CHAPTER 16: Sound

Responses to Questions

10.

Sound exhibits diffraction, refraction, and interference effects that are characteristic of waves. Sound
also requires a medium, a characteristic of mechanical waves.

Sound can cause objects to vibrate, which is evidence that sound is a form of energy. In extreme
cases, sound waves can even break objects. (See Figure 14-24 showing a goblet shattering from the
sound of a trumpet.)

Sound waves generated in the first cup cause the bottom of the cup to vibrate. These vibrations
excite vibrations in the stretched string which are transmitted down the string to the second cup,
where they cause the bottom of the second cup to vibrate, generating sound waves which are heard
by the second child.

The wavelength will change. The frequency cannot change at the boundary since the media on both
sides of the boundary are oscillating together. If the frequency were to somehow change, there
would be a “pile-up” of wave crests on one side of the boundary.

If the speed of sound in air depended significantly on frequency, then the sounds that we hear would
be separated in time according to frequency. For example, if a chord were played by an orchestra, we
would hear the high notes at one time, the middle notes at another, and the lower notes at still
another. This effect is not heard for a large range of distances, indicating that the speed of sound in
air does not depend significantly on frequency.

Helium is much less dense than air, so the speed of sound in the helium is higher than in air. The
wavelength of the sound produced does not change, because it is determined by the length of the
vocal cords and other properties of the resonating cavity. The frequency therefore increases,
increasing the pitch of the voice.

The speed of sound in a medium is equal to v = 4 /B/ 0, where B is the bulk modulus and p is the

density of the medium. The bulk moduli of air and hydrogen are very nearly the same. The density
of hydrogen is less than the density of air. The reduced density is the main reason why sound travels
faster in hydrogen than in air.

The intensity of a sound wave is proportional to the square of the frequency, so the higher-frequency
tuning fork will produce more intense sound.

Variations in temperature will cause changes in the speed of sound and in the length of the pipes. As
the temperature rises, the speed of sound in air increases, increasing the resonance frequency of the
pipes, and raising the pitch of the sound. But the pipes get slightly longer, increasing the resonance
wavelength and decreasing the resonance frequency of the pipes and lowering the pitch. As the
temperature decreases, the speed of sound decreases, decreasing the resonance frequency of the
pipes, and lowering the pitch of the sound. But the pipes contract, decreasing the resonance
wavelength and increasing the resonance frequency of the pipes and raising the pitch. These effects
compete, but the effect of temperature change on the speed of sound dominates.

A tube will have certain resonance frequencies associated with it, depending on the length of the
tube and the temperature of the air in the tube. Sounds at frequencies far from the resonance
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i

20.

21.

frequencies will not undergo resonance and will not persist. By choosing a length for the tube that
isn’t resonant for specific frequencies you can reduce the amplitude of those frequencies.

As you press on frets closer to the bridge, you are generating higher frequency (and shorter
wavelength) sounds. The difference in the wavelength of the resonant standing waves decreases as
the wavelengths decrease, so the frets must be closer together as you move toward the bridge.

Sound waves can diffract around obstacles such as buildings if the wavelength of the wave is large
enough in comparison to the size of the obstacle. Higher frequency corresponds to shorter
wavelength. When the truck is behind the building, the lower frequency (longer wavelength) waves
bend around the building and reach you, but the higher frequency (shorter wavelength) waves do
not. Once the truck has emerged from behind the building, all the different frequencies can reach
you.

Standing waves are generated by a wave and its reflection. The two waves have a constant phase
relationship with each other. The interference depends only on where you are along the string, on
your position in space. Beats are generated by two waves whose frequencies are close but not equal.
The two waves have a varying phase relationship, and the interference varies with time rather than
position.

The points would move farther apart. A lower frequency corresponds to a longer wavelength, so the
distance between points where destructive and constructive interference occur would increase.

According to the principle of superposition, adding a wave and its inverse produces zero
displacement of the medium. Adding a sound wave and its inverse effectively cancels out the sound
wave and substantially reduces the sound level heard by the worker.

(a) The closer the two component frequencies are to each other, the longer the wavelength of the
beat. If the two frequencies are very close together, then the waves very nearly overlap, and the
distance between a point where the waves interfere constructively and a point where they interfere
destructively will be very large.

No. The Doppler shift is caused by relative motion between the source and observer.

No. The Doppler shift is caused by relative motion between the source and observer. If the wind is
blowing, both the wavelength and the velocity of the sound will change, but the frequency of the
sound will not.

The child will hear the highest frequency at position C, where her speed toward the whistle is the
greatest.

The human ear can detect frequencies from about 20 Hz to about 20,000 Hz. One octave corresponds
to a doubling of frequency. Beginning with 20 Hz, it takes about 10 doublings to reach 20,000 Hz.
So, there are approximately 10 octaves in the human audible range.

If the frequency of the sound is halved, then the ratio of the frequency of the sound as the car recedes
to the frequency of the sound as the car approaches is equal to '4. Substituting the appropriate
Doppler shift equations in for the frequencies yields a speed for the car of '/5 the speed of sound.
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Solutions to Problems

In these solutions, we usually treat frequencies as if they are significant to the whole number of units. For
example, 20 Hz is taken as to the nearest Hz, and 20 kHz is taken as to the nearest kHz. We also treat all
decibel values as good to whole number of decibels. So 120 dB is good to the nearest decibel.

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

d =vt=(343m/s)(1.0 s) =343 m=|340m

2. The round trip time for sound is 2.5 seconds, so the time for sound to travel the length of the lake is
1.25 seconds. Use the time and the speed of sound in water to determine the depth of the lake.

d = vt =(1560m/s)(1.25 5) =1950 m = [2.0x10’m]
SEELLILE, TR

A%
£ 2.0x10'Hz

v 343m/s
3. (Cl) ﬂ'Z()Hz == / : j’zokHz =

f 20Hz
So the range is from 1.7 cm to 17 m.

) A=l 3B o

£ 15x10°Hz

4. The distance that the sounds travels is the same on both days. That distance is equal to the speed of
sound times the elapsed time. Use the temperature-dependent relationships for the speed of sound in
air.

d=vt,=vt, — [(331+0.6(27))m/s|(4.70s) =[(331+0.6(T,)) m/s](5.205) —
7, =[=29°(]

5. (a) The ultrasonic pulse travels at the speed of sound, and the round trip distance is twice the
distance d to the object.

2d,,, =vt,, — d, =tv, =1(343m/s)(1.0x107s)=[0.17m|

(b) The measurement must take no longer than 1/15 s. Again, the round trip distance is twice the
distance to the object.

(¢) The distance is proportional to the speed of sound. So the percentage error in distance is the
same as the percentage error in the speed of sound. We assume the device is calibrated to work

at 20°C.
Ad AV Vi —Vipe _ [331+0.60(23)]m/s —343m/s  0.005248 <057
d v Vape 343m/s

6. (a) For the fish, the speed of sound in seawater must be used.
d 1350m

d=vt —» t=—=——=|0.865s
v 1560m/s
(b) For the fishermen, the speed of sound in air must be used.
d 1350
d=vt — t=5=""""0_-[3045
v 343m/s
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The total time 7 is the time for the stone to fall (7, ) plus the time for the sound to come back to

Use constant acceleration relationships for an object

down *

the top of the cliff ( L ) T =t,+t

dropped from rest that falls a distance 4 in order to find ¢, , with down as the positive direction.

down ?

Use the constant speed of sound to find 7, for the sound to travel a distance A.

h
— h= %gtjown up: h= Vodw = lp ="
y

snd

down: y =y, +vt,  +Ltat,

0" down 2 down

2
h
h:%gtdzown Z%g(T_tuP>2 :%g(T__J - hz_zvsnd(‘}s_nd+Tjh+T2Vsznd:0
g
This is a quadratic equation for the height. This can be solved with the quadratic formula, but be
sure to keep several significant digits in the calculations.

K -2(343m/s) Lm/sz+3.0s h+(3.0s) (343m/s)’ =0 —
9.80m/s

snd

h* —(26068m)h+1.0588x10°'m* =0 — h=26028m, 4lm
The larger root is impossible since it takes more than 3.0 sec for the rock to fall that distance, so the
correct result is /4 = .

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

d=v t =v _t =y t,—0.75s) — { =—temace (755

air” air concrete” concrete concrete ( air

v
= = __ concrete
d=v,t. =V, 0.75s
1% V.
concrete air

The speed of sound in concrete is obtained from Table 16-1 as 3000 m/s.

d = (343m/s) 3000m/s
3000m/s —343m/s

concrete air

(0.755)] =[290m

9. The “5 second rule” says that for every 5 seconds between seeing a lightning 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.

(a) At 30°C, the speed of sound is [331 + 0.60(30)] m/ s =349 m/ s . The actual distance to the
lightning is therefore d = vt = (349 m/s)(S s) =1745m. A mileis 1610 m.
1745-1610
% error =—— (100 ) = [8%
’ 1735 1%0)

(b) At 10°C, the speed of sound is [331+ 0.60(10)] m/s =337 m/s . The actual distance to the

lightning is therefore d = vt = (337 m/s)(S s) =1685m. A mileis 1610 m.

% error :%(100) =
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10. The relationship between the pressure and displacement amplitudes is given by Eq. 16-5.

AP 3.0x107P
(@) AP, =27pvAf — A=——M 2 =|7.5x10”m

2mpvf 277(1.29kg/m*)(331m/s) (150 Hz)

AP 3.0x10°P
(b) A=—"™ X 2 =17.5%10"m

2100 277(1.29kg/m*)(331m/s) (15x10° Hz)

11. The pressure amplitude is found from Eq. 16-5. The density of air is 1.29 kg/ m’.
(@) AP, =27pvdf =27 (1.29kg/m’)(331m/s)(3.0x10™"" m) (55 Hz) =

(b) AP, =2mpvAf =27(1.29kg/m’) (331 m/s)(3.0x10" m) (5500 Hz) =

12. The pressure wave can be written as Eq. 16-4.
(@) AP =-AP, cos(kx—ax)
@ 110zrad/s

AP, =44x10"Pa; w=27f =27 (55Hz) =110z rad/s ;k =—=——""—=0.337m"
v 331m/s

AP =~ (4.4x10"Pa)cos| (0.337m™ ) x— (1107 rad/s)¢ |

(b) Allis the same except for the amplitude and @ =27/ =27(5500 Hz) =1.1x10"7 rad/s.

AP =—(44x10"Pa)cos| (0.337m™ ) x—(1.1x10* zrad/s) |

The pressure wave is AP = (0.0035 Pa) Sin[(0.38ﬂm_l )x - (13507[5_1 ) t].

2 2
(a) /1:—72.:—7[_1: 53m
Kk 038zm
135075
®) f=2-275 _[675H,
2z 2z
135075
(© v=2="2"5 _3553m/s =[3600m/s
Kk 038zm

(d) Use Eq. 16-5 to find the displacement amplitude.
AP, =2movAf —

AP, (0.0035 Pa) _

Tomf 27(2300kg/m’ ) (3553 m/s) (675 Hz)

1

I
14. 120 dB=1010g% — 1,,=10"1,=10"(1.0x10™* W/m*) =[1.OW/m’

0

I
20 dB=10log—= = I, =10°1, =10° (1.0x10™* W/m’) =[1.0x10™ W/m’

0

The pain level is 10" times more intense than the whisper.
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I 2.0x10° W/m’
15. B=10log—=10log—————=|63 dB]
d 7 S lox10" W/m?

0

16. From Figure 16-6, at 40 dB the low frequency threshold of hearing is about |70 — 80 Hz|. There is

no intersection of the threshold of hearing with the 40 dB level on the high frequency side of the
chart, and so a 40 dB signal can be heard all the way up to the highest frequency that a human can

17. (a) From Figure 16-6, at 100 Hz, the threshold of hearing (the lowest detectable intensity by the
ear) is approximately 5x10” W/m?® . The threshold of pain is about 5W/m? . The ratio of

5W/m’
highest to lowest intensity is thus —— = - .
s v 5x10”° W/m’

(b) At 5000 Hz, the threshold of hearing is about 107" W/ m’ , and the threshold of pain is about
10" W/m®

107" W/m2

Answers may vary due to estimation in the reading of the graph.

10" W/m? . The ratio of highest to lowest intensity is =110"].

18. Compare the two power output ratings using the definition of decibels.

P 150W
=10log—* = 10log—— =|1.8dB
d gP gIOOW

100

This would barely be perceptible.

The intensity can be found from the decibel value.

1
p=10log— — I= 10”7, =10% (10 W/m*) = LOW/m’
0
Consider a square perpendicular to the direction of travel of the sound wave. The intensity is the
energy transported by the wave across a unit area perpendicular to the direction of travel, per unit

time. So [ = ST , where S is the area of the square. Since the energy is “moving” with the wave,
t

the “speed” of the energy is v, the wave speed. In a time Af, a volume equal to AV = SvAr would
contain all of the energy that had been transported across the area S. Combine these relationships to
find the energy in the volume.

1.0W/m?)(0.010m)’
J_AE AEZISN:MV:( /m’)(0.010m)’ _ 2.9%10°]
SAt v 343m/s

20. 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|.

21. From Example 16-4, 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 127
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 a final value of [124 dB|.
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22.

23.

24.

26.

62dB=1010g (L /Ty ). = (Tsima/Tnie ), =10 = [16x10°

98dB =1010g (I /T ) (T / Txe),,. =10 =[6.3x10°

tape

(a) According to Table 16-2, the intensity in normal conversation, when about 50 cm from the
speaker, is about 3x10™° W/ m’ . The intensity is the power output per unit area, and so the
power output can be found. The area is that of a sphere.

1:2 - P=I4=1I(4m")=(3x10° W/m)47(0.50 m)’ = 9.425x10° W = [9.4x10°W|

W( 1 person6
9.425x10"W

(b) J =7.96x10° ={8.0x10°people

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

I
50dB=10log— — I=10"1, =10°(1.0x10™* W/m’) =1.0x107 W/m’
I

0

P=14=(1.0x10" W/m?)(5.0x10"m*) =

ls 1yr 3
by 1] =16.3x10
®) (5.0><10‘”Jj(3.16><107sj z

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

250 W I 1.624W/m’
(@) Ly=—"—"—= 1.624W/m2 B, =10log—=t =10log — /m ~=|122dB
47(3.5m) I 1.0x10™ W/m
45W I 0.2923W/m’
5= =O.2923W/m2 B, =10log—= =10log — /m —=|115dB
47(3.5m) 1, 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 a factor of 10. That is not the case here — they differ only by a
1.624

598

factor of =0. |The expensive amp will not sound twice as loud as the cheaper one.

(a) Find the intensity from the 130 dB value, and then find the power output corresponding to that
intensity at that distance from the speaker.

I
p=130dB=10log22 — 1, =10"7,=10"(1.0x10™* W/m*) =10 W/m’

0
P=1I4=4771 =47 (22m) (10W/m’) =608 W =610 W

(b) Find the intensity from the 85 dB value, and then from the power output, find the distance
corresponding to that intensity.

I
p=85dB=10log— — [=10"1,=10"(1.0x10"* W/m® ) = 3.16x10™ W/m’

0

P 608 W
P=4nr'l — rz\/ = — —~ =[390m
4zl |47 (3.16x107 W/m’)
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27.

28.

29.

30.

32.

The first person is a distance of 7 =100m from the explosion, while the second person is a distance

= x/g(IOO m) from the explosion. The intensity detected away from the explosion is inversely
proportional to the square of the distance from the explosion.

2
L7 _[ﬁ(lOOm)}

I 100m

2

=, |.\n

1
=5 ﬁ=1010g1—1=1010g5= 7.0dB

2

(a) The intensity is proportional to the square of the amplitude, so if the amplitude is 2.5 times

greater, the intensity will | increase by a factor of 6.25 = 6.3|.

(b) B=10logl/I, =10l0g6.25 =

(a) The pressure amplitude is seen in Eq. 16-5 to be proportional to the displacement amplitude and
to the frequency. Thus |the higher frequency wave has the larger pressure amplitude, by a factoﬂ

(b) The intensity is proportional to the square of the frequency. Thus the ratio of the intensities is
the square of the frequency ratio.

L, ’
ﬂ:—(M{) = 6.76 ~[6.8]
I, f

The intensity is given by Eq. 15-7, I = 27°vp f*A’, using the density of air and the speed of sound
in air.

1=2pv* 2 4* =2(1.29kg/m’ ) (343 m/s) z* (380 Hz) (1.3x107m) = 2131 W/m’

I 21.31W/m’
=10log— =10lo
g glo S L0x107" W/m?

Note that this is above the threshold of pain.

=133dB =|130dB

(a) We find the intensity of the sound from the decibel value, and then calculate the displacement
amplitude from Eq. 15-7.

ﬂ:mlog[i — I=10""1,=10"(10"" W/m’) = .OW/m’

0

I=21"vpf’4A —

1|1 1 1.OW/m’ >
A= — = = _3.2><10
zf \ 200 72'(330Hz)\/2(1.29kg/m3)(343m/s) =

(b) The pressure amplitude can be found from Eq. 16-7.

(AR

2vp

AP, = \2vpI = \/2(343m/s)(1.29kg/m3)(1.0W/m2) = [30Pa (2 sig. fig.)

(a) We assume that there has been no appreciable absorption in this 25 meter distance. The
intensity is the power divide by the area of a sphere of radius 25 meters. We express the sound
level in dB.
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P I P 5.0x10°W
I=—— ;B =10log—=10log———=10log ( 5 ) =|138dB
4rr 1, 4mr’l, 47(25m)’ (107 W/m?)
(b) We find the intensity level at the new distance, and subtract due to absorption.
P (5.0x10°'W)
B =10log———=10log 5 =106dB
4nr’l, 47(1000m)’ (107 W/m’)
B.. =106dB—(1.00km)(7.0dB/km)={99dB
absorption
(c) We find the intensity level at the new distance, and subtract due to absorption.
P (5.0x10°W)
£ =10log — =10log 5 =88.5dB
amrl, 47(7500m)” (107 W/m?)

B =885dB—(7.50km)(7.0dB/km)=|36dB

absorption

33. For a closed tube, Figure 16-12 indicates that f, = ﬁ We assume the bass clarinet is at room

temperature.
4

S A - L. L

44 4f,  4(69.3Hz)
. . . % 1 E,
34. For a vibrating string, the frequency of the fundamental mode is given by f=—=— .
2L 2L \(m/L

1 FT 2 2 —4

f=— — F,=4Lf*m=4(032m)(440Hz)’ (3.5x10"kg) =(87N
2L\(m/L

35. (a) Ifthe pipe is closed at one end, only the odd harmonic frequencies are present, and are given by

ny
=—=nf,n=13,5--.
So=or =

v 343m/s
=L - 20 _[69.2 Hy|
' 4L 4(1.24 m)
f,=3f=[207Hz| f.=5f =|346Hz| f, =7f =|484Hz

(b) If the pipe is open at both ends, all the harmonic frequencies are present, and are given by

nv

=—=nf,.
e Y, Y,
4
1=L=Lm/s=l38.3HZz 138 Hz
27 2(1.24m)
3 2
f2=2f1=%=277Hz f3=3f1=§=415Hz f4=4f1=7v=553Hz

36. (a) The length of the tube is one-fourth of a wavelength for this (one end closed) tube, and so the
wavelength is four times the length of the tube.
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343
A 4(021m)
(b) If the bottle is one-third full, then the effective length of the air column is reduced to 14 cm.
343
f:lz—m/s = 610HZ
A 4(0.14m)

For a pipe open at both ends, the fundamental frequency is given by f, = é , and so the length for a

given fundamental frequency is £ = 2L
1

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

20 Hz

38. We approximate the shell as a closed tube of length 20 cm, and calculate the fundamental frequency.

v 343m/s
=—=—"""_=429Hz ~|430H
/ 4¢  4(0.20m) i

39. (a) We assume that the speed of waves on the guitar string does not change when the string is
fretted. The fundamental frequency is given by f = ZL/ , and so the frequency is inversely
proportional to the length.

1
fo<— — f¥£ =constant

V4
1 330 Hz
 =F/F /=0 25 =(0.73
fE E fA A T A Ef ( m)(440

A

j =0.5475 m

Hz

The string should be fretted a distance 0.73 m —0.5475 m =0.1825m = from the nut
of the guitar.

(b) The string is fixed at both ends and is vibrating in its fundamental mode. Thus the wavelength
is twice the length of the string (see Fig. 16-7).

A=2¢=2(0.5475m) =1.095m = [I.1 m|

(¢) The frequency of the sound will be the same as that of the string, . The wavelength is
given by the following.

gk 3B et

40. (a) At T =15°C, the speed of sound is given by v = (331 + 0.60(15))m/s = 340m/s (with 3

significant figures). For an open pipe, the fundamental frequency is given by f = 2L .

340
v 340ms e

PN
Y 2/ 2(262 Hz)

(b) The frequency of the standing wave in the tube is [262 Hz|. The wavelength is twice the

length of the pipe, .
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(¢) The wavelength and frequency are the same in the air, because it is air that is resonating in the

organ pipe. The frequency is 262 Hz| and the wavelength is .

41. 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.

v v V., —V
fzzzf fs.ozﬁlO Af:fs.o_fzzz—ioﬂ =
Vso ~ Vm ( )
Af A Vso 331+0.60(5.0 5
Fo A e 22 T 12 2.96x107 =[=3.0%)
S Vo v, 331+0.60(22) -
A

42. A flute is a tube that is open at both ends, and so the fundamental frequency is given by f = 2

20’
where £ is the distance from the mouthpiece (antinode) to the first open side hole in the flute tube
(antinode).

343
P <L L T
2/ 2f  2(349Hz)

For a tube open at both ends, all harmonics are allowed, with f, =nf,. Thus consecutive harmonics

differ by the fundamental frequency. The four consecutive harmonics give the following values for
the fundamental frequency.
f,=523Hz-392Hz =131Hz, 659Hz~-523Hz=136Hz, 784Hz - 659Hz =125Hz

The average of these is f, =+(131Hz +136 Hz +125Hz) =~ 131Hz. We use that for the fundamental

frequency.

v v 343m/s
=— o> /=—=——"—o¢=|13]
@ 4 24 2f, 2(131Hz) &

Note that the bugle is coiled like a trumpet so that the full length fits in a smaller distance.

392H 523H
(b) f;z:nfi - ’IIG4:&= Z=2'99;nC§=&= _Z:399,
£, 131Hz £, 131Hz
659 H 7841
ny = Jes 0Pz gy _Ja T8IHZ_ o0
f,  131Hz £ 131Hz

The harmonics are |3, 4, 5, and 6|.

44. (a) The difference between successive overtones for this pipe is 176 Hz. The difference between
successive overtones for an open pipe is the fundamental frequency, and each overtone is an
integer multiple of the fundamental. Since 264 Hz is not a multiple of 176 Hz, 176 Hz cannot
be the fundamental, and so the pipe cannot be open. Thus it must be a pipe.

(b) For a closed pipe, the successive overtones differ by twice the fundamental frequency. Thus

176 Hz must be twice the fundamental, so the fundamental is [88 Hz|. This is verified since

264 Hz is 3 times the fundamental, 440 Hz is 5 times the fundamental, and 616 Hz is 7 times the
fundamental.
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45. The tension and mass density of the string do not change, so the wave speed is constant. The

1/12

. . . .. v
frequency ratio for two adjacent notes is to be 2 °. The frequency is given by f =—.

2/
v
v S 24 4 65.0cm
fret fret 1/12 fi d .

f — BN Te — Te — 2 BN / _ _ unfingered _ — 6 1 35 cm

2/ v Ist 21/12 21/12

f;mﬁngcrcd - fret
unfingered
flst [

_ fret " unfingered __ " unfingered _ _ _ _n-nl/12

/2nd Al 2/12 - [nth - n/12 2 xnth - /unﬁngcrcd /mh - /unﬁngcrcd (1 2 )
fret 2 2 fret 2 fret fret

x,=(65.0cm)(1-27"%)=3.6cm| ; x, = (65.0em)(1-27"") ={7.1cm

X

(65.0cm)(1-27"7)

10.3cm| ; x, =(65.0cm)(1-27"") =[13.4cm

x,=(65.0cm)(1-27"") =[16.3cm| ; x, =(65.0cm)(1-2"") =[19.0cm

46. (a) The difference between successive overtones for an open pipe is the fundamental frequency.

f =330Hz-275Hz =[55 H]

(b) The fundamental frequency is given by f, = ﬁ . Solve this for the speed of sound.

v=2/f =2(1.80 m)(55 Hz) =198 m/s =|2.0x 10’ m/s

47. The difference in frequency for two successive harmonics is 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 a closed pipe, two successive
harmonics differ by twice the fundamental, so the fundamental could be 20 Hz. But the overtones of
a closed pipe are odd multiples of the fundamental, and both overtones are even multiples of 30 Hz.

So the pipe must be an .

PN [=L=[331+0.60(23.0)]m/s=4‘3m
2/ 2f 2(40Hz)

48. (a) The harmonics for the open pipe are f = % . To be audible, they must be below 20 kHz.

2(2.48m)(2x10*Hz)
343m/s

Since there are 289 harmonics, there are |288 overtones|.

(b) The harmonics for the closed pipe are f, = % ,nodd. Again, they must be below 20 kHz.

=289.2

IV c2x10*Hz — n<
2/

4(2.48m)(2x10"Hz)

343m/s
The values of # must be odd, son =1, 3, 5, ..., 577. There are 289 harmonics, and so there are

288 overtones|.
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A tube closed at both ends will have standing waves with displacement nodes at each end, and so has

50.

51.

52.

53.

54.

the same harmonic structure as a string that is fastened at both ends. Thus the wavelength of the
fundamental frequency is twice the length of the hallway, 4 =2/ =16.0m.

v 343m/s:

S = = Teom

1

214Hz| ; f,=2f, =|42.8Hz

To operate with the first harmonic, we see from the figure that the thickness must be half of a
wavelength, so the wavelength is twice the thickness. The speed of sound in the quartz is given by

V= ‘/G/p, analogous to Egs. 15-3 and 15-4.

/(;/p \/(2.95><101°N/mz)/(2650kg/m2):

12.0x10°Hz

=

(Y

A=1

1
2

1
2

v
f
The ear canal can be modeled as a closed pipe of length 2.5 cm. The resonant frequencies are given
by f = %, n odd. The first several frequencies are calculated here.

/= nv _ n(343m/s)

- = =n(3430 H dd
4/ 4(2.5><10‘2m) ( z),mo

f=3430Hz f,=10,300Hz f, =17,200 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.

From Eq. 15-7, the intensity is proportional to the square of the amplitude and the square of the

. . . A
frequency. From Fig. 16-14, the relative amplitudes are j = 0.4 and % = (.15.

1 1

I or 2 p2 2 g2 2 y 2
I=2vpfist - 222ZPhA LA (LA 5 04) <[064
I, 2mvpf A f A 1, A

1

L (ﬁj (ﬁj =3 (0.15)" =[0.20
L\ A4

I I
B, = 1010g72 =10log0.64 = B = 1010g1—3 =10log0.24 =

1 1

1

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

other string is off in frequency by [£0.50 Hz|. The beating does not tell the tuner whether the
second string is too 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 a factor of 4, then the difference between the two frequencies will

also be reduced by a factor of 4, and so the beat frequency will be %(15 Hz) =3.75Hz = .
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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

s [346 He.

56. (a)

(b)

Since the sounds are initially 180° out of phase, ot— y — P o< d—x >e
another 180° of phase must be added by a path A B
length difference. Thus the difference of the distances from the speakers to the point of
constructive interference must be half of a wavelength. See the diagram.
. ~ 1 L _v_343m/s

(d-x)-x=11 > d=2x+i4 > d_=124 YRS =[0.583m]
This minimum distance occurs when the observer is right at one of the speakers. If the speakers
are separated by more than 0.583 m, the location of constructive interference will be moved
away from the speakers, along the line between the speakers.
Since the sounds are already 180° out of phase, as long as the listener is equidistant from the
speakers, there will be completely destructive interference. So even if the speakers have a tiny
separation, the point midway between them will be a point of completely destructive
interference. The minimum separation between the speakers is

57. Beats will be heard because the difference in the speed of sound for the two flutes will result in two
different frequencies.

58. (a)

331+0.60(28)|m/s
ﬁzlz[ COI™S 63 ams
2(0.66m)
v, [331+0.60(5.0)]m/s
=—1= =253.0Hz Af =263.4Hz - 253.0Hz =|10beats/sec
The microphone must be moved to the right until the difference e D >
in distances from the two sources is half a wavelength. See the »-'\ W, I '
diagram. We square the expression, collect terms, isolate the N I T
remaining square root, and square again. AN N I //
i
S,=-8§ =34 — 52\\" : /' S1
Jepixy+o - JGD -y 1= o NI/
—_—] x I@

(AD+x) +0 =14+ |(tD-x)+0 —

AD+x) + 0 =2+ 2R ) JED-x) '+ +(1D-x)'+ £ —

L
2

2Dx—L 2 = A(ED-x) + 0 > 4D2x2—2(2Dx)%/12+§/14=/12[(§D—x)2+/2]

LD+ 0 - L 2)
(4D* - 2%)
The values are D =3.00m, £ =3.20m,and A =v/f =(343m/s)/(494Hz) = 0.694 m.

1 2 2 1 2
_ (0694m) \/4(3.00m) +(320m) 4 (06%4m)’

4(3.00m)’ - (0.694m)’

AD*X* —DxA? + = = LD - Dx A + XA+ A S x=2 \/(
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(b) When the speakers are exactly out of phase, the maxima and minima will be interchanged. The
intensity maxima are 0.411 m to the left or right of the midpoint], and the intensity

at the midpoin:cl.

59. The beat frequency is 3 beats per 2 seconds, or 1.5 Hz. We assume the strings are the same length
and the same mass density.

(a) The other string must be either 220.0 Hz —1.5Hz = (218.5Hz| or 220.0Hz +1.5Hz

=[221.5 Hz|.
N2
. v , S
b) S =—=— h VE =& — — F =F|—|.
(b) Since f YR, , we have f o< \[F, \/— \/— T T(f]

220.0

To change 218.5 Hz to 220.0 Hz: F’ = F[2185) =1.014, |1.4% increase|.
220.0

To change 221.5 Hz t0 220.0 Hz: F'=F [221 5) =0.9865, [1.3% decrease|.

60. (a) To find the beat frequency, calculate the frequency of each sound, and then subtract the two
frequencies.

== 1=

1

| |:3821Hz~4Hz
|2 64m  2.72m)|
(b) The speed of sound is 343 m/s, and the beat frequency is 3.821 Hz. The regions of maximum

intensity are one “beat wavelength” apart.
343

22 3B gg0m = [50m| (2 sie. fig)

f 3.821Hz

= (343m/s)

A

1 2

(a) Observer moving towards stationary source.
(1 e | p o[ 200ms (1350 Hz) = [1470 Hz
343m/s
(b) Observer moving away from stationary source.

f’{l—ﬁjf{l—%m/sjmso Hz) = [1230 Hz]

v m/s

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

_ object
f;)bject -fbat
v
snd

Then the object can be treated as a moving source emitting the frequency f7 wsiect » aNd the bat as a

snd

snd

stationary observer.

(1 _ vobjecl j
’
f/r _ ](object _ f vsnd _ f (vsnd - Vobject)
bat — Jbat — Jbat
[1 + vobjectj (1 + vobjcctj (vsnd + vobject)

vsnd

snd
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63. (a)

(b)

(©)

(d)

_ (5.00><104Hz) 343m/s—30.0m/s :

343m/s +30.0m/s

For the 18 m/s relative velocity:

/ 1 1
f;ource = f = (2300 HZ)— =2427Hz =|2430Hz
moving l—h 1_ 18m/S
Vou 343m/s

, v lSm/s
e = 1+—== [=(2300 Hz)| 1+ ——
f?:::::;f ! ( v ] ( )[ 343m/s

The frequency shifts are slightly different, with /7 >

source observer *
moving moving

close, but they are not identical. As a means of comparison, calculate the spread in frequencies
divided by the original frequency.

f;ourcc - ?:;‘;‘lrr‘l’;r B 2427 Hz —2421Hz

S e 2300Hz
For the 160 m/s relative velocity:

J =2421Hz =|2420Hz

snd

The two frequencies are

moving

=0.0026 =0.26%

/ 1 1
f;ource =f =(2300 HZ)—:4311HZz 4310HZ
moving 1 _ h 1 _ 160m/s
Voo 343m/s

, v 160m/s
o= f11+—=[=(2300Hz)| 1+
fﬁl’:iﬂf? f[ v J ( )[ 343m/s

J =3372 Hz = |3370Hz

snd
’

The difference in the frequency shifts is much larger this time, still with £ > f|

sourge obse‘rver °
moving moving
ﬂ,;‘:’:i;? j ,,i’” 4311Hz - 3372 Hz
: == =0.4083 = 41%
Srouree 2300Hz
For the 320 m/s relative velocity:
/ 1 1
1l = f——<=(2300 Hz) ———— = 34,300 Hz
moving 1 h 1— 320 m/s
Vo 343m/s
, 320
fo = f| 142 | = (2300 Hz)| 1+ /S| _ 4446 Hy = [4450 Hz
m(;ving vsnd 343 In/S
The difference in the frequency shifts is quite large, still with /= > fr .
moving moving
f;%:ifﬁ - " 34,300 Hz — 4446 Hz
- == =12.98 =1300%
f;uurce 2300 HZ

The Doppler formulas are asymmetric, with a larger shift for the moving source than for the
moving observer, when the two are getting closer to each other. In the following derivation,

assume v, <<V, ,,and use the binomial expansion.
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-1
1 \ %
4 _ _ _ _src — src _ 4
»f,;ource - f - f 1 - f 1 + - »f(.)bserver
moving 1 _ Vsrc Vsnd vsnd moving
v

snd
64. The frequency received by the stationary car is higher than the frequency emitted by the stationary
car, by Af =4.5Hz.
f;uurce
f;)bs = ~fsourcc + Af = ] -

v

1 __ _ source

[ vsnd J

for = Af(&— 1} = (45 Hz)(m— 1] _[98Hz
A%

source 1 5 m/ S

source is receding.

120.01<m/h(32L/sj =33.33m/s

65. (a) The observer is stationary, and the source is moving. First the source is approaching, then the

km/h
, 1 I
=f———=(1280 Hz =({1420Hz
fi‘i:‘i?ig / ( Ve j ( ) ( | 33.33 m/s)
towards - -
» 343m/s
, 1
=f——=(1280 Hz =|1170Hz
f?ﬁ;‘i?ﬁg / v ( ) 33.33m/s
away 1 + — 1 +—
Vo 343 m/s

(b) Both the observer and the source are moving, and so use Eq. 16-11.

90.0km/h (L/Sj =25m/s

3.6km/h
f;‘;’PTOGChing = f‘M = (1280 HZ) (343 m/S +25 m/s)

=[1520H
(Vos = Vi) (343m/s —33.33m/s)

o =fw=(1280 Hz) (343m/s—-25m/s) _ o301
T (Vo T V) (343m/s +33.33m/s)
(c¢) Both the observer and the source are moving, and so again use Eq. 16-11.

80.0km/h (32&) =22.22m/s

km/h

B g g,y (3m/s - 2222m)s)

=(1330H
car (vsnd _Vsrc) (343m/S—3333m/s) z
approaching
7oy (Vo + V) _ (1280 1) (343m/s+22.22m/s) _m
cor (Vou + Vo) (343m/s +33.33m/s)
receding

© 2008 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.

519



Physics for Scientists & Engineers with Modern Physics, 4" Edition Instructor Solutions Manual

66. The wall can be treated as a stationary “observer” for calculating the frequency it receives. The bat
is flying toward the wall.
, 1

f wall fl;at
vsnd
’

Then the wall can be treated as a stationary source emitting the frequency f,  , and the batasa
moving observer, flying toward the wall.
1

v % v .tV
fb:‘ :fv:all(l'i_ﬂ]:fbm—[l*' batjzfl‘)at ( snd bat)
vsnd (1 _ vbatJ vsnd (vsnd - vbat )

snd

:(3.00X104HZ)343rn/s+7.0rn/s :

343m/s—7.0m/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

75H
f;ourcc _ z - 78 Hz ~fbeat = 78 Hz—-75Hz = 3HZ .

Jan = l_vSource - 1_12.Om/s
vV, 343m/s

68. For the sound to be shifted up by one note, we must have f/ = f (2”12 )

source
moving

’
f;ourcc = f =
moving V.
1 —_ _src
( v

y_ = (1 —Lj y = (1 - #j(%s m/s) =19.25 m/s[Mj =[69.3km/h]

m/s

69. The ocean wave has A =44mand v =18m/s relative to the ocean floor. The frequency of the

. 18
ocean wave is then [ = A i/s =0.409 Hz.
A 44m
(a) For the boat traveling west, the boat will encounter a Doppler shifted frequency, for an observer
moving towards a stationary source. The speed v =18 m/ s represents the speed of the waves in

the stationary medium, and so corresponds to the speed of sound in the Doppler formula. The
time between encountering waves is the period of the Doppler shifted frequency.

f(‘:;server = (1 + h}f = [1 + %j (0409 HZ) = 0750 Hz —

moving 1 8 m/S

snd
LI S
£ 0.750Hz

(b) For the boat traveling east, the boat will encounter a Doppler shifted frequency, for an observer
moving away from a stationary source.

1.3s
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S =| 17222 | 1 = - Lms (0.409Hz) = 0.0682Hz —
m(;ving Vsnd 1 8 m/s

1 1
~f 0.0682Hz

15s

70. The Doppler effect occurs only when there is relative motion of the source and the observer along
the line connecting them. In the first 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, as if the speed of sound were
different, but the frequency of the waves doesn’t change. We do a detailed analysis of this claim in
part (a).

(a) The wind velocity is a movement of the medium, and so adds or subtracts from the speed of
sound in the medium. Because the wind is blowing away from the observer, the effective speed

of soundis v, —v The wavelength of the waves traveling towards the observer is

wind *

A, = (Voy = Vyua)/ Sy » Where f; is the frequency emitted by the factory whistle. This

a

wavelength approaches the observer at a relative speed of v, —v Thus the observer hears

d wind *

the frequency calculated here.
vsnd — wind
= = f, =|720H
JFa ﬂfa Vsnd — Vwind ﬂ ’
fo

(b) Because the wind is blowing towards the observer, the effective speed of sound is v_, +v

Vwind — vsnd v

wind *

The same kind of analysis as applied in part (a) gives that f, =|720Hz|.

(¢) Because the wind is blowing perpendicular to the line towards the observer, the effective speed

of sound along that line is v_,. Since there is no relative motion of the whistle and observer,

d-

there will be no change in frequency, and so f, =|720 Hz|.

(d) This is just like part (c), and so f, =|720Hz|.

The
wavelength traveling toward the cyclist is A = (vsn s Ve ) / f,- This wavelength approaches

(e) Because the wind is blowing toward the cyclist, the effective speed of sound is v_, +v

wind *

the cyclist at a relative speedof v, +v_,  +V The cyclist will hear the following

d wind cycle ®
frequency.
+v o+ +v .+
/- (vsnd vvj{d vcycle) _ (vmd Vi chcle) /= (343+15.0+12.0) rn/s (720HZ)
’ (Vs + Vaina) (343+15.0)
=|744 Hz

() Since the 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
12.0 m/s.

f= f| 1422 | = (720 Hz) [ 120ms )
v 343m/s

sns
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71. The maximum Doppler shift occurs when the heart has its maximum velocity. Assume that the heart
is moving away from the original source of sound. The beats arise from the combining of the
original 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 )
v vsnd (vsnd B Vheart )

f/

r _ heart ” _ heart — -

ﬂ}eaﬂ — J original 1 f;letector - - f;riginal - f;)riginal ( + )
vsnd 1 + Vhean 1 + vhean vsnd vhean

snd snd

” (v a Vi d) 2y
AN=f. —fr =f —f - oowd pedl g T bd
f f(‘mgmal deetector original f(‘)ngmal (Vsnd + Vblm)d) original (Vsnd + VblOOd)
Voot = Vorg __N =(1.54><103 m/s) 2660HZ =8.9%107 m/s
2 o — O 2(2.25x10°Hz) - 260 Hz

If instead we had assumed that the heart was moving towards the original source of sound, we would
Af

vSUd ~ . .

2f;m'ginal + Af

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

get v, ., = . Since the beat frequency is much smaller than the original frequency,

72. (a) The angle of the shock wave front relative to the direction of motion is given by Eq. 16-12.

v Y 1 1
sinf=—1t=—2d - ¢9=sin’]—=- (2 sig. fig.)
Ve 2:0v, 2.0 2.0
(b) The displacement of the plane (vobjt) from the time it Vool
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, the time is found. h
h
tanf=— — t=——
Vot Vv, tand
6500
(2.0)(310m/s) tan30°

(a) The Mach number is the ratio of the object’s speed to the speed of sound.
1m/s

(1.5x10° km/hr)(

M — vubs —
vsound 45 m/ S

(b) Use Eq. 16-125 to find the angle.

-1 vsnd

v

. | P
@ =sin =sin. — =sin

19:

obj
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74. From Eq. 16-12, sin@ = 2t

vobj
(@) O0=sin"' 220 = gin™ 343mfs =
- 8800m/s
(b) 6=sin" Yot _ iy M = (2 sig. fig.)
Vi 8800m/s

75. Consider one particular wave as shown in the diagram, created at the
location of the black dot. After a time ¢ has elapsed from the creation

of that wave, the supersonic source has moved a distance Vil » and the 0

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

snd

the source at time ¢ is tangent to all of the wave fronts, showing the
location of the shock wave. A tangent to a circle at a point is perpendicular to the radius connecting
that point to the center, and so a right angle is formed. From the right triangle, the angle & can be

defined.

Sin H — sndt — vsnd

Vgl Y

<

obj

76. (a) The displacement of the plane from the time it passes
overhead to the time the shock wave reaches the listener
is shown, along with the shock wave front. From the
displacement and height of the plane, the angle of the
shock wave front relative to the direction of motion can
be found. Then use Eq. 16-12.

1.25 km 125
tan@ = —— 0 = tan —:-32”
0 km 2.0
V. 1 1
(b) M=-%=— = =[19]
\ sin@d sin32°

snd

77. Find the angle of the shock wave, and then find the distance the
plane has traveled when the shock wave reaches the observer.
Use Eq. 16-12.

v,
Sn

6 =sin"' = =gin™ Vo _ sin”' — =27°
Vioi 22v 2.2
9500 9500
tan = 1 D= _18616m=[19km
tan27°

2.0 km

y

1.25 km

9500m

78. The minimum time between pulses would be the time for a pulse to travel from the boat to the
maximum distance and back again. The total distance traveled by the pulse will be 150 m, at the

speed of sound in fresh water, 1440 m/s.

1
d=vi — (=L 10m 170

v 1440m/s
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Assume that only the fundamental frequency is heard. The fundamental frequency of an open pipe is

80.

8l1.

given by f:i.

(a) f3_o=ﬁ=%= /gj:i:%?ﬁ):
ﬁ.o=i=%= ﬁj:i:%:msﬂz:
ﬁ4o=ﬁ=%=l7l.5sz

(b) On anoisy day, there are a large number of component frequencies to the sounds that are being
made — more people walking, more people talking, etc. Thus it is more likely that the
frequencies listed above will be a component 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.

The single mosquito creates a sound intensity of 7, =1x10™ W/m” . Thus 100 mosquitoes will

create a sound intensity of 100 times that of a single mosquito.

1007
1=1001, f=10log - © =1010g100 = [20dB| .

0

The two sound level values must be converted to intensities, then the intensities added, and then
converted back to sound level.

I
I 82dB=1010g% — I, =10"1,=1.585%10"1,

0

82 °

I
I: 89dB:1010g% — I, =101, =7.943x10"],

89
0

Loy =T, +1,=(9.528x10")1, —

total

9.528%x10°7
B = 1010gl—° =1010g6.597x10" =89.8dB = [90dB| (2 sig. fig.)

0

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

1
115dB=10log— — 7=10""7,=10"*(1.0x10™" W/m’) =3.162x10" W/m’
I

0

1:%: - > P=47r1=47(9.00m) (3.162x10" W/m®) = {322 W|

83. Relative to the 1000 Hz output, the 15 kHz output is —12 dB.

P P P
~12dB=10log—H 5 ]2 =]og—LML _, 0P =Ll _, p o =[]IW
175W 175 W 175W
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84. The 130 dB level is used to find the intensity, and the intensity is used to find the power. It is
assumed that the jet airplane engine radiates equally in all directions.

I
f=130dB=10log— - [=10"1,=10"(1.0x10"* W/m") = 1.0x10' W/m’

0

P=14=1zr" =(1.0x10' W/m’)z(2.0x10>) =[0.013 W]
S P, 125 W
The gain is given by £ = 1010g7 =10log——— =.

1.OX10"W

in

86. It is desired that the sound from the speaker arrives at a listener 30 ms after the sound from the singer
.0m
343 m/ s

8.7x107s, or about 9 ms. Thus there must be of delay added into the electronic circuitry.

arrives. The fact that the speakers are 3.0 m behind the singer adds in a delay of

87. The strings are both tuned to the same frequency, and both have the same length. The mass per unit
length is the density times the cross sectional area. The frequency is related to the tension by Egs.

15-1 and 15-2.
F 1 |F 1 E
2,/_T %f=—1/—T=—’ — > F=40pf'nr —
U 2/ 24\ prr
2 2
FThigh _ 4[210f H hlgh _ @ %dh,gh 0.724 mm _o7
F.. 4Cof'm, \n, id 0.699 mm :

88. The strings are both tuned to the same frequency, and both have the same length. The mass per unit
length is the density times the cross sectional area. The frequency is related to the tension by Egs.

15-1 and 15-2.
f = / / LN E =40pf’nr —
- /= 20 2/ onr’ prm

2
FT acoustic __ 4/ pacoubmf ﬂ};coubm pdcousncl/;lcousuc — ( acoustic j(dacoubuc]

p electric

2
F i 4 [ electric f ﬂl/;lectric

2
Y .
T electric electric” electric electric

7760kg/m* \( 0.33m ) 7]
(7990 kg/m’ j( ] =

0.25m

89. (a) The wave speed on the string can be found from the length and the fundamental frequency.

! =§ — v=2//=2(032 m)(440 Hz) = 281.6m/s = [280m/s|

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

E
v= =T — F =upv =(721x10"kg/m)(281.6m/s)" =|STN
Y7,
(b) The length of the pipe can be found from the fundamental frequency and the speed of sound.
343
=2 5 p= 2 3BMS b 049m=[000m
4 4f  4(440 Hz)
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(¢) The first overtone for the string is twice the fundamental. [880 Hz
The first overtone for the open pipe is 3 times the fundamental. [1320 Hz

90. The apparatus is a closed tube. The water level is the closed end, and so is a node of air
displacement. As the water level lowers, the distance from one resonance level to the next
corresponds to the distance between adjacent nodes, which is one-half wavelength.

Al=1) — A=2A¢=2(0.395m-0.125m)=0.540 m

lez 343m/s _[635 1]

A 0540 m

The fundamental frequency of a tube closed at one end is given by f, = 4% The change in air

temperature will change the speed of sound, resulting in two different frequencies.

v30.0°C

Saooe 40 _ Vo
300C: — 30.0°C N f30_0C ‘](250(: 300C

fzs.ODC Vasoee Vasooc Vasoec
4/
331+0.60(30.0)
Af = o — —0CC _1|=(349Hz —-1(=[3Hz
f f30,0c fzsAoc fzsoc(vﬁoc j ( )(331+0.60(25.0) ]

92. Call the frequencies of four strings of the violin f, ,f, ,f. ,f, with f, the lowest pitch. The mass
per unit length will be named g . All strings are the same length and have the same tension. For a

v 1 |FE

T

string with both ends fixed, the fundamental frequency is given by f, = g = g —.
Y7

1.5 — . Lt =10.44
fo =15, — \/:B 2/\/; gy 15) u,
=15f, = = K _fo20p,
fo=1:5fy =013 J: ( sy B2

£ =15£=(15) f, — = (1.5)’ \/7 — u, =2 =J0.088u,
H,

20 (15)

93. The effective length of the tube is Z,; = +1D =0.60m++(0.030m) =0.61m.

. (2n - 1) v
Uncorrected frequencies: [ = T,n =12,3... —
343
£ =(2n —1)—m/s =143 Hz, 429 Hz, 715 Hz, 1000 Hz
4(0.60m)
) (Zn - 1) v
Corrected frequencies: f,=—"—n=123... —
4/eff
343
f.=(2n- )—m/s= 141Hz, 422 Hz, 703 Hz, 984 Hz
4(0.61m)
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94. Since the sound is loudest at points equidistant from the two sources, the two sources must be in
phase. The difference in distance from the two sources must be an odd number of half-wavelengths
for destructive interference.

028m=4/2 — A=056m f =v/A=343m/s/0.56m =[610Hz]

028m=34/2 — A1=0.187m  f=v/A=343m/s/0.187m =1840Hz (out of range)

approach -

95. As the train approaches, the observed frequency is given by f~ f / [1 - v"“‘“j . As the train

snd

recedes, the observed frequency is given by f. = f / (1 + v‘“““j Solve each expression for f,
%

snd

equate them, and then solve for v, .

4 vtrain 4 vtrain
f;‘lpproach (1 - - f;ecede 1 + -
vsnd vsnd

(ﬁl;pruach - f;;cede ) _ (552 Hz - 486 HZ) _

. 343 =122
vtram vSnd (f;;pmmh + f;;cede) ( m/S) (552 HZ + 486 HZ) m/s

96. The Doppler shift is 3.5 Hz, and the emitted frequency from both trains is 516 Hz. Thus the
frequency received by the conductor on the stationary train is 519.5 Hz. Use this to find the moving
train’s speed.

’ Vsnd f 516 Hz j
=f— 5y =|1-—|v  =|1—— (343 =12.31
f f (Vsnd - vsourcc) kume ( f/jvmd ( 5195 Hz ( m/S) m/s

(a) Since both speakers are moving towards the observer at the same speed, both frequencies have
the same Doppler shift, and the observer hears .
(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
f;owards = f lexway = f 7 N
Vi v .
(1 — ‘”‘"] (1 + trdmj
vsnd vsnd
, / 1 1 v, v,
thowards - f;ﬁway = f - f = f |: = - o :|
1 _ Vlrain 1 + vlrain (vsnd - vtrain ) (vsnd + Vtrain)
vsnd vsnd
(348 Hz) G 343m/s - 343m/s =[20Hz|(2 sig. fig.)
m/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 .
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98.

99.

100.

101.

For each pipe, the fundamental frequency is given by f = ﬁ . Find the frequency of the shortest

pipe.
343
r=_ 3B o) 6mg
2/ 2(2.40m)
The longer pipe has a lower frequency. Since the beat frequency is 8.0 Hz, the frequency of the
longer pipe must be 63.46 Hz. Use that frequency to find the length of the longer pipe.
343
B A L R
24 2f 2(63.46Hz)

Use Eq. 16-11, which applies when both source and observer are in motion. There will be two
Doppler shifts in 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’ _ f (Vsnd + Vmoth) f” _ f/ (vsnd + vbat) _ f (vsnd + Vmoth) (Vsnd + vbat)
moth — Jbat bat — J moth — Jvat

(Vsnd - Vbat ) (vsnd - vmoth ) (vsnd - vbat ) (vsnd - Vmoth )

_ (51.351H7) (343+5.0) (343+7.5) _ 3L

(343-7.5) (343-5.0)

The beats arise from the combining of the original 3.80 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 _ vblood
' (Vo = Vo)
f’ _ f 1— Vbluod f” _ fl‘zluod _ f vsnd _ f vsnd vbloud
blood ~ ./ original detector — J original — J original
vsnd 1+ vb]ood 1 + vblood (vsnd + vblood )

1% \%

snd snd

” (V d ~ Yl d) 2Vb1 4

Af = L= = L - R L v A . 0o
f f;mgmal f;letecmr f:mgmal f;)ngmal (vsnd + VblOOd) f;)ngmal (Vsnd N kamd)
= (3.80x10°Hz) 2(30'32m/s) =[1600Hz
(1.54x10° m/s +0.32m/s)

It is 70.0 ms from the start of one chirp to the start of the next. Since the chirp itself is 3.0 ms long, it
is 67.0 ms from the end of a chirp to the start of the next. Thus the time for the pulse to travel to the
moth and back again is 67.0 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)%(67.0x107s) =

102. (@) We assume that v, < v ,,and use the binomial expansion.

-1
’ 1 vsrc Vsrc 4
fsource = f— = f(l - j = f[l + j = ]fobserver

moving (1 _ Vsrc J v v moving
vsnd

snd snd
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(b) We calculate the percent error in general, and then substitute in the given relative velocity.
1

f[vaJ—f
ez

approx. — exact

%errorz( leO:IOO

exact

2 2
18.0
- 100{(1+&J(1—3J—1} - —100[&j - —100(—“’/8] ~[<0.28%
vsnd

V., v 343m/s
The negative sign indicates that the approximate value is less than the exact value.

snd

The person will hear a frequency f. . = f (1 + VW—““‘] from the speaker that they walk towards.

owards
v

snd

The person will hear a frequency f; ’way =f (1 - @j from the speaker that they walk away from.

snd

The beat frequency is the difference in those two frequencies.

, , , ) ) 1.4
f;()wards _f;way :f 1_|_vW_dlk _f l_VWdlk =2f delk =2(282HZ)—m/S=
Vsnd V. v 343 m/S

snd snd

2.3Hz

104. There will be two Doppler shifts in this problem — first for a stationary source with a moving
“observer” (the blood cells), and then for a moving source (the blood cells) and a stationary
“observer” (the receiver). Note that the velocity component of the blood parallel to the sound

transmission is v, ,c0os45° = fvbloo - Itis that component that causes the Doppler shift.

Ly
r_ 1— /2 “blood
fl;lood - f;)riginal

v

snd

(1 _ f vblood

’ 1
V. . ——7=V )
f” _ -ﬁ)lood _ f vsnd _ f ( snd 2 blood
detector 1 v — Joriginal 1 v — J original 1
1+ /2 “blood 1+ /2 "blood vsnd + ﬁvblood
vsnd vsnd

”
(f;)n'gina] - f(‘:lClCCIOl’ )
2 v
” snd
( -f;ictcctor + -f;;riginal )

Since the cells are moving away from the transmitter / receiver combination, the final frequency
received is less than the original frequency, by 780 Hz. Thus f, = —780Hz.

Vblood =

original

Volood =

( »fd/e,tector + foriginal ) ™ (2foriginal — 780 HZ) e
(780Hz)

=2 [2(5.0%10°Hz) - 780 Hz | (1540m/s) =

\/5 (foriginal - fd:tecm) N \/5 (780 HZ)
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105.

106.

107.

108.

The apex angle is 15°, so the shock wave angle is 7.5°. The angle of the shock wave is also given by
Sin 0 = vwave/vobject .

sinf = vwm/vobject = Voo = Viw/siNO =22 krn/h/sin 7.5% =

First, find the path difference in the original configuration. Then move the obstacle to the right by
Ad so that the path difference increases by + 4. Note that the path difference change must be on the

same order as the wavelength, and so Ad < d,Z since A < Z.d.

(AD)initial = 2\/dz + (%/)2 -7 (AD)ﬁnal = 2\/(d + Ad)z + (%/)2 -7
(AD), —(AD) =1j= (2\/(01 +AdY +(22) —/)—(2,/612 s —/) >
2\/(d +Ad) + (L) =LA+ d* +(L2)

Square the last equation above.
4[> +2d0d +(Ad) +(3£) [= 122 +2(44)2\d” + (1€) +4[@>+ (34) ]

We delete terms that are second order in the small quantities Ad and A.
8dAd = 2AyJd> +(2 ) — |Ad = ﬁ 7+ (2e)

(a) The “singing” rod is manifesting standing waves. By holding the rod at its midpoint, it has a
node at its midpoint, and antinodes at its ends. Thus the length of the rod is a half wavelength.
The speed of sound in aluminum is found in Table 16-1.

fZ%ZLZSIOOm/SZ

2L 1.50m
() The wavelength of sound in the rod is twice the length of the rod, .

(c¢) The wavelength of the sound in air is determined by the frequency and the speed of sound in air.
343

PPN L. L T

f  3400Hz

The displacement amplitude is related to the intensity by Eq. 15-7. The intensity can be calculated
from the decibel value. The medium is air.

[)’zlologli — 1=(10"°)1,=10" (10" W/m’) = 0.0316 W/m’
0

(a) I1=27vpf’4 —

1 I 1 031 :
\/ 0.0316W/m =[2.4x10"m

Taf 2vp:7z(8.0><103Hz) 2(343m/s)(1.29kg/m’)

1 I 1 0.0316 W/m®
(b) 4 \/ /m ~15.4%10°m

“af\2vp  z(35Hz)\2(343m/s)(1.29kg/m’)
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Sound

(a) The spreadsheet used for this problem can be found on the Media Manager, with filename
“PSE4 ISM_CH16.XLS,” on tab “Problem 16.109a.”

1.2

1.0 A

7N

0.1 0.2 0.3
x (m)

0.4

0.5

(b) The spreadsheet used for this problem can be found on the Media Manager, with filename \

“PSE4 ISM_CH16.XLS,” on tab “Problem 16.109b.”

~

>
~

Q

1.2
1.0

0.8

pd

0.6
0.4 1
0.2 1

0.0

/

0.1 0.2 0.3
x (m)

0.4

0.5
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