Pre-U Physics Part B

16. Molecular KineticTheory

This topic includes some important philosophical ideas that should be discussed and developed in class. For students seeking an enhanced philosophical treatment of the subject this is an ideal opportunity for further research and feedback. After the mapping of topics to spreads and the exercises below there are additional notes to help teachers in presenting this material.

Content headings mapped to spreads

	Specification heading and statements
	Spread Name and number
	Pages in Advanced Physics
	Includes

	Absolute scale of temperature

16.1 - 16.2
	7.3 Temperature scales
	288-289
	Zeroth law of thermodynamics.

Fixed points.

Kelvin scale.

	
	7.4 Ideal gas behaviour
	290-291
	Gas laws.

Evidence for an absolute zero of temperature.

Thermodynamic temperature scale.

	Equation of state

16.3 - 16.4
	7.5 The Physics of Ideal Gases
	292-293
	Ideal gas equation.

Avogadro’s hypothesis and number.

Work done on an ideal gas.

	Kinetic theory of gases

16.5 – 16.8
	7.6 The kinetic theory of gases
	294-295
	Assumptions of kinetic theory.

Microscopic equation for pressure.

	Kinetic energy of a molecule 

First law of thermodynamics

16.9 – 16.13
	7.7 Molecular speeds
	296-297
	Maxwell speed distribution.

	
	7.8 Linking temperature to kinetics
	298-299
	Molecular meaning of temperature.

	
	7.2 The first law of thermodynamics
	286-287
	Internal energy.

The first law.

Isothermal and adiabatic changes.

	Comment: Whilst the specification does not require a quantitative treatment of the second law some teachers may wish to include quantitative material – a good way to do this would be to analyse an heat engine in terms of entropy changes – the limiting case is when the entropy loss of the source 
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. This leads to Carnot’s equation for the theoretical limit to efficiency. For real engines the net entropy change is positive.

	Entropy 

Second law of thermodynamics

16.14 – 16.20
	7.1 Very large versus very small
	284-285
	A philosophical overview of thermodynamic ideas including an introduction to the second law and the arrow of time.

	
	7.11 Heat Engines
	304-305
	Thermodynamic efficiency.

Limits to efficiency.

Indicator diagrams.

	
	7.12 Real Engines
	306-307
	Extension – particularly relevant for future engineers.

	
	7.13 Entropy
	308-309
	The Boltzmann distribution.

The second law.

	
	7.14 The second and third laws of thermodynamics
	310-311
	Different ways of expressing the second law.

Maxwell’s demon.

The Heat Death of the Universe.


The detailed Pre-U syllabus statements are listed below with suggested exercises from Advanced Physics:

Learning outcomes

The learning outcomes marked with an * asterisk will only be assessed in the optional questions in Section B of Paper 3.

Absolute scale of temperature - Candidates should be able to:
1.
explain how empirical evidence leads to the gas laws and to the idea of an

absolute scale of temperature

2.
use the units Kelvin and degrees Celsius and convert from one to the other

Exercises

P289
Q1-3
Calibrating temperature scales.

P291
Q1-3
Gas equations.

P316
Q1
Choosing a thermometer (past A-level question).

Equation of state - Candidates should be able to:

3.
recognise and use the Avogadro number NA = 6.02 x 1023 mol-1

4.
recall and use the expression pV = nRT as the equation of state for an ideal

gas

Exercises

P293
Q1-4
Ideal gas equation of state.

P317
Q9
Two gas containers connected by a valve (past A-level question).

Kinetic theory of gases - Candidates should be able to:
5.
describe Brownian motion and explain it in terms of the particle model of

matter

6.
understand that the kinetic theory model is based on the assumptions that the particles occupy no volume, that all collisions are elastic, and that there are no forces between particles until they collide

7.
understand that a model will begin to break down when the assumptions on which it is based are no longer valid, and explain why this applies to kinetic theory at very high pressures or very high or very low temperatures

8.
derive:
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from first principles to illustrate how the microscopic particle model can account for macroscopic observations

Exercises

P295
Q1-3
Microscopic equations of kinetic theory.

P317
Q6
Assumptions of kinetic theory and rms speeds (past A-level question).

Kinetic energy of a molecule / First law of thermodynamics - Candidates should be able to:

9.
recognise and use the expression:
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10.
understand and calculate the root mean square speed for particles in a gas

11.
understand the concept of internal energy as the sum of potential and kinetic energies of the molecules

12.
recall and use the first law of thermodynamics expressed in terms of the change in internal energy, the heating of the system and the work done on the system

13.
recognise and use the expression W = pΔV for the work done on or by a gas.

Exercises

P287
Q1-4
Using the first law.

P297
Q1
Mean, rms and most likely speed of a molecule.

P299
Q1-5
Molecular kinetic energy and internal energy of a gas.

P316
Q2
Energy changes in an ideal gas (past A-level question).

P316
Q5
First law of thermodynamics (past A-level question).

P317
Q7
Boyle’s law and work done on a gas.

Entropy / Second law of thermodynamics - Candidates should be able to:

14.
understand qualitatively how the random distribution of energies leads to the Boltzmann factor 
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as a measure of the chance of a high energy

15.
apply the Boltzmann factor to activation processes including rate of reaction, current in a semiconductor and creep in a polymer

16. * 
describe entropy qualitatively in terms of the dispersal of energy or particles and realise that entropy is related to the number of ways in which a particular macroscopic state can be realised

17. * 
recall that the second law of thermodynamics states that the entropy of an isolated system cannot decrease and appreciate that this is related to probability

18. * 
understand that the second law provides a thermodynamic arrow of time that distinguishes the future (higher entropy) from the past (lower entropy)

19. * 
understand that systems in which entropy decreases (e.g. humans) are not isolated and that when their interactions with the environment are taken into account their net effect is to increase the entropy of the Universe

20.* 
understand that the second law implies that the Universe started in a state of low entropy and that some physicists think that this implies it was in a state of extremely low probability

Exercises

P305
Q1-4
Energy transfers and the efficiency of a heat engine.

Further resources.

1.
Peter Atkins: ‘Four Laws That Drive the Universe’ (OUP 2007).

This is written as a popular science book but is more useful for the serious student. Professor Atkins gives a clear summary and interpretation of the laws of thermodynamics (0th, 1st, 2nd, 3rd, hence four). This would be excellent background reading for students (and teachers).

2.
Feynman lectures I: 44 The Laws of Thermodynamics

44-1
Heat Engines; the First Law

44-2
The second law

44-3
Reversible engines

44-4
The efficiency of an ideal engine

44-5
The thermodynamic temperature

44-6
Entropy

These chapters are recommended reading for teachers but are written in an accessible style that would be appropriate for able students.

3.
Feynman lectures I: 46 Rachet and Pawl

46-1
How a rachet works

46-2
The rachet as an engine

46-3
Reversibility in mechanics

46-4
Irreversibility

46-5
Order and Entropy

Feynman uses a very simple device in an ‘attempt’ to violate the second law and explores ideas of reversibility and irreversibility in detail, leading to some startling conclusions. A more qualitative (and simpler) version of these arguments is given in chapter 5 (The distinction of the past and future) of ‘The Character of Physical Law’ (Feynman, MIT Press, 1967).

4.
The Emperor’s New Mind – Roger Penrose (OUP 1989)

Chapter 7 (p391-449) – Cosmology and the Arrow of Time - deals with the philosophical implications of the laws of thermodynamics for the universe as a whole. The early sections give an excellent explanation of the nature and characteristics of entropy.

 5.
Unended Quest: An Intellectual Autobiography – Karl Popper (Flamingo 1976)

This is a dense and challenging book but it is rewarding too. Sections 35 and 36 deal with Boltzman’s view of entropy and with Mach’s objections. The ideas will need to be distilled for most students but they are fascinating.

6.
Frontiers: Twentieth Century Physics – Steve Adams (Taylor and Francis 2000).

Chapter 16 p391-421 explains the underlying principles and looks at the philosophical implications of the second law.

Notes on Key Ideas

There are many philosophical ideas that can be developed from this section. Here are a few:

1.
The reality of atoms. It is always worth examining the evidence on which we base our scientific ‘beliefs’. At the end of the nineteenth century atomic and molecular models had been developed using sophisticated mathematical structures and were able to explain a wide range of thermodynamic phenomena. However, a significant number of physicists and philosophers regarded atomic theory as a ‘useful fiction’ and did not regard atoms themselves as existent elements of reality. The argument is often seen as a conflict between Ludwig Boltzman and the influential philosopher/scientist Ernst Mach, and some have suggested that Boltzman’s suicide in 1906 was (at least in part) a consequence of his frustration and depression at the opposition to atomic theory. Ironically Einstein had published a paper on Brownian motion in 1905 which led to experimental measurements of atomic dimensions and is now seen as establishing the reality of atoms.

Related questions could be explored:

· Do quarks ‘exist’?

· Do ‘strings’?

· Do photons?

· What are sufficient criteria for ‘reality’?

· What do we regard as strong evidence for existence?

2.
Reversibility and Irreversibility. The underlying laws of classical physics are all time-symmetric. In other words, if everything is run backwards then the same laws apply. However, the second law of thermodynamics is not time symmetric, it predicts that entropy tends toward a maximum value. 

· How can a time asymmetric law emerge from time symmetric laws?

· How can it be consistent with them?

The statistical approach regards a system as a collection of particles interacting and exchanging energy at random. These individual exchanges are reversible but if the system starts off in a macroscopic state of low probability then it is more likely (but not certain) to evolve to one of higher probability. This gives a direction to macroscopic change, which is not present in each microscopic exchange, and this direction is often associated with the thermodynamic arrow of time. The crucial underlying idea is that a macroscopic state can be realized in a number of microscopic ways (e.g. there are a large number of ways in which the air molecules in a room can be rearranged without changing our macroscopic description of the room using variables like pressure, volume and temperature). A simple way to grasp this idea is to think of shuffling a pack of cards. It the pack starts in suit order then it is almost certain to end up ‘mixed up’ after shuffling. If it starts in a ‘mixed up’ state then it remains mixed up after shuffling. Here ‘suit order’ is a macroscopic state that can only be achieved in one (or a few) microscopic arrangements of cards, but the macroscopic ‘mixed up’ state can be achieved in a very large number of microscopic ways (which is why losing hands are more common than winning hands in poker!) Shuffling simulates the way a sytem explores all accessible microscopic states randomly.

Boltzman’s famous equation for entropy is carved on his tombstone: S = k ln W (S is entropy of a macroscopic state and W is ‘number of ways’ i.e. number of microscopic configurations).

These ideas raise many questions:

· Is time intrinsically linked to randomness and probability?

· If the process is random could the arrow of time point in a different direction (i.e. toward our past) in a distant part of the universe?

· How is the thermodynamic arrow of time related to other arrows of time (e.g. the cosmological arrow fixed by the expansion of the universe)?

3.
Entropy and Life. If everything tends to evolve from order to chaos as entropy increases, how can individual living things accumulate and arrange physical resources to create complex low entropy systems? How can species evolve? It is surprising to realize that living things do not violate the second law. Every chemical reaction that takes place in the body increases the entropy of the universe. The reduction of entropy locally is paid for by a much larger increase in entropy globally. Living things are essentially heat engines.

4.
Is the universe special? If entropy has been increasing since the Big Bang then the Big Bang itself must have been a state of very low entropy. How low? Roger Penrose suggests that of all possible arrangements of matter and energy at the Big Bang our universe started off in a state that had a probability of existing of 1 in 10 to the power 10123 !!! This is discussed in ‘The Emperor’s New Mind’. 

· Should we be impressed?

· Does this imply that our universe was specially selected (by God?) in order that we would eventually evolve within it? Or is it no more remarkable than the fact that players sometimes get winning (unlikely) hands at poker? 

It is dangerous to apply probabilistic arguments to unique events.

5.
What about quantum theory? Isn’t that reversible? Is the ‘collapse of the wavefunction’ linked to the irreversibility of thermodynamics?

6.
Perpetual Motion machines. An interesting way to get to grips with the implications of the laws of thermodynamics is to look at proposals for perpetual motion machines and to discuss why they cannot work. There are two main types of perpetual motion machine: 

· 1st Kind: violates the law of conservation of energy, doing work for free.

· 2nd Kind: violates the second law of thermodynamics by converting heat to work with 100% efficiency.

There are several good websites that can be used to get the discussion going but Wikipedia is a great place to start.
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