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MODULE 3: WAVES AND THERMODYNAMICS

Wave motion involves the transfer of energy without the transfer of matter. By exploring the behaviour of wave motion and examining the characteristics of wavelength, frequency, period, velocity and amplitude, students further their understanding of the properties of waves. They are then able to demonstrate how waves can be reflected, refracted, diffracted and superposed (interfered) and to develop an understanding that not all waves require a medium for their propagation. Students examine mechanical waves and electromagnetic waves, including their similarities and differences.

Students also examine energy and its transfer, in the form of heat, from one place to another. Thermodynamics is the study of the relationship between energy, work, temperature and matter. Understanding this relationship allows students to appreciate particle motion within objects. Students can examine how hot objects lose energy in three ways: first, by conduction and second, by convection – both of which involve the motion of particles; and third, by the emission of electromagnetic radiation. An understanding of thermodynamics is a pathway to understanding related concepts in many fields involving Science, Technology, Engineering and Mathematics (STEM).

Do the Waves Pre-test on the Module 3 webpage to test your current knowledge.


WAVE PROPERTIES

Inquiry Question: What are the properties of all waves and wave motion?


Wave Types
A wave transports energy from one point in space to another.  Waves do not move matter.

Waves can transfer energy in one, two or three dimensions.  A wave travelling along a rope is said to be one dimensional, because the energy is transferred in one direction only along the rope. Surface waves generated by throwing a stone into a still pool of water are two dimensional, since the energy is transferred in two directions (length & breadth) across the plane represented by the surface of the water.  The sound waves from the siren on a Fire Engine are three dimensional, since the energy is transferred in three directions (length, breadth & height) through the air.

There are two main categories of waves: mechanical and electromagnetic.  Mechanical waves are those that require a physical medium (substance – air, water, metal, etc) through which to travel eg sound waves, water waves, earthquake waves etc.  Electromagnetic waves require no medium through which to travel and thus can travel through a vacuum eg light, radio waves, gamma rays etc.  In this Module we will study both categories of waves.

Mechanical Waves
There are three types of mechanical waves: Transverse, Longitudinal (or Compression) and Torsional.

Transverse Waves
These are waves in which the particles of the medium through which the waves are travelling vibrate at right angles to the direction of travel of the wave motion.  Eg a wave travelling on a rope, water waves on the surface of a lake, S-waves of an earthquake.




Longitudinal Waves
These are waves in which the particles of the medium vibrate parallel to and anti-parallel to the direction of motion of the waves.  Eg sound waves and P-waves of an earthquake.  These waves are also called compression waves.





Torsional Waves
These are waves in which the particles of the medium twist clockwise and anticlockwise about the direction of motion of the waves.  Certain types of earthquake waves (not P or S waves) are torsional.  Torsional waves are not part of the current syllabus but are mentioned here for completeness.

Wave Terminology
Consider the following two graphs of the same transverse wave motion:






In diagram (a) above:

· The y-axis = displacement, the distance of a particle from its equilibrium position
· The x-axis represents distance from a specified point within the medium.  A displacement-distance graph shows the displacement of all particles of the medium at one instant in time.  
· A = amplitude, the maximum displacement from equilibrium of any particle
· Crest and trough are the points of maximum displacement from equilibrium above and below equilibrium position respectively.
·  = wavelength, the distance between two consecutive identical points on the wave eg between two crests or two troughs, as shown above.
· v = velocity, the speed with which the energy is being transferred in the direction of motion.

In diagram (b) above:

· The y-axis = displacement, the distance of a particle from its equilibrium position
· The t-axis = time.  A displacement-time graph shows the displacement of one particle of the medium as time goes by.
· A = amplitude, the maximum displacement from equilibrium of any particle
· T = period, the time in seconds for one complete cycle of a wave to pass a given point, or the time for any particle to make one complete vibration.

Another important term not shown in the diagrams can be calculated from diagram (b).  This is the frequency, f, which is the number of complete cycles of a wave that pass a given point in one second or the number of complete vibrations in one second undergone by any particle due to the passing wave.  Frequency has units of s-1 or hertz (Hz).
T = 1 / f

Clearly, T and f are reciprocals of one another and so:


Since a wave will advance one wavelength in a time of one period and since velocity is defined as the displacement of a particle per unit time, we have:

Velocity, v = displacement/time = f . , since T = 1 / f.
V = f . 

So, we have that:			Units of v are m/s or ms-1.



Consider the following representation of a continuous longitudinal wave:




Note that the term compression is used to denote any area where particles of the medium have moved closer together than when they are at equilibrium.  The term rarefaction refers to any area where particles of the medium have moved further apart.

Another way to represent longitudinal waves is to draw several consecutive particles of the medium in their equilibrium positions and then draw these same particles at various times after the wave has begun to move.  In the case below, several particles are shown at equilibrium before the wave has moved through and again a little later after the wave has begun to move.

Note that by definition the amplitude, A, of the longitudinal wave is the maximum displacement from equilibrium of any of the particles.  Likewise, the wavelength is the distance between any two consecutive, identical points on the wave, in this case the centre to centre distance between two consecutive compressions.  Clearly then, the centres of compressions and rarefactions are equally spaced along the wave.






Practical Demonstrations and Experiments
When introducing Wave Motion to a group for the first time, I always start with a demonstration using long, tightly-coiled springs and slinkies.  I get a student to assist & demonstrate transverse wave motion with the tightly-coiled, long spring – pulses and waves.  I use the slinky to demonstrate longitudinal and torsional waves.  Each time a new concept in wave motion is introduced that can be shown using these simple pieces of equipment, I do another demo.  So, before doing waves in open and closed pipes, I demonstrate what happens to waves at boundaries – fixed end and loose end – what is the difference in the reflected waves – using the long, tightly-coiled spring.  When we do standing waves, it is again best to demonstrate this first using the long, tightly-coiled spring.  These days there are also many very good online videos showing the characteristics of wave motion.  The physical demonstrations in the classroom or laboratory are essential.

Examples of Transverse and Longitudinal Waves
The following diagrams and videos are provided to facilitate your understanding of transverse and longitudinal waves.
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(a) Longitudinal & (b) Transverse Waves - Diagram From: Wikimedia Commons


https://www.youtube.com/watch?v=aCu4VRKMstA – GCSE Physics video explaining both transverse and longitudinal waves.

Transverse and Compression Waves Class Labs - YouTube - Students using a large slinky to learn about transverse waves and compression waves.

https://phet.colorado.edu/sims/html/wave-on-a-string/latest/wave-on-a-string_en.html - Phet of transverse wave motion – you can adjust features of the motion.

https://www.youtube.com/watch?v=iT4KAc0Ag1E – slinky demo both types
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Three Ways of Studying Longitudinal Waves Produced by a Speaker
Diagram From: Wikimedia Commons


https://www.youtube.com/watch?v=f66syH8B9D8 – excellent coloured-bar representation of longitudinal wave motion.  You can stop the animation at any time to view the motions of individual particles.  Very helpful for understanding this type of wave motion.

https://www.youtube.com/watch?v=Bcqp6t4ybxU – Demo of longitudinal wave motion using a wave generator – very good.


Role of the Medium in the Propagation of Mechanical Waves
As mentioned earlier, mechanical waves are those which require a medium (material) for propagation.  A wave forms in a medium when sufficient energy is introduced to the medium to disturb it from its equilibrium state.  This energy then propagates through the medium as a wave.

The particles of the medium vibrate around their equilibrium positions and, after the wave has passed, the particles move back to the same places they occupied before they were disturbed.  There is no bulk transfer of particles from one place to another.

Energy is lost, due to frictional forces, over the course of the wave transmission through the medium.  As a result, the waves have less energy and thus a smaller amplitude the further they travel from the source.

In a wave pulse, the medium is displaced away from equilibrium at any position only for a short time when the pulse is passing.  In a continuous wave disturbance called a periodic wave the displacement of the atoms varies sinusoidally both as a function of space and time.

The properties of a medium that support the propagation of a mechanical wave include:

· Medium should be isotropic: The properties of the medium should be the same in all directions.
· Elasticity: The medium should have elasticity so that the particles return to their original positions after being displaced.
· Inertia: This allows the particles to store kinetic energy.
· Minimum Friction: So that the particles oscillate and the wave travels for a sufficiently long time and distance.


Electromagnetic Waves
You will recall that we said the two basic categories of waves are mechanical and electromagnetic.  Let us now say a little about the latter.  Electromagnetic radiation consists of waves of energy that are caused by the acceleration of charged particles. Electromagnetic waves (or radiation) consist of electric and magnetic fields vibrating transversely and sinusoidally at right angles to each other and to the direction of travel of the waves.  EM waves require no medium through which to travel and thus can travel through a vacuum.  In free space all EM waves move with the same speed 3 x 108 ms-1.  They slow down when travelling in any physical medium apart from a vacuum.  See animation below.
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Diagram From: Wikimedia Commons - And1mu, CC BY-SA 4.0 
The wide range of wavelengths (and corresponding frequencies) over which EM waves exist in nature is called the electromagnetic spectrum.  This spectrum is as shown below.
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Diagram From: Wikimedia Commons

The cut-off wavelengths or frequencies for each of the different types of EM radiation are not precise.  There is some overlap.  Some types of EM radiation can be further broken down into sub-types.  The radio wave band of the spectrum contains the AM radio communications band at its higher wavelength end, followed by the TV band and then the radar and microwave bands at the lower wavelength end.  The very narrow visible light band contains all the visible colours: red, orange, yellow, green, blue, indigo and violet, in order from higher to lower wavelength.  The visible light band occupies the wavelengths between about 720 nm (red end) and 380 nm (violet end).

Do Worksheet 1 on the Module 3 webpage.

WAVE BEHAVIOUR

Inquiry Question: How do waves behave?


The Principle of Superposition of Waves
One of the most powerful effects for waves is superposition.  If two or more waves pass through the same medium at the same time, the total displacement of any point is simply the algebraic sum of the individual displacements.  This effect of one wave on another is called interference.

Examine the example below.  Note that in all the graphs that follow in this section, the horizontal axis represents time and the vertical axis represents displacement of particles of the medium from their equilibrium positions.
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Graphs 1 & 2 represent two transverse waves of equal wavelength and frequency passing through the same medium simultaneously.  Wave 2 has twice the amplitude of wave 1.  Wave 3 represents the resultant wave produced by adding the individual displacements of waves 1 & 2 at each point.  In interference terms waves 1 & 2 have interfered constructively to produce wave 3.

In the example below, Graphs 1 & 2 represent two transverse waves of equal wavelength, frequency and amplitude passing through the same medium simultaneously.  Note that at all points in the medium the two waves interfere with each other destructively.  The result is a series of nodes (points of zero displacement) (Graph 3).

[image: ]2
3
1


Wave Phase
· If particles on a wave are moving in the same way at the same time they are said to be in phase.

· If particles on a wave are moving in opposite directions and at the same speed at the same time, they are said to be exactly out of phase.  Such particles are said to be π radians out of phase or 180º out of phase.

· Phase difference, denoted Df, is usually given in radians and is a measure of the angular difference between two points on a similar sine curve.  Study the explanatory sine wave below.

If you have not yet come across radian measure in Maths, please see Appendix C on page 94 of these notes for an explanation – and remember the advice on the front of The Hitchhiker’s Guide to the Galaxy – Don’t Panic.


 

In the diagram above, the following phase relationships exist:

A and E are in phase.  They move completely in synchronization with each other.  We say the phase difference between A and E is zero or 2π radians (or 360º)

A and D are π radians (180º) out of phase.  When A is a crest, D is a trough and vice versa.  We say the phase difference between A and D is π radians (or 180º)

C and F are in phase.  Phase difference = zero or 2π radians.

C and D have a phase difference of π/2 radians (or 90º)

B and C have a phase difference of π/4 radians (or 45º)

· 

Transverse Stationary Waves
When wave trains are superposed, complex resultant waves are produced.  Since the component waves are periodic, the resultant waves are periodic also.  One type of periodic resultant wave is called a stationary or standing wave.

Stationary waves are the resultant of two progressive wave trains:
· travelling in opposite directions;
· with the same speed;
· of equal wavelength; and
· of equal amplitude.

Such waves, which have stationary points called nodes, may be produced in vibrating stretched strings, where the component waves are reflected at the fixed ends.  The two wave trains which have the required properties for the formation of standing waves are the incident and reflected waves.  To determine how the shape of the resultant wave alters, it is necessary to plot the resultant of the two component waves at various successive instants.

Examine the displacement v’s distance graphs on the next page.

The red and blue transverse waves are travelling in opposite directions through the same medium at the same time.  They are moving at the same speed.  They are of equal wavelength and amplitude.  They will therefore create a standing wave.  To an observer, the surface of the medium would appear to move as shown by the resultant black wave.  This resultant shape is shown at intervals of T/8 seconds, where T is the period of the wave motion.

Note that in the top diagram (t = 0), the blue and red waves coincide exactly – they are in phase (their phase difference is zero) and only the red wave is shown.  The blue wave occupies the same space at the same time.  So, the two crests of the component waves coincide with each other as do the two troughs.  Therefore, the resultant wave has double the amplitude of each component wave.

As we move down the page to the other diagrams, the phase relationship between the red and blue waves changes and the resultant wave adopts the shape decided by the superposition of each component wave.  Note in the third diagram down the page, the diagram for t = ¼ T, that the red and blue waves are π radians out of phase and therefore the two component waves add together to cancel each other exactly.  The surface of the medium (black wave) appears flat.

Spend some time thoroughly examining these graphs.  Check that they make sense to you.  Check that the sum of the red & blue wave displacements at a point does equal the displacement of the black resultant wave.

Also, notice that if you track down the page through each graph at x = 3 m or 6 m or 9 m or 12 m or 15 m, the displacement of the resultant wave is zero.  These points are called nodes and do not move at all throughout the entire motion.  The distance between successive nodes is half a wavelength.  The points at x = 1.5 m, 4.5 m, 7.5 m, 10.5 m & 13.5 m are called antinodes and are points which experience maximum displacement from equilibrium.  There is half a wavelength between antinodes.
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Diagram From: Wikimedia Commons




It is also good to see a demo of a standing wave in the lab.  Your teacher should do this for you or better still allow you the time to do it for yourself.  As a second-best option, here is an applet you can play with for yourself.  Stop the image at various times to observe the interplay between the component waves that produces the resultant standing wave.  Obviously, if you print this page, this diagram may not appear in its entirety.
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Diagram From: Wikimedia Commons - Lucas Vieira, Public domain, via Wikimedia Commons


Difference Between Progressive and Standing Waves
So, in a standing wave, energy is not transferred in a net sense from one place to another.  It is stored in the medium – component waves carry equal energy in opposite directions continuously.  In real situations of course, there is always energy leakage to the atoms of the medium and surroundings, so energy is eventually depleted, and the wave stops.

In a progressive or travelling wave energy is transferred from one place to another.


Behaviour of Waves at a Boundary
A change in the nature of the medium through which a wave is travelling is called a discontinuity and the point or surface where that discontinuity begins is called a boundary.  At every boundary, the wave undergoes absorption, reflection and transmission.

Let us consider a rope with a fixed end and one with an end that is free to move.

Reflection
In diagram (a) on the next page, a pulse is sent along a rope from left to right.  It strikes a fixed boundary at the right-hand side and is reflected.  Note that the reflected pulse has been turned upside down by reflection at the fixed boundary.  The reflected pulse that returns to the left is π radians out of phase with the incident pulse.

In diagram (b), a pulse is again sent along a rope from left to right.  It strikes a boundary that is free to move at the right-hand side and is reflected.  Note that the reflected pulse remains the same way up as the incident pulse.  The reflected pulse is in phase with the incident pulse.  There is no phase change.



So, in summary, reflection of a wave at a fixed boundary results in a π phase change.  Reflection of a wave at a boundary free to move with the wave motion, results in no phase change on reflection.  This knowledge becomes very important for understanding reflection and transmission of light waves in thin films applied to surfaces to enhance various properties of the surface (eg non-reflective films on camera lenses).

Let us now examine reflection and transmission as it occurs at a boundary between a light rope (less dense) and a heavy rope (more dense).  Diagram From: Wikimedia Commons
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In diagram (a), when the incident wave pulse in the heavy rope hits the boundary, some of it is transmitted and some reflected.  (Some is also absorbed and therefore lost from the total energy of the pulse.)  Note that the boundary from heavy to light rope acts like a free end and the reflected pulse is same way up as the incident pulse.  The reflected pulse has smaller amplitude but same velocity as incident pulse.  The pulse transmitted across the boundary into the light rope is same way up as the incident pulse and has a higher velocity and amplitude than the reflected pulse due to the less dense nature of the light rope.

In diagram (b), when the incident wave pulse in the light rope hits the boundary, some of it is transmitted and some reflected.  (Some is also absorbed as before.)  Note that the boundary from light to heavy rope acts like a fixed end and the reflected pulse is π phase changed.  The reflected pulse has smaller amplitude but same velocity as incident pulse.  The pulse transmitted across the boundary into the heavy rope is same way up as the incident pulse and has a lower velocity and amplitude than the reflected pulse due to the more dense nature or the heavy rope.

Wavefronts and Rays
Imagine that some water waves are moving across a smooth water surface.  We can represent those waves by drawing lines across the top of the crests.  Such lines that join points of equal phase are called wavefronts.  The direction of the waves can be shown by drawing a line at right angles to the wavefronts and placing an arrow on the head of the line to point in the direction of travel.  Such a line is called a ray.





Laws of Reflection
When waves impinge upon a reflective surface, the reflected waves obey the following laws of reflection:

1. The angle of incidence always equals the angle of reflection.

2. The incident ray, the normal and the reflected ray are all in the same plane.

Study the following two diagrams showing reflection of waves.
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Ray Diagram of Reflection - Diagram From: Wikimedia Commons

Note that:

1. The normal is a line perpendicular to the surface at the point where reflection is occurring.

2. The angle of incidence is always the angle from the normal to the incident ray.

3. The angle of reflection is always the angle from the normal to the reflected ray.
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Wavefronts reflecting - Diagram From: Wikimedia Commons

The two laws of reflection apply not only to reflection at a plane surface but also to reflection from curved surfaces.  The problem in this case is to draw the normal correctly.  The normal is always perpendicular to the tangent to the curved surface at the point in question.  The normal will be the line drawn from the centre of the curved surface, C in the diagrams below, to the point where reflection is occurring.

[image: Diagram, engineering drawing

Description automatically generated]

Diagram From: Wikimedia Commons


Refraction
When waves pass from one medium to another, they often change velocity eg when water waves come from deep to shallow water, they slow down; or when light travels through air and then enters glass or water, it slows down.  When waves change velocity, there is often an associated change in direction.  This change in direction due to a change in velocity is called refraction.

Let us outline how the change in velocity that a wavefront experiences as it passes across the boundary between two media of different optical densities causes the wavefront to change its direction of travel and therefore bend.  Consider the following diagram that shows a single plane wavefront striking the boundary between two media at point W.






Wavefront WY strikes the boundary and moves into a medium in which its velocity is reduced.  From W, the wavefront travels to X in the same time as Y takes to reach the boundary.  Since WX < YZ, clearly WY cannot be parallel to XZ.  The change in velocity of the wavefront has caused the wavefront to bend.

We will return to study the refraction of light waves in more detail later in this module.

Diffraction
Diffraction is the name given to the phenomenon where waves spread out as they pass through an aperture or around the edges of an obstacle.





Diffraction occurs when the size of the aperture or obstacle is of the same order of magnitude as the wavelength of the incident wave.  A gap width much larger than the wavelength causes little spreading eg light waves passing through a doorway do not produce diffraction.  The wavelength is unchanged after diffraction.

Natural Frequencies and Resonance
A medium that has its opposite ends fixed is referred to as a bounded medium.  Examples would include a violin string, a drumhead, a fibre optic cable, the air in a closed room, the water in a dam and so on.

Any bounded system which is forced to vibrate will do so at certain frequencies only.  These frequencies are called the natural frequencies of the system.  Natural frequencies depend on the size and shape of the system concerned.  For example, if several different tins are struck with a hammer, a different note will be heard from each.  If you blow across the end of an open tube which is either open or closed at the other end, a particular note will be heard; the frequency of the note may be changed by blowing harder; this corresponds to a change to another mode of vibration of the air in the tube.

Standing waves will form in a bounded system when energy is fed into the system at a natural frequency of the system.  This frequency is called the driving frequency.  If energy is fed into a system at the driving frequency, the system will vibrate strongly and the amplitude may become extremely large.  This condition is called resonance.

Transfer and Transformation of Energy in Resonance
Mechanical resonators work by transferring energy repeatedly from kinetic to potential and back again. In the pendulum, for example, all the energy is stored as gravitational potential energy when the bob is instantaneously motionless at the top of its swing.  This energy is then transformed into kinetic energy as the pendulum moves back toward the centre of its motion, reaching maximum kinetic energy at the centre.  Then, as the pendulum climbs to its maximum height above the centre, the kinetic energy is transformed into gravitational potential energy once again.
Perhaps the most familiar example of resonance in everyday life is swinging on a playground swing.  The first push or pump transfers energy from your hands to the swing and sets the swing in motion.  Each subsequent push or pump is delivered at just the right time to increase the amplitude of swing.  In other words, you supply the energy to the system at the driving frequency of the swing.  If you continue pushing or pumping at the driving frequency over a period of time, the swing will gradually go higher and higher.  As the swing moves backward and forward in its pendulum motion, the energy you are transferring to the system is transformed from gravitational potential energy to kinetic energy and back again.  You will notice too, that once resonance has been achieved and the swing is in full motion, only a very small force applied at the driving frequency is needed to keep the amplitude increasing.
If resonance continues for too long, the amplitude of the system may exceed the ability of the system to restore itself safely to equilibrium.  The swing for instance may go right around the top of the frame – not pleasant for the person on the swing.  The Tacoma Bridge Collapse of 1940 is often used as an example of the destructive ability of resonance.  Strictly speaking the bridge collapsed because of aeroelastic flutter (beyond this syllabus) caused by a 68 km/h wind.  This is a little more complicated than simple resonance, but resonance could well have played a part. The bridge collapse had lasting effects on science and engineering and is worth watching – see video below.
https://www.youtube.com/watch?v=XggxeuFDaDU


SOUND WAVES

Inquiry Question: What evidence suggests that sound is a mechanical wave?


Sound Waves
Sound is a measurable physical phenomenon and an important stimulus to humans.  It forms a major means of communication in the form of spoken language and both natural and human-made sounds contribute greatly to our environment.  The physics of waves can be used to successfully describe and explain the phenomenon of sound.

All sound waves are produced by the vibrations of particles in a medium and are therefore mechanical waves.  For instance, in order to speak, we must exhale air over vibrating vocal cords in our larynx.  The vocal cords force the air particles to vibrate in the form of a longitudinal wave and this wave moves from our throat, out through our mouth and strikes the ear drum of the person to whom we are speaking.  The eardrum is forced to vibrate with the same frequency as the longitudinal wave and these vibrations are interpreted by the brain as speech.  The human ear can perceive vibrations with frequencies between about 20 Hz and 20,000 Hz.

Sound waves are longitudinal waves.  As such, all sound waves require a medium through which to travel.  An excellent experiment which shows that sound cannot travel through a vacuum is the very simple Year 7 demonstration of an electric bell ringing in a bell jar, which is then gradually evacuated of air.  As the air in the jar thins out, the sound of the bell becomes less audible.  Once a good vacuum has been achieved in the jar, the electric bell can be seen ringing – the striker is hitting the bell – but no sound is audible from the jar.

Whatever the medium, sound waves progress as a series of compressions (high pressure regions) and rarefactions (low pressure regions) produced by the original vibrating source.  When a tuning fork is struck with a rubber hammer, the prongs of the tuning fork initially move towards each other.  This produces a compression of the air molecules between the prongs and a corresponding rarefaction outside the prongs.  As the prongs move apart, a rarefaction is produced between them and a compression outside them.  See diagram below.  As this motion continues, the air molecules vibrate with the same frequency as the tuning fork and transfer sound energy from the tuning fork to the listener via a series of collisions.  The air molecules themselves do not undergo any net movement but vibrate about their equilibrium positions.
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Diagram From: Wikimedia Commons


The following diagram shows a sound wave produced by a speaker.  Note the longitudinal nature of the wave and the areas of low and high pressure (low and high density) of air molecules.
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Pressure & Density Variations in Longitudinal Waves Produced by a Speaker
Diagram From: Wikimedia Commons



We can represent all longitudinal waves graphically as either a displacement wave or a pressure wave.  A mathematical treatment shows that the displacement wave is a quarter of a wavelength (90º) out of phase with the pressure wave.  Hence, where the pressure is a maximum (compression) or minimum (rarefaction), the displacement from equilibrium is zero; and where the pressure variation is zero, the displacement is a maximum or minimum.

Study the excellent animation below.  In the top animation we see a longitudinal standing wave set up in the air inside a pipe which is closed at one end.  In the pipe, three particles have been coloured red to show the extremes of the motion.  One of those red particles does not move at all.  It is located at a displacement node, a location where the amplitude of the displacement is always zero.

The two other animations show the relationship between longitudinal displacement and pressure for this longitudinal wave.  The labels are a little hard to read – the longitudinal displacement versus distance is the middle animation & the pressure versus distance is the last animation.  The 90º phase difference between the two is quite clear.  In the displacement versus distance animation, remember that the actual particle displacement is from left to right.  Regions where the graph becomes positive represent regions where the particles are displaced from their equilibrium locations toward the right, in the positive x-direction. Regions where the graph becomes negative represent regions where the particles are displaced from their equilibrium positions toward the left, in the negative x-direction. Locations where the particle displacement graph is always zero correspond to the displacement nodes.
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		Diagram From: Wikimedia Commons - Animation courtesy of Dr
                        Dan Russell, Grad. Prog. Acoustics, Penn State – Additional
                        information about using this content is available at
                        http://www.acs.psu.edu/drussell/Demos/copyright.html

https://www.acs.psu.edu/drussell/demos/standingwaves/standingwaves.html 


Drawing Longitudinal Waves
It is usually more difficult to draw a longitudinal wave than a transverse one.  This is because for a longitudinal wave, the particle displacements lie in the same direction as the wave travels.  So, it is often convenient to represent such a wave as a transverse wave equivalent, as in the middle animation above.  This is accomplished by simply using a vertical axis to represent the longitudinal displacements of the particles from equilibrium.  Longitudinal displacements to the right are represented as vertical displacements upwards.  Longitudinal displacements to the left are represented as vertical displacements downwards.

In the diagram that follows, a longitudinal wave and its transverse wave equivalent are shown together.  The numbers at the top indicate the longitudinal displacements (in cm) of the particles from their indicated rest positions at an instant in time.  Minus means to the left, plus to the right.  The numbers at the bottom indicate the corresponding vertical displacements (in cm) used to produce the transverse wave equivalent.  Minus means down, plus means up.  The compression and rarefaction centres of the longitudinal wave occur at positions of zero displacement of the particles and therefore correspond to the zero displacement points of the transverse wave.  The points on the longitudinal wave where the particle displacement from equilibrium is maximum, correspond to the crests and troughs of the transverse wave equivalent.





A Comment
I have on occasions had to adjudicate arguments between students as to whether crests and troughs of transverse waves correspond to compressions and rarefactions of longitudinal waves or not.  Just to clarify this point – it depends on the context, that is, whether we are talking about displacement or pressure.

If you are drawing the transverse wave equivalent of a longitudinal wave (displacement versus distance), then the answer is no.  As is obvious from above, the compression and rarefaction centres of the longitudinal wave occur at positions of zero displacement of the particles and therefore correspond to the zero displacement points of the transverse wave equivalent.

However, if you are plotting the values of density or pressure in the longitudinal wave versus distance, you will produce a sine wave and the crests and troughs of this wave will correspond to the compressions and rarefactions respectively of the longitudinal wave.  This should be clear from the diagram on page 21 and the animations on page 22.


Some Important Sound Terms
The pitch of a sound (how high or low it is) is our ear's response to the frequency of sound.  The pitch of a sound depends on its frequency.  The higher the frequency, the higher the pitch.  For a sound or note of specific frequency, like that produced by a tuning fork, the pitch is the same as the frequency.  However, for a complex sound such as a chord played on a piano, the pitch is not so easily defined.  It can no longer be taken as identical to the frequency of the sound since the sound contains several nearly equal amplitude waves of various frequencies.

The intensity, I, of a sound wave is defined as the average power, P, transferred across unit area, A, perpendicular to the direction of energy flow.


  

This is equivalent to saying that the intensity of a sound wave is the average amount of energy flowing per second through an area of one square meter at right angles to the direction of travel of the wave.  As sound spreads out in three dimensions as a sphere of radius r, we can write the second expression above for I.

The SI unit of sound intensity is the Wm-2.

Example question:
The acoustic power of a note played by a trumpet is 1.5 x 10-5 W.  If this sound passes through an open window of 0.5 m2 area, what is the intensity of the sound heard by a listener at the window?

Solution:


  


The intensity of a sound wave is proportional to the square of the wave amplitude.  We could derive a formula relating intensity and amplitude but this is more complex than required by this syllabus.

As sound spreads out from its source, the intensity, I, reduces as the inverse square of the distance, d, from the source.
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Clearly, doubling the distance from a source of sound will decrease the intensity fourfold.  Halving the distance to a source of sound will quadruple the intensity.

Example question: 
The sound intensity 1 m from a source is 5.0 x 10-3 Wm-2.  Determine the intensity of this sound 10 m from the source.

Solution:


  

The human ear can detect sound over a very large range of intensities, varying from 10-12 Wm-2 to more than 100 Wm-2.  Hence, it is more convenient to use a simplified measuring scale when talking about sound intensity or loudness.

Sound intensity level is measured by taking the logarithm to base 10 of the ratio of the intensity of the measured sound, I, to the intensity of the softest sound which can just be heard by the human ear, I0.  Sound intensity level is expressed in decibel (dB).  The sound intensity level, in decibels, is given by:


  
where I0 = 10-12 Wm-2 

Normal conversation is around 60 dB.  A lawn mower is about 80 dB.  A jackhammer is about 90 dB.  A 747-jet taking off is around 140 dB.  The Australian WHS standard sets 85 dB of workplace noise, daily or weekly exposure, as the level at which employers must provide workers with hearing protection.




Example question:
A euphonium plays at a sound level of 75 dB.  Three more euphonium players join in.  If each instrument is producing the same sound intensity as the first one, determine the sound intensity level of all four instruments playing together.

Solution:


  


The loudness of a sound also depends upon the amplitude squared of the wave that produces it.  The greater the amplitude, the louder the note, because more energy is used to produce a larger amplitude.  The relationship between loudness and amplitude, however, is not a simple one.  Loudness is not the same as intensity.  Loudness depends on the intensity of the sound, the frequency and the sensitivity of the ear of the listener, that is, the effect of changing air pressure on the eardrum.  The loudness of a sound is therefore a subjective measurement – different people would say different things about how loud a particular sound is to them.  The term volume is sometimes used instead of loudness.

Whenever we hear a sound, particularly a musical sound, we are aware of its loudness, its pitch and also a third aspect called its timbre (pronounced tam.buh) or quality.  For example, when a piano and then a violin play a note of the same loudness and pitch (say, middle C), there is a clear difference in the overall sound.  We do not mistake a piano for a violin.  That is what we mean by the timbre or quality of a sound.  For musical instruments, the term tone colour is also used.


Velocity of Sound Waves
Given the wavelength and frequency of a sound wave, we can use v = f l to calculate the velocity of the wave.  Sound travels at around 331.5 m/s in dry air at 0º C.  The speed of sound varies with temperature and from substance to substance.  The speed of sound depends upon how close together the particles of the medium are and the elastic properties of the medium. The more easily that collisions between particles can occur (the process that transfers kinetic energy), the faster a sound wave can travel through the medium.  Typically, sound travels fastest in solids, slower in liquids and slowest in gases.

Your teacher may show you a demonstration of a microphone connected to a cathode ray oscilloscope (CRO).  This instrument can be used to display your voice pattern as a transverse amplitude-time graph.  Several smart phone apps will do the same.
The Principle of Superposition for Sound Waves
As you would expect from our previous work, when two or more sound waves travel through the same medium at the same time, they interfere with each other.
When sound sources of different frequencies, wavelengths and amplitudes interfere, the result is just noise.  When the waves have the same frequencies and wavelengths the effects produced are more interesting, as we shall see in our studies of standing waves on strings and in pipes.  To allow complete destructive interference, the amplitudes of the component waves must also be the same.
In the special case below, where the two waves have slightly different frequencies, beats are produced.
[image: ]The two interfering waves travelling in the same direction have been drawn to a different scale than the resultant wave, shown below.  This complex waveform (below) represents a beat – a periodic fluctuation in sound intensity or loudness.  The graph clearly shows a gradual increase in loudness up to a maximum followed by a gradual decrease to zero.  The pattern then repeats.  The audible beat frequency is the difference between the frequencies of the interfering waves.

Fb = | f2 – f1 |

[image: ]

A practical demonstration of this phenomenon is very easy and is essential for full understanding.  View the You Tube video below that shows the production of beats: https://www.youtube.com/watch?v=yia8spG8OmA 



Reflection and Diffraction of Sound Waves
As is the case for all waves, sound waves undergo reflection and diffraction.

Reflection of Sound Waves
When a sound wave meets a boundary between two media, it undergoes reflection, absorption and transmission to varying degrees depending on the nature of the new medium.  The reflection of sound follows the same laws as the reflection of other waves.  When a sound wave travelling in a medium of lower density, strikes the boundary with a medium of higher density, the reflected wave does not undergo a p phase change.  A compression is reflected as a compression and a rarefaction is reflected as a rarefaction.

An echo is a simple example of the reflection of sound waves.  There are many locations around Australia which are excellent for producing echoes.  The Blue Mountains in NSW has several places where echoes can be heard very clearly.  The traditional method to test for an echo is to shout “Coo-ee” and wait.

The time difference between the original sound and the reflected sound must be a minimum 0.1 second for you to hear the echo.  Since sound travels at around 343 m/s in air at 20º C, your initial shout of “Coo-ee” and the surface reflecting the sound must be at least 17 metres apart for you to hear the echo.  Do the calculation and check that this is correct.

Reflection of sound can be used to measure the depth of water at sea by finding the time it takes for an emitted sound to be reflected from the sea floor.  These ultrasonic (> 20,000 Hz) pulses and reflections are called sonar – SOund Navigation And Ranging.  The depth of the water is half the distance travelled by the sound wave in the time between emission of the pulse and detection of the reflected pulse.
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Ultrasonic sound waves have shorter wavelengths than audible sound and therefore suffer less diffraction (spreading).  This allows these waves to detect much smaller objects than audible sound waves could detect.  Computers can be used to generate a map of the sea floor or whatever else the waves are directed at.

Ultrasound is used in many applications in medicine, industry, science and engineering.  In medicine for example, ultrasound can detect tumours, fluid pockets, lesions, the action of heart valves, the development of a foetus and so on.  In industry, it shows up flaws in metal, it detects levels of materials stored in tanks, it is used in the welding of plastics and metals, it is used to clean materials and in many other ways.  Sound reflection is an essential tool in many aspects of our modern world.

Reflection of sound can lead to a phenomenon called reverberation.  Reverberation is a persistence of sound after the sound is produced.  A reverberation is created when a sound or signal is reflected causing numerous reflections to build up and then decay as the sound is absorbed by the surfaces in the space, which could include furniture, people, and air.  This is most noticeable when the sound source stops but the reflections continue, their amplitude decreasing, until zero is reached.
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Reverberation is frequency dependent: the length of the decay, or reverberation time, receives special consideration in the architectural design of spaces such as concert halls or recording studios which need to have specific reverberation times to achieve optimum performance for their intended activity.  The walls of recording studios are usually built out of parallel to reduce reflections.  Sound-absorbing material and soft surfaces are often used to reduce unwanted reflections in rooms.  Using such materials, the reflected sound will decay much quicker and the listener will thus receive only the original sound.  Porous materials such as mineral wool and fiberglass are examples of such absorbents.

Diffraction of Sound Waves
As we know, diffraction is the name given to the phenomenon where waves spread out as they pass through an aperture or around the edges of an obstacle.  That sound can diffract is obvious.  We experience the diffraction of sound every day – we can hear conversations around corners; we can hear music playing in an upstairs room through the open window.
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As we know also, the human ear can perceive sounds with frequencies between about 20 Hz and 20,000 Hz.  So, using v = f l and knowing that at 20º C, v = 343 m/s, we can determine that audible sound waves have wavelengths of between about 17 m and 1.7 cm respectively.  It is therefore no surprise that sound waves diffract rather well in our everyday world.  In our everyday world the size of obstacles and apertures is of the same order as the wavelength of sound waves in many cases.

The degree of diffraction that occurs depends upon the wavelength of the sound. Sounds with wavelengths that are short compared to the width of the gap or obstacle show very little diffraction, with only slight bending of the waves.  Sound waves with wavelengths similar to or longer than the obstacle or gap they encounter are diffracted more significantly.  So, lower frequencies (longer wavelengths) of sound tend to diffract more than higher frequencies.
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Notice in the diagrams above, as the wavelength gets closer to the size of the aperture, the diffraction becomes more obvious.

Modes of Vibration – Harmonics and Overtones – Resonance in Strings
When a stretched string is set vibrating at one of its natural frequencies, resonance is achieved in the string.  Only certain resultant shapes are possible because the ends of the string are fixed.  As we know from our work on standing waves, stationary points in a wave motion are called nodes.  The stationary waves that occur in stretched strings are the resultant waves formed by progressive waves which reflect at the fixed ends.  The first few modes of vibration in a stretched string are illustrated below.
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In each diagram above the red and blue waves show the extremities of each mode of vibration and the black line is the equilibrium position of the stretched string.  The lowest frequency mode of vibration is called the fundamental mode of vibration.  As you can see, it occurs when a half a wavelength fits onto the stretched string.  If the velocity of the wave is v, the fundamental frequency will be:


 				  

where L = length of stretched string.

The fundamental mode of vibration is also often called the 1st harmonic mode of vibration and each successive mode is referred to as the 2nd harmonic, 3rd harmonic and so on.  On a stretched string, each successive harmonic corresponds to an extra half a wavelength being added to the string.  So for 1st harmonic, L = l/2, for 2nd harmonic, L = 2l/2, for 3rd harmonic, L = 3l/2 and so on.
Just to complicate things, we need to be aware that there is an alternate naming convention that is often used.  In this convention, the lowest frequency mode is called the fundamental tone, and each successive mode is referred to as an overtone – 1st overtone, 2nd overtone and so on.  The number of the overtone corresponds to the number of nodes between the ends.

So, for a stretched string, we can name the possible modes of vibration either as fundamental (1st harmonic), 2nd harmonic, 3rd harmonic and so on or the fundamental tone, 1st overtone, 2nd overtone and so on.  Clearly, the 2nd harmonic mode is the same as the 1st overtone mode of vibration.  The 3rd harmonic is the same as the 2nd overtone.  We will mainly use the harmonic naming system in this module.  The beauty of using harmonics is that the kth harmonic, has a frequency of k times the fundamental frequency.

Thus, having determined the frequency of the 1st harmonic above, it is now easy to state the frequencies of other harmonics in terms of L, the length of the string.

	Mode of Vibration
	Wavelength (m)
	Frequency (Hz)

	1st harmonic
	2L
	



	2nd harmonic
	L
	
  


	3rd harmonic
	⅔ L
	
  


	4th harmonic
	½ L
	
  


	nth harmonic, n = 1, 2, 3, …….
	

	






Many musical instruments are based on the vibration of stretched strings – violin, guitar, electric bass, viola, cello, double bass, banjo, mandolin, ukulele, and harp to name just a few.  During the various modes of vibration of the strings in these instruments, the strings strike the air particles around them and set them vibrating at the same frequency as the strings.  Some of the energy of the transverse standing waves on the strings is transferred to the air particles, producing longitudinal sound waves.  It is these sound waves, upon reaching our eardrums, that the brain interprets as sound of particular pitch, loudness and timbre.  Music is a beautiful thing.



Frequency of Fundamental
The frequency of the fundamental mode, fF, of a stretched string depends on:

· The length of the vibrating string, L;
· The tension in the string, T;
· The mass per unit length of the string, µ.



  

The diagram below shows a sonometer, an instrument which can be used to test the proportionality relationships shown above for a stretched wire.  It is used in combination with a set of tuning forks of different frequencies.  The tuning forks are used to set up resonance in the wire between the bridges (labelled wedges below).  A tuning fork is set vibrating and the stem is then placed in contact with the wood of the sonometer between the bridges.  Once the length of wire between the bridges is right, the wire resonates in sympathy with the tuning fork at the same frequency.
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So, the gap between the bridges is changed until resonance of the wire is achieved.  A small, light piece of paper folded into a V-shape and placed upside down in the middle of the wire helps identify when resonance has been achieved in the wire.  At resonance, the wire is vibrating strongly enough to shake the paper off the wire.  Alternately, someone with a good musical ear could tell you when the note sounded by the tuning fork is the same as that produced by plucking the wire in the middle.  Once resonance is achieved, distance measurements then determine the resonant length of the wire.  Repeating the process with tuning forks of different frequency can then test the relationship between resonant frequency and length of wire.

Have a think about how you would graph the data set obtained from this experiment.  What are the independent and dependent variables?  What graph would be appropriate to show that resonant frequency is proportional to the inverse of the resonant length?

With suitable experimental methods, the sonometer can be used to demonstrate or test the other two proportionality relationships mentioned above.


Vibration of Air Columns in Pipes
The wave motion that produces sound in many wind instruments is longitudinal stationary.  In such instruments a column of air in a pipe is set vibrating in a longitudinal wave motion.  The particles of air in the column move antiparallel and parallel to the direction of travel of the energy carried by the wave motion.  Just as for stretched strings, many modes of vibration are possible in air columns.  During these various modes of vibration some of the energy of the longitudinal standing waves is transferred to the air particles surrounding the instruments, producing longitudinal sound waves which carry the energy to our eardrums for subsequent interpretation by our brain.

There are two types of air column we need to consider.

· Open pipes – these are pipes that are open at both ends.

· Closed pipes – these are open at one end and closed at the other.

We will now consider the modes of vibration that are possible in each type of pipe.  Note that we will consider the displacement-distance description of the longitudinal waves rather than the pressure (or density)-distance description.  Most textbooks follow this convention, but some choose to use the pressure-distance description.  In such textbooks, the diagrams of the standing waves in the pipes will look different to what follows due to the fact that the pressure-distance wave is always 90º out of phase with the displacement-distance wave – and sadly, not many of these texts will point out that distinction, leaving students confused at the two seemingly different presentations.

Note also, that although the air particles in the pipes are vibrating in longitudinal fashion, antiparallel and parallel to the direction of travel of the energy carried by the wave motion, we will consider the transverse wave equivalents to the actual longitudinal waves producing the sound.  This makes our descriptions easier to understand.

In all vibrating air columns in pipes (using the displacement-distance description):

· Antinodes occur at open ends.
· Nodes occur at closed ends.
· Distance between nodes is half a wavelength (l/2)
Many musical instruments are made from pipes.  Such instruments are known as wind instruments.  A flute, for instance, is a single pipe in which the effective length can be changed by opening one of several holes in the pipe.  In a trombone, the effective length is changed by sliding a tube in or out.  In a pipe organ, in contrast, many different pipes, of fixed length, are used, with each pipe having a different fundamental frequency.  The connection between all of these instruments is that the effective length of the tube determines the sound the pipe makes.

Resonance in Closed Pipes
Study the diagrams below showing the air column in a closed pipe resonating at its natural frequencies.  The fundamental mode of vibration (1st harmonic) occurs when ¼ of a wavelength fits into the pipe, so L = l/4 and l = 4L.  The closed end creates a node because the air particles cannot vibrate left to right there.  There is an antinode at the open end – air particles oscillate left to right with maximum displacement there.
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Clearly, the fundamental frequency in a closed pipe is:   , where L is the length of the pipe and v is the velocity of sound in air.  

The 1st overtone frequency occurs when another half a wavelength fits into the pipe, making the total amount of the wave in the pipe ¾ of a wavelength and the frequency works out to be 3 times the fundamental.  That is, the first frequency above the fundamental that is possible in a closed pipe is the third harmonic.  It soon becomes clear that only odd harmonics can be present in closed pipes.

Just as an aside, if we were considering resonance in closed pipes from the perspective of the pressure wave, we would say that there is a pressure antinode at the closed end, since that is where the pressure variation is maximum above and below ambient pressure, as compressions are reflected as compressions and rarefactions are reflected as rarefactions from the closed end.  We would also say there is a pressure node at the open end since there is no pressure variation at the open end.

Example Question
The velocity of sound is 330 m/s.  What is the length of a closed pipe which produces a note of fundamental frequency 220 Hz?

Solution


  


Resonance in Open Pipes
Study the diagrams on the next page showing the air column in an open pipe resonating at its natural frequencies.  The fundamental mode of vibration (1st harmonic) occurs when ½ of a wavelength fits into the pipe, so L = l/2 and l = 2L.  There is an antinode at each open end – air particles oscillate left to right with maximum displacement there. There is a node halfway along the tube.


Clearly, the fundamental frequency in an open pipe is:   , where L is the length of the pipe and v is the velocity of sound in air.  This is the same formula as we had for the fundamental frequency of a stretched string.

The 1st overtone frequency occurs when another half a wavelength fits into the pipe, making the total amount of the wave in the pipe a full wavelength and the frequency works out to be 2 times the fundamental.  That is, the first frequency above the fundamental that is possible in an open pipe is the second harmonic.  It soon becomes clear that all harmonics can be present in open pipes.
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Example Question
An open organ pipe produces a note of frequency 660 Hz as its 2nd harmonic.  What is the length of the pipe if the velocity of sound is 330 m/s?

Solution


  

It is worth a look at these Khan Academy videos on standing waves in open and closed pipes.

End Correction
We have said that the open end of a pipe is the location of an antinode.  In reality, some sound energy escapes at each reflection from the open end and is radiated to the atmosphere in the form of spherical waves.  The air beyond the open end of the pipe is in vibration and the effective length of the pipe is greater than the actual length.  This slight difference of the effective length from the measured length of the tube is called the end correction and can be experimentally determined very easily if necessary.  You will note in some questions in some textbooks, the question will include a statement to the effect of – ignore the end correction.  I mention end correction here for completeness.  It is not mentioned in this Stage 6 syllabus.


The Doppler Effect of Sound
When a source of sound moves toward an observer, the pitch the observer hears is higher than when the source is at rest.  Likewise, when a source of sound moves away from an observer, the pitch the observer hears is lower than when the source is at rest.  Think of a siren on a police car, ambulance or firetruck.  As the siren comes toward you, the pitch is higher than when the siren recedes from you.  This phenomenon of the change in observed frequency of a sound due to relative motion of the source and observer is called the Doppler Effect.  It occurs with all types of waves, not just sound.
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Consider the diagram above of an ambulance sounding its siren.  This emits a sound of particular frequency is all directions.  The sound waves (blue lines) are moving with the speed of sound in air, v, which is independent of the velocity of the source or observer.

If the ambulance was at rest, spherical sound waves would move away from the ambulance symmetrically.  When the ambulance moves, the siren emits the same frequency as it does at rest but the sound wavefronts it emits forward, in front of it, are closer together than when the ambulance was at rest.  This is because the ambulance, as it moves, is catching up to the previously emitted wavefronts, and emits each crest closer to the previous one.  Thus, an observer in front of the ambulance will detect more wavefronts passing per second, than when the ambulance was at rest.  The observer hears a higher frequency when the ambulance siren moves toward him.

The wavefronts emitted behind the ambulance are further apart than when the ambulance was at rest because the ambulance is moving away from them.  The observer behind the ambulance hears fewer wavefronts per second than she did when the ambulance was at rest.  She hears a lower frequency.





Consider a stationary source as shown above emitting a sound of frequency f and velocity v.  An observer travels toward the source with a velocity v0.

Let the frequency as heard by the observer be f0.

Due to the observer’s velocity toward the source of sound, the number of extra wavefronts heard per second is v0 / l.


  

It is slightly more work to apply a mathematical analysis to the case where the observer is stationary and the source of sound moves toward him or her with velocity vs (see Appendix A, p.88, if interested).  This results in the following formula for the observed frequency, f0.


  


For convenience of memory, we can write the Doppler Effect equations for observed frequency as one single equation.


  

To get the signs right, recall that the frequency is higher when observer and source approach each other.  Thus, the upper signs in the numerator and denominator apply if source and/or observer move toward each other; the lower signs apply if they are moving apart.


Example Question

A train emits a whistle of frequency 300 Hz.  What will be the frequency heard by a stationary observer when the train is travelling at a speed of 22.0 m/s (a) towards and (b) away from the observer?  Take the speed of sound in air as 340 m/s.



Solution


 

The Doppler Effect is an extremely important physical phenomenon.  The Doppler effect is used to measure the velocity of objects where a radar beam is fired at a moving target.  The Doppler effect is of intense interest to astronomers who use the information about the shift in frequency of electromagnetic waves produced by moving stars in our galaxy and beyond to derive information about those stars and galaxies.  The Doppler Effect of light requires a different formula to those used above.  We will come back to this phenomenon in Modules 7 & 8.


RAY MODEL OF LIGHT

Inquiry Question: What properties can be demonstrated when using the ray model of light?


Optics and the Ray Model of Light
Optics is the branch of physics that studies the behaviour and properties of light.  All light travels in straight lines.  In optics, therefore, it is often convenient to use vectors to indicate the direction in which light is travelling and to study the interactions of light with matter.

A ray is an idealized model of how light moves.  A ray is a line that is perpendicular to the wavefronts of the light, and that points in the direction of energy flow.  Light can be described very effectively by the ray model of light, where a vector indicates the direction in which the wave front is moving.  The wave model of light, where the wave has a characteristic wavelength, velocity and frequency, gives us another perspective on how light moves and interacts with matter.  Each model has particular advantages when it comes to describing the many different features and interactions of light.

You may like to review the notes on pages 7-8 on EM Waves and the notes on pages 15-18 on Reflection and Refraction of Waves.



         Diagram of a ray

Reflection of Light
The laws of reflection as stated on pages 15 to 17 in these notes, will not be re-stated here.  The only further comment required is to stress that when EM waves reflect from a plane surface, they may suffer a  phase change.
On reflection from a plane surface EM waves undergo a 180o or  phase change, if they strike the plane surface from the side of lower optical density (eg light travelling in air & reflecting off glass).  That is, a crest striking the surface is reflected as a trough.  Likewise, a trough becomes a crest.  As we know, this does not happen with sound waves.  For instance, a compression striking a plane surface is reflected as a compression.
Examples of the use of reflection of EM waves are many.  Reflection of short-wave radio waves by the ionosphere and the internal reflection of light through optical fibres are two obvious ones.  Another example is that of Radar (RAdio Direction And Ranging) for locating distant objects by the reflection of microwaves.
Other examples of the application of reflection include:
· A plane mirror – usually consists of a coating of metallic silver at the back of a flat sheet of glass.  Reflections from this surface produce images of objects in front of the mirror.  These images are called virtual images, since the rays of light reaching our eyes do not actually come from the point where we see the image.  See Diagram (a) below.
· Parabolic reflectors – are parabolic concave mirrors that focus parallel beams of light at a single point.  They are used in solar furnaces, reflecting telescopes, car headlights and many other applications.  See Diagram (b) below.
· Diverging mirrors – these are convex mirrors and cause parallel beams of light to spread apart.  The image is always upright and smaller than the object, which allows the observer to see a wide-angle view.  They are used to help people see “around corners” in driveways and shops and as rear-view mirrors on trucks and buses.  See Diagram (c) below.



	





We will study the reflections of light from mirrors in more detail later.

Refraction of Light
Doubtless we have all seen examples of the light bending properties of water.  Recall from your junior secondary school Science practicals, the experiment where a ruler is placed in a beaker of water and appears to bend upwards.  The end of the ruler in the water appears to be higher in the water than it actually is.  The reason for this is that the light reflecting from the end of the ruler bends down towards the water surface as it passes from water to air.  When it enters our eyes, the light appears to have come from a position in the water above the actual position of the end of the ruler.

This bending of light rays as they pass from one medium to another is called refraction.  For the rest of this section, we will use light as an example of EM waves.  The velocity of light in a medium depends on the optical density of the medium.  The higher the optical density, the lower the velocity of light.  Water is more optically dense than air and so the velocity of light in water is lower than its value in air.  It is this difference in the velocity of light in different media that causes the light to bend as it passes across the boundary between two media.

In the following diagram two wavefronts (lines of crests) of light are shown travelling towards the boundary between two media of different optical density.  Their direction is shown by the ray (arrowed line) at right angles to the wavefronts.  The waves have a velocity v1 in medium 1 and a velocity v2 in medium 2.  Note that we will assume that the density of medium 1 is less than that of medium 2 and therefore that v1 > v2.  The waves strike the boundary at an angle of incidence i, measured as always from the normal to the incident ray.  As the waves move across into medium 2, they slow down and therefore their direction changes.  As indicated by the ray, the waves bend towards the normal and are transmitted into medium 2 with an angle of refraction r, measured from the normal to the refracted ray.






Notice also that because the velocity has decreased as the waves pass from medium 1 to medium 2, so too has the wavelength.  This happens because the frequency of a wave remains the same as it passes across the boundary between two media.  Therefore, from v = f , since v decreases and f remains constant, must decrease.

The relationship between the velocities of light in the two media and the angles of incidence and refraction is given by Snell’s Law:









[bookmark: _Hlk75435801]It can be shown that the ratio of the velocity of the wave in medium 1 to the velocity of the wave in medium 2 is a constant.  This constant is called the relative refractive index for waves travelling from medium 1 into medium 2 and is a measure of the amount of bending of the waves that occurs as the waves move from medium 1 into medium 2.

Every material has a specific refractive index (n) value.  This is called the absolute refractive index of the material and is defined as the index of refraction of light going from a vacuum into the medium in question.  A more complete statement of Snell’s Law can then be written as:


  



Where   = the relative refractive index for waves moving from medium 1 into medium 2, n1 = the absolute refractive index of medium 1 and n2 = the absolute refractive index of medium 2.  The extra expression for l1/l2 has been added since for constant frequency,   .  Note too, that a more common symbol used in Physics for refractive index is  - we have used n in accordance with the syllabus.

Example Question
A ray of light travelling through the air, strikes the surface of a lake and enters the water.  If the angle of incidence is 50º, determine the angle of refraction.  Assume that the refractive index of air is 1.0 and that the refractive index of water is 1.3.

Solution




  

Comment – Always draw a quick diagram & label it – especially with which medium is medium 1 and which is medium 2.  This helps avoid making silly mistakes.




A couple of further comments are probably useful.  If you know the relative refractive index of light passing from medium 1 to medium 2, then the refractive index for light going the other way is the reciprocal of this value.


  

As mentioned above, the absolute refractive index of a material and is defined as the index of refraction of light going from a vacuum into the medium in question.  Therefore, we can write:


 			 

where c = speed of light in medium 1, that is, a vacuum and vm = velocity of light in medium 2, the material in question.

Example Question
The speed of light in flint glass is 61% of its speed in a vacuum.  Determine the absolute refractive index of flint glass.

Solution




  

Absolute refractive index of flint glass is 1.6.




Critical Angle and Total Internal Reflection
Consider a ray of light coming from water into air, as shown in the diagram over the page.

If the light ray hits the boundary between the water and the air at 90º, it will pass across undeflected.  At angles other than 90º, it will be refracted and as the angle of incidence increases, so too does the angle of refraction.  Finally, an angle of incidence called the critical angle, ic, is reached at which the refracted light ray travels directly along the boundary between the two media (r = 90º).  At angles of incidence greater than the critical angle, the light ray is totally internally reflected.  In other words, it remains trapped inside the medium in which it is travelling.  Such a situation can only occur when light is travelling from a more dense to a less dense medium.


In the diagram above:
i = r
a = b


Mathematically:


  

Example Question
Fused silica has a refractive index of 1.46.  Calculate its critical angle.  Describe the subsequent paths of rays of light incident internally on the surface of the fused silica at angles of incidence (a) 35º and (b) 65º.

Solution



Draw a simple diagram.

  


Always remember that light rays bend toward the normal when passing from a less dense to a more dense medium.  If they go the other way, from a more dense to a less dense medium they bend away from the normal.


Dispersion of Light
In some media, the speed of a wave depends on its frequency.  Such a medium is called a dispersive medium.

Thus, when a wave consisting of components of different frequencies passes into a dispersive medium, the components are refracted at different angles, according to their frequencies.  This “splitting-up” is called dispersion.



In the diagram above, a light wave consisting of two frequencies, f1 & f2, where f1 < f2, is incident on the boundary between a non-dispersive medium (eg air) and a dispersive medium (eg glass).  On entering the dispersive medium each frequency travels at a different speed, the higher the frequency, the slower the speed in the medium and therefore the larger the deviation from the original path.  Be careful when describing dispersion.  Note that the higher frequency that suffers the larger deviation from its original path, has the smaller angle of refraction, since the angle of refraction is measured from the normal to the refracted ray.  Take a good look at this.

In the diagram above, since f2 > f1, f2 deviates most from its original path and has the lower angle of refraction.  To relate this to colours of the spectrum, f2 could be blue light and f1 red light.

Dispersion occurs when the frequency of the waves is similar to the natural vibration frequency of the medium.  Light waves travelling through transparent solids and liquids exhibit dispersion.  Glass for instance is a dispersive medium for light.

Let us examine an example of the dispersion of white light by a triangular glass prism.
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As the ray of white light enters the prism, it slows down and refracts toward the normal, with each component frequency travelling at a different speed.  The normal to the surface at the point where the white light strikes the prism is not shown but it is easy to imagine it there, sitting at right angles to the glass surface.  Clearly, the angle of refraction for red light is greater than that for violet.  Red light deviates from its original path less than violet light.  On reaching the other side of the prism, each frequency again undergoes refraction as it moves from the glass back into the air.  Each ray refracts away from the normal to the surface.  The glass prism has successfully broken the white light up into its component colours – its spectrum.  This is an example of the dispersion of light.

Of course, we have many rays refracting and dispersing.  We see bands of each colour, as below.  Remember from junior science that ROY G BIV is a useful mnemonic for remembering the order of the spectrum.
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Let us consider a ray diagram of what is probably the most well-known example of dispersion of light in nature – the rainbow.
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As you watch raindrops fall, with the Sun behind you, a rainbow will sometimes be seen.  The rainbow forms due to refraction, dispersion and reflection of light inside spherical water droplets.  As white light from the Sun enters a raindrop, it refracts and undergoes dispersion, splitting the white light into its spectrum.  Each frequency of light is then partially reflected from the back surface of the raindrop.  These reflected rays are then refracted again on leaving the drop.  As shown in the following diagram, red light emerges from the drop at an angle of 42° to its original direction (indicated by the grey line, parallel to the rays from the Sun).  Violet light emerges at an angle of about 40° to its original direction.  (Don’t get confused, the red light is still bent the least by refraction.  That is why it makes a higher angle with its original direction than does violet.  See the previous diagram.)
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So, for a given observer, drops higher in the sky deliver red light to the observer’s eye and drops lower down deliver violet light to the eye of the observer.  The total effect from the huge number of drops is the rainbow, with red on the top and violet on the bottom of the bow.

Quite often, it is also possible to see another less intense rainbow above the primary rainbow.  This phenomenon is called a double rainbow and is produced by light being partially reflected twice inside the raindrop before being refracted on leaving the drop.  The net effect is that the colours are reversed in the second rainbow and we see violet on top and red on the bottom of the bow.

Please take care – do not say that the reflection of light off the back of the raindrop is “total” internal reflection – it is not – if it were, no light would emerge from the drop and no rainbow would be seen.  Also, you can find online sites that claim that dispersion of light is the same phenomenon as scattering of light.  Again, this is not true.  Dispersion and scattering are two different physical phenomena.
You might like to read an interesting article about whether indigo really belongs as a colour of the spectrum of white light.


Intensity of Light
The luminosity, L, of a light source is the amount of light energy produced by the light source each second.  It is measured in joules per second (J/s) or watts (W).  Luminosity is also called luminous power.  As the light energy leaves its source, it spreads outwards in a sphere of increasing radius.  

The intensity, I, of a light source is a quantitative measure of the effective brightness of the light source and considers the luminosity of the source and the area over which that light energy is distributed.  Thus, the intensity, I, of the source is given by:


  

where d = distance from the source in metres.  I is measured in Wm-2.

Note: Don’t call I, luminous intensity – this has a more complex definition and is measured in candela.  In this syllabus we are dealing with the simple definition of intensity, I, as given above.

Note that this is the same inverse square law that we found earlier for sound.  As we move away from a light source, the decrease in intensity is inversely proportional to the square of our distance from the source.  




See the diagram below.




Clearly if you double your distance from a light source, you quarter the intensity of the observed light.  If you halve your distance from a light source, you quadruple the intensity of the observed light.

So, if you wish to compare the intensity of light from a source at two points distant r1 and r2 from the source, we have:


  


Example Question
Two 100 watt lights are placed 90 cm apart on a flat surface.  Where should an opaque screen be placed between them so that the intensity on one side of the screen is four times the intensity on the other.

Solution

Draw a diagram.




  

Ray Diagrams for Reflection from Plane and Spherical Mirrors

Plane Mirrors
We are all used to looking in plane mirrors.  A plane mirror is one with a smooth, flat reflecting surface.  Study the diagram below of an image formed by a plane mirror of an object sitting in front of the mirror.  Rays of light from a source of illumination, the sun, internal room lighting, strike the object and reflect into the mirror.  If your eyes are in the right spot in front of the mirror, you will be able to see an image of the object reflected in the mirror.  The laws of reflection are obeyed in each reflection.




As you can see above, the light reflects from the mirror into your eyes.  For clarity, we are only considering light rays from the top of the object here but light rays from every point on the object are also reflecting from the mirror into your eyes.

Your eyes trace the light back along a straight-line path and see an image of the object behind the surface of the mirror.  Such an image is called a virtual image.  The image appears to be behind the mirror but if you placed a piece of paper or some photographic film at that point, the image would not appear on the paper or the film.  The image of the top of the object appears to be the same distance behind the mirror as the top of the object is in front of it.  We also see the height of the image of the object as the same height as the object itself.
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In Diagram (a) on the previous page, the woman can see her entire virtual image in the mirror.  The ray from the top of her head is striking the top of the mirror and the ray from her feet is striking the bottom of the mirror’s reflecting surface.  In diagram (b) we see the situation if the woman was looking at her identical twin directly, with no mirror.  A common question to ask is how long does a mirror, like the one above, have to be to enable a person to see the image of their whole body?

Let us draw a ray diagram of this situation.  We will represent the woman by the line HF, H being the top of her head and F her feet.  E represents the level of her eyes.  TB represents the mirror.  FG is the flat, horizontal ground on which the woman is standing.   The rays taking light from the woman’s feet to her eyes, create two identical angles FBM & MBE since the angle of incidence must equal the angle of reflection.  Thus, DFBM is congruent to DMBE (by ASA test).  So MF = ME.  As EMBK is a rectangle, ME = BK.





We can make a similar argument for DETX & DXTH, to determine that XE = XH and then that EX = KT.

The height of the woman is (FM + ME + EX + XH).
The height of the mirror is (BK + KT) which is the same as (ME + EX).

We note that (ME + EX) = ½ (FM + ME + EX + XH).
The mirror is half the height of the woman.

So, a properly positioned mirror that is one half your height, is sufficient to enable you to see an image of your entire body in a plane mirror.

The ray model of light is often referred to as geometric optics because we use the geometry of straight-line rays at various angles to describe and explain the physical world.

Describing Images in Mirrors
There is an agreed convention when describing images seen in mirrors.  We describe an image by stating three features of the image.

· Is the image real or virtual?  For a mirror, a real image is one that forms in front of the mirror.  Only concave mirrors can achieve this.  Plane mirrors and convex mirrors only produce virtual images.  For a mirror, a virtual image is one that appears to be behind the mirror, on the opposite side of the mirror to the object being reflected.
· Is the image magnified, same size or diminished compared with the object?
· Is the image erect (upright) or inverted?  That is, is the image the same way up as the object (erect/upright) or is it upside down (inverted)?

Spherical Mirrors
Mirrors do not have to be flat.  A parabolic mirror, for instance, has a reflective surface shaped like part of a circular paraboloid, that is, the surface generated by a parabola revolving around its axis.  Spherical mirrors form a section of a sphere.  Mirrors have many applications in our world eg in daily life, medicine, astronomy, photography, security, road safety & so on.  An understanding of mirrors is important.

A spherical mirror is called convex if the reflection takes place on the outer surface of the spherical shape, so that the centre of the mirror surface curves out toward the viewer.  A spherical mirror is called concave if the reflection takes place on the inner surface of the spherical shape, so that the centre of the mirror surface curves away from the viewer.

Among other things, convex mirrors are used on cars and trucks as rear-view mirrors and in shops to watch for shoplifters because they take a wide field of view.  Concave mirrors are used as shaving or cosmetic mirrors because they magnify the image.

Mirror Terminology
Consider the following diagram of a concave mirror.



Rays parallel to the principal axis of a concave spherical mirror (OC in the diagram above) converge to a focus at F, the focal point, if the mirror is small in width compared to its radius of curvature, r, so that the rays make only small angles with the horizontal axis (that is, the rays are paraxial).  If the mirror is not small in width compared to its radius of curvature, parallel rays striking the mirror will not intersect precisely at a single point.  This results in spherical aberration, a frustrating defect in spherical mirrors.

When discussing spherical mirrors we use the following terminology.

· The optical centre, O, is the centre of the mirror’s curved surface.

· The centre of curvature, C, is the geometric centre of the sphere of which the curved mirror is a section.

· The radius of curvature, r, is the radius of the sphere of which the mirror is a section.  Thus, r is the distance from C to O.

· The principal axis, OC, is the line upon which the centre of curvature and the optical centre lie.

· The principal focus (or focal point), F, for a concave mirror, is the where incident parallel rays converge to a focus after reflection from the mirror surface.  For a convex mirror, it is the point from which diverging reflected rays appear to originate.

· The focal length, f, is the distance between the principal focus and the optical centre.  For a spherical mirror, the focal length is half the radius of curvature, f = r/2.

Ray Diagrams for Concave Mirrors (also called Converging Mirrors)
Consider an object sitting at point O, between F and C, in front of a concave mirror.




The following steps enable us to determine the position and nature of the image of an object formed by a concave mirror.

· Step 1: Draw a ray from the top of the object, parallel to the principal axis, across to the mirror.  After reflection, this ray must then pass through the focus.  Draw the ray passing through the focus.

· Step 2: Draw a ray from the top of the object through the focus, F, until it strikes the mirror.  Upon reflection, this ray must travel parallel to the principal axis.  Draw this reflected ray across until it intersects with the ray drawn in step 1 above.  Where the two rays intersect is the top of the image of the object.  The image can then be drawn and the relevant description noted.

We really only need Steps 1 & 2 to achieve our aim.  However, Step 3 is often used to confirm we have not made a mistake.

· Step 3: Draw a ray from the top of the object perpendicular to the mirror until it strikes the mirror.  Upon reflection, this ray must travel back along its original path and pass through C, the centre of curvature.  This is so because the only way the ray can be perpendicular to the mirror is if it is a radial line from the centre of the sphere of which the mirror is part.  Extend this ray through C to intersect with the rays drawn in steps 1 & 2.  This should confirm the position of the top of the image.

Let us now find the image, O', of the object shown in the diagram above.




I have included numbers on the various rays corresponding to the steps in the process.  The image is clearly real.  A piece of paper or film placed at that point could display the image.  The image is also inverted, magnified (or enlarged) and lies beyond twice the focal length from the optical centre, A.

Your teacher will provide you with time to perform experiments with mirrors and lenses.  You should investigate the different images formed by placing objects at different locations relative to the optical centre - <F, at F, between F & 2F, at 2F (which is C) and beyond 2F.




Ray Diagrams for Convex Mirrors (also called Diverging Mirrors)
Convex mirrors are also referred to as diverging mirrors because parallel rays striking the mirror surface diverge (spread out) upon reflection.
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Consider an object sitting at point O in front of a convex mirror.




To find the image of this object, we apply the same steps as for concave mirrors except that we skip step 2.  See diagram below.



I have included numbers on the rays to denote steps 1 & 3.  In step 1, a ray parallel to the principal axis must be reflected from the mirror as shown (angle of incidence will equal angle of reflection).  The projection of the reflected ray back through the focus (dotted red line) is shown.  In step 3, a ray is drawn along a radius of curvature.  This ray must strike the mirror at right angles, and be reflected along the same path, as shown.  The projection of the reflected ray back through C (dotted purple line) is shown.  The top of the image will lie at the point of intersection of the two projection lines back behind the mirror’s reflecting surface.

The image is virtual, upright and diminished.  All images produced by spherical convex mirrors are virtual and upright.

As mentioned previously, you should spend some time familiarising yourself with convex mirrors and the images they produce.

Mirror Equation and Magnification
You may wonder whether there is an equation we can used to determine accurate positions of images without having to draw them.  Well, you’re in luck.  The equation below is called the mirror equation.


 			 

where dO = distance of the object from the optical centre (centre of mirror); dI = distance of the image from the optical centre; and f = the focal length of the mirror (and remember f = r/2, where r = radius of curvature of mirror).

The lateral magnification, m, of a mirror is defined as the height of the image divided by the height of the object, which can be shown to be equal to the negative of the ratio of dI to dO, so we have:


 			 

The minus sign is inserted by convention.

In order to obtain the correct locations and orientations of images when using the above equations, we must follow the conventions listed below.

Sign Conventions
· When the object, image or focal point is on the reflecting side of the mirror, the corresponding distance is positive.  If any of these points is behind the mirror, the corresponding distance is negative.

· The image height, hI, is positive if the image is upright and negative if inverted, relative to the object.  The object height, hO, is always taken as positive.
It is always best to draw a ray diagram as well as use the mirror & magnification equations.  It helps to confirm our accuracy.

Example Question
An external rear-view car mirror is convex with a radius of curvature of 16.0 m.  Determine the location of the image and its magnification for an object 10.0 m from the mirror.

Solution
We should draw a quick ray diagram.  It will be very similar to the example we used in the notes on convex mirrors on page 59.  We would just need to add the appropriate scale.  C = 16.0 m, F = 8.0 m and O = 10.0 m.

To use the mirror and magnification equations, we must apply the sign conventions.  Radius of curvature is 16.0 m and the centre of curvature for a convex mirror is behind the mirror, so r = -16.0.  Thus, focal length, f = r/2 = -8.0 m.  The object is in front of the mirror, so dO = +10.0 m.



  		 and		  

So, the image is virtual (behind the mirror) at -4.4 m from the optical centre.  The image is upright and less than half as tall as the object.  This is consistent with the ray diagram, using the appropriate scale.


Ray Diagrams for Refraction of Light by Spherical Lenses

Spherical Lenses
Lenses have many applications in our world eg eyeglasses, cameras, astronomy, medical technology, binoculars, magnifying glasses & so on.  An understanding of lenses is important.

We will study thin spherical lenses, the most commonly used lenses.  A thin lens is one whose diameter is small compared to the radii of curvature of the two lens surfaces.  A thin lens is usually circular and its two faces are portions of a sphere.  The two faces can be convex, concave or plane.  See diagram below of common lens types.
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Any lens that is thicker in the centre than at the edges is called a convex lens and will make parallel rays converge to a point.  It is therefore referred to as a converging lens.  See diagram below.
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Any lens that is thinner in the centre than at the edges is called a concave lens and will make parallel rays diverge from a point.  It is therefore referred to as a diverging lens.  See diagram below.
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We will deal only with the double convex (bi-convex) and the double concave (bi-concave) lenses, henceforth called convex and concave lenses in these notes.

Lens Terminology
As we did for mirrors, we need to define some terms commonly used when studying and using lenses.  Most of these terms are similar to or the same as what we learned for mirrors.

· The optical centre is the geometrical centre of the lens.

· The centre of curvature is the geometric centre of the sphere of which the face of the lens is a section.  A double convex or double concave lens will have two centres of curvature, one on each side of the lens.

· The radius of curvature is the radius of the sphere of which the surface of the lens is a section.

· The principal axis is the line passing through the optical centre of the lens and perpendicular to both the faces of the lens.

· The principal focus (or focal point) for a convex lens, is the point where incident parallel rays converge to a focus after refraction through the lens.  For a concave lens, it is the point from which diverging refracted rays appear to originate.  Note that it is only thin convex and concave lenses for which this will occur.  There is a focus on each side of a lens since light can enter from either side.

· The focal length is the distance between the principal focus and the optical centre.  For a lens, the focal length is dependent on the thickness and curvature of the lens as well as the refractive index of the material of which the lens is made.

· The focal plane is a plane perpendicular to the principal axis and passing through the focus.  Rays that strike the lens parallel to one another but at an angle to the principal axis will converge to a point somewhere on the focal plane, as shown below.
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Ray Diagrams for Convex Lenses (also called Converging Lenses)
Consider an object sitting at point O, between F and 2F (twice the focal length), in front of a convex lens.




The following steps enable us to determine the position and nature of the image of an object formed by a convex lens.

· Step 1: Draw a ray from the top of the object, parallel to the principal axis, across to the vertical centre line of the lens.  After refraction, this ray must pass through the focus.  Draw the ray from the point where you met the centre line of the lens down through the focus.

· Step 2: Draw a ray from the top of the object through the focus in front of the lens, until it meets the vertical centre line of the lens.  From there, the ray must travel parallel to the principal axis behind the lens.  Where the two rays intersect is the top of the image of the object.  The image can then be drawn and the relevant description noted.

We really only need Steps 1 & 2 to achieve our aim.  However, Step 3 is often used to confirm we have not made a mistake.  Quite often, it is taught as just steps 1 & 3.

· Step 3: Draw a ray from the top of the object straight through the optical centre.  As the lens is thin, we can assume the deviation of this ray is negligible. Extend this ray to intersect with the rays drawn in steps 1 & 2.  This should confirm the position of the top of the image.


Let us now find the image, O', of the object shown in the diagram above.




Again I have included the numbers to denote the three steps taken to find the image.  Clearly, the image is real, inverted and magnified and lies beyond 2F.


Ray Diagrams for Concave Lenses (also called Diverging Lenses)
Consider an object sitting at point O, between F and 2F (twice the focal length), in front of a concave lens.




To find the image of this object, we apply the same three steps as for convex lenses and follow the rules of refraction.  See diagram below.




As you can see, for concave lenses things get a bit messy in the vicinity of the lens.  Personally, I tend to use just steps 1 & 3 for these cases.

In the diagram, I have included numbers to denote each step but I have placed them on the right hand side only to avoid extra clutter near the image.  Ray 1 is drawn parallel to the principal axis and then is refracted and diverges.  So, instead of passing through the focus on the opposite side of the lens to the object, it appears to the eye to come from the focal point in front of the lens (dotted red line).  Ray 2 travels toward the focus on the opposite side of the lens to the object, refracts and travels parallel to the principal axis.  Ray 3 passes directly through the optical centre, A.  To the eye, the three rays appear to come from a point on the same side of the lens as the object.  This point is the top of the image, I.

The image is clearly, virtual, upright and diminished in size.  The image lies between the optical centre and the focus.  Your practical work with concave lenses should have confirmed that all images formed by concave lenses are virtual, upright and diminished and that the image always lies between the optical centre and the focus.

As you would have noticed, we use the same conventions to describe images formed by lenses as we did for those formed by mirrors.  The only difference is that for lenses, a real image is one that lies on the opposite side of the lens to the object.  This is where rays of light from the object converge to form an image that can be projected onto a screen or captured by a piece of film.  It is interesting that the human eye does not distinguish between real and virtual images.  Our eyes can see the virtual image formed by a concave lens when we look through the lens to where the light rays from the object appear to converge.

Thin Lens Equation and Magnification
The equation below is called the thin lens equation.


 			 

where dO = distance of the object from the optical centre; dI = distance of the image from the optical centre; and f = the focal length of the lens.

This equation is identical to the mirror equation.  It applies to both convex and concave lenses.  It is considered the most useful equation in geometric optics.

Clearly, if the object is located at infinity on the principal axis, 1/ dO = 0 and ⸫ dI = f.  So, for an object at infinity on the principal axis, the image appears at the focus, as we would expect, since for an object at infinity the rays reaching the lens will be parallel to the principal axis and such rays either converge to the focus on the opposite side of the lens (convex lens) or appear to converge to a focus on the same side of the lens as the object (concave lens).

The lateral magnification, m, of a lens is defined as the height of the image divided by the height of the object, which can be shown to be equal to the negative of the ratio of dI to dO, so we have:


 			 

The minus sign is inserted by convention.  For an upright image, the magnification is positive and for an inverted image the magnification is negative.

In order to obtain the correct locations and orientations of images when using the above equations, we must follow the conventions listed below.

Sign Conventions
· The focal length is positive for converging lenses and negative for diverging lenses.

· The object distance is positive if the object is on the side of the lens from which the light is coming.  Otherwise, it is negative.

· The image distance is positive if the image is on the opposite side of the lens from where the light is coming.  Otherwise, it is negative.  In other words, the image distance is positive for a real image and negative for a virtual image.

· The height of the image is positive if the image is upright and negative if the image is inverted relative to the object.  The height of the object is always taken as upright and positive.



Example Question
An object is 9 cm high and is located 27 cm in front of a concave lens of focal length, -18 cm.  Determine the position and height of its image.

Solution


  

So, since dI is negative, the image is virtual and located 10.8 cm from the optical centre in front of the lens.


  

You could also solve this question using a scaled ray diagram.


THERMODYNAMICS

Inquiry Question: How are temperature, thermal energy and particle motion related?


Introduction to Thermodynamics
Thermodynamics is a very important branch of both physics and chemistry.  It deals with the study of energy, the conversion of energy between different forms and the ability of energy to do work.  Thermodynamics grew out of the industrial revolution, which provided physicists with examples of heat at work, such as the steam engine, inspiring them to investigate what was going on in those machines.  The science of thermodynamics then fed back into the industrial revolution, as an improved scientific understanding made it possible to design and build more efficient machines.

It is convenient to date the beginning of the science of thermodynamics from the publication of a book in 1824 by the brilliant Frenchmen, Sadi Carnot (1796-1832).  In the book (in English - Reflections on the Motive Power of Fire), Carnot analysed the efficiency of engines in converting heat into work (providing a scientific definition of work along the way), showed that work is done as heat passes from a higher to a lower temperature (implying an early form of the second law of thermodynamics, the realization that heat always flows from a hotter to a colder object, not the other way around) and even suggested the possibility of the internal combustion engine.  Carnot was the first person to articulate an understanding that heat and work are interchangeable.

Sadly, Carnot died at the young age of 36 from cholera.  His book eventually became known to and influenced greatly the generation of physicists who completed the thermodynamic revolution, notably William Thomson (Lord Kelvin) and Rudolf Clausius.

Heat, Temperature and Kinetic Energy
As you would know from your junior science courses, heat is a form of energy and temperature is a quantity measured by a thermometer that indicates how hot or cold something is.  You may remember too, that temperature is related to the average kinetic energy (energy of motion) of atoms and molecules in a system.

Such understanding was not always prevalent.  Prior to 1750, heat, temperature and fire were taken to be much the same thing.  In the mid to late 1750s, Joseph Black, a Scottish physicist, distinguished between the quantity of heat in a body and its intensity, or temperature, realizing that thermometers can be used to determine the quantity of heat if temperature is measured over a period of time while the body is heated or cooled.

The Measurement of Temperature
The scale of temperature in everyday use is the Celsius (or Centigrade) one, developed in 1742 by the Swede, Anders Celsius (1701-1744).  He picked two easily reproducible constant temperature situations as his fixed points.  The melting point of pure ice was set at 0° C.  The temperature of steam from pure water boiling at one atmosphere pressure was set at 100° C.  The range of hotness between these two points was then divided into 100 equal divisions, called degrees.

To make a thermometer, we must find a device with some measurable property, X, which changes reasonably smoothly and predictably as the temperature of the device and its surroundings rises from the ice-point to the steam-point.  X could be the length of a mercury thread in a glass tube or the electrical resistance of a piece of platinum wire, among other possibilities.  The most common kind of thermometer today consists of a liquid, such as alcohol or mercury, in a very thin, hollow glass tube.

In 1848, British mathematician and scientist William Thomson (also known as Lord Kelvin) proposed an absolute (thermodynamic) temperature scale, which was independent of the properties of a substance like ice or the human body.  He suggested that the range of possible temperatures in the universe far exceeded those proposed by Celsius and others.  Kelvin put an exact number to the lowest possible temperature in the universe: absolute zero is 0 kelvin and is equal to -273.15° C.

Thermodynamic temperature is absolute, not relative to fixed points.  It describes the average amount of kinetic energy contained by the particles that constitute a piece of matter. Originally, it was believed that as the temperature drops, the particles slow down until at absolute zero all motion ceases.  Today we understand that from a quantum mechanical viewpoint, even at absolute zero, atoms, molecules and the empty space of the vacuum possess zero-point energy (ZPE).  This is the lowest possible energy that a quantum mechanical system may have.

ZPE is due to Heisenberg's uncertainty principle, which states that the more that is known about a particle's position, the less that can be known about its momentum, and vice versa. Therefore, a particle cannot be completely stopped because then its exact position and momentum would be known.

The kelvin is the SI unit of thermodynamic temperature, and one of the seven SI base units.  Unusually in the SI, we also allow Celsius to be used as an official unit.  A single kelvin is equal to a single degree on the Celsius scale.  Hence, why both are used.


Specific Heat Capacity
Different substances have varying abilities to absorb heat.  If we placed equal quantities of several different liquids, say water, olive oil and linseed oil, into three identical beakers and heated each over the same Bunsen for a set time period, we would measure different final temperatures for each liquid.  An extension to this experiment would show that of the three liquids, water takes the longest to reach a particular temperature.  Water has a great ability to absorb heat without getting hot.  That is why it is used in so many different cooling systems in our modern world.

For most substances it is found that, over a considerable temperature range, the same amount of heat energy is required to produce each successive one-degree rise in temperature.  For unit mass of that substance, this amount of heat is called the specific heat capacity of the substance.  Specific heat capacity is defined as the amount of heat required to raise the temperature of 1 kilogram of a substance by 1 kelvin.  The SI unit of specific heat capacity is the J kg−1 K−1.

Consider the graph below, showing the amount of heat supplied to a body versus temperature.  The slope of the graph is the specific heat capacity, c, of the body.




Provided that no change of state occurs (eg liquid to gas), for unit mass of a substance, the graph of heat supplied versus temperature is approximately a straight line, whose gradient is the specific heat capacity of that substance.

From the above graph, we can write down a very important relationship.  If an amount of heat, Q, is supplied to a mass, m, of a substance of specific heat capacity, c, and a temperature rise, DT, results, then it follows that:


  

Energy conservation requires that this must also be the amount of heat released to the surroundings if this mass is cooled down through a temperature, DT.  Again we assume that no change of state occurs during either process.  We will consider changes of state a little later.

Example Question
Heat is supplied to 0.5 kg of liquid, originally at 20° C, at a steady rate of 12,000 J per minute.  The change of temperature with time is shown in the following graph.


           

a. Calculate the specific heat capacity of the liquid.

b. Explain the reason for the curve’s change of shape at X, if heat is still being supplied.

c. Calculate the amount of heat released to the surroundings if heating had ceased at the instant corresponding to X and the liquid had been allowed to cool to 55° C.

Try this question before looking at the solution over the page.

Solution


  


  


Another Example Question
How much heat is absorbed by an electric refrigerator in changing 2 kg of liquid water at 15° C to liquid water at 0° C?  Note the water has not yet changed state to ice.  The specific heat capacity of water is 4184 Jkg-1K-1.

Solution


  


Relationship Between Heat & Work
In 1798, Count Rumford, Sir Benjamin Thompson, realised that the heat produced in the boring of a brass cannon could be related to the mechanical work being done by the horse on the treadmill driving the borer.  In the 1840’s James Prescott Joule, a brewer and amateur scientist, performed many experiments into the nature of heat and work.  In his most famous experiment, Joule attached some weights to strings and pulleys and connected them to a paddle wheel inside an insulated container of water. Then he raised the weights to an appropriate height and slowly dropped them. As they fell, the paddle wheel began to turn, stirring up the water. This friction generated heat, and the temperature of the water began to increase.  See diagram below.
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This simple but brilliant experiment showed quantitatively that heat and energy were the same quantity.  This and many other experiments enabled Joule to determine that a given amount of work was always equivalent to a particular amount of heat input.  Quantitatively, 4.186 joules of work was found to be equivalent to 1 calorie (cal) of heat.  This is known as the mechanical equivalent of heat: 4.186 J = 1 cal.

As a result of these and other experiments, scientists came to interpret heat as energy transferred from one object to another because of a difference in temperature.  In honour of Joule, the SI unit of heat, and energy in general, is the joule, J.  Calories and kilocalories are still sometimes used.

Joule and William Thomson became friends and scientific collaborators not long after Joule’s paddle wheel experiment.  Thomson’s absolute temperature scale that we mentioned earlier is ultimately based on Joule’s discovery that heat is equivalent to work and that a certain change in temperature corresponds to a certain amount of work.  Thomson proposed his absolute temperature scale in which a unit of heat descending from a body A at the temperature T° of this scale, to a body B at the temperature (T−1)°, would give out the same mechanical effect [work], whatever be the number T. Thomson postulated that a point would be reached at which no further heat could be transferred, the point of absolute zero.

I note here that Thomson’s work on absolute temperature was extremely rigorous from both a mathematical and practical perspective.  He came back to this work many times during his life to improve our understanding.  It is often easy to forget that many of the discoveries we study represent years, if not lifetimes, of work on the part of the scientists who worked toward them.  We should always respect their great efforts.

The question of how heat energy was transferred to matter remained.  What form could this take?  It was Rudolf Clausius in 1856, who outlined the basic principles of modern kinetic theory, describing heat energy as kinetic energy of the molecules of a substance.  James Clerk Maxwell and Ludwig Boltzmann developed the subject mathematically.

Just as an aside, remember, in the mid-1800’s, although most scientists accepted that matter was made up of particles called atoms (courtesy of John Dalton, 1803-4), they did not know the structure of these particles.  Scientists used the term molecule to mean a combination of atoms without necessarily understanding how or in what proportions those atoms were held together. The understanding of valency (the combining power of one element with another) was just becoming reasonably clear around 1852 with the work of Edward Frankland (1825-1899) and Dmitri Mendeleyev published his thorough work on what we now call the Periodic Table in 1869.

The kinetic molecular theory of matter enables the analysis of matter in terms of atoms in continuous, rapid, random motion.  It examines matter from a microscopic viewpoint rather than a macroscopic one.  Kinetic theory is based on classical mechanics and can be applied to gases, liquids and solids.  Although we consider individual particles from time to time in deriving relationships in kinetic theory, we cannot apply the theory to individual atoms one at a time.  Instead, we take a statistical approach and determine averages of certain quantities, and these correspond to macroscopic variables, such as pressure, temperature, energy and so on.

For us, the most important relationship revealed by kinetic theory is that between the average kinetic energy of molecules and the absolute temperature.  Kinetic theory tells us that the temperature of a substance is directly proportional to the average kinetic energy of the particles of the substance.

We define the temperature of a body to be the average translational kinetic energy of the particles of which the body is composed.  The higher the temperature, according to kinetic theory, the faster the particles are moving on average.

Internal Energy
The particles of a body, the atoms and molecules, do not only possess kinetic energy.  They also possess potential energy in the form of bond energy – the energy contained in the bonds between atoms and molecules.  It is this potential energy that must be overcome in order to enable a liquid to evaporate or a solid to melt.  We will return to this later.  For now, we simply need to define a term that refers to all the energy of particles within a body.  The internal energy of a body is the total energy of all the molecules within a body.  It is the sum of all kinetic and potential energies of all atoms and molecules.

Summary of Temperature & Heat and Definition of Internal Energy
Using the kinetic theory, we can make a clear distinction between temperature, heat and internal energy.

· Temperature (in kelvin) is the average translational kinetic energy of individual molecules.

· Heat refers to the transfer of energy from one object to another because of a difference in temperature.

· Internal energy refers to the total energy of all the molecules within an object.  It is the sum of all kinetic and potential energies of all atoms and molecules.


Absolute-Zero’s Relationship to ZPE (Extension – Not required for Stage 6 Syllabus)
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I include this graph as a reminder not to associate absolute zero with the cessation of all molecular motion.  While scientists are achieving temperatures ever closer to absolute zero, they cannot fully achieve a state of zero temperature.  However, even if scientists could remove all kinetic thermal energy from matter, quantum mechanical zero-point energy (ZPE) causes particle motion that can never be eliminated.  It is inherent in the existence of the particle.

Absolute zero is the point of zero temperature and, in accordance with the Boltzmann constant, is also the point of zero particle kinetic energy and zero kinetic velocity.  These ideas are all correct.  It is just that absolute zero (T=0), is not a state of total zero molecular motion.  In a sense, absolute zero serves as the baseline above which thermodynamics and its equations are founded because they deal with the exchange of thermal energy between systems (a plurality of particles and fields modelled as an average).

Thermal Equilibrium - Zeroth Law of Thermodynamics
When you have your temperature checked, a thermometer is placed in your mouth and left there for a while.  Then it is read.  The thermometer is left in your mouth to enable it to reach thermal equilibrium with the environment of your mouth, so it can accurately measure the temperature of your mouth.

Two objects are defined to be in thermal equilibrium if, when placed in thermal contact, no net energy flows from one to the other and their temperatures do not change.  Experiments indicate that:

If two systems are in thermal equilibrium with a third system, then they are in thermal equilibrium with each other.

This postulate is called the Zeroth Law of Thermodynamics.  It has this unusual name because it was not until after the mighty first and second laws of thermodynamics were worked out that scientists realized that this apparently obvious postulate needed to be stated first.

Temperature is a property of a system that determines whether the system will be in thermal equilibrium with other systems.  When two systems are in thermal equilibrium, their temperatures are by definition, equal, and no net thermal energy will be exchanged between them.  This is consistent with our everyday understanding of temperature, since when a hot object and a cold object are put into contact, they eventually come to the same temperature.  Think of an ice brick in an esky at the end of a hot summer’s day at the cricket – showing my preferences now, I know.

Thus the importance of the zeroth law is that it allows a useful definition of temperature.


The First Law of Thermodynamics
Earlier, we defined the internal energy of a system as the sum of all the energy of the molecules within a system.  We would expect that the internal energy of a system would be increased if work were done on the system or if heat was added to the system.  Similarly, the internal energy would be decreased if heat flowed out of the system or if work were done by the system on something in the surroundings.

Thus, it is reasonable to extend conservation of energy and propose an important law: the change in internal energy of a closed system, DEI, will be equal to the energy added to the system by heating, Q, minus the work done by the system on the surroundings, W.


  

This is called the First Law of Thermodynamics.  It was first stated by Rudolf Clausius in 1850 and around the same time by William Thomson.  It is one of the most important laws in Physics.  Its validity rests on experiments (such as Joule’s) to which no exceptions have ever been found.  Since Q and W represent energy transferred into or out of the system, the internal energy changes accordingly.  Thus, the first law of thermodynamics is a clear statement of the law of conservation of energy.

We must be careful and consistent in following the sign conventions for Q and W. W is the work done by the system, so if work is done on the system, W will be negative and DEI, will increase.  Likewise, Q is positive for heat added to the system, so if heat leaves the system, Q is negative.


Example Question
Calculate the change in internal energy of a system which (a) absorbs 2kJ of heat and at the same time does 500 J of external work; and (b) absorbs 1.25 kJ of heat energy and at the same time 420 J of work are done on the system.

Solution


  




Energy Transfer by Conduction, Convection & Radiation
You have certainly studied this topic before.  It is part of the Stage 4 & 5 Science Syllabus.
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Heat is transferred from one place or body to another in three ways: by conduction, convection and radiation.  Let us consider each in turn.

Energy Transfer by Conduction
If you place a cold teaspoon into a boiling cup of tea and let it sit there for a moment, the exposed end of the spoon becomes warmer than it was, even though it is not directly in contact with the source of the heat.  We say that heat has been conducted from the hot end to the cold end of the spoon.  In general, the transfer of energy arising from the temperature difference between adjacent parts of a body is called heat conduction.

In many materials, heat conduction occurs via molecular collisions.  As one end of the material is heated, the molecules move faster and faster.  As they collide with slower-moving neighbours, they transfer some of their kinetic energy to these other molecules, which in turn transfer energy by collision with other molecules further along the material.  In metals, there are many free electrons available and it is these that are mainly responsible for conduction in such materials.

Consider the diagram below.  As there is a temperature difference between the areas at T1 and T2, there will be heat conduction between the two areas.  Note that 
T1 < T2.
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It is found experimentally that the rate of heat flow through a substance is proportional to the difference in temperature between its ends.  The rate of heat flow depends on the size and shape of the object.  Again, it is found experimentally that the heat flow DQ over a time interval Dt is given by:


  

where A is the cross-sectional area of the object, l is the distance between the ends, which are at temperatures T1 and T2, and k is a proportionality constant called the thermal conductivity.

Clearly, the rate of heat flow in J/s is directly proportional to the cross-sectional area of the object and to the temperature gradient DT/l.

Thermal conductivity, k, is characteristic of a material.   Substances which have higher values of k are considered good thermal conductors.  Most metals for instance are good thermal conductors.  Mercury is an example of a metal that is a poor conductor of heat but a good conductor of electricity.  Substances, such as wool, which have lower values of k are good thermal insulators – they’ll keep you warm in winter.


Example Question
A rectangular window is 1.2 m wide and 1.8 m high and has a thickness of 6.2 mm.  It has a thermal conductivity of 0.27 W/m/°C.  Calculate, the rate of heat transfer through this window on a cold day, if the temperature inside the home is 21°C and the temperature outside the home is -4°C.

Solution
Take care – Heat flows by conduction through the glass from the higher temperature to the lower outside temperature.  Note too, the outside temperature is negative.


  


Energy Transfer by Convection
Convection is the process by which heat is transferred by the mass movement of molecules from one place to another.  Whereas conduction involves molecules and/or electrons moving only over small distances and colliding, convection involves the movement of large numbers of molecules over large distances.

Natural convection is driven by buoyant forces: hot air rises because density decreases as temperature increases. This principle applies equally with any fluid. Convection can transport heat much more efficiently than conduction.  Liquids and gases transfer heat by convection very well.  Solids cannot transfer heat by convection.

An excellent large-scale example of convection is the formation of a sea breeze during a summer’s day.
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During the day the land heats up faster than the water.  This causes the air over the land to increase in volume. This increase in volume for the same mass of air results in a decrease in density, causing the warm air to rise.  This creates a low pressure over the land that the cooler air over the sea, the high-pressure area, will move into to balance.  This moving air is a sea breeze.  At night, if the land becomes cooler than the sea, convection currents push cool air from the land toward the sea, creating a land breeze.

Energy Transfer by Radiation
If you stand directly in front of an electric radiator (heater), how does the heat reach you?  Not by conduction because air is a poor conductor.  Not by convection because the hot air rises vertically above the heating element.  The answer is by radiation in the form of electromagnetic waves.  The infrared radiation from the heating element spreads out in three dimensions as determined by the shape of the element.

Both conduction and convection require a medium to carry heat from the hotter to the colder body or region.  Radiation requires no medium.

The Sun is probably the most obvious example of a radiating body in nature.  Life on Earth depends on radiation from the Sun.  Humans need heat and light for survival.  Plants capture light energy and use it to make sugars through photosynthesis.  Our weather systems are fed by radiation from the Sun.

An object does not have to be as hot as the Sun to produce thermal radiation.  All matter above absolute zero radiates EM radiation to some degree.  Infrared radiation emitted by animals (detectable with an infrared camera) and cosmic microwave background radiation are other examples of thermal radiation.

Objects with a temperature above absolute zero radiate EM waves because the thermal motion of atoms and molecules results in charge-acceleration or dipole oscillation which produce electromagnetic radiation.  Depending on the temperature of the material, it transmits radiation ranging from ultraviolet to far-field infrared.  Physicists use a hypothetical, perfectly radiating body called a blackbody to help them study thermal radiation.  We will study the radiation from such a body, blackbody radiation, and its importance, in Module 7 – The Nature of Light.

There is a great deal of practical information that flows from a study of blackbody radiation.  Planck's law describes the spectrum of blackbody radiation shown below, which depends solely on the object's temperature.  Wien's displacement law determines the most likely frequency of the emitted radiation, and the Stefan–Boltzmann law enables us to calculate the radiant intensity.  Both Wien’s Law and the Stefan-Boltzmann Law are useful tools for analyzing glowing objects like stars.  The details of these things need not concern us in the current Module.  They are not stated as necessary in the current syllabus for this Module.

It is worth noting, however, that the rate at which an object radiates energy has been found to be proportional to the fourth power of the Kelvin temperature, T.  That is, an object at 2000 K, as compared to at 1000 K, radiates energy at a rate 24 = 16 times as much.  Clearly, the temperature has a large effect on the radiation rate.
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The peak wavelength and total energy radiated (area under graph) vary with temperature according to Wien's displacement law.  Although this shows relatively high temperatures, the same relationships hold true for any temperature down to absolute zero.


Difference Between State and Phase
The four main states of matter are solids, liquids, gases, and plasma.  Under extreme conditions, other states exist, such as Bose–Einstein condensates, neutron-degenerate matter and quark-gluon plasma.  The state is the physical form taken by matter at a given temperature and pressure.  When matter undergoes a change from one state to another, we say a change of state has occurred – eg when ice (solid) melts to become water (liquid).  We will not consider changes of state from gas to plasma or vice versa here.

Another term you will often hear used interchangeably with change of state is change of phase.  Take care here.  A phase of matter is not the same as a state of matter.  Technically, a phase of matter is uniform with respect to its physical and chemical properties – eg density, refractive index, pH etc.  So, it is possible to have several different phases of matter within one state of matter – eg an alcohol like 1-octanol is immiscible in water and floats on top of water, forming a two-phase system within one state of matter (liquid).
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Latent Heat Involved in a Change of State
A very simple but instructive experiment can be done with a beaker of pure ice that has been cooled below 0° C by packing in dry ice (solid CO2) for a couple of hours.  Place a thermometer into the beaker so that it is in contact with the ice.  Let’s say the thermometer reads – 20° C.  Now heat the ice gently over a bunsen.  The temperature will be found to rise until it reaches 0° C and the ice starts to melt.  The temperature will be observed to remain steady until all the ice is melted.  Only then will the temperature start to rise again, increasing linearly with time.

At normal atmospheric pressure (for boiling points are highly pressure-dependent), the water will start to boil at 100° C.  Once again, the temperature will remain constant as the boiling continues and time passes.  See a graph of such an experiment below.



Note the slope of the ice heating segment of the graph is higher than that for the water heating segment, since ice has a lower specific heat capacity than water.

While melting and vaporizing are taking place, heat energy is still being pumped in by the bunsen, yet the temperature is not rising.  This energy is called latent heat because it seems to be hidden.  Melting involves the latent heat of fusion.  Boiling involves the latent heat of vaporization.

The latent heat is the energy used to change the state of the matter.  In melting, the latent heat effectively breaks the cohesive bonds in the solid to allow the molecules freedom to move as a liquid.  In vaporization, the latent heat effectively frees the molecules of the liquid from the weak, attractive intermolecular forces they experience in the liquid state.

By definition:

· The specific latent heat of fusion, LF, of a substance is the amount of heat needed to melt one kilogram of the substance at its melting point, at one atmosphere pressure.  Eg LF for water is 333 kJ/kg.

· The specific latent heat of vaporization, LV, of a substance is the amount of heat needed to vaporize one kilogram of a liquid at its boiling point, at one atmosphere pressure.  Eg LV for water is 2260 kJ/kg.

Note that you will also come across some materials that sublime, that is transition from a solid state to a gaseous state without passing through a liquid state.  Carbon dioxide is an example.  Solid carbon dioxide (dry ice) sublimes at a temperature of
-78 degrees Celsius, under normal atmospheric pressure of 1 atm.  The specific latent heat of sublimation for CO2 is 571 kJ/kg.
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Energy conservation demands that the heats of vaporization and fusion also refer to the amount of heat released by a substance when it changes from a gas to a liquid or from a liquid to a solid respectively.  Work is done by cohesive forces when molecules are brought together. The corresponding energy must be dissipated to allow them to stay together.  Thus, steam releases 2260 kJ/kg when it changes state to water and liquid water releases 333 kJ/kg when it becomes ice.

Pause for a moment and think about that figure for steam.  No wonder steam power has played such an important part in human technological history.  Every kilogram of steam that condenses to water liberates 2.26 million joules worth of energy.

As you know from junior Science, the process by which a gas becomes a liquid is referred to as condensation and the process by which a liquid becomes a solid is called freezing.  For completeness, we will also mention the process of evaporation.

Evaporation is the conversion of a liquid to a gas at a temperature below the boiling point.  We are all very familiar with this everyday process, especially with regard to water.  The process still requires the latent heat of vaporization.  This increases slightly when the change of state is occurring at less than the boiling point.  At 20° C, LV for water is 2450 kJ/kg compared to 2260 kJ/kg at 100° C.  When water evaporates, the remaining liquid cools, because the energy required, the latent heat of vaporization, comes from the water itself.  So, its internal energy and therefore its temperature must decrease.

Where exactly does the energy come from?  Remember that temperature is the average translational kinetic energy of the molecules.  Some molecules possess much higher-than-average kinetic energy.  It is these molecules that can break the bonds of the liquid and transfer into the gaseous state.  These molecules obtain their higher energy from the rest of the liquid, and so the temperature of the rest of the liquid decreases.

As indicated by the definitions of latent heats, the total heat involved in a change of state depends not only on the latent heat of the substance but also on the mass of the substance.  That is, the heat, Q, added or released during a change of state is given by:


  

where L is the latent heat of the process and substance, and m is the mass of the substance.


Example Question
How much heat is given up when 0.02 kg of steam at 100° C is condensed and cooled to 20° C?  Take the specific heat capacity of water as 4184 Jkg-1K-1 and the specific latent heat of vaporization of water as 2.26 x 106 Jkg-1.


Solution


  


Thermodynamics is one of the major branches of Physics.  In answering the Inquiry Question for this module, we have had a good look at some of the fundamental aspects of this discipline.  It is an exciting and extremely practical area of study and I hope what you have seen in this Module has piqued your interest for more.


If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one sentence passed on to the next generation of creatures, what statement would contain the most information in the fewest words?  I believe it is the atomic hypothesis (or the atomic fact or whatever you wish to call it) that all things are made of atoms.

Richard Feynman (May 11, 1918–February 15, 1988)
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APPENDIX A - Extension Section
The Derivation of Doppler Effect equations for the case of moving source and stationary observer (probably not required by the syllabus)

The derivation is as follows.  Study the diagram below.  In diagram (a), the source is shown at rest.  It has just emitted the second of two crests that appear in the diagram.  The distance between these crests is the wavelength, l.  If the frequency of the waves is f, then the time, T, between emissions of crests is:


   .





In diagram (b), the source is moving with a velocity vs toward the observer somewhere to the right, not shown.  In time T, defined above, the first wave crest has moved a distance d = vT = l, where v is the velocity of sound in air (which is the same whether the source is moving or not).  In the same time, the source has moved a distance ds = vsT.  Then the distance between successive wave crests, which is the wavelength l0 seen by the observer is:


  

We subtract l from both sides of this equation and find that the shift in wavelength, Dl, is:


  
So, the shift in wavelength is directly proportional to the speed of the source, vs.  The frequency, f0, that will be heard by the stationary observer is given by:


  

Which is the equation at the top of page 40.  As the expression in the parentheses is greater than 1 (for v > vs), the observed frequency is greater than the source frequency, which makes sense.

Then, if we consider the source moving away from a stationary observer, using the same mathematical analysis, we will find that:




and we will be able to derive the second equation at the top of page 40.




APPENDIX B
Statement of Syllabus Content Covered in these Notes

The following indicates the specific content from the Stage 6 Physics Syllabus that has been covered in the notes, worksheets & practicals provided on the Waves and Thermodynamics Module web page.

The resources on this website are meant to supplement the work you do in class NOT replace it.  The notes will always provide you with a comprehensive and accurate set of notes on the Module under study.  The worksheets will provide some introduction & practice to appropriate problem-solving skills for the topic.  You will need to do much more problem-solving practice than just what is provided on this website.  The practicals section will provide some experiments relevant to the topic but again you will need to do more than just what is suggested here.  Your teacher should provide you with much more problem-solving & practical experience than you will find on this website.

The content statements that are ticked have been covered.  Those left without a tick have either not been covered at all or have been only partially covered.  These are mainly content statements requiring practical work of some kind.


Content

Where practical investigations are called for, your teacher will provide these for you.

Wave Properties
Inquiry question: What are the properties of all waves and wave motion?

Students:
· conduct a practical investigation involving the creation of mechanical waves in a variety of situations in order to explain: [image: ]
· the role of the medium in the propagation of mechanical waves 
· the transfer of energy involved in the propagation of mechanical waves  (ACSPH067, ACSPH070)
· conduct practical investigations to explain and analyse the differences between: [image: ]
· transverse and longitudinal waves (ACSPH068) 
· mechanical and electromagnetic waves (ACSPH070, ACSPH074) 
· construct and/or interpret graphs of displacement as a function of time and as a function of position of transverse and longitudinal waves, and relate the features of those graphs to the following wave characteristics: 
· velocity 
· frequency 
· period 
· wavelength 
· displacement and amplitude (ACSPH069) [image: ] [image: ] 
· solve problems and/or make predictions by modelling and applying the following relationships to a variety of situations: [image: ] [image: ] 
·  
·  

Wave Behaviour
Inquiry question: How do waves behave?

Students:
· explain the behaviour of waves in a variety of situations by investigating the phenomena of:
· reflection 
· refraction 
· diffraction 
· wave superposition (ACSPH071, ACSPH072) 
· conduct an investigation to distinguish between progressive and standing waves (ACSPH072)  
· conduct an investigation to explore resonance in mechanical systems and the relationships between: [image: ] 
· driving frequency 
· natural frequency of the oscillating system 
· amplitude of motion 
· transfer/transformation of energy within the system (ACSPH073) [image: ] [image: ] 


Sound Waves
Inquiry question: What evidence suggests that sound is a mechanical wave?

Students:
· conduct a practical investigation to relate the pitch and loudness of a sound to its wave characteristics 
· model the behaviour of sound in air as a longitudinal wave 
· relate the displacement of air molecules to variations in pressure (ACSPH070) 
· investigate quantitatively the relationship between distance and intensity of sound 
· conduct investigations to analyse the reflection, diffraction, resonance and superposition of sound waves (ACSPH071) 
· investigate and model the behaviour of standing waves on strings and/or in pipes to relate quantitatively the fundamental and harmonic frequencies of the waves that are produced to the physical characteristics (eg length, mass, tension, wave velocity) of the medium (ACSPH072) [image: ] [image: ] 
· analyse qualitatively and quantitatively the relationships of the wave nature of sound to explain: [image: ] 
· beats  
· the Doppler effect  

Ray Model of Light
Inquiry question: What properties can be demonstrated when using the ray model of light?

Students:
· conduct a practical investigation to analyse the formation of images in mirrors and lenses via reflection and refraction using the ray model of light (ACSPH075) 
· conduct investigations to examine qualitatively and quantitatively the refraction and total internal reflection of light (ACSPH075, ACSPH076) 
· predict quantitatively, using Snell’s Law, the refraction and total internal reflection of light in a variety of situations [image: ] 
· conduct a practical investigation to demonstrate and explain the phenomenon of the dispersion of light [image: ] 
· conduct an investigation to demonstrate the relationship between inverse square law, the intensity of light and the transfer of energy (ACSPH077) 
· solve problems or make quantitative predictions in a variety of situations by applying the following relationships to: [image: ] [image: ]
·  – for the refractive index of medium ,  is the speed of light in the medium 
·  (Snell’s Law) 
·  
·  – to compare the intensity of light at two points,  and  

Thermodynamics
Inquiry question: How are temperature, thermal energy and particle motion related? [image: ]

Students:
· explain the relationship between the temperature of an object and the kinetic energy of the particles within it (ACSPH018) 
· explain the concept of thermal equilibrium (ACSPH022) 
· analyse the relationship between the change in temperature of an object and its specific heat capacity through the equation  (ACSPH020) 
· investigate energy transfer by the process of:
· conduction 
· convection 
· radiation (ACSPH016) 
· conduct an investigation to analyse qualitatively and quantitatively the latent heat involved in a change of state 
· model and predict quantitatively energy transfer from hot objects by the process of thermal conductivity [image: ] 
· apply the following relationships to solve problems and make quantitative predictions in a variety of situations: [image: ] [image: ]
· , where c is the specific heat capacity of a substance 
·  where  is the thermal conductivity of a material 



APPENDIX C
Radian Measure

The radian is an alternate unit to the degree for measuring angles.  Degrees can become cumbersome when studying certain physical phenomena (such as wave motion or circular motion).  Radians make it possible to relate a linear measure and an angle measure.

The radian is defined as the ratio of the length of the arc of a circle, s, to the length of the radius of the circle, r, where each length is measured in the same unit.










By definition, θ = s/r
Since s & r are both measured in metres, the radian measure, θ, is a dimensionless quantity. It has no units. Symbols used to indicate radian include “rad” or a lowercase “c” as an index written as below.
1 radian = 1 rad = 1c
If no symbol is used, we always assume radians.  If an angle is ever expressed in degrees, it must be written with the degree symbol.
Clearly, 1 radian is the angle subtended at the centre of a circle by an arc whose length is equal to the radius.  θ = s/r = 1, since s and r are equal in this case.
So, by definition, the angular displacement, θ = s/r.
Thus, we have that the arc length between two points on a circle is s = rθ.
From this we can determine that if the arc length is equal to the circumference of the circle, then:

 
Thus, we have a method for quickly converting degrees to radians and vice versa.  Use proportionality ratios.
eg to convert 45° to radians: 45/360 = x/2solve for x and we have x = /4.  So, 45° is the same angle as /4 radians.
If you have not used radians before, don’t panic.  You will pick it up very quickly.  You will soon know off by heart the radian equivalents to the angles with which you are familiar in degrees: 30°, 45°, 60°, 90°, 180°, 270° and 360°.  If you are not familiar with them already, it would be sensible to use the method above to find the radian measure of each of these commonly used angles. (They are, in the same order as above: and
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