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PHYSICS - CLUTCH
CH 16: WAVES & SOUND
CONCEPT: WHAT IS A WAVE?
● A WAVE is a moving disturbance (oscillation) that carries energy.
- A common example is a wave on a string, where the moving string carries _____________ energy

● We’re only going to focus on PERIODIC waves, which are waves with __________________ cycles
- A CYCLE is defined as a portion of the motion that begins and ends in the same state
● A wave has several important characteristics:
- PERIOD: the amount of __________________ per cycle
- FREQUENCY: number of __________________ per unit __________________
- WAVELENGTH: the __________________ the wave travels in a cycle
- SPEED
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● The WAVELENGTH and PERIOD are related to each other by the SPEED of the wave:
𝑣 = ________________ = ________________

with

𝑓 = ___________

EXAMPLE: A wave has a speed of 12 m/s and a wavelength of 5 m. What is the frequency of the wave? The period?
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EXAMPLE: PROPERTIES OF A WAVE FROM GRAPHS
What are the properties of the following wave (wavelength, period, frequency and speed) given in the graphs?

y

y
2 cm

10 cm

5s

10 cm

x

t

PRACTICE: DISTANCE BETWEEN CRESTS
A wave moves with a speed of 120 m/s. If the frequency of the wave is 300 Hz, what is the distance between wave crests?
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CONCEPT: TYPES OF WAVES
● Remember! A wave is a moving oscillation
- A wave then has an oscillation direction and a motion direction

TRANSVERSE WAVES

LONGITUDINAL WAVES

- Oscillation is ________________________ to motion

- Oscillation is ________________________ to motion

- Energy can be of MULTIPLE TYPES

- Energy is POTENTIAL due to compression

- Examples include:
- Waves on a string
- Water waves
- Light

- Examples include:
- Sound
- Compression waves in elastic medium

● Periodic waves, regardless of whether it is transverse or longitudinal, have the same characteristics
- As well, they both obey the speed relationship: 𝑣 = ____________

EXAMPLE: Can longitudinal waves propagate in a fluid? What about transverse waves?
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PRACITCE: WAVES IN A TSUNAMI
A satellite captures images of a tsunami, and properties of the tsunami can be found from these images, providing important
information to people who need to evacuate coastal areas. If satellite images of a tsunami show the distance from one peak
to another is 500 km, and the period is 1 hour, how much time do people have to evacuate if the tsunami is found to be 100
km off shore?

Page 5

PHYSICS - CLUTCH
CH 16: WAVES & SOUND
CONCEPT: THE MATHEMATICAL DESCRIPTION OF A WAVE
● Since waves are oscillatory, they are described by oscillating functions  Trig functions
- The displacement that the wave begins at determines the type of trig function
y
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● Waves don’t just oscillate in time – they oscillate in space, too
- A sine wave in time will also be a sine wave in position; the same applies to cosine waves

● A wave is more properly defined as a combination of oscillations in SPACE and TIME:
𝑦(𝑥, 𝑡) = _______________________

or

𝑦(𝑥, 𝑡) = _______________________

● We have two important new values associated with waves:
- WAVENUMBER:

𝒌 = 𝟐𝝅/𝝀

- ANGULAR FREQUENCY:

𝝎 = 𝟐𝝅𝒇

2𝜋

𝑚

EXAMPLE: A wave is represented by 𝑦 = (0.05 𝑚) cos [10 𝑐𝑚 (𝑥 − (7 𝑠 ) 𝑡)]. What is the amplitude, period,
wavelength and speed of the wave?
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EXAMPLE: GRAPHS OF MATHEMATICAL REPRESENTATION OF WAVE
Draw the displacement vs. position and displacement vs. time graphs of a transverse wave given by the following
2𝜋

representation: 𝑦 = (1.5 𝑐𝑚) sin [(2.09 𝑐𝑚−1 )𝑥 − 0.01 𝑠 𝑡]

PRACTICE: MATHEMATICAL REPRESENTATION OF A WAVE GRAPH
Write the mathematical representation of the wave graphed in the following two figures.
y

y
0.07 s
7.5 cm

5 cm

7.5 cm

t

x
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CONCEPT: PHASE ANGLE
● A wave that begins with no displacement is a sine wave, a wave that begins with maximum displacement is a cosine
- What if the wave begins in between?

● The best description of a wave is
𝑦(𝑥, 𝑡) = __________________________

where 𝜙 is known as the PHASE ANGLE

● The phase angle is determined by the initial ______________________ of the wave.
- A wave that begins with no displacement has 𝜙 = 0𝑜  a pure sine wave
- A wave that begins with a maximum displacement has 𝜙 = 𝜋/2  a pure cosine wave
- An arbitrary wave will have a phase angle between 0 and 𝜋/2

EXAMPLE: A wave with a period of 0.05 s and velocity of 25 m/s has an amplitude of 12 cm. At 𝑡 = 0 and 𝑥 = 0 𝑐𝑚, the
wave has a displacement of 8 cm. What is the mathematical representation of this wave?
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PRACTICE: PHASE ANGLE
𝑥

𝑡

1

A transverse wave is represented by the following function: 𝑦 = (18 𝑐𝑚) sin [2𝜋 (2 𝑐𝑚 − 5 𝑠 + 4)]. What is the phase
angle of this wave?
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CONCEPT: VELOCITY OF A WAVE
● Remember! There are two types of waves: TRANSVERSE and LONGITUDINAL
- Transverse waves have both a propagation velocity and a transverse velocity
- Longitudinal waves only have a propagation velocity
● The PROPAGATION velocity depends upon two things: the ________________ and the __________________________
- This is a fundamental property of all waves!
2𝜋

● The equation of a wave can be rewritten as 𝑦 = 𝐴𝑠𝑖𝑛 ( 𝜆 (𝑥 − 𝑣𝑡)) using the definitions of 𝑘 and 𝜔
- The propagation velocity is positive when we have 𝑥 − 𝑣𝑡, and negative when we have 𝑥 + 𝑣𝑡,
EXAMPLE 1: A wave is represented by the equation 𝑦 = (1 𝑐𝑚) sin((0.2 𝑐𝑚−1 )𝑥 − (1.7𝑠 −1 )𝑡). What is the
propagation velocity? Is it positive or negative?

● The TRANSVERSE velocity is continuously changing  there must be a transverse ____________________

● The transverse VELOCITY and ACCELERATION of a transverse wave is
𝑣𝑇 (𝑥, 𝑡) = __________________________

with

𝑎 𝑇 (𝑥, 𝑡) = __________________________

● According to the above equation, the MAXIMUM transverse speed of a wave is
- Additionally, the MAXIMUM transverse acceleration is

𝒗𝑻,𝒎𝒂𝒙 = 𝑨𝝎

𝒂𝑻,𝒎𝒂𝒙 = 𝑨𝝎𝟐

EXAMPLE 2: A longitudinal wave has a wavelength of 12 cm and a frequency of 100 Hz. What is the propagation speed of
this wave? What is the maximum transverse velocity of this wave?
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PRACTICE: MATHEMATICAL REPRESENTATION OF A TRANSVERSE WAVE
𝜋

The function for some transverse wave is 𝑦 = (0.5 𝑚) sin [(0.8 𝑚−1 )𝑥 − 2𝜋(50 𝐻𝑧)𝑡 + 3 ]. What is the transverse
velocity at 𝑡 = 2𝑠, 𝑥 = 7 𝑐𝑚? What is the maximum transverse speed? The maximum transverse acceleration?
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CONCEPT: WAVES ON A STRING
● A wave on a STRING is a common example of a ___________________ wave

● A wave on a string obeys all the same equations as other transverse waves – the only thing unique is the speed

● The PROPAGATION SPEED of a wave on a string is given by

𝑣 = ____________________

where 𝑻 is the TENSION and 𝝁 is the MASS PER UNIT LENGTH

EXAMPLE: A 1.2 m string has a tension of 100 N. If it has a mass of 5 kg, what is the frequency of a wave with a 12 cm
wavelength on this string?
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EXAMPLE: UNKNOWN MASS OF A STRING
An easy way to find the mass of a string is to produce a wave on it. A 5 cm string of unknown mass produces a wave with a
12 cm wavelength that has a 70 Hz frequency when its tension is 10 N. Given this, what must the mass of the string be?

PRACTICE: FREQUENCY OF A WAVE ON A STRING
A 2 m long string is arranged as shown in the figure below. If the mass of the string is 0.5 kg, what would the frequency be
of a wave with a 2 cm wavelength?

5 kg
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EXAMPLE: SPEED OF WAVE TRAVELING UP A STRING
A string is hung vertically from an anchor point. If you were to grasp the string at the bottom and shake it to produce a wave
traveling up the string, what happens to the speed of the wave as it moves up the string?
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CONCEPT: ENERGY CARRIED BY WAVES ON A STRING
● Waves on a string carry both KINETIC and POTENTIAL energy
- The kinetic is due to the motion, and the potential is due to stretching of the string
- This energy depends upon the __________________, the __________________, and the __________________
● The KINETIC and POTENTIAL energies carried by 1 wavelength are the same:

𝟏
𝝁𝝎𝟐 𝑨𝟐 𝝀
𝟒

● The TOTAL ENERGY per unit wavelength of a wave on a string is
𝐸𝜆 = ____________________

EXAMPLE 1: A string 5 m in length carries a wave along its length. If the tension is 50 N and the mass per unit length is
0.005 kg/m, how much kinetic energy does the string carry for a wave with a frequency of 50 Hz and amplitude of 1 cm?

● The amount of time that passes for the wave to move one wavelength is the period, 𝑇
- This is just the definition of the period
 The power carried by a wave on a string is just

𝑷=

𝟏
𝝁𝝎𝟐 𝑨𝟐 𝒗
𝟐

EXAMPLE 2: A 0.7 m string supports a wave of 0.05 m amplitude. If the mass of the string is 0.05 kg, and then tension on
the string is 15 N, what must the frequency of the wave be to carry 100 W of power?
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PRACTICE: MAXIMUM FREQUENCY OF A WAVE ON A STRING
Waves are produced on a string by a paddle that can move up and down, shaking the free end of a string to produce a 5 cm
amplitude wave as shown in the figure below. The string has a mass per unit length of 0.5 kg/m and a tension of 100 N. If
the maximum power the paddle can deliver is 50 W, what is the greatest frequency wave the string can support?
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CONCEPT: WAVE INTERFERENCE
● Imagine two water waves approaching each other:
- When they meet, they produce a NET wave
- If peak and a peak meet, the net wave is _________________ than either
- If peak and a trough meet, the net wave is _________________ than either
● When two waves occupy the same space at the same time, they INTERFERE – their displacements affect one another
y

y

x

x

● The resultant displacement of TWO INTERFERING WAVES is
𝑦(𝑥, 𝑡) = ____________________________

● Interference can be of two types:
- CONSTRUCTIVE – when the resulting displacement is _________________ than either wave’s displacement
- DESTRUCTIVE – when the resulting displacement is _________________ than either wave’s displacement
EXAMPLE: Two waves are emitted initially in phase, with 𝜙 = 0. If one wave has an amplitude of 1 cm and an angular
frequency of 10 s-1 and the second wave has an amplitude of 1.5 cm and an angular frequency of 15 s-1, what is the
displacement of the interfered wave at t = 5 s, at x = 0?
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PRACTICE: REGIONS OF CONSTRUCTIVE AND DESTRUCTIVE INTERFERENCE
In the following figure, two interfering waves are drawn at some instance in time.
a) Indicate the regions on the graph where constructive interference occurs.
b) Indicate the regions on the graph where destructive interference occurs.

y

x
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CONCEPT: WAVE REFLECTION
● When a wave encounters a boundary between two media, the wave can __________________ or __________________
- Waves will actually do some of both
● WHENEVER a wave encounters a boundary, it exits the boundary at the same [ WAVELENGTH / FREQUENCY ]
- This is true for both transmission and reflection
- This is a FUNDAMENTAL feature of waves
● Imagine a wave heading towards a wall – this boundary does not allow transmission
- When the wave encounters the wall, it REFLECTS off it
- The reflected wave has the same frequency as the incident wave, and is inverted
- The reflected wave then travels back towards the point of its origin
● Now imagine a wave on a light string heading towards a portion of the string that is heavier
- This boundary (between the two different strings) allows transmission and reflection
- The transmitted pulse has the same frequency and is upright
- The reflected pulse has the same frequency and is inverted
● If there are multiple waves stretching along the entirety of the string, instead of just a single pulse, they INTERFERE

EXAMPLE: Whenever a string is fixed at a boundary, the wave along the string reflected off the boundary is always
inverted. Why is this so? Would the wave be inverted if the string were free to move at the boundary?
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CONCEPT: STANDING WAVES
● Remember! Waves along a string fixed at a boundary will reflect backwards as inverted waves
- These inverted waves will have the same __________________
● Imagine holding the free end of a string fixed to a wall and vibrating it
- Pulses will travel from the free end to the fixed end and reflect backwards
- The inverted reflections will encounter the forward moving pulses
- Forward pulses and reflections will interfere at the same frequency
● What will commonly be produced is an uncoordinated vibration – essentially nothing
- However, at specific frequencies, STANDING WAVES are produced
- A standing wave is a wave that APPEARS to be “standing” still
● Two types of a standing waves: NODE-NODE and NODE-ANTINODE standing waves
-A node is a point of NO-Displacement
-An antinode is a point of maximum displacement – the opposite of a node
NODE-NODE STANDING WAVES
- Both ends are nodes

NODE-ANTINODE STANDING WAVES
- One end is a node, the other an antinode

L

L

- Allowed wavelengths:
- 𝑛 is ANY INTEGER

𝜆𝑛 = 2𝐿/𝑛

- Allowed wavelengths:
- 𝑛 must be ODD!

𝜆𝑛 = 4𝐿/𝑛

- Allowed frequencies:

𝑓𝑛 = 𝑛𝑣/2𝐿

- Allowed frequencies:

𝑓𝑛 = 𝑛𝑣/4𝐿

EXAMPLE: You want to produce standing waves on the string shown in the figure below by vibrating the end you’re
grasping. What is the third largest frequency producible on the string if it has a mass of 0.05 kg and a tension of 150 N?
Assume there’s no friction between the ring at the end of the string and the pole.

15 cm
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PRACTICE: STANDING WAVE ON A STRING
In the following figure, what is the harmonic number of the standing wave? The wavelength of the standing wave? If the
frequency of the standing wave is 30 Hz, what is the speed of the waves producing the standing wave?

25 cm

EXAMPLE: UNKNOWN HARMONIC FREQUENCY
A string fixed at both ends produces a harmonic frequency of 650 Hz, with the next highest harmonic frequency being 780
Hz. If the same string can produce a harmonic frequency of 390 Hz, what harmonic frequency is next highest?
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EXAMPLE: STANDING WAVE ON A GUITAR
A guitar is played by plucking the string, which emits a sound at the frequency of its vibrations. To play different tunes, the
string is held down by your finger at fret locations, each subsequent fret shortening the length of the string by about 2 cm. If
a guitar string has a full length of 64 cm, a tension of 70 N, and a mass per unit length of 1×10−3 kg/m, what is the
frequency emitted by the guitar if held at the 10th fret location?

PRACTICE: UNKNOWN MASS HANGING ON A ROPE
An unknown mass hangs on the end of a 2 m rope anchored to the ceiling when a strong wind causes the rope to vibrate
and hum at its fundamental frequency of 100 Hz. If the rope has a mass of 0.15 kg, what is the unknown mass?
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CONCEPT: INTRODUCTION TO SOUND WAVES
● Sound is a common type of longitudinal wave
- The oscillations in sound waves are in the pressure of the gas the sound travels in
- These oscillations occur along the propagation direction of the wave  longitudinal wave
P
Pmax

Pmin
x

x

● Remember! All the same equations that apply to transverse waves apply to longitudinal waves
- The only thing unique to each type of wave is the SPEED

● The SPEED of sound in an IDEAL GAS is

𝑣 = ____________________

where 𝜸 is a constant, the HEAT CAPACITY RATIO

● Remember! The heat capacity (𝐶) is a measure of how much heat is needed to change the ______________________
- Two heat capacities exist for gases: the constant pressure (𝐶𝑃 ) and the constant volume (𝐶𝑉 )
- 𝛾 = 𝐶𝑃 /𝐶𝑉
● The speed of sound in air is

𝒗 = (𝟑𝟑𝟏

𝒎
𝑻
) √𝟏 +
𝒔
𝟐𝟕𝟑

where 𝑻 is in units of oC

EXAMPLE: What is the heat capacity ratio for air? Consider air to have a molar mass of 2.88×10−2 kg/mol.
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PRACITCE: WAVELENGTH OF SOUND WAVES
A sound wave is emitted at a frequency of 300 Hz in air at a 0 oC. As the sound wave travels through the air, the
temperature increases. What is the wavelength of the sound wave at the following temperatures?
a) 0 oC
b) 20 oC
c) 45 oC
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CONCEPT: SOUND WAVES IN LIQUIDS AND SOLIDS
● Sound can travel in any elastic medium, so it can also travel in LIQUIDS and SOLIDS
- Sound traveling through a solid or liquid would look the same traveling through gas, just at a different speed

● The SPEED of sound in a LIQUID is

𝑣 = ____________________

where 𝑩 is the BULK MODULUS of the liquid

● The SPEED of sound in a THIN SOLID is

𝑣 = ____________________

where 𝒀 is the YOUNG’S MODULUS of the solid

● The MODULUS of a solid or a liquid is a measure of its elasticity
- The larger the modulus, the harder it is to compress the material

EXAMPLE: Deionized water has a bulk modulus of 2.2×109 Pa. What is the wavelength of a 250 Hz sound wave in
deionized water?
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CONCEPT: STANDING SOUND WAVES
● Just like with waves on a string, when sound waves are reflected off a surface, they interfere
- At specific frequencies, the interference will produce STANDING WAVES
● Standing sound waves are produced by actual oscillations in the air molecules
- A displacement node is ALWAYS a pressure [ NODE / ANTINODE ], and vice versa

● The OPEN end of a tube is always a PRESSURE NODE, and the CLOSED end is always a PRESSURE ANTINODE
 The open end is always a displacement ______________ and the closed end a displacement _____________

● There are TWO IMPORTANT scenarios to know for standing sound waves:
- A tube with BOTH ends open has a PRESSURE NODE at each end

 Node-node

- A tube with ONE end closed has a NODE at one and an ANTINODE at the other

 Node-antinode

● The equations for standing sound waves are the SAME as for standing waves on a string:
- For node-node standing sound waves

𝜆𝑛 = 2𝐿/𝑛 and 𝑓𝑛 = 𝑛𝑣/2𝐿 where 𝑛 is _________________

- For node-antinode standing sound waves

𝜆𝑛 = 4𝐿/𝑛 and 𝑓𝑛 = 𝑛𝑣/4𝐿 where 𝑛 is _________________

EXAMPLE: A wind instrument is 1 m long an open at the mouthpiece but plugged at the far end. What is the third highest
harmonic frequency this instrument can make? Assume that the temperature is 20 oC.
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EXAMPLE: FUNDAMENTAL FREQUENCY OF EAR CANAL
The human ear can be modeled as a tube with one end open and one end closed (by the ear drum). If the length of the ear
canal is roughly 2.5 cm, what would the fundamental frequency of standing waves in the ear be? Assume the temperature
inside the ear is that of the human body, 37 oC.

EXAMPLE: THIRD HARMONIC FOR WAVES IN A TUBE
Calculate the third largest frequency for a standing sound wave in a 0.02 m tube at 20 oC if
a) Both ends are open
b) One end is closed
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CONCEPT: SOUND INTENSITY
● INTENSITY is the amount of power carried by a wave over the surface area that the wave is spread across
- Power is fundamental to the wave, whereas intensity depends entirely upon the surface the wave is across
● Imagine a sound source emitting sound equally in all directions
- The surface area of a sphere depends on r2

Intensity depends on r2

● Two INTENSITIES, at two different distances, are related by

𝐼1
𝐼2

= _____________________

EXAMPLE 1: A speaker emits a sound that you measure to have an intensity of 100 W/m2 when you are 5 m away from it.
What would the intensity measured be if you walked 3m towards the speaker?

● The intensity of sound is related to the maximum pressure in a sound wave
- More pressure  more intensity
-

𝑰=

𝟏 𝑷𝒎𝒂𝒙
𝟐 𝝆𝒗

EXAMPLE 2: Air has a density of 1.22 kg/m3. If a sound wave has an intensity of 1×107 W/m2, what is the maximum
pressure of the wave if the air temperature is 0 oC?
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PRACTICE: POWER EMITTED BY SOURCE
A source emits a sound in the shape of a cone, as shown in the figure below. If you measure the intensity to be 100 W/m2 at
a distance of 0.5 m, what is the power of the source?

30

o
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CONCEPT: VOLUME AND INTENSITY LEVEL
● VOLUME of a sound is not a measure of its intensity, but a related quantity called the INTENSITY LEVEL
- This is because volume only noticeably changes with LARGE changes in intensity

● The INTENSITY LEVEL, or volume, of a sound is given by
𝛽 = ____________________________

where dB is the DECIBEL

● Common volumes are:
- Threshold of hearing: 0 dB
- Quiet room: 40 dB
- Conversation: 60 dB
- Speakers in noisy club: 100 dB
- Threshold of pain: 130 dB
- Jet Aircraft at 150 ft: 140 dB
- Dangerous volumes: > 150 dB
● Humans cannot hear EVERY sound above 0 dB in volume: humans can only hear sounds between 20 Hz and 20 kHz
- Pressure from high volume sounds out of range of hearing can still do damage

EXAMPLE: A sound is measured to be 25 dB loud at a distance of 10 m from the source. If you walked 4 m away from the
source of the sound, what would the volume of the sound be?
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PRACTICE: SPHERICAL POWER SOURCE
A source emits sound spherically with a power of 2.2×104 W. What is the minimum distance away from this sound that
would be considered safe (a volume of 150 dB or less)?
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CONCEPT: THE DOPPLER EFFECT
● The measurement of the frequency of a sound will always be the SAME whenever you measure at rest
- The frequency will NOT be the same if measured in motion
● The DOPPLER EFFECT is the changing of frequencies of sound when in motion relative to a source
- The frequency [ DECREASES / INCREASES ] when moving towards the source
- The frequency [ DECREASES / INCREASES ] when moving away from the source

AT REST

IN MOTION

● The frequency DETECTED due to the DOPPLER EFFECT is

𝑓𝐷 = _______________________

where D is the DETECTOR, and S is the SOURCE

● To use the Doppler effect equation, you need a very particular coordinate system:

D

S

EXAMPLE: A speaker emits a sound at 20 Hz while at rest. If the speaker were moving away from you at 45 m/s, what
frequency of sound would you hear? Consider the speed of sound to be 343 m/s.
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PRACTICE: PASSING POLICE SIREN
A police siren emits a sound somewhere around 700 Hz. If you are waiting at a red light, and a police car approaches you
from behind and passes you, moving at a constant 30 m/s, what is the frequency you hear from the siren as it approaches
you from behind? What about once it’s passed you? Assume the air temperature to be 20 oC.

EXAMPLE: TWO SUBMARINES APPROACHING ONE ANOTHER
Two submarines approach one another underwater. Sub 1 emits a sonar pulse at 1×103 Hz which travels from Sub 1
towards Sub 2, is then reflected off of Sub 2, traveling back to Sub 1. If the speed of sound in water is 1500 m/s, Sub 1 is
approaching Sub 2 at a speed of 18 m/s, and Sub 2 is approaching Sub 1 at a speed of 15 m/s, what frequency does Sub 2
detect the sonar pulse at? What frequency does Sub 1 detect the reflected sonar pulse at?
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CONCEPT: BEATS
● When two sound waves occupy the same place at the same time, they INTERFERE
y

y

t

t

● The interfered waves are composed of repeating units known as BEATS
- Beats have a high frequency component (the rapid oscillations within the beats)
- Beats also have a low frequency component, which are the slow oscillations of the beats themselves

● The low frequency of the beats, known as the BEAT FREQUENCY, is given by
𝑓𝑏𝑒𝑎𝑡 = _______________________

● Each beat has a point of maximum displacement
- Since the volume of sound is directly related to the displacement, this is point where the sound is loudest
- What the listener hears is a “wah-wah-wah” sound (the sound at the highest displament) at the beat frequency

EXAMPLE: The tuned low E string on a guitar emits sound at 82 Hz. If you were to strike a tuning fork which emitted a
sound at EXACTLY 82 Hz, and you plucked your untuned low E string, you hear a beat frequency of 4 Hz. What possible
frequencies could your low E string be at?
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PRACTICE: UNKNOWN FREQUENCY
A string emits an unknown sound. You strike a tuning fork which emits a sound at EXACTLY 300 Hz, and you hear a beat
frequency of 20 Hz. You then tighten the string, increasing the tension in string. After you pluck the string and strike the
tuning fork, you hear a new beat frequency of 30 Hz. What is the unknown frequency of the string, originally?

Page 35

