


IGCSE  Physics


Thermal Properties

Introduction

This unit will consider how gases, liquids and solids expand when heated, with some everyday examples of this.  It will also consider how the volume of a gas changes when heated at a constant pressure.  Temperature sensors, including thermometers, will be analysed for their advantages and disadvantages.  The heat capacity of various materials will be considered.  Finally changes of state will be considered, paying particular attention to melting and boiling.

Expansion

The order of expansion is:
Gases  >  Liquids  >  Solids

a)
Solids

When heated a solid expands.  It expands in all directions (its volume increases).  However, for practical purposes we often consider its expansion in one direction only. That is its linear expansivity.   Linear expansivity is proportional to the heat supplied.  When a solid cools it contracts following the same rules as for expansion.  Different materials have different linear expansivity.

b)
Liquids

The amount of expansion and contraction in liquids is different depending on the material.  Water is an example that does not obey these rules (see page 2).

c)
Gases

Gases also expand and contract.  If a gas is kept at a constant pressure then when it is heated the molecules of gas move more quickly (as their average kinetic energy increases).  This means that they force each other a little further apart and the volume of the gas (or liquid or solid) increases.

(V    T  at constant pressure for gases)

Examples of expansion in solids.

a)
Bridges
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One end of the bridge is fixed and the other is set on rollers.  When the temperature rises and the bridge expands it does not buckle because the expansion is taken up as the bridge rolls over the rollers.

b)
Roads
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xpansion gaps are left between the sections of a road so that when they become hot and expand and fill the gap.  The gaps are filled with bitumen, which is elastic.

c)
Railway lines

The sections of rails are laid with expansion gaps between them at regular intervals, just like roads.

d)
Telephone wires

When telephone wires are erected they are put up slack not taut. In summer when heat causes them to expand they become more slack. In winter when they get cold and contract the slackness prevents them from snapping. 

e)
The bimetallic strip

Different metals expand by different amounts for the same amount of heat energy.  
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If two different metals, such as iron and brass, are riveted together to make a bimetallic strip, then when they are heated they expand by different amounts.  Because they are fixed together this causes the bimetallic strip to bend.  The metal that expands the most is on the outside of the curve.  

Uses of the bimetallic strip

a) Fire alarm
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As the temperature of the room rises, the Bimetallic strip expands unevenly and bends downwards and touches the contact.  This completes the circuit and the fire alarm bell rings.

b)
Thermostat (in an iron)
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When the bimetallic strip is warm the circuit is complete and the heater is on. If  the strip gets too hot then it bends downwards and the circuit is broken.  The heater is turned off and the iron and the strip cool down.   When it cools, the bimetallic strip bends upwards touching the contact.  The circuit is complete and the heater is turned on causing the iron to heat up again.

The control knob can be adjusted so that the iron will be at a hotter or cooler temperature.  If the knob is far out then the gap between the contact and the strip is large.  It will therefore take more heating/cooling to bend the strip enough to make it touch the contact and turn the heater on/off.  The temperature of the iron will be higher.

 The expansion of water
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If water at 0OC is heated it does not expand at first, it actually contracts!  This is due the rearrangement of the water molecules and takes place between 0OC and 4OC.  Above 4OC water behaves normally and expands with increasing heat.  Since volume is changing as it is heated, so is the density.  This means that between 0OC and 4OC the density is greater, water being at its greatest density at 4OC.  Above 4OC volume increases and therefore density decreases.  This is why water ice floats instead of sinking.  Here are two graphs to show how the volume and density of water vary with temperature.

Thermometers and temperature measuring devices

Thermometers are devices that record the temperature of an object.  Since the amount of heat energy in an object is directly linked to the temperature, then a thermometer also gives an indication of how much heat energy is present.

All thermometers and temperature measuring devices are based on the idea that one of the physical properties of a material varies with temperature.  

i)
Thermometers use the expansion of a liquid.

ii)
Resistance thermometers use the resistance of a material.

iii)
Conductivity thermometers use the varying conductivity of a material.

Whatever property is used, the material must change in a linear manner - i.e. it must expand by fixed amounts for certain temperature changes, otherwise the scale will not be linear.

Range, sensitivity, linearity

Temperature measuring devices can be compared by examining:

1 Their range  -  the range over which it can measure temperatures.

2 Their sensitivity  -  how easy it is to notice small changes in temperature.  For liquid in glass thermometers the liquid must expand by a large amount for small increases  in temperature.

3 Their linearity  -  this is how well it expands by the same amounts for equal rises in       

      temperature.

Liquid in glass thermometers

          There are two main types of liquid in glass thermometer:

Property
Mercury thermometer
Alcohol thermometer

Range
Good range
Lower range

Sensitivity
Poor sensitivity
Very good sensitivity

Linearity
Good linearity
Poor linearity

Limitations
1. Freezes at  – 39OC

2. Mercury is poisonous
Boils at 78OC
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1. It should have a large bulb and a long narrow-bore tube 

-  to make the thermometer sensitive with a long scale.

2. The bulb should be made of thin glass  

-  heat gets through quickly so that the thermometer is responsive (quick acting).

The thermocouple
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This is a temperature measuring device.  It consists of two wires of different metals, such as copper and iron, joined together.  If there is a temperature difference between the two junctions, a current flows.  The current causes a deflection on a galvanometer.  So, for example, if the temperature of one junction is at 0OC and the other used to measure the temperature of an object then, depending on the current that flows, it is possible to work out the temperature of the object.

The thermocouple is very sensitive and can measure temperatures from –250OC to 1500OC.  It is especially useful for measuring the temperature of very small objects and rapidly changing temperatures.

Thermal capacity

When an object is heated its temperature rises and its internal energy increases.

Thermal Heat Capacity is the amount of energy needed to raise the temperature of an object by 1OC

For example, the amount of heat needed to raise the temperature of a block of aluminium from 20OC to 21OC could be 880J.  This is the thermal capacity for the block.

Specific heat (thermal) capacity

Specific Heat Capacity is the amount of energy needed to raise the temperature of 1Kg of a material by 1OC

In other words it is Heat Capacity per Kilogram.
H  =  mc

H  =  Heat energy (in J)


m  =  mass of object (in Kg)

c  =  Specific Heat Capacity (J/KgOC)
 = Temperature change (0C or K)

The specific heat capacity will tell us how much heat energy is needed to raise the temperature of a certain mass of a substance by 1OC (or 1K).  It will also tell us how much heat energy is released when the same mass cools down by 1OC.

Calculations

1 How much heat is needed to raise the temperature by 10OC of 5Kg of a 

substance of specific heat capacity of 300J/KgOC?

2 How much heat is given out when an iron ball of mass 2Kg and specific heat 

capacity of 440J/KgOC cools from 300K to 200K?

3 The same quantity of heat was given to different masses of 3 substances A, B

and C.  The temperature rise in each case is shown below.  

Calculate the specific heat capacity of A, B and C.

Material
Mass/Kg
Heat given/J
Temp rise/OC

A
1.0
2000
1.0

B
2.0
2000
5.0

C
0.5
2000
4.0

More difficult examples on specific heat capacity

a) If the heat is supplied electrically then the amount of energy given can be 

calculated in a number of ways:

Energy  =  P t  =  power  x  time

Energy  =  v I t  =  volts  x  current  x  time

Energy  =  V 2  t  R -1  =  volts squared  x  time / resistance

Energy  =  I 2  R  t  =  current squared  x  resistance  x  time

b) If there are two objects involved and one cools and its heat is given to the other, 

then the following formula should be followed:

Heat given out =  heat taken in  

Heat  =  m1c11  =  m2c22

e.g.
A piece of aluminium of mass 0.5Kg is heated to 100OC and placed in 0.4Kg of 

water at 10OC.   If the resulting temperature of the mixture is 30OC, what is the 

specific heat capacity of the aluminium if that of water is 4200J/KgOC?

The heat will flow from the hot object to the cooler one.  So the aluminium will cool down and the water will heat up.  The temperature of aluminium drops and that of the water rises.  Heat given out by the aluminium  =  heat taken in by the water

Aluminium is m1c11

Water is m2c22 

m1 = 0.5Kg    c1 = ?    

1 = 100 – 30 = 70 OC     

m2 = 0.4Kg    c2 = 4200 J/Kg OC
2 = 30 – 10 = 20 OC 

m1c11  =  m2c22

      0.5 x c1 x 70  =  0.4 x 4200 x 20

35 x c1 = 33600

                 c1 = 960 J/Kg OC

4 1Kg of water is contained in a vessel with a 50W immersion heater.  When the 

heater is switched on the temperature of the water begins to rise at a rate of 1OC 

every 2 minutes.

a) How much heat is supplied by the heater every 2 minutes?

b) From these results calculate the specific heat capacity of the water.

5 What mass of cold water at 10OC must be added to 60Kg of hot water at 80OC by 

someone who wants to have a bath at 50OC?  

Neglect heat losses and take the specific heat capacity of water as 4200J/KgOC.

6 When 10Kg of water at 100OC is mixed with 50Kg of water at 30OC what will the 

new temperature of the water be?  

Take the specific heat capacity of water as 4200J/KgOC.

Changes of state
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The diagram shows the names of the processes that occur when materials change state.

Change of state and temperature

Normally when a solid, liquid or gas is heated, the heat energy causes a rise in the internal energy, K.E. and velocity of the particles.  It also causes a rise in temperature.

When the substance is changing state however, this is not true.  

In this case the heat energy is used to overcome the bonds or forces between particles (atoms, molecules, ions) not to raise the kinetic energy and temperature.  This means that when a change of state is occurring it does so at a constant temperature.

When a change of state is occurring it does so at a constant temperature.

This constant temperature is the boiling or melting point.

Normally as an object cools it give out heat.  When the change of state occurs however it does so at a constant temperature because the heat energy is used to form bonds between the particles.

Change of state temperature/time graphs.
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These graphs show that  the temperature stays constant during a change of state.

Evaporation and boiling

Both of these processes form a vapor (or gas) but they are two different processes.

Evaporation
Boiling

Occurs at any temperature
Occurs at one specific temperature – the boiling point

Occurs at the surface of the liquid

No bubbles are formed
Occurs within the liquid

Bubbles of vapor appear

Evaporation and cooling

The process of evaporation causes cooling of the liquid, since it has lost its most  energetic molecules.   It will replace this heat from the surroundings if it can (i.e. if it is not insulated from its surroundings).  If this happens then the liquid does not cool down, but the surroundings do.

Examples of cooling
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As the liquid evaporates it takes heat from the water which quickly turns to ice.

A wet cloth wrapped around a bottle of coke will keep it cool.  

The water evaporates from the cloth by taking heat form the bottle and its contents.

When we sweat, the water in the sweat takes heat from our skin to evaporate.

This causes the skin to cool down.

Latent heat

Like evaporation, boiling (and melting) requires heat to be supplied for the change of state.  This heat is called latent heat.

Latent heat is the amount of heat energy needed to change a particular substance from one state to another, at a constant temperature.

Specific latent heat is the amount of latent heat needed to change 1Kg of a substance from one state to another, at a constant temperature.  

Each change of state has a particular latent heat involved.

State 1
State 2
Name
Heat in or out?

Solid
Liquid
Specific latent heat of fusion
In

Liquid
Gas
Specific latent heat of vaporisation
In

Solid
Gas
Specific latent heat of sublimation
In

Gas
Liquid
Specific latent heat of condensation
Out

Liquid
Solid
Specific latent heat of solidification
Out

Gas
Solid
Specific latent heat of sublimation
Out

For any given substance:

1 Both specific latent heat of sublimation are the same.

2 S.L.H. of fusion and S.L.H. of solidification are the same.

3 S.L.H. of vaporisation and S.L.H. of condensation are the same.

Calculating specific latent heat

Q  =  m  x  h

Q  =  Amount of heat energy given out or received (J)

m  =  Mass (Kg)

h  =  Specific latent heat (J/Kg)  -  this can be of fusion, sublimation etc.

Examples

A)
How much energy is needed to change 20Kg of ice at 0OC to steam at 100OC?

Specific heat capacity of ice  =  2 000 J/Kg OC

Specific heat capacity of water  =  4 200 J/Kg OC

Specific latent heat of ice  =  340 000 J/Kg

Specific latent heat of water  =  2 300 000 J/Kg.

There are three stages in this process:

a) Melting the ice at 0OC.

b) Raising the temperature of the water to 100OC.

c) Changing the water at 100OC to steam at 100OC.

a) Changing ice at 0OC to water at 0OC.

Q  =  m  x  h  =  20 x 340000  =  6.8 x 106J

b) Changing water at 0OC to water at 100OC.

Q  =  m x c x   =  20 x 4200 x 100  =  8400000   =  8.4 x 106J

c) Changing water at 100OC to steam at 100OC.

Q  =  m  x  h  =  20 x 230000  =  4.6 x 106J

Total Energy Required  =  6.8 + 8.4 + 4.6  =  19.8 x 106J

B)
An aluminium can of mass 100Kg contains 200Kg of water.  

Both, initially at 15OC, are placed in a refrigerator at –5OC.  

Calculate the quantity of heat that has to be removed from the water and the can for their temperatures to fall to –5OC.  

Specific heat capacity of aluminium is 900J/KgOC.

Heat lost by can in cooling from 15 OC to -5 OC

Q  =  m x c x   = 100 x 900 x 20  =  1800000   =  1.8 x 106J

Heat lost by water in cooling from 15 OC to 0 OC

Q  =  m x c x   = 200 x 4200 x 15  =  12600000   =  12.6 x 106J

Heat lost by water when freezing to ice at 0 OC

Q  =  m  x  h  =  200 x 340000  =  68000000  =  68 x 106J

Heat lost by ice in cooling from 0 OC to -5 OC

Q  =  m x c x   = 200 x 2000 x 5  =  2000000   =  20 x 106J

Total Heat Lost  =  1.8 + 12.6 + 68 + 19.8  =  84.4 x 106J

Questions

1
a)
How much heat will change 10Kg of ice at 0OC to water at 0OC?

b)
What quantity of heat must be removed from 20Kg of water at 0OC to

 

change it to ice at 0OC?

2
a)
How much heat is needed to change 5Kg of ice at 0OC to water at 50OC?

b)
If a refrigerator cools 200Kg of water from 20OC to its freezing point in 10

 

minutes, how much heat is removed per minute from the water?

3
How long will it take for a 50W heater to melt 100Kg of ice at 0OC?

4
Some small aluminium rivets of total mass 170Kg which are at 100OC are

emptied into a hole in a large block of ice at 0OC.

If the final temperature of the rivets is 0OC, how much ice will melt?

5
a)
How much heat will change 4Kg of water at 100OC to steam at 100OC?

b)
Find the heat given out when 10Kg of steam at 100OC condenses and 

cools to water at 50OC.

Homework
p 27:  q 1, 2, 4, 5;     p 30:  q 3, 4, 6, 7;     p 63:  q 1, 2, 3, 4, 5, 7, 8;

p 71:  q 21, 23.


to find the specific heat capacity of a block of aluminium
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The mass of the block is recorded initially.  The diagram shows the arrangement of the heating apparatus, thermometer and metal block.  The block is well insulated with cotton wool to reduce heat loss from the block.  A small amount of oil is placed in the hole containing the thermometer to improve heat transfer so that accurate temperature readings are obtained.

To calculate the energy supplied as heat we need to know how much electrical energy is supplied.  Assume there are no energy losses.  Electrical energy is calculated as:

Electrical energy  =  V I t  =  Heat energy supplied

V  =  voltage ( volts)

I  =  current (amps)

t   =  time heater is on (seconds)
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Record the starting temperature of the block.  Turn on the power supply and record the steady values of V and I.  At the same time start the stop clock.  Heat the block until its temperature has risen by 5OC.  Record the new temperature.  At the same time stop the clock and record the time.

Results
Starting temperature  =  T1

Final temperature  =  T2

Voltage  =  V

Current  =  I

Time taken  =  t

Mass of block  =  m

Calculations

Q  =  temperature rise  =  T2  -  T1

Energy supplied  =  E  =  V I t

Specific heat capacity  =  C  =  E / m

Comment on your result and compare it to the accepted value of specific heat capacity for aluminium which is 880J/KgOC.  

Why will your result differ from this?

Measuring the specific heat capacity of water
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This is similar to the previous practical for finding the specific heat capacity of a metal.  The difference is that the heater is placed in a metal can containing water.  The can is insulated as previously and the electrical circuit is arranged in the same way.

Initially find the mass of the empty can, then find the mass of the can with the water in it.  Use the same method as in the previous experiment.

Results.

Mass of empty can  =  m1




Time  =  t

Mass of can and water  =  m2



Initial temperature  =  T1

Voltage  =  V 


Current  =  I

Final temperature  =  T2

Calculations.

Mass of water  =  m2  -  m1  =  m                Temperature rise  =  T2  -  T1  = θ

Heat energy supplied  =  E  =  V I t

Specific heat capacity  = C  =  E / m             

Comment on your result and compare it to the accepted value for specific heat capacity of water which is 4200J/KgOC.  

Why will your result differ from this?

Calibrating a thermometer
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Ideally these apparatus would be used to find the fixed points (i.e. melting point and boiling points of water).  

In a simplified version a thermometer is immersed into a beaker of melting ice and the same thermometer held above boiling water.

Obtaining lower fixed point

Immerse the bulb of the thermometer into the pure melting ice until the mercury reaches its minimum level and mark this position which is 0OC.

Obtaining upper fixed point

Hold the thermometer in the steam and boiling water mixture until it reaches its maximum level and mark this position which is 100OC.

Calibrating the stem

Now take the ‘thermometer’ and divide the length between the 2 marks, making 10 equal gaps.  Each mark represents 10OC.

Use your thermometer to take your body temperature by holding it in your hand.  Knowing that your temperature is (about) 37OC, what can you say about the accuracy of your thermometer?

Obtaining a cooling curve
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Warm the ethanomide in a water bath until it is totally molten.  

Remove it from the water bath and clamp it to cool in the air.  

Immediately record the temperature and start the stop-clock.  

Record the temperature of the ethanomide every minute until it is completely solid.

From your results draw a temperature/time graph.  

Use the graph to find:

1. The melting point.

2. Show on the graph where the substance is liquid only.

3. Show on the graph where the substance is solid only.

4. Show where the substance is a mixture of liquid and solid.

Finding the specific latent heat of ice

The apparatus is shown below:
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Record the mass of the empty beaker and the mass of the beaker and ice.

Insert the heater and the thermometer so that they are both totally covered by the ice. 

Surround the beaker and lid with insulation.

Turn on the heater and simultaneously start the stop–clock.  

Record the voltage and current in the circuit. 

Record how long it takes for the ice to melt completely.

Results.

Mass of empty beaker  =  m1

Mass of beaker and ice  =  m2 

Current  =  I


time  =  t

Voltage  =  V

Calculations.

Mass of ice  =  m2  -  m1  =  m

Heat energy supplied  =  VIt   =  E 

Specific latent heat  =  H  =  E / M
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