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This is the first Physics assignment from COMPOS for Y10. The assignment goes into this
topic in more detail than you have done in school. There are links to online videos that we
encourage you to watch. You are also free to do your own reading around this topic.

This assignment must be your own work. You cannot collaborate with anyone or get help with
solving any problem, this includes the use of AI. However, you can use a calculator or any
additional resources to research the topic.

This assignment is designed to stretch you and no student is expected to complete all questions
on the first attempt. Some of the problems are hard, but don’t let this discourage you. Give
each problem a go, and skip to the next one if you are stuck. The questions in each section are
arranged in the order of increasing complexity, so you should try all sections. Harder problems
are labelled * or **.

Very similar problems will be discussed in the webinars, so think of the questions you would
like to ask. We hope that eventually you can solve most of the problems. Good luck!

Total 51 marks.

Hydrostatics is the area of physics that looks at how fluids behave when they are still, or static. For
example water in a well doesn’t flow or move and we can investigate the effect of the well water at
different depths and on different objects using ideas from hydrostatics'.

1 Fluids and volumes

1.1 What are fluids?

A fluid is a substance with no fixed shape which easily yields to external pressure. You will recall
from the particle model that fluids (liquids and gases) have weaker bonds than solids and usually

1When fluids move, like a rushing river or weather fronts pushing the atmosphere around, we need to use the ideas
from a related area of physics called fluid dynamics. We won’t look at fluid dynamics in this assignment.



have larger spaces between their particles. This allows fluids to flow, and allows you to stick your
finger into them, which is what we mean by yielding to external pressure. A solid won’t do that.

An important consequence is that fluids take the shape of their containes. This is a useful fact when
we need to calculate the volume of a fluid.

1.2 Calculating volumes

Volume in physics is usually measured in cubic metres, m?, but it may sometimes be given in cubic
centimetres cm3, or as a capacity in millilitres (ml) or litres (1). It is useful to know how to switch
between these units:

e 1ml=1cm?

e 100 cm x 100 cm x 100 cm = 1 cubic metre = 1,000,000 or 1 x 10% cubic centimetres;

e 10 cm x 10 cm x 10 cm = 1 litre = 1000 ml = 1000 cm® = 1 x 1073 m?3.

It is important to remember that our familiar relation between linear units changes when we convert
them to volume units. For example, while a meter is a hundred centimeters, a cubic meter is a
million of cubic centimeters. Please do not get confused and avoid silly mistakes!

The volume of a liquid in a container can be found from the dimensions of the container. It is good
to remember the volumes of some standard shapes.

e You will be familiar with how to find the volume of a cuboid: length x width x height or
V=I0xwxh.

e A prism is a solid shape which may have any polygon as a base and top, with a constant width
from base to top. The volume of a prism is (area of base) x height or V"= A x h. If the base
of a prism is a circle, we have a cylinder. This video from Maths and Science shows a nice
reminder about how to find the volume of a cylinder: V = 7r2h.

e When you learn calculus, you will be able to derive the formula for the volume of a sphere of

3

radius r: V = §7TT . For now, we give it to you without proof. In this assignment you will

also need the surface area of a sphere: A = 4mr2.

d2
e You will also need to use the formula for the area of a circle: A = 72 or A = WT


https://www.youtube.com/watch?v=_NXgTp8annM

Example 1. 1 litre of water is poured into a cube with 15 cm sides. Find how deep the water will
be.

15 cm

15 cm

Solution: We first note that a litre is the volume of a cube with 10 cm sides, so so the volume of
our liquid is V' = 1000 cm?®. The unknown quantity is the height that is reached by this much water

occupying an area of A = 15 x 15 cm? = 225 cm?. We can write the equation V = Ah and solve it

1
to find the height which gives: h = % = 202050 cm= 4.4 cm.

Symbolic and numeric answers

The best practice when solving a physics problem is to keep your calculations symbolic (as
algebra) and try to obtain the answer as an algebraic expression. If symbolic notation is not
given to you in the problem, you should introduce it yourself, — like we did in the above
example, introducing the letter V' for volume, the area as A and the height as A. You can then
substitute any numerical values into your algebraic result and calculate the answer as a number.
You should keep in mind that almost every physical quantity has a unit and always show it if
you state a final numerical result, like we did in the example above.

It is a faux pas to omit the units. Imagine you wrote that the height is equal to h = 4.4, your
reader will be left to guess if that is 4.4 metres, nanometres or parsecs that you had in mind!

Problem 1 (2 marks). Lough Neagh in Northern Ireland has a volume of 3.53 km3. A liquid
tanker truck has a cylindrical tank 9800 mm long with a 1800 mm radius. How many tanker trucks
of water does Lough Neagh contain?

1.3 Density

Did you ever wonder why 1 liter of water weighs 1 kg? In 1790s, when the metric system was first
introduced in France, the kilogram was defined as the mass of a liter of water at 0°C?2. This definition
relies on the density of water: how much mass there is for a particular volume:

Density (p) = m in units of kg - m 3. (1)

2The kilogram was later redefined a few times; the current definition (2019) is based on the atomic spectrum.
However, each new definition was kept consistent with the previous one.



The density, indicated by the Greek letter p (rho), is useful because it is a property of a substance
and is independent of (does not depend upon) the amount of the substance. If we take different
amounts of water, measure their masses and volumes and calculate each density using Eq. (1), we
will always get the same result. The density of a liquid depends on a combination of factors; the
mass of its atoms or molecules, whether any substance is dissolved in it, and how tightly bound the
atoms and molecules are to each other, which is why seawater is denser than distilled water.

Problem 2 (3 marks). Calculate the density of the following substances in kg-m=3.

identify them? (Remember you can look things up yourself).

Can you

a) 2 litres of this liquid weighs 24.74 N (use g = 9.81N/kg);

b) 2.5 ml of this liquid on the pan of a balance gives the same reading in grams as 3.4 x107° m? of
water;

¢) 579.15 kg of this metal would form a cube with 30 cm edges.

Problem 3* (4 marks). The radius of the moon Titan is 2,574.7 km and it is surrounded by a thick
atmosphere which is 1.19 times more massive and 50% denser than Earth’s atmosphere. Estimate
the height to which Titan’s atmosphere extends. Mass of Earth’s atmosphere is 5.15 x 10'® kg and
has a density of about 1.2 kg/m?>.

Problem 4 (4 marks).

a) The mass of the oceans on Earth is approximately 1.4 x 102! kg. If this was transferred to Mars
how deep would the ocean be?

b) If all 8 billion humans on planet Earth simultaneously dived into the Mediterranean Sea how
much would the sea level rise by? Make realistic assumptions about the dimensions of an average
human body to estimate its volume.

2 Pressure and depth

2.1 Pascal’s law

A fluid exerts a force on any surface® exposed to that fluid. This push from the fluid is a pressure
due to the impact of the fluid molecules. When a molecule hits a surface, it rebounds, exerting a
small impulse on the surface. Trillions of such collisions per second give rise to a macroscopic force.

_ Force (F)

Pressure (P) = Area (A)
r

in units of N-m~?2 or Pascals (Pa). (2)

There are common alternative units of pressure:

3Normally it is the surface of the wall of the container or the surface of an object that is submerged into that fluid.



e A bar is defined as 100,000 Pa (100 kPa). A pressure of 1 bar is slightly less than the atmo-
spheric pressure on Earth at sea level (approximately 1.013 bar).

e A pound per square inch (PSI) is an imperial unit defined as the weight of one pound (454 g)
applied to a square inch (2.54 cm)? of area.

Pressure is measured using a manometer or a barometer. The pressure in tyres or your veins is
found using manometers which compare the pressure of interest to atmospheric pressure, whereas
barometers compare the air pressure to a vacuum and so can be used to find atmospheric pressure.

Example 2. How many PSIs is atmospheric pressure?

Solution:
force from 1 pound  0.454 kg - 9.81 N/kg

area of 1 square inch (0.0254 m)?

Since atmospheric pressure is 101.3 kPa, it is approximately 101,300/6900 = 14.7 PSI. This is a
useful number to remember when pumping your tyres.

1 PSI = ~ 6900 Pa

Pressure is a key concept in the physics of fluids because of a fundamental principle known as
Pascal’s law. This states that the pressure of a fluid (at a given level) is the same in all directions.
It is attributed to Blaise Pascal — the French scientist who demonstrated many of the effects of
hydrostatics in the 17th century.

We experience Pascal’s law in everyday life. For example, squeezing a balloon takes the same effort
no matter which direction you squeeze on the balloon. When you squeeze a tube of toothpaste at the
end, the pressure is transmitted equally through the toothpaste, forcing the toothpaste out through
the opening.

Example 3. A closed toothpaste tube with an opening of diameter d; = 0.5 cm is pressed so a
force of F; =1 N acts on the cap. Find the force on the cap if you squeeze a different tube with an
opening of dy = 0.8 cm hard enough to produce the same pressure inside.

Solution: The pressure on the cap depends on the force you apply, and it is the same in both
cases. We find this pressure by dividing the force Fy by the area md?/4 of the first tube opening:

F
= d21 s The force in the second case is found by multiplying this pressure by the area of the
Tay
second opening:
nd3/4 d>
Fy=P-nd3/4=F—2~ = F;—= =256 N.
2 Th/A=Blen = e

The pressure from the atmosphere is barely noticeable to us. It is due to the weight of the atmosphere
above us, and it also acts equally in all directions. If this were not the case, you would not be able
to pick up a piece of paper from a table, as the atmosphere on the top side would be pressing it
down with a force that is equivalent to a weight of a kilogram per square centimetre! The air at the
sides and under the paper also exert the same pressure allowing you to move it freely about as no
net force is pushing on it from the air.



Pascal’s Law allows us to think of pressure in a fluid both in terms of how much force is needed to
compress it and in terms of how much of a push it can exert on something. The pressure measured
after pumping a bicycle tyre is the same whether we determine it from the force required to pump
more air in, or from the pressure inside pushing back on a manometer connected to its valve. Hence
we can simply say “the pressure inside the tyre is 50 PSI”, without thinking of the directions of any
forces or areas.

2.2 Pressure of a column of liquid

S
.

N

P

pressure

Consider a liquid of density p filling a cylindrical vase of height h. Ignoring atmospheric pressure
for the time being, what is the pressure on the bottom of the vase due to the weight of the liquid?
Recall that weight is the force due to gravity and equals mass x (acceleration due to gravity), which
is g = 9.81 ms~2. We can use the expression (2) to write

myg

P="1

where m is the mass of the liquid and A the area of the vase’s bottom. Recall from the previous
m
section the expression relating mass, density and volume; p = —, hence m = pV. We also remember

that the cylinder volume, V', is the product of the area of the vase multiplied by the height of the
column, V = A x h. Putting all of this together (please do it yourself) we have

P = pgh. (3)

But what if we want to know the pressure on the cylinder’s sides? If a cylindrical solid were to fit
perfectly inside the vase, the sides of the vase would experience no pressure. But with fluids, the
sides are pushed by the molecules of the liquid which according to Pascal’s Law exert a pressure
equally in all directions. Thus each small part of the side at a particular depth, h, will experience
pressure P = pgh. The diagram below shows how the pressure on a wall increases with depth,
pushing the liquid out with a stronger force. An actual experiment to this effect can be found in
this Khan Academy video.


https://www.youtube.com/watch?v=qq4WW8snlKc
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The pressure inside a liquid is in addition to atmospheric pressure. However, in most cases it is
the extra pressure over and above the atmospheric pressure that is of interest. For example, a tyre
with a hole is of no use even though it has air inside it at atmospheric pressure. This is because the
pressure inside and outside the tyre is the same, so the tyre can be squeezed very easily and doesn’t
support any extra weight. For this reason, manometers show the excess, rather than the absolute,
value of the pressure inside a tyre. Another example is found when deep sea diving; because pressure
inside our body is equal to atmospheric pressure, it is the added pressure from the seawater that
makes us uncomfortable if we dive too deep.

Problem 5 (2 marks). How deep do we need to dive into a liquid so that the pressure of the
column above us is equal to atmospheric pressure, if the liquid is:

a) water;
b) petrol;

¢) mercury?

Look up the required densities online.



Problem 6. (3 marks) A liquid column manometer contains mercury pg, = 13.6g/cm®. The left
side is connected via an electrolyte fluid to the canine patient’s artery of unknown pressure, and the
right side is open to the atmosphere at sea level, with pressure of 101.3 kPa. Determine the absolute
blood pressure of the patient in Pascals if the mercury column is 10 ¢cm higher on the right-hand
side than on the left.

100 mm Hg pressure
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Figure 14-7

Recording arterial pressure with a mercury manometer, a method
that has been used in the manner shown for recording pressure
throughout the history of physiclogy.

Problem 7* (4 marks). Find the mass of Titan’s atmosphere from the mean atmospheric pressure
(1.5 bar) and Titan’s radius (2,574.7 km). Does your result have the same order of magnitude as
that of Problem 37 Which answer do you think is more reliable? Why?

2.3 Pascal’s paradox

Example 4. An interesting consequence of Pascal’s law is the hydrostatic parador or Pascal’s
paradox. The three containers shown below have the same area A at the bottom and the same
height of liquid, so the hydrostatic force pghA at the bottom of the container is the same, even
though the volumes, and hence the weights, of the liquid above are quite different. How can this
be?

A cm?



Solution: Consider the sloped walls of the vessel on the left. According to Pascal’s Law, the liquid
applies outward pressure on these walls. But this means, according to Newton’s Third Law®, that
the walls will counteract with an inward force on the liquid. This force is in addition to the liquid’s
weight and the combined force makes up the total force on the container’s bottom.

Pressure force on wall

Counteracting force on liquid

A similar argument can be made for the third container: the force from the slanted walls reduces
the force on the bottom. Only for the second container is the pressure force on the bottom equal
solely due to the weight of the liquid.

Answer:

e first container: force on bottom > weight of the liquid;
e second container: force on bottom = weight of the liquid;

e third container: force on bottom < weight of the liquid.

Pascal’s Barrel is an experiment illustrating the hydrostatic paradox. Supposedly, Pascal attached
a tall pipe with a water proof seal to a wooden barrel full of water. He filled the pipe and at a
certain point, boom! The barrel exploded. A cool modern version of this is demonstrated here by
Dr Katerina Visjnic from Princeton University.

Problem 8 (3 marks). What dimensions are needed if a long, thin circular tube filled with 1
litre of water can shatter a 60 1 glass flask as in the video clip above? Assume that the flask can
withstand a pressure up to 3 x 10° Pa in excess of atmospheric. Find the height of the tube and its
radius.

4We will cover Newton’s Laws in a subsequent assignment, but we assume you have some idea of it from your
previous studies.


https://www.youtube.com/watch?v=EJHrr21UvY8
https://www.youtube.com/watch?v=EJHrr21UvY8

Problem 9 (4 marks, from Professor Povey’s Perplexing Problems).

A pair of scales has a built in set of vessels as shown in the diagram, one vessel has the sides tapering
inwards towards the top and the other tapering outwards. The vessels have the same bottom area
and, when they are empty, the scales is balanced. The vessels are filled to the same height with
water. According to the laws of hydrostatics, the force on the bottom of each pan should be the
same. Thus the scales will remain balanced even though the vessel on the left has more water. Is
this logic correct? Explain with the aid of a force diagram for each vessel on the scales.

3 Buoyancy and Archimedes principle

3.1 Archimedes’ principle

In the previous section we introduced the idea that pressure varies with depth. Any object submerged
in a fluid extends across some depth, therefore the object will experience a difference in pressure
from the fluid acting on the top of the object compared to the bottom. What do the forces on the
object look like and how would this affect the motion of the object?

Example 5. A cuboid of length [, height h and width w is submerged into a liquid of density p.
Find the resultant pressure force of the liquid on the cuboid.

—————————————————————————————— surface of the liquid

Pyop = pgd

Pbottom > Ptop

l Pyottom = pg(d + h)

Solution. Let the top side of the object be at depth d. Then the pressure on that face is pgd, and
the resulting force is pgdlw, where [w is the area of the top side. The bottom side experiences a

10



greater pressure pg(d + h), and the corresponding upward force is pg(d + h)lw. The pressure forces
acting on the sides are pairwise equal and opposite and so there is no resulting force in any sideways
direction. Taking the difference between the upward force at the bottom and the downward force
at the top, we find the overall upward force F' = pg(d + h)lw — pgdlw = pghlw = pgV, where V is
the cuboid volume.

This net force which acts on any object submerged in a fluid is called upthrust or buoyancy. It was
easy to calculate for a cuboid, but how can we generalize it to an object of arbitrary shape? Every
element of its surface area experiences a pressure force in a different direction, so summing them up
seems to be a daunting task.

= waterat e
v equilibrium !

A SN
AR

Fortunately, there exists a simple and ingenious argument, which is attributed to Archimedes. The
diagram shows an object submerged in the liquid (right) and an imaginary volume of liquid of exactly
the same shape in place of the object (left). We now note that the forces pushing from the liquid
at different depths are the same whether an object or a volume of the liquid is present. Hence, the
volume of the liquid experiences exactly the same buoyancy force as the object.

In spite of that force, the liquid volume is not moving up or down. This is because the upthrust
acting on the liquid volume is exactly balanced by the weight of the liquid. We know that the weight
is equal to pgV, where V is the volume of the “submerged” liquid (and of the object) and p is the
liquid’s density. We conclude that the buoyancy force or upthrust is

F = pgV, (4)

consistent with our earlier result for a cuboid, but now applicable to any arbitrary shape.

This result is often formulated as Archimedes’s principle: The magnitude of the buoyancy force
acting on a body is equal to the weight of the fluid that the body displaces.

11



Archimedes’ principle
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The above image demonstrates that putting the mass into liquid reduces the reading on the scale by
2kg. This means the buoyancy force is equal to 2 kgx9.81 N/kg= 19.6 Newtons. This also means
that the weight of the displaced liquid is equal to 19.6 Newtons.

3.2 Flotation

Whether an object floats or sinks depends on its mean density. If this is greater than that of the
liquid, its weight will exceed the buoyancy force, so the object will sink. Whether it floats or sinks,
upthrust will be acting on the object in the opposite direction to the weight and so the effective
weight of an object in a fluid will always be less than its weight out of the fluid.

Problem 10. (2 marks) A 5.5 kg cannon ball made of iron with volume 700 cm? is suspended from
a Newton metre and fully submerged in water from the Dead Sea density 1.24 g/cm?®. By how much
does the weight appear to reduce when submerged? Explain why people float easily in the Dead
Sea.

If the mean density of the object is less than the density of the fluid, the object will sink just so
much as to create enough buoyancy force to push back and balance the weight.

12



Buoyancy

pfluid

Mathematically, we can write this as follows:

weight of object = upthrust from liquid

pobjcctvobjcctg = pliquidvéubmergcdga
where Viubmerged is the volume of the submerged part of the object. As g is the same on both sides
of this expression we can cancel it, then we rearrange the remaining terms for density and volume
so they are collected together,
Pobject o ‘/;ubmerged (5)

Pliquid Vobject

In other words, the density of a submerged object compared to the density of the liquid tells us how
much of the object is submerged and how much is still above the surface:

Density of object
CUSTLY ©° 9PIC _ fraction of object in the water. (6)

Density of liquid

Example 6. An iceberg floats in the North Atlantic ocean. The density of ice is 917 kg/m3
compared to seawater which has a density of 1020 kg/m3. What volume of water does the iceberg
displace if its volume is 3000 m3?

Solution: To find the submerged volume, we rearrange the relation (5): Viubmerged = Viceberg Pice  _

water
2697 m?3, or about 90% of the total volume.

Example 7. A cylindrical log of length [ = 3.5 m and diameter d = 30 cm is floating in fresh water.
What is the maximum mass m of a person who can stand on the log without getting their feet wet?
The density of the wooden log is p; = 0.7 x 10% kg/m?, the density of the water is p,.

w }pr gmd?l

1o1gmd?l
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Solution: The volume of the log is V = 7d?l/4 and hence its weight is myg = p,Vg = pigmd>®l/4.
This weight, together with the weight mg of the person, are the two downward forces acting on the
log. They are balanced by the upward buoyancy force, F, = p,V g = pngnd®l/4, where p,, is the
density of water. Hence we can write

1 1
Zplgﬂ'dQZ +mg = ipwgﬁd%.

We cancel g on both sides and readily find

1
m = l(pw — pi)md?l = 74 kg.

Problem 11 (4 marks). Archaeologists are recovering a stone pillar of height A = 2.3 m and
cross-sectional area A = 200 cm? by winching it up vertically out from under the sea by a rope. The
rope tears when a quarter of the pillar’s length is above the waterline. Find the maximum tension
force T that the rope can withstand. The density of the stone is ps = 2.6 x 103 kg/m?3.

Problem 12 (3 marks). A 50kg iron anvil (density of iron pj.., = 7800kg/m?) is floating in
mercury (see video by Cody’s Lab). Calculate the downwards force needed to fully submerge the
anvil in mercury. The density of mercury is pg, = 13600kg/ m?>

Problem 13 (3 marks). A body’s weight in water appears to be three times less than it is in a
vacuum. What is its density?

Problem 14* (4 marks). An aluminium ball has an empty spherical cavity inside it. When
placed into a container with fresh water, the ball sinks and the force with which it acts onto the
container bottom is F,, = 0.24N. When placed into petroleum, the ball also sinks and the force
becomes F}, = 0.33N. Find the volume of the cavity. The densities of aluminium and petroleum are
pa = 2.7 x 10% kg/m? and p, = 0.7 x 10° kg/m3, respectively.

14


https://youtu.be/f5U63IGmy6Q?si=00IHl_PT7nCZ3IWB&t=94

Problem 15 (2 marks). Two identical containers are attached to scales, each is filled with an equal
amount of water. A wooden block and an iron block of equal masses are placed in the containers.
Which way will the balance tip, if:

a) no water spills out;

b) the containers are full to the brim, and when the blocks are placed some of the water spills out?

15



Problem 16* (4 marks). Two identical containers sit on each pan of scales, each is filled with an
equal amount of water. In the left container a ping pong ball is floating attached by a thin thread
to the bottom of the container to keep it under the surface, in the right hand container a steel ball
of the same size is hung down from a thin wire attached to a stand so it is fully immersed in the
liquid. Do the scales stay level, go down on the left or on the right? Explain your answer.

Ping pong ball Steel ball
held by string > suspended ——»
by string

Scale ‘
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