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3.6 Further mechanics and thermal physics  
3.6.2 Thermal physics  
3.6.2.1 Thermal energy transfer  
 
Content 

• Internal energy is the sum of the randomly distributed kinetic energies and potential 
energies of the particles in a body.  

• The internal energy of a system is increased when energy is transferred to it by 
heating or when work is done on it (and vice versa), eg a qualitative treatment of the 
first law of thermodynamics.  

• Appreciation that during a change of state the potential energies of the particle 
ensemble are changing but not the kinetic energies. Calculations involving transfer of 
energy.  

• For a change of temperature: Q = mcDq where c is specific heat capacity 
• Calculations including continuous flow 
• For a change of state Q = ml where l is the specific latent heat. 

Opportunities for Skills Development 

• Investigate the factors that affect the change in temperature of a substance using an 
electrical method or the method of mixtures.  

• Students should be able to identify random and systematic errors in the experiment 
and suggest ways to  

• Investigate, with a data logger and temperature sensor, the change in temperature with 
time of a substance undergoing a phase change when energy is supplied at a constant 
rate.  

Internal energy is the sum of the randomly distributed kinetic energies and potential 
energies of the particles in a body.  

The internal energy of a system is the sum of the randomly distributed kinetic energies and 
potential energies of the particles in a body. The internal energy of a system can be thought 
of as the thermal energy, although some of an objects internal energy may be as a result of 
other factors. 

The internal energy of a system is increased when energy is transferred to it by 
heating or when work is done on it (and vice versa), eg a qualitative treatment of the 
first law of thermodynamics.  

There are two ways to increase the internal energy, the first of which is to do work on an 
object, the second of which is to transfer energy to the object by heating it. The internal 
energy of a system can be decreased when work is done on another object.  

An example of energy transfer is in a filament lamp. Work is done by the electricity supply 
on the filament as electrons are pushed through. This causes the internal energy of the 
filament to increase, until it eventually emanates light and thermal energy to its surroundings.  
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Thermodynamics is a branch of physics that deals with the energy and work of a system. 

The first law of thermodynamics states that the change of internal energy of an object is 
equal to the total energy transfer due to work done and heating.  

Appreciation that during a change of state the potential energies of the particle 
ensemble are changing but not the kinetic energies. Calculations involving transfer 
of energy.  
 
When a solid is given enough energy, the atoms will vibrate so rigorously that they may have 
enough energy to break free from each other. This will change the state of the solid into a 
liquid. The energy given to the solid raises the potential energy of the molecules as they 
break free from each other, although the kinetic energy does not change. The forces between 
molecules of a liquid are of insufficient strength to hold the molecules in fixed positions, as 
in a solid. On the contrary, molecules in a gas pretty much have no forces of attraction 
between them.  
 
For a change of temperature: Q = mcDq where c is specific heat capacity 
 
The specific heat capacity, c, of a substance is defined as the energy required to raise the 
temperature of 1kg of substance by 1°C/1K. Q = energy (J), m = mass (kg), q = temperature 
(1°C/1K) and the unit of specific heat capacity is either Jkg-1K-1 or Jkg-1°C-1, depending on 
the unit of temperature used. It does not matter whether Dq is in Kelvin or Celsius because 
the difference between each unit on either scale is the same, ie a rise in temperature of 1K is 
of the same magnitude as a rise in temperature of 1°C. Although certain questions may 
require answers in Kelvin/Celsius.  
 
Experimental methods to verify the specific heat capacity of a material.  
 

1. The inversion tube experiment can be used, knowing only the length of the tube, the 
temperature increase of the lead, and the number of inversions. 

a. An object ie a lead shot, is dropped from the top of the tube and falls to hit the 
lead shots at the bottom of the tube. The tube has a bung at the top to prevent 
the lead shot escaping the tube. Each time the shot hits the bottom, the tube 
must be flipped vertically, then once the lead shot reaches the bung it must be 
flipped again. This must be repeated a number of times ie 50 times, and the 
temperature rise noted.  

b. The total loss in gravitational potential energy should be equal to the gain of 
internal energy within the lead shots at the bottom of the tube.  

c. So for example, 50 inversions, the loss of gravitational potential energy is 
50mgL, where L is the length of the tube. 

d. The gain in internal energy will be mcDT 
e. So mcDT = 50mgL, so c = 50gL/DT.  
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https://revise.im/physics/unit-5/thermal-energy 

 
These final two methods are electrical calorimeters used to determine the specific heat 
capacity of a solid and a liquid respectively.  
 

2. The electrical energy supplied by the heater, assuming no thermal energy is lost to the 
surroundings, will all be transferred to the metal block. The thermometer can be used 
to measure the temperature difference, so it can be said that IVt = mcDT, so c = 
IVt/mDT. It is assumed that the mass of the block is known and of value m. The 
electrical energy supplied can be calculated using a stopwatch, ammeter and 
voltmeter. 

a. To improve the thermal conductivity of the thermometer and metal block, you 
can put water/oil in the hole you place the thermometer inside. 

 
 
 
 
 
http://physicsmax.com/measure-specific-heat-capacity-metal-solid-block-method-8008 

 
3. Measurements to determine the specific capacity of a liquid can be made in a similar 

procedure to that above. If you take into account the energy required to heat the 
calorimeter, then you are left with IVt = m1c1DT + m2c2DT, where c1 is the specific 
heat capacity of the liquid, and all other variables are known.  

a. It is important to stir the water at regular intervals. 

 
 
 
 
 
 
http://physicsmax.com/measure-specific-heat-capacity-metal-solid-block-method-8008 
 

The picture below gives a comparison of the two electrical methods of determination. 
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http://www.schoolphysics.co.uk/age16-19/Thermal%20physics/Heat%20energy/text/Specific_heat_capacity_measurement/index.html 
  

Calculations including continuous flow 

 
An electric shower is an example of a continuous flow hot water system, where hot water is 
delivered continuously at a constant temperature and with no requirement for storage. 
Continuous flow only uses energy when the heat is necessitated ie when the shower is turned 
on.  
 
The picture below gives a good explanation of a continuous flow heater. 

 
 
 
 
 
http://www.schoolphysics.co.uk/age16-19/Thermal%20physics/Heat%20energy/text/Specific_heat_capacity_measurement/index.html 
 

The energy supplied to the liquid is equal to IVt = mcDT. This process is also used in solar 
heating panels. 
 
For a change of state Q = ml where l is the specific latent heat. 
 
The equation above describes the energy changes when a solid/liquid/gas undergoes a change 
of state. Q is the energy required to change state, m is the mass of the substance and l is either 
the specific latent heat of fusion or or vaporisation (depending on which change of state is 
taking place). 
 
When a solid reaches its melting point, it requires a certain amount of energy to melt it into a 
liquid. This energy required is called the latent heat of fusion, as a solid ‘fuses’ into a liquid 
when it melts. On the reverse, when a liquid cools to become a solid, latent heat is released. 
At the melting point, the molecules in the liquid are moving slow enough for bonds to form 
and keep the molecules together. 
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The word ‘latent’ means hidden, because when for example a solid reaches its melting point, 
the energy required to cause the change of state does not cause an increase in temperature of 
the solid.  
 
For a liquid heated at its boiling point, the energy required to vaporise the liquid is referred to 
as the latent heat of vaporisation. This will occur once the molecules have been given 
enough kinetic energy to break free of the bonds holding them in their liquid form. On the 
contrary, latent heat will be released as for example, water vapour, condenses into its liquid 
form. As a rule of thumb, it requires more energy to vaporise a substance than melt it. Water 
vapour (steam) given off from a kettle is extremely hot, compared with ice that has just 
melted into a liquid.  
 
There is a also a phenomenon called sublimation which occurs in some solids. In these 
solids, instead of changing state to a liquid, when heated they are vaporised directly instead.  
 
By definition, ‘the specific latent heat of fusion, l, of a substance is the heat required to 
change a unit mass of a substance from a solid, at its melting point, into a liquid, whilst 
remaining at the same temperature.’  
 
Be definition, ‘the specific latent heat of vaporisation, l, of a substance is the heat required to 
change a unit mass of a substance from a liquid at its boiling point, into a vapour, whilst 
remaining at the same temperature.’ 
 
A graph of temperature vs energy input is shown below for the changes of state from a solid 
to a gas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
http://www.splung.com/content/sid/6/page/latentheat 
 

Let the substance in the graph shown be called X. At A, X is a solid and is heated towards its 
melting point at B. During this stage, and until C, the solid will receive latent heat of fusion, 
which will go towards changing the state of the solid. During this time, it is clear from the 
graph that the temperature does not change. Substance X is now a liquid at C, and is heated 
towards its boiling point at D. From D to E the liquid is provided with latent heat of 
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vaporisation, and the liquid will change state towards becoming a gas. The temperature can 
be increased further towards F, but no more changes of states will occur unless the substance 
is contained and cooled. 
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3.6.2.2 Ideal gases  
 
Content 

• Gas laws as experimental relationships between p, V, T and the mass of the gas.  
• Concept of absolute zero of temperature. 
• Ideal gas equation: pV = nRT for n moles and pV = NkT for N molecules.  
• Work done = p∆V  
• Avogadro constant NA, molar gas constant R, Boltzmann constant k  
• Molar mass and molecular mass.  

Gas laws as experimental relationships between p, V, T and the mass of the gas.  

The pressure within a gas is the force per unit area that the gas exerts on a surface. This force 
acts perpendicularly to the surface in which the gas is in contact with. The units of pressure, p 
are pascals (Pa), which can be written as Nm-2. The pressure within a gas is caused by the 
molecules hitting the surfaces of a container, each individual collision is insignificant, but 
due to the vast number of impacts occurring every second the pressure is detectable. Another 
thing worth noting is that the gas molecules bounce off the surfaces, or each other, without 
losing speed. 

It can be said that the pressure of a gas depends on the volume, the temperature and the mass 
of the gas (in a given container). Moreover, the values of each of these properties determines 
the state of the gas.  

The relationships between p, V, T and the mass of the gas was first established by Boyle and 
Charles.  

Boyles Law states that, for a gas of constant mass and temperature, pV = k, where k is a 
constant. Any gas that obeys Boyle’s law is referred to as an ideal gas. 

Charles Law states that for a given mass, at constant pressure, volume is proportional to 
temperature. This can be written as V/T = k2 where k2 is a constant. 

The pressure law states that for a given mass at constant volume, pressure is proportional to 
temperature. This can be written as p/T = k3 where k3 is a constant. 

Any changes that occur at a constant temperature are called isothermal changes. On the 
contrary, an isobaric change is one which takes place at constant pressure. 

Concept of absolute zero of temperature. 
 
Absolute zero is the lowest possible theoretical temperature. This temperature is equal to 0K 
on the Kelvin scale, which is equivalent to -273.15 °C. A graph of volume against 
temperature will yield a straight line (Charles law states they are proportional under certain 
circumstances). This graph relates to the temperature of ‘absolute zero’ because when volume 
is 0, temperature in Kelvin will be 0 ie at the origin. Although this is only followed by ideal 
gases. 
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This means that no matter how much gas is present, as long as it is an ideal gas, at absolute 
zero its volume will be 0. 

Ideal gas equation: pV = nRT for n moles and pV = NkT for N molecules.  

The three experimental laws covered previously can be combined to give the ideal gas 
equation pV/T = constant, which is only true for a fixed mass of an ideal gas. p is the 
pressure, V is the volume and T is the absolute temperature. The constant is equal to nR, 
where n is the number of moles and R is the molar gas constant. Thus the equation can be re-
written as pV = nRT.  

Something worth noting is that any ideal gases of the same volume, temperature and pressure 
will have the same number of moles. Rearranging the pV = nRT to pV/RT = n represents 
this. 

For n=1, ie for 1 mol of any ideal gas in a container, pV/T = R. This value of R can be 
calculated to be equal to 8.31Jmol-1K-1 (given in the formula sheet). This value is called the 
molar gas constant, and a graph of pV vs T yields a straight line through absolute zero with a 
gradient = nR.  

It can be said that the number of moles, n = N/NA, where N is the number of molecules and 
NA is Avogadro’s constant (covered in the next section). If you substitute this value of n into 
pV = nRT, you get pV = NRT/NA, and it can then be said that pV = NkT, because k = R/NA, 
where k is the Boltzmann constant, and N is the number of molecules. 

Work done = p∆V  

For a gas, the work done is the product of the pressure and volume during a change of 
volume. 

Work done is defined as the product of the force acting through a distance s, where W = Fs. 
The units can be written in SI form as Nm. 

The unit of pressure can be written as Nm-2, and the unit of volume as m3. The combined unit 
gives you Nm, so the unit of work.  

Avogadro constant NA, molar gas constant R, Boltzmann constant k  

The Avogadro constant, NA is the number of atoms in 12g of 12C equal to 6.023 x 1023. From 
this you can work out the mass of one atom of carbon 12 to be 12/6.023 x 1023 = 1.993 x 10-

23 g. We will also use, in a later topic, something called the atomic mass unit, denoted by the 
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symbol u. This atomic mass unit is 1/12th the mass of carbon-12. The value of u = 1.661 x 10-

27 kg.  

The molar gas constant was covered previously, to recap: 

For n =1, ie for 1 mol of any ideal gas in a container, pV/T = R. This value of R can be 
calculated to be equal to 8.31Jmol-1K-1 (given in the formula sheet). This value is called the 
molar gas constant, and a graph of pV vs T yields a straight line through absolute zero with a 
gradient = nR.  

The Boltzmann constant (k = 1.38 x 10-23) relates the average kinetic energy of particles in a 
gas with the temperature of a gas. The Boltzmann constant k = R/NA, so the constant is a 
combination of two other constants. 

Molar mass and molecular mass.  

One mole of a substance is defined as the mass of a substance containing the same number of 
fundamental units as there are atoms in exactly 12g of 12C. These fundamental units could be 
atoms or molecule depending on the question. This means that one mole of a substance 
contains 6.023 x 1023 atoms/molecules. ‘Molarity’ is the number of moles in a certain amount 
of substance, with the unit ‘mol’.  

The mass of one mol of a substance is called its molar mass, units kgmol-1. The molar mass 
of sulfur is roughly 0.032kgmol-1, so 0.032kg of sulfur contains 6.023 x 1023 particles.  

To find the molarity of a substance, you must divide the mass of the substance (mS) by the 
molar mass of the substance (M). ie n = mS/M. You can find the number of molecules in a 
given mass by multiplying mS/M by Avogadro’s number, so N = NAmS/M.  

On the contrary, molecular mass is simply the mass of a molecule. It is found by summing 
the constituent masses of the atoms within a molecule.  
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OCR (A) A Level Specimen 1 
 

Question: 

The apparatus shown in Fig. 20.1 is used to investigate the variation of the product PV with 
temperature in the range 20 °C to 100 °C. The pressure exerted by the air is P and the volume 
of air inside the flask is V.  

 

 

 

 

 

 

Describe how this apparatus can be set up and used to ensure accurate results.  

Answer: 

• Ensure largest possible proportion of flask is immersed.  
• Make volume of tubing small compared to volume of flask.  
• Remove heat source and stir water to ensure water at uniform temperature throughout.  
• Allow time for heat energy to conduct through glass to air before reading temperature  
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3.6.2.3 Molecular kinetic theory model  
 
Content 

• Brownian motion as evidence for existence of atoms.  
• Explanation of relationships between p, V and T in terms of a simple molecular 

model.  
• Students should understand that the gas laws are empirical in nature whereas the 

kinetic theory model arises from theory.  
• Assumptions leading to pV = !

"
𝑁𝑚(𝑐𝑟𝑚𝑠)2 including derivation of the equation and 

calculations.  
• A simple algebraic approach involving conservation of momentum is required.  
• Appreciation that for an ideal gas internal energy is kinetic energy of the atoms.  
• Use of average molecular kinetic energy = !

"
𝑁𝑚(𝑐𝑟𝑚𝑠) = "

*
𝑘𝑇 = "-.

*/𝐴
 

• Appreciation of how knowledge and understanding of the behaviour of a gas has 
changed over time.  

Brownian motion as evidence for existence of atoms.  

The existence of atoms and subsequently molecules was first established in 1827, by Robert 
Brown. His observation of pollen grains in water showed the irregular random motion of 
particles in a fluid to be as a result of continuous bombardment of molecules in the 
surrounding medium. 

Explanation of relationships between p, V and T in terms of a simple molecular 
model.  

The pressure of a gas at constant temperature can be increased by decreasing the volume in 
which the gas is contained. This is because the molecules within the container need to travel a 
smaller distance between impacts on the surface of the container, so there are more impacts 
per unit time, and so an increased pressure. This explains Boyle’s Law. 

Increasing the temperature of a gas increases the average speed, so the impacts within the 
container are more frequent and of larger significance. This increases pressure and relates to 
the pressure law. 

Students should understand that the gas laws are empirical in nature whereas the 
kinetic theory model arises from theory.  

The gas laws are empirical in a nature; ie they have been found experimentally. Whereas, the 
kinetic theory model arises from mathematics and theories.  

Assumptions leading to pV = 𝟏
𝟑
𝑵𝒎(𝒄𝒓𝒎𝒔)2 including derivation of the equation and 

calculations.  
 
In deriving this equation shown above, you must first make assumptions about the molecules 
within a gas. These assumptions are as follows: 
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• You can treat molecules as point objects, with a negligible volume relative to the 
volume of the gas 

• There are no attractive forces between the molecules within the gas. If there were 
attractive forces the impact forces on the surfaces of the container would be reduced 

• Their motion is continuous and completely unpredictable 
• All collisions, either between molecules or molecules and the container surface, are 

elastic. This means there is no loss in kinetic energy after collisions 
• Finally, the duration of contact between molecules and the container surface is 

negligible compared to the time between impacts. 

A simple derivation of the equation pV = !
"
𝑁𝑚(𝑐𝑟𝑚𝑠)2  is given below.  In this derivation, 

the velocity in the x direction is represented by vX, in the y direction by vY and z direction by 
vZ. Pythagoras’ theorem, as noted in the derivation, can be applied to three dimensions. 
Finding the resultant velocity in 2 dimensions can be done by doing v2 = (vx)2 + (vY)2, and 
this can be extended in three dimensions so v2 = (vx)2 + (vY)2 + (vZ)2 as the individual 
velocities are all perpendicular to each other. Other than that the derivation should be trivial. 
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A simple algebraic approach involving conservation of momentum is required.  
 
In the derivation above, momentum is treated algebraically. This is because the actual speed 
and mass of the particle is unknown, thus are denoted by m and v respectively. This means 
that change in momentum = -mv – (mv) = -2mv.  
 
Appreciation that for an ideal gas internal energy is kinetic energy of the atoms.  
 
For an ideal gas, the internal energy should be due only to the kinetic energy of the atoms. As 
the temperature of a gas increases, the average kinetic energy of the molecules within a 
container will increase.  
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Use of average molecular kinetic energy = 𝟏
𝟑
𝑵𝒎(𝒄𝒓𝒎𝒔) = 𝟑

𝟐
𝒌𝑻 = 𝟑𝑹𝑻

𝟐𝑵𝑨
 

 
The average molecular kinetic energy is given by  !

"
𝑁𝑚(𝑐𝑟𝑚𝑠) which is also equal to "

*
𝑘𝑇, 

equal also to "-.
*/𝐴

. The derivation of these equations is not required, only their application. 
Each symbol has the same associated unit and name as mentioned already.  

 
REMEMBER THIS IS ONLY FOR 1 

GAS MOLECULE!! 
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AQA June 2011 Unit 5 
 

Question: 

A fixed mass of ideal gas at a low temperature is trapped in a container at constant pressure. 
The gas is then heated and the volume of the container changes so that the pressure stays at 
1.00 x 105

 

Pa. 
When the gas reaches a temperature of 0°C the volume is 2.20 x 10-3.  

Draw a graph on the axes below to show how the volume of the gas varies with temperature 
in °C.  

Answer: 

 

 
 
 
 
 
 
 
 
 
 
 
 
We know that at absolute 0 (-273.15°C), the volume of an ideal gas will be 0. Thus the graph 
must go through this point. We also know that V = nRT/P, where nR/P is constant, so V is 
proportional to T. Thus a straight line must be draw from absolute zero, to the point (2.2 x 10-

3m3) that we are given in the question. 
 

Question: 

Calculate the number of moles of gas present in the container.  

Answer: 

The gradient must be equal to nR/P. So if we calculate the gradient using our two known 
points, we get approximately 8.05..x 10-6. 

So 8.05 x 10-6 = nR/P, and if we solve for n we get 0.970 moles (3sf). 
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Question: 

Calculate the average kinetic energy of a molecule when this gas is at a temperature of 
50.0°C. Give your answer to an appropriate number of significant figures.  

Answer: 

3kT/2 = average kinetic energy of a molecule. Remember that we are given T in Celsius, so 
add 273 to convert it to Kelvin.  

• (use of mean kinetic energy = 3/2 K T) =3/2×1.38×10

 

×323 
• = 6.69 × 10J (3sf) 

Question: 

Calculate the total internal energy of the gas at a temperature of 50.0°C.  

Answer: 

We already know the number of moles present, and since in 1mol there are 6.02 x 1023 
molecules, in 0.097 moles there are 0.097 x 6.02 x 1023 molecules present. We also know the 
average kinetic energy of a molecule, so we simply multiply the number of molecules present 
by the average kinetic energy of 1 molecule. 

Total internal energy = 6.69 × 10-21

 

× 0.0970 × 6.02 × 1023

 

= 390J  

Question: 

By considering the motion of the molecules explain how a gas exerts a pressure and why the 
volume of the container must change if the pressure is to remain constant as the temperature 
increases.  

The quality of your written communication will be assessed in this question.  

Answer: 

• Molecules are in rapid random motion/many molecules are involved molecules 
change their momentum or accelerate on collision with the walls  

• Reference to newton’s 2nd

 

law either F = ma or F = rate of change of momentum  
• Reference to newton’s 3rd

 

law between molecule and wall  
• Relate pressure to force P = F/A  
• Mean square speed of molecules is proportional to temperature  
• As temperature increases so does change of momentum or change in velocity  
• Compensated for by longer time between collisions as the temperature increases  
• As the volume increases the surface area increases which reduces the pressure  

EXAM TIP: 

REMEMBER TO CONVERT TO KELVIN FROM CELCIUS! 
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