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Standing Waves 4

Your notes

Standing Waves

= Standing waves are produced by two waves as they travel in opposite directions
= Thisisusually achieved when a travelling wave superimposesits reflection
= The superposition produces a wave pattern where the crests and troughs only move vertically

OUTWARD _;/r\
= PULSE

ﬁ REFLECTED
PULSE =

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

Formation of Standing Waves

= Standing waves are formed from the principle of superposition. This is when:
Two waves travelling in opposite directions along the same line with the same frequency
superpose

= The principle of superposition applies to all types of wavesi.e. transverse and longitudinal, progressive
and stationary
= The waves must have:
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= The same wavelength
= Asimilaramplitude
= Asaresult of superposition, aresultant wave is produced

Standing waves produced at varying frequencies

Comparing Progressive and Standing Waves

= Standing waves (or stationary waves) store energy

= Progressive waves (or travelling waves) transfer energy

= The table below outlines the main differences between progressive and stationary waves
Table of Differences Between Progressive and Stationary Waves
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4

Progressive Waves Stationary Waves Your notes

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

(in turn) on the amount of superposition
Points exactly d wavelength apart Points between nodes dre 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 peoint on the wave oscillates at a different
the wave moves through a medium speed. The overall wave does not move
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@ Worked example &/

. o , , Your notes
Atravelling wave isincident on a barrier. The wave profile is shown below.

The travelling wave reflects off the barrier. The reflected and incident waves superimpose.
State and explain whether or not a standing wave is formed.
Answer:

= Forstanding waves to be formed, the half-cycles of the wave profile must be symmetrical(i.e. the
same but inverted)
= Forthiswave, the half-cycles are not symmetrical
= Theleading edgeis straight
= Thetrailing edgeis sinusoidal
= Whentheincident and reflected waves superimpose, they will not cancel out at any point
= Therefore, a standing wave is not formed
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Nodes & Antinodes

Nodes & Antinodes

= Astandingwave is made up nodes and antinodes
= Nodes arelocations of zero amplitude and they are separated by half a wavelength (A/2)
= Antinodes are locations of maximum amplitude

= Thenodesandantinodes do not move along the wave
= Nodes are fixed and antinodes only oscillate in the vertical direction

-
T

ANTINODE ANTINODE ANTINODE

v v v

NODE NODE e NODE

NODE

i =] - e

WAVELENGTH A

< ~
\ -

Nodes and antinodes of a stationary wave of wavelength A on a string of length L at a point in time

The Formation of Nodes and Antinodes

= Atthe nodes:
= Thewavesarein anti-phase meaning destructive interference occurs
= The crest of one wave meets the trough of another
= This causes the two waves to cancel each other out

= Atthe antinodes:
= Thewaves are in phase meaning constructive interference occurs
= The crest of one wave meets the crest of another (same for troughs)
= This causes the waves to add together
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NODE
(DESTRUCTIVE INTERFERENCE)

ANTINODE
(CONSTRUCTIVE INTERFERENCE)

A

Nodes and antinodes are a result of destructive and constructive interference respectively

Phase on a Standing Wave

= Two points on astanding wave are eitherin phase orin anti-phase
= Points that have an odd number of nodes between them are in anti-phase
= Points that have an even number of nodes between them are in phase

= Allpoints withina "loop" are in phase
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IN PHASE

IN ANTI-PHASE

SEPARATED
BY 2 NODES

IN ANTI-PHASE

SEPARATED BY 1 NODE

Points A, Band D are all in phase. While points A and D are in antiphase with point C

= Constructive and destructive interference can be seen from the phase differences between two

waves
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N A A /\':> 4—/\ ~N A SAME AMPLITUDE /
SAME WAVELENGTH Your notes
AAVARVARY VoV V7 saMe speep

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 the resulting
wave
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Length L Point X Point Y
A 5 wavelengths Node Antinode
B 2% wavelengths | Antinode Node
& 2% wavelengths | Node Antinode
D 5 wavelengths Antinode Node
Answer: C
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STEP 1 CALCULATE HOW MANY WAVELENGTHS IN THE
LENGTH OF THE STRING

2= WAVELENGTHS

Il

M=

THIS RULES OUT A AND D

STEP 2 X IS A POINT OF O DISPLACEMENT — A NODE

STEP 3 Y IS A POINT OF MAXIMUM DISPLACEMENT — AN ANTINODE

STEP 4 THE CORRECT ROW IS C

O Examiner Tip
Phase difference on standing waves is different to travelling (progressive) waves.

Phase differences between two points on travelling waves can be anything from O to 2. Between two
points on a standing wave can only be in-phase (O phase difference) or anti-phase (1t out of phase).
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Boundary Conditions for Standing Waves

Boundary Conditions

= Stationary waves canform on strings orin pipes

= Inboth cases, progressive waves travelin a medium (i.e. the string or air) and superimpose with their
reflections

= The number of nodes and antinodes that fit within the available length of medium depends on:
= The frequency of the progressive waves

= The boundary conditions (i.e. whether the progressive waves travel between two fixed ends, two
free ends ora fixed and a free end)

Standing Waves on Stretched Strings

= When guitar strings are plucked, they can vibrate with different frequencies
= The frequency with which a string vibrates depends on:
= Thetension, whichis adjusted using rotating 'tuning pegs'
= The mass perunitlength, whichis the reason why a guitar has strings of different thicknesses

° FIXED ENDS

Copyright © Save My Exams. All Rights Reserved

Standing wave on a guitar string

= Forastring, the boundary condition canbe
= Fixedatbothends
= Freeatbothends
= One endfixed, the otherfree

= At specific frequencies, known as natural frequencies, an integer number of half wavelengths will fit
onthe length of the string
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= Asprogressive waves of different natural frequencies are sent along the string, standing waves ,
with different numbers of nodes and antinodes form
Your notes

Standing Waves in Pipes

= When the air within a pipe vibrates, longitudinal waves travel along the pipe

= Simply blowing across the open end of a pipe can produce a standing wave in the pipe

= Forapipe, thereis more than one possible boundary condition, theses are pipes that are:
= Closedatbothends
= Openatbothends
= Closedatone endandopenontheother

Nodes & Antinodes

= Whena progressive wave travels towards a free end for a string, or open end for a pipe:
= Thereflected waveisin phase with the incident wave
= The amplitudes of the incident and reflected waves add up
= Afreeendisalocation of maximum displacement -i.e. an antinode

OPEN ENDS — ANTINODES

N\_/

L1 ™~
7\\\ I/// \\ >‘<\
N\ Y/ \ / &
BLAST N ></

“oF AR n

Standing wave inside a pipe open at both ends

= When a progressive wave travels towards a fixed end for a string, or closed end for a pipe:
= Thereflected wave s in anti-phase with the incident wave
= Thetwo waves cancel out
= Afixedendisalocation of zero displacement -i.e. anode
= The openendistherefore alocation of maximum displacement - i.e. an antinode
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“oF AR END
NODE

Standing wave inside a pipe open at both ends
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Harmonics in Strings & Pipes

Harmonics

= Stationary waves can have different wave patterns, known as harmonics
= These depend onthe frequency of the vibration and the boundary conditions (i.e. fixed and/or
free ends)

= The harmonics are the only frequencies and wavelengths that will form standing waves on strings orin
pipes

Harmonics on Strings

= The boundary conditionis that both ends are fixed
= Thesimplestwave patternis a single loop made up of two nodes (i.e. the two fixed ends) and an
antinode
= Thisis called the first harmonic

= Thewavelengthofthisharmonicisl1 = 2L

\%
= Using the wave equation, the frequency s fl = —— ,wherevisthe wave speed of the travelling

2L

waves on the string (i.e. the incident wave and the reflected wave)

= Asthevibrating frequency increases, more complex patterns arise
= The second harmonic has three nodes and two antinodes
= The third harmonic has fournodes and three antinodes
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<
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2L

Diagram showing the first three harmonics on a stretched string fixed at both ends

= The nth harmonic willhave (n + 1) nodes and n antinodes

= The general expression for the wavelength of the nth harmonic on a string that is fixed at both ends is:

2L

n n
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= Where: ,
= )\, =wavelengthinmetres(m)

= [ =length of the stringin metres (m) Your notes
= n=integernumbergreaterthanzero-i.e.1,2,3...

= Knowing the wavelength A, of the standing wave and the speed v of the travelling waves (i.e. incident
andreflected), the natural frequency f, of any harmonic can be calculated using the wave equationv =
fAn, SO that:

f_HV
n 2L

Harmonicsin Pipes

= The boundary conditions vary, since pipes can have:
= twoopenends
= only one openend

= Forapipe thatis openatboth ends:
= The simplest wave patternis one central node and two antinodes
= The secondharmonic consists of two nodes and three antinodes
= The nth harmonic will have (n +1) antinodes and nnodes
= The expression for the wavelength of the nth harmonic in a pipe of length L is the same as that given
above fornth harmonic on a string
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Diagram showing the first five harmonics in a pipe open at both ends

Forapipe thatis openat one end:

= Thelowest harmonicis a "half-loop" with one node and one antinode

= The next possible harmonic will have two nodes and two antinodes

= Thisis the third harmonic, not the second one

A= 2L
A=t

A= 5L
A= L
As= 2L

= Since only odd harmonics can exist under this boundary condition
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Diagram showing the first three possible harmonics in a pipe open at one end. Only the odd harmonics
can formin this case

= The expression for the wavelength of the nth harmonic in a pipe of length L is:

= Where thistime, nisanoddnumber-i.e.1,3,5...
= Underbothboundary conditions, the natural frequencies are once again calculated from the
wavelength of the standing wave and the speed v of the travelling waves using the wave equation
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@ Worked example

Transverse waves travel along a stretched wire 100 cm long. The speed of the wavesis 250 ms™'.
Determine the maximum harmonic detectable by a person who can hearup to 15 kHz.

Answer:

Step 1: Write down the known quantities

= | engthofthewire,L=100cm=1.00m
= Speedofthewaves,v=250ms-!
= Maximum frequency of human hearing, f, =15 kHz =15 000 Hz
Step 2: Write down the equation for the frequency of the nth harmonic and rearrange for n

L 2Lf
= — >
n 2L v

Step 3: Substitute the numbers into the above equation

3 2X1.00x 15000 ~ 120
a 250 -

n

= The person canhearup to the 120th harmonic

O Examiner Tip

Before carrying out any calculation on standing waves, you should look carefully at the boundary

conditions, since these will determine the wavelengths and natural frequencies of the harmonics.

The expressions for the wavelength of the nth harmonic on strings fixed at both ends (orin pipes open
atboth ends)andin pipes open at one end are not givenin the data booklet and you must be able to

recall them to make calculations easier.

Rememberthat n can take any integer value greater than zero in the case of standing waves on strings

andin pipes open at both ends. For pipes open at one end, instead, n can only be an odd integer.
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The Nature of Resonance

Free & Forced Oscillations

Free Oscillations

= Free oscillations occurwhen there is no transfer of energy to or from the surroundings
= This happenswhen an oscillating systemis displaced and then left to oscillate

= |npractice, this only happensinavacuum. However, anything vibrating in airis still considered a free
vibration aslong as there are no external forces acting uponit
= Therefore, a free oscillation is defined as:
An oscillation where there are only internal forces (and no external forces) acting and
thereis no energy input

= Afreevibration always oscillates at its resonant frequency

Forced Oscillations

= |norderto sustain oscillationsin a simple harmonic system, a periodic force must be applied toreplace
the energy lostin damping
= This periodic force does work onresistive forces (i.e. the force that decreases the amplitude of
the oscillations), such as airresistance
= |tis sometimes known as an external driving force
= This period force creates forced oscillations (or vibrations) is are defined as:
Oscillations which are produced by a periodic external force

= Forced oscillations are made to oscillate at the same frequency as the external oscillator creating the
external, periodic driving force
= This means the driving force can change the frequency of the oscillator

Resonance

= Thefrequency of the forced oscillations on a system s referred to as the driving frequency f
All oscillating systems have a natural frequency fy which is defined as
The frequency of an oscillation when the oscillating system is allowed to oscillate freely

= Oscillating systems can exhibit a property known as resonance when
driving frequency f = natural frequency f,

= Whenthe driving frequency approaches the natural frequency of an oscillator, the system gains more
energy from the driving force
= Eventually, when they are equal, the oscillator vibrates with its maximum amplitude
= Thisisresonance
= Resonanceisdefinedas:
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When the frequency of the applied force to an oscillating system s equal to its natural ,

frequency, the amplitude of the resulting oscillations is at its maximum
Your notes
Example of resonance: a child pushed on a swing

= Everysystem(in this case, the swing and the child) has a fixed natural frequency

= Asmall push (the driving force) after each cycle increases the amplitude of the oscillations, resulting in
the swing's motionback and forth
= The frequency at which the swingis pushed is the driving frequency

= Whenthe driving frequency is equal to the natural frequency of the swing, resonance occurs
= |fthedriving frequency is slightly lower or higher than the natural frequency, the amplitude will increase
but to alesser extent thanif they were equal
= Thisisbecause, atresonance, energy is transferred from the driver to the oscillating system most
efficiently
= Therefore, atresonance, the driving force transfers the maximum kinetic energy to the system
= |nthis case, the child will swing the highest whenresonance occurs

Copyright © Save My Exams. All Rights Reserved

Pushing a child on a swing is an example of how forced oscillations can produce resonance
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@ Worked example
State and explain whether the following scenarios are examples of free or forced oscillations:

(a) Striking a tuning fork

) Breaking a glass from a high pitched sound

c) The interior of a car vibrating when travelling at a high speed
(d) Playing the clarinet

°oT

Answer:
(a) Striking a tuning fork

= Thisisafree vibration

= Whenatuning forkis struck, it will vibrate at its natural frequency and there are no other external
forces

(b) Breaking a glass from a high-pitched sound

= Thisisaforcedvibration

= Theglassisforcedto vibrate at the same frequency as the sound until it breaks (whenit equals the
natural frequency of the glass)

= The frequency of the high-pitched sound is the external driving frequency

(c) The interior of a car vibrating when travelling at a particular speed

= Thisisaforcedvibration
= Theinterior of the carvibrates at the same frequency as the wheels travelling over arough surface
at a high speed
(d) Playing the clarinet

= Thisisaforcedvibration

= Theairfromthe player'slungsis used to sustain the vibrationin the air columnin a clarinet to create
and hold asound

= Theaircolumninside the clarinet mimics the vibrations at the same frequency as the air forced into
the mouthpiece of the clarinet (the reed). This creates the sound

O Examiner Tip

Avoid writing 'a free oscillationis not forced to oscillate'. Mark schemes are mainly looking for a
reference to internal and external forces and energy transfers. Make sure to include about
the amplitude of the oscillations too.
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The Effect of Damping 4

Your notes

Types of Damping

= |npractice, all oscillators eventually stop oscillating
= Theiramplitudes decrease rapidly, or gradually

= This happens due to resistive forces, such as friction or airresistance, which act in the opposite
direction to the motion of an oscillator
= Resistive forces acting on an oscillating simple harmonic system cause damping
= These are known as damped oscillations

= Dampingis defined as:

The reduction in energy and amplitude of oscillations due to resistive forces on the
oscillating system

= Damping continues until the oscillator comes to rest at the equilibrium position
= Akey feature of simple harmonic motionis that the frequency of damped oscillations does not
change as the amplitude decreases
= Forexample, a child onaswing can oscillate back and forth once every second, but this time
remains the same regardless of the amplitude
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RESISTIVE FORCE (AIR RESISTANCE)
IS IN THE OPPOSITE DIRECTION TO
THE MOTION OF THE MASS

T T OSCILLATIONS ARE
DAMPED UNTIL THEY

R S -~ Y- - 7]~ |[REACH EQUILIBRIUM

Fe P AGAIN (AMPLITUDE
IS ZERO)
DIRECTION OF
THE MASS

™ S

-
MASS ON STRING TIME
STARTS OSCILLATIONS
FULLY EXTENDED

Damping on a mass on a spring is caused by a resistive force (Fr) acting in the opposite direction to the
motion (blue arrow). This continues until the amplitude of the oscillations reaches zero

Types of Damping

= There are three degrees of damping depending on how quickly the amplitude of the oscillations
decreases:
= Light damping
= Critical damping
= Heavy damping

Light Damping

= When oscillations are lightly damped, the amplitude does not decrease linearly
= |tdecays exponentially with time

= Whenalightly damped oscillatoris displaced from the equilibrium, it will oscillate with gradually
decreasing amplitude
= Forexample, a swinging pendulum decreasing in amplitude untilit comes to a stop
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A graph for a lightly damped system consists of oscillations decreasing exponentially

= Key features of a displacement-time graph for alightly damped system:

= There are many oscillations represented by a sine or cosine curve with gradually decreasing
amplitude over time

= Thisis shown by the height of the curve decreasingin both the positive and negative displacement
values

= The amplitude decreases exponentially

= The frequency of the oscillations remains constant, this means the time period of oscillations must
stay the same and each peak and trough are equally spaced

Critical Damping

= Whenacritically damped oscillatoris displaced from the equilibrium, it will return to rest at its
equilibrium positionin the shortest possible time without oscillating
= Forexample, car suspension systems prevent the car from oscillating after travelling over a bump
inthe road
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RETURNS TO EQUILIBRIUM
POSITION IN THE SHORTEST
POSSIBLE TIME

~V

THERE ARE NO OSCILLATIONS

The graph for a critically damped system shows no oscillations and the displacement returns to zero in
the quickest possible time

= Key features of a displacement-time graph for a critically damped system:
= This system does not oscillate, meaning the displacement falls to O straight away
= The graph has afast decreasing gradient when the oscillatoris first displaced until it reaches the x
axis
= Whenthe oscillatorreaches the equilibrium position (x = 0), the graphis a horizontal line at x= O for
the remaining time

Heavy Damping

= When a heavily damped oscillatoris displaced from the equilibrium, it will take along time to return to
its equilibrium position without oscillating

= The systemreturns to equilibrium more slowly than the critical damping case
= Forexample, door dampers to prevent them from slamming shut

/ [—EAMPLITUDE DECREASES SLOWLY
XN\

RETURNS TO EQUILIBRIUM
POSITION AFTER A LONG
PERIOD OF TIME

THERE ARE NO OSCILLATIONS
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A heavy damping curve has no oscillations and the displacement returns to zero after along period of /
time
Your notes
= Key features of a displacement-time graph for a heavily damped system:

= There are no oscillations. This means the displacement does not pass O
= The graph has a slow decreasing gradient from when the oscillatoris first displaced until it reaches
the x-axis

= The oscillatorreaches the equilibrium position (x = O) after along period of time, after which the
graph remains a horizontal line for the remaining time

@ Worked example

Amechanical weighing scale consists of a needle which moves to a position on a numerical scale
depending on the weight applied.

Sometimes the needle moves to the equilibrium position after oscillating slightly, making it difficult to
read the number on the scale to whichitis pointing.

Suggest, with areason, whether light, critical or heavy damping should be applied to the mechanical
weighing scale toread the scale more easily.

Answer:

= |deally, the needle should not oscillate before settling - this means the scale should have either
critical orheavy damping

= Sincethe scaleisread straight away after a weightis applied, ideally the needle should settle as
quickly as possible

= Heavy damping would mean the needle will take some time to settle onthe scale

= Therefore, critical damping should be applied to the weighing scale so the needle can settle as
quickly as possible to read from the scale

O Examiner Tip

Make sure not to confuse resistive force and restoring force:

= Resistive force is what opposes the motion of the oscillator and causes damping
= Restoring force is what brings the oscillator back to the equilibrium position

Page 28 of 30

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

Effects of Damping

= The effects of damping can be seen on aresonance curve
= Thisis agraph of driving frequency f against amplitude A of oscillations
= |thasthe following key features:
= Whenf < fg, the amplitude of oscillations increases
= Atthe peakwhere f = fo, the amplitude is at its maximum
= Thisisresonance
= Whenf> fp,the amplitude of oscillations starts to decrease

A I THE AMPLITUDE OF

| OSCILLATIONS ARE
AMPLITUDE AT THE MAXIMUM

WHEN f =f, (RESONANCE)

AS f APPROACHES
f,, THE AMPLITUDE
INCREASES

AS f>f,, THE AMPLITUDE
DESCREASES

0 : >
.f.'.

DRIVING /‘H

FREQUENCY

The maximum amplitude of the oscillations occurs when the driving frequency is equal to the natural
frequency of the oscillator

NATURAL
FREQUENCY

= Dampingreduces the amplitude of resonance vibrations
= The height and shape of the resonance curve will therefore change slightly depending on the degree
of damping
= Note: the natural frequency fo of the oscillator will remain the same

= Asthe degree of dampingisincreased, theresonance graphis alteredin the following ways:
= The amplitude of resonance vibrations decrease, meaning the peak of the curve lowers
= Theresonance peak broadens
= Theresonance peak moves slightly to the left of the natural frequency when heavily damped

= Therefore, dampingreduced the sharpness of resonance and reduces the amplitude at resonant
frequency
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AMPLITUDE a\\

AN

° LIGHT DAMPING

INCREASING
DAMPING

_RESONANCE PEAK BROADENS
WITH INCREASING DAMPING

HEAVIER
DAMPING

0

RESONANT FREQUENCY
BECOMES SLIGHTLY LESS
THAN f, AT HEAVIER
DAMPING

NATURAL
FREQUENCY

~
—
f
DRIVING
FREQUENCY

As damping is increased, resonance peak lowers, the curve broadens and moves slightly to the left

O Examiner Tip

An exam question caninclude any damping scenario. Therefore, make sure you caninterpret the
amplitude-frequency graph depending on the type of oscillation.

Mostimportantly, the resonant frequency, the frequency of vibrations of the oscillator, can change
with damping. The natural frequency of an oscillatoris the frequency it naturally or normally oscillates.
Thisis the frequency it oscillates at whenitis not damped. Therefore, damping does not affect
resonant frequency.
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