WAVES AND SOUND

Equilibrium and Oscillations

- Equilibrium position - where an oscillating object will come to rest with no net force acting on it.
- Restoring force - a force that acts to restore equilibrium. FIGURE 14.1 Equilibrium and restoring
> Ex: gravity on a pendulum forces for a ball in a bowl.
- Oscillation = any repetitive motion.
> Ex: pendulums, masses bobbing on springs, waves
- Period - the time it takes to complete one full cycle.
> Unit: seconds (s)
- Frequency - The number of cycles per second.
»  Units: Hertz (Hz)
» 1Hz=1cycle/s=15"
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Frequency and period of a radio station
An FM radio station broadcasts an oscillating radio wave at a frequency of 100 MHz.
What is the period of the oscillation?

Simple Harmonic Motion

- Sinusoidal > A graph or function that has the shape of a sine or cosine function.
- Simple Harmonic Motion (SHM)-> a sinusoidal oscillation.
> Ex:apendulum

FIGURE 14.4 Constructing a position-versus-time graph for a marble rolling in a bowl.

Position e The period T is the time to
e~ complete one oscillation.
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Released at the right Passing through the At the left side, Going the other way One oscillation done,
side of the bowl equilibrium position reversing direction through equilibrium starting the next

> SHM is very common, but almost all cases can be represented as either a mass bobbing on a
spring or a pendulum.
> The marble in a bowl acts just like a pendulum swinging.



Examples of simple harmonic motion

Oscillating system

Related real-world example £l0

Mass on a spring

The mass oscillates back

» and forth due to the

restoring force of the
spring. The period
depends on the mass and

the stiffness of the spring.

Vibrations in the ear

Sound waves entering the ear
cause the oscillation of a
membrane in the cochlea. The
vibration can be modeled as a
mass on a spring. The period

of oscillation of a segment of the
membrane depends on

mass (the thickness of the
membrane) and stiffness (the
rigidity of the membrane).

Pendulum

The mass oscillates back
and forth due to the
restoring gravitational
force. The period
depends on the length of
the pendulum and the
free-fall acceleration g.

Motion of legs while walking

The motion of a walking
animal’s legs can be modeled
as pendulum motion. The
rate at which the legs swing
depends on the length of

the legs and the free-fall
acceleration g.

Two oscillating systems have periods 7} and 75, with 7} < 7.
How are the frequencies of the two systems related?

A fii<h

B. i=£

C. i=h

- Amplitude - the maximum displacement from an object’s equilibrium position.
The object will oscillate between x = -A and x = A.

>



O 900 660 0 69 This figure represents one
- - - period of the motion. This
cycle repeats, over and over.

The mass moves a
distance A above
equilibrium . . .

... and the same
distance below.

Y Position The position graph is a

A sinusoidal function. The
-\ /—¢ velocity and acceleration graphs

0 have the same general shape.

..... Position and velocity are not in

.| ¥ phase. When the displacement is
I Velocity maximum, the velocity is zero;
Vimax 7] when the velocity is maximum,
] the displacement is zero.
O I ) I'\ I
. 74
l’.,.
ey =22 Velocity and acceleration are
4 L colembria € qot in‘phase. When ve]oci}y is
5 y Acceleration a maximum, acceleration is
max =

zero; when acceleration is a
5 maximum, velocity is zero.

—
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The graphs in the table above apply to pendulum motion as well
as the motion of a mass on a spring. A pendulum in a clock has a period of 2.0 seconds.
You pull the pendulum to the right—a positive displacement—and let it go; we call this
time r = 0 s. At what time will the pendulum (a) first be at its maximum negative
displacement, (b) first have its maximum speed, (c) first have its maximum positive
velocity, and (d) first have its maximum positive acceleration?

A. 05s B. 1.0s C. 15s D. 20s




Motion of a glider on a spring

An air-track glider oscillates horizontally on a spring at a fre-
quency of 0.50 Hz. Suppose the glider is pulled to the right of its
equilibrium position by 12 cm and then released. Where will the
glider be 1.0 s after its release? What is its velocity at this point?

SYNTHESIS 14.1 Describing simple harmonic motion wvanda, [\ ,
p.44S
The position, velocity, and acceleration of objects undergoing simple harmonic
» . . . SINUSOIDAL
motion are related sinusoidal functions.
Position Velocity " Acceleration
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x(1) = A cos(2m fi) V() = —Vinax SIN(27f1) a(t) = —pyy cos(2m ft)
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At time 1, the displacement, velocity and acceleration are given by:

The maximum values of the displacement, velocity, and acceleration are determined by the amplitude A and the frequency f:

xmax = A anx = 27rfA arnnx — (277!)2/‘

DCIACAGINLSLY S The figures show

four identical oscillators at different A,
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- The period of an object oscillating on a spring can be found using

=~| 3

- The period of a pendulum can be found using

- Note that the period and frequency of something in SHM does not depend on the amplitude.
> le., how far up you release your pendulum does NOT make a difference.

Changing mass, changing period

An astronaut measures her mass each day using the Body Mass Measurement Device,
as described at left. During an 8-day flight, her mass steadily decreases. How does this
change the frequency of her oscillatory motion on the device?

Tp=27r

Measuring mass in space Astronauts on
extended space flights monitor their mass to
track the effects of weightlessness on their
bodies. But because they are weightless, they
can’t just hop on a scale! Instead, they use an
ingenious device in which an astronaut sitting
on a platform oscillates back and forth due to
the restoring force of a spring. The astronaut
is the moving mass in a mass-spring system,
s0 a measurement of the period of the motion
allows a determination of an astronaut’s mass.



SCACRGINTEENN Four mass-spring

k
. A MAANNNNVVWO) 4
systems have masses and spring constants \j @ im
shown here. Rank in order, from highest to B 3k
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Designing a pendulum for a clock

A grandfather clock is designed so that one swing of the pendulum in either direction
takes 1.00 s. What is the length of the pendulum?

Finding the frequency of a swinging leg B0

A student in a biomechanics lab measures the length of his leg, insic
from hip to heel, to be 0.90 m. What is the frequency of the pen-

dulum motion of the student’s leg? What is the period?

- Damping - the tendency of oscillations to decrease over time due to drag (resistance).

RESONANCE

If you jiggle a cup of water, the water sloshes back and forth.
> The water is an oscillator being subjected to a periodic external force (from your hand).
> This is an example of driven oscillation.
» Other examples: earthquakes forcing the ground to oscillate, etc.
- When an oscillating system is free from external forces, it will oscillate at a certain frequency or sets of
frequencies. This is called the natural frequency of the oscillator.
- A periodic external force with some driving frequency may act on an oscillating system.
- This driving force will cause the system to oscillate at the driving frequency.
- Resonance = when the driving frequency is the same as the natural frequency.
> Results in oscillations with large amplitude (high energy).

FIGURE 14.24 The response curve shows
the amplitude of a driven oscillator at
frequencies near its natural frequency

fo=2Hz
Amplitude
The oscillation has
maximum amplitude
when fo = fo. This
IS resonance.
fo=2Hz The oscillation has

Serious sloshing Water in Canada’s Bay of
Fundy oscillates back and forth with a period
of 12 hot}ls—nearl_\' eq}lul o the pcrioq of lhe \, substantially from f;.
moon'’s tidal force, which gives two daily high o }
tides 12.5 hours apart. This resonance, a close
match between the bay’s natural frequency
and the moon’s driving frequency, produces

a huge tidal amplitude. Low tide can be 16 m
below high tide, leaving boats high and dry.

only a small amplitude

{
{
!
{ when f,,, differs




Fixing an unwanted resonance

Railroad cars have a natural frequency at which they rock side to side. This can lead
to problems on certain stretches of track that have bumps where the rails join. If the
joints alternate sides, with a bump on the left rail and then on the right, a train car
moving down the track is bumped one way and then the other. In some cases, bumps
have caused rocking with amplitude large enough to derail the train. A train moving
down the track at a certain speed is experiencing a large amplitude of oscillation due
to alternating joints in the track. How can the driver correct this potentially dangerous
situation?

Analyzing the motion of a rope swing

A rope hangs down from a high tree branch at the edge of ariver. FIGURE 14.28 Pendulum motion of a person swinging on a rope.
Josh, who has mass 65 kg, trots at 2.5 m/s to the edge of the river,

B in nown

grabs the rope 7.2 m below where it is tied to the branch, and Degt End LG

swings out over the river. (\/x)l =*a.5 mss

a. What is the minimum time that Josh must hang on to make it (V)()F = =2.5 m/s
back to shore? ( ’x)l ( ‘x) ¢ L=7z2m

b. What is the maximum tension in the rope? —r _— t=0s

PREPARE This is pendulum motion, with Josh as the mass at the

end of the string, the 7.2 m length of rope. Josh grabs the rope, Find

swings out, and comes back to shore, as shown in FIGURE 14.28. As 7%\’ % 7%/\ te=T/2

he cwinoe At hic dienlarement increacec and hic enead decreacsc

MECHANICAL WAVES

- Mechanical Wave - waves that require a medium through which to move.
> As the wave passes through the medium, the atoms that make up the medium are displaced from
equilibrium position.
> i.e., the medium experiences a disturbance.
- Disturbance of a medium a/ways has a source. (Conservation of Energy! No magic!)
- Once created the disturbance travels through the medium at some wave speed, v.
- A wave transfers energy. The particles of the medium itself do not travel.
- Transverse waves = the medium moves perpendicular to the direction of energy flow.
- Longitudinal waves - the medium moves parallel to the direction of energy flow.

Two types of wave motion

A fransverse wave
Up/down Motion of wave at speed v m—(-

— P

A longitudinal wave

Push/pull Motion of wave at speed v m—_-
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SCACRUINTSERE Spectators at a sporting event do “The Wave,” as shown in the
photo on the preceding page. Is this a transverse or longitudinal wave?

WAVES ON A STRING

Waves on a string are transverse.

The wave speed does not depend on the size of the pulse/disturbance or how it was generated. It depends
only on the properties of the medium.

Linear density > mass to length ration of a string.

m

H=r

A string with a greater tension responds more rapidly, so as tension increases, so does wave speed.
A string with greater linear density has greater inertia, so as linear density increases, wave speed decreases.

Ustring =

=]

N

(T in this case is tension)

When does the spider sense its lunch? 50

All spiders are very sensitive to vibrations. An orb spider will sit  sol
at the center of its large, circular web and monitor radial threads

for vibrations created when an insect lands. Assume that these
threads are made of silk with a linear density of 1.0 X 107> kg/m

under a tension of 0.40 N, both typical numbers. If an insect lands ~ The
in the web 30 cm from the spider, how long will it take for the  spi
spider to find out?

Suppose you shake the end of a stretched string to produce a
wave. Which of the following actions would increase the speed of the wave down the

string? There may be more than one correct answer; if so, give all that are correct.

A. Move your hand up and down more quickly as you generate the wave.

B. Move your hand up and down a greater distance as you generate the wave.
C. Use a heavier string of the same length, under the same tension.

D. Use a lighter string of the same length, under the same tension.

E. Stretch the string tighter to increase the tension.

F. Loosen the string to decrease the tension.




THE WAVE EQUATION

Sinusoidal waves move one wavelength in one period, which gives us the wave equation.

v=fA

A sinusoidal wave moves one wavelength in one period, giving the
fundamental relationship:

Speed of the wave (m/s) _Wavclength (m)

Frequency of the wave (Hz) oo™ ’ “=--Period of the wave (s)

As a sinusoidal wave travels, each point in the medium moves with simple
harmonic motion.

s Wavelength ; Period
A T

_—=The motion of this

A v - A

/\ /\—p/ point in the medium /\

0 AL is given by the 0 P
\/ \ history graph...___ . + \/

-4 -A

Snapshot graph History graph

LA CAGINTSERN Three waves travel to the right with the same speed. Which

wave has the highest frequency? All three graphs have the same horizontal scale.
o o
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Example:

6.2 seconds. Determine the frequency and the speed of these waves.

Ocean waves are observed to travel along the water surface during a developing storm. A Coast Guard
weather station observes that there is a vertical distance from high point to low point of 4.6 meters and a
horizontal distance of 8.6 meters between adjacent crests. The waves splash into the station once every

SOUND

- Sound is a pressure wave.
» Compressions—> areas of high pressure
> Rarefactions = areas of low pressure.



The loudspeaker cone moves back and forth,
creating regions of higher and lower
pressure—compressions and rarcfactions.
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T'he sound wave is a pressure wave.
Compressions are crests; rarclactions
arc troughs.

Range of human hearing: 20 Hz — 20,000 Hz

> Infrasound - anything below 20 Hz

> Ultrasound - anything above 20,000 Hz

Range of wavelengths of sound

What are the wavelengths of sound waves at the limits of human
hearing and at the midrange frequency of 500 Hz? Notes sung by
human voices are near 500 Hz, as are notes played by striking
keys near the center of a piano keyboard.

Ultrasonic frequencues in med|c|ne BI0

To make a sufficiently detailed ultra-
sound image of a fetus in its mother’s
uterus, a physician has decided that a
wavelength of 0.50 mm is needed.
What frequency is required?
PREPARE The speed of ultrasound
in the body is given in Table 15.1 as
1540 m/s.

Computer processing
of an ultrasound image
shows fine detail.



ENERGY AND INTENSITY (a) Wave fronts are the crests of the wave

T'hey are spaced \‘l wavelength apart
Imagine a pebble dropped in a pond. The resulting waves would "\ / \ /
look like image (a) to the right. =
> Wave fronts - the lines that locate the crests of waves. / / \ \
» Wave fronts are separated from each other by one
. wavelength. \sm,m\.A.".A.“.A.:
This sort of wave is a circular wave.
If you were to move far from the source of a circular wave, \ \ e A
the curvature of the waves would be unnoticeable to you. s
> They would appear to be parallel lines, travelling / \ /\
at speed v, still separated by one wavelength from o
h oth “The circular wave fronts move
cach other. outward from the source at speed
(b)
Very far away h‘um > v
the source, small .., Al A A
sections of the wave 2
fronts appear to be - |
straight lines
Spherical Waves - waves that move in 3-dimensions.
> Sound waves and light waves are spherical waves.
> The crests of the wave form a series of spherical shells separated from each other by one
wavelength.
> You can still picture them as we did in figure (a) above, but that would represent a slice of the
sphere.

If you were to be located far from the source, the part of the wave front that you could see would be a small
patch of the larger sphere.
> Ifyou are far enough away (i.e., a sphere of a large radius), then the curvature of the patch of wave
front would be negligible and you would appear to be a plane.  gigure 15.15 A plane wave.

Very far from the source, small segments
rerical wave fronts appear to be planes. The
¢ 1S cresting al every poimnt in these plancs

Power > the rate in Watts (J/s) at which the wave transfers
energy.

Brightness (light) or loudness (sound) depend not only on
the power of the source, but on the area that receives that

power.
This quantity is called intensity (I). 3
> Units: W/m? X py
> It’s a power to area ratio. FIGURE 15.16 Plane waves of power P

impinge on area a.

The wave intensity at Plane waves
this surface is I = Pla of power P

Arcaa A



The intensity of a laser beam

A bright, tightly focused laser pointer emits 1.0 mW of light
power into a beam that is 1.0 mm in diameter. What is the inten-
sity of the laser beam?

- Sound and light become less intense as you move further from the source because the spherical waves
spread out to fill larger and larger volumes of space.

- Ifasource of spherical waves radiates uniformly in all directions, then the power at distance r is spread
uniformly over the surface of the sphere at radius .

PSO'LLT'CB

| =
412

- The energy per area must decrease in proportion to the surface area of a sphere.

Source with
Cross section of power Pwurc-:

a spherical wave Intensity 7, at

l'mn{ / \dis‘(uncc ry

The better to hear you with B0 The great
grey owl has its ears on the front of its face,
hidden behind its facial feathers. Tts round
spherical surface of arca 47772, face works like a radar dish, collecting the
energy of sound waves over a large arca
and “funneling” it into the ears. This allows
owls to sense very quiet sounds.

The energy from the source Intensity /; at
is spread uniformly over a distance r,

- If you want to compare the intensity at two points located at different radii from the power source:



Intensity of sunlight on Mars

The intensity of sunlight on the earth’s surface is approximately
1000 W/m? at noon on a summer day. Mars orbits at a distance
from the sun approximately 1.5 times that of earth.

a. Assuming similar absorption of energy by the Martian atmo-
sphere, what would you predict for the intensity of sunlight at
noon during the Martian summer?

b. The Sojourner rover, an early Mars rover, had a rectangular

array of solar cells approximately 0.60 m long and 0.37 m wide.

What is the maximum solar energy this array could capture?

If we assume a solar-to-electric conversion efficiency of 18%,

typical of high-quality solar cells, what is the maximum useful

power the solar cells could produce?

SCLACRGITEECE A plane wave, a circular wave, and a spherical wave all have

the same intensity. Each of the waves travels the same distance. Afterward, which
wave has the highest intensity?

(2]

A. The plane wave B. The circular wave C. The spherical wave

LOUDNESS OF SOUND

- Sound Intensity Level > a measurement of the “loudness” of sound.
- Because the range of intensities (in W/m?) the human ear can detect is so large, we often use a logarithmic
scale.
> Called the decibel scale.
> Average value for the lowest sound able to be heard is 1 x 10> W/m? = 0 dB
> Called the threshold of hearing.

Intensity # of Times

Source Intensity Level Greater Than TOH
Threshold of Hearing (TOH) 1%¥10712 w/m?2 0 de 109
Rustling Leaves 1%10°11 wym? 10 dB 10l
Whisper 1#10°10 wym? 20 dB 102
Normal Conversation 1%¥10°% wW/m= &0 dB 109
Busy Street Traffic 1%¥10°% W/m?2 70 dB 107
Vacuum Cleaner 1%¥10°% W/m? 80 dB 108
Large Orchestra 6.3%10°2 W/m? 98 dB 109-8
Walkman at Maximum Level 1%¥1072 W/m?2 100 dB 1010
Front Rows of Rock Concert 1#10°1 w/m? 110 dB jpll
Threshold of Pain 1*101 wym? 130 dB 1013
Military Jet Takeoff 1%¥10% W/m? 140 dB 1014

Instant Perforation of Eardrum 1*10% w/m?2 160 dB 1016



|
p = (10 dB)logg (E)

- L>1.0x10" W/m?

Finding the loudness of a shout

A person shouting at the top of his lungs emits about 1.0 W of energy as sound waves.
What is the sound intensity level 1.0 m from such a person?

How far away can you hear a conversation?

SOWVE T
is 60 dB.

The sound intensity level 1.0 m from a person talking in a normal
conversational voice is 60 dB. Suppose you are outside, 100 m
from the person speaking. If it is a very quiet day with minimal
background noise, will you be able to hear him or her?

SACRCILTSERM You are overhearing a very heated conversation that registers
80 dB. You walk some distance away so that the intensity decreases by a factor of
100. What is the sound intensity level now?

A. 70dB B. 60 dB C. 50dB D. 40 dB E. 30dB F. 20dB

THE DOPPLER EFFECT

- Remember that all motion is relative to the observer.
- The Doppler Effect > perception of a wave’s frequency and wavelength can change if there is relative
motion between the observer and the source of the waves.
> Johannes Doppler—> 1842
> Not just a sound phenomenon. Applies to all waves, including light.

(b) Snapshot at time 37
Behind the source,
the wavelength is

expanded to A

(a) Motion of the source ] )
In front of the source,
the wavelength is
compressed 1o A

/

The dots are the positions of the
0, T, 27, and 3T.
The source emits frequency f

source at r

Pablo Nancy

Vs Pablo detects

Nancy detects

frequency [ . frequency f..
Pablo sees the source Nancy sees the source
receding at speed v,. approaching at speed v,.
£
", / N 5 v -
Crest 0 was emitted Crest 1 was emitted Crest 2 was emitted
at r = 0. The wave atr = T. The wave at t = 2T. The wave

front is a circle
centered on point 2.

front is a circle
centered on point 1.

front is a circle

centered on point 0.



The Doppler Effect for a Moving Sound Source

Lows Frequency High Frequency

o (ks

- As the source moves towards you, the wavelength is smaller (higher frequency).
- As the source moves away from you, the wavelength is longer (lower frequency).
- Something moving at the same velocity as the source will not hear a change in frequency.

f —f v+ v,
o — Js v — v,

- Rules for this equation:
» Observer moves toward source—> positive velocity
> Observer moves away from source = negative velocity
> Source moves toward observer = positive velocity
> Source moves away from observer > negative velocity

Example:

A car is travelling at 20.0 m/s (45 mi/h) and blows its horn at a constant 600 Hz. Determine the frequency heard
by a stationary observer both as it approaches and recedes. Take the speed of sound to be 343 m/s.




Amy and Zack are both listening to the source of sound waves
that is moving to the right. Compare the frequencies each hears.
A. fr\my >fZ:|ck

B. fAm_v =fZack 10 m/s
C. j.»‘\my <jZack

Amy fe Zack
1 m/s 1 m/s
SUPERPOSITION =0s
P T T T T T T x(m)
- When waves meet, there is interference. 0o 1 2 3 4 5 6 7
> Constructive Interference = leads to an increase in Two waves approach each other.
amplitude.
> Destructive Interference - leads to a decrease in =iy
amplitude. —F— — —x (m)
. 0 1 2 3 4 5 6 7
> Total Destructive Interference - the waves cancel each
other out.

- Principle of Superposition > When two or more waves are present t=2s
simultaneously at a single point in space, the displacement of the — L ——x(m)
medium at that point is the sum of their amplitudes. 01 23 4 5 6 7

The net displacement is the point-by-point

summation of the individual waves.

N\
b
=g t=3s
r
T f T

T —Xx (m)
0 1

)
—
3 4 5 6 7

(]

1 m/s 1 m/s
- =

2

Two pulses on a string approach each other at speeds of 1 m/s.
What is the shape of the string at 1 = 6 s?

Approaching 1 m/s 1 m/s

wavesat1=0s /\_> e -
I T T I I I I T Ll -r (l‘])
0 2 4 6 8

10 12 14 16 18 20
T T Y T X (m) T T T T —x (m)
6 8 10 12 14 6 8 10 12 14
c 5\ D. /\
T T T T —x (m) T T T T —x (m)
6 8 10 12 1 6 8 10 12 1

4 4




STANDING WAVES

- When a wave reflects off of a fixed point, you can create a standing wave

» Individual points in the medium oscillate, but the wave itself does not travel.
> It’s the result of two waves traveling opposite directions.

(a) A string is carrying two waves

moving in opposite directions.
_> 4—

(b)  The red line The orange line «-w-+" (e)  The superposition is a standing wave with
represents the wave represents the wave the same wavelength as the original waves.
moving to the right. moving Lo the left. s

% g g A The blue wave is the s, A
" 4 e superposition of the ey
At this time the waves exactly
= ;;T overlap and the superposition f= %T
has a maximum amplitude.
2 =2
At this time a crest of the red
r=3r T wave meets a trough of the =37 -
st T N ~ : e 8
orange wave. The waves cancel.
- —4
t=t1 M t=1tT \/\/\
S The superposition again reaches _sp
T8 a maximum amplitude. =%
_6 =8
t=81 m r=0r \/\/\
s Top ~ "N "~~~  The waves again overlap - =
8 N R and cancel. B =

At this time the superposition
has the form it had at r = 0.

@ 2015 Pearson Education, Inc.

- Standing waves appear to never move.

> Points that don’t move are called nodes = areas of destructive interference.
> Points that fluctuate between crests and troughs are called antinodes = areas of constructive

interference. FIGURE 16.7 Superimposing multiple

snapshot graphs of a standing wave
clearly shows the nodes and antinodes.

Antinodes
0
Nodes
T T T T X
0 A A A 2A

The nodes and antinodes arc spaced A/2 apart.



- The wavelength is twice the distance between successive nodes or successive antinodes.
- The intensity is maximum at areas of constructive interference and zero at areas of destructive interference.

Setting up a standing wave

Two children hold an elastic cord at each end. Each child shakes her end of the cord
2.0 times per second, sending waves at 3.0 m/s toward the middle, where the two waves
combine to create a standing wave. What is the distance between adjacent nodes?

SCACAGINTSEFN A standing wave is set up on a string. ——3.0m

A series of snapshots of the wave are superimposed to

produce the diagram at right. What is the wavelength?

A. 6.0m B. 40m

C.30m D. 20m E. 1.Om

- The amplitude of a wave reflected is unchanged.

Harmonic # of Nodes # of Antinodes

1st 2 1
2nd 3 2
3rd 4 3
4th 5 4
Sth =} 5
ath 7 6
nth n+1 n

A complete wave

v -

Pattern
o
AA

o




15t Harmonic:

3" Harmoic: %

- So for the n™ harmonic:

L=(2)2
- \2

- nis the number of antinodes on the standing waves.

- A standing wave can only exist on a string if the wavelength is one of the values given by the above
equation.

- nis the number of anti-nodes on the standing wave.

SRRV TSRS A 2.0-m-long string carries a 2.0m

standing wave as in the figure at right. Extend the
pattern and the formulas shown in Figure 16.13 to OOOOO
determine the mode number and the wavelength of

this particular standing-wave mode.

A. m=6,A=0.67Tm B. m=6,A=0.80m C.m=5A=080m
D.m=5A=10m E. m=4,A=0.80m Em=4A=10m

- A stretched string will support a series of standing waves as seen in the above eqn.
> It has a series of frequencies at which it “wants” to vibrate.
> Resonance modes

- The frequency at the first resonant mode can be expressed as:

(%

f1:Z

> This is the fundamental frequency of the string.
- The other modes can be expressed in terms of the fundamental
frequency.

fa=nf1

- Wheren=1,2,3,4,5....



- The allowed standing wave frequencies are all whole number multiples of the fundamental
frequency.
- Set of Harmonics - the sequence of all possible frequencies.

(a) We know thal

e . . there are nodes at There must be
STV YRR |dentifying harmonics on a string these positions. nodes here as well.

A 2.50-m-long string vibrates as a 100 Hz standing wave with
nodes at 1.00 m and 1.50 m from one end of the string and at no
points in between these two. Which harmonic is this? What is

the string’s fundamental frequency? And what is the speed of the — , y - — X
traveling waves on the string? G e R R N X

(m)

(b) The mode with nodes at these
positions looks like this. _
\\
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INTERFERENCE OF WAVES FROM TWO SOURCES

- If you set up two speakers in line with each other, but I'he speakers are one ... 50 the crests
separated by the wavelength of the sound wave, they wavelength apart . . . are aligned.
are said to be in phase. / | What is the
> Crests are aligned with crests, troughs with ..#L.. Wave ) ' sound al
troughs. > =i / this point?
» The superposition of their crests/troughs,
leads to a wave with double the amplitude [q/
(constructive interference).
- The wave from speaker 2, however travels a further
distance than the wave from speaker 1. It travels an
extra distance of exactly one wavelength.
> Path-length difference
- We could increase that distance by another
wavelength (i.e. path-length difference = 21) and the
two waves would still be in phase.
> Same with3 4,42, 5A.... Ap
> Two waves will be in phase and will |
produce constructive interference any : {
time their path-length difference is a 0+
whole number of wave lengths.
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- If the speakers are separated by a distance of one The speakers are . . . SO crests meet

half of a wavelength, and are out of phase. IW avelength apart . ... troughs Whatis the
) } : atis
- Crests meet troughs, and total destructive i) ) sound ,:l
interference occurs. At all times, the sum of the two ..i.. W ;:\'c . this point?
waves is zero. X : N\ -
- The same will occur at 1.54, 2.5X.... ' g ’\ "
. . ] | / é
- Two waves will be out of phase and will produce / / V/ \, \:/
destructive interference if their path-length /R / _" !
difference is a whole number of wavelengths plus : : w ‘l“e / i
¢
% a wavelength. : : - :
:-—4 (Il 1
v Ad 1
¥ i The superposition :
In phase: Apt i ! = ;
p P, s is a wave with zero !
1 | 1
' | amplitude. |
—_— 1l 1 N\ 1
Ad = mA ot S _—
| This is the path-length difference.

Out of phase:

1
Ad = (m +§)/‘l

- Wherem=0,1,2,3,4....

Interference of sound from two speakei

Susan stands directly in front of two speakers that are in line
with each other. The farther speaker is 6.0 m from her; the closer
speaker is 5.0 m away. The speakers are connected to the same
680 Hz sound source, and Susan hears the sound loud and clear.
The frequency of the source is slowly increased until, at some
point, Susan can no longer hear it. What is the frequency when
this cancellation occurs? Assume that the speed of sound in air
is 340 m/s.



- When looking at spherical waves, the path difference is Two sources emil
going to be related the radius from the observation point identical spherical waves
to each individual speaker.

- Aris the path-length difference

Ar = |r, —rq|

- Constructive interference occurs when:

Ar = mA

- Destructive interference occurs when:

Destructive Constructive
interference occurs interference occurs

1 where a cres where two crests
Ar p— (m —I— —) A overlaps a Ir:su::h. m\‘rl;q:. (
Is the sound loud or quiet?

Two speakers are 3.0 m apart and play identical tones of frequency
170 Hz. Sam stands directly in front of one speaker at a distance of
4.0 m. Is this a loud spot or a quiet spot? Assume that the speed of
sound in air is 340 m/s.

STOP TO THINK 16.7 BM)Ts Spcakers

emit identical sound waves with a wave-
length of 1.0 m. At the point indicated,
is the interference constructive, destruc-
tive, or something in between?

BEATS

- When two waves travel towards your ear and have the same amplitude but s/ightly different frequencies,
they combine in a manner that alternates between constructive and destructive interference.
> As it hits your ear, you hear an alternating intensity. (i.e., the sound intensity fluctuates between
high and low).
> Called beats.



Two sound waves of slightly different frequencies
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Al this point, the waves Here, the waves are out At this point, the waves

arc in phase. There is of phase. There is arc back in phasec. There is

constructive interference. destructive interference. constructive interference.
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Superposition of the two sound waves

Wave 1 (red) and Wave 2 (blue)
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Beat Pattern (in green)

The human ear is only capable of determining beats with frequency differences of 7 Hz or below.
The beat frequency is the difference between the two beats

foeat = /1 — f2

This is how musicians tune instruments. If there’s a beat, the instrument is not fully tuned.




