Sound:

Vibratory disturbances in a gas, liquid, or solid medium.

Very simply, sound is the vibration of any substance. The substance can be air, water,
wood, or any other material, and in fact the only place in which sound cannot travel is a
vacuum. When these substances vibrate, or rapidly move back and forth, they produce
sound. As described in the How We Perceive Sound: The Ear section, our ears gather
these vibrations and allow us to interpret them.

To be a little more accurate in our definition of sound, however, we must realize that the
vibrations that produce sound are not the result of an entire volume moving back and
forth at once. If that were the case, the entire atmosphere would need to shift for any
sound to be made at all! Instead, the vibrations occur among the individual molecules of
the substance, and the vibrations move through the substance in sound waves. As sound
waves travel through the material, each molecule hits another and returns to its original
position. The result is that regions of the medium become alternately more dense, when
they are called condensations, and less dense, when they are called rarefactions.
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Sound waves are often depicted in graphs like the one below, where the x-axis is time
and the y-axis is pressure or the density of the medium through which the sound is
traveling.
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There are four main parts to a sound wave: wavelength, period, amplitude, and
frequency. In this section, we will discuss each one of these parts. Also, we will
talk about pitch and its relation to the frequency of a sound wave.

Wavelength and Period:

The wavelength is the horizontal distance between any two successive
equivalent points on the wave. That means that the wavelength is the
horizontal length of one cycle of the wave. The period of a wave is the time
required for one complete cycle of the wave to pass by a point. So, the period
is the amount of time it takes for a wave to travel a distance of one
wavelength.

Wavelength:

Horizontal length of one cycle of a wave.




Period:

The time required for one wavelength to pass
a certain point. Generally, a longer period
indicates a lower pitch.

Amplitude:

The amplitude of a sound is represented by the height of the wave. When there
is a loud sound, the wave is high and the amplitude is large. Conversely, a
smaller amplitude represents a softer sound. A decibel is a scientific unit that
measures the intensity of sounds. The softest sound that a human can hear is
the zero point. When the sound is twice as loud, the decibel level goes up by
six. Humans speak normally at 60 decibels.
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Amplitude:
The maximum value of the wave function.
The higher the amplitude, the louder the
sound.

Frequency:

Every cycle of sound has one condensation, a region of increased pressure,
and one rarefaction, a region where air pressure is slightly less than normal.
The frequency of a sound wave is measured in hertz. Hertz (Hz) indicate the
number of cycles per second that pass a given location. If a speaker's
diaphragm is vibrating back and forth at a frequency of 900 Hz, then 900
condensations are generated every second, each followed by a rarefaction,
forming a sound wave whose frequency is 900 Hz.



Pitch:

How the brain interprets the frequency of an emitted sound is called the pitch.
We already know that the number of sound waves passing a point per second
is the frequency. The faster the vibrations the emitted sound makes (or the
higher the frequency), the higher the pitch. Therefore, when the frequency is
low, the sound is lower.



The Speed of Sound:

Sound travels at different speeds depending on what it is traveling through. Of
the three mediums (gas, liquid, and solid) sound waves travel the slowest
through gases, faster through liquids, and fastest through solids. Temperature
also affects the speed of sound.

Gases:

The speed of sound depends upon the properties of the medium it is passing
through. When we look at the properties of a gas, we see that only when
molecules collide with each other can the condensations and rarefactions of a
sound wave move about. So, it makes sense that the speed of sound has the
same order of magnitude as the average molecular speed between collisions.
In a gas, it is particularly important to know the temperature. This is because
at lower temperatures, molecules collide more often, giving the sound wave
more chances to move around rapidly. At freezing (0° Celcius), sound travels
through air at 331 meters per second (about 740 mph). But, at 20°C, room
temperature, sound travels at 343 meters per second (767 mph).

Liquids:

Sound travels faster in liquids than in gases because molecules are more
tightly packed. In fresh water, sound waves travel at 1,482 meters per second
(about 3,315 mph). That's well over 4 times faster than in air! Several ocean-
dwelling animals rely upon sound waves to communicate with other animals
and to locate food and obstacles. The reason that they are able to effectively
use this method of communication over long distances is that sound travels so
much faster in water.

Solids:

Sound travels fastest through solids. This is because molecules in a solid
medium are much closer together than those in a liquid or gas, allowing sound
waves to travel more quickly through it. In fact, sound waves travel over 17
times faster through steel than through air. The exact speed of sound in steel is
5,960 meters per second (13,332 mph)! But, this is only for the majority of
solids. The speed of sound in all solids are not faster than in all liquids.



Substance Temp (°C) Speed (m/s)

Gases
Carbon Dioxide
Oxygen
Air
Air
Helium

Liquids
Chloroform
Ethanol

Mercury
Water

Solids

Lead
Copper
Glass
Steel

Sound Waves:

Let's set up a situation: two speakers are situated at the exact same distance (3
meters) away from you; and each speaker is emitting the same sound. We'll
say that the wavelength of the sound is 1m. Finally, and most importantly, the
speakers' diaphragms are vibrating synchronously (moving outward and
inward together). Since the distance from the speakers to you is the same, the
condensations of the wave coming from one speaker are always meeting the
condensations from the other at the same time. As a result, the rarefactions are
also always meeting rarefactions. One principle of sound is linear
superposition, which states that the combined pattern of the waves is the sum
of the individual wave patterns. So, the pressure fluctuations where the two
waves meet have twice the amplitude of the individual waves. An increase in
amplitude results in a louder sound. When this situation occurs it is said to be
"exactly in phase" and to exhibit "constructive interference".
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But, if we slightly change one of the variables, the resulting sound is nearly
the opposite of what it was. Let's say we move one of the speakers .5m (1/2 of
the wavelength) further away. We'll assume that the volume on this speaker is
turned up so that the amplitude remains constant. This movement causes the
condensations from one speaker to meet the rarefactions from the other sound
wave and vice versa. Again referring to the principle of linear superposition,
the result is a cancellation of the two waves. The rarefactions from one wave
are offset by the condensation from the other wave producing constant air
pressure. A constant air pressure means that you can hear no sound coming
from the speakers. This is called "destructive interference" where two waves
are "exactly out of phase".

Combined Wave
(What You Hear)

The amplitude of the resulting
wave is zero



Beats:

Now that we know what happens when two sound waves with the same
frequency overlap, let's explore what happens when two sound waves with
different frequencies overlap. Two instrument tuners are placed side by side,
one set to emit a sound whose frequency is 440 Hz and the other set to emit a
sound whose frequency is 438 Hz. If the two tuners (which have the same
amplitude) are turned on at the same time, you will not hear a constant sound.
Instead, the loudness of the combined sound rises and falls. Whenever a
condensation meets a condensation or a rarefaction meets a rarefaction, there
is constructive interference and the amplitude increases. Whenever a
condensation meets a rarefaction and vice versa, there is destructive
interference, and you can hear nothing. These periodic variations in loudness
are called beats. In this situation you will hear the loudness rise and fall 2
times per second because 440-438=2. So, there is a beat frequency of 2 Hz.
Musicians listen for beats to hear if their instruments are out of tune. The
musician will listen to a tuner that has the correct sound and plays the note on
his intrument. If the musician can hear beats, then he knows that the
instrument is out of tune. When the beats disappear, the musician knows the
instrument is in tune.

First Wave (40 Hz)

Destructive Constructive
Interference Interference




Diftraction:

An obstacle is no match for a sound wave; the wave simply bends around it.
For example, if a stereo is playing in a room with the door open, the sound
produced by the stereo will bend around the walls surrounding the opening.
This bending of a wave is called diffraction. All waves exhibit diffraction, not
just sound waves. Without diffraction, the sound from the stereo could only be
heard directly in front of the door. Instead, the air in the doorway is set into
longitudinal vibration by the sound waves from the stereo. This means that
each air molecule is a source of a sound wave itself. This results in each
molecule producing a sound wave and emitting it outward in a spherical
fashion. The final result is the diffraction of the sound wave around the
doorway.

Source

Original Waves Diffracted Waves

The sound outside of the room has varying intensity depending on where you
stand. Directly in front of the center of the doorway the intensity is a
maximum. As you move further away from the center, the intensity decreases
until it is at zero, then increases to a maximum, falls to zero, rises to a
maximum...and so on. Each maxima gets progressively softer further away
from the center. Waves diffract differently depending on the object they are
bending around. If we let angle x be the location of the first minimum intensity



point on either side of the center, W be the wavelength, and D be the width of

the doorway, the equation

gives x in terms of the wavelength and the width of the doorway. For a circular
opening, the equation is slightly different. Angle x, W for wavelength, and D
for width are all still the same. The equation looks like this:
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So, looking at these two equations you can tell that the extent of the diffraction
depends on the ratio of the wavelength to the size and shape of the opening. If
the ratio of W/D is large, then x is large. In this case, the waves are said to
have a wide dispersion and the sound waves are spread out wider through the
opening. Conversely, if the ratio of W/D is small, then x is small and the
waves are said to have a narrow dispersion and the sound waves go through
the opening without spreading out very much. So, it makes sense that lower-
frequency sounds typically have a wide dispersion and sounds with small
wavelenths have a narrow dispersion.

The Intensity of Three-Dimensional Waves:

A two-dimensional sound wave looks like a series of concentric circles that
get bigger as they move further away from their origin. These circles are
called wavefronts. In real life, sound waves grow in three dimensions. Three-
dimensional waves move out in all directions away from their origin in
wavefronts that are concentric spherical surfaces. The space in between
wavefronts is the wavelength. Rays indicate the motion of a set of wavefronts.
Rays are lines perpendicular to the wavefronts that originate at the source of
the sound and follow the wavefronts outward. If the sound is emitted evenly in
all directions, the energy at a distance 7 from the source will be uniform on the
spherical shell. If we let P equal the original power the sound has when
emitted from the source, the intensity per unit area (the surface area of a
sphere is the denominator) at a distance » from the source will be:

P
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The intensity level of sound is measured in decibels (dB). Decibels are units of
intensity that are based upon a logarithmic scale. This means that a sound with
an intensity of 20 dB is ten times as loud as one with an intensity of 10 dB, 30
dB is ten times as intense as 20 dB, and so on. The reason for this logarithmic



scale is that humans hear intensity on a similar logarithmic scale. So, while a
20 dB sound is ten times as intense as a 10 dB sound, we perceive it as only
twice as loud. The hearing threshold (level at which humans begin to perceive
sound) is 0 dB. When a sound reaches upwards of 120 dB, it is above the
threshold of pain (point at which most people begin feeling pain). Everything
in between can be heard by a human with normal hearing.

Source Decibels Description

Hearing Threshold
Mormal Breathing ’ Barely Audible
Rustling Leaves
Soft Whisper Very Quiet
Library
Quiet Office Quiet
Conversastion
Busy Traffic
Average Factory
Miagara Falls Constant Exposure
Train Endangers Hearing
Construction Noise
Rock Concert Pain Threshold
Machine Gun
Jet Takeoff
Rocket Engine

But, these levels aren't constants. What a human perceives as loud or soft
depends on the frequency as well as the intensity of the sound. The graph
below displays intensity levels compared with the frequencies for sounds of
equal loudness for humans. The bottom line is the threshold of hearing. Ata 1
kHz frequency, the hearing threshold is 0 dB, but at 60 Hz the decibel level is
50. Only one percent of all human beings can hear sounds this low, so, the
lower line is mainly for those with very good hearing. The next line up is the
hearing threshold for the majority of people. The top line is the pain threshold.
Other than at one point, about 4 kHz, this line varies little. All of the other
lines also dip down at 4 kHz. We can gather from this graph, then, that the
human ear is most sensitive at about 4 kHz.
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