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Learning outcomes

* Wave propagation in solid media
— Longitudinal/quasi-longitudinal waves
— Shear waves

— Bending waves

Wave equation solution

Wave propagation in fluids

Wave phenomena

Musical acoustics
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Types of waves — Classification

Depending on propagation media

. . . 03N, s v o os KNE 23 S DL TR X Y-

— Mechanical waves (solids and fluids) FRr Tl 5 50 fp,f"_‘ff‘j &2 R
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— Periodics and non-periodics * i NE T SR A T Y
Based on particles’” movement in relation with propagation direction:

— Longitudinal waves (solids and fluids)

— Transverse waves (solids)

25 g1

LUND

NOTE: waves do not transport mass, just energy
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Types of waves in solid media

* Longitudinal waves (00 medium »~ beams)

—  Quasi-longitudunal waves (finite ~ plates) Plte: E, G, p, v, h

0ux  pO7ux _ Lle CEE L R R
0x%? E’ 0t? o B L i i 1 T HH s
CqL. = - -
qL et 7T e [N
» Shear waves T T T <
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* Bending waves (dispersive) B AT M D B
// ;‘\- ',)' \L._ /,& o
y
04uy azuy +|B ‘ m = ph Bbeam =E <
B + m =0 CB(w) = VO [ X
aX4 atz m 3 :
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. Bpae = 15102y
NOTE: torsional waves (beams and columns) are not addressed here (1-v?) LUND
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Wave equation solution (I)

* Travelling waves:

Propagation speed

S RN

w kx + wt
e Alternative forms: Y= f(X + Et) - f( R ) = f(kx + wt)
e Note:

e DPeriodic functions: f(xx vt) = f(x£ vt + T)

e  Harmonic functions: f isa sinus or cosinus

UNIVERSITY



Wave equation solution (II)

Time and position dependency: u(xt) = @5 cos(wt — kx) = ay e @)

Time behavior at x=10.25 Snapshot of wave at t=27s
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Wave equation solution (II)

Time and position: u(x,t) = a5 cos (wt — kx) = G e~ @K

Time behavior at x=10.25 Snapshot of wave at t=27s
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Other types...

* In reality, combinations of aforementioned waves can exist, e.g.

©2011, Dan Russell

e Surface waves

Water waves

(long+transverse waves)

Particles in clockwise circles. The radius of the
circles decreases increasing depth

Pure shear waves don’t exist in fluids

©2011, Dan Russell

* Body waves

Rayleigh waves

(long+transverse waves)

Particles in elliptical pazhs. Ellipses width

decreases with increasing depth

Change from depth>1/5 of A B
LUND

UNIVERSITY
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Waves in fluid media

e Sound waves: longitudinal waves

— Pressure as field variable

2 2 .
Op 100 p(x0) = py cos(wtt k) = ppe i@tk

— Velocity as field variable

2 2 1 :
d“v _ 2 g V(X,t) — _p/\i e—l(wtikx)
ot2 0x? ¢
Comparing both equations: 7 = s—i = +pc  (acoustic impedance)
+

¥Fo (1+ ! )—3314(1 ! ) om
Cmedium = air = 50T = 0°C) 273) =2\ o) -
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SPL & SIL & SWL

* Sound pressure level (SPL/ L,) p = p(f) = RMS pressure
Pref = 2:107° Pa =20 pPa
p ) Patm = 101 300 Pa
Prot () = Patm £ P(V)

~2

Ly = 1010g<pT> = 2010g(

ref

Pref

* Sound intensity

—  Sound power (i.e. rate of energy) per unit area [W/m?]

» Instantaneous value: 1(t) = p(t)¥(t)

T
5 1
» Vector quantity: energy flow and direction: 1= (pv)= T f p(H)v(t)dt
_ p? 0
» In afree field: T=—
pC
1
— In decibels (SIL)... L; = 10log (re) i e = 10712 W/m2

*  Sound power

— Rate of energy transported through a surface [W=]/s]:  W(t) = f [,Xt)dS

W S
— In decibels SWL / Ly / Lp)... Lw =10log <W ) 5 W= 10712W

ref
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Wave phenomena

y1(x,t) = §cos(wt — kx)
v, (x,t) = §cos(wt— kx + 0)

Interferences: constructive / destructive

VOV VAW
NN\

/A YA YA Y

Constructive/destructive

depending on ®

0
yx,t) =y;(x,t) +y,(xt) = 2§cos (—) sin(wt — kx + 0)

2

2 VRV

VAV VN
VANV AVA

° Standing waves (coherent source)

y_(x,t) = §cos(wt — kx)

Two travelling waves of same frequency, type
and fixed phase relation propagating in
opposite directions

Source: Dan Russell

v, (x,t) = § cos(wt + kx) y(x,t) =y_(x,0) +y,(xt) =[2§ sin(kx) fos(wt)

Position-dependent amplitude
oscillating according to cos(wt)

UNIVERSITY



Standing waves in a string: resonances & eigenmodes

A=2L
f,=v/2L
Fundamental eigenfrequency / 15 harmonic

. In general:
£,=2f,
Second eigenfrequency / 2" harmonic A=21/n

f =n-v/2L
A=(2/3)L
f;=3f,

Third eigenfrequency / 3" harmonic

Eigenmode: different ways a string (structure in general) can vibrate generating standing waves o

1666 2
05: n,’"\
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Standing waves and higher harmonics (I)

J[N _ /\/\/I\/\/\/\,

Any motion = sum of motion of all the harmonics

— ,__\

100 Hz

200 Hz
300 Hz 300 Hz 200 Hz

200 Hz

00 Hz

300 Hz

Source: J. Hetricks
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Standing waves and higher harmonics (II)

Any motion = sum of motion of all the harmonics

Source: http://signalysis.com

LUN
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Music instruments: string (e.g. violin)

A=2L/n v=(tension/mass-length) /2
f =n-v/2L

w
@ Touch I

When ones plays = Changes L

Knobs (tune) = Vary tension

To discuss: Piano?

UNIVERSITY



Music instruments: wood-wind

Open-open / Closed-closed:
A=2L/n
f =n.v/2L
NOTE: Open-closed vary

v=(temperature/molecular weight) 12

Cover holes 2 Vary L

Change of v (molecular weight) LQ N
UND

UNIVERSITY



Music instruments: soundboards

© ST/
NI
Qo sy
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Standing waves and timbre (I)

e Characteristics of sound:

— Loudness (amplitude)
— DPitch (frequency)
— Quality or Timbre

»  “Cocktail” characteristic of every instrument/source
»  Different combination of higher harmonics

»  What makes us distinguish one instrument from another

 To discuss: helium & voice

Change of molecular weight (i.e. v) = natural frequency goes up

<

LUND
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Standing waves and timbre (II)

amplitude

amplitude

10 L] ] T
Basic frequency, Freq-440Hz
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Source: Quora
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Summary

e Wave propagation in solid media

¢ Wave equation solution

* Wave propagation in fluid media

* Wave phenomena
— Interference (constructive/destructive)
— Standing waves

» Resonances

» Eigenmodes

e How musical instruments work

REFERENCES: Animations retrieved from Dan Russell’s website

UNIVERSITY



Thank you for your attention!

nikolas.vardaxis@construction.th.se
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