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GasLaws v Kinetic Theory
* Thereis a scientific distinction between the gas laws andkinetic theory

Gas Laws

The gas laws are empirical in nature which means they are based on
observation andevidence

The gas laws include Boyle's Law, Charles's Law, Pressure Law and the ideal gas equation
These are allbased on observations of how a gas responds to changes in its environment,
namely volume, pressure and temperature from experiment

Kinetic Theory

» Kinetic theoryis based on theory (as statedinits name)
* This means itis based on assumptions and derivations from existing theories
* Thesearethenused to explain why the gas laws behave the way they do
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Ideal GasInternal Energy

e Theinternal energy of an objectis intrinsically related toits temperature
¢ \When a container containing gas molecules is heated up, the molecules begin to move
around faster, increasing their kinetic energy
s |fthe objectis a solid, where the molecules are tightly packed, when heated the molecules
begin to vibrate more
s Molecules in liquids and solids have both kinetic and potential energy because they are
close togetherand bound by intermolecular forces
 However, ideal gas molecules are assumed to have nointermolecular forces
o This means they have no potential energy, only kinetic energy
o This means that theideal gas internal energy is the kinetic energy of theatoms

¢ The(changein)internal energy of anideal gasis equalto:

=—kAT

* Therefore, thechangeininternal energy is proportional to the changein temperature:

AU« AT

¢ Where:

o AU=changeininternalenergy (J)

o AT =changeintemperature (K)
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As the containeris heated up, the gas molecules move faster with higher kinetic energy and
therefore higher internal energy

9 Worked Example

@
Astudentsuggests thatwhen anideal gasis heatedfrom50 °Cto 150 °C, the

internal energy of the gas is trebled.State and explain whether the student's
suggestionis correct.

Step 1: Write down the relationship betweeninternal energy and temperature
o Theinternalenergy of anideal gas is directly proportional to its temperature
AU« AT
Step 2: Determine whether the change intemperature (in K) increases by three times

o Thetemperature changeis the thermodynamic temperature ie. Kelvin
o Thetemperature changein degrees from 50 °C to 150 °Cincreases by three times
o Thetemperature changeinKelvinis:

50°C+273.15=323.15K
150°C+273.16=423.15K

423.15 _
323.15

o Therefore, the temperature change, in Kelvin, does notincrease by threetimes

13

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

o Theinternalenergy is directly proportional to the temperature

o Thethermodynamic temperature has not trebled, therefore, neither has theinternal
energy

o Therefore, the studentisincorrect

@) ExamTip

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

energy
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Kinetic Theory of Gases Equation

Assumptionsin Kinetic Theory

¢ Gases consist of atoms or molecules randomly moving around at high speeds
¢ 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)
* Thetheoryis basedona set of the following assumptions:
o Molecules of agas behave as identical (or all have the same mass)
o Molecules of gas are hard, perfectly elastic spheres
o Thevolume of the molecules is negligible compared to the volume of the container
o Thetime of a collision is negligible comparedto the time between collisions
o There are nointermolecular forces between the molecules (except duringimpact)
o Themolecules movein continuous random motion
o Newton's laws apply
o There are a very large number of molecules

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

Derivation of the Kinetic Theory of Gases Equation

s When molecules rebound from awallin a container, the change in momentum givesrise to
a force exerted by the particle on the wall

* Many molecules moving in random motion exert forces onthe walls which create an
average overall pressure (since pressure is the force perunit area)

¢ Takeasingle moleculein a cube-shaped box with sides of equallength L

s« Themolecule has a mass mandmoves with speed c, parallel to one side of the box

s |tcollides atregularintervals with the sides 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 a total of N molecules can be deduced
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Asingle moleculeina boxcollides with the walls and exerts a pressure
1. Determine 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

If the particle hits one side of the wall and rebounds elastically in the opposite direction to
theirinitial velocity, their final velocityis -c
The changeinmomentum is therefore:

p=mc
Ap = final p —initialp = -mc - (+mc) = -mc -mc = -2mc

¢ Where:
o Ap=changeinmomentum(kgms™')
o m=mass of themolecule (kg)
o c=speedofthemolecule (ms)

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

¢ Thetime between collisions of the molecule travelling to the opposite facing wall and back
is calculated by travelling a distance of 2L with speedc:

, ol distance 2L
Time between collisions = —— = —
speed C

¢ Note: cisnot taken as the speed of lightin this scenario
3. Calculate the force exerted by the molecule onthe wall

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

g Y 8 ‘ v AP BTE el
orce = rate of change in momentum = — = —— = —
g At~ 2L L
c

e Thechangeinmomentumis +2mcsince the force on the molecule fromthe wallis in the
oppositedirection toits changeinmomentum

4. Calculate the total pressure for one molecule

 Theareaofonewallis L2
¢ Thepressureis defined as the force perunit area:

mc2 2
Force —T— mc

" Area | L2 L3

p

¢ This is the pressure exerted from one moleculein a particular direction

5. Consider the effect of N molecules moving randomlyin 3D space
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* Thepressure equation stillassumes that all the molecules are travellingin the same
direction and collide with the same pair of opposite faces of the cube

* |nreality, all molecules will be movingin three dimensions equally and randomly

* By splitting the velocity into its components ¢y, ¢y and c; todenote the amountinthex,y
andzdirections, c? can be defined using Pythagoras' theoremin 3D:

c?=c+c2+c;?
* Sincethereis nothing special about any particular direction, it can be deduced that:
c2= cyz = ;2
 Therefore, ¢, can be defined as:
B2 3 &
» Where c?is the sum of the squared speeds of allthe molecules

2 2

c?=¢ 2

+sz+¢32+... +CN
6. Consider the speed of the molecules as anaverage speed

¢ Eachmolecule has a different speed and they all contribute to the pressure

¢ Therefore, the squareroot of the average of the square velocities is taken as the speed
instead

* This is called the root-mean-square speed Or C; s

* Cnsisdefinedas:

2 2 2 2
Jcl + C2 + C3 CN
Crms =

N

¢ Therefore

2 2

N(Crms)2 =12+ €22 +C32 +... + CN
7. Consider the volume of thebox

e Theboxis acubeandallthe sides are of length|
o This means L3is equal to the volume of the cube, V

e Substituting N(crms)?2and L3 backinto the pressure equation obtains the equation:

|\||'1"|'(Crrns);2
\

N m(Crms)2
L3

_ 1 _1
P=3 =3

e This is the pressure parallel to the x (ory orzaxis)

¢ Multiplyingboth sides by the volume V gives the final Kinetic Theory of Gases Equation:
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1
pV = gNm(cm}2

s Where:
o p=pressure(Pa)
o V=volume(m3)
o N=numberof molecules
o m=mass of one molecule of gas (kg)
o cr,m:rootmeansquarespeedofthemolecules(ms“)

¢ Theequationcan also bewritten using the density pof the gas:

mass Nm

p= volume N \

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

1 2
P=3 p(Crms)

‘, Worked Example
L

Anideal gas has a density of 4.5 kgm™ ata pressure of 9.3x10°Paanda
temperature of 504 K.

Determine ¢, s 0f the gas atoms at 504 K.

Step 1: Write out the equation for the pressure of an ideal gas with density

p—3pCrms

Step 2: Rearrange for mean square speed

3p

(Crr'ﬂs)2 ==

p
Step 3: Substitute in values

3% (9.3 x 10°)

2 —
(Crms) 25
Step 4: Calculate the square root to find ¢me
[3 x (9.3 x 10°)
Coms = . =7874=790ms?(2sf)
\j 4.5
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¢) ExamTip
-
Make sure torevise andunderstand each step for the whole of the derivation as you
may be asked to derive all, or part, of the equation in an exam question. Ensure you
alsowrite the appropriate commentary instead of simply stating equations in your
answers to get fullmarks.

Also, make sure to memorise all the assumptions for your exams, as itis a common
exam question to be asked torecallthem.
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Average Molecular Kinetic Energy

Animportant property of molecules in a gas is theiraverage kinetic energy

This can be deduced from the ideal gas equations relating pressure, volume, temperature
andspeed

Recall theideal gas equation:

pV = NkT

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

!
pV = EN rr"(crms)2

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

1
ENm(c,ms)2 = NkT

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

Recall the familiar kinetic energy equation from mechanics:
- . l 2
Kinetic energy = 7 myv

Instead of v2 forthe velocity of one particle, (Crme)?is the avera ge speed of all molecules

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

e s S
ET g =g

Where:

o E,=kinetic energy of a molecule(J)

o m=mass of onemolecule (kg)

o (C¢;ms)?=mean square speed of amolecule (m?s2)
k = Boltzmnann constant
T=temperature of the gas (K)

o

o

Note: this is the average kinetic energy for only one molecule of the gas
A key feature of this equation is that the mean kinetic energy of an ideal gas moleculeis
proportional to its thermodynamic temperature
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Ex«T
* The Boltzmann constant k can be replaced with

k=—
Na

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

‘, Worked Example
°

Helium can be treated as anideal gas.Helium molecules have aroot-mean-square
(rm.s.)speedof 730 ms~' at a temperature of 45 °C.Calculate the r.m.s. speed of
the molecules at a temperature of 80 °C.
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Step 1: Write down the equation for the average kinetic energy

B 223
= Em(cu-g} =3

Step 2: Determine the relation between ¢ and the temperature 7
Since mand kare constant, (¢’ is directly proportional to 7

(Cmd? T

Therefore

Cors VT

Step 3: Change the proportionality into an equation

Crms = cﬁ
where a is the constant of proportionality

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

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

T=45°C + 273.15 = 318.15 K

L Cms 720
U Beac s

Step 5: Calculate s at T = 80 °C by substituting the value of o

T=80°C +273.15=353.15K

720
.= ———— « 35315 = 75857 = 760 m s* (2 5.
G = TS M (k)

¢) ExamTip

Keepin mind this particular equation for kinetic energy is only forone molecule in the
gas.|fyouwantto find the kinetic energy for all the molecules, remember to multiply
by N, the total number of molecules.You can remember the equation through the
rhyme ‘Average K.Eis three-halves KT'.
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Brownian Motion
* Brownian motion of particles is the phenomenon when:

Small particles (such as pollen or smoke particles) suspendedinaliquid orgas are
observed to move aroundinarandom, erratic fashion

Brownian motion is the erratic motion of small particles when observedthrough a

microscope

* Brownian motion:
o Canbeobservedunderamicroscope
o Provides evidence for the existence of molecules in a gas or liquids

The particles are said to be inrandom motion, this means that they have:
o Arangeof speeds
o Nopreferred direction of movement

« The observable particles in Brownian motion are significantly bigger than the molecules
that cause the motion
o Inmostcases, thesewere observed as smoke particles in air
o Theairparticles cause the observable motion of the smoke particles that we see
o This means that the air particles were small andlight and the smoke particles were
large and heavy

The collisions cause larger particles to change their speed and directions randomly
o This effect provides important evidence concerning the behaviourof moleculesina
gas, especially the concept of pressure

The smallmolecules are able to affect the larger particles in this way because:
o They aretravelling at a speed much higherthan the larger particles

o Theyhave alot of momentum, which they transfer to the larger particles when they
collide
Page 12 of 16
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Evolving Models of Gas Behaviour

¢ Ourknowledge and understanding of the behaviour of gases has changed significantly
overtime
¢ Thegaslaws were developed by many scientists overthousands of years

Democritus (2000 years ago)

s Ancient Greek and Roman philosophers, such as Democritus, had someideas about
gases, some of which are quite close towhat we now know to be true
* Democritus thought that if you cut an object in half, and each half has the same properties
as the original object, that you can continue to cut the object into smallerand smaller
pieces until it can no longerbe divided
¢ Henamedtheinfinitesimally small pieces of matteratomos meaning 'indivisible'
o This is the etymology of the word 'atom’

e Both of the two most well-known Greek philosophers, Aristotle and Plato, rejected his
theories
o Dueto theirinfluence, Democritus's theories were not accepted untilalmost 2000
years later

RobertBoyle (1662)

« RobertBoyle discoveredtherelationship between pressure andvolume ata constant
temperature
e This cametobe known as Boyle's Law

Guillaume Amontons (1699)

+ Amontons, and lateralso by Joseph Louis Gay-Lussac (1809), discovered the relationship
between the temperature and the pressure of a gas at constant volume
e This cametobe known as the Pressure Law

Jacques Charles (1787)

¢ This was then followed by Charles who discovered the relationship between the volume of
agas andits temperature at constant pressure
e This cameto be known as Charles's Law

Daniel Bernoulli (18th Century)

¢ Bernoulliassumed that gases were made up of tiny particles which sparked the beginning
of kinetic theory
o However, kinetic theory wasn't widely accepted for atleast another couple of hundred
years

e Bernoulliis also known for the Bernoulli's Principle of fluid dynamics, whichis a statement
of the conservation of energy appropriate for flowing fiuids
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Robert Brown (1827)

Brownwas an English botanist who discovered Brownian Motion, the random motion of
particles in a fluid, which helped support kinetic theory

» This is because Brownian Motion gave evidence that airis made up of tiny atoms or

molecules that move very quickly and randomly

Albert Einstein (1905)

In Einstein's miracle yearof 1905, he produced a paper onhow kinetic theory was usedto
make predictions for Brownian motion
o Only then did the atomic and kinetic theory of particles start to become more widely
accepted

His publication of Brownian Motion became one of his most cited papers of alltime, due to
its far-reachingimplications in both chemistry and physics

Scientificideas arerarely accepted immediately and require a rigorous process validation
process

Other scientists must repeat experiments and obtain the same conclusions for a theory to
be accepted

The theory that gases are made up of randomly, fast-moving particles may seem obvious
now, but the existence and nature of particles was ground-breakingin all the scientists and
took many centuries to completely understand
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EVOLVING MODELS OF GAS BEHAVIOUR
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