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 ROTATING SYSTEMS

 Angular speed
Rotational motion is the term used when an object is spinning − the object is rotating 
about an axis that is inside itself. Angular speed is a measure of the rate at which a 
spinning object is rotating.

If an object is travelling in a line, its speed is measured as the number of metres 
it travels per second. When an object is spinning, it is not possible to describe its 
rotational motion in terms of linear speed, because different points on a spinning 
object travel at different linear speeds (the further out from the centre a point is, the faster it will be travelling). 
However, all points on a spinning object take exactly the same time to go through one complete revolution, 
regardless of how far they are from the centre. So, the speed of rotation can be measured in revolutions per 
second. In many physics equations, the angular measurement used is the radian, not the revolution.

Speed that is expressed in revolutions per second is called frequency, f.

Speed that is expressed in radians per second is called angular speed, ω.

There are 2π radians in one revolution, so an object that is spinning with frequency f, has angular velocity 
ω = 2πf.

The formula used to calculate angular velocity is similar to the formula for linear velocity:

linear velocity = 
linear displacement (distance)

time
v = 

d
t

angular velocity = 
angular displacement (angle)

time
ω = 

t

There is a connection between orbital motion, where the
orbiting object is remote from the centre of rotation, and 
rotational motion. For example, a child sitting at the edge of a 
spinning merry-go-round is orbiting about a centre of rotation, 
while the merry-go-round is rotating about the same axis. The 
speed of an orbital motion can be expressed as either a linear 
speed, or an angular speed.

Because of the close connection between orbital motion and 
rotational motion, the linear quantities of the orbital motion 
are mathematically linked to the rotational quantities of the 
rotational motion. The diagram on the following page shows
a disc rotating through angle θ, at angular speed ω. The marked
point moves at linear speed v, through a distance d, along a circular path of radius r.
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The angle θ is related to the distance d by: d = rθ

The angular velocity ω, is related to the linear speed v, by: v = rω

or: linear quantity = radius × rotational quantity

The radius in these equations is the radius of the circular path of the marked point, 
not the radius of the object.

 Angular speed
1. Preliminary question
 Telephone cable is wound around a spool and it takes a workman 45 s to reel off 80 m. The diameter of the 

spool and wound cable is 1.5 m. Assume this diameter does not change signifi cantly as the cable is reeled 
off.
a. Calculate the number of revolutions the spool turns through as the cable is reeled off.

b. Calculate the average angular speed of the spool.

c. Calculate the average linear speed of the cable as it reels off the spool.

Check that you understand the answers to this Preliminary question before carrying on.

2. An outboard motor is started by pulling a thin cord, of length 0.50 m, so that it travels at constant speed as it 
unwinds off the spool. The radius of the spool is 0.10 m and it takes 0.50 s to be pulled off.
a. Calculate the linear speed of the cord as it is being pulled off the spool.

b. Calculate the angular speed of the spool.

3. A ball, at the end of a cord of length 1.5 m, is being swung in a circle at a speed of 3.0 rev s–1.
a. Calculate the period of the ball’s motion.

b. Calculate the orbital speed of the ball.

c. Calculate the angular speed of the ball.

vr

d

Answers
p.  252
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4. A winch is pulling up a boat anchor from a depth of 31 m. It rotates at 1.2 revolutions s–1 and the rope is 
winding onto a spool of radius 25 cm.
a. Calculate the angular speed of the winch.

b. Calculate the initial linear speed of the rope.

c.  Calculate the time it takes to raise the anchor, assuming the ‘wound on’ rope does not signifi cantly 
change the radius of the spool.

d.  In practice, the radius of the spool will gradually increase, as more and more rope is wound on. If the 
speed of the winch stays constant, explain how this will affect the time it takes to raise the anchor.

 Angular acceleration
If the angular velocity of a spinning object is changing, the object has angular acceleration, α. Positive angular 
acceleration is when the angular velocity is increasing, negative angular acceleration is when the angular velocity 
is decreasing.

The formula for angular velocity is similar to the formula for linear velocity. Similarly, there are formulae for 
constant angular acceleration which are similar to the kinematic equations for constant linear acceleration.

Kinematic equations
Constant angular 

acceleration equations

 a = 
v
t

 α = 
t

 d = 
v  vi f

2
 t  θ = i f

2
 t

 vf = vi + at  ωf = ωi + αt

 vf
2 = vi

2 + 2ad  ωf
2 = ωi

2 + 2αθ

 d = vit + ½at2  θ = ωi t + ½αt2

The angular acceleration equations are simply the kinematic equations with their linear quantities replaced by the 
equivalent rotational quantity.

The linear quantities of distance and velocity are linked to their equivalent rotational quantities, angle and 
angular velocity, by the radius at which the linear motion takes place. Angular and linear acceleration are linked 
in the same way:

linear quantity = radius × rotational quantity ⇒ a = rα
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 Angular acceleration
1. Preliminary question
 A top has a thin cord, 0.25 m long, wrapped around an axle of diameter 1.0 cm. A boy 

makes the top spin by pulling the cord with a constant force. It takes 0.85 s for the cord 
to unwind.
a. Calculate the angle through which the top turns, while the cord is being pulled off.

b. Calculate the angular acceleration of the top.

c. Calculate the angular velocity of the top at the instant the cord comes off.

d. Calculate the frequency of the top at the instant the cord comes off.

Check that you understand the answers to this Preliminary question before carrying on.

2. A fl ywheel is a heavy rotating disc that resists changes to its angular velocity.
 A fl ywheel is rotating at 20 revolutions per second.

a. Calculate the angular speed of the fl ywheel.

b. The fl ywheel is brought to rest in 5.0 seconds.
i. Calculate the angular acceleration of the fl ywheel.

ii. Calculate the angle, in radians, the fl ywheel turns through while it is stopping.

iii. Calculate the number of revolutions made by the wheel while it is stopping.

3. The angular speed of the crankshaft in a car is increased from 1 200 revs per min to 3 000 revs per min, 
in 12 s.
a. Change both the initial and fi nal angular speeds in radians per second.

b. Calculate the average angular acceleration.

c. Calculate the angle, in radians, the crankshaft turns through while it is increasing its angular speed.

d. Calculate the number of revolutions the crankshaft makes during this time.

Answers
p.  252

flywheel
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4. A fl ywheel completes 40 revolutions as it slows down from an angular speed of 1.5 radians per second to a 
complete stop, with constant deceleration.
a. Calculate the angle, in radians, the fl ywheel turns through while it is slowing down.

b. Calculate the angular acceleration of the fl ywheel as it is slowing down.

c. Calculate the time it takes to come to rest.

5. A fl ywheel rotating at 201 revolutions per minute slows down at a constant rate of 2.00 rad s–2.
a. Calculate the angular speed of the fl ywheel before it starts to slow down.

b. Calculate the time required to stop the fl ywheel.

c. Calculate the angle the fl ywheel turns through while it is slowing down.

d. Calculate the number of revolutions it makes while it is slowing down.

 Torque
When a force is applied to an object, it causes linear acceleration. Torque is 
needed to give an object angular acceleration.

A torque is applied whenever a force acts on an object in a direction that is not 
through the point at which it could pivot. When an object is free to move in all 
directions, the pivot point is the centre of mass of the object. The size of a torque, 
τ, depends on the size of the force, and the perpendicular distance from the line of 
action of the force to the pivot point.

τ = Fr

In linear motion, the size of linear acceleration, a, depends on the size of the applied force, F, and the mass, 
m, of the object (F = ma). In rotational motion, the size of the angular acceleration, α, depends on the size of 
the applied torque, τ, and a quantity that can be thought of as the rotational equivalent of mass, called the 
rotational inertia, I, of the object.

τ = Iα

The unit of torque is the Nm.

Measuring rotational inertia
The rotational inertia of an object can be calculated by applying a known torque and measuring the angular 
acceleration of the object. The unit for rotational inertia is kg m2.

F

r

centre of mass
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 Torque
1. Preliminary question
 A 0.40 kg mass hangs from a thin, light cord that is wound around the rim 

of a stationary wheel, of radius 0.15 m. When it is released, the mass falls a 
distance of 2.8 m in a time of 1.1 s.
a. i. Calculate the linear acceleration of the mass.

ii. Calculate the unbalanced force that caused this acceleration.

b. Write an expression for the unbalanced force acting on the mass, and 
use it to calculate the tension force in the cord.

c. Calculate the torque that the tension force on the cord applies to the wheel.

d. Using the linear acceleration found in a., calculate the angular acceleration of the wheel.

e. Calculate the rotational inertia of the wheel.

f.  If the cord that is wound around the rim of the wheel is thick and heavy, explain how the thickness of 
the cord would affect the torque that is being applied to the wheel.

Check that you understand the answers to this Preliminary question before carrying on.

2. A grindstone (heavy wheel), of radius 0.18 m, is rotating at 10 revolutions per second 
about an axis through its centre. It is brought to rest in 25 s by applying pressure to the 
edge of the wheel. The frictional force between the pressure pad and the wheel is 1.4 N.
a. Calculate the torque acting on the grindstone.

b. Calculate the angular deceleration of the grindstone.

c. Calculate the rotational inertia of the grindstone.

0.4 kg 

FT

Fg

FT

Answers
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3. The rotational inertia of a solid fl ywheel, of radius 11 cm, is 0.12 kg m2. A force of 
20 N is applied to a rope wound round the circumference of the wheel. The force 
creates a torque on the fl ywheel and sets it in motion.
a. What is the name of the force that applies the torque to the fl ywheel?

b. Calculate the torque applied to the fl ywheel.

c. Calculate the angular acceleration of the fl ywheel.

4. A thin cord, of length 6.8 m, is coiled around the axle of a fl ywheel and pulled 
with a constant force of 40 N. This causes a torque, of 8.0 Nm, to be applied to 
the fl ywheel, making it turn. The rotational inertia of the fl ywheel is 1.5 kg m2.
a.  If τ = 8.0 Nm and F = 40 N are substituted into the formula τ = Fr, the 

radius can be calculated. Explain which radius, that of the wheel or the axle, 
is given by this calculation.

b. Calculate the angular acceleration of the wheel.

c. Calculate the angle, in radians, the fl ywheel turns through while the cord is unwinding.

d. Calculate the angular speed of the fl ywheel just after the cord has completely come off.

5. The diagram shows a pulley system, which has rotational inertia 4.0 kg m2. The 
inner radius is 0.25 m and the outer radius is 0.50 m. Block A has mass 25 kg. 
When the system is released, block A accelerates downwards at 2.0 m s–2.
a. Calculate the force causing the acceleration of block A.

b. Calculate the tension in the cord attached to block A.

c. Calculate the angular acceleration of the pulley system.

d. Calculate the upward acceleration of block B.

e. Calculate the unbalanced torque causing the angular acceleration.

f. Calculate the anticlockwise torque acting on the pulley.

g. Calculate the clockwise torque acting on the pulley.

20 N 

flywheel 

40 N 

flywheel 

B25 kg A
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h. Calculate the tension in the cord attached to block B.

i. Calculate the mass of block B.

 Rotational inertia
The word inertia is used in everyday language to mean ‘a reluctance to change’. Inertia has a similar meaning in 
physics. Mass can be called linear inertia because it measures how reluctant an object is to change its linear 
motion, because the greater the mass, the more force is needed to make it accelerate. Rotational inertia is a 
measure of how reluctant an object is to change its rotational motion.

The predictable nature of rotational inertia
The rotational inertia, I, of an object of mass, m, orbiting at a radius, r, can be found from 
I = mr2 (this is why rotational inertia has the unit kg m2).

Any spinning object can be imagined as a large (technically infi nite) number of sub-pieces, 
each having its own rotational inertia. The total rotational inertia of any spinning object is 
the sum of the individual rotational inertias of each of the orbiting sub-pieces. If the object has a regular shape, 
summing the individual rotational inertias gives a formula to calculate the rotational inertia of the spinning 
object.

The changing nature of rotational inertia
The size of the rotational inertia of a spinning object depends on its mass and the way the mass is distributed 
about the axis of rotation. The sub-pieces that are close to the axis of rotation have a small radius and so 
contribute less to the total rotational inertia. So, the more the mass is concentrated close to the axis of rotation, 
the smaller the rotational inertia. This means that different objects can have the same mass, but very different 
rotational inertia.

The diagram shows three cylinders of the same mass, each rotating 
about an axis through their core. Cylinders A and B have the same 
radius but A is hollow, so all of its mass is some distance away 
from the axis of rotation. Cylinder B is solid, so much of its mass 
is relatively close to the axis of rotation. This means that A has a 
much greater rotational inertia than B. Cylinder C is also solid, but 
C has a greater radius than B. Much of the mass of C is further 
from the axis of rotation than the outer radius of B, and so C has 
a greater rotational inertia than B.

The rotational inertia of an object also depends on which axis it is rotating about. 
The diagram shows cylinder B rotating about two different axes. The distribution 
of the mass around the axis, and therefore the rotational inertia of the cylinder, is 
different in each situation.

 

r

m

A B C

BB
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 Rotational inertia
1. Preliminary question
 A solid cylinder and a hollow cylinder (both having the same mass and radius) are 

allowed to roll down a slope.
a. For the cylinders to start rolling, there must be a torque acting on them. 
 Explain how the forces acting cause this torque.

b. Explain why the torque on each cylinder is the same size.

c. If they are both released at the same time, explain which cylinder will reach the bottom of the slope fi rst.

Check that you understand the answers to this Preliminary question before carrying on.

2. A 0.20 kg mass is connected to a 0.30 kg mass by a light connecting rod 0.20 m long. The rotational inertia 
of an orbiting object is found from I = mr2.
a. Calculate the rotational inertia of the system when it is rotating about:

i. the centre of the rod

ii. the 0.20 kg end of the rod.

b. The rod, with its masses attached, is tossed into the air.
i. About which point will it rotate, when it is allowed to rotate freely?

ii. Calculate the rotational inertia of the rod when it is allowed to rotate freely.

c. State the point of rotation about which an object is likely to have its least rotational inertia.

3. Two balls have the same size but one is hollow, the other is solid all through. They are made of different 
materials and have the same mass. They are both tossed into the air in a way that makes them rotate as well 
as translate. If the tossing technique applies the same torque to both balls for the same time, discuss which 
one will be rotating the fastest when it is released.

Answers
p.  253
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4. Tightrope walkers usually perform holding a long pole that sticks out 
either side of the tightrope they are walking on.
a. Explain why a long pole helps them balance as they walk along the 

tightrope.

b. Describe how the mass of this pole should be distributed for maximum effect.

5. When diving from a high diving board, divers often perform somersaults while in the air. The rotational 
inertia of the diver affects the number of rotations that can be done.
a. In order to perform the highest number of rotations, should a diver have high or low rotational inertia?

b. Explain what a diver can do to optimise their rotational inertia.

6. Imagine you are walking along a narrow ledge and feel yourself tipping over.
a. What action do you instinctively do to regain balance?

b. Explain why this action helps to regain your balance.

 Angular momentum
When an ice-skater wants to spin faster, both arms and legs must be pulled in towards the body. High-board 
divers who want to turn as many somersaults as possible while in the air, tuck themselves into as tight a ball as 
possible. In both cases this concentrates their mass as close as possible to their axis of rotation, making their 
rotational inertia as small as possible. The action of decreasing rotational inertia increases angular velocity.

Angular momentum, L, is the rotational equivalent of linear momentum. The formula for 
linear momentum is p = mv, and so, using equivalent rotational quantities, the formula 
for angular momentum is:

L = Iω

If the rotating object is moving in an orbit, I = mr2 and v = rω. This means that 
angular momentum for an orbiting object can be found from: 

L = mvr

The unit for angular momentum is developed from this formula; 
kg × m s–1 × m = kg m2 s–1
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Achievement Standard 91523 (Physics 3.3) 
 Waves – NCEA Level 2 Physics revision (page 1)
1. a. Amplitude.

b. By the pitch.

c.  Sound needs a medium to travel through. As there is a vacuum 
between Earth and the Sun, there is no medium through which 
the sound can travel.

d.  v = f λ , which means frequency and wavelength are inversely 
proportional; rising pitch means increasing frequency and so 
decreasing wavelength.

e.  Sound is a longitudinal wave, so the particles of the medium 
vibrate parallel to the direction of movement of the wave about 
a fi xed point.

f. Sound travels faster in a solid than in a gas, so the sound 
through the railway line will reach the workman fi rst.

g.  A sound wave is generated by a vibrating object creating a series 
of compressions and rarefactions of the medium, which is a 
sound wave.

2. a. v = f λ ⇒ λ = 
3.00 10
9.4 10

8

6
 = 31.915 = 32 m

b. f = 
1

T
 = 1

2.6 10 10
 = 3.846 × 109 = 3.8 × 109 s–1

c. v = fλ ⇒ f = 3.00 10
5.4 10

8

7
 = 5.556 × 1014 = 5.6 × 1014 s–1

d. v = fλ, f = 
1

T
 ⇒ v = 

T
 = 1.3

4.0 10 3
 = 325 = 330 m s–1

3. a.  Each turn of the spring will vibrate in a direction that is at right 
angles to the length of the spring.

b.  The vibrations of all the turns will have the same amplitude but 
each turn will reach a maximum displacement slightly later than 
the turn in front of it, and slightly before the turn before it.

4. a.  The displacements of the two pulses must be added at all 
positions in the medium.

b.

 Standing waves (page 5)

1. a. v = fλ ⇒ λ = 
340

85
 = 4.0 m

b. 4.0 m  Same as that of the travelling wave. 

c. i. An antinode.

ii.  At all times the individual wave displacements are such 
that the combination of their displacements results in zero 
displacement of the medium.

d. i.  The loudness of the sound changes as the amplitude of the 
vibration of the air molecules (the medium) changes. In a 

standing wave, each part of the medium vibrates with a 
different amplitude to the positions either side, and so, as 
the girl moves her position, she will experience the sound 
wave at different amplitudes.

ii. An antinode.

e.  In a standing wave, the amplitude of vibration of the medium 
stays constant at any position. As loudness depends on 
amplitude, the loudness also stays constant.

f.  In a travelling wave, all positions in the medium vibrate with the 
same amplitude, and hence the loudness does not change.

2. a. AE or BF.

b. Nodal: two of A, C and E; Antinodal: two of B, D and F.

c. In phase.

d. The turns between A and C are in phase with each other and 
have opposite phase with the turns between A and C.

e. At B and D, the turns have opposite phase (out of phase by 
180°). At B and F, the turns are in phase.

f. At A there is no energy change.  The medium is stationary.  
At B, the energy changes between kinetic and potential energy.

3. a. The same.

b. The standing wave has the sum of the amplitudes of the 
travelling waves.

c.  In a standing wave, each position vibrates with its own constant 
amplitude that varies between zero and maximum. In a travelling 
wave, all positions in the medium vibrate with the same 
amplitude.

d.  In a standing wave, within adjacent nodes, all positions in the 
medium vibrate in phase. In a travelling wave, each position 
in the medium lags the position in front and leads the position 
behind.

e.  In a standing wave, the energy does not move. In a travelling 
wave, energy is carried from one place to another in the direction 
of travel of the wave.

4. a.  The refl ected wave will have the same frequency as the incident 
wave and will be travelling in the opposite direction to it. 

   These are the conditions for a standing wave to be set up. 

b. Nodes.

c.  At the end wall, the wave has a node because the rigidity of the 
wall means the medium is not able to vibrate. As the miner is 
standing close to a node, the sound will be loud. 

  A position of no vibration is a node. 

d.

e. v = fλ, λ = 3.6 m ⇒ v = 95 × 3.6 = 342 = 340 m s–1

f.  If the frequency doubles the wavelength halves, and so the 
positions of maximum loudness would be half the distance apart.

loudness

distance (m)
1.0 2.0 3.0

 ANSWERS
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 Standing waves in strings and pipes (page 10)

1. a. i. 1
1
2

 λ = L ⇒ λ = 
L2
3

 = 
2 1.2

3
 = 0.80 m

ii. 2λ = L ⇒ λ = 
1
2

L = 0.60 m 

  There are 2 waves fi tted into the length L 

b. v = fλ, λ = 2L ⇒ v = 756 = 760 m s–1

c. i. f = 
v

 ⇒ f2 = 
756

1 2.
 = 630 Hz

ii. f3 = 
756

0 80.
 = 945 = 950 Hz

iii. f4 = 
756

0 60.
 = 1 260 = 1 300 Hz

d. i.  L is 1¼ wavelengths, and so  L = 
5

4
7  ⇒ λ7 = 

L4
5

 

  = 
4 × 1.2

5
 = 0.96 m

ii.  L = 1¾ wavelengths, and so  L = 
7

4
8  ⇒ λ8 = 

L4
7

 

 = 
4 × 1.2

7
 = 0.6857 = 0.69 m

e. i. f = 
v

 ⇒ f1 = 
756

4 × 1.2
 = 160 Hz

ii. f2 = 
3 × 756
4 × 1.2

 = 470 Hz

2. a.

b. i. 3
4
λ = 72 ⇒ λ = 96 cm

ii. λ = 72 cm

iii. 
1
4
λ = 72 ⇒ λ = 2.9 m

iv. 1
1
4
λ = 72 ⇒ λ = 58 cm

v. 1
1
2
λ = 72 ⇒ λ = 48 cm

vi. 2λ = 72 ⇒ λ = 36 cm

vii. 2
1
4
λ = 72 ⇒ λ = 32 cm

3. a. 
1
4
λ = L ⇒ λ = 0.84 m

b. i. 

ii. 1
3
4
λ = L ⇒ λ = 0.12 m

iii. v = fλ = 5.5 × 0.12 = 0.66 m s–1

c. v = fλ ⇒ f = 
0.66
0.84

 = 0.7857 = 0.79 s–1

d. 
3
4
λ = L ⇒ λ = 0.28 m, v = fλ ⇒ f = 0.66

0.28
 = 2.357 = 2.4 s–1

4. a. A node.

b. An antinode.

c. 

d. λ = L = 2 m

e. v = fλ ⇒ f = 
1 250

2
 = 625 s–1

5. a.

v. vi. vii.iv.iii.ii.i.

i.           ii.           iii.           iv. 

b. i. 1λ = 0.500 ⇒ f = 
340

0 500.
 = 680 s–1

ii. 
3
4
λ = 0.500 ⇒ f = 

340 3

4 0.500
 = 510 s–1

iii. 2λ = 0.500 ⇒ f = 
340 2

0.500
 = 1 360 s–1

iv. 1
3
4
λ = 0.500 ⇒ f = 

340 7

4 0.500
 = 1 190 s–1

 Musical instruments (page 15)

1. a. i. 

 λfund = 2L ⇒ f0 = v
L2

ii. 1st 

  λ1st = L ⇒ f1 = 
v
L
 = v

L
2

2
 = 2 × f0 

 2nd

 λ2nd = 
L2

3
 ⇒ f2 = 

v
L

3

2
 = 3 × f0

b. i. 

 λfund = 2L ⇒ f0 = 
v
L2

ii. 1st 

 λ1st = L ⇒ f1 = 
v
L

 = 
v
L

2

2
 = 2 × f0

 2nd

 λ2nd = 
L2

3
 ⇒ f2 = 

v
L

3

2
 = 3 × f0

c. i. 

  λfund = 4L ⇒ ffund = 
v
L4

ii. 1st

 λ1st = 
L4

3
 ⇒ f1 = 

v
L

3

4
 = 3 × f0

 2nd

 λ2nd = 
L4

5
 ⇒ f2 = 

v
L

5

4
 = 5 × f0

d.  The harmonic number of a standing wave is the number of times 
its frequency is greater than the frequency of the 1st harmonic. 
In a closed pipe there is no wave that has twice, or 4 times 
or 6 times, etc., the frequency of the 1st harmonic so these 
harmonics do not exist.

2. a. 2λ in L ⇒ λ = 1
2

 × 4.0 = 2.0 m

b. 2½ λ in L ⇒ λ = 
2
5
 × 1.2 = 0.48 m

c. ¾ λ in L ⇒ λ = 
4
3

 × 1.5 = 2.0 m  2nd harmonic does not exist. 
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