
Episode 222: Impulse of a force

This episode focuses on the forces involved in changing momentum, and introduces the concept of impulse.
Summary

Discussion: To show that impulse equals change in momentum. (10 minutes)

Demonstration: A qualitative comparison of the trade-off between force and collision time. (10 minutes)

Worked example + discussion: Using the area under a force time graph. (20 minutes)

Demonstration: Force, time and impulse. (20 minutes)

Student questions: Testing understanding, including calculations of area under a graph. (30 minutes)

[image: image17.bmp]Discussion:

To show that impulse equals change in momentum

It is obvious that, the greater a force and the longer it acts for, the greater will be its effect. Hence, the quantity F ( t is important. This is known as the impulse of the force, measured in N s.

Show that it has the same units as momentum (N s = kg m s-1).

State the impulse equation, which describes the effect of a force acting on one body:

Impulse = change in momentum

Ft = mv or Ft = mv – mu
(You may need to explain that mv means ‘the change in momentum’, and that  itself is not a quantity.)
At this point, you might return to the discussion at the end of Episode 219, and extend it slightly to deduce the impulse equation.

If appropriate to the specification you are following, introduce the alternative way of writing this expression: F = d (mv)/dt and explain that this is an alternative way of writing Newton’s second law.

Or without using calculus notation

F = ma = m (vfinal – vinitial) / t
F = (mvfinal – mvinitial) / t
F = (pfinal - pinitial) / t
i.e. Ft = change in momentum

Demonstration:

A qualitative comparison of the trade-off between force and collision time

The average force on an object can be reduced by increasing the time over which it acts.

TAP 222-1: Momentum demonstrations 
RP 23: Egg and sheet demo – egg fails to break when thrown against a suspended sheet

Relate this to real world collisions such as car crashes, or jumping off a table (important safety point: never try jumping, even small heights, with stiff legs and ankles – it is remarkably easy to break a bone). NB. No-one should climb onto a stool or table in the lab. If any experimental work is undertaken, it must be done in the gym under the supervision of a trained PE teacher.
Worked example + discussion:

Using the area under a force time graph

Use a simple example involving constant force acting for a known time. 
TAP 222-2: Impulse examples
Forces between objects are not usually constant. Ask students to think about, say, a bat striking a ball, or a collision between cars or a car hitting a wall. What would the force-time graph look like? (The force will rise to a peak and then fall, being approximately triangular.)

The impulse of the force will be given by the area under the graph, since this area represents the sum of force ( time in each time interval.

Demonstration:

Force, time and impulse

The average force on a football can be calculated as a pupil led demonstration.

(An alternative approach is to use sensors, but this is more demanding to set up and to interpret.)
TAP 222-3: Kicking a football
Student questions:

Testing understanding, including calculations of area under a graph

Look for two types of question:

Numerical questions involving impulse, including force-time graphs. These will require the student to find the area under the graph, the total momentum change and possibly the average force. This latter is a particularly difficult concept, being the equivalent force which, if applied constantly over the entire contact time would produce the same impulse. This can be related to the idea of an average speed.

Descriptive questions which take these ideas and develop them in contexts such as seat belts and airbags.

TAP 222-4: Momentum questions
If the students are to be stretched mathematically, look for questions which use d(mv)/dt directly, such as the force caused by water from a hose hitting a wall, or the lift provided by the air driven down by a helicopter’s blades.

Some clipart is given below if you wish to create your own questions.




TAP 222- 1: Momentum demonstrations

Eggs and a sheet 

Apparatus required

· Sheet  

· Eggs (raw) 

Set-up:

The idea of a reduced force when the stopping time and stopping distance are large can be shown by throwing raw eggs at a sheet. Some pupils hold an ordinary bed sheet vertically and then the teacher throws an egg at the sheet. The sheet will give a little and the egg will not break (until it rolls down and hits the ground). The 'long' stopping time as the egg hits the sheet gives a small retarding force.

	[image: image1.wmf]

	Wear safety spectacles

DANGER: DO NOT THROW THE EGG TOO FAST AND BE CAREFUL NOT TO HIT THE PUPILS. THEY WILL NOT GIVE AS MUCH AS THE SHEET AND SO THE STOPPING FORCE WILL BE LARGE!


External References

This activity is taken from Resourceful Physics http://resourcefulphysics.org/
TAP 222-2: Impulse Examples

1.

A small rocket motor is fired and giving a force time graph as shown above.

a)
What impulse is produced by the rocket?

b)
The rocket is part of a satellite of mass 20 kg.  What momentum change has the satellite?

c)
What change in speed does the satellite have?

2. 
A 600 kg car is travelling at a steady speed crashes into a rigid wall.  From the time when the car hits the wall the engine compartment is crushed so the main body of the car continues to move forwards.  The graph shows how the retarding force on the main body of the car varies with time from the initial impact (t = 0 s)
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a)
What impulse is required to stop the car?

b)
By how much does the car’s momentum change during the impact?

c)
Estimate the velocity of the car at the instant of impact.
Practical Advice

Two examples are given here so that worked examples are provided but they could be used as class questions.

Answers and Worked Solutions

1 a)
Impulse = F x t = 5 x 2 = 10 N s

   b)
Change in momentum = impulse = 10 kg m s-1. 0r 10 N s

   c)
mv = 10 so v = 10/20 = 0.5 m s-1 

2 a)
The graph is roughly two triangles.  

So the graph is effectively a rectangle 12 x 104 x 0.05 = 6000 N s

   b)
Ft = mv so change in momentum is 6000 kg m s-1 

   c)
mv = 6000 so v = 6000/600 = 10 m s-1 (approximately) 

External References

Question 2 is taken from Revised Nuffield Advanced Physics Section A, question 52R

TAP 222-3: Kicking a football

What force do you use when you kick a ball? 

Using the equation F ( t = m ( v, it is possible to calculate the force used to kick a soccer ball. 
Requirements

· millisecond timer 

· metre rule 

· two pieces of aluminium foil 

· two crocodile clips 

· two long 4 mm leads 

· soccer ball 

Safety
If it is really necessary for the kicker to be elevated, precautions must be taken to ensure that they cannot fall.

What to do 

You will need a volunteer to kick the ball – inside the gymnasium or school hall! 

1.
The volunteer will stand on a strong bench to kick the ball horizontally (and lightly) across an open space in the room. Watch carefully to see where the ball lands. To get an appropriate force in the kick, it is worth practising a few times without attempting any measurements. 

2.
Both the toe of the kicking foot and the surface of the ball where it is to be kicked should be covered in aluminium foil, perhaps held in place with sticky tape. The time of contact in kicking can be measured if these pieces of foil are connected to a millisecond timer, using crocodile clips and leads. 

The timer should be set so that it starts running when the contact is made and stops when the contact is broken. 

[image: image3.wmf]a

l

u

m

i

n

i

u

m

 

f

o

i

l

c

r

o

c

 

c

l

i

p

t

i

m

e

r


3.
Measure the mass of the ball, the height from which the ball is kicked (or the height to which it rises) and the horizontal distance it travels before first hitting the floor. 

4.
Assume the ball, once kicked, is in free fall. Knowing only the vertical distance it falls, the time of flight can be calculated. Use the kinematic equation s = ½gt2. 

5.
Using the time of flight together with the distance travelled, calculate the horizontal speed. 

Putting the measurements together 

1.
You can now use the equation F ( t = m ( v to solve for the impact force, F. 

2.
Can you think of a practical alternative for measuring the speed of the ball as it leaves the foot?

Practical Advice

The whole analysis rests on the fact that the ball leaves the foot travelling in a horizontal direction – students should understand this. It may be difficult to achieve in practice. 

The crocodile clips should be attached so that the foil can tear easily when the ball is kicked. 

Done in the classroom, this experiment may seem somewhat artificial.

If you have a portable timer, the experiment is much more effective done at a suitable outdoor location, where a good kick can be given. 

In either case, its merit is that it encourages students to solve three simple equations to get the desired result. It may be worth going on to discuss possible experiments which would enable continuous measurements of force with time to be recorded – perhaps after this has been set as homework. 

Alternative Approaches

You could do the same thing with a table-tennis ball. Paint the ball with aquadag and attach aluminium foil to the bat. You will need to devise a way of making the lead to the ball. You could go on to compare typical values for balls of various types, and ask students to calculate the forces.  

	Ball
	Mass / g
	Diameter / cm
	Typical values of v / m s–1
	Typical values of

contact time  / 10–3 s

	Cricket or hockey
	160
	6.4
	30
	1

	Golf
	46
	4.1
	70
	0.5-1

	Football
	420
	22
	25
	6

	Squash
	24
	4
	25
	3

	Tennis
	57
	6.4
	30
	4

	Table-tennis
	2.4
	3.8
	10
	Measure it


In every case, students will see the importance of ‘following through’ and so increasing the contact time. 

Social and Human Context

Sports scientists may need to study ball impact for football and other sports, in order to help players improve their technique.

External References

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

TAP 222-4: Momentum questions

These questions change in difficulty and ask you to relate impulse to change of momentum.

1.
Thrust SSC is a supersonic car powered by 2 jet engines giving a total thrust of 180 kN. 


Calculate the impulse applied to the car when the engines run for 4 seconds.


Assume the thrust is the only force acting on the car, which has a mass of 10 000 kg.


Calculate the increase in speed of the car after the 4 s.

2.
One suggestion for powering spacecraft engines of the future is an ion engine. A beam of ions (charged atoms) is fired backwards, propelling the spacecraft forwards. In one test, xenon ions were used. 


Consider how using xenon ions would compare with using krypton ions, which are lighter.

If equal numbers of each ion were propelled back per second, at the same speed, which type of ion would you expect to give more thrust? Explain your answer

The mass of a xenon ion is 2.2  10–25 kg, and it can be ejected at a speed of 
3.1  104 m s–1. 

Calculate the number of ions that would have to be emitted per second to generate a thrust of 0.1 N (a typical value of the thrust from such an engine).

3.
When holding a hose fire-fighters need to ensure that they are not pushed backwards, especially if the water is ejected at a high speed. 


Explain why fire-fighters experience a backwards force. 

20 kg of water is ejected horizontally in 10 s; the speed of the water leaving the nozzle is 30 m s–1.


Calculate the force experienced by a fire-fighter holding the hose.

4.
A spacecraft is approaching the planet Zog and needs to slow down. To do so it fires a jet of gas forwards. 


Explain how firing gas forwards slows the rocket down. 

The rocket has a mass of 50 000 kg. The gas can be fired forward at a speed of 
5 000 m s–1 relative to the rocket. 

Calculate the mass of gas must the rocket eject to reduce its speed by 5 m s–1. Ignore the change in the rocket’s mass due to the ejection of gas.

5.
Air of density 1.3 kg m–3 strikes a sail of area 15 m2. The air is initially moving at 5 m s–1, assume it is brought to rest when it hits the sail. 


Calculate the mass of air is brought to rest in each second? 


Hence calculate the average force the air exerts on the sail.

6.
A kestrel is a bird of prey which searches for prey by hovering above grassy areas. 


Using your ideas about momentum, suggest how a kestrel is able to hover.


The kestrel has a mass of 200 g and it pushes down a column of air of area 600 cm2. 


Estimate the downward speed given to the air by the kestrel


g to be 9.8 N kg–1, density of air = 1.3 kg m–3.


Estimate the minimum power the kestrel needs to hover? 

Suggest why there are no large birds which can hover? (Some large birds, such as buzzards and condors, may appear to hover, but are not really doing so. They use upwards currents of air – ‘thermals’ – to stay up.)

7.
25 kg s-1 of air at 120 m s-1 is taken in by a jet engine that burns 1 kg fuel each second.

The exhaust gasses are ejected at 520 m s-1 relative to the engine.

a)
Calculate the velocity change of the air.

b)
Calculate the momentum change per second of the air and also of the fuel.

c)
What is the thrust of the jet engine?

8. 
The H-3 Sea King Helicopter has a mass of about 5400 kg (including crew).  It is hovering over the sea on a rescue mission. The rotors have a radius of about 10 m. 
Air density is 1.2 kg m-3. Assume g = 10 N kg-1

a)
What lift force is needed to keep the helicopter hovering?

b)
What downward velocity is given to the air by the hovering helicopter?

9.
In June 1999, the ESA space probe Giotto made an Earth fly-by following missions to investigate Halley’s Comet in 1986 and Comet Grigg-Skjellerup in 1992.  A major hazard to Giotto was the large number of high-speed solid particles (‘dust’) that make up comets’ tails. At collision speeds likely to occur, a 0.1 g particle can penetrate an aluminium plate 8 cm thick. To protect the probe’s instruments, engineers designed a dust shield of two protective sheets 23 cm apart. The front shield is a sheet of aluminium 1 mm thick which retards and vaporises all but the largest particles. The rear shield is a 12 mm thick sheet of Kevlar (as used in bullet-proof vests) which traps any remaining debris and becomes heated as a result.

The Giotto probe has a mass of 960 kg. Suppose it is travelling at 2.0 km s-1 when it encounters a ‘dust’ particle of mass 0.10 g travelling at 50 km s -1 in the opposite direction to the probe. The particle is trapped in the shield.

[image: image4.emf]
a)
Show that the collision has a negligible effect on Giotto’s velocity.

b)
If the collision takes 1.0 ms, calculate the average force exerted on the probe.

c)
Explain whether this is an elastic or an inelastic collision.

Practical Advice

These questions practise the analysis of momentum and impulse applied to jets and rockets. To make a valid attempt at all of them requires a high degree of familiarity with the basic terminology and equations. Apart from the first question they are definitely not for warm-up. The second question is based on a real technology. Question 5 is quite tough. Further information about the limits on the size of birds can be found in Barrow and Tipler, The Cosmological Anthropic Principle (Oxford: Oxford University Press) p. 314.  A collision question concerning the Giotto probe is also included

Answers and Worked Solutions

1.
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2.
Xenon ions would provide more thrust. This is because there would be a greater momentum change per second since they have a greater mass than krypton ions. Let 
m = mass of each ion, n = number of ions emitted per second, v = speed of ejection of ions. 


Then, impulse, Ft = change in momentum = (m n) (v – 0): so
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3.
The pump pushes the water forwards, which by Newton’s third law exerts a force of equal size back on the hose and the pump system. The hose, gripped by the fire-fighter, exerts a backward force on the fire-fighter.
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4.
To eject the gas, the rocket exerts a forward force on the gas. By Newton’s third law, the gas exerts a force of equal size back on the rocket. This force is responsible for the deceleration of the rocket.
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5. m = mass of air brought to rest per second, 
v = initial speed of air, 
A = area of sail, 
 = density of air:
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6.
The kestrel pushes down on the air, giving it downward momentum. The air pushes back up on the kestrel’s wing (by Newton’s third law). If this upward push equals the weight of the kestrel, the bird can hover at a constant vertical velocity of 0 m s–1.

v = downward speed gained by air,  = density of air, A = area of air column pushed down, mb = mass of bird:

For the bird to hover, the push of the air must equal mb g, the weight of the bird. 
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7. a)
Velocity change of the air = (520 -120) = 400 m s-1  

    b)
Momentum change per second of the air = 25 x 400 = 10,000 kg m s-2

Momentum change per second of the fuel = 1 x 520 = 520 kg m s-2
   c)
Engine thrust 
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8. a)
Force is needed to keep the helicopter hovering = weight = 5400 x 10 = 54000 N

b)
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9. a)
 Initial momentum, p = 960 kg x 2.0 x 103 m s-1 – (1.0 x 10-4 kg x 50 x 103 m s-1)

= 1.920 x 106 kg m s-1 – (5.0 kg m s-1 so about 1.920 x 106 kg m s-1)

Final mass, m = 960 kg + 1.0 x 10-4 kg so about 960 kg

Final velocity, v = p/m Since p and m are extremely close to Giotto’s initial mass and velocity, Giotto’s final velocity must be extremely close to its initial velocity. 
   b)
Dust: v = 50 - (-2) = 52 km s-1
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   c)
Collision is inelastic. 

Trapping dust results in heating of the shield, so there must be a loss of kinetic energy from the dust. 
External References

Questions 1-6: are taken from Advancing Physics Chapter 11, 180S

Question 9: This is taken from Salters Horners Advanced Physics, Section TRA, Additional sheets 8 and 9
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