
Episode 401: Newton’s law of universal gravitation

This episode introduces Newton’s law of universal gravitation for point masses, and for spherical masses, and gets students practising calculations of the force between objects. The meaning of “inverse square law” is discussed.

Summary

Discussion: Introduction to Newton’s law of universal gravitation (5 minutes)

Discussion: Newton’s law of universal gravitation: F = Gm1m2/r2 (10 minutes)

Worked examples: Using F = Gm1m2/r2.  (25 minutes)

Student questions: More practice with F = Gm1m2/r2. (20 minutes)


Discussion:

Introduction to Newton’s law of universal gravitation

Here are some questions and answers which lead towards Newton’s Law of Universal Gravitation.

What causes the weight that each student feels? (gravitational attraction by the Earth.)

What affects the size of the Earth’s pull on you? Why would you weigh a different amount on the Moon? (Your mass, and its mass.)

If the Earth is pulling down on you, then what else must be occurring, by Newton’s 3rd Law? (You must be pulling up on the Earth with a force equal to your weight.)

What happens to the strength of the pull of the Earth as you go further away from it? (It gets weaker – most students guess this correctly from the incorrect assumption that in space, astronauts are weightless!)

So, in summary the force depends upon the masses of the Earth and you, and weakens with distance. This is all embodied in Newton’s law of universal gravitation

Discussion:

Newton’s law of universal gravitation

Present the equation which represents Newton’s Law of Universal Gravitation.

F = Gm1m2/r2


F = gravitational force of attraction (N)





m1, m2 are the interacting masses (kg)





r is the separation of the masses (m)

G is known as the “universal gravitational constant” (NOT to be confused with “little” g). It sets the strength of the gravitational interaction in the sense that if it were doubled, so would all the gravitational forces. 

G = 6.67 ( 10-11 N m2 kg-2 

Show how the units can be worked out by rearranging the original equation.

This law applies between point masses, but spherical masses can be treated as though they were point masses with all their mass concentrated at their centre.

This force is ALWAYS attractive. In some texts you will see a minus sign in the equation, so that F = -Gm1m2/r2. This minus sign is there purely to indicate that the force is attractive (it’s a relic from the more correct, but well beyond the syllabus, vector equation expressing Newton’s Law of universal gravitation). It’s simplest to calculate the magnitude of the force using F = Gm1m2/r2, and the direction is given by the fact that the force is always attractive.

Every object with a mass in the universe attracts every other according to this law. But the actual size of the force becomes very small for objects very far away. For example, the Sun is about one million times more massive than the Earth, but because it’s so far away, the pull on us from the Sun is dwarfed by the pull on us from the Earth (which is around 1650 times greater). As the separation of two objects increases, the separation2 increases even more, dramatically. The gravitational force will decrease by the same factor (since separation2 appears in the denominator of the equation). This is an example of an “inverse square law”, so called because the force of attraction varies in inverse proportion to the square of the separation.

Worked examples:

Using F = Gm1m2/r2
You can work through these examples, or you can set them as a task for your students if you feel they will be able to tackle them.

TAP 401-1: Worked examples; F = Gm1m2/r2
Student questions:

More practice with F = Gm1m2/r2
TAP 401-2: Newton’s gravitational law
TAP 401-1: Worked examples; F = Gm1m2/r2
Worked examples – Newton’s Law of universal gravitation – teacher’s sheet

Note: Remember that a lot of students have difficulties in using standard form correctly on a scientific calculator. You may need to tutor them in the use of the EXP button.

Data required: G = 6.67 ( 10-11 N m2 kg-2, mass of the Earth = 6.0 ( 1024 kg, radius of the Earth = 6.4 ( 106 m, mass of the Sun = 2.0 ( 1030 kg, average distance from the Earth to the Sun = 1.5 ( 1011 m.

1) 
Communications satellites orbit the Earth at a height of 36 000 km. How far is this from the centre of the Earth? If such a satellite has a mass of 250 kg, what is the force of attraction on it from the Earth?

It is (3.6 x 107 m + 6.4 x 106 m) = 4.24 x 107 m from the centre of the Earth. (They should really give this as 4.2 x 107 m – this may be an opportunity to reinforce the role of significant figures in physical calculations).

The force is F = Gm1m2/r2 = (6.67 x 10-11 x 6.0 x 1024 x 250)/ (4.24 x 107)2. This gives an answer of about 56 N, which for information is about less than the weight as a one year old toddler. 

2) 
What is the force of attraction from the Earth on you? What do we call this force? What is the force of attraction on the Earth from you?

They will need to estimate their own mass in kg. If they need to convert, 1 stone is 6.4kg (and there are 14 pounds in a stone). They then use F=Gm1m2/r2 where r is the radius of the Earth.

This force is usually called their weight.

The force on the Earth from the student is exactly the same as their first answer, but in the opposite direction.

3)
What is the force of attraction from the Sun on you? How many times smaller is this than the force of attraction from the Earth on you?

Again, they will need to use their own mass, and the equation F=Gm1m2/r2, but this time r is the average distance from the Sun to the Earth. This force should be about 1650 times less than their weight, of the order of 0.3-0.5 N. Small, but not negligible.

4) 
The average force of attraction on the Moon from the Sun is 4.4 ( 1020 N. Taking the distance from the Sun to the Moon to be about the same as that from the Sun to the Earth, what value of mass does this give for the Moon?

m2 = Fr2/Gm1 = (4.4 x 1020 x (1.5 x 1011)2)/(6.67 x 10-11 x 2.0 x 1030) = 7.4 x 1022 kg

5) 
Using the mass of the Moon you calculated in question 4, what is the pull of the Earth on the Moon, if the Moon is 380 000 km away? How does this compare with the pull of the Sun on the Moon?

F = Gm1m2/r2 = (6.67 x 10-11 x 6.0 x 1024 x 7.4 x 1022)/ (3.8 x 108)2 = 2.1 x 1020 N
This is actually smaller than the pull of the Sun on the Moon. You could discuss whether that means the Moon is orbiting the Sun rather than the Earth. In fact, it depends on the most useful frame of reference in a particular situation – from the Sun’s point of view, the Moon and the Earth orbit the Sun, in a way that is affected by the presence of the other; from the Moon’s point of view, both the Sun and the Earth orbit the Moon, in a way that is affected by the presence of the other, etc.

6. 
What is the force of attraction between two people, one of mass 80 kg and the other 100 kg if they are 0.5m apart?
F = Gm1m2/r2
F = G x 100 x 80 / 0.52 = 2.14 x 10-6 N.

This is a very small force but it does increase as the people get closer together!

Actually this example is not accurate because Newton's law really only applies to spherical objects, or at least objects so far apart that they can be effectively considered as spherical. 

7. What is the force of attraction between the Earth and the Sun?

Mass of the Sun = 2 x 1030 kg, mass of the Earth = 6 x 1024 kg, distance from the Earth to the Sun = 1.5 x 1011 m

F = Gm1m2/r2
F = G x 2 x 1030 x 6 x 1024/ [1.5 x 1011]2 = 6.7 x 1011 N       an enormous force!

External reference

Questions 6 and 7 taken from Resourceful Physics

TAP 401-2: Newton’s gravitational law

These questions are intended to give you practice in using the gravitational law. They will give you a feeling for typical forces with a range of masses and also how sensitive force is to distance. 

Useful data

G = 6.67  10–11 N m2 kg–2 

Earth’s mass = 5.97  1024 kg

Moon’s mass = 7.34  1022 kg

Sun’s mass is 2.0  1030 kg

Radius of the Moon = 1.64  106 m

Radius of the Earth = 6.37  106 m

Earth–Moon distance = 3.8  105 km 

Earth–Sun distance = 1.5  108 km

1.
You may sometimes find it difficult to get up from the sofa after watching a TV 
programme. Assuming the force of gravity acts between the centre of your body and the 
centre of the sofa, estimate the attraction between you and your sofa. 

2.
Calculate the size of the gravitational pull of a sphere of mass 10 kg on a mass 2.0 kg 
when their centres are 200 mm apart.


What is the force of the 2.0 kg mass on the 10 kg mass? 

3.
At what distance apart would two equal masses of 150 kg need to be placed for the force 
between them to be 2.0  10–5 N? 

4.
Calculate the gravitational pull of the Earth on each of the following bodies: 


the Moon; 


satellite A with mass 100 kg at a distance from the Earth’s centre 4.2  107 m; 


and satellite B mass 80 kg at a distance from the Earth’s centre 8.0  106 m. 

5.
Show that the unit for G, the universal gravitational constant, can be expressed 

as m3 s–2 kg–1. 

6.
Calculate the weight of an astronaut whose mass (including spacesuit) is 72 kg on the 
Moon? 


What is the astronaut's weight on Earth? 


Comment on the difference. 

7.
Show that pull of the Sun on the Moon is about 2.2 times larger than the pull of the Earth 
on the Moon. 

8.
Why then does the Moon orbit the Earth?

The American space agency, NASA, plans to send a manned mission to Mars later this century. Mars has a mass 6.42 x 1023 kg and a radius 3.38 x 106 m. G = 6.67 x 1011 N m2 kg-2
9

(a) The mass of a typical astronaut plus spacesuit is 80 kg. What would be the gravitational force acting on such an astronaut standing on the surface of Mars?

(b) State whether an astronaut on Mars would feel lighter or heavier than on Earth.

Practical advice

This resource could be used for either class work or homework.

Answers and worked solutions

1.
For the values estimated in the answers:
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2.
Pull on the 2.0 kg mass
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The pull on the 10 kg mass will be equal but opposite in direction.

3.
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5.
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6.
Moon
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Earth
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7.
Sun–Moon


[image: image10.wmf](

)

.

N

10

4

.

4

m

10

5

.

1

kg)

10

34

.

7

(

kg)

10

0

.

2

(

)

m

kg

N

10

67

.

6

(

20

2

11

22

30

2

2

11

2

´

=

´

´

´

´

´

´

=

=

-

-

r

GMm

F


Earth–Moon
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8.
The Moon does of course orbit the Sun, as part of the Earth–Moon system. You can think 
of the Moon’s orbit of the Earth as superimposed on its orbit of the Sun.

9
F = (Gmastrom x Mmars) / r2
F = (6.67 x 1011 N m2 kg-2) x 80 kg x (6.42 x 1023 kg) / (3.38 x 106 m) 2 = 300 N

(b) 
Would feel lighter.

External references

Questions 1- 8: This is taken from Advancing Physics Chapter 11, 80W

Question 9: This is taken from Salters Horners Advanced Physics, section STA, additional sheet 8 and 9
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