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Specific Heat Capacity

e Specific heat capacity is defined as:

the energy required toraise the temperature of one kilogram of a substance by one
kelvin

e Theincreaseintemperature of an object depends on:
o Theamountof heat energy transferred
o Themass of the object
o The specific heat capacity of the material from which the objectis made

Heat Transfer

Burning of Wood

Ry y 2 Convection
‘Lozl o-|e°L- Energy transferred
’.' sele .o-®.® by molecular motion
3 Radiation
Energy transferred by

electromagnetic waves

1 Conduction

Energy transferred
by direct contact

Explanation of Heat Energy

¢ Theenergyinputisinthe form of heat energy
¢ Theamount of heat energy needed s given by the equation:

AE =mcAé

¢ Where:

o AE=changeinheatenergy,injoules (J)

o m=mass, inkilograms (kg)

o c=specificheat capacity, injoules perkilogram per degree Kelvin (J/kgKor J/kg °C)
AO=changeintemperature,in Kelvin or Celsius

(e}


https://www.savemyexams.co.uk/?utm_source=pdf

¢ (ThesymbolAin Mathsis usedto denote achangeinvalue)
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Microwave oven Toaster

Examples of heat energy

¢ Thethermodynamic Kelvin temperature scaleis defined as:
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An absolute temperature scale where each degreeis the same size as those onthe

Celsius scale

o Different materials:

o Have different specific heat capacities because of theirmolecular structure
o Havedifferentrises in temperature forthe same changein heat energy

¢ Specific heat capacity is mainly used forliquids and solids

¢ Goodelectrical conductors, such as copperandlead, are excellent conductors of

heat due to theirlow specific heat capacity

o Ontheotherhand, waterhas a very high specific heat capacity, makingitideal
forheating homes as the waterremains hotin aradiator foralongtime

¢ Thespecific heat capacity of different substances determines how useful they would be

fora specific purpose eg. choosing the best material for kitchen appliances
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COPPER BLOCK ALUMINIUM  BLOCK WATER
SPECIFIC HEAT CAPACITY SPECIFIC HEAT CAPACITY SPECIFIC HEAT CAPACITY
OF COPPER OF ALUMINIUM OF WATER
=390 J/kgC =910 J/kg'C = 4200 J/kg'C

¢

LOWER SPECIFIC HEAT CAPACITY -
WARMS UP AND COOLS DOWN QUICKLY
AS |IT TAKES MUCH LESS ENERGY TO
CHANGE ITS TEMPERATURE

HIGHER SPECIFIC HEAT CAPACITY —
WARMS UP AND COOLS DOWN SLOWLY
AS IT TAKES MUCH MORE ENERGY

TO CHANGE ITS TEMPERATURE

Lowv high specific heat capacity

¢ The specific heat capacity of some substances are givenin the table below as examples:

Table of values of specific heat capacity for various substances

Substance Specific Heat Capacity (Jkg' K™

Water

lce

Aluminium

Copper

Gold

4200

2200
900

390

130

*) Worked Example
[ J

Water of mass 0.48 kgisincreasedin temperature by 0.7 K. The specific heat
capacity of wateris 4200 Jkg™'K™!. Calculate the amount of energy transferred to

the water.

Step 1: Write down the known quantities

o Mass,m=0.48kg
o Changeintemperature, A0=0.7K
o Specificheat capacity,c =4200 Jkg 'K



Step 2: Write down therelevant equation

AE =mcho
Step 3: Calculate the energy transferred by substitutinginthe values
AE=(0.48) x(4200) x(0.7) =1411.2

Step 4: Round the answer to 2 significant figures

AE=1400)

(') ExamTip
*  Youwill always be given the specific heat capacity of a substance, so you do not
needtomemorise any values. Make sure that A0 is the change in temperature,

therefore, itcanbein Kor °C.



Specific Latent Heat

e Energyisrequiredto changethe state of substance
e Examples of changes of state are:

o Melting = solid toliquid

o Evaporation/vaporisation/boiling = liquid to gas
Sublimation =solidto gas
Freezing = liquid to solid
Condensation =gas to liquid

(e}

(e}

[e]

The example of changes of state between solids, liquids and gases

¢ When a substance changes state, thereis no temperature change
¢ Theenergy suppliedto changethe stateis called thelatent heat andis defined as:

The thermal energy required to change the state of one kilogram of a substance
without any change of temperature

e Therearetwotypes of latentheat:
o Specific latent heat of fusion (melting)
o Specificlatentheat of vaporisation (boiling)

TEMPERATURE

LATENT HEAT OF
VAPORISATION
(TEMPERATURE REMAINS
CONSTANT AS LIQUID
TURNS TO GAS)

LATENT HEAT OF FUSION
(TEMPERATURE REMAINS
CONSTANT AS SOLID
TURNS TO LIQUID)

HEAT SUPPLIED

The changes of state with heat supplied against temperature. Thereis no changein
temperature during changes of state

e Thespecificlatent heat of fusionis defined as:

The thermal energy required to convert one kilogram of solid to liquid with no
changeintemperature

o Thisis usedwhen melting a solid or freezing a liquid

¢ Thespecificlatent heat of vaporisationis defined as:



The thermal energy required to convert one kilogram of liquid to gas withno
changeintemperature

o Thisisusedwhenvaporising a liquid orcondensing a gas

Calculating Specific Latent Heat

e Theamount of energy AE required to melt orvaporise a mass of mwith latentheat L is:

AE=LAm

¢ Where:
o AE= amountof heatenergy to changethe state(J)
o L =latentheat of fusion orvaporisation (J kg™
o Am=changeinmass of the substance changing state (kg)

¢ Thevalues of latent heat forwaterare:
o Specificlatent heat of fusion =330 kJ kg™
o Specific latent heat of vaporisation =2.26 MJkg™!

e Therefore, evaporating 1kg of waterrequires roughly seven times more energy than
melting the same amount of ice to form water
e Thereason forthisis to dowith intermolecular forces:
o Whenice melts: energyis required tojustincrease the molecular separation until
molecules can flow freely over each other
o Whenwaterboils: energy is required to completely separate the molecules until there
arenolongerforces of attraction between them, hence this requires much more
energy

*9 Worked Example

The energy needed to boila mass of 530 gof aliquidis 0.6 MJ. Calculate the
specific latent heat of theliquid and state whetheritis thelatent heat of
vaporisation or fusion.

Step 1: Substituteinthe values
Am=530g=530x10"3kg
AE=0.6MJ=0.6x10%)

L—0'6—X106—1132x1061k-1—11MJJ<-1(2 f.)
_53OX10_3_' g = 1. g S.T.

Lis thelatent heat of vaporisation because the changein stateis fromliquid to gas
(boiling)



¢) ExamTip
¥ Usethesereminders to help you rememberwhich type of latent heat is being
referred to:

e Latentheatof fusion=imagine ‘fusing’ the liquid molecules togetherto
becomea solid

e Latentheatof vaporisation = “watervapour” is steam, soimagine vaporising
theliquid molecules into a gas



Core Practical 12: Calibrating a Thermistor
Aim of the Experiment

e Tocalibrateathermistorsoitcanbeusedas athermometer

Variables

e Independentvariable = temperature (°C)
¢ Dependentvariable =resistance of thermistor (Q)
e Controlvariables:

o Temperature gradient controlled by stirring

Equipment
e Powersource
e Thermistor
o Fixedresistor
e Ohm-meter
e Bunsenburner, tripod and gauze
e Beakerfilledwith crushedice
e Stirringrod
e Liquidin glass ormercury thermometerwith range -10 - 100°C

¢ Resolution of measuring equipment:
o Thermometer=1°C
o Ohm-meter=0.01Q

Method

Standard:
an ordinary lab thermometer
ar an electronic thermameter

Sensor choices:

-Thermistor
-Dinde
-Thermaocouple
-&40590
-LM335
Standard Sensor
An example: 123 °C 2433 ko
Fairs of readings at 232 °C 1336 kw2

different temperatures: 4.7 °C d9.4 ko



¢ Setuptheequipmentwith the thermistorimmersedin theice, the ohm-meterconnectedto
recordtheresistance of the thermistor by placingitin parallel across it, and the fixed
resistorin series with the thermistor

¢ Placethebeakerofice ontothe tripod, without lighting the Bunsen burner

e Measure andrecordthe temperature and reading on the ohm-meter

¢ LighttheBunsenburnerandkeeptoagentleflame

e Stirtheice/watergently atalltimes to keep the temperature as even as possible
throughout the beaker

o Atapproximately 5°C intervals record the new temperature andresistance reading

e Continueuntilthe wateris boiling

Analysis

¢ Plotagraph of resistance against temperature
¢ Usethetemperature graph to find theresistance at a given temperature

Evaluating the Experiment
Systematic Errors:

e Readthethermometerateyelevel
e Checkthezero erroron the ohm-meterby connecting the leads across the terminals

RandomErrors:

¢ Allow time forthe temperature to reach equilibrium

o Stirthe waterbeforereadings

e Ensurethermometerbulbis completely submergedin the waterand level with the
thermistor

e Turn off current betweenreadings to avoid heatingin the wires

Safety Considerations

¢ Riskofinstability, use a standand clamp to supportleads

¢ Hotequipmentandboilingwatermust be handled with care and allowed to cool down
where possible

* Keepplastic cables/leads away from hot metal

e Checkthevoltagelimit of the thermistor and stay within guidelines



Core Practical 13: Investigating Specific Latent Heat

Aims of the Experiment
¢ Todetermine the specificlatentheatofice

Variables:

¢ Independentvariable = Energy of the heater (Joulemeter) (J)
e Dependentvariable =The temperature, T of theice/water (°C)
e Controlvariables:

o Repeatreadings with same energy supplied by heater

o Massoficeineachsetup

o Timeforexperimentineach setup

Equipment List

Equipment Purpose

2 x funnels with filter paper Hold the ice so when it melts it drips through the funnel opening
3 x retort stands To hold the funnels and heater in place above the beakers

300 g of crushed ice and spoon The heater will melt the ice

2 x 250 cm® beakers Tocollect the water from the melted ice

2 x thermometer To measure the temperature of the melting ice

2 x electronic balances To measure the mass of the melted ice

1x joulemeter and power supply To heat theice

¢ Resolution of measuring equipment:
o Joulemeter=1J
o Electronicbalance=0.1g
o Thermometer=0.1°C

Method



A n

T NO HEATER -
JOULEMETER
HEATER

EXPERIMENT CONTROL
BEAKER A BEAKER B

TO POWER
SUPPLY

*ELECTRONIC BALANCE -

1. Setup the experiment and the control
o Attachthefunnels toretort stands, place the filter paperinside and add a heater (also

on aretort stand) inside one of the funnels - ensure the heateris nottouching the
funnel

o Useaspoonandan electronic balance to measure out 50 g of crushediceintoa
beakerand pourinto each funnel
o Addabeakerbelow each funneland place on top of an electronic balance
2. Waituntiltheicereaches O °C.
o Thisis whenit starts to melt and water starts to drip out of both funnels into the
beakers below.
o Checkthetemperature with athermometerin each funnel
3.Turnonthe heater
o Settheheatertosupply 10,000 Joules of energy to the experiment funnel
4. Waituntilthereading on the Joulemetersays 10,000 J
o Turntheheateroff
5.Read andrecordthe mass of each beaker of water on each electronic balance
6.Repeat the experiment atleast 3times and calculate the average mass, m for the waterin
each beaker
o mp=average mass of waterin beaker A
o mpg=average mass of waterin beaker B



7.Calculatethemass of the meltedice and convertinto kg
o Am=mp-mg
o Massing+1000 =Massinkg
8. Calculate the specific latent heat of fusion of ice to waterusing the equation AE = LAm
o AE=Energy suppliedby theheater=10 000 J
o L =Specificlatent heat of fusion
o Am=mass ofice

AE

L=Am

Sample Results Table:

Mass of water in Beaker A/g Mass of water in Beaker B/g

Experiment 1 42 12
Experiment 2 43 12
Experiment 3 41 il
Average mass/g 42 1.6
Average mass/kg 0.042 0.0116

Analysis of Results

¢ Theresults obtainedalatent heat of fusion of 330 000 J

e Theactualvalue of thelatent heat of fusion foriceis 334 000 J

. e valuer 34000 - 330000
o epercentageerrorlnt ISvaluels 334 000 = 1.7

Evaluating the Experiment

Systematic Errors:

e Make sureyou zero the electronic balances when the beakers are empty
¢ Always check thattheice hasreached O °C by reading the thermometerateyelevel
¢ This experimentrequires accurate determination of energy transfers
o Toimprovethe accuracy, considerapplyinglagging orinsulation to the funnels and
beakers - this willreduce the amount of energy lost to the surroundings

Random Errors:

¢ Theheatershould be switched off and allowed to cool between readings
o Sotherate of heatingandthe starting temperature of the heateris the same

e Calculatethe average mass of the water
o Thiswillreducerandom errors in thereading
o Repeattheexperiment atleast 3times
Safety Considerations

e Ensurenowatergets ontheelectronic balance



o Wipeup any spillages immediately and turn off the balance
¢ Donottouchthe heating element with yourfingers, as it could be hot and burn your skin
¢ Donothandleicewithyourbarehands, use a spoontomeasureitinto the beaker

*> Worked Example
°

Astudent conducts an experiment to find the latent heat of fusion forice

They obtain the following table of results:

Mass of water in Beaker A/g Mass of water in Beaker B/g

Experiment 1 42 12
Experiment 2 41 13
Experiment 3 42 13

Average mass/g

Average mass/kg

My Exams. All Ri

Calculate thelatent heat of fusion.

Step 1: Complete the average mass rowin the table

o Theaveragemassis calculated by adding all 3masses togetherand then dividing by

3

Experiment 1 42 12
Experiment 2 441 13
Experiment 3 42 13
Average mass/g 42 12.6
Average mass/kg 0.042 0.0126

Step 2: Calculate the average massinkg
o Massing+1000 =Massinkg
Step 3: Calculate the latent heat of fusion

o Calculate the specific latentheat of fusion of ice to waterusing the equation AE = LAm
= AE=Energy supplied by the heater=10,000J
= | =Specificlatent heat of fusion
= Am=massofice



AE
= Rearrangetheequation L = —/—

Am
10000
= So,L = 0.03 :340136Jkg‘]:34000OJ




Internal Energy

e Energy canbe classifiedinto two forms: kinetic or potential energy
¢ Themolecules of all substances contain both kinetic and potential energies
o Kinetic energy is due to the speed of the molecules and gives the material its

temperature
o Potentialenergyis due to the separation between the molecules and their position

within the structure

KEY
—=> = KINETIC ENERGY
—— = POTENTIAL ENERGY

e Theamount of kinetic and potential energy a substance contains depends onits phase of

matter(solid, liquid or gas)
o Thisis known as theinternal energy

¢ Theinternalenergy of a substanceis defined as:

The sum of the kinetic and potential energies of all the molecules within a given
mass of asubstance
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¢ Thesymbolforinternalenergyis U, with units of Joules (J)
e Particles arerandomly distributed, meaning they all have different speeds and separations
e Theinternal energy of a systemis determined by:
o Temperature (highertemperature, higherkinetic energy andvice versa)
o Therandom motion of molecules
o The phase of matter: gases have the highestinternal energy, solids have the lowest
o Intermolecular forces between the particles (greaterintermolecular forces, higher
potential energy andvice versa) - this is linked to the phase (solid, liquid, gas) that the
matterisin

¢ Theinternalenergy of a system canincrease by:
o Doingworkonit
o Addingheattoit

e Theinternal energy of a system can decrease by:
o Losingheattoits surroundings
o Changingstate fromasolidto aliquid orliquidto a gas

(f) ExamTip
“ Always rememberinternal energy is made up of both the kinetic and potential
energy of the particles in a substance.



Absolute Zero

On the thermodynamic (Kelvin) temperature scale, absolute zero is defined as:
The lowest temperature possible. Equalto OK or -273.15°C

¢ |tisnotpossibletohave atemperature lowerthan O K
o This means a temperature in Kelvin willnever be a negative value

¢ Absolutezerois defineds as:
The temperature at which the molecules in a substance have zero kinetic energy

e Thismeans forasystemat O K, itis not possible to remove any more energy from it
e Eveninspace, thetemperatureisroughly 2.7 K, just above absolute zero

Using the Kelvin Scale

¢ Toconvertbetween temperatures din the Celsius scale,and T in the Kelvin scale, use the
following conversion:

0/°C=T/K-273.15

T/K=60/°C+273.15

THERMODYNAMIC

Ngse
wervnn g™ Tk Mo [ERSIVS NS

CONVERSION TO °C:
400 — 273.15 = 126.85 400 + +127
=127 (ROUNDED TO 3s.f.)

300 + +27
27315 + 0.00 MELTING POINT OF ICE

200 + -73
100 + -173

ABSOLUTE ZERO

(NO TEMPERATURE

IS BELOW THIS) | oL -273

Conversion chart relating the temperature on the Kelvin and Celsius scales



¢ Thedivisions onboth scales are equal. This means:
Achangeinatemperature of 1K is equal to achangein temperatureof1°C
» Thisis why when using the specific heat capacity equation
AE =mcAf

¢ A0 does notrequire the temperature to bein eitherunit
o Thisis because the differencein temperature between two values whetherin Kelvin or
Celsius willbe exactly the same

) Worked Example
[

In many ideal gas problems, room temperatureis considered to be 300 K. What s
this temperaturein Celsius?

Step 1: Kelvin to Celsius equation
0/°C=T/K-273.15
Step 2: Substitutein value of 300K

300K-273.15=26.85°C



o Insolids thisisin the form of vibrations

Kinetic Energy & Temperature

¢ Heatingan object causes its temperature torise
¢ Accordingtokinetic theory when energy is supplied to an object the molecules in that
objectreceive the energy as kinetic energy and move faster

o Inagas, molecules move quickly around theircontainer
o This kinetic energy determines the temperature of the substance.

State

Density

Arrangement of
particles

Movement of
particles

Energy of particles

2D diagram

Solid, Liquid & Gas Summary Table

Solid

Liquid

Gas

High

Medium

Low

Regular pattern

Randomly arranged

Randomly arranged

Vibrate around a
fixed position

Move around each
other

Move quickly in all
directions

Low energy

Greater enerav

Highest energy

i

ol
)

“o

O,_,_,_—a

¢ Theinternalkinetic energy on the atomic scaleis separate from the overallmovement of an

object

¢ Molecules vibrate within the materialand do not causeittomove

o Forexample, an eggbeing thrown through the airhas kinetic energy because of the
movement of the whole egg and not because of the movement of the individual

molecules insideit.




EGG HAS KINETIC ENERGY AS IT FLIES THROUGH THE AIR

INTERNAL ENERGY
COMES FROM
VIBRATION OF
MOLECULES INSIDE
THE EGG

e Taking energy away from the molecules of a substance causes its temperature to become
lower
o Inasituation wherekinetic energy is continuously being taken away from a collection
of molecules, theoretically there would be a moment where all the kinetic energy has
beenremoved from the substance
o Thisis when the substancereaches absolute zero, which remains theoretical point,
having neverbeen achieved by scientists in a laboratory

(f) ExamTip

o you forget in the exam whetherit’s +273.15 or -273.15, just remember that 0 °C =
273.15 K. This way, when you know that you need to +273.15 to a temperaturein
degrees to get a temperaturein Kelvin. Forexample: 0 °C +273.15 =273.15K.

Alsorememberthat Cis nearerthe beginning of the alphabet to K. So to go back
from Kto C we must subtract.



Kinetic Theory of Gases Equation

e Gases consist of atoms ormolecules randomly moving around at high speeds
o Thekinetic theory of gases models the thermodynamic behaviour of gases by linking
the microscopic properties of particles (mass and speed) to macroscopic
properties of particles (pressure and volume)

e Thetheoryis basedon the following assumptions:
o Molecules of gas behave asidentical, hard, perfectly elastic spheres
The volume of the molecules is negligible compared to the volume of the container
The time of a collision is negligible compared to the time between collisions
There are no forces of attraction orrepulsion between the molecules
The molecules arein continuous random motion

o]

(e}

o

(e}

¢ Thenumberof molecules of gas in a containeris very large, therefore the average
behaviour(eg. speed) is usually considered

Root-Mean-Square Speed

e Thepressure of anideal gas equationincludes the mean square speed of the particles:

<c2s

¢ Where
o c=averagespeedofthe gas particles
o <c?> hastheunits m?s2

e Since particles travelin all directions in 3D space andvelocity is a vector, some particles will
have a negative direction and others a positive direction
o Whenthere are alarge number of particles, the total positive and negative velocity
values will cancel out, giving a net zero value overall
o Inorderto findthe pressure of the gas, the velocities must be squared meaning that
allthevalues end up positive

e Tocalculatethe average speed of the particles in a gas, take the square root of the mean
square speed:

N <c2> =c_

e Crmsisknown as theroot-mean-square speed and still has the units of ms™!

*> Worked Example

o
Anideal gas has a density of 4.5 kgm™ atapressure of 9.3x10°Paanda

temperature of 504 K.

Determine theroot-mean-square (rm.s.) speed of the gas atoms at 504 K.



Step1: Write out the equation for the pressure of anideal gas with density
! <cz>
=5p<c
p 3 Y
Step 2: Rearrange for mean square speed
3
< 02 > = _p
p

Step 3: Substituteinvalues

_ 3% (9.3 x 10%)
a 4.5

<c2> = 6.2 X 105 m?s~2

Step 4: To find ther.m.s value, take the square root of the mean square speed

= 2 = S 2 2 = -1
c =+ <c2> =./62x100m’s 787.4 m s

Step 5: Write the answer to the correct significant figures and include units
Crms =790 ms~' (2 sig figs)

Deriving the Equation for Kinetic Theory

¢ When molecules rebound from a wallin a container, the change in momentum gives rise to
aforce exerted by the particle on the wall
o Many molecules movingin random motion exert forces on the walls which create an
average overall pressure, since pressure is the force perunit area

The Situation for the Derivation

e Pictureasinglemoleculein a cube-shaped boxwith sides of equallength/

¢ Themolecule has amass mandmoves with speed ¢, parallel to one side of the box

e |tcollides atregularintervals with the ends of the box, exerting a force and contributing to
the pressure of the gas

e By calculating the pressure this one molecule exerts on one end of the box, the total
pressure produced by all the molecules can be deduced

Asingle moleculeinaboxcollides with the walls and exerts a pressure

Five-Step Derivation

Step 1: Find the change in momentum as a single molecule hits a wall perpendicularly

¢ Oneassumption of the kinetic theory is that molecules rebound elastically



o This means thereis nokinetic energy lostin the collision
o Iftheyreboundinthe opposite direction to theirinitial velocity, their final velocity is -c
o Thechangeinmomentumis therefore:

Ap = —mc — (+mc) = —mc — mc = —2mc
Step 2: Calculate the number of collisions per second by the molecule on a wall

¢ Thetime between collisions of the molecule travelling to one walland backis calculated by
travelling a distance of 2/with speed c:

distance a 21

time between collisions = ————— = —
speed c

¢ Note: cisnottaken as the speed of lightin this scenario
Step 3: Find the change in momentum per second

e Theforcethe molecule exerts on one wallis found using Newton’s second law of motion:

p
Force = rate of change of momentum = —— = —— = ——

¢ Thechangeinmomentumis +2mc since the force on the molecule from the wallis in the
opposite direction toits change in momentum

Step 4: Calculate the total pressure fromN molecules

e Theareaofonewallis 2
e Thepressureis definedusing the forceandarea:

2
force mce / 1 mc?
ressure, p = = =
p P area 2 P

This is the pressure exerted from one molecule
e Toaccountforthelarge numberof N molecules, the pressure can now be written as:

B Nmc?

¢ Eachmolecule has a different velocity and they all contribute to the pressure
« Themean squared speed of c?is written with left and right-angled brackets <c2>
e Thepressureis now definedas:

Nm< 2>
P=""p
Step 5: Consider the effect of the molecule moving in 3D space

e Thepressure equation stillassumes allthe molecules are travellingin the same direction
and colliding with the same pair of opposite faces of the cube
¢ Inreality, allmolecules willbe movingin three dimensions equally



Splitting the velocity into its components ¢,, ¢, and ¢, to denote the amountinthe x,y andz
directions, c2 can be defined using pythagoras’ theoremin 3D:

2 =cx2+ ¢y + cA
¢ Sincethereis nothing special about any particular direction, it can be determined that:
<c?2>=<¢?2>=x¢?2>
X y z

2

e Therefore, <c,“> can be defined as:

1
<c2>=—<¢2>
X 3

¢ Theboxis acubeandallthe sides are of length/
o This means ¥ is equal to the volume of the cube, V

Substituting the new values for <c2> and I backinto the pressure equation obtains the final
equation:

1
pV = gNm<cz>

¢ Thisis known as the Kinetic Theory of Gases equation:

T Cz
wall .g,as;nﬂ)eclﬂe wall
A / G &
Cy

edge length 1 of cubic container

-mCx
mCx

o length1 N
wall A eneth wall B

e |tcanalsobewrittenusingthe density pof the gas:

mass Nm

P~ Volume ~ vV

* Rearranging the pressure equation for p and substituting the density p:

1
p=3p<c>

(") ExamTip
“ Make sure torevise and understand each step for the whole of the derivation, as you
may be asked to derive all, or part, of the equation in an exam question.



Ideal Gas Equation

¢ When calculating forgases, assume thatthe gasis anideal gas
¢ Thethree gaslaws (explained below) can be combinedto create one equation in terms of
pressure, volume, temperature and amount of gas.

The Boltzmann Constant, k

¢ TheBoltzmann constantkis usedin theideal gas equation andis defined as:

e Where:
o R=molargas constant
o Na=Avogadro’s constant

e Boltzmann’s constant therefore has a value of

L. I\ 1.38 x 10723 JK-!
T 6.02 x 1023

¢ TheBoltzmann constantrelates the properties of microscopic particles (e.g. kinetic energy
of gas molecules) to theirmacroscopic properties (e.g. temperature)
o Thisis why theunits are JK™!

* Itsvalueis very smallbecause theincreasein kinetic energy of a moleculeis very small for
everyincrementalincrease in temperature
The Gas Laws
¢ Theideal gaslaws are the experimental relationships between pressure (P), volume (V) and
temperature (T) of anideal gas
e Themass andthe numberof molecules of the gasis assumedto be constant foreach of
these quantities
Boyle’s Law

e Ifthetemperature T of anideal gasis constant, then Boyle’s Law s given by:

P —
Y

e This means the pressureisinversely proportional to the volume of a gas
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Pressureincreases when a gasis compressed

¢ Therelationship between the pressure and volume for a fixed mass of gas at constant
temperature can also be written as:

P1V1=P3V;3

¢ Where;

o Pj=initial pressure (Pa)
P, =final pressure (Pa)
V1 = initial volume (m3)
V5 =final volume (m3)

(e}

[e]
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Charles's Law

¢ Ifthepressure P ofanideal gasis constant, then Charles’slawis given by:
VT

e This means thevolumeis proportional to the temperature of a gas
o Therelationship between the volume and thermodynamic temperature for a fixed
mass of gas at constant pressure can also be written as:

ViV

T T
o Where:
= V;=initialvolume (m?)
= V,=finalvolume (m3)
= T;=initialtemperature (K)
= T, =finaltemperature (K)



AS THE TEMPERATURE OF A GAS INCREASES
THEN THE VOLUME ALSO INCREASES

o VOLUME (V1)
»\VVOLUME (V2)

TEMPERATURE (T1) | [TEMPERATURE (r2)

Pressure Law

o |fthevolume Vof anideal gasis constant, the Pressurelaw is given by:
P-T

¢ This means the pressureis proportional to the temperature
o Therelationship between the pressure and thermodynamic temperature for a fixed
mass of gas at constantvolume can also be written as:

P1 P
T1%

¢ Where:
o P;=initial pressure (Pa)
o P,=final pressure (Pa)
o Ty=initialtemperature (K)
o T,=finaltemperature (K)



MORE FREQUENT COLLISIONS OF GAS MOLECULES WITH THE
CONTAINER WALL AS THE PARTICLES HAVE MORE ENERGY
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\Q\GAS MOLECULES COLLIDE
WITH CONTAINER WALLS

*> Worked Example

Astorage cylinder of anideal gas has avolume of 8.3x 103 cm3. Thegasis ata
temperature of 15°C and a pressure of 4.5 x 107 Pa. Calculate the amount of gas in
the cylinder,inmoles.

Step 1: Write down the ideal gas equation
Since the number of moles (n) is required, use the equation:
pV = nRT
Step 2: Rearrange the equation for the number of moles n

_pv
= RT

Step 3: Substituteinvalues
V=283 x 103 cm® = (8.3 x 103) x 1076 = 8.3 X 1073 m3
T=15°C + 273.15 = 288.15K

(4.5 x107) x (8.3 x 1073)

8.31 x 288.15 = 155.98 = 160 mol (2 sf)



¢) ExamTip

“ Afteryou solve a problem using any of the gas laws (or all of them combined), always
checkwhetheryour final result makes physical sense - e.g. if you are asked to
calculate the final pressure of a fixed mass of gas being heated at constant volume,
yourresult must be greaterthan theinitial pressure given in the problem (since Gay-
Lussac's law states that pressure and absolute temperature are directly
proportionalatconstantvolume).



Investigating Gas Pressure and Volume

e Boyle'sLawrelates pressure andvolume at constant temperature
o Thisinvestigationis one valid example of how this required practical might be tackled,
others do exist

Variables

e Independentvariable =Mass, m (k)
« Dependentvariable = Volume, V(m?3)
e Controlvariables:
o Temperature
o Cross-sectionalarea of the syringe

Equipment List

Apparatus Purpose

Clamp Stand To hold the equipment

Syringe (10 ml) To measure the volume of the air inside the tube

Rubber Tubing To stop air getting into the syringe

Pinch Clip To hold the rubber tubing in place

String To hang the masses

100g masses with 100g holder Used to change the volume of the air

Counterweight (or G clamp) To keep the stand and clamp secure and rigid on the flat surface
Vernier Caliper To calculate the diameter of the syringe

¢ Resolution of measuring equipment:
o Pressuregauge=0.02x10°Pa
o Volume=0.2cm3
o Vernier Caliper=0.02mm

Method



o

Sealed flask of air
Thermocouple —3 gl :

~———Beaker of Water

Bunsen Burner

Pressure Gauge — ff £ >

44 +—Data Logger

Apparatus setup for Boyle’s Law

1. With the plungerremoved from the syringe, measure the inside diameter, d of the syringe

using a Vernier caliper.
o Take 3readings andfindan average

2.The plungershould be replaced and the rubber tubing should be fit over the nozzle and
clampedwith a pinch clip as close to the nozzle as possible

3.Setupthe apparatus as showninthe diagram

4.Push the syringe upwards until it reads the lowest volume of airvisible. Record this volume

5.Add the 100 gmass holderto theloop of string at the bottom of the plunger. Wait a few
seconds before taking the reading (this allows temperature to equilibrate afterworkis done
against the plungerwhen the volumeincreases)

6.Record the value of the new volume from the syringe scale

7.Repeat the experiment by adding 100 g masses andrecording the readings up to 10
readings.

e Anexample table of results mightlook like this:



READ FROM
THE SYRINGE SCALE

MASS / kg | VOLUME /e
NO MASS
HOLDER 0.0
0.2
100g MASS HOLDERJZ
AND A 100g MASS 0.4
0.6
0.8
1.0
1.2
DIAMETER OF AVERAGE
DIAMETER 1/
o i | DIAMETER 2/mm | DIAMETER 3/mm | ©5 200

Analysing the Results

e Boyle’s Law can berepresented by the equation:
pV = constant

¢ This means the pressure must be calculated from the experiment
e Theexerted pressure of the masses is calculated by:

©
I
> |

¢ Where:
o F=weightof themasses, mg(N)
o A=cross-sectional area of the syringe (m?)

¢ Thecross-sectional areais found from the equation for the area of a circle:

e Tocalculate the pressure of the gas:
Pressure of the gas = Atmospheric pressure - Exerted pressure from the masses

e Where:
o Atmospheric pressure =101kPa



¢ Thetable of results may needto be modified to fit these extra calculations. Hereis an
example of how this mightlook:

ATMOSPHERIC  EXERTED
PRESSURE PRESSURE

EXERTED GAS 1,
MASS / kg| FORCE / N | PRESSURE / Pa | PRESSURE P/KPa |VOLUME V/cm? | 7 7/°M

0.0
0.2
0.4
0.6
0.8
1.0
1.2

¢ Oncethesevalues are calculated:

1.Plotagraphof pagainst1/Vanddraw aline of best fit
2.1f this plotis a straightline graph, this means that the pressure is proportional to theinverse
of thevolume, hence confirming Boyle's Law (pV = constant)

%/cm‘3 %

STRAIGHT LINE WITH
A CONSTANT GRADIENT

N L
/ N vV
é/{qLINE MAY NOT GO THROUGH THE ORIGIN.
THIS INDICATES A SYSTEMATIC ERROR

GAS PRESSURE P/KPa

Evaluating the Experiment
Systematic Errors:
e There may be friction in the syringe which causes a systematic error

o Useasyringethathas very little friction orlubricatedit, so the only forceis from the
weights pulling the syringe downwards



RandomErrors:

¢ Thereading of the volume should be taken a few seconds afterthe mass has been added
tothe holderto allow temperature changes to equilibrate
e Room temperature mustbe kept constant

Safety Considerations

¢ Acounterweight or G-clamp must be usedto avoid the stand toppling overand causing
injury, especially if the surfaceis not completely flat



Average Molecular Kinetic Energy

e Animportant property of moleculesin a gas is theiraverage kinetic energy

e This canbe deducedfromtheideal gas equations relating pressure, volume, temperature
andspeed

¢ Recalltheideal gas equationin terms of number of molecules:

pV= NkT

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

1
pV = EN m(crms)2

e Theleft-handside of both equations are equal to pV
* This means theright-hand sides of both equations are also equal:

1
gNm(crms)2 = NkT

* Nwillcancel out on both sides and multiplying by 3 on both sides too obtains the equation:
M(Crms)? = 3kT

¢ Recallthe familiarkinetic energy equation from mechanics:
. T
Kinetic energy = 5 MV

« Instead of v2 for the velocity of one particle, (c;ms)2is the average speed of allmolecules

¢ Multiplying both sides of the equation by /2 obtains the average molecular kinetic energy
of the molecules of anideal gas:

B = Sl i
k—zmcrms —2

e Where;
o Ex=kinetic energy of a molecule (J)
o m=mass of one molecule (kg)
o (Crms)?=mean square speed of a molecule (m?s-2)
o k=Boltzmann constant
o T=temperature of the gas (K)

¢ Note: thisis the average kinetic energy for only one molecule of the gas

* Tofindthe average kinetic energy formany molecules of the gas, multiply both sides of the
equation by the number of molecules N to obtain:



1 3
Eyc= 5 Nm(c)? = = NKT

¢ Akey feature of this equationis that the mean kinetic energy of anideal gas moleculeis
proportional toits thermodynamic temperature

Ex-T

¢ TheBoltzmann constantk can bereplacedwith

R
=R
¢ Substituting this into the average molecularkinetic energy equation meansitcanalsobe
written as:
1 3 3RT
Eii= Em(c,mg)2 = EkT = M

*> Worked Example

Helium can be treated as anideal gas. Helium molecules have aroot-mean-square
(r.m.s.)speed of 720 ms™'at a temperature of 45 °C. Calculate ther.m.s. speed of
themolecules ata temperature of 80 °C.



Step 1: Write down the equation for the average kinetic energy

Step 2: Determine the relation between cms and the temperature 7
Since mand k are constant, (cms)? is directly proportional to 7

(Cms)? ¢ T
Therefore

Coms < VT

Step 3: Change the proportionality into an equation

Crms = O\/T
where a is the constant of proportionality

Step 4: Calculate the constant of proportionality
Substitute the values given already for a temperature and corresponding Cums for
helium

Crms = 720 m s at a temperature of 45 °C

T =45°€+273:15 = 318.15K

_ Crms 720
0= TS 3 ae

Step 5: Calculate cms at T = 80 °C by substituting the value of a
T=80°C + 273.15 = 353.15 K

720
= — = = 7 an
Cme = 5757E V353.15 = 758.57 = 760 m s (2 s.f.)

(') ExamTip

You canremember the equation through the rhyme ‘Average K.Eis three-halves kT'.



Black Body Radiation

¢ Blackbodyradiationis the name given to the thermal radiation emitted by all bodies
(objects)

¢ Allobjects, no matterwhat temperature, emit black body radiation in the form of
electromagnetic waves

e Theseelectromagnetic waves usually liein theinfrared region of the spectrum but could be
emittedin the form of visible light or otherwavelengths, depending on the temperature

* Thehotter object, the moreinfraredradiation it radiates in a given time

Theinfrared emitted froma hot object can be detectedusing a special camera

e Aperfectblackbodyis definedas:

Anobject that absorbs all of theradiationincident onit and does not reflect or
transmit any radiation

e Sinceagoodabsorberis also a good emitter, a perfect black body would be the best
possible emittertoo
¢ Asaresult, an object which perfectly absorbs all radiation will be black
o Thisis because the colourblackis whatis seen when all colours from the visible light
spectrum are absorbed



Colour

Black

Dull/Dark

White

Shiny

Absorption and Emission For Different Colours Table

Absorbing

Good absorber
Reasonable absorber
Poor absorber

Very poor absorber (Therefore a good refiector)

Emitting

Good emitter

Reasonable emitter

Poor emitter

Very poor emitter



Black Body Radiation Curves

» Allbodies (objects) emit a spectrum of thermal radiation in the form of electromagnetic
waves
e Theintensity and wavelength distribution of any emitted waves depends on the
temperature of the body
e Thisisrepresentedon a blackbody radiation curve
o Asthetemperatureincreases, the peak of the curve moves

PEAK INTENSITY

INTENSITY

1000 °C
750 °C

WAVELENGTH IN pm

Black body spectrum for objects of different temperatures

From the electromagnetic spectrum, waves with a smaller wavelength have higher energy

(e.g.UVrays, X-rays)

¢ When an object gets hotter, the amount of thermal radiationit emits increases

o Thisincreases the thermal energy emitted and therefore the wavelength of the
emittedradiation decreases

Anideal black body radiatoris one that absorbs and emits all wavelengths

o Thisidealisedblack body s a theoretical object

o However, stars are the best approximation thereis
¢ Theradiation emitted from a black body has a characteristic spectrumthatis determined
by the temperature alone
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The intensity-wavelength graph shows how thermodynamic temperature links to the peak
wavelength for four different bodies



Stefan-Boltzmann Law

¢ Anobjects luminosity depends on two factors:
o Its surface temperature
o Itssurfacearea

e Therelationship between theseis known as the Stefan-Boltzmann Law, which states:

The total energy emitted by ablack body per unit area per second is proportional to the
fourth power of the absolute temperature of the body

» So,L«AT#
¢ The Stefan-Boltzmann Law equationis:
L = cAT#

e Where;
o L =luminosity of the star (W)
A =surfacearea of the star
o ¢ =the Stefan-Boltzmann constant
o T=surfacetemperature of the star(K)

o]

e Thesurface area of a star(orother spherical object) can be calculated using:
A = 4nr?

e Where:
o r=radius of the star

) Worked Example

®
Acamelhas abody temperature of 40 0C and a surface area of 16 m2. The peak

wavelength of the emitted spectrum from the camel is Amax = 8.6 x 1076 m.
Calculate the total powerradiated by the camel.

Step 1: Write down the equation
L = cAT#
Step 2: Convert temperature fromoCto K
o 40 +273=313K
Step 3: Substituteinthe values
o L=(5.67x1078) x16 x 313%=29387W=8707
Step 4: Write answer to correct significant figures and include units

Luminosity (poweremitted) of the camel =8 700 W (2 sig figs)



O ExamTip

Remember to convert temperatures into Kelvin.

If you are given theradius of a spherical object thenits surface area A can be
calculated using A = 4mrr? for the radius of the objectr.



Wien'sLaw

Wien’s displacement law relates the observed wavelength of light from an object toits
surface temperature, it states:

Theblack body radiation curve for different temperatures peaks at a wavelength
thatisinversely proportional to the temperature

This relation can be written as:

Amax 1S the maximum wavelength (m) emitted by an object at the peakintensity
Tis the surface temperature (K) of an object

Wien's Law equation is given by:
AmaxT =2.9 x 103 mK

This equation tells us the higher the temperature of a body:

o Theshorterthe wavelength at the peakintensity, so hotter objects tend to be white or
blue, and cooler objects tend to bered or yellow

o The greatertheintensity of theradiation at each wavelength

Table to compare surface temperature and star colour

Colour of Star Temperature / K
Blue > 33,000
Blue-White 10,000 - 30,000
White 7,500 - 10,000
Yellow-White 6,000 - 7,500
Yellow 5,000 - 6,000
Orange 3,500 - 5,000
Red < 3,500

> 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.Which of these two stars is cooler, Betelgeuse or Rigel?



Step 1: Write down Wien’s displacement law
AmaxT =2.9x1073mK

Step 2: Rearrange fortemperature T

29 x 1073

?\max

T=

Step 3: Calculate the surface temperature of each star

29x10° _29x10°°

=11026 = 11 000 K

oot T2 e 263%107
=3 =3
Betelguese: = 29)5 10 = 5298 >:< 11(())_9 =3502=3500 K

Step 4: Write a concluding sentence

Betelgeuse has a surface temperature of 3500 K, therefore, itis much cooler than Rigel

The Orion Constellation; cooler stars, such as Betelguese, appear red or yellow, while hotter
stars, such as Rigel, appear white or blue

(’) Exam Tip

- Note that the temperature usedin Wien’s Law is in Kelvin (K). Remember to convert
from °C if the temperature is given in degrees in the question before using the Wien’s
Law equation.



