Chapter 12: Mechanical Waves and Sound

y(x,t) =Asin2nf(%—§) andv=A71-f

| ff—



Mechanical Waves — Figure 12.1

« Waves in a fluid are the
result of a mechanical
disturbance.

At right, a stone disturbs
water and creates visually
observable traveling
waves.
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Chapter 12  Mechanical Waves and Sound

® To describe mechanical waves.

® To study superposition, standing waves, and interference.
® To understand sound as a longitudinal wave.

® To study sound intensity and beats.

® To understand the Doppler effect and frequency shifts.

To examine applications of acoustics and musical tones



Making waves

There are transverse, longitudinal, combined transverse longitudinal waves
/Motion of the wave v

P As the wave passes, each
particle of the rope moves up

_and then down, transversely to

the motion of the wave itself.

(a) Transverse wave on a rope

Particles of the fluid
‘ B //\\ ...... As the wave passes, each
< > v ' v A= particle of the medium moves
‘ = K ‘E>e forward and then back, parallel

LI to the motion of the wave itself.
(b) Longitudinal wave in a fluid

R ‘es in a cirel
e moves in a circie.
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e J v & a4 v
_— —_— 4 | A e = As the wave passes, each
> N H @ ﬁ\', particle of the water surface

(¢) Waves on the surface of a fluid
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Clicker — Questions 1

This airplane has remote sensing equipment based on a) laser,
b)microwave, and c)sound waves.

Which radar has the highest resolution?

a) Visible Light - Laser
b) Microwave

c) Sound wave



12.1  Mechanical Wave

Mechanical waves are produced by mechanical disturbance and there are two
types.

® Transverse Waves crest
The wave disturbance is
perpendicular

Displacement

H Velocity of
Propagation

to the direction of wave propagation. trough
Velocity of
. pPropagation ———e
® Longitudinal Waves A
The wave disturbance is parallel to ‘ ‘ ‘ ‘ “'Hl“ll“‘ . ‘ 'v‘ ‘ ‘ “"“HH"

Displacement < # ?
the

direction of wave propagation.



12.2 Periodic Mechanical Wave

Motion of the wave Amplitude y(X,t A
Crest / )
> -
l
| 0 )
> > X
TI‘OI%] A )

* The SHM of the spring and mass generates a sinusoidal Wi d
wave in the rope. Each particle in the rope exhibits the ave Spee
same harmonic motion as the spring and mass; the A
amplitude of the wave is the amplitude of this motion. V= T == Af

Periodic in time----At a given x, the displacement from equilibrium changes periodically in
a time period T, which is 1/f where f is the frequency of the oscillations.

Periodic in space---At a given time (taking a snap shot), the displacement from equilibrium
repeats itself after a certain distance known as the wavelength A.

Periodic in propagation---In a time period T, the wave appears to propagate forward by a
distance that is equal to the wavelength A.




“Time Lapse” Snapshot of a Traveling Wave - Figurel2.4
The wave advances one wavelength during one periodT

* If you follow the original set of
markers (3 red dots at top of the %
figure), you can see the o P
movement as time passes going %_ L

down from top to bottom. AN

- Each fresh sketch as you go L A

downward elapses 1/8 of the L g
period. o -
- Recall that 8/8T (all the way from =
top to bottom) is one period, the T SN
time for one complete oscillation dnwa X
t0 pass. : : [
v = distance/time = A/Tv = Af

place. Particles one wavelength apart
move in phase with each other.

f=1T

v=Af
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Af =v, ., — Example 12.1

« We know that for any wave, the wavelength (in meters)
times the frequency (in 1/s or Hz) will multiply to give the
velocity of the wave (in m/s).

« Sound in air, sound in water, sound in metal, light ... this
relationship will guide us.

+ Refer to the worked example for sound in air at 20°C.
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Q151 Clicker question 2

If you double the wavelength A of a wave on a string, what
happens to the wave speed v and the wave frequency f ?

A. v 1s doubled and f1s doubled.
B. v is doubled and fis unchanged.
C. vis unchanged and f1s halved.
D. v 1s unchanged and f is doubled.
E. v is halved and f1s unchanged.

© 2016 Pearson Education, Inc.



TABLE 12.1 Speed of sound in
various materials

Q)&fb‘ ;& ‘HA_& Laeve —

Material Speed of sound (m/s) Ex amp & . - | 20°C

Gases /6%?& ol s ) ,_.!Zéa;:/e ?

Air (20°C) 344 R S
(25°C) 347 o 3,(“//“‘1‘—@ = .3 w
(30°C) 350 A= -'{7 = 202 s

Helium (20°C) 999

Hydrogen (20°C) 1330

Liquids

Liquid helium

4 K) 211

Water (0°C) 1402

Water (100°C) 1543

Mercury (20°C) 1451

Solids

Polystyrene 1840

Bone 3445

Brass 3480

Pyrex™ glass 5170

Steel 5000

Beryllium 12,870
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Clicker — Questions 3

Suppose at a concert a singer’s voice is radio broadcast all the way
around the world before reaching the radio you hold to your ear.
This takes 1/8 seconds. If you are close, you hear her voice in air
before you hear it from the radio. But if you are far enough away,
both signals will reach you at the same time. How many meters
distant must you be for this to occur?

a)42.5m b)1km c¢)5m d)10m



Mathematical description of a wave

=) N :
A ~
velocity  :v=f\ Y .
. X
period :T:%:& pa y(x’ t) = Asin 2ﬂf(; B i)
Zﬂ" andv=271-f

wave number :k = 7 _

2n \ 0
V=A = = — ispersion relation
(kj(an | Creron e




12.9 A certain transverse wave is described by the equation;

X
00365 0280m

y(x,t) = (6.5mm) sin 2m(

y(x,t) =Asin2nf(§—§) andv=A71-f

Determine the wave’s (a) amplitude, (b) wavelength, (¢)
frequency, (d) speed of propagation, and (e) direction of
propagation?

(a) Amplitude A = 6.5 mm

(b) Wavelength A = 0.280 m

1 1
(c) Frequency f = e 27.8 Hz

(d) Speed of propagation v = 4 - f = 0.28 * 27.8 = 7.78
(e) The wave propagates in the +x direction.



Two ways to
graph a wave

© 2016 Pearson Education, Inc.

If we use Equation 12.5 to plot y as a
function of x for time ¢ = 0, the curve
shows the shape of the string at t = 0.

<

%{ Wavelength A %

If we use Equation 12.5 to plot y as a
function of 7 for position x = 0, the curve
shows the displacement y of the particle
y at that coordinate as a function of time.
A

| | /'\>t

< S >




Q15.3 Clicker question 4

A wave on a string 1s moving to the right.
This graph of y(x, ¢) versus coordinate x

for a specific time 7 shows the shape of

part of the string at that time. At this time, Y
what 1s the velocity of a particle of the

string at x = a?

A. The velocity 1s upward.

B. The velocity 1s downward.
C. The velocity is zero.

D. Either A or B 1s possible.

E. Any of A, B, or C 1s possible.

© 2016 Pearson Education, Inc.




Longitudinal and Transverse Waves
* Figures 12.5 and 12.6 help us to

one period T

see the sinusoidal waveform.

moving in
SHM
| k—a

% \ 7 \ N
Forward motion of the plunger creates 0 .El 2 =B o
¥ v
a compression (a zone of high pressure); \ IS \ /
. . 1
backward motion creates an expansion 3T ':Jl \ 9 : ¢
\ \
(a zone of low pressure). X \ \ ;
. =1 \
: 5T |;’ *ﬁ \ *
I I\ L 4
Plunger oscillating H r:{ \ \ &
in SHM e u r T 3
Compression Expansion 2 v |
< > W \ \
5 Tt T =V
| | iTg ' Y
Il \ \
| v \l \ |
’ 8 'y B
I \ |
I L\ A 1
e }% A %| Wave speed ¥7 # \ \#
H //, \ \ //l
= . . \ \
The wavelength A is the distance between Temgh .. re | e
corresponding points on successive cycles. >4A< |\ )
Particles oscillate Waves advance by one
with amplitude A. wavelength each period.
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12.3  Waves Speed

Speed of a Transverse Wave (in a rope or string) is v = \/% —

Fr: Tension force in N,
u: The linear mass density, mass per unit length, in kg/m.

m = 2.00 kg

rope

Example 12.2

Waves on a Long Rope Under Tension

Given: See the diagram. Ignore the weight of the rope for F;. Uy

Find: (@) the speed of the wave.
(b) if f =20 Hz, what is A?

Solution:

(a) Fr = Mggmpied = (20 kg)(9.8 m/s?) =196 N
u=m/L = (2.00Kkg)/(80.0 m) = 0.0250 kg/m N I

n = 20.0 kg

v = JFp/u =885 mls e
b) A=v/f=443m

The velocity of the wave will depend on the type and size of
rope as well as the tension we add with our geological sample.



12.4  Mathematical Description of a Wave

How is the displacement from equilibrium
related to position and time? y = f(x, t)

e Consider x = 0 where the wave is generated:
y = Asin(wt) = Asin(2nft)
e Now, consider x = 0.
It takesatime t = %for the wave generated at x = 0 to

propagate to x. Or, the oscillations at x is delayed by a time
t = % compared with the oscillations at x = 0. Therefore,

the oscillations at X is given by
. X . X
Y(X,t) = ASln(I)(t —;) = ASIDZT[f(t _;)

=Asin2n(%—%x) =Asin2n(%—§)

% Wavelength A %

y Xx=0

\
ANV
A
* | | | >
A \/
A2 I

’% Period T H{

X t=0
-7
A
* | | | Y
A
\2



12.5 Reflection and Superposition

> Pulse arrives.

22/

J
Rope exerts an upward
force on wall; ==s==srreees, o
wall exerts a downward 1
reaction force on rope. \

> Pulse inverts
as it reflects.

J

LY

(a) Wave reflects from a fixed end.

h l
>
> Pulse arrives.
—N

Post exerts no transverse
forces on rope.

Pulse reflects
> without
inverting.

IR

(b) Wave reflects from a free end.




Encounter between waves travelling in opposite directions

As the pulses overlap, the displacement of the
string at any point is the vector sum of the > <

displacements due to the individual pulses. M

Shi:lpe each pulse would

>
; have on its own /—?ﬁ

4$_‘ . _Jf;&
- < >
_/\/j /\k’m
o (9
Inverted Identical

At point 0 amplitude =0 At point 0 slope =0



Reflection and Transmission

Light Heavy
section / \ section

_>

Wave pulse reaches a discontinuity

T
PANERNN \?‘

Transmitted
pulse
~—
ﬁ
Reflected
pulse

T
<Z<e>§>l

Wave pulse is partly reflected and

End of rope is fixed End of rope is free transmitted



Two waves pulses pass each other

(a) (b)

_/\C IANRYA
t=0
Y Y
Time Time
f= tl

1=t (>1) —\/ /\—; ;:/\ /\;i

destructive constructive




Interference of Waves

Constructive

interference /\ /\ /\ /\ /\ /\
\J \V U U \
NN\ N « Ix I\
7 \J \V v vV V VV
Dc:stlf'ucti\ge \/ \/
Constructive Destructive

Light plus light gives darkness when ®=180



Two waves Interfere

A NN

"V V

AN N

AN N

RTATE

AVAVA

AW LA

"V V

WAWAWI

NANN

vV VYV

VAV,

AN
VAY

AN N

- IVV\

(@)

constructively

destructively

(b

partially destructively

Y




Standing Waves

Antinode

N Node
(a)
Antinode

Node

TS

(b)

Node Antinode

The frequency at which standing waves
are produced are the natural frequencies
or resonant frequencies




_ Standihg Wave (mathematical derivation)

é’) (X"-L) :“/4’ Cos (E)('-j—w'(L) W evt DCNQ—U&Q P;(,( of c)C:,ég
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¢ a) n = ' !
=2Aswbr st —>)A_=2h | O e
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(b) n=2

D

{—m&x.—:u AC)([’[‘(ZZ/Z%‘/? (c)n=3}IV A N AA N A ,{V
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k\: N A N A N A N A N

/\ @n=4 | }

5 k4= —————
=0 A (37 3
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- 2
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Fundamental frequency, f|

Second harmonic, f2
First overtone

Third harmonic, fz
Second overtone

Fourth harmonic, f4
Third overtone



Resonant waves In a cavity

Fundamental or first harmonic, f;

e
> B

First overtone or second harmonic, f, = 2f;

Second overtone or third harmonic, f5 = 3f;

L = n=1,2,3------
2
2L n=1,23------
n=1,2,3------
fi= A fundamenta | frequency
A1 2L



Standing waves and normal modes

(a) String is one-half wavelength long. (b) String is one wavelength long. (¢) String is one and a half wavelengths long.

N = nodes: points at which the
string never moves.

}.

A = antinodes: points at which
the amplitude of string motion
is greatest.

(d) String is two wavelengths long. (e) The shape of the string in (b) at two different instants.

Copyright © 2007 Pearson Education, Inc. publishing as Addison Wesley
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Standing waves and normal modes

A string of length L is rigidly fixed on both ends and integer half wavelength appear as
standing waves

‘ L=n2{m=1.23....ccccoo ) ‘
‘ Wavelengths A = 2% (n=1,2,3.............. ) ‘
fi= % fundamental frequency; (Use; f,, = i = %)
‘ Frequency; fp = no-=nf; (=1,2,3............. )‘

These frequencies are harmonics or overtones

Application: tuning a string instrument.

\/ Fr (tension force)
vV =

u (mass per unit length)

v _1 |Fp, _Mm
f1—2L—2L M(M L)



Q15.8 Clicker question 5

The four strings of a musical instrument are all made of the same
material and are under the same tension, but have different
thicknesses. Waves travel...

A. fastest on the thickest string.
B. fastest on the thinnest string.

C. at the same speed on all strings.
D. Either A or B 1s possible.
E. Any of A, B, or C 1s possible.

© 2016 Pearson Education, Inc.



N A N
@n=1 } i Fundamental frequency, f,
= A >
2
N A N A N .
M) n =2 | | Second harmonic, f2
| R | First overtone
< 25 =1L |
N A N A N A N
©n=31 | Third harmonic, f,
| n | Second overtone
< 35 =L >
@ n =4 Fourth harmonic, f4

]‘V A N A N A N A 1|V
| || Third overtone
2

< 42 =L
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The principle of superposition

General case Making a square wave

D(m) D(m)
/\Dl(x, ) 1.0 1.0 :
0] n /
X 05 : 0.5 s

2, J
0.0 X' \ x 0.0
Dz(x, t) -0.5 -0.5 A
—/\ /\ X -1.0 x(m) -1.0 J x(m)
\_/ N 204 02 00 02 04 204 02 00 02 04
Ds(x, 1)

DN A"\
SN~ N~ 7

D(x, t)=D(x, t) + Dy(x, 1) + D1 = [1)mCos[kx]
D2 = 3 D, Cos[3kx]

At t=0 we have

Sum of all three

D2 = 1 Dy Cos[5kx]

. 5
\/ Dv=1.0m k=10m-1




Wave power
P versus time ¢
at coordinate x = (

E = Azsiuz toT
1 1
v empllade

Intensity /;

Intensity I, < I;:
same power is spread
over a greater area

Source of waves




’w_&, 2, palic ‘j Towards the wave equation
g bed)=henlat —br) et Laacne b

o.-L ‘-LX‘QG( Loca e >

gt = W Aco(0t-lx)

ro«-'l-CU& ac chbseld< o

2%y h_w,z; siu (W - Iex> =W ;(»t} SHYy ay=~Wy

% MR
at Lixad i 4 CM 1 JE:
l Z(’(ql‘)
slpe bk’ =-h A calwt-bx) v ‘“2

2
o B b7 A s (b b) ==y L)

atz ——wﬂ) =
~ ¥
= - "SJ,G\/()




12.6  Standing Waves and Normal Modes

N: Nodes, points at which the string does
not move, or, displacement is zero.

A: Antinodes, points at which the string
has
the largest displacements.




Waves Become Coherent (Standing) —
Figure 12.14

* When nodes and antinodes align, there is no destructive interference
and a steady-state condition is established.

- Depending on the shape and size of the medium transmitting the wave,
different standing wave patterns are established as a function of energy.

(a) String is one-half wavelength long. (b) String is one wavelength long. (¢) String is one and a half wavelengths long.

N A N A \|
TN N = nodes: points at which the
/ I
// string never moves
y 4 R .
V4 [

R N .

\\\ ,//// / \ antinodes: points at which
>, 4 N . de o e
N S : the amplitude of string motion
- o
. o IS greatest
(d) String is two wavelengths long. (e) The shape of the string in (b) at two different instants

@ Pearson
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Normal Modes: Allowed modes of wave oscillation

The resonator is fixed at both ends.

L:ng (n=1,2,3,...) @@ n=1

Fundamental frequency, f;

N =

Allowed wavelengths:

/1n=% (n=1,2,3,...) | ®n=2

Second harmonic, f,
First overtone

Al =
2
=
2

.

Allowed frequencies:

N A N A N A N
f =2 = nl = nfl ©n=3 B | Third harmonic, f3
noo, 2L |l/ K \! Second overtone
(n=1,2,3,..)) < 32 =1L -1
. N A N A N A N A N
Fundamental frequency: @n-a | & Fouth mants, /i
v ! N | Third overtone
fl = — { 45 =L >l
2L £

The fundamental frequency of a vibrating string of length L, fixed at both ends, is




Example 12.3, a bass string

Given: f, =41.0 Hz, L = 0.86 m, u = 0.015 kg/m

Find: (a) Fr
(b) f, and A, (second harmonic)
(c) f; and A4 (third harmonic)

Solution:

(a) Since f; = —

v 1 Fr
2L

=2 2
Fr = 4ul?f? =76 N
(b) f,=2f, =82.0 Hz
1, =2=086m
(@) f,=3f, =123 Hz
I3 =2=057m

N A N

L=0.8m
Second harmonic (n = 2)

Third harmonhic (h = 3)



Resonant waves In a cavity

Fundamental or first harmonic, f;

e — —
> B

First overtone or second harmonic, f, = 2f;

Second overtone or third harmonic, f5 = 3f;

L =— n=1,23------
2
L n=1,2,3 ------
fnzlzﬂ:nﬁ n=1,2,3------
A 2L
flz/% -~ fundamenta frequency
1



Clicker — Questions 6.1

In the standing wave shown.

a)lm
1) What is its wavelength?

20 centimeters



Clicker — Questions 6.1l

In the standing wave shown.

1) What is its amplitude?

a) 2m
b)1m
c)10cm
d) 20cm

20 centimeters



Clicker — Questions 6.1lI

In the standing wave shown.

1) How many nodes are there?

20 centimeters



Clicker question 7
Fingerboard

For larger
frequency x must

be...
a)shorter 60.0 cm

b) longer

c) the same e@

© 2016 Pearson Education, Inc.



Frequency of a vibrating string

Bass

m“\ﬁhmﬂﬂ L
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Quantitative Analysis 12.4

Given: The vibrating string has fundamental
frequency f when a block of mass m
Is hung as shown.

Find: To increase the fundamental frequency
of the vibration to 2f, what mass
should

be hung on the string?

(A) 2m
(B) 2m
(C) 4m

I

Vibrating portion of wire
A

~

— s , &




1. A wire 1.80 m long is stretched between two supports. The wire is vibrating with a standing wave
that has frequency 600 Hz. This frequency is three times the frequency of the fundamental standing
wave. What is the speed v of the transverse waves on the wire?

(a) 2160 m/s

(b) 1080 m/s
m

(d) 540 m/s

(e) none of these answers

From the Formula Sheet
v=fA v= % y(x,t)=Asin|i27zf(t—%):|=Asin|:27r(%—%ﬂ

f"=n(%), n=122,3,.. j’;,=n(LL], n=135,..

P i
1247”2 ﬂ=(10dB)log[I—J Joen =S1 12 sz[v_‘-VL}fs




(5 pts) 1. A light string held fixed at both ends has standing waves of wavelength 0.200 m when it
vibrates in its 3™ harmonic. What is the length of the string?

(2) 0.100 m

(b) 0.200 m
“(c) 0.300 m
(d) 0.400 m
(e) none of the above answers

From the Formula Sheet
v=fA v=\/§ y(x,t)=Asin|i27zf(t—%):|=Asin|:27r(%-%ﬂ

f"=n(%), n=1,2,3,.. f"=n(ij, n=135,...

P

I =
471’

p=010 dB)log[ILJ fom =S~ 1 sz[V‘FvL}j-s

o v+vg




From the Formula Sheet
v=\/E y(x,t)=Asin[2nf(
7

.f;. = n(%)s n =1,2,3,...

v=fA

X
t—=
v

f, =n(ﬁj, n=1,35,..

Jrasnlor(z3)]

P 1 v+y
I= =(10 dB)log| — =f — = =
47’ B=( ) Og(IJ fbm fl fz i (V+VS]f;
Standing Waves in Rope with Two Fixed Ends
N A N
@ n=1 I } Fundamental frequency, f;
le A L N
I~ 2 ol
N A N A N o
b)yn=2 | | Second harmonic, f,
! x I First overtone
(S 27 =L >
N A N A N A N
©n=3 | |  Third harmonic, f3
| N I Second overtone
I 34 =L >|
N A N A N A N A N L
@dn=4 | | Fourth harmonic, f;
| I Third overtone
I< >1

L=nZ (n=1,2,3,....

Allowed wavelengths:
2L

Ay = — (n=1,2,3, ...
Allowed frequencies:
v v
fa = PRy nfi

(n=1,2,3,..)

Fundamental frequency:

v
fi=57




(5 pts) 2. A wire with mass 0.500 kg is stretched so that its two ends are tied down at points 1.25 m
apart. The wire vibrates in its fundamental mode with frequency 40.0'Hz. What is the speed of

propagation of the transverse waves on the wire?

(@) 50m/s

(c) 200 m/s

(d) 300 m/s

(e) 400 m/s

(f) none of the above answers

From the Formula Sheet

v=fA v=\/E y(x,t)=Asin|i2;zf(t—£ﬂ=Asin|:2n(i_fﬂ
H v T A

f"=n(%), n=1,2,3,.. f"=n(ij, n=135,...

4 P ﬂ=(10dB)log[ILJ Joewn =/ =12 sz[v_‘-VL}fs

= 2
4rzr o v+ Vg




12.7  Longitudinal Standing Waves

Gas inlet
tube

Diaphragm vibrates
in response to sound
from speaker.

Sound of an appropriate frequency produces

standing waves with displacement nodes (N)

N and antinodes (A). The powder collects at the
nodes.




Lonaitudinal standing waves
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Clawd endd = dis pla e ment  nepcle (7 ¢ % ' i)
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presswe aud o&kp-eauua«f e d/p/)asc'l(—(:}naﬁrfW Presswe asd e uncoser
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kawhd's Lk powd ek colleche ju fhe desplece road 1 odles (wﬁme;qs
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A, ~8
Gas inle 3 TT'V \ 1)
tube | !

nlet
. . | AN
Diaphragm vibrates l P \\ A
in response to sound |

inr sour 3 & 1‘\/
from speaker | A

3 % / N N
s \o\ 7 . : ; ;
" ) ! = N Sound of an appropriate frequency produces
N //“ /“ i standing waves with displacement nodes (V)
. N and ar
n

Speaker
Copyright ® 2007



Figure 16.13

g wave shown at intervals

|

of T for one period T

A standin

|
2|

A

le
]

®—

®o—

o

o

&~

w0

&~

o0

l...l.

R

~

- @

a displacement node = a pressure antinode
A = adisplacement antinode = a pressure node

N ==
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Speed of sound in hydrogen

- -

0.026 m |

At a frequency of 25 kHz the distance from either one of the closed

ends of a tube of a hydrogen gas to the nearest displacement node of
a standing wave is 0.026m.

(a) Calculate the wave speed.

2 m
= 0.026m and v =f-1=0.052m % 25x103s71 = 1300?

(b) Replace hydrogen by air; where v is about 4 times less than
hydrogen, what frequency of sound is needed to get the same

standing wave wavelength?
1300

f=-=—%-=6250Hz = 6.25 kHz
A 0.052




9000 year old bone flutes from china

© 2016 Pearson Education, Inc.



Open Pipe and Normal
Modes

L=n2 (n=1,2,3,

Allowed wavelengths:

== (n=1,2,3,

Allowed frequencies:

(n=1,2,3,..)

Fundamental frequency:
v

flzz

)

The open end of this pipe is
always a displacement antinode.

l%%l%%l
I<—L—2H|

(b): Second harmonic: f, = 22L = 2f

I/c‘;( )
/// =
. N N N
)
K4 Sk 4 ok 2
K—— L =33 —
(¢): Third harmonic: f3 = 357 = 3f,

)



Stopped Pipe and Normal Modes

L=n" (n=1,3,57..)

Allowed wavelengths:

=% (n=1,3,57.)

Allowed frequencies:

(n=1,3,5,7...)

Fundamental frequency:

v
fi=,7

The closed end of this pipe is
always a displacement node.

< .

C
A
Kk——L=2 ——3

(a): Fundamental: f; = 37

-
A A
N N
K- 4 S 4 Sk 4

—— L =34 —
(b): Third harmonic: f; = 337 = 3f]

" U e oo g 8 g A
4 4 4 % 4

<L =5
(¢): Fifth harmonic: fs = 557 = 5f;



The open end of this pipe is

always a displacement antinode

The closed end of this pipe is
always a displacement node,

K—L=%%|

(a): Fundamental: f; = i

D
S 5
—— =47 —3

(¢): Third harmonic: f; = 3 i = 3]

. w o \ L
(a): Fundamental: f; pri L=n rz " f\m =—
v

< 4 Sk 3 K 4
<——L =35 —>

. . v J_ cf ‘ L"-é"

(b): Third harmonic: =33=3 stoppedt pope - L= .

=t E
- ¢ R C
A A A Gl
N N N| [_zhéﬂ A&,:}T
T S Ul TR e Tal
T 4 " F Ln¥ =l
—gA “ !
<L =52 3 o
. e — v— —
(©): Fifth harmonic: fs = 5 | = 5f; (o = 1,%,5)

Copyright © 2007 Pearson Education, Inc. publishing as Addison We Copyright © 2007 Pearson Education, Inc. publishing as Add



12.24 The fundamental frequency of a pipe that is open at both ends 1s594 Hz.
a) How long is this pipe?
b) If one end is now closed find the wavelength c)find the frequency of the
new fundamental

12.24. Set Up: For an open pipe, f; = _L For a stopped pipe, f; = E v=fA. v=344 w/s. For a pipe, there

must be a displacement node at a closed end and an antinode at the open end.

Solve: (a) L=—2 =S¥ 6 200m.
2f, 2(394 Hz)

(b) There 1s a node at one end, an antinode at the other end and no other nodes or antinodes i between, so

%:L and A =4L=4(0.290 m)=1.16 m.

1{ v |
(© fi= 4L 2{21,}_2(594}12)_29”{2'

v 344 nm/s

=297 Hz, which agrees with our result
 116m

Reflect: We could also calculate f; for the stopped pipe as f] =

in part (c).



Sound Intensity and the Decibel
Scale — Figure 12.30

- Use Table 12.2 to see logarithmic dB examples of
common sounds.

« Refer to Examples 12.8 and 12.9 (see figure below).

@Pearson Copyright © 2020, 2016, 2012 Pearson Education, Inc. All Rights Reserved



An auditorium sound system

A sound system is designed to produce a 1.0W/m? sound intensity over the surface
of a hemisphere 20 m in radius. What acoustic power is needed from an array of

speakers at the center of the sphere?

r=20 m, P=1.0 W/m?

Area of the hemispherical surface:

1 1
2 (4rtr?) = 5(471)(20 m)? = 2500 m?

Total acoustic power needed:

\W%
(1.0 F) (2500 m?) = 2500 W = 2.5 kW



Human Hearing

- 20-20,0000 Hz is the approximate range of human
hearing. Below that is infrasonic and above ....
ultrasonic.

* Note, there are slight variations between animal species
and effects on any hearing due to pressure changes.

Hair cells
MIiddle ear bones: L send
Mallews %t | nerve
Supes o pulses to
| brain

Cochlea of
inner ear

wl
| <Y

N\ )]
\ /
. ~ N/ /3
Auditory canal 7\
ry \

Faintest audible sound
causes a displacement
amplitude of 10™-11m

Tympanic membrane\ \ "\
(eardrum)
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TABLE 12.2 Noise levels due to various sources (representative values)

Sound intensity

Type of noise Sound level, dB Intensity, W/m?
Rock concert 140 100
Threshold of pain 120 1
Riveter 95 32 x 1073
Elevated train 90 107?
Busy street traffic 70 1073
Ordinary conversation 65 32x10°¢
. Quiet automobile 50 1077
For a point source: ot i o
P P Ruhl]ccof leaves 10 10~
11 -_ Threshold of hearing 0 1072
4T 4 e
The power is the same, since nothlng |s absorbed between the spheres
I r?
4mril, = 4nrl, and =2 )
1= 2 I rf The logarithm of a
The intensity is inversely proportional to the square of the distance number to a given Ipase 'S
the exponent to which the
Decibels: base is raised to produce
logarithmic scale to cover a broad range of intensities the number.
. 1 .
Intensity level B = 10dB log — Example:
I, W 109101000 = 3 and
_ : o 10-12 103 =1
I, = reference intensity = 10 - 0 000
Note:
Special cases: logx-y=1logx+logy
I1=1,, f =10dB logl = 10dB +*0 =0 |andlogx” = P logx
w
w cm? 12
I=1—7= 10dB log = 10dB log10-“ =10 12 = 120dB
w
cm 10-12 22

m?2



Example 12.9 A bird sings

By how many dB does the sound intensity level drop, when you move to a
point twice as far away from the bird?

f, — ;1 =10dB (log <;—2 —;—1>>

|
= 10 dB[(logl, — logl,) — (logl; — logl,)] = 10 dB logl—2
1

2 ™ and B, — B, = 10 dB logé}ﬁz _ B, =10dB log: = —6.0dB

I ry L&) 4

Note:
The decibel scale is logarithmic. | ‘ P |
factor 21s 3 dB | | | S Nl
factor 4 is 6 dB PR Y

factor 8 i1s 9 dB

-
facto r 1 6 I S 1 2 d B Copyright © 2007 Pearson Education, Inc. publishing as Addison Wesley



X

OP@H PlPe §

| LQ’OS@&

(= 2k,

N/

k A

S%OPPQO( P;Pe.‘ 7C5

Copyright © 2007 Pearson Education, Inc. publishing as Addison Wesley

E»W,@ /2.6 #Qruw:u'cs 2% au ($pa F"M
O a 094(7 wlaw Tt YN H

Sowad iy 3¢5 M/S Teo VKMJQMM
Ué"ef‘c—“—ﬂc(? of @u Spee pipe & 690 Ha
Tl second Lavucadc a% s pipe

s e serne covve &“&'/L, as fu

S arud Opar fosg aFﬂq Slzﬂ*fpuc/ ftf-ﬂ
what /s Ha «Qn—uyﬂ g e, ¢>Cﬁa_9

- 2 345~ )
. = — ) = - = — 0,25
opeu g/l\ oL > Z—o/,,ﬁ ZFI g % le,

0(/5\3 2{/)\: 2 (67&H&): 13 80 He

5“7%0{ v‘-c7auuc o) Second praritons  hews F
be (240
J—»'rs)l spec lone 15 3 ’é,ﬁ
S A Yo /s _ )
e Cond Opel / 5‘% — S*Zgg-J

38y = 4%
T g T

LS\‘aff_,”/



L gpen = 0.250 M ———

———

Open pipe: f; = 690 Hz

Open pipe: f, = 2

Example 12.5 on page 374: Harmonics of an organ pipe
Given: Speed of sound v = 345 m/s; Open pipe f; =690 Hz

Question: If the n = 2 mode of the open pipe has the same
wavelength as the n = 5 mode of a stopped pipe, what is the

length of each pipe?

Solution:
(a) For the open pipe f; = ~
open
Therefore, L — v _3asmis 0.250 m

open  2f  2(690 Hz)
(b) /«lopen . Astopped
2 =

cbsed

2L 4L
open pen astopped topped

Given A, =—— =
2Lopen _ 4Lstopped

STopped pipe: 1“5

we have =
2 5

Therefore,  Lstoppea = SL‘i% =0.313m




(5 pts) 3. A pipe has length 1.20 m and is open at one end and closed at the other. What is the
wavelength of the fundamental standing wave for the air column that is in the pipe?

(&) 0.30m
(b) 0.60 m
(c) 1.2m
(d) 1.8 m
(e) 24

!g) none of the above answers

From the Formula Sheet

v=f4 v=‘/E y(x,t)=Asin[an(t—fﬂ=Asin[27r(i—£]]
y7, v r A

-f;l =n(%), ’1:1,2,3,... _f;' =”(ﬁ]’ }1:1’3’5,___

I= P
4y

_ B=(10 dB)log(Ii] Joen =51 =1, s =(V+VLst

0 v+




Sy

12.8 Interference

[

S

Constructive Interference:
d=d;—d,=nA=n

(n=0,1,2,3,..)

v

f

Destructive Interference:

d=d —d =(n+)a=(nsi)V
R Y M Y 7
n=0.1,2,3...)

Destructive Interference: light + light = darkness




Two speakers
emit waves in step.

The path length from
the speakers differs
by %; sounds from
the two speakers
arrive at Q out of
step by + cycle.

an
o“‘
.
.

The path lengtﬁ.
from the speakers is
the same; sounds from
the two speakers arrive
at P in step.

© 2016 Pearson Education, Inc.



Interference from two loudspeakers

CONCEFTUAL ANALYSIES 12.5

Interference revisited

Suppose you Lake Be two small speskens A and § Som Example 126
ard recerange them 50 that they wre separmed by 4.00 m. as shown ia
Fywee 122K You set up (he sound sysiem 90 that both speakers simul-
tancously emin siausoidel waves wid a Seguency of 00 Hr Whes you
sitially stand » poirt F, which is locsoed 300 m abowe the midpaint
of the lise comecting the tao speskers, you find that Se sound waves
from the two speakers are intecfeciag coosractively. If you en move
alory the heeiacartal lne Mrom point Fio point £, how many imes will
¥ou cross 2 polre where the sound waves from Be two speakers concel
ot

Al B 2 3 D 4
P Q
o -
200 m
l
3 A

A FICURE 1228

© 2016 Pearson Education, Inc.

SOLUTION What matters in an merference pecblem is how e
path difference between (he two waees comporss to the wavelength
of the waves. Because point P lies dlosg the cesier line betweoss the
two peaken, e sound ware from speaker A travels the same cis-
cance as the sound wave Som speaker B, and the path differeace
w o, To meach point £, the tosnd from speaker A seeds 0 waved
300 m 00 seach dhat poist, bet the sound froe spesker § sends to ravel
[(400m) & (300m)P]"? = 500 m. Therefors, he pach difference
BdeSm~300m « 200m. If the freguency of the sommds
enined from the speakers is TOO Hx, thea the waselength of the sound

wurees i
_ v S0ms
A= !- 200 1z = (500 m,
ind the path difference &
200 m
7= asomna - W

As you move from podat P 1o polat 8, you willl cross theoegh three poists
of maximum constructive interference (where & = 1A, 1A, 30d 3A) and
four points of desuractive imerfesence (where d « A2 342 SU'Z and
TA2) S0 D s the comect answer,



o< Z >0< 4.50 m

A B

Speakers are driven in step at725 Hz

*12.30. Set Up: The path difference for the two sources 1s d. For destructive interference, the path difference is a
half-integer number of wavelengths. For constructive mterference, the path difference 1s an mteger number of

wavelengths. A =v/f

344 m/
Solve: /1=£= e

=0.474 m

(a) Will first produce destructive interference when d = 4/2=0.237 m.
(b) Will next produce destructive interference when ¢ =34/2=0.711m.
(¢) Will first produce constructive interference again when d = 4 =0.474 m.

© 2016 Pearson Education, Inc.



6. Two speakers 4 and B are driven by the same amplifier emit sound waves that are in phase and that
have frequency 85 Hz. Speaker 4 is a distance d to the left of speaker B and the waves are observed at

point P, a distance of 5.0 m to the right of speaker B. The speed of sound in air is 340 m/s. What is the
smallest value of d for which there is destructive interference at P?

@Lom P
“(b) 20m @i (l ><———5‘m_-)o
(c) 40m

(d) 8.0m

(e) none of these answers




inp

[Lase

f |

outof p

11

12.11 Beats

in phase

Theat

out of phase

= dﬂ““ “mllh ﬂ""""""

LetT, <T,.

Beat occurs when nT; = Ty pqe = (N - 1)T,

Or, Theat

1T, 1

T,-Ty 1 1

T T,-T,’ fbeat - _

Tbeat

T1 TZ - T1 TZ

=fh 1




12.9  Sound and Hearing

12.10 Sound Intensity

Intensity: amount of energy falling on a surface of unit area (1 m2) in a unit of time (1 s).

_ P
412

I

Decibels: B = (10 dB)loin
0
with 1, = 1012 W/m?,




5. A point source of sound waves emits uniformly in all directions. The sound intensity / at a distance

of 8.0 m from the source is 2.0x10~° W/m?. What is the sound intensity at a distance of 2.0 m
from the source?

@) 1.2x1077 W/m?

(b) 5.0x10°7 W/m?
“© 32x107° Wim’

) 8.0x10" W/m*

(€) none of these answers




Beats and the Beat Frequency — Figure

12.31

« Two slightly different tuning forks will ring more loudly at
the difference of the frequencies.

Two sound waves ~ Waves in .~Waves out of
with slightly £ step with & step with each
different frequencies i each other other

—_
80
~

(b)

Displacement

A

AMV\VAWAWAN/N M“l IV\VAWA /A\ M
VWV VIV VWWIWWY Vi ' W WV

> 7 7¢ ,r\~. srfere
The two waves interfere ' Beat
constructively when they are in step
and destructively when they are a half-cycle out of step. The
resultant wave waxes and wanes in intensity, forming beats.

Copyright © 2020, 2016, 2012 Pearson Education, Inc. All Rights Reserved



Q16.8 Clicker question 9

You hear a sound with a frequency of 256 Hz. The amplitude of
the sound increases and decreases periodically: It takes 2
seconds for the sound to go from loud to soft and back to loud.

This sound can be thought of as a sum of two waves with
frequencies...

A. 256 Hz and 2 Hz.

B. 254 Hz and 258 Hz.

C. 255 Hz and 257 Hz.

D. 255.5 Hz and 256.5 Hz.
E. 255.75 Hz and 256.25 Hz.

© 2016 Pearson Education, Inc.



12.12 The Doppler Effect

Consider a stationary source: emitting
sound at frequency f, and wavelength

A =v/f, where v is the speed of sound
In air.

What is the frequency of the sound that
a moving listener hear?

To a listener moving at a speed v;
toward the stationary sound source, the
speed of sound is v + v;.

__ vty vty

Therefore,  f; = 2 — /s

Moving
listener

<A




The Doppler Effect of sound in air

- Shifts in observed frequency can be caused by
motion of the source, the listener, or both. consider onyy

the special case in which the velocities of both source and listener are along the line joining them.

Stationary source
v+v, v+v, v+
L= T T T Ty )
fs

v; >0 move toward the right

v; <0 move toward the left

© 2016 Pearson Education, Inc.



The Doppler Effect
Continued

Consider a source moving at a speed v,
emitting sound wave at a frequency f..

What is the frequency of the sound that
a stationary listener hear?

To a listener, the speed of the sound is
not affected by the motion of the
source. It is the speed of sound in air, v.
However, the wavelength of the sound
Is affected by the speed of the source:

v

A=t pT=242_07
i 0 T s fs fs

Therefore, the frequency the listener
hears Is:

Moving Source

v




moving source
before source
vV Vg

vV — Vg

s f

behind source
VvVt

fs

v+v, v+

==

© 2016 Pearson Education, Inc.

VI v

S

During lcycle the wave travels fz and

S

the displacement of the source Is %

S

Wavelength= distance between crests




The Doppler Effect
Continued

Moving source and moving listener

What if both the source and the listener
are moving?

What is the frequency of the sound that
the listener hear?

__ vty  v+yp
fu= A v+v5fs’

: +
since 1 =28
fs

How to determine the signs of v, and vg?
General rule: moving closer leads to an increasing frequency, vice versa.

Therefore: If listener moving toward source, v; is positive, and, vice versa.
If source moving toward listener, vs is negative, and, vice versa.




4. You are standing at rest. A siren on a stationary firetruck emits sound waves that have wavelength
0.800 m. The firetruck then drives rapidly away from you. While the firetruck is moving away from
you the wavelength of the sound that you observe will be

_(a) greater than OS(TI)Dm
(b) 0.800 m

(c) less than 0.800 m

Therefore, the frequency the listener hears is:




(5 pts) 5. A train is moving due west at a constant speed of 24.0 m/s. You are due west of the train
and you are traveling due east toward the train with a constant speed of 16.0 m/s. The train whistle is
emitting sound waves with a frequency of 640 Hz. The speed of sound in air is 344 m/s. What
frequency of the sound do you hear?

<— 1Y m/5

—
(a) 446 Hz b w[s
(b) 626 Hz
(c)_656 Hz

@ 720 Az

(e) none of the above answers

General rule: moving closer leads to an increasing frequency, vice versa.



Doppler effect

EXAMPLE 12.13 Following the police car

\
F \

Finally, let’s consider an example in which both the source and listener are moving. If the siren is moving in 6 | Video Tutor Solution
the +x direction with a speed of 45.0 m/s relative to the air, and the listener is moving in the same direction = ' giSE §
with a speed of 15.0 m/s relative to the air, what frequency does the listener hear? — e ‘

SOLUTION

SET UP Figure 12.37 shows our sketch. In this case, vy, = 15.0 m/s
and vg = 45.0 m/s. (Both velocities are positive because both velocity
vectors point in the +x direction, from listener to source.)

SOLVE From Equation 12.19,

vty 340m/s + 15.0m/s
v+uvsS  340m/s + 45.0m/s

fi (300 Hz) = 277 Hz.

REFLECT When the source and listener are moving apart, the fre-
quency fi heard by the listener is always lower than the frequency fg

%= 150 s ve = 450 mys
0—© G—>x

A FIGURE 12.37 Our sketch for this problem.

emitted by the source. This is the case in all of the last three examples. |
Note that the relative velocity of source and listener (30.0 m/s) is the |
same in all three, but the Doppler shifts are all different because the |
velocities relative to the air are different.

If v.goes in the negative(-x) direction
vsis negative in the denominator andf; is higher than f,

© 2016 Pearson Education, Inc.



50. | Two train whistles, A and B, each have a frequency of 392 Hz. A is
stationary and B is moving toward the right (away from A) at a speed
of 35.0 m/s. A listener is between the two whistles and is moving
toward the right with a speed of 15.0 m/s. (See Figure 12.43.) (a)
What is the frequency from A as heard by the listener? (b) What is
the frequency from B as heard by the listener? (¢) What is the beat
frequency detected by the listener?

Ug = 35.0 m/s
d—

*12.50. Set Up: The positive direction 1s from listener to source. f; =392 Hz.
(a) us=0. vy =—15.0 m/s.
344 m/s —15.
fi=| 2T fs=( s=13.0mS ) 305 1) =375 Hz
U+ g 344 m/s
(b) vg =+35.0m/s. v =+15.0 m/s.

v+ 344 m/s +15.0 m/s
s - 392 Hz) =371 H
L [_u+uS]fS (344mfs+35.0mfsJ( 2 ’

(©) foeat =S/1—Sfr=4Hz

© 2016 Pearson Education, Inc.



_aw of reflection

Incident i Reflected




Refraction

Wave s :
1 o1t Soldiers
Sin® 1 = 3 = T . .
2 ot vl Sin® ; = v2Sin0,



Temporary deafness

Studies have shown that, on average, 10 years of exposure to 92 dB
sound causes your threshold of hearing to permanently shift from 0 dB to
28 dB. What intensities correspond to 28 dB and 92 dB?

I = 1,10000%)

When 3 =28B

| = <10—12 ﬂ2> 10(28 dB /10dB) _— <10—12 ﬂ2> (1028) — 6.3 X 10—10W/m2
m m

When 3 =92 dB,

w W
I = <10_12F> 10(92dB /10dB) — <10_12P> (10%2) = 1.6 x 1073W/m?



Clicker — Questions 10

You create waves on a pond surface by pushing up and down on it
with your hand. Which aspect of the wave can you NOT affect by
changing how you move your hand?

A. Frequency
B. Speed
C. Wavelength



# of students
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EXAM 3

STD.DEV =20
N=77
10

A 85-100
B 75-84

8 C 55-74
D 40-54
F <40

(20, 25] (30, 35]

[15, 20] (25, 30]

(35, 40]

(40, 45]
(45, 50]

(50, 55]

(55, 60]
Grade

(60, 65]

(65, 70]

(70, 75]
(75, 80]

(80, 85] (90, 95]

(85, 90]
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