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Month Monday Tuesday Wednesday Thursday Friday Saturday Sunday

April

6 7 8 9 10 11 12

13 14 15 16 17 18 19

20 21 22 23 24 25 26

May
27 28 29 30 1 2 3

4 5 6 7 8 9 10

Labs
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Key concepts: directionality

Wave motion
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Key concepts: transverse waves
• First picture:

• Pulse is sent


• Second picture:

• Continuous simple harmonic motion (traveling 

to velocity )

• Example of a transverse wave

⃗v



Key concepts: longitudinal waves
• Produce a sound wave by moving the 

piston right to left

• Motion of the air and change in air 

pressure travel rightward along the pipe 
as a pulse 



Longitudinal vs. Transverse 
(17.1-17.3)

https://www.acs.psu.edu/drussell/Demos/waves/wavemotion.html


Longitudinal waves: Key concepts
• A sound wave is defined as a longitudinal wave

• Key ideas:


• Point  represents a tiny source, called a point source 



• Emits sound in all directions

• Wavefronts and rays indicate the direction of travel 

and the spread of sound waves

• Wavefront: surface over which oscillation due to 

sound has the same value

• Such surfaces are represented by whole or partial 

circles in a two-dimensional drawing for a point 
source

S
S



Longitudinal waves: Key concepts
• A sound wave is defined as a longitudinal wave

• Key ideas:


• Ray: Directed lines perpendicular to the 
wavefront

• The short double arrows superimposed on 

the rays indicate that the longitudinal 
oscillations of the air are parallel to the rays

•



Displacement vs. Excess Pressure 

https://www.acs.psu.edu/drussell/Demos/phase-p-u-sine/phase-p-u-sine.html


A particle of dust is floating in the air in front of a speaker.  The 

speaker is then turned on produces a sound wave of frequency 226 Hz.  

Which one of the following statements correctly describes the 

subsequent motion of the dust particle?


a)  The particle of dust will oscillate left and right with a frequency of 226 Hz. 


b)  The particle of dust will oscillate up and down with a frequency of 226 Hz.


c)  The particle of dust will be accelerated toward the right and continue moving in 
that direction.


d)  The particle of dust will move toward the right at constant velocity.


e)  The dust particle will remain motionless.



A particle of dust is floating in the air in front of a speaker.  The 

speaker is then turned on produces a sound wave of frequency 226 Hz.  

Which one of the following statements correctly describes the 

subsequent motion of the dust particle?


a)  The particle of dust will oscillate left and right with a frequency of 226 Hz. The 
dust particle will not travel across the room; instead, it will vibrate back and 
forth in place along the direction of wave propagation.


b)  The particle of dust will oscillate up and down with a frequency of 226 Hz.


c)  The particle of dust will be accelerated toward the right and continue moving in 
that direction.


d)  The particle of dust will move toward the right at constant velocity.


e)  The dust particle will remain motionless.



Longitudinal waves: Key concepts
• Speed of sound:

• The speed of any mechanical wave, transverse wave or longitudinal wave 

depends on:

• the inertial property of the medium to store kinetic energy

• the elastic property of the medium to store potential energy


• 


• ,  = tension in the string,  = linear density


• If medium is air,  = volume density of air ( )

v =
elastic property
inertial property

v =
τ
μ

τ μ

μ ρ



Longitudinal waves: Key concepts
• Speed of sound:


• 


• ,  = tension in the string,  = linear density


• If medium is air,  = volume density of air ( )


• What is  or more generally, the elastic property?

v =
elastic property
inertial property

v =
τ
μ

τ μ

μ ρ
τ



Longitudinal waves: Key concepts
• Speed of sound:


• What is  or more generally, the elastic property?

• As sound waves pass through air, potential energy associated with periodic compressions 

and expan- sions of small volume elements of the air

• The property that determines the extent to which an element of a medium changes in 

volume when the pressure (force per unit area) on it changes


• bulk modulus,  defined as:


• , what is the unit?


• Signs of  and  are opposite: when we increase pressure, volume decreases: 
↑ → ↓


• Sign of ?

τ

B

B = −
Δp

ΔV/V
Δp ΔV

Δp ΔV
B



Longitudinal waves: Key concepts
• Speed of sound:


• What is  or more generally, the elastic property?

• As sound waves pass through air, potential energy associated with periodic compressions 

and expan- sions of small volume elements of the air

• The property that determines the extent to which an element of a medium changes in 

volume when the pressure (force per unit area) on it changes


• bulk modulus,  defined as:


• , what is the unit? pascal or pressure unit


• Signs of  and  are opposite: when we increase pressure, volume decreases: 
↑ → ↓


• Sign of ? +

τ

B

B = −
Δp

ΔV/V
Δp ΔV

Δp ΔV
B



Longitudinal waves: Key concepts
• Speed of sound:


• 


• 


• Speed of sound in water is greater than speed of 
sound in air

• Is it density?

• No, it is the bulk modulus

• Water is much more incompressible than air

v =
elastic property
inertial property

v =
B
ρ



Longitudinal waves: Formal derivation
• Let the pressure of the undisturbed air be  and the pressure inside the pulse be  + 

 (  is positive due to compression)


• Consider an element of air of thickness  and face area  moving toward the pulse at 
speed 


• This element enters the pulse, encounters region of higher pressure, slow down by 

p p
Δp Δp

Δx A
v

Δv



Longitudinal waves: Formal derivation
•  is negative


• The pulse takes  time to go through the element:


•

Δv
Δt

Δt =
Δx
v



Longitudinal waves: Formal derivation
• Let’s apply Newton’s second law:


• During , the average force on the element’s trailing face is  toward the right, 
and the average force on the leading face is  toward the left


• Average net force:


•  = 

Δt pA
(p + Δp)A

F = pA − (p + Δp)A −ΔpA



Longitudinal waves: Formal derivation
• Average net force:


•  = 


• Volume: , Mass:  =   =  = 


• Acceleration: 

F = pA − (p + Δp)A −ΔpA
AΔx Δm ρΔV ρAΔx ρAvΔt

a =
Δv
Δt



Longitudinal waves: Formal derivation
• Acceleration: 


• Newton’s second law: 


• 


•

a =
Δv
Δt

F = ma
−ΔpA = (ρAνΔt)

Δv
Δt

ρv2 = −
Δp

Δv/v



Longitudinal waves: Formal derivation

• 


•  (air that occupies a volume  outside the pulse is 

compressed by an amount  as it enters the pulse)

ρv2 = −
Δp

Δv/v
ΔV
V

=
AΔvΔt
AvΔt

=
Δv
v

V

ΔV( = AΔvΔt)



Longitudinal waves: Formal derivation

• 


• 


•

ρv2 = −
Δp

Δv/v
ΔV
V

=
AΔvΔt
AvΔt

=
Δv
v

ρv2 = −
Δp

Δv/v
= −

Δp
ΔV/V

= B



The graph shows measured data for the speed of sound in water and the density of 

the water versus temperature. 

What can we infer about the bulk modulus of water in that temperature range?


a) The bulk modulus of  water increases

 linearly with temperature.


b) The bulk modulus of water decreases 

non-linearly with temperature.


c) The bulk modulus of water is constant 

with  increasing temperature.


d) The bulk modulus of water increases 

non-linearly with increasing temperature.


e)  The bulk modulus of  water increases with temperature until it peaks then it 
decreases.



The graph shows measured data for the speed of sound in water and the density of 

the water versus temperature. 

What can we infer about the bulk modulus of water in that temperature range?


a) The bulk modulus of  water increases

 linearly with temperature.


b) The bulk modulus of water decreases 

non-linearly with temperature.


c) The bulk modulus of water is constant 

with  increasing temperature.


d) The bulk modulus of water increases 

non-linearly with increasing temperature.


e)  The bulk modulus of  water increases with temperature until it peaks then it 
decreases. The Bulk Modulus follows the trend of the speed of sound squared. 
Since the speed increases to a peak and then falls, the bulk modulus will do the 
same.




Traveling waves



Displacement and pressure
• Displacement:

• 

•  = maximum displacement

•  = wave number

•  = angular frequency


• Pressure:

• 


• Pressure amplitude related to 
displacement amplitude:

•

s(x, t) = sm cos(kx − ωt)
sm
k
ω

Δp(x, t) = Δpm sin(kx − ωt)

Δpm = (vρω)sm



Displacement and pressure
• Pressure amplitude related to 

displacement amplitude:

• 


• Derive from:


• 


• , 


• 


•

Δpm = (vρω)sm

Δp = − B
ΔV
V

V = AΔx ΔV = AΔs
Δp = − B

Δs
Δx

= − B
∂s
∂x

∂s
∂x

=
∂
∂x

[sm cos(kx − ωt)] = − ksm sin(kx − ωt)



The longitudinal displacement from equilibrium position x 
of a mass element of air as a sound wave passes through at 
time t is given by	 	  s = sm cos (kx – ωt). 


	 f = 440 Hz      λ = 2π/k = 0.75 m       sm = 12 µm 


Calculate the displacement (in µm) from equilibrium at 
time t = 0.11 s of an element whose position is at x = 1.2 m.


	 a.	 3.7

	 b.	 2.6

	 c.	 4.5

	 d.	 -2.6

	 e. 	 5.2



The longitudinal displacement from equilibrium position x of 
a mass element of air as a sound wave passes through at time t 
is given by	 	  s = sm cos (kx – ωt). 


              f = 440 Hz      λ = 2π/k = 0.75 m      sm = 12 µm 


Calculate the displacement (in µm) from equilibrium at time 

t = 0.11 s of an element whose position is at x = 1.2 m


	 a.	 3.7

	 b.	 2.6

	 c.	 4.5

	 d.	 -2.6

	 e. 	 5.2









Interference
• The interference of two passing sound waves with identical wavelengths 

passing through a common point depends on their phase difference  

• Sounds waves emitted in phase:


• 


• where  = path difference 

• Fully constructive interference occurs when  is an integer multiple of 

• ,  = 0, 1, 2


• Fully destructive interference occurs when  is an odd multiple of 

• ,  = 0, 1, 2

ϕ

ϕ =
ΔL
λ

2π

ΔL
ϕ 2π

ϕ = m(2π) m
ϕ 2π

ϕ = (2m + 1)π m



Recap



Transverse Wave 
Interference 
(16.4-16.7) 

Dan Russell's Acoustics and Vibration Animations 
https://www.acs.psu.edu/drussell/demos.html 

https://www.acs.psu.edu/drussell/demos.html


A function f(x,t) satisfies this PDE:

2 2

2 2 2

1f f
x c t
∂ ∂

=
∂ ∂

Invent two different functions f(x,t) that solve this 
equation.  Try to make one of them “boring” and 
the other “interesting” in some way. 

9.2



A function  f  satisfies the wave equation:

A)    sin [k(x – vt)]


B)    exp [-k(x + vt)]


C)    a(x + vt)3


D)    All of these.


E)    None of these

∂2 f
∂x2

=
1
v2
∂2 f
∂t2

Which of the following functions work?

9.4
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Two different functions f1 (x,t) and f2 (x,t) are solutions of the 
wave equation.

A) Yes, always


B)  No, never


C)  Yes, sometimes, depending of f1   and f2  

∂2 f
∂x2

=
1
v2
∂2 f
∂t2

Is (A f1  + Bf2 )  also a solution of the wave equation?

9.7



Two different functions f1 (x,t) and f2 (x,t) are solutions of the 
wave equation.

A) Yes, always


B)  No, never


C)  Yes, sometimes, depending of f1   and f2  

∂2 f
∂x2

=
1
v2
∂2 f
∂t2

Is (A f1  + Bf2 )  also a solution of the wave equation?

9.7



One particular “traveling wave” solution to this is 
 	 	  
	 	 	 f1(z,t) = A1cos(k1z – ω1t + δ1) 
 
There are many other solutions, including f2(z,t) with the SAME 
functional form, but with higher angular frequency, ω2 > ω1. 
 
What can you say about the speed  of that new solution? 
 
A) greater than v        
 
B)  less than v          
 
C) equal to v 
 
D) indeterminate!    

∂2 f
∂x2

=
1
v2
∂2 f
∂t2The 1-D wave equation is   

9.18
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A)

B)

C)

D)

Two impulse waves are approaching each other, as shown.  Which picture 
correctly shows the total ? 

9.9



A)

B)

C)

D)

Two impulse waves are approaching each other, as shown.  Which picture 
correctly shows the total ?

9.9



Three sinusoidal waves of the same frequency and wavelength travel from left to 
right. Their amplitudes are ym, ym/2, ym/2 and their phase constants are 0, π/2, π, 
respectively. 


What are


(a)The amplitude of the resultant wave?


(b)The phase constant of the resultant wave?


(c)Plot the resultant wave at t = 0 and discuss as t increases.



Three sinusoidal waves of the same frequency and wavelength travel from left to 
right. Their amplitudes are ym, ym/2, ym/2 and their phase constants are 0, π/2, π, 
respectively. 


What are


(a)The amplitude of the resultant wave? ym/√2


(b)The phase constant of the resultant wave? π/4


(c)Plot the resultant wave at t = 0 and discuss as t increases Starts at ym/2 and sine 
propagates to the right



Additional Material


