
Episode 225: Quantitative circular motion

Summary

Discussion: Linear and angular velocity. (10 minutes)

Worked example: Calculating . (10 minutes)

Discussion: Degrees and radians. (5 minutes)

Student questions: Calculating v and  (20 minutes)

Discussion: Angular acceleration (10 minutes)

Worked example: Centripetal force (5 minutes)

Student questions: Calculations on centripetal force. (10 minutes)

Student experiment: Verification of the equation for centripetal force. (40 minutes)

Demonstration: Alternative method of verifying the equation for centripetal force (40 minutes)

Discussion:

Linear and angular velocity

Explain the difference between linear and angular velocity.

The instantaneous linear velocity at a point in the circle is usually given the letter v and measured in metres per second (m s-1).

The angular velocity is the angle through which the radius to this point on the circle turns in one second. This is usually given the letter  (Greek omega) and is measured in radians per second (rad s-1) (See below)

Time period for one rotation (T) = distance/velocity = 2r/v = 2/
Therefore linear and angular velocity are related by the formula:

Linear velocity = radius of circle ( angular velocity   v = r
Worked example:

Calculating 
A stone on a string: the stone moves round at a constant speed of 4 m s-1 on a string of length 0.75 m

Linear velocity of stone at any point on the circle = 4 m s-1 directed along a tangent to the point.

Note that although the magnitude of the linear velocity (i.e. the speed) is constant its direction is constantly changing as the stone moves round the circle.

Angular velocity of stone at any point on the circle = 0.75 ( 4 = 3 rad s-1

Discussion:

Degrees and radians

You will have to explain the relationship between degrees and radians. The radian is a more ‘natural’ unit for measuring angles.

One radian (or rad for short) is defined as the angle subtended at the centre of a circle radius r by an arc of length r.
Thus the complete circumference 2r subtends an angle of 2(r/r radians

Thus in a complete circle of 360 degrees there are 2 radians. 

Therefore 1 radian = 360o/2 = 57.3° 

Student Questions:

Calculating v and 
Some radian ideas and practice calculations of v, .
TAP 225-1: Radians and angular speed
Discussion: 

Angular acceleration

If an object is moving in a circle at a constant speed, its direction of motion is constantly changing. This means that its linear velocity is changing and so it has a linear acceleration. The existence of an acceleration means that there must also be an unbalanced force acting on the rotating object.

Derive the formula for centripetal acceleration (a = v2/r = v = 2r):
Consider an object of mass m moving with constant angular velocity () and constant speed (v) in a circle of radius r with centre O.

It moves from P to Q in a time t.

The change in velocity v is parallel to PO and v = v sin
When  becomes small (that is when Q is very close to P) sin is close to  in radians. 
So v = v 

Dividing both sides by t gives:

v / t = v t

Since v / t = acceleration a and t = , we have
a = v

Since we also have v = r, this can be written as

a = v2/r = v = 2r
Applying Newton's Second Law (F = ma) gives:

F = mv2/r = mv = m2r
This is the equation for centripetal force; students should learn to identify the appropriate form for use in any given situation.

Worked Example:

Centripetal Force

A stone of mass 0.5 kg is swung round in a horizontal circle (on a frictionless surface) of radius 0.75 m with a steady speed of 4 m s-1.

Calculate:

(a)
 the centripetal acceleration of the stone

acceleration = v2/r = 42 / 0.75 = 21.4 m s-2
(b) 
the centripetal force acting on the stone.

F = ma = mv2/r = [0.5 ( 42] / 0.75 = 10.7 N

Notice that this is a linear acceleration and not an angular acceleration. The angular velocity of the stone is constant and so there is no angular acceleration.

Student Questions:

Calculations on centripetal force
TAP 225-2: Centripetal force calculations
Student experiment:

Verification of the equation for centripetal force using the whirling bung
TAP 225-3: Verification of the equation for centripetal force
A Java applet version of this experiment is available at:

http://www.phy.ntnu.edu.tw/java/circularMotion/circular3D_e.html    (as at August 2005)

Demonstration:

Alternative method of verifying the equation for centripetal force

This demonstration is an alternative method of verifying the equation for centripetal force.

TAP 225-4: Verifying the equation for centripetal force
TAP 225- 1: Radians and angular speed

In many physical situations you are concerned with the motion of objects moving in a circle, such as planets in orbit around the Sun or more mundane examples like wheels turning on a bicycle or washing drying in a spin drier. The measurement of speed can be expressed in several different ways; the following questions are designed to help you become confident in their use.
Rotation

Since a radian is the angle between two radii with an arc length equal to the radius, there are 2 radians in one complete circle. 

1.
Use a calculator to complete the table of  in degrees and radians, sin  cos  and tan  when  has values in degrees shown in the table:

	 degree
	 in radians
	sin 
	cos 
	tan 

	0.01
	
	
	
	

	0.1
	
	
	
	

	0.5
	
	
	
	

	1
	
	
	
	

	5
	
	
	
	

	10
	
	
	
	

	20
	
	
	
	

	70
	
	
	
	


When  (in radians) is small what are suitable approximations for:
sin , tan , cos ?
The set of questions below consider a simple example of an object moving in a circle at constant speed.

2.
Work to two significant figures. Write down the angle in radians if the object moves in one complete circle, and then deduce the number of radians in a right angle.

3.
The object rotates at 15 revolutions per minute. Calculate the angular speed in radian per second.

4.
A rotating restaurant.
A high tower has a rotating restaurant that moves slowly round in a circle while the diners are eating. The restaurant is designed to give a full 360 view of the sky line in the two hours normally taken by diners. 


Calculate the angular speed in radians per second.

5.
The diners are sitting at 20 m from the central axis of the tower. 


Calculate their speed in metres per second.

Do you think they will be aware of their movement relative to the outside?

Practical Advice

Other examples of physical situations of rotational movement could be usefully discussed. These questions will be of greatest value to students with a weak mathematical background

When  becomes small and sin  =  in radians is used in the angular acceleration discussion.  Question 1 helps exemplify this.

Social and Human Context

A number of fairground rides use circular motion and what adds to the ‘thrill factor’ could be considered here.

Answers and Worked Solutions
1

	 in degrees
	 in radians
	sin 
	cos 
	tan 

	0.01
	1.75 x 10-4
	1.75 x 10-4 
	0.999
	1.75 x 10-4

	0.1
	1.75 x 10-3
	1.75 x 10-3
	0.999
	1.75 x 10-3

	0.5
	8.73 x 10-3
	8.73 x 10-3
	0.999
	8.73 x 10-3

	1
	1.75 x 10-2
	1.75 x 10-2
	0.999
	1.75 x 10-2

	5
	8.73 x 10-2
	8.72 x 10-2
	0.996
	8.72 x 10-2

	10
	0.175
	0.174
	0.985
	0.176

	20
	0.349
	0.342
	0.940
	0.363

	70
	1.22
	0.940
	0.342
	2.75


It should be clear to students that:-

at small angles  = sin  = tan  when  is in radians

and cos  = 1 at small angles.
That the above works quite well even for angles as large as 20 degrees.
2.
2 / 2

3.
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They may just be able to perceive it but it is unlikely – they would see the skyline move at less than 2 cm each second.

External References

Question 1 was an adaptation of Revised Nuffield Advanced Physics section D question 8(L)

Questions 2-5 are taken from Advancing Physics Chapter 11, 70W

TAP 225- 2: Centripetal force calculations

1.
A space station has a radius of 100 m and is rotated with an angular velocity of 0.3 radians per second. 

  (i) 
Which side of a "room" at the rim is the floor?

  (ii) 
What is the artificial gravity produced at the rim?

2.
The wire is 1.5 m long has a mass of 7.5 kg fixed to its end and can withstand a maximum tension of 1000 N. What is the maximum angular velocity and period of rotation with which the wire and mass can be spun round in a horizontal circle without the wire snapping? 

3.
Calculate the rate of rotation for a space station of radius 65 m so that astronauts at the outer edge experience artificial gravity equal to 9.8 m s-2. 

Answers and Worked Solutions

1. (i) 
The floor is the outer rim of the space station since it is this side that is pushing the astronaut out of a straight line path and towards the centre of the circle.
   (ii) 
a = g = 2r = 0.32 ( 100 = 9 m s-2
2. 
F = m2r and so  = ((Fr/m)

Angular velocity () = ((1000 ( 1.5 / 7.5) = 14.1 rad s-1
Period (T) = 2 /  = 2 / 14.1 = 0.45 s

3.  
Using a = g = v2/r we have a = g = 9.8 = v2/65 and so v = 25.2 m s-1. 

But T = 2πr/v and so T = 16.18 s giving the rotation rate (1/T) as 0.062 Hz.

External References

This activity is taken from Resourceful Physics http://resourcefulphysics.org/
TAP 225- 3: Verification of the equation for centripetal force using a whirling bung

Requirements

· string (about 1m)

· rubber bung with a hole to tie the string

· short length of glass tube (e.g. 10 cm, the ends must be fire polished)

· 10 g masses or washers

· balance

· metre rule
· stop clock or stopwatch

Set-up:

Tie a piece of string (length about 1 m) to a rubber bung and then thread it through a short length (10 cm) of glass tube. Fix a small weight (such as a few washers with a mass a little greater than the mass of the bung) to the lower end of the string. 

What to do:

· Whirl the bung round in a horizontal circle (radius approximately 80 cm) while holding the glass tube so that the radius of the bung’s orbit is constant.

(A mark on the string will help you see if the radius of the orbit remains the same).

· Measure the mass of the bung (m), the radius of the orbit (R) and the time for ten orbits (10 ( T).

· Calculate the period of the orbit and then work out centripetal force (F). Compare this value with the weight of the washers.

(The centripetal force should be equal to the weight of the washers. This will only be the case if the system is frictionless.)

· Make a systematic study, (fair test), to determine how F depends on m, R and period T.
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Wear safety spectacles

String can break and the bungs fly about.




TAP 225- 4: Verifying the equation for centripetal force


You will need:
· centripetal force apparatus

· power supply (0 – 12 V) rated at 6 or 8 A
· ruler

· stopwatch

· newton meter

· balance

· g clamps

· string

· safety screen

What to do:

Set up the apparatus as shown, clamping the rotating table firmly to the bench. Carefully increase the speed of the motor until the truck just touches the stop at the end of the track. Measure the rotation rate and use it to calculate the speed (v) of the truck in a circle of radius R.

Measure the mass of the truck and its load (m) and hence calculate the theoretical value of the centripetal force needed to keep it in the orbit at that speed. (Centripetal force = mv2/R)

Using a newton meter, measure the force needed to extend the spring by the amount needed for the truck to touch the end of the track. Compare your two values and comment on your findings.

Repeat the experiment for different values of the load in the truck.  The safety screen should be used to reduce the possibility of loose equipment flying towards students.

Safety
DO NOT ALLOW THE ROTATING TABLE TO TURN TOO FAST! 

Ensure that the motor used is set up correctly (with field coils and armature in parallel). Arrange safety screens between the rotating table and observers (i.e. teacher and class). Adjust the speed of rotation slowly so that masses are not thrown off the truck.
Plot a graph of the force in the newton meter against mv2. Use the graph to verify the equation for centripetal force.
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