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Solids, Liquids & Gases

Solids, Liquids & Gases

= Thethree states of matterare solid, liquid and gas
= Thekinetic theory of matteris a model that attempts to explain the properties of the three states of
matter

Solids

= Particlesinasolid...


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

= Areclosely packed

= Arearrangedin afixed pattern (lattice structure)

= Canonly vibrate about their fixed positions

= Havelow energies compared to particlesinliquids and gases

= Therefore, do not have enough energy to overcome the intermolecular forces of attraction
holding them together

Molecular arrangementin a solid

Ina solid, particles are arranged in a fixed pattern, with no spaces between them, and are only able to
vibrate about their fixed positions

= Asaresult of the arrangement and behaviour of their particles, solids...
= Have a fixed shape (although some solids can be deformed when forces are applied)
= Have afixed volume
= Arevery difficult to compress
= Have higherdensities thanliquids and gases

Liquids

= Particlesinaliquid...
= Areclosely packed
= Arerandomly arranged (i.e. there is no fixed pattern)
= Canflowpasteachother
= Have higher energies than particlesin solids, but lower energies than gas particles
= Therefore, have enough energy to partially overcome the intermolecular forces of attraction
holding them together

For more help, please visit www.exampaperspractice.co.uk
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= Asaresult of the arrangement and behaviour of their particles, liquids...

Gases

Do not have a fixed shape and take the shape of the container they are heldin
Have a fixed volume

Are difficult to compress

Have lower densities than solids, but higher densities than gases

= Particlesinagas...

Are far apart (the average distance between the particlesis ~10 times greater than the distance
between the particlesin solids and liquids)
Are randomly arranged
Move around in all directions at a variety of speeds, occasionally colliding with each otherand with
the walls of the container they arein
Are negligible in size compared to the volume occupied by the gas
Have higher energies than particlesin solids and liquids
Therefore, have enough energy to overcome the intermolecular forces of attraction holding them
together

Molecular arrangementin a gas
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= Asaresult of the arrangement and behaviour of their particles, gases...
= Do not have a fixed shape and take the shape of the containerthey are held in
= Do not have a fixed volume and expand to completely fill the available volume
= Canbe compressed
= Have the lowest densities (~1000 times smaller than the densities of solids and liquids)

State of Matter

Fixed pattern (lattice

Particle arrangement Random Random
structure)
Space between
) No space Some space Large space
particles

Particle movement

Vibrates around a fixed

Flows past each other

Moves around at different

position speeds
Particle energy Low Medium High
Substance shape Fixed Not fixed Not fixed
Substance volume Fixed Fixed Not fixed
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Density

Density

= Density is the mass per unit volume of an object
= |ftwo objects occupy the same volume, the object with a lower density will have alower mass
= Forexample, abucket filled with feathers will have alower mass than the same bucket filled with
sand, because feathers have alower density than sand

= The units of density depend on the units used for mass and volume:
= |fthe massis measuredin gandvolumeincm3, thenthe density willbeing / cm3
= [f the massis measured in kg and volume in m3, then the density willbe inkg / m3

= The volume of an object may not always be given directly but can be calculated using the appropriate
formula
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Temperature Scales

Temperature Scales

= Onthethermodynamic (Kelvin) temperature scale, absolute zero refers to the lowest possible
temperature
= ThisisequaltoOKor-273°C
= |tisnotpossible tohave atemperature lowerthan O K
= This means a temperature in Kelvin will never be a negative value

= Absolute zerois defined as:
The temperature at which the molecules in a substance have zero kinetic energy

= Thismeans forasystemat OK,itis not possible to remove any more energy fromit
= Eveninspace, the temperatureisroughly 2.7 K, just above absolute zero

How to use the Kelvin Scale

= Toconvert between temperatures 6in the Celsius scale, and Tin the Kelvin scale, use the following
conversion:
6/°C=T/K-273

T/K=0/°C+273
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@ Worked example
Inmany ideal gas problems, room temperature is considered to be 300 K.
Whatis this temperature in degrees Celsius?
Answer:
Step 1: Recall the Kelvin to Celsius conversion
6/°C=T/K-273
Step 2: Substitute in the value of 300 K

300K-273=27°C
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Temperature & Kinetic Energy

Temperature & Kinetic Energy

= Particlesin gases usually have arange of speeds
= The average kinetic energy of the particles E, can be calculated using the equation
E 31( T
kK~ 2°B

= Where:

= E,=averagekinetic energy of the particlesinjoules (J)

= kg=1.38x1023JK-1(Boltzmann's constant)

= T=absolute temperature in kelvin (K)

= Thistellsus that the absolute temperature of a body is directly proportional to the average kinetic
energy of the molecules within the body
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@ Worked example

The surface temperature of the Sunis 5800 K and contains mainly hydrogen atoms.
Calculate the average speed of the hydrogen atoms, inkm s™1, near the surface of the Sun.
Answer:

Step 1: List the known quantities

= Temperature, T=5800K
= Mass of ahydrogen atom = mass of a proton, mp =1.673 x 10-?" kg
= Boltzmann constant, kg =1.38 x 10-23 JK-!
Step 2: Equate the equations relating kinetic energy with temperature and speed

= Average kinetic energy of amolecule: Ek = EkBT
1
= Kinetic energy: Ek = EIHV2
3.1
EkBT = 5myv

Step 3: Rearrange for average speed and calculate

3k, T

Ay
m
p

3k [3%(1.38% 10723) X 5800
T m T 1.673% 10727

Average speed: v=11980ms'=12kms™
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Internal Energy

Internal Energy

= Whenasubstance gains orloses thermal energy, its internal energy increases or decreases

= Theinternal energy of a substance is defined as:
The sum of the total kinetic energy and the total intermolecular potential energy of the
particles within the substance

= Asthermal energyis transferred to a substance, two things can happen:
= Anincreaseinthe average kinetic energy of the molecules within the substance -i.e. the
molecules vibrate and move at higher speeds
= Anincreaseinthe potential energy of the molecules within the substance - i.e. the particles get
further away from each other or move closer to each other
What s internal energy?

U=K.E. +P.E.

Kinetic energy and potential energy are the two energy stores that make up internal energy

= Temperature is a measure of the average kinetic energy of the molecules
= Therefore, only anincrease in the average kinetic energy of the molecules will resultin anincrease
in temperature of the substance
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= Due tothermal expansion, when the temperature of a substance increases, the potential energy
of the molecules alsoincreases
= When only the potential energy of the molecules changes, the temperature of the substance does
not change
= Thisisthe case forall state changes (e.g. melting, boiling)
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Thermal Equilibrium

Thermal Equilibrium

= Thermal energy is always transferred from a hotterregion to alowerregion
= Eventually, once the regions reach the same temperature, no more thermal energy is transferred

= Thermal equilibriumis defined as:
When two substances in contact with each other no longer exchange any heat energy and
bothreach an equal temperature

= Thereisnolongerthermal energy transfer between the regions
Thermal equilibrium and the direction of energy flow
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Different temperatures Contact Thermal equilibrium
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Two regions of different temperatures will eventually reach thermal equilibrium

= Thetworegions need to beinthermal contact for this to occur
= The hotterregion will cool down and the cooler region will heat up until they reach the same
temperature

=  Anexample of thisisiceinroom temperature water
= Theice cubesheatup asthermal energy is transferred from the water

= Therefore, the water cools down as thermal energy is transferred away from the waterto theice
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Changes of State

Changes of State

= Achange of state, or phase change, happens whenever matter changes from one phase (solid, liquid
orgas)into another
= During aphase change, thermal energy is transferred to or from a substance

= This energy transfer does not change the temperature of the substance undergoing the phase
change, meaning
= Thethermal energy provided (orremoved) does not affect the kinetic energy of the molecules
within the substance
= Only the potential energy (i.e. the spacing between the atoms or molecules) is affected
= Thefourmainphase changes are:
= Melting -i.e. when a substance changes from solid to liquid as it absorbs thermal energy
= Freezing-i.e. when asubstance changes fromliquid to solid asit releases thermal energy
= Vaporisation (or boiling) - i.e. when a substance changes fromliquid to gas as it absorbs thermal

energy
= Condensation -i.e. when a substance changes from gas to liquid as it releases thermal energy
Phase changes of water
sublimation
evaporationl
\J

LIQUID

+ condensation

=
o

e

GAS

deposition

= Eachsubstance hasits own melting (or freezing) and boiling points
= Forexample, the freezing point of wateris O °C andits boiling pointis 100 °C
= Possible phase changes of waterinclude:
= Solidice meltinginto liquid waterat O °C
= Liquid waterboiling and changing into gaseous watervapourat 100 °C
= Boththese changeshappenwhenthermal energy is absorbed
= |fthermal energyisreleased from watervapourat100 °C, it condenses back into water
= |f watercontinues to release thermal energy, it cools down untilitreaches O °C and freezesintoice
= Melting and freezing happen at the melting / freezing point of a substance
= Vaporisation and condensation happen at the boiling point of a substance
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Specific Heat Capacity

Specific Heat Capacity

= The amount of thermal energy needed to change the temperature of an object depends on:
= Thechangeintemperature required AT, i.e. the larger the change in temperature the more energy
isneeded
= The mass of the object m, i.e. the greater the mass the more energy is needed
= The specific heat capacity c of the given substance, i.e. the higher the specific heat capacity the
more energy is needed

Substance Specific Heat Capacity (J kg ' K1)
Water 4200
Ice 2200
Aluminium 900
Copper 390
Gold 130

= The equationforthe thermal energy transferred, Q, is then given by

Q=mcAT

= Where:
= m=mass of the substance (kg)
= AT =changeintemperature (Kor°C)
= ¢ =specific heat capacity of the substance (Jkg 'K
= The specific heat capacity of a substance is defined as:
The amount of energy required to change the temperature of 1kg of a substance by 1K (or
1°C)

This definition can be explained when the above equationisrearranged for c:

c=—Q
mAT
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= This means the higher the specific heat capacity of a substance, the longer it takes for the substance
to warmup or cooldown
= Note that the specific heat capacity ismeasuredinJkg K
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@ Worked example

Apiece of copper of mass 50 gis heated untilitreaches a temperature of 120 °C. The copperis
removed from the heat and immediately placedinto 250 mL of water at 25 °C.

The temperature of the water and copperis measured until they reach thermal equilibrium.

Determine the final temperature of the copper and water, in degrees Celsius (°C), assuming no heat s
lost to the surroundings.

= The specific heat capacity of wateris 4200 J kg™ K1
= The specific heat capacity of copperis 390 J kg K-
Answer:

Step 1: Write down the known quantities

= Massof copper,m.=50g=0.05kg

= Mass of water, my, =250 ml = 0.25 kg (since 1litre =Tkg)

= |nitial temperature of copper, T. =120 °C

= [nitial temperature of water, T,, = 25°C

= Specific heat capacity of water, ¢y, = 4200 J kg™ K

= Specific heat capacity of copper, cc =390 Jkg 'K"!
Step 2: Write down the equation for thermal energy

Q=mcAT
Step 3: Equate the equations for the energy transferred from the copper to the water

= The copperis at a higherinitial temperature than the water, hence thermal energy will be
transferred from the copperto the water
= The energy lost by the copper = the energy gained by the water

Q. =0,
-mc AT =m c AT
Cc C (4 w W w
Step 4: Determine the final temperature T; of the copper and water

= Since the waterand copperreach thermal equilibrium, their final temperature T will be the same

—mccc(Tf - 120) = chW(Tf - 25)
—0.05 X 390 X (Tf— 120) = (.25 X 4200 X (Tf— 25)
2340 — 19.5Tf = 1050Tf - 26250

1069.5 T, = 28590

= 2890 e
£ 1069.5
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Specific Latent Heat

Specific Latent Heat

= During aphase change (i.e. a change of state) thermal energy is transferred to a substance orremoved
fromit
= During a phase change, the temperature of the substance does not change
= |nthiscase, the thermal energy is calculated as follows:

Q=mL

= Where:
= @ =heatenergy transferred (J)
= m=mass of the substance inkilograms (kg)
= | =specific latent heat of the substance (J kg™
= The specific latent heat of a substanceis defined as:
The amount of energy required to change the state of 1 kg of a substance without
changing its temperature

= This definition can be explained when the above equationis rearranged forL:

= This means that the higher the specific latent heat of a substance, the greater the energy needed to
changeits state
= Note that the specific latent heat is measured in J kg~
= The amount of energy required to melt (or solidify) a substance is not the same as the amount of energy
required to evaporate (or condense) the same substance
= Hence, there are two types of specific heat:
= Specific latent heat of fusion, L;
= Specific latent heat of vaporisation, L,

Specific Latent Heat of Fusion

= Specificlatent heat of fusionis defined as:
The energy released when 1kg of liquid freezes to become solid at constant temperature
OR
The energy absorbed when 1kg of solid melts to become liquid at constant temperature

= Thisisbecause fusion applies to the following phase changes:
= Solidtoliquid
= Liquidto solid
Specific Latent Heat of Vaporisation

= Specificlatent heat of vaporisationis defined as:
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The energy released when 1kg of gas condenses to become liquid at constant
temperature

OR

The energy absorbed when 1kg of liquid evaporates to become gas at constant
temperature

= Thisisbecause vaporisation applies to the following phase changes:
= liquidtogas
= Gastoliquid

What is the difference between the latent heat of vaporisation and fusion?

= Foragivensubstance, the value of the specific latent heat of vaporisation is always higher than the
value of the specific latent heat of fusion
= |notherwords, L, > L¢
= This means more energy is required to evaporate (or condense) a substance thanis needed to melt it
(orsolidify it)
= During melting (fusion):
= Theintermolecularforces of attraction only need to be partially overcome to turn froma solidto a
liquid
= During evaporation (vaporisation):
= Theintermolecularforces of attraction need to be completely overcome to turn fromliquid to gas
= Thisrequires alotmore energy

Specific Latent Heat of Fusion Specific Latent Heat of

Substance
Tkg™h Vaporisation (J kg™1)
Water 4.0x10° 1.1x107
Aluminium 3.3x10° 2.3x10°
Copper 2.1x10° 4.7 x108

Gold 6.3x104 1.7 x 109
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@ Worked example

Determine the energy needed to melt 200 g ofice at 0°C.

= The specific latent heat of fusion of wateris 3.3 x 105 J kg™
= The specific latent heat of vaporisation of wateris 2.3 x 106 Jkg™!
Answer:

Step 1: Determine whether to use latent heat of fusion or vaporisation

= Weneed touse the specific latent heat of fusion because the phase change occurring is from
solid to liquid
Step 2: List the known quantities

= Massoftheice,m=200g=0.2kg

= Specific latent heat of fusion of water, Ly = 3.3 x 105 J kg
Step 3: Write down the equation for the latent heat of fusion

Q=mL,
Step 4: Substitute numbers into the equation

QR=0.2x(3.3x10%)

Q=66000=66kJ
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@ Worked example
Energyis supplied to aheateratarate of 2500 W.
Determine the time taken, in minutes, to boil 500 ml of water at 100°C. Ignore energy losses.

= The specific latent heat of fusion of wateris 3.3 x 10% J kg™!
= The specific latent heat of vaporisation of wateris 2.3 x 106 Jkg™!
Answer:

Step 1: Determine whether to use latent heat of fusion or vaporisation

= We needtouse the specific latent heat of vaporisation because the phase change occurringis
from liquid to gas
Step 2: Write down the known quantities

= Power,P=2500W

= Mass,m=500 ml=0.5kg (sincellitre =1kg)

= Specific latent heat of vaporisation of water, L, = 2.3 x 106 J kg™
Step 3: Recall the equations for power and latent heat of

E
-Power:P=7 > FE=Pt

= Thermal energy: Q = mLV

Step 4: Equate the two expressions for energy
Pt = mLV

Step 5: Rearrange for the time t and substitute in the values

_ 0.5 x(2.3x109
fT T 2500

t=460s=7.7min
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Heating & Cooling Curves

= Aheating or cooling curve shows how the temperature of a substance changes with time
= The two main features of these curves are
= The flatsections
= Thenon-flat sections
= The flat sections show...
= Nochangeintemperature overtime
= The substanceis undergoing a phase change
= Thethermal energy supplied to orremoved from the substance only affects the potential energy
of the particles
= The non-flat sections show...
= Changesintemperature overtime

= The substance is heating up or cooling down
= That the thermal energy supplied to orremoved from the substance changes the average kinetic

energy of the particles, hence resultingin an overall change in the temperature of the substance

Heating Curves

= Whenenergy is supplied to a solid, its temperature willincrease until it reaches its melting point
= Once atthe melting point, the temperature remains constant until the substance has melted

completely
If energy continues to be supplied, the temperature of the liquid will increase until it reaches its boiling

point
= Once at the boiling point, the temperature remains constant until the substance has vaporised

completely

Cooling Curves
= Whenenergyisremoved from a gas, its temperature will decrease until it reaches its boiling point

= Once atthe boiling point, the temperature remains constant until the substance has condensed

completely
= |f energy continues to be removed, the temperature of the liquid will decrease untilitreachesits

freezing point
= Once at the freezing point, the temperature remains constant until the substance has frozen

completely
= Heating orcooling curves can also display how the temperature of a substance changes with energy
= |nthe following worked example, energy (in J)is plotted on the x-axis instead of time
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Thermal Conduction

Thermal Conduction

= Thermal energy canbe transferred from a hotter area to a cooler area through one of the following
mechanisms:
= Conduction
= Convection
= Radiation
Thermal conduction, convection and radiation in a mug of tea

Convection

Radiation

Conduction

= Objects willalways lose heat until they are in thermal equilibrium with their surroundings
= Forexample, a mug of hot tea will cool down until it reaches room temperature

Conduction

= Conductionis the main method of thermal energy transferin solids

= Conductionoccurs when:
Two solids of different temperatures come in contact with one another, thermal energy is
transferred from the hotter object to the cooler object
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= Metals are the best thermal conductors

= Thisisbecause they have a high number of free electrons
= Non-metals, such as plastic or glass, are poor at conducting heat

= Poorconductors of heat tend to also be poor conductors of electricity

= This suggests a link between the mechanisms behind both types of conduction
= |liquids and gases are even poorer thermal conductors

= Thisisbecause the atoms are further apart

Conduction of Heat in a Metal

HEAT
SOURCE

—

= —‘}

Metal atom Free flowing conduction electron

During conduction, the atoms in a solid vibrate and collide with each other

= Conduction canoccurthrough two mechanisms:

Atomic vibrations
Free electron collisions

= Whenasubstanceis heated, the atoms, orions, start to move around, or vibrate, more

The atoms at the hotter end of the solid will vibrate more than the atoms at the coolerend

As they do so, they bump into each other, transferring energy from atom to atom

These collisions transferinternal energy until thermal equilibriumis achieved throughout the
substance

This occurs in all solids, metals and non-metals alike

= Metals are especially good at conducting heat due to their high number of delocalised electrons

These can collide with the atoms, increasing the rate of transfer of vibrations through the material
This allows metals to achieve thermal equilibrium faster than non-metals
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@ Worked example

Determine which of the following metals is likely to be the best thermal conductor, and whichis likely to
be the worst.

Density / g cm™ Relative atomic mass
Copper 8.96 63.55
Steel 7.85 55.85
Aluminium 2.71 26.98

Assume that each metal contributes one free electron peratom.
Answer:
Step 1: Use dimensional analysis to determine the equation for the number of free electrons

= Units fornumber of free electrons per cubic centimetre, [n] = cm=3
= Units for density, [p]=gcm™3
= Unitsfor Avogadro's number, [Na] = mol-!
= Units forrelative atomic mass, [A] = g mol~!
[n]2 = [p]° [Nal® [A]d

(cm=3)a = (g cm=3)P (mol-)¢ (g mol-1)d

= The only unit present on both sidesis cm=3, therefore:
a=b=1

= No otherunits are present on both sides, so:
c+d=0

b+d=0
~d=-1c=1
Step 2: Write out the equation for the number of free electrons per cubic centimetre

(n]'=[p]' [NAT' [A]"'
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Step 3: Calculate the number of free electrons in each metal

= Avogadro constant, Na = 6.02 x 1023 mol-! (this is given in the data booklet)

8.96 x (6.02x 1023)

Copper: 63.55 8.49 X 104 cm
7.85 x (6.02% 1023)
D = = 22 -3
Steel: n 55.85 8.46 X 104 cm

271 x(6.02x10%) Mos 1020
Aluminium: n = 26.98 = 0. cm

Step 4: Rank the metals from best thermal conductor to worst

= Bestthermal conductor = copper (highest number of free electrons)
= Worst thermal conductor = aluminium (lowest number of free electrons)
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Temperature Gradient Equation

Thermal Conductivity

= The conductivity of a material can be quantified by its thermal conductivity
= Thermal conductivity is defined as
The ability of a substance to transfer heat via conduction

= Itis denoted by the symbol k and has units of W m=1K-!
= Thethermal conductivities of some common materials are shown in the table below

Substance Thermal conductivity / Wm™! K1
air 0.024
rubber 0.13
water 0.6
ice 1.6
iron 80
copper 400
silver 429
diamond 1600

= Excellentthermal conductors...

= Have highvalues of thermal conductivity

= Transferthermal energy at a fastrate

= (Usually) contain alarge number of delocalised electrons (diamond being the obvious exception)
= Poorthermal conductors (insulators)...

= Havelow values of thermal conductivity

= Transferthermal energy at a slow rate

= Contain few delocalised electrons

Temperature Gradient Formula
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= Whenthereis atemperature difference between two points, thermal energy will flow from the region
of higher temperature to the region of lower temperature
= Thisisknown as a temperature gradient
= Therate of the heat transfer via conductionis given by

AQ AT
— = kA——
At Ax
= Where
AQ
] At =flow of thermal energy per second (W)

= k=thermal conductivity of the material (W m~1K-1)
= A=cross-sectional area (m?)
= AT =temperature difference (Kor °C)
= Ax=thickness of the material (m)
= The flow of thermal energy per second can be considered to be uniform across a temperature
gradient, provided Ais constant, regardless of material
= Thisisanalogous to electrical current being constant throughout a series circuit, even though the
components may have different resistances
Conduction of thermal energy through a solid
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@ Worked example

A composite rodis made of three rods; steel, aluminium and copper. Each rod has the same length and
cross-section, as shownin the diagram.

100 °C 0°C

Steel Aluminium

| |
| |
~ ~

Pl Pl
25 cm : 256 : 23Em

o
Vo

The steel endis held at 100°C and the copperendis held at 0°C.
Determine the temperatures at the steel-aluminium junction and the aluminium-copperjunction.
Assume that the rods are perfectly insulated from the surroundings.

= Thermal conductivity of steel =60 Wm-=1K-!

= Thermal conductivity of aluminium =240 Wm~"K-!

= Thermal conductivity of copper=400Wm-'K-!
Answer:

Step 1: Analyse the scenario and set up an equation

= Astherods have identical dimensions, the amount of heat flowing through each rod per secondis
uniform and must be the same
= Therefore, rate of energy transferin steel = rate of energy transferin aluminium

AQ, AQ, AQ,

At At At
ATS ATa ATC
KA ThA DY TkASx

kAT =k AT =k AT
s s a a c c

Step 2: Form two simultaneous equations and substitute in the values of AT and k
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= Temperature differencein steel: ATS = (100 - Tl)
» Temperature difference in aluminium: ATa = (Tl - Tz)

= Temperature differencein copper: A Tc = (TZ - 0)

kS(IOO - Tl) = ka(T1 - Tz) = 60(100 - Tl) = 24O(T1 - Tz) eq. (1)
k(T - T) =k(T,-0) = 240(T, - T,) =400(T, - 0) eq.

Step 3: Expand and simplify eq. (1)

6000 — 607, = 2407 — 240T,
3007, — 2407, = 6000
ST, — 4T, =100

Step 4: Expand and simplify eq. (2)

240T, — 2407, = 400T,

2407, = 640T,

Step 5: Determine the temperature at the steel-aluminium junction Ty

ST, - 4(3T1\ = 100

\8 1)
7 —
ETl = 100
200
T1 = T = 28.6 = 29 °C

Step 6: Determine the temperature at the aluminium-copper junction T,

T—3x200—107—11°C
2 87 7 T
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Thermal Convection

Thermal Convection

= Convectionoccurs when:
A fluid is heated causing the movement of groups of atoms or molecules due to variations
in density

= Convectionis the main way that heat travels through liquids and gases
= Convection cannot occurin solids
= Thisisbecause the particlesin asolid are unable to travel relative to one another
= When a fluid (aliquid or a gas) is heated from below:
= The heated molecules gain kinetic energy and push each other apart, increasing the space
between particles, thus making the fluid expand
= This makes the hot part of the fluid less dense than the surrounding fluid
= The hot fluid rises because of this, and the cooler (surrounding) fluid moves in to take its place
= Eventually, the hot fluid cools, contracts and sinks back down again
= Theresulting motionis called a convection current

How is thermal energy transferred during convection?

CONVECTION

The thermal energy from a fire forms a convection current in the air around it. The hot air rises and the
cool air sinks.
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Thermal Radiation

Black-Body Radiation

Black-body radiationis the name given to the thermal radiation emitted by all bodies
= Black-bodyradiation can be emittedin the form of infrared light, but also visible light or other
wavelengths, depending on the temperature
Aperfectblack body is defined as:
An object that absorbs all of the radiationincident on it and does not reflect or transmit

any

Since agood absorberis also a good emitter, a perfect black body would be the best possible emitter
too
As aresult, an object which completely absorbs all radiation will be black

= Thisisbecause the colourblackis whatis seen when all colours from the visible light spectrum are

absorbed

The intensity and wavelength distribution of any emitted waves depends on the temperature of the
body
This can be represented on a black-body radiation curve of intensity against wavelength
= Asthetemperatureincreases, the peak of the curve moves
= This moves to alower wavelength and a higherintensity
Black-body radiation curves

Planck

Radiation Intensi

P

012 3 456 7 8 910
Wavelength A (m)
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Black body spectrum for objects of different temperatures

From the electromagnetic spectrum, waves with a smaller wavelength have higher energy (e.g. UV
rays, X-rays)
= The hotter the object, the greater the amount of infrared radiation it radiatesin a given time
A highertemperature increases the thermal energy emitted and therefore the wavelength of the
radiation emitted at the greatest intensity, Apeax, decreases
= Atroomtemperature, objects emit thermalradiationin the infrared region of the spectrum (Apeak is
inthe infrared region)
= Ataround1000°C, an object will emit a significant amount of red visible light (Apek is in the red
region of the visible spectrum)
= Ataround 6000°C, an object will mainly emit white or blue visible light (Apeak is in the centre or
violet region of the visible spectrum)
= Ateven highertemperatures, objects will emit ultraviolet or even X-rays
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Thermal Radiation

= Allbodies (objects), no matter what temperature, emit a spectrum of thermal radiation in the form of
electromagnetic waves
= These electromagnetic waves usually lie in the infrared region of the spectrum
= Thermalradiationis defined as:
Heat transfer by means of electromagnetic radiation normally in the infrared region

= The hotter the object, the more infrared radiation it radiates in a given time
= Thisisbecause atoms and molecules above absolute zero are in constant motion
= Electric charges within the atomsin a material vibrate causing electromagnetic radiation to be
emitted
= Therefore, the higher the temperature, the greater the thermal motion of the atoms and the
greater the rate of emission of radiation
= Thermalradiationis the only method of thermal energy transfer that does not require matterin orderto
move or propagate
= Therefore, thermalradiationis the only way heat can travel through a vacuum

= The amount of thermal radiation emitted by an object depends on a number of factors:

= The surface colour of the object (black = more radiation)

= The texture of the surface (shiny surfaces = more radiation)

= The surface area of the object (greater surface area = more area forradiation to be emitted from)
= Dark, dull objects are better at emitting and absorbing radiation
= Light, shiny objects are worse at emitting and absorbing radiation


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

@ Worked example

Ahot meteorite hits the surface of the Moon.

Identify and discuss the principal means by which the meteorite can dissipate thermal energy once it
haslanded.

Answer:
Step 1: Identify the types of thermal energy transfer

= Anobject canlose energy through conduction, convection orradiation
= |nthis case, the hot meteorite will only be able to lose energy via conduction and radiation
Step 2: Explain these choices

= The meteorite canlose heat energy through conduction because itisin contact with the surface of
the Moon

= The Moondoes not have an atmosphere, so convectionis not possible

= |nfrared photons emitted by the meteorite are able to travel through a vacuum, so heat loss via
radiationis possible
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Apparent Brightness & Luminosity

Apparent Brightness & Luminosity

= The apparent brightness b of a staris defined as:
The intensity of radiation received on Earth from a star

= Apparent brightness is measured in watts per metre squared (W m-2)
= The apparent brightness of a star depends on two main factors:
= How muchlight the staremits
= How faraway the staris (more distant stars are usually fainter than nearby stars)
= How muchlight the star emits is given by the luminosity L of the star, whichis defined as:
The total power output of radiation emitted by a star

= Luminosity is measured in units of watts (W)

= Knowing the luminosity and apparent brightness of a staris useful because it allows us to determine
how faraway itis from the Earth
= Thisisbecause
= Luminosity tells us how bright the staris at its surface

= Apparent brightness tells us how bright the staris as observed from the Earth
= Therefore, by the time the radiation from the distant starreaches the Earth, it willhave spread out overa
very large area
= This means the intensity of the radiation detected on Earth will only be a fraction of the value of the
star's luminosity
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Inverse Square Law of Radiation

= Alight source whichis further away appears fainter because the light it emits is spread out overa
greaterarea
= The moment the light leaves the surface of the star, it begins to spread out uniformly through a
spherical shell
= The surface area of a sphere is equal to 41ur?
= Theradiusrof this sphereis equal to the distance d between the star and the Earth
= Bythetime theradiationreachesthe Earth, it has been spread over an area of 41td?
= Thisis called following aninverse square law
= Thisphrase can be used toreferto any quantity whose intensity reduces by a factor equal to the
square of the distance to the observer (e.g. the intensity of ionising radiation follows aninverse

square law)
= Theinverse square law of radiation can be written as:
b L
4md?
= Where:

= b =apparent brightness, or observed intensity on Earth (W m-2)
= [ =luminosity of the source (W)
= d=distance betweenthe starandthe Earth (m)
= This equationassumes:
= The power from the star radiates uniformly through space
= Noradiationis absorbed between the starand the Earth
= This equationtellsus:
= Foragiven star, the luminosity is constant
= Theintensity of the emitted light follows aninverse square law
= Forstars with the same luminosity, the star with the greater apparent brightnessis closer to the
Earth
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@ Worked example

Astarhas a known luminosity of 9.7 x 1027 W. Observations of the star show that the apparent
brightness of light received on Earth from the staris 114 nW m-2,

Determine the distance of the star from Earth.
Answer:
Step 1: Write down the known quantities

= Luminosity,L=9.7 x 1027 W
= Apparent brightness, b=114nWm=2=114 x10-? W m~2
Step 2: Write down the inverse square law of radiation and rearrange for distance d

L
4md?

J= L
“\ 4mb

Step 3: Substitute in the values and calculate the distance d

b=

9.7 x 10%7

4=\ I x (114 % 109)

distance,d=8.2x10m
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Stefan-Boltzmann Law

Stefan-Boltzmann Law

= Thetotal power Pradiated by a perfect black body depends on two factors:
= |tsabsolute temperature
= |tssurfacearea
= Therelationship between these is known as Stefan's Law or the Stefan-Boltzmann Law, which states:
The total energy emitted by a black body per unit area per second is proportional to the
fourth power of the absolute temperature of the body

= The Stefan-BoltzmannLaw can be calculated using:

P=ocAT*

= Where:
= P =total poweremitted across all wavelengths (W)
= o =the Stefan-Boltzmann constant
= A=surface area of the body (m)
= T=absolute temperature of the body (K)
= The Stefan-Boltzmannlaw is often used to calculate the luminosity of celestial objects, such as stars
= Starscanbe approximated as black bodies, as almost all radiation incident on a staris absorbed
= The power emitted across all wavelengths, P, for a starisjustits luminosity, L
= The surface area of a star (or other spherical object) is equal to A = 41tr?
= Wherer=radius of the star
= Substituting the above forarea, A, the Stefan-Boltzmann equation thenbecomes:

L = 4rPoT?

= Where:
= [ =|uminosity of the star (W)
= r=radius of the star(m)
= o =the Stefan-Boltzmann constant
= T=surface temperature of the star (K)
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@ Worked example

The surface temperature of Proxima Centauri, the nearest star to Earth, is 3000 Kand its luminosity is
6.506 x 1023 W.

Calculate the radius of Proxima Centauriin solar radii.
Solarradius Ry = 6.96 x 108 m

Answer:

Step 1: List the known quantities:

= Surfacetemperature, T=3000K
= Luminosity, L =6.506 x 1023 W
= Stefan'sconstant,0=5.67 x 10-8 Wm-2K-4
= Radius of the Sun, Ry = 6.96 x 108 m
Step 2: Write down the Stefan-Boltzmann equation and rearrange for radius r

L = 4mR%cT*

7 S
~\ 4noT*

Step 3: Substitute the values into the equation

6.506 x 1023

R =
41t % (5.67 % 1078) x 3000%

Radius of Proxima Centauri: R=1.061x108m

Step 4: Divide the radius of Proxima Centauri by the radius of the Sun

R 1.061 x 108
= = 0.152 R@

R@ 6.96 x 108

= Proxima Centauri has aradius whichis about 0.152 times that of the Sun
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Wien’s Displacement Law

Wien’s Displacement Law

Wien’s displacement law relates the observed wavelength of light from an object toits surface
temperature, it states:
The black body radiation curve for different temperatures peaks at a wavelength that is
inversely proportional to the temperature

Thisrelation can be written as:

Where:
= Amax = the wavelength at which radiation is emitted at the greatestintensity (m)
= T=thesurface temperature of an object (K)
Wien's Displacement Law Graph

483 nm -3
T . T=2898 x10°mK
- peak
R
% 8 The wavelength of the peak of
F 7 the blackbody radiation curve
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& . 3000 K
1 .----“'!'“"‘""”"""'---u-n----:.'..f-:'.‘::..ﬁ-l
100 500 " 1000 1500 2000 2500

966 nm (IR) Wavelength (nm)

The intensity-wavelength graph shows how thermodynamic temperature links to the peak wavelength

for four different bodies
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Wien's Law equationis given by:
AmaxT =2.9x 10-3 mK

This equation shows that the higher the temperature of a body, the shorter the wavelength at the
peakintensity
= Additionally, as the object gains temperature, the intensity of radiation at every wavelength
increases - this can be seen on the graph above
Consider an object being heated from room temperature:
= |nitially, the object emits radiation with the greatestintensity in the infrared range
= Asitgains heat, the peak of the curve shifts left to the red region of the visible spectrum (the
object glowsred)
= Asitis heated further, the peak shifts left furtheruntilitis in the centre of the visible range, (the
object glows white, an equal mix of wavelengths in the visible range)
= Asitheats further still, the object will eventually glow blue and even emit UV radiation

Table to compare surface temperature and star colour

Star Colour Temperature / K
blue >33000
blue-white 10000-30000

white 7500 -10000

yellow-white 6000 -7500

yellow 5000 -6000

orange 3500 -5000
red <3500
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@ Worked example

The black-body radiation curve of an object at 900 Kis shown in the diagram below.

2 —

Intensity
|

Wavelength

Which of the following shows the black-body radiation curve of an object at 650 K?

The dashedline represents the curve of the object at 900 K.
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Answer: C

1
= From Wien's displacement law: lm X ——

ax T

= Therefore, a curve with alonger peak wavelength will correspond to alower temperature
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@ Worked example

The spectrum of the star Rigelin the constellation of Orion peaks at a wavelength of 263 nm, while the
spectrum of the star Betelgeuse peaks at a wavelength of 828 nm.

Determine which of these two stars, Betelgeuse or Rigel, is cooler.
Answer:
Step 1: List the known quantities

= Maximum emission wavelength of Rigel = 263nm =263 x10""m
= Maximum emission wavelength of Betelgeuse = 828 x 10-?m
Step 2: Write down Wien’s displacement law and rearrange for temperature T

A T=29x103mK
max

_29x 1073
B A

max

Step 3: Calculate the surface temperature of each star

Step 4: Write a concluding sentence

= Betelgeuse has a surface temperature of 3500 K, therefore, itis much cooler than Rigel
Wien's law and stars in the Orion constellation
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