CHAPTER 12: Sound

Answersto Questions

1.

]

[N]

Sound exhibits several phenomenathat give evidence that it isawave. The phenomenon of
interference is a wave phenomenon, and sound produces interference (such as beats). The
phenomenon of diffraction is a wave phenomenon, and sound can be diffracted (such as sound being
heard around corners). Refraction is awave phenomenon, and sound exhibits refraction when
passing obliquely from one medium to another.

Evidence that sound isaform of energy isfound in the fact that sound can do work. A sound wave
created in one location can cause the mechanical vibration of an object at a different location. For
example, sound can set eardrums in motion, make windows rattle, or shatter a glass.

The child speaking into a cup creates sound waves which cause the bottom of the cup to vibrate.
Since the string is tightly attached to the bottom of the cup, the vibrations of the cup are transmitted
to longitudinal wavesin the string. These longitudinal waves travel down the string, and cause the
bottom of the receiver cup to vibrate. Thisrelatively large vibrating surface moves the adjacent air,
and generates sound waves from the bottom of the cup, traveling up into the cup. These waves are
incident on the receiver’s ear, and they hear the sound from the speaker.

If the frequency were to change, the two media could not stay in contact with each other. If one
medium vibrates with a certain frequency, and the other medium vibrates with a different frequency,
then particles from the two mediainitialy in contact could not stay in contact with each other. But
particles must bein contact in order for the wave to be transmitted from one medium to the other,
and so the frequency does not change. Since the wave speed changesin passing from air into water,
and the frequency does not change, we expect the wavelength to change. The wave travels about
four times faster in water, so we expect the wavelength in water to be about four times longer than it
isinair.

Listening to music while seated far away from the source of sound gives evidence that the speed of
sound in air does not depend on frequency. |f the speed were highly frequency dependent, then high
and low sounds created at the same time at the source would arrive at your location at different
times, and the music would sound very digointed. The fact that the music “ stays together” is
evidence that the speed is independent of frequency.

The sound-production anatomy of a person includes various resonating cavities, such as the throat.
The relatively fixed geometry of these cavities will determine the relatively fixed wavel engths of
sound that a person can produce. Those wavelengths will have associated frequencies given by

f= v//l . The speed of sound is determined by the gas that is filling the resonant cavities. If the
person has inhaled helium, then the speed of sound will be much higher than normal, since the speed
of sound wavesin helium is about 3 timesthat in air. Thus the person’s frequencieswill go up about
afactor of 3. Thisisabout a 1.5 octave shift, and so the person sounds very high pitched.

The basic equation determining the pitch of the organ pipeiseither f %, n =odd integer , for a

closed =

closed pipe, or f . = % n = integer , for an open pipe. In each case, the frequency is proportional

to the speed of sound in air. Since the speed is afunction of temperature, and the length of any

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the
publisher.

292



Giancoli Physics: Principles with Applications, 6" Edition

10.

11.

particular pipeisfixed, the frequency is also afunction of temperature. Thus when the temperature
changes, the resonant frequencies of the organ pipes change as well. Since the speed of sound
increases with temperature, as the temperature increases, the pitch of the pipesincreases as well.

A tube of agiven length will resonate (permit standing waves) at certain frequencies. When amix of
frequenciesisinput to the tube, only those frequencies close to resonant frequencies will produce
sound that persists, because standing waves are created for those frequencies. Frequencies far from
resonant frequencies will not persist very long at all —they will “die out” quickly. If, for example,
two adjacent resonances of atube are at 100 Hz and 200 Hz, then sound input near one of those
frequencies will persist and sound relatively loud. A sound input near 150 Hz would fade out
quickly, and so have a reduced amplitude as compared to the resonant frequencies. The length of the
tube can be chosen to thus “filter” certain frequencies, if those filtered frequencies are not close to
resonant frequencies.

For a string with fixed ends, the fundamental frequency isgiven by f =2—\:_ and so the length of

string for agiven frequency is L = % . For astring, if the tension is not changed while fretting, the

speed of sound waves will be constant. Thus for two frequencies f, < f,, the spacing between the
frets corresponding to those frequencies is given as follows.

v v v(1l 1
L-lL=o =
2f, 2f, 2\ f f,
Now seetable 12-3. Each note there would correspond to one fret on the guitar neck. Notice that as
the adjacent frequencies get higher, the inter-frequency spacing also increases. The change from C
to C#is 15 Hz, while the change from G to G# is 23 Hz. Thus their reciprocals get closer together,
and so from the above formula, the length spacing gets closer together. Consider a numeric example.
vi 1 1 Y vi 1 1 \
L.-L,=—| —-—|=—(207x10" L, -L, =—| ——-—|=—(141x10"
© 2(262 277) 2( ) ¢ 2(392 415) 2( )

ﬁ —0.68

C

The G to G# spacing is only about 68% of the C to C# spacing.

When you first hear the truck, you cannot seeit. Thereisno straight line path from the truck to you.
The sound waves that you are hearing are therefore arriving at your location due to diffraction. Long
wavelengths are diffracted more than short wavelengths, and so you are initially only hearing sound
with long wavelengths, which are low-frequency sounds. After you can see the truck, you are able to
receive al frequencies being emitted by the truck, not just the lower frequencies. Thus the sound
“brightens” dueto your hearing more high frequency components.

The wave pattern created by standing waves does not “travel” from one place to another. The node
locations are fixed in space. Any one point in the medium has the same amplitude at al times. Thus
the interference can be described as “interference in space” — moving the observation point from one
location to another changes the interference from constructive (anti-node) to destructive (node). To
experience the full range from node to anti-node, the position of observation must change, but all
observations could be made at the same time by a group of observers.

The wave pattern created by beats does travel from one place to another. Any one point in the
medium will at one time have a 0 amplitude (node) and half a beat period later, have a maximum
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amplitude (anti-node). Thus the interference can be described as “interferenceintime”. To
experience the full range from constructive interference to destructive interference, the time of
observation must change, but all observations could be made at the same position.

12. If thefrequency of the speakersis|owered, then the wavelength will be increased. Each circlein the
diagram will be larger, and so the points C and D will move farther apart.

13. So-called active noise reduction devices work on the principle of interference. If the electronics are
fast enough to detect the noise, invert it, and create the opposite wave (180° out of phase with the
original) in significantly less time than one period of the components of the noise, then the original
noise and the created noise will be approximately in a destructive interference relationship. The
person wearing the headphones will hear a net sound signal that is very low in intensity.

14. From the two waves shown, it is seen that the frequency of beating is higher in Figure (@) — the beats
occur more frequently. The beat frequency is the difference between the two component
frequencies, and so since (a) has a higher beat frequency, the component frequencies are further apart
in(a).

15. Thereisno Doppler shift if the source and observer move in the same direction, with the same
velocity. Doppler shift is caused by relative motion between source and observer, and if both source
and observer move in the same direction with the same velocity, there is no relative motion.

16. If thewind is blowing but the listener is at rest with respect to the source, the listener will not hear a
Doppler effect. We analyze the case of the wind blowing from the source towards the listener. The
moving air (wind) has the same effect asif the speed of sound had been increased by an amount
equal to the wind speed. The wavelength of the sound waves (distance that awave travels during
one period of time) will be increased by the same percentage that the wind speed is relative to the
still-air speed of sound. Since the frequency is the speed divided by the wavelength, the frequency
does not change, and so there is no Doppler effect to hear. Alternatively, the wind has the same
effect asif the air were not moving but the source and listener were moving at the same speed in the
same direction. See question 15 for adiscussion of that situation.

The highest frequency of sound will be heard at position C, while the child is swinging forward.
Assuming the child is moving with SHM, then the highest speed is at the equilibrium point, point C.
And to have an increased pitch, the relative motion of the source and detector must be towards each
other. The child would also hear the lowest frequency of sound at point C, while swinging
backwards.

Solutionsto Problems

In solving these problems, the authors did not always follow the rules of significant figuresrigidly. We
tended to take quoted frequencies as correct to the number of digits shown, especialy where other values
might indicate that. For example, in problem 42, values of 350 Hz and 355 Hz are used. We took both of
those values to have 3 significant figures. We treated the decibel values smilarly. For example, in
problem 11, we treated the value of 120 dB as having three significant figures.

1. Theround trip time for sound is 2.0 seconds, so the time for sound to travel the length of the lakeis
1.0 seconds. Use the time and the speed of sound to determine the length of the lake.

d = vt = (343my's) (10 ') = 343 m~[3.4x10° ]
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2. Theround trip timefor sound is 2.5 seconds, so the time for sound to travel the length of the lakeis
1.25 seconds. Use the time and the speed of sound in water to determine the depth of the lake.

d = vt = (1560my's) (1.25 5) = 1950 m = [2.0x10°m]
3 (3 Aonz=l=343m/S: /ﬂtzokHz:%_m—nVS:

f  20Hz  2.0x10*Hz
So therangeisfrom 17 cmto 17 m.

() 2=Y- 3805 o]

f  10x10°Hz

4. (a) For thefish, the speed of sound in seawater must be used.

3
d-wt - =320 M 5o

v 1560m/s
(b) For the fishermen, the speed of sound in air must be used.
3
d=vt - t:E:_l.Oxlo M _Z9s
v 343m/s

5. Thetotal time T isthe time for the stoneto fall (t,,,.) plusthetime for the sound to come back to
the top of the cliff (t,): T =t +t
dropped from rest that falls adistance hin order to find t,, with down as the positive direction.

Use constant accel eration relationships for an object

down *

Use the constant speed of sound to find t,, for the sound to travel a distance h.

_ h
up: h=vsndtup - tup =V—

snd

— h=21gt;

down

down: y=y, +vt _+Lat?

0"down 2 down

2
h
h=1gt? . =§g(T —'[up)2 :%g(T _V_j — h*-2v_ (L;"+Tjh+T2v;d =0
Thisisaquadratic equation for the height. This can be solved with the quadratic formula, but be

sure to keep severa significant digitsin the calculations.

snd

h? - 2(343m/s)[%343—m/52+ 35 s} h+(35s)°(343m/s)’ =0 —

Om/s
h® —(26411m)h+1.4412x10°m* =0 — h=26356m, 55m
The larger root isimpossible since it takes more than 3.5 sec for the rock to fall that distance, so the

correct resultis h = :

6. Thetwo sound waves travel the same distance. The sound will travel faster in the concrete, and thus
take a shorter time.

\/
— _ _ _ concrete
d - Va'rta'r - Vconcretetconcrae - Vconcrete (ta'r -11 S) - tair =—==—11s
concrete Va'r
d=v t. =v Voo 11s
— Yartar — Var '
Vconcre(e - Vair
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10.

11.

12.

The speed of sound in concrete is obtained from Equation (11-14a), Table (9-1), and Table (10-1).

[E | 20x10° N/m’
Vconcrae =4 = . 3 / 3 = 2949 rn/S
p \23x10°kg/m

dzva.rta.rz(343m/s)( 2049my's 1.1sj:427mz

2949m/s-343m/s

The “5 second rule” says that for every 5 seconds between seeing alightning strike and hearing the
associated sound, the lightning is 1 mile distant. We assume that there are 5 seconds between seeing
the lightning and hearing the sound.

() At30°C, the speed of sound is [331+0.60(30)] m/s=349m/s. Theactual distance to the
lightning is therefore d = vt =(349m/s)(5s) =1745m. A mileis 1610 m.

% error = %(100) ~

(b) At 10°C, the speed of sound is [331+0.60(10)]m/s=337m/s. Theactual distance to the
lightning is therefore d = vt =(337m/s)(5s) =1685m. A mileis 1610 m.

% error = %(100) ~

|
120 dB=10|og% — 1, =10°1, =10%(10x10™ W/m" ) =[LOW/m®

0

20dB=10|og'|£ - 1, =101, =10°(10x10* W/m’) =[1.0x10" W/m’

0

The pain level is 10° times more intense than the whisper.

—6 2
ﬂ:10I0g||—=10Iog 2.0x10° W/m @]

. 1.0x10™ W/m’

From Example 12-4, we see that a sound level decrease of 3 dB corresponds to a halving of intensity.
Thus the sound level for one firecracker will be 95 dB -3 dB =|92 dB|.

From Example 12-4, we see that a sound level decrease of 3 dB corresponds to a halving of intensity.
Thus, if two engines are shut down, the intensity will be cut in half, and the sound level will be 117
dB. Then, if one more engine is shut down, the intensity will be cut in half again, and the sound

level will drop by 3 more dB, to afinal value of .

tepe

— 105.8
109.5

58 dB=10|09(|ggnd/|Ndse) - (Isignai/INoiSE)lape
tape

95dB=:|‘0|Og(IS‘gnal/INoiae)tape - (Is‘gnd/INoise)
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13. (a) Accordingto Table 12-2, the intensity in normal conversation, when about 50 cm from the
speaker, is about 3x10°° W/ m’ . Theintensity isthe power output per unit area, and so the
power output can be found. The areaisthat of a sphere.

|=% — P=IA=1(47r?)=(3x10° W/m’) 47(0.50 m)° = 9.425x10°W ~[9x10°W

1 jperson

14. (a) The energy absorbed per second is the power of the wave, which isthe intensity times the area.

50dB:10Iog||— — 1=10°1, =10°(10x10™* W/m* ) =1.0x107 W/m’

0

P=1A=(10x10" W/m®)(5.0x10°m?) =

1s lyr 3
by 1J =(6.3x10
®) (5.0><1 ‘”Jj(3.16x107sj !

15. Theintensity of the sound is defined to be the power per unit area. We assume that the sound
spreads out spherically from the loudspeaker.

| . j
@ =LW2=1.6W/m2 Sy =10l0g—22 =10l0g 16V\1/2/m —=[1220B
47(3.5m) l, 1.0x10™ W/m
| . j
© =ﬂ2= 026W/m*  j, =10log—2 = 10log 026\’11’/”‘ —=[114dB
47(35m) I, 1.0x10™ W/m

(b) According to the textbook, for a sound to be perceived as twice as loud as another means that
the intensities need to differ by afactor of 10. That is not the case here — they differ only by a

1. , , ,
factor of 0_266 ~ 6. |Theexpensive amp will not sound twice as loud as the cheaper one.

16. (a) Findtheintensity from the 130 dB value, and then find the power output corresponding to that
intensity at that distance from the speaker.
S =130dB = 10|og'2|ﬂ > |,g, =10°1, =10°(10x10™ W/m*) =10W/m’
0
P=1A=47r"l =47(28m)’ (10W/m*) = 985W ~[9.9x10°W

(b) Find the intensity from the 90 dB value, and then from the power output, find the distance
corresponding to that intensity.

!
f=90dB=10log— - | =10°1, =10°(1.0x10™* W/m®) =1.0x10"° W/m?

0

P=4rr’l — r=\/ ° \/4( W =
T

arl 47 (10x10° W/m’)
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17.

18.

19.

21.

22

23.

The intensity is proportional to the square of the amplitude.

I 2
2.0dB:10Iog%:10Iog%:20Iog% - %:10‘“:1.25%

0

(@) Theintensity is proportional to the square of the amplitude, so if the amplitudeistripled, the
intensity will | increase by afactor of 9|.

(b) p=10logl/l,=10l0g9=|9.50B

Theintensity isgiven by | = 2pvz®f2A%. If the only difference in two sound waves is their
frequencies, then theratio of the intensitiesisthe ratio of the square of the frequencies.

L @) g

1, f?

Theintensity isgiven by | = 2pvz®f ?A?, using the density of air and the speed of sound in air.
| = 2pvz’ £ A% = 2(1.29kg/m’ ) (343mys) z* (300 Hz)* (1.3x10“m) =13.28W/m?

=131.2dB ~[130 dB

| 13.28W/m?
=10log— =10lo
4 o I, YTox10” W/m?

Note that thisis above the threshold of pain.

From Figure 12-6, a 100-Hz tone at 50 dB has a loudness of about 20 phons. At 6000 Hz, 20 phons
corresponds to about [25 dB|. Answers may vary due to estimation in the reading of the graph.

From Figure 12-6, at 30 dB the low frequency threshold of hearing isabout |150 Hz|. Thereisno

intersection of the threshold of hearing with the 30 dB level on the high frequency side of the chart,
and so a30 dB signal can be heard all the way up to the highest frequency that a human can hear,

-

(@ From Figure 12-6, at 100 Hz, the threshold of hearing (the lowest detectable intensity by the
ear) is approximately 5x10°° W/ m? . Thethreshold of pain is about 5W/ m?. Theratio of

m?
highest to lowest intensity is thus ——— / == :
5x10° W/m’

(b) At 5000 Hz, the threshold of hearing is about 10> W/m? , and the threshold of pain is about

10 W/m Theratio of hlgheqtolowestlntenstyls 0= W//m
m’

Answers may vary due to estimation in the reading of the graph.
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I . . 1 | FE
24. For avibrating string, the frequency of the fundamental mode is given by lez— .
2L 2L\ m/L
1 |F 2
f=— |—— — F. =4Lf’m=4(0.32m)(440Hz) (3.5x10"kg)=|87N
R T (0:32m)(440Hz)’ (35+10 ko)
(a) If the pipeisclosed at one end, only the odd harmonic frequencies are present, and are given by
nv

f =—=nf,n=135:---.
4L

v 343m/s
—— =" __[766H]
"4l 4(112m) .
f,=3f =[230Hz| f,=5f =|383Hz| f,=7f =|536Hz

(b) If the pipeisopen at both ends, all the harmonic frequencies are present, and are given by
nv
f =—=nf
2L

1*

v 343m/s :

172l 2(L12m)

f2=2f1= f3=3f1= f4=4f1=

26. (a) Thelength of the tubeis one-fourth of awavelength for this (one end closed) tube, and so the
wavelength is four times the length of the tube.

Y80S [0
=—=————=|480Hz
A 4(0.18 m)
(b) If the bottle is one-third full, then the effective length of the air column is reduced to 12 cm.

fY_3Bms oo

-2 4(012m)

27. For apipe open at both ends, the fundamental frequency isgivenby f, = 2—\1 and so the length for a

given fundamental frequency is L =%.
1

L20Hz=343—m/s=m LzokHZZLm/SZ

2(20 Hz) 2(20,000 Hz)

28. For afixed string, the frequency of the "™ harmonic is given by f. =nf,. Thusthe fundamental for
thisstringis f, = f, /3=540 Hz/3=180 Hz. When the string is fingered, it has a new length of
60% of the original length. The fundamental frequency of the vibrating string is aso given by

% : : - L
f,= PR and v isaconstant for the string, assuming its tension is not changed.

\Y \Y 1 _ 180 Hz

f, = = = = =[300 Hz
foes 2Ly, 2(0.60)L 060 ' 0.60
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29. (a) We assume that the speed of waves on the guitar string does not change when the string is
fretted. The fundamental frequency isgivenby f = 2—\:_ and so the frequency isinversely
proportional to the length.

1
f oct — fL = constant

330 Hz
fL=fL — L =L--=(073m =0.5475m
ETE A TA A E fA ( )(440 sz
The string should be fretted a distance 0.73 m—0.5475 m = 0.1825m ~ from the nut
of the guitar.

(b) Thestring isfixed at both ends and is vibrating in its fundamental mode. Thus the wavelength
istwice the length of the string (see Fig. 12-7).

=21 =2(0.5475m) =1.095m ~[L.1m]
(c) Thefrequency of the sound will be the same as that of the string, . Thewavelengthis
given by the following.

/I:l— 343m/S:

f 440 Hz

30. (@) At T =21"C, thespeed of sound is given by v =(331+0.60(21))m/s=2343.6m/s. For an

open pipe, the fundamental frequency isgivenby f = l.

2L
v v 3436m/s
f=— > L=—=———=10.656m
2L 2f  2(262Hz)
(b) Thefrequency of the standing wavein thetubeis |262 Hz|. The wavelength istwice the
length of the pipe,

(c) Thewavelength and frequency are the samein the air, because it is air that is resonating in the

organ pipe. Thefrequency is and the wavelength is

31. The speed of sound will change as the temperature changes, and that will change the frequency of
the organ. Assume that the length of the pipe (and thus the resonant wavelength) does not change.

fo = % foo = % Af =1, -1f,= —V5'°;V2°
e 331+0.60(5.0)
Af y) Voo 1+0.60(5. .
—= =S o 2 1= 26x107 =[-26%]
f Vao V, 331+0.60(20) -

32. A fluteisatubethat is open at both ends, and so the fundamental frequency isgivenby f = 2—\:_
where L is the distance from the mouthpiece (antinode) to the first open side hole in the flute tube

(antinode).
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33.

35.

36.

37.

P AN .11 N roy=-v-yen

2L 2f 2(294Hz)

(@) At T =20°C, the speed of sound is 343m/s. For an open pipe, the fundamental frequency is

v
ivenby f =—.
g y oL
v v 343m/s
femr & Le—e=—n° 05831
2L 2f  2(294 Hz)

(b) The speed of sound in helium is 1005 m/s, from Table 12-1. Usethis and the pipe’s length to
to find the pipe’ s fundamental frequency.

(@) The difference between successive overtones for this pipeis 176 Hz. The difference between
successive overtones for an open pipe is the fundamental frequency, and each overtoneisan
integer multiple of the fundamental. Since 264 Hz is not amultiple of 176 Hz, 176 Hz cannot
be the fundamental, and so the pipe cannot be open. Thusit must be a| closed| pipe.

(b) For aclosed pipe, the successive overtones differ by twice the fundamental frequency. Thus
176 Hz must be twice the fundamental, so the fundamental is . Thisisverified since

264 Hz is 3 times the fundamental, 440 Hz is 5 times the fundamental, and 616 Hz is 7 times the
fundamental.

(8 The difference between successive overtones for an open pipe is the fundamental frequency.
f = 330Hz-275Hz =

(b) Thefundamental frequency isgivenby f, = 2—\:_ Solve thisfor the speed of sound.

v=2Lf, =2(1.80 m)(55 Hz) =198m/s ~[2.0x10° m/s

The difference in frequency for two successive harmonicsis 40 Hz. For an open pipe, two
successive harmonics differ by the fundamental, so the fundamental could be 40 Hz, with 240 Hz
being the 6™ harmonic and 280 Hz being the 7" harmonic. For aclosed pipe, two successive
harmonics differ by twice the fundamental, so the fundamental could be 20 Hz. But the overtones of
aclosed pipe are odd multiples of the fundamental, and both overtones are even multiples of 30 Hz.
So the pipe must be an | open pipel.

foV v _38ms pe

T2l T2 2(40Hz)
(@) The harmonics for the open pipe are f, =% . To be audible, they must be below 20 kHz.
2(2.14 m)(2x10*Hz
™ pa0Hz o nel I )=249.6
2L 343m/s

Since there are 249 harmonics, there are | 248 overtones
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38.

39.

40.

41.

42.

43.

(b) Theharmonicsfor the closed pipeare f, = % , hodd. Again, they must be below 20 kHz.

4(2.14 m)(2x10*Hz
YV 2x10'Hz — n< ( )(2x )=499.1
4L 343m/s

Thevaluesof n must beodd, son=1, 3,5, ..., 499. There are 250 harmonics, and so there are

249 overtones|

The ear cana can be modeled as a closed pipe of length 2.5 cm. The resonant frequencies are given

by f = % nodd. Thefirst severa frequencies are calculated here.

v n(343m/s)

=—=—— " 7 _-n(3430 Hz), n odd
"AL 4(2.5x10*2m) ( )

f,=3430Hz f,=10300Hz f, =17200 Hz

In the graph, the most sensitive frequency is between 3000 and 4000 Hz. This corresponds to the
fundamental resonant frequency of the ear canal. The sensitivity decrease above 4000 Hz, but is
seen to “flatten out” around 10,000 Hz again, indicating higher sensitivity near 10,000 Hz than at
surrounding frequencies. This 10,000 Hz relatively sensitive region corresponds to the first overtone
resonant frequency of the ear canal.

The beat period is 2.0 seconds, so the beat frequency isthe reciprocal of that, 0.50 Hz. Thusthe

other string is off in frequency by [£0.50 Hz|. The beating does not tell the tuner whether the
second string istoo high or too low.

The beat frequency is the difference in the two frequencies, or 277 Hz— 262 Hz = . If the
frequencies are both reduced by afactor of 4, then the difference between the two frequencies will

also be reduced by afactor of 4, and so the beat frequency will be (15 Hz) = 3.75Hz ~ )

The 5000 Hz shrill whineis the beat frequency generated by the combination of the two sounds.
This means that the brand X whistle is either 5000 Hz higher or 5000 Hz lower than the known-
frequency whistle. If it were 5000 Hz lower, then it would be in the audible range for humans.
Since it cannot be heard by humans, the brand X whistle must be 5000 Hz higher than the known

frequency whistle. Thus the brand X frequency is 23.5 kHz + 5 kHz =

Since there are 4 beats/s when sounded with the 350 Hz tuning fork, the guitar string must have a
frequency of either 346 Hz or 354 Hz. Since there are 9 beats/s when sounded with the 355 Hz
tuning fork, the guitar string must have a frequency of either 346 Hz or 364 Hz. The common value

is [346 Hz|.
e v 1 |F
The fundamental frequency of theviolin stringisgivenby f =—=— =294 Hz. Change
2L 2L\ nm/L

the tension to find the new frequency, and then subtract the two frequencies to find the beat
frequency.
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098
=+/0.98f
m/L

Af=f—fr= 1 ) (294Hz(1 JJ0.98) =

44. Beatswill be heard because the difference in the speed of sound for the two flutes will result in two
different frequencies. We assume that the flute at 25.0°C will accurately play the middle C.

331+ 0.6(25.0
=t S-S [ + 08 )]m/s_o.eaom
2L 2f, 2(262 Hz)
331+0.6(5.0
fzziz[ +08(50)|m/s _ s i, Af =262 Hz— 253 Hz = [9 beats/sec
2L 2(0.660 m)

45. Tuning fork A must have a frequency of 3 Hz either higher or lower than the 441 Hz fork B. Tuning
fork C must have a frequency of 4 Hz either higher or lower than the 441 Hz fork B.

f, =438 Hz or 444 Hz f. =437 Hz or 445 Hz
The possible beat frequencies are found by subtracting al possible frequencies of A and C.
|f, - fo|=1Hzor 7 Hz

(&) For destructive interference, the smallest path difference must be one-half wavelength. Thus
the wavelength in this situation must be twice the path difference, or 1.00 m.

(b) Therewill also be destructive interference if the path differenceis 1.5 wavelengths, 2.5
wavelengths, etc.

AL=151 — 2-0%0M _onan ) ¢ Y _38MS 00 hy~ 1000 12
4 033m
0.50 343
AL=251 — 4= 25m=o.20m N f:%:wm/szmwp 1700 Hz
. . m

47. The beat frequency is 3 beats per 2 seconds, or 1.5 Hz.
(@ The other string must be either 132Hz -1.5Hz =|130.5 Hz| or 132Hz +1.5Hz =|133.5 Hz|.

F

T

_ v \nm/L f fr , Y’
(b) Since f =—= ,wehave f «\/F, > —=—— > F'=F|—|.
2L 2L JEJF f

132 Y’ -
Tochange130.5Hzto 132Hz: F'=F (130 5) =1.023, |2.3% increase

132
Tochange133.5Hzt0132Hz: F'=F (133 5) =0.978, |2.2% decrease
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48. To find the beat frequency, calculate the frequency of each sound, and then subtract the two
frequencies.

| L |_se0~[orz
|264m 276 m|

- (343mys)

2

(@) Observer moving towards stationary source.
£ (10 Yos | [ 14200 ) 560 1) — [i650 2
v_qnd 343m/s
(b) Observer moving away from stationary source.
f= (1—ﬁj f= (1—M](1550 Hz) = [1410 1z
Vo, 34

3m/s

50. (a) Source moving towards stationary observer.

ot _(1550H2) o
v, 32m/s
1——sc 1—
) [

(b) Source moving away from stationary observer.

po_t__(1580Hz) e
Y 32m/s
14 Ve | [ 2€MWVS
[ Vsndj ( 343m/8j

51. (a) Forthe 15 m/srelative velocity:
1

fl e = f ——=(2000 Hz); =
moving 1- & 1- 15 m/S
V., 343m/s

fro=f (1+ﬁj — (2000 Hz)(1+ 15m/s J:
moving Vsnd

343m/s

The frequency shifts are dlightly different, with f > f . . Thetwo frequenciesare

source
moving moving

close, but they are not identical. To 3 significant figures they are the same.
(b) For the 150 m/srelative velocity:

froo=f 1 (2000 Hz); -
moving 1_& 1_ 150 m/S
V., 343m/s

T (1—} _ (2000 Hz>[1+ 150n/ j _
V d

343m/s

moving s

The difference in the frequency shiftsis much larger thistime, still with f/ > f . .

moving moving
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(c) For the 300 m/srelative velocity:
1

f =t (2000 Hz) e -
moving 1_& 1- 300 m/S
V., 343m/s

T (1—] _ (2000 Hz)[u 300y j _

moving Vsnd 343m/3
The difference in the frequency shiftsis quite large, still with f

sxl)urce > fo,bserver *

moving moving

The Doppler formulas are asymmetric, with alarger shift for the moving source than for the moving
observer, when the two are getting closer to each other. Asthe source moves toward the observer
with speeds approaching the speed of sound, the observed frequency tends towards infinity. Asthe
observer moves toward the source with speeds approaching the speed of sound, the observed

frequency tends towards twice the emitted frequency.

52. The frequency received by the stationary car is higher than the frequency emitted by the stationary
car,by Af =55Hz.

f
= fopee HAf =2

obs source
(1_ Vsource J
Vsnd

Y (&—1}@-5 Hz)(“"’m/s—l}

15m/s

f

source

53. The moving object can be treated as a moving “observer” for calculating the frequency it receives
and reflects. The bat (the source) is stationary.

V.
' _ object
fobject - fba (1_ j
Vsnd

Then the object can be treated as a moving source emitting the frequency ', andthebat asa

object !

stationary observer.

[1_ Vobject j
f "o_ fo,bject — f Vsnd f (Vsnd - Vobject )

bat v bat v bat
(1_’_ object ] (1_’_ object j (VS'Id +V0bjec1)

\Y/ V

snd snd

_ (5.OO><104HZ) 343m/s-25.0m/s :

343m/s+25.0m/s

54. Thewall can betreated as a stationary “observer” for calculating the frequency it receives. The bat
isflying toward the wall.
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55.

56.

57.

Then the wall can be treated as a stationary source emitting the frequency f, , and the bat asa
moving observer, flying toward the wall.

V. +V
fr=f [1+V;baj = f ;(14_\/&] _f M
Vsnd (1_ Vﬁ] Vsnd

V.

snd

— (300x10°Hz) WS S0MS 555y

343m/s-5.0m/s

We assume that the comparison is to be made from the frame of reference of the stationary tuba.
The stationary observers would observe a frequency from the moving tuba of

f 75 H
f o= source — z 77 Hz fbeat =77Hz-75Hz :-

obs =
1 Vuce i 10.0m/s
V. 343m/s

snd

The beats arise from the combining of the original 3.5 MHz frequency with the reflected signal
which has been Doppler shifted. There are two Doppler shifts— one for the blood cells receiving the
original signal (observer moving away from stationary source) and one for the detector receiving the
reflected signal (source moving away from stationary observer).

-z
o= f 1—Vb'°°d f” zwzf“ ¢=f” (Vsnd_vblood)
blood original Vsnd detector Vbl " original Vbl » original (Vsnd N Vb|OOd)
1+ =< 14 —Blood
VSWd de
(V a Vi d) 2V
AMf=f.  —f" =f.  _f ~asd bod]_ ¢ blood
original detector original original (Vsnd +Vb|00d) original (Vsnd +Vb|00d)
. 2(20x107)
=(35x10°Hz) . — —[o1Hz
(1.54x10° m/s+2.0x10°*)

The maximum Doppler shift occurs when the heart has its maximum velocity. Assume that the heart
ismoving away from the original source of sound. The beats arise from the combining of the
origina 2.25 MHz frequency with the reflected signal which has been Doppler shifted. There are
two Doppler shifts— one for the heart receiving the original signal (observer moving away from
stationary source) and one for the detector receiving the reflected signal (source moving away from
stationary observer).

(1_ Vheart j
'
I SN E 0 B R (I Vou ) _ ¢ (Vg = Vour)
heart — ' origind detector — Torigina — origind
Voo (l-‘r _Vhean j [1_}_ M} (Vsnd * Vieat )
VS“d Vsnd
V. —V 2V
Af:‘I:ori' - fq =f —f —(Snd blOOd):f.. —flood ___,
gina detector origina origina origina
(Vsnd +Vb|00d) (Vsnd +Vb|00d)
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Af 500 Hz

o (225x10°Hz)~500 Hz

If instead we had assumed that the heart was moving towards the original source of sound, we would
Af
g€t Vo = Vo o A Since the beat frequency is much smaller than the original frequency,
+

origina

the Af term in the denominator does not significantly affect the answer.

Voiood = Vend o f

_ 3
= (1.54x10° m/s) >

0.171m/s

58. The Doppler effect occurs only when there is relative motion of the source and the observer along
the line connecting them. In thefirst four parts of this problem, the whistle and the observer are not
moving relative to each other and so there is no Doppler shift. The wind speed increases (or
decreases) the velocity of the waves in the direction of the wind, and the wavelength of the waves by
the same factor, while the frequency is unchanged.

(@), (b), (c), (d) f'=f =570Hz

(e) Thewind makes an effective speed of sound in air of 343 + 12.0 = 355 m/s, and the observer is
moving towards a stationary source with a speed of 15.0 m/s.

15.0

£ [ 10 Yo | (570 ) 1+ 2078 | _[5oatiz

V. 355m/s

(f) Sincethe wind is not changing the speed of the sound waves moving towards the cyclist, the
speed of sound is 343 m/s. The observer is moving towards a stationary source with a speed of

15.0 m/s.

fr=f [1+ V—bJ = (570 Hz)(l+ 15.0m/sj =

v 343m/s

sns

59. (a) We represent the Mach number by the symbol M.

M =% =V, =My, =(0.33)(343m/s) =[110m/s
snd
) M= - % _ 3000km/h

_ 9375km/h| —™S_| _[260m/s
3.6km/h

snd

60. (a) Theangle of the shock wave front relative to the direction of motion is given by Eq. 12-7.

. V. Vv 1 . 1
SNP=-2-_—= _ =, gog§ni—=2577"=
Vy 23V, 23 2.3
(b) The displacement of the plane (vobjt) from thetime it Vot R
passes overhead to the time the shock wave reaches the 0

observer is shown, along with the shock wave front.
From the displacement and height of the plane, thetime  h

isfound.
tané = - t=
Vol v,, tané
7100 m
= =20.63s~ -21 S|
(2.3) (310 m/s) tan 25.77°
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61.

62.

63.

65.

(@ The Mach number isthe ratio of the object’s speed to the speed of sound.

(15x10* km/hr)( Lm/s

v, 3.6km/ hrj
M =—2= — =119.05% .120
v, 35m/s

sound

(b) UseEg. 12.5tofind theangle.

V. 1 1
f=sn'=L-gn'—=gnt —— :-0.48°
V.. M 119.05

obj

. Y
From Eq. 12-7, sing = =<,

Vobj

. V. ., 343

(@ O=sin"—=L= sm‘l—m/S =
" 8500m/s
LV ., 1560m/s
b) d=sin' =L =gn' ——=

®) " 8500m/s .
Consider one particular wave as shown in the diagram, created at the \ Vot
location of the black dot. After atimet has elapsed from the creation o) >
of that wave, the supersonic source has moved a distance v, t , and the ¢

wave front has moved a distance vt . The line from the position of

the source at timet istangent to all of the wave fronts, showing the

location of the shock wave. A tangent to acircle at apoint is perpendicular to the radius connecting
that point to the center, and so aright angleisformed. From the right triangle, the angle @ can be
defined.

S‘ne — vsndt — Vsnd
Vit Vi

bj

(@) The displacement of the plane from the time it passes 20km
overhead to the time the shock wave reaches the listener is 0
shown, along with the shock wave front. From the
displacement and height of the plane, the angle of the shock 1.5km
wave front relative to the direction of motion can be found,
using Eq. 12-7.

1.5km 15
tand = _ 0=tan’1—=.-37°
2.0 km 2.0

(b) Modei 1 1 :

vV, sing sin37°

snd

The minimum time between pulses would be the time for a pulse to travel from the boat to the
maximum distance and back again. Thetotal distance traveled by the pulse will be 400 m, at the
speed of sound in fresh water, 1440 m/s.

d 400m
d=vt > t=—m=——" =
v 1440m/s

0.28s
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66. Each octaveisadoubling of frequency. The number of octaves, n, can be found from the following.
20,000 Hz=2"(20Hz) — 1000=2" — 10g1000=nlog2 —>

e log1000 _ 9.97z

log2

67. Assume that only the fundamental frequency is heard. The fundamental frequency of an open pipeis

v
ivenby f =—.
J Y 2L
v 343m/s 57 H] v 343m/s [6o i
@ fo=gp 2(3.0m) ® 2L 2(25m)
v 343m/s v 343m/s
22 _[86Hz f,=—=— 7> _114.3Hz ~[110 Hz|
*® 2L 2(20m) ¥ 2L 2(15m) [0+

v 343m/s
¥o2L 2(1om)
(b) Onanoisy day, there are alarge number of component frequencies to the sounds that are being
made — more people walking, more people talking, etc. Thusit ismore likely that the
frequencies listed above will be acomponent of the overall sound, and then the resonance will

be more prominent to the hearer. If the day is quiet, there might be very little sound at the
desired frequencies, and then the tubes will not have any standing waves in them to detect.

=1715Hz~|170 Hz

68. The single mosquito creates a sound intensity of I, =1x1072 W/m? . Thus 1000 mosquitoes will

create a sound intensity of 1000 times that of a single mosquito.

1000
| 2 =1010g1000 = (30 dB].

0

| =10001, S =10log

69. Thetwo sound level values must be converted to intensities, then the intensities added, and then
converted back to sound level.

|
Iy, 82dB:10|og% - 1, =101, =1.585x10°I |

82
0

87

|
Iy 87dB:10|og% - |, =10""1,=5012x10°,

0

L = 1o + 1y = (6597x10°) 1, —

6.597x10°|
B = 10|og+ ~10l0g6.597x10° =

0

70. The power output is found from the intensity, which is the power radiated per unit area.

105dB = lOIogII— - 1=101,=10°°(1.0x10™* W/m" ) = 316210 W/m’

0

=P Pz — P=47r’l =47(120 m)’(3162x10” W/m’) =[57.2W
A Anr
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71. Relativeto the 1000 Hz output, the 15 kHz output is—10 dB.

P P
-10 dB =10log—3k P - —l=log—k. _ 01=—kE. _, p —|IBW
150 W 150 W 150 W

72. The 140 dB leve is used to find the intensity, and the intensity is used to find the power. Itis
assumed that the jet airplane engine radiates equally in al directions.

S =140 dB = 10Iog— - 1=10"1,=10"(10x10"* W/m® ) =1.0x10° W/m’

O

P=IA=lzr? =(10x10° W/m?) z(20x107)" =[0.13W

P 100 W
73. Thegainisgivenb =10log—2~ =10log—————— =|50dB]| .
g g y 5 g P g1><1O’3W

in

74. Call the frequencies of four strings of theviolin f, ,f, ,f. ,f, with f, thelowest pitch. The mass

A''B''C''D

per unit length will be named . All strings are the same length and have the same tension. For a

1 |k
string with both ends fixed, the fundamental frequency isgivenby f, = . —.

2L 2L

f,=15f, —> — /—— 15— & =044,u
PR TR P -
f.=15f, =(L5)f, — —/ / 4=o.2oﬂA
1
f, =15f =(15)" f =Lt
b= — - Uy = =10.0394,
A (15)°

75. (a) Thewave speed on the string can be found form the length and the fundamental frequency.
f= 2—‘:_ — v=2Lf =2(0.32 m)(440 Hz) = 2816 =[2.8x10° m/s

Thetension is found from the wave speed and the mass per unit length.

v= | - F =u’=(6.1x10"kg/m)(2816m/s)’ =[48 N]

U
(b) Thelength of the pipe can be found from the fundamental frequency and the speed of sound.

PO I I oy Ty

4L 4f 4(440 Hz)
(c) Thefirst overtone for the string is twice the fundamental.
Thefirst overtone for the open pipeis 3 times the fundamental. {1320 Hz

The apparatus is a closed tube. The water level isthe closed end, and so is anode of air
displacement. Asthe water level lowers, the distance from one resonance level to the next
corresponds to the distance between adjacent nodes, which is one-half wavelength.
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AL=11 — 2=2AL=2(0.395m-0.125m)=0.540 m

Y80S _[ezsmd

~ 1 0540m

77. Thefrequency of the guitar string is to be the same as the third harmonic (n = 3) of the closed tube.

The resonance frequencies of aclosed tube are givenby f = % n=1,35:--, and the frequency of

o 1 | F : :
astretched string isgiven by f :I — . Equate the two frequencies and solve for the tension.

m/L
2m  9(343m/s)’ (2.10x10°k
o i L p o2 _ SRS (21000%0) gy
string tube

2L, 4L 4(0.75m)

string

78. By anchoring the overpass to the ground in the middle, the center of the overpass is now a node
point. Thisforcesthe lowest frequency for the bridge to be twice the fundamental frequency, and so

now |the resonant frequency is 8.0 Hz|. Since the earthquakes don’t do significant shaking above 6
Hz, this modification should be effective.

79. Sincethe sound isloudest at points equidistant from the two sources, the two sources must bein
phase. The difference in distance from the two sources must be an odd number of half-wavelengths
for destructive interference.

034m=4/2 > 1=068m f =v/A =343m/s/0.68 m =[504 Hz]

034m=34/2 —» 2=0227Tm  f=v/1=343m/s/0.227 m=1513 Hz (out of range)

80. The Doppler shift is 3.0 Hz, and the emitted frequency from both trainsis 424 Hz. Thusthe
frequency received by the conductor on the stationary train is 427 Hz. Use thisto find the moving
train's speed.

f 424 H
frof—m Ly o[1—|v, :(1— Zj(343m/s): 2.41m/s
(Vg = Viorreo ) f' 427 Hz
81. Asthetrain approaches, the observed frequency isgivenby f' . = / (l—ﬁj. Asthetrain
Vsnd

recede Vv
snd

recedes, the observed frequency isgivenby f' = f / [1+ V‘ﬂ) . Solve each expression for f ,

equate them, and then solve for v, .

A\ V. .
! train _ ! train
fapproach [1_ j - frecede [1_'— j -
Vsnd Vsnd

/ _ f! _
., (Fron — Trroe ) =(343m/s)(538 Hz - 486 Hz) s

V. —
ran e ( £l 4+ (538 Hz + 486 Hz)

approach recede )
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82. The sound is Doppler shifted up as the car approaches, and Doppler shifted down asit recedes. The

observer is stationary in both cases. The octave shift down meansthat f_ . =2f ..

’ Vcar ! _ Vcar —
fapproach = fer'igine/(l_g} freoede - fengine/(l—'—rmdj fmproach - 2frecede -
343
fengine 1_Vﬂ = 2 fengine 1+V_Car - Vcar = E = m/s = 114 m/S
Vo, Vo, 3 3

83. For each pipe, the fundamental frequency isgivenby f = 2—\:_ Find the frequency of the shortest

pipe.

v _% =71.46Hz

"2 2(240m)
The longer pipe has alower frequency. Since the beat frequency is 11 Hz, the frequency of the
longer pipe must be 60.46 Hz. Use that frequency to find the length of the longer pipe.

PN A L I P pen
2L 2f  2(60.46Hz)

84. (a) Since both speakers are moving towards the observer at the same speed, both frequencies have
the same Doppler shift, and the observer hears no beats.
(b) The observer will detect an increased frequency from the speaker moving towards him and a
decreased frequency from the speaker moving away. The difference in those two frequencies
will be the beat frequency that is heard.

1 1
ftt;wards = f 7z N fa,/vay = f 7 N
(1— Vtri] [14_ V”ij
Vsnd Vsnd
1 1 V. v,
ft:)wa'ds - fa’Nay = f —f =f |: o - 2 :|
(1_Vn_ainj (14_ Vtrij (Vsnd - Vtrain ) (Vsnd + Vtrain )
Vsnd Vsnd

(212HZ) 343m/S _ 343m/5 :
(343m/s-10.0m/s) (343m/s+10.0m/s)
(c) Since both speakers are moving away from the observer at the same speed, both frequencies
have the same Doppler shift, and the observer hears no beats.

85. The beats arise from the combining of the original 5.50 MHz frequency with the reflected signal
which has been Doppler shifted. There are two Doppler shifts— one for the blood cells receiving the
original frequency (observer moving away from stationary source) and one for the detector receiving
the reflected frequency (source moving away from stationary observer).

(1_Vbloodj
o (1_%'@} oM L V)
original

blood
V:;nd

_ (Vsnd ~ Vhiood )

detector — lorigina — Torigina
(14_ Vblood j (14_ Vblood j (Vsnd +Vblood)

\Y/ V

snd snd

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rightsreserved. This materia is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the
publisher.

312



Giancoli Physics: Principles with Applications, 6" Edition

Af = f g _f _ (Vsnd _Vblood) —f 2Vb|ood
— Torigina detector ~ " original original — Toriginad
(Vsnd + Vblood ) (Vsnd + Vblood )

- (5:50x10°Hz) 2(0:52m)s) - [2.29x10°HZ]

(1.54x10° m/s+0.32m/s)

86. Use Eq. 12-4, which applies when both source and observer are in mation. There will be two
Doppler shiftsin this problem —first for the emitted sound with the bat as the source and the moth as
the observer, and then the reflected sound with the moth as the source and the bat as the observer.

f (Vsnd +Vmoth) "o f' (Vsnd +Vbal) — (Vsnd +Vmoth) (Vsnd +Vbat)

fr = =
s = (Vsnd - Vba) " m (Vsnd ~ Vit ) " (de ~Via ) (Vsnd ~ Vit )

B (343+50) (343+65)
= (5135 kHz) (343-6.5) (343-5.0)

87. Itis70.0 msfrom the start of one chirp to the start of the next. Since the chirp itself is 3.0 mslong, it
is 67.0 msfrom the end of achirp to the start of the next. Thus the time for the pulse to travel to the
moth and back again is67.0 ms. The distance to the moth is half the distance that the sound can
travel in 67.0 ms, since the sound must reach the moth and return during the 67.0 ms.

d =V, t =(343m/s)1(67.0x10°s) =

88. The Alpenhorn can be modeled as an open tube, and so the fundamental frequency is f = 2—\:_ and

the overtones are given by f, =%, n=1,223---.

v 343m/s
=—=———""=50.44Hz ~ [50 Hz|
2L 2(34m)
f =nf=f, — n(5044Hz)=370Hz — n= 310 73
50.44

Thus the 7" harmonic, which is the[ 6™ overtone| , is close to F sharp.

89. Thewalls of the room must be air displacement nodes, and so the dimensions of the room between
two parallel boundaries corresponds to a half-wavelength of sound. Fundamental frequencies are

Y
thengivenby f =—.
g Y oL

Length: f 22_\:_:_343m/s =[34Hz|  width: f =l=m=

2(5.0m) 2L 2(40m)
Height: f =L - 38"s ey
2L 2(28m)

90. (a) The“singing” rod is manifesting standing waves. By holding therod at its midpoint, it hasa
node at its midpoint, and antinodes at its ends. Thus the length of the rod is a half wavelength.

5100
v_ v _5100M/S_ onrti,—[aexioh

"7 2L 180m
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Chapter 12 Sound

(b) Thewavelength of sound in the rod is twice the length of the rod, .

(c) Thewavelength of the sound in air is determined by the frequency and the speed of sound in air.

Loy _38ms oo
f  2833Hz

91. Eq. 11-18 gives the relationship between intensity and the displacement amplitude: | = 2z°vp f?A?,

where A isthe displacement amplitude. Thus | oc A®, or Acc JI'. Sincethe intensity increased by
afactor of 107, the amplitude would increase by afactor of the square root of the intensity increase,

or.

92. The angle between the direction of the airplane and the shock wave >
front isfound from Eqg. 12-5.

. v, . V. . 1
sng=—2  g=sin" =L -gn'—=30°
Vi Vi 2.0 90° -6
The distance that the plane has traveled horizontally from the
observer is found from the time and the speed: x=v, t. The

atitude is found from the angle and the horizontal distance.

tenf=y/x — y=xtand=v,ttan30° =2(343m/s)(90 s) tan30° =[3.6x10"m]|

93. The apex angleis 15°, so the shock wave angleis 7.5°. The angle of the shock wave is aso given by
SINO =V, Vi

wave

SNO =V, Vo = Vagor = Vame/SINO = 2.2km/h/sin7.5° =[17km/h
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