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Density

¢ Densityis the mass per unit volume of an object
o Objects made from low-density materials typically have alowermass
o Forexample, aballoonis less dense than a smallbar of lead despite occupying a larger
volume

e Theunits of density depend on the units used formass andvolume:
o |fthemassis measuredin gandvolumein cm3, thenthe density willbeing /cm?3
o Ifthe massis measuredin kg andvolumeinm?, then the density will beinkg / m3

Density of cork Density of wood Density of metal
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Gases are less dense than a solid

¢ Thevolume of an object may not always be given directly, but can be calculated with the
appropriate equation depending on the object’s shape
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Volumes of common 3D shapes



Upthrust

Archimedes' Principle
e Archimedes’ principle states:

An object submerged in a fluid at rest has an upward buoyancy force (upthrust)
equal to the weight of the fluid displaced by the object

¢ Theobject sinks untilthe weight of the fluid displacedis equal to its own weight
o Therefore the object floats when the magnitude of the upthrust equals the weight of
the object

¢ Themagnitude of upthrust can be calculatedin steps by:
o Findthevolume of the submerged object, which is also the volume of the displaced
fluid
o Findthe weight of the displaced fluid
o Sincem = pV (density x volume), upthrustis equalto F = mg whichis the weight of the

fluid displaced by the object

¢ Archimedes’ Principle explains how ships float:

WEIGHT (EQUAL TO
BUOYANCY FORCE)

é DISPLACED
WATER

{h

BUOYANCY FORCE
(EQUAL TO THE WEIGHT)

MASS OF DISPLACED WATER = MASS OF BOAT SUBMERGED

Boats float because they displace an amount of water that is equal to their weight



(’) Exam Tip

Don't get confused by the two step process to find upthrust.

e Stepl: Youneedthevolume of the submerged object, but only because you
want to know how much fluid was displaced
e Step2:Whatyoureally want to know is the weight of the displaced fluid.

Acouple of familiar equations will help;
e m=pVtogetmass(andthat's theVfromstep1outoftheway),
then
¢ W=mgtogetweight

If you are feeling particularly mathematical, you can combine your equations, so that
W=pVg



Stoke'sLaw
Viscous Drag

e Viscous dragis defined as

the frictional force between an object and a fluid which opposes the the motion between
the object and the fluid

e Viscous dragis calculatedusing Stoke’s Law;
F = éminrv

¢ Where

o F=viscousdrag(N)

o p=coefficientof viscosity of the fluid (Ns m=2orPa's)
r=radius of the object(m)
v =velocity of the object (ms™)

o
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e Theviscosity of a fluid can be thought of as its thickness, orhow much it resists flowing
o Fluids with low viscosity are easy to pour, while those with high viscosity are difficult
to pour

¢ The coefficient of viscosity is a property of the fluid (at a given temperature) thatindicates
how much it will resist flow
o Therate of flow of a fluidis inversely proportional to the coefficient of viscosity

Drag Force at Terminal Velocity

e Terminalvelocity is usefulwhen working with Stoke’s Law since at terminal velocity the
forces in each direction are balanced

Ws =Fgq+U(equation)

¢ Where;



o Wg=weight of the sphere
o Fy=thedragforce(N)
o U=upthrust(N)

Fp=inrisg Frp=6mqrv
t t
5
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At terminal velocity forces are balanced: W (downwards) = Fd + U (upwards)
The weight of the sphereis found using volume, density and gravitational force

Wi =vspsg

4
= — 3 i
WS 3 mrep g (equation2)

Where
o vg=volume of the sphere (m3)
o ps=density of the sphere (kgm™3)
o g=gravitational force (Nkg™

Recall Stoke’s Law
Fq=6TMvierm (€quation 3)

Upthrustequals weight of the displaced fluid
o Thevolume of displaced fluid is the same as the volume of the sphere
o Theweight of the fluidis found from volume, density and gravitational force as above

4
U= 3 nrp g (equation 4)

Substitute equations 2, 3and 4 into equation 1
4 4 .
gﬂrpsg = 67T77rvtelm + gnr P&
Rearrange to make terminal velocity the subject of the equation

4
selp, — p)  4nrgle - p)
Vierm ~ 6mnr B 18mnr




 Finally, cancel outrfromthe top and bottom to find an expression for terminal velocity in
terms of theradius of the sphere and the coefficient of viscosity

2nglp, = p,)
V =
term 97'[77

e This finalequation shows that terminal velocity is;
o directly proportional to the square of theradius of the sphere
o inversely proportional to the viscosity of the fluid



Understanding Viscosity & Stoke's Law
Conditions for Stoke’s Law Equation

e Theequation can only be usedwhen certain conditions are met;
o Theflowislaminar
o The objectis small

The objectis spherical

Motion between the sphere and the fluidis at a slow speed

o]

o

SMALL

SPHERICAL
SLOW SPEED
(& ONIY | AMINAR Fl OW)

Laminar and Turbulent Flow

¢ Asanobject moves through a fluid, ora fluid moves around an object, layers in the fluid are
created

¢ Inlaminarflow allthe layers are movingin the same direction and they do not mix

e This tends to happen for slow moving objects, or slow flowing liquids

e Theequation above only applies forlaminar flow

¢ Inturbulent flow the layers movein different directions and the layers do mix

LAYERS MOVE IN SAME LAYERS MOVE IN DIFFERENT
DIRECTION AND DO NOT MIX DIRECTION AND DO MIX
=
—\\_/z———o @

LAMINAR FLOW |TURBULENT FLOW

Changing Viscosity
¢ Viscosity is temperature-dependent

o Liquids arelessviscous as temperatureincreases
o Gases getmoreviscous as temperatureincreases

*> Worked Example

°
Aballbearing of radius 5.0 mm falls at a constant speed of 0.030 ms~' through a oil

which has viscosity 0.3 Pa's and density 900 kgm~3.

Determine the viscous drag acting on the ball bearing.



Step 1: List the known quantities in Slunits

(e}

Radius of the sphere,r;=5.0mm=5.0x10"3m
Terminal velocity of the sphere,v=0.03ms"!
Viscosity of oil, n=0.3Pa’s

Density of oil, pr= 900 kgm™3

(e}

(e}

[e]

Step 2: Sketch a free-body diagramtoresolve the forces at constant speed

We=Fg+U

F

Step 3: Calculate the value for viscous drag, Fyq
Fa= 6TTT]I’V =6xTx0.3x5.0x1073x0.03=0.008482
Step 4: Write the complete answer to the correct significant figures and include units

o Theviscousdrag,Fy=8.5x10"4N



(’) Exam Tip

You may need to write out some or all of the derivation given in the first part above.

Itis reallyimportant to keep clearwhetheryou are talking about density of the
sphere orthe fluid, and mass of the sphere or the fluid.

Practice using subscripts and do try this athome. Itisn’t one to do for the first timein
anexam!
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Core Practical 4: Investigating Viscosity of a Liquid
Aim of the Experiment

¢ By allowing small spherical objects of known weight to fall through a fluid until they reach
terminalvelocity, the viscosity of the fluid can be calculated

Variables

¢ Independentvariable: weight of ball bearing, W
e Dependentvariable: terminal velocity, Vierm
¢ Controlvariables:

o fluidbeingtested,

o temperature

Equipment List

e Longmeasuring cylinder

¢ Viscous liquid to be tested (thin oil of known density or washing up liquid)
e Standandclamp

¢ Metrerule

¢ Rubberbands

e Steelballbearings of different weights

e Digitalscales

e Verniercalipers

¢ Digital stopwatch

¢ Magnet

Method

1. Weigh the balls, measure theirradius using Vernier callipers and calculate their density
2.Placethreerubberbands aroundthe tube. The highest should be farenough below the
surface of the liquid to ensure the ballis travelling at terminal velocity when it reaches this

band. The remaining two bands shouldbe 10 - 15 cm apart so that time can be measured
accurately
3.Release theballand wait untilitreaches the first rubberband. Start the timer at the first
band, thenuse thelap timerto findthe time to falld;andalso d,
i. If lap timingis not available, two stopwatches operated by different people should be
used
ii. If the ballis stillaccelerating as it passes the markers, they need to be moved
downwards untilthe ballhas reached terminal velocity before passing the first mark



4.Measure andrecordthe distances d;(between the highest and middle rubberband) and d,
between the highest andlowestbands.

5.Repeat atleast three times for balls of this diameter and three times for each different
diameter

6.Ballbearings areremoved from the bottom of the tube using the magnet against the
outside wall of the measuring cylinder

Table of Results:

MASS OF BALL BEARING,m,= kg
5 WEIGHT OF BALL BEARING, Ws=meg=____ N
DENSITY FLUID,p, = kgm™

/s Vierm/ Ms™

term

d,/m d,/m t,/s t,/s t,/s t

av

Analysis

e Terminalvelocity is usedin this investigation since at terminal velocity the forces in each
direction are balanced

WS = Fd + U (equation)
e Where;
o W, =weight of the sphere

o Fy=thedragforce(N)
o U=upthrust(N)

e Theweight of the sphereis found using volume, density and gravitational force
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W =vpg

N

4
W = —7Tr3psg(equation2)

s° 3
¢ Where
o vg=volume of the sphere (m?3)
o ps=density of the sphere (kgm™3)
o g=gravitational force (Nkg™)

Recall Stoke’s Law

Fd =6 mrv, - (equation 3)

Upthrustequals the weight of the displaced fluid
o Thevolume of displaced fluid is the same as the volume of the sphere
o Theweight of the fluidis found from volume, density and gravitational force as above

4
U= 3 mrip g (equation 4)

Substitute equations 2, 3and 4 into equation 1

4 4
3 nep g = 6mrv, 3 nrip g

¢ Rearrange to make viscosity the subject of the equation
4 3 & 3 =
gm pPE ~ 371'1’ pPE = 6m71‘vtelm
3 _4
dnig(p .~ p,)
=n
3 (e,

2 =
2%~ py
n 9v

term
Evaluating the Experiment
Systematic Errors:

¢ Rulermustbe clampedyvertically and close to the tube to avoid parallax errors in
measurement
¢ Ballbearing mustreach terminal velocity before the first marker

Random errors:

¢ Cylindermusthave alarge diameter comparedto the ball bearing to avoid the possibility of
turbulent flow

¢ Ballmustfallin the centre of the tube to avoid pressure differences caused by being too
close to the wall which will affect the velocity



Safety Considerations

e Measuring cylinders are not stable and should be clampedinto position at the top and

bottom
» Spillages willbe slippery and must be cleaned upimmediately

e Avoid getting fluids in the eyes



Hooke's Law

When a force Fis added to the bottom of a vertical metal wire of length L, the wire stretches
Amaterial obeys Hooke’s Law if:

The extension of the material is directly proportional to the applied force (load) up
to thelimit of proportionality

This linearrelationshipis represented by the Hooke’s law equation:
AF = kAx

Where:
o F=appliedforce(N)
o k=springconstant(Nm)
o Ax=extension(m)

The spring constantis a property of the material being stretched and measures the
stiffness of a material
o Thelargerthe spring constant, the stifferthe material

Hooke's Law applies to both extensions and compressions:
o The extension of an objectis determined by how much it has increased inlength
o The compression of an objectis determined by how muchithas decreased in length




Stretching a spring with aload produces a force that leads to an extension

Force-Extension Graphs

¢ Theway a materialresponds to a given force can be shown on a force-extension graph
¢ Amaterialmay obey Hooke's Law up to a point
o Thisis shown onits force-extension graph by a straight line through the origin

* Asmoreforceis added, the graph may start to curve slightly

A
Force - Extension Graph
S
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A= o
oD
g
L
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@
EE Elastic Limit
This is reached when the
graph line starts to curve
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Extension

The Hooke's Lawregion of a force-extension graphis a straight line. The spring constantis
the gradient of that region

e Thekey features of the graph are:

o Thelimit of proportionality: The point beyond which Hooke's law is nolonger true
when stretching a materiali.e. the extensionis nolonger proportional to the applied
force

= Thepointisidentified on the graph where the line starts to curve (flattens out)

o Elasticlimit: The maximum amount a material can be stretched andstillreturn toits
originallength (above which the material willno longer be elastic). This pointis always
after the limit of proportionality

= The gradient of this graphis equal to the spring constant k



Stress & Strain

Stress

o Stressis the applied force perunit cross sectional area of a material
e Forcescanbe;
o Tensile forces, which pullon an object and extendit
o Compressive forces, which push onto an object and compress (or squash) it

(a) (b)

« Theequation forstress is the force perunit area, and so the units are N m~2, or Pascals, the

sameunitas pressure
° FORCE (N)

(s 7y
CROSS-SECTIONAL AREA (m?)

Stress equation

¢ Theultimate tensile stress is the maximum force per original cross-sectional area a wire is
able to support untilit breaks

Strain

e Strainis the extension per unitlength
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ORIGINAL LENGTH x

EXTENSION Ax T \L

Strainis theratio of the extension (or compression) and the original length

e Thisis a deformation of a solid due to stress in the form of elongation or contraction
+ Notethatstrainis a dimensionless unitbecauseit’s theratio of lengths

(E: EXTENSION (m)

_ ax

E_X

Strain equation

° LENGTH (m)



The Young Modulus
Young Modulus

¢ The Youngmodulus (sometimes called Young's Modulus) is the measure of the ability of a
materialto withstand changes in length with an added loadie. how stiff a material is

e This givesinformation about the elasticity of a material

e TheYoungModulus is defined as theratio of stress and strain

YOUNG MODULUS E = 2TRESS O Fx
~ STRAIN £  Aax

Young Modulus equation

e |tsunitisthesameas stress:Pa(since strainis unitless)
¢ Justlike the Force-Extension graph, stress and strain are directly proportional to one
anotherfora material exhibiting elastic behaviour

YA\

YOUNG

STRESS O/ Rd =
€ MODULUS E

=V

O STRAIN €

Astress-straingraphis a straight line with its gradient equal to Young modulus

e Thegradient of a stress-stress graph whenitis linearis the Young Modulus



Force-Extension Graphs

e Theway a material responds to a tensile orcompressive force can be shown on a force-
extension, ora force-compression graph
o Although compression can be putinto equations as a hegative value, the graphs have
the same shaped curves
o Compressionis plotted onthe graph as a positive, increasingvalue

e Every material willhave a unique force-extension graph depending on how brittle or
ductileitis
¢ Inthe sameway, materials have unique force-compression graphs, which willnot be the
same as theirforce-extension graph
o Thisis because materials behave differently under tensile and compressive strain

Simple Force-Extension Graphs

FORCE F/N A\

LIMIT OF PROPORTIONALITY

I\

k=Ax

e
~
O |-Hooke's Law— EXTENSION x/m
REGION

Fetx

Simple force-extension graph showing the Hooke's Law region, and the calculation to find
k, the spring constant

e Amaterialmay obey Hooke's Law up to a point
o Thisis shown on its force-extension graph by a straight line through the origin
¢ Asmoreforceis added, the graph may start to curve slightly

The key features of the graph are:

¢ Thelimit of proportionality
o Thepointbeyond which Hooke's law is nolonger true when stretching or compressing
amateriali.e. the extension/ compressionis nolonger proportional to the applied force
o Thepointisidentified on the graph where theline starts to curve



¢ Theelasticlimit
o Thepointbefore which a material willreturn toits original length or shape when the

deformingforceis removed
o This pointis always after the limit of proportionality

¢ Thespring constant k is found from the gradient of the straight part of the graph

More Detailed Force-Extension Graphs
e Graphs of appliedload-extension can give more detailed information about materials
o This willapply when loads were continued well past the elastic limit

T S R
=
p elastic limit
R,
0 Area under the
E ‘/—\\_,_ graph is the energy
L|>j stored in the spring

load (N) 4.0

Detailed force-extension graph showing a material under loads which exceed the elastic
limit
e Theyield pointis where the material continues to stretch even though no extra forceis
being appliedtoit
» Elasticdeformationis a change of shape where the material will returntoits original
shapewhen theloadis removed

¢ Plastic deformation occurs afterthe yield point
o Itisachange of shape where the material will not return toits original shape when the

loadis removed
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Stress-Strain Graphs

e Stress-strain curves give anindication of the properties of materials such as
o Uptowhatstress andstrain they obey Hooke's Law

Whetherthey exhibit elastic and/or plastic behaviour

Thevalue of their Young Modulus

Thevalue of theirbreaking stress

]

]

o]

¢ Eachmaterialhas aunique stress-strain curve
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Stress-strain graph for different materials up to their breaking stress

Comparing Force-Extension to Stress-Strain Graphs
The key features of the graph which are also on the force-extension graph are:

« Limit of proportionality, beyondwhich Hooke's law no longer applies

» The elasticlimit, before which a materialreturns toits originallength or shape when the
deforming force is removed

¢ Theyield point beyond which the material continues to stretch (more strainis seen) even
though no extra forceis being applied to it (without additional stress)

¢ Elasticdeformation where the material will returntoits original shape when the loadis
removed

» Plastic deformationwhere the material willnot return toits original shape when the loadis
removed
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Theimportant points shown on a stress-straingraph
The stress-strain graphis alsousedto find;

¢ The Young Modulus is found from the gradient of the straight part of the graph
¢ Breakingstress (also called fracture stress) is the stress at the point where the material
breaks
o Attheyield pointthe atomsin the materialhad started to moverelative to each other,
atthe breaking stress they separate completely
o Breakingstressis notthe same as ultimate tensile stress which is marked on many
graphs



CorePractical 5: Investigating Young Modulus of a Material

e Tomeasure the Young Modulus of a metalin the form of a wire requires a clamped horizontal
wire over a pulley (orvertical wire attached to the ceiling with a mass attached) as shownin
the diagram below

Metal Wire Under Test

Safety Glasses Travelling

Microscope

—

Briler Marker

Pulley

Paper Flap
G Clamp

Load E

Mass Catcher ; :

¢ Areference markeris neededon thewire. This is usedto accurately measure the extension
with the appliedload

¢ Theindependentvariableis theload

e Thedependentvariableis the extension

Method

1. Measure the original length of the wire using a metre rulerand mark this reference point with
tape

2.Measure the diameter of the wire with micrometer screw gauge or digital calipers

3.Measure orrecord the mass orweight used for the extensione.g. 300 g

4.Recordinitialreading on the rulerwhere the reference pointis

5.Add mass andrecord the new scale reading from the metreruler

6.Record finalreading from the new position of the reference point on theruler

7.Add anothermass andrepeat method

Reducing Uncertainty

e Toreducetheuncertaintyin the finalanswer, take the following precautions when
measuring
o Take pairs of readings of the diameterright angles to each other, to ensure the wireis
circular



o

Sixto tenreadings altogetheris enough to get an average value

Remove theload and check the wire returns to the original limit aftereach reading. A
little 'creep'is acceptable but alarge amountindicates that the elastic limithas been
exceeded

o Take severalreadings with differentloads and find average

o Usea Vernierscale to measure the extension of the wire

o]

Measurements to Determine the Young Modulus

1. Determine extension x from final and initial readings

Example table of results:

Mass m/g Load E/N :-:i:,al Length / Eir::l Length / [E:;cgrj:;t:n ,:
200 2.0 500 500.1 0.1
300 2.9 500.1 500.4 0.3
400 3.9 500.4 501.0 0.6
500 4.9 501.0 501.9 0.9
600 5.9 501.9 503.2 1.3
700 6.9 503.2 504.9 1.7
800 7.8 504.9 207.0 2.1

Table with additional data



LengthL/m 1.382

Diameter 1/ mm 0.277
Diameter 2/ mm 0.280
Diameter 3/ mm 0.275
Average Diameterd/ mm 0.277

Cross Sectional area A/ m2 6.03x10-8

2.Plota graph of force against extension and draw line of best fit

3. Determine gradient of the force v extension graph

4, Calculate cross-sectional area from:

| DIAMETER OF THE WIRE (mmg\)

Id’

CROSS-SECTIONAL AREA A= 7

5. Calculate the Young modulus from

| FORCE /LOAD (N) Q\) /ELENGTH OF WIRE (m)|

YOUNG’S MODULUS E = = A M GRADIENT x —

STRAIN ~ Ax A

'CROSS*SECTIONAL AREA {mz)%ﬁ KE: EXTENSION (m)l
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Safety Considerations

o Safety glasses shouldbe wornin case of the wire snapping
» Protectfeetandthe floor from falling weights by cushioning the area underneath the

weights
(’) ExamTip

Although every care should be taken to make the experiment as reliable as possible,
you will be expected to suggestimprovements in producing more accurate and
reliable results

Good examples of improvements in any experiment are:

o Takerepeatreadings andtake an average toimprove accuracy
e Measurelongerdistances, such as using alongerlength of wire, toreduce
percentage error
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AreaUnder a Force-Extension Graph

Foramaterial which obeys Hooke's law, the elastic strain energy, E¢;can be determined by
finding the area under the force-extension graph
o Sincethis area willbe a triangle with sides F (force) and x (extension) the equationis:

1
AE61= EFAX

Where:
o Eg=elastic strain energy (orwork done) (J)
o F=averageforce(N)
o Ax=extension(m)

Since Hooke's Law states that F = kAAx, the elastic strain energy can also be written as:
= T k(Axp
AEel— 3 kKAx

Where:
o k=springconstant(Nm™)



Elastic Strain Energy

¢ Workhas tobe doneto stretch a material

o Before a materialreachesits elastic limit (whilstit obeys Hooke's Law), allthe workis done is
stored as elastic strain energy

e Thework done, orthe elastic strain energy is the area under the force-extension graph

HOOKE’S LAW | NON—-HOOKE’S LAW

Y ¥
=z 1 z l
o ! & !
1 I
w 1 w 1
O 1 O 1
o ! (g !
O ! @ !
L I o |
1 I
1 I
1 I
1 1
1 1
ol EXTENSION Ax/m x 0 EXTENSION Ax/m x

WORK DONE = % FAx | WORK DONE = AREA UNDER GRAPH |

Work done is the area under the force-extension graph
e Thisis true forwhetherthe material obeys Hooke's law ornot

Linear Graphs

e Fortheregion where the material obeys Hooke's law, the work done is the area of a right-
angled triangle underthe graph

Non-linear Graphs

e Fortheregion where the materialdoesn't obey Hooke's law, the areais the full region
underthe graph.
e Tocalculate this area, split the graph into separate segments and add up the individual
areas of each
e Fortheremaining part, count the squares left over
o Beforeadding squares to the total they mustbe converted using the values on the
axes
o Forexample, if each division on the y-axis = 0.1N and each division on the x-axis = 0.2
m, theneachsquare=0.1x0.2Nm=0.02Nm



