 k& 7
T?«r?

Problem 12. A spherical cavity is made inside a sphere
of density p. If its centre lies at a distance | from the centre of
the sphere, show that the gravitational field strength of the
field inside the caznty is

- E= ? Glp. [Roorkee 86]

Solution. In Fig. 844, the gravitational field
strength at the centre C of the cavity will be due to the
~mass of the shaded solid sphere of radius OC =1,

Mass of the shaded sphere,
4 5
M=—mxl
3 nl®p

Gravitational field strength at
the gentre C of the cavity is
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Problem 13. The distance between the conires of two
stars is 10a, The masses vf these stars are M and 16 M und
their radii n and 2a respectively. A body of mass m is fired
straight from the surface of the larger star towards the
smaller star. What should be its minimum initial speed to
reach the surface of the smaller star ? Obtain the expression
in terms of G, M and a. [11T 96]

Solution. Let the gravitational field due to the two

stars be zero at some point O lying at a distance x from
the centre of smaller star.

: 10a
8
™ !
ot 9
__.E Threshold
Fig. 8.45
Then
Mm (16 M)m
x* (10 a - 1')2
« L
x* (10a - Jr)2
or 16x% = (10a - Jc)2
or 4x =+ (10a-x)

The negative sign is inadmissible, so x =2a

The body of mass m when fired from point P lying
on the surface of heavier star must cross the threshold
(the point O), otherwise it would return back.

The gravitational potential energies when the body
of mass m lies at positions P and O are given by

GMm Gx16 Mxm __65 GMm

u =-

P 8a 2a 8a
u __GMm_leﬁMxn_i__SGMr_n
Q 2a 8a 2a

*. Increase in potential energy,

Wi W . EEA'_@,‘ i 05 CMumn _ 45 GMm
P 2a Bu 8u
If v is the minimum speed with which the body is
fired from P so as to reach O, then

lmv2=AU’=——
2

f45 GM 3 ’SGM
or U= ——— _-— .
4 a 2 a

Problem 14. An artificial satellite is moving 1 a
circular orbit around the earth with a speed equal to half the

muynitude of escape vclocity frow the earth. (i) Determine
the hewgnt of the sutellite above the earti's surface. (1i) If the
satellite is stopped suddenly in its orbit and allowed to fall

freely on to the earth, find the speed with which it hits the

surface of the earth. Take g =98 ms~ 2, radius of the earth
=6400 km. [IIT 90]
Solution. (i) Orbital velocity of a satellite at a height
h above the earth’s surface is
GM
'JU = .
R+h

Escape velocity from the earth’s surface,

e \P%—M
2

Given 1,=
2
GM _1 [2GM
R+h 2 R
CM 1 2GM GM
or _—— =X g —
R+h 4 R 2R
or = R=64x10°m.

(ii) Let V be the speed with which the satellite hits
the earth when suddenly stopped. If i be the mass of
the satellite, then by the conservation of energy,

Initial P.E. at height I (= R)

= Final P.E. on the surtace of earth
+ K_.E. of the satellite.

GMimn GMm 1 3
or ———=- +—mV
2R R 2
GM gRZ
or V= [|[—=—= R
VR Ve V8
= /98 x 6.4x10°

v
792 x10* ms™ ' =7.92 kms ™.
Problem 15. A particle is projected upward from the
surface of the carth (radius R) with a K.E. equal to half the
ntininin value needed for it to escape. To which height does
it rise above the surface of the earth ? (11T 97]

I

Solution. For the particle to cscupe, F.E=P.E

1 2 GMm
—mu; =———o
2 R
. - 1 1 5 GMm
But supplied K.E. =—x- mu, =
£k 27 2" A
Suppose the particle rises to a height i, then
1 2 Civiin
=i = mvt, =—
K+ h
GMm GMm
or =
2R R+
h=R
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8.1. Answer the followiny

(@) You can shield a charge from electrical forces by putting
it inside a hollowe conductor. Cant you sticld a body from
the grawvitational bifluence of nearby matter by putting
it inside a hollow sphere or by some other means ?

[Central Schools 08)

(b) An astronaut inside a small space ship orbiting around
the earth cannot detect gravity. If the space station
orbiting around the Earth has a large size, can he hope
to detect gravity ?

(¢) If you compare the gravitational force on the Earth due
to the Sun to that due to the noon, you wouldd find Hat
the Sun’s pull is greater than the moon's pull. However,
the tidal effect of the moon’s pull is greater than the tidal
effect of Sun. Why ?

Ans. (1) No. The shell does not shield other bodies
lying outside it from exerting gravitational forces on a
particle lying inside it.

(b) Yes. If the size of spaceship orbiting around the
earth is large enough, the astronaut inside the spaceship
can detect the variation in g.

(c) The tidal effect depends inversely upon the cube of
the distance whereas the gravitational force varies
inversely as the square of the distance. As the moon is
closer to earth than the sun, so its tidal effect is greater
than that of the sun. The ratio of these two effects is

3 3
T (d. 5% 10"
—ﬂ:(—-‘J =(—1 i OBJ = 61.5x10°,
T, d, 3.8x10
8.2. Choose the correct alternative :

() Acceleration due to gravity increases/decreases with
increasing altitude.

(i) Acceleration due to gravity increases/decrenses with
increasing depth (assume the Earth to be a sphere of
uniform density).

(iif) The effect of rotation on the effective value of acce-
leration due to gravity is greatest at the equator/poles,

(iv) Acceleration due to gravity is independent of mass of
the Earth/mass of the body.

(v) The formula - GMm(Ur, — Ux) is morelless accurate
than the formula mg (r, - 1) for the difference of

potential energy between two points r, and n distance
away from the centre of the Earth.

Ans. (i) At altitude , g, =g (I = —Zg) .

Thus acceleration due to gravity decreases with
increasing altitude.

" uidelines to NCERT Exercises

(i) At depth d, g, = ¢ [1 - %]

Thus acceleration due to gravity decreases with

increasing depth.

” : Rurcos® A
(1) At latitude 2, ¢, =y [I _ e J

8

For maximum variation (decrease) of ¢,cos =1 or

A =00

Thus the effect of rotation on the effective value g is

greatest at the equator (for which & =0°)

. M . .
(i) As y = P where M is the mass of the earth.
32

Thus acceleration due to gravity is independent of

mass m of the body.

(v) The formula — GMm [ . 1} is more accurate than

5 K

the formula g (r, - 1;), because the value of g varies from
place to place.

8.3. Suppose there existed a planet that went around the sun

twice as fast as the earth. What would be its orbital size as
compared to that of the earth ?

Ans. Let period of revolution of the earth
=T

.. Period of revolution of planet,

L= % T. [~ The planet goes around the
sun twice as fast as earth]
Orbital size of the earth, r=1AU
Orbital size of the planet, £y = ?
From Kepler’s third law of planetary motion

2 3
W %
T,2 r

t ¢

= (057 AU = 0.63 AU.
8.4. I, one of the satellites of Jupiter, has an orbital period of

1.769 days and the radius of the orbit is 422 x 10® m. Show that
the mass of Jupiter is about one thousandth that of the sun.

Ans. Orbital period of Jupiter’s satellite,
T =1.769 days = 1769 x24 x60 x60 s
Orbital radius of Jupiter’s satellite,
R=422x10" m
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Mass of Jupiter is given by
a® R4’ (a22x10%)

776G "T7 7 G (1769 %24 x60 x60)2

Orbital period of the earth around the sun,
T =1 year =36525x24 x60x60 s
Orbital radius of the earth,
R=1496x10" m
Mass of the sun,

A’ (1496 x10'")?
ST G (36525 x24 x60 x60)°
My @22x10%)’ (365.25 x 24 x 60 x 60)*
T My (1769x24x60x60)0 (1496 x10'T)
1 1
T 1046 1000

Hence the mass of Jupiter is about one thousandth that
of the sun.

8.5. Let us assume that our galaxy consists of 2.5 x10'"!
stars eaclt of one solar mass. How long will a star at a distance of
50,000 ly from the galactic centre take to complete one revolution ?
Take the diameter of the milky way to be 10° ly.

Ans, Mass of galaxy,

M = 2.5<10" solar masses
=2.5x10" x2x10* kg =5x10*" kg

Orbital radius of the star,
R = 50,000 ly = 50,000 x9.46 x10"° m

.

=473x10° m
2 3
As M:‘*i.i2
G T

72 = 4 R 4x987(473x10%)°

G M 667x10°" x5x10"
= 125275 x 10*

112 x10"

365.25 x 24 x 60 x 60

= 354 x10° years.

8.6, Choose the correct alternatives :

(@) If the zero of potential energy is at infinity, the total
eneryy uf an orbiting satellite is negutive of its
kinetic/potential energy.

(b) The energy required to rocket an orbiting satellite out of
Earth’s yravitational influence is morelless than the
energy required to project a stationary object at the sume
height (as the satellite) out of the Earth’s influence.

T=112x10"°s =

years

Ans. (1) The total energy of an orbiting satellite is
negative of its kinetic energy.

(b) The energy required to rocket an orbiting satellite
out of Earth’s gravitational influence is less than the
energy required to project a stationary object at the same
height out of Earth’s influence.

8.7. Docs the escape speed of a body from the Eartl depend
on (u) the mass of the body, (b) the location from where it is
projected, (c) the direction of projection, (d) the height of the
location front where the body is launched 2 Explain your answer.

Ans. Escape velocity, v, = 2N :
r

(a) Escape velocity is independent of the mass mof the
body to be projected.

(b) As the gravitational potential, V = GM / R depends
slightly on the latitude of the point, so escape velocity also
depends (slightly) on the latitude of the location from
where the body is projected.

() Escape velocity is independent of the direction of
projection.

(d) As the gravitational potential depends on the
height of location, so escape velocity also depends on
height of location.

8.8. A comet orbits the sun in a highly elliptical obit. Does
the comet have a constant (a) linear speed, (b) angular speed, (c)
angular momentum, (d) kinetic energy, (¢) potential energy, (f)
total energy throughout its orbit ? Neglect any mass loss of the
comet when it comes very close to the sun.

Ans. (a) According to Kepler's second law of planetary
motion, a planet moves faster when it is close to the sun
and moves slower, when away from the sun. So its linear
speed keeps on changing. '

(b) As the planet moves under the influence of a purely
radial force, its angular momentum remains constant.

(c) As the linear speed of the planet continuously
changes, so its kinetic energy also keeps on changing.

(d) As the distance of the planet from the sun conti-
nuously changes, so its potential energy keeps un changing.

(e) Total energy of the planet always remains constant.

8.9. Which of the following symptoms is likely to afflict an
wstronuut in space (a) swollen feet, (b) swollen fuce, (c)
headache, (d) orientational problem.

Ans. (b), (¢) and (d) are affected in space.

In the following two exercises, choose the correct
answer from among the given ones :

8.10. The yravitation intensity at the centre C of the
drumhead defined by a hemispherical shell has the direction
indicated by the arrow [see Fig. 8.46]

()u, ()b, (i), () zero.

B A

[S= S A

Fig. 8.4
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Ans. Complete the hemisphere to sphere, as shown in 8.14. A Saturn year is 29.5 times the earth year. How far is
Fig. 8.47. Gravitational potential V is a constant. S0 the Saturn from the sun if the earth is 1.50 x 10° kmaway from
gravitational intensity [E= —QJ is zero at C (for the fheswn? _

dr Ans. According to Kepler's law of periods,
complete sphere). For the hemisphere, the net gravita- 2 3
tional intensity will point along (c) at the centre C. k3 s
T: re
Ts 8
But —=2 =29.5and rp =1.5x 10" km
Ty
i
L (2950 = ——
1= [1.5 x 108J
or re = 1.5x10% x(29.5/ =14.32 x10° km.

8.15. A body weighs 63 N on the surface of the earth. What
is the gravitational force on it due to the earth at a height equal

Fig- BT to half the radius of the earth ?
8.11. For the above problem, the direction of the gravita- Ans. Here mg =63 N, h=R/2
tional intensity at an arbitrary point Pis indicated by the arrow 2 2
(i) d, (ii) e, (iii) f, (iv) g. B Sh _ [ R J R == (EJ _4
Ans. By the similar reasoning as in the above problem, § R R+ 2 4 ?
the direction of gravitational intensity at Pwill be along (e). 4
8.12. A rocket is fired from the earth towards the sun. At Sh=38
what point on its path is the gravitational force on the rocket
zero ? Mass of sun =2x 10% kg, mass of the earth mg, = g mg =g x63=128 N.

=6x10* kg. Nef?lect the effect of other planets etc. Orbital
radius = 1.5 x 10" m.

Ans. Given M, =2 x10% kg,

8.16. Assuming the earth to be a sphere of uniform mass
density, how much would a body weigh half way down to the
centre of the earth if it weighed 250 N on the surface ?

= 24 _ 11
M, =6x 107 kg,fr =15x 10w Ans. Here mg =250N,d =R/2

Let m be the ma§s o.f the rocket. Let at distance x from Acceleration due to gravity at depth d = R/2, below
the earth, the gravitational force on the rocket be zero. = :
o Pos the earth’s surface will be
Then at this distance,

Gravitational pull of the earth on the rocket 8,=8 [1 - E] =g [1 - R_/Z) =&

= Gravitational pull of the sun on the rocket R B 2
GM,m _ GMm -. New weight =mg, = %’i - 2—2" =125 N.

ie. =
’ x? (r= :nr)2

8.17. A rocket is fired vertically with a speed of 5 kms~ ! from

2
- (r 21' ) s Ms_ the earth’s surface. How far from the earth does the rocket go before

X M, returning to the earth ? M.:ss of earth = 6.0 x 111024 kg, meazn
T M, V6x10* 3 ' ' ; ‘
M=60x10% kg, R=64x10°m,
or r—x=>57735x G=667x10"" Nm? kg%
or 578.35x = r = 1.5 x 10" Suppose the rocket goes upto a height h before retur-
15 x 10'! ning to the earth. Clearly at this height, velocity of rocket
or x= 5785 =259 x10° m. will become zero. By the law of conservation of energy,

8.13. How would you ‘weigh the sun’, that is estimate its (K-E.+ P.E) at the earth’s surface.
mass ? The mean orbital radius of the earth around the sun is = (K.E. + P.E.) at height h

15x10® km. 1 ., GMm GMm
or —mv° - =0

Ans. Refer to the solution of Example 4 on page 8.6. 2 R - (R+h)
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» 2GM  2GM
or (UM =
R R+h
2GM  2GM , 2GM-9* R
or = ' ==—
R+h R R
or R+h=rwz—
2GM -v" R

0 2x667x10 " 6.0 % 10™ x6.4 x10°
2x6.67x10 ' x 6,0 x 104 - (5000)* x 6.4 x 10°

5.12 x 10%
=2 B T ~BOx10% m
6.4 x 10
=80x10" - R=8.0x10" - 6.4 x 10°
=1.6 x10° m.

8.18. The escape velocity of a projectile on the earth’s surface
is 11.2kms ' A body is projected out with thrice this speed.
Wihat is the speed of the body far away from the earth ? Ignore
the presence of the sun and other planets.

Ans. Escape velocity, ©, =11.2 kms '

Velocity of projection, © =30,

Let m be the mass of projectile and 1), be the velocity of
the projectile after escaping gravitational pull.

By the law of conservation of energy,

1 > 1 a1 2
= Hfi’n =—mr - - l"l‘l,
2 2 2

o = V7 —1F =30 - = 8o
= [Bx(11.2 =22.4 2 = 3168 kms .

8.19. A satellite orbits the earth at a height of 400 km above

the surface. How much energy must be expended to rocket the
satellite out of the carth’s gravitational influence ? Mass of the
satellite = 200 kg, mass of the earth = 6.0 x 10* kg, radius of
the earth = 6.4 x 10° m, G = 6.67 x 10" " Nm? kg~ %,

Ans. Total energy of the satellite in the orbit is

or

E=KE.+PE.= ],,"[,2 _ GMm
2 R+h
1 GM  GMm _ GMm

2™ R+ R+h 2(R+h

{2

Here G=6.67 x 107" Nm? kg™ 2, M = 6.0 x 10* kg
m=200kg, R=64x 10° m,
Ji = 400 km = 400 x 10° m

6.67 x 107" x6.0 x 10* x 200
© 2(64x10° + 400 x 10°)

6.67 x6.0
T
Energy required to rocket the satellite

= 5.89 x10° J.

10° = - 589 x10° |

8.20. Two stars each of 1 solar mass (=2 x 10> kg) are

approaching each other for a head-on collision, When they are at
a distance 10° km, their speeds are negligible. What is the speed
with which they collide ? The radius of each star is 10* km.
Assume the stars to remain undistorted until they collide. Use
the known value of G.

Ans. Mass of each star, M = 2 x 10°° kg
Radius of cach star, R=10" m

Initial P.E. of the two stars when they are 10" m apart,
y - CGMxM_ GM?

' ro 107

[r=10° km = 10> m]
When the stars are just to collide, distance between
their centres

= twice the radius of each star =2R=2x 10" m
Final P.E. of the two stars when they just collide,

GM x M GM?
2R 2x10

Change in P.E. of the stars
GM? GM?

=Tl = =l —
Pl 10 ( 2 x 10”')

_GM* GM?_ cm® | GM? _ GM?
2x100 10 2x107 |7 10 " 2x107

Let v be the velocity of each star just before collision.
Then '

Change in K.E. of the stars _
= Final K.E. - Initial K.E.
= Zx% Mp? - 0= Mp?
By conservation of energy,

Mt‘z _ sz
2x10°

o [[GM__ |667x1071 x2x10%
Ty2x107 2x107

=2.6x10° ms™ .
8.21. Two heavy spheres each of mass 100 kg and radius
0.1 m are placed 10 m apart on a horizontal table. What is the
gravitational field and potential at the mid point of the line
joining the centres of the spheres ?
Take G = 6.67 x 10” ! Nm® kg™ %.

Ans. Let A and B be the positions of the two spheres
and P be the midpoint of AB.

Gravitational field at P due to mass at A,
GM Gx100
E=—= 7 ¢
r (0.5)
Gravitational field at P due to mass at B,

E, = ﬁ?—o ,along PB
(0.5)"

or

along PA
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@ - . . @
- e—— - -

f——05m o 0.5m of
Fig. 8.48

As B and E, have equal magnitudes but opposite
directions, so the resultant gravilational field al P is zero.

As gravitational potential is a scalar quantily, so total
potential at P is

Vv, iv,- GM_GM__20u
r r r

2x6.67 x107"" x 100
- - =-2.668x10"% J kg .
0.5
8.22. A geostationiry ~atellite orbits the carth at a heyght of
nearly 36,000 km from the siface of the carth. What is the
patential due to cartl’s gravity at the site of the satellife ? Mass
of the earth = 6 x 107" ky and radius = 6400 k.
Ans. Here M =6x10™ kg, R=6400 kv,

h = 36,000 km

r= R+ = 6400 + 36,000 = 42,400 km = 4.24 x 10" m
Gravitational potential,
GM _ 6.67x10 " x6x10™

r 4.24 x 107

=-9.43x10° J kg .

8.23. A star 2.5 times the mass of the sun and collapsed to a
size of 12 ki rotates with a speed of 1.5 revls. Will an object
placed on its equator remain stuck to its surface due to gravity ?
Mass of the sun =2 x 10 kg.

Ans. Here M =2.5 xMass of the sun
=25x%x2x10% =5x10% kg
R=12km =12x10° m
Acceleration due to gravity on the surface of the star is
_GM _ 6.67x10""" x5x10%
T RE (12 x 10°)

V=

8 =2316x 10" ms ™2

Nowv=15rps, 50 @=2nv=23nrads'
Centripetal acceleration of the object = Ro®
=12%10% x(3 x3.14)> = 1.065 x 10° ms ™ 2

As the acceleration due to gravity on the surface of the
star is greater than the centripetal acceleration of the object,
so the object will remain struck to its surface.

8.24. A spaceship is stationed on Mars. How much energy
must be expended on the spaceship to rocket it out of the solar
system ? Mass of the spaceship 1000 kg, mass of the sun
=2x10™ kg, mass of Mars = 6.4 x 10° kg, radius of Mars
3395 km, radius of the orbit of Mars =228 «10% ki,

-

G=667x10"" N’ kg™ 2.
Ans. Energy of the spaceship in the orbit is
s GMm
L
2 (R+h)

L=K.E.+ P.E.

or = 5.05 < 10"

= ll”.-GAi! —GME! [ U:‘\/W}
2 R+h R+ 1 R+h
GMm
C2(R+ )
Butm = 1000 kg, G = 6.67 x 107" Nm? kg~ 2
M=2x10" kg
R=228x10" km =228 x 10" x 10* m,
I = 3395 km = 3395 x10° m
6.67 x 107" x 2 x 10* x 1000
2(2.28x10° < 10° + 3395 x 107)

=-29x10"].

Energy needed to rocket the spaceship out of solar
system =2.9 x 10" J.

8.25. A rocket is fired vertically from the surface of Mars with
aspeed of 2 kms™ . 1F20% of its initial energy is lost due to Martian
atwiospheric resistance, how farwill the rocket go from the surface
of Mars before returning to it ? Mass of Mars = 6.4 x 107 kg,
radius of Mars = 3395 km, G = 6.67 x 10™ ' Nni kg™ 2.

Ans. Total energy of the rocket

E= % mo* - ol

Since 20% energy is lost, hence energy remained
80
=80%or E=—- E= 4 E= 411 o GMm .
100 5 5|2

At the highest point, distant /i from the surface of
Mars, ils total energy will be potential. Hence

4[1 o — GIW"IJ __ GMm

52 R R+ I
2 [ 2 EGM‘) GMm
or — | - = -
5 R . R+ h
2 o R-2GM GM
or — . = -
5 R R+ I
5 RGM
or R+h=——*,3\ ——
2(v* R-2GM)
But R =3395km = 3395 x 10" m,

J

G=667x10"" Nm? kg *
M=64x10" kg, v=2kms ' =2x10* ms ™!
R+h

_ o 5x3395x10° x667x10 " x64x10%
2[(2x10°) x3395x10° —2x6.67x 10" "1 x 6.4 x 102]

7.25 x 107

2[1.36 x 10" —8.54 x 101

7.25 % 107
2x7.18

- =505 % 10" m
3395 « 10
10" m 1655 km.

= I(\‘;‘; 0
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Text Based Exercises

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tyoe A Very Short Answer Questions

What
gravity ?

is difference between  pravitation  and

What do you mean by free fall of a body ?

State Newton's law of gravitation. |Delhi 05]

Does the force of attraction between two bodies
depend upon the presence of other bodies and
properties of intervening medium ?

The value of G on the surface of earth is
0.67 x 107" Nm? kg >, What is its value on the
moon ?

What are the dimensions of gravitational constant?
[Delhi 97, 05C]

Do all the bodies fall with the same constant
acceleration in the absence of air resistance ?

What are the values of ¢ and G at the centre of the
earth ?

Give one point of difterence between g and G.
Which is scalar and which is vector amongst ¢ and
G?

Name the scientist who first determined the value
of G experimentally.

Name the apparatus used for the experimental
determination of G.

Do the gravitational forces obey Newton's third
law of motion ?

The gravitational torce between two bodies is | N,
If the distance between them is doubled, what will
be the torce ? |Himachal 06]

Does the acceleration with which a body falls
towards the centre of the carth depend on mass of

the body ?

Calculate the force ot attraction between two balls
cach of mass | kg when their centres are 10 cm
apart. The value of gravitational constant

G=66710 " Nm-kg - [Delhi 97

The distance of Pluto from the sun is 40 times the
distance of carth I the masses of carth and Pluto be
equal, what will be ratio ol gravitational forces ol
sun on these planets ?

Write an expression tor the acceleration doe 1o
gravity on the carth’s surlace.

19.
20.

21.

22,

23.

24.

25.

26.

27,
28.

29,

31.

32.

33.

34.

35.

1 Mark Each

Wrile an equation for the mean density of the earth.

The gravitational force acting on a rocket at a height h
from the earth’s surface is 1/ 3rd of the force acting
on a body at sea level. What is relation between h
and R, (radius of the earth) ?

The mass and diameter of a planet are twice those
of the earth. What will be acceleration due to
gravity at the planet, if acceleration due to gravity
on the carth is ¢ ?

What is the mass of a body that weighs 1 N at a
place where ¢ =9.80 ms~ 22 [Delhi 971

How much is the torque due to gravity on a body
about its centre of mass ?

Which is greater — the attraction of earth for 1 kg of

iron or attraction of 1 kg of iron for the earth ? Give
reason.

Has gravity any effect on inertial mass ?

Why do different planets have different escape
velocities ?

On what factors does the value of ¢ depend ?
Whal is the effect of altitude on acceleration due to
gravity ?

What is the effect of non-sphericity of the earth on
the value of '¢'? [Delhi 03]
If accelerations due to gravity at a height h and ata
depth d below the surface of the earth are equal,
how are It and ( related ?

How does the weight of a body vary enroute from
the carth to the moon ? Would its inertial mass
change and gravitational mass change ?

What is the time period of a sample pendulum at
the centre of the earth ?

What will be our weight at the centre of earth, if the
carth were a hollow sphere ?

A body of mass 5 kg is taken to the centre of the
carth. What will be its mass there ?

It a man goes from the surface of the carth o a
height equal to the radius of the earth, then what
will be his weight relative to that on the earth ?
What it he goes equally below the surface of the

varth ?
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36.

37.

38.

39.

41.

42.

43.

45.

46.
47.

49.

51.

52.

53.

54,

55.

56.

57.

The earth is acted upon by the gravitational force of
attraction due to the sun. Then why does the earth
not fall towards the sun ?

Suppose the earth stops rotating about its axis.
What will be the effect on the weight of bodies ?
If the earth rotates faster, how does g change at
poles ?

What is the effect on our weight due lo revolution
of the earth about the sun ?

Write the formula for the gravitational potential
energy of mass m at a finite distance » in the
gravitational licld of mass M.

What is the work done in bringing a body of mass m
from infinity to the surface of the earth ?

What is the unit of intensity of the gravitational
field ?

What is the value of gravitational potential energy
at infinity ?.

What is the value of the gravilational intensity at
the earth’s surface and at the earth’s centre ?
What is the relation between gravitational intensity
and gravitational potential at a point ?

Why is gravitational potential energy negative ?
The gravitational potential energy of a body at a
distance r from the centre of the earth is U. What is
the weight of the body at that point ?

From where does a satellite get centripetal force for
moving around its planet ?

What is escape velocity ? Write down its minimum
value on the surface of the earth ?

Define orbital velocity of a satellite.

How does the orbital velocity of a satellite depend
on the mass of the satellite ? [Delhi 04]

A satellite revolves close to the surface of a
planet. How is its orbital velocity related with
velocity of escape from that planet ?

[Chandigarh 07]
What are the values of the escape velocities for the
moon and the sun respectively ?

Which has greater value of escape velocity-Mercury
or Jupiter ?

Does the escape velocity of a body depend upon the
density of a planet ?

Why does hydrogen escape from the earth’s
atmosphere more readily than oxygen ?

Does the speed of a satellite remain constant in an
orbit ?

58.

59.

60.

61.

62.

63.
64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

The speed of revolution of an artificial satellite
revolving close to the surface of the earth is
8 kms '. What will be the escape velocity for a
body on the earth ? [Manipur 99]

A satellite revolving around the earth loses height.
What happens to its time period ?

If the kinetic energy of a satellite revolving in an
orbit close to the earth’s surface happens to be
doubled, will the satellite escape ?

The escape velocity on earth is 11.2 kms™. What
will be its value on a planet having double the

radius and eight times the mass of the earth ?
What is Geosynchronous satellite ? [Delhi 95]
What is a parking orbit ?

What is the use of stationary orbit ?

. What is (i) period of revolution and (ii) sense of

rotation of a geostationary satellite ? [Himachal 06)

The centripetal force on a satellite revolving around
the carth is F.

(1) What is the gravitational force due to earth on it ?
(1) What 15 the net force on it ?

What is the angular velocity of a geostationary
satellite in radian per hour ?

A spring balance is suspended is:de an artiticial
salellite revolving around the earth. If a body of
mass 1 kg is suspended from it, what would be its
reading ?

The escape velocity trom the earth for a body of 20 g
is 11kms™". What will be its value for a body -of
100g ?

A body lying on the surface of planet Venus has
gravitational potential energy equal to - 7.5 x 10° J.
How much energy will be required for the body to
escape from the planet ?

Two artificial satellites are revolving around the

earth, one closer to its surface and other away from
it. Which has larger speed ?

Write two conditions for the existence of
atmosphere on a planet. [CBSE(F) 94]
Write  the most important application of

geostationary satellite. [Delhi 02]

What would happen to an artificial satellite if its
orbital velocity is slightly decreased due to some
defects in it ? [Manipur 97]
What is the frequency of oscillation of a simple
pendulum mounted in a cabin that is freely falling

under gravity ? |Delhi 05]
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76.

78.

79.

81.

82.

83.

85.

What is the basis of Kepler's law of areas of
planctary motion ?

What is the basis of Newton's law of gravitation ?
A simple pendulum is mounted inside a spacecraft.
What should be its time period of vibration ?
[Central Schools 05]
The gravitational potential energy of a body at a

point in a gravitational field of another body is
_ GMm

r

. What does the negative sign show ?

|Central Schools 05]

What is meant by a geostationary satellite ?
[Himachal 05]

What is full form of geostationary satellite APPLE ?
[Himachal 05]
What will be the kinetic energy needed to project a

body of mass m from the earth’s surface (radius R)

to infinity ? [AIEEE 02]
What is gravitational force ? [Himachal 07]

Define universal gravitatinal constant.
[Himachal 07C]

What is the weight of a body at the centre of the
earth ? [Himachal 05C]

__Answers

Gravitation is the force of attraction between any
two bodies in the universe while gravity refers to
the force of attraction between any body and the
earth.

The motion of a body under the influence of gravity
alone is called a free fall.

Refer to point 2 of Glimpses.

No, F= G ny m,

5 is independent of the presence of
”

other bodies and properties of intervening
medium.

G is a universal constant, so its value on the moon
=6.67%x10"" Nm? kg%

[Gl=[M7'L’T 3

Yes, this acceleration is called acceleration due to
gravity.

At the centre of the earth ¢ is zero, while
G=667%x10 "' Nm?kg *.

While the value of g varies from place to place, the
value of G remains the same throughout the
universe.

86.

87.

88.

89.

90.

91.
92.
93.
94,
95,

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

Where does the body weigh more - at the surface of
the earth or in a mine ? [Himachal 05C]

If the change in the value of ‘g" at a height '/ above
the surface of earth is same as that at a depth ‘x’
below it (both x and h being much smaller than
radius of earth), then how are x and h related to
each other ? [Chandigarh 07]

How would the value of ‘g’ change if the earth were
to shrink slightly without any change in mass ?
[Central Schools 09]

If the radius of the earth shrinks by 1 percent, its
mass remaining the same by what percentage will
the acceleration due to gravity on its surface change ?
[Central Schools 09]
The distances of two planets from the sun are 10" m
and 10'" m respectively. What is the ratio of time
period of these two planets ?  [Central Schools 09]
[Himachal 05]
[Himachal 07, 07C]
Give two uses of geostationary satellites.

Name India’s first cosmonaut,

What is weightlessness ?

Give two uses of polar satellites.

What are the time period and height of a geosta-
tionary satellite above the surface of the earth ?
[Central Schools 12]

¢ is a vector and G is a scalar.

Lord Cavendish.

Cavendish'’s torsion balance.

Yes, they obey Newton’s third law of motion.
0.25 N, because F o« 1/7%.

No, acceleration due to gravity is independent of
the mass of the body.

oy, 6.67x107M x1x1

F=G— == —— - 6.67 x107° N.
N 0.10
E. (ne) [40)2
& == :(—] =1600: 1.
F.. r. 1
f'\ 's .
GM
= (4
g %
3¢
P~ 4nGR’
3 GM m 1 GM.m
Given - = =

(R, + h)?' 3 R‘?
R+ h=+3R =1732 R,
or h=0732R,.
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21.

24.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.

GM
g

Je

L G@eM) 1G6M g

¥ @RE T2 R 2
7

w1 =0.102 kg.
g 9.80

As

Zero.

The two bodies interact gravitationally due to their
masses, so they exert equal forees on each other but
in opposite directions.

No.

Different planets have different escape velocities
(0, =v2GM /[ R) because of their different masses
and sizes.

The value of ¢ depends on (i) the shape of the earth
(i1) latitude (iif) altitude (i) depth.

Acceleration due lo gravity decreases with altitude.

The acceleration due to gravity is minimum at the
equator and gradually increases from equator to
poles.

d=2h

When taken from earth to moon, the weight of a
body gradually decreases to zero. 1t then increases
tll at the moon’s surface, it becomes mg /6.
However, its inertial and gravitational masses
remain unchanged.

Al the centre of the earth, g=0
T

T=2n |-
Vg

Hence the pendulum does not oscillate at all.

= 0,

Zero, because the intensity of a gravitational field
inside a hollow sphere is zero.

The mass of the body will remain 5 kg at the centre
of the earth because it remains the same at all
places.

& R? R? 1
(f) —7:——-—-2: W‘_i:-
g (R+h)" (R+R)y 4

1 . ;
mg, = " mg i.c., weight becomes one-fourth.

o d) ( R]
mmg,=mg|l-—|=m|1-—[=0.
(1) mg , = mg ( R m R

The gravitational attraction of the sun provides the
centripetal force to keep the carth in stable orbil
around the earth.

The weight of the bodies will increase.
The value of g does not change.

No elfect.

40. - GMw/ r.

41. GMm/ r.

42. Nkg .

43. Zero.

44. 98N kg ', rero.

45. Gravilational intensity al a point is equal to the
negative of the polential gradient at that point.

46. Because it arises due to attractive forces of
gravitation,

GMm [ GM

47. U=~ :( n—] rHL=grui=ng xr.
r S

Weight of the body = mg =U/r.

48. The gravitational force of attraction exerted by the
planel provides the necessary centripetal force to
the satellite.

49. Escape velocity is defined as the minimum velocity
with which a body must be thrown vertically
upwards in order that it may just escape the
gravitational pull of the earth. Its value on the
earth’s surface is 11.2km s~ .

50. Orbital velocity is the velocity given to an artificial
earth’s satellite a few hundred kilometers above the
earth’s surface so that it may start revolving around
the earth.

[cm
‘ - —

L0 R
Clearly, orbital velocity does not depend on mass of
a satellite.

52. v, =2y,

o) = = -1

53. V000 = 24 kms  and U = 620 kms ™.

54. Jupiter.

55. Yes, v « vp-

56. This is because the rms. speed of hydrogen
molecules is four times that of oxygen molecules.

I~
oM - . « »
57. Asy, = \! .For a particular orbit ris constant, so
-
U, remains constant.
58, 0, = /2:'1, =2 x8=113 kms .
59. Time period ot a satellite,
' ¢ 3
. R+ h
I'=2n J(—‘ , .
oM
Clearly when I decreases, T also decreases.
60. Yus, when the KEE, ot the satellite is doubled, its

times and becomes
equal 1o the escape veloeity. So the satellite will

‘ . . /
orbital velocity increases /2

USL .II‘\'.
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o o R _
61. “V26Mm, ©

0, = 2v, =2x11.2=224 kms '

62. A satellite which revolves around earth with the
same angular speed and in the same direction as
the earth rotates about its own axis is called
geosynchronous satellite,

63. The orbit of a geostationary satellite is called
parking orbit. It lies in the equatorial plane at a
height of about 36,000 km from the earth’s surface.

64. By means of satellites in stationary orbits, television
programmes can be transmitted continuously from
one part of the world to the other parts.

65. (i) 24 hours (i) west to east.
66. (i) F (i) F.

. 2rrad n rad bl
67. ©= =— :
24h 12

68. Zero, because the satellite is in a state of free fall.

69. 11.2kms ™', because the escape velocity does not
depend on the mass of the body projected.

70. +7.5x10" ).

71. Orbital speed of a satellite revolving at height /1 is
| GM

\ R+

9

Clearly smaller the height I, larger is the orbital
speed 7, Hence the satellite revolving closer to the
earth’s surface has larger speed v,

72. The two conditions for the existence of atmosphere
on a planet are
(n) High value of acceleration due to gravity on

the planet.

(h) Low surface temperature of the planet.

73. A geostationary satellite can be used to com-

municate radio, T.V. and telephone signals between
any two points of the earth.

74. The satellite will fall to the earth.
75. In a freely falling cabin, ¢ = 0.

1 s
2n N |

v

Hence the pendulum will not oscillate.

Type 8 : Short Ansywer Ouesiions

1. State Newton's law of gravitation. Hence define

universal gravilational constant. Give the value and
dimensions of G, [Meghalaya 96, 99 ; Himachal 07]

76.

78.

79.

80.
81.
82,

83.

84,

85.

86.

87.
88.
89,

90.

91.
92,

94,
95,

2.

Kepler's law of areas is based on the law of
conservation of angular momentum.

Kepler's laws of planetary motion.
A body is in a state of weightlessness inside a

spacecraft i.e., g =0
&

T=2n {{ =m,
Vg

The negalive sign shows that the gravitational
polential energy of one body is due to the attractive
gravitational force exerted by the other body.

Refer to point 24 of Glimpses.
Ariana Passenger Pay Load Experiment.

Required kinetic energy

= :’]Z nm % (escape vclocity)2

=L ( J2gRY?

2
=mg R.

The force of attraction between two bodies by
virtue of their masses is called gravitational force.

The universal gravitational constant may be
defined as the force of attraction between two
bodics of unit mass each and placed unit distance
apart.

Zero, because the value of ¢ is zero at the centre of
the earth.

At the surface of the earth, because weight
decreases with depth.

= 2x.

The value of ‘g’ slightly increases.

The value of ‘" increases by 2Y%.

10"
10" |

l[_{_'i_]‘d:_
L sl

Rakesh Sharma.

3/2
] =10"? =10v10 .

Refer to point 28 of Glimpses.
Refer answer to Q.46 on page 8.35.
Refer answer o Q.47 on page 8.35.
T =24 hand I = 36,000 km.

:
2 or 3 Marks Each

State the universal law of gravitation. Establish the
_\'I\',‘, /G, where M and R, are the
IDelhi 02]

relationship M
mass and radius of the carth respedtively.
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3.

10.

11.

12.

13.

14.

15.

16.

17.

Define acceleration due to gravity. Show that the
value of ‘¢’ decreases with altitude or height.
[Meghalaya 96 ; Himachal 02, 04, 05, 07]

Derive an expression for g (acceleration due to
gravity) at a depth d from the surface of earth.
Consider the earth as a sphere of uniform mass
density. What happens to ‘g” at the centre of earth.
[Chandigarh 03 ; Delhi 12]

. Define acceleration due to gravity. Show that

gravity decreases with depth.
[Himachal 05, 06 ; Central Schools 09]

. Discuss the variation of ‘¢’ (/) with altitude (ii) with

depth (iif) with latitude : Rotation of earth.
[Central Schools 04, 05 ; Delhi 06]

. Explain the variation of ‘g’ with (i) shape of earth ;

(if) rotation of earth and prove that the weight of
body remains unchanged at the poles of earth.
[Chandigarh 03]
Show that the acceleration due to gravity at a height
I above the surface of the earth has same value as
that at depth d = 2/t below the surface of the earth.
Write the definitions and expressions of the
intensity of gravitational field and gravitational
potential. State their SI units. [Himachal 04]
Write down the formula of gravitational potential
energy and obtain from it an expression for gravita-
tional potential.
Define the term gravitational field. Show that acce-
leration due to gravity is equal to the intensity of
gravitational field at any point.
Define gravitational potential. Give its SI unit.
[Delhi 10, 11]
What do you mean by gravitational potential
energy of a body ? Obtain an expression for it for a
body of mass mlying at distance r from the centre of
the earth. [Chandigarh 08 ; Delhi 08, 10]

(i) What is meant by gravitational field strength ?

(ify Which of the planets of the solar-system has
the greatest gravitational field strength ?

(1)) What is the gravitational field strength of a
planet where the weight of a 60 kg astronaut is
300N ? [Delhi 97, 05]

What is the maximum value of potential energy

that can be possessed by a heavenly body ? Give the

general expression for potential energy of an object

near the surface of earth. [Central Schools 03]

Define Escape Velocity. Derive an expression for

escape velocity of an object from the surface of a

planet. [Delhi 99, 03C, Himachal 02, 03, 05]

(i) Define escape velocity.

(if) Derive expression for the escape velocity of an
object from the surface of a planel.

18.

19.

20.

21.

23.

24,

26.

28.

29.

(itly Does it depend on location from where it is

projected ? [Delhi 09]

Derive an expression for the escape velocity of a
satellite projected from the surface of the earth.

[Central Schools 07]

What is escape velocity ? Prove that escape velocity

from the surface of earth is 11.2 kms .
[Himachal 07C ; Delhi 95]

What happens to a body when it is projected
vertically upwards from the surface of the earth
with a speed of 11200 m/s, and why ? Compare
escpae speeds for two planets of masses M and 4M
and radii 2R and R respectively. [Delhi 2003]

A black hole is a body from whose surface nothing
may ever escape. What is the condition for a
uniform spherical mass M to be a black hole ?
What should be the radius of such a black hole if its
mass is the same as that of the earth 7 [Delhi 03C]

Define the term orbital speed. Establish a relation
for orbital speed of a satellite orbiting very close to
the surface of the earth. Find the ratio of this orbital
speed and escape speed. [Delhi 05]

What are geostationary satellites ? Calculate the
height of the orbit above the surface of the earth in
which a satellite, if placed, will appear stationary.

[Delhi 02]

Find the expression of total energy of a satellite
revolving around the surface of earth. What is the
significance of negative sign in the expression ?
[Chandigarh 07 ; Central Schools 08]
State and explain Kepler's laws of planetary
motion. Name the physical quantities which
remain constant during the planetary motion.
[Central Schools 01, 07 ; Delhi 11, 12]

State and derive Kepler's law of areas.

. State and derive Kepler's law of periods (or

harmonic law) for circular orbits,

(@) According to Kepler's second law, the radius
vector to a planet from the sun sweeps out
equal areas in equal interval of time. The law is
consequence of which conservation law ?

(b) [Delhi 09]

(@) State Kepler’s third law of periods.

State Kepler's third law.

(I) Two satellites are at different heights (smaller
and larger) from the surtace of carth. Which
would have greater velocity ?

() What is the formula tor escape velocity in
terms of g and R? [Central Schools 08]
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30.

31

What is a polar satellite ? Explain how does it scan
the entire earth in its each revolution ? Give two
important uses of a polar satellite.

What do you mean by the term weightlessness ?
Explain the state of weightlessness of
(i) a freely falling body

(if) an astronaut in a satellite orbiting the carth.

Answers

B NS YR W

- T
B W N = o

15.

16.

17.

18.
19.

Refer answer to Q. 6 on page 8.3.

. Refer answer to Q. 6 on page 8.3 & Q. 15 on page 8.9.

Refer answer to Q. 18 on page 8.13.
Refer answer to Q. 19 on page 8.15.
Refer answer to Q.19 on page 8.15.
Refer to point 12 of Glimpses.
Refer to point 12 of Glimpses.
Refer answer to Q. 21 on page 8.16.
Refer to points 14 and 15 of Glimpses.
Refer answer to Q. 35 on page 8.22.
Refer answer to Q. 28 and Q. 29 on page 8.20.
Refer to point 15 of Glimpses.
Refer answer to Q. 32 and Q. 33 on page 8.21.
(i) Refer to point 14 of Glimpses.
(ii) The gravitational field strength is maximum on
Jupiter.
(iii) Gravitational field strength
£k
m 60

The maximum value of potential energy of a
heavenly body is zero. The gravitational P.E. of a
body of mass m near the surface of the earth is
_ GMm

R

Refer answer to Q. 36 on page 8.27.

Refer answer to Q.36 on page 8.27. Yes, it depends
on height of location from where the satellite is
projected.

Refer answer to Q.36 on page 8.27.

Refer answer to Q. 36 on page 8.27 and solution of
Example 36 on page 8.28.

Type C: Long Answer Questions

Explain how did Newton discover the universal
law of gravitation ?

What is meant by acceleration due to gravity ?
Obtain an expression for it in terms of mass of the

32

33.

34.

20.

21.
22,
23.

24.

26.
27.
28.

29,

30.
31
32
33.

34.

Distinguish between inertial and gravitational
masses, giving an illustration for each. Show that
the two types of masses are equivalent.

State the conditions necessary for a satellite to
appear stationary. [Himachal 07]

Define orbital velocity. Derive an expression for it.
[Himachal 05C, 07]

The body will escape the gravitational field of the
earth.

¢

v \{ZGM

. R 1
e = . =~ =1:48.
2R JZGx‘lM 8 4

Refer to solution of Example 38 on page 8.28.
Refer answer to Q. 41 on page 8.31.
Refer answer to Q. 43 on page 8.34.
Refer answer to Q.48 on page 8.36.
Refer answer to Q. 50 on page B8.38. Total
mechanical energy and angular momentum are
conserved during planetary motion.
Refer answer to Q. 54 on page 8.40.
Refer answer to Q. 55 on page 8.40.
(7) Law of conservation of angular momentum.
(b) According to Kepler's third law of periods, the
square of the period of revolution of a planet
around the sun is proportional to the cube of
the semimaijor axis of its elliptical orbit.
(a) Refer answer to part (b) of the above question.
GM
R+h

v,

(b) Orbital velocity, v, =

Clearly, the satellite revolving at smaller
height h from the surface of the earth will have

a greater velocity.
(c) v, = JZg_R
Refer answer to Q. 47 on page 8.35.
Refer answer to Q. 57 on page 8.43.
Refer answer to Q. 58 and Q. 59 on page 8.44.
Refer answer to Q. 44 on page 8.35.

Refer answer to Q.41 on page 8.31.

5 Marks Each

earth and gravitational constant. Explain how the
mass and the density of the earth can be obtained
from the knowledge of G.
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3.

" rotation of the earth.

What do you mean by acceleration due to gravity ?
Discuss the variation of g on the surface of the earth
due to axial rotation of the earth. Derive the
necessary relation. [Meghalaya 98]

Obtain an expression for the acceleration due to
gravity on the surface of the earth in terms of mass
of the earth and its radius. Discuss the variation of
acceleration due to gravity with altitude, depth and
[Kerala 01]

What is escape velocity ? Obtain an expression for

the escape velocity on earth. Why is it that there is

no atmosphere on the moon ? Explain.
[Chandigarh 08]

Answers

1

Refer answer to Q. 5 on page 8.2,

2. Refer answer to Q. 15 and 16 on page 8.9.

3. Refer answer to Q. 24 on page 8.18.

Refer answer to Q. 15 on page 8.9. Refer to point 12
of Glimpses.

Refer answer to Q.36 on page 8.27 and solution of
Problem 46 on page 8.49.

(@) Define Orbital velocity and establish an
expression for it.

(b) Calculate the value of orbital velocity for an
artificial satellite of earth orbiting at a height of
1000 km.

Given : Mass of earth = 6 x 10% kg
Radius of earth = 6400 km.

Define orbital velocity and time period of a satellite.
Derive expressions for these. [Himachal 02, 06]

|Delhi 96]

State Kepler's laws of planetary motion. Deduce
Newton’s law of gravitation from Kepler’s law.
[Himachal 02, 05C, 07C ; Chandigarh 04]

(@) Reter answer to Q. 41 on page 8.31.

(b) Refer to solution of Example 44 on page 8.32.
Refer answer to Q. 41 on page 8.31 and Q. 42 on
page 8.32.

Refer answer to Q. 50 on page 8.38 and Q. 56 on
page 8.40.



1.

Competition
Section

Gravilalion

GLIMPSES

Gravitation and gravity, Gravitation is the force of
attraction between any two bodies while gravity
refers to the force of attraction between any body
and the earth.

Newton’s law of gravitation. It states that every
body in this universe attracts every other body
with a force which is directly proportional to the
product of their masses and inversely proportional
to the square of the distance between them.

Mathematically, F=G ”—"r—z"—‘l

where G is the universal gravitational constant. It
was derived by Newton on the basis of Kepler's

laws of planetary motion.

Universal gravitational constant (G). It is equal to
the force of attraction between two bodies of unit
mass each and separated by unit distance.
InSlunits,  G=667x10""" Nm? kg~ ?

In CGS system, G = 6.67 x 10™ * dyne ¢m % g_z
Dimensional formula of G is [M 'L*T 2],
Properties of gravitational forces. The gravita-
tional force between two point masses (i) is inde-
pendent of intervening medium (ii) obeys Newton’s
third law of motion (iif) has spherical symmetry
(iv) is independent of the presence of other bodies
(v) obeys principle of superposition (vi) is
conservative and central,

Principle of superposition of gravitational forces.
The gravitational force between two masses acts
independently and uninfluenced by the presence
of other bodies. Hence the resultant force on a
particle due to a number of masses is the vector
sum of the gravitational forces exerted by the
individual masses on the given particle.

BB+ BaBdlL iR 4 p

6.

10.

11.

Shell theorem. (1) The gravitational force on a
particle placed anywhere inside a spherical shell is
zero (if) If a particle lies outside a spherical shell,
the shell attracts the particle as though the mass of
the shell were concentrated at the centre of the shell.

Free fall. The motion of a body under the influence
of gravity alone is called a free fall.

Acceleration due to gravity (g). The acceleration
produced in the motion of a body under the effect

of gravity is called acceleration due to gravity.

At the surface of the earth, g =-%

where M is the mass and R the radius of the earth.

It is a vector quantity. Its SI unit is ms ™2,

Mass of the earth. It is given by

2
L
G

Mean density of the earth. If the earth is a sphere of
mass M and mean density p, then its mass would be

M = Volume x density =% nRp

- 2
Also, M=S%
G
4 R?
_ﬂR3p=&_
3 G
o pes o8
4n GR

Weight of a body, It is the gravitational force with
which a body is attracted towards the centre of the

earth.
__’

W =m g’

Weight of a body is a vector quantity. It is
measured in newton, kg wt, etc. The weight of a
body varies from place to place because of the
variation in the value of g.

8.69
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12. Variation of acceleration due to gravity.

13.

14.

(i) Effect of altitude. At a height I,
(-4
1+
R

and € (l~ *} when )i <

R
Clearly, the value of g decreases with the
increase in /1.

(11) Effect of depth. At a depth d,

i
y = ‘]_‘_]
8 5[ R

Clearly, the value of g decreases with the
increase in depth d and becomes zero at the
centre of the earth.

(iti) Effect of rotation. If o is the angular velocity
of the earth about its axis of rotation, then at
latitude A,

gizg—Rm?msll
As )\ increases, cos . decreases and g,

increases. So as we move from equator to
pole, the value of g increases,
At equator, A =0°,cos A =1, hence

quun = S o R"Dz
A=90°cos A=0

gm,‘,ag—Rm2 x0=g

At poles,
hence

Hence g is minimum at equator and maxi-
mum at poles.

& pole ~ Sequa =8 ~ (g ~ Re’) = Ror™

(v)' Effect of non-sphericity of the earth. The earth

has an equatorial bulge and is flattened at the

_poles.As R, > R, sothe value of g is minimum

at the equator and maximum at the poles.
Gravitational field. It is the space around a
material body in which its gravitational pull can be
experienced by other bodies. i
Intensity of gravitational field. The intensity or
strength of gravitational field at any point in a
gravitational field is equal to the force experienced

_by a unit mass placed at that point. It is a vector

quantity directed towards the body producing the
gravitational field. It is given by

E- Force _ fa

Mass m  r*
The intensity of gravitational field at a point is
equal to the acceleration due to gravity at that
point,
Slunitof Eis N kg ™' and the CGS unitis dyneg ™’

15.

16.

17.

18.

19.

20.

Gravitational potential. The gravitational potential
at a point in the gravitational field of a body is the
amount of work done in bringing a body of unit
mass from infinity to that point. It is a scalar
quantity.
Workdone  GM
Mass r

SI unit of V is ] kg ™! and its CGS unit is ergg .
Gravitational potential energy. The gravitational
potential energy of a body may be defined as the
energy associated with it due to its position in the
gravitational field of another body and is measured
by the amount of work done in bringing a body
from infinity to a given point in the gravitational
field of the other body.
Gravitational P.E. = Cravitational potential

x mass of body

Gravitational potential, V =

U=———xm
T

Gravitational intensity (E) and gravitational
potential (V) at a point are related as

g laV

dr

Escape velocity (v_). It is the minimum velocity with

which a body must be projected vertically upwards

in order that it may just escape the gravitational
field of the earth.

ZGM

JZR

For earth, the value of escape velourv is
11.2 kms L Itis independent of the mass of body
projected.

Satellite. It is a heavenly or an artificial body which
is revolving continuously in an orbit around a
planet.

Orbital velocity of a satellite (v,). It is the vdomty

required to put a satellite in its orbit around a
planet. The orbital velocity of a satellite revolving
around the earth at a height h is given by

A A 7
O " YR+h \R+h R+h
When a satellite revolves close to the surface of the
earth, (h=0),
vU = J-S_IE vt' o ﬁ UU'

Time period of a satellite (T). It is the time taken
by a satellite to go once around the planet

and

T= Circumference of the orbit
Orbital velocity
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(3]
)

.
o

2n(R+h) 2n(R+h)

) —”u GmM
R+ h

(R+h) o [(RH hy?
GM gR?

=2n

31t(R+h)
\) GpR3

_If the satellite revolves just close to the surface of

the earth, h =0, then

3
T=2n,f-R—=2n R_ ’ﬁ
GM g Gp

Height of a satellite above the earth's surface, We
know that

R+ T R* g

T=2n | ‘+-'—L ¢ (Rl =——p
gR‘ 4n
1/3
T2 R? o
N el o | (S
4n

Angular momentum of a satellite. The angular
momentum of a satellite of mass m moving with
velocity v, in an orbit of radius r (= R + h)is given

by

=myur=m % .r=+GMm®*r

Total energy of a satellite. For a satellite of mass m
moving with velocity 9, in an orbit of radius r,

Potential energy, U =~ gdm

r
Kinetic energy, K= 1 vg = % m (G—Aé)

r
Total energy, E=K+ U
- E=lmpg-GMm=-GMm
2 r 2r

Clearly, E=-K=U/2

Negative total energy indicates that the satellite is
bound to the earth.

Geoslationary or synchronous satellite. It is satellite
which revolves around the earth with the same
angular speed and in the same direction as the
earth rotates about its own axis. Such a satellite
should revolve around the earth from west to east
in an orbit concentric and coplanar with the
equatorial plane of the earth at a height of
36,000 km.

Three geostationary satellites with a mutual angular
separation of 120° can be used to communicate
between any of two points of the entire earth.

-~
R4

O

Polar satellite. A satellite that revolves in a polar
orbit is called a polar satellite. Such a satellite
passes once over geographical north and south
poles during each round trip. A polar orbit has a
smaller radius of 500 — 800 km.

Conservation of quantities in motion under gravi-
tational influence. During the motion of an object
under the gravitational influence of another object
the following quantities are conserved : (2) Angular
momentum (b) Total mechanical energy.

Linear momentum is not conserved. Conservation
of angular momentum leads to Kepler’s second
law of planetary motion.

Kepler's laws of planetary motion

(i) Law of orbits. Every planet moves in an
elliptical orbit around the sun, with the sun
being at vne of the focii.

(ii) Law of areas. The radius vector drawn from
the sun to the planet sweeps out equal areas in
equal intervals of time .e., the areal velocity of
a planet is constant.

(iif) Law of periods or Harmonic law. The square
of the period of revolution (T) of a planet
around the sun is proportional to the cube of
the semi-major axis r of the ellipse.

T? o2

Weightlessness. A body is said to be in a state of
weightlessness when the reaction of the supporting
surface is zero or its apparent weight is zero. An
astronaut experiences weightlessness in a space
satellite. This is not because the gravitational force
is small at that location in space. It is because both
the astronaut and the satellite are in the state of
free fall towards the earth.

inertial mass. The mass of a body which measures

its inertia and which is given by the ratio of the

external force applied on it to the acceleration
produced in it along a smooth horizontal surface is
called inertial mass.

Inertial mass = Applied force

- or my;=—
Acceleration pruduced a

Gravitational mass. The mass of a body which
determines the gravitational pull due to earth
acting upon it is called gravitational mass. On the

surface of the earth,

GMm
P= £
R
2
Gravitational mass, m =B—.
$ GM

Inertial mass of a body is equivalent to its gravi-
tational mass.
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IIT Entrance Exam

A MULTIPLE BHOIBE BUESTIONS WITH
ONE CORRECT ANSWER
1. If the radius of earth were to shrink by one
percent (its mass remaining the same), then the
acceleration due to gravity on the earth’s surface
(a) would decreases
(c) would increase

(b) would remain unchanged
(d) cannot be predicted

(IIT 81]
2. A simple pendulum has a time period T, when on

the earth’s surface, and T, when taken to a height R
above the earth’s surface, where R is the radius of the
earth. The value of T, / T, is

(a) 1 (h) v2

(c) 4 (d) 2

3. If the distance between the earth and the sun
were half its present value, the number ot days in year
would have been

(a) 64.5 by 129

(c) 182.5 (d) 730

1. A geo-stationary satellite orbits around the earth
in a circular orbit of radius 36,000 km. Then, the time
period of a spy satellite orbiting a few hundered km
above the earth’s surface (R,pq, =6,400 km) will
approximately be

(@) (*2) h (b)1h

(c)2h (d)4h

5. A binary star system consists of two stars Aand B
which have time periods T, and T, , radii R, andR,
and masses M, and M,. Then

(@) if T, >Ty, then R, > R,

(b)ifT, >T,, then M, > M,

2 3
T R
(C) (——Tf; J ={ RA_ J (d) TA = TB

B

(T 01]

(IIT 96]

(1T 02]

[T 06]

6. A geostationary satellite is orbiting the earth at a
height of 6 R abave the surface of the earth, R being the
radius of the earth. The time period of another satellite
at a height of 2.5 R from the surface of earth is

(a) 6+/2 hours (b) 6 hours
(¢) 63 hours (d) 10 hours
7. If W;, W, and W, represent the work done in

[IIT 7]

moving a particle from A to B along three different
paths 1, 2 and 3 respectively (as shown in the figure) in

the gravitational field of a

puint mass m Find the correct B
relation between W,, W, and
W, 1 /
W w, -Ww, >w,
(L)W, =W, =W, A
()W, <W, < W,
(1T 03]

(d) W, > W, >W,
8. 1f g is the acceleration due to gravity on the

earth’s surtace, the gain in the potential energy of an
object of mass mraised from the surface of the earth to
a height equal to the radius R of the earth, is

() 21 my R (b) 2ZmgR

(¢) myR (¢d) imgk

(1T 83]
9. An artificial satellite moving in a circular orbit
around the earth has total (kinetic + putential) energy
Ey- Its potential energy is
(@) = Eu

(©)2E;

(b)15E,
(d) E,

10. A spherically symmetric system of particles has
a mass density

[ITT 97]

_|py forr<R
p—] 0 forr>R

where p, is a constant. A test mass can undergo
circular motion under the influence of the gravitational
tield of particles. Its speed v as a function of distance r
(U <r<w)trom the centre of the system is represented

by
(a) (b)
(L] v
R g R T
(c) ()
v vlr
R r; R r:

(11T 08]
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1. A thin uniform (1) the gravitational torce at the point B2 ,0,0)is zero
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anniular disc (see ngure) vl 1 ; " W) the bmvnmnuudl pulculml 1> the same au all
mass M has outer radius ‘ puints of circle y +22 =36
4R and inner .radius 3R. IR — (d) the gravitational potential is the same ut all
The wlvork required to take points of circle y* + 2> = 4. 7 [IIT 93]
A Bt masy from oI P 15. The magnitudes of the gravitational field at
on its axis to inhinity is
ZGM M distances T and 5 from the centre of a uniform sphere of
(a) (4J2 -5)  (b) ——(4J2 -5) radius R and mass mare F, and F, respectively. Then
F
. 2CM - (@—-L=21, ifr<Randr, <R
(L) — 1) E : $
4R [ITT 2010] 2 2
12. A satellite is moving with a constant speed V in o
a circular orbit about the earth. An object of mass m is ®) 5= 2 if > R andlige R

ejected from the satellite such that it just escapes from

the gravitational pull of the earth. At the time of its (©) ifr, > Rand r, > R
' 2

e]ectlon the kinetic energy of the object is Iy
a —mV‘ b) mVv? E 1
()2 ) (d)?:i,, if , <Rand 1, < R.
5 r 4
() s mv? (d)2mV= > 2 (T 94]
2 [IIT 2011] 16. A satellite § is moving ui an elliptical orbit

around the earth. The mass of the satellite is very small

AN MULTIFLE CHOICE FUESTIBNS WITH
compared to the mass of the earth.

ONE BR MABRE THAN ONE CORREET

AdiEirER (a) the acceleration of Sis always directed towards

the centre of the earth

(b) the angular momentum of S about the centre of
the earth changes in direction, but its magnitude
remains constant

13. Imagine a light planet revolving around a very
massive star in a circular orbit of radius R with a period
of revolution T. If the gravitational force of attraction

between the planet and the star is proportional to R~/ 2 _ i '
theti (c) the total mechanical energy uf S varies periodi-

cally with time
(d) the linear momentum of S remains constant in
magnitude. [IIT 98]

(a) T? is proportional to R?

(BT is proportional to R7?

(c) T is proportional to R¥?

@) T? is proportional to R, [ITT 89]

14. A solid sphere of uniform density and radius
4 units is located with its centre at the origin O of
coordinates. Two spheres of equal radii 1 unit, with
AY

N REASGNINE TYPE
Instructions. Each question contains statement -1
(assertion) and statement — 2 (reason). Of these
statements mark correct choice if
(@) statements —1 and 2 are true and statement — 2
is a correct explanation for statement — 1.

(b) statements — 1 and 2 are true and statement — 2
is not a correct explanation for statement — 1

(c) statement — 1 is true, statement — 2 is false

(d) statement — 1 is false, statement — 2 is true.

their centres at A(-2,0,0)and B(2,0,0) respectively, are 17. Statement 1 : An astronaut in an urbiting space

taken out of the solid leaving behind spherical cavities station above the earth experiences weightlessness.

as shown in the figure. Then Statement 2 : An object moving around the earth
under the intluence of earth’s gravitational field is in a

(@) the gravitational force due to this object at the

origin is zerv state of free-fall. [ITT 08)
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AN MaTeH MATR! TYPE

18. Column II shows five systems in which two objects are labelled as X and Y. Also in each case a point Pis shown.
Column I gives some statements about X and/or Y. Match these statements to the appropriate system(s) from Column II.

Column I Column II

(@) The force exerted by on | (p) Block of mass left on a fixed inclined plane , slides on it with a

has a magnitude constant velocity

Y
X
-~
P

(b) The gravitational (99 Two ring magnets Y and Z, each of mass M, are kept in frictioness
energy of X is conti- vertical plastic stand so that they repel each other. Y rests on the
nuously increasing base X and Z hangs in air in equilibrium. Pis the topmost point of

the stand on the common axis of the two rings. The whole system
15 in a litt that is going up with a constant velocity.

P
Z
al
X
—_——

(¢) Mechanical energy of | (r) A pulley Y of mass m, is fixed to a table through a clamp X, a
the system X+Y is block of mass M hangs from a string that goes over the pulley and
continuously decreasing is fixed at point P of the table. The whole system down is kept in a

lift that is going with a constant velocity
P Y
E |

(d) The torque of the (s) A sphere Y of mass M is put in a nonviscous liquid X kept in a

weight of Y about point container at rest. The sphere is released and it moves down in the

P is zero liquid.

T

(f) A sphere Y of mass M is falling with its terminal velocity in a
viscous liquid X kept in a container.

T

P
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19. Gravitational acceleration on the surface of a

planet is % & where g is the gravitational acceleration

on the surface of the earth. The average mass density of

the planet is % times that of the earth. If the escape

(n

speed on the surface of the earth is taken to be
11kms™', find the escape speed on the surface of the
planet in kms™ L (1T 2010]

Answers and Explanations

1.(¢) Acceleration due to gravity on earth’s surface
_GM
R

If R decreases, then g increases.

Hence option (c) is correct.

2. (d) On earth surface, g, = GTM
At a height equal to R, g, = =91
= 270R2 4

T, 2 ’
ASTZZTEJI e —‘:J"—?iz S—]—_-z_
g T 82 8 /4

3. () According to Kepler’s law of periods,

T? « R?
2 3 3
L) _(R] [R/2) 1
T, R, R, 8
1
T,= 573 x T, =0.353 x 365 days =129 days.

4. (¢) For a geostationary satellite,
T, =24h, R, =36000 km

For a satellite on earth’s surface,
T,=? R, =~6400 km

T (;‘4&]3_(1)3-L
T, \36000 45) 178

T 24
T,==t=——=18h.
* V178 1334
For a spying satellite slightly above earth'’s surface,
T,=2h

5. (d) The two stars of a binary star system have the

same angular velocity.

< 2% 2%
TA TB

Hence T, =T,.

6. (1) For a geostationary satellite,

T,=24h, R,=6R+R=7R

For another satellite,
L=% R,=25R+R=35R

2 3
(2)-{3) 80

1 1

TIS —T, =—==x24

W W
= 6v2 h.

7. (b) Gravitational field is a conservative field.
Work done in taking a body from one position to
another along different paths in such a field is same.

8. (1) On earth’s surface, U, = _GI:;["‘
At a height equal to radius of the earth,
__GMm _ GMm
27 R+r 2R
AU = u., ——ul :—%.}_ GMm
- 2R R
_ GMm
2R
GM
But g = ?
2
aup=SE xm_mgR
2R 2

9. (c) P.E. of a satellite
=2 x Total energy =2E,.

10. (¢c) For r <R,

GMm  mv*
F= 3 r=——r
R r
_ v or ver
For r> R
_ GMm _ mo®
r r
1
Vo —
T

Hence the correct option is (c).
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11. (@) The mass of annular ring of thickness dx and

radius x is
M

- w
(16 R* ~9 R?)
2M

dM = 2mxdx

r

) bl
4 Ri \‘Jlﬁ R *.\'Z ’

Gravitational potential due to the disc at the point P,

- GdM
V =
I \/lﬁR‘+\

,[ 2xdx
7R“ e VI6RZ +x2

4R
GM{\/IGRE +x2]

7R 1/2
3R
__2GM
:hﬂ_ﬁ(%{— -5)

Work done in movmg a unit mass from P to o,
W=V _-V,=0- ( ZGM(N_ 5)}

ZGM(N_ 5)

12.(0) w, =2V

K.E. of the object at the time of ejection,
KE-= %mvf = % m(v2V)* =mV?

13. (b) For motion of a planet in a circular orbit,
Gravitational force = Centripetal force

GMm 27
Es"_z_ = mRow? = mR( T )
4n

GM
T2« R72

14. (a), (c), (d) The gravitational field is zero at the
centre of a solid sphere. The small spheres removed

or T2 = .R72

from the big sphere can be considered as negative
masses m each located at A and B The gravitational
fields due to these masses at O will be equal and
opposite. Thus the resultant force on a mass at O will
be zero. Hence option (a) is correct.

Option (b) is wrong in view of the above discussion.

Now, _u2 +z° =36
represents a circle of radius 6 units with centre (0, 0, 0)
and the plane of the circle is perpendicular to x-axis.
For points outside the sphere, the mass of the sphere
can be assumed to be concentrated at the centre. All
points of the given circle are equidistant from O, so
gravitational potential is same at all points of this
circle. Hence option (c) is correct.

The above logic also holds for the circle y* + 22 = 4

which just touches the sphere. Hence option (d) is also
correct.

15. (a), (b) For r> R, the gravitational field due to a
sphere of radius R,

Fz% LE., th%
h_n
B 7

Hence option (b) is correct.
For r < R, the gravitational field is

F= G?xrze,Focr
R

L

E

Hence option (a) is correct.

16. (a), (c) Force on a satellite acts towards the earth,
so the acceleration of the satellite S is always directed
towards the centre of the earth. Hence option (a) is correct.

Net torque due to the gravitational force about
centre of the earth is zero. So angular momentum of $
remains constant. Hence option (b) is incorrect.

As the gravitational force is conservative in nature,
total mechanical energy of S remains constant. Speed
of S is maximum when it is nearest to earth and
minimum when it is farthest. Thus the mechanical

energy of § varles periodically with time. Hence option
(c) is correct.

As the magnitude of velocity of S varies along the
elliptical orbit, the linear momentum of S does not

remain constant in magnitude. Hence option (d) is
incorrect,
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17. (1) Both statements are correct and statement - 2
is a correct explanation of statement — 1,

18.

()

(q)

(n)

agp, t): blq s, t): e(por, ) d(qg)

As block Y moves with a constant velocity, torce
exerted by X' may will balance its weight
Mg(p — a).

Waork is done agams! the force of thiction, mecha-
nical energy ol the system decreases (- o),
Aslift is moving upwards, the gravitational P.E.
of X is continuously increasing (¢ » h).

Line of action of Y passes through P, hence
» ).

As the system X+Y comes down with a

torque is zero (i

constant velocity, its T.E. is decrcasing but
kinetic energy is constant and hence mechanical
energy is continuously decreasing (r — ).

As the sphere Y moves down, the centre of mass
of liquid X rises up, the gravitational .E. of X
increases (s — b).

(n

GRAVITAT'ON B8.77

As the sphere ¥ moves down with a constant
velacity, the force exerted by the liquid X will
balance its weight Mg (1 — a). The gravitational
PEof liquid X rises due to rise of its CM
(I = 1). The mechanical energy of the system
XN +Y decreases as work is done against viscous

lorce (I > (),
19, B
I-OJ 0 Lﬂ 3
GMI'
g,':- }il féGT[RPpP
P
Ay AR
— £ AT )
S R.p;
Also, 1= 2¢R
E’p '(‘E’,R_p [ R,, P '\/g 3
=5, —— = |——7 =] = - £ =—X |—
¥, \{x,.R,, g \p, 1 N2
=

v, =3 km/s



