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Section 1 Our dynamic Universe

Chapter 4

Gravitation: projectiles and satellites



What you should know

H An understanding of projectiles and satellites
H Resolving the motion of a projectile with an initial velocity into
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H
H
H
H

horizontal and vertical components and their use in calculations
Comparison of projectiles with objects in free fall
Gravitational field strength of planets, natural satellites and stars
Calculating the force exerted on objects placed in a gravity field
Newton’s Law of Universal Gravitation
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Understanding projectiles and satellites
Projectiles
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A projectile is an object that is released or thrown into the air. Once
released, it has no external force applied to it affecting its motion other
than gravity and air resistance.
Objects that are dropped or launched vertically can have their motion
determined using the equations of motion. If dropped, the projectile will
accelerate and behave as described earlier. If launched upwards, it will
reach a maximum height then fall back to Earth in the same manner as a
dropped object.
A body released from, say, 1 m above ground will fall under the influence
of gravity. This force (of gravity) will cause it to accelerate. You may be
required to describe how to measure the acceleration due to gravity. Here
is a way in which this experiment may be described.

f
Experiment to measure the acceleration due to gravity

dr

Example

electromagnet

switch

ball bearing

timer

metre stick

pressure sensor

Figure 4.1 Experiment to measure the acceleration due to gravity
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The electromagnet is switched on and the ball bearing is placed under
the magnet.
The distance from the bottom of the ball bearing to the pressure sensor
is measured using the metre stick.
The electromagnet is switched off. This starts the timer. The ball falls and
hits the pressure sensor. This switches off the timer.
You will now have the following data:
s – the distance between the bottom of the ball and the pressure sensor
t – the time for the ball to fall distance, s
u – the initial velocity of the ball (0 m s−1)
The acceleration of the ball can be calculated using s = ut + 12 at2.

Example

f
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Most projectile problems involve an object that is launched either
upwards or downwards, at an angle to the horizontal. The simplest one
is where an object is moving horizontally and then falls off a bench, for
example. The key to dealing with projectiles is to separate the horizontal
and vertical motions. The horizontal motion of a projectile has no bearing
on the time an object is in the air or takes to fall from a height.

tm

A ball rolls off a 1·7 m high bench as shown in Figure 4.2.
0.75 kg
4.0 m s–1

Calculate how long the ball takes to reach the ground.
Calculate how far away from the bench the ball lands.
Calculate the vertical component of its velocity as it hits the ground.
Calculate the angle at which the ball hits the ground.
Calculate the velocity at which the ball hits the ground.

dr

a)
b)
c)
d)
e)

af

Figure 4.2 A ball rolling off a bench

Solution

a) Vertical motion: v = ?
u = 0 m s–1 (no vertical velocity)
a = 9·8 m s–2 (–ve not needed as all motion is downwards)
t=?
s = 1·7
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d)

e)
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b)

To calculate t we use s = ut + 2 at2
1
u = 0 s, so s = 2 at2
rearranging gives
1·7
t = 2×
9·8
t = 0·59 s
Horizontal motion:
s = v × t = 4·0 × 0·59 = 2·36 = 2·4 m
Using the equations of motion:
v = u + at = 0 + 9·8 × 0·59 = 5·78 = 5·8 m s–1
We combine the two vectors: vhor = 4 m s–1; vvert = 5·8 m s–1
The angle Z° is given by tan Z° = 5·8/4·0 = 1·45, so Z° = 55·4 ° = 55 °
to the horizontal.
We combine the velocities using a scale diagram or Pythagoras.
This gives a resultant velocity of 42 + 5·82 = 7 m s–1.

More complicated examples involve projectiles which have an initial
velocity at some angle to the horizontal. To deal with these we need to
resolve the initial velocity into its horizontal and vertical components.

Example

f

dr
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A golf ball is struck and leaves the ground. It has an initial velocity of
25 m s–1 at an angle of 14 ° to the horizontal. The initial horizontal and
vertical components of this velocity can be calculated as follows:
vertical velocity, vv = 25 × sin 14° = 6·0 m s–1
horizontal velocity, vh = 25 × cos 14° = 24·3 m s–1 = 24 m s–1
The vertical velocity is then used along with the equations of motion
to calculate what is asked from the question. We do this using the
method shown earlier with v, u, a, t and s.
The horizontal velocity is used to determine the distance the ball
travels once we have determined the length of time it is in the air.
Using the information above, calculate the maximum height achieved
by the golf ball.

Solution

When the ball is at its maximum height (zenith) its vertical component
of velocity is zero. It stops moving upwards prior to falling downwards.
We can use this in our equations of motion:
v = 0 m s–1
u = (+)6·0 m s–1
a = –9·8 m s–2
t=?
s=?

32
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The question asks for the height of the ball, s. We can use v2 = u2 + 2as.
Rearranging gives
2

s=

2

2

2

v –u
0 – 6·0
–36
=
=
= 1·8m (a low pitch and run)
2a
2 × (–9·8) –19·6

Hints & tips
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Remember the following information when you are working with projectiles.
3 When two objects are projected horizontally from the same height, they
will take the same time to reach the ground irrespective of their horizontal
velocity.
3 The mass of a projectile has no effect on its motion.
3 For a projectile projected vertically, or at an angle upwards, its vertical
velocity at its maximum height is zero.
3 At the instant a projectile is travelling at 45 o to the vertical, the horizontal
and vertical components of its velocity have the same size.

Satellites

tm

Objects dropped vertically and objects launched horizontally have
identical vertical motions.
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Satellites are projectiles that are travelling so quickly in a horizontal
direction that they do not ‘fall’ to the ground. The Earth curves
‘downwards’ at the same rate the satellites do, so they remain at the
same height above the surface of the Earth. Satellites stay in orbit
around the Earth because they are at the correct velocity in relation
to their height above the Earth. Low-orbit satellites travel more
quickly than higher satellites.

Free fall

Figure 4.3 Satellite orbits around the Earth

dr

Free fall is a term used for the motion of a body where its weight is the
only force acting on it. It is often used alongside terms like ‘weightlessness’
to describe certain situations. If we ignore air resistance, a falling ball, for
example, could be said to be in free fall. A spacecraft orbiting the Earth is
in free fall as the only force acting on it is the Earth’s gravitational
attraction. The Moon is in free fall as its orbit is determined by the
gravitational attraction between the Earth and the Moon.
Astronauts in the International Space Station (ISS) are in free fall as they are
falling at the same rate as the ISS. As a result they appear weightless. The ISS is
‘falling’ away from them at the same rate as they are falling. If this is confusing,
consider the idea of a person in a lift, where the person is falling at the same
rate as the floor of the lift. An astronaut appears weightless because the
floor is not supporting them. This leads to confusion as people watching
astronauts ‘float’ believe that this is caused by the lack of gravity in space.
33
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Gravity and mass
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The force of attraction that objects with mass experience is referred to as
gravity. This is a naturally occurring phenomenon. In cosmological terms,
gravity is responsible for the dispersed matter in the Universe being able
to coalesce and bind or remain together. This leads to the formation (over
very long periods of time) of stars, planets and galaxies. Gravity is also
responsible for keeping the planets and other objects that make up our
Solar System in orbit around the Sun.
Objects with mass experience this attractive force from other objects with
mass (massive). Large objects have a correspondingly larger gravitational
field strength, g. On Earth, g is approximately 9·8 N kg–1 but this varies
slightly depending upon where on the Earth’s surface g is measured.
This means that an object with a mass of 1 kg experiences a force of
9.8 N due to gravitational attraction. This force is what we call the object’s
‘weight’. A 10 kg mass has a weight of 98 N.
The weight of an object can be calculated using the relationship W = m × g.
We can use this relationship to calculate the weight of objects on other
bodies if we can calculate or measure g for other planets and satellites.

Newton’s Law of Universal Gravitation
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Sir Isaac Newton derived a formula for the force of attraction between
any two objects:
mm
F = G 12 2
r
where
F is the force between the masses
G is the gravitational constant; its value is 6·67 × 10–11 m3 kg–1 s–2
m1 is the mass of one object
m2 is the mass of the second object
r is the distance between the masses.
Objects in the Solar System experience gravitational effects from more
than just one body. The Earth orbits the Sun but our orbit ‘wobbles’
slightly due to the gravitational effects of the Moon orbiting around us.

Example

f

Newton’s formula can be used to calculate the gravitational field
strength of a planet.
The gravitational field strength is defined as the force per unit mass. If
we use the radius of the planet as the value for r, the mass of the planet
as m1 and 1 kg as m2 then we can find the gravitational field strength.
For example, for Jupiter:
r = 7·15 × 107 m
m1 = 1·9 × 1027 kg
m2 = 1 kg

34
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27

m×m
–11 1·9 × 10 × 1
F = G 1 2 2 = 6·67 × 10
7 2
r
(7·15 × 10 )
     = 24·8 N
This is the force on 1 kg so the gravitational field strength on Jupiter is
24·8 N kg–1.

f

Example

fixed support
torsion wire
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fixed scale
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Experiment to measure the universal gravitational constant, G

large lead
sphere

pointer

horizontal rod
small lead sphere

Figure 4.4 Apparatus for measuring the universal gravitational constant, G
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Two small lead spheres are separated from each other by a rigid bar and the bar is supported
by a torsion wire. It is possible to calibrate the property of the torsion wire so that we know the
magnitude of the force that will rotate the wire through a certain angle.
Two large lead spheres are brought close to the small spheres. There will be a force of attraction
(gravitational) between each small and large sphere. These forces on the spheres will cause the wire
to twist and the angle it twists through can be measured using the fixed scale. We can then use this
to determine the force between the spheres.
We can measure the mass of each of the spheres and their ‘centre-to-centre’ separation. This means
that the only quantity in the equation we do not know is G and so it can be calculated.

f

dr

Example

Calculations using Newton’s formula give very small answers for most
objects.
For example, we can calculate the force of gravitational attraction
between two 50 kg students who are sitting 2·0 m apart:
F =G

m1 · m2
–11 50 · 50
= 6·67 · 10
2
2
r
2

= 4·2 × 10–8 N
This is a very small force. The only time that this equation produces
large numbers is when at least one of the objects is a planet, moon
or a star.
35
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Key points !

Key words
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✽✽ A projectile is an object whose motion is affected by a gravitational field.
✽✽ The motion of a projectile is analysed by splitting its motion into horizontal and vertical components.
✽✽ If air resistance is negligible, there is no unbalanced force in the horizontal direction. This means
there is no acceleration in the horizontal direction.
✽✽ In the vertical direction, the projectile accelerates due to gravity. The equations of motion are therefore
used to analyse the vertical motion of the projectile.
✽✽ Whether a projectile is moving upwards or downwards, the vertical force acting on it is downwards, so
its acceleration is always downwards.
✽✽ The vertical motion of a projectile is identical to the free-fall motion of an object released from the
same height with the same vertical velocity.
✽✽ A satellite is an object that is in an orbit around another, usually a planet.
✽✽ Satellites follow curved paths because they are projectiles. They have a constant horizontal speed but
are accelerating in the vertical direction. The curvature of the planet matches the curvature of their
path so they remain the same height above the planet.
✽✽ The gravitational field strength of a planet, natural satellite or star is the weight per unit mass at the
object’s surface.
✽✽ The force an object experiences in a gravitational field is called its weight. The weight is calculated
using the equation W = mg.
✽✽ Newton’s Universal Law of Gravitation allows us to calculate the force of attraction between any two
massive objects. In practice, we would normally use this to calculate the force of attraction between
planets, stars and natural satellites, but it can be used for any two massive objects.

Gravitational field strength – the weight per unit mass
Negligible – so small that it can usually be ignored
Projectile – an object that has both a horizontal and vertical component to
its motion
Satellite – an object in orbit around another

?
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Questions
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1 An object is launched with a velocity of 22 m s–1 at an angle of 15 o to the horizontal.
a) Calculate the horizontal and vertical components of the initial velocity.
b) How long will it take for the object to reach its highest point?
c) Calculate the maximum height reached by the object.
d) Calculate the horizontal distance travelled by the object.
2 A ball is rolled off a horizontal bench with a velocity of 3·6 m s–1. The bench is 1·2 m above the floor.
a) Calculate the horizontal distance it travels before hitting the ground.
b) Another ball is rolled off the bench at a velocity of 7·2 m s–1. Explain why it strikes the floor at a
distance of 3·6 m from the bench.
3 A ball is projected from the ground with a velocity of 12 m s–1 at 60 o to the horizontal. Calculate:
a) the initial horizontal component of velocity
b) the initial vertical component of velocity
c) the time taken for the projectile to reach its maximum height
d) the maximum height reached
e) the range of the projectile.
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