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Impulse

e Forceis defined as therate of change of momentum on a body
o Thechangeinmomentumis defined as the finalmomentum minus theinitial
momentum
e Thesecanbeexpressedas follows:
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Defining Impulse

e Theforceand momentum equation can berearranged to find theimpulse of a force
¢ Impulse, [, is equal to the change in momentum:

I=FAt=Ap =mv -mu

e Where:
o |=impulse(Ns)
o F=force(N)
o t=time(s)
o Ap=changeinmomentum(kgms™)
o m=mass (kg)
o v=finalvelocity (ms™)
o u=initial velocity (ms™)

¢ This equationis only used when the forceis constant
o Sincetheimpulseis proportional to the force, itis also a vector
o Theimpulseisinthe samedirection as the force



e TheunitofimpulseisNs
¢ Theimpulse quantifies the effect of a force acting overa timeinterval
o This means a small force acting over along time has the same effect as alarge force
actingover ashort time

Examples of Impulse

¢ Anexamplein everyday life ofimpulseis when standingunderan umbrella whenitis raining,
comparedto hail (frozen water droplets)

o Whenrain hits an umbrella, the water droplets tend to splatter and fall offit and there is
only avery small changein momentum

o However, hailstones have alarger mass and tend to bounce back off the umbrella,
creating a greater change in momentum

o Therefore, theimpulse on anumbrellais greaterin hailthaninrain

o This means that more forceis required to hold an umbrella uprightin hailcompared to
rain



*> Worked Example
[

A58 g tennis ballmoving horizontally to the left ata speed of 30 ms~'is struck by a
tennis racket which returns the ballback to therightat 20 ms™.
(i) Calculate theimpulse delivered to the ball by the racket.

(ii) State which direction theimpulseisiin.

(i) Step 1: Write the known quantities

(e}

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

Finalvelocity,v=-20ms™!

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

(e}

(e}

[e]

Step 2: Write down theimpulse equation
Impulsel=Ap=m(v-u)
Step 3: Substitutein the values
1=(58 x107%) x (-20-30) =-2.9N's
(ii) Direction of theimpulse

o Sincetheimpulseis negative, it mustbeinthe opposite direction to which the tennis
ballwas initial travelling (since the leftis taken as positive)
o Therefore, the direction of theimpulse s to the right

(’) Exam Tip

¥ Rememberthatifan object changes direction, then this must be reflected by the
changein sign of the velocity. As long as the magnitude s correct, the final sign for
theimpulse doesn't matteras long as itis consistent with which way you have
considered positive (and negative). Forexample, if the leftis taken as positive and
therefore theright as negative, animpulse of 20 N s to theright is equal to -20 N s.



Core Practical 9: Investigating Impulse

Aims of the Experiment

¢ Todeterminethe changein momentum of a trolley due to a force actingon it

o Thisis known as theimpulse

Variables

¢ Independentvariable = acceleratingmass, m
¢ Dependentvariable =time taken to pass between twolight gates, t

e Controlvariables

(e}

(e}

Tiltangle of theramp
Trolley andramp used
Size of interrupter card

[e]

o

Equipment List

Overallmass of the system (trolley + accelerating masses)

Apparatus Purpose
Dynamics trolley Momentum change of the trolley is being
investigated

Ramp, slightly tilted

Forthe trolley to travel down

Bench pulley

To pulltrolley using the suspended masses

String

To connect the suspended mass andthe trolley
overthepulley

5 slotted masses (10 g) and hanger

Tocreate the forceto accelerate the trolley

Light gates and computer ordatalogger

Tomeasure the time taken and velocity of the
trolley passing through it

Balance

Tomeasurethe masses

Interrupt card

Forthe dataloggerto detect the motion of the
trolley

¢ Resolution of measuring equipment
o Balance=0.01g

Method




1.Measure the totalmass, M, of the trolley and the five 10 gmasses using the balance

2.Setuptheequipment:

o Securethebench pulley to one end of the runway allowing one end to project over the
end of thebench
o Tilttherampslightly
= Thisis to compensate forfriction
o Placethemass hanger(withoutthe masses onthem) on the floorand move the trolley
backwards untilthe stringbecomes tight, with the mass on the floor
o Placethelight gates ateitherend of theramp
= There shouldbe enough space ontheramp to allow the trolley to clear the light
gate atthe bottom before hitting the pulley

3. Set the start position for the experiment

o Movethetrolley furtherbackwards untilthe mass hangeris closerto the pulley (it will
fallto the flooras the trolley moves on the runway)
o Putthefive 10 gmasses on the trolley so that they will not slide off

4.Recordthetotalhanging mass, min theresults table
5.Releasethe trolley and start the timing software

o The computerwillrecordthe velocity through each gate, and the the time taken forthe
trolley to travel between them
o Recordthevaluesintheresults table

6.Repeatthereadings and calculate the mean time and velocity for this value of m
7.Move one 10 gmass fromthe trolley to the hangerandrepeat steps 4 and 5

o Repeat this process, movingone10 gmass atatime
o Thelastreadingis when all of the masses are on the hanger

Table of Results:

Mass of system, M =

Hanging mass, m/kg Velocityat A, V,/ms™1 Velocity at B, V;/ ms~* Time to travel between Aand B, t/s

1 2 3 Average 1 2 3 Average 1 2 3 Average

0.01

0.02

0.03

0.04

0.05

0.06
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Analysing the Results

¢ Themomentum of the trolley can berepresented by two equations:
Ap = ]\/I(VB — VA) (equationT)

¢ Where:
o Ap=changeinmomentum (kgms™)
o M=mass of the system (kg)
o vp=velocity atlight-gate B
o vpa=Vvelocity atlight-gate A

Ap = mgt(equation2)

¢ Where:
o m=mass onthehanger(kg)
o g=acceleration dueto gravity, (9.81ms™)
o t=timetaken betweenlight-gates AandB

e Combingequationsland?2 gives:
mgt = M(VB - VA)

e This canberearrangedto give:

B M
mt = z (VB —VA)
e Thisisintheform of y = mx+c, where:
o y:mt
o x=(vg=Va)

M
o M=—""
g

o C:O

e Therefore, a graph can be plotted of mtagainst(vg - va)
o This shouldbe a straightline graph to prove the relationship

M
o The gradientshouldbe equalto E
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A straight line with gradient M/g confirms the relationship between the variables

Evaluating the Experiment
Systematic errors:

¢ Theinterrupt card may be a different width to thatrecordedin the data logger
o Measureitthreetimes andcalculate an averagevalue
e Theinterrupt card may not be of sufficient height to trigger the light gate
o Movethelightgates down, orusea tallercard
e Mass of the system, M, may notbe measured correctly
o Measureitthreetimes andcalculate an averagevalue
e Theoverallmass, M, of the system may not be kept constant
o Ensure eachhangingmass, m, whichisremovedis transferred to the trolley so the
overallmass of the system (trolley + hanging masses) stays the same

Randomerrors:

¢ Thetrolley may not travelin a straightline
o Discardthisresult

e Thetrolley may hit one of thelight gates when passing through
o Discardthisresult

Safety Considerations

e Standwellaway from the massesin case they fallonto the floor

e Placeacrashmatoranysoftsurface, such as a small cushion, underthe masses to break
theirfall

* Keepliquids away from the data loggerand other electronic equipment

¢ Make sure no otherobjects are obstructing the motion of the trolley throughout the
experiment
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¢) ExamTip

¥ This practical can be completed with one light gate, where a card of known length, L
is passedthrough alightgate. The timeis recorded and vis found using .The

overalltimeis taken from the trolley atrest and the stop watchis started when the
trolley is released.

Agraphis then plotted as above, but with vnot (vg - va) on the x-axis as initial
velocityis O.



Applying Conservation of Linear Momentum

The principle of conservation of linearmomentum states:

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

e Linearmomentumis the momentum of an object that only moves in a straightline
¢ Momentumis a vector quantity
o This means oppositely-directed vectors can cancel each otheroutresultingin anet
momentum of zero
o If aftera collision an object starts to move in the opposite direction towhich it was
initially travelling, its velocity willnow be negative

¢ Momentum,just like energy, is always conserved

Conservation of Linear Momentumin 1D

I

BEFORE : AFTER
I
I

FINAL
VELOCITY
OF B

INITIAL
VELOCITY
OF A
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OF A
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>~ @
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Us=0 THEREFORE A IS NOW TRAVELLING
MU, =0 IN THE OPPOSITE DIRECTICN
THAN BEFORE

The conservation of momentumin 1D, for two objects A and B colliding then moving apart



*> Worked Example
[ J

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

at

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

together.

Usingthe conversation of momentum, calculate the common velocity of both

trolleys after the collision.

BEFORE

V,=3.0ms™"

—~—
—

MOMENTUM = (M, x\}) + (M x \Va)
BEFORE

(0.8kg x3.0ms™") + 0
2.4 kgms™

SINCE TROLLEY B IS
STATIONARY, V=0
THEREFORE ITS
MOMENTUM IS O

THE PRINCIPLE OF CONWVERSATION
OF MOMENTUM STATES THAT
THE TOTAL MOMENTUM OF A
SYSTEM REMAINS CONSTANT
PROVIDED NO EXTERNAL FORCE
ACTS ON IT

-~ | MOMENTUM _ MOMENTUM

Il

MOMENTUM
AFTER

(My+ Mg) x Vg

I

(0.8 kg + 1.60kg) * V.5
2.4kg *V,,p

Il

TROLLEY B HAS TWICE THE
MASS OF TROLLEY A

BEFORE " AFTER

2.4 kgms™ = 2.4 kg x V, g

v, = 2:Akgms™ REARRANGING
S 2.4 kg FOR V.,

A/

A+B

=1.0ms™



¢) ExamTip

¥ Momentumis avector quantity, therefore, you should always define a direction to
be 'positive’ when applying the principle of conservation of momentum. In this
worked example, we implicitly took velocity 'to theright' as the positive direction.

Sometimes, however, you might encountertwo objects moving towards each other
before colliding. If both objects have the same mass m and speedyv, then the total
momentum (before collision) is zero, because piota = (MV) + (-mv) = 0. Note the
negative signindicates a body travellingin the opposite direction.

Conservation of LinearMomentumin 2D
e Forobjects movingin 2D, there are components of momentum to consider
o Thisis similarto projectile motionin 2D, in which we consider horizontal and vertical
components of motion

I\
R cos(30) R
‘cos SANDWICH": THE COMPONENT THAT 30°
"SANDWICHES" THE ANGLE WITH THE
VECTOR IS ALWAYS cos
0

VectorRsplitintoits vertical, R cos (30) and horizontal, Rsin (30), components

e Each component of momentumis conserved separately
o Sincemomentumis a vector, it can beresolved into horizontal and vertical
components
o The sum of horizontal components will be equal before and after a collision
o The sum of vertical components will be equal before and after a collision



*> Worked Example

Aredsnookerball, travelling at 2.5 m s-1collides with a green snooker ball, which is
atrest. Both snooker balls have the same mass m.

The angle of collisionis such that the red ballmoves off at 28° below the horizontal
at1.8 ms-1andthe green ballmoves off at 55° above the horizontal, with a speedyv,
as shown.

m m

2.5 ms™

Determine the size of v.

Step 1: Write the conservation of linear momentum for horizontal components
o The questionis wordedin terms of the horizontal direction, so write:
Horizontalmomentum before = horizontalmomentum after
Step 2: Resolve the velocity of each ball to find the horizontal component:

o Sincemomentum p =mv, then the horizontal component of momentum Py eriz = MVhoriz
o Therefore, the horizontal component of the green ballis 1.8 cos 28°
o Thehorizontal component of theredballis vcos 55°

Step 3: Substitute quantities into the conservation of momentum
Horizontalmomentum before = horizontalmomentum after
MUreq + MUgreen = MVhorizred) + MVhoriz(green)
m(2.5)+0=m(vcos55°)+m (1.8 cos 28°)

Step 4: Simplify and rearrange to calculate v



25=vcos55°+1.8cos28°
2.5=vcos55°+1.6
0.9=vcos55°

v=0.9cos55°=1.6ms"!

(’) Exam Tip
Generally speaking, wheneveryou see any vector given at an angle to the horizontal
orthevertical (e.g. velocity, ormomentum), think "resolve"! It's extremely likely you
willneed to consider the separate components of motion for a projectiles question
or fora conservation of momentum question.

Questions which askyou to use the principle of conservation of linearmomentumin
2D are usually worth a lot of marks, so make sure you practise lots of questions
involving resolving vectors!



Core Practical 10: Investigating Collisions using ICT

Aims of the Experiment

¢ Toinvestigate conservation of momentum in two directions
o Consideringif collisions are elastic
o Constructing a diagram of 2D collisions

e Useof ICT softwareis required
o 'Tracker'isrecommended by Edexcel

Equipment List

¢ Smallspheres
o Of two different diameters (ball bearings are ideal)
o Digitalcamera able torecordvideo
o Support to allowit to be positioned directly above the collision
e Computerwith Trackerinstalled
e 30cmruler
¢ Micrometerorcalipers
¢ Balance
¢ Graph paper

Method

FROM THE SIDE FROM THE TOP
[T IV TRV TR VT
AN > RULER
[ J

: | A

v
GRAPH
PAPER

STATIONARY
BALL

RULER

SUPPORT
FOR
CAMERA

TABLE
SURFACE

1.Measure the mass of the spheres using the balance and record
2.Measure the diameter of the spheres using a micrometer or Vernier calipers
3.Mark an approximately central point on the graph paper
o This willbe where the stationary sphereis placed
4. Startthe camerarecording

5. Within the area of the graph paper, roll a sphereinto the stationary one



6.Replace the stationary sphereinits initial place and repeat the experiment up to three
times

o Aslightly different angle of approach should be used foreach collision
7.Download thevideo file from the camera to the computerthat runs Tracker
o Loadtheclipintothe program.
Analysing the Results

e UseTrackertoanalysethevideo clips.
o Inputthe mass and diameter of each sphere when prompted
o Usethe‘velocity overlay’ feature so that the software can analyse velocities
e The Trackersoftware allows for frame-by-frame analysis of the movement of the spheres
o Orientate the axes to make the velocity of the moving ball along one of the axes
o Recordthe momentum of each ball as indicatedin Tracker

o ORIENTATE THE AXES IN
TRACKER TO GIVE INITIAL
~~ | VELOCITY OF BALL B

/ ALONG AN AXIS

e Constructavectordiagram from theresults

MOMENT UM
MOMENTUM OF B

OF A

INITIAL MOMENTUM

Evaluating the Experiment

¢ |CTisusedinthis experimentbecause
o Theevents happen to swiftly forthe unaided eye to take readings
o |CT generally provides more precise and reliable data

Systematic errors:

e Parallax errorfrom camera to the table
¢ Theprecision of the balance may give a wide range of possible values formass
o If possible use a more precise balance



¢ Thespheres may have damage
o Checkthereis nodamageto the surface of each sphere before using

e The Trackeraxes may not be correctly aligned when analysing
Randomerrors:

¢ Thecollision event may happen between frames
e Fromvariationsinthetable surface
o This could causeloss or gain of kinetic energy due to friction or slopes
e The sphere may not travel farenough to hit the second stationary sphere
o Discardthis result andrelease with greaterinitial velocity

(f) ExamTip
¥ ltcanbe helpful to practice a few collisions before making your finalreadings. This
willhelp you become familiar with how fast to release the sphere.



Elastic & Inelastic Collisions

In both collisions and explosions, momentum is always conserved
* However, kinetic energy might not always be
Acollision (orexplosion)is either:

o Elastic - if the kinetic energy is conserved

o Inelastic - if the kinetic energy is not conserved

Collisions happen when objects strike against each other
o Elastic collisions are commonly those where objects colliding do not stick together;
instead, they strike each otherthen move away in opposite directions
o Inelastic collisions are commonly those where objects collide and stick together after

the collision
BEFORE
o -0
~
AFTER
-
ELASTIC INELASTIC

Elastic collisions are those following which objects move away in opposite directions.
Inelastic collisions are where two objects stick together

¢ Anexplosionis commonly to do with recoil
o Forexample, a gunrecoiling aftershooting a bullet oran unstable nucleus emittingan
alpha particle and a daughternucleus

o Tofindoutwhethera collisionis elastic orinelastic, compare the kinetic energy before and
after the collision
¢ Theequation forkinetic energyis:



,E MASS (kg)
2

KE==mv

' KINETIC ENERGY (J) %) KE VELOCITY (ms=)

) Worked Example
[

N[>

Trolley Aof mass 0.80 kg collides head-on with stationary trolley B at speed 3.0 m
s~!. Trolley B has twice the mass of trolley A.

The trolleys stick together and travel at a velocity of 1.0 ms~!. Determine whether
thisis an elastic orinelastic collision.

1
BEFORE | AFTER
I
Y=30ms" l Vaes=10ms™!
Py I ~
|
I
I
1
[EKINETlC ENERGY = 1/2 mv? |
KINETIC ENERGY _ 1, 2 1 2
=LMoo + Tampx vy
BEFORE 2 AW T2 R
=1+ 08x3.0°+0 V,=0
=36
KINETIC ENERGY _ 2 Mo x (M THIS IS AN INELASTIC
FFTER COLLISION SINCE KINETIC
= % Kg2PFA x (f|,o)2 ENERGY IS NOT CONSERVED

1.2



*> Worked Example
[

Discuss whetherahead-on collision between two cars is likely to be an elastic or
inelastic collision.

Step 1: Define an elastic and inelastic collision

o Anelastic collisionis onein which kinetic energy is conserved
o Aninelastic collisionis onein which kinetic energy is not conserved, butis transferred
to otherforms, e.g. heatandsound

Step 2: Describe the effects of head-on car collisions

o When cars collide, alarge amount of kinetic energy is transferred due to work by
internal forces

o Thisis mainly due to crumpling where the collision of the car causes plastic
defamation of the car's bodywork

o Otherenergy transfers willinclude kinetic energy into heat and sound

Step 3: Link the effects to energy transfers

o Sincethecars arebroughttorest by the collision, the total KE before the collision does
not equal the total KE after
o Therefore, the collisionis inelastic

(") Exam Tip

- o . . .
If an objectis stationary oratrest, its velocity equals O, therefore, the momentum
andkinetic energy are also equal to O.

When a collision occurs in which two objects stick together, treat the final object as
a single object with a mass equal to the sum of the two individual objects.



Deriving the Energy-Momentum Relation

¢ Theequation for calculating the kinetic energy E, of a particlem moving atvelocity vis
given by:

1
= — 2
Ek—zmv

¢ Theformula forthe momentum p of the same particleis:
p = mv
¢ Combiningthese gives an equation thatlinks kinetic energy to momentum, called the
energy-momentumrelation

. I . . _ P . L
o Firstly, substituting the equation forvelocity v = m into the equation forkinetic energy

gives:

o Multiplying brackets out and simplifying gives:

o | il
k_me2_2 m

¢ Therefore the energy-momentumis presented as:

Ek=i
2m
¢ Where:
o Ex=kinetic energy (J))
o p=momentum (kgms™)
o m=mass (kg)

(f) Exam Tip

This is a common derivation, so make sure you're comfortable with deriving this from
scratch! Think carefully about the algebra on each step.



Using the Energy-Momentum Relation

e The energy-momentumrelationis particularly useful for:
o Calculations involving the kinetic energy of subatomic particles travellingat non-
relativistic speeds (i.e. much slower than the speed of light)
o Projectiles and collisions involving large masses

*> Worked Example

[ ]
Calculate the kinetic energy, in MeV, of an alpha particle which has a momentum of

1.1x107kgms.
Usethe following data:

« Massofaproton=1.67x10"? kg
» Massofaneutron=1.67x10"%" kg

Step 1: Write the energy-momentumrelation

2

o The energy-momentumrelationis given by Ex = E

Step 2: Determine the mass of an alpha particle

o Analpha particleis comprised of two protons and two neutrons

o Therefore, the mass of an alpha particle m, = 2mg + 2m,,, where mg, and m, is the mass
of a proton and neutron respectively

o Som,=2(1.67x10%) +2(1.67 x107%7) = 6.68 x 10-¥ kg

Step 3: Substitute the momentum and the mass of the alpha particle into the energy-
momentumrelation

P>
Ei= 2m
(1.1x10719)2

Bk=7x (6.68 % 10727

) =9.1x10713}

Step 4: Convert the value of kinetic energy from Jto MeV
TMeV=1.6x10"13)
o Therefore:

9.1x10713
9.1x10° 18 )= WMGV=5.7 MeV



¢) ExamTip

Calculations with the energy-momentum equation often require changing units,
especially between eV andJdue to it commonly being used for particles. Remember
that1eV=1.60 x 10717 ). Therefore

eV>J=x(1.60 x10719)
J>eV==(1.60 x1071)

The prefix 'mega’ (M) means x 106 therefore, 1MeV = (1.60 x 1071%) x 104=1.60 x 103



Radians

e Aradian(rad)is definedas:

The angle subtended at the centre of a circle by an arc equal inlength to theradius
of thecircle

e Radians areusedwheneverdescribing the angular displacement of objects in circular
motion

e Angulardisplacement can be calculated using the equation:

AS
ABD =—
r
e Where:
o Af=angulardisplacement, orangle of rotation (radians)
o s=length ofthearc, orthe distance travelled around the circle (m)
o r=radius of thecircle(m)

¢ Radians are commonly writteninterms of m
e Theangleinradians fora complete circle (360°) is equal to:

circumference of circle  2nr
- = =2
radius i

Radian Conversions

e Ifanangleof 360° = 2mrradians, then 1radian in degrees is equal to:

360 180
=1 — =] 5§/ 39
2n m

* Usethefollowing equation to convert from degrees toradians:

e"xrr 0 rad
ke



Table of common degrees toradians conversions

Degrees (°) Radians (rads)

360 23
3N
270 3
180 J
J
90 5




Angular Displacement

e Theangular displacement AQis theratio of:

distance travelled around the circle

radius of the circle

¢ Angulardisplacement describes the changeinangle, inradians, of abody asitmovesina
circle
o This angleis measured with respect to the centre of orbit

LENGTH OF
ARC S

1 RAD: S=r

When the angle is equal to oneradian, the length of the arc (As) is equal to the radius (r) of the
circle

(’) Exam Tip

Since the equation for angular displacement gives the angle in radians, make sure
you're comfortable with then converting to degrees if you need to for the question!



Angular Velocity
e Theangular velocity wof abodyin circularmotionis definedas:
Therate of change of angular displacement

¢ Inotherwords, angularvelocity is the angle swept out by an objectin circular motion, per
second
 Angularvelocity is a vector quantity and is measuredinrads™
o Sinceitis avector,ithas a magnitude (angular speed) and direction

¢ Angularvelocityis calculated using:

Al
= At

e Where:
o Af=changeinangulardisplacement(radians)
o At=timeinterval(s)

e |tisrelatedtolinearspeed, v by the equation

vV=or

¢ Where:
o v=linearspeed,v(ms)
o w=angularspeed(rads)
o r=radius of orbit (m)

\(E ANGULAR VELOCITY

@

Vv

(E LINEAR VELOCITY

ANGULAR DISPLACEMENT

When an objectis inuniform circular motion, velocity constantly changes direction, but the
speedstays the same

e Takingthe angular displacement of a complete orbit orrevolution as 2mradians, the angular
velocity wan be calculated using the equation:

21

= =2nf = —
w LT: T

=il <



¢ Where:
o T=thetime period(s)
o f=frequency (Hz)

¢ This equation shows that:
o The greatertherotationangle #in a given amount of time T, the greater the angular
velocity
o Anobject travelling with the samelinearvelocity, but further from the centre of orbit
(largerr) moves with a smallerangularvelocity (smaller o)



¢) ExamTip

“ Try not to be confused by similar sounding terms like "angular velocity" and "angular
speed". Justlikeinregularlinear motion, you have linearvelocity andlinear speed:
oneis a scalar(speed) andthe otheris a vector (velocity).

In this worked example, the equation v = reis usedto calculate the linear speed. This
is fine, because vin this contextis just the magnitude of the linearvelocity (and
similarly, wis the magnitude of the angularvelocity).

Finally, you may sometimes come across wbeinglabelled as 'angular frequency’,
because of its relationship to linear frequency f as given by the alternative
equation w= 2mf. Remember, the units of warerads~!, whereas the units of fare Hz.



Deriving Equations for Centripetal Acceleration

¢ Anobject movingin uniform circular motion travels with a constantangular
velocity and angular speed
¢ However, its directionis always changing
o Therefore, its linear velocity changes, soit must be accelerating
o Thisis called a centripetal acceleration

¢ Anobjectin circularmotionis thus always accelerating
¢ This accelerationis called'centripetal' becauseitis directed toward the centre of orbit

e Toderive an equation for the magnitude of centripetal acceleration, consider an objectin
uniform circular motion between point Aand B on a circle, as shown below:

Anobjectinuniform circular motion is accelerating toward the centre of orbit, O. Between A
and B, the horizontal component of motion changes fromyv sinfto -v sin@

At AandB, by resolving the horizontal and vertical components of linear velocity v, it can be
seenthat:

o Initial vertical component of v = final vertical component of v which is v cos 6

o Initial horizontal component of vis vsiné

o Finalhorizontal component of vis -vsing

e This means the acceleration of the objectis only horizontal, given by:

_Av (- vsin®) — (vsinh) _ —2vsinf
At t - t

a

Recalling the equations forangularvelocity w=6/tand v =rw, then:

A
\1)

210
e Theobject's angulardisplacementis actually 26, therefore, the time tis givenby = T

e Therefore, substituting this into the equation foracceleration gives:



—2vsin@  —v?2sinf
a: —]
2rf 9
\%
e This equationis the acceleration of the object between points Aand B
o Tofindtheinstantaneous acceleration at an exact point on the circle, say point C,

reduce the size of the angular displacement dso it becomes infinitesimally small
o Thisis shownin theimage below:

By taking the limit of angular displacement as zero, we can derive an equation for the
instantaneous centripetal acceleration of the object at point C

Inthelimit 6> O radians
o Thevalue of sin fis approximately equalto 0

o Therefore, ~ 1 (forvery smallangles)

o Thisis known as the small angle approximation
¢ Therefore, theinstantaneous accelerationis the centripetal acceleration:

2
\%
r

e Where:
o a=centripetal acceleration (ms2)
o v=linearvelocity (ms™)
o r=radius of orbit (m)
o w=angularvelocity (rads™)

¢ Thenegative signindicates that the centripetal acceleration is directed toward the centre
of orbit

@ ExamTip

*  Thisseemslikea complicated derivation, but thereis no maths in there thatyou
haven't beenintroducedto already. Itis important you know how to use the vector
diagrams to reach the final equations forangular accelerations, understanding
every step along the way. Try and do it without the notes to help memorise and see
how faryou get!



Using Equations for Centripetal Acceleration
o Centripetalaccelerationis defined as:

The acceleration of an object towards the centre of a circle when an objectisin
motion (rotating) around a circle at a constant speed

e Itsmagnitudeis calculatedusingtheradius randlinearspeedyv:
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¢ Usingtheequationrelatingangularspeed w andlinearspeedv:
V=re

¢ Theseequations can be combined to give another form of the centripetal acceleration
equation:
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¢ This equation shows that centripetal accelerationis equal to theradius times the square of
theangularspeed
e Alternatively, rearrangeforr:
r= Y
W
e This equation can be combined with the first one to give us another form of the centripetal
acceleration equation:

¢ This equation shows how the centripetal accelerationrelates to thelinear speed andthe
angularspeed

e Where:
o a=centripetalacceleration(ms~
o v=linearspeed(ms™)
o w=angularspeed(rads™)
o r=radius of the orbit(m)
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(’) Exam Tip

¥ Makesure you understand both the derivation and how to use the equation for
centripetal acceleration. The most crucial stepis to remember the small angle
approximation, that sin #is approximately equal to #when the angleis very very
small. Try this in your calculator (in radians!) and see foryourself!



Maintaining Circular Motion

e Anobjectmovingin a circleis notin equilibrium, itis constantly changing direction
o Therefore, in orderto produce circularmotion, an objectrequires a resultant force to
actonit
o Thisresultant forceis known as the centripetal force andis what keeps an object
movingin acircle

¢ Thecentripetal force Fis defined as:

Theresultant force towards the centre of the circlerequired to keep abodyin
uniform circular motion. Itis always directed towards the centre of thebody's
rotation.

The tensionin the string provides the centripetal force F to keep the hammer in circular orbit

¢ Note: centripetal force and centripetal acceleration actin the same direction
o Thisis duetoNewton’s Second Law

¢ Thecentripetal forceis not a separate force of its own

o Itcanbeany type of force, depending on the situation, which keeps an object moving
ina circularpath



Examples of centripetal force

Situation Centripetal Force

Car travelling around | Friction between car
a roundabout tires and the road
Ball attached to a
rope moving in a Tension in the Rope
circle
Earth orbiting the L

B Gravitational Force
Sun

¢) ExamTip

¥ Makesure you are able to give examples of centripetal forces, understanding that

many types of familiar forces (e.g., gravity, electric) can act as centripetal forces.

Aclassic example that often comes upin your magnetic fields topicis the magnetic
force on a charged particle, which is always centripetal. This is because the force
acts at 90° to the charged particle's velocity, causing it to movein a circle.



Centripetal Force

e Centripetal force can be calculated using any of the following equations:
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Centripetal forceis always perpendicular to the direction of travel

e Where:

o F=centripetal force(N)
v =linearvelocity (ms™)
o w=angularspeed(rads™)
o r=radius of the orbit (m)

o

e Thecentripetal forceis theresultant force on the object movingin a circle
o Thisis particularimportant if there are multiple forces on the object, such as weight



