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Welcome to the COMPOS Year 11 Physics Entrance Assignment. These problems are designed to stretch
you, so do not be discouraged if you cannot solve them all on your first attempt.

• The assignment is due by 23:59 BST, Thursday 1st October 2026 at the latest. There are no
extensions.

• To submit work you must have registered for the programme via our website by Thursday 24th

September 2026. No registration = no submission possible.

• Any submissions are governed by Admissions and Marking policy. [compos.site.ox.ac.uk/sites/
g/files/vzsiac1461/files/2026-08/admissions-and-marking-policy_2026.pdf]

• Solutions must be submitted one problem at a time, to the Google Quiz set up for Y11 Physics 2026.
Registered students will receive an email in a few weeks with information about this.

• Your solutions must be uploaded as image files or pdfs.

• Every problem must be handwritten on paper or in an e-notebook, showing full working, method and
reasoning, no method = no marks.

• This assignment must be entirely your own work. You cannot collaborate or get help to solve the
problems.

• You must not use AI.

• You can use a calculator, and consult additional resources to research the topics.

• Organise your work in a neat and coherent way, numbering each problem and clearly identifying your
final answer.

• Give each problem a go, and skip to the next one if you are stuck.
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C Acknowledgements 16

Solving Problems

The key to solving any physics problem is to break it down. In George Pólya’s book ‘How to Solve It’, he presents
four steps to problem-solving:

1. Understand the Problem: Identify exactly what information you have and what you need to find. Visualise
the situation—is it a static problem or one where the state changes? What variables are changing (pressure,
volume, temperature), and what is being kept constant?

2. Devise a Plan: What physics and maths connect your knowns to your unknowns? Is the gas in one state
or do conditions change? Look at the different gas laws, which would be appropriate to use?

3. Carry Out the Plan: Rearrange your equations algebraically before substituting in your numbers. Plug in
your known values, ensure consistency in your units, and carefully solve. Make sure you use temperature in
Kelvin.

4. Look Back: Check your units, and ask yourself: Does this make physical sense? Think about the propor-
tionality of gas laws, e.g. if you compress a gas at a constant temperature, you get an increase in pressure.
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1 Gases

Solids, liquids and gases make up the three states of matter. A gas is a state of matter where the particles are very
far apart, they move at high speed, and interaction between the molecules is weak. Thus, a gas will expand to fill
any volume in a container of any shape, albeit at increasingly lower density as the volume expands.
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Figure 1: Cyclinder of gas with piston.

Consider a certain amount of a gas, characterised by volume, pressure, temperature and amount of substance. It
is convenient to visualise this gas as shown above in Figure 1 above. All these quantities can be readily measured
and varied. If we experiment with this closed system, we see that changing one of these parameters will affect
others according to a few simple rules. In this assignment, we will first describe these rules empirically, as they
were discovered, and then derive them theoretically in the last section.

1.1 Amount of Substance

The amount of substance is measured in moles. One mole (mol) of any substance contains the same number of
molecules as 12 g of carbon-12, namely Avogadro’s number NA = 6.02×1023mol−1. Thus, n moles of any substance
contains N = n × NA molecules. Molar mass M has units of g mol−1, relates mass m and moles n through the
formula m = nM .

Avogadro’s Law: Equal volumes of all gases, at the same temperature and pressure, contain an equal number of
molecules.

Avogadro’s Law can be rephrased as the statement that 1 mole of any gas will have the same volume at standard
temperature and pressure. It then follows that, for a gas at a fixed temperature and pressure, increasing the amount
of gas (measured in moles) by some factor increases its volume by the same factor. Restated in simple words, this
means that two identical balloons contain twice as many molecules as each of them individually.

Problem 1 (1 marks)

Under standard temperature and pressure (0◦C and 1 atm), nitrogen gas (N2, molar mass = 28.0 g mol−1) has a
density of 1.251 kg m−3. What volume (in l) does 1 mole of nitrogen gas occupy?

Problem 2 (5 marks)

Approximately 66 million years ago, a Tyrannosaurus Rex passed gas, releasing about 5 litres of methane. Since
the end of the Cretaceous period, those gas molecules have mixed with the global atmosphere. Today, if you were
to take a deep breath, estimate the percentage of molecules in your lungs that were once contained in T-Rex’s
intestines. Your lungs have a capacity of around 5 litres. How many molecules of T-Rex flatulence are you about
to inhale?

compos@physics.ox.ac.uk 3 Due: 23:59 BST, 1st October 2026

mailto:compos@physics.ox.ac.uk


Year 11 - Physics Assignment 01 COMPOS

You may take the radius of the Earth, RE = 6, 400 km, the thickness of the atmosphere to be d = 31 km, and the
volume of one mole of air at standard temperature and pressure (STP) to be 0.0224 m3.
State any assumptions you make.

1.2 The Three Gas Laws

The behaviour of gases under different conditions has been studied since the 1600’s. Notable advancements have
been made by Anglo-Irish scientist Robert Boyle, followed by French chemists Jacques Charles and Joseph Louis
Gay-Lussac, who discovered the interdependence of the volume, pressure and temperature of a gas.

Description and Example Formula Graph

Boyle’s Law:
For a fixed amount of gas at a fixed temperature,
increasing the volume V causes the pressure
P to decrease — these quantities are inversely
proportional.

Another way to think about this in a closed
system, for a fixed amount of gas at a constant
temperature, the product of pressure and volume
is a constant.

Example: Squeezing a sealed balloon forces the
trapped air into a smaller volume, increasing the
internal pressure which pushes back on your hands
until the balloon pops.

P =
constant
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Charles’ Law:
For a fixed amount of gas at a fixed pressure,
increasing its absolute temperature T will pro-
portionally increase its volume V .

Another way to think about this is in a closed
system, the Volume-Temperature gradient/ratio
is constant.

Example: Placing an inflated balloon in a freezer
causes it to visibly shrivel and shrink because the
volume of the gas decreases as it cools down.

V = constant× T

Temperature
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Gay-Lussac’s Law:
For a fixed amount of gas at a fixed volume, in-
creasing its absolute temperature T will increase
its pressure P .

Another way to think about this is in a closed
system, the Pressure-Temperature gradient/ratio
is constant.

Example: Checking a car’s tire pressure immedi-
ately after a long drive will show a higher reading
because the friction-induced heat raises the pres-
sure of the air trapped inside the rigid tire.

P = constant× T.

Temperature
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Example 1

A bike pump is a vertical cylinder h = 0.5 m high and r = 2 cm in radius. Sahir lifts the plunger to its
top position and then plugs the end, so no gas can escape. He then releases the plunger. By what distance
∆h will it sink under the action of gravity? The mass of the plunger is m = 0.5 kg. Assume constant
temperature of the air inside the pump; neglect friction.

Solution: This is an example of Boyle’s Law in action.

The initial pressure of the gas inside the cylinder is P1 = 1 atm = 105 Pa; it is equal to the atmospheric
pressure outside. After the plunger is released, it drops by ∆h, so the volume inside the cylinder reduces
and pressure increases, becoming P2. The upward force F = A× P = πr2P2 exerted by this pressure must
be equal to the pressure force exerted by the outside atmosphere πr2P1 plus the plunger weight mg.

Hence P2 =
πr2P1 +mg

πr2
= 1.04× 105 Pa.

The initial and final volumes of the cylinder V1 = πr2h and the final volume is V1 = πr2(h−∆h). Writing
Boyle’s law P1V1 = constant = P2V2, we find

h−∆h

h
=

P1

P2
∴ ∆h = h

P2 − P1

P2
= h

mg

πr2P1 +mg
= 2 cm.

You can check this result experimentally.

Now try: the example working backwards from to find the radius of the pump, if ∆h = 4 cm, h = 0.5 m
and m = 0.5 kg.

Reminders about Pressure

• Pressure is defined as the force per unit area i.e. P = F/A.

• Pressure is measured in Pascals (Pa) or equivalently Newtons per metre squared (N m−2).

• Atmospheric pressure (Patm) is the force per unit area exerted by the weight of the air above a surface.

• One atmosphere (1 atm) ≈ 1.01× 105 Pa at sea level.

• Gauge pressure (Pg) is the pressure relative to atmospheric pressure. Most pressure-measuring devices (gauges)
are calibrated to read zero at sea level. Gauge pressure is positive for pressures above atmospheric pressure,
and negative for pressures below it.

• An alternative unit of gauge pressure is pounds per square inch (psi), 1 psi ≈ 6894.76 Pa.

• Absolute pressure (Pabs) is the sum of gauge pressure and atmospheric pressure i.e. Pabs = Pg + Patm.
We will use absolute pressure in the next section on the ideal gas law.

• In a vacuum (like empty space) the absolute pressure is zero.

Problem 3 (5 marks)

A deodorant can contains 400.0 ml of compressed gas at 5.2 atm pressure. The gas is fully expelled into an empty,
flexible plastic bag which inflates to a volume of 2.14 L. Assuming the process occurs at a constant temperature,
what is the final pressure (in atm) of gas in the bag? Sketch a pressure-volume graph of the gas throughout this
process. Plot the initial and final states as distinct points and connect them with an appropriately shaped line.
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Problem 4 (4 marks)

A car tyre is inflated to a gauge pressure of 32.0 psi on a cool morning when the temperature is 10.0◦C. After a
long drive on a hot motorway, the temperature of the air inside the tire rises to 50.0◦C. Assuming the volume of
the tyre remains constant, what will the pressure reading be now?

1.3 The Ideal Gas Law

In the previous section we introduced four linear relationships between the quantities V , P , T and n.

We can combine all of these into a single ideal gas law: PV = nRT .

R = 8.31 J K−1mol−1 is called the universal gas constant (or sometimes called the molar gas constant) and is an
amalgam of the proportionality constants from each of the four laws. Please convince yourself that Avogadro’s,
Boyle’s, Charles’ and Gay-Lussac’s laws can be derived from the ideal gas law.

Recalling that the amount of substance is related to the number of molecules according to N = nNA, we can modify
the Ideal Gas Law to PV = NkBT , where kB = R/NA = 1.38× 10−23 J K−1 is called the Boltzmann constant.

P V

T N
= kB

Gay-

Lussac
Boyle

Charles

combined

ideal

Avogadro

Figure 2: Combining the gas laws.

Underlying this relationship is a set of core assumptions defining the ‘ideal gas’, which we look at in more detail
later. Real gases deviate from the ideal behaviour, but the ideal gas law works remarkably well in many cases.

Example 2

At a temperature of 0◦C and the standard atmospheric pressure of 1.01× 105 Pa how much space does one
mole of gas occupy?

Solution: We set n = 1 mol in the ideal gas law to find the volume V :

PV = RT =⇒ V =
RT

P
= 2.24× 10−2 m3 = 22.4 litres.

Now try: to find the volume of a balloon filled with 0.08 g of helium, placed near the ground at room
temperature. Helium has a molar mass M = 4.00 g mol−1.
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Example 3

A hot air balloon has radius R = 10 m and the combined mass of the balloon shell, basket and passenger
of m = 100 kg. What temperature does the air inside the balloon need to have for the balloon to start
floating? Outside the balloon the air is at room temperature. The molar mass of air is M = 0.029 kg mol−1.

Solution: The balloon is acted upon by two forces: gravity and the buoyancy (Archimedes) force. When
the balloon is just about to start floating, these two forces are in equilibrium. The gravity force is (m+mi)g,
wheremi is the mass of air inside the balloon. The buoyancy force acting on an object of volume V submerged
in fluid is F = mog, where mo is the mass of the fluid displaced by the object, which is equal to the mass of
outside air in volume V ,

where V =
4

3
πR3 = 4200 m3.

To find mi and mo we combine the molar mass formula with the ideal gas law: m = Mn = M × PV
RT .

Then using the temperatures inside and outside the balloon, Ti and To, we can find mi and mo, which we
can substitute into our equilibrium condition:

(m+mi) g = mog −→ m+
MPV

RTi
=

MPV

RTo
.

We assume that Ti > To, so we have mi < mo (the equilibrium is possible). Solving for Ti assuming
To = 20◦C = 293 K:

Ti = T0
MPV

MPV −mRTo
≈ 299 K ≈ 26◦C.

Now try: the example but you are flying on a hot day when the temperature outside was T = 37◦C.

Problem 5 (5 marks)

A room on the ground floor is 6 m by 5 m by 3 m in size and currently at 27◦C. If the room was to increase by
5◦C, with air pressure remaining constant, what percentage of air molecules must have left the room?

Problem 6 (5 marks)

In an attempt to set a Guinness World Record, you decide to become the first person to wash their hair in a hot
air balloon. You take your 500 ml flexible bottle, 13% full of incompressible shampoo, with the remainder filled
with trapped ideal gas. At the ground, the initial conditions are 30◦C and the atmospheric pressure is 1.0 atm.
The bottle ascends in the hot air balloon with you until it swells to a volume of 565 ml and external pressure of
0.798 atm. Assuming the hot air balloon rises slowly1, calculate the final outside temperature in ◦C.

2 Kinetic Theory of Gases

So far we have treated the Ideal Gas Law as an experimental fact. However, it can also be derived theoretically
by modelling the gas as an ensemble (a large group considered as a whole) of molecules flying around with random
velocities. This is called the kinetic theory of gases.

2.1 The Ideal Gas Model and Assumptions

The key property of the ideal gas is that molecules almost never collide with each other. To be more precise,
molecules of an ideal gas collide many more times with the walls of the vessel containing the gas than they do with
each other.

1This assumption ensures thermal equilibrium can be maintained. Rapid changes in pressure or volume cause large changes in
temperature as heat does not have time to dissipate. We are not going to consider that case here.
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In other words, the average distance a molecule travels between collisions (the mean free path) is much longer than
the container’s size. When collisions occur, they are assumed to be elastic and don’t change the total kinetic energy
of the colliding molecules.

To build this theoretical model that describes the behaviour of gas, the kinetic theory relies on a set of assumptions2.

2.2 Kinetic Interpretation of Pressure

Before the 1600s, scientists believed that gas pressure was caused by particles physically repelling each other.
However, the British scientist Robert Hooke realised something entirely different: the pressure of a gas is actually
caused by the constant, relentless bombardment of molecules against the walls of their container.

To picture the difference, think about squeezing toothpaste out of a tube. Your fingers press on the tube, which
presses on the toothpaste molecules, which push against the molecules next to them, all the way to the nozzle. The
toothpaste moves because the molecules are continuously pushing against one another.

Now, consider the air escaping from a punctured bicycle tyre. It feels similar to the toothpaste, but the physics is
completely different. The air doesn’t rush out because the molecules are pushing each other towards the hole. It
rushes out simply because molecules bouncing randomly around the inside of the tyre happen to encounter the hole
and fly out.

By looking at how a single bouncing molecule produces a force in one-dimension, we can then expand the idea to
a gas of N molecules in three-dimensions. The argument below is also presented in this video Molecular Kinetic
Theory (simple derivation)3 by vt.physics.

A gas is confined in a cube-shaped box where each side has a length of L. We focus on the pressure exerted on just
one wall (perpendicular to the x-axis) with the molecule moving in the positive-x direction.

When a single molecule collides elastically with this wall, the y and z components of velocity stay the same, but
the x-component (vx) is reversed. The x-component of the molecule’s momentum changes according to :

Iwall = ∆px = pfinal − pinitial = (−mvx)− (mvx) = −2mvx.

Due to Newton’s Third Law, the impulse exerted on the wall by the molecule is +2mvx.
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pi = mvx

∆px = −2mvx

pf = −mvx

Figure 3: Kinetic interpretation of pressure.

How often does this molecule hit the wall? To travel the width of the box, elastically bounce from the wall and
return to the opposite side of the box, the molecule has moved a total distance of 2L. Using time = distance

speed , the

2https://www.chemistrystudent.com/ib-dp/s1.5-ideal-gases/ideal-gas-model-1-5-1.html
3https://www.youtube.com/watch?v=2DzA2_ej_SU
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time interval between collisions is:

∆t =
2L

vx
.

In time interval, t, the molecule will strike the right-hand side wall a total of t/∆t times.

These individual impacts happen so fast that, to us on the macroscopic scale, they feel like a constant force. From
Newton’s Second Law, force is the rate of change of momentum (F = ∆p

∆t ). For one molecule, the force exerted on
the wall by one collision is:

F =
2mvx

2L
vx

=
mv2x
L

.

A real gas has a huge number of molecules. To find the total force on the wall, we must add up the individual forces
from every molecule:

Ftotal =

N∑
i=1

(
mv2ix
L

)
=

m

L

N∑
i=1

v2ix.

Pressure is force divided by area (P = F
A ). Since our container is a cube, the area of the wall is L2.

P =
F

A
=

m
L

∑
v2ix

L2
=

m

L3

∑
v2ix.

The total volume (V ) of the cube is L3, so we can write:

P =
m

V

∑
v2ix. (1)

We cannot know the exact speed (vix) of every molecule. However, because N is very large, we can use an average
of the molecular velocities. We define the mean square velocity (v̄2x) as the sum of all squared velocities divided
by the number of molecules:

v̄2x =

∑
v2ix
N

.

Rearranging this gives us
∑

v2ix = Nv̄2x. If we substitute this back into Eq. (1), we get:

PV = Nmv̄2x. (2)

Equation (2) is starting to look like the Ideal Gas Law. To finish the derivation, we rely on a fact from thermody-
namics called the Equipartition Theorem.

Simply put, this theorem states that every independent direction in which a molecule can move (called a degree of
freedom) holds on average 1

2kBT of kinetic energy4. Therefore, the kinetic energy solely in the x-direction is:

1

2
mv̄2x =

1

2
kBT.

If we multiply both sides by 2, we get mv̄2x = kBT . Substituting this back into Eq. (2) gives us the Ideal Gas Law:

PV = NkBT.

4A proof of this equality is beyond the school syllabus and involves consideration of statistical physics. Something to look forward
to if you study physics at university!
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This equation directly links a macroscopic variable we can measure (pressure) with a microscopic variable (the
average speed of molecules). Even though we derived this using a cube, the result applies to a container of any
shape.

Molecules don’t just move along the x-axis; they move randomly in three dimensions (x, y, and z). Using Pythagoras’
theorem in three dimensions, the total mean square velocity of a molecule is the sum of the square of the components
in each direction:

v̄2 = v̄2x + v̄2y + v̄2z .

The motion of a gas is random, therefore a molecule is just as likely to move in the y or z direction as it is in the
x direction. This means all three components are equally likely (v̄2x = v̄2y = v̄2z), so we can write:

v̄2 = 3v̄2x.

Using the Equipartition Theorem result from earlier (mv̄2x = kBT ), the total mean square molecular velocity for
the entire gas is:

v̄2 =
3kBT

m
.

This may also be written as

vrms =

√
3kBT

m
. (3)

Notice that again we have linked a macroscopic quantity, temperature T , to a microscopic quantity, the molecular
speeds. Individual molecule velocities cannot be measured directly, but use of vrms allows us to link the kinetic
energy of molecules to the temperature of a gas, thus hotter gases have faster particles. For a fixed volume, this
relationship shows how an increase in temperature, also increases molecular speed and the number of collisions with
the container and thus the pressure. We have a microscopic explanation for the Gay-Lussac law. This should also
remind you of chemistry lessons and why heating reactants speeds up the rate of a reaction.
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Example 4

You notice a tiny hole in your volleyball. The ball has an internal volume of V = 5.0 L and is initially
pumped to a pressure of Pi = 1.3 atm at a temperature of 27◦C. Assume the gas inside has an effective
molar mass of M = 29.0 g ·mol−1 and possesses exactly 3 degrees of freedom. If the gas molecules escape
through the hole until the internal pressure equalises with the outside atmosphere (1.0 atm) at a constant
temperature, calculate the total energy carried away by the escaping molecules.

Solution: Eq. (3) can be rewritten in terms of the Universal Gas Constant, R and the molar mass M :

vrms =

√
3RT

M

Convert given values into SI units and substitute these into the formula:

vrms =

√
3× 8.314× 300.15

29.0× 10−3
≈ 508.1 m · s−1

By the equipartition theorem, a gas with 3 degrees of freedom has an internal energy of U = 3
2nRT .

Substituting the ideal gas law (PV = nRT ) simplifies this expression:

Ui =
3

2
PiV −→ Ui =

3

2
× 131, 722.5× (5.0× 10−3) = 987.9 J

Find the final internal energy at atmospheric pressure (Pf = 1.0 atm = 101, 325 Pa):

Uf =
3

2
× 101, 325× (5.0× 10−3) = 759.9 J

The total energy change (∆U) represents the energy carried away by the escaping gas:

∆U = Uf − Ui = 759.9 J− 987.9 J = −228.0 J

The root-mean-square speed is 508.1 ms−1, the initial internal energy is 987.9 J, and the escaping gas
removes 228.0 J of thermal energy.

Now try: A small puncture is found in a regulation basketball. The ball has an internal volume of V = 7.5 L
and is initially pressurized to Pi = 1.5 atm at a gym temperature of 21◦C. Making the same assumptions
as before, calculate the total energy carried away by the escaping molecules.

Problem 7 (5 marks)

Two rigid, perfectly insulated containers are connected by a closed valve. Container A has volume V and contains
neon gas (molar mass 20 g mol−1) at temperature T0 and pressure P0. Container B has volume 2V and contains
argon gas (molar mass 40 g mol−1) at temperature 3T0 and pressure 2P0. The valve is opened, and the gases are
allowed to mix until they reach thermal equilibrium.

Determine the ratio of the final average kinetic energy of the neon molecules to their initial average kinetic energy.

2.3 Real Gases

The defining property of an ideal gas is that the molecules don’t interact. Of course, molecules of any real gas do
collide with each other, but one can say that a gas approaches the ideal model behaviour if the molecular mean free
path — the mean distance that a molecule travels between collisions — is much larger than the size of the vessel it
is contained in. The larger the particles or the denser the gas, the more frequent the collisions are and the shorter
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the mean free path. If a particle was all by itself, then the mean free path of that particle would be infinite.

We can estimate the mean free path of a molecule in a gas using the following equation:

λ =
kBT√
2πd2P

.

where λ is the mean free path in metres, kB is the Boltzmann constant, T is the temperature, d is the diameter of
the molecule and P is the pressure. If you are curious about where this comes from, this video Mean Free Path5

by Physical Chemistry derives it.

This relation is only an estimate. A molecule is not a solid sphere but a quantum particle whose wavefunction is
smeared in space. Even a collision is not clearly defined: strictly speaking, molecules can have an effect on each
other however far apart they are.

The Ideal Gas model is built on the assumption that the molecules move in random directions, but how do we know
this to be true if we cannot see the molecules or determine their velocities? To answer this we now briefly look
at Brownian motion which is the random, zigzag movement of small particles suspended in a fluid. This was first
investigated in pollen grains suspended in water under a microscope.

While we cannot see the individual gas molecules, we can observe their effects on something larger. Imagine tracking
the path of a giant inflatable ball being tossed around above a crowd of people. Even if you couldn’t see every
individual nudge from the crowd, you could see the ball bounce about randomly above them.

This is exactly what happens when you observe smoke particles in the air under a microscope. The visible smoke
particles appear to move around on their own, but they are actually being pushed by the invisible gas molecules
striking the larger smoke particles from all directions. These collisions are never perfectly balanced, meaning that
the large particles move in random, jagged paths. Brownian motion provides visual proof for the kinetic theory of
gases.

Problem 8 (5 marks)

Experiment with this Brownian Motion simulation created by Andrew Duffy, click on the link provided, or go
to https://physics.bu.edu/~duffy/HTML5/brownian_motion.html. Make at least three observations on what
happens as you change the conditions of the simulation and then explain how an experiment showing similar
observations could be used as evidence for the kinetic theory of gases.

3 Review Problems

Problem 9 (10 marks)

In Iceland, hydrothermal vents at the bottom of crater lakes can be extremely hot. Consider a crater lake with a
depth of 30 m. Near a highly active vent at the bottom, the water temperature is 85 ◦C, while at the surface, the
water temperature is a chilly 5 ◦C.

An air bubble is released from the vent and rises to the top. When it reaches the surface, it has expanded to a
radius of 15 mm. The atmospheric pressure at the surface is 101 kPa and the density of the lake water is 1 kg L−1.

How big was the air bubble at the bottom of the lake just after it formed? What other sources of pressure act on
the bubble, and how might the high temperature at the vent introduce an additional complication to a purely ideal
gas model?

5https://www.youtube.com/watch?v=ZdAxDfXgACo
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Problem 10 *(10 marks)

For this problem, we will be using the PhET Gas Laws Simulator, click on the link provided, or go to https:

//phet.colorado.edu/sims/html/gases-intro/latest/gases-intro_all.html, launch the simulation in your
browser and select the ‘Laws’ mode.

Figure 4: Screenshots from Gas Laws Simulator.

Investigate the differences between the two available particle types - the heavy blue particles and the lighter red
particles - and use your observations to estimate the mass ratio between them.

Before you begin, design your experimental approach by making the following decisions:

• Variables: Look at the parameters available in the control panel (V, T, P). Which variables will you hold constant
and which will you change?

• Data Collection: what data will you record to compare the behaviour of the particle types? (Hint: consider tools
within the simulation such as the collision counter or width tool).

• Control Group: How will you ensure that your tests for the red particles and blue particles are directly compa-
rable?

Run trials based on your experimental design, calculate the mass ratio and state any assumptions that you have
made.

Problem 11 (10 marks)

You have bought a second-hand fridge-freezer. The freezer is a giant drawer that slides out. Before you can use it
to store food safely, you need to wait for it to reach operating temperature.

Sam, the previous owner, said that it now operates at 80% efficiency. When Sam bought the fridge-freezer, the
manufacturer said it would take exactly 24 hours for the freezer to reach operating temperature.

Useful data:

• Fridge operating temperature, Tf1 = 4◦C

• Freezer operating temperature, Tf2 = −18◦C

• The dimensions of the freezer are 1 m × 1 m × 1 m

• Pressure at room temperature (Tr = 25◦C), 1 atm = 101325 Pa
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(a) How long does it take the air inside the freezer to reach operating temperature?

(b) How much force is required to open the freezer once it reaches operating temperature?

(c) Real freezers have slightly imperfect seals to prevent them from becoming impossible to open. Suppose air
from the room slowly leaks into the freezer until the internal pressure equalises with the room pressure, while
the temperature remains at −18◦C. Calculate the mass of the additional air that has leaked into the freezer.
Assume the average molar mass of air is 29.0 g mol−1 and R = 8.314 J K−1 mol−1.

Problem 12 *(10 marks)

You have been part of a summer internship programme with the University working on exoplanet detection. Much
to your delight you discover and name the planet Aspiris.

To determine whether humans could survive on the surface you must determine what the atmospheric density, ρ,
at the surface is, and how this compares to Earth’s sea-level density ∼ 1.2 kg m−3. In addition, you know that
over long time periods atmospheres will lose a gas if its root-mean-square thermal velocity (vrms) in the high-
temperature exosphere exceeds one-sixth of the planetary escape velocity (vesc). Show mathematically whether
Aspiris can permanently retain its primary atmospheric gas, Nitrogen (N2).

Hint: to calculate the escape velocity of a planet you need to equate the kinetic energy of the gas particle to the
gravitational potential energy between two bodies due to gravity, where m is the mass of the atmosphere and G is
the universal gravitational constant = 6.67× 10−11m−3kg−1s−2,

1

2
mv2escape =

GmM

R
.

Aspiris’s Data:

Planetary Mass, M 7.20× 1024 kg
Planetary Radius, R 6.80× 106 m
Surface Temperature, Tsurf 288 K
Surface Pressure, Psurf 1.20× 105 Pa
Exosphere Temperature, Texo 1400 K

Atmospheric Composition and Molar Masses Data:

Gas Formula Mole Fraction, % Molar Mass, kg mol−1

Nitrogen N2 75 0.028
Oxygen O2 20 0.032
Argon Ar 4 0.040
Carbon Dioxide CO2 1 0.044

Problem 13 *(10 marks)

In laser-cooling experiments, ultra high vacuum chambers trap low density gases of Rubidium-87 (87Rb) at nano-
Kelvin temperatures between lasers. One common method to determine the gas temperature is a ‘time of flight’
measurement: the laser trap is abruptly switched off, allowing the gas cloud to fall and expand under gravity.

Consider a sample of Rubidium atoms at 120 nK. Model a single atom as it initially moves downwards with a speed
equal to the rms speed (vrms) of the gas.

a) Assuming the atom undergoes no collisions, calculate the time it takes to fall a distance of 10 cm.
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b) Now take the number density of Rubidium atoms to be nV = 1.5× 1019 molecules·m−3. Calculate the mean
free path (λ) of the atoms under these density conditions.

c) If the atom must fall a distance of 10 cm, use your value of λ to explain whether the ideal gas assumption of
no collisions holds true.

d) Identify which core assumption underlying classical Brownian motion is not applicable to the motion of
atoms in this scenario.

Problem 14 *(10 marks)

A cylinder is filled with 0.10 mol of an ideal gas at standard pressure and temperature. The cylinder is sealed with
a 1.4 kg piston on top, which makes a frictionless seal with the container. The piston and cylinder are surrounded
by air. The piston is released from rest, and it starts to fall. The piston will oscillate up and down, and it will
eventually stop moving when the trapped air reaches thermal equilibrium with the surrounding air.

(i) Find an algebraic expression for the height of the gas column at equilibrium (heq).

(ii) A student then pushes the piston down until the height of the gas column is exactly halved (h = 1
2heq). They

hold it there until the gas cools back down to its original temperature. What is the magnitude of the extra
downward force the student must apply to keep the piston in this position?

(iii) The student suddenly lets go of the piston. Describe what the student will observe and explain why.
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A Key Equations

Description Formula

Number of molecules N N = n×NA

Molar mass M m = nM

Boyle’s Law P1V1 = constant = P2V2

Charles’ Law
V1

T1
= constant = V2

T2

Gay-Lussac’s Law
P1

T1
= constant = P2

T2

Ideal Gas Law with universal gas constant, R = 8.31 J K−1mol−1 PV = nRT

Ideal Gas Law with Boltzmann constant, kB = 1.38× 10−23 J K−1 PV = NkBT

Average Thermal Kinetic Energy (1 d.o.f) E = 1
2kBT

Mean Free Path Length λ = kBT√
2πd2P

B Now Try Examples - Answers

Example 1: r = 1.34 cm

Example 2: V ≈ 0.0004826 m3

Example 3: Ti ≈ 44◦C

Example 4: vrms = 503 ms−1, Ui = 1, 709.9 J, ∆U = 570.0 J
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