
Episode 209: Drag, air resistance and terminal velocity

This episode starts by considering the forces acting on a falling body in air, and moves on to related experimental work.

Summary

Discussion and demonstration: Falling bodies. (10 minutes)

Student experiment: Falling cupcakes. (20 minutes)

Student investigation/demonstration: Balls falling through fluids. (20 minutes)

Discussion + Demonstration:

Falling bodies
As an introduction to the lesson the following questions can be posed to the class. During the discussion, you will be able to introduce and define the terms upthrust, drag, air resistance, lift and terminal velocity.

Why does a piece of paper fall more slowly under gravity than a piece of chalk if the acceleration due to gravity is the same for all objects? (Demonstrate this.)

If an object is falling through the air with constant velocity, what can you say about the net force on the object?

How do the forces on an object vary as the object accelerates from rest? 

The discussion should lead to the concept of an object reaching terminal velocity when the drag force has the same magnitude as the accelerating force. This can be shown clearly in a diagram such as that below:
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A useful exercise is to ask a student to sketch the velocity-time graph of a skydiver who accelerates to terminal velocity and then opens her parachute. She will decelerate to a new, lower terminal velocity. You can use a toy parachutist to illustrate this. 

The concept of ‘upthrust’ is most easily introduced using a toy helium balloon (see Balloons - Party in Yellow pages). It will accelerate as its upthrust is greater than its weight, but will reach an upward terminal velocity when upthrust = weight + drag. If you have a high stairwell you can try taking measurements with students standing at different heights and timing the passage of the balloon – fun if you have the time.

An aeroplane is flying at constant velocity (and therefore at constant height). The net force on the aeroplane must be zero. How are the forces balanced? The forward thrust provided by the engines balances the backward drag of air resistance; the downward weight of the plane is balanced by the upward lift on the wings.



This lift is often explained by the Bernouilli effect – faster moving air over the top of the wing produces a pressure difference and an upward force. There are many easy demonstrations of this effect – the simplest being to blow between two sheets of paper causing them to ‘stick together’. However, you need to be a little careful with this explanation; remember that planes can fly upside down. The angle of the aerofoil is also important. You may prefer to avoid mentioning Bernoulli and simply say that the wing of an aircraft is shaped and angled to push air downwards; since there is a downward force of the wing on the air, there will be a corresponding upward force of the air on the wing (Newton’s third law); this is the force we call ‘lift’.

Students will now be familiar with drag, thrust, lift, upthrust and weight. 

Student experiment:

Falling cupcakes
This works well if you make sure that the students are thinking about the questions posed. The activity itself is trivial but a lot of good physics can be brought out. It follows on very well from the introductory discussion and some students will find it useful to sketch force diagrams to help their answers. A written discussion of what the investigation shows could usefully be left for homework.

TAP 209-:1 Falling cupcakes
Demonstration:

Balls falling through fluids

A more quantitative investigation of drag and terminal velocity is to observe the motion of bodies falling through a viscous medium. This is a rich area for student investigations but can be carried out as a demonstration by the teacher with students making measurements.

Start by dropping a ball bearing through the fluid. Can your students describe its motion? (At first it accelerates; acceleration gradually decreases to zero, when the ball has reached terminal velocity.)

The physics behind the demonstration is Stokes’ Law and you can use this as an opportunity to discuss this or just remind students of a little kinematics as they analyse the motion of the falling ball bearing.

TAP 209-2: Ball bearings falling through a viscous medium
TAP 209-1: Falling cupcakes

Gravity is not the only force

On Earth objects fall through the air, pulled downwards by the force of gravity. Air is a fluid and exerts forces on the object that oppose motion. This activity asks you to investigate the motion of objects for which the air resistance is quite large.
You will need


a set of up to 10 paper cupcake holders


stopwatch or wristwatch with ability to read to at least 0.1 s


metre rule or (better) a tape measure


stairwell or similar so that objects may fall through several metres

What to do

1.
Start with some preliminary observations. Drop a cupcake holder from a height of several metres, say into a stairwell, and see what happens. Think about such things as acceleration, steady speed.

2.
Now fit a second cupcake holder into the first and repeat the drop. You have doubled the mass – and the force of gravity acting on the falling object. How does this affect the motion (if at all)? Now fit even more cupcake holders together and drop them. Can you detect any pattern? Produce some hypotheses linking such things as:

· the mass of the object

· how long it accelerates

· how long it takes to reach the ground

· whether or not it reaches a steady speed

· how large the resistive force on the object is compared with the force of gravity on it

· or anything else that you think might affect the motion.

3.
There are enough factors to think about – so consider what measurements you could take to make sense of what is happening.

4.
Take whatever measurements you require, analyse them and state how they support (or don't support) your preliminary hypotheses.

What you should have learned

1.
The relative effect of the factors involved when an object falls through the air.

2.
One way to record the motion of a moving object.

Practical advice

This activity is aimed at revising (or reinvigorating) students' earlier Key Stage 4 work on falling objects. The idea is to stimulate some deeper thinking about motion. It would also be nice to avoid the boredom factor (‘but we've done all this already'!). The task is presented as a fairly open-ended investigation, but with lots of hints. Students drop increasing numbers of cupcake holders through a height of up to 3 metres (the higher the better up to this value). The area presented to the medium stays constant but the mass may be changed in equal increments. The experimental area could be a stairwell, but must be free from strong sideways draughts.

Students are not told about terminal velocity and an outcome is that students realise that the cupcake holders do eventually reach a steady speed, and that at this stage the upward and downward forces balance each other. The simple apparatus recommended will not allow exact recording of the motion and teachers may like to suggest at some stage (not the beginning) that times of fall might be taken for the first 0.5 m, the second 0.5 m etc until the holders reach the ground. This gives rough but workable values: see below if a more sophisticated approach is felt to be appropriate.

The activity is could be supplemented by computer simulations (using Modellus and/or an Excel spreadsheet).

Alternative approaches

The measurements may be refined by using a video camera or a camera linked to a computer to record the paths of the objects. But this may be luxurious in terms of time available – but could be considered as an investigation topic for coursework.

Larger targets are provided by coffee filters, and these may also be varied in number, and are large enough for many motion sensors to detect. Data from these may be analysed by spreadsheet, or other packages, to look for patterns in the speeds. Some success can be expected, but the demand of this activity will be greatly increased by suggesting this kind of analysis.

Social and human context

The investigation could be linked with the sport of free-fall parachuting – and the extent to which this is an accurate description!
Be safe

Reasonable care should be taken to discourage keen students from rushing up and down stairs too quickly. Any fixing of measuring marks or indicators should be properly supervised. If the class is difficult to supervise, it might be possible to use the school hall with papers released by a pupil standing on the stage. Avoid the temptation to allow pupils to stand on the bench in the lab.
External references

This activity is taken from Advancing Physics Chapter 8, 260E

TAP 209- 2: Ball bearings falling through a viscous medium

Apparatus: 
 
Length of glass or Perspex tube

 
Bung for tube

 
Glycerol (preferable) or wallpaper paste to fill tube

 
Steel ball bearings

 
Magnet (strong enough to allow you to fish the ball bearings out)

 
Stopwatch(s) (or stop clock(s) for demonstration)

 
Insulating tape

The tube should be at least 1 m long and 0.1 m in diameter if possible.


Wrap insulating tape around the tube at 10 centimetre intervals.

Time the descent of the ball bearing to find the mean speed between each of the markers. Record results in a table with the following headings:

	Distance interval /m
	Time to fall through distance interval/ s
	Mean velocity over distance interval / m s-1


Construct a velocity-time graph and a velocity-distance graph. These will show the ball bearing accelerating until it reaches terminal velocity. Repeating the experiment with ball bearings of different mass and diameter will show that the terminal velocity of different bodies is not always the same. The experiment can be extended into an investigation of Stokes’ law – how does the drag force depend on the size and speed of the falling ball?

Using the graphs, you should be able to answer the following questions:

How does the graph show when terminal velocity has been reached?

At what point in the fall did each ball reach terminal velocity?

If air is a fluid, is it correct to say that all bodies will fall at the same rate? Explain your answer.

Why did Galileo’s legendary experiment in which he dropped two balls of different weights from the Leaning Tower of Pisa ‘work’? Why did the balls hit the ground at the same time? You might want to refer to the ball bearing experiment in your answer.

(More generally) It is sometimes said that a mouse can be dropped from an aircraft and can land uninjured. Why might this be possible?

Why do skydivers fall more quickly when they roll themselves into a ball than when they have their limbs outstretched? Consider the forces on the skydiver in your answer.

Practical advice

Glycerol can be more difficult to clean out of the tubes afterwards.  A batch of wallpaper paste could be made up and then diluted for each group progressively to give different viscosities.
Ball bearings dropped at the side of the tube drop at a different rate to those dropped at the centre.  Think what effect this could have for swimmers in a pool or boat races.

Be safe

A problem with modern wallpaper pastes is the fungicide included; some students may have sensitive skin.
Do not use old engine oil, it is carcinogenic; fresh oil may be too dark to see the balls easily.
With either liquid students must take care not to suck fingers or get their pens/pencils covered with liquid and then suck them.
It is inevitable that as ball bearings are removed from the tube with the magnet that liquid drops off around the surrounding area. A wise precaution is to put the stand and tube on a tray covered with kitchen paper. The magnet also gets covered with the chosen liquid.
Care must be taken to ensure the bung does not come out of the tube.

Wash hands afterwards or as necessary.

Alternative approaches

It is possible to use light sensors and a computer to measure time intervals or indeed a webcam linked to the computer to record the fall of the ball bearings.

The Multimedia motion CD has a clip of a hammer and a feather falling on the Moon.

External references

This activity is taken from Resourceful Physics http://resourcefulphysics.org/
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