
Understanding
 ➔ Temperature and absolute temperature
 ➔ Internal energy
 ➔ Specific heat capacity
 ➔ Phase change
 ➔ Specific latent heat

  Applications and skills
 ➔ The three states of matter are solid, liquid, 

and gas
 ➔ Solids have fixed shape and volume and 

comprise of particles that vibrate with respect 
to each other

 ➔ Liquids have no fixed shape but a fixed volume 
and comprise of particles that both vibrate 
and move in straight lines before colliding with 
other particles

 ➔ Gases (or vapours) have no fixed volume or 
shape and move in straight lines before colliding 
with other particles – this is an ideal gas 

 ➔ Thermal energy is often misnamed “heat” 
or “heat energy” and is the energy that 
is transferred from an object at a higher 
temperature by conduction, convection, and 
thermal radiation

Equations
 ➔ Conversion from Celsius to kelvin: 

T(K) = θ(°C) + 273
 ➔ Specific heat capacity relationship: Q = mc:T
 ➔ Specific latent heat relationship: Q = mL

Introduction
In this topic we look at at thermal processes 
resulting in energy transfer between objects at 
different temperatures. We consider how the 
energy transfer brings about further temperature 
changes and/or changes of state or phase. 

We then go on to look at the effect of energy 
changes in gases and use the kinetic theory to 
explain macroscopic properties of gases in terms 
of the behaviour of gas molecules. 

3 T H E R M A L  P H Y S I C S

3.1 Temperature and energy changes 

  Nature of science
Evidence through experimentation
Since early humans began to control the use 
of fire, energy transfer because of temperature 
differences has had significant impact on society. 
By controlling the energy flow by using insulators 
and conductors we stay warm or cool off, and we 
prepare life-sustaining food to provide our energy 
needs (see figure 2). Despite the importance of 
energy and temperature to our everyday lives, 
confusion regarding the difference between 
“thermal energy” or “heat” and temperature is 
commonplace. The word “heat” is used colloquially 
to mean energy transferred because of a 
temperature difference, but this is a throwback to 
the days in which scientists thought that heat was 
a substance and different from energy.



Temperature and energy transfer
You may have come across temperature described as the “degree of 
hotness” of an object. This is a good starting point since it relates to 
our senses. A pot of boiling water feels very hot to the touch and 
we know instinctively that the water and the pot are at a higher 
temperature than the cold water taken from a refrigerator. The 
relative temperature of two objects determines the direction in which 
energy passes from one object to the other; energy will tend to pass 
from the hotter object to the colder object until they are both at the 
same temperature (or in thermal equilibrium). The energy flowing 
as a result of conduction, convection, and thermal radiation is what is 
often called “heat”.

Temperature is a scalar quantity and is measured in units of degrees 
Celsius (°C) or kelvin (K) using a thermometer. Figure 2 Dinner is served!

Introduction
From the 17th century until the end of the 19th century scientists 
believed that “heat” was a substance that flowed between hot and cold 
objects. This substance travelling between hot and cold objects was 
known as “phlogiston” or “caloric” and there were even advocates of 
a substance called “frigoric” that flowed from cold bodies to hot ones. 
In the 1840s James Joule showed that the temperature of a substance 
could be increased by doing work on that substance and that doing 
work was equivalent to heating. In his paddle wheel experiment 
(see figure 1) he dropped masses attached to a mechanism connected 
to a paddle wheel; the wheel churned water in a container and the 
temperature of the water was found to increase. Although the caloric 
theory continued to have its supporters it was eventually universally 
abandoned. The unit “calorie” which is sometimes used relating to food 
energy is a residual of the caloric theory, as is the use of the word heat 
as a noun.

2 kg

when masses fall they turn the 
axle and cause the paddle wheels 
to churn up the water – this raises 
the water temperature 

2 kg

paddles

thermometer

water

 Figure 1 Joule’s paddle wheel experiment.



  Nature of science
Thermometers
Most people are familiar with liquid-in-glass 
thermometers in which the movement of 
a column of liquid along a scale is used to 
measure temperature. Thermometers are 
not just restricted to this liquid-in-glass type; 
others use the expansion of a gas, the change 
in electrical resistance of a metal wire, or 
the change in emf (electromotive force) at 
the junction of two metal wires of different 
materials. A thermometer can be constructed 
from any object that has a property that varies 
with temperature (a thermometric property). 
In the case of a liquid-in-glass thermometer 
the thermometric property is the expansion 
of the liquid along a glass capillary tube. The 
liquid is contained in the bulb which is a 
reservoir; when the bulb is heated the liquid 
expands, travelling along the capillary. Since 
the bore of the capillary is assumed to be 
constant, as the volume of the liquid increases 
with temperature so does the length of the 
liquid. Such thermometers are simple but not 
particularly accurate. Reasons for the inaccuracy 
could be that the capillary may not be uniform, 
or its cross-sectional area may vary with 
temperature, or it is difficult to make sure that 
all the liquid is at the temperature of the object 
being investigated. Glass is also a relatively good 
insulator and it takes time for thermal energy to 
conduct through the glass to the liquid, making 

the thermometer slow to respond to rapid 
changes in temperature.

Liquid-in-glass thermometers are often calibrated 
in degrees Celsius, a scale based on the scale 
reading at two fixed points, the ice point and the 
steam point. These two temperatures are defined 
to be 0 °C and 100 °C respectively (although
Celsius actually used the steam point for 0 and 
ice point for 100). The manufacturer of the 
thermometer assumes that the length of the liquid 
in the capillary changes linearly with temperature 
between these two points, even though it may not 
actually do so. This is a fundamental assumption 
made for all thermometers, so that thermometers 
only agree with each other at the fixed points – 
between these points they could well give 
different values for the same actual temperature. 

Digital thermometers or temperature sensors 
have significant advantages over liquid-in-glass 
thermometers and have largely taken over from 
liquid-in-glass thermometers in many walks 
of life. The heart of such devices is usually a 
thermistor. The resistance of most thermistors 
falls with temperature (they are known as “ntc” 
or “negative temperature coefficient of resistance” 
thermistors). Since the thermistor is usually quite 
small, it responds very quickly to temperature 
changes. Thermistor thermometers are usually far 
more robust than liquid-in-glass ones.
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 Figure 3 Calibration of a liquid-in glass thermometer at the ice point and steam point.



Absolute temperature
The Celsius temperature scale is based on the ice point and steam point 
of water; by definition all thermometers using the Celsius scale agree 
at these two temperatures. Between these fixed points, thermometers 
with different thermometric properties do not all agree, although 
differences may be small. The absolute temperature scale is the 
standard SI temperature scale with its unit the kelvin (K) being one 
of the seven SI base units. Absolute temperature is defined to be 
zero kelvin at absolute zero (the temperature at which all matter 
has minimum kinetic energy) and 273.16 K at the triple point of 
water (the unique temperature and pressure at which water can 
exist as liquid water, ice, and water vapour). Differences in absolute 
temperatures exactly correspond to those in Celsius temperatures (with 
a temperature difference of 1 °C being identical to 1 K). For this reason

  Investigate!
Calibrating a thermistor against an alcohol-in-glass thermometer
This investigation can be performed by taking 
readings manually or by using a data logger. Here 
we describe the manual way of performing the 
experiment. The temperature can be adjusted either 
using a heating coil or adding water at different 
temperatures (including some iced water, perhaps).

 ● A multimeter set to “ohms” or an ohm-meter is
connected across the thermistor (an ammeter/
voltmeter method would be a suitable alternative
but resistance would need to be calculated).

● The thermistor is clamped so that it lies below
the water surface in a Styrofoam (expanded
polystyrene) container next to an alcohol-in-
glass thermometer.

● Obtain pairs of values of readings on the
multimeter and the thermometer and record
these in a table.

● Plot a graph of resistance/E against
temperature/°C (since this is a calibration
curve there can be no systematic uncertainties
and any uncertainties will be random – being
sufficiently small to be ignored in the context
of this investigation).

 ● The graph shown is typical for a “ntc”
thermistor.

● Suggest why, on a calibration curve,
systematic uncertainties are not appropriate.

● Would the designers of a digital thermometer
assume a linear relationship between
resistance and temperature?

● Would you expect the reading on a digital
thermometer to correspond to that on a
liquid-in-glass thermometer?
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it is usual to write the units of temperature difference as K but not °C
(although you are unlikely to lose marks in an examination for making 
this slip). To convert from temperatures in degrees Celsius to absolute 
temperatures the following relationship is used:

T(K) = θ(°C) + 273

where T represents the absolute temperatures and θ the temperature in
degrees Celsius.

Other aspects of the absolute temperature scale will be considered in Sub-topic 3.2. 

Internal energy
Substances consist of particles (e.g., molecules) in constant random 
motion. As energy is transferred to a substance the separation of the 
particles could increase and they could move faster. When particles 
move further apart (or closer to other neighbouring particles) the 
potential energy of the particles increases. As they move faster their 
random kinetic energy increases. The internal energy of a substance 
is the total of the potential energy and the random kinetic 
energy of all the particles in the substance. For a solid, these two 
forms of energy are present in roughly equal amounts; however in a gas 
the forces between the particles are so small that the internal energy is 
almost totally kinetic. We will discuss this further in the Sub-topic 3.2.

Specific heat capacity
When two different objects receive the same amount of energy they 
are most unlikely to undergo the same temperature change. For 
example, when 1000 J of energy is transferred to 2 kg of water or 
to 1 kg of copper the temperature of each mass changes by different 
amounts. The temperature of the water would be expected to increase 
by about 0.12 K while that of copper by 2.6 K. The two masses have 
different heat capacities. You may think that it is hardly a fair 
comparison since there is 2 kg of water and 1 kg of copper; and you 
would be right to think this! If we chose equal masses of the two 
substances we would discover that 1 kg of water would increase by 
0.24 K under the same conditions.  

In order to be able to compare substances more closely we define 
the specific heat capacity (c) of a substance as the energy 
transferred to 1 kg of the substance causing its temperature to 
increase by 1 K.

The defining equation for this is

c =   
Q
 _ 

m:T
  

where Q is the amount of energy supplied to the object of mass m and 
causing its temperature to rise by :T. When Q is in J, m in kg, and :T in
K, c will be in units of J kg−1 K−1.

You should check that the data provided show that water has a specific 
heat capacity of approximately 4.2 × 103 J kg–1 K–1 and copper a value of
approximately 380 J kg–1 K–1.

Worked example
A temperature of 73 K is 
equivalent to a temperature of

 A. −346 °C.  B. −200 °C.
 C. +73 °C.     D. +200 °C.

Solution
Substituting values into the 
conversion equation:  
73 = θ + 273
so θ = 73 – 273 = −200
making the correct option B.

  Figure 4 Motion of molecules in solids, 
liquids, and gases.
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Note: Students often confuse 
the terms internal energy and 
thermal energy. Avoid using the 
term thermal energy – talk about 
internal energy and the energy 
transferred because of temperature 
differences, which is what most 
people mean by thermal energy.



  Investigate!
Estimating the specific heat capacity of a metal
This is another investigation that can be performed manually or by 
using a data logger. Here we describe the manual way of performing the 
experiment. A metal block of known mass is heated directly by a heating 
coil connected to a low-voltage electrical supply. Channels in the block 
allow the coil to be inserted and also a thermometer or temperature 
probe. The power supplied to the block is calculated from the product 
of the current (I) in the heating coil and the potential difference (V) 
across it. The supply is switched on for a measured time (t) so that the 
temperature changes by at least 10 K. When the temperature has risen 
sufficiently the power is switched off, but the temperature continues to 
be monitored to find the maximum temperature rise (it takes time for the 
thermometer to reach the same temperature as the surrounding block).

● Thermal energy transferred to the block in time t = VIt

● The heater itself, the temperature probe and the insulation
will all have heat capacities that will mean that there is a further
unknown term to the relationship: which should become
VIt = (mc + C)∆T where C is the heat capacity of everything except
the block – which will undergo the same temperature change as
the block since they are all in good thermal contact. This term
may be ignored if the mass of the block is high (say, 1 kg or so).

 ● As the block is heated it will also be losing thermal energy to the
surroundings and so make the actual rise in temperature lower

Worked example
A piece of iron of mass 0.133 kg is placed in a 
kiln until it reaches the temperature θ of the
kiln. The iron is then quickly transferred to 
0.476 kg of water held in a thermally insulated 
container. The water is stirred until it reaches 
a steady temperature. The following data are 
available.

Specific heat capacity of iron = 450 J kg–1 K–1

Specific heat capacity of water = 4.2 × 103 J kg–1 K–1

Initial temperature of the water = 16 °C
Final temperature of the water = 45 °C
The specific heat capacity of the container and 
insulation is negligible. 

a) State an expression, in terms of θ and the
above data, for the energy transfer of the iron
in cooling from the temperature of the kiln to
the final temperature of the water.

b) Calculate the increase in internal energy of
the water as the iron cools in the water.

c) Use your answers to b) and c) to determine θ.

Solution 
a) Using Q = mc∆T for the iron

Q = 0.133 × 450 × (θ − 45) = 60 × (θ − 45)

b) Using Q = mc∆T for the water
Q = 0.476 × 4200 × (45 − 16) = 5.8 ×104 J

c) Equating these and assuming no energy is
transferred to the surroundings 
60 × (θ − 45) = 5.8 × 104

∴ 60θ − 2700 = 5.8 × 104

60θ = 6.1 × 104 

  ∴ θ =   6.1 × 104_
60

 

    θ = 1000 °C (or 1010 °C to 3 s.f. )



TOK

The development of 
understanding of energy 
transfer due to temperature 
differences

The term specific heat 
capacity is a throwback 
to the caloric days when 
energy was thought to 
be a substance. A more 
appropriate term would be 
to call this quantity specific 
energy capacity but specific 
heat capacity is a term that 
has stuck even though 
scientists now recognize its 
inappropriateness.

Are there other cases where 
we still use an old-fashioned 
term or concept because it 
is simpler to do so than to 
change all the books? Has 
the paradigm shift believing 
that heating was a transfer 
of substance into being a 
transfer of energy been taken 
on by society or is there still 
confusion regarding this?

that might be predicted. You are not expected to calculate “cooling 
corrections” in your IB calculations but it is important to recognize 
that this happens. A simple way of compensating for this is to cool 
the apparatus by, say 5 K, below room temperature before switching 
on the power supply. If you then allow its temperature to rise to 5 K 
above room temperature, then you can assume that the thermal 
energy gained from the room in reaching room temperature is 
equal to that lost to the room when the apparatus is above room 
temperature.

● This method can be adapted to measure the specific heat capacity
of a liquid, but you must remember that the temperature of the
container will also rise.
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B

Specific latent heat
The temperature of a block of ice in a freezer is likely to be well below 
0 °C. If we measure the temperature of the ice from the time it is taken
from the freezer until it has all melted and reached room temperature 
we would note a number of things. Initially the temperature of the ice 
would rise; it would then stay constant until all of it had melted then it 
would rise again but at a different rate from before. If we now put the 
water into a pan and heat it we would see its temperature rise quickly 
until it was boiling and then stay constant until all of the water had 
boiled away. These observations are typical of most substances which 
are heated sufficiently to make them melt and then boil. Figure 5 shows 
how the temperature changes with time for energy being supplied. 
Energy is continually being supplied to the ice but there is no temperature 
change occurring during melting or boiling. The energy required to 
achieve the change of phase is called latent heat; the word latent 
meaning “hidden”. In a similar way to how specific heat capacity was 
defined in order to compare equal masses of substances, physicists define:

● specific latent heat of fusion (melting) as the energy required to
change the phase of 1 kg of substance from a solid to a liquid without
any temperature change



● specific latent heat of vaporization (boiling) as the energy
required to change the phase of 1 kg of liquid into a gas without any
temperature change.

The equations for these take the form

L =   
Q

 _
m  

where Q is the energy supplied to the object of mass which causes its 
phase to change without any temperature change. When Q is in J, m in 
kg, L will be in units of J kg–1.

  Figure 5 Change of phase (not to scale).
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The graph shows how the temperature of a substance changes with 
time. The portions of the graph that are flat indicate when there is no 
temperature change and so the substance is changing phase.

● This graph assumes that energy is supplied by a constant power
source and so, since energy is the product of power and time, a graph
of temperature against energy transferred to the substance will take
the same shape as this.

● If you are told the rate at which energy is supplied (i.e. the power
supplied) then from the gradients of the temperature–time graph you
can work out the heat capacity of the liquid, the solid and the gas.

● From the time of each horizontal section of the graph you can also
calculate the specific heat capacity of the solid and liquid phases.

● When a gas transfers energy to another object at a constant rate we
see the temperature of the gas drop until it reaches the boiling point
(condensing point is the same temperature as this) at which time the
graph becomes flat. Again as the liquid transfers energy away the
temperature will fall until the melting (or solidifying) temperature
is reached when the graph again becomes flat until all the substance
has solidified. After this it will cool again.

● Cooling is the term generally used to mean falling temperature
rather than loss of energy, so it is important not to say the substance
is cooling when the temperature is constant (flat parts of the graph).



Molecular explanation of phase change
The transfer of energy to a solid increases its internal energy – this 
means that the mean random kinetic energy of the molecules increases 
(as the vibrations and speeds increase) and the intermolecular potential 
energy increases (as the molecules move further apart). Eventually some 
groups of molecules move far enough away from their neighbours for 
the influence of their neighbours to be reduced – chemists would often 
use the model of the intermolecular bonds being broken. When this 
is happening the energy supplied does not increase the mean random 
kinetic energy of the molecules but instead increases the potential 
energy of the molecules.

Eventually the groups of molecules are sufficiently free so that the solid 
has melted. The mean speed of the groups of molecules now increases 
and the temperature rises once more – the molecules are breaking away 
from each other and joining together at a constant rate. The potential 
energy is not changing on average. As the liquid reaches its boiling 
point the molecules start moving away from each other within their 
groups. Individual molecules break away and the potential energy once 
more increases as energy is supplied. Again a stage is reached in which 
the mean kinetic energy remains constant until all the molecules are 
separated from each other. We see a constant temperature (although 
much higher than during melting). The energy is vaporizing the liquid 
and only when the liquid has all vaporized is the energy re-applied to 
raising the gas temperature.

Worked example
A heater is used to boil a liquid in a pan for a measured time. 

The following data are available.

Power rating of heater = 25 W

Time for which liquid is boiled = 6.2 × 102 s

Mass of liquid boiled away = 4.1 × 10–2 kg

Use the data to determine the specific latent heat of vaporization of 
the liquid.

Solution 
Using Q = Pt for heater: Q = 25 × 6.2 × 102 = 15 500 J

Using Q = mL for the liquid: 15 500 = 4.1 × 10−2 × L

L =   15 500 _ 
4.1 × 10−2

   = 3.8 × 105 J kg−1



3.2 Modelling a gas

  Nature of science
Progress towards understanding by collaboration and modelling
Much of this sub-topic relates to dealing with 
how scientists collaborated with each other and 
gradually revised their ideas in the light of the work 
of others. Repeating and often improving the original 
experiment using more reliable instrumentation 
meant that generalizations could be made. Modelling 

the behaviour of a real gas by an ideal gas and the 
use of statistical methods was groundbreaking in 
science and has had a major impact on modern 
approaches to science including the quantum theory 
where certainty must be replaced by probability.

Understanding
 ➔ Pressure
 ➔ Equation of state for an ideal gas
 ➔ Kinetic model of an ideal gas
 ➔ Mole, molar mass, and the Avogadro constant
 ➔ Differences between real and ideal gases

  Applications and skills
 ➔ Equation of state for an ideal gas
 ➔ Kinetic model of an ideal gas
 ➔ Boltzmann equation
 ➔ Mole, molar mass, and the Avogadro constant
 ➔ Differences between real and ideal gases

Equations
 ➔ Pressure: p =   F ___ A  
 ➔ Number of moles of a gas as the ratio of number 

of molecules to Avogadro’s number: n =   N 
_____
NA

 

 ➔ Equation of state for an ideal gas: pV = nRT
 ➔ Pressure and mean square velocity of 

molecules of an ideal gas: p =   1 ___ 3   
___

 ρc2 
 ➔ The mean kinetic energy of ideal gas molecules:  

 E   K  mean   =   3 ___ 2   kBT =   3 ___ 2     R ____ NA
   T

Introduction
One of the triumphs of the use of mathematics in physics was the 
successful modelling of the microscopic behaviour of atoms to give an 
understanding of the macroscopic properties of a gas. Although the Swiss 
mathematician Daniel Bernoulli had suggested that the motion of atoms 
was responsible for gas pressure in the mid-1700s, the kinetic theory of 
gases was not widely accepted until the work of the Scottish physicist, 
James Clerk-Maxwell and the Austrian, Ludwig Boltzmann working 
independently over a hundred years later.



The gas laws
The gas laws were developed independently experimentally between 
the mid-seventeenth century and the start of the nineteenth century. 
An ideal gas can be defined as one that obeys the gas laws under all 
conditions. Real gases do not do this but they approximate well to an 
ideal gas so long as the pressure is little more than normal atmospheric 
pressure. With the modern apparatus available to us it is not difficult to 
verify the gas laws experimentally.

As a consequence of developing the vacuum pump and thus the 
hermetically-sealed thermometer, the Irish physicist Robert Boyle 
was able to show in 1662 that the pressure of a gas was inversely 
proportional to its volume. Boyle’s experiment is now easily repeatable 
with modern apparatus. Boyle’s law states that for a fixed mass of gas 
at constant temperature the pressure is inversely proportional to 
the volume. The French experimenter Edmé Mariotte independently 
performed a similar experiment to that of Boyle and was responsible for 
recognizing that the relationship only holds at a constant temperature – 
so with modern statements of the law, there is much justification for 
calling this law Mariotte’s law.

Mathematically this can be written as p ∝   1 __ V   (at constant temperature) or 
pV = constant (at constant temperature).

A graph of pressure against volume at constant temperature (i.e., a 
Boyle’s law graph) is known as an isothermal curve (“iso” meaning 
the same and “thermo” relating to temperature). Isothermal curves are 
shown in figure 2(b) on p104.

TOK

Boyle’s impact on scientific method

Robert Boyle was a scientific giant and experimental 
science has much to thank him for in addition to his 
eponymous law. In the mid-1600s where philosophical 
reasoning was preferred to experimentation, Boyle 
championed performing experiments. Boyle was most 
careful to describe his experimental techniques to allow 
them to be reproduced by others – this gave reliability 
to experimental results and their interpretation.  At this 
time, many experimenters were working independently. 
The confusion in correct attribution of gas laws to their 
discoverer may have been less involved had others 
followed Boyle's lead. His rapid and clear reporting of 
his experimental work and data avoided the secrecy 
that was common at the time; this was advantageous to 
the progress of other workers.

Although Boyle was apparently not involved in the 
ensuing quarrels, there was great debate regarding 
whether Boyle or the German chemist Henning Brand 
discovered the element phosphorus. This is largely 
because Brand kept his discovery secret while he

pursued the “philosopher’s stone” in an attempt to 
convert base metals such as lead into gold. Is rapid or 
frequent publication usually a case of a scientist's self-
promotion or is the practice more often altruistic?

 Figure 1 Robert Boyle.



The French physicist Jacques Charles around 1787 repeated the 
experiments of his compatriot Guillaume Amontons to show that all 
gases expanded by equal amounts when subjected to equal temperature 
changes. Charles showed that the volume changed by   1

 ___ 273   of the volume 
at 0 °C for each 1 K temperature change. This implied that at –273 °C,
the volume of a gas becomes zero. Charles’s work went unpublished and 
was repeated in 1802 by another French experimenter, Joseph Gay-
Lussac. The law that is usually attributed to Charles is now stated as for 
a fixed mass of gas at constant pressure the volume is directly 
proportional to the absolute temperature. 

Mathematically this law can be written as V ∝ T (at constant pressure)
or   V __ T   = constant (at constant pressure).

Amontons investigated the relationship between pressure and 
temperature but used relatively insensitive equipment. He was able to 
show that the pressure increases when temperature increases but failed to 
quantify this completely. The third gas law is stated as for a gas of fixed 
mass and volume, the pressure is directly proportional to the 
absolute temperature. This law is sometimes attributed to Amontons 
and often (incorrectly) to Gay-Lussac or Avogadro and sometimes it is 
simply called the pressure law. Maybe it is safest to refer to this as the third 
gas law!

Mathematically this law can be written as p ∝ T (at constant volume)
or   

p
 __ T   = constant(at constant volume).

The Italian physicist, Count Amadeo Avogadro used the discovery that 
gases expand by equal amounts for equal temperature rises to support a 
hypothesis that all gases at the same temperature and pressure contain 
equal numbers of particles per unit volume. This was published in a 
paper in 1811. We now state this as the number of particles in a gas 
at constant temperature and pressure is directly proportional to 
the volume of the gas.

Mathematically this law can be written as n ∝ V (at constant
pressure and temperature) or   n __

V   = constant (at constant pressure and
temperature). 

Since each of the gas laws applies under different conditions the 
constants are not the same in the four relationships. The four equations 
can be combined to give a single constant, the ideal gas constant, R. 
Combining the four equations gives what is known as the equation of 
state of an ideal gas:

  
pV

 _ 
nT

   = R    or    pV = nRT

When pressure is measured in pascal (Pa), volume in cubic metre (m3), 
temperature in kelvin (K), and n is the number of moles in the gas, then 
R has the value 8.31 J K–1 mol–1.

The mole and the Avogadro constant
The mole, which is given the symbol “mol”, is a measure of the amount 
of substance that something has. It is one of the seven SI base units 
and is defined as being the amount of substance having the same 



Worked example
Calculate the percentage change in volume of 
a fixed mass of an ideal gas when its pressure 
is increased by a factor of 2 and its temperature 
increases from 30 °C to 120 °C.

Solution 
Since n is constant the equation of state can be 
written 

  
p1V1 _ 
T1

   =   
p2V2_
T2

 

We are trying to obtain the ratio   
V2 __ V1

   and so the 

equation can be rearranged into the form  
V2 __
V1

 =   
p1T2 ___ p2T1

  

p2 = 2p1 and T1 = 303 K and T2 = 393 K, so  
V2 __
V1

 

=   393
 ______ 2 × 303   = 0.65 or 65%

This means that there is a 35% reduction in the
volume of the gas.

  Investigate!
Verifying the gas laws experimentally
Boyle’s law
● Pressure is changed using the pump.

● This pushes different amounts of oil into the
vertical tube, which changes the pressure on
the gas (air).

● Changes are carried out slowly to ensure there
is no temperature change.

● A graph of pressure against volume gives
a curve known as an isothermal (line at
constant temperature).

number of particles as there are neutral atoms in 12 grams of 
carbon-12. One mole of a gas contains 6.02 × 1023 atoms or molecules.
This number is the Avogadro constant NA. In the same way that you can 
refer to a dozen roses (and everyone agrees that a dozen is the name for 
12) you can talk about three moles of nitrogen gas which will mean that
you have 18.06 × 1023 gas molecules. The mole is used as an alternative
to expressing quantities in volumes or masses.

Molar mass
As we have just seen, the mole is simply a number that can be used to 
count atoms, molecules, ions, electrons, or roses (if you wanted). In 
order to calculate the molar mass of a substance (which differs from 
substance to substance) we need to know the chemical formula of a 
compound (or whether a molecule of an element is made up from one 
or more atoms). Nitrogen gas is normally diatomic (its molecules have 
two atoms), so we write it as N2. One mole of nitrogen gas will contain 
6.02 × 1023 molecules but 12.04 × 1023 atoms. As one mole of nitrogen
atoms has a mass of approximately 14.01 g then a mole of nitrogen 
molecules will have a mass of 28.02 g – this is its molar mass. The 
chemical formula for water is, of course, H2O, so one mole of water 
molecules contains two moles of hydrogen atoms and one mole of 
oxygen atoms. 1 mol of hydrogen atoms has a mass of 1.00 g and 1 mol 
of oxygen atoms has a mass of 16.00 g, so 1 mol of water has a mass of 
(2 × 1.00 g) + 16.00 g = 18.00 g. The mass of water is 18.00 g mol−1.



● Isothermals can be plotted over a range of
different temperatures to give a series of
curves such as those in figure 2(b).

● A graph of pressure against the reciprocal of
volume   1 __ V   should give a straight line passing
through the origin.

● This investigation could be monitored
automatically using a data logger with a
pressure sensor.

 Figure 2 (a) Boyle’s law apparatus and (b) graph.
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Charles’s law
● Pressure is kept constant because the capillary

tube is open to the surrounding atmosphere 
(provided the atmospheric pressure does 
not change).

● Change the temperature by heating (or
cooling/icing) the water.

● Assuming that the capillary is totally uniform
(which is unlikely) the length of the column
of air trapped in the tube will be proportional
to its volume.

● Stir the water thoroughly to ensure that it is at
a constant temperature throughout.

thermometer

rubber bands

capillary tube

air trapped by 
liquid index

L

−200 500
temperature/°

This is your
value for absolute zero

L/mm

Your results are going
to be in the region from 0 °C up

to 50 °C, but if you draw your graph on
the scale shown here it will not give a very

reliable value for absolute zero – it is better
to use the page from 0 °C up to 50 °C and

to use the method of similar triangles
to find absolute zero

 Figure 3 Charles’ law apparatus and graph.



  Nature of science
Evidence for atoms
The concept of atoms is not a new one but it has only been accepted 
universally by scientists over the past century. Around 400 BCE the 
Greek philosopher Democritus theorized the existence of atoms – 
named from ancient Greek: “ατοµοσ” – meaning without division.
He suggested that matter consisted of tiny indivisible but discrete 
particles that determined the nature of the matter of which they 
comprised. Experimental science did not become fashionable until 
the 17th century and so Democritus’ theory remained unproven. Sir 
Isaac Newton had a limited view of the atomic nature of matter but 
believed that all matter was ultimately made of the same substance. 
In the 19th century the chemist, John Dalton, was the first to suggest 
that the individual elements were made of different atoms and could 
be combined in fixed ratios. Yet even Dalton and his successors were 
only able to infer the presence of atoms from chemical reactions.

Less explicit evidence (yet still indirect) came from experiments with 
diffusion and “Brownian motion”. 

● Leave a reasonable length of time in between
readings to allow energy to conduct to the
air in the capillary – when this happens the
length of the capillary no longer changes.

 ● A graph of length of the air column against
the temperature in °C should give a straight
line, which can be extrapolated back to
absolute zero.

 ● To choose larger (and therefore better) scales
you can use similar triangles to calculate
absolute zero.

The third gas law
 ● There are many variants of this apparatus

which could, yet again, be performed using 
a data logger with temperature and pressure 
sensors.

 ● The gas (air) is trapped in the glass bulb and
the temperature of the water bath is changed.

 ● The pressure is read from the Bourdon gauge
(or manometer or pressure sensor, etc.).

 ● Leave a reasonable length of time in between
readings to allow energy to conduct to the
air in the glass bulb – when this happens the
pressure no longer changes.

 ● A graph of pressure against the
temperature in oC should give a straight

line, which can be extrapolated back to 
absolute zero.

● To choose larger (and therefore better) scales
you can use similar triangles to calculate
absolute zero.

water bath

thermometerBourdon gauge

250 ml round-bottomed flask 
containing air

−200 500
temperature/°C

This is your value
for absolute zero

pressure

 Figure 4 Third gas law apparatus and graph.



The microscopic interpretation of gases
Diffusion
The smell of cooked food wafting from a barbecue is something that 
triggers the flow of stomach juices in many people. This can happen 
on a windless day and is an example of diffusion of gases. The atomic 
vapours of the cooking food are being bombarded by air molecules 
causing them to move through the air randomly. The bromine vapour 
experiment shown in figure 5 is a classic demonstration of diffusion. 
Bromine (a brown vapour) is denser than air and sinks to the bottom 
of the lower right-hand gas jar. This is initially separated from the 
upper gas jar by a cover slide. As the slide is removed the gas is 
gradually seen to fill the upper gas jar (as seen in the jars on the left); 
this is because the air molecules collide with the bromine atoms. If 
this was not the case we would expect the bromine to remain in the 
lower gas jar.

Brownian motion
In 1827, English botanist, Robert Brown, first observed the motion 
of pollen grains suspended in water. Today we often demonstrate 
this motion using a microscope to see the motion of smoke particles 
suspended in air. The smoke particles are seen to move around in a 
haphazard way. This is because the relatively big and heavy smoke 
particles are being bombarded by air molecules. The air molecules have 
momentum, some of which is transferred to the smoke particles. At 
any instant there will be an imbalance of forces acting on each smoke 
particle giving it the random motion observed. The experiment of 
figure 6(a) shows how smoke in an air cell is illuminated from the side. 
Each smoke particle scatters light in all directions and so some reaches 
the microscope. The observer sees the motion as tiny specks of bright 
light that wobble around unpredictably as shown in figure 6(b).

 Figure 6  The smoke cell.
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 Figure 5 Bromine diffusion.

(b)



Kinetic model of an ideal gas
The kinetic theory of gases is a statistical treatment of the movement 
of gas molecules in which macroscopic properties such as pressure are 
interpreted by considering molecular movement. The key assumptions of 
the kinetic theory are:

●  A gas consists of a large number of identical tiny particles called
molecules; they are in constant random motion.

● The number is large enough for statistical averages to be made.

● Each molecule has negligible volume when compared with the
volume of the gas as a whole.

● At any instant as many molecules are moving in one direction as in
any other direction.

● The molecules undergo perfectly elastic collisions between
themselves and also with the walls of their containing vessel; during
collisions each momentum of each molecule is reversed.

● There are no intermolecular forces between the molecules between
collisions (energy is entirely kinetic).

● The duration of a collision is negligible compared with the time
between collisions.

● Each molecule produces a force on the wall of the container.

● The forces of individual molecules will average out to produce a
uniform pressure throughout the gas (ignoring the effect of gravity).

Using these assumptions and a little algebra it is possible to derive the 
ideal gas equation: 

In figure 7 we see one of N molecules each of mass m moving in a box 
of volume V. The box is a cube with edges of length L. We consider the 
collision of one molecule moving with a velocity c towards the right-
hand wall of the box. The components of the molecule’s velocity in the 
x, y, and z directions are c

x
, c

y
, and c

z
 respectively. As the molecule collides 

with the wall elastically, its x component of velocity is reversed, while its 
y and z components remain unchanged. 

The x component of the momentum of the molecule is mc
x
 before the 

collision and – mc
x
 after the collision.

The change in momentum of the molecule is therefore – mc
x – (mc

x
) = –2mc

x

As force is the rate of change of momentum, the force F
x
 that the  

right-hand wall of the box exerts on our molecule will be   
−2m c  x 

 _____ t   where t
is the time taken by the molecule to travel from the right-hand wall of 
the box to the opposite side and back again (in other words it is the time 
between collisions with the right-hand wall of the box).

Thus t =   2L _  c  x 
   and so F

m
 =   −2m c  x  _ 

  2L
 __  c  x 
  
   =   

−m c  x  
2 _

L
 

Using Newton’s third law of motion we see that the molecule must exert 
a force of   

m c  x  
2 
 ___ L   on the right-hand wall of the box (i.e. a force equal in

magnitude but opposite in direction to the force exerted by the right-
hand wall on the molecule).

x
LL

L

cx

m

c

z

y

  Figure 7 Focusing on the x-component of 
the velocity.  

What quantity is equivalent to the 
reciprocal of t?



Since there are N molecules in total and they will have a range of speeds, 
the total force exerted on the right-hand wall of the box

F
x
 =   m _

L
  (  c   x 1

2 +  c   x  2 
2
 +  c   x  3 

2
 + ... +  c   x  N 

  2
   )

Where  c   x 1
  is the x component of velocity of the first molecule,  c   x 2

  that of 
the second molecule, etc.

With so many molecules in even a small volume of gas, the forces 
average out to give a constant force.

The mean value of the square of the velocities is given by

 
__

  c  x  
2   =   

 (  c   x  1 
 2
   +  c   x  2 

 2
   +  c   x  3 

 2
   + ... +  c   x  N 

  2
   ) 
   ___  

N
 

This means that the total force on the right-hand wall of the box is  
given by F

x
 =   Nm

 ___ L    
__

  c  x  
2   .

Figure 8 shows a velocity vector c being resolved into components c
x
‚ c

y
, 

and c
z
. 

Using Pythagoras’ theorem we see that c2 =  c  x  
2  +  c  y  

2  +  c  z  
2

It follows that the mean values of velocity can be resolved into the mean 
values of its components such that

 
__

  c  2   =  
__

  c  x  
2   +  

__
  c  y  

2   +  
__
 c  z  

2

 
__

  c  2   is called the mean square speed of the molecules.

On average there is an equal likelihood of a molecule moving in any 
direction as in any other direction so the magnitude of the mean 
components of the velocity will be the same, i.e.,

 
__

  c  x  
2   =  

__
  c  y  

2   =  
__

  c  z  
2   , so  

__
  c  2   = 3  

__
  c  x  

2   or  
__

  c  x  
2   =   1 __ 3    

__
 c  2  

So our equation for the total force on the right-hand wall becomes  
F =   1 __ 3     Nm

 ___ L    
__
c2 

The pressure on this wall (which has an area A) is given by p
x =   

 F  X 
 __ A   and 

A = L2 so that

p
x =   1 _ 

3
     Nm _ 

L3
    

__
 c2  or p

x =   1 _ 
3

     Nm _ 
V

    
__
c2 

Since pressure at a point in a fluid (gas or liquid) acts equally in all 
directions we can write this equation as

p =   1 _ 
3

     Nm _ 
V

    
__
c2 

As Nm is the total mass of the gas and the density ρ (Greek, rho) is the
total mass per unit volume, our equation simplifies to

p =   1 _ 
3

   ρ __
c2

Be careful not to confuse p, the pressure, with ρ, the density.

You should note that the guidance in the IB Diploma Programme physics 
guide says that you should understand this proof – that does not mean 
that you need to learn it line by line but that each of the steps should 
make sense to you. You should then be able to answer any question 
asked in examinations.

 Figure 8 Resolving the velocity of a molecule.
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Molecular interpretation of temperature
Returning to the equation of an ideal gas in the form

p =   1 __ 3     Nm _ 
V

   
__
c2 

we get

pV =   Nm _ 
3

   
__
c2 

Multiplying each side by   3 __ 2   gives

  3 __ 2   pV =  (   3 __ 2     Nm
 ___ 3    
__
c2  )  = N ×   1 __ 2   m 

__
c2 

Comparing this with the equation of state for an ideal gas pV = nRT

we can see that   3 __ 2   nRT = N ×   1 __ 2   m 
__
c2 

This may look a little confusing with both n and N in the equation so 
let’s recap:

n is the number of moles of the gas and N is the number of molecules so 
let’s combine them to give a simpler equation:

  3 __ 2     nRT
 ___ N  =   1 __ 2   m 

__
c2 

But  N ___ NA

  = n so   N __ n   is the number of molecules per mole (the Avogadro
number, NA) making the equation:

  3 __ 2     RT
 ___  N  A  =   1 __ 2   m 

__
c2 

Things get even easier when we define a new constant to be   R ___  N  A    ; this 
constant is given the symbol kB and is called the Boltzmann constant.

So the equation now becomes:

  3 __ 2   kBT =   1 __ 2   m 
__
c2 

Now   1 __ 2   m 
__
 c2  should remind you of the equation for kinetic energy and, 

indeed, it represents the mean translational kinetic energy of the gas 
molecules. We can see from this equation that the mean kinetic energy gives 
a measure of the absolute temperature of the gas molecules. 

The kinetic theory has linked the temperature (a macroscopic property) 
to the microscopic energies of the gas molecules. In an ideal gas there 
are no long-range intermolecular forces and therefore no potential 
energy components; the internal energy of an ideal gas is entirely 
kinetic. This means that the total internal energy of an ideal gas is 
found by multiplying the number of molecules by the mean kinetic 
energy of the molecules

total internal energy of an ideal gas =   3 __ 2   NkBT

We have only considered the translational aspects of our gas molecules 
in this derivation and this is fine for atomic gases (gases with only 
one atom in their molecules); when more complex molecules are 
considered this equation is slightly adapted using a principle called the 
equipartition of energies (something not included in the IB Diploma 
Programme Physics guide).



Worked example
Nitrogen gas is sealed in a container at a 
temperature of 320 K and a pressure of  
1.01 × 105 Pa.

a) Calculate the mean square speed of the
molecules.

b) Calculate the temperature at which the mean
square speed of the molecules reduces to 50%
of that in a).

mean density of nitrogen gas over the 
temperatures considered = 1.2 kg m−3

Solution 
a) p =   1 __ 3   ρ __

 c2  so  
__
 c2  =   

3p
 __ ρ   =   3 × 1.01 × 105___________

1.2 

= 2.53 × 105 m2 s−2 (notice the unit here?)

b)  
__
c2  ∝ T so the temperature would need to be
50% of the original value (i.e. it would be
160 K).

  Nature of science
Maxwell–Boltzmann distribution
In the 1850s James Clerk Maxwell realized 
that a gas had too many molecules to have any 
chance of being analysed using Newton’s laws 
(even though this could be done in principle). 
With no real necessity to consider the motion of 
individual molecules he realized that averaging 
techniques could be used to link the motion of 
the molecules with their macroscopic properties. 
He recognized that he needed to know the 
distribution of molecules having different speeds. 
Ludwig Boltzmann had proposed a general 
idea about how energy was distributed among 
systems consisting of many particles and Maxwell 
developed Boltzmann’s distribution to show how 
many particles have a particular speed in the gas. 
Figure 9 shows the three typical distributions 

for the same number of gas molecules at three 
different temperatures. At higher temperatures 
the most probable speed increases but overall 
there are less molecules travelling at this speed 
since there are more molecules travelling at 
higher speeds. The speeds of molecules at these 
temperatures can be greater than 1 km s–1 (but 
they don’t travel very far before colliding with 
another molecule!).

The Maxwell–Boltzmann distribution was first 
verified experimentally between 1930 and 1934 by 
the American physicist I F Zartman using methods 
devised by the German-American Otto Stern in the 
1920s. Zartman measured the speed of molecules 
emitted from an oven by collecting them on the 
inner surface of a rotating cylindrical drum. 

Alternative equation of state of an ideal gas
The gas laws produced the equation of state in the form of pV = nRT.
Now we have met the Boltzmann constant we can use an alternative 
form of this equation. As we have seen n represents the number of 
moles of our ideal gas and R is the universal molar gas constant. If we 
want to work with the number of molecules in the gas (as physicists 
often do) the equation of state can be written in the form of pV = NkBT
where N represents the number of molecules and kB is the Boltzmann 
constant. Thus nR = NkB and if we consider 1 mol of gas then n = 1
and N = NA = 6.02 × 1023. We see from this why kB =   R __ NA

   as was used 
previously.

With R = 8.3 J K–1 mol–1 kB must =   8.3 J mol–1 K–1

  ____________  
6.02 × 1023 mol–1  = 1.38 × 10−23 J K−1

Note
When you look at the unit 
for Boltzmann's constant 
you should see a similarity 
with specific heat capacity. 
This is like the specific heat 
capacity for one mole of every 
monatomic gas



  Nature of science
Real gases
An ideal gas is one that would obey the gas laws 
and the ideal gas equation under all conditions – so 
ideal gases cannot be liquefied. In 1863, the Irish 
physician and chemist Thomas Andrews succeeded 
in plotting a series of p–V curves for carbon dioxide; 
these curves deviated from the Boyle’s law curves 
at high pressures and low temperatures. Until this 
time it had been believed that certain gases could 
never be liquefied. Andrews showed that there was 
a critical temperature above which the gas could 
not be liquefied by simply increasing the pressure. 
He demonstrated that for carbon dioxide the critical 
temperature is approximately 31 °C.

The difference between ideal gases and  
real gases
The 19th century experimenters showed that ideal 
gases are just that – ideal – and that real gases do 
not behave as ideal gases. Under high pressures 
and low temperatures all gases can be liquefied 
and thus become almost incompressible. This can 
be seen if we plot a graph of   

pV
 ___ RT   against p for one

mole of a real gas – we would expect this plot to 
give a horizontal straight line of value of 1.00 for 

an ideal gas. Figure 10 is such a plot for nitrogen. 
The pressure axis is in atmospheres – this is a 
non-SI unit that is appropriate for high pressures 
and quite commonly used by experimenters (e.g. 
900 atm converts to 900 × 1.01 × 105 Pa or 9.1 ×
107 Pa). The ideal gas line is a better fit to the real 
gas line at 1000 K and better still at low pressure. 

 Figure 9 Maxwell–Boltzmann distribution for the speed of gas molecules.
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 Figure 10 Deviation of a real gas from an ideal gas situation.
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Thus we can see that the best approximation of a 
real gas to an ideal gas is at high temperature and 
low pressures. In deriving the ideal gas equation 
we made assumptions that are not true for a 
real gas. In particular we said that “there are no 
intermolecular forces between the molecules in 
between collisions.” This is not true for real gases 
on two accounts:

● Short-range repulsive forces act between gas
molecules when they approach each other –
thereby reducing the effective distance in which
they can move freely (and so actually reducing
the useful gas volume below the value of V that
we considered).

● At slightly greater distances the molecules
will exert an attractive force on each other –
this causes the formation of small groups

of loosely attached molecules. This in turn 
reduces the effective number of particles in 
the gas. With the groups of molecules at the 
same temperature as the rest of the gas, they 
have the same translational kinetic energy 
and momentum as other groups of molecules 
or individual molecules. The overall effect 
of intermolecular attraction is to reduce the 
pressure slightly.

The Dutch physicist Johannes van der Waals was 
awarded the 1910 Nobel Physics Prize for his work 
in developing a real gas equation, which was a 
modification of the ideal gas equation. In this 
equation two additional constants were included 
and each of these differed from gas to gas. In the 
ensuing years many have tried to formulate a 
single simple equation of state which applies to all 
gases, no one has been successful to date. 

TOK

Empirical versus theoretical models

Theoretical models such as the kinetic theory of gas are 
based on certain assumptions. If these assumptions are 
not met in the real world, the model may fail to predict 
a correct outcome as is the case with real gases at high 
pressure and low temperature.

Despite the best efforts of van der Waals and others, there 
is no theorectical model that gives the right answer for all 
gases in all states. This, however, does not mean that we 
cannot make correct predictions about a particular gas – 
we can use an empirical model that is based on how the 
gas has behaved in these circumstances previously. We 
can sensibly expect that if the conditions are repeated 
then the gas will behave in the same way again. In the 
17th century, with no understanding of the nature of gas 
molecules, a theoretical model of gases was not possible 
and so Boyle, Charles, and others could only formulate 
empirical laws that were repeatable with the precision 
that their apparatus allowed. In the 21st century we still 
rely on empirical methods when gases are not behaving 
ideally; even when the van der Waals modification of the 
equation of state for an ideal gas is used, the constants 
that need to be included are different from gas to gas and 
determined experimentally. So even though it is, perhaps, 
aesthetically pleasing to have a “one size fits all” equation, 
the reality is that theoretical models rarely account for all 
circumstances. Even Newton’s laws of motion must be 

modified when objects are moving at speeds approaching 
that of light. Theoretical models are not inherently better 
than empirical models, or vice versa. The best model, 
whether it is theoretical or empirical, is the model that gives 
the best predictions for a particular set of circumstances.

 When a set of experimental results are not in line 
with theory does this mean that the theory must be 
abandoned?

 In March 2012 the following report appeared on the 
BBC website:

“The head of an experiment that appeared to 
show subatomic particles travelling faster than 
the speed of light has resigned from his post….. 
Earlier in March, a repeat experiment found that 
the particles, known as neutrinos, did not exceed 
light speed. When the results from the Opera group 
at the Gran Sasso underground laboratory in Italy 
were first published last year, they shocked the 
world, threatening to up-end a century of physics 
as well as relativity theory – which holds the speed 
of light to be the Universe’s absolute speed limit.”

The media were very quick to applaud the experiment when 
the initial results were published, but the scientific community 
was less quick to abandon a well-established “law”. Which of 
the two groups was showing bias in this case?

3 T H E R M A L  P H YS I CS



Questions
1 Two objects are in thermal contact. State and 

explain which of the following quantities 
will determine the direction of the transfer of 
energy between these objects?

a) The mass of each object.

b) The area of contact between the objects.

c) The specific heat capacity of each object.

d) The temperature of each object. (4 marks)

2 Two objects are at the same temperature. 
Explain why they must have the same internal 
energy. (2 marks)

3 The internal energy of a piece of copper is 
increased by heating.

a) Explain what is meant, in this context, by
internal energy and heating.

b) The piece of copper has mass 0.25 kg. The
increase in internal energy of the copper is
1.2 × 103 J and its increase in temperature
is 20 K. Estimate the specific heat capacity
of copper. (4 marks)

4 Calculate the amount of energy needed to raise 
the temperature of 3.0 kg of steel from 20 °C to
120 °C. The specific heat capacity of steel is
490 J kg–1 K–1.  (2 marks)

5 Calculate the energy supplied to 0.070 kg of 
water contained in a copper cup of mass  
0.080 kg. The temperature of the water and  
the cup increases from 17 °C to 25 °C.

Specific heat capacity of water = 4200 J kg–1K–1

Specific heat capacity of copper = 390 J kg–1 K–1 

(2 marks)

6 The temperature difference between the 
inlet and the outlet of an air-cooled engine is 
30.0 K. The engine generates 7.0 kW of waste 
power that the air extracts from the engine. 
Calculate the rate of flow of air (in kg s–1) 
needed to extract this power.  

Specific heat capacity of air (at constant pressure) 
= 1.01 × 103 J kg–1 K–1 (3 marks)

7 2.0 kg of water at 0 °C is to be changed into ice
at this temperature. The same mass of water 
now at 100 °C is to be changed into steam at
this temperature.

Specific latent heat of fusion of water = 3.34 ×
105 J kg–1

Specific latent heat of vaporization of water =
2.26 × 106 J kg–1

a) Calculate the amount of energy needed to
be removed from the water to freeze it.

b) Calculate the amount of energy required by
the water to vaporize it.

c) Explain the difference between the values
calculated in a) and b). (6 marks)

8 (IB) A container holds 20 g of neon and also 8 g 
of helium. The molar mass of neon is 20 g and 
that of helium is 4 g.

Calculate the ratio of the number of atoms of 
neon to the number of atoms of helium.  

(2 marks)

9 A fixed mass of an ideal gas is heated at 
constant volume. Sketch a graph to show 
the variation with Celsius temperature t with 
pressure p of the gas? (3 marks)

10 Under what conditions does the equation of 
state for an ideal gas, pV = nRT, apply to a
real gas? (2 marks)

11 a) (i)    Explain the difference between an ideal 
gas and a real gas.

(ii)  Explain why the internal energy of an ideal 
gas comprises of kinetic energy only.

b) A fixed mass of an ideal gas has a volume of
870 cm3 at a pressure of 1.00 × 105 Pa and a
temperature of 20.0 °C. The gas is heated at
constant pressure to a temperature of 21.0 °C.

Calculate the change in volume of the gas. 
(6 marks)



12 (IB)

a) The pressure p of a fixed mass of an ideal
gas is directly proportional to the kelvin
temperature T of the gas, that is, p ∝ T.

(i)    State the relation between the pressure
p and the volume V for a change at 
constant temperature.

(ii)  State the relation between the volume 
V and kelvin temperature T for a change 
at a constant pressure.

b) The ideal gas is held in a cylinder by a
moveable piston. The pressure of the
gas is p

1
, its volume is V

1
 and its kelvin

temperature is T
1
.

The pressure, volume and temperature are
changed to p

2
, V

2 and T
2
 respectively. The

change is brought about as illustrated below.

p1, V1, T1 p2, V1, T' p2, V2, T2

heated at constant volume to
pressure p2 and temperature T' 

heated at constant pressure to
volume V2 and temperature T2 

State the relation between

(i)    p1, p2, T1 and T ′
(ii) V1, V2, T′ and T2

c) Use your answers to b) to deduce, that for
an ideal gas

pV = KT,

where K is a constant. (6 marks)

13 A helium balloon has a volume of 0.25 m3 
when it is released at ground level. The 
temperature is 30 °C and the pressure
1.01 ×105 Pa. The balloon reaches a height such
that its temperature has fallen to –10 °C and its
pressure to 0.65 × 105 Pa.

a) Calculate the new volume of the balloon.

b) State two assumptions that must be made
about the helium in the balloon.

c) Calculate the number of moles of helium in
the balloon. (6 marks)




