
Episode 220:  Momentum and its conservation

This episode introduces the concept of momentum and its conservation.

Lesson Summary

· Demonstration and discussion: An introduction making plausible the idea of conservation of momentum (20 minutes)

· Student experiment: For them to find the law of conservation of momentum for themselves (40 minutes)

· Worked examples: Showing how to apply conservation of momentum in simple cases (20 minutes)

· Student questions: Momentum conservation (30 minutes)

· Discussion: Relating conservation of momentum to Newton II and III (10 minutes)


Discussion and demonstrations: An introduction making plausible the idea of conservation of momentum
Start by establishing experimentally the plausibility of the idea of conservation of momentum, by looking at some simple collisions first of all visually and then with some means of measuring velocities.

Demonstrate Newton’s cradle. Ask for an explanation in terms of forces, observing that if n balls are swung in, n balls swing out. This is a toy with limited possibilities, so move on to a better experimental system.

Demonstrate some collisions and explosions using trolleys on a flat bench or runway. (Alternatively use gliders on an air track.) Start with inelastic collisions, in which the trolleys stick together. Describe these as sticky collisions. Point out that energy stored kinetically is not conserved. Try simple combinations such as trolleys of equal mass, or a single trolley colliding with a double one. How does velocity change? What quantity remains constant?

Safety
Remember that trolley runways and large air tracks require two people to manipulate and carry them safely. Some air track blowers also require two people to carry them.
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Note that you are asking students to judge changes in velocity by eye. If the mass of the trolley doubles, its velocity halves, and so on.

It should become apparent that mass  ×  velocity is constant is plausible. Name this quantity as momentum.

Emphasize that you are looking at events and that you are comparing before with after. This will feed into the standard approach for solving numerical problems.

Now try explosions, in which the spring of one trolley is released to push the two apart. Try two single trolleys, then a single pushing on a double. What rule can you see? (The heavier (more massive) trolley comes away more slowly.) But what about momentum? Has it been created out of nothing? Emphasize the need to think of momentum as a vector (because velocity is a vector, mass is a scalar). Before the explosion, there is no momentum in the system; after, there are equal but opposite momenta, so the vector sum is zero.

Now you can state the principle of conservation of momentum in simple terms: in a sticky (inelastic) collision, the momentum of the moving object is shared between the colliding masses; in the Newton’s cradle case the momentum is clearly transferred, and in an explosion, there is no initial momentum, and the moving masses have equal but opposite momenta after the collision.

So total momentum before an event = total momentum after the event in all the cases so far.

Equipment
Note that with air-tracks it is very difficult to change the mass of the gliders by much as they then tend to sink and drag on the track. Trolleys are more flexible in this respect but friction effects are larger.

Student experiment: For them to find the law of conservation of momentum for themselves
The students can now investigate the idea of conservation of momentum experimentally. If you have sufficient apparatus it is very worthwhile getting the students to perform this experiment for themselves, especially if there is a quick and accurate way to measure speeds, such as light gates, or use of a motion sensor with a computer.

Episode 220-1: Observing collisions (Word, 56 KB) - see end of document

Ask the students to look for a relationship in their mass and speed; if they find this difficult, suggest they look at the value of mass  ×  speed. (Draw up a suitable table to help them with this.)

When students have made a few measurements, you may need to show how to calculate the total momentum for two masses,

i.e. total momentum = m1v1 + m2v2 , not

(m1  +  m2)  ×  (v1  +  v2) or any other combination of masses and velocities.

You could ask one group of students to demonstrate to the class the conservation of momentum in an inelastic collision, and another to demonstrate this for an explosion.

If time permits, ask students to extend the experiment to look at springy (elastic) collisions. Is momentum still conserved?

Equipment
The closer the light gates are to the trolleys or gliders at the time of collision or explosion, the less friction will distort the results. Alternatively a computer and motion sensor could be used.

Worked examples: Showing how to apply conservation of momentum in simple cases
Show how to calculate momentum from values of mass and velocity. Emphasize that units are kg m s-1 (no special name in SI system).

Establish a sign convention (e.g. velocities to the right are positive; to the left they are negative).

Work through examples to show:

· calculation of velocity of moving mass after inelastic collision

· calculation of velocity of one mass after explosion, given velocity of the other

Emphasise the need to draw diagrams showing the situation before and after an event (collision or explosion) when solving numerical problems.

Emphasise the predictive power of the principle of conservation of momentum. Mention that it works in 3 dimensions, as well as in these simple 1-D situations.

(You could look at other examples of conservation they will have met, such as energy and electric charge. They should be aware of the utility of such conservation laws in calculations and also that they are established experimentally.)

Episode 220-2: Worked Examples (Word, 42 KB) - see end of document

Student questions: Momentum conservation
Students should now be able to do more questions of the type described above. Elastic collisions are not dealt with until Episode 220.

Episode 220-3: Inelastic Collisions (Word, 21 KB) - see end of document

Discussion: Relating conservation of momentum to Newton 2nd and 3rd Laws
(This is a rather abstract discussion, which you may wish to omit.)

The principle of conservation of momentum can be thought of as a consequence of Newton’s second and third laws. Try to prompt students to contribute to each stage in this argument.

Think about two trolleys of different masses exploding apart. From Newton’s third law it is clear that the trolleys are acted on by equal forces, in opposite directions.
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Both forces must act for the same time – the time the trolleys are in contact.

These forces produce accelerations in inverse proportion to the masses, from Newton’s second law. So the bigger trolley has a smaller acceleration than the smaller one.

So the change in velocity of the bigger trolley is less than that of the smaller trolley, and in the opposite direction.

Because change in velocity  ∝  1/mass, it follows that mass  ×  velocity change for the two trolleys is equal and opposite. So total momentum is constant.

Episode 220- 1: Observing collisions

Observe some collisions between trolleys on a runway or between air track vehicles. Include situations where one vehicle is initially at rest and when both are initially moving towards one another. Include some collisions in which the two vehicles become coupled together and some in which they bounce off one another. Notice what happens to the velocities after impact. Try altering the mass of one or both vehicles.

Apparatus

Two alternative methods can be used:

Airtrack

· linear air track, vehicles, air blower and accessories

· light gate and support (2)

· computer with interface and software for timing or two electronic stop clocks

· Blu-Tack or pin and cork

· light gate cards

· light gate cards are most easily made from

· Plasticard (black plastic sheet) available from model shops.

On the linear air track these usually slot into grooves on the ends of the vehicles.  On dynamics trolleys they are best attached with the aid of Velcro (one strip on the trolley, the opposite type on the card). 

· ruler

· access to balance

Safety

Remember that trolley runways and large air tracks require two people to manipulate and carry them safely. Some air track blowers also require two people to carry them.
Runway & dynamics trolley

· dynamics runway

· trolleys and accessories

· light gate and support (2)

· Computer and motion sensor (easier to use with trolleys), or two electronic stop clocks.

· Blu-Tack or pin and cork

· light gate cards if required (see above)

· ruler

· access to balance
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Air track

· Set up a level linear air track with light gates as shown above.

· Test that it is level. (A single vehicle on the track will not drift one way or the other.)

· Study the instructions with your specific equipment to connect light gates to a computer interface or to use electronic clocks. Load software as appropriate. 

· Check that the system is working. 

· Use two identical vehicles and set them up so that they will fasten together for a sticky (inelastic) collision. (Blu-Tack or pins and cork buffers work well.) 

· Place one vehicle in the middle to remain still. 

· Set the stop clocks or software to take readings. 

· Push the other vehicle from the left towards the stationary one and let them collide, stick together and continue to the end of the air track. 

Runway

If you are not able to use an air track then dynamics trolleys on a runway can be very effective within limitations. As you cannot easily measure the friction the runway is tilted so that some of the weight of the trolley is used to compensate. Unfortunately this means you are limited to movements in one direction only – downhill. (The experiment can work without friction compensation.)

· First set up the runway so that a moving trolley continues at constant speed to the end of the track. 

· Arrange collisions so that trolleys are moving downhill before and after impact. 

· Study the instructions with your specific equipment e.g. a computer and motion sensor or to connect light gates to a computer interface or to use electronic clocks. Load software as appropriate. 

· Check that the system is working. 

· Use two identical vehicles and set them up so that they will fasten together for a sticky collision. (Blu-Tack or pins and cork buffers work well.) 

· Place one vehicle in the middle to remain still. Set the stop clocks or software to take readings.
· Push the other vehicle towards the stationary one and let them collide, stick together and continue to the end of the runway. 

Making measurements

Record your measurements of velocity or time. 

If your system does not give the speed as a vehicle passes through light gate, calculate it from speed = (width of light gate card) / (time through light gate) 

Determine and record the mass of each vehicle (complete with accessories).

Further measurements

Find out what happens if you start with:

· vehicles with different masses;

· both vehicles initially moving;

· collisions where buffers are magnets or elastic bands to provide elastic collisions i.e. make your vehicles bounce.

You will need to adjust the positions of light gates for these. If you need the velocity of each vehicle, both will need to carry light gate cards. 

Practical advice

This class practical or demonstration can be carried out using an air track or trolleys on a runway.

Provided you choose fairly simple combinations of mass, momentum conservation will probably seem ‘obvious’ – e.g. a moving vehicle collides with, and sticks to, a stationary vehicle of the same mass, and both move off together with half the initial velocity.

Adding 1 kg masses to dynamics trolleys, (of about 1 kg), works well with a motion sensor.

Students should find that the results do demonstrate momentum conservation pretty well; they can be asked to account for any discrepancies, the most likely source being frictional forces which mean that the colliding vehicles interact with their surroundings and do not form an isolated system. It is also necessary to be careful and rigorous about sign conventions.

External references

This activity is taken from Salters Horners Advanced Physics, Section TRA, Activity/Additional Activity 27

Episode 220- 2 Worked examples

1.
A runner of mass 70 kg accelerates from 3 m s–1 to 5 m s–1 in the same direction. 

Draw three vectors to show the runner’s initial momentum, final momentum and change in momentum. 

Label each vector with its magnitude and ensure that the directions of the vectors are consistent.

2.
A hare of mass 4 kg decelerates from 8 m s–1 to 2 m s–1 in the same direction. 

Draw three vectors to show its initial momentum, final momentum and change in momentum. 

Label each vector with its magnitude and ensure that the directions of the vectors are consistent

3.
A tennis ball of mass 60 g strikes a racket at 20 m s–1 and rebounds along the same line at 15 m s–1. 

Draw a vector diagram to show how the change in momentum can be found from the initial and final values. 


Label the magnitude of all vectors you draw.

4.
A car of mass 400 kg is travelling due north at 15 m s–1. It turns a corner so that it is travelling due west at the same speed.

Draw a vector diagram to show how the change in momentum can be found from the initial and final values. 

Label the magnitude of all vectors you draw, and indicate the values of any relevant angles.

5
A railway truck of 2 x 104 kg travelling at 6 m s-1 hits a truck of 1 x 104 kg that is travelling at 3 m s-1 in the opposite direction. They automatically couple together.

a)
What is the momentum after the collision?
b)
What velocity have the two trucks after the collision?
6
A bullet of mass 30 g is fired from a rifle of mass 5 kg at a speed of 250 m s-1.
a)
What is the momentum of the rifle just after the bullet is fired?

b)
What is the recoil velocity of the rifle?

Practical advice
Examples should be chosen to illustrate momentum ideas. Some possibilities are given here but you may have your own.

The questions have been left without answers so that you can choose the method of working through them or use them as extra examples.

Questions 1 – 4

These questions show the vector nature of momentum. The first three deal with motion in a straight line, while question 4 involves motion in two dimensions (i.e. a change in direction). They are intended to be used as practice in drawing vector addition diagrams and to: -

· show how to calculate momentum from values of mass and velocity. Emphasise that units are kg m s-1 (no special name in SI system).

· establish a sign convention (e.g. velocities to the right are positive; to the left they are negative).

1.
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Taken as positive since they are drawn to the right

2.


Initial momentum = 4 x 8 = 32 kg m s-1. Final momentum = 4 x 2 = 8 kg m s-1  

3.



4.  ΔP = (60002 + 60002)-2 = 8490 kg m s-1  


5
Calculation of velocity of moving mass after inelastic collision.

a)
m1v1 - m2v2 = m3v3 
(2 x 104 x 6) – (1 x 104 x 3) = momentum after collision = 9 x 104 kg m s-1 

b)
9 x 104 = (2 x 104 + 1 x 104 )x v3 

9 x 104 = (3 x 104) v3 so v3 = 3 m s-1 to the right (as the 6 m s-1 truck was taken as moving in that direction)

6
Calculation of velocity of one mass after explosion, given velocity of the other
Initial momentum is zero.  After the bullet is fired the bullet moves in one direction and the gun recoils in the other.

0 = m1v1 + m2v2 so m1v1 = - m2v2 

a) 
momentum of gun is in the opposite direction to that of the bullet 

momentum of bullet = 30 x 10-3 x 250 = 7.5 kg m s-1 

b) 
recoil speed of gun =7.5/5 = 1.5 m s-1 (in the opposite direction to the bullet)

Emphasise the need to draw diagrams showing the situation before and after an event (collision or explosion) when solving numerical problems.

Emphasise the predictive power of the principle of conservation of momentum. Mention that it works in 3 dimensions, as well as in these simple 1-D situations.
External references

This activity is taken from Advancing Physics Chapter 11, 140W

Episode 220- 3: Inelastic collisions

A railway wagon travelling at 1.0 m s–1 catches up with and becomes coupled to another wagon travelling at 0.5 m s–1 in the same direction. The faster moving wagon has 1.7 times the mass of the slower one. The slower moving wagon is half-full of liquid in a tank.

1.
Immediately after impact, what is the speed of the coupled wagons?

2.
As a result of the impact the liquid in the part-full wagon sloshes back and forth violently. 


Describe the effect this will have on the movement of the wagons. 

3.
A 400 kg satellite travelling at 7.00 km s–1 is hit head on by a 1.00 kg meteorite travelling at 12.0 km s–1. The meteorite is embedded in the satellite by the impact. By how much is the satellite slowed down?

4.
An American spacecraft of mass 18 tonnes docks with a Russian module of mass 
6.6 tonnes, both travelling in the same direction. Assume the relative speed before docking is 0.20 m s–1 and a successful ‘soft’ docking is achieved first time.

Calculate how much faster the combined object is travelling than the original speed of the Russian space vehicle.

Practical advice

This set of questions provides useful momentum ideas.
Answers and worked solutions

1
m1v1 + m2v2 = m3v3 If the slower wagon has mass m.

(1.7m x1) + (m x 0.5) = (1.7m + m) v3
2.2 m = 2.7 m v3 so 2.2 = 2.7v3 and 2.2/2.7 = v3 so v3 = 0.81 (to 2sf) m s-1 

2
The centre of mass moves at constant velocity after the impact. During the sloshing period, this means that the wagons do not move steadily. (As the liquid sloshes forwards, the truck will slow down; as it sloshes backwards, the wagon will speed up.)

3
m1v1 - m2v2 = m3v3 
(400 x 7.00) – (1.00 x 12.0) = (400 + 1) v3 so 2788 = 401 v3 and v3 = 2788/401 = 
= 6.95 km s-1 

so the speed has changed from 7.00 km s-1 to 6.95 km s-1, a change of 0.05 km s-1.
4
v1 - v2 = 0.2 so v1 = (0.2 + v2)

m1v1 + m2v2 = m3v3
18(0.2 + v2) + 6.6 v2 = (18 + 6.6) v3 

3.6 + 24.6 v2 = 24.6 v3 

3.6 = 24.6 (v3 – v2) so (v3 – v2) = 3.6/24.6 = 0.15 m s-1 

Alternatively from the viewpoint of the Russian Module
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External references

This activity is taken from Advancing Physics Chapter 11, Question 150s
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