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Properties of Circular Motion

e Foranobjectmovingin a circle, it willhave the following properties:
o Period

Frequency

Angulardisplacement

Angularvelocity

(e}

(e}

(e}

e These properties can beinferred from the properties of objects movingin a straightline
combined with the geometry of a circle

Motionin a Straight Line

¢ When an object moves in a straight line at a constant speed its motion can be described as

follows:

o The object moves ata constantvelocity, v

Constantvelocity means zero acceleration, a
Newton's First Law of motion says the object will continue to travelin a straightline ata
constantspeedunless acted on by anotherforce
Newton's Second Law of motion says forzero acceleration that thereis nonet or
resultant force

[e]

[e]

o]

e Forexample, anice hockey puckmovingacross a flat frictionless ice rink

ICE PUCK WITH CENTRED HOOK

O - GN” /0 NN O S

ICE PUCK MOVING ON PUCK MOVING WITH
FRICTIONLESS SURFACE CONSTANT VELOCITY, v

Anicepuck movingina straightline

Motionin a Circle

e |foneendofastringwas attachedto the puck, and the otherattached to a fixed point, it
would nolongertravelin a straight line, it would begin to travelin a circle

ICE PUCK WITH CENTRED HOOK
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Thered arrows represent the velocity vectors of the puck. If the string were cut, the puck
would move offin the direction shown by the redvector, as predictedby Newton’s first law.

¢ Themotion of the puck can now be described as follows:
o Asthepuckmovesitstretches the stringalittletoalengthr
o Thestretched string applies a force to the puck pullingit so thatit moves in a circle of
radius raround the fixed point

e Theforceactsat 90°tothevelocity sothereis no force componentin the direction of
velocity
o As aresult,the magnitude of the velocity is constant
o However, the direction of the velocity changes

¢ Asitstartstomoveinacircle the tension of the string continues to pullthe puckat 90° to
the velocity
o The speeddoes notchange, hence, this is called uniform circular motion

ICE PUCK WITH CENTRED HOOK

P— @

ICE PUCK MOVING ON
FRICTIONLESS SURFACE

STRING ATTACHED FROM PUCK ‘ ,
TO FIXED POINT AT THIS POINT FIXED POINT '

STRETCHED STRING
OF LENGTH r

The applied force (tension) from the string causes the puck to move with uniform circular
motion

Time Period & Frequency

o |fthecirclehas aradiusr, then the distance through which the puck moves as it completes
onerotationis equalto the circumference of the circle = 2mr

¢ Thespeed of the puckis therefore equal to:

distance travelled _2nr
time taken ST

speed=

e Where:
o r=theradius of the circle (m)
o T=thetime period(s)

¢ Thisis the same as the time period in waves and simple harmonic motion (SHM)
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e Thefrequency, f, can be determined from the equation:

FREQUENCY (Hz)%

f=

/I
—T
° PERIOD (S)

AnglesinRadians
¢ Aradian(rad)is defined as:

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

1
i Q ARC LENGTH S
\

\ RADIUS r 1rad when S=r

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

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

circumference of circle  2nr

- = =21
radius r

¢ Usethefollowing equation to convert from degrees toradians:

e°xn 0 rad
180~ '@
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Table of common degrees toradians conversions YOURNOTES
l

Radians (rads)

Degrees (°)

360 230
33

270 >
180 JU
JU

90 >

Angular Displacement
¢ Incircularmotion, itis more convenient to measure angular displacementin units of radians

ratherthan units of degrees
¢ Angulardisplacementis defined as:

The changeinangle, inradians, of abody as it rotates around a circle

¢ This can be summarisedin equation form:

g= distance travelled around the circle B S
B radius of the circle Tor

e Where;

o Af=angulardisplacement, orangle of rotation (radians)

o S=length of the arc, orthe distance travelled around the circle (m)
o r=radius of the circle (m)

¢ Note: both distances mustbe measuredin the same units e.g. metres

1

1

i Q ARC LENGTH S
\

. s
i RADIUS Blrad = -~

Anangleinradians, subtended at the centre of acircle, is the arc length divided by the radius
of thecircle

Angular Speed

¢ Any objectrotating with a uniform circular motion has a constant speed but constantly

changingvelocity
* Itsvelocityis changingsoitis accelerating
Page 5 of 37
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o Butatthesametime,itis moving ataconstantspeed
e Theangularspeed, w, of abodyin circularmotionis defined as:
Therate of changeinangular displacement withrespect to time

» Angularspeedis a scalar quantity andis measuredinrads™'

e Theangularspeeddoes not depend on the length of theline AB
¢ Theline ABwillsweepoutanangleof 2mradinatimeT

e THE LINE AB ROTATES
o N ABOUT A THROUGH AN
0 ANGLE A

THE TIME TAKEN FOR THE
LINE AB TO ROTATE TO
S L AC IS At

The angular speedis wis the rate at which the line ABrotates

Angular Velocity

 Angularvelocity is a vector quantity andis measuredinrads™!

e Angularspeedis the magnitude of the angularvelocity

¢ Thedirection of the angularvelocity vector points along the axis of rotation but depends on
the direction of rotation

e Theangularvelocity vectorpoints in the direction a corkscrew moves when it rotates in the
same direction as the circularmotion

DIRECTION OF ANGULAR
VELOCITY VECTOR

[DIRECTION OF ROTATION |

Wrap the right hand around the axis of rotation so that the fingers are pointingin the
direction of rotation. The thumb points in the direction of the angular velocity vector
Equation Linking Linear & Angular Speed

e Theangularspeedandvelocity don’t depend on the radius of the circle
e Thelinear speeddoes depend on theradius of the circle
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e - FOR THE CIRCLE OF l
-7 RN RADIUS r
4 N _s
s E 46 = r
/// = s=rxAB
J e s _ .. A8
/ /. At At
| GENTRE OF, ARC v=rxe
I
| CRCLE A%E) By
FOR THE CIRCLE OF
\\\ \\\ AB HAS RADIUS R
3 \\?ADIUS r. A= g
kN TACHAS S © S=RxAb
RADIUSR. -~ = L
S T At At
Tt V=Rx®

The angle Afis swept outinatimeAt, but the arc lengths s and S are different and so are the
linear speeds

e Thelinearspeed,v,isrelatedtotheangularspeed, «, by the equation:

V=ro

¢ Where:
o v=linearspeed(ms™)
o r=radius of circle (m)
S wzangularspeed(rads”)

e Takingthe angulardisplacement of a complete cycle as 2, the angular speed « can be
calculatedusing the equation:

21

= =2f=—
w T T

= 1<

*9 Worked Example
o

Convert the following angular displacementinto degrees:

m
[\ 3
[
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SILER" 4 REARRANGE DEGREES TO RADIANS CONVERSION EQUATION YOURlNOTES
DEGREES —> RADIANS g x 4?0 = §RAD
180 o
RADIANS —> DEGREES 6 RAD * o =g
1
STEP 2 SUBSTITUTE VALUE [Erfrr’s WILL CANCEL OUT
J 180 _ 180° . .
- RAD i =60

*> Worked Example

o
Abird flies in a horizontal circle with an angular speed of 5.25 rad s ™' of radius 650

m.

Calculate:

1.Thelinearspeed of the bird
2.The frequency of the bird flyingin a complete circle

al SIFER* 4 LINEAR SPEED EQUATION
v=rl

STER 2 SUBSTITUTE IN VALUES
V =650 *5.25 = 34125 =340 ms? (3 s.f)

b) STEP 1 ANGULAR SPEED WITH FREQUENCY EQUATION
w=2Nf

STEP 2 REARRANGE FOR FREQUENCY
e
23

STEP 3 SUBSTITUTE IN VALUES
S

f23T

= 0.83556... = 0.836 Hz (3 s.f.)

Il
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You will notice your calculator has a degree (Deg) andradians (Rad) modeThis is
shown by the “D” or “R” highlighted at the top of the screenRemember to make sure
it'sintheright mode when using trigonometric functions (sin, cos, tan) depending
onwhetherthe answeris required in degrees orradianslt is extremely common for
students to get the wrong answer (andlose marks) because their calculatoris in the
wrong mode - make sure this doesn’t happen to you!

o CURRENTLY IN DEGREES MODE

1. CLICK SHIFT s e » 2. CLICK SET UP

1: MATH 10 2: LINE IO
3: DEG 4: RAD <
Etec...

3. CLICK 4
TO SELECT RAD

4. CHANGED TO
RADIANS MODE
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Centripetal Force

¢ Anobjectmovingin a circleis notin equilibrium, it has a resultant force actingupon it
o Thisis known as the centripetal force andis what keeps the object movingin a circle

e Thecentripetal force (F) is defined as:

Theresultant force perpendicular to the velocity, and therefore directed towards
the centre of the circle, required to keep abody in uniform circular motion
¢ Themagnitude of the centripetal force F can be calculated using:

mv2

F= T=mrm2=mvw

CENTRIPETAL
FORCE F

k& ANGULAR SPEED |

RADIUS o

Centripetal forceis always perpendicular to the linear velocity (i.e., the direction of travel)

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

* 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
e |tcanbeany type of force, depending on the situation, which keeps an object movingina
circularpath
o Forexample, tension, friction, gravitational, electrical ormagnetic
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Examples of centripetal force

Situation Centripetal force
Car travelling around Friction between car tyres
a roundabout and the road

Ball attached to a rope Tension in the rope
moving in a circle

Earth orbiting the Sun Gravitational force

When solving circularmotion problems involving one of these forces, the equation for
centripetal force can be equatedto therelevant force equation

Forexample, fora charged particle travellingin a circle, the centripetal force causing the
charged particle to movein a circleis provided by the magnetic force

Therefore, equating the expressions for centripetal force and magnetic force gives the
following:

Where:

o B=magnetic field strength (T)
q =charge on the particle (C)
o m=mass of the particle (kg)
o v=speedoftheparticle(ms™)
r=radius of orbit (m)

(e}

]

> Worked Example

Abucket of mass 8.0 kgis filled with wateris attached to a string of length 0.5
m.Whatis the minimum speed the bucket must have at the top of the circle sono
water spills out?

- ~
// A
\
j 05m \
| I
\ /
\ /
AN s/
~ -~

Step 1: Draw the forces on the bucket at the top
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Step 2: Calculate the centripetal force

o Theweight of the bucket=mg
o Thisis equaltothe centripetal force sinceitis directed towards the centre of the circle

Step 3: Rearrange for velocity v

o mcancels from both sides

v =.or

Step 4: Substituteinvalues

V =+4981 x05=221 ms?
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Centripetal Acceleration

e Foranobjectmovingina circle:
o Theaccelerationis towards the centre of the circle
o Themagnitude of the centripetal acceleration ais:

2
a= T
e Where;
o a=centripetalacceleration(m s72)
o v=linearspeed(ms™)
o r=radius of orbit (m)

¢ Uniform circularmotion is continuously changing direction, and therefore is constantly
changing velocity
o The object must therefore be accelerating

This is called the centripetal acceleration

Direction of the Centripetal Acceleration

e Thecentripetal accelerationis perpendicular to the direction of the linear velocity
o Centripetal means it acts towards the centre of the circular path

Va

ADDING VELOCITIES
TIP TO TAIL GIVES
vt Av=v,

Slide aruler parallel to Av towards the circle. Midway between A and B, Av points towards
the centre of the circle. This is the same direction as the centripetal acceleration

¢ |fan objectmoves through a section of a circle during some time At
¢ Thechangeinvelocity during this timeis Av
e Thecentripetal accelerationis Av (a vector) divided by At (a scalar)
o The centripetal acceleration points in the same direction as the changein velocity Av

e Thecentripetal accelerationis caused by a centripetal force of constant magnitude that
also acts perpendicular to the direction of motion (towards the centre)
¢ Thereis no component of the centripetal force in the direction of the velocity
o Therefore, thereis no accelerationin the direction of the velocity
o Hence, thereis uniform motion at constant speed

e Therefore, the centripetal acceleration and force actin the same direction

Magnitude of the Centripetal Acceleration
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¢ Inthediagram above notice how the angle A8 is defined in terms of the arc length vAt and YOURNOTES
theradiusr l

e visthemagnitude of viand v,

¢ Notes for deriving the equation for centripetal acceleration:

Thevectortriangle should be formed so that Avis horizontal

The velocity vectors v should be of the same length

Hence, theverticalline bisects the angle Aand the vector Av

o Usetrigonometry forone of the small triangles

The small-angle approximation requires that the angles areinradians

The two equations for Aflead to the magnitude of the centripetal acceleration

o]

o

o

(e}

o

[ FOR EITHER SMALL TRIANGLE |

s AB)_Av/2
"2 v

[ FOR SMALL ANGLES IN RADIANS |

sinfx0 SO A79= av/2]

v

po=2Y

v

BUT A =@

| PUTTING TWO EQUATIONS TOGETHER GIVES

Av _vAt

v r

v2
r

’ MAGNITUDE OF ACCELERATION TOWARDS THE CENTRE, a= 2—: =

Deriving the equation for the magnitude of the centripetal acceleration

¢ Thisleads to the equation for centripetal acceleration:

2

a=—
r

¢ Usingtheequationrelatingangularspeed w andlinearspeedv;
V=re

¢ Theseequations canbe combinedto give anotherform of the centripetal acceleration

equation:
.- (rw)®
r
a=rw
¢ Where:

o a=centripetalacceleration (ms=2)
o v=linearspeed(ms™)

o w=angularspeed(rads)

o r=radius of the orbit (m)

¢ Uniform centripetal accelerationis definedas:
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The acceleration of an object towards the centre of a circle when an objectisin YOURNOTES
motion (rotating) around a circle at a constant speed 1

\/ < UNEAR SPEED |

CENTRIPETAL

ACCELERATION %_&q

NE ANGULAR SPEED |

RADIUS @

Centripetal accelerationis always directed toward the centre of the circle andis
perpendicular to the object’s velocity

*> Worked Example
[
A domestic washing machine has a spin cycle of 1200 rpm (revolutions per minute)
andadiameterof 50 cm.

Calculate the centripetal acceleration experienced by the washing during the spin
cycle.

Step 1: List the known quantities
o Radiusofthedrum,r="%2x50cm=25cm
Step 2: Convert therevolutions per minute to revolutions per second
1200 +60=20revs™
Step 3: Convertrevolutions per second to angular speed inradians per second
Trevs'=2mrads™
20revs'=40mrads = o
Step 4: Write the equation linking centripetal acceleration and angular speed
a=ro
Step 5: Calculate the centripetal acceleration
a=(25x1072) x (40m)?
Step 6: State the final answer

a=3900ms-2(2s.f.)
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Aballtiedto a stringis rotatingin a horizontal circle with aradius of .5 mandan

angularspeedof3.5rads™,

Calculateits centripetal acceleration if the radius was twice as large and angular
speedwas twice as fast.

STEP 1 ANGULAR ACCELERATION EQUATION WITH ANGULAR SPEED
a=ru

STEP 2 CHANGE IN ANGULAR ACCELERATION WITH TWICE THE
RADIUS AND ANGULAR SPEED

a=(20) % (20)%= 2r x 402 = 8res?

THE CENTRIPETAL ACCELERATION WILL BE B8x BIGGER

STEP 3 | SUBSTITUTE IN VALUES OF RADIUS AND ANGULAR SPEED
a=8re®=8x15 x 3.5 = 147 ms=2

(f) Exam Tip

The key takeaways foran object movingin a circle are:

¢ The magnitude of the velocity vector does not change
¢ Thedirection of the velocity vector does change
¢ Therefore, thereis an acceleration despite the speed not changing
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Applications of Circular Motion

Horizontal Circular Motion

An example of horizontal circular motion is a vehicle drivingon a curvedroad
The forces acting on the vehicle are:

o Thefrictionbetween the tyres andtheroad

o The weight of the vehicle downwards

In this case, the centripetal force required to make this turn is provided by the frictional
force
o Thisis because the force of friction acts towards the centre of the circular path

Since the centripetal forceis provided by the force of friction, the following equation can be
written:

mv2
——um
" umg
Where:
o m=mass of the vehicle (kg)
o v=speedofthevehicle(ms)
o r=radius of the circularpath (m)
o p=static coefficient of friction
o g=acceleration dueto gravity (ms=2)
Rearranging this equation forv gives:
vZ=ugr

Vmax = \VHgr

This expression gives the maximum speed at which the vehicle can travel around the curved
road without skidding
o Ifthe speed exceeds this, then the vehicleis likely to skid
o Thisis because the centripetal force required to keep the carin a circular path could
not be provided by friction, as it would be too large
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FRICTIONAL
FORCE

e -

e Therefore, in order fora vehicle to avoid skidding on a curved road of radius r, its speed must
satisfy the equation

vV < \Jugr
Banking

e Abankedroad, ortrack, is a curved surface where the outeredgeis raised higherthan the
inneredge

o Thepurpose of this is to makeit safer forvehicles to travel on the curvedroad, or track,
atareasonable speed without skidding

* When aroadis banked, the centripetal force no longer depends on the friction between the
tyres andtheroad

¢ Instead, the centripetal force depends solely on the normal force and the weight of the
vehicle
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REACTION
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FRICTION CENTRIPETAL
FORCE

WEIGHT

Vertical Circular Motion

¢ Anexample of vertical circularmotion is swinging a ball on a stringin a vertical circle
e Theforces actingontheball are:

o Thetensioninthestring

o The weight of the ball downwards

¢ Astheballmoves aroundthe circle, the direction of the tension will change continuously
¢ Themagnitude of the tension willalso vary continuously, reaching a maximumyvalue at the
bottom anda minimumyvalue at the top
o Thisis because the direction of the weight of the ballnever changes, so theresultant
force willvary depending on the position of the ballin the circle
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Tun VMG

MG MG

MG

At the bottom of the circle, the tension must overcome the weight, this can be written as:

mv?2
Tmax = v —+mg

¢ Asaresult,theacceleration,and hence, the speed of the ball will be slower at the top
Atthe top of the circle, the tension and weight actin the same direction, this can be written
as:

mV2
Tmin = T - mg

As aresult, the acceleration, andhence, the speed of the ball will be faster at the bottom

(") Exam Tip

You do not need to know the mathematics of banking but you may be required to
explain the principles unpinningit, so make sure you understandiit!
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Newton's Law of Gravitation

e Thegravitational force between two bodies outside a uniform field, e.g. between the Earth
andthe Sun, is defined by Newton’s Law of Gravitation
o Recallthat the mass of a uniform sphere can be considered to be a point mass atits
centre

¢ Newton’s Law of Gravitation states that:

The gravitational force between two point masses is proportional to the product of
the masses and inversely proportional to the square of their separation

¢ Inequation form, this can be written as:

Mm
F=G—3~
T
.
< e
I~ i
] |
I |
I |
I
I I
i 2 7
I N <& I
=l ~ -
m2

My

The gravitational force between two masses outside a uniform field is definedby Newton’s
Law of Gravitation

e Where:
o F=gravitational force between twomasses (N)
o G=Newton's Gravitational Constant
o mandM =two points masses (kg) (These are sometimes labelled m;and my)
o r=distance between the centre of the two masses (m)

¢ Although planets are not point masses, their separationis much larger than theirradius
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o Therefore, Newton’s law of gravitation applies to planets orbiting the Sun YOURNOTES

e Thel/r?relationis called the ‘inverse square law’ i
e This means thatwhen a mass is twice as faraway from another, its force due to gravity
reduces by (V2)2="4

*> Worked Example

L . . . o '
Asatellite with mass 6500 kgis orbiting the Earth at 2000 km above the Earth's
surface. The gravitational force between themis 37 kN.

Calculate the mass of the Earth. (Radius of the Earth =6400 km)
SIFER 1 NEWTON’S LAW OF GRAVITATION
Gm,m,
FG= r2
m, IS THE MASS OF THE SATELLZE)F THESE CAN BE
m, IS THE MASS OF THE EARTH A e
STEP 2 REARRANGE FOR m, (MASS OF EARTH)
R
= mz
Gm,
STEP 3 CALCULATE THE DISTANCE r
r IS THE DISTANCE BETWEEN THE CENTRE OF THE EARTH
AND SATELLITE
r=DISTANCE OF SATELLITE ABOVE THE SURFACE + RADIUS
OF THE EARTH
2000 km SATELLITE
6400 km
EARTH
r = 2000 + 6400 = 8400 km = 8400 x10°m
STEP 4 SUBSTITUTE IN VALUES o 37 kN
: 3,2 403
NEWTON’S L _)M" IO 600 g (2t
GRAVITATIONAL 6.67x10 " x 6500
CONSTANT J
@ ExamTip
w

Acommon mistakein exams is to forget to add together the distance from the
surface of the planet andits radius to obtain the value of r. The distanceris
measured from the centre of the mass, which is from the centre of the planet.
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Circular Orbits

Since most planets andsatellites have a near circular orbit, the gravitational force Fg
between the sun oranother planet provides the centripetal force needed to stay in an orbit
Both the gravitational force and centripetal force are perpendicular to the direction of
travel of the planet

Consider a satellite with mass m orbiting Earth with mass M at a distance rfrom the centre
travelling with linear speedv

Fe=Fcirc
Equating the gravitational force to the centripetal force for a planet or satellite in orbit gives:

GMm mv?

re r

The mass of the satellite m will cancel out on both sides to give:

.
Where:

o v=linearspeed of the mass in orbit (ms™)
G=Newton's Gravitational Constant
o M=mass of the object being orbited (kg)
r=orbitalradius (m)

o

o]

This means that all satellites, whatever theirmass, will travel atthe same speedvina
particularorbitradius r

Recallthat since the direction of a planet orbitingin circular motion is constantly changing,
ithas centripetal acceleration

Z—@_ENEAR SPEED ]

CENTRIPETAL FORCE
TOWARDS THE CENTRE
OF EARTH

————

P N\ ORBIT OF SATELLITE
/ \

! \
] \
I |
|
" GRAVITATIONAL FORCE
\ o TOWARDS THE CENTRE
3 OF THE EARTH

\

\
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Asatellitein orbit around the Earth travels in circular motion

Time Period & Orbital Radius Relation

¢ Sinceaplanetora satelliteis travelling in circular motion when in order, its orbital time
period T to travel the circumference of the orbit 2mr, the linear speedvis:

¢ Thisis aresult of thewell-known equation, speed =distance /time and firstintroducedin
the circular motion topic

¢ Substitutingthe value of thelinear speed v from equating the gravitational and centripetal
forceinto the above equation gives:

2_@)2_%
ViE\T) T

 Squaring out the brackets and rearranging for T2 gives the equation relating the time
period T and orbitalradiusr;

4m2r3
GM

e Where;
o T=time period of the orbit (s)
o r=orbitalradius (m)
o G=Newton's Gravitational Constant
o M=mass of the object being orbited (kg)

e Theequation shows that the orbital period T is related to theradius r of the orbit. This is also
known as Kepler’s third law:

For planets or satellites in a circular orbit about the same central body, the square
of the time period is proportional to the cube of the radius of the orbit

o Kepler’'s thirdlaw can be summarised as:
T o

Graphical Representation of T2« r3

e Therelationship between Tandrcan be shown using a logarithmic plot

e Plottingof Tinyears againstrin AU (astronomical units) (for the planets in our solar system)
on alogpaperortakinglogs and plotting on regular graph paperis a straight-line graph:

e The graph does not go through the origin sinceithas a negative y-intercept
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Maths Tip

¢ The « symbolmeans ‘proportional to’
¢ Find out more about proportionalrelationships between two variables in the “proportional
relationships ” section of the A Level Maths revision notes

*> Worked Example

L . L .
Abinary starsystem constant of two stars orbiting about a fixed point B.The star of

mass Mjhas a circular orbit of radius Rjand mass My has aradius of Ro. Both have
linearspeedvandanangularspeed v aboutB.

State the following formula, in terms of G, Mo, Rjand R»
(i) The angularspeed w of M;

(i) The time period T foreach starin terms of angular speed »
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(i) The angular speed w of M, YOURNOTES
!
Step 1: Equate the centripetal force to the gravitational force
M:Ruw? = GM1 M,
TR R
Step 2: M, cancels on both sides
Rz e GM»
T R+RY?
Step 3: Rearrange for angular velocity w
L GM;
“ TRIRR)?

Step 4: Square root both sides

_|__GM2
@ = JRIR +R,)?

(ii) The time period T for each star in terms of angular speed w

Step 1: Write down the angular speed w equation with time period T

_gn
.
Step 2: Rearrange for T
2n
T==
w

Step 3: Substitute in w from part (i)

GM» R1(R1+R2)?
T=2m+ _— = 21 T
Rl(R1+R2)2 GM2
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. YOURNOTES
(’) Exam Tip .
* Many of the calculations in the Gravitation questions depend on the equations for
circularmotion. Be sure torevisit these and understand how to use them!You will be
expected to remember the derivation for T2 « r3 relation, so make sure you
understand each step
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Gravitational Field Strength

¢ Thereis auniversalforce of attraction between allmatter with mass
o This forceis known as the ‘force due to gravity’ orthe weight

¢ TheEarth’s gravitational fieldis responsible for the weight of all objects on Earth
¢ Agravitational fieldis defined as:

Aregion of space where atest mass experiences a force due to the gravitational
attraction of another mass

e Thedirection of the gravitational fieldis always towards the centre of the mass causing the
field
o Gravitational forces cannot be repulsive

¢ Gravity has aninfiniterange, meaningit affects all objects in the universe
o Thereis a greater gravitational force around objects with a large mass (such as
planets)
o Thereis a smaller gravitational force around objects with a small mass (almost
negligible foratoms)

\f/

EARTH’S

S S S AN S S S S S/ [ SURFACE

GRAVITATIONAL ATTRACTIVE
F FORCE DUE TO EARTH’S
GRAVITATIONAL FIELD

The Earth's gravitational field produces an attractive force. The force of gravity is always
attractive

¢ The gravitationalfield strength at a pointis defined as:
The force perunit mass experienced by a test mass at that point

e This can be written in equation form as:
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(e}
I
=8

e Where;
o g=gravitational field strength (N kg™
o F=forcedueto gravity, orweight (N)
o m=mass of testmassinthe field (kg)

¢ This equation shows that:
o Onplanets with alarge value of g, the gravitational force perunit mass is greater than
on planets with a smallervalue of g

¢ Anobject's massremains the same at all points in space
o However, on planets such as Jupiter, the weight of an object willbe greaterthanon a
less massive planet, such as Earth
o This means the gravitational force would be so high that humans, forexample, would
not be unable tofully standup

A BODY ON EARTH HAS A
MUCH SMALLER FORCE PER
UNIT MASS THAN ON JUPITER

THIS MEANS A BODY WILL HAVE
A MUCH GREATER WEIGHT ON
JUPITER THAN ON EARTH

J{F
EARTH JUPITER
g = 9.81 Nkg~ g =25 Nkg~*

Aperson’s weight on Jupiter would be so large that a human would be unable to fully stand
up

e Factors that affect the gravitational field strength at the surface of a planet are:
o Theradius r(ordiameter) of the planet
o Themass M (ordensity) of the planet

¢ This canbe shown by equating the equation F =mgwith Newton's law of gravitation:

GMm
==
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Substituting the force Fwith the gravitational force mgleads to:

GMm
r2

Cancellingthe mass of the test mass, m, leads to the equation:

GM

r2

o M=mass of the body causing the field (kg)
o r=distance fromthe mass where you are calculating the field strength (m)

¢ This equation shows that:

o The gravitational field strength g depends only on the mass of the body M causing the

field

o Hence, objects with any mass min that field will experience the same gravitational

field strength

o The gravitational field strength gisinversely proportional to the square of the radial

distance, r?

) Worked Example

Calculate the mass of an object with weight 10 N on Earth.

SIHER: 4

SIFEP .2

STEP 3

*> Worked Example

GRAVITATIONAL FIELD STRENGTH EQUATION

REARRANGE FOR MASS m

SUBSTITUTE IN VALUES

W;mo kg

g ON EARTH

The mean density of the Moonis 3/5 times the mean density of the Earth. The
gravitational field strength on the Moon is 1/6 of the value on Earth.

Determine theratio of the Moon's radius ry and the Earth's radius re.
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Step 1: Write down the known quantities

_ 3
pM_EpE
1
QMZEQE

gwm = gravitational field strength on the Moon, p,, = mean density of the Moon
ge = gravitational field strength on the Earth, p. = mean density of the Earth

Step 2: The volumes of the Earth and Moon are equal to the volume of a sphere

==nr

3

Step 3: Write the density equation and rearrange for mass M

M
Y
M = pV

Step 4: Write the gravitational field strength equation

GM
==
Step 5: Substitute M in terms of p and V
GpV
g= 2

Step 6: Substitute the volume of a sphere equation for V, and simplify

Gpdnr3  Gp4nr
32 3

g

Step 7: Find the ratio of the gravitational field strength

gy GPuATm . Gpgdrnrg _PuM

Step 8: Rearrange and calculate the ratio of the Moon'’s radius ry and the Earth’s
radius re

1
™ PEdy pE(ggE)|
S U
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'E PMY =
MHE  5PpOE YOURNOTES
l

=

X

wlum

5
=18 " 0.28 (2 s.f)

|-

(’) Exam Tip

Thereis a big difference between gand G (sometimes referred to as ‘little g’ and ‘big
G’ respectively), gis the gravitational field strength and Gis Newton'’s gravitational
constant. Make sure not to use these interchangeably! Remember the equation
density p=mass m +volume V, which may come in handy with some calculations
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Resultant Gravitational Field Strength YOURNOTES

e Inasimilarway to othervectors, such as force orvelocity, the gravitational field strength {
due to two bodies can be determined
o Thisis because gravitational field strengthis a vector, meaningit has both a magnitude
anddirection

¢ Theresultant gravitational field strengthiis, therefore, the vector sum of the gravitational
field strength due to each body

*> Worked Example

° . .- . .
Aplanetis equidistant from two stars in a binary system. Each starhas a mass of

5.0 x103%kgandthe planetis at a distance of 3.0 x 102 m from each
star. Calculate the magnitude of theresultant gravitational field strength at the
position of the planet.

PLANET

o

STAR STAR

Step 1: List the known quantities

o Massofonestar,M=5.0 x103%kg
o Distance between one starandtheplanet,r=3.0 x10?m
o Angle between the gravitational field strength and the planet, 6 = 42°

Step 2: Write out the equation for gravitational field strength

GM
9="3

Step 3: Calculate the gravitational field strength due to one star

(6.67 x 10‘11) x (5.0 x 1039

g = 3
(3.0 x 1012

g=3.7x105Nkg"!
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Step 4: Resolve the vectors vertically YOURNOTES
l

cosh = ad_ja.cent

h:jfot,cr\use.

s'\n e = OFPDSite
hjpetgnust

o Thevertical component of each vectoris g cos 42°

Step 5: Use vector addition to determine theresultant gravitational field strength

Oresultant =9 C0S 42° +gcos 42° =2gcos 42°
Jresultant =2 x (3.7 x 107%) x cos 42°
Jresultant =55 x 102N kg‘1
(") ExamTip
-

Don't worry, for calculation questions involving resultant gravitational field strength
- only two bodies along a straight line will be tested!
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