AS Level Physics

Chapter 6 — Newton’s Law of Motion and Momentum

6.1.1 Newton’s Laws of Motion
Notes

www.tutorpacks.co.uk (> ] W ' @tutorpacks

© Tutor Packs 1


https://www.youtube.com/channel/UCf0Baa0__vg1XoNS0ay9Krw
https://www.tiktok.com/@tutorpacks?_d=secCgYIASAHKAESPgo8sbS3LTMUnDQsKSZIU8nyu2JwzZWl3EBCpBUyHxKe8zJbXrzndQJbwTomElO971WqtkSk%2BwTPTd5tvRwNGgA%3D&language=en&sec_uid=MS4wLjABAAAAwkQUt9LjNdX35m3dFWIqCEQOaIENwYDqOpHILTzaWbLyRAF7y1aKxSJzwxWPuoXa&sec_user_id=MS4wLjABAAAAwkQUt9LjNdX35m3dFWIqCEQOaIENwYDqOpHILTzaWbLyRAF7y1aKxSJzwxWPuoXa&share_app_id=1233&share_author_id=6996655590592988165&share_link_id=3e449414-f896-4d6c-a823-353aa918ade7&timestamp=1629743849&u_code=dk6448077med76&user_id=6996655590592988165&utm_campaign=client_share&utm_medium=android&utm_source=more&source=h5_m&_r=1
https://twitter.com/TutorPacks
https://www.instagram.com/tutorpacks/

NEWTON’S THREE LAWS OF MOTION NEWTON’S THREE LAWS OF MOTION
Newton’s 15t Law of Motion

Newton’s 1st Law of Motion

Examples:
Newton’s 1st Law of motion states:

A Reaction, R

“an object will remain at rest (or stationary) or continue to
travel with a constant velocity unless acted upon by a resultant

Air resistance, A @ Driving Force, D
force”

P »
< »

This means an object will remain still or move with a constant O O
speed, in a straight line, in the same direction unless acted upon I

by a resultant (net) or unbalanced force. Weight =mg The cyclist is moving at a constant velocity

. . . . . because the driving force from the cyclist is equal

If an object has a zero resultant force acting on it, the object is v to the air resistance. This means the cyclist is

said to be at rest or moves with a constant velocity (or uniform The trophy is stationary or at rest moving in the same direction with a constant

motion). because the reaction force is speed. Therefore the forces are balanced and
equal to the weight of the object. the resultant force is zero. The cyclist will

: This means the forces are continue to move in the same direction with the
Zero resultant force means the combined effect of all the forces balanced and the resultant force is same speed unless a resultant force acts on him

acting on the object is zero. zero. The trophy will only move i.e. he chooses to speed up or change direction.
when a resultant force acts on it,

Therefore FORCE is something that tries to change the state of i.e. if someone comes and pushes
rest or uniform motion of an object, either through constant or the trophy over.
‘field’ action (i.e. electric, gravity or magnetic fields).

INERTIA

» Itis the natural tendency of every object to resist the change in their
state of motion. If they are at rest, they want to stay at rest'and if they're
moving with a constant Ve|OCItY they would want to continue to do so.

This tendency of objects is called INERTIA.

Therefore, INERTIA is a resistance to a change in motion (both speed
and direction). Unless an external force causes a change, objects
want to remain at rest or in motion.

All objects have inertia and the greater the mass of an object, the
greatér is its inertia. This results’in appl¥|ng a greater resultant force in
order to change the motion of the object.

Far example it is more difficult to change the motion of a box full of
bricks compared to changing the motion of an empty box because the
box full of bricks weighs a lot more.
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NEWTON’S THREE LAWS OF MOTION NEWTON’S THREE LAWS OF MOTION

Newton’s 2" |aw of Motion Newton’s 2" | aw of Motion

Newton’s 2" Law of motion states: * Note, force acting on an object can cause a change in its
momentum. A large force results in a greater rate at which the

“The rate of change of momentum of an object is directly objects momentum changes.

proportional to the applied resultant force and occurs in the .

direction of the resultant force”
+ E.g. the harder you throw a

* In other words, the resultant force is proportional to the change of ball, the greater is its rate of
momentum per second. change of momentum and the

At GCSE you learn that Newton’s 2 law is defined as F = ma more difficult it is to catch.

(force = mass x acceleration). At A-level we will look at how this
equation is derived from Newton’s 2" law in its general form as
stated above. But first you need to know what momentum is:

Momentum:

The momentum of an object is the product of its mass and
velocity.

p=mxv

where:

p = Momentum measured in kg ms™1.
m = mass measured in kg.

v = velocity measured in ms~1.

Momentum is a vector and therefore has both magnitude
and direction. This means momentum to the right can be
considered positive and momentum to the left can be
negative.
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NEWTON’S THREE LAWS OF MOTION

Newton’s 2" |aw of Motion

NEWTON’S THREE LAWS OF MOTION

Newton’s 2" | aw of Motion

+ Now let's look at how F = ma is derived from Newton’s 2nd |law.

Consider an object of a constant mass (m) acted on by a
constant force, F. This causes the object to move with a
constant acceleration (a) causing the velocity to change from a
initial velocity (u), attime zero (t = 0),to a in
atime (t = At) without a change of direction.

~

Acceleration, a

Initial velocity, u

_> —_—
— _ m —
Force, F _

t=At

* The initial momentum of the object:
pPi = mu

* The final momentum of the object:
Py = mv

* Therefore the momentum change:
Ap = final momentum — initial momentum

Ap = mv —mu
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+ According to Newton’s 2" law, the force is proportional to the

rate of change of momentum, therefore:

change of momentum _ Ap

time taken At
mv—mu
- At But we know that acceleration is:
(v—-u)
a=
m(v —u) At
F=— - And therefore we substitute a in
At the equation.

Therefore, F = ma

w-w

Where a = T the acceleration of the object.

So from Newtons 2" Law we have confirmed:

Resultant force (Fg) < rateof change of momentum (= ma)

This proportionality relationship can be written as below:

Fr = kma, where k = constant of proportionality

Typically, k is made to equal 1 by defining the unit force (1 N) as
the amount of force that gives an object, of mass 1kg, an
acceleration of 1 ms™2.

Therefore, k = 1, gives us F = ma following from Newton’s 2nd
law.

Note: F = ma is only valid so long as the mass of the object is
constant.

tutorpacks.co.uk




NEWTON’S THREE LAWS OF MOTION
Worked Example 1:

A football of mass 0.46 kg initially at rest was struck which gave it a
velocity of 25ms~1. The contact time between the foot and the ball
was 15ms.

Calculate:

a) The momentum gained by the ball,

b) The average force of impact on the ball.

Solution:

a) Using: change of momentum = mv — mu

Momentum gained = (0.46kg)(25ms™1) — (0.46kg)(0ms™1)

Momentum gained = 11.5 kgms™!

. _ change of momentum __ A_p __ mv-mu
b) Using: ' = time taken T At At
_ 11.5kgms™ 766.67 N
~0015s

_ 3. _
15ms = 15 X 107°s = 0.015s Impactforce =767 N

Initially the object is at
rest therefore initial
velocity, u = O0ms™

1
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NEWTON’S THREE LAWS OF MOTION
Worked Example 2:

When a ball of mass 0.30 kg hits a wall at a speed of 16 ms™!, the
ball returns in the direction it came from at a speed of 13 ms~1. The
contact time was 0.11s. Calculate:

a) The change of momentum of the ball,

b) The impact force on the ball.

Solution: /

velocity = +u \
H
2

a) Using: change of momentum = mv — mu

Remember that velocity and momentum are vectors and so they
have a magnitude as well as a direction. Suppose the ball hits the
wall normally with an initial speed u and it rebounds at speed v in
the opposite direction. Since its direction of motion reverses on
impact, a sign convention is necessary to represent the two
directions. Using + for ‘towards the wall’ and —for ‘away from the
wall’, its initial momentum = +mu, and its final velocity =

—muv. velocity = —v

\ b) After Impact /

Mass of the ball m = 0.30kg, initial velocity u = +16ms™1, final velocity v =
—13ms~1,

Change of momentum = mv — mu
change of momentum = (0.30 X —13) — (0.30 x 16)
change of momentum = —3.9 — 4.8

change of momentum = —8.7 kgm s~!

b) Using' F = change of momentum _ Ap _ mv-mu

time taken At At » The minus sign indicates the
_ —87kgms direction of the force, i.e. to
- 0.11s the left
F=-79.09N
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NEWTON’S THREE LAWS OF MOTION NEWTON’S THREE LAWS OF MOTION

Newton’s 2" |aw of Motion Newton’s 3@ Law of Motion

Newton’s 3rd Law of motion states:

Weight: “If an object A exerts a Force on object B, then object B exerts

an equal but opposite force on object A”
To calculate the WEIGHT (W) of an object use:

* For example, if you were to push against a wall, then the wall will
push back against you, just as hard. But, as soon as you stop
pushing, the wall stops too.

W =mg

where:

W = weight measured in Newtons, N.

m = mass measured in kg.

g = acceleration due to gravity measured in N/kg or ms~2.

On Earth, acceleration due to gravity is g = 9.81 m s 2.

The formula of weight is a version of F = ma.

Newtons 3 Law can occur in all situations and to all types of
forces, however the pairs of forces have to be the same type, e.g.
both gravitational or both electrical.

. . o
This looks like Newton’s 3™ [aw.... Gravity pulls down

. on the trophy.
However it's NOT

This is because both forces acting on the
trophy are not the same type. These are
two separate interactions.

Here, the forces are equal and opposite, Table pushes
resulting in zero acceleration, so this is upwards on book.
showing Newton’s 15t law.
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NEWTONS LAW QUESTIONS NEWTONS LAW QUESTIONS

For more force questions please see Module 3 — Forces and motions For more force questions please see Module 3 — Forces and motions
pack 3.3 Dynamics pack 3.3 Dynamics

Example 1: Resultant Force Example 2: Hosepipe

A force of 550 N is used to pull a 35 kg box against a constant A hosepipe with a cross-sectional area of e
frictional force of 70 N as shown below. Calculate the acceleration of 0.01m2 ejects a horizontal jet of water at a
the box. speed of 35ms ™1,
_ The water hits a wall perpendicularly and
A“e,'e,ratm"' a flows down the wall without rebounding,
Calculate the force exerted on the wall.

F{=550N (Density of water = 1 X 103 kgm—3)' Cross-sectional area = 100cm?
F,=70N mass = 35 kg |[fr—p \

From Newton’s 2" law:

Velocity =35 ms !

From Newton’s 2" [aw: Resultant force (F) = mass (m) x acceleration (a)
Force exerted by the wallon _  Rate of change of momentum of
the water — the water

Fl — Fz =ma
mass of water striking Velocity change

= wall per second X of water

(550 — 70) = 35a

Velocity change

= Volume of water/s x Water density x
of water

480
“= 35 =(35ms™1 x 0.01m?) x (1 x 103 kgm™3) x (35ms™1 —0ms™1)

a=13.7ms 2 (1d.p.) =1.23x10*N

From Newton’s 3" law, there must be an equal and opposite force exerted
by the water on the wall.

So, force exerted on the wall = 1.23 x 104N

tutorpacks.co.uk ’ tutorpacks.co.uk

© Tutor Packs



NEWTONS LAW QUESTIONS

For more force questions please see Module 3 — Forces and motions
pack 3.3 Dynamics

A helicopter can hover in air when the upwards force is equal to the
its weight (downwards force). This is possible due to Newton’s third
law. When helicopter blades rotate they force air downwards and an
equal and oppositely directed force is exerted by the air on the
blades. This principle can be applied to hovering birds and other
hovering bodies/objects.

Example 3: Helicopter

A hovering helicopter of mass 1000 kg. If the length of each rotor
blade is 6 m, calculate the velocity of the air forced downwards by
the rotor to keep the helicopter hovering in mid-air.

Density of air = 1.3 kgm™3

Acceleration due to gravity, g = 9.81 ms~?2

L 3 Upward reaction force of
air on rotor blades

Radius =6 m g

Rotor blades 1 1 ]

Mass = 1000 kg Air forced downwards

with velocity, v
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NEWTONS LAW QUESTIONS

For more force questions please see Module 3 — Forces and motions
pack 3.3 Dynamics

Example 3: Helicopter

From Newton’s 2" law:

Upwards force ofair = Rate of change of = Helicopter
on blades momentum of air forced weight
down by blades

Helicopter  _ mass of air Velocity change
weight forced down per of air being
second forced down

Volume of air _ Velocity
= forced down X Density of X change of

per second ar air being
forced down

Helicopter
weight

mg = TR?2v X p X v

mg 1000 kg x 9.81 ms~?
" mR2p  mx6m?x13kgm3

2 —

v? =66.72...

v=8.17ms"!

tutorpacks.co.uk




IMPULSE = FAt IMPULSE = FAt

An object with constant mass, m, acted upon by a constant force, F, Force against time graph
which changes its velocity from initial velocity, u, to a final velocity, v,
in time, t. Therefore an Impulse is the product of the magnitude of a force

applied on an object and the time during which it is applied.

_At;c»eleration, a
Initial velocity, u g For example, when you kick a ball, an impulse is applied to the
— —— ball. You apply a force on the ball for a short period of time.

Force, F Force, F

The area enclosed by a force against time graph represents the
change of momentum and in turn impulse. This shows that the
analysis for change in momentum is not only produced by a constant
From Newton’s 2" law: force but can also apply to a varying force.

Resultant force = rate of change of momentum

F mv —mu Force, F 4
At )

Rearranglng this equatlon gives. area = Impulse = FAt = momentum change

FAt = mv — mu
(N) (kg9)

Therefore: \ /\

—hmpulse = FAt = mv>jnu
(Ns or kgms™1) (s) (ms™1)

Im;}ulse = Result\ant Force x time = momentum change

(Ns or kgms™1) ™) ©) (kgms™)
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IMPULSE = FAt

Worked Example 1:

A force acting on an object varies with time as demonstrated in the
Force-time graph.

a) Calculate the impulse given to the object in a time of 15 seconds
using the graph.

Force, F 4

(N)

250
area = Impulse = FAt = momentum change

IMPULSE = FAt

Worked Example 2:

A force of 6 N acts for 12s on a 45kg object which is initially at rest.
Calculate:
a) The change of momentum of the object,

b) The velocity of the object at 12 s.

»
>

15

}
1
1
[}
1
1
1
1
L}
[}
1
[}
1
1
1
[}
1
1
5

Time, t

(s)

Solution:
Impulse = change of momentum = Area enclosed by the F /t graph

1
= EX 15s X 250N

= 1875 Ns (or kgms™1)

Solution:

a) Using: Impulse = change of momentum = FAt
Therefore:
change of momentum = FAt =6 N X 12 s

Change of momentum = 72 Ns

Initially the object is at
rest therefore initial
velocity, u = Oms~?!

b) Using: change of momentum = FAt = mv — mu

72 Ns = (45 kg)v — (45kg)(0ms™1)

_ 72Ns
V= 45kg

v=1.6ms!
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IMPULSE = FAt

Implications of impulse and change of momentum:

» Applying a large force for a short time or a small force for a long
time gives us the impulse needed to accelerate an object at rest
or decelerate a moving object and bring it to rest. This means:

A large duration in time (At) means a small force (F) exerted for a
given change in momentum.

Remember:

Therefore if you increase time you
reduce the force.

Crumple zones are used in front of cars to reduce the force
exerted on the car and its passengers when involved in a crash.
This is done by crumple zones collapsing slowly on impact and
increasing the time taken for the car to come to a rest.

In many sports where you hit a ball (i.e. football, tennis or
baseball) players try to increase contact time between the foot,
racquet or bat and the ball in order to maximise the balls speed.

This maximises the impulse given to the ball, producing a greater

change in momentum.

Remember:

Impulse = FAt = mv — mu
Therefore if you increase contact
time and speed the impulse also

increases.
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Particle Momentum (Edexcel Only)

We can combine kinetic energy and momentum in order to produce
a formula that gives kinetic energy in terms of momentum and mass.
Kinetic energy: Ej, = %mv2

Momentum: p = mv

Rearranging gives momentum for v gives us:
p

When dealing with kinetic energy of subatomic particles travelling at
non-relativistic speed (speeds that are much slower than the speed
of light) the above formula is very useful.

tutorpacks.co.uk




For more revision notes, tutorials and worked
examples please visit www.tutorpacks.co.uk.

Please see ‘6.1.2 Newton’s Law of Motion
Worked Examples’ pack for exam style questions.
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