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1 Introduction

The world around is us held together by different forces, but these same forces can sometimes be de-
structive. In this module we will look at what happens when to objects collide with each other. During a
collision of two objects (bodies) they exert forces upon each other. These objects can be very large, such
as a truck hitting a concrete wall, but also very small, two atoms smashing together. Perhaps chemistry

can be seen as the collision and subsequent rearrangement of two or more molecules or atoms.

There are two different types of collisions, elastic and inelastic collisions.

* During elastic collisions there is no loss of kinetic energy. In reality with almost every collision
there is some conversion of energy. For instance, when two snooker balls hit each other you can
hear this, this sound is also a form of energy. But in most cases the simplification to a truly elastic

collision introduces only a very small error.

¢ During inelastic collisions there is a conversion of kinetic energy into other forms of energy. Mo-

mentum however is conserved.

A further distinction in types of collisions can be made between head-on collisions and oblique or non-

head on collisions.}

2 Conservation Laws

In physics there are a number of conservation laws. Some are exact while others are approximate. This
may already seems strange, a law which is ‘kind of fuzzy’. However remember that the laws in physics
are only true until it has been shown that they can be violated. With the approximate laws we know
when they are not valid any more.

An example of an exact law is the conservation of electric charge; the amount of positive charge minus
the amount of negative charge in the universe cannot change. Another example is the conservation of
(linear) momentum which we will study further in this text.

An examples of an approximate law is the conservation of mass. When there are nuclear reactions or

when we approach relativistic speeds mass is not conserved. But in the absence of these processes we

INon-head on collisions are sometimes called two-dimensional collision because one needs to look at the speed (or energy
or momentum) in two dimensions. Some confusion might arise however when using this terminology. Everything drawn in
this text is in 2D, it can be quite difficult to draw something to appear to come out of the paper.



can assume a conservation of mass. In particle physics there are a number of approximate laws which
tell us what should happen during most particle collisions, but when something extraordinary happens

these laws are violated. When and why this happens is the area of much research.

2.1 Conservation of Linear Momentum

In a collision a minimum of two objects are involved. A collision of three or more objects at the same
time is also possible, but for now we will only look at two. Lets look for instance at a scooter hitting
a dustbin. These two object are part of the scooter/dustbin-system. According to Newton’s third law,
F..on = —F.coion?, the two bodies exert the same but opposite force upon each other.? Before and after
the collision this force is 0 N. During the collision, which lasts just as long for both bodies, the forces
are not equal to zero any more. In our scooter/dustbin-system the scooter slows down while the dustbin

picks up speed.* Lets look at these accelerations in a bit more detail using Newton’s second law:

F=ma<— 2.1)
A
F=m— — (2.2)
At
FAt =mAv=Ap (2.3)

Equations 2.1, 2.2, and 2.3 are three different ways of writing the same law. When describing collisions
and performing calculations on them the last notation is most frequently used. It describes the change
in momentum (p). Because the forces acting upon the scooter and dustbin are of equal size, the change
in momentum must also be the same for both objects. But the forces were in opposite directions, so the
change in momentum must also be in opposite direction. This brings us to the law of conservation of

momentum. The sum of the momenta of all objects before and after a collision must be the same:
Zp = constant (2.4)
In classical physics (machanics) the momentum is calculated as follows:

p=mv (2.5)

3 Conservation of Energy

A second property/quantity which is conserved in nature is energy. Energy can be converted from one

form to another, e.g. a ball dropping from a height transforms it potential gravitational energy into

2Variables denoted with a bold font are vectors. They have a size (magnitude) and direction. If we are only interested in
the size of the force Fiion Wwe would write Faction-

3This is not the same as saying that the forces acting upon these bodies are in equilibrium, that would be a special case of
Newton’s second law.

4We could have said that the scooter decelerated while the dustbin accelerated. In every day speech this is perfectly fine
and everybody would understand the meaning. In physics however, we need to be very careful in our wording. Acceleration
is the rate at which the velocity of a body changes with time. This change can be an increase or decrease. Deceleration is a
negative acceleration. Thus saying that both objects accelerated is a correct use of the word according to physics, but it might
raise a few eyebrows if you say it like that to non physicists.



kinetic energy, but energy cannot disappear or be created.

We will first look at elastic collisions in which there is no conversion of energy. In the previous section
we saw that the collision time for both objects is the same. During that time the point of contact between
the two object might move. To calculate the transfer of (kinetic) energy from object I (e.g. the scooter) to

object II (e.g. the dustbin) we calculate the work done by object I1.?
W =Fs (3.1

In our system of two bodies:

WI = F[S
Wir =Fps = p—-Wr =Wy (3.2)
-F; =Fy

Because object I, by doing work, supplies the same amount of energy as being received by object II, we
can say that the total amount of energy remains constant. The law of conservation of energy is therefore

valid for elastic collisions.

ZE = constant 3.3)

Lets use the equations above to calculate what exactly happens during the collision between the scooter
and the dustbin. Our scooter, object I, has a mass of 60 kg. It hits the stationary dustbin, object II,
which has a mass of 30 kg, with a speed of 10 m/s. We can write this and the solution to our problem

down in a concise and organised manner:

Given before collision:

- vy=10m/s
- my=60kg
- vrr=0m/s
- mr=30kg
Wanted:

- The speeds after collision.

Equations:

_1 2
- Ekin —_ §mv

-p=mv

50ur scooter might belong to a pizza delivery boy who, while working hard, hits a dustbin. In physics however, only forces
can do work.



Solution:

Energy during/after collision E ., = %m 1v§ + %m ]]U%I

or before collision E .., = %mzv% + %mnv%l = % .60 kg- (10 m/s)? + % -30 kg (0 m/s)? = 3000 J
Momentum during/after collision p = mjvr + mjyrvys

or before collision p = 60 kg-10 m/s + 30 kg-0 m/s = 600 1%

Momentum after collision p =60 kg-vy+30 kg-vyr =600 1% = v =20 m/s —2v;

Substitution yields E,.n = 5 -60 kg-v% + 3 -30 kg (20 m/s — 2v7)? = 3000 J

Solving this quadratic equation® yields two answers: v; = 10 m/s and v; = 3.3 m/s

The first solution is the situation before the collision, the second after the collision. The speed of the

dustbin after the collision is therefore: vy =20 m/s — 2v; = 13.3 m/s

Suppose the scooter lies stationary on the ground after the collision with the dustbin. Can we now
calculate how much energy has been transformed into heat? Of course we must not forget the law of
conservation of momentum. Because the scooter is now stationary the entire momentum of the system
must now held by the dustbin. Calculating the speed of the dustbin in this case is easy. The mass of
the dustbin is half that of the scooter, its speed after the collision is therefore double that of the scooter
before the collision, i.e. 20 m/s. This would mean that the energy of the dustbin is 6000 J after the
collision, more than the 3000 J that was present before the collision. The only possible conclusion is

that this kind of collision is not possible because it violates the law of conservation of energy.

Exercise 1 : Calculate how much energy in transformed from kinetic energy into a different kind of

energy (such as heat or sound) when the scooter has a speed of 5 m/s after the collision.

Exercise 2 : Suppose the scooter and dustbin ‘stick together’ after the collision. How much energy is

transformed in this situation?

4 Oblique Collisions

Collisions need not be head-on. In the previous section assumed as much when the scooter hit the

dustbin, but what happens when the scooter hits the dustbin at an angle?

As an example of a two-dimensional collision we will look at a ‘simple’ snooker play. With simple we
mean that the balls are played without any spin. Take a look at figure 4.1, to pot the black ball, a simple

head-on collision will not suffice. We need to look ‘over’ the black ball at the pocket to see where we need

6Use the quadratic formula to solve this equation.
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Figure 4.1: Snooker table before collision.

to hit it with the cue ball. The cue ball needs to hit the black ball on the extension of the line between
the black ball and the pocket. At the moment of collision the line between the centres of the balls points
towards the pocket.

How do we solve this problem? We can decompose all velocities and momenta into vectors; into the x
and y direction. A logical choice of the x and y direction would be two perpendicular sides of the table.
But we can also choose to ‘attach’ the y-axis to the cue ball. In this axis (or coordinate) system figure 4.1
transforms into 4.2. Now the cue ball only has a speed in the x direction but both the black ball and

pocket are moving upwards.
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Figure 4.2: Figure 4.1 in the new coordinate system.

We want to hit the black ball as drawn in figure 4.3, head-on, to pot it.

Exercise 3 : Both balls have the same mass. Show that the cue ball transfers all its momentum to the
black ball.
Hint: You only need to look at the momentum in the x-direction. What is the speed of the black ball in

the x-direction?

The situation after the collision is as drawn in figure 4.3. How does this look from the players point of

view? We reattach the coordinate system to the table and obtain figure 4.4. The cue ball is moving in



Figure 4.3: Collision in the new coordinate system.

O

Figure 4.4: Figure 4.3 in the original coordinate system of figure 4.4.

the negative y direction, the pocket is stationary again, and the black ball is moving towards the pocket.

Using the above ‘trick’ of transforming the coordinate system two times we can solve our non-head-on

collision.



