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Gas Pressure

Calculating Gas Pressure

= Pressureisdefinedas
The force applied per unit area

= Forexample, when a drawing pinis pushed downwards:
= |tis pushedinto the surface, rather than up towards the finger
= Thisis because the sharp point is more concentrated (a small area) creating a larger pressure

= Whenanobjectisimmersedinaliquid, the liquid will exert pressure, squeezing the object
= The pressure exerted on objectsin fluids creates forces against surfaces
= Theseforcesactat 90 degrees (atright angles) to the surface

= The equationforpressureis:

= Where:
= P =pressure (Pa)
» F=force(N)
= A=cross-sectional area (m?2)
= Pressureis measuredinPascals (Pa)
= This equationis only relevant when gas molecules exert a force perpendicular to the surface

= |tis possible for someone to experience this force by closing their mouth and forcing airinto their
cheeks
= The strain onthe cheeksis due to the force of the gas particles pushing at right angles to the cheeks

= This equation means:
= |faforceisspreadoveralarge areait will resultin a small pressure
= |fitisspreadoverasmallareaitwillresultinalarge pressure
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Amount of Substance

Amount of Substance

= Themoleis one of the seven Sl base units
= |tisusedtomeasure the amount of substance, not a mass
= One moleis defined as follows:
The amount of substance that contains as many elementary entities as the number of
atomsin12 g of carbon-12

= This amount of substanceis exactly 6.02214076 x 1023 elementary entities (i.e. particles, atoms,
molecules)
= AtIBlevel, thisnumber canbe roundedto 6.02 x 1023
= One mole of gas contains a number of particles (atoms or molecules) equal to the Avogadro Constant
= Forexample, 1mole of sodium (Na) contains 6.02 x 1023 atoms of sodium
= The number of atoms can be determined if the number of moles is known by multiplying by N
= Forexample: 2.0 mol of argon contains: 2.0 x Ny =2.0 x 6.02 x 1023 =1.20 x 1024 atoms
= The number of moles, n of a substance canbe calculated using the equation

= Where:
= N=number of particles (molecules oratoms, depending on the substance)
= n=numberof moles of gas(mol)
» N,=6.02x1023 mol-'(Avogadro constant)

Molar Mass

= One mole of any element is equal to the relative atomic mass of that element in grams
= E.g.Heliumhas arelative atomic mass of 4 - thismeans 1mole of heliumhasamass of 4 g

= |fthe substanceis acompound, add up the relative atomic masses, forexample, water (H,O) ismade
up of
= 2 hydrogen atoms (each with atomic mass of 1) and Toxygen atom (atomic mass of 16)
= So,1mole of waterwouldhaveamassof (2x1)+16=18g
= The molar mass, m of a substance is defined as the mass m of the substance divided by the amount (in
moles) of that substance
= Themolarmassis calculated as follows:
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= Where:
= m;=molarmassingmol-!
= m=massingrams(Q)
= n=numberof moles(mol)

@ Worked example

120 moles of nitrogen gas are in a container.
Calculate the number of nitrogen gas molecules in the container.
Answer:
Step 1: List the known quantities
= Numberof moles,n=120

Step 2: Rearrange the number of moles equation for the number of molecules, N
N = nN N
Step 3: Substitute in the values

N = (6.02 x 1023) x 120 = 7.2 X 1025 molecules

@ Worked example

Acontaineris filled with 2.6 x 1020 molecules of argon gas which has a mass number of 40.
Calculate the total mass of argonin the container.

Answer:

Step 1: List the known quantities

= Number of argon gas molecules, N = 2.6 x 1020
= Molarmassofargon,m;=40g mol-!(same as the atomic mass)

Step 2: Calculate the number of moles of argonin the container

N 2.6 x 1020

N,  6.02x 108

n= = 4.3 X 1074 moles

Step 3: Calculate the total mass of the argonin the container

m=m X n=40Xx (43 x 107) =0.0172 ¢
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Gas Laws

Gas Laws

Anideal gasis one which obeys the relation:

pV«T

Where:
= p=pressure of the gas (Pa)
=V =volume of the gas (m?3)
= T=thermodynamic temperature (K)
Turning thisinto an equation gives:

PV

— = constant

T

This is derived from the empirical gas laws for constant pressure, constant temperature and constant
volume

Empirical Gas Laws

The ideal gaslaws are the experimental relationships between pressure P, volume Vand the
temperature Tof anideal gas

= Boyle’sLaw (constant temperature)

= Charles’s Law (constant pressure)

= Gay-Lussac's Law (constant volume)
The mass and the number of molecules of the gas are assumed to be constant for all experiments

Boyle’s Law
If the temperature T of anideal gasis constant, then Boyle’s Law is given by:
P 1
o —
\%

This means the pressure is inversely proportional to the volume of a gas
The relationship between the pressure and volume for a fixed mass of gas at constant temperature can
also be written as:

Pl Vl = P2V2

Where:

= Py =initial pressure (Pa)
= P, =final pressure (Pa)
=V, =initial volume (m3)
=V, =finalvolume (m3)
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Charles's Law
= |fthe pressure P of anideal gasis constant, then Charles’s law is given by:
Vo T
= This means the volume is proportional to the temperature of a gas

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

A
Tl TZ

= Where:
= V4 =initial volume (m3)
= /5 =final volume (m3)
= T;=initial temperature (K)
= T, ="finaltemperature (K)
= Thevariation of volume and temperature at a constant pressure is shown below:
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Gay-Lussac's (Pressure) Law

If the volume V of anideal gasis constant, the Gay-Lussac's or Pressure law is given by:

Pox T

This means the pressure is proportional to the temperature
The relationship between the pressure and thermodynamic temperature for a fixed mass of gas at
constant volume can also be written as:

b
Tl T2

Where:
= P;=initial pressure (Pa)
= P, ="final pressure (Pa)
= T;=initial temperature (K)
= T, ="finaltemperature (K)

The variation of pressure and temperature at a constant volume is shown below:

Changesinthe pressure, temperature or volume of anideal gas are normally represented on
apressure-volume graph
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@ Worked example

Anideal gasisinacontainer of volume 4.5 x 10-3m3.The gasis at atemperature of 30 °C and a
pressure of 6.2 x 10° Pa.

Calculate the pressure of the ideal gas in the same container whenitis heated to 40 °C.
Answer:
Step 1: List the known quantities

= Volume,V=4.5x103m3

= |nitaltemperature, T1=30 °C

= Pressure,P=6.2x105Pa

= Finaltemperature, T, =40 °C
Step 2: State the ideal gas equation

pV«T
pV: kT

= Where k = the constant of proportionality
Step 3: Rearrange for the constant of proportionality

Step 4: Convert temperature T into Kelvin
B°C+27315=TK
30°C+273.15=303.15K

Step 5: Substitute in known value into the constant of the proportionality equation

oo 82 10°x4.5%x1073
- 303.15

=9.203...

Step 6: Rearrange the ideal gas relation equation for pressure

kT
p=V

Step 7: Substitute in new values
k=9.203

T=40°C=40+27315=313.15K
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~(9:203..) x 313.15
- 45% 1073

=640.45... x 10° Pa = 640 kPa


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

Ideal Gas Equation

Ideal Gas Equation

= Thetwoideal gas equations, derived from the empirical gas laws, are:

= The variables will be outlined below

= The empirical gaslaws canbe combined to give a single constant, known as the ideal gas constant, R

PV = nRT

PV = NkBT

Boyle's Law Charles' Law Pressure Law
relationship PV = constant VT PoxT
constants T, n P, n V,n

= Anidealgasisdefinedas:

A gas which obeys the ideal gas equation at all pressures, volumes and temperatures

= Combining the gaslaws leads to the ideal gas equation:

= Where:

= P =pressure (Pa)
= V=volume (m3)

= n=numberof moles(mol)
= R=8.31JK'mol'(ideal gas constant)
= T=temperature (K)

Constants

= Theideal gas constantis associated with macroscopic quantities such as volume and temperature

PV = nRT

The ideal gas constant R is the macroscopic equivalent of the Boltzmann constant kB

= The Boltzmann constantis associated with the thermal energy of microscopic particles

¢ R
5= N
NA
= Recall fromthe Amount of Substance revision notethatNA = ;

= This gives another form of the ideal gas equation:

PV = NkBT

The Boltzmann constant is defined as the ratio of the ideal gas constant R and Avogadro's constant Ny:
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= Where:
= N=numberof molecules
= kg=1.38 x 10-23 JK-1(Boltzmann constant)

@ Worked example

Agas has atemperature of -55°C and a pressure of 0.5 MPa. It occupies a volume of 0.02 m3.
Calculate the number of gas particles.

Answer:

Step 1: Write down the known quantities

= Temperature, T=-55°C =218 K
= Pressure,p=0.5MPa=0.5x10%Pa
= Volume, V=0.02m3

Step 2: Write down the equation of state of ideal gases
PV = nRT
Step 3: Rearrange the above equation to calculate the number of moles n

4%

T ="RT

Step 4: Substitute numbers into the equation

= From the databooklet, R=8.31JK-Tmol-!

_ (0.5 x 10°) x 0.02

n = 5.5 moles
8.31 x 218
Step 5: Calculate the number of particles N
N
= — = =
n NA N = nN N

N =5.5x(6.02 x 103) = 3.3 x 10%
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Kinetic Theory of Gases

Kinetic Theory of Gases

= |deal gases are described in terms of the kinetic theory
= Thisis amodelled system used to approximate the behaviour of real gases
= Agasconsists of atoms or molecules moving around randomly at high speeds
= Thekinetic theory of gases models the thermodynamic behaviour of gases by linking:
= The microscopic properties of particles e.g. mass and speed
= The macroscopic properties of particles e.g. pressure and volume
= Kinetic theory andideal gases are based on a set of the following assumptions:
1. Agas consists of many identical molecules in a container. They all have the same mass

2.The volume of the moleculesis negligible compared to the volume of the container. This means
they can be considered point particles

3. The molecules are in continuous random motion at high speeds

4.The molecules obey Newton's laws of motion

5.The molecules collide elastically with each other and the walls of the container

6. There are nointermolecular forces between the molecules except during collisions

7.The time of a collision between molecules is negligible compared to the time between collisions
8. External forces (e.g. gravity) are ignored

9. The number of molecules of gasin a containeris very large. Therefore the average behaviour (eg.
speed)is usually considered

10. Each particle exerts a force on the wall of the container with whichit collides. This means the
average of the forces produced by all gas particles results in a uniform gas pressure
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Real & Ideal Gases

Real gases will not always obey the ideal gas equation
Thisis because the assumptions of the kinetic theory of gases may not always be valid

= Forexample, the assumption that there are no intermolecular forces between gas moleculesis not

particularly realistic

However, under certain conditions, they can be considered ideal gases
Anideal gasis a good approximation of areal gas when:

= The gaspressureislow

= The gasdensityislow

= Temperature is sufficiently higher than the boiling point of the substance
Atvery high pressures, densities and low temperatures, real gases do not obey the kinetic theory
model
Thisis because at high pressures and densities:

= Molecules are closertogether

= Therefore, there will be attractive forces between the molecules

= The volume of the molecules cannot be considered negligible due to the high density
Atlow temperatures:

= Agascanchangeintoaliquid, so the substance willno longer behave like a gas
No gasis completely ideal, but airat normal room temperature and pressure, based on experiments,
behaves very similar to anideal gas


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

Derivation of the Kinetic Theory of Gases Equation

Derivation of the Kinetic Theory of Gases Equation

= Gaspressure arises due to the collisions of the gas particles with the walls of the container that holds it
= Whena gas particle collides with a wallin the container, it exerts a force on the wall
= Therandom motion of alarge number of molecules exerting a force on the walls creates an overall
pressure
= Thisisbecause pressure =force perunit area

Derivation

= Picture a single molecule in a cube-shaped box with sides of equal length 1

= The molecule has amass m and moves with speed c, parallel to one side of the box

= |tcollidesatregularintervals with the ends of the box, exerting a force and contributing to the pressure
of the gas

= 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

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

= One assumption of the kinetic theory is that molecules rebound elastically
= Thismeans thereis no kinetic energy lostin the collision, so initial and final velocities are equalin
magnitude
= Whenagas particle of mass m, travels at an average speed v, and hits a wall of the container, it
undergoes a change in momentum due to the force exerted by the wall on the particle

initialmomentum = mv

finalmomentum=—1mv
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= Therefore, the change inmomentum A pis:

Ap = final momentum - initial momentum
Ap = —mv — (mv) = =2mv

= Forceisequalto therate of change of momentum (Newton's Second Law), so the force exerted by the
wallonamoleculeis:

Ap  2mv
At At

F =

= According to Newton's Third Law, the particle exerts an equal and opposite force on the wall
= Therefore force exerted on the wall by the particle is:

2mv
At

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

= Thetime between collisions from one wall to the other, and then back again, over a distance of 21 with
speedvis:

distance 21

time betweencollisions=——— =
speed 1%

3. Find the change in momentum per second

= Theforce the molecule exerts on one wall, F, from step 1now becomes the following when substituting
the time between collisions for At:

Fe 2mv_ 2mv mv?
SNt 21
v

4. Calculate the total pressure from N molecules

= Theareaof one wallis [?
= The pressure, P canbe written as:

A 2 B
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Thisis the pressure exerted from one molecule
To account for the large number of N molecules, the pressure can now be written as:

Nmv?
3

. Consider the effect of the molecule moving in 3D space

The pressure equation written above stillassumes all the molecules are travelling in the same x
direction and colliding with the same pair of opposite faces of the cube
= Toreflectthis, it canberewritten as:
NIHVX2
P = 7

Where vy is the x component of the average velocity of all the particles

In reality, allmolecules willbe moving in three dimensions equally

Splitting the velocity into its components vy, vy and v, to denote the amount in the x, y and z directions,
v2 (the square of the average speed) can be defined using pythagoras’ theorem in 3D:

V=v24+y2+y?2
X y z
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= Since thereis nothing special about any particular direction, it can be determined that the square of
the average speedin eachdirectionis equal:

vz =3y 2
X

= Therefore, by combining the two equations, v can be defined as:

2 1 2
VX = 3 Vv
6. Re-write the pressure equation
] Theboxisacubewithasidelength]
» Therefore, volume of the cube V' = P
Nmv?
3V

This can also be written using the density p of the gas:

mass Nm

p= volume / \%4

= misthe mass of asingle particle so Nmis the total mass of all the particles
= Rearranging the pressure equation for p and substituting the density p:

1
P = E,DV2

= Where:
= P=pressure of the gas(Pa)
= p=density of the gas (kgm3)
= v=meansquare speed(m s
= Thisisknown as the Kinetic theory of gases equation
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@ Worked example

Anideal gas has a density of 4.5 kg m-3 at a pressure of 9.3 x 10° Pa and a temperature of 504 K.
Determine the mean square speed of the gas molecules at 504 K.

Answer:

Step 1: List the known quantities

= Density of the gas, p=4.5kgm=3
= Gaspressure,P=9.3x10°Pa
= Temperature, T=504K

Step 2: Rearrange the pressure equation for the mean square speed

1
= — 2
P 3PV
3P
V=
p

Step 3: Substitute in the values

9.3 X 10°
v=.,/3 XT = 787.4 = 790 ms~!
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Average Kinetic Energy of a Molecule

Average Kinetic Energy of a Molecule

= We think of anideal gas as molecules that collide elastically inrandom motion
= Whenthe molecules collide, momentum and energy are conserved
= We assume that, when the molecules are notin contact, no forces act between them
= This means they have no potential energy
= Therefore, theinternal energy U of anideal, monatomic gasis equal to its average kinetic energy if
the molecules are far enough apart
= The average kinetic energy, E, forone moleculeis equal to:

_1 2_3
Ek_EmV = EkBT

= Where:
= E, =average kinetic energy of one molecule (J)
= v=meansquare speed of one molecule (ms-)
= m=mass of one molecule (kg)
= kg=Boltzmann constant
= T=temperature of the gas (K)
= Aconsequence of thisequationis that a greater gas temperature means a greater average kinetic
energy of the particles
= Since the totalinternal energy is the total kinetic energy, the internal energy of a gas Uis defined as:

3
U= ENkBT

= Where:
= U=internalenergy (J)
= N =numberof molecules

= Therelation to the amount of substanceiis:

U_3RT
_2n

= Where:
= n=numberof moles
= R=idealgasconstant

= Whenheatis transferred to a fixed volume of gas, the internal energy increases and hence, so does the
temperature, since the equations show that

UxT
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= Thisis only relevant for monatomic gases. Examplesinclude:
= Helium
= Neon
= Argon
= Amonatomic (one atom) molecule only has translational energy, whilst a diatomic (two-atom)
molecule has both translational and rotational energy
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@ Worked example

600 J of thermal energy is transferred to 3 g of helium gas kept at a constant volumein a cylinder.
Helium has a mass number of 4.

Calculate the temperature of the gas.

Answer:

Step 1: List the known quantities

= Thermal(internal) energy, U=600
= Molarmass of helium, m; = 4 g mol-! (fromits mass number)
= Massofheliumgas,m=3g

Step 2: State the relevant equation

U—3 RT

Step 3: Calculate the number of moles of the gas

m m
m=— = n=—
r n m
r

3
n= Z = (.75 moles

Step 4: Rearrange the internal energy for the temperature, T

s _2U
~ 3nR
Step 5: Substitute in the values
2 X 600
T = = 64K

3 X 0.75 x 8.31
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