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Equations of Motion

¢ Thekinematic equations of motion are a set of fourequations which can describe any
object moving with constant acceleration
They are oftenreferred to as the 'suvat' equations due to the variables they include
¢ Theseare:
o s=displacement(m)
o u=initial velocity (ms™)
o v=finalvelocity (ms™)
o a=acceleration(ms?)
o t=timeinterval(s)

The four SUVAT equations are:

SUMMARY

v=u+at s=ut + dat’
2
S=W2Lu)t v2=u? + 2as

e Theseareallgivenonthedatasheet
¢ Allthevariables, apartfrom timet, are vector quantities
o This means they can either be positive ornegative depending on their direction

Mastering the SUVAT Equations

e The SUVAT equations are always used when acceleration is constant, but not zero

e Thisisindicatedin questions by
o Anexplicit statement that an objectis 'constantly accelerating' or 'constantly
decelerating', orwords to that effect
o Adescription of an objectin freefallwhere either 'airresistance canbeignored' or 'air
resistanceis negligible'
o Astatementthatanaccelerating ordecelerating forceis constant, since F=ma,
constantforce > constant acceleration

¢ Questions may appear to be missing some information, this should be checked before
startingto calculate

o Objectsin motion often start orend atrest, making eitheru orv =zero

o Objectsinfreefallhave a constant acceleration of 9.81ms—2

o Whenan objectis slowing down it has a negative value foracceleration, this mustbe
included in the calculation

o Objects thrown orshotupwards also have negative acceleration (since they are
slowing down as they ascend) andreach a final velocity of zero at the top of their



path

*> Worked Example

Apilotis landing a smallaircraft. The airstripis only 450 mlong and the aircraft
decelerates from40 ms~'ataconstantrateof 2ms=2.

Determineif the plane will stop before it reaches the end of the runway.

Step 1: List the known values

o

Length of therunway, sp2x =450 m (this is the maximum value of displacement)
Initial velocity,u=40ms™!

Final velocity, v= 0 m s~ (since the plane will stop)
Acceleration,a=-2ms=2(the negative sign indicates slowing down)

(e}

(e}

[e]

Step 2: Identify the missing values (the unknown answer and the one not given)

o Known quantities:u,vanda
o Unknown quantity: displacement, s
o Time, tis notrequiredin this question

Step 3: Choose the correct SUVAT equation and rearrange it
o The SUVAT equation which contains u, v,a ands and omits tis:
v2=u?+2as
o Rearrangetomakes the subject:

V2 — 12

§=—F
2a

Step 4: Substitute the values into the equationand calculate s

02-40

s
Step 5: Write the full answer to the question
o Theplanestops after400 m, which is 50 m before the end of the runway

o Note: In this solution, the negative value produced by v2 - u?is cancelled out by the
negative value foracceleration, giving a positive value for displacement



*> Worked Example
[

Arocketislaunchedvertically, using motors which give it a constant vertical
acceleration of 6.5 ms=2for 30 s before switching off.
At the point when the motors switch off, calculate:

a) Thevelocity of therocket

b) Theheight of therocket above the launchpad

Part(a)
Step 1: List the known values

o Initialvelocity,u=0ms™

o Acceleration, a = 6.5 ms~2(the positive signindicates the speedis increasing due to
the motor)

o Time, t=30s

Step 2: Identify the missing values (the unknown answer and the one not given)

o Known quantities:u, a, t
o Unknown quantity: final velocity, v
o Displacement, s, is notrequiredin this question

Step 3: Choose the correct SUVAT equation
o The SUVAT equation which omits displacement, s, is:
v=u+at
Step 4: Substitute the values into the equation and calculate
v=0+(65%x30)=195ms™"
Step 5: Write the full answer to the question, taking care to check significant figures
o Thefinalvelocity,v,at30 sis 200 ms~'(25s.f)
Part (b)

Step 1: List the known values

[e]

Initial velocity,u=0ms™
Acceleration,a=6.5ms™2
Time, t=30s
Finalvelocity,v=195ms™"

o

o]

(e}

Step 2: Identify the missing values (the unknown answer and the one not given)

o Known quantities: u, a, t,and v (from part a)
o Unknown quantity: final displacement, s



o Allthe SUVAT values are availablein this case, but since vwas calculated, first look for
an equationthatdoesn'tuseit (in case of mistakes)

Step 3: Choose the correct SUVAT equation

o The SUVAT equation which omits velocity is:

s=ut+—at?
2

Step 4: Substitute the values into the equation and calculate s
1
s=(0x30)+ 3(6.5 x30%)=2925m

Step 5: Write the full answer to the question, taking care to check significant figures

o Theheight, s, above thelaunchpadis 2900 m(2s.f)

(') ExamTip

¥ SUVAT questions are popular with examiners, who will find all sorts of ways to set
these problems. The trick is practice.

Learn the four equations (even though you are given them) so that you can easily
pick the one you need. With lots of practice you will see that often the problem can
be simplified, especially when the initial or final velocity is zero.

Finally, never cut corners with these solutions! It's common for questions to have 5-
6 marks available foralong calculation. Yourjobis to write down every step so that
the examiner can award marks foras many elements of youranswer as possible.



Motion Graphs

e Threetypes of graph thatare used to represent motion are displacement-time graphs,
velocity-time graphs and acceleration-time graphs

e Graphs arenamed 'y-axis - x-axis', so 'displacement-time' simply means 'displacement on
the y-axis andtime on the x-axis'

e Graphs of motion can be thought of as telling a story of something which has happenedin
therealworld, such as
o thetime, direction and average speed of ajourney to school
o initialandfinalvelocity and acceleration as a rocket takes off from the launchpad
o movementandspeedinvarious directions as an athlete takes partin an event

 Interpreting graphs means usingthe slope of the line, or the area under the line to find
information about that 'story’

e Drawing graphs is a skillwhere careful planning, plotting andline drawing from some data
yields furtherinformation from aninvestigation

Displacement-Time

¢ Onadisplacement-time graph;
o Slopeequals velocity

= Astraight (diagonal) sloperepresents a constant velocity

= Acurved sloperepresents an acceleration
Apositive sloperepresents motion in the positive direction
Anegative sloperepresents motionin the negative direction
Azero slope (horizontalline) represents a state of rest
The areaunderthe curveis meaningless

]

o]

(e}

(e}
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Velocity-Time

¢ Onavelocity-timegraph...
o Slopeequals acceleration
= Astraightlinerepresents uniformacceleration

= Acurved linerepresents non-uniformacceleration
Apositive sloperepresents anincrease in velocity in the positive direction
Anegative sloperepresents anincreasein velocity in the negative direction
azero slope (horizontal line) represents motion with constant velocity
The areaunderthe curve equals the displacement or distance travelled

]

o]

(e}

(e}
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Acceleration-Time

¢ Onanacceleration-time graph...
e Azeroslope (horizontalline) represents an object undergoing constant acceleration
e Theareaunderthe curve equals the changeinvelocity
e Thesteepness of the slopeis meaningless
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TIME /s
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Howdisplacement, velocity and acceleration graphs relate to each other

Drawing Graphs

e Drawingagoodgraphis animportant skill




e Goodgraphs have the following:
o Each axis has two labels; the name of the variable and the unit (and may include a
multiplier, for example, m x 1079
o Values on the axes are evenly spaced, with the same number of divisions foreach

*QUANTITY/UNIT

amount

DISTANCE/m
3

(e}

25
20
15
10 -
5 -

O T T T T T T T
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 TIME/s

VALUES EVENLY SPACED
QUANTITY/UNIT

The axes start at the origin only when this fits the data or the relationship being

graphedis directly proportional or when specified in the question

o

o]

Increments on the scale are in multiples of 2, 5 and 10 but never multiples of 3.
Therange of values being plotted takes up the length of the axis, so that the plotted

line takes up most of the space on the graph

(e}

(e}

Plots are accurate to within half a small square
Plots and curves are drawn with sharp pencil so that they are narrow (don't take up

more than half a small square)

DISTANCE/m
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0
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%
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X
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o Lines of bestfitmatch the data, so thatlines go through as many of the plots as
possible (ignoring outliers) with the remainder evenly spaced above and below the line



DISTANCE/m
30 4

25 - /
X
20 ®
15 /
10 4 \ LINE OF BEST FIT
AVERAGES THE PLOTS

5 <

0 T T T T T T T
0O 1.0 2.0 3.0 4.0 5.0 6.0 7.0 TIME/s

*) Worked Example
H

Arunneris practicing short sprints between two markers. A displacement-time
graph showing part of theirtrainingis shown.

DISPLACEMENT
/ m
50 o
40 - /—\
30 A
20 A

10 A

0 T T T T T T T
0 2 4 6 8 10 12 14 TIME /s

(a) Findthe distance between the markers

(b) Determinethe speed of therunnerat the fastest part of their sprint

Part(a)
Step 1: Determine the direction of motion fromthe graph
o Initially displacementincreases from0-50m
o This represents the sprinterrunning away from the starting position
o Secondly displacementdecreases from50-0m
o This represents the sprinterreturning towards the starting position
Step 2: Identify the sprinter's turning point on the graph
o Thedistance between the markers is from O - turning around point

o Thisis 50 m from the start point



Step 3: Write the correct answer

Distance betweenthe markers =50 m

Part (b)

Step 1: Identify the part of the graph that represents the velocity

]

The graph shows displacement againsttime
Velocity is equal to:

o]

displacement

Velocity = e

(e}

Therefore, the slope of the displacement-time graph gives velocity
Displacement x time (area under the graph) is not a physical quantity

[e]

Step 2: Identify the steepest section of the graph

o Selectthesection onthe graph where the slopeis the steepest
= Thisrepresents the fastest velocity
o Clearly mark two points on this line which are as farapart as possible

DISPLACEMENT

/m 50
45m

40 A
30 -+
20 7

(0,0) 6s

O / T T T T T hd
\J
0 2 4 6 8 10 12 14 TIME/s

Step 3: Use the coordinates from the graph to calculate the slope

increaseiny 45
———————— = — =75ms"’

slope = - ; =
P increase in x 6

Step 4: Write down the answer to the correct number of significant figures

The sprinter's fastest speed=7.5ms"!



*> Worked Example

Motion has been plotted on a displacement-time graph.

DISPLACEMENT

/m
50 J

40 A
30 A
20 A1

10 A A

O T T T T T hd
0 10 20 30 40 50 60 TIME/s

Sketch a velocity-time graph for this motion. Include values and show your
calculations.

Step 1: Calculate each stage:
PartA
Step 1: Determine the time interval
TimefromO-10s

Step 2: Calculate the velocity by finding the gradient

PartB
Step1: Determine the timeinterval
Timefrom10-30s
Step 2: Calculate the velocity by finding the gradient
Gradient = O (horizontal line), velocity =0 m s~
PartC
Step 1: Determine the timeinterval
Timefrom30-40s

Step 2: Calculate the velocity by finding the gradient



_ ﬂ 50 — 20
Gradient = Ax =—40 ~30 =3ms

-1
PartD
Step1: Determine the timeinterval

Timefrom40-60s

Step 2: Calculate the velocity by finding the gradient

Step 2: Use the calculated values to sketch a graph

VELOCITY / ms™
3 -
A C
2 —‘
1 4
0 B
0O 1 20 30 40 50 60 TIME/s

_/] .
) d D
_3-

¢) ExamTip

w q

Interpreting Graphs

It's common fora question to ask you to solve something 'using a graphical
method'. This just means 'by finding youransweron a graph'.

In AS Physics most (but not all) graphs will be a straight line, meaning they follow the
equationy =mx+c

This means that the 'graphicalmethod' questionis asking you tolook at the
gradient, or the area under theline. Once you are securein finding these then graph
questions willbecome much easier!

Drawing Graphs

Awell-drawn graph will net you four or five quick and easy marks IF you have
practiced the skill.

Common mistakes are starting at the origin when thereis no need(so theline takes
up less than half of the page) and trying to work with a scale that goes in multiples of
three (makingit hardto get the plotting right).



Slope & Area of Motion Graphs
Slope & Area of Motion Graphs

e Threetypes of graph that are usedto represent motion are displacement-time graphs,
velocity-time graphs and acceleration-time graphs

e Tointerpret these find eitherthe slope orthe area

changeiny

¢ Slopeis foundusing siope = , which can berelated to any similaralgebraic

change in x

. . d
relationship, forexample, v = -

o Theslope of a distance-time graph will equal velocity

¢ Areais foundusingarea =changeiny x changeinx, which can berelated to any similar
algebraic relationship, forexample, velocity x time =distance
o Theareaundera velocity-time graph willequal distance

Finding Slope of a Straight Line
e Theslope of alineis found using the formula:

I rise
slope=—"
P run

e Thisis alsowritten:

increase in y
slope= —————
increase in x
¢ Tofindtheslope;

o |ldentify two points as far apart as possible which intercept with the grid of the graph

paper

\

Q

\ELINE AND GRID INTERSECT |

o Thepoints mustbe onthelineitself, not the furthest apart plots
o Clearly mark the points chosen



o Findthe co-ordinates of the two points
o Calculateto findtheslope

increase in y (26 — 8.5)

increase in x - (6.6 — 1.0) =3.125

DISTANCE/m
30

26
52 (6.6, 26)

20

(1.0,8.5)

0 T T T T T T
o 10 20 3.0 40 50 6.0 6670 TIME/s

Usethevalues on the axes of the graph (orin the data) to identify the correct significant
figures
¢ Usetheunits tofind the correct units, which also equal

units of y

units of slope=——F"—"""—
P units of x

e Onthis graph allvalues are to 2 significant figures,
e Thereforeslope=3.1ms™
Finding the AreaUnderthe Line

e Theareaunderneath alinerepresents the x axis multiplied by the y axis.

e Forexample,if velocity is plotted on the y-axis and time is on the x-axis, then
o area=velocity xtime =distance

¢ Whentheareais arectangle oratriangleitis easy tofind by calculating

area of rectangle = base x height

area of atriangle =2 base x height



VELOCITY

(ms=) 50 1 /

40 A

301 VFI OCITY x TIME = DISTANCE

20 A

l]

10 1 0
AREA = - BASE

x HEIGHT

T T T T
20 40 60 80 100 TIME/s

To find the area under a straight-line graph treat is as any rectangle or triangle

¢ Whenthelineis curved, areais found though the following steps
Divide the shapeintorectangles and triangles as shown
Findthe area foreach by calculating

Counttheremaining squares

Addthetotals together

(e}

o

]

o

AREA = % BASE x HEIGHT

VELOCITY
(ms-1) 4
COUNT SQUARES
3 =
2
AREA = BASE x HEIGHT
4 AREA
1
=3 BASE
0 *xHEIGHT
0 5 10 19 20 25 30 TIME/s

Find area under a curve by dividing it into sections which reduce the number of squares tobe
countedto the minimum
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Non-uniform Acceleration

e Incertain cases, acceleration changes throughout a period of motion
e Anexample of thisis a skydiver falling due to theirweight, against airresistance
o Asspeedincreases, airresistanceincreases
o Theincreasingresultant force against the direction of motion acts toreduce
acceleration
o Eventually the weightandairresistance balance and acceleration become zero
o Acceleration fora falling objectis conventionally shown as a negative value

HORIZONTAL LINE = NO
DECELERATION; VELOCITY

IS CONSTANT
a/ms™2
0] T T T T T
5 1 145 20 25 30 t/s

_2_ \ 2, y

R CURVED PART SHOWS
—44 RATE OF DECELERATION

FALLING
-6 \ STRAIGHT PART OF LINE
SHOWS CONSTANT CHANGE

- IN DECELERATION

ACCELERATION DUE TO
GRAVITY HAS NEGATIVE
VALUE

¢ Non-uniform acceleration will produce a curved velocity-time graph

Finding the Slope of a Curved Line

e Some questions ask forvelocity oracceleration at a particular point ortime
e Thisis called'instantaneous' velocity oracceleration
¢ |tis found by takingthe slope of the curvedline



¢ |dentify the point on the x-axis which corresponds with the question
o Drawalinevertically to meet the curve
e Takeatangenttothe curve atthis point
o Do this carefully, trying out more than one attempt before choosing the correct

tangent

TANGENT TO CURVE

WHERE LINE MEETS
25

— —

20
15 g
10
5 /L!NE FROM TIME TO CURVE
0

0 10 20 30 40 50 60

Tangents are a useful way to find the slope of a curvedline
e Draw thetangentin place, makingit aslongas will fitonto the graph

o Followthe steps above to find the slope of the tangent

> Worked Example

Askydiverjumps from a plane andreaches terminal velocity after 15 seconds. A
graph of hermotionis shown.

Usethe graph tofindthe acceleration at 5 seconds.

VELOCITY
(m/'s) 60 |

50 - ——=
40 -
30
20 -

10 -

T
0 25 5 75 10 TIME
(SECONDS)

Step 1: Draw a tangent to the curve at the point wheret=5s



VELOCITY
(m/s) go

58
50 L

40

30
20

20

10 4 5s

0.75 9.75

T
0 25 5 7.5 1o TIME
(SECONDS)

Step 2: Select points onthe graph which are very far apart, and determine the
corresponding values of xand y, write these down

Increaseiny =(58-20)=38ms""
Increaseinx=(9.75-0.75)=9.0s
Step 3: Calculate the slope

increase in 'y 38

slope = =4.222 ms2

inrease in x 9
Step 4: Write the answer to the correct significant figures

The accelerationat5.0s =4.2ms 2(2 sf)



(’) Exam Tip

¥ When working with graphs follow the advice, 'show don't tell'. The examiner willwant

to see thatyou usedthe graph to findyouranswer, as this skillis part of the toolkit of
a goodscientist.

Mark very clearly on the graph any points you use to calculate andindicate with clear
lines orlarge triangles where you chose your data from.

And always rememberto use the largest section of the graph that you can to find the
slope.

You will be given an exam paper with pristine graphs. Don't leave them that way! By
the time you finish with the paper, it should be clearly annotated with yourmethod,
so the examiner can see exactly where you have earned marks.
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2.4 Scalars & Vectors

Scalars & Vectors

¢ Ascalaris a quantity which only has a magnitude (size)
¢ Avectoris a quantity which has both a magnitude and a direction
¢ Forexample, if a person goes on a hikein the woods to a location which is a couple of miles
from their starting point
o Asthecrow flies, theirdisplacement will only be a few miles but the distance they
walked willbe muchlonger

FINISH

DISPLACEMENT
START

Displacement is a vector while distanceis a scalar quantity

¢ Distanceis a scalarquantity becauseit describes how an object has travelled overall, but
not the directionithas travelledin

« Displacement s a vector quantity becauseit describes how faran objectis from where it
startedandin whatdirection

¢ Somecommon scalarandvectorquantities are shownin the table below:

Scalars and Vectors Table




SCALARS VECTORS

DISTANCE DISPLACEMENT
SPEED VELOCITY
MASS ACCELERATION
TIME FORCE

ENERGY MOMENTUM
VOLUME

DENSITY

PRESSURE

ELECTRIC CHARGE

TEMPERATURE

Vector Notation

| SCALAR NOTATION: |

d m

| VECTOR NOTION: |

—> —
S W

DISPLACEMENT e ° WEIGHT

The arrow on vector notation does notindicate an actual direction, just that the quantity has
adirection

¢ This means writing the quantity to make it clearthatitis a vector
¢ Intextbooks vectors are often shown as bold anditalic, forexample Fors
¢ Anotherform of notation, and easierto doin handwriting, is putting an arrow over the top of
the quantity, forexample%or_s’
o Thearrow does notindicate the actual direction of the vector, only thatis has a
direction



¢) ExamTip
¥ Do you have trouble figuring out if a quantity is a vector ora scalar? Just think - can
this quantity have a minus sign? Forexample - can you have negative energy? No.
Canyou have negative displacement? Yes!



Resolving Vectors

¢ Vectors arerepresented by an arrow
o Thearrowhead indicates the direction of the vector
o Thelength of the arrow represents the magnitude
o Component vectors are sometimes drawn with a dottedline and a subscript
indicating horizontal orvertical forexample F, is the vertical component of the force F

Resolving Vectors

e Asingleresultant vectorcan beresolved
o This means it can berepresented by two vectors, which in combination have the same
effect as the original one
o Resolvingvectors makes calculating much easierwhen working with projectiles orany
motion orforceatanangle
¢ When asingleresultant vectoris broken downintoits parts, those parts are called
components
e Avectorof magnitude F at angle theta to the horizontalis shown

¥\

<Tl

v
=V

0 K

Resolving Vectors by Scale Drawing

e Toresolvevectors by scale drawing means carefully producing a scale drawing with all
lengths and angles correct
o This shouldbe doneusing a sharp pencil, ruler and protractor

¢ Followthese steps

o Chooseascalewhich fits to the page. Forexample, if resolving a resultant
displacement of 100 m,uselcm =10 mso that theresultantdrawingis around10 cm
high

o Clearly mark the starting pointand a line to represent either the vertical or horizontal
direction. This willdepend on the angle given in the question, forexample if the
directionis '30° east of north' then start with a vertical line representing north

o Carefully measure the angle and start by drawing the resultant vector

o Draw a triangle using two of the sides of this rectangle



*> Worked Example

Ahikerwalks a distance of 6 km due east and 10 km due north.

By making a scale drawing of theirroute, find the magnitude of their displacement
andits direction from the horizontal.

Step 1: Choose asensible scale

Thedistances are 6 and10 km, so a scale of Tcm =Tkm will fit easily on the page, but be
large enough foran accurate scale drawing

Step 2: Draw the two components using a ruler and making the measurements accurate
tolmm

N 10 cm = 10 km

+

START 6cm=6km

Step 3: Add theresultant vector, remembering the start and finish points of the journey

END

N A 10 cm =10 km
%E R

START 6cm=6km

Step 4: Carefully measure the length of the resultant and convert using the scale



END

10 cm =10 km

START 6cm=6km

Step 5: Measure the angle between the vector and the horizontal line

/ END

10 cm = 10 km
% £ R=M7 cmT
=117 km
/
/éﬂg J
START 6 cm =6 km

Step 6: Write the complete answer, giving both magnitude and direction

Resolving Vectors by Calculation

¢ Inthis method a diagramiis stillessential but it does not need to be exactly to scale

¢ Thediagram can take the form of a sketch, as long as theresultant, component and sides
are clearly labelled

¢ Usetrigonometry toresolve the two sides

¢ Themnemonic 'soh-cah-toa'is used to rememberhow to apply sines and cosines to
resolving sides of a triangle

OPPOSITE TAN = OPPOSITE

SN ——
HYPOTENUSE ADJACENT

SOH CAH TOA

ADJACENT
L HYPOTENUSE




« ltis possibletoresolve this vectorinto its horizontal and vertical components using
trigonometry

I\

>l

<V

0 K

Theresultant force Fcanbe splitintoits horizontal and vertical components

e Forthehorizontal component, Fx=Fcos 8
 Forthevertical component, Fy = Fsin 6

*> Worked Example

Ahikerwalks a distance of 6 km due east and 10 km due north.

Calculate the magnitude of theirdisplacement andits direction from the horizontal.



Step 1: Draw a vector diagram

(0 xm

\ 4

okm

Step 2: Calculate the magnitude of the resultant vector using Pythagoras' Theorem

R=VETr 107 = 2vHA

Step 3: Calculate the direction of the resultant vector using trigonometry

R D) (6)

(0O xm
6 »
Gkm (o)
tan(@) = opposite . E

adjacent ~ 6

6 =tan? (%) = S

Step 4: State the final answer complete with direction
R=2v/34=11.66=12km

0 =59° eastand upwards from the horizontal



(’) Exam Tip

* Did you notice that the two worked examples above were the same question, being
solvedin two different ways?

If the question specifies calculation or scale drawing you must solve the problem as
asked. However, if the choiceis left up to you then any correct method will lead to
the correctanswer.

Scale drawing sometimes feels easier than calculating, but once you are confident
with trigonometry and Pythagoras you will find calculating quickerand more
accurate.

A quick tip to rememberwhetherto use sin orcos is that when the resultantis closing
down onto the angle, use cos.

CLOSE DOWN ON
THE ANGLE

Fcos B



Adding Vectors

¢ Vectors can be combined by adding or subtracting them to produce theresultantvector
o Theresultantvectoris sometimes known as the ‘net’ vector(eg. the net force)

¢ There are two methods that can be usedto addvectors
o Calculation - if the vectors are perpendicular
o Scaledrawing - if the vectors are not perpendicular

Combining Vectors Using a Scale Diagram

e There aretwo methods that can beusedto combinevectors using a scale diagram: the
triangle method and the parallelogram method

¢ Tocombinevectors using the triangle method:
o Step1: linkthe vectors head-to-tail
o Step 2: theresultantvectoris formed by connecting the tail of the first vectorto the
head of the secondvector

e Tocombinevectors using the parallelogram method:
o Step 1: link the vectors tail-to-tail
o Step 2: complete theresulting parallelogram
o Step 3: theresultantvectoris the diagonal of the parallelogram

*> Worked Example

Drawthevectorc=a+b



a \

TRIANGLE METHOD

STEP 1: LINK THE VECTORS STEP 2: FORM THE RESULTANT
HEAD-TO-TAIL VECTOR FROM LINKING THE TAIL

OF a TO THE HEAD OF b

b
a
LPARALLELOGRAM METHOD
STEP 4: LINK THE VECTORS STEP 2: COMPLETE THE
TAIL-TO-TAIL RESULTING PARALLELOGRAM
a a

STEP 3: THE RESULTANT VECTOR
IS THE DIAGONAL OF THE PARALLELOGRAM

a+b

*> Worked Example

Drawthevectorc=a-b



~ — =2

FIRST REVERSE THE DIRECTION
OF VECTOR b TO MAKE -b

TRIANGLE METHOD

STEP 1: LINK THE WVECTORS STEP 2: FORM THE RESULTANT
HEAD-TO-TAIL VECTOR BY LINKING THE TAIL
| OF a TO THE HEAD OF -b

-b -b
o] c=db?
a

PARALLELOGRAM METHOD

STEP 1: LINK THE VECTORS STEP 2: COMPLETE THE
TAIL-TO-TAIL RESULTING PARALLELOGRAM

-b

STEP 3: THE RESULTANT VECTOR
IS THE DIAGONAL OF THE PARALLELOGRAM

-b

Combining Vectors by Calculating

e Combiningvectors by calculationis a two-step process
o Findingthe direction of the resultant using trigonometry
o Findingthe magnitude of theresultant using Pythagoras



MAGNITUDE OF THE RESULTANT WVECTOR, R

a
ADD TWO VECTORS a&b — b
b
LINK THE VECTORS HEAD-TO-TAIL
d
FORM THE RESULTANT WVECTOR R
FROM LINKING THE TALL OF a TO b
THE HEAD OF b
d
- \
R=ad?+b R
CALCULATE R USING PYTHAGORAS’ b
THEOREM
d

The magnitude of the resultant vectoris found by using Pythagoras’ Theorem

¢ Thedirection of theresultantvectoris found from the angle it makes with the horizontal or
vertical
o The question shouldimply which angleitis referring to (ie. Calculate the angle from the
X-axis)

e Calculating the angle of this resultant vector from the horizontal or vertical can be done
using trigonometry
o Eitherthesine, cosine ortangent formula can be used depending on which vector
magnitudes are calculated



DIRECTION OF THE RESULTANT VECTOR, R

ANGLE OF R FROM ANGLE OF R FROM
THE HORIZONTAL THE VERTICAL

hyp R b hyp b
A opp ad]
adj © opp “

- o) _9PP _a

"tcme—ddj a tane—qdj —b

The direction of vectors is found by using trigonometry

*9 Worked Example

Aswimmeris crossing ariver by swimming due north at 2ms~'. The current flows
eastat5ms™.

Determine theresultant velocity of the swimmer's motion.

Step 1: Sketch adiagram, including all known values

Step 2: Calculate the magnitude of the resultant using Pythagoras

= [y?2 2 = -
R=,/V:+V::=4+25=54

Step 3: Calculate the angle using trigonometry

0= 2 =0.4

tant = 5 =0.

0=tan"1(0.4)
0=21.8

Step 4: Write the answer in full giving both magnitude and direction of the velocity and
all units

The swimmer's velocity is 5.4 ms™' at 22° to the horizontal direction



Components of Velocity

» Thetrajectory of an object undergoing projectile motion consists of a vertical component
and a horizontal component
o Theseneedtobeevaluatedseparately

¢ Somekey terms toknow, andhow to calculate them, are:
o Time of flight: how long the projectileis in the air
o Maximum height attained: the height at which the projectile is momentarily at rest
o Range: the horizontal distance traveled by the projectile

RANGE, R

VERTICAL MOTION (M) TIME OF FLIGHT

) u=usin@ v=0 a=-g t=7
INITIAL SPEED, u=usinf

ACCELERATION, a= 9.81ms2 THE EQUATION THAT RELATES THESE
QUANTITIES IS

v=u+at

DISPLACEMENT =0

0 = using — gt IF THE TIME TO MAXIMUM

i HEIGHT IS t,
usinf
t:T THEN THE TIME OF
) FLIGHT 1S 2+t
% = 2u;|n8

MAXIMUM HEIGHT ATTAINED
u=usinB v=0 a=-g H=?

\ THE EQUATION THAT RELATES THESE
QUANTITIES IS
\ vZ =102+ 2as

0 = (using)* — 2gH




HORIZONTAL MOTION (=)

INITIAL SPEED, u=ucosf
ACCELERATION, a=0
DISPLACEMENT = R

<49

RANGE (R)

_ 2usinB
9
THE EQUATION THAT RELATES THESE
QUANTITIES IS

u=ucosh t a=0 R=7?

DISTANCE = SPEED x TIME
R = (ucosf)t

| AfEres USING THE TRIG

R=—7%— IDENTITY:
2sinB cosf = sin26
u®sin20

R= g

How to find the time of flight, maximum height andrange

Problems Involving Projectile Motion

e There are two main considerations for solving problems involving two-dimensional motion

of a projectile

o Constantvelocity in the horizontal direction
o Constantaccelerationin a perpendiculardirection

e Theonly force actingon the projectile, afterit has beenreleased, is gravity
e There are three possible scenarios for projectile motion:

o Vertical projection
o Horizontal projection
o Projectionatanangle




*> Worked Example
[

To Calculate Vertical Projection (Free Fall)

Ascience museum designed an experiment to show the fall of a featherin a vertical
glass vacuum tube.

The time of fallfromrestis 0.5 s.

l

feather

vacuum
-t

Whatis the length of the tube, L?

IN THIS PROBLEM. WE ONLY NEED TO CONSIDER VERTICAL MOTION.
FIRST WE MUST LIST THE KNOWN VARIABLES.

a=9.81ms> u=0 t=0.5s L=7?

THE EQUATION THAT LINKS THESE VARIABLES IS

s=ut + %d‘tz

x9.81x0.5°=12m




Worked Example

To Calculate Horizontal Projection

Amotorcycle stunt-rider moving horizontally takes off from a point1.25 m above
the ground, landing 10 m away as shown.

Whatwas the speed at take-off? (ignoring airresistance)

IN THIS PROBLEM, WE NEED TO CONSIDER BOTH VERTICAL AND HORIZONTAL
MOTION. LET’S CONSIDER THE VERTICAL MOTION FIRST. THE KNOWN VARIABLES ARE

s =125 a=9.81ms™2 u=0 w=0

THE EQUATION THAT LINKS THESE VARIABLES IS

NEXT LET’S CONSIDER THE HORIZONTAL MOTION.
THE KNOWN VARIABLES ARE

s=10m a=0 t=05s u="?

SINCE THE ACCELERATION IS ZERO, WE CAN USE

DISPLACEMENT

VELOCITY =
TIME

. 1
V=105 20ms




*9 Worked Example

To calculate projection atan angle

Aballis thrown from a point P with an initial velocity u of 122ms-'at 50° to the

horizontal.

Whatis the value of the maximum height at Q? (ignoring airresistance)

u=12ms”

p / \50°

Q

Path of the ball

horizontal

IN THIS PROBLEM, WE ONLY NEED TO CONSIDER VERTICAL MOTION
UP TO THE POINT Q. FIRST WE MUST LIST THE KNOWN VARIABLES

u = 12sin(50)

a=—9.81ms2 v=0

H="7?

THE EQUATION THAT LINKS THESE
vZ=u? + 2as

Zhals = 7 = [

(AEE
2a

8=

0 - (12sin 50)°

H= o

_ (12sin507 _
19.62

4.3m

VARIABLES IS

YOURNOTES
i



O ExamTip

¥ Inalmost every question using the SUVAT equations one component of velocity will
have constant acceleration (forexample, the vertical component of projectile
motion) and the otherwillhave no acceleration (for example the horizontal
component of projectile motion when weignore airresistance).

The trick which you nearly always have to rememberis find the common value - time
- first, then substituteitinto the second part of your calculation.

As longas yourworkingis clear, evenif you forget, you are likely to stillachieve half
marks. But writing good clear Maths and remembering this tip should get you to the
end of your calculation - and full marks!

And finally.... don't forget that deceleration is negative as the objectrises.



Free-body Force Diagrams

» Freebody diagrams are useful formodeling the forces that are acting on an object
e Eachforceisrepresentedas avector arrow, where each arrow;

o |s scaledtothe magnitude of the forceitrepresents

o Pointsinthedirectionthatthe forceacts

o Islabelled with the name of the forceit represents oran appropriate symbol

e Freebodydiagrams canbe used:
o Toidentify which forces actin which plane
o Toresolve thenetforcein a particulardirection

Simple Free Body Diagrams

e Therules fordrawing a free-body diagram are the following:
o Rule1: Draw a pointinthe centre of mass of the body
o Rule 2: Draw the body free from contact with any other object
o Rule 3: Draw the forces acting on that body using vectors with correct direction and
proportionallength

_'%

WEIGHT

AIR RESISTANCE

UPTHRUST

WEIGHT

Free body diagrams can be used to show the various forces acting on objects

Forces on a Particle or an Extended but Rigid Body

e Free body diagrams simplify problems by reducing complex shapes into simple one
¢ Anyobject can bethought of as a particle



o Evensomethingaslarge as the Earth can be modelled as a point mass for most
calculations
¢ Objects canalsobe thought of as being extended but rigid bodies
o This simply means that all parts stay in the same position relative to each otherwhen
the object moves

NORMAL
(REACTION)
FORCE

APPLIED =~ =—=7
FORCE FRICTIONAL!

]
I APPLIED
H P N ~,
FORCE = ‘T ! “ FORCE
]
WEIGHT
FORCE

Point particle representation of the forces acting on a moving object

* Thebelow example shows an object sitting on a slopein equilibrium

A VEHICLE IS AT REST ON A SLOPE AND HAS THREE FORCES
ACTING ON IT TO KEEP IT IN EQUILIBRIUM

NORMAL
REACTION
R
\ FRICTION R
F F
7 F R
w
Vw i
WEIGHT
STEP 1: STEP 2: STEP 3:
DRAW ALL THE FORCES | | REMOVE THE OBJECT | | REARRANGE THE FORCES
ON THE FREE-BODY AND PUT ALL THE INTO A CLOSED VECTOR
DIAGRAM FORCES COMING FROM | | TRIANGLE.
A SINGLE POINT KEEP THE SAME LENGTH
AND DIRECTION

Three forces onan object in equilibrium form a closed vector triangle



*9 Worked Example
[ J

Draw free-body diagrams for the following scenarios:
a) A picture frame hanging from a nail

b) Abox sliding down a slope

Part(a)

A picture frame hanging from a nail:

TENSION, ENSION, T

FREE-BODY DIAGRAM |

i iE

WEIGHT, W

= Thesize of the arrows should be such that the 3 forces would make a closed
triangle as they are balanced

Part (b)

Aboxslidingdown asslope:

ReC
D»\Aow'\o“‘ \é
PERPENDICULAR

TO SLOPE N

PARALLEL
TO SLOPE

e




o Therearethreeforces actingon the box:
= Thenormal contact force, R, acts perpendicularto the slope
= Friction, F, acts parallelto the slope andin the opposite direction to the direction
of motion
= Weight, W, acts down towards the Earth

O Exam Tip

- : L : ,
When labeling force vectors, itis important to use conventional and appropriate

naming or symbols such as:

e worWeightforce ormg
e NorRfornormalreaction force (depending on yourlocal context either of these
couldbe acceptable)

Gettingusedto this notation willmake labelling free-body diagrams automatic -
leaving you time to focus on the Physics ratherthan the process. This is crucial as a
good diagram will show you exactly what to include in your calculations.



Newton's First Law of Motion

¢ Newton's First Law states:

Abody will remain at rest or move with constant velocity unless acted on by aresultant
force

¢ Thelawis usedto explain why things move with a constant (oruniform) velocity
¢ Iftheforces actingonan object are balanced, then theresultant forceis zero
o Theforces totheleft =theforces to theright
o Theforces up =the forces down
e Thevelocity (i.e. speed and direction) can only change if a resultant force acts on the
object

*> Worked Example

If there are no external forces acting on the car, other than friction, anditis moving
ataconstantvelocity, whatis the value of the frictional force F?

Frictional force F = ? Driving force D = 6 kN

< - —

Step 1: Identify the prompt (or 'clue') word in the question to choose whichrules to
apply

o Theclueinthis questionis 'constant velocity'
o This means thatforces are perfectly balancedin every direction

Step 2: Calculate the missing force
o Forconstantvelocity sum of forces,
3F=0
F=D
Step 3: Write the answer including units

F=6kN



Newton's Second Law of Motion

e Newton's SecondLaw states that:

The acceleration of an object with constant mass is directly proportional to the

resultant forceonit
,E MASS (kq)

F=iva

RESULTANT FORCE (N)a} &E ACCELERATION (ms™2)

¢ Anunbalancedforce on abody means it experiences a resultant force
o Iftheresultant forceis along the direction of motion, the body will speedup
(accelerate) or slow down (decelerate)
o Iftheresultantforceis atanangle, the body willchange direction

« Sinceresultantforceis being considered, the equation is often written
*F=ma

o Theuse of X (Sigma) signifies that Fis the sum of the forces ratherthanjust one force
actingalone

) Worked Example

An object with a mass of 750 g accelerates in a straightlineat 11ms~2.

Determine theresultant force acting on the object.

Step 1: Write down the known quantities

o Mass,m=750g=0.750kg
o Acceleration,a=11ms™2,

Step 2: Identify the equation needed and substitute in the values
SF=ma=0.75x11=8.25
Step 3: Write the final answer using the correct significant figures and units

*F=8.3N



Terminal Velocity

¢ Inreality moving bodies always do have some resultant force acting on them, forexample,
duetofriction causedby;
o Movement through air orwater (drag forces)
o Movementacross a surface(such as tyres on theroad)
o Moving parts within the objectitself (such as the engine of a car, orthe bearingsin a
wheel)

¢ When the drag forces become equalto the driving force the velocity reaches its maximum
value and the objectis said to be moving at terminal velocity

o 'Terminal' means final, meaning there can be no moreincreases in velocity afterithas
beenreached

¢ Terminalvelocity is reached when the forces in the direction of motion are balanced by the
forces opposing motion
o Thisis oftenusedinrelation to the case of a skydiver fallingin freefall, althoughit can
apply to any situation where drag forces apply
¢ Inthecase of the skydiverthe force in the direction of motion is their weight, which remains
constant
o Asthe skydiveraccelerates airresistanceincreases, until the opposing forces balance

A B &

“‘E T
% w

WEIGHT > DRAG FORCE WEIGHT = DRAG FORCE




THE SKYDIVER IS IN THE INCREASE IN EVENTUALLY THE
FREEFALL. VELOCITY MEANS SKYDIVER REACHES A
AIR RESISTANCE VELOCITY WHERE
THEIR VELOCITY ALSO INCREASES THEIR WEIGHT EQUALS
INCREASES DUE TO AND ACCELERATION THE FORCE OF AIR
THE DOWNWARD DECREASES. RESISTANCE.
FORCE OF THEIR
WEIGHT. THEIR ACCELERATION
IS 0.
THIS IS THE TERMINAL
VELOCITY.

) Worked Example
[

Suggesttwo ways in which a designer couldincrease the maximum velocity of a
car.

Step 1: Identify exactly what the questionis asking for

o The question asks about 'maximum’ (terminal) velocity, this occurs when all forces are
balanced
o Toincreasetheterminalvelocity the careitherneeds to
= |ncreasethe forcesin the forwards direction, or
= Decreasetheforces in the backwards direction (the ones which are opposing
motion)

Step 2: Write down the forces affecting the motion

o Intheforwards direction the only forceis the thrust from the engine
o Theforces opposing motioninclude:

= Friction between the tyres and theroad

= Airresistance

= Frictionin the moving parts of the engine

= Frictioninthe moving parts of the wheel system (bearings)

Step 3: Suggest changes the designer could make

o Increase the forwards thrust by increasing powerfromthe engine
o Reduce opposingforces by
= Usingtyres withless grip
= Makingthe carbody more streamlined
= Reducingfrictionin the engine (using better oil forexample)
= Reducefrictionin the moving parts with smoother surfaces or betterlubricants



¢) ExamTip

¥ Thedirection you consider positive is your choice, as long as the signs of the
numbers (positive ornegative) are consistent throughout youranswer. A clear,
labelled diagram will tell both you and the Examiner which direction is positive, so
nothing gets mixed up.

Having said that, thereis a generalrule to consider the direction the object s initially
travellingin as positive. Therefore all vectors in the direction of motion will be positive
and opposingvectors, such as drag forces, willbe negative.

If you do getan acceleration in your answer with a negative sign, you have found
that the objectis slowing down. This is the Super Power of Physics equations!



Mass, Weight & Gravitational Field Strength

Mass
e Massis the measure of the amount of matterin an object
o Consequently, this is the property of an object that resists changein motion

¢ The greaterthe mass of a body, the smallerthe change produced by an applied force
o The Slunitformass is the kilogram (kg)

Weight
¢ Weightis the force a body experiences due to beingin a gravitational field, itis given by the
equation
W=mg
¢ Where

o m=mass (kg)
o g=gravitational field strength (N kg™

Gravitational Field Strength
e Cravitational field strengthis the force perkilogram that acts on an object, itis found using

the equation

F
9=

¢ Where
o F=weight(N)

o m=mass (kg)
o OntheEarth's surface the average gravitational field strength = 9.81N kg™

Constant Accelerationin Freefall
 Freefallis usedto describe falling objects where the only force is weight

o Dragforces areignored
o By considering freefallwe can see that all objects must fall with exactly the same value

foracceleration, regardless of theirmass or weight

NEWTON’S SECOND BY DEFINITION IN FREEFALL
LAW
W = mg F=W
F =ma and \% \?/
F b s.md = mg
sa=— g=—
m m , a=g

g\lf a 6% a=9.81ms? REGARDLESS OF WEIGHT




Acceleration of Freefall Using Electromagnets & Light Gates
Aim of the Investigations

e Theoverallaim of theseinvestigations is to calculate the value of the acceleration due to
gravity, g
e Thefirsttwo experiments both use the method of dropping an object and either timingits
fall, or finding the final velocity
o Bothusethe SUVAT equations to produce a straightline graph
¢ Thethird experiment, using theramp and trolley, is based on the inclined ramp experiment
done by Galileo when he proved that all objects fallat the same rate, regardless of weight

Electromagnet Method
Variables

¢ Independentvariable =height, h
¢ Dependentvariable =time, t
e Controlvariables:
o Same object being dropped
o Sameelectromagnetandtrap doorswitching system

Apparatus

¢ Metrerule, ballbearing, electromagnet, electronic timer, trapdoor, plumb line



o ELECTROMAGNET

= BALL—BEARING

c TRAPDOOR

Apparatus used to measure g using the electromagnet method

Resolution of measuring equipment;
o Metreruler=1mm
o Timer=0.0Ts

Method

By using the plumb line to find the vertical drop, position the trap door switch directly
underneath the electromagnet.
Checkthatthe ball bearing triggers both the trap door switch and the timerwhen itis
released.
When the equipmentis setup correctly;

o Asthecurrenttothe magnet switches off, the ball drops and the timer starts

o When the ball hits the trapdoor, the timer stops
Thereading on the timerindicates the timeit takes forthe ball to falla distance, h
Measure the distance from the bottom of the ball bearing to the trap door switch with a
metrerulerandrecordthis distance as height, h
Increaseh(eg. by 5 cm)andrepeat the experiment. Atleast5 - 10 values for h should be
used
Repeat this method atleast 3times foreach value of h and calculate an average t foreach



Table of Results

HEIGHT h/m [ TIME t,/s | TIME t,/s [ TIME t;/s | AVERAGE TIME t/s

0.10

0.15

0.20

0:25

0.30

&:3b

Analysis of Results

The accelerationis found by using one of the SUVAT equations andrearrangingit to create a
straightline graph (y =mx+c)
The known quantities are
o Displacements=h
o Timetaken=t
o Initialvelocity =u
o Accelerationa=g
The missing SUVAT value s final velocity, v
Thereforeuse

1
s=ut+ 5 af?
)

Replace a with gands with handthenrearrange to fit the equation of a straightline
1
h= Egt2 (sinceinitial velocity, u = 0)

The above equation shows thatif his plotted on the y-axis and t2 on the x-axis the graph will

produce a straight line with gradient = 5 g

Evaluating the experiment

Systematic Errors:

Residue magnetism afterthe electromagnetis switched off may cause t to berecorded as
longerthanit shouldbe

RandomErrors:



e Largeuncertaintyin h fromusing a metre rule with a precision of Tmm

¢ Parallax errorfromreading h

The ballmay not fallaccurately down the centre of the trap door

e Random errors arereduced through repeating the experiment foreach value of h atleast 3-
5times andfindingan averagetime, t

Safety Considerations

¢ Theelectromagnetic requires current
o Caremustbetakentonothaveanywaternearit
o Toreducetherisk of electrocution, only switch on the current to the electromagnet
onceeverythingis setup
¢ Acushionorasoft surface mustbeusedto catch the ball-bearing soit doesn’troll off /
damagethesurface
¢ Thetallclamp standneeds to be attachedto a surface with a G clamp to keepit stable

Card and Light Gates Method
Variables

¢ Independentvariable =height, h
e Dependentvariable = final velocity, v
e Controlvariables:

o Same card being dropped

o Allotherequipmentis the same

Apparatus

e Metrerule, cleartube with large enough diameter for card to fall cleanly throughiit, card, blu-
tack, light gate, datalogger, plumbline

Method

RULER -
WEIGHTED CARD®

d |- - -
DATA LOGGER® —i = \L

=h

=i

LIGHT GATE-®

GLASS TUBE-

|
|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIII l|
HEIGHT

e Clampthecleartubevertically using the plumbline as a guide



Attach thelight gate about 20 cm above the bench
Clamp the metre rulervertically next to the tube so that the vertical distance from the top of
thetube to thelight gate can be accurately measured
Recordthe distance between the light gate and the top of the tube as height, h
Cut a piece of card to approximately 10 cm, measure this length precisely and enteritinto
the dataloggeras the distance
o Weight the cardslightly at one end(a large paperclip or small pieces of blu-tack can be
used)
Holdthe card atthe top of the tube andreleaseit so thatit falls inside the tube
o Thedataloggerwillrecordvelocity
Repeat this measurement from the same height two more times
Movethelight gateup by 5 cm, record the new height, h, and drop the card three more
times, recording the velocity each time
Repeat for five more values of height

h/m V, /ms™ V, /ms™ V,; /ms™ Vav /ms™

Analysis of Results

The acceleration is found by using one of the SUVAT equations andrearrangingit to create a
straightline graph (y =mx+c)
The known quantities are
o Displacements=h
o Initial velocity =u
o Finalvelocity =v
o Accelerationa=g
The missing SUVAT valueis time, t
Thereforeuse

vZ=u?+2as
Replace awith gands with handthenrearrange to fitthe equation of a straightline
v2=2gh (sinceinitial velocity, u=0)

The above equation shows thatif v2 is plotted on the y-axis and 2h on the x-axis the graph
willproduce a straightline with gradient =g

Evaluating the experiment



Systematic Errors:

¢ Themetrerulerneeds to be fixedvertically and close to the tube
¢ Allheight measurements are taken at eye level to avoid parallax errors

RandomErrors:

e Largeuncertaintyin hfromusinga metre rule with a precision of 1mm

e Parallaxerrorfromreading h

e Thecardmay fallagainst the sides of the tube, slowing it down

e Droppingthe card from the top of the tube canintroduce parallax errors

e Random errors arereduced through repeating the experiment foreach value of h atleast 3-
5times andfindingan averagetime, t

Safety Considerations

e Thetallclamp standneeds to be attached to a surface with a G clamp to keepit stable



Acceleration of Freefall Using a Ramp & Trolley

¢ This method of finding acceleration due to freefalluses the SUVAT equations, but applies
themto a trolley rolling down aninclinedramp.

Variables

¢ Independentvariable =velocity of the trolley, v
¢ Dependentvariable =time, t
e Controlvariables:

o Heightoframp mustbe constant

o Sametrolley beingused

Apparatus

e Inclinedramp

Trolley with =10 cm card attached

e Lightgateandcomputerordatalogger
e Stopwatch

» Blockto preventslipping

Method

ACCELERATION

LIGHT GATES SET SO THAT
CENTRE OF CARD PASSES
THROUGH EACH ONE

P - - > LIGHT GATE

LIFT \ / -
STAND X -
%TROLLEY “RAMP

t,=m [SES BLOCK
h g PREVENTS
DATA LOGGER - SLIPPING

e Carefully cutapiece of cardsothatitis between 5 - 10 cminlength, andhas a height which
can break the beam of alight gate as the trolley passes through.
e Measureandrecordthelength, d, of the card
o Recordthisin the datalogging software
e Attachthecardtothetrolley androllthe trolley past the light gate checking the beamis
broken by the card
o Adjusttheheight of thelight gate as needed.



CARD HIGH
@@ ENOUGH TO

PASS THROUGH
LIGHT GATE

e Startthetimingon the software, making sureitis settorecordinstantaneous velocity
* Releasethetrolley and simultaneously start the stopwatch.
e Asthecardpasses thelightgate stops the stopwatch
o recordthetime,t
¢ Repeatprocedure 3times, discardanomalies and calculate meant
o Thisreduces errors
e Repeattheprocedure atleast5 times, varying the height the trolley is dropped from for
eachreading
o This causes avariationinv whichis recorded by the light gate, and t whichis recorded
using the stopwatch.

AS RECORDED BY THE LIGHT GATE
AND DATA LOGGING SOFTWARE

VELOCITY /ms™ | TIME t,/s | TIME t,/s | TIME t,/s | AVERAGE TIME t/s

Analysis of Results

e Theaccelerationis foundby using one of the SUVAT equations andrearrangingit to create a
straightline graph (y =mx+c)
¢ Theknown quantities are
o Timetaken,t=averaget
Initial velocity, u = O (the trolley starts fromrest)
Finalvelocity v = v (recorded by the light-gate)
o Accelerationa=g
e Themissing SUVAT valueis displacement, s
o Thereforeuse

(e}

(e}



v=u-+ at

e This matches the equation of a straightline
o y=velocity,v
o Xx=averagetime,t
gradient = acceleration, a
o y-intercept =initial velocity, u
¢ Plotagraph ofvagainstaveraget
o The gradient willbe the acceleration
o This accelerationis provided by gravity, and so will give a value forg

]

Evaluating the experiment
Systematic Errors:

o Make sureforeachrepeatreadingthe trolley is released from the same point
e Thecardshouldbe measured carefully sovalue dis accurate

RandomErrors:

e |argeuncertaintyin dfromusing a rulerwith a precision of Tmm
¢ Reaction time when starting and stopping the stopwatch
o Random errors are reduced through repeating the experiment for each value of v at
least 3times and finding an average time, t

e Thecardmay hitthelight gate

o Discardaresult where this occurs
They trolley may not travel straight down the ramp

o Discardaresult where this occurs

Safety Considerations

e Thetrolley may fly off the end of theramp
o Useablockortray atthe bottom of theramp to prevent this

(’) ExamTip
“ This experiment can be modified by using the light gate to record time through the
gate.

You can then use the time from the light gate to calculate the velocity, v of the trolley
by calculating with v =d/twhere dis the length of the card and the time is the time on
thelight gate.

However, most light-gate software should allow you to eliminate this step.



Newton's Third Law of Motion
* Newton’s third law of motion states:

Whenever two bodies interact, the forces they exert on each other are equal in size,
actinoppositedirections, and are of the same type

* Newton'’s third law explains the followingimportant principles about forces:
o Allforces arisein pairs - if object A exerts a force on object B, then object B exerts an
equal and opposite force on object A
o Force pairs are of the same type - forexample, if object A exerts a gravitational force
on object B, then object B exerts an equal and opposite gravitational force on object
A

* Newton’s third law explains the forces that enable someone to walk
Theimage below shows an example of a pair of equal and opposite forces acting on two
objects (the ground and a foot):

FORCE ON
FOOT FROM
THE GROUND
"~
S ) FORCE ON
- ~ | GROUND FROM
~= |FooT

THE FOOT EXERTS A FORCE ON THE GROUND AND THE GROUND
EXERTS AN EQUAL AND OPPOSITE FORCE ON THE FOOT

Newton's Third Law: The foot pushes the ground backwards, and the ground pushes the foot
forwards

¢ Oneforceis from the foot that pushes the ground backwards
¢ Theotheris an equal and opposite force from the ground that pushes the foot forwards



*> Worked Example

Aphysics textbookis atrest on a diningroom table.

Eugene draws a free body force diagram for the book and labels the forces acting

onit.
REACTION FORCE A

Eugene says thediagramis an example of Newton's third law of motion. William
disagrees with Eugene and says the diagramis an example of Newton's first law of
motion.By referring to the free-body force diagram, state and explainwhoiis
correct.

WEIGHT WV

Step 1: State Newton's first law of motion

o Objects willremain atrest, ormove with a constant velocity unless acted on by a
resultant force

Step 2: State Newton's third law of motion

o Whenevertwo bodies interact, the forces they exert on each otherare equaland
opposite

Step 3: Check if the diagram satisfies the two conditions for identifying Newton's third
law

o Ineachcase, Newton's thirdlaw identifies pairs of equal and opposite forces, of the
sametype, acting on two different objects

o Thediagramonlyinvolves one object

o Furthermore, the forces acting on the object are different types of force - oneis a
contact force (from the table) and the otheris a gravitational force on the book (from
the Earth) - its weight

o Theimage below shows how to apply Newton's third law correctly in this case,
considering the pairs of forces acting:



THE EARTH PULLS ON THE TABLE PUSHES UPWARD
THE BOOK AND THE BOOK ON THE BOOK AND THE
PULLS ON THE EARTH. BOOK PUSHES DOWNWARD
THIS FORCE PAIR IS ON THE TABLE. THIS IS
GRAVITATIONAL A PAIR OF CONTACT FORCES

Step 4: Conclude which personis correct

o Inthis case, Williamis correct

o Thefree-body force diagramin the questionis an example of Newton's first law

o Thebookis atrest because the two forces actingon it arebalanced -i.e. thereis no
resultant force



(’) Exam Tip

Rememberthat pairs of equal and opposite forces in Newton's third law act on two
different objects. It's a really common mistake to confuse Newton's third law with
Newton's first law. That also means it's a really common exam question, which often
uses a version of thee example below.

Applying this check will help you distinguish between them.
Newton's first law involves forces acting on a single object.

These differences are shownin Scenario 1(Newton's first law) vs. Scenario 2
(Newton's third law)

SCENARIO 1:

NOT A NEWTON’S THIRD LAW PAIR SINCE BOTH FORCES
ARE ACTING ON THE SAME OBJECT - THE BOOK

FN
FROM NEWTON'S 1st LAW,
SINCE THE BOOK IS STATIONARY, F = _F
THE FORCES ON IT MUST BE NTOOTe
IN EQUILIBRIUM F
9
SCENARIO 2:

THESE ARE NEWTON’S THIRD LAW PAIRS SINCE
BOTH FORCES ARE ACTING ON DIFFERENT OBJECTS

Fe IS THE UPWARDS
FORCE OF GRAVITY .
CAUSED BY THE BOOK
ON THE EARTH

F, IS THE DOWNWARDS
_ FORCE OF GRAVITY
CAUSED BY THE EARTH

ON THE BOOK

F. IS THE FORCE
EXERTED BY THE
PERSON ON THE

GROUND

Fes 1S THE FORCE EXERTED BY
THE GROUND ON THE PERSON,
PUSHING THEM FORWARD
WHILST WALKING




Defining Momentum

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

,E MASS (kq)

p=my

-1
Ay——— (kgms_4B} NEVELOCITY (ms |

Momentumis the product of mass and velocity

¢ Momentumis avectorquantity - it has both a magnitude and a direction
¢ Thismeansitcanhave anegative orpositive value
o If an object travelling to theright has positive momentum, an object travelling to the
left (inthe opposite direction) has a negative momentum

 TheSlunit formomentumiskgms™!

p=60x1072x2 mé B8g

p= 0.2 kgms™* . == 2 me =D

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

-
P=60x10"x-2

p=-0.12 kgms™1 \1/‘:21118“‘

ITS MOMENTUM THEREFCRE,
IS ALSO NEGATIVE

When the ballis travelling in the opposite direction, its velocity is negative. Since
momentum = mass x velocity, its momentumis also negative



*> Worked Example

Which object has the most momentum?

MOMENTUM = MASS = VELOCITY MOMENTUM = MASS x VELOCITY
MOMENTUM = 0.06kg x 75m/s MOMENTUM = 3kg x 1.5m/s
= 45kgm/s = A5kgm/s

¢ Boththetennis ballandthe brick have the same momentum

e Eventhough the brickis much heavierthan the ball, the ballis travelling much faster than the
brick

¢ This means thatonimpact, they would both exert a similar force (depending on the time it
takes foreach tocometorest)

(f) ExamTip
- =

Since momentumisinkgms™:

¢ |fthemassis givenin grams, make sure to convert to kg by dividing the value by
1000.

« Ifthevelocityis giveninkms~', make sure to convert tom s~ by multiplying the
valueby 1000

The direction you consider positive is your choice, as long the signs of the numbers
(positive ornegative) are consistent throughout the question.

Sketching a diagram whichincludes the signs on positive and negative values will
help you avoid mistakes when calculating



The Principle of Conservation of Linear Momentum

¢ Theprinciple of conservation of momentum states thatin a closed system, the total
momentum before an eventis equal to the totalmomentum afterthe event

¢ Momentumis always conservedin collisions where no external forces act
e Thisisusually written as:
Total momentum before a collision = Total momentum after a collision

e Since momentumiis a vector quantity, a system of objects movingin opposite directions
canhave an overallmomentum of O
o This applies to objects moving towards each other oraway from each other

e Thediagram below shows two masses mwith velocity uand M atrest (M has zero velocity)

BEFORE AFTER
MOMENTUM = mxu MOMENTUM = MxV — mxv

The momentum of a system before and after a collision

e Beforethecollision:
o Themomentumis only of mass mwhichis moving
o Iftherightis taken as the positive direction, the totalmomentum of the systemism x u

e Afterthe collision:
o MassMalsonowhas momentum
o Thevelocity of mis now -v (sinceitis now travelling to the left) and the velocity of Mis V
o Thetotalmomentumis now the momentum of M + momentum of m
o Thisis(MxV)+(mx-v)or(MxV)-(mxv)



*9 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\}) + (Mg * \,)
BEFORE

(0.8kg x3.0ms™") + 0O
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™



Conservation of Linear Momentum & Newton's Third Law
¢ Newton’s third law of motion states:

Whenever two bodies interact, the forces they exert on each other are equal and
opposite

¢ Thismeans:
o When one object exerts a force on another object, the second object will exert an equal
force on the first object in the opposite direction
o When two objects collide, both objects will react, generally causing one object to
speedup (gain momentum) and the otherobject to slow down (lose momentum)

F

A-B

R

-A

Newton's thirdlaw canbe applied to collisions

Considerthe collision between two trolleys, AandB:
o When trolley A exerts a force on trolley B, trolley B will exert an equal force on trolley Ain
the opposite direction

In this case:

Fe_a=-Fa_B

While the forces are equalin magnitude and opposite in direction, the accelerations of the
objects are not necessarily equalin magnitude

e FromNewton's secondlaw, acceleration depends upon both force and mass, this means:
o Forobjects of equalmass, they willhave equal accelerations

o Forobjects of unequalmass, they willhave unequal accelerations



ExamTip

Momentum questions are often very long and wordy. Even if you are given a
diagram, make a quick sketch representing allthe bodies as point masses. Mark the
velocities with arrows and include positive and negative signs.

—&

A BALL OF MASS 1.5kg IS THROWN WITH VELOCITY OF 15 ms-* AT
A STATIONARY GIRL OF MASS 55kg WHO IS WEARING SKATES SO
THAT SHE MOVES OFF TO THE RIGHT WHEN SHE CATCHES THE BALL

FIND THE VELOCITY OF THE GIRL

OV ="1Bms O

m=15kg m =55kg

The Maths of momentumiis straightforward, so as long as you have yourvector
directions clearin yourmind, nothing can gowrong!



Calculating the Moment of aForce

Amomentis the turning effect of a force

Moments occurwhen forces cause objects to rotate about some pivot
The moment of a forceis given by

Moment (N m) =Force (N) x perpendicular distance from the pivot (m)

The Slunit forthe momentis Newton metres (N m). This may also be Newton centimetres (N
cm) depending on the units given for the distance

SCENARIO
PERPENDICULAR
FORCE

N
|
|
|
|
]

|_§
a |

F

MOMENT = F x x

ALTHOUGH x IS THE DISTANCE FROM THE PIVOT TO THE
FORCE F, IT IS NOT THE PERPENDICULAR DISTANCE.
THEREFORE WE MUST TAKE THE COMPONENT OF THE
DISTANCE WHICH IS PERPENDICULAR TO F.

SCENARIO 2: X
NON-PERPENDICULAR F
FORCE
6
xcos(D)

MOMENT = F x xcos(B)

The force might not always be perpendicular to the distance

¢ Anexample of moments in everyday life is opening a door
¢ Thedoorhandleis placed on the otherside of the doorto the hinge (the pivot) to maximise
the distance fora given force and therefore provides a greatermoment (turning force)
o This makes it easierto push orpull



*9 Worked Example

Auniform metreruleis pivoted at the 50 cm mark.

A 0.5 kgweightis suspended atthe 80 cmnmark, causingtherule torotate about

the pivot.

Assuming the weight of the rule is negligible, what s the turning moment about the

pivot?

SilEP™

SIFER<2

SIFER 3

STEP 4

-~

10 20 30 40 50 60 70 (80 90
] | 1 | | | I

Pivot i Mass

Rule —|

PERPENDICULAR DISTANCE

MOMENT. = FORCE x &1 TH BeivoT

IDENTIFY THE FORCE REQUIRED

THE ONiEY FORCE |S THE WEIGHT COF THE
MASS ACTING DOWNWARDS

WEIGHT =mg=0.5x9.81=4.905N=5N

IDENTIFY THE PERPENDICULAR DISTANCE

FROM THE RULE: 80cm—50cm=30cm
d=30cm

Pt

10 20 30 40 50 60 7O (80 90
I | | I | | I | |

Rule

Mass 0.5k
Pivot g

WEIGHT

MOMENT = 5N * 30 cm = 150 Ncm

SUBSTITUTE VALUES INTO MOMENT EQUATION




¢) ExamTip
¥ Ifnot already given, drawing all the forces on an object in the diagram will help you
see which ones are perpendicular to the distance from the pivot. Not all the forces
will provide a turning effect and it is not unusual for a question to provide more forces
than required to throw you off!



Centre of Gravity

* Thecentre of gravity (sometimes called the centre of mass) of an objectis the point
through which all the weight can be considered to act
¢ Theposition of the centre of gravity of uniformregular solidis atits centre
o Forexample, fora person standing upright, their centre of gravity is roughly in the
middle of the body behind the navel, and fora sphere, itis at the centre

e Forsymmetrical objects with uniform density, the centre of gravity is located at the point of
symmetry

CENTRE OF MASS

7/

e
\
é

CENTRE OF MASS CENTRE OF MASS

The centre of mass of a shape canbe found by symmetry

Stability

¢ Theposition of the centre of gravity of an object affects its stability
¢ Anobjectis stable whenits centre of gravity lies above its base



The object on theright will topple, as its centre of gravity is nolonger over its base

* Thewiderbase an object has, thelowerits centre of gravity anditis more stable
e Thenarrower base an object has, the higherits centre of gravity and the objectis more
likely to topple overif pushed

NARROW BASE, WIDE BASE,
HIGH CENTRE OF GRAVITY LOW CENTRE OF GRAVITY
x T i

The most stable objects have wide bases andlow centres of mass




The Principle of Moments
¢ Theprinciple of moments states:

Forasystemtobeinequilibrium, the sum of clockwise moments about a point
must be equal to the sum of the anticlockwise moments (about the same point)

F

Fxd, = Fxd, + Fxd,

Diagram showing the moments acting onabalanced beam

¢ Intheabovediagram:
o ForceFyis supplying a clockwise moment;
o Forces Frand Fzare supplying anticlockwise moments

o Hence:Fyxdy=(Fyxdy) +(F3xd3)



*> Worked Example

Auniform beam of weight40 Nis 5 mlong andis supported by a pivot situated 2 m
fromoneend.

When aload of weight Wis hung from that end, the beam s in equilibrium, as shown
inthe diagram.

5m

2m

D EE———

-

Whatis the value of W?

A 10N B 50N C 25N D 30N



ANSWER: A

STEP 1 PRINCIPLE OF MOMENTS STATES THAT

CLOCKWISE MOMENTS = ANTICLOCKWISE MOMENTS

STLEP 2 CALCULATE THE CLOCKWISE MOMENT

SINCE THE BEAM IS UNIFORM, ITS WEIGHT WILL ACT AT ITS
CENTRE OF GRAVITY (THE MIDDLE)

THIS 1S 5+2=25m FROM THE END

SINCE THE PIVOT IS 2m FROM THE END, THIS FORCE IS
0.5m FROM THE PIVOT

CLOCKWISE MOMENT = 40N = 0.5m = 20 Nm

o 5m
T -
< ><—>
Pivot—Z \ \l/ 40N
25m 25m
o -

STEP 3 CALCULATE THE ANTICLOCKWISE MOMENT

ANTICLOCKWISE MOMENT = W x 2m

STEP 4 EQUATE BOTH THESE MOMENTS

20 Nm =W x 2m

STEP 5 REARRANGE FOR W

20 Nm
m

W =

=10N




(’) Exam Tip
- . \ \ s ; .
Make sure that all the distances are in the same units and you're considering the
correct forces as clockwise oranticlockwise, as seen in the diagram below

CLOCKWISE ANT|-CLOCKWISE

PIVOT

ANTI-CLOCKWISE CLOCKWISE




Work
Work is defined as

The amount of energy transferred when an external force causes an object tomove
over a certaindistance

If the forceis parallel to the direction of the object's displacement, the work done can be
calculated using the equation:

AW =FAs

Where:
o AW =changeinwork done (J)
o F=averageforce appliedinthe direction of the motion (N)
o s=displacement(m)

Forceinthe direction of the motion means that when a forceis applied atan angle the
component in the direction of motionis used to calculate, rather than the whole force

Inthe diagram below, the man’s pushing force on the blockis doingwork as itis transferring
energy to the block

FORCE

| DISTANCE MOVED | &

Work is done when a force is used to move an object overadistance

When pushing a block, work is done against friction to give the box kinetic energy to move
o Thekinetic energy is transferred to other forms of energy such as heatand sound



e Usually, if a force actsinthe direction that an object is moving then the object will gain
energy
¢ |ftheforceactsinthe opposite direction to the movementthen the object willlose energy

Calculating with Force atan Angle

¢ Sometimes the direction of motion of an objectis not parallel to the direction of the force
« Iftheforceisatanangle6tothe object's displacement, the work doneis calculated by:

W=Fscos 6
or

W=Fssin@

Where 0is the angle, in degrees, between the direction of the force and the motion
¢ Whentheangleis between the force and the horizontal use cosine

¢ Whentheangleis between the force and the vertical, use sine

o Thecomponentneededis the onethatis parallel to the displacement

DIRECTION
OF FORCE
ON SLED

_DIRECTION OF
MOTION

When the forceis at anangle, only the component of the force in the direction of motionis
considered for the work done

> Worked Example

The diagram shows a barrel of weight 2.5 x 102 N on a frictionless slopeinclined at
40° tothe horizontal.

Normal reaction

force Force

Slope

25x10° N

Aforceis applied to the barrelto moveitup the slope at a constant speed. The force
is parallel to the slope.

Whatis the work donein moving the barrel a distance of 6.0 mup the slope?

Step 1: Write the known values from the question



o Forceactingdownwards, F= 2.5 x 103N
o Angle of theslope, =40°
o Displacement,s=6.0m

Step 2: Find the forcein the direction of motion by resolving the forces

o Draw adiagram, showing the weight acting downwards
Resolve the weightinto two components
The first component is parallel to the slope - the same as the direction of the motion;

thisisWsin
The secondis atright angles to the slope, showing the normal reaction force (this
component, W cos fis notusedin this answer)

prd
s

AQ°\ Wcos(40)

%s‘mMO)

W

o

o

(e}

Force actingalongtheslope, F=Wsin (40) =2.5 x 103 xsin (40)=1607N
Step 3: Write the equation for work done and substitutein the values
AW =FAs =1607 x 6.0 =9 642
Step 4: Give the answer to the correct number of significant figures and with units

AW =FAs =1607x6.0=9.6 x103)

O Exam Tip

¥ Acommon exam mistakeis choosing theincorrect force which is not parallel to the
direction of movement of an object.

You may have toresolve the force vector firstin order to find the correct, parallel
component.

The applied force does not have to be in the same direction as the movement, as
shown in the worked example. In fact, in most cases we apply a force atan angle to
move something, becauseit saves us having to lean down to the height of whatever
we are pulling or pushing!



Kinetic Energy

e Kinetic energy (usually written E, and sometimes KE) is the energy an object has due toits
motion (or velocity)
o Thefasteran object moves, the greaterits kinetic energy

¢ Whenan objectis falling, itis gaining kinetic energy sinceitis gaining speed
o This energy transferred from the gravitational potential energy itis losing
o Anobject willmaintain this kinetic energy unless its speed changes

¢ Kinetic energy can be calculated using the following equation:

/]
" 2
E, = 5 mv
KINETIC ENERGY (J)
1 SPEED,V [— >

Kinetic energy (KE): The energy an object has whenitis moving

Derivation of Kinetic Energy Equation

e Aforcecanmake anobjectaccelerate; workis done by the force and energy is transferred
tothe object

¢ Usingthis concept of work done and an equation of motion, the extra work done due to an
object's speed can be derived

¢ Thederivation forthis equationis shown below:

+— 2

° Derivation of KE = 1m\.'
X = 2



https://www.savemyexams.co.uk/

CONSIDER A MASS m AT REST WHICH ACCELERATES
TO A SPEED v OVER A DISTANCE d

WORK DONE IN ACCELERATING THE MASS

W =Fxd

AND F=ma FROM NEWTON’S SECOND LAW

RECALL THE SUVAT EQUATION
v2=u?+ 2as
IF u=0 AND s=d

v2 =2ad

REARRANGING FOR a

SUBSTITUTE BACK INTO F=ma

mv?
F=ma= >4

SUBSTITUTE THIS FORCE F

LTI
W= >4 d 2mv

INTO THE WORK DONE EQUATION

THE MASS IS NOW ABLE TO DO EXTRA WORK =%

DUE TO ITS SPEED
12

IT HAS KINETIC ENERGY = Emv

mv?




*> Worked Example
Abody travelling with a speed of 12 m s~' has kinetic energy 1650 J.

If the speed of the body is increased to 45 m s, estimate its new kinetic energy.

12 ms™ 45 ms™
E. = 1650J E.=7?

STEP 1 EQUATION FOR KINFTIC ENERGY

E.= % my 2

STEP 2 MASS WILL NOT CHANGE, SO CAN BE CALCULATED
FROM ITS INITIAL KINETIC ENERGY

REARRANGE FOR MASS m

2+KE _ 21650
w2 T 402

m=

=23kg

STEP 3 SUBSTITUTE INTO KINETIC ENERGY EQUATION

USING VALUE OF MASS AND NEW VALUE OF VELOCITY

4

E = e 23x45%=23000J (2s.f)

(") Exam Tip

When using the kinetic energy equation, note that only the speedis squared, not the
mass orthe V2.

If a question asks about the ‘loss of kinetic energy’, remembernot toinclude a
negative sign since energy is a scalar quantity.



Gravitational Potential Energy

* Gravitational potential energy (usually written Ey, but sometimes GPE) is energy storedin a
mass due toits positionin a gravitational field
o Ifamassislifted up, it willgain Ep(converted from otherforms of energy)
o Ifamassfalls, it willlose E,(and be converted to other forms of energy)

e Theequation for gravitational potential energy forenergy changes in a uniform
gravitational field is:

> MASS (kg)
AE = maAh CHANGE IN
grav 9 HEIGHT (m)
CHANGE IN GRAVITATIONAL KEGRAVITATIONAL FIELD
POTENTIAL ENERGY (J) STRENGTH (9.81 Nkg)

Gravitational potential energy (GPE): The energy an object has when lifted up

¢ Thepotential energy on the Earth’s surface at groundlevelis taken to be equalto O
e This equationis only relevant forenergy changes in a uniform gravitational field (such as
nearthe Earth’s surface)



Derivation of GPE Equation

* When a heavy objectis lifted, work is done since the object is provided with an upward
force againstthe downward force of gravity
o Therefore, energy is transferred to the object

¢ This equation can therefore be derived from the work done

+
X

2 Derivation of Egp,, = mgh
L]

CONSIDER A MASS m LIFTED THROUGH HEIGHT h

THE WEIGHT OF THE MASS IS mg WHERE g IS
THE GRAVITATIONAL FIELD STRENGTH

W = Fxd = mgx ah
0

ah
\L ma

DUE TO ITS NEW POSITION, THE BODY IS NOW ABLE
TO DO EXTRA WORK EQUAL TO mgah

CHANGE IN POTENTIAL ENERGY = mgah

IF WE CONSIDER THE MASS TO HAVE O POTENTIAL
ENERGY AT GROUND LEVEL

AE, o = mgah

'A" REFERS TO "CHANGE IN"

*> Worked Example
[

To gettohis apartment a man has to climb five flights of stairs.

The height of each flightis 3.7 mandthe man has a mass of 74 kg.

Whatis the approximate gainin the man's gravitational potential energy during the

climb?

A. 13000

B. 2700 C. 15001 D. 12500]



ANSWER: A

Ah=37m

STEP 1 GPE EQUATION
AGPE = mgah

STEP 2 FIND h
Ah=5237m=18.5m
A

\ES FLIGHTS OF STAIRS

STEEN 3 SUBSTITUTE VALUES INTO GPE EQUATION

AGPE =74 x9.81 x18.5 = 13000 J (2 s.f)

ExamTip

Gravitational potential energy questions often use falling objects, where you are
expectedtorealise that, since energy is conserved, the gravitational potential
energy at the start is equal to the kinetic energy at the end.



The Principle of Conservation of Energy

¢ The principle of conservation of energy is a law of Physics which always applies to a closed
system

USEFUL OUTPUT
INPUT ENERGY
ENERGY
1

ENERGY CONVERTED
TO OTHER FORMS

| TOTAL ENERGY IN=TOTAL ENERGY OUT |

e Toapply conservation of energy, heatlosses are usually ignored during the calculation
stage
e Inreality there are always some energy losses from the system
o Theseshould be mentioned when comparing calculated, ideal values to real-life
situations

¢ Conservation of energy is often appliedin questions about exchanges between kinetic
energy and gravitational energy
e Common examplesinclude:
o Aswingingpendulum
o Objectsinfreefall
o Sports such as skiing or skydivingwhere gravity is causing motion and few drag forces

apply

e The gravitational potential energy storedinitially is transferred to kinetic energy, orvice
versa
¢ This allows either;
o Finalvelocity to be found from the distance the object moved, or
o Height of a drop from the final velocity



*> Worked Example

The diagram below shows a skieron a slope descending 750 matan angle of 25°
tothe horizontal.

Calculate the final speed of the skier, assuming that he starts fromrest and 15% of
his initial gravitational potential energy is not transferred to kinetic energy.

Step 1: Write down the known quantities

>
1002 GPE 20,
Ry

\ 152 GPE LOST
h
. KE = 85% GPE

o Verticalheight,h=750 sin 25°
o E,=0.85E,

Step 2: Equate the equations for Exand Eg,,



E=0.85 Egray
2mv?=0.85xmgh

Step 3: Rearrange for final speed, v

1
Emv2 = 0.85 x mgh

v? = 0.85 x 2gh

v =,/0.85x 2gh

Step 4: Calculate the final speed, v

v =+v0.85 x 2 x 9.81 x 7505sin 25° = 72.7

Final speed, v =73 m s

(") ExamTip
w
Gravitational energy:

¢ This equation only works for objects close to the Earth’s surface where we can
consider the gravitational field to be uniform.

Kinetic energy:

¢ Whenusing the kinetic energy equation, note that only the speedis squared,
notthe mass orthe .

e |faquestionasks aboutthe ‘loss of kinetic energy’, remembernot toinclude a
negative sign since energy is a scalar quantity.



Power

e Thepowerof amechanical process is therate at which energy is transferred
o Sincework doneis equalto the energy transferred, power can also be defined as the
rate of doingwork orthe work done per unit time
¢ Poweris measuredin Watts (W)
o Since poweris energy used perunittime, TW=1Js"!
e Powercanbe calculatedusing the equation:

\/ ° ENERGY (J)

_ E_ W<_¢Wwork oone
S

o TIME (s)

*> Worked Example
[

Acarengine exerts the following force for1.0 kmin 200 s.

500 N

1.0 km

Determine what is the average power developed by the engine.



STEP® 4 EQUATION FOR POWER

WORK DONE
TIME

POWER =

STEP 2 CALCULATE WORK DONE
W = F xd
=500 N x 1.0 x 10°m
=5x10°J

SiTER: 3 SUBSTITUTE WVALUES INTO POWER EQUATION

5 x10°J

&

POWER = = 2500 W = 2.5kW

(f) ExamTip

*  Powerisalsousedin electricity, with labels on lightbulbs which indicate their power,
suchas 60 Wor100 W, which indicate the amount of energy transferred by an
electrical currentratherthan by a force doing work. Just remembering 'energy per
unit time' willhelp, as it doesn't matter what kind of energy is being transferred.

When working with power equations the numbers are often very large, so expect to
see kW, MW andeven GW in questions.

(Incaseyou forgot... kW means x 103. MW means x 10%, and GW means x 10°. [f you
weren't sure, go andrevise S.I. Units!)



Efficiency

e Theefficiency of a systemis a measure of how well energy is transferred in a system
e Efficiencyis definedas:

Theratio of the useful power or energy transfer output froma systemtoits total
power or energy transferinput

o Ifasystemhas high efficiency, this means most of the energy transferredis useful
» |fasystemhaslow efficiency, this means most of the energy transferred is wasted
¢ Determiningwhich type of energy is useful orwasted depends on the system
o When electrical energy is convertedtolightin a lightbulb, thelight energy is useful and
the heat energy producedis wasted
o Whenelectrical energy is converted to heat fora heater, the heat energy is useful and
the sound energy producedis wasted

« Efficiency canbe given as aratio (between O and1) ora percentage (between O and100%)
¢ Since efficiencyis aratio, it has no units

e Calculate energy efficiency and power efficiency in the same way, using one of the
following equations;

EEFICIENCY = USEFUL ENERGY OUTPUT <100

TOTAL ENERGY INPUT

e Theenergy can be of any form e.g. gravitational potential energy, kinetic energy

EEFICIENCY = USEFUL POWER OUTPUT <1007,

TOTAL POWER INPUT

¢ Where poweris defined as the energy transferred perunit of time

Power = =

Energy transferred E
Time t

*> Worked Example

An electric motorhas an efficiency of 35 %. It lifts a 7.2 kg load through a height of 5
min3s.

Calculate the power of the motor.



Step 1: Write down the efficiency equation

. Power output
Efficiency = m x 100

Step 2: Rearrange for the power input
Power output x 100
Efficiency

Power input =

Step 3: Calculate the power output

o Thepoweroutputis equalto energy +time
o Theelectric motortransferred electric energy into gravitational potential energy to lift
theload

Gravitational potentialenergy =mgh=7.2x9.81x5=353.16J
Power=353.16+3=117.72W

Step 4: Substitute values into power input equation

, 117.72 x 100
Powver input = E U 336 W

*> Worked Example

The diagram shows a pump called a hydraulic ram.

!Small high

tank to be
filled

N

Large reservoir Bt peight

(lake)

Long inclined
approach pipe
S

In one such pump, thelong approach pipe holds 700 kg of water. Avalve shuts
when the speed of this waterreaches 3.5 m s™' and the kinetic energy of this water
is usedto lifta small quantity of water by height of 12m.

The efficiency of the pumpis 20%.

Determine the mass of waterwhich could belifted12m

Step 1: Identify the energy conversions and write theminan equation

o Thekinetic energy of the moving wateris converted to gravitational potential energy
asitis lifted
o Theequation shouldbe that;



1
oy s L,
initial E, = final Egmv >S5 my mgAh

Step 2: Include the efficiency in the equation

o Efficiency =20% meaning 20% of the kinetic energy is converted,;

1
0.2 x Emv2 = mgAh

Step 3: Substitutein the values and calculate

1
0.2 X 5 X 700 x (3.52) = m x 9.81 x 12

857.5 =117.712 m
m=7.284
Step 4: Write the answer with the correct significant figures and units

o Mass of waterlifted,m=7.3kg(2s.f.)

(’) Exam Tip
* nn efficiency calculations decide before starting where the energy is lost from the
system.

Inthe example above, the pumpis what converts the water’s kinetic energy into
gravitational potential energy, andit is the pump whose efficiency we are
given.That means the losses are from the kinetic energy.

Don'tjust calculate then deduct the efficiency at the end - this can lead to lots of
work forno marks. Whichisn't very efficient!
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