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y(X,1) = y(x—vt,0) = f (Xx—vt)

Wan¥unau (wave function)
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V(X,1) =y(x—-vt,0) = f (X+vt)

Wan¥unau (wave function)
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y(x,t) = Asin (kx—at)
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Sound Waves

e Sound waves are divided into three
categories that cover different frequency
ranges
— Audible waves

e lie within the range of sensitivity of the human ear

— Infrasonic waves
e frequencies below the audible range

— Ultrasonic waves
e frequencies above the audible range



Speed of Sound in Various

Undisturbed gas Media
S p e e d II"]ll Medium v(m/s)
SEE— Gases
Of Hydrogen (0°C) 1 286
(a) Helium (0°C) 972
Air (20°C) 343
SO u n d . ] Air (0°C) 331
(Jom];ressecl region Oxygen (0°C) 317
wa ves Liquids at 25°C
- - Glycerol 1 904
Seawater 1 533
(b) Water 1 493
Mercury 1 450
Kerosene 1 324
—— V Methyl alcohol 1143
Carbon tetrachloride 926
. Solids®
Pyrex glass 5 640
(c) Iron 5 950
Aluminum b 420
Brass 4 700
—" Copper 5010
. Gold 3 240
Lucite 2 680
Lead 1 960

(d) Rubber 1 600




Speed of Sound Waves

The speed of sound waves in a medium depends on the compressibility
and density of the medium

B: bulk modulus o B [ clastic properyy
p : density of the medium \ P v =

inertial property

The speed of sound also depends on the temperature of the medium

s Tb
v = (331 111;"5)'\/1 + 57300

331 m/s is the speed of sound in air at 0'C
T is the air temperature in degrees Celsius



Example

e Find the speed of sound in water,
which has a bulk modulus of 2.1X10’

N/m* at a temperature of 0 C and
a density of 1.00x 10° kg/m?.

[B \/ 21 X 1°N/m?__
T o = S KIS s
water p 1 .00 1{}3 kg_ﬁl‘l‘lg




Periodic Sound Waves

e Compression

— High-pressure or compressed region

e The pressure and density in this region fall above
their equilibrium

e Rarefactions

— Low-pressure regions

e The pressure and density in this region fall below
their equilibrium

e Both regions move with a speed equal to
the speed of sound in the medium



Periodic Sound Waves

s(x, 1) = Spax COS(EX — wl)

S(X:, lt)we position of a small element relative to

I . its equilibrium position
or harmonic position function

I I . Smmthe maximum position of the element

or displacement amplitude

relative to equilibrium
[ § 8-
NP



Periodic Sound Waves

— E[ AP = AP, sin(kx — wi)

i APthe gas pressure measured from the

SITLH.K ags .
equilibrium value
|
X

\ AP pressure amplitude

(a)
APnax = PU®Smax

(b) \/



Intensity of Periodic
Sound Waves

o
v(x, 1) = = s(x, f) = = [ Sax COS(kx — wi) | = — WS SIN(kx — i)

AK = %&?H(IJ)Q = %ﬂ M(— @Sy SIN kX)Z = %pﬂ Ax(— @S,y SIN kx)?

= %pﬂ Ax(ws, .. )72 sin® kx

max



Intensity of Periodic
Sound Waves

A A
K, = J. dK = J %p.-i(msmax}g sin? kx dx = épﬂ{msmaxﬁf sin? kxdx
0 - - 0

| 9.1 |
= 3PA(®S max) 2(GA) = 7PA(@5S max) A

Ey = Ky + Uy = 3pA(@5max) *A

. . 1 9
AE Ey SPA(®S pax) “A 1 A 1 ¢
Al — T — 2 .‘:mx — EPA (@S max) 2 — §ﬂﬂﬂ (@S max) 2

T




Intensity of Periodic
Sound Waves

!

E
A

Intensity (I): the power per unit area or
the rate at which the energy being transported
by the wave transfers through a unit area A
perpendicular to the direction of travel of the wave

22
I=—= U 05 max) /= AP max

2pu




Intensity of Periodic
Sound Waves

the wave intensity at a distance r from the source

[= -2 -~ & Spherical wave

average power P, emitted by the source

spherical surface of area 4m~.



Sound Level in Decibels

Sound Levels

Sound Level in Decibels (3 Source of Sound B (dB)
Nearby jet airplane 150
Jackhammer: machine gun 130
ﬂ = 10 lﬂg (_I) Siren: rock concert 120
-II-]I Subway; power mower 100
Busy trathic s
Vacuum cleaner 70
the reference intensity, Normal conversation 50
Mosquito buzzing 40
f['_. = 1.0y = 107 12 W/ ]'ﬂE: Whisper a0
threshold intensity Rustling leaves 10

Threshold of hearing 0




Example

e Two identical machines are positioned
the same distance from a worker. The
intensity of sound delivered by each
machine at the location of the worker
is 2 x 107 W/m?2.

- Find the sound level heard by the worker

e (A) when one machine is operating
e (B) when both machines are operating.



(A)

(1)

B

Example

20 % 107" W,/ m?

10 ln:ug(

53 dB

100 = 10712 W/ m?

4.0 = 1077 W,/ m*

) = 10 log(2.0 X 10%)

10 ln:lg(

100 = 10712 W m?

) = 10 log(4.0 X 10%)



Loudness and Frequency

Sound level
BidB)
Infrasonic SOnic Ltrasonic
frequencies frequencies frequencies
220 .
L engine |
200 Underwarer communication
-—
166 Threshold for
140 Pt
Fock concert /
120 Car h i
orn .
100 Motortyele < School cafeteia
i—l—h-
S0 Urban trathe N Shout
G - , = Birds
Conversatnon  ——Ll
40 / iﬁl
ap for =:1:'#'&115}}45-113«:[ speech i

I l I |
1 10 100 1 100 G 100 D00

= Frequency j (Hz)
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The Doppler Effect

the speed of the waves relative to the observer,
V/

V'=V+Vy,

speed of sound, v
Wavelength, & with frequency of the source, f



The Doppler Effect

the frequency heard by the observer, f’

4

gV VY
A A




The Doppler Effect

the frequency heard by the observer, f’

f’:iz(\/ivojf
A V

+ For observer moving toward source
- For observer moving away from source




The Doppler Effect

the frequency heard by the observer, f’
/
F1_ i _ Vv iVO f
A V

+ For observer moving toward source
- For observer moving away from source




The Doppler Effect




The Doppler Effect

The source in motion and the observer at rest, the frequency heard by
the observer, f’

+ For source moving away from observer
- For source moving toward observer



Example

e A submarine (sub A) travels through water at a
speed of 8.00 m/s, emitting a sonar wave at a
frequency of 1,400 Hz. The speed of sound in the
water is 1,533 m/s. A second submarine (sub B) is
located such that both submarines are traveling

directly toward one another. The second submarine
is moving at 9.00 m/s.

- (A) What frequency is detected by an observer riding on

sub B as the subs approach each other ?

— (B) The subs barely miss each other and pass. What
frequency is detected by an observer riding on sub B

as the subs recede from each other 7



Example

YR &

vt v\
[e),
¥ — vg
1 533 m/ s + (+F9.00m/ =)
1533 m/ s — (+8.00m,/s)

) (1400Hz) = 1416Hz

(B) _.I'”= ('-.r'+ !'g)j.

v — Ug

1 533 m/s + (=900 m /=)
15%3m/s — (—8.00m/s)

) (1400Hz) = 1385 Hz



Shock Waves

e speed of a source

exceeds the wave
speed

e V-shaped wave
fronts

e conical wave
front




Shock Waves

Conical
shock front

: Mach number
V., > V : supersonic speeds



Superposition

e Superposition principle

- If two or more traveling waves are
moving through a medium, the resultant
value of the wave function at any point is

the algebraic sum of the values of the
wave functions of the individual waves.

e Two traveling waves can pass through

each other without being destroyed or
even altered



Superposition

e Superposition principle

- If two or more traveling waves are
moving through a medium, the resultant
value of the wave function at any point is

the algebraic sum of the values of the
wave functions of the individual waves.

e Two traveling waves can pass through

each other without being destroyed or
even altered



Interference

e Interference

—the combination of separate waves in

the same region of space to produce a
resultant wave

e Constructive interference
—the two pulses in the same direction

e Destructive interference
—the two pulses in opposite direction



Superposition
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Superposition of
Sinusoidal Waves

V= A Sil]{kl' — wt) Yo = A sin(hx — wl + (fJ]

y = y1 + yo = Alsin(kx — wi) + sin(kx — wt + ¢) |

J _ . a— b\ a—+ b
sin a + sin b = 2 cos 511
2 2

—

a= kx — wl
b= hkx — wt+ ¢

— y = 2A cos (g) sin (.-’fx — wl + g)




Superposition of
Sinusoidal Waves

ACA
AR

}1 }'2

| )

| ¢ =180°}«

(b)

}11 '
SN

¥

. and vy, are identical
% Yo

CLN N

o = 60°

(c)

e Constructive

interference

— the resultant wave

has maximum
amplitude

e Destructive

interference

- the resultant wave
has zero amplitude



Interference of Sound
Waves

path length Ay = |y — 1

L

o A ¢

/';1 R 3 27
N

Receiver
"N _J
J

M

5

Speaker

A
Ar= (2n) > for constructive interference

Ar=(2n+ 1)

l*»..-|:‘=-'

for destructve interference

L=

n=0.1.2.3.....



1.15 m T — 0550 m

—_ »
v - %
.00 m — = — -ﬂ

g __ — 1.55m
e il l
Lﬁ_ﬁy — T
=00 m

e A pair of speakers placed 3.00 m apart are driven by the
same oscillator as shown in the figure. A listener is originally
at point O, which is located 8.00 m from the center of the line
connecting the two speakers. The listener then walks to point
P, which is a perpendicular distance 0.350m from O, before
reaching the first minimum in sound intensity. What is the

frequency of the oscillator ?




Example

r1 = V(8.00m)2 + (1.15m)2 = 8.08m

ro = \V(8.00m)2 + (1.85 m)2 = 8.21 m

ro — rp = 0.13m  path difference be equal to A/2

U 3M3Im/s
f=—= —— = 1.3 kHz
. A 0.26 m




Standing Waves

superposition of two transverse sinusoidal
waves having the same amplitude, frequency,
and wavelength but traveling in opposite
v directions in the same medium
—
y1 = Asin(kx — wi) yo = Asin(kx + wi)
- Yy =19y + yo = Asin(kx — wi) + Asin(kx + wi)

v
‘ y = (2Asin kx) cos wi

wave function of a standing wave



Standing Waves

Nodes : points of zero displacement
Antinodes : points of maximum displacement



Standing Waves

Nodes

kx = a, 2, 3, ...




Standing Waves

Antinodes
o 37 b
kx = —, —(—— —
2 2 2
A 3A DA 1A oo
X = = — n =1, 3,5,




Standing Waves

e The distance between adjacent
antinodes is equal to /2

e The distance between adjacent nodes
is equal to A/2

e The distance between a node and an
adjacent antinode is A/4.



Standing Waves

(b) t=T/4

N\ /N
*N\A/NN\A/NN\

(c) t=T/2




Standing Waves in a String
Fixed at Both Ends

(a) (c)

= _3
(b) (d) 2

Normal modes: a number of natural patterns of oscillation



Standing Waves in a String

(a)

(b)

(c)

(d)

(e)

Fixed at Both Ends

wavelengths of the various normal modes

Natural frequencies of the normal modes
or, quantized frequencies




Standing Waves in a String
Fixed at Both Ends

natural frequencies of a taut string

mn

— Al 1
v=NT/pu —> Jn= 97 " n=1,23,..

fundamental frequency




Standing Waves in a String
Fixed at Both Ends

e Harmonics

- Frequencies of normal modes that exhibit
an integer-multiple relationship

e such as this form a harmonic series, and the
normal modes



Standing Waves in a String
Fixed at Both Ends

boundary conditions

At x=0andx=L y0,p0=0 YL §)=0

y = 2A(sin kx) cos @t ——> sin kL=10

27 21
k, = 2/, L= nm or Ay =——




Standing Waves in a String
Fixed at Both Ends




Resonance

o If a periodic force is applied to such a
system, the amplitude of the resulting
motion is greatest when the frequency

of the applied force is equal to one of
the natural frequencies of the system

e This phenomenon, known as resonance

e These frequencies are often referred to
as resonance frequencies




Ampliude

Resonance

,

To

Frequency of drving torce

Vibrating
blade




Resonance

Aysis )
siouny waiion Bussoy ) SBwoy) J0SS8)0L 0 A8uns)

(b)

(a)



e The high E string on a guitar measures 64.0 cm in length and
has a fundamental frequency of 330 Hz. By pressing down so
that the string is in contact with the first fret (as shown in
the figure), the string is shortened so that it plays an F note

that has a frequency of 350 Hz. How far is the fret from the
neck end of the string?



Example

For fundamental frequency, n = 1

21 2(0.640 m

n 1

(330 Hz) = 422 m/s

Because we have not adjusted the tuning peg, the tension in
the string, and hence the wave speed, remain constant

0 (1) 422 m/'s 0.603 60.3
— — = LLOUS 1M = DO CIn
“or, 9(350 Hz) :

L

distance from the fret to the neck end of the string 3.7 cm



Standing Waves in Air
Columns

H Ay =2L
,..il.., N _‘L ) _ w1 First harmonic
‘|/ LT

P A g =L
Fi i F L c 5 i |_ |: AT ]
e o Aa— ‘I/ _.&=T=‘3.Ir1 OO0 NAarrmaonic

NANANA - F'E':%L ' i
AN A NA ?:ﬂ Third harmonic
fi=ay =3




Standing Waves in Air
Columns

e In a pipe open at both ends, the natural frequencies of oscillation

form a harmonic series that includes all integral multiples of the
fundamental frequency



Standing Waves in Air
Columns

Ay =4l
by =g
fi=22=3f,
A= L

Js=57=5h

First harmonic

Third harmonic

Fifth harmonic




Standing Waves in Air
Columns

fp=m

e In a pipe closed at one end, the natural frequencies of oscillation

form a harmonic series that includes only odd integral multiples of
the fundamental frequency



Example

\JINTNT

A/4 3A/4
i 5474

First
resonance

Second
resonance
(third
harmonic)  Third

resonance
(fitth
harmonic)

(b)

A simple apparatus for
demonstrating resonance in an
air column is depicted in the
figure. A vertical pipe open at
both ends is partially submerged
in water, and a tuning fork
vibrating at an unknown
frequency is placed near the top
of the pipe. The length L of the
air column can be adjusted by
moving the pipe vertically. The
sound waves generated by the
fork are reinforced when L
corresponds to one of the
resonance frequencies of the
pipe.

— For a certain pipe, the smallest

value of L for which a peak

occurs in the sound intensity is
9.00 cm. What are

. #A?( the frequency of the tuning
or

e (B) the values of L for the next
two resonance frequencies?



Example

v 343 m/s I
: = = = Yh: 7
A N T A T 20,090 0m)

(B) A =4L=4(0.090 0m) = 0.360 m

L.=3A/4= 0270m and L =5A/4= 0.450m



Beats: Interference in Time

e interference phenomena
- spatial interference.
e Standing waves in strings and pipes
— interference in time or temporal interference

e results from the superposition of two waves having
slightly different frequencies

— beating

e Beating

— the periodic variation in amplitude at a given

point due to the superposition of two waves
having slightly different frequencies



Beats: Interference in Time

= Acosani= Acos 2w/
f ¥ =W + ve = Alcos Zafif + cos 2mwfatl)
yo = A cos wet = A cos 2ajol

cos i + Ccos b= E-:::-E.(EI; III?-)cucrs.l[. g: b]l

=

( J1+ fo )I

ho— Je ")f
2

¥ = ‘E&cm?m‘ ( 5

E=N

cos 27

A resultam = 24 cos 27 (LEJFE) ! |:> fb:at — |f1 _ fil




Beats: Interference in Time

(a)

(b)
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Nonsinusoidal Wave Patterns

ANANWANY
\J V V V

Tuning tork

AW AWANY
" U U U

Flute

A A N
VVVV

Clarninet

The wave patterns produced
by a musical instrument are
the result of the superposition
of various harmonics

— a musical sound

A listener can assign a pitch to
the sound, based on the
fundamental frequency

Combinations of frequencies
that

are not mteg?er multiples of a
fundamental result in a noise,
rather than a musical sound

The human perceptive
response associated with
various mixtures of harmonics
is the quality or timbre of the
sound



Felanve imtensity

Nonsinusoidal Wave Patterns

Tuning Clarinet

= Flute 2

tork = £

(7] on

g g

= E

g g

E 2

U o

e o
L 11 1 ‘ I I
1 2 3 4 5 6 1 2 3 4 5 6 7 1 2 3 45 6 7 8 9

Harmonics Harmonics Harmonics

ial ih) ic)



Nonsinusoidal Wave Patterns

e The corresponding sum of terms that
represents the periodic wave pattern

— called a Fourier series

y(1) = X (A, sin 27/t + B, cos 21/,,1)

n




Nonsinusoidal Wave Patterns




Nonsinusoidal Wave Patterns

2 \e N

=

Y Y



Nonsinusoidal Wave Patterns

[+ 3f+5f+7f+9f

Square wave
JH3f+5/+ 7 +0/+ ..




