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Stationary Waves

+ Standing waves are produced by the superposition of twowaves of the same frequency
and amplitude travelling in opposite directions
+ This is usually achieved by a travelling wave andits reflection
o The superposition produces a wave pattern where the peaks and troughs do not move

+ Stationary waves store energy, unlike progressive waves which transfer energy

Formation of a stationary wave on a stretched spring fixed at one end

Comparing Progressive & Stationary Waves
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Progressive Waves Stationary Waves

All points have the same amplitude Each paint has a different amplitude depending

{in turn) on the amount of superposition

Points exactly a wavelength apart Points between nodes are in phase. Points on
are in phase. The phase of points either side of anode are out of phase

within one wavelength can be

between O to 360°

Energy is transferred along the wave | Energy is stored, not transferred

Does not have nodes or antinodes Has nodes and antinodes

The wave speed is the speed at which | Each point on the wave oscillates at a dif ferent
the wave moves through a medium speed. The overall wave does not move

Nodes & Antinodes

+ Astationary waveis made up nodesandantinodes
o Modes are regions where there is no vibration
o Antinodes are regions where the vibrations are at theirmaximum amplitude

+ Thenodes and antinodes do not move along the string
= Modes are fixed and antinodes only move in the vertical direction

+ The phase difference between two points ona stationary wave are eitherinphase orout of
phase
o Points between nodes arein phasewith each other
o Points that have an odd number of nodes between them are out of phase
o Points thathave an even number of nodes between them arein phase

+ Theimagebelow shows the nodes and antinodes on a snapshot of a stationary wave at a
pointintime
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o Where:
= Listhelength of the string
= Onewavelength iis only a portion of the length of the string

*) Worked Example

Astretched string is used to demonstrate a stationary wave, as shownin the
diagram.

Which row in the table correctly describes the length of Land the name of Xand Y?

Length L Point X Paint ¥
A 5 wavelengths Node Antinode
B 2;— wavelengths | Antinode Node
C 2% wavelengths | Mode Antinode
D 5 wavelengths Antinode MNode

ANSWER: C
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STEP 1 CALCULATE HOW MANY WAWELENGTHS IN THE

LENGTH OF THE STRING

= 2% WAVELENGTHS
A A
THIS RULES QUT A AND D
STERP 2 X 15 A POINT OF O DISPLACEMENT — A NODE

STEP 3 ¥ 1S A POINT OF MAXIMUM  DISPLACEMENT - AN ANTINODE

STEP 4 THE CORRECT ROW IS €

¢) ExamTip

Make sure you learn the definitions of node and antinode:

* Node = Apoint of minimum orno disturbance
+ Antinode = A point of maximum amplitude

In exam questions, the lengths of the strings will only be in whole or half
wavelengths. For example, a wavelength could be made up of 3nodes and 2

antinodes or 2 nodes and 3 antinodes.
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Formation of Stationary Waves

The Principle of Superposition
+ The principle of superposition states:

When two or more waves with the same frequency arrive at a point, the resultant
displacement is the sum of the displacements of each wave

« This principle describes how waves that meet at a pointin spaceinteract
* When two waves with the same frequency and amplitude arrive at a point, they superpose
either:
o Inphase, causing constructive interference. The peaks andtroughs lineup on both
waves andtheresultant wave has double the amplitude
o Inanti-phase, causing destructive interference. The peaks cn one wave line up with
the troughs of the other. Theresultant wave has no amplitude

CONSTRUCTIVE
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DESTRUCTIVE
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Waves in superposition can undergo constructive ordestructive interference

« The principle of superposition applies to all types of wavesi.e. transverse andlongitudinal,
progressive and stationary

The Formation of Stationary Waves

+ Astationary waveis formedwhen:

Twowaves travellingin opposite directions along the sameline with the same
frequency superpose

+« Thewaves musthave:
o The same wavelength)
o Asimilaramplitude

+ Asaresult of superposition, aresultant wave is produced
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NODE
(DESTRUCTIVE INTERFERENCE)

ANTINODE
(CONSTRUCTIVE INTERFERENCE)

A

Nodes and antinodes are aresult of destructive and constructiveinterference respectively

« Atthenodes:
o Thewaves arein anti-phase meaning destructive interference occurs
o This causes the twowaves to cancel each other out

« Attheantinodes:
= Thewaves arein phase meaning constructive interference occurs
o This causes the waves to add together

« Eachpoint on the stationary wave has a different amplitude (unlike a progressive /
travelling wave where each peint has the same amplitude)

Page 7 of 23
For more help, please visit www.exampaperspractice.co.uk




7=

EXAM PAPERS PRACTICE

M A AR T A A g |FVE AeLTUDE
SAME WAVELENGTH
AT AT V' V V V7 [same speed

WAVES IN ANTI-PHASE
DESTRUCTIVE INTERFERENCE
OCCURS

DECREASING PHASE
DIFFERENCE

WAVE IN PHASE
CONSTRUCTIVE INTERFERENCE
OCCURS

A graphical representation of how stationary waves are formed - the black line represents
theresulting wave

Examples of Stationary Waves
Stretched Strings

« Vibrations caused by stationary waves on a stretched string produce sound
¢ This is how stringedinstruments, such as guitars orviclins, work

= This can be demonstrated bya length of stringunder tension fixedat one end and
vibrations made by an oscillator:

TIGHTLY CLAMP BOTH SIDES OF THE STRING

[osciLLaToR 9 ¢ STANDING WAVES]
, e PULLEY |
e
ATTACH ONE END_ ATTACH ONE END
TO PULLEY

TO OSCILLATOR
FREQUENCY IS ADJUSTED UNTIL
STANDING WAVES ARE FORMED

MASS IS USED
TO KEEP THE
STRING TAUT
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Stationary wave on a stretched string

+ At specific frequencies, known as resonant frequencies, a whole number of half
wavelengths will fit on the length of the string

+ Astheresonant frequencies of the oscillator are achieved, standing waves with different
numbers of minima (nodes) and maxima (antinodes) form

Microwaves

+ Amicrowave sourceis placedin linewith areflecting plate and a small detector between
thetwo

+ Thereflector can be moved to and from the source to vary the stationary wave pattern
formed

+ Bymoving the detector, it can pick up the minima (nodes) and maxima (antinodes) of the
stationary wave pattem
MICROWANE PROBE MET AL
SOURCE DETECTOR REFLECTOR

DETECTOR! PICKS
UP MINIMA ™ (NODE)

REFLECTOR CREATES
TO METER STATIONARY WAVE

Using microwaves to demonstrate stationary waves

Sound Waves

+ Soundwaves can be produced as a result of the formation of stationary waves inside an air
column
o This is how musical instruments, such as clarinets and organs, work

» This canbe demonstrated by placing a fine powder inside the air column and a loudspeaker
attheopen end

« Atcertain frequencies, the powderforms evenly spacedheaps along the tube, showing
where thereis zero disturbance as a result of the nodes of the stationary wave
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DISPLACEMENT OF

STANDING WAWE
e CLOSED END

o DRY HEAPS OF POWDER |

_WIRES TO SIGNAL
GENERATOR

Stationary waveinan air column

» |norderto produce a stationary wave, there must be a minima (node) atoneendanda
maxima (antinode) atthe end with the loudspeaker

) ExamTip

= Always refer back to the experiment orscenario in an exam question e.g. the wave
producedby a loudspeakerreflects at the end of a tube. This reflected wave, with
the same frequency, overlaps the initial wave to create a stationary wave.

Harmonics
+ Stationary waves can have differentwave patterns, known as harmonics
o Thesedepend on the frequency of the vibration and the situation in which they are
created

+ Theseharmonics can be observed on a stringwith two fixed ends
+ Asthefrequencyisincreased, more harmonics begin to appear
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Harmonics on a String

+ When a stationary wave, such as a vibrating string, is fixed at both ends, the simplest wave
patternis a single loop made up of two nodes and an antinode
e This is called the first harmonic or fundamental frequency

* The particular frequencies (i.e. resonant frequencies) of stationary waves formed depend
on thelength of the string L and the wave speedv

* Thefrequencies can be calculated from the string length and wave equation

= Forastringof length L, the wavelength of thelowest harmonicis 2L

o Thisis because thereis only one loop of the stationary wave, which is a half wavelength

* Therefore, the frequencyis equal to:

e Y
! el

The second harmonic has three nodes and two antinodes
Thewavelengthis L and the frequencyis equalto:

i<

v
f2=i=

f, = 2f,

The third harmonic has four nodes and three antinodes
Thewavelengthis 2L / 3andthe frequencyis equal to:

p 1) G
d ¥ A gt
f3=3f1

Thenth harmonic has n antinodes and n + 1 nodes
Thewavelengths and frequencies of the first three harmonics can be summarised as
follows:

Page 11 of 23
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FIRST HARMONIC | | WAVELENGTH A FREQUENCY = %
v
WNODE 3 lANTlODEl = NODE _ﬂ_ = 2L f= I
L=A/2

| SECOND HARMONIC |

AN 1P —— -

<

L=A

| THIRD HARMONIC |

)N s
"RIPRIAU o =T 2

L=3A/2

Diagram showing the first three modes of vibration of a stretched string with corresponding
frequencies

*) Worked Example
L ]

A stationary wave made from a string vibrating in the third harmonic has a
frequency of 150 Hz.Calculate the frequency of the fifth harmonic

Page 12 of 23
For more help, please visit www.exampaperspractice.co.uk




EXAM PAPERS PRACTICE

Step 1: Calculate the frequency of the first harmonic
f5=3f
fi=f;+3=150 +3=50Hz
Step 2: Calculate the frequency of the fifth harmonic
fs=5f,
f5=5x50=250Hz

O ExamTip

-
Make sure to match the correct wavelength with the harmonic asked forin the
question:

+ Thefirst harmonic (orn =1)is the lowest frequencywith half orquarterofa
wavelength
+ Thesecond harmonic (orn = 2)is a full wavelength

Frequency of the First Harmonic

* Thespeedof awave travelling along a string with two fixed ends is given by:

* Where:
o T=tensioninthestring(N)
© u=mass perunitlength of the string(kgm™)

= Forthe first harmonic of a stationary wave of length L, the wavelength, A= 2L
» Therefore, according to the wave equation, the speed of the stationary waveis:

v=fh=Ffx2L

s Combining these two equations leads to the frequency of the first harmonic:

1 [T
f=m |-

2L u
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For more help, please visit www.exampaperspractice.co.uk




FIE
EXAM PAPERS PRACTICE
+ Where:
o f=frequency(H2)

o L=thelengthof the string(m)

‘, Worked Example
®

A guitar string of mass 3.2 gandlength 90 cm is fixed onto a guitar. The stringis
tightenedto a tension of 65 N between two bridges ata distance of 75 cm.
75¢em

"7

-

Calculate the frequency of the first harmonic produced when the stringis plucked.

| FRST HARMONIC | L=ZA —> A=2L

Step 1: Write down the known gquantities

e Tension, T=65N
e Stringlength,L=75cm=75x 10 m

32x 1073

T 3.56 » 1073 kg m™!

« Mass per unit length, y =

Step 2: Write down the required equation

Page 14 of 23
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Step 3: Calculate the frequency of the first harmonic

1 65
f=
2x(75%10"2)4/3.56 x 10-3

=90.139

The first harmonic occurs at frequency, f = 90 Hz

Required Practical: Investigating Stationary Waves

Aims of the Experiment
* Theoverall aim of the experimentis to measure how the frequency of the first harmonicis
affected by changing one of the following variables:
o Thelength of the string
o The tensionin the string
o Strings with different values of mass perunit length

Variables:
+ Independentvariable = either length, tension, ormass perunitlength
» Dependentvariable = frequency of the first harmaonic
* Controlvariables
o Iflength is varied = same masses attached (tension), same string (mass per unit
length)
o Iftensionis varied = samelength of the string, same string (mass perunit length)
o If mass perunitlengthis varied = same masses attached(tension), same length of the
string

Page 15 of 23
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Apparatus Purpose

Signal generator

Used to operate the vibration generator and measure the
frequency of the first harmonic

Vibration generator

Connected o the signal generator to produce the
stationary wave

Retort stand

To provide a stable fixed and on the table

Gelamp or 2 kg mass

Te place on the retort stand to stabilise apparatus

2.0 mof string Used to observe the stationary wave

Pulley To allow the masses to hang vartically, and introduces
less fric tion than the edge of the table

Wooden bridge To provide the other fixed end which can vary the length

of the string

Mass hanger + 100 g masses

To hang from the pulley to vary the tension in the string

Metre ruler

To measure the length of the string

Top=pan balance

Ta measure the mass of the string

+ Resolution of measuring equ
o Metreruler=1mm
o Signalgenerator~10nHz
o Top-panbalance=0.005g

For more help, pleas

ipment:
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/EETORT STAND|

Method

VIBRATION
GENERATOR

MASSES -

TENSION
CONNECTED TO A W T=mg
SIGNAL GENERATOR

The setup of apparatus required to measure the frequency of the first harmonic at different
values of length, tension, ormass perunit length

This methodis an example of the procedure for varying the length of the string with the
frequency - this is just one possible relationship that can be tested

1. Setup the apparatus by attaching one end of the string to the vibration generatorandpass
the other end overthe bench pulley and attach the mass hanger

2. Adjust the position of the bridge so that the length L is measured from the vibration
generator to the bridge using a metre ruler

3. Turn on the signal generator to set the string oscillating

4, Increase the frequency of the vibration generator until the first harmonicis observed and
read the frequency that this occurs at

5. Repeat the procedure with different lengths

6. Repeat the frequency readings at least two more times and take the average of these
measurements

7.Measure the tension in the stringusing T=mg

o Where mis the amount of mass attachedto the string and gis the gravitational field
strength on Earth (9.81N kg™

B. Measure the mass per unit length of the string i = mass of string + length of string
o Simply take a known length of the string (1m is ideal) and measureits mass ona

balance Page 17 of 23
For more help, please visit www.exampaperspractice.co.uk




7=

EXAM PAPERS PRACTICE
* Anexample of a table with some possible string lengths might look like this:

FREQUENCY OF THE
FIRST HARMONIC

LENGTH
OF THE
STRING

f/Hz f/Hz §/Hz §/Hz
1st READING | 2nd READING | 3rd READING | MEAN

L/m

0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

Before conducting an experiment, a table must be set up to detail of what measurements
are tobe made

Analysing the Results

= Forthe first harmonic, wavelength, A =21
« So,the speedofthe stationary waveis:

v=fa=Ffx2L

= Rearranging forfreguency, f:

Page 18 of 24
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+ Comparing this to the equation of a straightline: y = mx

o y:f{Hz}
o x=1/L(m™
o Gradient=v/2(ms™)

1. Plot a graph of the mean values of fagainst1/L
2.Draw a line of best fit and calculate the gradient
3. Work out the wave speed, which willbe 2 x gradient:

$/Hz A

-

GRADIENT = fL

V= 2x GRADIENT

—
-
1
ke / -1
If the frequency is plotted again the inverse of the length, the velocity is twice the gradient
of thegraph

« Verify the wave speed of the travelling waves using the equation:

<
n
|

Page 19 of 23
For more help, please visit www.exampaperspractice.co.uk




EXAM PAPERS PRACTICE
+ Where:

s T=tension(N)
o u=mass perunitlength(kgm™)

+ Assess theuncertainties in the measurements of length and the frequency and carry out
calculations to determine the uncertainty in the wave speed

Evaluating the Experiment
Systematic errors:

+ Anoscilloscope can beusedto verify the signal generator's readings
+ Thesignal generator should be left for about 20 minutes to stabilise
+ Themeasurements would have a greaterresolution if the lengthusedis aslarge as
possible, or as many half-wavelengths as possible
o This means measurements should span a suitable range, forexample, 20 cmintervals
overatleast].Om

Randomerrors:

+ Thesharpness of resonance leads to the biggest problemin deciding when the first
harmonicis achieved

o This can beresolved by adjusting the frequencywhile looking closely atanode. This is
atechniguetogain the largest response

o Looking at the amplitude is likely to be less reliable since the wave will be moving very
fast

+ When takingrepeat measurements of the frequency, the best procedure is as follows:
o Determine the frequency of the firstharmonic when the largest vibration is observed
and note down the frequency at this point
o' Increase the frequency and then gradually reduceit untilthe first harmonic is observed
again and note down the frequency of this
o Iftaking three repeat readings, repeat this procedure again
o Average the three readings and move onto the next measurement

Safety Considerations
+ Usea rubberstring instead of a metal wire, in case it snaps under tension
+ If using a metalwire, wear goggles to protectthe eyesincaseitsnaps
+ Standwell away from the masses in case they fall onto the floor
+ Placeacrashmat or any soft surface under the masses to break their fall

Page 20 of 23
For more help, please visit www.exampaperspractice.co.uk




? Worked Example

7=

EXAM PAPERS PRACTICE

A studentinvestigates therelationship between the frequency of the stationary
waves on a wire and the tension in the wire. The tensionis varied by addingmasses
toahangerwhich is attached to a pulley over one end of a table.The student
records the following data:

» Massofthewire=0.16g
* Length of the wireweighed=1.0m
+ Distance betweenthefixedends=0.4m

Mass on Frequency (Hz) Frequency (Hz) Frequency (Hz)
hanger (kg) ‘st reading 2nd reading medn

0.20 140 135

0.40 195 200

0.60 240 240

0.80 280 278

1.00 310 310

1.20 340 340

1.40 365 368

1.60 302 390

Calculate the frequency using the relation between frequency, length, tension and
mass perunit length. Evaluate the percentage uncertainty in these values.
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Step 1: Calculate the mean values of frequency

+ The mean readings are: 138 Hz; 198 Hz; 240 Hz, 279 Hz; 310 Hz; 340 Hz; 367

Hz; 391 Hz
Step 2: Work out the tensions and mass per unit length

e Use the equation to calculate the frequency for a mass of 0.20 kg:

0.16 x 10~3

=0.16 x 103 kg m™!
1.0

T=mg=0.20x9.81=196N

1 T 1 ’ 1.96
f=ﬁ - e 0.16:(1(]'3=138'3=14DHZ{25'f')

« Working in the same way, the frequencies for the remaining lengths are: 200

Hz; 240 Hz; 280 Hz; 310 Hz; 340 Hz; 370 Hz; 390 Hz

Step 3: Determine the uncertainties in each quantity
Mass on hanger

+  The maximum uncertainty is likely to be 0.005 kg

5
= 100% = 2.5%

+ Therefore, % uncertainty in measurement of 0.2 kg is 0.20

o Since each mass has an uncertainty of 0.005 kg, these are added

together as the masses increase, so each mass has the same

01
» 100% = 2.5%
0.40 00 5

percentage uncertainty i.e.
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Length

+ Resolution of a metre ruler is 1 mm, but errors of up to 1 cm are possible in

this set up

0.4

+ Therefore, % uncertainty in measurement of 0.4 m is x 100% = 2.5%

Mass per unit length

s The resolution of a metre ruler is 1 mm and the resolution of a top-pan
balance is 0.005 g

+ Therefore the uncertainty in the mass per unit length:

A Am Al
e
I m L
o Du=016x (Gre+ o) =0:005g/m
W . ~ 0.005
s Therefore, % uncertainty in measurement of 0.16 g/m is nie " 100% = 3%

Step 4: Determine the uncertainties in the mean frequency values
+ Since tension (proportional to the mass on the hanger) and mass per unit

1
length are to the power of =, their % uncertainties are halved

2
o Maximum % uncertainty in calculated frequencies would be the % uncertainty
in each value added together:

o % uncertainty in frequency = 2.5 % + 1.25% + 1.5% = 5.25%
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