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Resonance /

Your notes

Resonance

= Thefrequency of forced oscillations is referred to as the driving frequency, f, or the
frequency of the applied force

= Alloscillating systems have a natural frequency, fo, this is defined as the frequency of an
oscillation when the oscillating systemis allowed to oscillate freely

= Oscillating systems can exhibit a property known as resonance

THE DRIVING FREQUENCY THE DRIVING FREQUENCY IS
IS LOWER THAN THE HIGHER THAN THE NATURAL
NATURAL FREQUENCY OF FREQUENCY OF THE

THE OSCILLATOR/SYSTEM OSCILLATOR/SYSTEM

THE DRIVING FREQUENCY
IS THE SAME AS THE
NATURAL FREQUENCY OF
THE OSCILLATOR/SYSTEM

= When the 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

= Resonanceis defined as:

When the frequency of the applied force to an oscillating system s equal to its natural
frequency, the amplitude of the resulting oscillations increases significantly

= Forexample, whena childis pushed ona swing:
= The swing plus the child has a fixed natural frequency

= Asmall push aftereach cycle increases the amplitude of the oscillations to swing
the child higher. This frequency at which this push happens is the driving frequency

= Whenthe driving frequency is exactly equal to the natural frequency of the swing
oscillations, resonance occurs
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= |f the driving frequency does not quite match the natural frequency, the amplitude ,
willincrease but not to the same extent as whenresonance is achieved

Your notes
= Thisisbecause, atresonance, energy is transferred from the driver to the oscillating
system most efficiently

= Therefore, atresonance, the system will be transferring the maximum kinetic energy
possible

Resonance Effects

= Resonance occurs forany forced oscillation where the frequency of the driving force is
equal to the natural frequency of the oscillator

= Examplesinclude:

= Anorgan pipe, where airresonates down an air column setting up a stationary wave
in the pipe

= Glass smashing from a high pitched sound wave at the right frequency

= Aradio tunedso that the electric circuit resonates at the same frequency as the
specific broadcast

THE COLUMN OF AIR
RESONATES, SETTING UP
A STATIONARY WAVE
IN THE PIPE

<) O00000

Standing waves forming inside an organ pipe from resonance
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Core Practical 16: Investigating Resonance /
Your notes

Core Practical 16: Investigating
Resonance

Aim of the Experiment

= Determine the value of an unknown mass by a graphical method by using the resonant
frequencies of the oscillation of known masses

Variables

= |ndependentvariable = mass (kg)

= Dependentvariable = time period(s)

= Controlvariables:

= The spring/oscillator

Equipment

= Spring (standard 20-25 mm spring)

= Slotted 100g masses and hanger

= Retortstand andclamp

= Digitaltimer

= Unknown test mass

= Digital scales

Method
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Your notes

- SPRING
FIDUCIAL MARK%\

\@Ass ON HANGER

1. Setup the spring with 100 g mass attached
2.0nthe stand make a clear fiducial mark about 5 cm below the bottom of the spring

3. Extend the spring so that the bottom s level with the fiducial marker, release and start
timing

4.Measure time for 10 oscillations
5. Repeat with the same mass two more times
6. Find the average time period of one oscillation

7.Add 100 g and adjust the fiducial mark downwards so thatitis 5 cm below the new level
of the spring

8. Repeat steps 3-7 until the total massis 500 g

9. Plot a graph of T? on the y-axis against m on the x-axis

Testing the unknown mass

= Follow steps 2 - 6 forthe test mass
= Find the value of the time period, T and square it to find T2

= Onthe graph mark a horizontal from T2 to the graph line and where they intersect, take
the arrow vertically down to meet the x-axis

= Thevalue of mwhich this line coincides withis the mass of the test mass

= Checktheresult using digital scales
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4.5 /

Your notes
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Analysis

= Analysis forthis graphis based on three equations related to simple harmonic motion;

/ k
= Angularvelocity, @ = E (equation1)

= Where k = spring constant (N kg‘1) and m =mass (kg)
= Angularvelocity, @ = 2mf (equation 2)
= Where f = frequency of oscillations (Hz)

1

= Frequency, f=— (equation 3)

T

= Where T =time period for one oscillation (s)

= Substitute equations 2 into equationT;

/k
2T = 4| —
m

= Substitute equation 3 into equation 2

211_ k
T  \ m

= Square both sides
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= Make T2the subject

4 2
TQ“H(T)

= Plotagraph of T2on the y-axis against m on the x-axis to get a straight line through the

origin with;
4 12
radient=| ——
o k

= Clamp stand to the desk for stability

Safety Considerations

= Wearsafety glassesin case the spring flies off or snaps

= Place acushionorcatch-matin case of falling masses
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Damped & Undamped Oscillating Systems ,

Your notes

Damped & Undamped Oscillating
Systems

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

= This happens due toresistive forces, such friction orairresistance, which actin 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
= Dampingisdefinedas:

The reductionin 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

RESISTIVE FORCE (AIR RESISTANCE)
IS IN THE OPPOSITE DIRECTION TO
THE MOTION OF THE MASS

Fa
T /F OSCILLATIONS ARE
DAMPED UNTIL THEY
- - |REACH EQUILIBRIUM

AGAIN (AMPLITUDE
IS ZERO)

DIRECTION OF
THE MASS

MASS ON STRING TIME
STARTS OSCILLATIONS
FULLY EXTENDED

Damping on a mass on a spring is caused by a resistive force acting in the opposite
direction to the motion. This continues until the amplitude of the oscillations reaches zero
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Types of Damping ,

= There are three degrees of damping depending on how quickly the amplitude of the Your notes
oscillations decrease:

= Lightdamping
= 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

2\

EXPONENTIAL
ENVELOPE
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~
~

—

S~

~
/\ T~
'
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\ ST CONSTANT TIME
- PERIOD FOR
NS DECREASING AMPLITUDE EACH OSCILLATION
e OF OSCILLATIONS

4

A graph for a lightly damped system consists of oscillations decreasing exponentially
= Key features of a displacement-time graph for a lightly 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

= Thefrequency of the oscillations remain constant, this means the time period of
oscillations must stay the same and each peak and trough is equally spaced

Critical Damping
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= Whenacritically damped oscillatoris displaced from the equilibrium, it will return to rest ,
atits equilibrium positionin the shortest possible time without oscillating

Your notes
= Forexample, car suspension systems prevent the car from oscillating after travelling

overabumpintheroad

XN
RETURNS TO EQUILIBRIUM
POSITION IN THE SHORTEST
POSSIBLE TIME
0 >
t
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 graphhas afast decreasing gradient when the oscillatoris first displaced until it
reaches the x axis

= Whenthe oscillatorreaches the equilibrium position (x = O), the graphis a horizontal
line atx =0 for the remaining time

Heavy Damping

= When aheavily damped oscillatoris displaced from the equilibrium, it will take a long
time toreturn toits equilibrium position without oscillating

= The systemreturns to equilibrium more slowly than the critical damping case

= Forexample, doordampers to prevent them from slamming shut

y [EAMPLITUDE DECREASES SLOWLY
X\

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 a
long period of time

= 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
untilit reaches the x axis

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

o

Worked Example

Amechanical weighing scale consists of a needle which moves to a positionon 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
onthe scale towhichitis pointing to. Suggest, with areason, whetherlight, critical or
heavy damping should be applied to the mechanical weighing scale to read the scale
more easily.

Answer:

Ideally, the needle should not oscillate before settling

= This means the scale should have either critical or heavy damping
= Since the 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 Tips and Tricks

Make sure not to confuse resistive force and restoring force:

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

4

Your notes
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Free & Forced Oscillations ,

Your notes

Free & Forced Oscillations

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

= |npractice, this only happensin avacuum. However, anything vibratingin airis still
considered a free vibration aslong as there are no external forces acting uponiit

= Therefore, a free oscillation is defined as:

An oscillation where there are only internal forces (and no external forces) acting and
there is 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 against the resistive force responsible for decreasing
the oscillations

= |tissometimes known as an external driving force
= These are known as forced oscillations (or vibrations), and are defined as:

Oscillations acted on by a periodic external force where energy is givenin order to
sustain oscillations

= Forced oscillations are made to oscillate at the same frequency as the oscillator
creating the external, periodic driving force

= Forexample, when a childis onaswing, they will be pushed at one end after each cyclein
order to keep swinging and prevent air resistance from damping the oscillations

= These extra pushes are the forced oscillations, without them, the child will eventually
cometoastop
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Worked Example

State whether the following are free or forced oscillations:

(i) Striking a tuning fork

(i) Breaking a glass from a high pitched sound

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

Answer:

Part (i)

Striking a tuning fork

Thisis afree vibration. When a tuning fork is struck, it will viorate at its natural
frequency and there are no other external forces

Part (i)
Breaking a glass from a high pitched sound

Thisis aforced vibration. The glassis forced to vibrate at the same frequency as the
sound untilit breaks. The frequency of the high-pitched sound is the external driving
frequency

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

Thisis aforced vibration. The interior of the car vibrates at the same frequency as the
wheels travelling over arough surface at a high speed

Part (iv)
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Playing the clarinet ,

Thisis a forced vibration. The air from the player's lungs is used to sustain the vibration Your notes
inthe aircolumnin a clarinet to create and hold a sound. The air columninside the

clarinet mimics the vibrations at the same frequency as the air forcedinto the

mouthpiece of the clarinet (the reed).

o

Examiner Tips and Tricks

Avoid writing 'a free oscillationis not forced to oscillate'. Mark schemes are mainly
looking for areference tointernal and external forces and energy transfers
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Resonance Graphs

Resonance Graphs

= Agraph of driving frequency f against amplitude A of oscillations is called a resonance
curve. It has the following key features:

= Whenf < fp, the amplitude of oscillationsincreases
= Atthe peakwhere f = fg, the amplitude is atits maximum. This is resonance

= Whenf> fp, the amplitude of oscillations starts to decrease

A | 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

u -V

NATURAL DRIVING
FREQUENCY FREQUENCY

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

the natural frequency of the oscillator

Damping & Resonance

= Dampingreduces the amplitude of resonance vibrations

= The height and shape of the resonance curve will therefore change slightly depending
onthe degree of damping

= Note: the natural frequency fp of the oscillator will remain the same

= Asthedegree of dampingisincreased, the resonance graphis altered in the following
ways:

= The amplitude of resonance vibrations decrease, meaning the peak of the curve
lowers

= Theresonance peak broadens

4

Your notes
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= Theresonance peak moves slightly to the left of the natural frequency when heavily ,

damped
Your notes

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

AMPLITUDE -

AN

o LIGHT DAMHNGJ

INCREASING
DAMPING

_RESONANCE PEAK BROADENS
WITH INCREASING DAMPING

_HEAVIER
DAMPING

0 3 >
n f
RESONANT FREQUENCY DRIVING
BECOMES SLIGHTLY LESS SR FREQUENCY
THAN f, AT HEAVIER FREQUENCY Q
DAMPING

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

Your notes

Damping & Plastic Deformation

= Damping an oscillator affects its amplitude of oscillation:
= When dampingisincreased the amplitude decreased

= damping and amplitude are inversely proportional to each other

AMPLITUDE -

AN

o LIGHT DAMWNGJ

INCREASING
DAMPING

_RESONANCE PEAK BROADENS
WITH INCREASING DAMPING

_HEAVIER
DAMPING

0 3 >
n f
RESONANT FREQUENCY DRIVING
BECOMES SLIGHTLY LESS LR FREQUENCY
THAN f, AT HEAVIER FREQUENCY Q
DAMPING

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

= ADuctile material can be stretched foralong time before it snaps

= We cansayitundergoesalarge amount of plastic deformation beforeitis
permanently deformed
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Your notes

L]

HIGHLY
DUCTILE
FRACTURE

DUCTILE
FRACTURE

BRITTLE

FRACTURE

= Examples of ductile materialsinclude:

= Most metals (particularly copper, gold and silver)

= Non-metals are generally not ductile

YA BRITTLE

STRESS/Pa

DUCTILE

STRAIN

=<V

Brittle and ductile materials on a stress-strain graph. These are the same on a force-

extension graph too

= The amplitude of oscillations can be reduced due to the plastic deformation of

aductile material

= Thishappens because energy from the oscillations is used to deform the material
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= Thekinetic energy of the oscillatoris reduced and transferred into the deformation ,
of the material

Your notes
= Aclimbingropeis different from arescue rope orabungee cord:

= Aclimbingropeis designed to extend when loaded suddenly

= Therope stretchestoreduce the amplitude of the oscillation when a climber falls
ontoit

= |tprovides critical damping by immediately stopping the climber from bouncing

A climber uses a dynamic rope that stretches when she falls onto it. This reduces the
amplitude of her oscillation and the force she experiences reducing injury.
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