CHAPTER 14
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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INTRODUCTION 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.



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:

e Relate the characteristics of waves to properties of sound waves

e Describe the speed of sound and how it changes in various media

e 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.



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 (Pgayge) 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.



Medium Vw (m/s)

Gasesato °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



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:
v=fA4, 14.1

where vis the speed of sound (in units of m/s), fis its frequency (in units of hertz), and A 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 1.

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 v = f, and in a given medium under fixed temperature and humidity, vis constant. Therefore, the relationship
between fand 4 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 vchanges and fremains the
same, then the wavelength A must change. Since v = f, the higher the speed of a sound, the greater its wavelength for a given
frequency.

Virtual Physics

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



https://www.openstax.org/l/28sound

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




d. wavelength of the wave

@ 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 348.7m/s.

STRATEGY

To find wavelength from frequency, we can use v = f1 .

Solution
(1) Identify the knowns. The values for vand fare given.

(2) Solve the relationship between speed, frequency and wavelength for 4 .

A= ]? 14.2
(3) Enter the speed and the minimum frequency to give the maximum wavelength.
348.7 m/
Amax = 20—st =17 m ~ 20 m (1 sig. figure) 14.3
(4) Enter the speed and the maximum frequency to give the minimum wavelength.
348.7 m/s
Amin = =——————=0.017 m~ 2 1 sig. fi .
min = 557000 Hz m cm (1 sig. figure) 14.4

Discussion
Because the product of fmultiplied by A equals a constant velocity in unchanging conditions, the smaller fis, the larger A 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 2000 Hz and wavelength 0.4 m?

a. 5x10° m/s
b. 3.2x 10%> m/s
c. 2%x107*m/s
d. 8x10%m/s

2. Dogs can hear frequencies of up to 45 kHz. What is the wavelength of a sound wave with this frequency traveling in air at
0°C?
a. 20x10"m
b. 1.5%x10"m
c. 14x10°m
d. 74x 107 m



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. Whatis 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



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. Thevolume 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:
e Relate amplitude of a wave to loudness and energy of a sound wave
e Describe the decibel scale for measuring sound intensity

e Solve problems involving the intensity of a sound wave

e 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 Iis

I=—, 14.5
A

where Pis the power through an area A. The SI unit for Iis W/m?. The intensity of a sound depends upon its pressure amplitude.




