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Mechanical Waves

e \Waves and wave fronts:
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Wave Motion

Wave motion involves a disturbance produced by a vibrating object (a source).
The disturbance moves, or propagates, through a medium and causes points in the
medium to vibrate. When the disturbed medium is physical matter (solid, liquid,
or gas), the wave is called a mechanical wave.




Two Kinds of Waves

Longitudinal and transverse waves In a longitudinal wave the vibrational
motion of the particles or layers of the medium is parallel to the direction of
propagation of the disturbance. In a transverse wave the vibrational motion of the
particles or layers of the medium is perpendicular to the direction of propagation

of the disturbance.

The vibration direction is parallel ¥
to the propagation direction for a _ . .
> longitudinal wave. N__ | Vibration direction
. - - .< .
Direction of Vibration
wave propagation direction

T e |
OO (£ Precton of et propeeador
P % The vibration direction and propagation

Compression Less compression direction are perpendicular for a transverse wave.
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Reflection of Waves

A pulse moves toward the fixed end of a rope.

e When a wave reaches i

f i

the wall of the container -
or the end of the Slinky (
or rope, it reflects off the
end and moves in the (
opposite direction. t

— When a wave encounters
any boundary between
different media, some of

the wave is reflected back. { >

The pulse reflects off the fixed end.
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Mathematical Description of Waves

A wave can be created in a

rope by a motor that

vibrates the end of a rope
up and down, producing a

transverse wave.

The displacement is
described by a sinusoidal
function of time:

= A Znt
y =4 cos|—

()
A snapshot of a wave at one instant in time

Y 4 Disturbance travels

T_{ : ..
S =

---- Point on rope vibrates

(b)

The displacement-versus-time of one position
on the rope (the source position)

A

A ™




Mathematical Description of Waves

Period T in seconds is the time interval for one complete vibration of a point in
the medium anywhere along the wave’s path.

Frequency fin Hz (s™') is the number of vibrations per second of a point in the
medium as the wave passes.

Amplitude A is the maximum displacement of a point of the medium from its
equilibrium position as the wave passes.

Speed v in m/s is the distance a disturbance travels during a time interval, divided
by that time interval.




Mathematical Description of a
Traveling Sinusoidal Wave

* We know the source oscillates up and down with a
vertical displacement given by:

_ 27‘[t
y = A cos 7

 We can mathematically describe the disturbance y(x,
t) of a point of the rope at some positive position x to
the right of the source (at x = 0) by:

y(x,t) = A cos ZTH (t — %)]



Wavelength

Wavelength A equals the distance between two nearest points on a wave that at
any clock reading have exactly the same displacement and shape (slope). It is also
the distance between two consecutive wave fronts:

A= Tp= (20.3)

f
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Mathematical Description of a
Traveling Sinusoidal Wave

Mathematical description of a traveling sinusoidal wave The displacement
from equilibrium y of a point at location x at time ¢ when a wave of period T travels
at speed v in the positive x-direction through a medium is described by the function

y = Acos[Zw(% — %)] (20.4)

The wavelength A of this wave equals A = Tv.
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Wave Speed

The speed of a wave on a string depends on

— The mass per unit length (u): waves propagate
more quickly on a light string

— The tension (T): waves propagate more quickly
when the string is tight

vV =
N

= | ~]




Amplitude and Energy in a Two
Dimensional Medium

PY A beaCh ba” bObS up Top view of wave crests at one instant in time
and down in water in
simple harmonic
motion, producing
circular waves that
travel outward across
the water surface in

all directions. biesicti bal \

Bobbing
Wave crests

— The amplitudes of the
crests decrease as the
waves move farther

from the source. - @»»

Side view of wave crests at one instant in time

The crest amplitudes are smaller the
farther the wave is from the source.



Amplitude and Energy in a Two
Dimensional Medium

° The circu mfe rence Of Snapshot of wave crests at one instant in time
the second ring is two
times greater than
the first, but the same
energy per unit time
moves through it.

— The energy per unit
circumference length
passing through the
second ring is one-half

that passing through
the first ring.

Bobbing
beach ball

The same energy/time passes two rings that
have different circumferences.
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Two-dimensional waves produced by a
point source

Two-dimensional waves produced by a point source The energy per unit
circumference length and per unit time crossing a line perpendicular to the direc-
tion that the wave travels decreases as 1/r, where r is the distance from the point
source of the wave.
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Three-Dimensional waves produced by
a point source

The sound travels outward, crossing two

e The area of the a——
second sphere is four :
times the area of the
first sphere, but the
same energy per unit
time moves through
it.

— The energy per unit
area through the
second sphere is one-
fourth that through
the first sphere. Fire alarm




Three-dimensional waves produced by
a point source

Three-dimensional waves produced by a point source The energy per unit area
per unit time passing across a surface perpendicular to the direction that the wave trav-
els decreases as 1 /7%, where r is the distance from the point source of the wave.
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Wave Power and Wave Intensity

 The intensity of a wave is defined as the

energy per unit area per unit time interval
that crosses perpendicular to an area in the
medium through which it travels:

_ Energy AU P

Intensity = Time - Area I= At-A A

 The unit of intensity / is equivalent to joules
per second per square meter or watts per

square meter.




Reflection and Impedance

e |f you hold one end of a rope whose other end
is fixed and shake it once, you create a
transverse traveling incident pulse.

— When the pulse reaches the fixed end, the
reflected pulse bounces back in the opposite
direction.

— The reflected pulse is inverted—oriented
downward as opposed to upward.

 What happens to a wave when there is an
abrupt change from one medium to another?



Reflection and Impedance

Thin rope Thick rope
g E \ - /
Lo Incident pulse
l'1-2
&
(£ =y
I »
R
x :

Upright -
transmitted pulse

Inverted -
reflected pulse

Thick rope Thin rope

i g \ N> /
{ Incident pulse

){ Overshoots

I & i

A %

Upright -
transmitted pulse

Upright -
reflected pulse
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Impedance

 Impedance characterizes the degree to which
waves are reflected and transmitted at the
boundary between different media.

 Impedance is defined as the square root of
the product of the elastic and inertial

properties of the medium:
Impedance = 7 = \/ (Elastic property)(Inertial property)




Amplitude of Reflected Waves

 The amplitude of the reflected pulse depends

on the impedance of the two media:
AT — R Ai
Ly — 2y

R =
(when incident from medium 1 into medium 2)

r4 f4 M
A 6 : :
; ; Tpricht - Ipricht -
Inverted - Upright - Upright Upright
reflected pulse transmitted pulse

reflected pulse transmitted pulse



Ultrasound

e Ultrasound takes advantage of the differing
densities of internal structures to "see" inside the

body.

— The impedance of tissue is much greater than that of
air. As a result, most of the ultrasound energy is
reflected at the air-body interface and does not travel
inside the body.

— To overcome this problem, the area of the body to be
scanned is covered with a gel that helps "match" the
impedance between the emitter and the body
surface.



Superposition Principle

 We have studied the behavior of a single wave
traveling in a medium and initiated by a
simple harmonic oscillator.
— Most periodic or repetitive disturbances of a
medium are combinations of two or more waves

of the same or different frequencies traveling
through the same medium at the same time.

e Now we investigate what happens when two

or more waves simultaneously pass through a
medium.



‘ Tmm B

Superposition Principle ,,, i

* Imagine we have two

vibrating sources in water,

each of which sends out
sinusoidal waves.

— Consider point Cin the
figure.

e Double
e crest at C

«Wave crests
from A

(b)

Side view snapshots of waves
) arriving at C at time 1
YB -

In ph se

/\/\/
s T NF XFE
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Superposition Principle . )

Imagine we have two

vibrating sources in water, \)
each of which sends out .
sinusoidal waves.

—_ Consider point D in the At a particular time, the two waves
. at D are out of phase and cancel.
figure.

T\/\/\/”
VAL VAR VA

Wave disturbances atD .~
YA ate a particular time

N A A /.
R W W LW

Crest and trough ovml ap — no disturbance




Superposition principle for waves

 The process in which two or more waves of
the same frequency overlap is called
interference.

— Places where the waves add to create a larger
disturbance are called locations of constructive
interference.

— Places where the waves add to produce a smaller
disturbance are called locations of destructive
interference.



Huygens’ Principle

 We can explain the
formation of the waves
using the
superposition
principle, first
explained by Christiaan
Huygens (1629-1695).

— Each arc represents a
wavelet that moves
away from a point on
the original wave front.

Each point on the original wave front
AB produces a wavelet.

C
A /
Old
wave front
The wavelets add
Se to produce a new

PRI wave front CD.

D Wavelets
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Huygens’ Principle




Loudness and intensity

* Loudness is determined primarily by the
amplitude of the sound wave: the larger the
amplitude, the louder the sound.

— Equal-amplitude sound waves of different

frequencies will not have the same perceived
loudness to humans.

e To measure the loudness of a sound, we
measure the intensity: the energy per unit
area per unit time interval.



Intensity Level

e Because of the wide variation in the range of
sound intensities, a quantity called intensity
level is commonly used to compare the
intensity of one sound to the intensity of a
reference sound.

* Intensity level is defined on a base 10
logarithmic scale as follows:

[
p =logqg I_
0



Intensities and Intensity Levels of
Common Sounds

Table 20.6 Intensities and intensity levels of common sounds.

Intensity Intensity
Source of sound (W/m?)  level (dB)  Description
Large rocket engine (nearby) 10° 180
Jet takeoff (nearby) 10° 150
Pneumatic riveter; machine gun 10 130
(nearby)
Rock concert with amplifiers 1 120 Pain threshold
(2 m); jet takeoff (60 m)
Construction noise (3 m) 107" 110
Moving subway train (nearby) 102 100
Heavy truck (15 m) 1073 90 Constant exposure
Niagara Falls (nearby) 1073 90 endangers hearing
Noisy office with machines; 16~ 80
inside an average factory
Busy traffic 10~° 70
Normal conversation (1 m) 1076 60
Quiet office 107 50 Quiet
Library 10~8 40
Soft whisper (5 m) 1072 30
Rustling leaves 10~10 20 Barely audible
Normal breathing 10~ 10

1012 0 Hearing threshold



Pitch, frequency and complex sounds

e Pitchis the perception of the frequency of a
sound.

— Tuning forks of different sizes produce sounds of
approximately the same intensity, but we hear
each as having a different pitch.

— The shorter the length of the tuning fork, the
higher the frequency and the higher the pitch.

e Like loudness, pitch is not a physical quantity
but rather a subjective impression.



Complex sounds, waveforms and
frequency spectra

 An oboe and a violin playing concert A equally
loudly at 440 Hz sound very different.

— Which other property of sound causes this different
sensation to our ears?

— Musical notes from instruments have a characteristic
frequency, but the wave is not sinusoidal.

A

Gauge pressure




Beat and Beat Frequencies

e Two sound sources of
similar (but not the
same) frequency are
equidistant from a
microphone that
records the air
pressure variations
due to the two sound
sources as a function
of time.

(a) Wave from sound source 1

(b) Wav efon sound s 1 e?

(c) Resultant w

P We add the

«——One beat—+— One beat—

A.n. il
LM L
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Beat and beat frequencies

A beat is a wave that results from the superposition of two waves of about the
same frequency. The beat (the net wave) has a frequency equal to the average of the
two frequencies and has variable amplitude. The frequency with which the ampli-
tude of the net wave changes is called the beat frequency fi,; it equals the differ-
ence in the frequencies of the two waves:

ﬁ)eat = |fl o f2| (20'10)
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Standing Waves on Strings

° YOU Sha ke the end Of 3 The rope vibrates between the dashed lines.

rope that is attached f; H

to a fixed support. ) /I\l P

— At specific frequencies, N 4
you notice that the
7\ Second harmonic
rope has Iarge— 4 ]\’7\ v or first overtone
amplitude sine-shaped A A

vibrations that appear ypE—H—s4 /*\, S ——
not to be traveling. N N N N

A A A A
y W\i Fourth harmonic
N N N N N
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Standing Waves on a String

® Th e |OweSt-freq U e N Cy The rope vibrates between the dashed lines.

vibration of the rope is |

one up-and-down shake y/;\ Fundamental

. . N N
per time interval: i
Second harmonic
f]_ — 1 — 1 — i AI[\/ or first overtone
T ZL/U 2L A
. . b I/\ = /—\1 Third harmonic
e This frequencyiscalled '~ ¥ v~ "
A A A A
the fundamental Y KA DNA 4N Fourth harmonic
N N N N N

frequency.
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