Wave equation, interference, standing
wave, propagation of waves in space.
Energy and wave intensity, acoustics.



* Mechanic (sound, ultrasound, noise,
vibration of machines, earthquakes, tsunami
wave,...)

» Elektromagnetic (TV and radio
transmission, microwaves, light)

e Gravitation

* Quantum particles and their wave functions



Wave 1s common oscillating motion of space
clements

Every point oscillates, but with variable phase
In space, superposition of these oscillations
1S wave

Points oscillate “on site” without any
displacement together with propagated
wave



Amplitude, phase, wave vector, wavelength,
angular frequency, frequency, period
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Wavetront travels by phase velocity ¢

Ray — direction of wave, perpendicular to
wavefront, wave vector &




* Phase, points with equal phase = wavefront

@ = ot — kx t
* Phase velocity
A=cT ="
/
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Wavefronts are spherical planes 1n an 1sotropic
space, they are almost planar far from wave source



Every point on the wavefront 1s a new source
of waves. Resulting wavefront 1s built by
superposition of all these incremental
waves.




Wavefront position 1n space 1s given by

wt — kx = konst.
Derivative by time
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dx y Ay
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* Longitudinal (e.g. sound in liquids and
gasses), displacements of points are in the
same direction as the wave propagation
direction

* Transversal (e.g. waves on water surface,
ultrasound 1n solid state, etc.),
displacements of points are perpendicular to
the wave propagation direction



* Deflection of string (transversal wave)

* Phase velocity on string

F
V=
Y7

F ... force 1n string [N]
u ... linear mass density of string [kg m-!]



Superposition principle M

= sum of displacements

from both waves

y(x,1) = y(x, )+ y,(x,1)




Every wave could be superposed from the
harmonic (sinusoidal) waves of different
amplitude
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Superposition of two waves, same frequency
y, =y, si(wt —kx)

v, =y, sin(wt —kx+ @)

Superposed wave

Y=ty =2y, cos(i p)sin(@r — kx + ; 0)

Amplitude depends on phase difference



Constructive Destructive
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interference 7 interference
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Tabulka 17.1 Fazové rozdily a Jim odpovidajici druh interference?
FAZOVY ROZDIL FAZOVY ROZDIL DRAHOVY ROZDIL AMPLITUDA DRUH
VE STUPNICH V RADIANECH VE VLN. DELKACH VYSLEDNE VLNY INTERFERENCE
0 0 0 2¥m Gplné konstruktivni
120 2n/3 0,33 ¥m Cdstednd
180 n 0,50 0 plné destruktivni
240 4n/3 0,67 ¥m Cdstednd
360 2n 1.00 2¥m Gplné konstruktivni
865 15.1 2,40 0.60vy Castecnd

@ Interferuji dvé identické harmonické viny o amplitudé ym, postupujici souhlasnym smé rem.



Superposition of waves with the same frequency

(B) (c)

yi = ylil +y312 ~2Y,1Ym €0s(180° — )

tan(ﬂ) — ymz S1n (0
yml + ym2 COS(D



Superposition of two waves travelling with the same

speed 1n the opposite direction
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Standing wave displacement
y1(x,8) = yy, sin(kx — at)
Vo (x,t) =y,, sm(kx + wt)

y=y1+y2 =2y, sin(kx)cos(wr)

Nodes Antinodes

sin(kx) =0 sin(kx) = 1
A

kx:nﬂ', X=n _—, kx:(}’l—kljﬂ', x:(n_kl)l,
2 2 2)2

n= 031,2,3,... n= 091,2,3,,"



Trumpets, flutes, etc. — fundamental and higher
overtones (harmonics)

Open end — antinode, closed end - node

------

n=4w,1=21./4=L



Fixed end — 1n phase

free end — opposite

phase
| 7 N

N
N



Constructive interference of superposed waves

(a)

Frequencies
2L

A=—, n=123...
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harmonic frequencies

overtones=harmonics



Superposition of two waves with near frequencies

v, =y, sin(w,t —k,x)

1 ey VWV
a)=2(a)1 +w,), Aa)=2(a)1 —,)
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Angular frequency of beats

Wheats = 2A @

Frequency of beats

Jreas = f, — £,



,Wave packet*
Awt — Akx = konst.

Propagation velocity of ,,packet® = group

velocity y
Q

y = 4@
“ dk
Dispersion

Ifnot w=kc,thenitis v, #c¢



Law of reflection
0,=0,




Law of refraction
sin(f,) v,
sin(6,) v,

Snellius



Waves are propagated in the geometrical shadow

Geometrical shadow

\

Geometrical shadow




Concentration of wave fronts = concentration
of sound wave pressure

vz
P—ux

(@)



Crests of wavefronts are concentrated to built
shock wave (sound barrier)

Mach number

&

povich
Machova kuZele

Mach cone
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1D waveguide —

y

) (&

Mean energy per 1m string length

?

dx

ix

kinetic and potential energies

y(x, 1) = ymsin(kx — wt)

dEk=-i-dmu2 dm = pudx

av
U= a—‘ = —@Vy COs(kx — wt).
Ex = — f dEk.
ﬂw »r
4 m

Mean value of kinetic and potential energy is the same.



* Mean power P = (Ex + Ep)v = 2Ev @
= _ 2 ‘
P = jﬂv“’z)’m

« Wave intensity = power per 1m? of wavefront
P P

I/

S 4w’
Wave intensity decreases with increasing size of
wavefront!



Mechanical waves — longitudinal only in air,
longitudinal and transversal in solids

* Sound (20Hz-20kHz)
 Ultrasound (above 20kHz)
 Infrasound (below 20Hz)



* Frequency 20Hz-20kHz

* Phase velocity

* Wavelengths 1n air

Tabulka 151 Rychlost zvukuo

PROSTREDI - PROSTREDI - PROSTRED -
m-s m-s m-s

Plyny® Pevné ldtky® Kapaliny®

Vzduch (0°C) 331 Hlinik 6420 Voda (0°C) 1402

Vazduch (20°C) 343 Ocel 5941 Voda (20°C) 1482

Helium 965 Zula 6000 Moiski voda® 1522

Vodik 1284

4 0°C atlak 1 atm, pokud neuvedeno jinak.
® Pfi 20°C a salinité 3.5 %.



e In solids
E
v= |2
yo,

 In liquids
K
s= |2
yo,

Modulus of volume compressibility x = —V@I’ij



Longitudinal wave of acoustic pressure differences
(10 - 10'Pa)

Medium particles oscillate in the direction of wave
propagation



« Acoustic power per 1m? of wavefront
surface P P

] = =
* Sound intensity

1 2 2
I =—pvou
2 m

* Acoustic impedance of material

L, =pv



Ratio of intensity and its reference in
logarithmic scale

L =(10dB) log]], I, =10"Wm™

0

Tabulka 182 Nékteré hladiny intenzity zvuku v dB

Préh slyiitelnost 0 Rockovy koncert 110
Seveleni listi 10 Prih bolesti 120
Bé&iny hovor &0 Proudovy motor 130




homen.vsb.cz/~ber30/texty/varhany/anatomie/pistaly akustika.htm
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