
C  H  A  P  T  E  R 16

WAVES 
AND SOUND

Foraging dolphins use echolocation 
to find their prey. The dolphins 
generate sound waves that are 
called ultrasonic waves because their 
frequencies range between 70 and
110 kHz, far above the highest 
frequency of 20 kHz that a healthy
young person can hear. These waves
reflect from a prey animal and return
as an echo that the dolphins can 
hear. The nature, description, and a
discussion of some uses of sound
waves occupy most of this chapter. 
(© Flip Nicklin/Minden Pictures, Inc.)

473

Water waves have two features common to all waves:

1. A wave is a traveling disturbance.
2. A wave carries energy from place to place.

In Figure 16.1 the wave created by the motorboat travels across the lake and disturbs the
fisherman. However, there is no bulk flow of water outward from the motorboat. The wave
is not a bulk movement of water such as a river, but, rather, a disturbance traveling on the
surface of the lake. Part of the wave’s energy in Figure 16.1 is transferred to the fisherman
and his boat.

We will consider two basic types of waves, transverse and longitudinal. Figure 16.2
illustrates how a transverse wave can be generated using a Slinky, a remarkable toy in
the form of a long, loosely coiled spring. If one end of the Slinky is jerked up and down,
as in part a, an upward pulse is sent traveling toward the right. If the end is then jerked
down and up, as in part b, a downward pulse is generated and also moves to the right. If
the end is continually moved up and down in simple harmonic motion, an entire wave is
produced. As part c illustrates, the wave consists of a series of alternating upward and
downward sections that propagate to the right, disturbing the vertical position of the Slinky
in the process. To focus attention on the disturbance, a colored dot is attached to the Slinky
in part c of the drawing. As the wave advances, the dot is displaced up and down in sim-
ple harmonic motion. The motion of the dot occurs perpendicular, or transverse, to the 
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Figure 16.1 The wave created by the
motorboat travels across the lake and
disturbs the fisherman.
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direction in which the wave travels. Thus, a transverse
wave is one in which the disturbance occurs perpendicu-
lar to the direction of travel of the wave. Radio waves, light
waves, and microwaves are transverse waves. Transverse
waves also travel on the strings of instruments such as gui-
tars and banjos.

A longitudinal wave can also be generated with a
Slinky, and Figure 16.3 demonstrates how. When one end
of the Slinky is pushed forward along its length (i.e., lon-
gitudinally) and then pulled back to its starting point, as
in part a, a region where the coils are squeezed together
or compressed is sent traveling to the right. If the end is
pulled backward and then pushed forward to its starting
point, as in part b, a region where the coils are pulled
apart or stretched is formed and also moves to the right.
If the end is continually moved back and forth in simple
harmonic motion, an entire wave is created. As part c
shows, the wave consists of a series of alternating com-
pressed and stretched regions that travel to the right and
disturb the separation between adjacent coils. A colored
dot is once again attached to the Slinky to emphasize the
vibratory nature of the disturbance. In response to the
wave, the dot moves back and forth in simple harmonic
motion along the line of travel of the wave. Thus, a lon-
gitudinal wave is one in which the disturbance occurs
parallel to the line of travel of the wave. A sound wave
is a longitudinal wave.

Some waves are neither transverse nor longitudinal.
For instance, in a water wave the motion of the water par-
ticles is not strictly perpendicular or strictly parallel to the
line along which the wave travels. Instead, the motion in-
cludes both transverse and longitudinal components, since
the water particles at the surface move on nearly circular
paths, as Figure 16.4 indicates.
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Figure 16.2 (a) An upward pulse moves to the right, followed by (b) a
downward pulse. (c) When the end of the Slinky is moved up and down
continuously, a transverse wave is produced.

Figure 16.3 (a) A compressed region
moves to the right, followed by (b) a
stretched region. (c) When the end of
the Slinky is moved back and forth
continuously, a longitudinal wave is
produced.

(The answers are given at the end of the book.)

1. Considering the nature of a water wave (see Figure 16.4), which of the following state-
ments correctly describes how a fishing float moves on the surface of a lake when a wave
passes beneath it? (a) It bobs up and down vertically. (b) It moves back and forth hori-
zontally. (c) It moves in a vertical plane, exhibiting both motions described in (a) and 
(b) simultaneously.

2. Suppose that the longitudinal wave in Figure 16.3c moves to the right along the Slinky
at a speed of 1 m/s. Does one coil of the Slinky move a distance of 1 mm to the right in a
time of 1 ms?

C H E C K  Y O U R  U N D E R S TA N D I N G!

The transverse and longitudinal waves that we have been discussing are called peri-
odic waves because they consist of cycles or patterns that are produced over and over again
by the source. In Figures 16.2 and 16.3 the repetitive patterns occur as a result of the simple
harmonic motion of the left end of the Slinky, so that every segment of the Slinky vibrates in
simple harmonic motion. Sections 10.1 and 10.2 discuss the simple harmonic motion of an
object on a spring and introduce the concepts of cycle, amplitude, period, and frequency. This
same terminology is used to describe periodic waves, such as the sound waves we hear (dis-
cussed later in this chapter) and the light waves we see (discussed in Chapter 24).

PERIODIC WAVES
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Direction of
wave travel

Water particle
moves on

circular path

Transverse
component

Longitudinal
component

Figure 16.4 A water wave is neither
transverse nor longitudinal, since water
particles at the surface move clockwise
on nearly circular paths as the wave
moves from left to right.
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16.2 PERIODIC WAVES 475

Figure 16.5 uses a graphical representation of a transverse wave on a Slinky to review
the terminology. One cycle of a wave is shaded in color in both parts of the drawing. A
wave is a series of many cycles. In part a the vertical position of the Slinky is plotted on
the vertical axis, and the corresponding distance along the length of the Slinky is plotted
on the horizontal axis. Such a graph is equivalent to a photograph of the wave taken at one
instant in time and shows the disturbance that exists at each point along the Slinky’s length.
As marked on this graph, the amplitude A is the maximum excursion of a particle of the
medium (i.e., the Slinky) in which the wave exists from the particle’s undisturbed position.
The amplitude is the distance between a crest, or highest point on the wave pattern, and
the undisturbed position; it is also the distance between a trough, or lowest point on the
wave pattern, and the undisturbed position. The wavelength ! is the horizontal length of
one cycle of the wave, as shown in Figure 16.5a. The wavelength is also the horizontal dis-
tance between two successive crests, two successive troughs, or any two successive equiv-
alent points on the wave.

Part b of Figure 16.5 shows a graph in which time, rather than distance, is plotted on
the horizontal axis. This graph is obtained by observing a single point on the Slinky. As
the wave passes, the point under observation oscillates up and down in simple harmonic
motion. As indicated on the graph, the period T is the time required for one complete
up/down cycle, just as it is for an object vibrating on a spring. The period T is related to
the frequency f, just as it is for any example of simple harmonic motion:

(10.5)

The period is commonly measured in seconds, and frequency is measured in cycles per
second, or hertz (Hz). If, for instance, one cycle of a wave takes one-tenth of a second to
pass an observer, then ten cycles pass the observer per second, as Equation 10.5 indicates
[ f " 1/(0.1 s) " 10 cycles/s " 10 Hz].

A simple relation exists between the period, the wavelength, and the speed of any pe-
riodic wave, a relation that Figure 16.6 helps to introduce. Imagine waiting at a railroad
crossing, while a freight train moves by at a constant speed v. The train consists of a long
line of identical boxcars, each of which has a length ! and requires a time T to pass, so the
speed is v " !/T. This same equation applies for a wave and relates the speed of the wave
to the wavelength ! and the period T. Since the frequency of a wave is f " 1/T, the expres-
sion for the speed is

(16.1)

The terminology just discussed and the fundamental relations f " 1/T and v " f! apply to
longitudinal as well as to transverse waves. Example 1 shows how the wavelength of a
wave is determined by the wave speed and the frequency established by the source.

v "
!

T
" f!

f "
1
T

Vertical
position
of the
Slinky

Undisturbed
position

(a) At a particular time

Distance

Wavelength = λ

A

A

Vertical
position
of one

point on
the

Slinky

(b) At a particular location

Time

Period = T

A

A

Figure 16.5 One cycle of the wave is
shaded in color, and the amplitude of
the wave is denoted as A.

Velocity = v

The time
for one car to
pass is the
period T

Wavelength = λ

Figure 16.6 A train moving at a 
constant speed serves as an analogy 
for a traveling wave.

AM and FM radio waves are transverse waves consisting of electric and magnetic disturbances
traveling at a speed of 3.00 # 108 m/s. A station broadcasts an AM radio wave whose fre-
quency is 1230 # 103 Hz (1230 kHz on the dial) and an FM radio wave whose frequency is
91.9 # 106 Hz (91.9 MHz on the dial). Find the distance between adjacent crests in each wave.

Example 1  The Wavelengths of Radio Waves"
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476 CHAPTER 16 WAVES AND SOUND

Reasoning The distance between adjacent crests is the wavelength !. Since the speed of each
wave is v " 3.00 # 108 m/s and the frequencies are known, the relation v " f! can be used to
determine the wavelengths.

Solution

AM 244 m! "
v
f

"
3.00 # 108 m/s
1230 # 103 Hz

"

FM

Notice that the wavelength of an AM radio wave is longer than two and one-half football fields!

3.26 m! "
v
f

"
3.00 # 108 m/s
91.9 # 106 Hz

"

#

Problem-solving insight

The equation v " f! applies to any 
kind of periodic wave.

(The answer is given at the end of the book.)

3. A sound wave (a periodic longitudinal wave) from a loudspeaker travels from air into
water. The frequency of the wave does not change, because the loudspeaker producing the
sound determines the frequency. The speed of sound in air is 343 m/s, whereas the speed
in fresh water is 1482 m/s. When the sound wave enters the water, does its wavelength 
increase, decrease, or remain the same?

C H E C K  Y O U R  U N D E R S TA N D I N G!

The properties of the material* or medium through which a wave travels determine
the speed of the wave. For example, Figure 16.7 shows a transverse wave on a string and
draws attention to four string particles that have been drawn as colored dots. As the wave
moves to the right, each particle is displaced, one after the other, from its undisturbed po-
sition. In the drawing, particles 1 and 2 have already been displaced upward, while parti-
cles 3 and 4 are not yet affected by the wave. Particle 3 will be next to move because the
section of string immediately to its left (i.e., particle 2) will pull it upward.

Figure 16.7 leads us to conclude that the speed with which the
wave moves to the right depends on how quickly one particle of the
string is accelerated upward in response to the net pulling force exerted
by its adjacent neighbors. In accord with Newton’s second law, a
stronger net force results in a greater acceleration, and, thus, a faster-
moving wave. The ability of one particle to pull on its neighbors de-
pends on how tightly the string is stretched—that is, on the tension (see

Section 4.10 for a review of tension). The greater the tension, the greater the pulling force
the particles exert on each other and the faster the wave travels, other things being equal.
Along with the tension, a second factor influences the wave speed. According to Newton’s
second law, the inertia or mass of particle 3 in Figure 16.7 also affects how quickly it re-
sponds to the upward pull of particle 2. For a given net pulling force, a smaller mass has
a greater acceleration than a larger mass. Therefore, other things being equal, a wave trav-
els faster on a string whose particles have a small mass, or, as it turns out, on a string that
has a small mass per unit length. The mass per unit length is called the linear density of
the string. It is the mass m of the string divided by its length L, or m/L. Effects of the ten-
sion F and the mass per unit length are evident in the following expression for the speed v
of a small-amplitude wave on a string:

(16.2)

The motion of transverse waves along a string is important in the operation of musi-
cal instruments, such as the guitar, the violin, and the piano. In these instruments, the
strings are either plucked, bowed, or struck to produce transverse waves. Example 2 dis-
cusses the speed of the waves on the strings of a guitar.

v " B F
m /L

THE SPEED OF A WAVE ON A STRING
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2

3 4
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Figure 16.7 As a transverse wave
moves to the right with speed v, each
string particle is displaced, one after
the other, from its undisturbed position.

*Electromagnetic waves (discussed in Chapter 24) can move through a vacuum, as well as through materials
such as glass and water.
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16.3 THE SPEED OF A WAVE ON A STRING 477

Conceptual Example 3 offers additional insight into the nature of a wave as a travel-
ing disturbance.

Transverse waves travel on each string of an electric guitar after the string is plucked (see
Figure 16.8). The length of each string between its two fixed ends is 0.628 m, and the mass is
0.208 g for the highest pitched E string and 3.32 g for the lowest pitched E string. Each string
is under a tension of 226 N. Find the speeds of the waves on the two strings.

Reasoning The speed of a wave on a guitar string, as expressed by Equation 16.2, depends on
the tension F in the string and its linear density m/L. Since the tension is the same for both
strings, and smaller linear densities give rise to greater speeds, we expect the wave speed to be
greatest on the string with the smallest linear density.

Solution The speeds of the waves are given by Equation 16.2 as

High-pitched E

Low-pitched E

Notice how fast the waves move: the speeds correspond to 1850 and 463 mi/h.

207 m/sv " B F
m/L

" B 226 N
(3.32 # 10% 3 kg)/(0.628 m)

"

826 m/sv " B F
m/L

" B 226 N
(0.208 # 10% 3 kg)/(0.628 m)

"

Example 2  Waves Traveling on Guitar Strings

#

" The physics of
waves on guitar strings.

Transverse
vibration

of the string

Figure 16.8 Plucking a guitar string
generates transverse waves.

As indicated in Figure 16.9, the speed of a transverse wave on a string is , and the speed at
which a string particle moves is . Which of the following statements is correct? (a) The
speeds and are identical. (b) The speeds and are different.

Reasoning A wave moves on a string at a speed that is determined by the properties of
the string and has a constant value everywhere on the string at all times, assuming that these
properties are the same everywhere on the string. Each particle on the string, however, moves
in simple harmonic motion, assuming that the source generating the wave (e.g., the hand in
Figure 16.2c) moves in simple harmonic motion. Each particle has a speed that is char-
acteristic of simple harmonic motion.

Answer (a) is incorrect. The speed has a constant value at all times. In contrast,
is not constant at all times, because it is the speed that characterizes simple harmonic motion
and that speed varies as time passes. Thus, the two speeds are not identical.

Answer (b) is correct. The speed is determined by the tension F and the mass per unit 

length m/L of the string, according to (see Equation 16.2). The speed is 

characteristic of simple harmonic motion, according to vparticle " A& sin &t (Equation 10.7 without
the minus sign, since we deal here only with speed, which is the magnitude of the velocity).
The particle speed depends on the amplitude A and the angular frequency & of the simple har-
monic motion, as well as the time t; the speed is greatest when the particle is passing through
the undisturbed position of the string, and it is zero when the particle has its maximum displace-
ment. Thus, the two speeds are different, because depends on the properties of the string
and vparticle depends on the properties of the source creating the wave.

Related Homework: Problems 106, 107

vwave

vparticlevwave " B F
m/L

vwave

vparticlevwave

vparticle

vwave

vparticlevwavevparticlevwave

vparticle

vwave

Conceptual Example 3 Wave Speed Versus Particle Speed"

String particle
  particle

  wave

Undisturbed
position of string

$

$

Figure 16.9 A transverse wave on a
string is moving to the right with a
constant speed vwave. A string particle
moves up and down in simple harmonic
motion about the undisturbed position
of the string. A string particle moves
with a speed vparticle.

#

(The answers are given at the end of the book.)

4. One end of each of two identical strings is attached to a wall. Each string is being
pulled equally tight by someone at the other end. A transverse pulse is sent traveling along
string A. A bit later an identical pulse is sent traveling along string B. What, if anything, can
be done to make the pulse on string B catch up with and pass the pulse on string A?

5. In Section 4.10 the concept of a massless rope is discussed. Considering Equation 16.2,
would it take any time for a transverse wave to travel the length of a truly massless rope?

C H E C K  Y O U R  U N D E R S TA N D I N G!

Continued

2762T_ch16_473-506.qxd  7/2/08  5:31 PM  Page 477



478 CHAPTER 16 WAVES AND SOUND

6. A wire is strung tightly between two immovable posts. Review Section 12.4 and decide
whether the speed of a transverse wave on this wire would increase, decrease, or remain
the same when the temperature increases. Ignore any change in the mass per unit length
of the wire.

7. Examine Conceptual Example 3 before addressing this question. A wave moves on a
string with a constant velocity. Does this mean that the particles of the string always have
zero acceleration?

8. A rope of mass m is hanging down from the ceiling. Nothing is attached to the loose
end of the rope. As a transverse wave travels upward on the rope, does the speed of the
wave increase, decrease, or remain the same?

9. String I and string II have the same length. However, the mass of string I is twice the
mass of string II, and the tension in string I is eight times the tension in string II. A wave of
the same amplitude and frequency travels on each of these strings. Which of the drawings
correctly shows the waves, (a) A (b) B (c) C?

A

I

II

B

I

II

C

I

II

When a wave travels through a medium, it displaces the particles of the medium
from their undisturbed positions. Suppose that a particle is located at a distance x from a
coordinate origin. We would like to know the displacement y of this particle from its undis-
turbed position at any time t as the wave passes. For periodic waves that result from sim-
ple harmonic motion of the source, the expression for the displacement involves a sine or
cosine, a fact that is not surprising. After all, in Chapter 10 simple harmonic motion is de-
scribed using sinusoidal equations, and the graphs for a wave in Figure 16.5 look like a
plot of displacement versus time for an object oscillating on a spring (see Figure 10.5).

Our approach will be to present the expression for the displacement and then show
graphically that it gives a correct description. Equation 16.3 represents the displacement
of a particle caused by a wave traveling in the ' x direction (to the right), with an ampli-
tude A, frequency f, and wavelength !. Equation 16.4 applies to a wave moving in the % x
direction (to the left).

Wave motion toward !x (16.3)

Wave motion toward "x (16.4)

These equations apply to transverse or longitudinal waves and assume that y " 0 m when
x " 0 m and t " 0 s.

Consider a transverse wave moving in the ' x direction along a string. The term
(2(ft % 2(x/!) in Equation 16.3 is called the phase angle of the wave. A string particle
located at the origin (x " 0 m) exhibits simple harmonic motion with a phase angle of
2(ft; that is, its displacement as a function of time is y " A sin (2(ft). A particle located
at a distance x also exhibits simple harmonic motion, but its phase angle is

The quantity x/v is the time needed for the wave to travel the distance x. In other words,
the simple harmonic motion that occurs at x is delayed by the time interval x/v compared
to the motion at the origin.

Figure 16.10 shows the displacement y plotted as a function of position x along the string
at a series of time intervals separated by one-fourth of the period T (t " 0 s, 14 T, 24 T, 34 T, T ).

2( f t %
2(x

!
" 2( f !t %

x
f! " " 2( f !t %

x
v "

y " A sin !2( f t '
2(x

! "
y " A sin !2( f t %

2(x
! "

*THE MATHEMATICAL DESCRIPTION OF A WAVE
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y

+x

t = 0 s

t =   T1–
4

t =   T2–
4

t =   T3–
4

t = T

Figure 16.10 Equation 16.3 is plotted
here at a series of times separated by
one-fourth of the period T. The colored
square in each graph marks the place
on the wave that is located at x " 0 m
when t " 0 s. As time passes, the wave
moves to the right.
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16.5 THE NATURE OF SOUND 479

These graphs are constructed by substituting the corresponding value for t into Equation 16.3,
remembering that f " 1/T, and then calculating y at a series of values for x. The graphs are like
photographs taken at various times as the wave moves to the right. For reference, the colored
square on each graph marks the place on the wave that is located at x " 0 m when t " 0 s. As
time passes, the colored square moves to the right, along with the wave. In a similar manner,
it can be shown that Equation 16.4 represents a wave moving in the % x direction. Note that the
phase angles (2(ft % 2(x/!) in Equation 16.3 and (2(ft ' 2(x/!) in Equation 16.4 are meas-
ured in radians, not degrees. Problem-solving insight: When a calculator is used to evaluate the
functions sin (2#ft " 2#x/$) or sin (2#ft ! 2#x/$), it must be set to its radian mode.

LONGITUDINAL SOUND WAVES

Sound is a longitudinal wave that is created by a vibrating object, such as a guitar
string, the human vocal cords, or the diaphragm of a loudspeaker. Moreover, sound can be
created or transmitted only in a medium, such as a gas, liquid, or solid. As we will see, the
particles of the medium must be present for the disturbance of the wave to move from
place to place. Sound cannot exist in a vacuum.

The physics of a loudspeaker diaphragm. To see how sound waves are produced and why
they are longitudinal, consider the vibrating diaphragm of a loudspeaker. When the di-
aphragm moves outward, it compresses the air directly in front of it, as in Figure 16.11a.
This compression causes the air pressure to rise slightly. The region of increased pressure
is called a condensation, and it travels away from the speaker at the speed of sound. The
condensation is analogous to the compressed region of coils in a longitudinal wave on a
Slinky, which is included in Figure 16.11a for comparison. After producing a condensa-
tion, the diaphragm reverses its motion and moves inward, as in part b of the drawing. The
inward motion produces a region known as a rarefaction, where the air pressure is slightly
less than normal. The rarefaction is similar to the stretched region of coils in a longitudi-
nal Slinky wave. Following immediately behind the condensation, the rarefaction also
travels away from the speaker at the speed of sound. Figure 16.12 further emphasizes the
similarity between a sound wave and a longitudinal Slinky wave. As the wave passes, the
colored dots attached both to the Slinky and to an air molecule execute simple harmonic
motion about their undisturbed positions. The colored arrows on either side of the dots in-
dicate that the simple harmonic motion occurs parallel to the line of travel. The drawing
also shows that the wavelength ! is the distance between the centers of two successive con-
densations; ! is also the distance between the centers of two successive rarefactions.

Figure 16.13 illustrates a sound wave spreading out in space after being produced by a
loudspeaker. When the condensations and rarefactions arrive at the ear, they force the
eardrum to vibrate at the same frequency as the speaker diaphragm. The vibratory motion of
the eardrum is interpreted by the brain as sound. It should be emphasized that sound is not a
mass movement of air, like the wind. As the condensations and rarefactions of the sound
wave travel outward from the vibrating diaphragm in Figure 16.13, the individual air mole-
cules are not carried along with the wave. Rather, each molecule executes simple harmonic
motion about a fixed location. In doing so, one molecule collides with its neighbor and passes
the condensations and rarefactions forward. The neighbor, in turn, repeats the process.

THE FREQUENCY OF A SOUND WAVE

Each cycle of a sound wave includes one
condensation and one rarefaction, and the frequency
is the number of cycles per second that passes by a
given location. For example, if the diaphragm of a
speaker vibrates back and forth in simple harmonic
motion at a frequency of 1000 Hz, then 1000 con-
densations, each followed by a rarefaction, are gen-
erated every second, thus forming a sound wave
whose frequency is also 1000 Hz. A sound with a
single frequency is called a pure tone. Experiments

THE NATURE OF SOUND
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vSlinky

Condensation Normal air
pressure

v

vSlinky

Rarefaction

v

Condensation

(b)

(a)

Normal air
pressure

Figure 16.11 (a) When the speaker 
diaphragm moves outward, it creates a
condensation. (b) When the diaphragm
moves inward, it creates a rarefaction.
The condensation and rarefaction on
the Slinky are included for comparison.
In reality, the velocity of the wave on
the Slinky Slinky is much smaller than
the velocity of sound in air . For 
simplicity, the two waves are shown
here to have the same velocity.

vB
vB

v

vSlinky

Wavelength = λ

Figure 16.12 Both the wave on the
Slinky and the sound wave are 
longitudinal. The colored dots attached
to the Slinky and to an air molecule 
vibrate back and forth parallel to the
line of travel of the wave.

Vibration
of an individual

air molecule

Figure 16.13 Condensations and 
rarefactions travel from the speaker to
the listener, but the individual air 
molecules do not move with the wave.
A given molecule vibrates back and
forth about a fixed location.
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have shown that a healthy young person hears all sound frequencies from approximately
20 to 20 000 Hz (20 kHz). The ability to hear the high frequencies decreases with age,
however, and a normal middle-aged adult hears frequencies only up to 12–14 kHz.

Pure tones are used in push-button telephones, such as the one shown in Figure 16.14.
These phones simultaneously produce two pure tones when each button is pressed, a dif-
ferent pair of tones for each different button. The tones are transmitted electronically to the
central telephone office, where they activate switching circuits that complete the call. For
example, the drawing indicates that pressing the “5” button produces pure tones of 770 and
1336 Hz simultaneously, while the “9” button generates tones of 852 and 1477 Hz.

Sound can be generated whose frequency lies below 20 Hz or above 20 kHz, although
humans normally do not hear it. Sound waves with frequencies below 20 Hz are said to be 
infrasonic, while those with frequencies above 20 kHz are referred to as ultrasonic. Some
species of bats known as microbats use ultrasonic frequencies up to 120 kHz for locating prey
and for navigating (Figure 16.15), while rhinoceroses use infrasonic frequencies as low as 
5 Hz to call one another (Figure 16.16).

Frequency is an objective property of a sound wave because frequency can be measured
with an electronic frequency counter. A listener’s perception of frequency, however, is subjec-
tive. The brain interprets the frequency detected by the ear primarily in terms of the subjective
quality called pitch. A pure tone with a large (high) frequency is interpreted as a high-pitched
sound, while a pure tone with a small (low) frequency is interpreted as a low-pitched sound.
For instance, a piccolo produces high-pitched sounds, and a tuba produces low-pitched sounds.

THE PRESSURE AMPLITUDE OF A SOUND WAVE

Figure 16.17 illustrates a pure-tone sound wave traveling in a tube. Attached to the
tube is a series of gauges that indicate the pressure variations along the wave. The graph
shows that the air pressure varies sinusoidally along the length of the tube. Although this
graph has the appearance of a transverse wave, remember that the sound itself is a longi-
tudinal wave. The graph also shows the pressure amplitude of the wave, which is the mag-
nitude of the maximum change in pressure, measured relative to the undisturbed or
atmospheric pressure. The pressure fluctuations in a sound wave are normally very small.
For instance, in a typical conversation between two people the pressure amplitude is about

certainly a small amount compared with the atmospheric pressure of
The ear is remarkable in being able to detect such small changes.

Loudness is an attribute of sound that depends primarily on the amplitude of the wave:
the larger the amplitude, the louder the sound. The pressure amplitude is an objective prop-
erty of a sound wave, since it can be measured. Loudness, on the other hand, is subjective.
Each individual determines what is loud, depending on the acuteness of his or her hearing.

1.01 # 10' 5 Pa.
3 # 10% 2 Pa,

480 CHAPTER 16 WAVES AND SOUND

Figure 16.14 A push-button telephone
and a schematic showing the two pure
tones produced when each button is
pressed.

Figure 16.15 Bats use ultrasonic sound
waves for locating prey and for 
navigating. This bat has captured a 
centipede. (© Merlin D. Tuttle/BCI/Bat
Conservation International, Inc.)

Figure 16.16 Rhinoceroses call
to one another using infrasonic
sound waves. (Ian Murphy/Stone/
Getty Images)

(The answer is given at the end of the book.)

10. In a traveling sound wave, are there any particles that are always at rest as the wave
passes by?

C H E C K  Y O U R  U N D E R S TA N D I N G!

The physics of
a push-button telephone.
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Figure 16.17 A sound wave is a series
of alternating condensations and 
rarefactions. The graph shows that the
condensations are regions of higher
than normal air pressure, and the 
rarefactions are regions of lower than
normal air pressure.

GASES

Sound travels through gases, liquids, and solids at considerably different speeds, as
Table 16.1 reveals. Near room temperature, the speed of sound in air is 343 m/s (767 mi/h)
and is markedly greater in liquids and solids. For example, sound travels more than four
times faster in water and more than seventeen times faster in steel than it does in air. In
general, sound travels slowest in gases, faster in liquids, and fastest in solids.

Like the speed of a wave on a guitar string, the speed of sound depends on the proper-
ties of the medium. In a gas, it is only when molecules collide that the condensations and
rarefactions of a sound wave can move from place to place. It is reasonable, then, to expect
the speed of sound in a gas to have the same order of magnitude as the average molecular
speed between collisions. For an ideal gas this average speed is the translational rms speed
given by Equation 14.6: vrms " , where T is the Kelvin temperature, m is the mass
of a molecule, and k is Boltzmann’s constant. Although the expression for vrms overesti-
mates the speed of sound, it does give the correct dependence on Kelvin temperature and
particle mass. Careful analysis shows that the speed of sound in an ideal gas is given by

Ideal gas (16.5)

where ) " cP/cV is the ratio of the specific heat capacity at constant pressure cP to the spe-
cific heat capacity at constant volume cV .

The factor ) is introduced in Section 15.5, where the adiabatic compression and expan-
sion of an ideal gas are discussed. In Section 15.6 it is shown that ) has the value of 
for ideal monatomic gases and a higher value of for ideal diatomic gases. The value of
) appears in Equation 16.5 because the condensations and rarefactions of a sound wave are
formed by adiabatic compressions and expansions of the gas. The regions that are compressed
(the condensations) become slightly warmed, and the regions that are expanded (the rarefac-
tions) become slightly cooled. However, no appreciable heat flows from a condensation to an
adjacent rarefaction because the distance between the two (half a wavelength) is relatively
large for most audible sound waves and a gas is a poor thermal conductor. Thus, the compres-
sion and expansion process is adiabatic. Example 4 illustrates the use of Equation 16.5.

) " 7
5

) " 5
3

v " B )kT
m

v3kT/m

THE SPEED OF SOUND

1
6
.6

Table 16.1 Speed of Sound in Gases,
Liquids, and Solids

Substance Speed (m/s)

Gases
Air (0 °C) 331
Air (20 °C) 343
Carbon dioxide (0 °C) 259
Oxygen (0 °C) 316
Helium (0 °C) 965
Liquids
Chloroform (20 °C) 1004
Ethyl alcohol (20 °C) 1162
Mercury (20 °C) 1450
Fresh water (20 °C) 1482
Seawater (20 °C) 1522
Solids
Copper 5010
Glass (Pyrex) 5640
Lead 1960
Steel 5960

Example 4 An Ultrasonic Ruler

Figure 16.18 shows an ultrasonic ruler that is used to measure the distance to a target, such as a wall. To initiate the measure-
ment, the ruler generates a pulse of ultrasonic sound that travels to the wall and, much like an echo, reflects from it. The re-
flected pulse returns to the ruler, which measures the time it takes for the round-trip. Using a preset value for the speed of

A N A L Y Z I N G  M U L T I P L E - C O N C E P T  P R O B L E M S

Continued

The physics of
an ultrasonic ruler.
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sound, the unit determines the distance to
the wall and displays it on a digital read-
out. Suppose that the round-trip travel
time is 20.0 ms on a day when the air
temperature is 32 °C. Assuming that air
is an ideal diatomic gas and that
the average molecular mass of air is 
28.9 u, find the distance between the 
ultrasonic ruler and the wall.

Reasoning The distance between the
ruler and the wall is equal to the speed of
sound multiplied by the time it takes for
the sound pulse to reach the wall. The
speed v of sound can be determined from
a knowledge of the air temperature T and
the average mass m of an air molecule by
using the relation . The time
can be deduced from the given data.

Knowns and Unknowns The data for this problem are listed below:

Description Symbol Value Comment

Round-trip time of sound tRT 20.0 ms 20.0 ms " 20.0 # 10% 3 s
Air temperature Tc 32 °C
Ratio of specific heats for air )
Average molecular mass of air m 28.9 u Must convert “u” to kilograms.

Unknown Variable
Distance between ruler and wall x ?

Modeling the Problem

7
5

v " v)kT/m

() " 7
5)

STEP 1

(1)x " v !1
2 tRT"

x

Figure 16.18 An ultrasonic ruler uses sound with a frequency greater than 20 kHz to measure
the distance x to the wall. The blue arcs and blue arrow denote the outgoing sound wave, and
the red arcs and red arrow denote the wave reflected from the wall.

?

(1)x " v !1
2 tRT"

STEP 2

Kinematics Since sound moves at a constant speed, the distance x it travels
is the product of its speed v and the time t, or x " vt. The time for the sound to reach the
wall is one-half the round-trip time tRT, so . Thus, the distance to the wall is

The round-trip time tRT is known, but the speed of sound in air at 32 °C is not. We will
find an expression for this speed in Step 2.

Speed of Sound Since the air is assumed to be an ideal gas, the speed v of
sound is related to the Kelvin temperature T and the average mass m of an air molecule by

(16.5)

where ) is the ratio of the specific heat capacity of air at constant pressure to that at
constant volume (see Section 15.5), and k is Boltzmann’s constant. The temperature in
this expression must be the Kelvin temperature of the air, which is related to its
Celsius temperature Tc by T " Tc ' 273.15 (Equation 12.1). Thus, the speed of sound
in air is

This expression for v can be substituted into Equation 1, as shown on the right.

v " B )k (Tc ' 273.15)
m

v " B )kT
m

x " v !1
2 tRT"

t " 1
2 
tRT

v " B )k (Tc ' 273.15)
m
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Sonar (sound navigation ranging) is a technique for determining water depth and 
locating underwater objects, such as reefs, submarines, and schools of fish. The core of a
sonar unit consists of an ultrasonic transmitter and receiver mounted on the bottom of a
ship. The transmitter emits a short pulse of ultrasonic sound, and at a later time the reflected
pulse returns and is detected by the receiver. The water depth is determined from the elec-
tronically measured round-trip time of the pulse and a knowledge of the speed of sound in
water; the depth registers automatically on an appropriate meter. Such a depth measurement
is similar to the distance measurement discussed for the ultrasonic ruler in Example 4.

Conceptual Example 5 illustrates how the speed of sound in air can be used to esti-
mate the distance to a thunderstorm, using a handy rule of thumb.

Solution Combining the results of the modeling steps, we have

Since the average mass of an air molecule is given in atomic mass units (28.9 u), we
must convert it to kilograms by using the conversion factor 1 u " 1.6605 # 10% 27 kg
(see Section 14.1). Thus,

The distance from the ultrasonic ruler to the wall is

Related Homework: Problems 48, 50

3.50 m " B 7
5 
(1.38 # 10% 23 J/K)(32 *C ' 273.15)

4.80 # 10% 26 kg
 #1

2  
(20.0 # 10% 3 s)$ "

 x " B ) k (Tc ' 273.15)
m  !1

2 tRT"

m " (28.9 u)! 1.6605 # 10% 27 kg
1 u " " 4.80 # 10% 26 kg

x " v !1
2tRT" " B )k (Tc ' 273.15)

m  !1
2tRT"

STEP 1 STEP 2

Problem-solving insight

When using equation v " to 
calculate the speed of sound in an ideal 
gas, be sure to express the temperature T
in kelvins and not in degrees Celsius or
Fahrenheit.

v)kT/m

The physics of
sonar.

In a thunderstorm, lightning and thunder occur nearly simultaneously. The light waves from the
lightning travel at a speed of vlight " 3.0 # 108 m/s, whereas the sound waves from the thunder
travel at vsound " 343 m/s. There is a rule of thumb for estimating how far away a storm is. After
you see a lightning flash, count the seconds until you hear the thunder; divide the number of
seconds by five to get the approximate distance (in miles) to the storm. In this rule, which of
the two speeds plays a role? (a) Both vsound and vlight (b) Only vsound (c) Only vlight

Reasoning At a distance of one mile from a storm, the observer in Figure 16.19 detects either
type of wave only after a time that is equal to the distance divided by the speed at which the
wave travels. This fact will guide our analysis.

Answers (b) and (c) are incorrect. The rule involves the time that passes between seeing the
lightning flash and hearing the thunder, not just the time at which either type of wave is de-
tected. Therefore, both the speeds vlight and vsound must play a role in the rule.

Answer (a) is correct. Light from the flash travels so rapidly that it reaches the observer 
almost instantaneously; its travel time for one mile (1.6 # 103 m) is only

In comparison, the sound of the thunder travels very slowly; its travel time for one mile is 

Since tlight is negligible compared to tsound, the time between seeing the lightning flash and hear-
ing the thunder is about 5 s for every mile of distance from the storm.

tsound "
1.6 # 10 3 m

vsound
"

1.6 # 10 3 m
343 m/s

" 5 s

tlight "
1.6 # 10 3 m

vlight
"

1.6 # 10 3 m
3.0 # 108 m/s

" 5 # 10% 6 s

Conceptual Example 5 Lightning, Thunder, and a Rule of Thumb"

#

vlight

vsound

1.0 mile (1.6 × 103 m)

Figure 16.19 A lightning bolt from a
thunderstorm generates a flash of 
light and sound (thunder) almost 
simultaneously. The speed of light is
much greater than the speed of sound.
Therefore, the light reaches the person
first, followed later by the sound.
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LIQUIDS

In a liquid, the speed of sound depends on the density + and the adiabatic bulk
modulus Bad of the liquid:

Liquid (16.6)

The bulk modulus is introduced in Section 10.7 in a discussion of the volume deforma-
tion of liquids and solids. There it is tacitly assumed that the temperature remains con-
stant while the volume of the material changes; that is, the compression or expansion is
isothermal. However, the condensations and rarefactions in a sound wave occur under
adiabatic rather than isothermal conditions. Thus, the adiabatic bulk modulus Bad must be
used when calculating the speed of sound in liquids. Values of Bad will be provided as
needed in this text.

Table 16.1 gives some data for the speed of sound in liquids. In seawater, for instance,
the speed is 1522 m/s, which is more than four times as great as the speed in air. The speed
of sound is an important parameter in the measurement of distance, as discussed for the ul-
trasonic ruler in Example 4. Accurate distance measurements using ultrasonic sound also
play an important role in medicine, where the sound often travels through liquid-like mate-
rials in the body. A routine preoperative procedure in cataract surgery, for example, uses an
ultrasonic probe called an A-scan to measure the length of the eyeball in front of the lens, the
thickness of the lens, and the length of the eyeball between the lens and the retina (see Figure
16.20). The measurement is similar to that discussed in Example 4 and relies on the fact that
the speed of sound in the material in front of and behind the lens of the eye is 1532 m/s,
whereas that within the lens is 1641 m/s. In cataract surgery, the cataractous lens is removed
and often replaced with an implanted artificial lens. Data provided by the A-scan facilitate
the design of the lens implant (its size and the optical correction that it introduces).

SOLID BARS

When sound travels through a long, slender, solid bar, the speed of the sound de-
pends on the properties of the medium according to

Long, slender, solid bar (16.7)

where Y is Young’s modulus (defined in Section 10.7) and + is the density.

v " B Y
+

v " B Bad

+

484 CHAPTER 16 WAVES AND SOUND

The physics of
cataract surgery.

Lens

Retina

Figure 16.20 A cross-sectional view of
the human eye.

(The answers are given at the end of the book.)

11. Do you expect an echo to return to you more quickly on a hot day or a cold day, other
things being equal?

12. Carbon monoxide (CO), hydrogen (H2), and nitrogen (N2) may be treated as ideal
gases. Each has the same temperature and nearly the same value for the ratio of the 
specific heat capacities at constant pressure and constant volume. In which two of the
three gases is the speed of sound approximately the same?

13. Jell-O starts out as a liquid and then sets to a gel. As the Jell-O sets and becomes more
solid, does the speed of sound in this material increase, decrease, or remain the same?

C H E C K  Y O U R  U N D E R S TA N D I N G!

Sound waves carry energy that can be used to do work, like forcing the eardrum to
vibrate. In an extreme case such as a sonic boom, the energy can be sufficient to cause
damage to windows and buildings. The amount of energy transported per second by a
sound wave is called the power of the wave and is measured in SI units of joules per second
(J/s) or watts (W).

SOUND INTENSITY

1
6
.7
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When a sound wave leaves a source, such as the loudspeaker in Figure 16.21, the
power spreads out and passes through imaginary surfaces that have increasingly larger ar-
eas. For instance, the same sound power passes through the surfaces labeled 1 and 2 in the
drawing. However, the power is spread out over a greater area in surface 2. We will bring
together the ideas of sound power and the area through which the power passes and, in the
process, will formulate the concept of sound intensity. The idea of wave intensity is not
confined to sound waves. It will recur, for example, in Chapter 24 when we discuss another
important type of waves, electromagnetic waves.

The sound intensity I is defined as the sound power P that passes perpendicularly
through a surface divided by the area A of that surface:

(16.8)

The unit of sound intensity is power per unit area, or W/m2. The next example illustrates
how the sound intensity changes as the distance from a loudspeaker changes.

I "
P
A

1

2

Figure 16.21 The power carried by a
sound wave spreads out after leaving a
source, such as a loudspeaker. Thus, the
power passes perpendicularly through
surface 1 and then through surface 2,
which has the larger area.

In Figure 16.21, 12 # W of sound power passes perpendicularly through the surfaces la-
beled 1 and 2. These surfaces have areas of A1 " 4.0 m2 and A2 " 12 m2. Determine the sound
intensity at each surface and discuss why listener 2 hears a quieter sound than listener 1.

Reasoning The sound intensity I is the sound power P passing perpendicularly through a sur-
face divided by the area A of that surface. Since the same sound power passes through both sur-
faces and surface 2 has the greater area, the sound intensity is less at surface 2.

Solution The sound intensity at each surface follows from Equation 16.8:

Surface 1

Surface 2

The sound intensity is less at the more distant surface, where the same power passes through a
threefold greater area. The ear of a listener, with its fixed area, intercepts less power where the
intensity, or power per unit area, is smaller. Thus, listener 2 intercepts less of the sound power
than listener 1. With less power striking the ear, the sound is quieter.

1.0 # 10% 5 W/m2I2 "
P
A2

"
12 # 10% 5 W

12 m2 "

3.0 # 10% 5 W/m2I1 "
P
A1

"
12 # 10% 5 W

4.0 m2 "

10% 5

Example 6  Sound Intensities

#

"

During a fireworks display, a rocket explodes high in the air above the observers. Assume that
the sound spreads out uniformly in all directions and that reflections from the ground can be

Example 7  Fireworks"

Problem-solving insight

Sound intensity I and sound power P are 
different concepts. They are related, however,
since intensity equals power per unit area.

Sound source at
center of sphere

Figure 16.22 The sound source at the
center of the sphere emits sound 
uniformly in all directions. In this
drawing, only a hemisphere is shown
for clarity.

For a 1000-Hz tone, the smallest sound intensity that the human ear can detect is about
1 # W/m2; this intensity is called the threshold of hearing. On the other extreme,
continuous exposure to intensities greater than 1 W/m2 can be painful and can result in per-
manent hearing damage. The human ear is remarkable for the wide range of intensities to
which it is sensitive.

If a source emits sound uniformly in all directions, the intensity depends on distance in a
simple way. Figure 16.22 shows such a source at the center of an imaginary sphere (for clar-
ity only a hemisphere is shown). The radius of the sphere is r. Since all the radiated sound
power P passes through the spherical surface of area A " 4(r2, the intensity at a distance r is

Spherically uniform radiation (16.9)

From this we see that the intensity of a source that radiates sound uniformly in all directions
varies as 1/r2. For example, if the distance increases by a factor of two, the sound intensity
decreases by a factor of 22 " 4. Example 7 illustrates the effect of the 1/r2 dependence of
intensity on distance.

I "
P

4(r 2

10% 12
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Equation 16.9 is valid only when no walls, ceilings, floors, etc. are present to reflect
the sound and cause it to pass through the same surface more than once. Conceptual
Example 8 demonstrates why this is so.

486 CHAPTER 16 WAVES AND SOUND

ignored. When the sound reaches listener 2 in Figure 16.23, who is r2 " 640 m away from the
explosion, the sound has an intensity of I2 " 0.10 W/m2. What is the sound intensity detected by
listener 1, who is r1 " 160 m away from the explosion?

Reasoning Listener 1 is four times closer to the explosion than listener 2. Therefore, the
sound intensity detected by listener 1 is 42 " 16 times greater than the sound intensity detected
by listener 2.

Solution The ratio of the sound intensities can be found using Equation 16.9:

As a result, I1 " (16)I2 " (16)(0.10 W/m2) " .1.6 W/m2

I1

I2
"

P
4(r1 

2

P
4(r2 

2

"
r2 

2

r1 

2 "
(640 m)2

(160 m)2 " 16

#

r2

r1

2

1

Figure 16.23 If an explosion in a 
fireworks display radiates sound 
uniformly in all directions, the intensity
at any distance r is I " P/(4(r2),
where P is the sound power of the 
explosion.

Problem-solving insight

Equation 16.9 can be used only when the
sound spreads out uniformly in all 
directions and there are no reflections of 
the sound waves.

Suppose that the person singing in the shower in Figure 16.24 produces a sound power P.
Sound reflects from the surrounding shower stall. At a distance r in front of the person, does
the expression I " P/(4(r 2) (Equation 16.9) (a) overestimate, (b) underestimate, or (c) give the
correct total sound intensity?

Reasoning In arriving at Equation 16.9, it was assumed that the sound spreads out uniformly
from the source and passes only once through the imaginary surface that surrounds it (see
Figure 16.22). In Figure 16.24, only part of this imaginary surface (colored blue) is shown, but
nonetheless, if Equation 16.9 is to apply, the same assumption must hold.

Answers (a) and (c) are incorrect. Equation 16.9 cannot overestimate the sound intensity, be-
cause it assumes that the sound passes through the imaginary surface only once and, hence,
does not take into account the reflected sound within the shower stall. For the same reason, nei-
ther can Equation 16.9 give the correct sound intensity.

Answer (b) is correct. Figure 16.24 illustrates three paths by which the sound passes through
the imaginary surface. The “direct” sound travels along a path from its source directly to the
surface. It is the intensity of this sound that is given by I " P/(4(r 2). The remaining paths are
two of the many that characterize the sound reflected from the shower stall. The total sound
power that passes through the surface is the sum of the direct and reflected powers. Thus the
total sound intensity at a distance r from the source is greater than the intensity of the direct
sound alone, so Equation 16.9 underestimates the sound intensity from the singing. People like
to sing in the shower because their voices sound so much louder due to the enhanced intensity
caused by the reflected sound.

Related Homework: Problems 56, 108

Conceptual Example 8 Reflected Sound and Sound Intensity"

#

Direct sound

Reflected
sound

Reflected
sound

Figure 16.24 When someone sings in
the shower, the sound power passing
through part of an imaginary spherical
surface (shown in blue) is the sum of
the direct sound power and the reflected
sound power.
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(The answers are given at the end of the book.)

14. Some animals rely on an acute sense of hearing for survival, and the visible parts
of the ears on such animals are often relatively large. How does this anatomical 

C H E C K  Y O U R  U N D E R S TA N D I N G!

The decibel (dB) is a measurement unit used when comparing two sound intensi-
ties. The simplest method of comparison would be to compute the ratio of the intensities.
For instance, we could compare I " 8 # W/m2 to I0 " 1 # W/m2 by comput-10% 1210% 12

DECIBELS

1
6
.8

80 100 120 140

6040
20

0

Decibels

Figure 16.25 A sound-level meter and
a close-up view of its decibel scale.

Table 16.2  Typical Sound Intensities and Intensity Levels 
Relative to the Threshold of Hearing

Intensity
Intensity I (W/m2) Level , (dB)

Threshold of hearing 0
Rustling leaves 10
Whisper 20
Normal conversation (1 meter) 65
Inside car in city traffic 80
Car without muffler 100
Live rock concert 1.0 120
Threshold of pain 10 130

1.0 # 10% 2
1.0 # 10% 4
3.2 # 10% 6
1.0 # 10% 10
1.0 # 10% 11
1.0 # 10% 12

Problem-solving insight

feature help to increase the sensitivity of the animal’s hearing for low-intensity sounds?

15. A source is emitting sound uniformly in all directions. There are no reflections anywhere.
A flat surface faces the source. Is the sound intensity the same at all points on the surface?

ing I/I0 " 8 and stating that I is eight times as great as I0. However, because of the way in
which the human hearing mechanism responds to intensity, it is more appropriate to use a
logarithmic scale for the comparison. For this purpose, the intensity level % (expressed in
decibels) is defined as follows:

(16.10)

where “log” denotes the logarithm to the base ten. I0 is the intensity of the reference level
to which I is being compared and is sometimes the threshold of hearing; that is,
I0 " 1.00 # W/m2. With the aid of a calculator, the intensity level can be evaluated
for the values of I and I0 given above:

This result indicates that I is 9 decibels greater than I0. Although , is called the “intensity
level,” it is not an intensity and does not have intensity units of W/m2. In fact, the decibel,
like the radian, is dimensionless.

Notice that if both I and I0 are at the threshold of hearing, then I " I0, and the inten-
sity level is 0 dB according to Equation 16.10:

since log 1 " 0. Thus, an intensity level of zero decibels does not mean that the sound
intensity I is zero; it means that I & I0.

Intensity levels can be measured with a sound-level meter, such as the one in Figure
16.25. The intensity level , is displayed on its scale, assuming that the threshold of hear-
ing is 0 dB. Table 16.2 lists the intensities I and the associated intensity levels , for some
common sounds, using the threshold of hearing as the reference level.

, " (10 dB) log ! I0

I0
" " (10 dB) log 1 " 0 dB

, " (10 dB) log ! 8 # 10% 12 W/m2

1 # 10% 12 W/m2 " " (10 dB) log 8 " (10 dB)(0.9) " 9 dB

10% 12

, " (10 dB) log ! I
I0
"
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When a sound wave reaches a listener’s ear, the sound is interpreted by the brain as
loud or soft, depending on the intensity of the wave. Greater intensities give rise to louder
sounds. However, the relation between intensity and loudness is not a simple proportion-
ality, because doubling the intensity does not double the loudness, as we will now see.

Suppose you are sitting in front of a stereo system that is producing an intensity level
of 90 dB. If the volume control on the amplifier is turned up slightly to produce a 91-dB
level, you would just barely notice the change in loudness. Hearing tests have revealed
that a one-decibel (1-dB) change in the intensity level corresponds to approximately the
smallest change in loudness that an average listener with normal hearing can detect.
Since 1 dB is the smallest perceivable increment in loudness, a change of 3 dB—say, from
90 to 93 dB—is still a rather small change in loudness. Example 9 determines the factor
by which the sound intensity must be increased to achieve such a change.

488 CHAPTER 16 WAVES AND SOUND

Audio system 1 produces an intensity level of ,1 " 90.0 dB, and system 2 produces an inten-
sity level of ,2 " 93.0 dB. The corresponding intensities (in W/m2) are I1 and I2. Determine the
ratio I2/I1.

Reasoning Intensity levels are related to intensities by logarithms (see Equation 16.10), and it
is a property of logarithms (see Appendix D) that log A % log B " log (A/B). Subtracting the
two intensity levels and using this property, we find that

Solution Using the result just obtained, we find

Doubling the intensity changes the loudness by only a small amount (3 dB) and does not dou-
ble it, so there is no simple proportionality between intensity and loudness.

2.00.30 " log ! I2

I1
" or I2

I1
" 100.30 "

93.0 dB % 90.0 dB " (10 dB) log ! I2

I1
"

 " (10 dB) log ! I2

I1
"

 ,2 % ,1 " (10 dB) log ! I2

I0
" % (10 dB) log ! I1

I0
" " (10 dB) log ! I2 /I0

I1/I0
"

Example 9  Comparing Sound Intensities"

#
To double the loudness of a sound, the intensity must be increased by more than a fac-

tor of two. Experiment shows that if the intensity level increases by 10 dB, the new sound
seems approximately twice as loud as the original sound. For instance, a 70-dB intensity
level sounds about twice as loud as a 60-dB level, and an 80-dB intensity level sounds
about twice as loud as a 70-dB level. The factor by which the sound intensity must be 
increased to double the loudness can be determined as in Example 9:

Solving this equation reveals that I2/I1 " 10.0. Thus, increasing the sound intensity by a
factor of ten will double the perceived loudness. Consequently, with both audio systems in
Figure 16.26 set at maximum volume, the 200-watt system will sound only twice as loud
as the much cheaper 20-watt system.

,2 % ,1 " 10.0 dB " (10 dB) #log ! I2

I0
" % log ! I1

I0
"$

(The answers are given at the end of the book.)

16. If two people talk simultaneously and each creates an intensity level of 65 dB at a 
certain point, does the total intensity level at this point equal 130 dB?

17. Two observation points are located at distances r1 and r2 from a source of sound. The
sound spreads out uniformly from the source, and there are no reflecting surfaces in the en-
vironment. The sound intensity level at distance r2 is 6 dB less than the level at distance r1.
(a) What is the ratio I2/I1 of the sound intensities at the two distances? (b) What is the ratio
r2/r1 of the distances?

C H E C K  Y O U R  U N D E R S TA N D I N G!

200 watts
20 watts

Figure 16.26 In spite of its tenfold
greater power, the 200-watt audio 
system has only about double the 
loudness of the 20-watt system, when
both are set for maximum volume.
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16.9 THE DOPPLER EFFECT 489

Have you ever heard an approaching fire truck and noticed the distinct change in
the sound of the siren as the truck passes? The effect is similar to what you get when you
put together the two syllables “eee” and “yow” to produce “eee-yow.” While the truck ap-
proaches, the pitch of the siren is relatively high (“eee”), but as the truck passes and moves
away, the pitch suddenly drops (“yow”). Something similar, but less familiar, occurs when
an observer moves toward or away from a stationary source of sound. Such phenomena
were first identified in 1842 by the Austrian physicist Christian Doppler (1803–1853) and
are collectively referred to as the Doppler effect.

To explain why the Doppler effect occurs, we will bring together concepts that we
have discussed previously—namely, the velocity of an object and the wavelength and fre-
quency of a sound wave (Section 16.5). We will combine the effects of the velocities of the
source and observer of the sound with the definitions of wavelength and frequency. In so
doing, we will learn that the Doppler effect is the change in frequency or pitch of the sound
detected by an observer because the sound source and the observer have different veloci-
ties with respect to the medium of sound propagation.

MOVING SOURCE

To see how the Doppler effect arises, consider the sound emitted by a siren on the
stationary fire truck in Figure 16.27a. Like the truck, the air is assumed to be stationary
with respect to the earth. Each solid blue arc in the drawing represents a condensation of
the sound wave. Since the sound pattern is symmetrical, listeners standing in front of or
behind the truck detect the same number of condensations per second and, consequently,
hear the same frequency. Once the truck begins to move, the situation changes, as part b
of the picture illustrates. Ahead of the truck, the condensations are now closer together, re-
sulting in a decrease in the wavelength of the sound. This “bunching-up” occurs because
the moving truck “gains ground” on a previously emitted condensation before emitting the
next one. Since the condensations are closer together, the observer standing in front of the
truck senses more of them arriving per second than she does when the truck is stationary.
The increased rate of arrival corresponds to a greater sound frequency, which the observer
hears as a higher pitch. Behind the moving truck, the condensations are farther apart than
they are when the truck is stationary. This increase in the wavelength occurs because the
truck pulls away from condensations emitted toward the rear. Consequently, fewer conden-
sations per second arrive at the ear of an observer behind the truck, corresponding to a
smaller sound frequency or lower pitch.

If the stationary siren in Figure 16.27a emits a condensation at the time t " 0 s, it will
emit the next one at time T, where T is the period of the wave. The distance between these
two condensations is the wavelength ! of the sound produced by the stationary source, as
Figure 16.28a indicates. When the truck is moving with a speed vs (the subscript “s” stands
for the “source” of sound) toward a stationary observer, the siren also emits condensations
at t " 0 s and at time T. However, prior to emitting the second condensation, the truck
moves closer to the observer by a distance vsT, as Figure 16.28b shows. As a result, the
distance between successive condensations is no longer the wavelength ! created by the
stationary siren, but, rather, a wavelength !- that is shortened by the amount vsT:

!- " ! % vsT

Let’s denote the frequency perceived by the stationary observer as fo, where the subscript
“o” stands for “observer.” According to Equation 16.1, fo is equal to the speed of sound v
divided by the shortened wavelength !-:

But for the stationary siren, we have ! " v/fs and T " 1/fs , where fs is the frequency of the
sound emitted by the source (not the frequency fo perceived by the observer). With the aid

fo "
v
!-

"
v

! % vsT

THE DOPPLER EFFECT
1
6
.9

Condensations Wavelength

Larger
wavelength

Truck moving

(b)

(a)
Truck at rest

Smaller
wavelength

Truck
moving

$s

$sT

Stationary
observer

Truck
at rest λ

λ′

Stationary
observer

(b)

(a)

Figure 16.28 (a) When the fire truck 
is stationary, the distance between 
successive condensations is one 
wavelength !. (b) When the truck
moves with a speed vs, the wavelength
of the sound in front of the truck is
shortened to !-.

Figure 16.27 (a) When the truck is 
stationary, the wavelength of the sound
is the same in front of and behind the
truck. (b) When the truck is moving,
the wavelength in front of the truck 
becomes smaller, while the wavelength
behind the truck becomes larger.
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of these substitutions for ! and T, the expression for fo can be arranged to give the follow-
ing result:

(16.11)

Since the term 1 % vs/v is in the denominator in Equation 16.11 and is less than one, the
frequency fo heard by the observer is greater than the frequency fs emitted by the source.
The difference between these two frequencies, fo % fs, is called the Doppler shift, and its
magnitude depends on the ratio of the speed of the source vs to the speed of sound v.

When the siren moves away from, rather than toward, the observer, the wavelength !-
becomes greater than ! according to

!- " ! ' vsT

Notice the presence of the “' ” sign in this equation, in contrast to the “% ” sign that appeared
earlier. The same reasoning that led to Equation 16.11 can be used to obtain an expression
for the observed frequency fo:

(16.12)

The denominator 1 ' vs/v in Equation 16.12 is greater than one, so the frequency fo heard
by the observer is less than the frequency fs emitted by the source. The next example illus-
trates how large the Doppler shift is in a familiar situation.

fo " fs ! 1

1 '
vs

v
"Source moving

away from
stationary observer

fo " fs ! 1

1 %
vs

v
"Source moving

toward stationary
observer

490 CHAPTER 16 WAVES AND SOUND

A high-speed train is traveling at a speed of 44.7 m/s (100 mi/h) when the engineer sounds the
415-Hz warning horn. The speed of sound is 343 m/s. What are the frequency and wavelength
of the sound, as perceived by a person standing at a crossing, when the train is (a) approaching
and (b) leaving the crossing?

Reasoning When the train approaches, the person at the crossing hears a sound whose fre-
quency is greater than 415 Hz because of the Doppler effect. As the train moves away, the per-
son hears a frequency that is less than 415 Hz. We may use Equations 16.11 and 16.12,
respectively, to determine these frequencies. In either case, the observed wavelength can be ob-
tained according to Equation 16.1 as the speed of sound divided by the observed frequency.

Solution (a) When the train approaches, the observed frequency is

(16.11)

The observed wavelength is

(16.1)

(b) When the train leaves the crossing, the observed frequency is

(16.12)

In this case, the observed wavelength is

(16.1)0.935 m!- "
v
fo

"
343 m/s
367 Hz

"

367 Hzfo " fs ! 1

1 '
vs

v
" " (415 Hz) ! 1

1 '
44.7 m/s
343 m/s

" "

0.719 m!- "
v
fo

"
343 m/s
477 Hz

"

477 Hzfo " fs ! 1

1 %
vs

v
" " (415 Hz) ! 1

1 %
44.7 m/s
343 m/s

" "

Example 10  The Sound of a Passing Train"

#
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16.9 THE DOPPLER EFFECT 491

MOVING OBSERVER

Figure 16.29 shows how the Doppler effect arises when the sound source is station-
ary and the observer moves, again assuming that the air is stationary. The observer moves
with a speed vo (“o” stands for “observer”) toward the stationary source and covers a dis-
tance vot in a time t. During this time, the moving observer encounters all the condensa-
tions that he would if he were stationary, plus an additional number. The additional
number of condensations encountered is the distance vot divided by the distance ! between
successive condensations, or vot/!. Thus, the additional number of condensations encoun-
tered per second is vo/!. Since a stationary observer would hear a frequency fs emitted by
the source, the moving observer hears a greater frequency fo given by

Using the fact that v " fs!, where v is the speed of sound, we find that

(16.13)

An observer moving away from a stationary source moves in the same direction as
the sound wave and, as a result, intercepts fewer condensations per second than a station-
ary observer does. In this case, the moving observer hears a smaller frequency fo that is
given by

(16.14)

It should be noted that the physical mechanism producing the Doppler effect is dif-
ferent when the source moves and the observer is stationary than when the observer
moves and the source is stationary. When the source moves, as in Figure 16.28b, the
wavelength of the sound perceived by the observer changes from ! to !-. When the wave-
length changes, the stationary observer hears a different frequency fo than the frequency
produced by the source. On the other hand, when the observer moves and the source is sta-
tionary, the wavelength ! does not change (see, for example, Figure 16.29). Instead, the
moving observer intercepts a different number of wave condensations per second than does
a stationary observer and therefore detects a different frequency fo.

The next example illustrates how the observed frequency changes when the observer
is accelerating.

fo " fs !1 %
vo

v "Observer moving away
from stationary source

fo " fs !1 '
vo

v "Observer moving toward
stationary source

fo " fs '
vo

!
" fs !1 '

vo

fs! "

Stationary
source

Moving observer

$ot

$o

λ

Figure 16.29 An observer moving with
a speed vo toward the stationary source
intercepts more wave condensations
per unit of time than does a stationary
observer.

Example 11 An Accelerating Speedboat and the Doppler Effect

A speedboat, starting from rest, moves along a straight
line away from a dock. The boat has a constant acceler-
ation of ' 3.00 m/s2 (see Figure 16.30). Attached to the
dock is a siren that is producing a 755-Hz tone. If the
air temperature is 20 °C, what is the frequency of the
sound heard by a person on the boat when the boat’s
displacement from the dock is ' 45.0 m?

Reasoning As the boat moves away from the dock, it is
traveling in the same direction as the sound wave (see the
drawing). Therefore, an observer on the moving boat inter-
cepts fewer condensations and rarefactions per second than
someone who is stationary. Consequently, the moving observer hears a frequency fo that is smaller than the frequency emitted by the
siren. The frequency fo depends on the frequency of the siren and the speed of sound—both of which are known—and on the speed of
the boat. The speed of the boat is the magnitude of its velocity, which can be determined by using one of the equations of kinematics.

A N A L Y Z I N G  M U L T I P L E - C O N C E P T  P R O B L E M S

+3.00 m/s2

+x

+45.0 m 

Siren

Figure 16.30 As the boat accelerates to the right, the person in it hears a sound
frequency that is less than the frequency produced by the stationary siren.

Continued
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492 CHAPTER 16 WAVES AND SOUND

Knowns and Unknowns The data for this problem are:

Description Symbol Value Comment

Explicit Data
Acceleration of speedboat ax ' 3.00 m/s2

Frequency of sound produced by siren fs 755 Hz Siren is stationary.
Displacement of speedboat x ' 45.0 m
Air temperature — 20 °C

Implicit Data
Initial velocity v0,o 0 m/s Boat starts from rest.

Unknown Variable
Frequency of sound heard by person on boat fo ? Observer is moving.

Modeling the Problem

STEP 1

(16.14)fo " fs !1 %
vo

v "
?

(16.14)fo " fs !1 %
vo

v "

STEP 2

The Doppler Effect In this situation we have a stationary source (the siren)
and an observer (the person in the boat) who is moving away from the siren. Therefore,
the frequency fo heard by the moving observer is given at the right by Equation 16.14. In
this expression, fs is the frequency of the sound emitted by the stationary siren, vo is the
speed of the moving observer (the speed of the boat), and v is the speed of sound. The
frequency fs is known, as is the speed of sound (v " 343 m/s at 20 °C; see Table 16.1).
The speed vo of the moving observer will be obtained in the next step.

Kinematics To determine the velocity of the observer, we note that the initial
velocity v0,o, acceleration ax, and displacement x are known. Therefore, we turn to Equa-
tion 2.9 of the equations of kinematics, which relates these variables to the final velocity
vo of the moving observer by vo

2 " v0,
2
o ' 2axx. Taking the square root of each side of

this equation gives

In taking the square root, we have chosen the positive root because the boat is moving
in the ' x direction (see the drawing). Since the velocity is positive, this expression
also gives the magnitude of the velocity, which is the speed of the observer. The ex-
pression for vo can be substituted into Equation 16.14, as indicated at the right. All the
variables are known, so the frequency fo heard by the moving observer can be found.

Solution Algebraically combining the results of the two steps, we have

Thus, the frequency of the sound heard by the moving observer is

Related Homework: Problems 81, 85, 86

719 Hz" (755 Hz)#1 %
v(0 m/s)2 ' 2(' 3.00 m/s2)(' 45.0 m)

343 m/s $ "

fo " fs!1 %
vv0,o

2 ' 2axx
v "

fo " fs!1 %
vo

v " " fs!1 %
vv0,o

2 ' 2axx
v "

vo " vv0,o
2 ' 2axx

GENERAL CASE

It is possible for both the sound source and the observer to move with respect to
the medium of sound propagation. If the medium is stationary, Equations 16.11–16.14 may
be combined to give the observed frequency fo as

STEP 1 STEP 2

vo " vv0,o
2 ' 2axx
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16.9 THE DOPPLER EFFECT 493

(16.15)

In the numerator, the plus sign applies when the observer moves toward the source, and the
minus sign applies when the observer moves away from the source. In the denominator,
the minus sign is used when the source moves toward the observer, and the plus sign is
used when the source moves away from the observer. The symbols vo, vs, and v denote
numbers without an algebraic sign because the direction of travel has been taken into ac-
count by the plus and minus signs that appear directly in this equation.

NEXRAD

NEXRAD stands for Next Generation Weather Radar and is a nationwide system
used by the National Weather Service to provide dramatically improved early warning of
severe storms, such as the tornado in Figure 16.31. The system is based on radar waves,
which are a type of electromagnetic wave (see Chapter 24) and, like sound waves, can ex-
hibit the Doppler effect. The Doppler effect is at the heart of NEXRAD. As the drawing il-
lustrates, a tornado is a swirling mass of air and water droplets. Radar pulses are sent out
by a NEXRAD unit, whose protective covering is shaped like a soccer ball. The waves re-
flect from the water droplets and return to the unit, where the frequency is observed and
compared to the outgoing frequency. For instance, droplets at point A in the drawing are
moving toward the unit, and the radar waves reflected from them have their frequency
Doppler-shifted to higher values. Droplets at point B, however, are moving away from the
unit, and the frequency of the waves reflected from these droplets is Doppler-shifted to
lower values. Computer processing of the Doppler frequency shifts leads to color-
enhanced views on display screens (see Figure 16.32). These views reveal the direction
and magnitude of the wind velocity and can identify, from distances up to 140 mi, the
swirling air masses that are likely to spawn tornadoes. The equations that specify the
Doppler frequency shifts are different from those given for sound waves by Equations
16.11–16.15. The reason for the difference is that radar waves propagate from one place to
another by a different mechanism than that of sound waves (see Section 24.5).

fo " fs ! 1 . 
vo

v

1 v
vs

v
"Source and observer

both moving

The physics of
Next Generation Weather Radar.

NEXRAD unit

Direction of swirling air
and water droplets

A

B

(b)

Figure 16.32 This color-enhanced
NEXRAD view of a tornado shows
winds moving toward (green) and away
from (red) a NEXRAD station, which is
below and to the right of the figure. The
white dot and arrow indicate the storm
center and the direction of wind 
circulation. (Courtesy Kurt Hondl, National
Severe Storms Laboratory, Norman, OK.)

Figure 16.31 (a) A tornado is one of
nature’s most dangerous storms. 
(Steve Bronstein/The Image Bank/Getty
Images) (b) The National Weather
Service uses the NEXRAD system,
which is based on Doppler-shifted
radar, to identify the storms that are
likely to spawn tornadoes.

(a)

(The answers are given at the end of the book.)

18. At a swimming pool, a music fan up on a diving platform is listening to a radio. As
the radio is playing a tone that has a constant frequency fs, it is accidentally knocked off 

C H E C K  Y O U R  U N D E R S TA N D I N G!

Continued
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494 CHAPTER 16 WAVES AND SOUND

the platform. Describe the Doppler effect heard by (a) the person on the platform and
(b) a person down below in the water. In each case, state whether the observed frequency
fo is greater or smaller than fs and describe how fo changes (if it changes) as the radio falls.

19. When a car is at rest, its horn emits a frequency of 600 Hz. A person standing in the
middle of the street with this car behind him hears the horn with a frequency of 580 Hz.
Does he need to jump out of the way?

20. A source of sound produces the same frequency under water as it does in air. This
source has the same velocity in air as it does under water. Consider the ratio fo/fs of the ob-
served frequency fo to the source frequency fs. Is this ratio greater in air or under water
when the source (a) approaches and (b) moves away from the observer?

21. Two cars, one behind the other, are traveling in the same direction at the same speed.
Does either driver hear the other’s horn at a frequency that is different from the frequency
heard when both cars are at rest?

22. When a truck is stationary, its horn produces a frequency of 500 Hz. You are driving
your car, and this truck is following behind. You hear its horn at a frequency of 520 Hz. 
(a) Refer to Equation 16.15 and decide which algebraic sign should be used in the numera-
tor and which in the denominator. (b) Which driver, if either, is driving faster?

The physics of
ultrasonic imaging.

When ultrasonic waves are used in medicine for diagnostic purposes, high-frequency
sound pulses are produced by a transmitter and directed into the body. As in sonar, reflec-
tions occur. They occur each time a pulse encounters a boundary between two tissues that
have different densities or a boundary between a tissue and the adjacent fluid. By scanning
ultrasonic waves across the body and detecting the echoes generated from various internal
locations, it is possible to obtain an image, or sonogram, of the inner anatomy. Ultrasonic
imaging is employed extensively in obstetrics to examine the developing fetus (Figure
16.33). The fetus, surrounded by the amniotic sac, can be distinguished from other
anatomical features so that fetal size, position, and possible abnormalities can be detected.
Ultrasound is also used in other medically related areas. For instance, tumors in the liver,
kidney, brain, and pancreas can be detected with ultrasound. Yet another application involves
monitoring the real-time movement of pulsating structures, such as heart valves (“echocar-
diography”) and large blood vessels.

When ultrasound is used to form images of internal anatomical features or foreign ob-
jects in the body, the wavelength of the sound wave must be about the same size as, or
smaller than, the object to be located. Therefore, high frequencies in the range from 1 to
15 MHz (1 MHz " 1 megahertz " 1 # 106 Hz) are the norm. For instance, the wavelength
of 5-MHz ultrasound is ! " v/f " 0.3 mm, if a value of 1540 m/s is used for the speed of
sound through tissue. A sound wave with a frequency higher than 5 MHz and a corre-
spondingly shorter wavelength is required for locating objects smaller than 0.3 mm.

APPLICATIONS OF SOUND IN MEDICINE

1
6
.1

0

Figure 16.33 An ultrasonic scanner
can be used to produce an image of the
fetus as it develops in the uterus. The
three-dimensional ultrasonic image on
the right shows incredible detail in
which the fetus appears to be sucking
the thumb of its right hand. (Left, Jesse/
Photo Researchers, Inc.; right, GE Medical
Systems/Photo Researchers, Inc.)
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16.11 THE SENSITIVITY OF THE HUMAN EAR 495

The physics of the cavitron ultrasonic surgical aspirator. Ultrasound also has ap-
plications other than imaging. Neurosurgeons use a device called a cavitron ultra-
sonic surgical aspirator (CUSA) to remove brain tumors once thought to be

inoperable. Ultrasonic sound waves cause the slender tip of the CUSA probe (see Figure
16.34) to vibrate at approximately 23 kHz. The probe shatters any section of the tumor that
it touches, and the fragments are flushed out of the brain with a saline solution. Because
the tip of the probe is small, the surgeon can selectively remove small bits of malignant tis-
sue without damaging the surrounding healthy tissue.

The physics of bloodless surgery with HIFU. Another application of ultrasound is
in a new type of bloodless surgery, which can eliminate abnormal cells, such as
those in benign hyperplasia of the prostate gland. This technique is known as

HIFU (high-intensity focused ultrasound). It is analogous to focusing the sun’s electro-
magnetic waves by using a magnifying glass and producing a small region where the en-
ergy carried by the waves can cause localized heating. Ultrasonic waves can be used in a
similar fashion. The waves enter directly through the skin and come into focus inside the
body over a region that is sufficiently well defined to be surgically useful. Within this re-
gion the energy of the waves causes localized heating, leading to a temperature of about
56 °C (normal body temperature is 37 °C), which is sufficient to kill abnormal cells. The
killed cells are eventually removed by the body’s natural processes.

The physics of the Doppler flow meter. The Doppler flow meter is a particularly in-
teresting medical application of the Doppler effect. This device measures the speed
of blood flow, using transmitting and receiving elements that are placed directly on

the skin, as in Figure 16.35. The transmitter emits a continuous sound whose frequency is
typically about 5 MHz. When the sound is reflected from the red blood cells, its frequency
is changed in a kind of Doppler effect because the cells are moving. The receiving element
detects the reflected sound, and an electronic counter measures its frequency, which is
Doppler-shifted relative to the transmitter frequency. From the change in frequency the speed
of the blood flow can be determined. Typically, the change in frequency is around 600 Hz for
flow speeds of about 0.1 m/s. The Doppler flow meter can be used to locate regions where
blood vessels have narrowed, since greater flow speeds occur in the narrowed regions, ac-
cording to the equation of continuity (see Section 11.8). In addition, the Doppler flow meter
can be used to detect the motion of a fetal heart as early as 8–10 weeks after conception.

Tumor

CUSA
probe

Skull

Skin

Incident
sound

Reflected
sound

Transmitter Receiver

$ s

Red blood cell

Figure 16.35 A Doppler flow meter
measures the speed of red blood cells.

Figure 16.34 Neurosurgeons use a
cavitron ultrasonic surgical aspirator
(CUSA) to “cut out” brain tumors
without adversely affecting the 
surrounding healthy tissue.

Although the ear is capable of detecting sound intensities as small as 1 # 10% 12 W/m2,
it is not equally sensitive to all frequencies, as Figure 16.36 shows. This figure displays a se-
ries of graphs known as the Fletcher–Munson curves, after H. Fletcher and M. Munson, who
first determined them in 1933. In these graphs the audible sound frequencies are plotted on
the horizontal axis, and the sound intensity levels (in decibels) are plotted on the vertical axis.
Each curve is a constant loudness curve because it shows the sound intensity level needed at
each frequency to make the sound appear to have the same loudness. For example, the lowest
(red) curve represents the threshold of hearing. It shows the intensity levels at which sounds
of different frequencies just become audible. The graph indicates that the intensity level of a
100-Hz sound must be about 37 dB greater than the intensity level of a 1000-Hz sound to be
at the threshold of hearing. Therefore, the ear is less sensitive to a 100-Hz sound than it is to
a 1000-Hz sound. In general, Figure 16.36 reveals that the ear is most sensitive in the range
of about 1–5 kHz, and becomes progressively less sensitive at higher and lower frequencies.

Each curve in Figure 16.36 represents a different loudness, and each is labeled accord-
ing to its intensity level at 1000 Hz. For instance, the curve labeled “60” represents all
sounds that have the same loudness as a 1000-Hz sound whose intensity level is 60 dB.
These constant-loudness curves become flatter as the loudness increases, the relative flat-
ness indicating that the ear is nearly equally sensitive to all frequencies when the sound is
loud. Thus, when you listen to loud sounds, you hear the low frequencies, the middle fre-
quencies, and the high frequencies about equally well. However, when you listen to quiet
sounds, the high and low frequencies seem to be absent, because the ear is relatively insen-
sitive to these frequencies under such conditions.

*THE SENSITIVITY OF THE HUMAN EAR
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Figure 16.36 Each curve represents the
intensity levels at which sounds of 
various frequencies have the same
loudness. The curves are labeled by
their intensity levels at 1000 Hz and are
known as the Fletcher–Munson curves.

The physics of
hearing.
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496 CHAPTER 16 WAVES AND SOUND

One of the important concepts that we encountered in this chapter is a transverse
wave. For instance, transverse waves travel along a guitar string when it is plucked or
along a violin string when it is bowed. The next example reviews how the travel speed de-
pends on the properties of the string and on the tension in it.

CONCEPTS & CALCULATIONS

1
6
.1

2

Figure 16.37 shows waves traveling on two strings. Each string is attached to a wall at one end
and to a box that has a weight of 28.0 N at the other end. String 1 has a mass of 8.00 g and a
length of 4.00 cm, and string 2 has a mass of 12.0 g and a length of 8.00 cm. Determine the
speed of the wave on each string.

Concept Questions and Answers Is the tension the same in each string?

Answer Yes, the tension is the same. The two strings support the box, so the tension in each
string is one-half the weight of the box. The fact that the strings have different masses and
lengths does not affect the tension, which is determined only by the weight of the hanging box.

Is the speed of each wave the same?

Answer Not necessarily. The speed of a wave on a string depends on both the tension and
the linear density, as Equation 16.2 indicates. The tension is the same in both strings, but
if the linear densities of the strings are different, the speeds are different.

String 1 has a smaller mass and, hence, less inertia than string 2. Does this mean that the speed
of the wave on string 1 is greater than the speed on string 2?

Answer Maybe yes, maybe no. The speed of a wave depends on the linear density of the
string, which is its mass divided by its length. Depending on the lengths of the strings,
string 1 could have a larger linear density and, hence, smaller speed, than string 2. The so-
lution below illustrates this point.

Solution The speed of a wave on a string is given by Equation 16.2 as where F
is the tension and m/L is the mass per unit length, or linear density. Since both strings support
the box, the tension in each is one-half the weight of the box, or The
linear densities of the strings are

The speed of each wave is

9.66 m/sv2 " B F
m2 /L2

" B 14.0 N
0.150 kg/m

"

8.37 m/sv1 " B F
m1/L1

" B 14.0 N
0.200 kg/m

"

m 2

L2
"

12.0 g
8.00 cm

" 1.50 g/cm " 0.150 kg/m

m 1

L1
"

8.00 g
4.00 cm

" 2.00 g/cm " 0.200 kg/m

F " 1
2 (28.0 N) " 14.0 N.

v " vF/(m/L),

Concepts & Calculations Example 12
What Determines the Speed of a Wave on a String?"

#

A siren, mounted on a tower, emits a sound whose frequency is 2140 Hz. A person is driving a
car away from the tower at a speed of 27.0 m/s. As Figure 16.38 illustrates, the sound reaches
the person by two paths: the sound reflected from a building in front of the car, and the sound

Concepts & Calculations Example 13
The Doppler Effect for a Moving Observer"

The next example illustrates how the Doppler effect arises when an observer is mov-
ing away from or toward a stationary source of sound. In fact, we will see that it’s possi-
ble for both situations to occur at the same time.

28.0 N
String 1 String 2

Figure 16.37 A wave travels on each
of the two strings. The strings have 
different masses and lengths, and 
together support the 28.0-N box.
Which is the faster wave?
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coming directly from the siren. The speed of sound is 343 m/s. What frequency does the per-
son hear for the (a) reflected and (b) direct sounds?

Concept Questions and Answers One way that the Doppler effect can arise is that the wave-
length of the sound changes. For either the direct or the reflected sound, does the wavelength
change?

Answer No. The wavelength changes only when the source of the sound is moving, as 
illustrated in Figure 16.28b. The siren is stationary, so the wavelength does not change.

Why does the driver hear a frequency for the reflected sound that is different from 2140 Hz, and
is it greater than or smaller than 2140 Hz?

Answer The car and the reflected sound are traveling in opposite directions, the car to
the right and the reflected sound to the left. The driver intercepts more wave cycles per
second than if the car were stationary. Consequently, the driver hears a frequency greater
than 2140 Hz.

Why does the driver hear a frequency for the direct sound that is different from 2140 Hz, and
is it greater than or smaller than 2140 Hz?

Answer The car and the direct sound are traveling in the same direction. As the direct
sound passes the car, the number of wave cycles per second intercepted by the driver is
less than if the car were stationary. Thus, the driver hears a frequency that is less than
2140 Hz.

Solution (a) For the reflected sound, the frequency fo that the driver (the “observer”) hears is
equal to the frequency fs of the waves emitted by the siren plus an additional number of cycles
per second, because the car and the reflected sound are moving in opposite directions. The ad-
ditional number of cycles per second is vo/!, where vo is the speed of the car and ! is the wave-
length of the sound (see the subsection “Moving Observer” in Section 16.9). According to
Equation 16.1, the wavelength is equal to the speed of sound v divided by the frequency of the
siren, ! " v/fs . Thus, the frequency heard by the driver can be written as

per second

(b) For the direct sound, the frequency fo that the driver hears is equal to the frequency fs of the
waves emitted by the siren minus vo/!, because the car and direct sound are moving in the same
direction:

As expected, for the reflected wave, the driver hears a frequency greater than 2140 Hz, while
for the direct sound he hears a frequency less than 2140 Hz.

1970 Hz " fs !1 %
vo

v " " (2140 Hz) !1 %
27.0 m/s
343 m/s " "

fo " fs %
vo

!
" fs %

vo

v/fs
 

2310 Hz " fs !1 '
vo

v " " (2140 Hz) !1 '
27.0 m/s
343 m/s " "

Additional number of
14243

cycles intercepted

" fs '
vo

v/fs

vo

!
fo " fs '

Direct Reflected

Figure 16.38 The sound from the siren
reaches the car by a reflected path and
a direct path. The direct and reflected
sound waves, as well as the motion of
the car, are assumed to lie along the
same line. Because of the Doppler 
effect, the driver hears a different 
frequency for each sound.

#
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498 CHAPTER 16 WAVES AND SOUND

If you need more help with a concept, use the Learning Aids noted next to the discussion or equation. Examples (Ex.) are in the text
of this chapter. Go to www.wiley.com/college/cutnell for the following Learning Aids:

Transverse wave
Longitudinal wave

Cycle
Amplitude
Wavelength

Period
Frequency

Relation between frequency 
and period

Relation between speed, 
frequency, and wavelength

Speed of a wave on a string

Linear density

Condensation
Rarefaction

Pure tone
Infrasonic frequency
Ultrasonic frequency
Pitch

Pressure amplitude

Loudness

Speed of sound 
in an ideal gas

16.1 THE NATURE OF WAVES A wave is a traveling disturbance and carries energy from place to
place. In a transverse wave, the disturbance occurs perpendicular to the direction of travel of the wave.
In a longitudinal wave, the disturbance occurs parallel to the line along which the wave travels.

16.2 PERIODIC WAVES A periodic wave consists of cycles or patterns that are produced over
and over again by the source of the wave. The amplitude of the wave is the maximum excursion of
a particle of the medium from the particle’s undisturbed position. The wavelength ! is the distance
along the length of the wave between two successive equivalent points, such as two crests or two
troughs. The period T is the time required for the wave to travel a distance of one wavelength. The
frequency f (in hertz) is the number of wave cycles per second that passes an observer and is the
reciprocal of the period (in seconds):

(10.5)

The speed v of a wave is related to its wavelength and frequency according to

(16.1)

16.3 THE SPEED OF A WAVE ON A STRING The speed of a wave depends on the properties of the
medium in which the wave travels. For a transverse wave on a string that has a tension F and a mass
per unit length m/L, the wave speed is

(16.2)

The mass per unit length is also called the linear density.

16.4 THE MATHEMATICAL DESCRIPTION OF A WAVE When a wave of amplitude A, frequency f,
and wavelength ! moves in the ' x direction through a medium, the wave causes a displacement y
of a particle at position x according to

(16.3)

For a wave moving in the % x direction, the expression is

(16.4)

16.5 THE NATURE OF SOUND Sound is a longitudinal wave that can be created only in a
medium; it cannot exist in a vacuum. Each cycle of a sound wave includes one condensation (a re-
gion of greater than normal pressure) and one rarefaction (a region of less than normal pressure).
A sound wave with a single frequency is called a pure tone. Frequencies less than 20 Hz are
called infrasonic. Frequencies greater than 20 kHz are called ultrasonic. The brain interprets the
frequency detected by the ear primarily in terms of the subjective quality known as pitch. A high-
pitched sound is one with a large frequency (e.g., piccolo). A low-pitched sound is one with a
small frequency (e.g., tuba).
The pressure amplitude of a sound wave is the magnitude of the maximum change in pressure,
measured relative to the undisturbed pressure. The pressure amplitude is associated with the sub-
jective quality of loudness. The larger the pressure amplitude, the louder the sound.

16.6 THE SPEED OF SOUND The speed of sound v depends on the properties of the medium. In
an ideal gas, the speed of sound is

(16.5)v " B )kT
m

y " A sin !2( ft '
2(x

! "

y " A sin !2( ft %
2(x

! "

v " B F
m/L

v " f!

f "
1
T

Topic Discussion Learning Aids

Interactive LearningWare (ILW) — Additional examples solved in a five-step interactive format.

Concept Simulations (CS) — Animated text figures or animations of important concepts.

Interactive Solutions (IS) — Models for certain types of problems in the chapter homework. The calculations are carried out interactively.

CONCEPT SUMMARY

Ex. 1

Ex. 2, 3, 12
CS 16.1
IS 16.15 

Ex. 4, 5
ILW 16.1
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Speed of sound in a liquid

Speed of sound in a solid bar

Intensity

Threshold of hearing

Spherically uniform radiation

Intensity level in decibels

The Doppler effect

where ) " cP/cV is the ratio of the specific heat capacities at constant pressure and constant vol-
ume, k is Boltzmann’s constant, T is the Kelvin temperature, and m is the mass of a molecule of
the gas. In a liquid, the speed of sound is

(16.6)

where Bad is the adiabatic bulk modulus and + is the mass density. In a solid that has a Young’s
modulus of Y and the shape of a long slender bar, the speed of sound is

(16.7)

16.7 SOUND INTENSITY The intensity I of a sound wave is the power P that passes perpendic-
ularly through a surface divided by the area A of the surface

(16.8)

The SI unit for intensity is watts per square meter (W/m2). The smallest sound intensity that the
human ear can detect is known as the threshold of hearing and is about 1 # 10% 12 W/m2 for a 
1-kHz sound. When a source radiates sound uniformly in all directions and no reflections are
present, the intensity of the sound is inversely proportional to the square of the distance from the
source, according to

(16.9)

16.8 DECIBELS The intensity level , (in decibels) is used to compare a sound intensity I to the
sound intensity I0 of a reference level:

(16.10)

The decibel, like the radian, is dimensionless. An intensity level of zero decibels means that I " I0.
One decibel is approximately the smallest change in loudness that an average listener with healthy
hearing can detect. An increase of ten decibels in the intensity level corresponds approximately to a
doubling of the loudness of the sound.

16.9 THE DOPPLER EFFECT The Doppler effect is the change in frequency detected by an ob-
server because the sound source and the observer have different velocities with respect to the
medium of sound propagation. If the observer and source move with speeds vo and vs, respectively,
and if the medium is stationary, the frequency fo detected by the observer is

(16.15)

where fs is the frequency of the sound emitted by the source and v is the speed of sound. In the
numerator, the plus sign applies when the observer moves toward the source, and the minus sign
applies when the observer moves away from the source. In the denominator, the minus sign is
used when the source moves toward the observer, and the plus sign is used when the source
moves away from the observer.

fo " fs ! 1 . 
vo

v

1 / 
vs

v
"

, " (10 dB) log ! I
I0
"

I "
P

4(r 2

I "
P
A

v " B Y
+

v " B Bad

+

Ex. 6
IS 16.61

Ex. 7, 8

Ex. 9

Topic Discussion Learning Aids

Ex. 10, 11, 13
ILW 16.2
IS 16.83 

Section 16.2 Periodic Waves
3. A transverse wave on a string has an amplitude A. A tiny spot on
the string is colored red. As one cycle of the wave passes by, what 
is the total distance traveled by the red spot? (a) A (b) 2A
(c) (d) 4A (e) 1

4 A1
2 A

Section 16.1 The Nature of Waves
2. Domino toppling is an event in which a large number of dominoes
are lined up close together and then allowed to topple, one after 
the other. The disturbance that propagates along the line of dominoes
is ________________. (a) partly transverse and partly longitudinal
(b) transverse (c) longitudinal

Note to Instructors: The numbering of the questions shown here reflects the fact that they are only a representative subset of the total number that are
available online. However, all of the questions are available for assignment via an online homework management program such as WileyPLUS or WebAssign.

FOCUS ON CONCEPTS

2762T_ch16_473-506.qxd  7/2/08  5:31 PM  Page 499



Section 16.3 The Speed of a Wave on a String
6. As a wave moves through a medium at a speed v, the particles of
the medium move in simple harmonic motion about their undisturbed
positions. The maximum speed of the simple harmonic motion is
vmax. When the amplitude of the wave doubles, ________________.
(a) v doubles, but vmax remains the same (b) v remains unchanged,
but vmax doubles (c) both v and vmax remain unchanged (d) both v
and vmax double
7. A rope is attached to a hook in the ceiling and is hanging straight
down. The rope has a mass m, and nothing is attached to the free end
of the rope. As a transverse wave travels down the rope from the top,
______________. (a) the speed of the wave does not change (b) the
speed of the wave increases (c) the speed of the wave decreases

Section 16.4 The Mathematical Description of a Wave
10. The equation that describes a transverse wave on a string is

where y is the displacement of a string particle and x is the position
of the particle on the string. The wave is traveling in the ' x direction.
What is the speed v of the wave?

Section 16.5 The Nature of Sound
11. As the amplitude of a sound wave in air decreases to zero,
______________. (a) nothing happens to the condensations and
rarefactions of the wave (b) the condensations and rarefactions of
the wave occupy more and more distance along the direction in which
the wave is traveling (c) the condensations of the wave disappear,
but nothing happens to the rarefactions (d) nothing happens to the
condensations of the wave, but the rarefactions disappear (e) both
the condensations and the rarefactions of the wave disappear

Section 16.6 The Speed of Sound
12. An echo is sound that returns to you after being reflected from a
distant surface (e.g., the side of a cliff ). Assuming that the distances
involved are the same, an echo under water and an echo in air return
to you ______________. (a) at different times, the echo under water
returning more slowly (b) at different times, the echo under water 
returning more quickly (c) at the same time
13. A horn on a boat sounds a warning, and the sound penetrates the
water. How does the frequency of the sound in the air compare to its
frequency in the water? How does the wavelength in the air compare
to the wavelength in the water? (a) The frequency in the air is

y " (0.0120 m) sin[(483 rad/s)t % (3.00 rad/m)x]

500 CHAPTER 16 WAVES AND SOUND

smaller than the frequency in the water, and the wavelength in the air
is greater than the wavelength in the water. (b) The frequency in the
air is greater than the frequency in the water, and the wavelength in
the air is smaller than the wavelength in the water. (c) The fre-
quency in the air is the same as the frequency in the water, and the
wavelength in the air is the same as the wavelength in the water.
(d) The frequency in the air is the same as the frequency in the water,
and the wavelength in the air is smaller than the wavelength in the 
water. (e) The frequency in the air is the same as the frequency in
the water, and the wavelength in the air is greater than the wavelength
in the water.

Section 16.7 Sound Intensity
15. A source emits sound uniformly in all directions. There are no re-
flections of the sound. At a distance of 12 m from the source, the inten-
sity of the sound is 5.0 # 10% 3 W/m2. What is the total sound power
P emitted by the source?

Section 16.8 Decibels
17. A source emits sound uniformly in all directions. There are no re-
flections of the sound. At a distance r1 from the source, the sound is
7.0 dB louder than it is at a distance r2 from the source. What is the
ratio r1/r2?

Section 16.9 The Doppler Effect
18. A red car and a blue car can move along the same straight one-
lane road. Both cars can move only at one speed when they move (e.g.,
60 mph). The driver of the red car sounds his horn. In which one of
the following situations does the driver of the blue car hear the high-
est horn frequency? (a) Both cars are moving at the same speed, and
they are moving apart. (b) Both cars are moving in the same direc-
tion at the same speed. (c) Both cars are moving at the same speed,
and they are moving toward each other. (d) The red car is moving
toward the blue car, which is stationary. (e) The blue car is moving
toward the red car, which is stationary.
19. What happens to the Doppler effect in air (i.e., the shift in frequency
of a sound wave) as the temperature increases? (a) It is greater at
higher temperatures, but only in the case of a moving source and a sta-
tionary observer. (b) It is greater at higher temperatures, but only in the
case of a moving observer and a stationary source. (c) It is greater at
higher temperatures than at lower temperatures. (d) It is less at higher
temperatures than at lower temperatures. (e) The Doppler effect does
not change as the temperature increases.

Note to Instructors: Most of the homework problems in this chapter are available for assignment via an online homework management program such
as WileyPLUS or WebAssign, and those marked with the icon         are presented in WileyPLUS using a guided tutorial format that provides enhanced inter-
activity. See Preface for additional details.

ssm Solution is in the Student Solutions Manual.
This icon represents a biomedical application.

www Solution is available online at www.wiley.com/college/cutnell

PROBLEMS

Section 16.1 The Nature of Waves,
Section 16.2 Periodic Waves
1. ssm Light is an electromagnetic wave and travels at a speed of
3.00 # 108 m/s. The human eye is most sensitive to yellow-green
light, which has a wavelength of 5.45 # 10% 7 m. What is the fre-
quency of this light?
2. A car driving along a highway at a speed of 23 m/s strays onto the
shoulder. Evenly spaced parallel grooves called “rumble strips” are
carved into the pavement of the shoulder. Rolling over the rumble

strips causes the car’s wheels to oscillate up and down at a frequency
of 82 Hz. How far apart are the centers of adjacent rumble-strip
grooves?

3. A woman is standing in the ocean, and she notices that after a wave
crest passes, five more crests pass in a time of 50.0 s. The distance 
between two successive crests is 32 m. Determine, if possible, the
wave’s (a) period, (b) frequency, (c) wavelength, (d) speed,
and (e) amplitude. If it is not possible to determine any of these
quantities, then so state.
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4. Tsunamis are fast-moving waves often generated by underwater
earthquakes. In the deep ocean their amplitude is barely noticeable,
but upon reaching shore, they can rise up to the astonishing height of
a six-story building. One tsunami, generated off the Aleutian islands
in Alaska, had a wavelength of 750 km and traveled a distance of
3700 km in 5.3 h. (a) What was the speed (in m/s) of the wave? For
reference, the speed of a 747 jetliner is about 250 m/s. Find the
wave’s (b) frequency and (c) period.
5. ssm Suppose that the amplitude and frequency of the transverse
wave in Figure 16.2c are, respectively, 1.3 cm and 5.0 Hz. Find the total
vertical distance (in cm) through which the colored dot moves in 3.0 s.
6. A person lying on an air mattress in the ocean rises and falls
through one complete cycle every five seconds. The crests of the
wave causing the motion are 20.0 m apart. Determine (a) the fre-
quency and (b) the speed of the wave.
7. Refer to the graphs that accompany Problem 26. From the data in
these graphs, determine the speed of the wave.

*8. A jetskier is moving at 8.4 m/s in the direction in which the
waves on a lake are moving. Each time he passes over a crest, he feels
a bump. The bumping frequency is 1.2 Hz, and the crests are sepa-
rated by 5.8 m. What is the wave speed?

*9. The speed of a transverse wave on a string is 450 m/s, and the
wavelength is 0.18 m. The amplitude of the wave is 2.0 mm. How
much time is required for a particle of the string to move through a
total distance of 1.0 km?

*10. A 3.49-rad/s (33 rpm) record has
a 5.00-kHz tone cut in the groove. If
the groove is located 0.100 m from
the center of the record (see drawing),
what is the wavelength in the groove?

**11. A water-skier is moving at a
speed of 12.0 m/s. When she skis in
the same direction as a traveling wave,
she springs upward every 0.600 s be-
cause of the wave crests. When she
skis in the direction opposite to the 
direction in which the wave moves,
she springs upward every 0.500 s in response to the crests. The speed
of the skier is greater than the speed of the wave. Determine (a) the
speed and (b) the wavelength of the wave.

Section 16.3 The Speed of a Wave on a String
12. A wire is stretched between two posts. Another wire is stretched
between two posts that are twice as far apart. The tension in the wires
is the same, and they have the same mass. A transverse wave travels
on the shorter wire with a speed of 240 m/s. What would be the speed
of the wave on the longer wire?
13. ssm Suppose that the linear density of the A string on a violin is
7.8 ! kg/m. A wave on the string has a frequency of 440 Hz and
a wavelength of 65 cm. What is the tension in the string?
14. The mass of a string is 5.0 ! 10"3 kg, and it is stretched so that
the tension in it is 180 N. A transverse wave traveling on this string
has a frequency of 260 Hz and a wavelength of 0.60 m. What is the
length of the string?
15. Consult Interactive Solution 16.15 at www.wiley.com/college/
cutnell in order to review a model for solving this problem. To meas-
ure the acceleration due to gravity on a distant planet, an astronaut
hangs a 0.055-kg ball from the end of a wire. The wire has a length
of 0.95 m and a linear density of 1.2 ! 10"4 kg/m. Using electronic
equipment, the astronaut measures the time for a transverse pulse to
travel the length of the wire and obtains a value of 0.016 s. The mass

10"4

1
3

of the wire is negligible compared to the mass of the ball. Determine
the acceleration due to gravity.
16. Two wires are parallel, and one is directly above the other. Each
has a length of 50.0 m and a mass per unit length of 0.020 kg/m.
However, the tension in wire A is 6.00 ! 102 N, and the tension in
wire B is 3.00 ! 102 N. Transverse wave pulses are generated simul-
taneously, one at the left end of wire A and one at the right end of
wire B. The pulses travel toward each other. How much time does it
take until the pulses pass each other?
17. The drawing shows two transverse waves traveling on strings.
The linear density of each string is 0.065 kg/m. The tension is pro-
vided by a 26-N block that is hanging from the string. Find the speed
of the wave in part (a) and in part (b) of the drawing.

*18. The drawing shows a graph of two waves traveling to the
right at the same speed. (a) Using the data in the drawing, deter-
mine the wavelength of each wave. (b) The speed of the waves is
12 m/s; calculate the frequency of each one. (c) What is the maxi-
mum speed for a particle attached to each wave?

*19. ssm Two blocks are connected by a wire that has a mass per unit
length of 8.50 ! kg/m. One block has a mass of 19.0 kg, and
the other has a mass of 42.0 kg. These blocks are being pulled across
a horizontal frictionless floor by a horizontal force that is applied
to the less massive block. A transverse wave travels on the wire be-
tween the blocks with a speed of 352 m/s (relative to the wire). The
mass of the wire is negligible compared to the mass of the blocks.
Find the magnitude of .

*20. A spider hangs from a strand of silk whose radius is 4.0 ! 10"6 m.
The density of the silk is 1300 kg/m3. When the spider moves, waves
travel along the strand of silk at a speed of 280 m/s. Determine the
mass of the spider.

*21. (a) A uniform rope of mass m and length L is hanging
straight down from the ceiling. A small-amplitude transverse wave is
sent up the rope from the bottom end. Derive an expression that gives
the speed v of the wave on the rope in terms of the distance y above
the bottom end of the rope and the magnitude g of the acceleration
due to gravity. (b) Use the expression that you have derived to cal-
culate the speeds at distances of 0.50 m and 2.0 m above the bottom
end of the rope.

**22. A copper wire, whose cross-sectional area is 1.1 ! m2,
has a linear density of 9.8 ! kg/m and is strung between two
walls. At the ambient temperature, a transverse wave travels with a
speed of 46 m /s on this wire. The coefficient of linear expansion for
copper is 17 ! and Young’s modulus for copper is 10"6 (C#)"1,

10"3
10"6

PB

PB

10"4

0.50 m

0.25 m

–0.25 m

0

–0.50 m

4.0 6.02.0

 x (m)

AB

26 N

26 N(b)
(a)

One
wavelength

0.100 m

Problem 10

1.1 ! 1011 N/m2. What will be the speed of the wave when the tem-
perature is lowered by 14 C°? Ignore any change in the linear den-
sity caused by the change in temperature.
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**23. The drawing shows a 15.0-kg ball
being whirled in a circular path on the
end of a string. The motion occurs on a
frictionless, horizontal table. The angu-
lar speed of the ball is & " 12.0 rad/s.
The string has a mass of 0.0230 kg. How
much time does it take for a wave on the
string to travel from the center of the cir-
cle to the ball?

Section 16.4 The Mathematical Description of a Wave
(Note: The phase angles (2(ft % 2(x/!) and (2(ft ' 2(x/!) are meas-
ured in radians, not degrees.)

24. A wave traveling along the x axis is described mathematically by
the equation y " 0.17 sin (8.2(t ' 0.54(x), where y is the displace-
ment (in meters), t is in seconds, and x is in meters. What is the speed
of the wave?

25. ssm A wave traveling in the ' x direction has an amplitude of
0.35 m, a speed of 5.2 m/s, and a frequency of 14 Hz. Write the equa-
tion of the wave in the form given by either Equation 16.3 or 16.4.

26. The drawing shows two graphs that represent a transverse wave
on a string. The wave is moving in the ' x direction. Using the infor-
mation contained in these graphs, write the mathematical expression
(similar to Equation 16.3 or 16.4) for the wave.

27. A wave has the following properties: amplitude " 0.37 m,
period " 0.77 s, wave speed " 12 m/s. The wave is traveling in the
% x direction. What is the mathematical expression (similar to
Equation 16.3 or 16.4) for the wave?

*28. A transverse wave is traveling on a string. The displace-
ment y of a particle from its equilibrium position is given by 
y " (0.021 m) sin (25t % 2.0x). Note that the phase angle 25t % 2.0x
is in radians, t is in seconds, and x is in meters. The linear density 
of the string is 1.6 # kg/m. What is the tension in the string?

*29. ssm The tension in a string is 15 N, and its linear density is 
0.85 kg/m. A wave on the string travels toward the % x direction; it
has an amplitude of 3.6 cm and a frequency of 12 Hz. What are the
(a) speed and (b) wavelength of the wave? (c) Write down a
mathematical expression (like Equation 16.3 or 16.4) for the wave,
substituting numbers for the variables A, f, and !.

**30. A transverse wave on a string has an amplitude of 0.20 m and a
frequency of 175 Hz. Consider the particle of the string at x " 0 m.
It begins with a displacement of y " 0 m when t " 0 s, according to
Equation 16.3 or 16.4. How much time passes between the first two
instants when this particle has a displacement of y " 0.10 m?

Section 16.5 The Nature of Sound,
Section 16.6 The Speed of Sound
31. ssm Consult Interactive LearningWare 16.1 at www.wiley.com/
college/cutnell for insight into this problem. At what temperature is
the speed of sound in helium (ideal gas, ) " 1.67, atomic mass "
4.003 u) the same as its speed in oxygen at 0 °C?

10% 2

0.020 0.060

0.040

– 0.010

+ 0.010

0.080

At t = 0 s

x (m)

y (m)

0.10 0.30
0.20

– 0.010

+ 0.010

0.40

At x = 0 m

t (s)

y (m)
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32. A bat emits a sound whose frequency is 91 kHz. The speed of
sound in air at 20.0 °C is 343 m/s. However, the air temperature is 
35 °C, so the speed of sound is not 343 m/s. Assume that air behaves
like an ideal gas, and find the wavelength of the sound.
33. For research purposes a sonic buoy is tethered to the ocean floor
and emits an infrasonic pulse of sound. The period of this sound is 
71 ms. Determine the wavelength of the sound.
34. Have you ever listened for an approaching train by kneeling
next to a railroad track and putting your ear to the rail? Young’s
modulus for steel is Y " 2.0 # 1011 N/m2, and the density of steel
is + " 7860 kg/m3. On a day when the temperature is 20 °C, how
many times greater is the speed of sound in the rail than in the air?
35. ssm Argon (molecular mass " 39.9 u) is a monatomic gas.
Assuming that it behaves like an ideal gas at 298 K () " 1.67), find
(a) the rms speed of argon atoms and (b) the speed of sound in 
argon.
36. Suppose you are part of a team that is trying to break the sound
barrier with a jet-powered car, which means that it must travel faster
than the speed of sound in air. In the morning, the air temperature is 
0 °C, and the speed of sound is 331 m/s. What speed must your car ex-
ceed if it is to break the sound barrier when the temperature has risen to
43 °C in the afternoon? Assume that air behaves like an ideal gas.
37. As the drawing illustrates, a siren
can be made by blowing a jet of air
through 20 equally spaced holes in a ro-
tating disk. The time it takes for succes-
sive holes to move past the air jet is the
period of the sound. The siren is to pro-
duce a 2200-Hz tone. What must be the
angular speed & (in rad/s) of the disk?
38. An observer stands 25 m behind a marksman practicing at a rifle
range. The marksman fires the rifle horizontally, the speed of the bul-
lets is 840 m/s, and the air temperature is 20 °C. How far does each
bullet travel before the observer hears the report of the rifle? Assume
that the bullets encounter no obstacles during this interval, and ignore
both air resistance and the vertical component of the bullets’ motion.
39. A sound wave is incident on a pool of fresh water (20 °C). The
sound enters the water perpendicularly and travels a distance of 
0.45 m before striking a 0.15-m-thick copper block lying on the bot-
tom. The sound passes through the block, reflects from the bottom
surface of the block, and returns to the top of the water along the
same path. How much time elapses between when the sound enters
and when it leaves the water?
40. An ultrasonic ruler, such as the one discussed in Example 4
in Section 16.6, displays the distance between the ruler and an object,
such as a wall. The ruler sends out a pulse of ultrasonic sound and meas-
ures the time it takes for the pulse to reflect from the object and return.
The ruler uses this time, along with a preset value for the speed of sound
in air, to determine the distance. Suppose that you use this ruler under
water, rather than in air. The actual distance from the ultrasonic ruler to
an object is 25.0 m. The adiabatic bulk modulus and density of sea-
water are Bad " 2.37 # 109 Pa and + " 1025 kg/m3, respectively.
Assume that the ruler uses a preset value of 343 m/s for the speed of
sound in air. Determine the distance reading that the ruler displays.
41. An explosion occurs at the end of a pier. The sound reaches the
other end of the pier by traveling through three media: air, fresh water,
and a slender metal handrail. The speeds of sound in air, water, and the
handrail are 343, 1482, and 5040 m/s, respectively. The sound travels
a distance of 125 m in each medium. (a) Through which medium
does the sound arrive first, second, and third? (b) After the first sound
arrives, how much later do the second and third sounds arrive?

String

Ball

Air je
t
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*42. As the drawing shows, one microphone is located at the origin,
and a second microphone is located on the ' y axis. The microphones
are separated by a distance of D " 1.50 m. A source of sound is lo-
cated on the ' x axis, its distances from microphones 1 and 2 being
L1 and L2, respectively. The speed of sound is 343 m/s. The sound
reaches microphone 1 first, and then, 1.46 ms later, it reaches micro-
phone 2. Find the distances L1 and L2.

*43. ssm A hunter is standing on flat ground between two vertical
cliffs that are directly opposite one another. He is closer to one cliff
than to the other. He fires a gun and, after a while, hears three echoes.
The second echo arrives 1.6 s after the first, and the third echo arrives
1.1 s after the second. Assuming that the speed of sound is 343 m/s
and that there are no reflections of sound from the ground, find the
distance between the cliffs.

*44. A monatomic ideal gas () " 1.67) is contained within a box
whose volume is 2.5 m3. The pressure of the gas is 3.5 # 105 Pa. The
total mass of the gas is 2.3 kg. Find the speed of sound in the gas.

*45. ssm A long slender bar is made from an unknown material. The
length of the bar is 0.83 m, its cross-sectional area is 1.3 # m2,
and its mass is 2.1 kg. A sound wave travels from one end of the bar
to the other end in 1.9 # s. From which one of the materials
listed in Table 10.1 is the bar most likely to be made?

*46. When an earthquake occurs, two types of sound waves are gen-
erated and travel through the earth. The primary, or P, wave has a
speed of about 8.0 km/s and the secondary, or S, wave has a speed of
about 4.5 km/s. A seismograph, located some distance away, records
the arrival of the P wave and then, 78 s later, records the arrival of the
S wave. Assuming that the waves travel in a straight line, how far is
the seismograph from the earthquake?

*47. A sound wave travels twice as far in neon (Ne) as it does in kryp-
ton (Kr) in the same time interval. Both neon and krypton can be
treated as monatomic ideal gases. The atomic mass of neon is 20.2 u,
and the atomic mass of krypton is 83.8 u. The temperature of the
krypton is 293 K. What is the temperature of the neon?

*48. Consult Multiple-Concept Example 4 in order to review a model
for solving this type of problem. Suppose that you are standing by the
side of a road in the Sahara desert where the temperature has reached
a hot 56 °C (130 °F). A truck, traveling at a constant speed, passes by.
After 4.00 s have elapsed, you use the ultrasonic ruler discussed in
Example 4 to measure the distance to the truck. A sound pulse leaves
the ultrasonic ruler and returns 0.120 s later. Assume that the average
molecular mass of air is 28.9 u, air is an ideal diatomic gas ,
and the truck moves a negligible distance in the time it takes for the
sound pulse to reach it. Determine how fast the truck is moving.

**49. In a mixture of argon (atomic mass " 39.9 u) and neon (atomic
mass " 20.2 u), the speed of sound is 363 m/s at 3.00 # 102 K.
Assume that both monatomic gases behave as ideal gases. Find the
percentage of the atoms that are argon and the percentage that are
neon.

() " 7
5)
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**50. Review Multiple-Concept Example 4 for background pertinent
to this problem. A team of geophysicists is standing on the ground.
Beneath their feet, at an unknown distance, is the ceiling of a cavern.
The floor of the cavern is a distance h below this ceiling. To measure
h, the team places microphones on the ground. At t " 0 s, a sound
pulse is sent straight downward through the ground and into the cav-
ern. When this pulse reaches the ceiling of the cavern, one part of it
is reflected back toward the microphones, and a second part contin-
ues downward, eventually to be reflected from the cavern floor. The
sound reflected from the cavern ceiling reaches the microphones at 
t " 0.0245 s, and the sound reflected from the cavern floor arrives at
t " 0.0437 s. The cavern is presumed to be filled with air at a temper-
ature of 9 °C. Assuming that air behaves like an ideal gas, what is the
height h of the cavern?

**51. ssm www As a prank, someone drops a water-filled balloon
out of a window. The balloon is released from rest at a height of 
10.0 m above the ears of a man who is the target. Then, because of a
guilty conscience, the prankster shouts a warning after the balloon is
released. The warning will do no good, however, if shouted after the
balloon reaches a certain point, even if the man could react infinitely
quickly. Assuming that the air temperature is 20 °C and ignoring the
effect of air resistance on the balloon, determine how far above the
man’s ears this point is.

Section 16.7 Sound Intensity
52. The average sound intensity inside a busy neighborhood restau-
rant is 3.2 # W/m2. How much energy goes into each ear 
(area " 2.1 # 10% 3 m2) during a one-hour meal?
53. ssm www At a distance of 3.8 m from a siren, the sound inten-
sity is 3.6 # W/m2. Assuming that the siren radiates sound uni-
formly in all directions, find the total power radiated.
54. A source of
sound is located at the
center of two concentric
spheres, parts of which
are shown in the drawing.
The source emits sound
uniformly in all direc-
tions. On the spheres 
are drawn three small
patches that may or may
not have equal areas.
However, the same sound
power passes through
each patch. The source
produces 2.3 W of sound
power, and the radii of the
concentric spheres are rA " 0.60 m and rB " 0.80 m. (a) Determine
the sound intensity at each of the three patches. (b) The sound power
that passes through each of the patches is 1.8 # 10% 3 W. Find the area
of each patch.
55. A rocket in a fireworks display explodes high in the air. The
sound spreads out uniformly in all directions. The intensity of the
sound is 2.0 # W/m2 at a distance of 120 m from the explosion.
Find the distance from the source at which the intensity is 
0.80 # W/m2.
56. Suppose that in Conceptual Example 8 (see Figure 16.24) the
person is producing 1.1 mW of sound power. Some of the sound is
reflected from the floor and ceiling. The intensity of this reflected
sound at a distance of 3.0 m from the source is 4.4 # W/m2.
What is the total sound intensity due to both the direct and reflected
sounds, at this point?
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10% 6

10% 6

10% 2

10% 5
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sound
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57. ssm A loudspeaker has a circular opening with a radius of
0.0950 m. The electrical power needed to operate the speaker is 
25.0 W. The average sound intensity at the opening is 17.5 W/m2.
What percentage of the electrical power is converted by the speaker
into sound power?
58. A man stands at the midpoint between two speakers that are
broadcasting an amplified static hiss uniformly in all directions. The
speakers are 30.0 m apart and the total power of the sound coming
from each speaker is 0.500 W. Find the total sound intensity that the
man hears (a) when he is at his initial position halfway between the
speakers, and (b) after he has walked 4.0 m directly toward one of
the speakers.

*59. Deep ultrasonic heating is used to promote healing of torn
tendons. It is produced by applying ultrasonic sound over

the affected area of the body. The sound transducer (generator) is cir-
cular with a radius of 1.8 cm, and it produces a sound intensity of 
5.9 # 103 W/m2. How much time is required for the transducer to
emit 4800 J of sound energy?

*60. Two sources of sound are located on the x axis, and each
emits power uniformly in all directions. There are no reflections. One
source is positioned at the origin and the other at x " ' 123 m. The
source at the origin emits four times as much power as the other
source. Where on the x axis are the two sounds equal in intensity?
Note that there are two answers.

*61. ssm Review Interactive Solution 16.61 at www.wiley.com/
college/cutnell for one approach to this problem. A dish of lasagna is
being heated in a microwave oven. The effective area of the lasagna
that is exposed to the microwaves is 2.2 # 10% 2 m2. The mass of the
lasagna is 0.35 kg, and its specific heat capacity is 3200 J/(kg 0C°).
The temperature rises by 72 C° in 8.0 minutes. What is the intensity
of the microwaves in the oven?

**62. A rocket, starting from rest, travels straight up with an acceleration
of 58.0 m/s2. When the rocket is at a height of 562 m, it produces sound
that eventually reaches a ground-based monitoring station directly be-
low. The sound is emitted uniformly in all directions. The monitoring
station measures a sound intensity I. Later, the station measures an in-
tensity Assuming that the speed of sound is 343 m/s, find the time
that has elapsed between the two measurements.

Section 16.8 Decibels
63. Humans can detect a difference in sound intensity levels of 1.0 dB.
What is the ratio (louder to softer) of the sound intensities?
64. A woman stands a distance d from a loud motor that emits sound
uniformly in all directions. The sound intensity at her position is an
uncomfortable 3.2 # 10% 3 W/m2. At a position twice as far from the
motor, what are (a) the sound intensity and (b) the sound inten-
sity level relative to the threshold of hearing?
65. ssm When Gloria wears her hearing aid, the sound intensity
level increases by 30.0 dB. By what factor does the sound intensity
increase?
66. A recording engineer works in a soundproofed room that is 
44.0 dB quieter than the outside. If the sound intensity in the room is
1.20 # 10% 10 W/m2, what is the intensity outside?
67. The sound intensity level at a rock concert is 115 dB, while that
at a jazz fest is 95 dB. Determine the ratio of the sound intensity at
the rock concert to the sound intensity at the jazz fest.
68. Using an intensity of 1 # 10% 12 W/m2 as a reference, the
threshold of hearing for an average young person is 0 dB. Person 1
and person 2, who are not average, have thresholds of hearing that are
,1 " % 8.00 dB and ,2 " ' 12.0 dB. What is the ratio I1/I2 of the

1
3 I.
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sound intensity I1 when person 1 hears the sound at his own thresh-
old of hearing compared to the sound intensity I2 when person 2 hears
the sound at his own threshold of hearing?
69. The equation , " (10 dB) log (I/I0), which defines the decibel,
can be written in terms of power P (in watts) rather than intensity I
(in watts /meter2). The form , " (10 dB) log (P/P0), can be used to
compare two power levels in terms of decibels. Suppose that stereo
amplifier A is rated at P " 250 watts per channel and that amplifier
B has a rating of P0 " 45 watts per channel. (a) Expressed in deci-
bels, how much more powerful is A than B? (b) Will A sound more
than twice as loud as B? Justify your answer.

*70. A member of an aircraft maintenance crew wears protective
earplugs that reduce the sound intensity by a factor of 350. When a
jet aircraft is taking off, the sound intensity level experienced by the
crew member is 88 dB. What sound intensity level would the crew
member experience if he removed the protective earplugs?

*71. ssm When one person shouts at a football game, the sound in-
tensity level at the center of the field is 60.0 dB. When all the people
shout together, the intensity level increases to 109 dB. Assuming that
each person generates the same sound intensity at the center of the
field, how many people are at the game?

*72. Hearing damage may occur when a person is exposed to a
sound intensity level of 90.0 dB (relative to the threshold of

hearing) for a period of 9.0 hours. One particular eardrum has an area
of 2.0 # 10% 4 m2. How much sound energy is incident on this eardrum
during this time?

*73. In a discussion person A is talking 1.5 dB louder than person B,
and person C is talking 2.7 dB louder than person A. What is the ratio
of the sound intensity of person C to the sound intensity of person B?

**74. A source emits sound uniformly in all directions. A radial line is
drawn from this source. On this line, determine the positions of two
points, 1.00 m apart, such that the intensity level at one point is 2.00 dB
greater than the intensity level at the other.

**75. ssm Suppose that when a certain sound intensity level (in dB)
triples, the sound intensity (in W/m2) also triples. Determine this
sound intensity level.

Section 16.9 The Doppler Effect
76. A bird is flying directly toward a stationary bird-watcher and
emits a frequency of 1250 Hz. The bird-watcher, however, hears a
frequency of 1290 Hz. What is the speed of the bird, expressed as a
percentage of the speed of sound?
77. ssm You are riding your bicycle directly away from a stationary
source of sound and hear a frequency that is 1.0% lower than the
emitted frequency. The speed of sound is 343 m/s. What is your
speed?
78. Dolphins emit clicks of sound for communication and echoloca-
tion. A marine biologist is monitoring a dolphin swimming in sea-
water where the speed of sound is 1522 m/s. When the dolphin is
swimming directly away at 8.0 m/s, the marine biologist measures
the number of clicks occurring per second to be at a frequency of
2500 Hz. What is the difference (in Hz) between this frequency and
the number of clicks per second actually emitted by the dolphin?
79. Interactive LearningWare 16.2 at www.wiley.com/college/cutnell
provides some pertinent background for this problem. A convertible
moves toward you and then passes you; all the while, its loudspeakers
are producing a sound. The speed of the car is a constant 9.00 m/s, and
the speed of sound is 343 m/s. What is the ratio of the frequency you
hear while the car is approaching to the frequency you hear while the
car is moving away?
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80. You are flying in an ultra-light aircraft at a speed of 39 m/s. An
eagle, whose speed is 18 m/s, is flying directly toward you. Each of
the given speeds is relative to the ground. The eagle emits a shrill cry
whose frequency is 3400 Hz. The speed of sound is 330 m/s. What
frequency do you hear?

*81. ssm Multiple-Concept Example 11 presents a model for solving
this type of problem. A bungee jumper jumps from rest and screams
with a frequency of 589 Hz. The air temperature is 20 °C. What is the
frequency heard by the people on the ground below when she has
fallen a distance of 11.0 m? Assume that the bungee cord has not yet
taken effect, so she is in free-fall.

*82. A car is parked 20.0 m directly south of a railroad crossing. A
train is approaching the crossing from the west, headed directly east
at a speed of 55.0 m/s. The train sounds a short blast of its 289-Hz
horn when it reaches a point 20.0 m west of the crossing. What fre-
quency does the car’s driver hear when the horn blast reaches the car?
The speed of sound in air is 343 m/s. (Hint: Assume that only the
component of the train’s velocity that is directed toward the car af-
fects the frequency heard by the driver.)

*83. Refer to Interactive Solution 16.83 at www.wiley.com/college/
cutnell for one approach to this type of problem. Two trucks travel at
the same speed. They are far apart on adjacent lanes and approach
each other essentially head-on. One driver hears the horn of the other
truck at a frequency that is 1.14 times the frequency he hears when the
trucks are stationary. The speed of sound is 343 m/s. At what speed is
each truck moving?

*84. The siren on an ambulance is emitting a sound whose fre-
quency is 2450 Hz. The speed of sound is 343 m/s. (a) If the ambu-
lance is stationary and you (the “observer”) are sitting in a parked car,
what are the wavelength and the frequency of the sound you hear?
(b) Suppose that the ambulance is moving toward you at a speed of
26.8 m/s. Determine the wavelength and the frequency of the sound
you hear. (c) If the ambulance is moving toward you at a speed of
26.8 m/s and you are moving toward it at a speed of 14.0 m/s, find the
wavelength and frequency of the sound you hear.

*85. Consult Multiple-Concept Example 11 in order to review a model
for solving this type of problem. A car is accelerating while its horn is
sounding. Just after the car passes a stationary person, the person
hears a frequency of 966.0 Hz. Fourteen seconds later, the frequency
heard by the person has decreased to 912.0 Hz. When the car is sta-
tionary, its horn emits a sound whose frequency is 1.00 # 103 Hz. The
speed of sound is 343 m/s. What is the acceleration of the car?

*86. Multiple-Concept Example 11 provides a model for solving
this type of problem. A wireless transmitting microphone is mounted
on a small platform that can roll down an incline, directly away from
a loudspeaker that is mounted at the top of the incline. The loudspeaker
broadcasts a tone that has a fixed frequency of 1.000 # 104 Hz, and the
speed of sound is 343 m/s. At a time of 1.5 s following the release of
the platform, the microphone detects a frequency of 9939 Hz. At a time
of 3.5 s following the release of the platform, the microphone detects a
frequency of 9857 Hz. What is the acceleration (assumed constant) of
the platform?

*87. ssm Two submarines are under water and approaching each
other head-on. Sub A has a speed of 12 m/s and sub B has a speed
of 8 m/s. Sub A sends out a 1550-Hz sonar wave that travels at a
speed of 1522 m/s. (a) What is the frequency detected by sub B?
(b) Part of the sonar wave is reflected from B and returns to A. What
frequency does A detect for this reflected wave?

**88. A microphone is attached to a spring
that is suspended from the ceiling, as the
drawing indicates. Directly below on the
floor is a stationary 440-Hz source of
sound. The microphone vibrates up and
down in simple harmonic motion with a
period of 2.0 s. The difference between
the maximum and minimum sound fre-
quencies detected by the microphone is
2.1 Hz. Ignoring any reflections of sound
in the room and using 343 m/s for the
speed of sound, determine the amplitude
of the simple harmonic motion.

Sound source
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89. The bellow of a territorial bull hippopotamus has been measured
at 115 dB above the threshold of hearing. What is the sound intensity?
90. The distance between a loudspeaker and the left ear of a listener
is 2.70 m. (a) Calculate the time required for sound to travel this
distance if the air temperature is 20 °C. (b) Assuming that the
sound frequency is 523 Hz, how many wavelengths of sound are con-
tained in this distance?
91. ssm At 20 °C the densities of fresh water and ethyl alcohol are,
respectively, 998 and 789 kg/m3. Find the ratio of the adiabatic bulk
modulus of fresh water to the adiabatic bulk modulus of ethyl alco-
hol at 20 °C.
92. The security alarm on a parked car goes off and produces a fre-
quency of 960 Hz. The speed of sound is 343 m/s. As you drive toward
this parked car, pass it, and drive away, you observe the frequency to
change by 95 Hz. At what speed are you driving?
93. ssm www The middle C string on a piano is under a tension
of 944 N. The period and wavelength of a wave on this string are
3.82 ms and 1.26 m, respectively. Find the linear density of the string.

94. Consider the freight train in Figure 16.6. Suppose that 15 box-
cars pass by in a time of 12.0 s and each has a length of 14.0 m. 
(a) What is the frequency at which each boxcar passes? (b) What is
the speed of the train?

95. ssm A middle-aged man typically has poorer hearing than
a middle-aged woman. In one case a woman can just begin

to hear a musical tone, while a man can just begin to hear the tone
only when its intensity level is increased by 7.8 dB relative to the
just-audible intensity level for the woman. What is the ratio of the
sound intensity just detected by the man to the sound intensity just
detected by the woman?

96. A typical adult ear has a surface area of 2.1 # m2.
The sound intensity during a normal conversation is about

3.2 # W/m2 at the listener’s ear. Assume that the sound strikes
the surface of the ear perpendicularly. How much power is inter-
cepted by the ear?

97. ssm In Figure 16.2c the hand moves the end of the Slinky up
and down through two complete cycles in one second. The wave

10% 6

10% 3
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moves along the Slinky at a speed of 0.50 m/s. Find the distance be-
tween two adjacent crests on the wave.
98. The right-most key on a piano produces a sound wave that has a
frequency of 4185.6 Hz. Assuming that the speed of sound in air is
343 m/s, find the corresponding wavelength.
99. ssm From a vantage point very close to the track at a stock car
race, you hear the sound emitted by a moving car. You detect a fre-
quency that is 0.86 times as small as the frequency emitted by the car
when it is stationary. The speed of sound is 343 m/s. What is the
speed of the car?
100. The speed of a sound in a container of hydrogen at 201 K is
1220 m/s. What would be the speed of sound if the temperature were
raised to 405 K? Assume that hydrogen behaves like an ideal gas.
101. ssm A listener doubles his distance from a source that emits
sound uniformly in all directions. By how many decibels does the
sound intensity level change?
102. An amplified guitar has a sound intensity level that is 14 dB
greater than the same unamplified sound. What is the ratio of the am-
plified intensity to the unamplified intensity?

*103. A portable radio is sitting at the edge of a balcony 5.1 m above
the ground. The unit is emitting sound uniformly in all directions. By
accident, it falls from rest off the balcony and continues to play on the
way down. A gardener is working in a flower bed directly below the
falling unit. From the instant the unit begins to fall, how much time is
required for the sound intensity level heard by the gardener to 
increase by 10.0 dB?

*104. In Figure 16.3c the colored dot exhibits simple harmonic 
motion as the longitudinal wave passes. The wave has an amplitude
of 5.4 # m and a frequency of 4.0 Hz. Find the maximum 
acceleration of the dot.

*105. ssm www The drawing
shows a frictionless incline and
pulley. The two blocks are con-
nected by a wire (mass per unit
length " 0.0250 kg/m) and 
remain stationary. A transverse
wave on the wire has a speed of
75.0 m/s. Neglecting the weight of the wire relative to the tension in
the wire, find the masses m1 and m2 of the blocks.

10% 3
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*106. Review Conceptual Example 3 before starting this problem.
The amplitude of a transverse wave on a string is 4.5 cm. The ratio of
the maximum particle speed to the speed of the wave is 3.1. What is
the wavelength (in cm) of the wave?

*107. Review Conceptual Example 3 before starting this problem.
A horizontal wire is under a tension of 315 N and has a mass per
unit length of 6.50 # kg/m. A transverse wave with an ampli-
tude of 2.50 mm and a frequency of 585 Hz is traveling on this
wire. As the wave passes, a particle of the wire moves up and down
in simple harmonic motion. Obtain (a) the speed of the wave and
(b) the maximum speed with which the particle moves up and
down.

*108. Review Conceptual Example 8 as background for this problem.
A loudspeaker is generating sound in a room. At a certain point, the
sound waves coming directly from the speaker (without reflecting from
the walls) create an intensity level of 75.0 dB. The waves reflected from
the walls create, by themselves, an intensity level of 72.0 dB at the
same point. What is the total intensity level? (Hint: The answer is not
147.0 dB.)

**109. A jet is flying horizontally, as the drawing shows. When the
plane is directly overhead at B, a person on the ground hears the sound
coming from A in the drawing. The average temperature of the air is
20 °C. If the speed of the plane at A is 164 m/s, what is its speed at B,
assuming that it has a constant acceleration?

**110. The sonar unit on a boat is designed to measure the depth of
fresh water (+ " 1.00 # 103 kg/m3, Bad " 2.20 # 109 Pa). When the
boat moves into seawater (+ " 1025 kg/m3, Bad " 2.37 # 109 Pa), the
sonar unit is no longer calibrated properly. In seawater, the sonar unit
indicates the water depth to be 10.0 m. What is the actual depth of the
water?

A B

36.0°
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C  H  A  P  T  E  R 17

THE PRINCIPLE 
OF LINEAR SUPERPOSITION 
AND INTERFERENCE PHENOMENA

These musicians are playing 
alpenhorns, instruments used by
mountain dwellers in Switzerland.
Virtually all musical instruments 
produce their sound in a way that 
involves the principle of linear 
superposition, and the topics 
discussed in this chapter are related
to this important principle. 
(© Anneliese Villiger/zefa/Corbis)
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Often, two or more sound waves are present at the same place at the same time, as
is the case with sound waves when everyone is talking at a party or when music plays from
the speakers of a stereo system. To illustrate what happens when several waves pass simul-
taneously through the same region, let’s consider Figures 17.1 and 17.2, which show two
transverse pulses of equal heights moving toward each other along a Slinky. In Figure 17.1
both pulses are “up,” while in Figure 17.2 one is “up” and the other is “down.” Part a of
each drawing shows the two pulses beginning to overlap. The pulses merge, and the Slinky
assumes a shape that is the sum of the shapes of the individual pulses. Thus, when the two
“up” pulses overlap completely, as in Figure 17.1b, the Slinky has a pulse height that is
twice the height of an individual pulse. Likewise, when the “up” pulse and the “down”
pulse overlap exactly, as in Figure 17.2b, they momentarily cancel, and the Slinky be-
comes straight. In either case, the two pulses move apart after overlapping, and the Slinky
once again conforms to the shapes of the individual pulses, as in part c of both figures.

The adding together of individual pulses to form a resultant pulse is an example of a
more general concept called the principle of linear superposition.

THE PRINCIPLE OF LINEAR SUPERPOSITION

1
7.
1

(a) Overlap begins

(b) Total overlap; the Slinky has twice
 the height of either pulse

(c) The receding pulses

Figure 17.1 Two transverse “up” pulses
passing through each other.

THE PRINCIPLE OF LINEAR SUPERPOSITION

When two or more waves are present simultaneously at the same place, the resultant
disturbance is the sum of the disturbances from the individual waves.
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This principle can be applied to all types of waves, including sound waves, water waves,
and electromagnetic waves such as light. It embodies one of the most important concepts
in physics, and the remainder of this chapter deals with examples related to it.
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(a) Overlap begins

(b) Total overlap

(c) The receding pulses

Figure 17.3 As a result of constructive
interference between the two sound
waves (amplitude ! A), a loud sound
(amplitude ! 2A) is heard at an overlap
point located equally distant from two
in-phase speakers (C, condensation; R,
rarefaction).

Figure 17.2 Two transverse pulses, one
“up” and one “down,” passing through
each other.

(The answers are given at the end of the book.)

1. The drawing shows a graph of two pulses traveling toward each other at t ! 0 s. Each
pulse has a constant speed of 1 cm/s. When t ! 2 s, what is the height of the resultant
pulse at (a) x ! 3 cm and (b) x ! 4 cm?

2. Does the principle of linear superposition imply that two sound waves, passing through
the same place at the same time, always create a louder sound than is created by either
wave alone?

+2 cm

+1 cm

0

–1 cm

–2 cm

–3 cm

–4 cm
1 2 3 4

Distance x, cm

5 6 7 8 9

1 cm/s

1 cm/s

C H E C K  Y O U R  U N D E R S TA N D I N G!

Suppose that the sounds from two speakers overlap in the middle of a listening
area, as in Figure 17.3, and that each speaker produces a sound wave of the same ampli-
tude and frequency. For convenience, the wavelength of the sound is chosen to be " ! 1 m.
In addition, assume that the diaphragms of the speakers vibrate in phase; that is, they move
outward together and inward together. If the distance of each speaker from the overlap
point is the same (3 m in the drawing), the condensations (C) of one wave always meet the
condensations of the other when the waves come together; similarly, rarefactions (R) al-
ways meet rarefactions. According to the principle of linear superposition, the combined
pattern is the sum of the individual patterns. As a result, the pressure fluctuations at the
overlap point have twice the amplitude A that the individual waves have, and a listener at
this spot hears a louder sound than the sound coming from either speaker alone. When two
waves always meet condensation-to-condensation and rarefaction-to-rarefaction (or crest-
to-crest and trough-to-trough), they are said to be exactly in phase and to exhibit construc-
tive interference.

CONSTRUCTIVE AND DESTRUCTIVE INTERFERENCE 
OF SOUND WAVES

1
7.
2

3 
m

3 m

C
R

C
R

Receiver

Constructive interference

A
Pressure

Time

Pressure

Time

A

2A

+ =
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17.2 CONSTRUCTIVE AND DESTRUCTIVE INTERFERENCE OF SOUND WAVES 509

Now consider what happens if one of the speakers is moved. The result is surprising.
In Figure 17.4, the left speaker is moved away* from the overlap point by a distance equal
to one-half of the wavelength, or 0.5 m. Therefore, at the overlap point, a condensation ar-
riving from the left meets a rarefaction arriving from the right. Likewise, a rarefaction ar-
riving from the left meets a condensation arriving from the right. According to the
principle of linear superposition, the net effect is a mutual cancellation of the two waves.
The condensations from one wave offset the rarefactions from the other, leaving only a
constant air pressure. A constant air pressure, devoid of condensations and rarefactions,
means that a listener detects no sound. When two waves always meet condensation-to-
rarefaction (or crest-to-trough), they are said to be exactly out of phase and to exhibit 
destructive interference.

When two waves meet, they interfere constructively if they always meet exactly in
phase and destructively if they always meet exactly out of phase. In either case, this means
that the wave patterns do not shift relative to one another as time passes. Sources that pro-
duce waves in this fashion are called coherent sources.

Destructive interference is the basis of a useful technique for reducing the loudness of
undesirable sounds. For instance, Figure 17.5 shows a pair of noise-canceling headphones.
Small microphones are mounted inside the headphones and detect noise such as the engine
noise that an airplane pilot would hear. The headphones also contain circuitry to process
the electronic signals from the microphones and reproduce the noise in a form that is ex-
actly out of phase compared to the original. This out-of-phase version is played back
through the headphone speakers and, because of destructive interference, combines with
the original noise to produce a quieter background.

If the left speaker in Figure 17.4 were moved away from the overlap point by another
one-half wavelength the two waves would again be in phase, and con-
structive interference would occur. The listener would hear a loud sound because the left
wave travels one whole wavelength (! " 1 m) farther than the right wave and, at the over-
lap point, condensation meets condensation and rarefaction meets rarefaction. In general,

(31
2 m # 1

2 m " 4 m),

Destructive interference

A
Pressure

Time

A

+ =3 
m

3   m C

C
R

C
R

Receiver

1–2

Figure 17.5 Noise-canceling headphones
utilize destructive interference.

Figure 17.4 The speakers in this 
drawing vibrate in phase. However, the
left speaker is one-half of a wavelength

farther from the overlap point
than the right speaker. Because of 
destructive interference, no sound 
is heard at the overlap point 
(C, condensation; R, rarefaction).

( 1
2 m)

*When the left speaker is moved back, its sound intensity and, hence, its pressure amplitude decrease at the
overlap point. In this chapter assume that the power delivered to the left speaker by the receiver is increased
slightly to keep the amplitudes equal at the overlap point.

Noise

Noise

Speaker

Microphone

Electronic
circuitry

Out-of-phase
noise

Reduced
noise level

The physics of
noise-canceling headphones.
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the important issue is the difference in the path lengths traveled by each wave in reaching
the overlap point:

For two wave sources vibrating in phase, a difference in path lengths that is
zero or an integer number (1, 2, 3, . . .) of wavelengths leads to construc-
tive interference; a difference in path lengths that is a half-integer number

of wavelengths leads to destructive interference.

For two wave sources vibrating out of phase, a difference in path lengths that
is a half-integer number of wavelengths leads to constructive
interference; a difference in path lengths that is zero or an integer number
(1, 2, 3, . . .) of wavelengths leads to destructive interference.

Interference effects can also be detected if the two speakers are fixed in position and the
listener moves about the room. Consider Figure 17.6, where the sound waves spread outward
from each speaker, as indicated by the concentric circular arcs. Each solid arc represents the
middle of a condensation, and each dashed arc represents the middle of a rarefaction. Where
the two waves overlap, there are places of constructive interference and places of destructive
interference. Constructive interference occurs at any spot where two condensations or two rar-
efactions intersect, and the drawing shows four such places as solid dots. A listener stationed
at any one of these locations hears a loud sound. On the other hand, destructive interference
occurs at any place where a condensation and a rarefaction intersect, such as the two open dots
in the picture. A listener situated at a point of destructive interference hears no sound. At lo-
cations where neither constructive nor destructive interference occurs, the two waves partially
reinforce or partially cancel, depending on the position relative to the speakers. Thus, it is pos-
sible for a listener to walk about the overlap region and hear marked variations in loudness.

The individual sound waves from the speakers in Figure 17.6 carry energy, and the en-
ergy delivered to the overlap region is the sum of the energies of the individual waves. This
fact is consistent with the principle of conservation of energy, which we first encountered
in Section 6.8. This principle states that energy can neither be created nor destroyed, but
can only be converted from one form to another. One of the interesting consequences of
interference is that the energy is redistributed, so there are places within the overlap region
where the sound is loud and other places where there is no sound at all. Interference, so to
speak, “robs Peter to pay Paul,” but energy is always conserved in the process. Example 1
illustrates how to decide what a listener hears.

(1
2 , 11

2 , 21
2 , . . .)

(1
2 , 11

2 , 21
2 , . . .)
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Problem-solving insight

1 wavelength

R

C

R

C

R

C

Figure 17.6 Two sound waves overlap
in the shaded region. The solid lines
denote the middle of the condensations
(C), and the dashed lines denote the
middle of the rarefactions (R).
Constructive interference occurs at each
solid dot (!) and destructive 
interference at each open dot (").

3.20 m

2.40 m

C

90°

A B

Figure 17.7 Example 1 discusses
whether this setup leads to constructive
or destructive interference at point C
for 214-Hz sound waves.

In Figure 17.7 two in-phase loudspeakers, A and B, are separated by 3.20 m. A listener is sta-
tioned at point C, which is 2.40 m in front of speaker B. The triangle ABC is a right triangle.
Both speakers are playing identical 214-Hz tones, and the speed of sound is 343 m/s. Does the
listener hear a loud sound or no sound?

Reasoning The listener will hear either a loud sound or no sound, depending on whether the
interference occurring at point C is constructive or destructive. To determine which it is, we
need to find the difference in the distances traveled by the two sound waves that reach point C
and see whether the difference is an integer or half-integer number of wavelengths. In either
event, the wavelength can be found from the relation ! " v/f (Equation 16.1).

Solution Since the triangle ABC is a right triangle, the distance AC is given by the Pythagorean
theorem as The distance BC is given as 2.40 m. Thus, thev(3.20 m)2 # (2.40 m)2 " 4.00 m.

Example 1  What Does a Listener Hear?!

"

difference in the travel distances for the waves is 4.00 m $ 2.40 m " 1.60 m. The wavelength
of the sound is

(16.1)

Since the difference in the distances is one wavelength, constructive interference occurs at point
C, and the listener hears a loud sound.

! "
v
f

"
343 m /s
214 Hz

" 1.60 m

Up to this point, we have been assuming that the speaker diaphragms vibrate synchro-
nously, or in phase; that is, they move outward together and inward together. This may not
be the case, however, and Conceptual Example 2 considers what happens then.

Problem-solving insight

To decide whether two sources of sound 
produce constructive or destructive 
interference at a point, determine the 
difference in path lengths between each 
source and that point and compare it to 
the wavelength of the sound.
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The phenomena of constructive and destructive interference are exhibited by all types
of waves, not just sound waves. We will encounter interference effects again in Chapter 27,
in connection with light waves.

The physics of wiring stereo speakers. To make a speaker operate, two wires must be con-
nected between the speaker and the receiver (amplifier), as in Figure 17.8. To ensure that the
diaphragms of two speakers vibrate in phase, it is necessary to make these connections in
exactly the same way. If the wires for one speaker are not connected just as they are for the
other speaker, the two diaphragms will vibrate out of phase. This means that whenever one
diaphragm moves outward, the other moves inward, and vice versa. Suppose that in Figure
17.4 the connections are made so that the speaker diaphragms vibrate out of phase, every-
thing else remaining the same. A listener at the overlap point would now hear (a) no sound
because destructive interference occurs (b) a loud sound because constructive interference
occurs.

Reasoning Since the speaker diaphragms in Figure 17.4 are now vibrating out of phase, one
of them is moving exactly opposite to the way it was moving originally; let us assume that it is
the left speaker. The effect of this change is that every condensation originating from the left
speaker becomes a rarefaction, and every rarefaction becomes a condensation.

Answer (a) is incorrect. When the two speakers in Figure 17.4 are wired in phase, a conden-
sation from one speaker always meets a rarefaction from the other at the overlap point, and de-
structive interference occurs. However, if one of the speakers were wired out of phase relative
to the other, a condensation from one speaker would meet a condensation from the other, and
destructive interference would not occur.

Answer (b) is correct. If the left speaker in Figure 17.4 were connected out of phase with re-
spect to the right speaker, a condensation from the right speaker would meet a condensation
(not a rarefaction) from the left speaker at the overlap point. Similarly, a rarefaction from the
right speaker would meet a rarefaction from the left speaker. The result is constructive interfer-
ence, and a loud sound would be heard.

Conceptual Example 2 Out-of-Phase Speakers!

"

Figure 17.8 A loudspeaker is connected
to a receiver (amplifier) by two wires.
(Andy Washnik)

(The answers are given at the end of the book.)

3. Suppose that you are sitting at the overlap point between the two speakers in Figure 17.4.
Because of destructive interference, you hear no sound, even though both speakers are
emitting identical sound waves. One of the speakers is suddenly shut off. Will you now hear
a sound? (a) No. (b) Yes. (c) Yes, but only if you move a distance of one wavelength
closer to the speaker that is still producing sound.

4. Starting at the overlap point in Figure 17.3, you walk along a straight path that is 
perpendicular to the line between the speakers and passes through the midpoint of that
line. As you walk, the loudness of the sound (a) changes from loud to faint to loud
(b) changes from faint to loud to faint (c) does not change.

5. Starting at the overlap point in Figure 17.3, you walk along a path that is parallel to the
line between the speakers. As you walk, the loudness of the sound (a) changes from loud
to faint to loud (b) changes from faint to loud to faint (c) does not change.

C H E C K  Y O U R  U N D E R S TA N D I N G#

Section 16.5 discusses the fact that sound is a pressure wave created by a vibrating
object, such as a loudspeaker. The previous two sections of this chapter have examined
what happens when two sound waves are present simultaneously at the same place; ac-
cording to the principle of linear superposition, a resultant disturbance is formed from the
sum of the individual waves. This principle reveals that overlapping sound waves exhibit
interference effects, whereby the sound energy is redistributed within the overlap region.

DIFFRACTION

1
7.
3
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We will now use the principle of linear superposition to explore another interference ef-
fect, that of diffraction.

When a wave encounters an obstacle or the edges of an opening, it bends around them.
For instance, a sound wave produced by a stereo system bends around the edges of an open
doorway, as Figure 17.9a illustrates. If such bending did not occur, sound could be heard
outside the room only at locations directly in front of the doorway, as part b of the draw-
ing suggests. (It is assumed that no sound is transmitted directly through the walls.) The
bending of a wave around an obstacle or the edges of an opening is called diffraction. All
kinds of waves exhibit diffraction.

To demonstrate how the bending of waves arises, Figure 17.10 shows an expanded
view of Figure 17.9a. When the sound wave reaches the doorway, the air in the doorway
is set into longitudinal vibration. In effect, each molecule of the air in the doorway be-
comes a source of a sound wave in its own right, and, for purposes of illustration, the draw-
ing shows two of the molecules. Each produces a sound wave that expands outward in
three dimensions, much like a water wave does in two dimensions when a stone is dropped
into a pond. The sound waves generated by all the molecules in the doorway must be added
together to obtain the total sound wave at any location outside the room, in accord with the
principle of linear superposition. However, even considering only the waves from the two
molecules in the picture, it is clear that the expanding wave patterns reach locations off to
either side of the doorway. The net effect is a “bending,” or diffraction, of the sound around
the edges of the opening. Further insight into the origin of diffraction can be obtained with
the aid of Huygens’ principle (see Section 27.5).

When the sound waves generated by every molecule in the doorway are added to-
gether, it is found that there are places where the intensity is a maximum and places where
it is zero, in a fashion similar to that discussed in the previous section. Analysis shows that
at a great distance from the doorway the intensity is a maximum directly opposite the cen-
ter of the opening. As the distance to either side of the center increases, the intensity de-
creases and reaches zero, then rises again to a maximum, falls again to zero, rises back to
a maximum, and so on. Only the maximum at the center is a strong one. The other max-
ima are weak and become progressively weaker at greater distances from the center. In
Figure 17.10 the angle ! defines the location of the first minimum intensity point on either
side of the center. Equation 17.1 gives ! in terms of the wavelength " and the width D of
the doorway and assumes that the doorway can be treated like a slit whose height is very
large compared to its width:

Single slit—first minimum (17.1)

Waves also bend around the edges of openings other than single slits. Particularly
important is the diffraction of sound by a circular opening, such as that in a loud-
speaker. In this case, the angle ! is related to the wavelength " and the diameter D of
the opening by

(17.2)

An important point to remember about Equations 17.1 and 17.2 is that the extent of
the diffraction depends on the ratio of the wavelength to the size of the opening. If the ra-
tio "/D is small, then ! is small and little diffraction occurs. The waves are beamed in the
forward direction as they leave an opening, much like the light from a flashlight. Such
sound waves are said to have “narrow dispersion.” Since high-frequency sound has a rela-
tively small wavelength, it tends to have a narrow dispersion. On the other hand, for larger
values of the ratio "/D, the angle ! is larger. The waves spread out over a larger region and
are said to have a “wide dispersion.” Low-frequency sound, with its relatively large wave-
length, typically has a wide dispersion.

In a stereo loudspeaker, a wide dispersion of the sound is desirable. Example 3 illus-
trates, however, that there are limitations to the dispersion that can be achieved, depending
on the loudspeaker design.

sin ! # 1.22 
"

D
Circular opening
— first minimum

sin ! #
"

D
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Figure 17.10 Each vibrating molecule of
the air in the doorway generates a
sound wave that expands outward and
bends, or diffracts, around the edges of
the doorway. Because of interference
effects among the sound waves 
produced by all the molecules, the
sound intensity is mostly confined to
the region defined by the angle ! on 
either side of the doorway.

Room

D

Vibrating air molecule
located in the doorway

θ

θ

(a) With diffraction

(b) Without diffraction

Figure 17.9 (a) The bending of a 
sound wave around the edges of the
doorway is an example of diffraction.
The source of the sound within the
room is not shown. (b) If diffraction did
not occur, the sound wave would not
bend as it passed through the doorway.
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Example 3 Designing a Loudspeaker for Wide Dispersion

A 1500-Hz sound and a 8500-Hz sound each emerges from a loudspeaker through a
circular opening that has a diameter of 0.30 m (see Figure 17.11). Assuming that the
speed of sound in air is 343 m/s, find the diffraction angle ! for each sound.

Reasoning The diffraction angle ! depends on the ratio of the wavelength " of the
sound to the diameter D of the opening, according to sin ! # 1.22("/D) (Equation
17.2). The wavelength for each sound can be obtained from the given frequencies and
the speed of sound.

Knowns and Unknowns The following data are available:

Description Symbol Value

Sound frequency f 1500 Hz or 8500 Hz
Diameter of speaker opening D 0.30 m
Speed of sound v 343 m/s

Unknown Variable
Diffraction angle ! ?

Modeling the Problem

A N A L Y Z I N G  M U L T I P L E - C O N C E P T  P R O B L E M S

STEP 1

STEP 2

(1)! # sin$ 1 !1.22 
"

D "

Figure 17.11 Because the dispersion of
high frequencies is less than the dispersion
of low frequencies, you should be directly
in front of the speaker to hear both the
high and low frequencies equally well.

The high
frequencies are 
beamed forward
inside this cone 

This person hears primarily
the low frequencies

9.4° 68°

This person hears the
high and low frequencies

?

(1)! # sin$ 1 !1.22 
"

D "

The Diffraction Angle Equation 17.2 indicates that the diffraction angle is
related to the ratio of the wavelength " of the sound to the diameter D of the opening by
sin ! # 1.22("/D). Solving this expression for ! gives Equation 1 at the right. A value for
D is given. To determine value for ", we turn to Step 2.

Wavelength The wavelength " is related to the frequency f and the speed v
of the sound according to v # f" (Equation 16.1). Solving for " gives

which can be substituted into Equation 1 as shown at the right.

Solution Combining the results of each step algebraically, we find that

Applying the above result to each of the sound frequencies shows that

68% 1500-Hz sound ! # sin$ 1!1.22 
v

f D " # sin$ 1#1.22 
(343 m/s)

(1500 Hz)(0.30 m) $ #

! # sin$ 1 !1.22 
"

D " # sin$ 1 !1.22 
v/f
D "

" #
v
f

STEP 1 STEP 2

Tweeter

Figure 17.12 Small-diameter speakers,
called tweeters, are used to produce high-
frequency sound. The small diameter
helps to promote a wider dispersion of 
the sound. (Sony Electronics, Inc./Sony USA)

Problem-solving insight: When a wave passes through an opening, the extent of diffraction is greater when 
the ratio "/D is greater, where " is the wavelength of the wave and D is the width or diameter of the opening.

The physics of tweeter loudspeakers. Figure 17.11 illustrates these results. With a 0.30-m
opening, the dispersion of the higher-frequency sound is limited to only 9.4°. To increase
the dispersion, a smaller opening is needed. It is for this reason that loudspeaker designers
use a small-diameter speaker called a tweeter to generate the high-frequency sound 
(see Figure 17.12).

Related Homework: Problems 13, 15, 16

9.4% 8500-Hz sound ! # sin$ 1!1.22 
v

f D " # sin$ 1#1.22 
(343 m/s)

(8500 Hz)(0.30 m) $ #

" #
v
f
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As we have seen, diffraction is an interference effect, one in which some of the wave’s
energy is directed into regions that would otherwise not be accessible. Energy, of course,
is conserved during this process, because energy is only redistributed during diffraction;
no energy is created or destroyed.

514 CHAPTER 17 THE PRINCIPLE OF LINEAR SUPERPOSITION AND INTERFERENCE PHENOMENA

(The answers are given at the end of the book.)

6. At an open-air rock concert you are standing directly in front of a speaker. You hear the
high-frequency sounds of a female vocalist as well as the low-frequency sounds of the
rhythmic bass. As you walk to one side of the speaker, the sounds of the vocalist _________,
and those of the rhythmic bass _________. (a) drop off noticeably; also drop off noticeably 
(b) drop off only slightly; drop off noticeably (c) drop off only slightly; also drop off only
slightly (d) drop off noticeably; drop off only slightly

7. Refer to Example 1 in Section 16.2. Which type of radio wave, AM or FM, diffracts more
readily around a given obstacle? (a) AM, because it has a greater wavelength (b) FM,
because it has a greater wavelength (c) AM, because it has a greater frequency (d) FM,
because it has a greater frequency

C H E C K  Y O U R  U N D E R S TA N D I N G!

In situations where waves with the same frequency overlap, we have seen how the
principle of linear superposition leads to constructive and destructive interference and how
it explains diffraction. We will see in this section that two overlapping waves with slightly
different frequencies give rise to the phenomenon of beats. However, the principle of lin-
ear superposition again provides an explanation of what happens when the waves overlap.

A tuning fork has the property of producing a single-frequency sound wave when
struck with a sharp blow. Figure 17.13 shows sound waves coming from two tuning forks
placed side by side. The tuning forks in the drawing are identical, and each is designed to
produce a 440-Hz tone. However, a small piece of putty has been attached to one fork,
whose frequency is lowered to 438 Hz because of the added mass. When the forks are
sounded simultaneously, the loudness of the resulting sound rises and falls periodically—
faint, then loud, then faint, then loud, and so on. The periodic variations in loudness are
called beats and result from the interference between two sound waves with slightly dif-
ferent frequencies.

For clarity, Figure 17.13 shows the condensations and rarefactions of the sound waves
separately. In reality, however, the waves spread out and overlap. In accord with the prin-
ciple of linear superposition, the ear detects the combined total of the two. Notice that there
are places where the waves interfere constructively and places where they interfere de-
structively. When a region of constructive interference reaches the ear, a loud sound is
heard. When a region of destructive interference arrives, the sound intensity drops to zero
(assuming each of the waves has the same amplitude). The number of times per second that
the loudness rises and falls is the beat frequency and is the difference between the two

BEATS

1
7.

4

Destructive

Small piece
of putty

440
Hz

438
Hz

DestructiveConstructive Constructive

Figure 17.13 Two tuning forks have
slightly different frequencies of 440
and 438 Hz. The phenomenon of beats
occurs when the forks are sounded 
simultaneously. The sound waves are
not drawn to scale.
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17.5 TRANSVERSE STANDING WAVES 515

sound frequencies. Thus, in the situation illustrated in Figure 17.13, an ob-
server hears the sound loudness rise and fall at the rate of 2 times per second
(440 Hz ! 438 Hz).

Figure 17.14 helps to explain why the beat frequency is the difference be-
tween the two frequencies. The drawing displays graphical representations of the
pressure patterns of a 10-Hz wave and a 12-Hz wave, along with the pressure
pattern that results when the two overlap. These frequencies have been chosen
for convenience, even though they lie below the audio range and are inaudible.
Audible sound waves behave in exactly the same way. The top two drawings, in
blue, show the pressure variations in a one-second interval of each wave. The
third drawing, in red, shows the result of adding together the blue patterns ac-
cording to the principle of linear superposition. Notice that the amplitude in the
red drawing is not constant, as it is in the individual waves. Instead, the ampli-
tude changes from a minimum to a maximum, back to a minimum, and so on.
When such pressure variations reach the ear and occur in the audible fre-
quency range, they produce a loud sound when the amplitude is a maximum and a faint
sound when the amplitude is a minimum. Two loud–faint cycles, or beats, occur in the
one-second interval shown in the drawing, corresponding to a beat frequency of 2 Hz.
Thus, the beat frequency is the difference between the frequencies of the individual
waves, or 12 Hz ! 10 Hz " 2 Hz.

The physics of tuning a musical instrument. Musicians often tune their instruments by
listening to a beat frequency. For instance, a guitar player plucks an out-of-tune string
along with a tone that has the correct frequency. He then adjusts the string tension until the
beats vanish, ensuring that the string is vibrating at the correct frequency.

Time

Time

Time

FaintFaint

1

1 2 3 4 5 6 7 8 9 10 11 12

2 3 4 5 6 7 8 9 10

Loud Loud

Figure 17.14 A 10-Hz and a 12-Hz
sound wave, when added together,
produce a wave with a beat frequency of
2 Hz. The drawings show the pressure
patterns (in blue) of the individual
waves and the pressure pattern (in red)
that results when the two overlap. The
time interval shown is one second.

(The answers are given at the end of the book.)

8. Tuning fork A (frequency unknown) and tuning fork B (frequency " 384 Hz) together
produce 6 beats in 2 seconds. When a small piece of putty is attached to tuning fork A, as
in Figure 17.13, the beat frequency decreases. What is the frequency of tuning fork A 
before the putty is attached? (a) 378 Hz (b) 381 Hz (c) 387 Hz (d) 390 Hz

9. A tuning fork has a frequency of 440 Hz. The string of a violin and this tuning fork, when
sounded together, produce a beat frequency of 1 Hz. From these two pieces of information
alone, is it possible to determine the exact frequency of the violin string? (a) Yes; the 
frequency of the violin string is 441 Hz. (b) No, because the frequency of the violin string
could be either 439 or 441 Hz. (c) Yes; the frequency of the violin string is 439 Hz.

10. When the regions of constructive and destructive interference in Figure 17.13 move
past a listener’s ear, a beat frequency of 2 Hz is heard. Supposed that the tuning forks in
the drawing are sounded under water and that the listener is also under water. The forks
vibrate at 438 and 440 Hz, just as they do in air. However, sound travels four times faster in
water than in air. The beat frequency heard by the underwater listener is (a) 16 Hz
(b) 8 Hz (c) 4 Hz (d) 2 Hz.

C H E C K  Y O U R  U N D E R S TA N D I N G!

A standing wave is another interference effect that can occur when two waves over-
lap. Standing waves can arise with transverse waves, such as those on a guitar string, and also
with longitudinal sound waves, such as those in a flute. In any case, the principle of linear
superposition provides an explanation of the effect, just as it does for diffraction and beats.

Figure 17.15 shows some of the essential features of transverse standing waves. In this
figure the left end of each string is vibrated back and forth, while the right end is attached
to a wall. Regions of the string move so fast that they appear only as a blur in the photo-
graphs. Each of the patterns shown is called a transverse standing wave pattern. Notice
that the patterns include special places called nodes and antinodes. The nodes are places
that do not vibrate at all, and the antinodes are places where maximum vibration occurs.
To the right of each photograph is a drawing that helps us to visualize the motion of the
string as it vibrates in a standing wave pattern. These drawings freeze the shape of the

TRANSVERSE STANDING WAVES

1
7.

5
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string at various times and emphasize the maximum vibration that occurs at an antinode
with the aid of a red dot attached to the string.

Each standing wave pattern is produced at a unique frequency of vibration. These fre-
quencies form a series, the smallest frequency f1 corresponding to the one-loop pattern and
the larger frequencies being integer multiples of f1, as Figure 17.15 indicates. Thus, if f1 is
10 Hz, the frequency needed to establish the 2-loop pattern is 2f1 or 20 Hz, while the fre-
quency needed to create the 3-loop pattern is 3f1 or 30 Hz, and so on. The frequencies in
this series (f1, 2f1, 3f1, etc.) are called harmonics. The lowest frequency f1 is called the first
harmonic, and the higher frequencies are designated as the second harmonic (2f1), the third
harmonic (3f1), and so forth. The harmonic number (1st, 2nd, 3rd, etc.) corresponds to the
number of loops in the standing wave pattern. The frequencies in this series are also re-
ferred to as the fundamental frequency, the first overtone, the second overtone, and so on.
Thus, frequencies above the fundamental are overtones (see Figure 17.15).

Standing waves arise because identical waves travel on the string in opposite direc-
tions and combine in accord with the principle of linear superposition. A standing wave is
said to be standing because it does not travel in one direction or the other, as do the indi-
vidual waves that produce it. Figure 17.16 shows why there are waves traveling in both di-
rections on the string. At the top of the picture, one-half of a wave cycle (the remainder of
the wave is omitted for clarity) is moving toward the wall on the right. When the half-
cycle reaches the wall, it causes the string to pull upward on the wall. Consistent with
Newton’s action–reaction law, the wall pulls downward on the string, and a downward-
pointing half-cycle is sent back toward the left. Thus, the wave reflects from the wall. Upon
arriving back at the point of origin, the wave reflects again, this time from the hand vibrat-
ing the string. For small vibration amplitudes, the hand is essentially fixed and behaves as
the wall does in causing reflections. Repeated reflections at both ends of the string create
a multitude of wave cycles traveling in both directions.

As each new cycle is formed by the vibrating hand, previous cycles that have reflected
from the wall arrive and reflect again from the hand. Unless the timing is right, however,
the new and the reflected cycles tend to offset one another, and a standing wave is not
formed. Think about pushing someone on a swing and timing your pushes so that they re-
inforce one another. Such reinforcement in the case of the wave cycles leads to a large-
amplitude standing wave. Suppose that the string has a length L and its left end is being
vibrated at a frequency f1. The time required to create a new wave cycle is the period T of
the wave, where T ! 1/f1 (Equation 10.5). On the other hand, the time needed for a cycle
to travel from the hand to the wall and back, a distance of 2L, is 2L /v, where v is the wave
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1st harmonic
(fundamental)

2nd harmonic
(1st overtone)

3rd harmonic
(2nd overtone)

Frequency = f1

Frequency = 3f1

Frequency = 2f1

(a)

(b)

(c)

Antinodes

Nodes

Figure 17.15 Vibrating a string at 
certain unique frequencies sets up
transverse standing wave patterns, such
as the three shown in the photographs
on the left. Each drawing on the right
shows the various shapes that the string
assumes at various times as it vibrates.
The red dots attached to the strings 
focus attention on the maximum 
vibration that occurs at an antinode. 
In each of the drawings, one-half of a
wave cycle is outlined in red. (Richard
Megna/Fundamental Photographs)

Figure 17.16 In reflecting from the wall,
a forward-traveling half-cycle becomes
a backward-traveling half-cycle that is
inverted.
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17.5 TRANSVERSE STANDING WAVES 517

speed. Reinforcement between new and reflected cycles occurs if these two times are
equal; that is, if 1/f1 ! 2L /v. Thus, a standing wave is formed when the string is vibrated
with a frequency of f1 ! v/(2L).

Repeated reinforcement between newly created and reflected cycles causes a large-
amplitude standing wave to develop on the string, even when the hand itself vibrates with
only a small amplitude. Thus, the motion of the string is a resonance effect, analogous to
that discussed in Section 10.6 for an object attached to a spring. The frequency f1 at which
resonance occurs is sometimes called a natural frequency of the string, similar to the fre-
quency at which an object oscillates on a spring.

There is a difference between the resonance of the string and the resonance of a spring
system, however. An object on a spring has only a single natural frequency, whereas the
string has a series of natural frequencies. The series arises because a reflected wave cycle
need not return to its point of origin in time to reinforce every newly created cycle.
Reinforcement can occur, for instance, on every other new cycle, as it does if the string is
vibrated at twice the frequency f1, or f2 ! 2f1. Likewise, if the vibration frequency is 
f3 ! 3f1, reinforcement occurs on every third new cycle. Similar arguments apply for 
any frequency fn ! nf1, where n is an integer. As a result, the series of natural frequencies
that lead to standing waves on a string fixed at both ends is

String fixed at both ends (17.3)

It is also possible to obtain Equation 17.3 in another way. In Figure 17.15, one-half
of a wave cycle is outlined in red for each of the harmonics, to show that each loop in a
standing wave pattern corresponds to one-half a wavelength. Since the two fixed ends of
the string are nodes, the length L of the string must contain an integer number n of half-
wavelengths: or Using this result for the wavelength in the rela-"n ! 2L/n.L ! n(1

2 "n)

fn ! n ! v
2L "  n ! 1, 2, 3, 4, . . .

tion fn"n ! v shows that fn(2L/n) ! v, which can be rearranged to give Equation 17.3.
Standing waves on a string are important in the way many musical instruments pro-

duce sound. For instance, a guitar string is stretched between two supports and, when
plucked, vibrates according to the series of natural frequencies given by Equation 17.3.
The next two examples show how this series of frequencies governs the design of a 
guitar.

Problem-solving insight

The distance between two successive 
nodes (or between two successive 
antinodes) of a standing wave is equal 
to one-half of a wavelength.

Example 4 Playing a Guitar

The heaviest string on an electric guitar has 
a linear density of 5.28 # 10$ 3 kg/m and is
stretched with a tension of 226 N. This string
produces the musical note E when vibrating
along its entire length in a standing wave at
the fundamental frequency of 164.8 Hz. 
(a) Find the length L of the string between 
its two fixed ends (see Figure 17.17a). (b) A
guitar player wants the string to vibrate at a
fundamental frequency of 2 # 164.8 Hz !
329.6 Hz, as it must if the musical note E is
to be sounded one octave higher in pitch. To accomplish this, he presses the string against the proper fret before plucking the
string. Find the distance L between the fret and the bridge of the guitar (see Figure 17.17b).

Reasoning The series of natural frequencies (including the fundamental) for a string fixed at both ends is given by 
fn ! nv/(2L) (Equation 17.3), where n ! 1, 2, 3, etc. This equation can be solved for the length L. The speed v at which 
waves travel can be obtained from the tension and the linear density of the string. The fundamental frequencies that are given
correspond to n ! 1.

A N A L Y Z I N G  M U L T I P L E - C O N C E P T  P R O B L E M S

L

L

(a) (b)

Figure 17.17 These drawings show the standing waves (in blue) that exist on a guitar
string under different playing conditions.

Continued

2762T_ch17_507-532.qxd  6/26/08  5:54 PM  Page 517



518 CHAPTER 17 THE PRINCIPLE OF LINEAR SUPERPOSITION AND INTERFERENCE PHENOMENA

Knowns and Unknowns The given data are summarized as follows:

Description Symbol Value Comment

Explicit Data
Linear density of string m/L 5.28 ! 10"3 kg/m
Tension in string F 226 N
Natural frequency at which string vibrates fn 164.8 Hz or 329.6 Hz These are fundamental frequencies.

Implicit Data
Integer variable in series of natural frequencies n 1 Fundamental frequencies are given.

Unknown Variable
Length L ?

Modeling the Problem

STEP 1

(1)L #
nv
2 fn

?

(1)L #
nv
2 fn

STEP 2

Natural Frequencies According to Equation 17.3, the natural frequencies
for a string fixed at both ends are given by fn # nv/(2L), where n takes on the integer val-
ues 1, 2, 3, etc., v is the speed of the waves on the string, and L is the length between the
two fixed ends. Solving this expression for L gives Equation 1 at the right. In this equa-
tion, only the speed v is unknown. We will obtain a value for it in Step 2.

Speed of the Waves on the String The speed v of the waves traveling on the
string is given by Equation 16.2 as

where F is the tension and m/L is the linear density, both of which are given. The substi-
tution of this expression for the speed into Equation 1 is shown at the right.

Solution Combining the results of each step algebraically, we find that

It is given that the two natural frequencies at which the string vibrates are fundamental
frequencies. Thus, n # 1 and fn # f1. We now determine the desired lengths in parts
(a) and (b).

(a)

(b)

The length in part (b) is one-half the length in part (a) because the fundamental fre-
quency in part (b) is twice the fundamental frequency in part (a).

Related Homework: Problems 29, 32, 34

0.314 mL #
n

2fn
 B F

m/L
#

1
2(329.6 Hz)

 B 226 N
5.28 ! 10"3 kg/m

#

0.628 mL #
n

2fn
 B F

m/L
#

1
2(164.8 Hz)

 B 226 N
5.28 ! 10"3 kg/m

#

L  #   
nv
2fn

  #   
n

2fn
 B F

m/L

v # B F
m/L

STEP 1 STEP 2

v # B F
m/L

Figure 17.18 shows the frets on the neck of a guitar. They allow the player to produce a com-
plete sequence of musical notes using a single string. Starting with the fret at the top of the neck,
each successive fret shows where the player should press to get the next note in the sequence.
Musicians call the sequence the chromatic scale, and every thirteenth note in it corresponds to
one octave, or a doubling of the sound frequency. Which describes the spacing between the

Conceptual Example 5 The Frets on a Guitar!
The physics of
the frets on a guitar.
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!

D2

D1

0.157 m

0.314 m
0.628 m

Second
doubling

First
doubling

Start

Bridge

Frets continue down toward the bridge

Frets

Figure 17.18 The spacing between the
frets on the neck of a guitar changes
going down the neck toward the bridge.

frets? It is (a) the same everywhere along the neck (b) greatest at the top of the neck and 
decreases with each additional fret further on down toward the bridge (c) smallest at the top of
the neck and increases with each additional fret further on down toward the bridge.

Reasoning Our reasoning is based on the relation f1 ! v/(2L) (Equation 17.3, with n ! 1). The
value of n is 1 because a string vibrates mainly at its fundamental frequency when plucked, as
mentioned in Example 4. This equation shows that L, which is the length between a given fret
and the bridge of the guitar, is inversely proportional to the fundamental frequency f1, or 
L ! v/(2f1). In Example 4 we found that the E string has a length of L ! 0.628 m, correspond-
ing to a fundamental frequency of f1 ! 164.8 Hz. We also found that the length between the
bridge and the fret that must be pressed to double this frequency to 2 " 164.8 Hz ! 329.6 Hz is
one-half of 0.628 m, or L ! 0.314 m. To understand the spacing between frets as one moves
down the neck, consider the fret that must be pressed to double the frequency again, from 
329.6 Hz to 659.2 Hz. The length between the bridge and this fret would be one-half of 
0.314 m, or L ! 0.157 m. Thus, the distances of the three frets that we have been discussing are
0.628 m, 0.314 m, and 0.157 m, as indicated in Figure 17.18. The distance D1 between the first
two of these frets is D1 ! 0.628 m # 0.314 m ! 0.314 m. Similarly, the distance between the
second and third of these frets is D2 ! 0.314 m # 0.157 m ! 0.157 m.

Answers (a) and (c) are incorrect. The distances between the frets are shown in Figure 17.18.
Clearly, the distances D1 and D2 are not equal, nor are they smaller at the top of the neck and
greater further on down.

Answer (b) is correct. Figure 17.18 shows that D1 is greater than D2. Thus, the spacing between
the frets is greatest at the top of the neck and decreases with each additional fret further on down.

Related Homework: Problem 40

(The answers are given at the end of the book.)

11. A standing wave that corresponds to the fourth harmonic is set up on a string that is
fixed at both ends. (a) How many loops are in this standing wave? (b) How many nodes
(excluding the nodes at the ends of the string) does this standing wave have? (c) Is there
a node or an antinode at the midpoint of the string? (d) If the frequency of this standing
wave is 440 Hz, what is the frequency of the lowest-frequency standing wave that could be
set up on this string?

12. The tension in a guitar string is doubled. By what factor does the frequency of the 
vibrating string change? (a) It increases by a factor of 2. (b) It increases by a factor 
of (c) It decreases by a factor of 2. (d) It decreases by a factor of 

13. A string is vibrating back and forth as in Figure 17.15a. The tension in the string is 
decreased by a factor of four, with the frequency and length of the string remaining the
same. A new standing wave pattern develops on the string. How many loops are in this
new pattern? (a) 5 (b) 4 (c) 3 (d) 2

14. A rope is hanging vertically straight down. The top end is being vibrated back and
forth, and a standing wave with many loops develops on the rope, analogous (but not iden-
tical) to a standing wave on a horizontal rope. The rope has mass. The separation between
successive nodes is (a) everywhere the same along the rope (b) greater near the top of
the rope than near the bottom (c) greater near the bottom of the rope than near the top.

v2.v2.

C H E C K  Y O U R  U N D E R S TA N D I N G"
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520 CHAPTER 17 THE PRINCIPLE OF LINEAR SUPERPOSITION AND INTERFERENCE PHENOMENA

Standing wave patterns can also be formed from longitudinal waves. For example,
when sound reflects from a wall, the forward- and backward-going waves can produce a
standing wave. Figure 17.19 illustrates the vibrational motion in a longitudinal standing
wave on a Slinky. As in a transverse standing wave, there are nodes and antinodes. At the
nodes the Slinky coils do not vibrate at all; that is, they have no displacement. At the anti-
nodes the coils vibrate with maximum amplitude and, thus, have a maximum displacement.
The red dots in Figure 17.19 indicate the lack of vibration at a node and the maximum 
vibration at an antinode. The vibration occurs along the line of travel of the individual
waves, as is to be expected for longitudinal waves. In a standing wave of sound, the mol-
ecules or atoms of the medium behave as the red dots do.

Musical instruments in the wind family depend on longitudinal standing waves in pro-
ducing sound. Since wind instruments (trumpet, flute, clarinet, pipe organ, etc.) are modi-
fied tubes or columns of air, it is useful to examine the standing waves that can be set up
in such tubes. Figure 17.20 shows two cylindrical columns of air that are open at both ends.
Sound waves, originating from a tuning fork, travel up and down within each tube, since
they reflect from the ends of the tubes, even though the ends are open. If the frequency f
of the tuning fork matches one of the natural frequencies of the air column, the downward-
and upward-traveling waves combine to form a standing wave, and the sound of the tun-
ing fork becomes markedly louder. To emphasize the longitudinal nature of the standing
wave patterns, the left side of each pair of drawings in Figure 17.20 replaces the air in the
tubes with Slinkies, on which the nodes and antinodes are indicated with red dots. As an
additional aid in visualizing the standing waves, the right side of each pair of drawings
shows blurred blue patterns within each tube. These patterns symbolize the amplitude of
the vibrating air molecules at various locations. Wherever the pattern is widest, the ampli-
tude of vibration is greatest (a displacement antinode), and wherever the pattern is narrow-
est there is no vibration (a displacement node).

To determine the natural frequencies of the air columns in Figure 17.20, notice that
there is a displacement antinode at each end of the open tube because the air molecules
there are free to move.* As in a transverse standing wave, the distance between two suc-
cessive antinodes is one-half of a wavelength, so the length L of the tube must be an inte-
ger number n of half-wavelengths: or Using this wavelength in the!n " 2L/n.L " n(1

2 !n)

LONGITUDINAL STANDING WAVES

1
7.

6

N N N NA A A A

Figure 17.19 A longitudinal standing
wave on a Slinky showing the 
displacement nodes (N) and 
antinodes (A).

A Frequency = f

A

A

A

A

N

N

N

Frequency = 2f

relation fn " v/!n shows that the natural frequencies fn of the tube are

Tube open at both ends n " 1, 2, 3, 4, . . . (17.4)

At these frequencies, large-amplitude standing waves develop within the tube due to reso-
nance. Examples 6 and 7 illustrate how Equation 17.4 is involved when a flute is played.

fn " n ! v
2L "

Figure 17.20 A pictorial representation
of longitudinal standing waves on a
Slinky (left side of each pair) and in a
tube of air (right side of each pair) that
is open at both ends (A, antinode; 
N, node).

*In reality, the antinode does not occur exactly at the open end. However, if the tube’s diameter is small compared
to its length, little error is made in assuming that the antinode is located right at the end.
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17.6 LONGITUDINAL STANDING WAVES 521

The physics of a flute. When all the holes are closed on one type of flute, the lowest note it can
sound is a middle C (fundamental frequency ! 261.6 Hz). The air temperature is 293 K, and the
speed of sound is 343 m/s. Assuming the flute is a cylindrical tube open at both ends, determine
the distance L in Figure 17.21—that is, the distance from the mouthpiece to the end of the tube.
(This distance is approximate, since the antinode does not occur exactly at the mouthpiece.)

Reasoning For a tube open at both ends, the series of natural frequencies (including the fun-
damental) is given by fn ! nv/(2L) (Equation 17.4), where n takes on the integer values 1, 2, 3,
etc. To obtain a value for L, we can solve this equation, since the given fundamental frequency
corresponds to n ! 1 and the speed v of sound is known.

Solution Solving Equation 17.4 for the length L, we obtain

0.656 mL !
nv
2fn

!
(1)(343 m/s)
2(261.6 Hz)

!

Example 6  Playing a Flute!

"

Example 7 Tuning a Flute

A flautist is playing the flute discussed in Example 6, but now the temperature is 305 K instead of 293 K. Therefore, with the
length calculated in Example 6, the note middle C does not have the proper fundamental frequency of 261.6 Hz. In other
words, the flute is out of tune. To adjust the tuning, the flautist can alter the flute’s length by changing the extent to which the
head joint (see Figure 17.21) is inserted into the main stem of the instrument. To what length must the flute be adjusted to
play the middle C at its proper frequency?

Reasoning As in Example 6, we will make use of the series of natural frequencies (including the fundamental) represented by
fn ! nv/(2L) (Equation 17.4), for a tube open at both ends. In this expression, n takes on the integer values 1, 2, 3, etc. and has
the value of n ! 1 for the given fundamental frequency. We can again solve Equation 17.4 for L, but now must deal with the
fact that no value is given for the speed v of sound at the temperature of 305 K. To obtain the necessary value, we will assume
that air behaves as an ideal gas and utilize the value given for v at 293 K to calculate a value at 305 K.

Knowns and Unknowns The given data are summarized as follows:

Description Symbol Value Comment

Explicit Data
Natural frequency for middle C fn 261.6 Hz This is a fundamental frequency.
Speed of sound at 293 K v293 343 m/s
Temperature at which flute is played T305 305 K

Implicit Data
Integer variable in series of natural frequencies n 1 The fundamental frequency is given.

Unknown Variable
Length L ?

Modeling the Problem

A N A L Y Z I N G  M U L T I P L E - C O N C E P T  P R O B L E M S

Continued

Natural Frequencies For a tube open at both ends, the natural frequencies
are given by fn ! nv305/(2L), where n takes on the integer values 1, 2, 3, etc., v305 is the
speed of sound at 305 K, and L is the length between the two open ends. Solving this ex-
pression for L gives Equation 1 at the right. Since the speed v305 is not given, we proceed
to Step 2 in order to evaluate it.

The Speed of Sound We assume that air behaves as an ideal gas. For an ideal
gas, the speed v of sound is given by Equation 16.5 as , where " is the ratio of
specific heat capacities at constant pressure and constant volume, k is Boltzmann’s con-
stant, T is the Kelvin temperature, and m is the average mass of the molecules and atoms

v ! v"kT/m

STEP 1

STEP 2

(1)L !
nv305

2fn
?

Head joint

L

Figure 17.21 The length L of a flute
between the mouthpiece and the end 
of the instrument determines the 
fundamental frequency of the lowest
playable note.
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Standing waves can also exist in a tube with only one end open, as the patterns in
Figure 17.22 indicate. Note the difference between these patterns and those in Figure
17.20. Here the standing waves have a displacement antinode at the open end and a dis-
placement node at the closed end, where the air molecules are not free to move. Since the
distance between a node and an adjacent antinode is one-fourth of a wavelength, the length
L of the tube must be an odd number of quarter-wavelengths: and forL ! 3(1

4 ")L ! 1(1
4 ")

522 CHAPTER 17 THE PRINCIPLE OF LINEAR SUPERPOSITION AND INTERFERENCE PHENOMENA

of which the air is composed. Applying this equation at the temperatures of 293 and 
305 K, we have

and

Dividing these two expressions gives

In this result, the speed v293 and the two temperatures are known, so that we may solve
for the unknown speed v305:

This expression can be substituted into Equation 1, as shown at the right.

Solution Combining the results of each step algebraically, we find that

Since the given frequency is the fundamental frequency, it follows that in this result 
n ! 1 and fn ! f1. The length to which the flute must be adjusted is

Comparing this result with that in Example 6, we see that to play in tune at the higher
temperature, a flautist must lengthen the flute by 0.013 m.

Related Homework: Problem 49

0.669 mL !
nv293vT305/T293

2fn
!

(1)(343 m/s)v(305 K)/(293 K)
2(261.6 Hz)

!

L  !   
nv305

2fn
  !   

nv293vT305/T293

2fn

v305 ! v293B T305

T293

v305

v293
!
v#kT305 /mv#kT293 /m

! B T305

T293

v305 ! B #kT305

m
v293 ! B #kT293

m

(1)L !
nv305

2fn

v305 ! v293B T305

T293

STEP 1 STEP 2

the two standing wave patterns in Figure 17.22. In general, then, where n isL ! n(1
4 "n),

any odd integer (n ! 1, 3, 5, . . .). From this result it follows that "n ! 4L/n, and the nat-
ural frequencies fn can be obtained from the relation fn ! v/"n:

Tube open at only one end (17.5)

A tube open at only one end can develop standing waves only at the odd harmonic frequen-
cies f1, f3, f5, etc. In contrast, a tube open at both ends can develop standing waves at all
harmonic frequencies f1, f2, f3, etc. Moreover, the fundamental frequency f1 of a tube open
at only one end (Equation 17.5) is one-half that of a tube open at both ends (Equation
17.4). In other words, a tube open only at one end needs to be only one-half as long as a
tube open at both ends in order to produce the same fundamental frequency.

Energy is also conserved when a standing wave is produced, either on a string or in a
tube of air. The energy of the standing wave is the sum of the energies of the individual
waves that comprise the standing wave. Once again, interference redistributes the energy

fn ! n ! v
4L "  n ! 1, 3, 5, . . .

Figure 17.22 A pictorial representation
of the longitudinal standing waves on a
Slinky (left side of each pair) and in a
tube of air (right side of each pair) that
is open only at one end (A, antinode;
N, node).

A Frequency = f

N

A

A

N

N

Frequency = 3f
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17.7 COMPLEX SOUND WAVES 523

of the individual waves to create locations of greatest energy (displacement antinodes) and
locations of no energy (displacement nodes).

(The answers are given at the end of the book.)

15. A cylindrical bottle, partially filled with water, is open at the top. When you blow
across the top of the bottle a standing wave is set up inside it. Is there a node or an anti-
node (a) at the top of the bottle and (b) at the surface of the water? (c) If the standing
wave is vibrating at its fundamental frequency, what is the distance between the top of the
bottle and the surface of the water? Express your answer in terms of the wavelength ! of
the standing wave. (d) If you take a sip from the bottle, is the fundamental frequency of
the standing wave raised, lowered, or does it remain the same?

16. In Figure 17.20 both tubes are filled with air, in which the speed of sound is vair.
Suppose, instead, that the tube near the tuning fork labeled “Frequency " 2f” is filled not
with air, but with another gas in which the speed of sound is vgas. The frequency of each
tuning fork remains unchanged. How should vgas compare with vair in order that the stand-
ing wave pattern in each tube has the same appearance? (a) vgas " vair (b) vgas " 2vair

(c) vgas " vair (d) vgas " 4vair

17. Standing waves can ruin the acoustics of a concert hall if there is excessive reflection of
the sound waves that the performers generate. For example, suppose that a performer gen-
erates a 2093-Hz tone. If a large-amplitude standing wave is present, it is possible for a lis-
tener to move a distance of only 4.1 cm and hear the loudness of the tone change from loud
to faint. What does the distance of 4.1 cm represent? (a) One wavelength of the sound
(b) One-half the wavelength of the sound (c) One-fourth the wavelength of the sound

18. A wind instrument is brought into a warm house from the cold outdoors. What hap-
pens to the natural frequencies of the instrument? Neglect any change in the length of the
instrument. (a) They increase. (b) They decrease. (c) They remain the same.

1
4

1
2

C H E C K  Y O U R  U N D E R S TA N D I N G!

Musical instruments produce sound in a way that depends on standing waves.
Examples 4 and 5 illustrate the role of transverse standing waves on the string of an elec-
tric guitar, while Examples 6 and 7 stress the role of longitudinal standing waves in the air
column within a flute. In each example, sound is produced at the fundamental frequency
of the instrument.

In general, however, a musical instrument does not produce just the fundamental fre-
quency when it plays a note, but simultaneously generates a number of harmonics as well.
Different instruments, such as a violin and a trumpet, generate harmonics to different ex-
tents, and the harmonics give the instruments their characteristic sound qualities or tim-
bres. Suppose, for instance, that a violinist and a trumpet player both sound concert A, a
note whose fundamental frequency is 440 Hz. Even though both instruments are playing
the same note, most people can distinguish the sound of the violin from that of the trum-
pet. The instruments sound different because the relative amplitudes of the harmonics
(880 Hz, 1320 Hz, etc.) that the instruments create are different.

The sound wave corresponding to a note produced by a musical instrument or a singer
is called a complex sound wave because it consists of a mixture of the fundamental and
harmonic frequencies. The pattern of pressure fluctuations in a complex wave can be ob-
tained by using the principle of linear superposition, as Figure 17.23 indicates. This draw-
ing shows a bar graph in which the heights of the bars give the relative amplitudes of the
harmonics contained in a note such as a singer might produce. When the individual pres-
sure patterns for each of the three harmonics are added together, they yield the complex
pressure pattern shown at the top of the picture.*

In practice, a bar graph such as that in Figure 17.23 is determined with the aid of an elec-
tronic instrument known as a spectrum analyzer. When the note is produced, the complex

*COMPLEX SOUND WAVES

1
7.
7

*In carrying out the addition, we assume that each individual pattern begins at zero at the origin when the time
equals zero.

Figure 17.23 The topmost graph shows
the pattern of pressure fluctuations such
as a singer might produce. The pattern
is the sum of the first three harmonics.
The relative amplitudes of the 
harmonics correspond to the heights of
the vertical bars in the bar graph.

The physics of
a spectrum analyzer.
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sound wave is detected by a microphone that converts the wave into an electrical signal. The
electrical signal, in turn, is fed into the spectrum analyzer, as Figure 17.24 illustrates. The
spectrum analyzer then determines the amplitude and frequency of each harmonic present in
the complex wave and displays the results on its screen.
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Pressure pattern

Spectrum
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Figure 17.24 A microphone detects a
complex sound wave produced by a
singer’s voice, and a spectrum analyzer
determines the amplitude and frequency
of each harmonic present in the wave.

Diffraction is the bending of a traveling wave around an obstacle or around the
edges of an opening and is one of the consequences of the principle of linear superposi-
tion. As Equations 17.1 and 17.2 indicate, the extent of diffraction when a sound wave
passes through an opening depends on the ratio of the wavelength of the sound to the width
or diameter of the opening. Example 8 compares diffraction in two different media and 
reviews some of the fundamental properties of sound waves.

CONCEPTS & CALCULATIONS

1
7.
8

A sound wave with a frequency of 15 kHz emerges through a circular opening that has a diam-
eter of 0.20 m. Find the diffraction angle ! when the sound travels in air at a speed of 343 m/s
and in water at a speed of 1482 m/s.

Concept Questions and Answers The diffraction angle for a circular opening is given by
Equation 17.2 as where " is the wavelength of the sound and D is the diam-
eter of the opening. How is the wavelength related to the frequency of the sound?

Answer According to Equation 16.1, the wavelength is given by " # v/ f, where v is the
speed of sound and f is the frequency.

Is the wavelength of the sound in air greater than, smaller than, or equal to the wavelength in
water?

Answer According to Equation 16.1, the wavelength is proportional to the speed v for a
given value of the frequency f. Since sound travels at a slower speed in air than in water,
the wavelength in air is smaller than the wavelength in water.

Is the diffraction angle in air greater than, smaller than, or equal to the diffraction angle in
water?

Answer The extent of diffraction is determined by "/D, the ratio of the wavelength to the
diameter of the opening. Smaller ratios lead to less diffraction or smaller diffraction an-
gles. The wavelength in air is smaller than in water, and the diameter of the opening is the
same in both cases. Therefore, the ratio "/D is smaller in air than in water, and the diffrac-
tion angle in air is smaller than the diffraction angle in water.

Solution Using (Equation 17.2) and " # v/ f (Equation 16.1), we have

sin ! # 1.22 
"

D
# 1.22 

v
fD

sin ! # 1.22"/D

sin ! # 1.22"/D,

Concepts & Calculations Example 8
Diffraction in Two Different Media!
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The next example deals with standing waves of sound in a gas. One of the factors that
affect the formation of standing waves is the speed at which the individual waves travel.
This example reviews how the speed of sound depends on the properties of the gas.

Applying this result for air and for water, we find

Air 8.0!" # sin$ 1 !1.22 
v
fD " # sin$ 1 #1.22 

(343 m /s)
(15 000 Hz)(0.20 m) $ #

Water

As expected, the diffraction angle in air is smaller.

37!" # sin$ 1 !1.22 
v
fD " # sin$ 1 #1.22 

(1482 m /s)
(15 000 Hz)(0.20 m) $ #

!

Two tubes of gas are identical and are open at only one end. One tube contains neon (Ne) and
the other krypton (Kr). Both are monatomic gases, have the same temperature, and may be as-
sumed to be ideal gases. The fundamental frequency of the tube containing neon is 481Hz.
What is the fundamental frequency of the tube containing krypton?

Concept Questions and Answers For a gas-filled tube open at only one end, the fundamen-
tal frequency (n # 1) is given by Equation 17.5 as where v is the speed of sound
and L is the length of the tube. How is the speed related to the properties of the gas?

Answer According to Equation 16.5, the speed is given by where % is the
ratio of the specific heat capacities at constant pressure and constant volume, k is
Boltzmann’s constant, T is the Kelvin temperature, and m is the mass of an atom of the gas.

All of the factors that affect the speed of sound are the same except the atomic mass. The peri-
odic table located on the inside of the back cover gives the atomic masses of neon and krypton
as 20.180 u and 83.80 u, respectively. Is the speed of sound in krypton greater than, smaller
than, or equal to the speed of sound in neon?

Answer According to Equation 16.5 the speed of sound is so the speed is
inversely proportional to the square root of the mass m of an atom. Thus, the speed is
smaller when the mass is greater. Since krypton has the greater mass, the speed of sound
in krypton is smaller than in neon.

Is the fundamental frequency of the tube containing krypton greater than, smaller than, or equal
to the fundamental frequency of the tube containing neon?

Answer The fundamental frequency is given by Equation 17.5 as Since the
speed of sound in krypton is smaller than in neon, the fundamental frequency of the krypton-
filled tube is smaller than the fundamental frequency of the neon-filled tube.

Solution Using (Equation 17.5) and (Equation 16.5), we have

Applying this result to both tubes and taking the ratio of the frequencies, we obtain

Solving for f1, Kr gives

As expected, the fundamental frequency for the krypton-filled tube is smaller than the funda-
mental frequency for the neon-filled tube.

236 Hzf1, Kr # f1, Ne B mNe

mKr
# (481 Hz) B 20.180 u

83.80 u
#

f1, Kr

f1, Ne
#

1
4L

 v%kT/mKr

1
4L

 v%kT/mNe

# B mNe

mKr

f1 #
v

4L
#

1
4L

 B %kT
m

v # v%kT/mf1 # v/(4L)

f1 # v/(4L).

v # v%kT/m,

v # v%kT/m,

f1 # v/(4L),

Concepts & Calculations Example 9
Standing Waves of Sound"

!
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If you need more help with a concept, use the Learning Aids noted next to the discussion or equation. Examples (Ex.) are in the text
of this chapter. Go to www.wiley.com/college/cutnell for the following Learning Aids:

Principle of linear 
superposition

Constructive and destructive 
interference

In-phase and out-of-phase 
waves

Conditions for constructive 
and destructive interference

Diffraction

Single slit—first minimum

Circular opening—first 
minimum

Beats

Beat frequency

Standing waves

Nodes and antinodes

Natural frequencies 
Harmonics

String fixed at both ends

Tube open at both ends

17.1 THE PRINCIPLE OF LINEAR SUPERPOSITION The principle of linear superposition states
that when two or more waves are present simultaneously at the same place, the resultant distur-
bance is the sum of the disturbances from the individual waves.

17.2 CONSTRUCTIVE AND DESTRUCTIVE INTERFERENCE OF SOUND WAVES Constructive interfer-
ence occurs at a point when two waves meet there crest-to-crest and trough-to-trough, thus rein-
forcing each other. Destructive interference occurs when the waves meet crest-to-trough and cancel
each other.
When waves meet crest-to-crest and trough-to-trough, they are exactly in phase. When they meet
crest-to-trough, they are exactly out of phase.
For two wave sources vibrating in phase, a difference in path lengths that is zero or an integer num-
ber (1, 2, 3, . . .) of wavelengths leads to constructive interference; a difference in path lengths
that is a half-integer number of wavelengths leads to destructive interference.
For two wave sources vibrating out of phase, a difference in path lengths that is a half-integer num-
ber of wavelengths leads to constructive interference; a difference in path lengths
that is zero or an integer number (1, 2, 3, . . .) of wavelengths leads to destructive interference.

17.3 DIFFRACTION Diffraction is the bending of a wave around an obstacle or the edges of an
opening. The angle through which the wave bends depends on the ratio of the wavelength ! of the
wave to the width D of the opening; the greater the ratio !/D, the greater the angle.
When a sound wave of wavelength ! passes through an opening, the first place where the inten-
sity of the sound is a minimum relative to the center of the opening is specified by the angle ". If
the opening is a rectangular slit of width D, such as a doorway, the angle is

(17.1)

If the opening is a circular opening of diameter D, such as that in a loudspeaker, the angle is

(17.2)

17.4 BEATS Beats are the periodic variations in amplitude that arise from the linear superposi-
tion of two waves that have slightly different frequencies. When the waves are sound waves, the
variations in amplitude cause the loudness to vary at the beat frequency, which is the difference be-
tween the frequencies of the waves.

17.5 TRANSVERSE STANDING WAVES A standing wave is the pattern of disturbance that results
when oppositely traveling waves of the same frequency and amplitude pass through each other. A stand-
ing wave has places of minimum and maximum vibration called, respectively, nodes and antinodes.
Under resonance conditions, standing waves can be established only at certain natural frequen-
cies. The frequencies in this series ( f1, 2f1, 3f1, etc.) are called harmonics. The lowest frequency f1
is called the first harmonic, the next frequency 2f1 is the second harmonic, and so on.

For a string that is fixed at both ends and has a length L, the natural frequencies are

n # 1, 2, 3, 4, . . . (17.3)

where v is the speed of the wave on the string and n is a positive integer.

17.6 LONGITUDINAL STANDING WAVES For a gas in a cylindrical tube open at both ends, the nat-
ural frequencies of vibration are

n # 1, 2, 3, 4, . . . (17.4)

where v is the speed of sound in the gas and L is the length of the tube.

fn # n ! v
2L "

fn # n ! v
2L "

sin " # 1.22 
!

D

sin " #
!

D

(12 , 1
1
2 , 2

1
2 , . . .)

(12 , 1
1
2 , 2

1
2 , . . .)

Topic Discussion Learning Aids

Interactive LearningWare (ILW) — Additional examples solved in a five-step interactive format.

Concept Simulations (CS) — Animated text figures or animations of important concepts.

Interactive Solutions (IS) — Models for certain types of problems in the chapter homework. The calculations are carried out interactively.

CONCEPT SUMMARY

CS 17.1

Ex. 1, 2
IS 17.61

Ex. 3, 8

CS 17.2
ILW 17.1

Ex. 4, 5
ILW 17.2

Ex. 6, 7
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Tube open at only one end

Complex sound wave

For a gas in a cylindrical tube open at only one end, the natural frequencies of vibration are

n ! 1, 3, 5, 7, . . . (17.5)

17.7 COMPLEX SOUND WAVES A complex sound wave consists of a mixture of a fundamental
frequency and overtone frequencies.

fn ! n ! v
4L "

Topic Discussion Learning Aids

Ex. 9
IS 17.45

Note to Instructors: The numbering of the questions shown here reflects the fact that they are only a representative subset of the total number that are
available online. However, all of the questions are available for assignment via an online homework management program such as WileyPLUS or WebAssign.

Section 17.1 The Principle of Linear Superposition
2. The drawing shows four moving pulses. Although shown as sepa-
rated, the four pulses exactly overlap each other at the instant shown.
Which combination of these pulses would produce a resultant pulse
with the highest peak and the deepest valley at this instant? (a) 1
and 2 (b) 2, 3, and 4 (c) 2 and 3 (d) 1, 2, and 3 (e) 1 and 3

Section 17.2 Constructive and Destructive Interference 
of Sound Waves
3. Two cellists, one seated directly behind the other in an orchestra,
play the same note for the conductor, who is directly in front of them.
Because of the separation between the cellists, destructive interfer-
ence occurs at the conductor. This separation is the smallest that pro-
duces destructive interference. Would this separation increase,
decrease, or remain the same if the cellists produced a note with a
higher frequency? (a) The separation between the cellists would re-
main the same. (b) The separation would decrease because the
wavelength of the sound is greater. (c) The separation would de-
crease because the wavelength of the sound is smaller. (d) The sep-
aration would increase because the wavelength of the sound is
greater. (e) The separation would increase because the wavelength
of the sound is smaller.

Section 17.3 Diffraction
5. A loudspeaker is producing sound of a certain wavelength. Which
combination of the wavelength " (expressed as a multiple of "0) and
the speaker’s diameter D (expressed as a multiple of D0) would ex-
hibit the greatest amount of diffraction when the sound leaves the
speaker and enters the room? (a) " ! "0, D ! D0 (b) " ! 2"0,
D ! D0 (c) " ! "0, D ! 2D0 (d) " ! 2"0, D ! 2D0 (e) " ! 3"0,
D ! 2D0

7. Sound of a given frequency leaves a loudspeaker and spreads out
due to diffraction. The speaker is placed in a room that contains either
air or helium. The speed of sound in helium is about three times as

(1) (2)

(3) (4)

great as the speed of sound in air. In which room, if either, does the
sound exhibit the greater diffraction when leaving the speaker? 
(a) The greater diffraction occurs in the air-filled room, because the
wavelength of the sound is smaller in that room. (b) The greater dif-
fraction occurs in the air-filled room, because the wavelength of the
sound is greater in that room. (c) The diffraction is the same in both
rooms. (d) The greater diffraction occurs in the helium-filled room,
because the wavelength of the sound is smaller in that room. (e) The
greater diffraction occurs in the helium-filled room, because the
wavelength of the sound is greater in that room.

Section 17.4 Beats
8. Two musicians are comparing their trombones. The first produces
a tone that is known to be 438 Hz. When the two trombones play to-
gether they produce 6 beats every 2 seconds. Which statement is true
about the second trombone? (a) It is producing either a 432-Hz
sound or a 444-Hz sound. (b) It is producing either a 436-Hz sound
or a 440-Hz sound. (c) It is producing a 444-Hz sound, and could
be producing no other sound frequency. (d) It is producing either a
435-Hz sound or a 441-Hz sound. (e) It is producing a 441-Hz
sound and could be producing no other sound frequency.

Section 17.5 Transverse Standing Waves
11. Two transverse standing waves are
shown in the drawing. The strings have the
same tension and length, but the bottom
string is more massive. Which standing
wave, if either, is vibrating at the higher fre-
quency? (a) The top standing wave has the
higher frequency, because the traveling
waves have a smaller speed due to the smaller mass of the string.
(b) The top standing wave has the higher frequency, because the trav-
eling waves have a larger speed due to the smaller mass of the string.
(c) Both standing waves have the same frequency, because the fre-
quency of vibration does not depend on the mass of the string.
(d) The bottom standing wave has the higher frequency, because the
traveling waves have a smaller speed due to the larger mass of the string.
(e) The bottom standing wave has the higher frequency, because the
traveling waves have a larger speed due to the larger mass of the string.
12. A standing wave on a string fixed at both ends is vibrating at its
fourth harmonic. If the length, tension, and linear density are kept
constant, what can be said about the wavelength and frequency of the
fifth harmonic relative to the fourth harmonic? (a) The wavelength
of the fifth harmonic is longer, and its frequency is higher. (b) The
wavelength of the fifth harmonic is longer, and its frequency is lower.
(c) The wavelength of the fifth harmonic is shorter, and its frequency
is higher. (d) The wavelength of the fifth harmonic is shorter, and
its frequency is lower.

FOCUS ON CONCEPTS
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Section 17.6 Longitudinal Standing Waves
14. A longitudinal standing wave is es-
tablished in a tube that is open at both
ends (see the drawing). The length of
the tube is 0.80 m. What is the wave-
length of the waves that make up the
standing wave? (a) 0.20 m (b) 0.40 m
(c) 0.80 m (d) 1.20 m (e) 1.60 m

528 CHAPTER 17 THE PRINCIPLE OF LINEAR SUPERPOSITION AND INTERFERENCE PHENOMENA

16. A longitudinal standing wave is
established in a tube open at only one
end (see the drawing). The frequency
of the standing wave is 660 Hz, and the
speed of sound in air is 343 m/s. What
is the length of the tube? (a) 0.13 m
(b) 0.26 m (c) 0.39 m (d) 0.52 m (e) 0.65 m

0.80 m

Note to Instructors: Most of the homework problems in this chapter are available for assignment via an online homework management program such
as WileyPLUS or WebAssign, and those marked with the icon         are presented in WileyPLUS using a guided tutorial format that provides enhanced 
interactivity. See Preface for additional details.

ssm Solution is in the Student Solutions Manual.
This icon represents a biomedical application.

www Solution is available online at www.wiley.com/college/cutnell

PROBLEMS

Section 17.1 The Principle of Linear Superposition,
Section 17.2 Constructive and Destructive Interference 
of Sound Waves
1. In Figure 17.7, suppose that the separation between speakers A
and B is 5.00 m and the speakers are vibrating in phase. They are
playing identical 125-Hz tones, and the speed of sound is 343 m/s.
What is the largest possible distance between speaker B and the ob-
server at C, such that he observes destructive interference?
2. Two speakers, one directly behind the other, are each generating a
245-Hz sound wave. What is the smallest separation distance between
the speakers that will produce destructive interference at a listener
standing in front of them? The speed of sound is 343 m/s.
3. ssm Concept Simulation 17.1 at www.wiley.com/college/cutnell
illustrates the concept that is pertinent to this problem. The drawing
graphs a string on which two pulses (half up and half down) are trav-
eling at a constant speed of 1 cm/s at t ! 0 s. Using the principle of
linear superposition, draw the shape of the string’s pulses at t ! 1 s,
2 s, 3 s, and 4 s.

4. Two waves are traveling in opposite directions on the same string.
The displacements caused by the individual waves are given by y1 !
(24.0 mm)sin(9.00"t # 1.25"x) and y2 ! (35.0 mm)sin(2.88"t $
0.400"x). Note that the phase angles (9.00"t # 1.25 "x) and (2.88"t
$ 0.400 "x) are in radians, t is in seconds, and x is in meters. At t !
4.00 s, what is the net displacement (in mm) of the string at (a) x !
2.16 m and (b) x ! 2.56 m? Be sure to include the algebraic sign
($ or #) with your answers.
5. ssm Two loudspeakers are vibrating in phase. They are set up as
in Figure 17.7, and point C is located as shown there. The speed of
sound is 343 m/s. The speakers play the same tone. What is the small-
est frequency that will produce destructive interference at point C?
6. Both drawings show the same square, each of which has a

1 cm/s 1 cm/s

0 2 4 6 8 10 12

Distance, cm

of sound is 343 m/s. Find the single smallest frequency that will pro-
duce both constructive interference in drawing 1 and destructive 
interference in drawing 2.

7. ssm www The drawing shows a loudspeaker A and point C,
where a listener is positioned. A second loudspeaker B is located
somewhere to the right of A.
Both speakers vibrate in phase
and are playing a 68.6-Hz
tone. The speed of sound is
343 m/s. What is the closest to
speaker A that speaker B can
be located, so that the listener
hears no sound?
8. Suppose that the two speakers in Figure 17.7 are separated by
2.50 m and are vibrating exactly out of phase at a frequency of 
429 Hz. The speed of sound is 343 m/s. Does the observer at C ob-
serve constructive or destructive interference when his distance from
speaker B is (a) 1.15 m and (b) 2.00 m?

*9. The two speakers in the drawing are vibrating in phase, and a lis-
tener is standing at point P. Does constructive or destructive interfer-
ence occur at P when the speakers produce sound waves whose
frequency is (a) 1466 Hz and (b) 977 Hz? Justify your answers
with appropriate calculations. Take the speed of sound to be 343 m/s.

P

1.813 m 1.187 m

2.200 m

O

Drawing 1 Drawing 2

O

B

60.0°

A

1.
00

 m

C

side of length L ! 0.75 m. An observer O is stationed at one corner
of each square. Two loudspeakers are located at corners of the square,
as in either drawing 1 or drawing 2. The speakers produce the same
single-frequency tone in either drawing and are in phase. The speed
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16. For one approach to problems such as this, see Multiple-
Concept Example 3. Sound emerges through a doorway, as in Figure
17.10. The width of the doorway is 77 cm, and the speed of sound is
343 m/s. Find the diffraction angle ! when the frequency of the sound
is (a) 5.0 kHz and (b) 5.0 " 102 Hz.

*17. A 3.00-kHz tone is being produced by a speaker with a diameter
of 0.175 m. The air temperature changes from 0 to 29 #C. Assuming air
to be an ideal gas, find the change in the diffraction angle !.

*18. A row of seats is parallel to a stage at a distance of 8.7 m from
it. At the center and front of the stage is a diffraction horn loud-
speaker. This speaker sends out its sound through an opening that is
like a small doorway with a width D of 7.5 cm. The speaker is play-
ing a tone that has a frequency of 1.0 " 104 Hz. The speed of sound
is 343 m/s. What is the distance between two seats, located near the
center of the row, at which the tone cannot be heard?

Section 17.4 Beats
19. ssm Two pure tones are sounded together. The drawing shows
the pressure variations of the two sound waves, measured with re-
spect to atmospheric pressure. What is the beat frequency?

20. Two pianos each sound the same note simultaneously, but they
are both out of tune. On a day when the speed of sound is 343 m/s,
piano A produces a wavelength of 0.769 m, while piano B produces
a wavelength of 0.776 m. How much time separates successive beats?
21. Two out-of-tune flutes play the same note. One produces a tone
that has a frequency of 262 Hz, while the other produces 266 Hz.
When a tuning fork is sounded together with the 262-Hz tone, a beat
frequency of 1 Hz is produced. When the same tuning fork is sounded
together with the 266-Hz tone, a beat frequency of 3 Hz is produced.
What is the frequency of the tuning fork?
22. ssm When a guitar string is sounded along with a 440-Hz tun-
ing fork, a beat frequency of 5 Hz is heard. When the same string is
sounded along with a 436-Hz tuning fork, the beat frequency is 9 Hz.
What is the frequency of the string?
23. In Concept Simulation 17.2 at www.wiley.com/college/cutnell
you can explore the concepts that are important in this problem. A
440.0-Hz tuning fork is sounded together with an out-of-tune guitar
string, and a beat frequency of 3 Hz is heard. When the string is tight-
ened, the frequency at which it vibrates increases, and the beat fre-
quency is heard to decrease. What was the original frequency of the
guitar string?

*24. Two cars have identical horns, each emitting a frequency of

0.020 sPressure

TimeTime

Pressure

0.024 s

0 0

*10. A listener is standing in front of two speakers that are pro-
ducing sound of the same frequency and amplitude, except that they
are vibrating out of phase. Initially, the distance between the listener
and each speaker is the same (see the drawing). As the listener moves
sideways, the sound intensity gradually changes. When the distance
x in the drawing is 0.92 m, the change reaches the maximum amount
(either loud to soft, or soft to loud). Using the data shown in the draw-
ing and 343 m/s for the speed of sound, determine the frequency of
the sound coming from the speakers.

**11. Speakers A and B are vibrating in phase. They are directly fac-
ing each other, are 7.80 m apart, and are each playing a 73.0-Hz tone.
The speed of sound is 343 m/s. On the line between the speakers
there are three points where constructive interference occurs. What
are the distances of these three points from speaker A?

Section 17.3 Diffraction
12. Sound exits a diffraction horn loudspeaker through a rectangular
opening like a small doorway. Such a loudspeaker is mounted outside
on a pole. In winter, when the temperature is 273 K, the diffraction
angle ! has a value of 15.0#. What is the diffraction angle for the same
sound on a summer day when the temperature is 311 K?
13. ssm Consult Multiple-Concept Example 3 for background 
pertinent to this problem. A speaker has a diameter of 0.30 m.
(a) Assuming that the speed of sound is 343 m/s, find the diffraction
angle ! for a 2.0-kHz tone. (b) What speaker diameter D should be
used to generate a 6.0-kHz tone whose diffraction angle is as wide as
that for the 2.0-kHz tone in part (a)?
14. The following two lists give the diameters and sound fre-
quencies for three loudspeakers. Pair each diameter with a frequency,
so that the diffraction angle is the same for each of the speakers, and
then find the common diffraction angle. Take the speed of sound to
be 343 m/s.

Diameter, D Frequency, f

0.050 m 6.0 kHz
0.10 m 4.0 kHz
0.15 m 12.0 kHz

15. Multiple-Concept Example 3 reviews the concepts that are im-
portant in this problem. The entrance to a large lecture room consists
of two side-by-side doors, one hinged on the left and the other
hinged on the right. Each door is 0.700 m wide. Sound of frequency
607 Hz is coming through the entrance from within the room. The
speed of sound is 343 m/s. What is the diffraction angle ! of the
sound after it passes through the doorway when (a) one door is
open and (b) both doors are open?

4.00 m

3.00 m

Out-of-phase
speakers

x

fs $ 395 Hz. One of the cars is moving with a speed of 12.0 m/s 
toward a bystander waiting at a corner, and the other car is parked.
The speed of sound is 343 m/s. What is the beat frequency heard by
the bystander?

*25. A sound wave is traveling in seawater, where the adiabatic
bulk modulus and density are 2.31 " 109 Pa and 1025 kg/m3, respec-
tively. The wavelength of the sound is 3.35 m. A tuning fork is struck
under water and vibrates at 440.0 Hz. What would be the beat fre-
quency heard by an underwater swimmer?

**26. Two carpenters are hammering at the same time, each at a differ-
ent hammering frequency. The hammering frequency is the number
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of hammer blows per second. Every 4.6 s, both carpenters strike at
the same instant, producing an effect very similar to a beat frequency.
The first carpenter strikes a blow every 0.75 s. How many seconds
elapse between the second carpenter’s blows if the second carpenter
hammers (a) more rapidly than the first carpenter, and (b) less
rapidly than the first carpenter?

Section 17.5 Transverse Standing Waves
27. If the string in Figure 17.15c is vibrating at a frequency of 4.0 Hz
and the distance between two successive nodes is 0.30 m, what is the
speed of the waves on the string?
28. A string is fixed at both ends and is vibrating at 130 Hz, which
is its third harmonic frequency. The linear density of the string is 
5.6 ! 10"3 kg/m, and it is under a tension of 3.3 N. Determine the
length of the string.
29. ssm The approach to solving this problem is similar to that
taken in Multiple-Concept Example 4. On a cello, the string with the
largest linear density is the C string. This string
produces a fundamental frequency of 65.4 Hz and has a length of
0.800 m between the two fixed ends. Find the tension in the string.
30. Two wires, each of length 1.2 m, are stretched between two
fixed supports. On wire A there is a second-harmonic standing wave
whose frequency is 660 Hz. However, the same frequency of 660 Hz
is the third harmonic on wire B. Find the speed at which the individ-
ual waves travel on each wire.
31. ssm The A string on a string bass vibrates at a fundamental 
frequency of 55.0 Hz. If the string’s tension were increased by a
factor of four, what would be the new fundamental frequency?
32. Multiple-Concept Example 4 deals with the same concepts as
this problem. A 41-cm length of wire has a mass of 6.0 g. It is
stretched between two fixed supports and is under a tension of 160 N.
What is the fundamental frequency of this wire?
33. A string has a
linear density of
8.5 ! 10"3 kg/m
and is under a ten-
sion of 280 N. The
string is 1.8 m
long, is fixed at both ends, and is vibrating in the standing wave pat-
tern shown in the drawing. Determine the (a) speed, (b) wave-
length, and (c) frequency of the traveling waves that make up the
standing wave.
34. To review the concepts that play roles in this problem, consult
Multiple-Concept Example 4. Sometimes, when the wind blows
across a long wire, a low-frequency “moaning” sound is produced.
This sound arises because a standing wave is set up on the wire,
like a standing wave on a guitar 
string. Assume that a wire (linear 
density # 0.0140 kg/m) sustains a
tension of 323 N because the wire
is stretched between two poles
that are 7.60 m apart. The lowest
frequency that an average, healthy
human ear can detect is 20.0 Hz.
What is the lowest harmonic num-
ber n that could be responsible for
the “moaning” sound?

*35. A copper block is sus-
pended from a wire, as in part 1 of
the drawing. A container of mer-
cury is then raised up around the

(1.56 ! 10"2 kg/m)

Copper
block

Part 1 Part 2

Problem 35

block, as in part 2, so that 50.0% of the block’s volume is submerged
in the mercury. The density of copper is 8890 kg/m3, and that of mer-
cury is 13 600 kg/m3. Find the ratio of the fundamental frequency of
the wire in part 2 to the fundamental frequency in part 1.

*36. Two strings have dif-
ferent lengths and linear
densities, as the drawing
shows. They are joined to-
gether and stretched so
that the tension in each
string is 190.0 N. The free
ends of the joined string
are fixed in place. Find the lowest frequency that permits standing
waves in both strings with a node at the junction. The standing wave
pattern in each string may have a different number of loops.

*37. ssm The E string on an electric bass guitar has a length of 0.628 m
and, when producing the note E, vibrates at a fundamental frequency of
41.2 Hz. Players sometimes add to their instruments a device called a
“D-tuner.” This device allows the E string to be used to produce the note
D, which has a fundamental frequency of 36.7 Hz. The D-tuner works
by extending the length of the string, keeping all other factors the same.
By how much does a D-tuner extend the length of the E string?

*38. Standing waves are set up on two strings fixed at each end,
as shown in the drawing. The two strings have the same tension and
mass per unit length, but they differ in length by 0.57 cm. The waves
on the shorter string propagate with a speed of 41.8 m/s, and the fun-
damental frequency of the shorter string is 225 Hz. Determine the
beat frequency produced by the two standing waves.

**39. ssm www The arrangement in the drawing shows a block 
(mass # 15.0 kg) that is held in 
position on a frictionless incline by a
cord (length # 0.600 m). The mass
per unit length of the cord is

so the mass of
the cord is negligible compared to
the mass of the block. The cord is
being vibrated at a frequency of 165 Hz (vibration source not shown in
the drawing). What are the values of the angle $ between 15.0% and
90.0% at which a standing wave exists on the cord?

**40. Review Conceptual Example 5 before attempting this problem.
As the drawing shows, the length of a guitar string is 0.628 m. The
frets are numbered for convenience. A performer can play a musical
scale on a single string because the spacing between the frets is de-
signed according to the following rule: When the string is pushed
against any fret j, the fundamental frequency of the shortened string
is larger by a factor of the twelfth root of two than it is when the(12v2)

1.20 ! 10"2 kg/m,

6.00 × 10–2 kg/m 1.50 × 10–2 kg/m

Node

3.75 m 1.25 m

θ

string is pushed against the fret j " 1. Assuming that the tension in
the string is the same for any note, find the spacing (a) between fret
1 and fret 0 and (b) between fret 7 and fret 6.

0234567 1

0.628 m
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53. The fundamental frequency of a string fixed at both ends is 256 Hz.
How long does it take for a wave to travel the length of this string?
54. The range of human hearing is roughly from twenty hertz to
twenty kilohertz. Based on these limits and a value of 343 m/s for the
speed of sound, what are the lengths of the longest and shortest pipes
(open at both ends and producing sound at their fundamental fre-
quencies) that you expect to find in a pipe organ?
55. ssm Review Example 1 in the text. Speaker A is moved further
to the left, while ABC remains a right triangle. What is the separation
between the speakers when constructive interference occurs again at
point C?

56. A pipe open only at one end has a fundamental frequency of
256 Hz. A second pipe, initially identical to the first pipe, is short-
ened by cutting off a portion of the open end. Now, when both pipes
vibrate at their fundamental frequencies, a beat frequency of 12 Hz is
heard. How many centimeters were cut off the end of the second
pipe? The speed of sound is 343 m/s.

57. A tube is open only at one end. A certain harmonic produced by
the tube has a frequency of 450 Hz. The next higher harmonic has a
frequency of 750 Hz. The speed of sound in air is 343 m/s. (a) What
is the integer n that describes the harmonic whose frequency is 450 Hz?
(b) What is the length of the tube?

Section 17.6 Longitudinal Standing Waves,
Section 17.7 Complex Sound Waves
41. ssm A tube of air is open at only one end and has a length of 
1.5 m. This tube sustains a standing wave at its third harmonic. What
is the distance between one node and the adjacent antinode?

42. Sound enters the ear, travels through the auditory canal, and
reaches the eardrum. The auditory canal is approximately a

tube open at only one end. The other end is closed by the eardrum. A
typical length for the auditory canal in an adult is about 2.9 cm. The
speed of sound is 343 m/s. What is the fundamental frequency of the
canal? (Interestingly, the fundamental frequency is in the frequency
range where human hearing is most sensitive.)

43. An organ pipe is open at both ends. It is producing sound at its
third harmonic, the frequency of which is 262 Hz. The speed of
sound is 343 m/s. What is the length of the pipe?

44. One method for measuring the speed of sound uses standing
waves. A cylindrical tube is open at both ends, and one end admits
sound from a tuning fork. A movable plunger is inserted into the
other end at a distance L from the end of the tube where the tuning
fork is. For a fixed frequency, the plunger is moved until the smallest
value of L is measured that allows a standing wave to be formed.
Suppose that the tuning fork produces a 485-Hz tone, and that the
smallest value observed for L is 0.264 m. What is the speed of sound
in the gas in the tube?

45. Refer to Interactive Solution 17.45 at www.wiley.com/college/
cutnell to review a method by which this problem can be solved. The
fundamental frequencies of two air columns are the same. Column A
is open at both ends, while column B is open at only one end. The
length of column A is 0.70 m. What is the length of column B?

46. Divers working in underwater chambers at great depths
must deal with the danger of nitrogen narcosis (the

“bends”), in which nitrogen dissolves into the blood at toxic levels.
One way to avoid this danger is for divers to breathe a mixture con-
taining only helium and oxygen. Helium, however, has the effect of
giving the voice a high-pitched quality, like that of Donald Duck’s
voice. To see why this occurs, assume for simplicity that the voice is
generated by the vocal cords vibrating above a gas-filled cylindrical
tube that is open only at one end. The quality of the voice depends on
the harmonic frequencies generated by the tube; larger frequencies
lead to higher-pitched voices. Consider two such tubes at 20 !C. One

is filled with air, in which the speed of sound is 343 m/s. The other is
filled with helium, in which the speed of sound is 1.00 " 103 m/s. To
see the effect of helium on voice quality, calculate the ratio of the nth
natural frequency of the helium-filled tube to the nth natural fre-
quency of the air-filled tube.
47. ssm The fundamental frequency of a vibrating system is 400 Hz.
For each of the following systems, give the three lowest frequencies
(excluding the fundamental) at which standing waves can occur:
(a) a string fixed at both ends, (b) a cylindrical pipe with both ends
open, and (c) a cylindrical pipe with only one end open.

*48. A thin 1.2-m aluminum rod sustains a longitudinal standing wave
with vibration antinodes at each end of the rod. There are no other
antinodes. The density and Young’s modulus of aluminum are, respec-
tively, 2700 kg/m3 and 6.9 " 1010 N/m2. What is the frequency of the
rod’s vibration?

*49. Review Multiple-Concept Example 7 for background that is rele-
vant to the kind of approach needed to solve this problem. Two ideal
gases have the same temperature and the same value for # (the ratio of
the specific heat capacities at constant pressure and constant volume).
A molecule of gas A has a mass of 7.31 " 10$ 26 kg, and a molecule
of gas B has a mass of 1.06 " 10$ 25 kg. When gas A (speed of sound
% 259 m/s) fills a tube that is open at both ends, the first overtone fre-
quency of the tube is 386 Hz. Gas B fills another tube open at both
ends, and this tube also has a first overtone frequency of 386 Hz. What
is the length of the tube filled with gas B?

*50. ssm www A vertical tube is closed at one end and open to
air at the other end. The air pressure is 1.01 " 105 Pa. The tube has a
length of 0.75 m. Mercury (mass density % 13 600 kg/m3) is poured
into it to shorten the effective length for standing waves. What is the
absolute pressure at the bottom of the mercury column, when the fun-
damental frequency of the shortened, air-filled tube is equal to the
third harmonic of the original tube?

*51. A person hums into the top of a well and finds that standing
waves are established at frequencies of 42, 70.0, and 98 Hz. The fre-
quency of 42 Hz is not necessarily the fundamental frequency. The
speed of sound is 343 m/s. How deep is the well?

**52. A tube, open at only one end, is cut into two shorter (nonequal)
lengths. The piece that is open at both ends has a fundamental fre-
quency of 425 Hz, while the piece open only at one end has a funda-
mental frequency of 675 Hz. What is the fundamental frequency of
the original tube?

2762T_ch17_507-532.qxd  6/26/08  5:54 PM  Page 531

http://www.wiley.com/college/


58. The drawing graphs a string on which two rectangular pulses are
traveling at a constant speed of 1 cm/s at time t ! 0 s. Using the prin-
ciple of linear superposition, draw the shape of the string’s pulses at
t ! 1 s, 2 s, 3 s, and 4 s.

59. ssm Suppose that the strings on a violin are stretched with the
same tension and each has the same length between its two fixed
ends. The musical notes and corresponding fundamental frequencies
of two of these strings are G (196.0 Hz) and E (659.3 Hz). The linear
density of the E string is What is the linear den-
sity of the G string?

*60. The drawing shows two strings that have the same length and lin-
ear density. The left end of each string is attached to a wall, while the
right end passes over a pulley and is connected to objects of different
weights (WA and WB). Different standing waves are set up on each
string, but their frequencies are the same. If WA ! 44 N, what is WB?

WA WB

3.47 " 10#4 kg/m.

1 cm/s 1 cm/s

0 2 4 6 8 10 12

Distance, cm
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*61. Refer to Interactive Solution 17.61 at www.wiley.com/college/
cutnell to review a method by which this problem can be solved. Two
loudspeakers on a concert stage are vibrating in phase. A listener is
50.5 m from the left speaker and 26.0 m from the right one. The lis-
tener can respond to all frequencies from 20 to 20 000 Hz, and the
speed of sound is 343 m/s. What are the two lowest frequencies that
can be heard loudly due to constructive interference?

**62. Two loudspeakers are
mounted on a merry-go-round
whose radius is 9.01 m. When
stationary, the speakers both
play a tone whose frequency is
100.0 Hz. As the drawing illus-
trates, they are situated at oppo-
site ends of a diameter. The speed
of sound is 343.00 m/s, and the
merry-go-round revolves once
every 20.0 s. What is the beat fre-
quency that is detected by the lis-
tener when the merry-go-round
is near the position shown?

**63. ssm www The note that is three octaves above middle C is sup-
posed to have a fundamental frequency of 2093 Hz. On a certain piano
the steel wire that produces this note has a cross-sectional area of

The wire is stretched between two pegs. When the pi-
ano is tuned properly to produce the correct frequency at 25.0 $C, the
wire is under a tension of 818.0 N. Suppose the temperature drops to
20.0 $C. In addition, as an approximation, assume that the wire is kept
from contracting as the temperature drops. Consequently, the tension in
the wire changes. What beat frequency is produced when this piano and
another instrument (properly tuned) sound the note simultaneously?

7.85 " 10#7 m2.

Listener

Merry-go-round
(top view)
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