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A1 Motion, mass, and forces

Units of measurement

Scientists make measurements using S| units such as the
metre, kilogram, second, and newton. These and their
abbreviations are covered in detail in B1. However, you may
find it easier to appreciate the links between different units
after you have studied the whole of section A.

For simplicity, units will be excluded from some stages of the
calculations in this book, as in this example:

total length=2+3 =5m
Strictly speaking, this should be written:

total length=2m+3m=5m

Displacement
Displacement is distance moved in a particular direction. The
Sl unit of displacement is the metre (m).

Quantities, such as displacement, which have both magnitude
(size) and direction, are called vectors.

12m

'

The arrow above represents the displacement of a particle
which moves 12 m from A to B. However, with horizontal or
vertical motion, it is often more convenient to use a ‘+" or -~/
to show the vector direction. For example:

Movement of 12 m to the right: displacement = +12 m
Movement of 12 m to the left: displacement = -12 m

Displacement is not necessarily the same as distance
travelled. For example, when the ball below has returned to
its starting point, its vertical displacement is zero. However,
the distance travelled is 10 m.

Y

/

ball thrown /
up from here

ball returns to
starting point

Speed and velocity
Average speed is calculated like this:

distance travelled

Fetagspecd A time taken

The Sl unit of speed is the metre/second, abbreviated as m s~!.
For example, if an object travels 12 m in 2 s, its average speed
is6ms.

Average velocity is calculated like this:

displacement

average velocity = e Glen.

The SI unit of velocity is also the m s~'. But unlike speed,
velocity is a vector.

6ms1 >

The velocity vector above is for a particle moving to the right
at 6 m s'. However, as with displacement, it is often more
convenient to use a ‘+’ or ‘' for the vector direction.

Average velocity is not necessarily the same as average speed.
For example, if a ball is thrown upwards and travels a total
distance of 10 m before returning to its starting point 2 s later,
its average speed is 5 m s7'. But its average velocity is zero,
because its displacement is zero.

Acceleration
Average acceleration is calculated like this:
average acceleration = chaqge i velogity
time taken

The Sl unit of acceleration is the m s (sometimes written
m/s?). For example, if an object gains 6 m s~! of velocity in
2 s, its average acceleration is 3 m 572

3ms*2;E

Acceleration is a vector. The acceleration vector above is for a
particle with an acceleration of 3 m s to the right. However,

as with velocity, it is often more convenient to use a ‘+’ or ‘-’

for the vector direction.

If velocity increases by 3 m s~! every second, the acceleration
is +3 m s~2. If it decreases by 3 m s7! every second, the
acceleration is -3 m s~2.

Mathematically, an acceleration of =3 m s2 (o the right is the
same as an acceleration of +3 m s2 to the left.

= gradient | ek A
=Jinge =-3ms2
63 . ___ , )
% | ?
£ . !
£ : :
2 ’ :
g 5 :
[ i :
> A :
o 2 4 E

timeins
On the velocity-time graph above, you can work out the
acceleration over each section by finding the gradient of the
line. The gradient is calculated like this:

_— gain along y-axis
gain along x-axis

6 Motion, mass, and forces




Force
Force is a vector. The Sl unit is the newton (N).

If two or more forces act on something, their combined effect
is called the resultant force. Two simple examples are shown

below. In the right-hand example, the resultant force is zero
~ because the forces are balanced.

A resultant force acting on a mass causes an acceleration.
The force, mass, and acceleration are linked like this:

resultant force = mass x acceleration F=ma

For example, a 1 N resultant force gives a 1 kg mass an
acceleration of 1 m s72. (The newton is defined in this way.)

6N

B
-
L2

6N

v

resultant force = 12 N downwards resultant force = 0

The more mass something has, the more force is needed to
produce any given acceleration.

When balanced forces act on something, its acceleration is
zero. This means that it is either stationary or moving at a
steady velocity (steady speed in a straight line).

Moments and balance
The turning effect of a force is called a moment:

moment of force = force x perpendicular distance*
about a point from point

* measured from the line of action of the force.

The dumb-bell below balances at point O because the two
moments about O are equal but opposite.

2m 4m

o)

i
anticlockwise moment
aboutO=6x2=12Nm

The dumb-bell is made up of smaller parts, each with its own
weight. Together, these are equivalent to a single force, the
total weight, acting through O. O is the centre of gravity of
the dumb-bell.

Weight and g

On Earth, everything feels the downward force of gravity.
This gravitational force is called weight. As for other forces,
its S unit is the newton (N).

Near the Earth’s surface, the gravitational force on each kg is
about 10 N: the gravitational field strength is 10 N kg~'. This

is represented by the symbol g.

20N

e i :

In the diagram above, all the masses are falling freely (gravity

is the only force acting). From F = ma, it follows that all the
masses have the same downward acceleration, g. This is the
acceleration of free fall.

You can think of g:
either as a gravitational field strength of 10 N kg™
or as an acceleraton of free fall of 10 m s2

In more accurate calculations, the value of g is normally
taken to be 9.81, rather than 10.

Density
The density of an object is calculated like this:
’ mass
degt volume

The SI unit of density is the kilogram/cubic metre (kg m=3).

For example, 2000 kg of water occupies a volume of 2 m?.
So the density of water is 1000 kg m—3.

Density values, in kg m™

alcohol 800 iron 7900

—— e -

aluminium 2 700 lead 11 300
Pressure
Pressure is calculated like this:
force
pressure =
area

The Sl unit of pressure is the newton/square metre, also
called the pascal (Pa). For example, if a force of 12 N acts
over an area of 3 m?, the pressure is 4 Pa.

Liquids and gases are called fluids.

In a fluid:

e Pressure acts in all directions. The force produced is
always at right-angles to the surface under pressure.

s Pressure increases with depth.

Motion, mass, and forces 7




A2 Work, energy, and power

Work

Work is done whenever a force makes something move.
It is calculated like this:

distance moved

s in direction of force

work done =
The SI unit of work is the joule (). For example, if a force of
2 N moves something a distance of 3 m, then the work done
is6).

Energy

Things have energy if they can do work. The S| unit of energy
is also the joule (). You can think of energy as a ‘bank
balance’ of work which can be done in the future.

Energy exists in different forms:

Kinetic energy This is energy which something has because
it'is moving.

Potential energy This is energy which something has
because of its position, shape, or state. A stone about to fall
from a cliff has gravitational potential energy. A stretched
spring has elastic potential energy. Foods and fuels have
chemical potential energy. Charge from a battery has
electrical potential energy. Particles from the nucleus (centre)
of an atom have nuclear potential energy.

Internal energy Matter is made up of tiny particles

(e.g. atoms or molecules) which are in random motion. They
have kinetic energy because of their motion, and potential
energy because of the forces of attraction trying to pull them
together. An object’s internal energy is the total kinetic and
potential energy of its particles.

particle (e.g. atom)

W S
\\\J k\J g

object at higher
temperature

object at lower
temperature

Heat (thermal energy) This is the energy transferred from
one object to another because of a temperature difference.
Usually, when heat is transferred, one object loses internal
energy, and the other gains it.

Radiant energy This is often in the form of waves. Sound and
light are examples.

Note:

* Kinetic energy, and gravitational and elastic potential
energy are sometimes known as mechanical energy. They
are the forms of energy most associated with machines
and motion.

¢ Gravitational potential energy is sometimes just called
potential energy (or PE), even though there are other forms
of potential energy as described above.

Energy changes
According to the law of conservation of energy:

Energy cannot be made or destroyed, but it can be
changed from one form to another.

The diagram below shows the sequence of energy changes
which occur when a ball is kicked along the ground. At every
stage, energy is lost as heat. Even the sound waves heat the
air as they die away. As in other energy chains, all the energy
eventually. becomes internal energy.

ball moved ball slows ball
by leg muscles down stopped
- G
chemical kinetic # heat (due
I Iiiﬁ ¢ ;/: <& >tof’ct'on)‘“‘ >,
: energy ricti !
energy \ % \QY L % 5
ﬂ sound
heat \
(wasted in
muscles) heat

Whenever there is an energy change, work is done — although
this may not always be obvious. For example, when a car’s
brakes are applied, the car slows down and the brakes heat
up, so kinetic energy is being changed into internal energy.
Work is done because tiny forces are making the particles of
the brake materials move faster.

An energy change is sometimes called an energy
transformation. Whenever it takes place:

work done = energy transformed

So, for each 1 ] of energy transformed, 1 ) of work is done.

Calculating potential energy (PE)

weight mg

height h

The stone above has potential energy. This is equal to the
work done in lifting it to a height h above the ground.

The stone, mass m, has a weight of mg.
So the force needed to overcome gravity and lift it is mg.

As the stone is lifted through a height h:
work done = force x distance moved = mg x h
So potential energy = mgh

For example, if a 2 kg stone is 5 m above the ground, and g is
10 N kg, then the stone’s PE=2x 10x 5 5 100 J.

8 Work, energy, and power



Calculating kinetic energy (KE)

The stone on the right has kinetic energy. This is equal to the
work done in increasing the velocity from zero to v.

B7 shows you how to calculate this. The result is:

kinetic energy = L mv?

For example, if a 2 kg stone has a speed of 10 m s
itSKE=’7x2><102=100J

PE to KE

The diagram on the right shows how PE is changed into KE
when something falls. The stone in this example starts with
100 ] of PE. Air resistance is assumed to be zero, so no energy
is lost to the air as the stone falls.

By the time the stone is about to hit the ground (with
velocity v), all of its potential energy has been changed
into kinetic energy. So:

$mv? = mgh

Dividing both sides by m and rearranging:
v="2gh

In this example, v=vV2x 10x5=10ms .

Note that v does not depend on m. A heavy stone hits the
ground at exactly the same speed as a light one.

Vectors, scalars, and energy

Vectors have magnitude and direction. When adding vectors,
you must allow for their direction. In A1, for example, there
are diagrams showing two 6 N forces being added. In one, the
resultant is 12 N. In the other, it is zero.

Scalars are quantities which have magnitude but no direction.
Examples include mass, volume, energy, and work. Scalar
addition is simple. If 6 kg of mass is added to 6 kg of mass, the
result is always 12 kg. Similarly, if an object has 6 | of PE and
6 | of KE, the total energy is 12 .

As energy is a scalar, PE and KE can be added without
allowing for direction. The stone on the right has the same
total PE + KE throughout its motion. As it starts with the same
PE as the stone in the previous diagram, it has the same KE
(and speed) when it is about to hit the ground.

Power
Power is calculated like this:
_ energy transferred _ work done
oW = ime taken Or POWer = ime taken

The SI unit of power is the watt (W). A power of 1 W means
that energy is being transformed at the rate of 1 joule/second
() s71), so work is being done at the rate of 1 J s7.

Below, you can see how to calculate the power output of an
electric motor which raises a mass of 2 kg through a height of
12min 3 st

mgh
2x10%x12=240)

PE gained

energy transferred
time taken

240

power

Efficiency
Energy changers such as motors waste some of the energy
supplied to them. Their efficiency is calculated like this:

efficiency = useful energy output _ useful power output

energy input power input
power
input
useful
100 W 80w power
output
20W
power wasted
as heat

For example, if an electric motor’s power input is 100 W, and
its useful power output (mechanical) is 80 W, then its
efficiency is 0.8. This can be expressed as 80%.
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A3 Atoms and molecules in motion

Atoms
All matter is made from atoms. It would take more than a
million million atoms to cover this full stop.

An atom has a tiny central nucleus made of protons and
neutrons (apart from the simplest atom, hydrogen, whose
nucleus is a single proton). Orbiting the nucleus are much
lighter particles called electrons.

Lithium atom

neutron has
no charge

electron has a
negative
electric ————-

charge

nucleus {

For simplicity,
electron orbits have
been shown as circles

proton has a
positive electric
charge

An atom has the same number of electrons as protons, so the
amounts of negative and positive charge balance.

Unlike charges (- and +) attract each other. This electric
force holds electrons in orbit around the nucleus.

Like charges (- and —, also + and +) repel each other.
However, the particles in the nucleus are held together by a
strong nuclear force, which is strong enough to overcome the
repulsion between the protons.

Atoms can stick together, in solids for example. The forces
that bind them are attractions between opposite charges.

Moving electrons In metals, some of the electrons are only
loosely held to their atoms. These free electrons can drift
between the atoms. The electric current in a wire is a flow of
free electrons.

If an atom gains or loses electrons, it is left with an overall
—or + charge. Charged atoms are called ions.

Solids, liquids and gases

According to the kinetic theory, matter is made up of tiny,
randomly moving particles. Each particle may be a single
atom, a group of atoms called a molecule, or an ion. The
three normal phases of matter are solid, liquid, and gas.

Solid The particles are held
close together by strong forces
of attraction. They vibrate, but
about fixed central positions,
so a solid keeps a fixed shape
and volume.

Liquid The particles are held
close together. But the
vibrations are strong enough
to overcome the attractions,
so the particles can change
positions. A liquid has a fixed
volume, but it can flow to fill
any shape.

Gas The particles move at
high speed, colliding with
each other and with the walls
of their container. They are
too spread out and fast-
moving to stick together, so a
gas quickly fills any space
available. Its pressure is due
to the impact of its particles
on the container walls.

Elements and isotopes

Everything is made from about 100 substances called
elements. Each element has a different number of protons
(and therefore electrons) in its atoms.

Elements exist in different versions, called isotopes, each with
a different number of neutrons'in-its atoms. Examples are
shown below (italic numbers are for rarer isotopes).

Element Electrons | Protons Neutrons
hydrogen 1 1 OQor 1or2
helium 2 2 Tor2
lithium 3 3 3or4
carbon 6 6 6or7or8
uranium 92 92 142 or 143 or 146

The total of protons plus neutrons in an atom is called the
nucleon number. It is used when naming different isotopes,
for example: carbon-12, carbon-13, carbon-14.

Radioactive isotopes These have atoms with unstable nuclei.
The nuclei break up, emitting nuclear radiation. The three
main types of nuclear radiation are alpha particles, beta
particles and gamma waves (see A6).

Temperature

The particles in, for example, a gas move at a range of speeds.
However, the higher the temperature, the faster the particles
move on average.

If two objects at the same temperature are in contact, there is
no flow of heat between them. This is because the average
kinetic energy of each particle due to its vibrating or speeding
motion is the same in each object, so there is no overall
transfer of energy from one object to the other.

Celsius scale On this scale, pure water freezes at 0 °C and
boils at 100 °C (under standard atmospheric conditions).

Kelvin scale This has the same sized ‘degree’ as the Celsius
scale, but its ‘zero’ is absolute zero (-273 °C), the
temperature at which particles have the minimum possible
kinetic energy. (The laws governing the behaviour of atoms
do not permit zero energy).

Celsius scale

-273°C 0°C 100 °C
| ol o | PR T
| | I
0K 273K 373K
A Keilvin scale A A

absolute melting boiling
zero ice water
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