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ABSORPTION OF SOUND

= Absorption

>
Wm, ®$
>
Q N
> , 3<:
T Wa,c
Byl
4

*.' -
"L UNIVERSITY OF TWENTE.



ABSORPTION OF SOUND

Melamine Foam Absorption Coefficients
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ABSORPTION OF SOUND

» Fundamentals
» Wave equation - Helmholtz equation (complex notation)
* |mpedance

» |ntensity/Power
» Reflection / Transmission
SV = Absorption
| » Demonstration
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FUNDAMENTALS
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» Helmholtz equation (time harmonic solution)

p(z,t) = C(z)cos(wt — ¢)
p(x,t) = A(x)cos(wt) + B(x)sin(wt)

50 A(x)
( Ox?

2828(:10)

) + sz(m)) cos(wt)+ ( + sz(:z:)) sin(wt) =0
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FUNDAMENTALS

= Helmholtz equation (time harmonic)
p(z,0) = A(2)ros(wt) +[B@)sin(wt)
= equivalent (complex) notation

% p(z,t) = R (P(z)e™")

p(e,1) = R{(P:(2) + iPi(2)) (cos(wt) + isin(wn)))}

‘g p(x,t) = Pr(x)cos(wt) n(wt)

UNIVERSITY OF TWENTE.
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» Helmholtz equation (time harmonic)
p(z,t) = R (P(x)e™")
02 P (z
> g )+ —5Pr(z) =0
TR, 2
W Ty Ox 0< P;(x)
P + P(:c) =0
UJQ 8117
| k=— wave number [1/m]
0
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FUNDAMENTALS
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= Particle velocity

p(x,t) =R (P(m)eiwt)
u(xz,t) =R (U(:E)eiwt)

U(x) =
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FUNDAMENTALS

Im
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—1 OP(x)

U(z) =
EUNDAMENTALS pow Oz

= Plane wave solution

= Purely propagating wave of amplitude A traveling in positive x-
direction (no reflection)

P(z) = Ae ke
1
POCO

P

—tkx
Ae [~ Poco = Zo

U(x) =
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FUNDAMENTALS ) H n T ennB Z:.

» ‘Incoming’ wave of amplitude A traveling in positive x-direction
» ‘Reflected’ wave of amplitude B traveling in the negative x-direction

P(xz) = Ae kT | pethe
s P(x)
A B

%
*.‘ | i . .
TE U(z) = ——e T 4 etk U(x)
Z0 ' —Zg
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FUNDAMENTALS

» Specific acoustic impedance

= =ratio (complex!) pressure over (complex!) particle velocity

= Z = phasor P(x)
U(x)

= Note: only a frequency domain definition!

Z(x) =

T

! P

+ ¢ = Normalimpedance Lp = —
Pg.
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Zn

P = |Zn||Un|ei(¢Z+¢5U)

Re
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FUNDAMENTALS

» Relative specific acoustic impedance
= relative to the characteristic impedance Z, = p, C,

UNIVERSITY OF TWENTE.
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FUNDAMENTALS

Im

Zn
= Particle displacement / expansion Re
= Changing ¢, (¢;=0)
o | o o o
4¢=15 ¢=12 =1 g =2 g =5
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FUNDAMENTALS

Im

Zn
Re

= Particle displacement / expansion
= Changing ¢ (¢, =1)

':Ci:'5 G=-1 G=0
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F dx = pS udt
FUNDAMENTALS

= |nstantaneous acoustic intensity = energy flux [Watt/m?]

= Active acoustic intensity = averaged over time

u w LT
‘ loc = 7 /O p(z, Dun(z, £)dt

082 0.0925 0.003 0.0935
L[l

UNIVERSITY OF TWENTE. 20/11/2018
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FUNDAMENTALS

= Active intensity for harmonic signals averaged over one period

p(x,t) = Prcos(wt) — P;sin(wt)
u(x,t) = Urcos(wt) — U;sin(wt) 1
ICLC — 5‘5.]%(PU)

1 T 1.
_S Ioe = T/O p(x,t)un(x,t)dt Ioe = EUU R(Z)
Ve g 2 —> 1 _
™~ 7= Ioe = —PPR(1/2)
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FUNDAMENTALS
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» |ntensity of the incident plane wave

P(z) = Ae~ =

U(x) = Zie_ikm
0

—
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FUNDAMENTALS

= Active intensity

= intensity of the incident plane wave
minus the intensity of the reflected wave
_S) P(CC) - Ae—’ikfﬂ_l_Be’ikCC
A B
. U(:IC) — Z_e—zkx_l_ ~ ezka:
ﬁ\' 0 — 40
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FUNDAMENTALS

= Active power = spatial integration of the intensity [Watt]

f Wae = / lqcdS
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ABSORPTION OF SOUND

= Absorption
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REFLECTION AND TRANSMISSION

» normal incident plane waves
= constant cross-sectional area
= change in impedance

incident
pt =pT(t—2x/cy)

Zl
reflected
<

p-=p (t—2x/cy1)

UNIVERSITY OF TWENTE.

transmitted
>

p'" = p""(t — z/co)

Z;

27



@ REFLECTION AND TRANSMISSION

v,

Ay
=3

= reflection coefficient: R
= fransmission coefficient: T

= .. atthe interface
= continuity of pressure: 1+R=T
= continuity of mass: 1-R=2,/Z,T

UNIVERSITY OF TWENTE.
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REFLECTION AND TRANSMISSION

= solving for R and T yields:
= reflection coefficient:

T — 74

 Zo+ 74

= transmission coefficient:
275

 Zo+ 7
UNIVERSITY OF TWENTE.
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REFLECTION AND TRANSMISSION 2

1
. .. EPP = pagms
= sound power reflection coefficient r

W TS (o)’
W+ I+s (p’;l_ms)Q

71

Y . using Ige = p2,,s R(1/2)

r = R’

3
‘% UNIVERSITY OF TWENTE. 30



REFLECTION AND TRANSMISSION

= sound power transmission coefficient t

wtr (pfrms)Q/ZQ

T wE T
w (pfr‘ms)Q/Zl

= which yields:
T = T2é
7.

UNIVERSITY OF TWENTE.

31



O
@ REFLECTION AND TRANSMISSION

W7z = interms of impedance ...

— (ZQ — 21)2 conservation of energy
(Zo + Z71)?
» and G T=1
44175
- (Zo+ 71)?

UNIVERSITY OF TWENTE. 32




REFLECTION AND TRANSMISSION

= Z,>>7, (Rigid wall) yields
= R=1,r=1
m T=2,1t=0
= pressure doubling

T Pwal =P +p~ = (1 4+ R)pT =2p™

( ‘ = .. all power reflected

UNIVERSITY OF TWENTE.
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REFLECTION AND TRANSMISSION

= Z,<<Z, (Pressure release)
» R=-1,r=1
= T=0,t=0
= pressure zero

A% Pwait = (1 + R)pT =0

= .. all power reflected

UNIVERSITY OF TWENTE. >4



REFLECTION AND TRANSMISSION

= Z,=Z7, (Matched impedance)
= R=0,r=0
s T=1,t=1
» pressure undisturbed

Pwar = (1 + R)ptT =p

( ‘ = .. all power transmitted

UNIVERSITY OF TWENTE.
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ABSORPTION OF SOUND (RESONATORS)

Absorption coefficient [-]
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ABSORPTION OF SOUND - Poco

2(¢+ Q)
(C+1)(¢C+1)

= Absorption v. impedance (normal incidence) « =

5 N /
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“,l —
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ABSORPTION OF SOUND (MEASUREMENT)

= origin coordinate system at p,

Py = Ae—iks_l_ Beiks Wi‘n, AA
microphones
speaker Pigp P2
DI o~ e EIB
) > absorbing sample

[

<+<— s = distance between microphones

UNIVERSITY OF TWENTE. 3 38
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pr = A+ B
ABSORPTION OF SOUND (MEASUREMENT) p2 = Ae "4 Be'*?
= Non-iso standard! i A
L = A+5 P1
Hpy = Ae ™ 4 Be's B= i

" ‘?5& R = E — E

AT A ,
o Hy1 — e—'&ks —_ = 1 — |R|
}I o etks _ H21

UNIVERSITY OF TWENTE. Note: independent of position! *



ABSORPTION OF OBLIQUE SOUND (MEASUREMENT)

= Absorption depends does not only dependent on the impedance but
also on e.g. the angle of incidence (or, more general, the incident

sound field)
plane wave
0 P
=7
ug v
Un normal impedance
P P Z
Zn —_— 0

UNIVERSITY OF TWENTE. Un Ucos(0)  cos()



ABSORPTION OF SOUND
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ABSORPTION OF OBLIQUE SOUND

Z,=1.41 p, C, Z,=2pyCo
UNIVERSITY OF TWENTE.

Ml

Z =3.86 p, Cq
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(IN-SITU MEASUREMENT

ABSORPTION OF SOUND

UNIVERSITY OF TWENTE.
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ABSORPTION OF SOUND (IN-SITU MEASUREMENT)

= | ouvre door/window
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ABSORPTION OF SOUND (IN-SITU MEASUREMENT) Wee T

= LOCAL plane wave assumption for in-situ measurement of absorption

» Determine the amplitudes of the incident and reflected wave at the
measurement position (like in an impedance tube)

P = Ae—i.k::1:+Be-ik:3: — A—}—B

1 . 1
Un = — (Ae_"’k" - Be"‘l‘“l") =~ (A-B)
pc pc

A(r,n) = (P+ pcU-n)/2
B(r,n) (P —pcU-n)/2 r

UNIVERSITY OF TWENTE.



ABSORPTION OF SOUND (IN-SITU MEASUREMENT)

= Determine the incident intensity at every location and the associated
incident power

Lin
I*r'efl

AA/(2pc) Wae

BB/ (2pc)

— > W =/Imds —> a=

m

= = | PW-method

UNIVERSITY OF TWENTE.




ABSORPTION OF SOUND (IN-SITU MEASUREMENT)

Louvre door
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I@ ABSORPTION OF SOUND (IN-SITU MEASUREMENT)

Ay ;,w;::. = Louvre door

Y — o suce
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* |mpedance tube
= LPW method

O
@ DEMONSTRATION

UNIVERSITY OF TWENTE.
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