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If a tree falls in a forest (see Figure 14.1) and no one is there to hear it, does it make a sound? The answer to
this old philosophical question depends on how you define sound. If sound only exists when someone is around to perceive it,
then the falling tree produced no sound. However, in physics, we know that colliding objects can disturb the air, water or other
matter surrounding them. As a result of the collision, the surrounding particles of matter began vibrating in a wave-like
fashion. This is a sound wave. Consequently, if a tree collided with another object in space, no one would hear it, because no
sound would be produced. This is because, in space, there is no air, water or other matter to be disturbed and produce sound
waves. In this chapter, we’ll learn more about the wave properties of sound, and explore hearing, as well as some special uses for
sound.

Figure 14.1 This tree fell some time ago. When it fell, particles in the air were disturbed by the energy of the tree
hitting the ground. This disturbance of matter, which our ears have evolved to detect, is called sound. (B.A. Bowen
Photography)
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14.1 Speed of Sound, Frequency, and Wavelength
Section Learning Objectives
By the end of this section, you will be able to do the following:
• Relate the characteristics of waves to properties of sound waves
• Describe the speed of sound and how it changes in various media
• Relate the speed of sound to frequency and wavelength of a sound wave

Section Key Terms

rarefaction sound

Properties of Sound Waves
Sound is a wave. More specifically, sound is defined to be a disturbance of matter that is transmitted from its source outward. A
disturbance is anything that is moved from its state of equilibrium. Some sound waves can be characterized as periodic waves,
which means that the atoms that make up the matter experience simple harmonic motion.

A vibrating string produces a sound wave as illustrated in Figure 14.2, Figure 14.3, and Figure 14.4. As the string oscillates back
and forth, part of the string’s energy goes into compressing and expanding the surrounding air. This creates slightly higher and
lower pressures. The higher pressure... regions are compressions, and the low pressure regions are rarefactions. The pressure
disturbance moves through the air as longitudinal waves with the same frequency as the string. Some of the energy is lost in the
form of thermal energy transferred to the air. You may recall from the chapter on waves that areas of compression and
rarefaction in longitudinal waves (such as sound) are analogous to crests and troughs in transverse waves.

Figure 14.2 A vibrating string moving to the right compresses the air in front of it and expands the air behind it.

Figure 14.3 As the string moves to the left, it creates another compression and rarefaction as the particles on the right move away from the

string.
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Figure 14.4 After many vibrations, there is a series of compressions and rarefactions that have been transmitted from the string as a sound

wave. The graph shows gauge pressure (Pgauge) versus distance x from the source. Gauge pressure is the pressure relative to atmospheric

pressure; it is positive for pressures above atmospheric pressure, and negative for pressures below it. For ordinary, everyday sounds,

pressures vary only slightly from average atmospheric pressure.

The amplitude of a sound wave decreases with distance from its source, because the energy of the wave is spread over a larger
and larger area. But some of the energy is also absorbed by objects, such as the eardrum in Figure 14.5, and some of the energy is
converted to thermal energy in the air. Figure 14.4 shows a graph of gauge pressure versus distance from the vibrating string.
From this figure, you can see that the compression of a longitudinal wave is analogous to the peak of a transverse wave, and the
rarefaction of a longitudinal wave is analogous to the trough of a transverse wave. Just as a transverse wave alternates between
peaks and troughs, a longitudinal wave alternates between compression and rarefaction.

Figure 14.5 Sound wave compressions and rarefactions travel up the ear canal and force the eardrum to vibrate. There is a net force on the

eardrum, since the sound wave pressures differ from the atmospheric pressure found behind the eardrum. A complicated mechanism

converts the vibrations to nerve impulses, which are then interpreted by the brain.

The Speed of Sound
The speed of sound varies greatly depending upon the medium it is traveling through. The speed of sound in a medium is
determined by a combination of the medium’s rigidity (or compressibility in gases) and its density. The more rigid (or less
compressible) the medium, the faster the speed of sound. The greater the density of a medium, the slower the speed of sound.
The speed of sound in air is low, because air is compressible. Because liquids and solids are relatively rigid and very difficult to
compress, the speed of sound in such media is generally greater than in gases. Table 14.1 shows the speed of sound in various
media. Since temperature affects density, the speed of sound varies with the temperature of the medium through which it’s
traveling to some extent, especially for gases.
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Medium vw (m/s)

Gases at 0 °C

Air 331

Carbon dioxide 259

Oxygen 316

Helium 965

Hydrogen 1290

Liquids at 20 °C

Ethanol 1160

Mercury 1450

Water, fresh 1480

Sea water 1540

Human tissue 1540

Solids (longitudinal or bulk)

Vulcanized rubber 54

Polyethylene 920

Marble 3810

Glass, Pyrex 5640

Lead 1960

Aluminum 5120

Steel 5960

Table 14.1 Speed of Sound in
Various Media
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The Relationship Between the Speed of Sound and the Frequency and
Wavelength of a Sound Wave

Figure 14.6 When fireworks explode in the sky, the light energy is perceived before the sound energy. Sound travels more slowly than light

does. (Dominic Alves, Flickr)

Sound, like all waves, travels at certain speeds through different media and has the properties of frequency and wavelength.
Sound travels much slower than light—you can observe this while watching a fireworks display (see Figure 14.6), since the flash
of an explosion is seen before its sound is heard.

The relationship between the speed of sound, its frequency, and wavelength is the same as for all waves:

where v is the speed of sound (in units of m/s), f is its frequency (in units of hertz), and is its wavelength (in units of meters).
Recall that wavelength is defined as the distance between adjacent identical parts of a wave. The wavelength of a sound,
therefore, is the distance between adjacent identical parts of a sound wave. Just as the distance between adjacent crests in a
transverse wave is one wavelength, the distance between adjacent compressions in a sound wave is also one wavelength, as
shown in Figure 14.7. The frequency of a sound wave is the same as that of the source. For example, a tuning fork vibrating at a
given frequency would produce sound waves that oscillate at that same frequency. The frequency of a sound is the number of
waves that pass a point per unit time.

Figure 14.7 A sound wave emanates from a source vibrating at a frequency f, propagates at v, and has a wavelength .

One of the more important properties of sound is that its speed is nearly independent of frequency. If this were not the case,
and high-frequency sounds traveled faster, for example, then the farther you were from a band in a football stadium, the more
the sound from the low-pitch instruments would lag behind the high-pitch ones. But the music from all instruments arrives in
cadence independent of distance, and so all frequencies must travel at nearly the same speed.

Recall that , and in a given medium under fixed temperature and humidity, v is constant. Therefore, the relationship
between f and is inverse: The higher the frequency, the shorter the wavelength of a sound wave.

The speed of sound can change when sound travels from one medium to another. However, the frequency usually remains the
same because it is like a driven oscillation and maintains the frequency of the original source. If v changes and f remains the
same, then the wavelength must change. Since , the higher the speed of a sound, the greater its wavelength for a given
frequency.

14.1

Virtual Physics

Sound
Click to view content (https://www.openstax.org/l/28sound)
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This simulation lets you see sound waves. Adjust the frequency or amplitude (volume) and you can see and hear how the
wave changes. Move the listener around and hear what she hears. Switch to the Two Source Interference tab or the
Interference by Reflection tab to experiment with interference and reflection.

TIPS FOR SUCCESS
Make sure to have audio enabled and set to Listener rather than Speaker, or else the sound will not vary as you move the
listener around.

GRASP CHECK
In the first tab, Listen to a Single Source, move the listener as far away from the speaker as possible, and then change the
frequency of the sound wave. You may have noticed that there is a delay between the time when you change the setting
and the time when you hear the sound get lower or higher in pitch. Why is this?
a. Because, intensity of the sound wave changes with the frequency.
b. Because, the speed of the sound wave changes when the frequency is changed.
c. Because, loudness of the sound wave takes time to adjust after a change in frequency.
d. Because it takes time for sound to reach the listener, so the listener perceives the new frequency of sound wave after

a delay.

Is there a difference in the amount of delay depending on whether you make the frequency higher or lower? Why?
a. Yes, the speed of propagation depends only on the frequency of the wave.
b. Yes, the speed of propagation depends upon the wavelength of the wave, and wavelength changes as the frequency

changes.
c. No, the speed of propagation depends only on the wavelength of the wave.
d. No, the speed of propagation is constant in a given medium; only the wavelength changes as the frequency changes.

Snap Lab

Voice as a Sound Wave
In this lab you will observe the effects of blowing and speaking into a piece of paper in order to compare and contrast
different sound waves.

• sheet of paper
• tape
• table

Instructions

Procedure
1. Suspend a sheet of paper so that the top edge of the paper is fixed and the bottom edge is free to move. You could tape

the top edge of the paper to the edge of a table, for example.
2. Gently blow air near the edge of the bottom of the sheet and note how the sheet moves.
3. Speak softly and then louder such that the sounds hit the edge of the bottom of the paper, and note how the sheet

moves.
4. Interpret the results.

GRASP CHECK
Which sound wave property increases when you are speaking more loudly than softly?
a. amplitude of the wave
b. frequency of the wave
c. speed of the wave
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WORKED EXAMPLE

What Are the Wavelengths of Audible Sounds?
Calculate the wavelengths of sounds at the extremes of the audible range, 20 and 20,000 Hz, in conditions where sound travels
at 348.7 m/s.
STRATEGY
To find wavelength from frequency, we can use .

Solution
(1) Identify the knowns. The values for v and f are given.

(2) Solve the relationship between speed, frequency and wavelength for .

(3) Enter the speed and the minimum frequency to give the maximum wavelength.

(4) Enter the speed and the maximum frequency to give the minimum wavelength.

Discussion
Because the product of f multiplied by equals a constant velocity in unchanging conditions, the smaller f is, the larger must
be, and vice versa. Note that you can also easily rearrange the same formula to find frequency or velocity.

Practice Problems
1. What is the speed of a sound wave with frequency and wavelength ?

a.
b.
c.
d.

2. Dogs can hear frequencies of up to . What is the wavelength of a sound wave with this frequency traveling in air at
?

a.
b.
c.
d.

d. wavelength of the wave

14.2

14.3

14.4
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LINKS TO PHYSICS

Echolocation

Figure 14.8 A bat uses sound echoes to find its way about and to catch prey. The time for the echo to return is directly proportional to the

distance.

Echolocation is the use of reflected sound waves to locate and identify objects. It is used by animals such as bats, dolphins and
whales, and is also imitated by humans in SONAR—Sound Navigation and Ranging—and echolocation technology.

Bats, dolphins and whales use echolocation to navigate and find food in their environment. They locate an object (or obstacle) by
emitting a sound and then sensing the reflected sound waves. Since the speed of sound in air is constant, the time it takes for
the sound to travel to the object and back gives the animal a sense of the distance between itself and the object. This is called
ranging. Figure 14.8 shows a bat using echolocation to sense distances.

Echolocating animals identify an object by comparing the relative intensity of the sound waves returning to each ear to figure
out the angle at which the sound waves were reflected. This gives information about the direction, size and shape of the object.
Since there is a slight distance in position between the two ears of an animal, the sound may return to one of the ears with a bit
of a delay, which also provides information about the position of the object. For example, if a bear is directly to the right of a bat,
the echo will return to the bat’s left ear later than to its right ear. If, however, the bear is directly ahead of the bat, the echo would
return to both ears at the same time. For an animal without a sense of sight such as a bat, it is important to know where other
animals are as well as what they are; their survival depends on it.

Principles of echolocation have been used to develop a variety of useful sensing technologies. SONAR, is used by submarines to
detect objects underwater and measure water depth. Unlike animal echolocation, which relies on only one transmitter (a mouth)
and two receivers (ears), manmade SONAR uses many transmitters and beams to get a more accurate reading of the
environment. Radar technologies use the echo of radio waves to locate clouds and storm systems in weather forecasting, and to
locate aircraft for air traffic control. Some new cars use echolocation technology to sense obstacles around the car, and warn the
driver who may be about to hit something (or even to automatically parallel park). Echolocation technologies and training
systems are being developed to help visually impaired people navigate their everyday environments.

GRASP CHECK
If a predator is directly to the left of a bat, how will the bat know?
a. The echo would return to the left ear first.
b. The echo would return to the right ear first.

Check Your Understanding
3. What is a rarefaction?

a. Rarefaction is the high-pressure region created in a medium when a longitudinal wave passes through it.
b. Rarefaction is the low-pressure region created in a medium when a longitudinal wave passes through it.
c. Rarefaction is the highest point of amplitude of a sound wave.
d. Rarefaction is the lowest point of amplitude of a sound wave.

4. What sort of motion do the particles of a medium experience when a sound wave passes through it?
a. Simple harmonic motion
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b. Circular motion
c. Random motion
d. Translational motion

5. What does the speed of sound depend on?
a. The wavelength of the wave
b. The size of the medium
c. The frequency of the wave
d. The properties of the medium

6. What property of a gas would affect the speed of sound traveling through it?
a. The volume of the gas
b. The flammability of the gas
c. The mass of the gas
d. The compressibility of the gas

14.2 Sound Intensity and Sound Level
Section Learning Objectives
By the end of this section, you will be able to do the following:
• Relate amplitude of a wave to loudness and energy of a sound wave
• Describe the decibel scale for measuring sound intensity
• Solve problems involving the intensity of a sound wave
• Describe how humans produce and hear sounds

Section Key Terms

amplitude decibel hearing loudness

pitch sound intensity sound intensity level

Amplitude, Loudness and Energy of a Sound Wave

Figure 14.9 Noise on crowded roadways like this one in Delhi makes it hard to hear others unless they shout. (Lingaraj G J, Flickr)

In a quiet forest, you can sometimes hear a single leaf fall to the ground. But in a traffic jam filled with honking cars, you may
have to shout just so the person next to you can hear Figure 14.9.The loudness of a sound is related to how energetically its source
is vibrating. In cartoons showing a screaming person, the cartoonist often shows an open mouth with a vibrating uvula (the
hanging tissue at the back of the mouth) to represent a loud sound coming from the throat. Figure 14.10 shows such a cartoon
depiction of a bird loudly expressing its opinion.

A useful quantity for describing the loudness of sounds is called sound intensity. In general, the intensity of a wave is the power
per unit area carried by the wave. Power is the rate at which energy is transferred by the wave. In equation form, intensity I is

where P is the power through an area A. The SI unit for I is W/m2. The intensity of a sound depends upon its pressure amplitude.

14.5
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The relationship between the intensity of a sound wave and its pressure amplitude (or pressure variation Δp) is

where ρ is the density of the material in which the sound wave travels, in units of kg/m3, and v is the speed of sound in the
medium, in units of m/s. Pressure amplitude has units of pascals (Pa) or N/m2. Note that Δp is half the difference between the
maximum and minimum pressure in the sound wave.

We can see from the equation that the intensity of a sound is proportional to its amplitude squared. The pressure variation is
proportional to the amplitude of the oscillation, and so I varies as (Δp)2. This relationship is consistent with the fact that the
sound wave is produced by some vibration; the greater its pressure amplitude, the more the air is compressed during the
vibration. Because the power of a sound wave is the rate at which energy is transferred, the energy of a sound wave is also
proportional to its amplitude squared.

TIPS FOR SUCCESS
Pressure is usually denoted by capital P, but we are using a lowercase p for pressure in this case to distinguish it from power
P above.

Figure 14.10 Graphs of the pressures in two sound waves of different intensities. The more intense sound is produced by a source that has

larger-amplitude oscillations and has greater pressure maxima and minima. Because pressures are higher in the greater-intensity sound, it

can exert larger forces on the objects it encounters.

The Decibel Scale
You may have noticed that when people talk about the loudness of a sound, they describe it in units of decibels rather than watts
per meter squared. While sound intensity (in W/m2) is the SI unit, the sound intensity level in decibels (dB) is more relevant for
how humans perceive sounds. The way our ears perceive sound can be more accurately described by the logarithm of the
intensity of a sound rather than the intensity of a sound directly. The sound intensity level β is defined to be

where I is sound intensity in watts per meter squared, and I0 = 10–12 W/m2 is a reference intensity. I0 is chosen as the reference
point because it is the lowest intensity of sound a person with normal hearing can perceive. The decibel level of a sound having
an intensity of 10–12 W/m2 is β = 0 dB, because log10 1 = 0. That is, the threshold of human hearing is 0 decibels.

Each factor of 10 in intensity corresponds to 10 dB. For example, a 90 dB sound compared with a 60 dB sound is 30 dB greater, or
three factors of 10 (that is, 103 times) as intense. Another example is that if one sound is 107 as intense as another, it is 70 dB
higher.

Since β is defined in terms of a ratio, it is unit-less. The unit called decibel (dB) is used to indicate that this ratio is multiplied by
10. The sound intensity level is not the same as sound intensity—it tells you the level of the sound relative to a reference intensity
rather than the actual intensity.

14.6

14.7
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Solving Sound Wave Intensity Problems

WORKED EXAMPLE

Calculating Sound Intensity Levels: Sound Waves
Calculate the sound intensity level in decibels for a sound wave traveling in air at 0 ºC and having a pressure amplitude of 0.656
Pa.
STRATEGY

We are given Δp, so we can calculate I using the equation . Using I , we can calculate β straight from its definition in

.

Solution
(1) Identify knowns:

Sound travels at 331 m/s in air at 0 °C.

Air has a density of 1.29 kg/m3 at atmospheric pressure and 0ºC.

(2) Enter these values and the pressure amplitude into .

(3) Enter the value for I and the known value for I0 into . Calculate to find the sound intensity level in

decibels.

Snap Lab

Feeling Sound
In this lab, you will play music with a heavy beat to literally feel the vibrations and explore what happens when the volume
changes.

• CD player or portable electronic device connected to speakers
• rock or rap music CD or mp3
• a lightweight table

Procedure
1. Place the speakers on a light table, and start playing the CD or mp3.
2. Place your hand gently on the table next to the speakers.
3. Increase the volume and note the level when the table just begins to vibrate as the music plays.
4. Increase the reading on the volume control until it doubles. What has happened to the vibrations?

GRASP CHECK
Do you think that when you double the volume of a sound wave you are doubling the sound intensity level (in dB) or the
sound intensity (in )? Why?
a. The sound intensity in , because it is a closer measure of how humans perceive sound.
b. The sound intensity level in because it is a closer measure of how humans perceive sound.
c. The sound intensity in because it is the only unit to express the intensity of sound.
d. The sound intensity level in because it is the only unit to express the intensity of sound.
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Discussion
This 87.0 dB sound has an intensity five times as great as an 80 dB sound. So a factor of five in intensity corresponds to a
difference of 7 dB in sound intensity level. This value is true for any intensities differing by a factor of five.

WORKED EXAMPLE

Change Intensity Levels of a Sound: What Happens to the Decibel Level?
Show that if one sound is twice as intense as another, it has a sound level about 3 dB higher.
STRATEGY
You are given that the ratio of two intensities is 2 to 1, and are then asked to find the difference in their sound levels in decibels.
You can solve this problem using of the properties of logarithms.

Solution
(1) Identify knowns:

The ratio of the two intensities is 2 to 1, or:

We want to show that the difference in sound levels is about 3 dB. That is, we want to show

Note that

(2) Use the definition of β to get

Therefore,

Discussion
This means that the two sound intensity levels differ by 3.01 dB, or about 3 dB, as advertised. Note that because only the ratio
I2/I1 is given (and not the actual intensities), this result is true for any intensities that differ by a factor of two. For example, a
56.0 dB sound is twice as intense as a 53.0 dB sound, a 97.0 dB sound is half as intense as a 100 dB sound, and so on.

Practice Problems
7. Calculate the intensity of a wave if the power transferred is 10 W and the area through which the wave is transferred is 5

square meters.
a. 200 W / m2

b. 50 W / m2

c. 0.5 W / m2

d. 2 W / m2

8. Calculate the sound intensity for a sound wave traveling in air at and having a pressure amplitude of .
a.
b.
c.
d.

Hearing and Voice
People create sounds by pushing air up through their lungs and through elastic folds in the throat called vocal cords. These folds

14.8

14.9

14.10
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open and close rhythmically, creating a pressure buildup. As air travels up and past the vocal cords, it causes them to vibrate.
This vibration escapes the mouth along with puffs of air as sound. A voice changes in pitch when the muscles of the larynx relax
or tighten, changing the tension on the vocal chords. A voice becomes louder when air flow from the lungs increases, making the
amplitude of the sound pressure wave greater.

Hearing is the perception of sound. It can give us plenty of information—such as pitch, loudness, and direction. Humans can
normally hear frequencies ranging from approximately 20 to 20,000 Hz. Other animals have hearing ranges different from that
of humans. Dogs can hear sounds as high as 45,000 Hz, whereas bats and dolphins can hear up to 110,000 Hz sounds. You may
have noticed that dogs respond to the sound of a dog whistle which produces sound out of the range of human hearing.

Sounds below 20 Hz are called infrasound, whereas those above 20,000 Hz are ultrasound. The perception of frequency is called
pitch, and the perception of intensity is called loudness.

The way we hear involves some interesting physics. The sound wave that hits our ear is a pressure wave. The ear converts sound
waves into electrical nerve impulses, similar to a microphone.

Figure 14.11 shows the anatomy of the ear with its division into three parts: the outer ear or ear canal; the middle ear, which runs
from the eardrum to the cochlea; and the inner ear, which is the cochlea itself. The body part normally referred to as the ear is
technically called the pinna.

Figure 14.11 The illustration shows the anatomy of the human ear.

The outer ear, or ear canal, carries sound to the eardrum protected inside of the ear. The middle ear converts sound into
mechanical vibrations and applies these vibrations to the cochlea. The lever system of the middle ear takes the force exerted on
the eardrum by sound pressure variations, amplifies it and transmits it to the inner ear via the oval window. Two muscles in the
middle ear protect the inner ear from very intense sounds. They react to intense sound in a few milliseconds and reduce the
force transmitted to the cochlea. This protective reaction can also be triggered by your own voice, so that humming during a
fireworks display, for example, can reduce noise damage.

Figure 14.12 shows the middle and inner ear in greater detail. As the middle ear bones vibrate, they vibrate the cochlea, which
contains fluid. This creates pressure waves in the fluid that cause the tectorial membrane to vibrate. The motion of the tectorial
membrane stimulates tiny cilia on specialized cells called hair cells. These hair cells, and their attached neurons, transform the
motion of the tectorial membrane into electrical signals that are sent to the brain.

The tectorial membrane vibrates at different positions based on the frequency of the incoming sound. This allows us to detect
the pitch of sound. Additional processing in the brain also allows us to determine which direction the sound is coming from
(based on comparison of the sound’s arrival time and intensity between our two ears).

14.2 • Sound Intensity and Sound Level 427



Figure 14.12 The inner ear, or cochlea, is a coiled tube about 3 mm in diameter and 3 cm in length when uncoiled. As the stapes vibrates

against the oval window, it creates pressure waves that travel through fluid in the cochlea. These waves vibrate the tectorial membrane,

which bends the cilia and stimulates nerves in the organ of Corti. These nerves then send information about the sound to the brain.

FUN IN PHYSICS

Musical Instruments

Figure 14.13 Playing music, also known as “rocking out”, involves creating vibrations using musical instruments. (John Norton)

Yet another way that people make sounds is through playing musical instruments (see the previous figure). Recall that the
perception of frequency is called pitch. You may have noticed that the pitch range produced by an instrument tends to depend
upon its size. Small instruments, such as a piccolo, typically make high-pitch sounds, while larger instruments, such as a tuba,
typically make low-pitch sounds. High-pitch means small wavelength, and the size of a musical instrument is directly related to
the wavelengths of sound it produces. So a small instrument creates short-wavelength sounds, just as a large instrument creates
long-wavelength sounds.

Most of us have excellent relative pitch, which means that we can tell whether one sound has a different frequency from another.
We can usually distinguish one sound from another if the frequencies of the two sounds differ by as little as 1 Hz. For example,
500.0 and 501.5 Hz are noticeably different.

Musical notes are particular sounds that can be produced by most instruments, and are the building blocks of a song. In
Western music, musical notes have particular names, such as A-sharp, C, or E-flat. Some people can identify musical notes just
by listening to them. This rare ability is called perfect, or absolute, pitch.

When a violin plays middle C, there is no mistaking it for a piano playing the same note. The reason is that each instrument
produces a distinctive set of frequencies and intensities. We call our perception of these combinations of frequencies and
intensities the timbre of the sound. It is more difficult to quantify timbre than loudness or pitch. Timbre is more subjective.
Evocative adjectives such as dull, brilliant, warm, cold, pure, and rich are used to describe the timbre of a sound rather than
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quantities with units, which makes for a difficult topic to dissect with physics. So the consideration of timbre takes us into the
realm of perceptual psychology, where higher-level processes in the brain are dominant. This is also true for other perceptions of
sound, such as music and noise. But as a teenager, you are likely already aware that one person’s music may be another person’s
noise.

GRASP CHECK
If you turn up the volume of your stereo, will the pitch change? Why or why not?
a. No, because pitch does not depend on intensity.
b. Yes, because pitch is directly related to intensity.

Check Your Understanding
9. What is sound intensity?

a. Intensity is the energy per unit area carried by a wave.
b. Intensity is the energy per unit volume carried by a wave.
c. Intensity is the power per unit area carried by a wave.
d. Intensity is the power per unit volume carried by a wave.

10. How is power defined with reference to a sound wave?
a. Power is the rate at which energy is transferred by a sound wave.
b. Power is the rate at which mass is transferred by a sound wave.
c. Power is the rate at which amplitude of a sound wave changes.
d. Power is the rate at which wavelength of a sound wave changes.

11. What word or phrase is used to describe the loudness of sound?
a. frequency or oscillation
b. intensity level or decibel
c. timbre
d. pitch

12. What is the mathematical expression for sound intensity level ?
a.

b.

c.

d.

13. What is the range frequencies that humans are capable of hearing?
a.
b. to
c. to
d. to

14. How do humans change the pitch of their voice?
a. Relaxing or tightening their glottis
b. Relaxing or tightening their uvula
c. Relaxing or tightening their tongue
d. Relaxing or tightening their larynx

References
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14.3 Doppler Effect and Sonic Booms
Section Learning Objectives
By the end of this section, you will be able to do the following:
• Describe the Doppler effect of sound waves
• Explain a sonic boom
• Calculate the frequency shift of sound from a moving object by the Doppler shift formula, and calculate the

speed of an object by the Doppler shift formula

Section Key Terms

Doppler effect sonic boom

The Doppler Effect of Sound Waves
The Doppler effect is a change in the observed pitch of a sound, due to relative motion between the source and the observer. An
example of the Doppler effect due to the motion of a source occurs when you are standing still, and the sound of a siren coming
from an ambulance shifts from high-pitch to low-pitch as it passes by. The closer the ambulance is to you, the more sudden the
shift. The faster the ambulance moves, the greater the shift. We also hear this shift in frequency for passing race cars, airplanes,
and trains. An example of the Doppler effect with a stationary source and moving observer is if you ride a train past a stationary
warning bell, you will hear the bell’s frequency shift from high to low as you pass by.

What causes the Doppler effect? Let’s compare three different scenarios: Sound waves emitted by a stationary source (Figure
14.14), sound waves emitted by a moving source (Figure 14.15), and sound waves emitted by a stationary source but heard by
moving observers (Figure 14.16). In each case, the sound spreads out from the point where it was emitted.

If the source and observers are stationary, then observers on either side see the same wavelength and frequency as emitted by
the source. But if the source is moving and continues to emit sound as it travels, then the air compressions (crests) become
closer together in the direction in which it’s traveling and farther apart in the direction it’s traveling away from. Therefore, the
wavelength is shorter in the direction the source is moving (on the right in Figure 14.15), and longer in the opposite direction (on
the left in Figure 14.15).

Finally, if the observers move, as in Figure 14.16, the frequency at which they receive the compressions changes. The observer
moving toward the source receives them at a higher frequency (and therefore shorter wavelength), and the person moving away
from the source receives them at a lower frequency (and therefore longer wavelength).

Figure 14.14 Sounds emitted by a source spread out in spherical waves. Because the source, observers, and air are stationary, the

wavelength and frequency are the same in all directions and to all observers.

Figure 14.15 Sounds emitted by a source moving to the right spread out from the points at which they were emitted. The wavelength is
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reduced and, consequently, the frequency is increased in the direction of motion, so that the observer on the right hears a higher-pitch

sound. The opposite is true for the observer on the left, where the wavelength is increased and the frequency is reduced.

Figure 14.16 The same effect is produced when the observers move relative to the source. Motion toward the source increases frequency

as the observer on the right passes through more wave crests than she would if stationary. Motion away from the source decreases

frequency as the observer on the left passes through fewer wave crests than he would if stationary.

We know that wavelength and frequency are related by where v is the fixed speed of sound. The sound moves in a
medium and has the same speed v in that medium whether the source is moving or not. Therefore, f multiplied by is a
constant. Because the observer on the right in Figure 14.15 receives a shorter wavelength, the frequency she perceives must be
higher. Similarly, the observer on the left receives a longer wavelength and therefore perceives a lower frequency.

The same thing happens in Figure 14.16. A higher frequency is perceived by the observer moving toward the source, and a lower
frequency is perceived by an observer moving away from the source. In general, then, relative motion of source and observer
toward one another increases the perceived frequency. Relative motion apart decreases the perceived frequency. The greater the
relative speed is, the greater the effect.

WATCH PHYSICS

Introduction to the Doppler Effect
This video explains the Doppler effect visually.

Click to view content (https://www.openstax.org/l/28doppler)

GRASP CHECK
If you are standing on the sidewalk facing the street and an ambulance drives by with its siren blaring, at what point will the
frequency that you observe most closely match the actual frequency of the siren?
a. when it is coming toward you
b. when it is going away from you
c. when it is in front of you

For a stationary observer and a moving source of sound, the frequency (fobs) of sound perceived by the observer is

where fs is the frequency of sound from a source, vs is the speed of the source along a line joining the source and observer, and
vw is the speed of sound. The minus sign is used for motion toward the observer and the plus sign for motion away from the
observer.

TIPS FOR SUCCESS
Rather than just memorizing rules, which are easy to forget, it is better to think about the rules of an equation intuitively.
Using a minus sign in will decrease the denominator and increase the observed frequency, which is

consistent with the expected outcome of the Doppler effect when the source is moving toward the observer. Using a plus sign
will increase the denominator and decrease the observed frequency, consistent with what you would expect for the source

14.11
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moving away from the observer. This may be more helpful to keep in mind rather than memorizing the fact that “the minus
sign is used for motion toward the observer and the plus sign for motion away from the observer.”

Note that the greater the speed of the source, the greater the Doppler effect. Similarly, for a stationary source and moving
observer, the frequency perceived by the observer fobs is given by

where vobs is the speed of the observer along a line joining the source and observer. Here the plus sign is for motion toward the
source, and the minus sign is for motion away from the source.

Sonic Booms
What happens to the sound produced by a moving source, such as a jet airplane, that approaches or even exceeds the speed of
sound? Suppose a jet airplane is coming nearly straight at you, emitting a sound of frequency fs. The greater the plane’s speed,
vs, the greater the Doppler shift and the greater the value of fobs. Now, as vs approaches the speed of sound, vw, fobs approaches
infinity, because the denominator in approaches zero.

This result means that at the speed of sound, in front of the source, each wave is superimposed on the previous one because the
source moves forward at the speed of sound. The observer gets them all at the same instant, and so the frequency is theoretically
infinite. If the source exceeds the speed of sound, no sound is received by the observer until the source has passed, so that the
sounds from the source when it was approaching are stacked up with those from it when receding, creating a sonic boom. A
sonic boom is a constructive interference of sound created by an object moving faster than sound.

An aircraft creates two sonic booms, one from its nose and one from its tail (see Figure 14.17). During television coverage of
space shuttle landings, two distinct booms could often be heard. These were separated by exactly the time it would take the
shuttle to pass by a point. Observers on the ground often do not observe the aircraft creating the sonic boom, because it has
passed by before the shock wave reaches them. If the aircraft flies close by at low altitude, pressures in the sonic boom can be
destructive enough to break windows. Because of this, supersonic flights are banned over populated areas of the United States.

Figure 14.17 Two sonic booms, created by the nose and tail of an aircraft, are observed on the ground after the plane has passed by.

Solving Problems Using the Doppler Shift Formula

WATCH PHYSICS

Doppler Effect Formula for Observed Frequency
This video explains the Doppler effect formula for cases when the source is moving toward the observer.

Click to view content (https://www.openstax.org/l/28dopplerform)

GRASP CHECK
Let’s say that you have a rare phobia where you are afraid of the Doppler effect. If you see an ambulance coming your way,
what would be the best strategy to minimize the Doppler effect and soothe your Doppleraphobia?

14.12
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a. Stop moving and become stationary till it passes by.
b. Run toward the ambulance.
c. Run alongside the ambulance.

WATCH PHYSICS

Doppler Effect Formula When Source is Moving Away
This video explains the Doppler effect formula for cases when the source is moving away from the observer.

Click to view content (https://www.openstax.org/l/28doppleraway)

GRASP CHECK
Sal uses two different formulas for the Doppler effect-one for when the source is moving toward the observer and another for
when the source is moving away. However, in this textbook we use only one formula. Explain.
a. The combined formula that can be used is, Use ( ) when the source is moving toward the observer and ( ) when the

source is moving away from the observer.
b. The combined formula that can be used is, . Use ( ) when the source is moving away from the

observer and ( ) when the source is moving toward the observer.
c. The combined formula that can be used is, . Use ( ) when the source is moving toward the observer

and ( ) when the source is moving away from the observer.
d. The combined formula that can be used is, . Use ( ) when the source is moving away from the

observer and ( ) when the source is moving toward the observer.

WORKED EXAMPLE

Calculate Doppler Shift: A Train Horn
Suppose a train that has a 150 Hz horn is moving at 35 m/s in still air on a day when the speed of sound is 340 m/s. What
frequencies are observed by a stationary person at the side of the tracks as the train approaches and after it passes?
Strategy
To find the observed frequency, must be used because the source is moving. The minus sign is used for the

approaching train, and the plus sign for the receding train.

Solution
(1) Enter known values into to calculate the frequency observed by a stationary person as the train

approaches:

(2) Use the same equation but with the plus sign to find the frequency heard by a stationary person as the train recedes.

Discussion
The numbers calculated are valid when the train is far enough away that the motion is nearly along the line joining the train and
the observer. In both cases, the shift is significant and easily noticed. Note that the shift is approximately 20 Hz for motion
toward and approximately 10 Hz for motion away. The shifts are not symmetric.
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Practice Problems
15. What is the observed frequency when the source having frequency is moving towards the observer at a speed of

and the speed of sound is ?
a.
b.
c.
d.

16. A train is moving away from you at a speed of . If you are standing still and hear the whistle at a frequency of
, what is the actual frequency of the produced whistle? (Assume speed of sound to be .)

a.
b.
c.
d.

Check Your Understanding
17. What is the Doppler effect?

a. The Doppler effect is a change in the observed speed of a sound due to the relative motion between the source and the
observer.

b. The Doppler effect is a change in the observed frequency of a sound due to the relative motion between the source and
the observer.

c. The Doppler effect is a change in the observed intensity of a sound due to the relative motion between the source and
the observer.

d. The Doppler effect is a change in the observed timbre of a sound, due to the relative motion between the source and the
observer.

18. Give an example of the Doppler effect caused by motion of the source.
a. The sound of a vehicle horn shifts from low-pitch to high-pitch as we move towards it.
b. The sound of a vehicle horn shifts from low-pitch to high-pitch as we move away from it.
c. The sound of a vehicle horn shifts from low-pitch to high-pitch as it passes by.
d. The sound of a vehicle horn shifts from high-pitch to low-pitch as it passes by.

19. What is a sonic boom?
a. It is a destructive interference of sound created by an object moving faster than sound.
b. It is a constructive interference of sound created by an object moving faster than sound.
c. It is a destructive interference of sound created by an object moving slower than sound.
d. It is a constructive interference of sound created by an object moving slower than sound.

20. What is the relation between speed of source and value of observed frequency when the source is moving towards the
observer?
a. They are independent of each other.
b. The greater the speed, the greater the value of observed frequency.
c. The greater the speed, the smaller the value of observed frequency.
d. The speed of the sound is directly proportional to the square of the frequency observed.

14.4 Sound Interference and Resonance
Section Learning Objectives
By the end of this section, you will be able to do the following:
• Describe resonance and beats
• Define fundamental frequency and harmonic series
• Contrast an open-pipe and closed-pipe resonator
• Solve problems involving harmonic series and beat frequency
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Section Key Terms

beat beat frequency damping fundamental harmonics

natural frequency overtones resonance resonate

Resonance and Beats
Sit in front of a piano sometime and sing a loud brief note at it while pushing down on the sustain pedal. It will sing the same
note back at you—the strings that have the same frequencies as your voice, are resonating in response to the forces from the
sound waves that you sent to them. This is a good example of the fact that objects—in this case, piano strings—can be forced to
oscillate but oscillate best at their natural frequency.

A driving force (such as your voice in the example) puts energy into a system at a certain frequency, which is not necessarily the
same as the natural frequency of the system. Over time the energy dissipates, and the amplitude gradually reduces to zero- this
is called damping. The natural frequency is the frequency at which a system would oscillate if there were no driving and no
damping force. The phenomenon of driving a system with a frequency equal to its natural frequency is called resonance, and a
system being driven at its natural frequency is said to resonate.

Most of us have played with toys where an object bobs up and down on an elastic band, something like the paddle ball suspended
from a finger in Figure 14.18. At first you hold your finger steady, and the ball bounces up and down with a small amount of
damping. If you move your finger up and down slowly, the ball will follow along without bouncing much on its own. As you
increase the frequency at which you move your finger up and down, the ball will respond by oscillating with increasing
amplitude. When you drive the ball at its natural frequency, the ball’s oscillations increase in amplitude with each oscillation for
as long as you drive it. As the driving frequency gets progressively higher than the resonant or natural frequency, the amplitude
of the oscillations becomes smaller, until the oscillations nearly disappear and your finger simply moves up and down with little
effect on the ball.

Figure 14.18 The paddle ball on its rubber band moves in response to the finger supporting it. If the finger moves with the natural

frequency of the ball on the rubber band, then a resonance is achieved, and the amplitude of the ball’s oscillations increases dramatically.

At higher and lower driving frequencies, energy is transferred to the ball less efficiently, and it responds with lower-amplitude oscillations.

Another example is that when you tune a radio, you adjust its resonant frequency so that it oscillates only at the desired station’s
broadcast (driving) frequency. Also, a child on a swing is driven (pushed) by a parent at the swing’s natural frequency to reach
the maximum amplitude (height). In all of these cases, the efficiency of energy transfer from the driving force into the oscillator
is best at resonance.
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Figure 14.19 Some types of headphones use the phenomena of constructive and destructive interference to cancel out outside noises.

All sound resonances are due to constructive and destructive interference. Only the resonant frequencies interfere
constructively to form standing waves, while others interfere destructively and are absent. From the toot made by blowing over a
bottle to the recognizability of a great singer’s voice, resonance and standing waves play a vital role in sound.

Interference happens to all types of waves, including sound waves. In fact, one way to support that something is a wave is to
observe interference effects. Figure 14.19 shows a set of headphones that employs a clever use of sound interference to cancel
noise. To get destructive interference, a fast electronic analysis is performed, and a second sound is introduced with its maxima
and minima exactly reversed from the incoming noise.

In addition to resonance, superposition of waves can also create beats. Beats are produced by the superposition of two waves
with slightly different frequencies but the same amplitude. The waves alternate in time between constructive interference and
destructive interference, giving the resultant wave an amplitude that varies over time. (See the resultant wave in Figure 14.20).

This wave fluctuates in amplitude, or beats, with a frequency called the beat frequency. The equation for beat frequency is

where f1 and f2 are the frequencies of the two original waves. If the two frequencies of sound waves are similar, then what we
hear is an average frequency that gets louder and softer at the beat frequency.

TIPS FOR SUCCESS
Don’t confuse the beat frequency with the regular frequency of a wave resulting from superposition. While the beat
frequency is given by the formula above, and describes the frequency of the beats, the actual frequency of the wave resulting
from superposition is the average of the frequencies of the two original waves.

Figure 14.20 Beats are produced by the superposition of two waves of slightly different frequencies but identical amplitudes. The waves

alternate in time between constructive interference and destructive interference, giving the resulting wave a time-varying amplitude.

14.13

Virtual Physics

Wave Interference
Click to view content (https://www.openstax.org/l/28interference)
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Fundamental Frequency and Harmonics
Suppose we hold a tuning fork near the end of a tube that is closed at the other end, as shown in Figure 14.21, Figure 14.22, and
Figure 14.23. If the tuning fork has just the right frequency, the air column in the tube resonates loudly, but at most frequencies
it vibrates very little. This means that the air column has only certain natural frequencies. The figures show how a resonance at
the lowest of these natural frequencies is formed. A disturbance travels down the tube at the speed of sound and bounces off the
closed end. If the tube is just the right length, the reflected sound arrives back at the tuning fork exactly half a cycle later, and it
interferes constructively with the continuing sound produced by the tuning fork. The incoming and reflected sounds form a
standing wave in the tube as shown.

Figure 14.21 Resonance of air in a tube closed at one end, caused by a tuning fork. A disturbance moves down the tube.

Figure 14.22 Resonance of air in a tube closed at one end, caused by a tuning fork. The disturbance reflects from the closed end of the

tube.

Figure 14.23 Resonance of air in a tube closed at one end, caused by a tuning fork. If the length of the tube L is just right, the disturbance

gets back to the tuning fork half a cycle later and interferes constructively with the continuing sound from the tuning fork. This interference

forms a standing wave, and the air column resonates.

The standing wave formed in the tube has its maximum air displacement (an antinode) at the open end, and no displacement (a

For this activity, switch to the Sound tab. Turn on the Sound option, and experiment with changing the frequency and
amplitude, and adding in a second speaker and a barrier.

GRASP CHECK
According to the graph, what happens to the amplitude of pressure over time. What is this phenomenon called, and
what causes it ?
a. The amplitude decreases over time. This phenomenon is called damping. It is caused by the dissipation of energy.
b. The amplitude increases over time. This phenomenon is called feedback. It is caused by the gathering of energy.
c. The amplitude oscillates over time. This phenomenon is called echoing. It is caused by fluctuations in energy.
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node) at the closed end. Recall from the last chapter on waves that motion is unconstrained at the antinode, and halted at the
node. The distance from a node to an antinode is one-fourth of a wavelength, and this equals the length of the tube; therefore,

. This same resonance can be produced by a vibration introduced at or near the closed end of the tube, as shown in
Figure 14.24.

Figure 14.24 The same standing wave is created in the tube by a vibration introduced near its closed end.

Since maximum air displacements are possible at the open end and none at the closed end, there are other, shorter wavelengths
that can resonate in the tube see Figure 14.25). Here the standing wave has three-fourths of its wavelength in the tube, or

, so that . There is a whole series of shorter-wavelength and higher-frequency sounds that resonate
in the tube.

We use specific terms for the resonances in any system. The lowest resonant frequency is called the fundamental, while all
higher resonant frequencies are called overtones. All resonant frequencies are multiples of the fundamental, and are called
harmonics. The fundamental is the first harmonic, the first overtone is the second harmonic, and so on. Figure 14.26 shows the
fundamental and the first three overtones (the first four harmonics) in a tube closed at one end.

Figure 14.25 Another resonance for a tube closed at one end. This has maximum air displacements at the open end, and none at the closed

end. The wavelength is shorter, with three-fourths equaling the length of the tube, so that . This higher-frequency vibration is

the first overtone.

Figure 14.26 The fundamental and three lowest overtones for a tube closed at one end. All have maximum air displacements at the open

end and none at the closed end.

The fundamental and overtones can be present at the same time in a variety of combinations. For example, the note middle C on
a trumpet sounds very different from middle C on a clarinet, even though both instruments are basically modified versions of a
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tube closed at one end. The fundamental frequency is the same (and usually the most intense), but the overtones and their mix
of intensities are different. This mix is what gives musical instruments (and human voices) their distinctive characteristics,
whether they have air columns, strings, or drumheads. In fact, much of our speech is determined by shaping the cavity formed
by the throat and mouth and positioning the tongue to adjust the fundamental and combination of overtones.

Open-Pipe and Closed-Pipe Resonators
The resonant frequencies of a tube closed at one end (known as a closed-pipe resonator) are

where f1 is the fundamental, f3 is the first overtone, and so on. Note that the resonant frequencies depend on the speed of sound
v and on the length of the tube L.

Another type of tube is one that is open at both ends (known as an open-pipe resonator). Examples are some organ pipes, flutes,
and oboes. The air columns in tubes open at both ends have maximum air displacements at both ends. (See Figure 14.27).
Standing waves form as shown.

Figure 14.27 The resonant frequencies of a tube open at both ends are shown, including the fundamental and the first three overtones. In

all cases the maximum air displacements occur at both ends of the tube, giving it different natural frequencies than a tube closed at one

end.

The resonant frequencies of an open-pipe resonator are

where f1 is the fundamental, f2 is the first overtone, f3 is the second overtone, and so on. Note that a tube open at both ends has a
fundamental frequency twice what it would have if closed at one end. It also has a different spectrum of overtones than a tube
closed at one end. So if you had two tubes with the same fundamental frequency but one was open at both ends and the other
was closed at one end, they would sound different when played because they have different overtones.

Middle C, for example, would sound richer played on an open tube since it has more overtones. An open-pipe resonator has
more overtones than a closed-pipe resonator because it has even multiples of the fundamental as well as odd, whereas a closed
tube has only odd multiples.

In this section we have covered resonance and standing waves for wind instruments, but vibrating strings on stringed
instruments also resonate and have fundamentals and overtones similar to those for wind instruments.

Solving Problems Involving Harmonic Series and Beat Frequency

WORKED EXAMPLE

Finding the Length of a Tube for a Closed-Pipe Resonator
If sound travels through the air at a speed of 344 m/s, what should be the length of a tube closed at one end to have a
fundamental frequency of 128 Hz?
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Strategy
The length L can be found by rearranging the equation .

Solution
(1) Identify knowns.

• The fundamental frequency is 128 Hz.
• The speed of sound is 344 m/s.

(2) Use to find the fundamental frequency (n = 1).

(3) Solve this equation for length.

(4) Enter the values of the speed of sound and frequency into the expression for L.

Discussion
Many wind instruments are modified tubes that have finger holes, valves, and other devices for changing the length of the
resonating air column and therefore, the frequency of the note played. Horns producing very low frequencies, such as tubas,
require tubes so long that they are coiled into loops.

WORKED EXAMPLE

Finding the Third Overtone in an Open-Pipe Resonator
If a tube that’s open at both ends has a fundamental frequency of 120 Hz, what is the frequency of its third overtone?
Strategy
Since we already know the value of the fundamental frequency (n = 1), we can solve for the third overtone (n = 4) using the
equation .

Solution
Since fundamental frequency (n = 1) is

and

Discussion
To solve this problem, it wasn’t necessary to know the length of the tube or the speed of the air because of the relationship
between the fundamental and the third overtone. This example was of an open-pipe resonator; note that for a closed-pipe
resonator, the third overtone has a value of n = 7 (not n = 4).

WORKED EXAMPLE

Using Beat Frequency to Tune a Piano
Piano tuners use beats routinely in their work. When comparing a note with a tuning fork, they listen for beats and adjust the
string until the beats go away (to zero frequency). If a piano tuner hears two beats per second, and the tuning fork has a

14.14
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frequency of 256 Hz, what are the possible frequencies of the piano?
Strategy
Since we already know that the beat frequency fB is 2, and one of the frequencies (let’s say f2) is 256 Hz, we can use the equation

to solve for the frequency of the piano f1.

Solution
Since ,

we know that either or .

Solving for f1,

Substituting in values,

So,

Discussion
The piano tuner might not initially be able to tell simply by listening whether the frequency of the piano is too high or too low
and must tune it by trial and error, making an adjustment and then testing it again. If there are even more beats after the
adjustment, then the tuner knows that he went in the wrong direction.

Practice Problems
21. Two sound waves have frequencies and . What is the beat frequency produced by their superposition?

a.
b.
c.
d.

22. What is the length of a pipe closed at one end with fundamental frequency ? (Assume the speed of sound in air is
.)

a.
b.
c.
d.

Check Your Understanding
23. What is damping?

a. Over time the energy increases and the amplitude gradually reduces to zero. This is called damping.
b. Over time the energy dissipates and the amplitude gradually increases. This is called damping.
c. Over time the energy increases and the amplitude gradually increases. This is called damping.
d. Over time the energy dissipates and the amplitude gradually reduces to zero. This is called damping.

24. What is resonance? When can you say that the system is resonating?
a. The phenomenon of driving a system with a frequency equal to its natural frequency is called resonance, and a system

being driven at its natural frequency is said to resonate.
b. The phenomenon of driving a system with a frequency higher than its natural frequency is called resonance, and a

system being driven at its natural frequency does not resonate.
c. The phenomenon of driving a system with a frequency equal to its natural frequency is called resonance, and a system

being driven at its natural frequency does not resonate.
d. The phenomenon of driving a system with a frequency higher than its natural frequency is called resonance, and a

system being driven at its natural frequency is said to resonate.

14.19

14.20
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25. In the tuning fork and tube experiment, in case a standing wave is formed, at what point on the tube is the maximum
disturbance from the tuning fork observed? Recall that the tube has one open end and one closed end.
a. At the midpoint of the tube
b. Both ends of the tube
c. At the closed end of the tube
d. At the open end of the tube

26. In the tuning fork and tube experiment, when will the air column produce the loudest sound?
a. If the tuning fork vibrates at a frequency twice that of the natural frequency of the air column.
b. If the tuning fork vibrates at a frequency lower than the natural frequency of the air column.
c. If the tuning fork vibrates at a frequency higher than the natural frequency of the air column.
d. If the tuning fork vibrates at a frequency equal to the natural frequency of the air column.

27. What is a closed-pipe resonator?
a. A pipe or cylindrical air column closed at both ends
b. A pipe with an antinode at the closed end
c. A pipe with a node at the open end
d. A pipe or cylindrical air column closed at one end

28. Give two examples of open-pipe resonators.
a. piano, violin
b. drum, tabla
c. rlectric guitar, acoustic guitar
d. flute, oboe
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KEY TERMS
amplitude the amount that matter is disrupted during a

sound wave, as measured by the difference in height
between the crests and troughs of the sound wave.

beat a phenomenon produced by the superposition of two
waves with slightly different frequencies but the same
amplitude

beat frequency the frequency of the amplitude fluctuations
of a wave

damping the reduction in amplitude over time as the
energy of an oscillation dissipates

decibel a unit used to describe sound intensity levels
Doppler effect an alteration in the observed frequency of a

sound due to relative motion between the source and the
observer

fundamental the lowest-frequency resonance
harmonics the term used to refer to the fundamental and

its overtones
hearing the perception of sound

loudness the perception of sound intensity
natural frequency the frequency at which a system would

oscillate if there were no driving and no damping forces
overtones all resonant frequencies higher than the

fundamental
pitch the perception of the frequency of a sound
rarefaction a low-pressure region in a sound wave
resonance the phenomenon of driving a system with a

frequency equal to the system's natural frequency
resonate to drive a system at its natural frequency
sonic boom a constructive interference of sound created by

an object moving faster than sound
sound a disturbance of matter that is transmitted from its

source outward by longitudinal waves
sound intensity the power per unit area carried by a sound

wave
sound intensity level the level of sound relative to a fixed

standard related to human hearing

SECTION SUMMARY
14.1 Speed of Sound, Frequency,
and Wavelength

• Sound is one type of wave.
• Sound is a disturbance of matter that is transmitted

from its source outward in the form of longitudinal
waves.

• The relationship of the speed of sound v, its frequency f,
and its wavelength is given by , which is the
same relationship given for all waves.

• The speed of sound depends upon the medium through
which the sound wave is travelling.

• In a given medium at a specific temperature (or
density), the speed of sound v is the same for all
frequencies and wavelengths.

14.2 Sound Intensity and Sound
Level

• The intensity of a sound is proportional to its amplitude
squared.

• The energy of a sound wave is also proportional to its
amplitude squared.

• Sound intensity level in decibels (dB) is more relevant
for how humans perceive sounds than sound intensity
(in W/m2), even though sound intensity is the SI unit.

• Sound intensity level is not the same as sound
intensity—it tells you the level of the sound relative to a
reference intensity rather than the actual intensity.

• Hearing is the perception of sound and involves that
transformation of sound waves into vibrations of parts
within the ear. These vibrations are then transformed

into neural signals that are interpreted by the brain.
• People create sounds by pushing air up through their

lungs and through elastic folds in the throat called vocal
cords.

14.3 Doppler Effect and Sonic
Booms

• The Doppler effect is a shift in the observed frequency of
a sound due to motion of either the source or the
observer.

• The observed frequency is greater than the actual
source’s frequency when the source and the observer are
moving closer together, either by the source moving
toward the observer or the observer moving toward the
source.

• A sonic boom is constructive interference of sound
created by an object moving faster than sound.

14.4 Sound Interference and
Resonance

• A system’s natural frequency is the frequency at which
the system will oscillate if not affected by driving or
damping forces.

• A periodic force driving a harmonic oscillator at its
natural frequency produces resonance. The system is
said to resonate.

• Beats occur when waves of slightly different frequencies
are superimposed.

• In air columns, the lowest-frequency resonance is called
the fundamental, whereas all higher resonant
frequencies are called overtones. Collectively, they are
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called harmonics.
• The resonant frequencies of a tube closed at one end are

, where f1 is the fundamental

and L is the length of the tube.
• The resonant frequencies of a tube open at both ends

are

KEY EQUATIONS
14.1 Speed of Sound, Frequency,
and Wavelength

speed of sound

14.2 Sound Intensity and Sound
Level

intensity

sound intensity

sound intensity level

14.3 Doppler Effect and Sonic
Booms

Doppler effect observed
frequency (moving source)

Doppler effect observed
frequency (moving
observer)

14.4 Sound Interference and
Resonance

beat frequency

resonant frequencies of a
closed-pipe resonator

resonant frequencies of an
open-pipe resonator

CHAPTER REVIEW
Concept Items
14.1 Speed of Sound, Frequency, and
Wavelength
1. What is the amplitude of a sound wave perceived by the

human ear?
a. loudness
b. pitch
c. intensity
d. timbre

2. The compressibility of air and hydrogen is almost the
same. Which factor is the reason that sound travels faster
in hydrogen than in air?
a. Hydrogen is more dense than air.
b. Hydrogen is less dense than air.
c. Hydrogen atoms are heavier than air molecules.
d. Hydrogen atoms are lighter than air molecules.

14.2 Sound Intensity and Sound Level
3. What is the mathematical relationship between intensity,

power, and area?

a.

b.
c.
d.

4. How does the "decibel" get its name?
a. The meaning of deci is “hundred” and the number of

decibels is one-hundredth of the logarithm to base
10 of the ratio of two sound intensities.

b. The meaning of deci is "ten" and the number of
decibels is one-tenth of the logarithm to base 10 of
the ratio of two sound intensities.

c. The meaning of deci is “one-hundredth” and the
number of decibels is hundred times the logarithm
to base 10 of the ratio of two sound intensities.

d. The meaning of deci is “one-tenth” and the number
of decibels is ten times the logarithm to base 10 of
the ratio of two sound intensities.

5. What is “timbre” of sound?
a. Timbre is the quality of the sound that distinguishes

it from other sound
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b. Timbre is the loudness of the sound that
distinguishes it from other sound.

c. Timbre is the pitch of the sound that distinguishes it
from other sound.

d. Timbre is the wavelength of the sound that
distinguishes it from other sound.

14.3 Doppler Effect and Sonic Booms
6. Two sources of sound producing the same frequency are

moving towards you at different speeds. Which one
would sound more high-pitched?
a. the one moving slower
b. the one moving faster

7. When the speed of the source matches the speed of
sound, what happens to the amplitude of the sound
wave? Why?
a. It approaches zero. This is because all wave crests

are superimposed on one another through
constructive interference.

b. It approaches infinity. This is because all wave crests
are superimposed on one another through
constructive interference.

c. It approaches zero, because all wave crests are
superimposed on one another through destructive
interference.

d. It approaches infinity, because all wave crests are
superimposed on one another through destructive
interference.

8. What is the mathematical expression for the frequency
perceived by the observer in the case of a stationary
observer and a moving source?
a.

b.

c.

d.

14.4 Sound Interference and Resonance
9. When does a yo-yo travel the farthest from the finger?

a. when the amplitude of the finger moving up and

down is greater than the amplitude of the yo-yo
b. when the amplitude of the finger moving up and

down is less than the amplitude of the yo-yo
c. when the frequency of the finger moving up and

down is equal to the resonant frequency of the yo-yo
d. when the frequency of the finger moving up and

down is different from the resonant frequency of the
yo-yo

10. What is the difference between harmonics and
overtones?
a. Harmonics are all multiples of the fundamental

frequency. The first overtone is actually the first
harmonic.

b. Harmonics are all multiples of the fundamental
frequency. The first overtone is actually the second
harmonic.

c. Harmonics are all multiples of the fundamental
frequency. The second overtone is actually the first
harmonic.

d. Harmonics are all multiples of the fundamental
frequency. The third overtone is actually the second
harmonic.

11. What kind of waves form in pipe resonators?
a. damped waves
b. propagating waves
c. high-frequency waves
d. standing waves

12. What is the natural frequency of a system?
a. The natural frequency is the frequency at which a

system oscillates when it undergoes forced
vibration.

b. The natural frequency is the frequency at which a
system oscillates when it undergoes damped
oscillation.

c. The natural frequency is the frequency at which a
system oscillates when it undergoes free vibration
without a driving force or damping.

d. The natural frequency is the frequency at which a
system oscillates when it undergoes forced
vibration with damping.

Critical Thinking Items
14.1 Speed of Sound, Frequency, and
Wavelength
13. What can be said about the frequency of a monotonous

sound?
a. It decreases with time.
b. It decreases with distance.
c. It increases with distance.

d. It remains constant.

14. A scientist notices that a sound travels faster through a
solid material than through the air. Which of the
following can explain this?
a. Solid materials are denser than air.
b. Solid materials are less dense than air.
c. A solid is more rigid than air.
d. A solid is easier to compress than air.
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14.2 Sound Intensity and Sound Level
15. Which property of the wave is related to its intensity?

How?
a. The frequency of the wave is related to the intensity

of the sound. The larger-frequency oscillations
indicate greater pressure maxima and minima, and
the pressure is higher in greater-intensity sound.

b. The wavelength of the wave is related to the
intensity of the sound. The longer-wavelength
oscillations indicate greater pressure maxima and
minima, and the pressure is higher in greater-
intensity sound.

c. The amplitude of the wave is related to the intensity
of the sound. The larger-amplitude oscillations
indicate greater pressure maxima and minima, and
the pressure is higher in greater-intensity sound.

d. The speed of the wave is related to the intensity of
the sound. The higher-speed oscillations indicate
greater pressure maxima and minima, and the
pressure is higher in greater-intensity sound.

16. Why is decibel (dB) used to describe loudness of sound?
a. Because, human ears have an inverse response to

the amplitude of sound.
b. Because, human ears have an inverse response to

the intensity of sound.
c. Because, the way our ears perceive sound can be

more accurately described by the amplitude of a
sound rather than the intensity of a sound directly.

d. Because, the way our ears perceive sound can be
more accurately described by the logarithm of the
intensity of a sound rather than the intensity of a
sound directly.

17. How can humming while shooting a gun reduce ear
damage?
a. Humming can trigger those two muscles in the

outer ear that react to intense sound produced
while shooting and reduce the force transmitted to
the cochlea.

b. Humming can trigger those three muscles in the
outer ear that react to intense sound produced
while shooting and reduce the force transmitted to
the cochlea.

c. Humming can trigger those two muscles in the
middle ear that react to intense sound produced
while shooting and reduce the force transmitted to
the cochlea.

d. Humming can trigger those three muscles in the
middle ear that react to intense sound produced
while shooting and reduce the force transmitted to
the cochlea.

18. A particular sound, S1, has an intensity times that of

another sound, S2. What is the difference in sound
intensity levels measured in decibels?
a.
b.
c.
d.

14.3 Doppler Effect and Sonic Booms
19. When the source of sound is moving through the air,

does the speed of sound change with respect to a
stationary person standing nearby?
a. Yes
b. No

20. Why is no sound heard by the observer when an object
approaches him at a speed faster than that of sound?
a. If the source exceeds the speed of sound, then

destructive interference occurs and no sound is
heard by the observer when an object approaches
him.

b. If the source exceeds the speed of sound, the
frequency of sound produced is beyond the audible
range of sound.

c. If the source exceeds the speed of sound, all the
sound waves produced approach minimum
intensity and no sound is heard by the observer
when an object approaches him.

d. If the source exceeds the speed of sound, all the
sound waves produced are behind the source.
Hence, the observer hears the sound only after the
source has passed.

21. Does the Doppler effect occur when the source and
observer are both moving towards each other? If so, how
would this affect the perceived frequency?
a. Yes, the perceived frequency will be even lower in

this case than if only one of the two were moving.
b. No, the Doppler effect occurs only when an

observer is moving towards a source.
c. No, the Doppler effect occurs only when a source is

moving towards an observer.
d. Yes, the perceived frequency will be even higher in

this case than if only one of the two were moving.

14.4 Sound Interference and Resonance
22. When does the amplitude of an oscillating system

become maximum?
a. When two sound waves interfere destructively.
b. When the driving force produces a transverse wave

in the system.
c. When the driving force of the oscillator to the

oscillating system is at a maximum amplitude.
d. When the frequency of the oscillator equals the
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natural frequency of the oscillating system.

23. How can a standing wave be formed with the help of a
tuning fork and a closed-end tube of appropriate
length?
a. If the tube is just the right length, the reflected

sound arrives back at the tuning fork exactly half a
cycle later, and it interferes constructively with the
continuing sound produced by the tuning fork.

b. If the tube is just the right length, the reflected
sound arrives back at the tuning fork exactly half a
cycle later, and it interferes destructively with the
continuing sound produced by the tuning fork.

c. If the tube is just the right length, the reflected
sound arrives back at the tuning fork exactly one

full cycle later, and it interferes constructively with
the continuing sound produced by the tuning fork.

d. If the tube is just the right length, the reflected
sound arrives back at the tuning fork exactly one
full cycle later, and it interferes destructively with
the continuing sound produced by the tuning fork.

24. A tube open at both ends has a fundamental frequency
of . What will the frequency be if one end is
closed?
a.
b.
c.
d.

Problems
14.1 Speed of Sound, Frequency, and
Wavelength
25. A bat produces a sound at and wavelength

. What is the speed of the sound?
a.
b.
c.
d.

26. A sound wave with frequency of is traveling
through air at . By how much will its wavelength
change when it enters aluminum?
a.
b.
c.
d.

14.2 Sound Intensity and Sound Level
27. Calculate the sound intensity for a sound wave traveling

through air at 15° C and having a pressure amplitude of
0.80 Pa. (Hint—Speed of sound in air at 15° C is 340 m/s
.)
a. 9.6×10−3 W / m2

b. 7.7×10−3 W / m2

c. 9.6×10−4 W / m2

d. 7.7×10−4 W / m2

28. The sound level in dB of a sound traveling through air at
is . Calculate its pressure amplitude.

a.
b.
c.
d.

14.3 Doppler Effect and Sonic Booms
29. An ambulance is moving away from you. You are

standing still and you hear its siren at a frequency of
. You know that the actual frequency of the siren

is . What is the speed of the ambulance?
(Assume the speed of sound to be .)
a.
b.
c.
d.

30. An ambulance passes you at a speed of . If its
siren has a frequency of , what is difference in
the frequencies you perceive before and after it passes
you? (Assume the speed of sound in air is .)
a.
b.
c.
d.

14.4 Sound Interference and Resonance
31. What is the length of an open-pipe resonator with a

fundamental frequency of ? (Assume the
speed of sound is .)
a.
b.
c.
d.

32. An open-pipe resonator has a fundamental frequency of
. By how much would its length have to be

changed to get a fundamental frequency of ?
(Assume the speed of sound is .)
a.
b.
c.
d.
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Performance Task
14.4 Sound Interference and Resonance
33. Design and make an open air resonator capable of

playing at least three different pitches (frequencies) of
sound using a selection of bamboo of varying widths
and lengths, which can be obtained at a local hardware
store. Choose a piece of bamboo for creating a musical

pipe. Calculate the length required for a certain
frequency to resonate and then mark the locations
where holes should be placed in the pipe to achieve their
desired pitches. Use a simple hand drill or ask your
wood shop department for help drilling holes. Use
tuning forks to test and calibrate your instrument.
Demonstrate your pipe for the class.

TEST PREP
Multiple Choice
14.1 Speed of Sound, Frequency, and
Wavelength
34. What properties does a loud, shrill whistle have?

a. high amplitude, high frequency
b. high amplitude, low frequency
c. low amplitude, high frequency
d. low amplitude, low frequency

35. What is the speed of sound in fresh water at degrees
Celsius?
a.
b.
c.
d.

36. A tuning fork oscillates at a frequency of ,
creating sound waves. How many waves will reach the
eardrum of a person near that fork in seconds?
a.
b.
c.
d.

37. Why does the amplitude of a sound wave decrease with
distance from its source?
a. The amplitude of a sound wave decreases with

distance from its source, because the frequency of
the sound wave decreases.

b. The amplitude of a sound wave decreases with
distance from its source, because the speed of the
sound wave decreases.

c. The amplitude of a sound wave decreases with
distance from its source, because the wavelength of
the sound wave increases.

d. The amplitude of a sound wave decreases with
distance from its source, because the energy of the
wave is spread over a larger and larger area.

38. Does the elasticity of the medium affect the speed of
sound? How?
a. No, there is no relationship that exists between the

speed of sound and elasticity of the medium.

b. Yes. When particles are more easily compressed in
a medium, sound does not travel as quickly
through the medium.

c. Yes. When the particles in a medium do not
compress much, sound does not travel as quickly
through the medium.

d. No, the elasticity of a medium affects frequency
and wavelength, not wave speed.

14.2 Sound Intensity and Sound Level
39. Which of the following terms is a useful quantity to

describe the loudness of a sound?
a. intensity
b. frequency
c. pitch
d. wavelength

40. What is the unit of sound intensity level?
a. decibels
b. hertz
c. watts

41. If a particular sound S1 is times more intense than
another sound S2, then what is the difference in sound
intensity levels in dB for these two sounds?
a.
b.
c.

42. By what minimum amount should frequencies vary for
humans to be able to distinguish two separate sounds?
a.
b.
c.
d.

43. Why is I0 chosen as the reference for sound intensity?
a. Because, it is the highest intensity of sound a

person with normal hearing can perceive at a
frequency of 100 Hz.

b. Because, it is the lowest intensity of sound a person
with normal hearing can perceive at a frequency of
100 Hz.
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c. Because, it is the highest intensity of sound a
person with normal hearing can perceive at a
frequency of 1000 Hz.

d. Because, it is the lowest intensity of sound a person
with normal hearing can perceive at a frequency of
1000 Hz.

14.3 Doppler Effect and Sonic Booms
44. In which of the following situations is the Doppler effect

absent?
a. The source and the observer are moving towards

each other.
b. The observer is moving toward the source.
c. The source is moving away from the observer.
d. Neither the source nor the observer is moving

relative to one another.

45. What does the occurrence of the sonic boom depend on?
a. speed of the source
b. frequency of source
c. amplitude of source
d. distance of observer from the source

46. What is the observed frequency when the observer is
moving away from the source at ? The source
frequency is and the speed of sound is
.
a.
b.
c.
d.

47. How will your perceived frequency change if the source
is moving towards you?

a. The frequency will become lower.
b. The frequency will become higher.

14.4 Sound Interference and Resonance
48. Observation of which phenomenon can be considered

proof that something is a wave?
a. interference
b. noise
c. reflection
d. conduction

49. Which of the resonant frequencies has the greatest
amplitude?
a. The first harmonic
b. The second harmonic
c. The first overtone
d. The second overtone

50. What is the fundamental frequency of an open-pipe
resonator?
a.
b.
c.
d.

51. What is the beat frequency produced by the
superposition of two waves with frequencies
and ?
a.
b.
c.
d.

Short Answer
14.1 Speed of Sound, Frequency, and
Wavelength
52. What component of a longitudinal sound wave is

analogous to a trough of a transverse wave?
a. compression
b. rarefaction
c. node
d. antinode

53. What is the frequency of a sound wave as perceived by
the human ear?
a. timbre
b. loudness
c. intensity
d. pitch

54. What properties of a solid determine the speed of sound
traveling through it?

a. mass and density
b. rigidity and density
c. volume and density
d. shape and rigidity

55. Does the density of a medium affect the speed of sound?
a. No
b. Yes

56. Does a bat make use of the properties of sound waves to
locate its prey?
a. No
b. Yes

57. Do the properties of a sound wave change when it
travels from one medium to another?
a. No
b. Yes
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14.2 Sound Intensity and Sound Level
58. When a passing driver has his stereo turned up, you

cannot even hear what the person next to you is saying.
Why is this so?
a. The sound from the passing car’s stereo has a

higher amplitude and hence higher intensity
compared to the intensity of the sound coming
from the person next to you. The higher intensity
corresponds to greater loudness, so the first sound
dominates the second.

b. The sound from the passing car’s stereo has a
higher amplitude and hence lower intensity
compared to the intensity of the sound coming
from the person next to you. The lower intensity
corresponds to greater loudness, so the first sound
dominates the second.

c. The sound from the passing car’s stereo has a
higher frequency and hence higher intensity
compared to the intensity of the sound coming
from the person next to you. The higher frequency
corresponds to greater loudness so the first sound
dominates the second.

d. The sound from the passing car’s stereo has a lower
frequency and hence higher intensity compared to
the intensity of the sound coming from the person
next to you. The lower frequency corresponds to
greater loudness, so the first sound dominates the
second.

59. For a constant area, what is the relationship between
intensity of a sound wave and power?
a. The intensity is inversely proportional to the power

transmitted by the wave, for a constant area.
b. The intensity is inversely proportional to the square

of the power transmitted by the wave, for a
constant area.

c. The intensity is directly proportional to the square
of the power transmitted by the wave, for a
constant area.

d. The intensity is directly proportional to the power
transmitted by the wave, for a constant area.

60. What does stand for in the equation
? What is its unit?

a. Yes, is the sound intensity in watts per meter
squared in the equation, .

b. is the sound illuminance and its unit is lumen
per meter squared.

c. is the sound intensity and its unit is watts per
meter cubed.

d. is the sound intensity and its unit is watts per

meter squared.

61. Why is the reference intensity ?
a. The upper limit of human hearing is decibels,

i.e. . For ,
.

b. The lower threshold of human hearing is
decibels, i.e. . For ,

c. The upper limit of human hearing is decibels,
i.e. . For ,

d. The lower threshold of human hearing is decibels,
i.e., . For ,

62. Given that the sound intensity level of a particular wave
is , what will be the sound intensity for that wave?
a.
b.
c.
d.

63. For a sound wave with intensity ,
calculate the pressure amplitude given that the sound
travels through air at .
a.
b.
c.
d.

64. Which nerve carries auditory information to the brain?
a. buccal nerve
b. peroneal nerve
c. cochlear nerve
d. mandibular nerve

65. Why do some smaller instruments, such as piccolos,
produce higher-pitched sounds than larger
instruments, such as tubas?
a. Smaller instruments produce sounds with shorter

wavelengths, and thus higher frequencies.
b. Smaller instruments produce longer wavelength,

and thus higher amplitude, sounds.
c. Smaller instruments produce lower amplitude, and

thus longer wavelength sounds.
d. Smaller instruments produce higher amplitude,

and thus lower frequency, sounds.

14.3 Doppler Effect and Sonic Booms
66. How will your perceived frequency change if you move

away from a stationary source of sound?
a. The frequency will become lower.
b. The frequency will be doubled.
c. The frequency will be tripled.
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d. The frequency will become higher.

67. True or false—The Doppler effect also occurs with waves
other than sound waves.
a. False
b. True

68. A source of sound is moving towards you. How will what
you hear change if the speed of the source increases?
a. The sound will become more high-pitched.
b. The sound will become more low-pitched.
c. The pitch of the sound will not change.

69. Do sonic booms continue to be created when an object is
traveling at supersonic speeds?
a. No, a sonic boom is created only when the source

exceeds the speed of sound.
b. Yes, sonic booms continue to be created when an

object is traveling at supersonic speeds.

70. Suppose you are driving at a speed of and you
hear the sound of a bell at a frequency of .
What is the actual frequency of the bell if the speed of
sound is ?
a.
b.
c.
d.

71. What is the frequency of a stationary sound source if you
hear it at 1200.0 Hz while moving towards it at a speed
of 50.0 m/s? (Assume speed of sound to be 331 m/s.)
a. 1410 Hz
b. 1380 Hz
c. 1020 Hz
d. 1042 Hz

14.4 Sound Interference and Resonance
72. What is the actual frequency of the wave produced as a

result of superposition of two waves?
a. It is the average of the frequencies of the two

original waves that were superimposed.
b. It is the difference between the frequencies of the

two original waves that were superimposed.
c. It is the product of the frequencies of the two

original waves that were superimposed.
d. It is the sum of the frequencies of the two original

waves that were superimposed.

73. Can beats be produced through a phenomenon different
from resonance? How?
a. No, beats can be produced only by resonance.
b. Yes, beats can be produced by superimposition of

any two waves having slightly different frequencies.

74. How is human speech produced?

a. Human speech is produced by shaping the cavity
formed by the throat and mouth, the vibration of
vocal cords, and using the tongue to adjust the
fundamental frequency and combination of
overtones.

b. Human speech is produced by shaping the cavity
formed by the throat and mouth into a closed pipe
and using tongue to adjust the fundamental
frequency and combination of overtones.

c. Human speech is produced only by the vibrations
of the tongue.

d. Human speech is produced by elongating the vocal
cords.

75. What is the possible number of nodes and antinodes
along one full wavelength of a standing wave?
a. nodes and antinodes or antinodes and

nodes.
b. nodes and antinodes or antinodes and

nodes.
c. nodes and antinodes or antinodes and

nodes.
d. nodes and antinodes or antinodes and

nodes.

76. In a pipe resonator, which frequency will be the least
intense of those given below?
a. second overtone frequency
b. first overtone frequency
c. fundamental frequency
d. third overtone frequency

77. A flute is an open-pipe resonator. If a flute is
long, what is the longest wavelength it can produce?
a.
b.
c.
d.

78. What is the frequency of the second overtone of a
closed-pipe resonator with a length of ?
(Assume the speed of sound is .)
a.
b.
c.
d.

79. An open-pipe resonator has a fundamental frequency of
when the speed of sound is . What will

its fundamental frequency be when the speed of sound
is ?
a.
b.
c.
d.
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Extended Response
14.1 Speed of Sound, Frequency, and
Wavelength
80. How is a human able to hear sounds?

a. Sound waves cause the eardrum to vibrate. A
complicated mechanism converts the vibrations to
nerve impulses, which are perceived by the person
as sound.

b. Sound waves cause the ear canal to vibrate. A
complicated mechanism converts the vibrations to
nerve impulses, which are perceived by the person
as sound.

c. Sound waves transfer electrical impulses to the
eardrum. A complicated mechanism converts the
electrical impulses to sound.

d. Sound waves transfer mechanical vibrations to the
ear canal, and the eardrum converts them to
electrical impulses.

81. Why does sound travel faster in iron than in air even
though iron is denser than air?
a. The density of iron is greater than that of air.

However, the rigidity of iron is much greater than
that of air. Hence, sound travels faster in it.

b. The density of iron is greater than that of air.
However, the rigidity of iron is much less than that
of air. Hence, sound travels faster in it.

c. The density of iron is greater than that of air.
However, the rigidity of iron is equal to that of air.
Hence, sound travels faster in it.

d. The mass of iron is much less than that of air and
the rigidity of iron is much greater than that of air.
Hence, sound travels faster in it.

82. Is the speed of sound dependent on its frequency?
a. No
b. Yes

14.2 Sound Intensity and Sound Level
83. Why is the sound from a tire burst louder than that from

a finger snap?
a. The sound from the tire burst has higher pressure

amplitudes, hence it can exert smaller force on the
eardrum.

b. The sound from the tire burst has lower pressure
amplitudes, hence it can exert smaller force on the
eardrum.

c. The sound from the tire burst has lower pressure
amplitudes, hence it can exert larger force on the
ear drum.

d. The sound from the tire burst has higher pressure
amplitudes, hence it can exert larger force on the

eardrum.

84. Sound A is times more intense than Sound B.
What will be the difference in decibels in their sound
intensity levels?
a.
b.
c.
d.

85. The ratio of the pressure amplitudes of two sound waves
traveling through water at is . What will be the
difference in their sound intensity levels in dB?
a.
b.
c.
d.

86. Which of the following most closely models how sound
is produced by the vocal cords?
a. A person plucks a string.
b. A person blows over the mouth of a half-filled glass

bottle.
c. A person strikes a hammer against a hard surface.
d. A person blows through a small slit in a wide,

stretched rubber band.

14.3 Doppler Effect and Sonic Booms
87. True or false—The Doppler effect occurs only when the

sound source is moving.
a. False
b. True

88. True or false—The observed frequency becomes infinite
when the source is moving at the speed of sound.
a. False
b. True

89. You are driving alongside a train. You hear its horn at a
pitch that is lower than the actual frequency. What
should you do to match the speed of the train? Why?
a. In order to match the speed of the train, one would

need to increase or decrease the speed of his/her
car because a lower pitch means that either the
train (the source) is moving away or that you (the
observer) are moving away.

b. In order to match the speed of the train, one would
need to drive at a constant speed because a lower
pitch means that the train and the car are at the
same speed.

14.4 Sound Interference and Resonance
90. How are the beat frequency and the regular frequency of

a wave resulting from superposition of two waves
different?
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a. Beat frequency is the sum of two frequencies and
regular frequency is the difference between
frequencies of two original waves.

b. Beat frequency is the difference between the
constituent frequencies, but the regular frequency
is the average of the frequencies of the two original
waves.

c. Beat frequency is the sum of two frequencies and
regular frequency is the average of frequencies of
two original waves.

d. Beat frequency is the average of frequencies of two
original waves and regular frequency is the sum of
two original frequencies.

91. In the tuning fork and tube experiment, if resonance is
formed for , where is the length of the tube
and is the wavelength of the sound wave, can
resonance also be formed for a wavelength ?
Why?
a. The frequency formed is a harmonic and first

overtone so resonance will occur.
b. The frequency formed is a harmonic and second

overtone so resonance will occur.
c. The frequency formed is a harmonic and third

overtone so resonance will occur.
d. The frequency formed is a harmonic and fourth

overtone so resonance will occur.

92. True or false—An open-pipe resonator has more
overtones than a closed-pipe resonator.
a. False
b. True

93. A flute has finger holes for changing the length of the
resonating air column, and therefore, the frequency of
the note played. How far apart are two holes that, when
closed, play two frequencies that are apart, if
the first hole is away from the mouthpiece of
the flute?
a.
b.
c.
d.
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