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Linear Momentum

¢ Linearmomentum(p) is defined as the product of mass and velocity

p =mv
&E VELOCITY (ms |

MOMENTUM (kgms-) -])
Momentumis the product of mass andvelocity

+ Momentum is a vectorquantity - it has both a magnitude anda direction

+ This means it can have a negative or positive value
o [f an object travelling to the right has positive momentum, an object travelling to the

left (in the opposite direction) has a negative momentum

+ The Slunitformomentumis kgms™

p=60x107"x2 m = 60g

[p= 012 kgms . —{znet}=>

THE BALL IS NOW TRAVELLING IN THE
OPPOSITE DIRECTION. THIS MEANS ITS
VELOCITY MUST BE NEGATIVE

p=60x10"x-2

p=-0.12 kgms=*

ITS MOMENTUM THEREFORE,
IS ALSO NEGATIVE

When the ballis travellingin the opposite direction, its velocity is negative. Since
momentum = mass x velocity, its momentumis also negative
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%) Worked Example
Which object has the most momentum?

MOMENTUM = MASS = WVELOCITY MOMENTUM = MASS = VELOCITY
MOMENTUM = 0.06kg = 75m/s MOMENTUM = 3kg = 1.5m/s
= 45kgm/s = 45kgm/s

+ Boththe tennis ball and the brick have the same momenturn

* Eventhough the brickis much heavier than the ball, the ball is travelling much fasterthan the
brick

* This means that onimpact, they would both exert a similar force (depending on the time it
takes for each to come torest)

¢) ExamTip

Since momentumisinkgms=';

+ |fthemass is given in grams, make sure to convert to kg by dividing the value by

1000.
o Ifthevelocity is givenin km s~', make sure to convert toms ' by multiplying
thevalue by 1000

» Thedirection you consider positiveis your choice, as long the signs of the
numbers (positive or negative) are consistent with this throughout the question
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The Principle of Conservation of Momentum
* The principle of conservation of linearmomentum states:

The totalmomentum before a collision = the total momentum after a collision
provided no external force acts

+ Linearmomentumis the momentum of an object that only moves in one dimension
« Momentum s a vector quantity
o This means oppositely-directed vectors can cancel each other out resultingin a net
momentum of zero
o |f aftera collision an object starts to movein the opposite direction to which it was
initially travelling, its velocity willnow be negative

« Momentum, just like energy, is always conserved

:
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A IS NOW TRAWVELLING

IN THE OPPOSITE DIRECTION
THAN BEFCRE

The conservation of momentum for two objects A and B colliding then moving apart

Up=0 THEREFORE
MgUp =0

~~

External and Internal Forces

« External forces are forces that act on a structure from outside e.g. friction and weight

= Internal forces are forces exchanged by the particles in the system e.g. tension in a string

+ Forces which areinternal or external will depend on the systemitself, as shown in the
diagram below:
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INTERNAL FORCE:
SPRING FORCE

EXTERNAL FORCE:
WEIGHT

Internal and external forces onamass onaspring

= Systerns with no external forces may be described as ‘closed’ or 'isolated’
o These are keywords thatreferto a systemthat is not affected by external forces

+ Forexample, a swimmerdiving froma boat:
o Thediverwillmove forwards, and, to conserve momentum, the boat willmove

backwards
= This is because the momentum beforehandwas zero and no external forces were

present to affect the motion of the diver or the boat

) Worked Example
Trolley A of mass 0.80 kg collides head-on with stationary trolley B whilst travelling

at

3.0 ms~. Trolley B has twice the mass of trolley A. Onimpact, the trolleys stick
together.

Using the conservation of momentum, calculate the commeon velocity of both
trolleys after the collision.
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BEFORE

V,=3.0ms™

i
|
|
|
I —
> >
|
|
|
'

MOMENTUM = (M, x V) + (Mg x V) MOMENTUM = (M, + M,) = \,_,
BEFORE AFTER
= (0.8kgx3.0ms™ "+ 0 = (0.8kg + 1.60ka) * V.,
= 2.4 kgms™* = 2.4kg "V,
SINCE TROLLEY B IS TROLLEY B HAS TWICE THE
STATIONARY , V' = 0 MASS OF TROLLEY A

THEREFORE ITS
MOMENTUM IS O

THE PRINCIPLE OF CONWERSATION 5 MOMENTUM _ MOMENTUM
OF, MOMENTUM STATES) THAT BEFORE % AFTER,

THE TOTAL MOMENTUM. OF A
SYSTEM REMAINS CONSTANT

PROVIDED NO EXTERNAL FORCE 2.4kgms™ = 2.4kg =V,
ACTS ON IT \
v . = 2:4 kgms REARRANGING
BT 24K FOR Vi
Von =1.0ms™
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Force & Momentum

* Forceis definedas therate of change of momentumon a body
* Thechangein momentum is defined as the finalmomentum minus the initialmomentum
+ Thesecanbeexpressed as follows:

(E CHANGE IN MOMENTUM (kgms~*)

_ap

F =
at
CHANGE IN |TIME ts:}

L T

FINAL

[ CHANGE IN MOMENTUM

Direction of Forces

+ Force andmomentum are vectors so they can take either positive or negative values
+ Theforcethatis equal to the rate of change of momentumiis still the resultant force
+ Aforce onanobjectwill be negativeif itis directedin the opposite motion toits initial
velocity
o This means that the force is produced by the objectit has collided with

FORCE ON THE CAR
FROM THE WALL

FORCE ON THE WALL
FROM THE CAR

The wall produces a force of -300N on the carand (due to Newton's Third Law) the caralso
produces a force of 300 N back onto the wall
Page 6 of 20

For more help, please visit www.exampaperspractice.co.uk




FIE
EXAM PAPERS PRACTICE
) Worked Example
Acarof mass 1500 kg hits awall at aninitial velocity of 15 m s,

Itthen rebounds off thewall at 5 ms™ and comes torest after 3.0 s.

Calculate the average force experienced by the car.

STEP 1 FORCE IS EQUAL TO THE RATE OF CHANGE
IN MOMENTUM
ap

Fm=t

STEP 2 CHAMGE IN MOMENT UM

ap= FINAL MOMENTUM - INITIAL MOMENTUM

STEP 3 INITIAL MOMENTUM

INITIAL MOMENTUM MASS = INITIAL MELDCITY

R

[}

m v
1500 kg = 15 ms—1

Bo= 22500 kgms™"

15 ms-1 -5 ms-1
ﬁ b
BEFORE AFTER
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STEP 4 FINAL MOMENTUM

FINAL MOMENTUM MASS = FINAL VELOCITY

B = m*y
1500 kg * =5 ms™?

0
1}

=7500 kgms™*

STEP 5 CALCULATE CHANGE IN MOMENTUM ap

ap = =7500-22500 = —30000 kgms™*

STEP 6 SUBSTITUTE THIS WALUE_BACK INTO THE [FORCE EQUATION
ap  -30000
== = ——— = —10000N
At 3
O Exam Tip

In an exam question, carefully consider what produces the force(s) acting. Look out
forwords such as 'from’ or‘acting on’ to determine this and don't be afraid to draw
aforce diagram to figure out whatis going on.

Impulse

» Theforce and momentum equation can berearranged to find theimpulse
+ Impulse, |, is equal to the change in momentum:

I=FAt=Ap =mv-mu

+ Where:

o [=impulse(Ns)

e F=force(N)

o t=time(s)

o p=momentum(kgms™)

o m=mass (kg)

o v=finalvelocity (ms™)

o u=initial velocity (ms™)
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= This equation is only used when the forceis constant
o Sincetheimpulseis proportionalto the force, itis also a vector
o Theimpulseis in the same direction as the force

* TheunitofimpulseisNs
+ Theimpulse guantifies the effect of a force acting over a timeinterval
¢ This means asmall force acting over along time has the same effect as alarge force
acting over ashort time

Examples of Impulse

* An examplein everyday life of impulse is when standing under an umbrella whenitis raining,
compared to hail (frozen water droplets)

= When rain hits an umbrella, the water droplets tend to splatter and fall off it and there is
only a very small change in momentum

o However, hailstones have a larger mass and tend to bounce back off the umbrella,
creating a greaterchangein momentum

e Therefore, theimpulse on anumbrella is greaterin hail thanin rain

o This means that more force is required to hold anumbrella uprightin hail comparedto
rain

Since hailstones bounce back off anumbrella, compared to water droplets fromrain, there
is a greaterimpulse onanumbrella in hail thaninrain

Page 9 of 20
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) Worked Example

A 58 gtennis ball moving horizontally to the left at a speed of 30 ms™is struck by a
tennis racket which returns the ballback to therightat 20 ms™.

(i) Calculate the impulse delivered to the ball by the racket
(i) State which direction the impulseisin

(i) Step 1: Write the known quantities

o Taking theinitial direction of the ball as positive (the left)
o Initial velocity, u=30ms”

o Finalvelocity,v=-20ms""'

o Mass,m=58g=58x10"3kg

Step 2: Write down the impulse equation
Impulsel=4p =miv-u)
Step 3: Substituteinthe values

[=(58 x103) x(-20-30)=-29Ns

(ii) Direction of theimpulse

o Since theimpulseis negative, it must be in the opposite direction to which the tennis
ball was initial travelling (since the leftis taken as positive)
o Therefore, the direction of theimpulse is to the right

¢) ExamTip

®  Rememberthatifan object changes direction, then this must be reflected by the
changein sign of the velocity. As long as the magnitude is correct, the final sign for
theimpulse doesn't matter as long as itis consistent with which way you have
considered positive (and negative). For example, if the leftis taken as positive and
therefore the right as negative, an impulse of 20 N s totherightis equalto-20Ns
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Impulse of a Force-Time Graph

* Inreallife, forces are often not constant and will vary over time
+ Ifthe forceis plotted against time, theimpulse is equal to the area under the force-time
graph

FORCE/N

AREA UNDER
THE GRAPH

IMPULSE/Ns

TIME/s
When the force s not constant, theimpulse is the area under a force-time graph
+ This is because
Impulse = Force » Changein time

+ Theimpulseis therefore equal whetherthereis a smallforce overa long period of time ora
large force over a small period of time
» The force-time graph may be a curve or a straight line
o Ifthegraphis a curve, the area can be found by counting the squares underneath
o Ifthegraphis madeup of straight lines, split the graphinto sections. The total areais
the sum of the areas of each section

ap
Fl—:{;f‘

THE SAME CHANGE IN MOMENTUM OVER A LONGER PERIOD
OF TIME WILL PRODUCE LESS FORCE (AND VICE VERSA)
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) Worked Example

Aballof mass 3.0 kg, initially atrest, is acted on by a force F which varies with tas
shown by the graph.
F/RN A\

4—

o 16

Calculate the velocity of the ball after 16 s.
Step 1: List the known quantities

m=3.0kg
u=0ms(sinceitisinitially atrest)
Step 2: Calculate theimpulse

Theimpulseis the area under the graph. The graph can be split upinto tworight-
angledtriangles with a baseof 8s and aheight of 4 kN

1 1
Areﬂ:{ixs w (4 = 105})+{Ex(16—8}x (4 = 109 )

Area =impulse =32 x 103 Ns
Step 3: Write the equation forimpulse
Impulse, | = Ap=miv - u)
Step 4: Substitute inthe values
l=mv
32x10%=3.0xv
v=(32x10%:3.0

v=10666ms ' =1kms"!
Page 12 of 20
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¢) ExamTip
i Some maths tips for this section:Rate of Change

* ‘Rate of change’ describes how one variable changes with respectto another

» Inmaths, how fast something changes with time s represented as dividing by
At(e.g. accelerationis therate of change in velocity)

+ More specifically, At is used for finite and quantifiable changes such as the
difference in time between two events

Areas
+ The area undera graph may be split upinto different shapes, so make sure
you're comfortable with calculating the area of squares, rectangles, right-
angled triangles and trapeziums!

Impact Forces

+ Impact forces arereduced by increasingthe contact time
 This factis used in everyday life to lower the risk of injury
¢ Someexample of where reducingimpact forceis important:
o Insport
o Inpackaging

In Sports
« Forexample, incricket:

o When a cricket fielder relaxes their hands and pulls them back when catching a ball

o Acricket ball travels at very high speeds and therefore has a highmomentum

o When a fielder catches the ball, it exerts a force onto theirhands

o Stopping a ballwith high momentum at once will cause a large force onto theirhands

o This is because a changein momentum (impulse) acts over a short period of time
which creates a large force on the fielder's hands and could cause serious injury

o Afielder moves their hands back when they catch the ball, which increases the time for
its change in momentum toreduce

o This means there will be less force exerted on the fielder's hands and therefore less
chance of injury

Page 13 of 20
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A CRICKET BALL HAS
A VERY HIGH MOMENTUM

3o
\\./7

=

74

THE FIELDER MOVES
/& THEIR HAND BACKWARDS
WHILST THEY CATCH
/ <~ 1-THE BALL TO INCREASE
THE TIME OVER WHICH
THE IMPULSE ACTS (AND
REDUCE THE FORCE)

A FIELDER MAY ALSO STEP
BACKWARDS TO INCREASE

THE TIME OVER WHICH THE
BALL'S IMPULSE ACTS FURTHER

A cricket fielder moves their hands backwards when catching a cricket ball to reduce the
forceit will exert on their hands

+ Infootball:

e Increasing the contact timeis sometimes used to advantage, as the longerthe
contact time, the larger change in momentum

When kicking a football, after a strong kick the motion is followed through

The momentum from the footis transferred to the ball

This creates alargeimpulse and the ball then has a higher velocity

=]

=]

2
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=D

| FOLLOW THROUGH ACTION

The follow through action of a football kick increases the change in momentum of the ball

In Packaging
» Packaging,especially for fragileitems, uses bubble wrap or polyester packaging to reduce
theimpact forces thatitems experienceintransit
+ Thesehelp cushion the items by increasing the time over which they experience a force,
whichreduces therisk of damage

) Worked Example

]
Atennis ball hits a racket with a change in momentum of 0.6 kgm s~ Farthe
different contact times, which tennis racket experiences more force from the tennis
ball?

Page 15 of 20
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-2 _05 = AP _ DS
F_A‘t_Z.D F_At_D.ﬂ
F=0.25N F=50N

THE SECOND TENNIS RACKET EXPERIENCES MORE FORCE
FROM THE TENNIS BALL

Elastic & Inelastic Collisions

In both collisions and explosions, momentum is always conserved
However, kinetic energy mightnot always be
Acollision (or explosion) is either:

& Elastic - if the kinetic energy is consernved

¢ Inelastic - if the kinetic energy is not conserved

Collisions are when objects striking against each other
o Elastic collisions are commonly those where objects colliding do not stick together
and then move inoppositedirections
o Inelastie collision are commonly those where objects collide and stick together after

the collision
BEFORE

o

Page 16 of 20
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@ @ ..

ELASTIC INELAST!C

Elastic collisions are where two objects move in opposite directions. Inelastic collisions are
where two objects stick together

« Anexplosion is commonly to do with recoll
= Forexample, a gunrecoiling after shooting a bullet or anunstable nucleus emittingan
alpha particle and a daughter nucleus

+ Tofind outwhether a collision is elastic orinelastic, compare the kinetic energy before and
afterthe collision
« Theequation for kinetic energy is:

MASS (kg)
= Ls
KE= My

LKINETIC ENERGY (Jiﬂ) kE VELQGITY {ms-u]

‘) Worked Example

®
Trolley A of mass 0.80 kg collides head-on with stationary trolley B at speed 3.0 m

s71. Trolley B has twice the mass of trolley A. The trolleys stick together and travel ata
velocity of 1.0 m 57\ Determine whether this is an elastic or inelastic collision.
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]
BEFORE | AFTER
I
\,=3.0ms! I V,,p= 1.0 ms™
e I e
-~ -
|
|
|
1
/—E KINETIC ENERGY = 1/2 mv?
KINETIC ENERGY _ 4 . ..,2 .4 2
REEEEE =3 MU & S5 MR (V)
= 1 W o z
=5 * 0.8 (3.0) +o
=36/
KINETIC ENERSE ol » M, i THiSIS AN INELASTIC
AFTER COLUISION SINCE KINETIC
=1§.2_4. 1.0 ENERGY IS NOT CONSERVED
=12
O ExamTip
-

If an chject s stationary or at rest, it's velocity equals 0, therefore, the momentum
and kinetic energy are also equal to 0.When a collision occurs in which two objects
are stuck together, treat the final object as a single object with a mass equal to the
sum of the two individual objects.
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Momentum Conservation Issues

* Theforceof animpactina vehicle collision can be decreased by increasing the contact
time overwhich the collision occurs
o Thecontact timeis the time in which the vehicle orthe passengeris in contact with
whatit has collided with

= Vehicles have safety features such as crumple zones, seat belts and airbags to account
forthis
o Foragiven forceuponimpact, these absorb the energy fromtheimpact andincrease
the time overwhich the force takes place
o This, in turn, increases the time taken for the change inmomentum of the passenger
andthevehicleto cometorest
¢ Theincreased timereduces the force andrisk of injury on a passenger

SEAT BELT & AIRBAG INCREASE
THE TIME OVER WHICH THE
PASSENGER EXPERIENCES THE
IMPACT FORCE

CRUMPLE ZONE
* ABSORBS IMPACT

|FRONT CRUMPLE ZONE |

Designing Safety Features

+ Vehicle safety features are designed to absorb energy upon animpact by changing shape
+ Seatbelts
o These are designedto stop a passenger from colliding with the interior of a vehicle by
keeping them fixed totheir seatin an abrupt stop
o They are designed to stretch slightly toincrease the time for the passenger's
momentum to reach zero and reduce the force on them in a collision

* Airbags
o These are deployed at the front on the dashboard and steering wheel when a collision
occurs
o They act as a soft cushion to prevent injury on the passengerwhen they are thrown
forwarduponimpact
Page 19 of 20
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+ Crumplezones
o These are designed into the exterior of vehicles
o Theyare atthe frontand back and are designed to crush or crumplein a controlled way
inacollision
o This is why vehicles after a collision look more heavily damaged than expected, even
for relatively small collisions
¢ Thecrumple zones increase the time over which the vehicle comes torest, lowering
theimpact force on the passengers

+ Theeffect of theincrease in time and force can be shown on a force-time graph
¢ Forthesamechangein momentum, which depends onthe mass andspeedofa
vehicle, the increase in contact time will result in a decrease in the maximum force
exerted on the vehicle and passenger
@ This is demonstrated by a lower peak and wider base on a force-time graph

+ Theeffect of theincreasein time and force can be shown on aforce-time graph
o Forthe same change in momentum, which depends on themass andspeedof a
vehicle, the increasein contact time will result in a decrease in the maximum force
exerted on the vehicle and passenger
@ This is demonstrated by a lower peak and wider base on a force-time graph

F/N /N
LARGE FORCE 5 --+==7-------
& WITHOUT SEAT BELT
B SAME AREA UNDER
GRAPH = SAME IMPULSE
2_
LOWER FORCE |----s=nmmu-
Ly WITH SEAT BELT
O L I 1 | T -
B o3 & B B W
—
at
At
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