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The theoretical estimation of sound absorption coefficient of a surface may give very different results.
This will depend on the type of sound field assumed in the theoretical model used for the estimation
of its sound absorption coefficient. Absorption coefficients for normal and diffuse sound fields are widely
known, although they may be far from the absorption values given by an absorbing material when it is
finally installed inside a room or enclosed space, where a sound field closer to a spherical wavefront
is more likely to be found. This work presents a theoretical study, which is addressed at obtaining
a mathematical expression to calculate the sound absorption coefficient for a variable range of incidence
angles, called as. The presented method uses a circular sound field incidence as an approximation to
a spherical incidence. The estimation of this coefficient o is based on obtaining the incident and reflected
sound fields for a surface located facing a lineal source. The advantage of this calculation method over
others lies on its capability to give results for circular, normal and random wave incidence depending on
the range of incidence angles considered in the calculation.
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1. Introduction

The different methods to obtain the absorption
coefficient may be classified depending on the acoustic
surrounding required to carry out the measurement.
These may be divided into three groups: (i) impedance
tube (ISO10534-2, 1996; ISO10534-1, 2000; PUTRA
et al., 2015), (ii) reverberation room (ISO354, 1985;
MIKULSKI, 2013), and (iii) free field (MOMMERTZ,
1995; GARAIL, 1993; Yuzawa, 1975; NOCKE, 2000;
PLEBAN, 2013).

When a sound absorbing material is used under
real conditions, the sound field it will be exposed to
will depend on factors such as the size of the absorb-
ing material or the distance between the sound source
and the material. These two factors will determine the
angle interval with which the wavefront components
will impinge over the absorbing surface. The main es-
timation or measurement methods for the sound ab-
sorption coefficient assume either a normal incidence
sound field or a random incidence sound field over the
sample. Outside laboratory conditions, it is little prob-
able to find a sound field completely diffuse (ISO354,

1985)or one composed by a plane wavefront imping-
ing in a normal direction on the sample to be mea-
sured (ISO10534-2, 1996; ISO10534-1, 2000). This is
why it is considered that a sound field closer to spher-
ical wavefront better approximates to the one that
would be found in a real situation inside a enclosed
space. First, if we compare it to the plane wavefront
assumed in the impedance tube method, in a spher-
ical wavefront the wave will impinge on the sample
with different angles and not with only one as is the
case of the impedance tube. This way, the measure-
ment will give an absorption coefficient assessed on an
interval of angles and not only at normal incidence. In
the method of the reverberation room, where a com-
pletely diffuse sound field is assumed, all the possible
incidence angles are considered to obtain the sound
absorption. Instead, if a spherical wavefront is consid-
ered, the interval of angles with which the wavefront
impinges over the sample will be a function of both
the distance from the source to the sample and the
sample longitude as well (see Fig. 1); important fac-
tors if dimensions existing inside an enclosed space are
considered.
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Fig. 1. Maximum angle of incidence for a wall of length H,
in front of a point source at a distance h.

In this work a circular sound field incidence is
used as an approximation to a spherical incidence. Al-
though, under real conditions, the sound field imping-
ing on a wall tends to a spherical sound field; a circular
incidence, which is the two-dimensional case of the for-
mer, will not only provide a good approximation, but
will also allow varying the range of incidence angles.

Thus, a sound absorption coefficient for a variable
range of incidence angles is obtained in this work. This
estimation allows defining an incidence interval an-
gle to obtain a theoretical sound absorption coefficient
that better represents the absorption value presented
by the sample under real conditions. This absorption
coefficient oy will provide the same result as that pre-
sented by the method of normal incidence estimation
or by the method of diffuse incidence estimation, de-
pending on the incidence interval angles considered.

2. Line source in front of a plane.
Obtaining the sound field

The sound field radiated over the plane (z,y) by
a line source located along the z axis, without any
variation of pressure amplitud along the z axis, may be
represented as a sum of plane waves, where each one of
them is emitted with a determined radiation angle (see
Fig. 2), through the expression (MOSER, 1988; 2009;
O’NELL et al., 2014; WILLIAMS, 1999; FAHY, 2001)
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271'700

ko . 4
poc 20 —ikrm iky dk, (1)
2m k-

where P(k,z) represents the complex amplitudes of
the spatial harmonic components with spatial fre-
quency or wavenumber equal to variable k; ¢ is the
sound velocity and pg is the volumetric density. Fur-
thermore, this sound field may be represented directly
as a point source located in the origin of the plane

A P
Fig. 2. Monochromatic radiator with k = 27/A.

(z,y), without any variation of the velocity amplitude
in direction of the axis z, producing circular waves

(MOSER, 1988)
1
Di = §P007€0H32)(k‘0\/ 2 +y?), (2)

where H(()z) denotes a Hankel function, second type and
order zero. A sound pressure field generated by a point
source located in origin is shown in Fig. 3. This figure
shows that the propagation direction of each one of
these components is given by the wave vector ko =
(kr, k), where k, = kocos@ and k = —kgsin 6, being 0
the angle respect to the axis x, with which the plane
wave is propagated, which changes as k takes different
values in the integral given by the Eq. (1).

y [m]

x [m]

Fig. 3. Sound field produced by a point source.
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Thus, for 0 < |k| < ko, we have that k, = \/k3 - k?
and the propagation angle of the plane wave is real,
varying between 6 = 0° and 6 = 90°. For |k| > ko, k.
is imaginary and the wave is propagated along the
axis y as an evanescent wave, whose amplitude ex-
ponentially decreases towards the axis x. Here, k, =
—j\/k? - ki = —jk.., where k| tends oo as k increases,
producing that the pressure p; corresponding to these
components tends to zero. Hence, the sound pressure
expression for this type of wave results

c [k e i
pi= 00 [ dretretdr, (3)
27 k,
An example of evanescent wave propagating along
the axis y and decaying in amplitude in the z direction

is shown in Fig. 4.

y [m]

x [m]

Fig. 4. Evanescent wave or near field component.

Now, if a plane surface possessing impedance z is
located in front of the line source and over the plane
x = h, as see in Fig. 5, Then, starting from the inci-
dent sound pressure p; given by the Eq. (1), the sound
pressure reflected from the interface is defined as

poc [ ko ;
przngp(k)kfeJere]kydk, (4)
T
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y | Plane of
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Fig. 5. Impedance plane in front of a point source.

an expression representing the reflected sound field
as a sum of an infinite components number of plane
waves, being R,(k) the sound reflection coefficient
given by the surface for each one of the components
of the incident wave.

Then, the incident sound field plus the reflected
sound field has the form

p=p;+p, =L f@[e*jm + Ry(k)e* "] e dk. (5)
2w ) k,

In the plane x = h where the surface is located, the
conditions of sound pressure continuity p and normal
velocity v, must be accomplished; which permits to ob-
tain the expression of the wall superficial impedance z,

given by
. (2) . (6)
Vg /) z=h
Now, from
J op
=L (7)
wpo Ox
or -
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and
p-zv; =0, (9)
we have that in z=h
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Thus, the wall z impedance is equal to
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This way, the sound pressure reflected from the sur-
face located in x = h takes the form

[ k
k _Z Ry _ ) )
e PocC M0 | poc :0 e]kr(z—Zh) e;ky dk, (13)
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and by symmetry with the axis z, it is reduced to

oo [ k
k 2 Rr _ )
pr = poc [ k—o 7‘726 :0 ek (@20 cog(ky) dk.
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(14)

Now, the Eq. (14) may be separated into two in-
tegration intervals. The interval I; for the k < ky con-
sidering only the far field components or propagated
waves of the reflected field; and the second one I for
the k& > ko considering the near field components or



70 Archives of Acoustics — Volume 45, Number 1, 2020

evanescent waves, which are only propagated on the
reflecting surface parallel to it. Hence

Dr = pocko[I1 + IQ] (15)
with
1 ko z ke 9
n==|— l"(’c - ]eﬂ'kr@-%) cos(ky)dk  (16)
T k| 25041
0 poc ko
and
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a) Integral I (k < ko). To develop this first integral,
the following substitution is carried out
k = kosin®,
dk = kgcosfda,

k, = \/k3 - k2sin® 0 = ko cos b,

dk
2o ae
kr ’

1 T2 2 cosf - 1
h=‘1/ L LI
) ﬁ cosf+1

. gdko cos 0(z-2h) cos(koysinf)dd (18)

thus

an expression which gives the plane wave com-
ponents of the reflected sound field possessing
a propagation angle between 0 and /2.

b) Integral Is (k > ko). Evanescent waves are also
known as subsonic waves as they travel at a ve-
locity lower than that used by sound in the air.
Therefore, the wave number component ;. of this
type of waves is imaginary. Although these waves
travel parallel to the surface holding them, they
are assumed to possess a complex propagation an-
gle (FRISK, 1979)

0=mr/2-ju. (19)
This way, as
sin @ = sin [7/2] cosh [u]—j cos [7/2] sinh [u], (20)
then we have that
sin 6 = cosh u. (21)

This way, for the development of this integral the
following substitution is used

k = ko coshu (22)

from which one obtains

dk

ke = —j\Jk? - k2,

kosinhudu,

kr = —jkoV cosh?u — 1,
k, = —jkgsinhu,
and
dk  du
— = —=jd
kr _j J
k. .
k—o = —jsinhu,
resulting

j = smhu +1
; / 4= s1nhu 1
0 PoC

-kosimbu(@=2h) ¢oq (g coshu) du (23)

an expression providing the contribution given by
the near field components to the total reflected
field p,..

The sound field given by the Eq. (14) may be in-
terpreted as generated from an image source, symmet-
rically located with the reflecting surface and the real
point source. Now, the sound field reflected from the
surface will behave as if coming from a virtual point
source only if the wall impedance z = oo and both in-
tegrals are considered; that is, both the near field I
and the far field I; as well. Figure 6 shows the incident
sound pressure p; produced by a point source such as
the one shown in Fig. 5, on a surface located at a dis-
tance h = 3 from the source. Now, if the reflecting sur-
face presents a superficial impedance z = 100pgc, then,

Sound pressure level [dB]

0 2 s 6
yIA
Fig. 6. Level of incident sound pressure |p;| produced by
a point source over a surface located at a distance h = 3
from the source; f =680 Hz.
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the virtual point source must produce the same sound
pressure distribution on the plane where the surface
is located, that is p; = p, in the plane = = 3. Figure 7
shows the reflected sound pressure distribution p,- com-
posed only by the far field I; given by the Eq. (18).
Figure 8 shows the reflected sound field p,., this time
adding the near field I given by the Eq. (23), for dif-
ferent intervals of the integration variable u.

-1.5

-2 4

Sound pressure level [dB]

-3 . . . . .
-6 -4 -2 0 2 4 6
YA

Fig. 7. Level of reflected sound pressure |p,| composed only

by the far field components I, on the plane of a surface of

impedance z = 100pc, located at a distance h = 3 from the
source; f =680 Hz.
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Fig. 8. Level of reflected sound pressure |p.| composed by

the far field I1 and the near field Iz, on the plane of a

surface of impedance z = 100pc, varying the interval of the
integration variable u. Distance h =3 and f = 680 Hz.

Figures 9, 10, and 11 respectively show the to-
tal sound field p = p; + p,. for the cases of a sur-
face of superficial impedance z = poc, z = 100pgc and
2 = —jZs cot (kqd), where d is the thickness of the
absorbing material, Z,, its characteristic impedance

0 0.5 1 1.5 2
X

Fig. 9. Sound pressure level |p| = |p; + p;| in front of a wall
of impedance z = poc; f =800 Hz.
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Fig. 10. Sound pressure level |p| = |p; + p-| in front of a wall
of impedance z = 100poc; f = 800 Hz.
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Fig. 11. Sound pressure level |p| = |p; +p-| in front of a wall of

impedance z = —jZs cot (kqod) with normalized flow resis-

tance Ed/poc =6.25, 0 =1, k = 1.7 and thickness d = 10 cm;
f =800 Hz.
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which depends on the sample parameters of specific
flow resistance Z, porosity ¢ and structure factor x,
and is given by MOSER (2009)

=0

Zoo = pocE 1250 (24)
g

WPk
and k, is the wave propagation constant inside the
sound absorbing material MOSER (2009)

=0

kq = kov/k

All of them are located at a distance h = 2 from the
source. Figure 12 shows particles velocity in front of
the wall of impedance z = 100pc.

(25)
wpoli

Fig. 12. Sound field in front of a surface with impedance
z =100poc.

3. Sound absorption for circular sound
field incidence

The sound power absorbed per unit length of a sur-
face located in the plane x = h is equal to the intensity
(FaRY, 2001)

1 . )
I, = ERe [p(mvy) : vz(x,y)] (ln T = h) (26)
and the total absorbed power P, is
1 r .
From Parsevals Theorem,
oo i} 1 oo §
[ 1w g wdy= 5 [ PG (k) dk,  (28)
we have
P, - %Re f Pk, h)- V*(k,h)dkl. (29)
7r

Thus, from Eq. (5) and Eq. (8) we have

P(k,h) = poci—o [e‘jkrh + Rp(k:)ejk"h] (30)
and A ‘
V(k,h) =e 7% — R, (k)el* ", (31)
then, by symmetry in k&
P, PoC l/ ]?0 o dkrh | Rp(k)ejkrh)
0
- (eF" - Ry (k)e k) dk]. (32)

Again, it is convenient to separate the integration
interval into its components of far field and near field

ko

poc ko o ik, i
Pox = %RU i (M By (Rt

(e* " — RE(k)e 7+ dkl (33)

and
Py = ’;L;Re /%(e*mMRp(k)eﬂwh)
ko
(et — Ry (k)eI* ") dkl. (34)

For the absorbed power P,1, k, takes a real value,
then

ko
poc [ ko 2
=— | —(1-|R,(k dk 35
= r [ - IRP) (3)
and using the Eq. (12)
ko k 2 ke _q)?
P, = poc / MOy |emd2hke poc ko T L gk (36)
2 J ky Z ke 4
0 poc ko
and using substitution again, it results
/2
= cosf -1
Pa _ f k —thko 005911007 do.
! 27r 0 ( —~-cosf +1
0 POC
(37)

On the other hand, for the absorbed power P,
produced by the near field, k, takes an imaginary value

kr = —j\/k? - k% = —jk... Then
poc r ko
Pay = 2CRe| [ X0
o2 s ¢ k,

(4 (R, — Ry) ~ R, M) dk | (38)
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and using substitution given by Eq. (22) the result is

[}

kO [je—Qhk:O sinhu
0

P, = PCRe
27

+j(Rp —R;) _j|Rp|262hk0sinhu dulv (39)

being real only the term given by j(R,~R}). Here, the
reflection coefficient R, given by the Eq. (12) takes
the following form

C s .
“sinhu+1
e—2hk0 sinhu J pPocC

jﬁsinhu—l

Rp(k) =

s . .
—~£-sinhu —
—2hko sinhu poc J
e poc 00007
_Z_
poc

40
sinhu +j’ (40)

and expressing impedance z by means of its real and
imaginary parts as a + jb

R (k‘) = ¢ 2hkosinhu (a+ jb)sinhu - jpoc (41)
P (a+jb)sinhu + jpoc’

then,

Rp (k) —R;(k) — G—Qhkosinhu

) 4dapgcsinhu
J (asinhu)? + (bsinhu + ppc)?

]7 (42)

finally resulting

(o]
0C _ i
Pa2 _ P k_ofe 2hkg sinh u
2w J

. . 4apocsiT1hu du. (43)
(asinhu)? + (bsinhu + poc)?
Now, the sound power P;,. impinging over the sur-
face is simply obtained by considering a reflection co-
efficient R, = 0 in the Eq. (35), which gives

Py = %kO f do = POC@- (44)
2m J 4

Finally, sound absorption for a circular sound field
is calculated through the sound absorption coefficient
s given by

Py + P,
Qs = al 22 ) (45)
Pinc
a coeflicient which, for a semi infinite surface, considers
the incidence angles between 0° and 90° of all the plane
wave components composing the circular wave front.

4. Sound absorption and its dependence
on the type of sound field

The type of sound field impinging on a material will
determine its absorption coefficient. The sound absorp-
tion of a material obtained for a circular incidence dif-
fers from that obtained for random incidence (ISO354,
1985) and normal incidence (ISO10534-2, 1996).

Figure 13 shows the sound absorption curve of
a porous surface for circular incidence, together with
the absorption curves for normal plane sound field in-
cidence and random sound field incidence. The normal
incidence absorption was calculated through the equa-
tion (MOSER, 2009)

_ 4R.(z/poc) cos b
(1+ Re(z/poc) cos0)2 + (I,,(z/poc) cos 6)?

with 8 = 0° and the surface impedance z given by
Eq. (24) and Eq. (25).

Qg (46)

1F
08 ...
<
.0
Q2
S 06l
(]
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Q
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==== Normal absorption
= === Random absorption
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0 H i H I 1
0 1000 2000 3000 4000 5000 6000

Frequency, Hz
Fig. 13. Sound absorption of a semi infinite porous layer of
impedance z = —jZe cot (kqd) with normalized flow resis-
tance 2d/poc = 0.5, structure factor x = 1, porosity o = 1,
and thickness d equal to 5 cm for different sound fields.

The absorption curve for random field incidence
was calculated with the expression (ISO354, 1985;
Fany, 2001)

/2
o = fOé@ sin 26 d6.
0

Figure 13 also shows that the sound absorption
curve at normal incidence for a specific material differs
very much from the absorption curve at random inci-
dence. Whereas, circular and random sound fields pos-
sess very similar sound absorption curves, though they
present a constant offset between them. Both methods
weight differently the sound absorption coefficients of
angular incidence a(#) given by the Eq. (46). About
Eq. (47), there is a limiting angle for which it is pos-
sible to consider a plane wave incidence on the sample
(DEL REY et al., 2014).

(47)
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Figure 14 shows absorption curves of the same ma-
terial for normal, random and circular sound fields; to-
gether with the curves showing the evolution of circular
absorption when a range of incidence angles different
from 0° to 90° is considered in its calculation. This way,
the curves show that this method of calculation may
give not only theoretical absorption values for a cir-
cular incidence, but also those values for normal and
random incidence as well, depending on the interval of
incidence angles 6 considered in oy estimation.

1+ i
(0°to 40°) : :
08. ...... e ” -
= (0°to 60°) 7
S : CAINGN . e
£ 0.6 (0°to80%) P AR N\ o /A
o :
o :
C
o : -
‘6'_0.4“‘ f
_ H H
o : :
v : H
Eel
< — —— Normal absorption
0.2 {| === Random absorption
Circular absorption (0° a 90°)
- = = = Circular absorption (different angle ranges)
0 i i i i H i H
0 2000 4000 6000 8000

Frequency, Hz
Fig. 14. Variation of a,s by varying the range of the inci-
dence angles. Surface impedance with normalized flow re-
sistance Ed/poc = 0.5, structure factor s = 1, porosity o =1,
and thickness 5 cm, for different sound fields.

Figure 15 shows the sound absorption coefficient
measured (YORI, 2015) from a foam sample with

1 P o

c
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O

£

9]

(o]
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02y Calculated (0° to 90°) | |
= = = Calculated (0° to 70°)
O Measured
0 ; M i i I 0
0 500 1000 1500 2000 2500 3000 3500
Frequency, Hz

Fig. 15. Measured and calculated values of the absorption

coefficient for spherical incidence. Foam with 30 kg/m® of

density. Zd/poc = 0.875, structure factor = 1.4, porosity

o = 1, and thickness 5 cm. The bar shows the difference

between the highest and lowest value measured for each

frequency. The mean value is shown in the curve of the
measured values.

30 kg/m? of density and thickness 5 cm, together with
the calculated values of «; for the incidence angle
ranges 6 = 0° to Oyax = 90° and 6 = 0° to Opax = 70°;
the latter being the one obtained with the source po-
sition (0.4 m from the sample) and sample size used
in the measurements. Four measurements were carried
out. A good agreement is observed between calculated
and measured values.

5. Conclusion

This theoretical model of calculation is able to de-
liver results for normal, random and circular incidence,
only varying the range of angles of incidence considered
in the calculation. The advantage of estimating sound
absorption of an absorbing material using this theoret-
ical model of circular sound field incidence instead of
those highly idealized, random and normal, lies on the
fact that this model allows considering variables such
as distance between the sample and the source and
the effective sample length. This way, this coefficient
of sound absorption a; provides a theoretical sound ab-
sorption value of a material comparatively much closer
to the sound absorption given under real conditions by
this material.
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