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Analysing the Results

Boyle’s Law can be represented by the equation:

pV = constant

This means the pressure must be calculated from the experiment
The exerted pressure of the masses is calculated by:

Where:
F = weight of the masses, mg (N)
A = cross-sectional area of the syringe (m )

The cross-sectional area is found from the equation for the area of a circle:

To calculate the pressure of the gas:

Pressure of the gas = Atmospheric pressure – Exerted pressure from the
masses

Where:
Atmospheric pressure = 101 kPa

2

YOUR NOTES  




Head to savemyexams.co.uk for more awesome resources

Page 93 of 118 
© 2015-2021 Save My Exams, Ltd. · Revision Notes, Topic Questions, Past Papers

The table of results may need to be modified to fit these extra calculations. Here is an
example of how this might look:

Once these values are calculated:

1. Plot a graph of p against 1 / V and draw a line of best fit
2. If this plot is a straight line graph, this means that the pressure is proportional to the

inverse of the volume, hence confirming Boyle's Law (pV = constant)

Evaluating the Experiment

Systematic Errors:

There may be friction in the syringe which causes a systematic error
Use a syringe that has very little friction or lubricated it, so the only force is from
the weights pulling the syringe downwards
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Random Errors:

The reading of the volume should be taken a few seconds after the mass has been
added to the holder

Otherwise, a reading will be taken when the temperature is not constant

This experiment is prone to many random errors with the equipment and surrounding
temperature

Make sure to take repeat readings to decrease the effect of these

Safety Considerations

A counterweight or G-clamp must be used to avoid the stand toppling over and causing
injury, especially if the surface is not completely flat

Investigating Charles's Law

The overall aim of this experiment is to investigate the effects of Charles’s law, which is
the effect of volume on temperature at constant pressure
This is just one example of how this required practical might be tackled

Variables

Independent variable = Temperature, T (°C)
Dependent variable = Height of the gas, h (cm)
Control variables:

Pressure

Equipment List

Resolution of measuring equipment:
30 cm ruler = 1 mm
2 litre beaker = 50 ml
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Method

Apparatus setup for Charles’s Law

1. The capillary tube should have one open end at the top and a closed end at the
bottom. This is to keep the pressure at atmospheric pressure, and constant. Assume
the temperature of the water is the same as the temperature of the gas

2. Set up the apparatus as shown in the diagram. Make sure the drop of sulfuric acid is
halfway up the tube

3. Boil some water in a kettle and pour it into the beaker for the full 2 litres. Make sure
the water covers all the gas, and stir well

4. When the temperature goes down to 95 °C, read the height of the gas from the ruler
Make sure this value is read from eye level on the ruler

5. Record the height of the gas as the temperature decreases in increments of 5 °C. Make
sure you have at least 8 readings or down to room temperature

An example table of results might look like:

YOUR NOTES  




Head to savemyexams.co.uk for more awesome resources

Page 96 of 118 
© 2015-2021 Save My Exams, Ltd. · Revision Notes, Topic Questions, Past Papers

Analysing the Results

1. Plot a graph of the height of the gas in cm and the temperature in °C
2. Draw a line of best fit
3. Calculate the gradient

4. If this is a straight-line graph, then this means the temperature is proportional to the
height. Since the height is proportional to the volume (V = πr h) then this means
Charles’s law is confirmed, and the temperature is proportional to the volume too

To find a value of absolute zero T , the equation of the graph can be written as

h = mT + c

Comparing this to the equation of a straight line: y = mx + c
y = h
x = T
m = gradient
c = y-intercept

2

0
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1. Plot a graph of the height of the gas in cm and the temperature in °C
2. Draw a line of best fit
3. Calculate the gradient

Since c is a constant:

h  - mT  = h  - mT

At absolute zero, h  = 0

- mT  = h  - mT

Picking any co-ordinate of h and t from the line of best fit, and substituting into the
equation will give a value of absolute zero
Check this value is close to the accepted value of –273°C

Evaluating the Experiment

Systematic Errors:

Make sure the capillary tube is close to the ruler and properly aligned to get an
accurate value of the height of the gas

Otherwise, the reading taken will be slightly out each time

Random Errors:

Although this is a slower process, the experiment can be repeated by measuring the
height as the gas cools instead
There can be parallax error when taking the temperature and height readings by
reading them at eye level
Stir the water well so it is the same temperature throughout the beaker, and so the gas
is the same temperature as well

Safety Considerations

When using boiling water, make sure not to spill it onto your skin or any electrical
equipment
Make sure the bench is protected with a heat-proof mat so the boiling water does not
damage the surface

0 0 1 1

0

0 1 1
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Worked Example

A student investigates the relationship between the temperature and volume
of a column of air. They obtain the following results:

Calculate the value of absolute zero from these results and its relative
percentage error with the accepted value of –273.15 °C

Step 1: Plot a graph of temperature T against volume V
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Make sure the axes are properly labelled and the line of best fit is drawn with a
ruler

Step 2: Calculate the gradient of the graph

The gradient is calculated by:

 

Step 3: Calculate the value of absolute zero
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Where T  is absolute zero and (T , h ) is any co-ordinate on the line of best fit
Using the coordinates (60, 10.6):

Step 4: Calculate its relative percentage error with the accepted value of –273.15 °C

0 1 1
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Gas Laws v Kinetic Theory
There is a scientific distinction between the gas laws and kinetic theory

Gas Laws

The gas laws are empirical in nature which means they are based on
observation and evidence
The gas laws include Boyle's Law, Charles's Law, Pressure Law and the ideal gas
equation
These are all based on observations of how a gas responds to changes in its
environment, namely volume, pressure and temperature from experiment

Kinetic Theory

Kinetic theory is based on theory (as stated in its name)
This means it is based on assumptions and derivations from existing theories
These are then used to explain why the gas laws behave the way they do

6.6 Molecular Kinetic Theory Model

6.6.1 Gas Laws v Kinetic Theory
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Ideal Gas Internal Energy
The internal energy of an object is intrinsically related to its temperature
When a container containing gas molecules is heated up, the molecules begin to move
around faster, increasing their kinetic energy
If the object is a solid, where the molecules are tightly packed, when heated the
molecules begin to vibrate more
Molecules in liquids and solids have both kinetic and potential energy because they are
close together and bound by intermolecular forces
However, ideal gas molecules are assumed to have no intermolecular forces

This means they have no potential energy, only kinetic energy
This means that the ideal gas internal energy is the kinetic energy of the atoms

The (change in) internal energy of an ideal gas is equal to:

Therefore, the change in internal energy is proportional to the change in temperature:

ΔU ∝ ΔT

Where:
ΔU = change in internal energy (J)
ΔT = change in temperature (K)
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As the container is heated up, the gas molecules move faster with higher kinetic energy and
therefore higher internal energy

Worked Example

A student suggests that when an ideal gas is heated from 50 °C to 150 °C, the
internal energy of the gas is trebled.State and explain whether the student's
suggestion is correct.

Step 1: Write down the relationship between internal energy and temperature

The internal energy of an ideal gas is directly proportional to its temperature

ΔU ∝ ΔT

Step 2: Determine whether the change in temperature (in K) increases by three
times

The temperature change is the thermodynamic temperature ie. Kelvin
The temperature change in degrees from 50 °C to 150 °C increases by three times
The temperature change in Kelvin is:

50 °C + 273.15 = 323.15 K

150 °C + 273.15 = 423.15 K

Therefore, the temperature change, in Kelvin, does not increase by three times

Step 3: Write a concluding statement relating the temperature change to the
internal energy

The internal energy is directly proportional to the temperature
The thermodynamic temperature has not trebled, therefore, neither has the
internal energy
Therefore, the student is incorrect

Exam Tip

If an exam question about an ideal gas asks for the total internal energy,
remember that this is equal to the total kinetic energy since an ideal gas has
zero potential energy
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Kinetic Theory of Gases Equation

Assumptions in Kinetic Theory

Gases consist of atoms or molecules randomly moving around at high speeds
The kinetic theory of gases models the thermodynamic behaviour of gases by linking
the microscopic properties of particles (mass and speed) to macroscopic properties
of particles (pressure and volume)
The theory is based on a set of the following assumptions:

Molecules of a gas behave as identical (or all have the same mass)
Molecules of gas are hard, perfectly elastic spheres
The volume of the molecules is negligible compared to the volume of the
container
The time of a collision is negligible compared to the time between collisions
There are no intermolecular forces between the molecules (except during
impact)
The molecules move in continuous random motion
Newton's laws apply
There are a very large number of molecules

The number of molecules of gas in a container is very large, therefore the average
behaviour (eg. speed) is usually considered

Exam Tip

Make sure to memorise all the assumptions for your exams, as it is a common
exam question to be asked to recall them.

Derivation of the Kinetic Theory of Gases Equation

When molecules rebound from a wall in a container, the change in momentum gives
rise to a force exerted by the particle on the wall
Many molecules moving in random motion exert forces on the walls which create an
average overall pressure (since pressure is the force per unit area)
Take a single molecule in a cube-shaped box with sides of equal length L
The molecule has a mass m and moves with speed c, parallel to one side of the box
It collides at regular intervals with the sides of the box, exerting a force and
contributing to the pressure of the gas
By calculating the pressure this one molecule exerts on one end of the box, the total
pressure produced by a total of N molecules can be deduced

6.6.2 Kinetic Theory of Gases Equation



YOUR NOTES  




Head to savemyexams.co.uk for more awesome resources

Page 105 of 118
© 2015-2021 Save My Exams, Ltd. · Revision Notes, Topic Questions, Past Papers

A single molecule in a box collides with the walls and exerts a pressure

1. Determine the change in momentum as a single molecule hits a wall
perpendicularly

One assumption of the kinetic theory is that molecules rebound elastically
This means there is no kinetic energy lost in the collision

If the particle hits one side of the wall and rebounds elastically in the opposite direction
to their initial velocity, their final velocity is –c
The change in momentum is therefore:

p = mc

Δp = final p – initial p = −mc − (+mc) = −mc − mc = −2mc

Where:
Δp = change in momentum (kg m s )
m = mass of the molecule (kg)
c = speed of the molecule (m s )

2. Calculate the number of collisions per second by the molecule on a wall

The time between collisions of the molecule travelling to the opposite facing wall and
back is calculated by travelling a distance of 2L with speed c:

Note: c is not taken as the speed of light in this scenario

3. Calculate the force exerted by the molecule on the wall

The force the molecule exerts on one wall is found using Newton’s second law of
motion:

-1

-1
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The change in momentum is +2mc since the force on the molecule from the wall is in
the opposite direction to its change in momentum

4. Calculate the total pressure for one molecule

The area of one wall is L
The pressure is defined as the force per unit area:

This is the pressure exerted from one molecule in a particular direction

5.  Consider the effect of N molecules moving randomly in 3D space

The pressure equation still assumes that all the molecules are travelling in the same
direction and collide with the same pair of opposite faces of the cube
In reality, all molecules will be moving in three dimensions equally and randomly
By splitting the velocity into its components c , c  and c  to denote the amount in the x,
y and z directions, c  can be defined using Pythagoras' theorem in 3D:

c  = c  + c + c

Since there is nothing special about any particular direction, it can be deduced that:

c = c  = c

Therefore, c  can be defined as:

Where c  is the sum of the squared speeds of all the molecules

c  = c  + c  + c  +... + c

6. Consider the speed of the molecules as an average speed

Each molecule has a different speed and they all contribute to the pressure
Therefore, the square root of the average of the square velocities is taken as the speed
instead
This is called the root-mean-square speed or c
c  is defined as:

Therefore

N(c )  = c  + c  + c  +... + c

7. Consider the volume of the box
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The box is a cube and all the sides are of length l
This means L  is equal to the volume of the cube, V

Substituting N(c )  and L  back into the pressure equation obtains the equation:

This is the pressure parallel to the x (or y or z axis)

Multiplying both sides by the volume V gives the final Kinetic Theory of Gases
Equation:

Where:
p = pressure (Pa)
V = volume (m )
N = number of molecules
m = mass of one molecule of gas (kg)
c  = root mean square speed of the molecules (m s )

The equation can also be written using the density ρ of the gas:

Rearranging the equation for pressure p and substituting the density ρ gives the
equation:

Worked Example

An ideal gas has a density of 4.5 kg m  at a pressure of 9.3 × 10  Pa and a
temperature of 504 K.Determine c  of the gas atoms at 504 K.
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Exam Tip

Make sure to revise and understand each step for the whole of the derivation as
you may be asked to derive all, or part, of the equation in an exam question.
Ensure you also write the appropriate commentary instead of simply stating
equations in your answers to get full marks.



YOUR NOTES  




Head to savemyexams.co.uk for more awesome resources

Page 109 of 118
© 2015-2021 Save My Exams, Ltd. · Revision Notes, Topic Questions, Past Papers

Average Molecular Kinetic Energy
An important property of molecules in a gas is their average kinetic energy
This can be deduced from the ideal gas equations relating pressure, volume,
temperature and speed
Recall the ideal gas equation:

pV = NkT

Also, recall the equation linking pressure and mean square speed of the molecules:

The left-hand side of both equations are equal (pV)
This means the right-hand sides are also equal:

N will cancel out on both sides and multiplying by 3 on both sides too obtains the
equation:

m(c )  = 3kT

Recall the familiar kinetic energy equation from mechanics:

Instead of v  for the velocity of one particle, (c )  is the average speed of all molecules

Multiplying both sides of the equation by ½ obtains the average molecular kinetic
energy of the molecules of an ideal gas:

Where:
E = kinetic energy of a molecule (J)
m = mass of one molecule (kg)
 (c ) = mean square speed of a molecule (m  s )
k = Boltzmann constant
T = temperature of the gas (K)

 
Note: this is the average kinetic energy for only one molecule of the gas
A key feature of this equation is that the mean kinetic energy of an ideal gas molecule
is proportional to its thermodynamic temperature

6.6.3 Average Molecular Kinetic Energy
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E  ∝ T

The Boltzmann constant k can be replaced with

Substituting this into the average molecular kinetic energy equation means it can also
be written as:

Worked Example

Helium can be treated as an ideal gas.Helium molecules have a root-mean-
square (r.m.s.) speed of 730 m s  at a temperature of 45 °C.Calculate the r.m.s.
speed of the molecules at a temperature of 80 °C.

k


-1
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Exam Tip

Keep in mind this particular equation for kinetic energy is only for one molecule
in the gas. If you want to find the kinetic energy for all the molecules, remember
to multiply by N, the total number of molecules.You can remember the equation
through the rhyme ‘Average K.E is three-halves kT’.
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Brownian Motion
Brownian motion of particles is the phenomenon when:

Small particles (such as pollen or smoke particles) suspended in a liquid or gas
are observed to move around in a random, erratic fashion

Brownian motion is the erratic motion of small particles when observed through a
microscope

Brownian motion:
Can be observed under a microscope
Provides evidence for the existence of molecules in a gas or liquids

The particles are said to be in random motion, this means that they have:
A range of speeds
No preferred direction of movement

The observable particles in Brownian motion are significantly bigger than the
molecules that cause the motion

In most cases, these were observed as smoke particles in air
The air particles cause the observable motion of the smoke particles that we see
This means that the air particles were small and light and the smoke particles
were large and heavy

The collisions cause larger particles to change their speed and directions randomly
This effect provides important evidence concerning the behaviour of molecules in
a gas, especially the concept of pressure

The small molecules are able to affect the larger particles in this way because:
They are travelling at a speed much higher than the larger particles

6.6.4 Brownian Motion YOUR NOTES  
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They have a lot of momentum, which they transfer to the larger particles when
they collide
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Evolving Models of Gas Behaviour
Our knowledge and understanding of the behaviour of gases has changed significantly
over time
The gas laws were developed by many scientists over thousands of years

Democritus (2000 years ago)

Ancient Greek and Roman philosophers, such as Democritus, had some ideas about
gases, some of which are quite close to what we now know to be true
Democritus thought that if you cut an object in half, and each half has the same
properties as the original object, that you can continue to cut the object into smaller
and smaller pieces until it can no longer be divided
He named the infinitesimally small pieces of matter atomos meaning 'indivisible'

This is the etymology of the word 'atom'

Both of the two most well-known Greek philosophers, Aristotle and Plato, rejected his
theories

Due to their influence, Democritus's theories were not accepted until almost 2000
years later

Robert Boyle (1662)

Robert Boyle discovered the relationship between pressure and volume at a constant
temperature
This came to be known as Boyle's Law

Guillaume Amontons (1699)

Amontons, and later also by Joseph Louis Gay-Lussac (1809), discovered the
relationship between the temperature and the pressure of a gas at constant volume
This came to be known as the Pressure Law

Jacques Charles (1787)

This was then followed by Charles who discovered the relationship between the
volume of a gas and its temperature at constant pressure
This came to be known as Charles's Law

Daniel Bernoulli (18th Century)

Bernoulli assumed that gases were made up of tiny particles which sparked the
beginning of kinetic theory

However, kinetic theory wasn't widely accepted for at least another couple of
hundred years

Bernoulli is also known for the Bernoulli's Principle of fluid dynamics, which is a
statement of the conservation of energy appropriate for flowing fluids

Robert Brown (1827)

6.6.5 Evolving Models of Gas Behaviour YOUR NOTES  
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Brown was an English botanist who discovered Brownian Motion, the random motion
of particles in a fluid, which helped support kinetic theory
This is because Brownian Motion gave evidence that air is made up of tiny atoms or
molecules that move very quickly and randomly

Albert Einstein (1905)

In Einstein's miracle year of 1905, he produced a paper on how kinetic theory was
used to make predictions for Brownian motion

Only then did the atomic and kinetic theory of particles start to become more
widely accepted

His publication of Brownian Motion became one of his most cited papers of all time,
due to its far-reaching implications in both chemistry and physics

Scientific ideas are rarely accepted immediately and require a rigorous process
validation process
Other scientists must repeat experiments and obtain the same conclusions for a
theory to be accepted
The theory that gases are made up of randomly, fast-moving particles may seem
obvious now, but the existence and nature of particles was ground-breaking in all the
scientists and took many centuries to completely understand
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