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There are various types of man-made satellites revolving
in their respective orbits in outer space. Satellites are invented
for communication purposes, weather forecasts and Earth
observations. Why are these satellites able to revolve in their
respective orbits?

Several hundred years ago, lsaac Newton, a scientist,
conceptualised a universal law connecting all heavenly bodies
and also man-made satellites. Curiosity about the universe has
encouraged scientists to launch spaceships and satellites which
can overcome the Earth's gravity. At present, there are spaceships
which are moving far away from Earth. Such spaceships enable
photographs of planets to be taken to benefit scientificinventions
and technology.

Animated launching of satellite I
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Dad, why do “ r’m
durians fall directly < \w
{0 the ground? Dad, why does 5" Hahahal My children |
the Maon revolve Bl ik like Isaac In 1667, the scientist, \
around the Earth? Mauban i Isaac Newton, N
' observed an apple
which fell vertically
to the ground and
the movement of the
Moon around the Earth, He
subsequently concluded that
a force of attraction not only
exists between the Earth and
the apple but also between the
Earth and the Moon.

Aim: To discuss gravitational force between two bodies in the universe

Instructions:

1. Carry out a Hot Seat activity in groups.
2. Study Figure 3.2 and discuss the three situations below.

-

A person who jumps up will return to the ground, What force causes the
person to return to the ground?

.

Air molecules remain in the atmosphere without escaping to outer
space. What force acts between the molecules in the atmosphere and
the Earth?

"/:lhe Moon revolves around the Earth without drifting away from its
orbit. The Earth exerts a pulling force on the Moon. Does the Moon
\:_1]50 exert a force on the Earth?

Figure 3.2 Situations imvolving gravitational force between two bodies

3. Surf the web to gather relevant information.
4. Choose a group representative to answer questions from other groups.

==
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Chapterd  grayitation

Gravitational force is known as universal force because it acts between any two bodies in
the universe. Figure 3.3 shows the gravitational force between the Sun, the Earth and the Moon.

How can the gravitational force between two bodies be explained?

The Earth
Gravitational force between
the Sun and the Earth YOt e ————
ravitation
‘; between the Earth Gravitational force
| and the Moon [=]#%A:[=]
Gravitational force between
the Sun and the Moan The Moon (=]

The Sun

Figure 3.3 Gravitational force as a universal force

| hﬂp.‘r'fhf..mshmﬁ.c'um{::hm?ﬁf.
\

In the year 1687, Isaac Newton presented two relationships that Irfo F&
involve gravitational force between two bodies: @ Gravitational force exists
+ gravitational force is directly proportional to the product of between two bodies.
the masses of the two bodies, that is F o« mm, em mw
« gravitational force is inversely proportional to the square of the g[amaﬂund force of the
distance between the centres of the two bodies, that is F = ?!T same magnitude.
\ 7 ‘F
Body 2 Infc . ~
Body 1 : Why does a fallen leaf move
F 4 towards the ground?
L&
" Distance, r " ﬁ ‘
Figure 3.4 Gravitational force between two bodies
Both the leaf and the Earth
The two relationships above are formulated in Figure 3.5 to experience the same
obtain Newton's Universal Law of Gravitation. gravitational force. This causes
= the leaf and the Earth to move
| Femm, | towards one another. As the
i, mass of the Earth is very much
. ) e larger than the mass of the leaf,
- 1 gravitational force does not
e have an apparent effect on the
Earth's movement. As such,
Figure 3.5 Formulation of Newton's Universal Law of Gravitation | we only ﬂm th'ﬂ' hﬂ"ﬂﬂnﬂ
to magrmmd.
79
==
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Newton’s Universal Law of Gravitation states that the Irfo ‘Fi‘

gravitational force between two bodies is directly proportional to -
the product of the masses of both bodies and inversely proportional § The value of gravitational
to the square of the distance between the centres of the two bodies. | constant, G can be determined

= _ _ through experiment.
|\@ | Newton's Universal Law of Gravitation

ll'. N - _j
# | -5

~==, can be expressed as follows:

i

R
Gy, s {H‘H;ﬂ‘]‘z
= Y. I r

s Two bodies of masses m,
F = gravitational force between two bodies and m, that are separated at
my = mass of first body a distance of r, experience
my = mass of second body a gravitational force of F
r = distance between the centre of the first body and the centre respectively. ]

of the second body

G = gravitational constant (G = 6.67 x 107" N m" kg™)

J

If you know the masses of two bodies and the distance between the centres of the two bodies,
you can calculate the magnitude of the gravitational force between the two bodies. Study the
examples given.

; EEE‘“"“P_EJJ"“""'""'"“"“""""'"""""'""""""'""""""""'"""'""""""

- Calculate the gravitational force between a durian and the Earth. I :
' Mass of durian = 2.0 kg :
: Mass of the Earth = 5.97 x 10*' kg "
¢ Distance between the centre of the durian and the centre of the Earth

=637 x 10°m

. Figure 3.6 &
s

(R
-

: m; = 2.0 kg :
: Step @ J my; =597 x 10* kg :
= List the given information in symbols. \ r =637 %x10°m :
: G =6.67 x 107" N m* kg™ :
% Step © va(i;aliunal force, :
:  Identify and write down the formula used. F= _”:I_‘;E-’; :
. = "
I Step® g (6:67x1071) x 20 x (597 x 10*)
= Substitute numerical values into the formula - (6.37 = 10%)? :
= and perform the calculations. =19.63 N :
B e SSR—— RN S ;
Lo
=
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Chapter 3 Gravitation

‘w."""."""""""".“""""...""""".""""".""""""""""""“"

A rocket at a launching pad experiences a gravitational force of 4.98 x 10° N. What is the
mass of the rocket?

[Mass of the Earth = 5.97 x 10* kg, distance between the centre of the Earth and the centre of
the rocket = 6.37 x 10° m|

Solution:

F .

Gravitational force, F= 498 x 10° N Gravitational force,
Mass of the Earth, m, = 5.97 = 10** kg F = Gmymy
o rl
Mass of rocket = m, e
Distance between the centre of the . (6.67 x 107"") x (5.97 x 10*) x m,
Earth and the centre of the rocket, 4.98 x 107 = (6.37 = 10°)?

r =637 x10°m g =
4.98 x 10°) x (6.37 x 10°)°
G =667 x 107" N m® kg? i o 98107 % (637 % 107)

7 (6.67 x 107 x (5.97 x 10™)
=5.07 x 10" kg

e e P e

RSN RN E NN NN E

T T T T T T T T P T T R T T T T T T T T T T T

Solving Problems Involving Newton's Universal Law of Gravitation

Gravitational force acts between any two bodies, including those on the Earth, planets, the Moon
or the Sun. What are the eftects of mass and distance between two bodies on gravitational force?

ogical Reasoning

Aim: To solve problems involving Newton's Universal Law of Gravitation for two bodies at
rest on the Earth

Instructions:

1. Work in pairs.

2. Imagine you and your partner are bodies at rest on the Earth,

3. Record your mass, m; and the mass of your partner, m; in Table 3.1.

Table 3.1

(= Mass, m | kg

Hiy | His

rfm FIN

2.0
4.0
2.0

\ . | 40 4

4. Calculate the gravitational force, F using both your masses and the distances given in
the table.

5. Change partners and repeat steps 3 and 4.

Discussion:

1. How do the masses of two bodies influence the gravitational force between them?

2. What is the effect of distance between two bodies on gravitational force between them?
3. Why is the magnitude of gravitational force between you and your partner small?

=
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The effects of mass and distance between two objects on Irfo F&
grnvitﬂtiunal force are shown in Figure 3.7. ol

Fy ( '_._G' is a universal force, two persons
on the Earth's surface wil not

Q- —g force. This is because the
The larger the mass of the body, Gravitational force decreases when the mﬁm mass has a very
the larger the gravitational force. distance batween the two bodies increases. small magnitude. For example,
Fsk F,>F, two persons of masses 50 kg
Figure 3.7 Effects of mass and distance between two bodies on gravitational force Wﬂ gmm
Gravitational force between two bodies depends on the 0f 23 x 107 N if they stand at a

mass of the bodies, as well as the distance between them. distance of 1 m from each other.

Aim: To solve problems involving Newton's Universal Law of Gravitation for
(il objects on the Earth's surface
(i) the Earth and satellite
{iii} the Earth and the Sun

Instructions:

1. Work in pairs.
2. Study Figure 3.8 and answer the questions.

The Sun The Moon _
Mass = 1.99x 10% kg el Mass = 7.35x 10 kg
Distance between the Earth T T
L it T o i The Earth
and the Sun = 1.50 10" m [ et Mits = 587 10%kg
Radius =637 = 10° m

Man-made satellite
Mass = 1.20 x 10" kg
Distance between the Earth
and the satelite = 4.22 107 m

Figure 3.8 The Sun, the Earth, the Moon and a man-made satellite
Discussion:
1. What is the gravitational force on the man-made satellite before it is launched?
2. Compare:
{a) the mass of the Earth, the mass of the man-made satellite and the mass of the Sun
(b) between the Earth-satellite distance and the Sun-Earth distance.
. Predict the difference in the magnitude of the gravitational force between the Earth and
the man-made satellite and the gravitational force between the Sun and the Earth.
. Calculate:
(a) the gravitational force between the Earth and the man-made satellite
(b) the gravitational force between the Earth and the Sun.
Does your answer match your prediction in question 37
. The gravitational force between the Earth and the Moon is 2.00 x 10%° N, What is the
distance between the centre of the Earth and the centre of the Moon?

| —
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Chapterd  grayitation

Relating Gravitational Acceleration, g on the Surface of T\ T,
the Earth with Universal Gravitational Constant, G lrfo F&

According to Newton’s Second Law of Motion, gravitational force R SeoK L O

: £ Mation, = ma.
can be expressed as F = mg. From Newton’s Universal Law of
: 2 Gy, When involving gravitational
Gravitation, gravitational force is expressed as F = — acceleration, g,
F=mg

What is the relationship between g and G?

Acﬁvitg 3.4

Aim: To derive the formula for gravitational acceleration, g using the formulae
i
F=;”gandF=.£'r_‘.§'ﬂi "

f F

Instructions: Download Figure 3.9

1. Work in pairs. =] 'E!.,
2. Scan the QR code and download Figure 3.9 from the
website given. =

3. Discuss and complete Figure 3.9 to derive the
relationship between g and G.

hitp://be sashadi com/pd083

M = mass of the Earth
m = mass of the object

r = distance between the centre of the Earth and the centre of the object

Gravitational force causes object to Gravitational force pulls object to
fall with acceleration, g the centre of the Earth

............................ L s S

"Jﬂvmns Hecund Law of Motmn Newmns levcrsal Law of (_-ravltatmn |

. ~ Equate two?ulalmns
........ \/

Cancel common factor, m

F:gurc 3.9 Re!:rrmushlp between g and G
Discussion:

1. What is the relationship between gravitational acceleration, g and gravitational constant, 7
2. What are the factors that influence the value of gravitational acceleration?

83
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9’ Activ'rtu 3.5 Logical Reasoning

2 Gravitational acceleration
Instructions: below the surface of the Earth
1. Work in pairs. EEAE
2. Calculate the value of gravitational acceleration for the 4 T

five distances given in Figure 3.10. 0

Aim: To discuss the variation in the values of g with »

‘\.

« Mass of the Earth, M - hitipc b sasbadi. compd 084
=597 = 10% kg - /

= Radius of the Earth, R
=637 % 10° m

= Gravitational constant, G
=6.67 x 107" N m? kg

. o

Figure 3.10

3. Complete Table 3.2.

Table 3.2

R

Discussion:

1. What is the value of gravitational acceleration on the Earth's surface?

2. Plot a graph of g against r.

3. How does the value of gravitational acceleration change when the distance from the
centre of the Earth increases?

4. Discuss the condition where the value of gravitational acceleration is almost zero.

Figure 3.11 shows a sketch of a graph with various values of gravitational acceleration, g
and distance, r from the centre of the Earth.

Value g is inversely
proportional to the square
of the distance from centre
of the Earth for r = R,

Value g is directly
proportional to the distance
from the centre of the Earth
forr<R.

Figure 3.11 Variation of g with r

—
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Figure 3.12 shows a satellite at height, h from the surface of the Earth. R is the radius of
the Earth and r is the distance of the satellite from the centre of the Earth, which is the radius
of the orbit.

‘At height, i from the surface of the
Earth, distance from the centre of
the Earth is r= (R + h).

"‘! _ Sa‘l_efljie On the surface of the Earﬂl. ™
] M height, h = 0.
Therefore,

r = radius of the Earth, R.

Gravitational acceleration
on the surface of the Earth,

With this, gravitational acceleration,

= 3
(R+ h) g=%. where
——— M is the mass of the Earth.

Figure 3.12 A satellite at height, h from the surface of the Earth

:_L“E—x—?w“.““"""“."“"""“."“""".“""""".""""".""""""""""."":

i Mass of the Earth is 5.97 x 10** kg and radius of the Earth is 6.37 x 10° m. Calculate :
: gravitational acceleration on the surface of the Earth. [G = 6.67 x 107" N m” kg’

. e " -
: Solution: :

= 24 :
e e SRR
:  List the given information with symbaols. 1 =0k LR 2. :
: r=6.37 x 10°m :
' Step @ _ GM '
: Identify and write down the formula used, & r- :
P Sep@® _ (667 x 107'") x (5.97 x 10*) :
Make numerical substitution into the formula h (6.37 x 10%)2 :
:  and perform the calculations. =98l ms? :

SRR - = n 55 s i s i e i o w5 e e

_ A radar imaging satellite orbits around the Earth at a height of 480 km. What is the value of
: gravitational acceleration at the position of the satellite?
: [G=6.67x 107" N m? kg%, M = 5.97 x 10* kg, R = 6.37 x 10° m]

T ST T

Height of orbit, i = 480 km g= GM :
3 = 480 000 m (R + h)? :
: (667 x 107') x (5.97 x 10%) :
: (6.37 % 10° + 480 000)? :
i =849ms :
e -
(3.13) 85



Importance of Knowing the Value of Gravitational Acceleration

O : e _GM g \
Gravitational force is a universal force. Therefore, the formula g = — Space debria .
can be used to calculate gravitational acceleration on the surface of E3E
other bodies such as planets, the Moon and the Sun. Which planet oy e
has the largest gravitational acceleration? Which planet has the

smallest gravitational acceleration?

=] Act‘r\ritq 3.6

Aim: To compare different gravitational accelerations for the Moon, the Sun and the
planets in the Solar System

Instructions:
1. Carry out the Think-Pair-Share activity.

2. Gather information on the mass, M and radius, £ of the Sun, the Moon as well as the
other remaining planets in the Solar System.

3. Present the gathered information in a table.

4. Calculate the gravitational acceleration, g for each of the bodies.
Discussion:

1. Which planet has the largest gravitational acceleration?

2. Which planet has gravitational acceleration closest to the gravitational acceleration
of the Earth?

3. What factors determine the value of the gravitational acceleration of a planet?

When the value of the gravitational acceleration on the surface of a planet is known, the
magnitude of the gravitational force acting on an object on the surface of the planet can be
calculated. Knowledge on the value of gravitational acceleration plays an important role in space
exploration and continuity of life.

=2 y.nuy 3.7 Logical Reasoning

Aim: To discuss the importance of knowledge on gravitational acceleration of planets in
space exploration and continuity of life

Instructions:

7 Gravitational acceleration
1. Work in groups.

Gather information on the importance of knowledge on
gravitational acceleration of planets in space exploration
and continuity of life.

Present the results of your discussion in the form of
i-Think map.

—
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LUhosterd gavation

We live on Earth where gravitational acceleration is 9.81 m s, While exploring space
whether far from Earth or near other planets, the body of astronauts can be exposed to low or high
gravity conditions. What are the effects of gravity on the growth of humans?

&) Activity X

Aim: To gather information on the effects of gravity on the growth of humans
Instructions:

1. Carry out the Round Table activity.
Table 3.3

(e Effect of low gravity

Difference
in density

Size of
lungs

Blood
circulatory

system

Blood
Pl'l’.'SSI.ll'E

L=

. Basgd on Table 3.3, gather lnformat|ur1lqn the efflects of Effects of gravity
gravity on the growth of humans by visiting websites or :
from other suitable reading materials. OL-40]

=

. Complete Table 3.3.
=

4. Present a multimedia presentation entitled Effects of

Gravity on the Growth of Humans. Futip: /P sasbacli. comypd087 )




Centripetal Force in the Motion of Satellites and Planets

Figure 3.13 shows three positions of a satellite which orbits around the Earth at a uniform speed.
Observe the direction of the velocity of the satellite at each position.

Direction of velocity @

Direction of |, W, . '
velocity ! 2 AR :

1 Direction of
e velocity

Figure 3.13 Satellite in circular motion

An object in circular motion always experiences changes W
in the direction of its motion even though its speed is fixed.
In Chapter 2, you learnt that a force is required to change When a body moves in a circle

the direction of motion of a body. What force acts on a body at}-'“”"”” Speed the F"'-"d‘.!’ is
which is in a circular motion? said to be in uniform circular

maotion. I
!
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Aim: To understand centripetal force using Centripetal Force Kit

Apparatus: Centripetal Force Kit (a plastic tube, rubber stopper, slotted weight holder,
three 50 g slotted weights, crocodile clip, thick string) and ruler

Instructions:

1. Set up the apparatus as shown in Figure 3.14 for circular motion of radius,
r = 50 cm. The total mass of the slotted weights and its holder is 100 g.

Crocodile clip | .

Plastic tube The slotted weights cause a
tension in the string that acls
Thick string Slotted as centripetal furce during

weights the circular motion of the
rubber stopper.

Rubber stopper

Figure 3.14

2. Hold the plastic tube in your right hand and the slotted weights in your left hand. Rotate
the rubber stopper at a constant speed in a horizontal circle above your head as shown in
Figure 3.15. Make sure that the crocodile clip stays at a distance of about 1 cm from the
lower end of the plastic tube so that the radius is fixed.

"% Radusofcicle.r __ Thicksting® "

-

= ' Video demonstrating the use
Rubber stopper of Centripetal Force Kit

Crocodile clip

It sasbadi.comipd089 |

Slotled weights
Figure 3.15

. Release the slotted weights and continue rotating the rubber stopper. Observe the
speed of motion of the rubber stopper.

. Repeat steps 1 to 3 with a total mass of 200 g of slotted weights. Compare the speed
of motion of the rubber stopper with the speed of motion in step 3.

. Repeat step 4. When the rubber stopper is rotating, pull the lower end of the string
downwards so that the rubber stopper rotates with a decreasing radius. Feel how the
tension in the string acting on your left hand changes.

Discussion:

. When the rubber stopper makes a circular motion, the stretched string exerts a force on
the rubber stopper. What is the direction of the force?

. What is the relationship between the speed of the rubber stopper and the centripetal force?

. How does the centripetal force change when the rubber stopper makes a circular
motion with a smaller radius?



For a body in circular motion, a force acts on the body in a direction towards the centre of
the circle. This force is called centripetal force.

Figure 3.16 shows the tension in the rope that acts as the centripetal force for the motion
of the rubber stopper. The magnitude of the centripetal force depends on the mass of the body,
the linear speed and the radius of the circle. Centripetal force can be calculated using the formula:

f==—s where F = centripetal force

P WHengbuqfis rotated at
v = linear speed a ﬁengln uniform spged with
fime the string almost horizontal,
r = radius of circle the effect of gravitational force
on the circular motion of the

........... body can be ignored. Though
o \ 7 the speed is uniform, the
Lo, o] direction of motion of the body
: keeps changing. ]

T'=Tension in rope
v = Linear speed Linear speed shows how fast a
Slolted weights body moves in acircular motion. I

Figure 3.16 Tension in the string acting as centripetal force

wil CLL L AL LA LR LLLL R L R L R LELL R R LL R LELL R L B LLL ELLELLLELLLL) Il‘I'Iiiil-
- -

Figure 3.17 shows a hammer throw athlete swinging an iron e

ball in a horizontal circle before releasing it. What is the
centripetal force that acts on the iron ball when the iron ball is
moving at a speed of 20 m s7'?

LR LR

m=72kg
Step @ v =30 ms-} Figure 3.17
List the given information with symbols.
r =18m
: Step® Fe my?
¢ Identify and write down the formula used. r
; Sp@ Centripetal force, F = Z2% 20" :
:  Make numerical substitution into the formula AR 1.8 :
:  and perform the calculations. =1600N :
e i }

B
I
g
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Can a satellite orbit the Earth without being driven by a rocket engine? The possibility of
such movement was predicted by Isaac Newton in the 17" century as shown in Figure 3.18.

Object launched from 2 with linear speed, v

speed will follow trajectory @ and

rl‘._jlhjecl launched with low linear
I reaches the Earth at Q.

4 e
(Dhject launched with sufficiently
1 high linear speed will follow
' trajectory @ circulating the Earth.
The object will not return to

'\.ﬂle Earth.
’
| Simulation of prediction of
. e " Isaac Newton
l’ |
y G Trajectory for free EFE
Earth falling object _
Tug e irculating the Earth
circulating the | E"
T L hitpe b sasbadi.com/pd091h
Figure 3.18 Prediction of Isaac Newton N . .

(o it ; — Af = NTEGRATIONOF
The prediction of Newton is now a reality with so 7S HISTOR
many man-made satellites orbiting around the Earth without

being driven by any thrust. Satellites always experience Alinough lsase Namrlm dd
gravitational force acting towards the centre of the Earth. "D: e a];?a taclitis 10 ca“r?
The gravitational force on satellites acts as centripetal force. ﬁ: jgszrﬂu:;lf;?;m“; -
experiment on the movement
of bodies around the Earth,
His oniginal sketch is
By comparing the formula for force, F = ma shown below.

1
and formula for centripetal force, F = ™2, we obtain:
r
Centripetal acceleration, a = 2,
=

where v = linear speed of satellite
r = radius of the orbit of satellite

3.5
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: Figure 3.19 shows a weather satellite orbiting the Earth at a height, h = 480 km. Linear speed :
E of the satellite is 7.62 x 10° m s, The radius of the Earth, R is R = 6.37 % 10°* m. What is the :
: centripetal acceleration of the satellite? :
Orbit of weather ——-" o y
. satellite -
E Figure 3.19 :
E Height of satellite, h = 480 km :
P Sep@ = 480 000 m
¢ List the given information in symbols. Linear speed of satellite, v = 7.62 x 10" m s™' :
E Radius of the Earth, R = 6.37 % 10° m :
i Step 8 o= v? :
¢ Identify and write down the formula used. ¥ :
Y L
: Siep® “(R+h) -
¢ Substitute numerical values into the formula = (7.62 x 10°) :
i and perform the calculations. (6,37 x 10" + 480 000) :
: =848 ms” :
:hl‘i"‘tltlililil LR R AR LR R R L R R R R PR R R R R R R R R R Iib.iil;

52
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Mass of the Earth and the Sun

Formula for the mass of the Earth and the Sun can be derived by using the formula of Newton's
Universal Law of Gravitation and the formula for centripetal force.

Activity

Aim: To determine the mass of the Earth and the Sun
Instructions:
1. Observe Figure 3.20.

2. Figure 3,20 shows the orbit of the Moon around the Earth. | Circumference of a circle
with radius r, is 27

Orbit of the Moon —""

Figure 3.20

s
M = mass of the Earth
m = mass of the Moon
r = radius of the Moon's orbit
T = period of revolution of the
Moon around the Earth
v = linear speed of the Moon

ey i

3. Discuss and complete the boxes below.

Distance travelled by the Moon when making
one complete orbit around the Earth

Distance

Linear speed of the Moon, ¢ Time

KPM



4, Scan the FlR gﬂde, download 1and print F:gure 3.21 from Download Figure 3.21
the website given. Complete it to determine the formula i
for the mass of the Earth. O] E

e

Newton's Universal Law ) (=]
{ S Coaibition ] { Centripetal force ]

 huip: /bt sasbadi.com/p4094.

[ﬁ\ (=]~

Equate two equations

........... \/ .........

L -0

Cancel common factor, m

Substitute v =

Rearrange so that M becomes
the subject of the formula

L e = :
e

Figure 3.21 Determining formula for the mass of the Earth

Discussion:
. What is the formula to determine the mass of the Earth?

. Period of revolution of the Moon around the Earth, Tis 2.36 x 10% s and radius of the
Moon's orbit, r is 3.83 % 10° m. Calculate the mass of the Earth, M.

. The Earth revolves around the Sun in a period of one year and the radius of the orbit is
1.50 x 10" m. Calculate the mass of the Sun.




Chapterd  grayitation

-

L
Formula used to determine the mass of the \

M= 4t
Earth or the Sun ; / - GT?
Dats heeded 1o calculats the mass oF \ * = radius of the orbit of any satellite or the
Moon
the Earth /s : :
/ « period of revolution
Data needed to calculate the mass of \ ‘ » radius of the orbit of any planet
the Sun Py / » period of revolution of planet concerned

Figure 3.22 Formula and data used to calculate the mass of the Earth and the Sun

I..I . - ii5h = .

8

Formative Practice

T % 1. State Newton's Universal Law of Gravitation. Jo ant
9 -'. 2. State two factors which influence the magnitude of the gravitational force between A T _
- two bodies. : %
- ; 2 3
i 3. A piece of space junk of mass 24 kg is at a distance of 7.00 x 10° m from the centre of the i
Earth. What is the gravitational force between the space junk and the Earth? % \
i [G = 6.67 x 10" N m’ kg™, mass of the Earth = 5.97 x 10* kg] o
¥ 1 o " & .
* 4. A weather satellite orbits the Earth at a height of 560 km. What is the value of TS )
F gravitational acceleration at the position of the satellite? ¥ ; :
2oy [G =6.67 x 10" N m’ kg™, mass of the Earth = 5.97 % 10" kg, radius of the Earth
B i = = 6.37 »% 10° m] i
-* 5. A man-made satellite of mass 400 kg orbits the Earth with a radius of 8.2 x 10° m. AR T
e, 1w 4 Linear speed of the satellite is 6.96 % 10° m s~'. What is the centripetal force acting on the :
N satellite? ¥ R
PR 6. Figure 3.23 shows Mercury orbiting the Sun with a radius of 5.79 x 10" m and a period of T
A revolution of 7.57 % 10° 5. Calculate the mass of the Sun, % e )
PG P B Orbit of Mercury —-"" Vg
.,d : : ok, ¢ ' e 1
3 .': £ -
s I;-. .' 1 ._ ey ;.:-
5 s "x - k- et '1| .‘1 ~
B i b Ay
.i: d Figure 3.23 Fhay Fee
5 !_J‘.'t._- - TR RN . ;’* - '_‘L'-.'" h A
2 A oA A TG Lo At 4] sV R G
e Pl : f - Y by o O VP b SV
VLT LN X P e e d 77} et B oy :
o Wy el :f. ..;-' AL ., A . = ':'




WKepler’s Laws

Kepler's First, Second and Third Laws

When you were in Form 3, you knew about Kepler, a German ~ Mi= @V INTEGRATION OF ~
astronomist, mathematician and astrologist who modified the N HISTORY
heliocentric model according to Kepler’s Law. Do you know

that there are three Kepler's Laws? Let us get to know these Jnhanl]es ) mrkEd,as
iee lawe. an assistant to astronomist
Tycho Brahe. His strong
determination motivated him
Kepler’s All planets move in elliptical orbits with the Sun S5branes e
First Law at one focus (Law of Orbits) et FiRally, epler S1CHBINd
in formulating three laws that
describe the movement of
Carry out Activity 3.11 to get a clear picture regarding planets around the Sun.

Kepler’s first law.

_-t:) LY 311

Aim: To sketch the shape of an ellipse based on the concept of dual foci of ellipse
Materials: Pencil, 20 cm thread, two thumbtacks, A4 paper, softboard and cellophane tape

Instructions:

1. Scan the QR code and print the template from the website
given on a piece of A4 paper. Place it on a softboard.
Stick the thumbtacks at points F, and F, on the softboard.

. Tie two ends of the thread to the two thumbtacks
respectively.
Tighten the thread with the tip of a pencil as .
shown in Figure 3.24. Pencil Minor ade

Move the pencil from the major axis to the
left of F, to the major axis to the right of F,
to sketch half an ellipse.

Repeat step 5 below major axis to obtain the /T:'I' Major axis
shape of a complete ellipse. Thumbtack

Template Activity 3.11

hitp: /bt sashadi com/pd 0196

Thread
Thumbtack

Remove the thumbtacks and thread. Figure 3.24

Draw a small circle to represent the Sun at F,.
Draw a small circle to represent the Earth on the circumference of the ellipse.

Discussion:

1. Describe how the distance between the Earth and the Sun changes when the Earth
makes a complete orbit around the Sun.

2. Discuss how the shape of the Earth's orbit would be if the major axis is almost as long
as the minor axis.

[_ng 3.2.1
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The planets in the Solar System have elliptical shaped orbits. Figure 3.25 shows the Sun
always stays on a focus of the ellipse. The major axis is longer than the minor axis. Most orbits
of the planets in the Solar System have major axis and minor axis of almost the same length. As
such, the shape of the elliptical orbit of the planets in the Solar System is almost round. Planets
can be assumed to make circular motion around the Sun. The radius of orbit is the average
value of the distance between the planet and the Sun.

Minar axis

° Major

Sun axis

— Planel

Figure 3.25 Orbit of planet around the Sun

Kepler’s A line that connects a planet to the Sun sweeps out equal areas in equal times
Second Law (Law of Areas).

Observe Figure 3.26. If a planet takes the same amount of time to move from A to B and
from C to D, the area AFB is the same as the area CFD. Distance AB is longer than distance CD.
This means the planet is moving at a higher linear speed from A to B than from C to D.

Figure 3.26 Motion of planet in its orbit
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Kepler's The square of the orbital period ufﬁm}' planet is ’
Third Law directly proportional to the cube of the radius Mathematically,
af its orbit (Law of Periods). Tl oo p?
= orbital period of

A planet which orbits with a larger radius has a longer a planet
orbital period. As such, planets which are further from the Sun r = radius of orbit
take a longer time to complete one orbit around the Sun.

For example, the Earth takes 1 year to make one complete
orbit while Saturn takes 29.5 years. Figure 3.27 shows the orbits
and orbital periods of planets.
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Chapter 3 Gravitation

Kepler’s third law can be formulated using Newton’s Universal Law of Gravitation and
concept of circular motion. Planets make circular motions around the Sun. The centripetal
force is the same as the gravitational force between the Sun and the planet. Observe Figure 3.28
which shows the orbit of a planet around the Sun.

Assuming that the orbit of the planet around the Sun is circular, we can derive the relationship
between the orbital period of the planet and the radius of the orbit as in Kepler’s third law.

Mass of the Sun = M
Mass of the planet = m
Radius of orbit = r
Gravitational force = F
Linear speed of planet = v
Orbital period = T

_,‘.‘l

Figure 3.28 Orbit of a planet
GMm

'.-I

Gravitational force acting on the planet, F =

The gravitational force acts as a centripetal force for the planet to make circular motion around
the Sun.

Centripetal force, F= mv.
Therefore,
Centripetal force = Gravitational force
my® _ GMm
r ri
vi= % _______________ (1] Perimeter of orbit = 27~ I
_ Distance travelled in one complete orbit
Hincarspeed of panct v = Orbital period
2mr
= 2
z 2
Substitute [2] into [1]:
(2ary: . GM
¥ r
1_ (47 s
v

As GM is constant, T? = r?
T? o r* is Kepler's third law.

[Le2 ]
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Figure 3.29 shows the formulation of Kepler’s third law. When Kepler’s third law is applied
in the system of planets and the Sun, M is referred to as the mass of the Sun. Kepler’s third law
can also be applied to the system of satellites and the Earth, with M referring to the mass of

the Earth.
i oy
entripetal force,
can be s ml:i
formulated H= =
by equating | \_
rgmritaﬁnna] fnme,“
_ GMm
r?

i )
the relationship between
orbital period of planet, T

and radius of its orbit, ris
cfde
T1 = ({;ﬁ{) r]
krl

whmthemnstant.k-—-m

=

. J

Figure 3.29 Formulating Kepler’s Third Law

Solving Problems Using Kepler's Third Law Formula

From Kepler's third law,
relationship between orbital
period, T and radius of
orbit, r is

i [4m?
L e

2 3
The equation — =

§

00

=
JE:

g
2

Compare two planets

For planet 1, T* -lGM'

For planet 2, T} = lﬁll r)}
1'2 r?

— ol

(1) + (2) gives

Figure 3.30 shows the planets, Earth and Mars, orbiting the Sun.

Sun at the centre
Figure 3.30
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g
—— can be used to calculate the orbital period, T or radius of orbit, .
r,
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Chapterd  grayitation

(a) The radius of the orbit of planet Mars can be determined by comparing the orbit of Mars :
with the orbit of the Earth. What information is needed to determine the radius of the :
orbit of Mars? :

(b) The radius of the orbit of the Earth is 1.50 x 10" m, orbital period of the Earth and Mars : :

is 1.00 year and 1.88 years respectively. Calculate the radius of the orbit of Mars. -

E (a) Radius of the orbit of the Earth, orbital period of the Earth and orbital period of Mars.

(b) Step @ | Radius of orbit of the Earth, r, = 1.50 x 10" m
List the given information | Radius of orbit of Mars = r,
in symbols. Orbital period of the Earth, T, = 1.00 years

Orbital period of Mars, T, = 1.88 years

Identify and write down the 1 ?.L oy -

r

formula used. : 2 T: r? :

The equation —2 =——involves &

¢ 00° _ (1.50 x 10")° T E
: e g the orbital pennd ofa planet .
: : h divided by the orbital period -
g gtil’ gm et ,3 - (150 x 10") x 1.88° | of another planet. The same
: ubstitute numerical values | 7> = 3 unit needs to be used for :
into the formula and LN both periods. I:
perform the calculations. g3 {1.50 x 10")* % 1.88° :
: = 1.00? :
; =228 x 10" m -
Do o i o i L B A L »

¢ Figure 3.31 shows that a research satellite needs to orbit at a height of 380 km to capture clear f
: images of the surface of the Earth. What is the orbital period of the satellite? :

Earth at the centre
: Figure 3.31
: [Radius of the orbit of the Moon = 3.83 x 10" m, orbital period of the Moon = 655.2 hours|

;L‘lmj!
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Solution:

i
: Radius of orbit of the satellite, r, = (6.37 x 10°) + (380 x 10°) | T (6.75 x 10°)’ :
: =675x10°m 6552  (3.83 x 10%)
E Radius of orbit of the Moon, = 383« 10°m (6.75 x 10" x 655.2° :
: Orbital period of the satellite = T, =—Gmxwoy i
¢ Orbital period of the Moon, T, = 655.2 hours : :
R o J (6.75 x 10°)’ x 655.2° 1
ETE T ' (3.83 x 10
; v = 1.53 hours :
; ;

R R R T e
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Formative Practi

1. State Keplers first law.

2. (a) State Kepler’s second law.

(b) Figure 3.32 shows the orbit of a planet around the Sun. Compare the linear speed of
the planet at positions X, Y and Z.

-

-
-l-‘.

3. (a) State Kepler’s third law.
(b) At what height should a satellite be if the satellite is required to orbit the Earth in a
period of 24 hours?
[Orbital period of the Moon = 27.3 days, radius of orbit of the Moon = 3.83 x 10" m|




