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Fiber movements and sound attenuation in glass wool

Viggo Tarnow
Department of Applied Engineering Design and Production, Technical University of Denmark,
Bygning 358, DK 2800 Lyngby, Denmark

(Received 24 December 1997; revised 24 August 1998; accepted 25 September 1998

Propagation of a plane harmonic sound wave in fiber materials such as glass wool is studied
theoretically and experimentally. Wave equations are set up that take into account the movement of
the fiber skeleton. The attenuation of the sound wave in slabs of glass wool was calculated and
measured. The main new result is that the experimental attenuation of a low-frequency propagating
wave is lower when the fibers move. For a wave with frequency 100 Hz in glass wool of density 30
kg/m?®, the attenuation of a layer of thickness 0.20 m is 4 dB if the fibers move, and 12 dB if they
do not move. The attenuation was computed from the fiber diameters and their density, which was
found from the mass density. Measured attenuation is lower than the values calculated.
Nevertheless, if the density is adjusted, a complete fit is obtained between experimental and
theoretical values for frequencies 50—5000 Hz. 1@99 Acoustical Society of America.
[S0001-496629)02601-9

PACS numbers: 43.58.Vh, 43.20.Jr, 43.55.Ev, 43.39.84E]

INTRODUCTION The papers by Dahét al! and Lambert* explain the
measured acoustic properties by resonances in single fibers.
In theories that aim at computing the sound attenuatiotHowever, it is difficult to see how single fiber could reso-
of fiber materials, one often assumes that the fibers do natate, because all fibers are strongly coupled, and the wave-
move. However, several people have measured the effect ¢dngth of a sound wave are much longer than the distance
the movements of fibers. between the fibers. The theoretical model in the present pa-
Dahl et al! measured the absorption coefficient of Kev- per does not use resonating single fibers.
lar samples with a thickness of 10 cm placed on a hard wall.  In the paper by Allard, the observed resonances were
They found a resonance in the absorption attributed to @xplained by the methods of the two Biot pape?# similar
mechanical resonance due to movement of fibers. The alapproach was used in the paper by Johansen, Allard, and
sorption was measured for densities 5-67 Kg/amd it was  Brouard’ who used finite element methods to analyze acous-
found that resonances were sharpest for the highest-densitizal measurements on fiber material samples placed in a tube
material, where the resonance frequency was about 600 Hwith diameter 10 cm. Two thicknesses, 2 and 5 cm, were
Allard etal? measured the surface impedance ofused. They found resonances due to fiber movements could
samples of glass wool with density 130 kd/attached to an  be explained by assuming the skeleton moved as a continu-
impervious floor. They measured a resonance frequency afus medium.
470 Hz for a layer of thickness 10 cm, and 860 Hz for thick- In the present paper the sound attenuation is computed,
ness 5.4 cm. These resonances were attributed to mechanieglbwing for the fiber movements by regarding the skeleton
resonance of the samples due to the movements of fibers. as a continuous medium in the same way as Biot did. The
Lamberf reported measurements on Kevlar samples otiynamic resistivity and compressibility used here are com-
thickness 10 cm placed on a hard wall. A resonance aboyuted more nearly accurately than the ones used by Biot.
1000 Hz was found in the attenuation, the phase speed, the The earlier reports by Allarét al? and Johanseat al.
characteristic admittance of the material, the effective resisef observations of fiber movement used mechanical reso-
tivity, and the effective dynamic density. These resonancefance in the samples to detect the movements of fibers. This
were caused by moving fibers. In a second papembert is not so in this paper where the attenuation of propagating
gave further data for resonances in the effective resistivityvaves in glass wool is measured. The paper by Johansen,
and the effective dynamic density. Allard, and Brouard referred to measurements on samples
In the present work, measurements of the sound attenwyith cylindrical shape and a diameter of 10 cm. They had to
ation of glass wool are reported, which show that at frequentake into consideration the lateral movement of the fiber
cies below 200 Hz the fiber movement strongly influencesskeleton. This is not necessary for the measurements re-
the attenuation. The measurements were done on glass wggbrted in this paper, because the samples used here are much
slabs with density 14 and 30 kginThe glass wool slabs had wider. The dimensions are 10 ¢060 cmx 90 cm.
dimensions 108 600X 900 mm and were placed in a stack

of six units, and placed in a box made of chipboards open
only at one side. I. THEORY OF SOUND PROPAGATION WITH FIBER

. . . MOVEMENT
Several theories have been published that take into ac—O S

count the movements of the skeleton of porous materials. In fiber materials, such as glass wool, a coupling be-
Biot published two pape?$ in which a porous solid filled tween movements of air and fibers exist; this coupling is
with a fluid is studied. mainly due to friction between air and fibers. Wavelengths of

234 J. Acoust. Soc. Am. 105 (1), January 1999 0001-4966/99/105(1)/234/7/$15.00 © 1999 Acoustical Society of America 234

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



audible sounds in air and fibers are much longer than the JE
distance between fibers in ordinary glass wools. Therefore, ~—P= Z-==AU+Kwy. 3
the propagation of sound waves can be calculated by assum- X

ing the medium is continuous, and the waves cannot “see’lf p=0 and the fibers move out of a volume, some air must
the single fibers. flow into that volume to keep the air pressure zero. The

volume of fibers going out of a unit volume of spacalis, ,

whered is the volume density of fibersl=1— ¢. They are
We study plane waves in glass wool that propagate irpractically incompressible compared to air; therefore, the

the x direction of a rectangular coordinate system. The disvolume of air that streams out of a unit volume must be

placement of the fiber skeleton in tledirection is calledy, o= —du. . @)

and the mean displacement of air in théirection is called X X

v. Itis defined as the volume flow of air through a large crosg=rom Eq.(3) (p=0) and Eq.(4), one gets

section divided by the area of that cross sectj@iot> used A=dK. (5)

another definition of mean air displacement: Volume flow of ) )

fluid (air divided by area of fluid in that cross section. He From Egs.(1) and(5), the elastic energy density becomes

assumed “that the solid—fluid system is statistically isotro-  E=1c, ,u?+dK ugw,+ K22, (6)

pic.” Glass wool is anisotropic, and for some boundary con- ] ) .

ditions, one needs the air volume flow through a cross sec- 1he stressr in the fiber lattice can also be found from

tion. This is, with our definition, simply equal to mean air the elastic energy density, E):

displacement times the area of the cross section. However, JE

this is not so with Biot's definitior. o= m=C11Ux+dKVx- (7)
The elastic forces on fibers and air can be found from X

the potential energy per unit volume. The potential energyrom this equation one sees that the elastic modulys

densityE is, in a linear theory, a quadratic form in the partial Should be measured by constant air volunrg=(0). How-

A. Elastic forces

derivatives of the displacement of the fibersand airv, . ever, it was measured by constant pressure. The relation be-
Thus tween the two moduli can be found by setting E4). into
Eq. (7). Thus
E=3C1U2+ AU, + 3K 2, (1)
o=CqpUy— dZKUX . (8)

wherec4; is an elastic modulus of the fiber skeleton, when
the air is not displacedif,=0); K is the bulk modulus of air,
when the fibers do not movau{=0); A is a constant that
couples movements of air and fibers.

The static value ofc;; was measured by applying a Cp11=Cp11— d?K. (9)
known force to a sample of the glass wool and measuring th
depressionc,; equals the force per area divided by the rela-
tive depression. The result wag;=2000 and 16 000 Pa for
the two glass wool types. We regard the glass fiber skeleto
as a space lattice of glass fibers. They may vibrate, but the
fibers are coupled. This system is similar to atoms in a crysg. Viscous and inertial forces
tal, the atoms are placed in a space lattice, they vibrate, but

their vibrations are coupled. The dynamics of the space lat- V\Ile agsurr;e a hf‘{mon'ﬁ time .varrllatlon,l.defscnbed by a
tice show that the elastic moduli does not depend on freCOMPIEX tlme. actoe ", w crew Is the cyclic frequency
ndt is the time. In an earlier pap@rby the author, the

guency when the wavelength is longer than the distance beg- . .
tween the fibers. Therefore, we assume the elastic modul Lgrcgs on the fibers from the air stream are Comp“ted when
¢,, does not depend on frequency. Measurements of the elad!e fibers do not move. The movement of the fibers can be

tic moduli for glass wool as a function of frequency have nott_""ken care of by_ changing the _bou_ndary condition on the
been published. fibers, and repeating the calculation in the pafékhen this

The bulk modulus of air equals is done, one finds the forcés on the fibers in a unit volume
of glass wool,
1

K=— 2 fi=—dpw?u+R]iw(u—v), (10

¢C’
) _ _ _ . wherep is the mass density of aiR| is the dynamic resis-
where ¢ is the porosity, and is the dynamic compressibil- ity of the fibers, which will be computed by the self-

ity of air itself, which will be computed by the self-consistent qnsistent method of the paper in Ref. 10, summarized in
method of Tarnow. Self-consistent methods were first used Appendix B.

From the last equation, one finds the relation between the
elastic modulus for constant air pressure and volupg
andc,;. The result is

ﬁowever, the difference between the two elastic moduli is
small, 2% and 1% fod=0.0056 and 0.016, which corre-
%ponds to mass density 14 and 30 k§/m

in atomic physics, Schiff.A model with parallel, randomly Equation(10) can be controlled in the high-frequency
placed cylindersfibers with equal diameters will be used. jimit, It follows from the article in Ref. 10 that the high-
The procedure is described in Appendix A. frequency limit of the resistivity is

The value ofA can be found by computing the pressure
p from Eq. (1). This gives Rl — —2dpiw. (13)
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When this is set into Eq10), one obtains

fi=dpw’u—2dpw?v. (12

This is reasonable because the inertia of a cylinder oscillat- —~
ing perpendicular to its axis in a fluid is increased by the
mass of fluid displaced by the cylinder, LarlbEquation
(12) is also according to Eq11.9 in Sec. 12 of Landau and
Lifschitz.? They assumed potential flow, which is valid for
high frequencies, where the viscous boundary layer is very
thin.

The viscous forces on the air follow from Newton’s law
of action and reaction. Therefore, the force on the air in a .
unit volume is 1

13

This can be checked in the high-frequency limit. From EqsFIG. é- Waveorg)%?ge? Computefdf)‘gr gla;; WOO(Ij ofI density E4|%gwgi(;oo
; o i ume density 0. , diameter of fibers , and elastic modulus
(1) and(13) one gets, in this limit, Pa. The waves associated withcarry most of the sound pressure, the ones
f,= 2dpwzv— dewzu. (14 associated witlk, carry most of the mechanical stress of the fiber skeleton.
The real part of the wave number gives the phase shift per meter, and the
By considering only inertial forces, and using Newton’s sec-imaginary part the relative attenuation per meter.

ond lawf,= — pw?v. This is set into Eq(14), and one gets
—(1+2d)pw?v=—2dpw?u. (15

Rayleigh® computed the effective mags. for potential
flow perpendicular to fixed cylinders. He found

1+d
Pet=7_q P

Wave number (m

4
? 100 10

fa=—Rlio(u—v). Frequency (Hz)

—w?(p—dp)+k’cyy
k2dK—iwR]

k?dK—iwR]
—w’p+k3K (19
This equation has two solutiohks andk,, which are shown
in Fig. 1 as a function of frequency. The curves were com-
puted with a fiber diameter 6.@m, the distance between
fibers 80um, volume densityd=0.0056, and elastic modu-
lus 2000 Pa; which parameters are valid for light glass wool
of density 14 kg/m Figure 2 shows the result for glass wool
with the same fiber diameter, distance between fibergra8
fiber densityd=0.016, elastic modulus 16 000 Pa, and mass
density 30 kg/

The constantsiy and vy of Eq. (18) are related by

o}

(20

(16)

To first order ind, this is pgs=(1+2d)p, which agrees with
the left side of Eq(15).

C. Wave equations

The equations for a plane wave propagating in xhe
direction of a rectangular coordinate system can be found by
applying Newton’s second law to fibers and air in a unit
volume. By computing the forces on a unit volume from the
density of elastic energy, Ed6), and the viscous forces,
Egs.(10) and(13), one gets

—w*(u—dp)+kPcy
k? dK—iwR]

k? dK—iwR]
—w?p+kK

Uo
Yo

,w—dp Offu] [cu dKl[u,
@ O P v B dK K Vxx 104
1 —-1][u
+iwR] 1
w | _1 1 V’ (7)

whereu is the ordinary mass density of glass wool, ang
andv,, are the second partial derivatives of the displacement
of the fiber and air.

Wave number (m™)

D. Solution of wave equations

We assume plane wave solutions to Eiy) of the form

1 .2 '3 4
u 10 10 10

14

Up
Yo

) 10
elkx, (18 Frequency (Hz)

Whereuo and ¥o are constants, aridis a wave number. This FIG. 2. Wave numbers computed for glass wool of density 30 kgiai-

equation is substituted in E4L7). A nontrivial solution ex-
ists if the following determinant is zero:
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ume density 0.016, diameter of fibers Gu, and elastic modulus 16 000
Pa.
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Sound wave  Glass wool Wall

FIG. 4. The measuring setup is placed in an anechoic room. The chest is

Y/
\% made of 22-mm thick chipboard with inside dimensions 0.600160 m
\% X0.90 m. Six slabs 0.10-m thick of glass wool were placed in iti The chest

N
V5

is open toward the loudspeaker. The two condenser microphongsrarie
diameter, and their axes are perpendicular to the direction to the loud-
speaker. The distance from the chest to the loudspeaker is 1.70 m.

FIG. 3. Plane waves are coming in from the left. They propagate in the glass 1 d
wool and are reflected by the hard wall. The pressure is measured at the p=— _V (25)
surface of the glass wool and inside it. @C dx’

A formula for the pressure is given in Appendix C.
In Eq. (20) k=Kk, or k,, the two solutions of Eq(19). For-
mulas fork, andk; are in Appendix C. Ill. MEASUREMENT SETUP AND RESULTS

The attenuation of plane harmonic sound waves propa-
gating in glass wool was measured. Figure 4 shows the
Il. REFLECTIONS FROM THE REAR setup, which was placed in an anechoic room. A rectangular

In the measurements, a sound wave from a Ioudspeak&1eSt made of.22 mm thick chipboard was used. It had one
reaches a slab of glass wool, the rear side of which is place pen S'd_e' which faced a loudspeaker 1.7 m away. In the
on a wall. The wave front is parallel to the slab, as shown irchest,  six slabs of glass_ WO.OI each measuring 0.6m
Fig. 3. The sound pressure is measured inside the glass Wo8f.o'9 mx0.1m were laid, with f|l_3ers parallel to the open
Therefore, we compute the sound pressure of a plane Wa\;éde. Two half-inch condenser microphones were used. One
inside an infinite slab, which is attached to a hard airtightWas set at the free surface of the glass wool and another was

wall and free on the other side placed inside the glass wool. The axes of the microphones

The displacement of air particles and the fiber skeletor{V€"® parallel to the free surface. , i
is zero at the wall. A coordinate system is chosen withxan The loudspeaker was connected to a sinusoidal voltage
supply, the frequency of which could be swept through a

axis perpendicular to the wall and the origin at the wall. The A k : q lculated by divid
sound particle displacementcan be written as range. ttenuation of sound waves was calcu gte' y divid-
_ _ ing the pressure at the surface by the pressure inside the glass
v=w1 Sin(kX) + v, sin(kyX). (21)  wool. Measurements were done with the inside microphone

The constants, and v, will be determined by the boundary 0-2 M from the free surface and placed in the middle.

condition on the free surface of the slab. The displacement of ~ Pressure sensitivities of the microphones are equal. At
the fiber skeletoru can be written in a similar way high frequencies, diffraction of waves about the microphone

_ _ cause changes in the sensitivity. But because frequencies
u=uy sin(kyX) +uz sin(kyx); (22)  were always below 10 kHz, and the direction of propagation
here areu; andu, constants to be determined by the bound-Perpendicular to the axis of the microphone, this effect is
ary condition on the free surface of the slab. smaller than 0.5 dB in free air. At 10 kHz the wavelength in
The slab is placed betweer —L andx=0. At the free  the free air is almost equal to the one inside the glass wool.
surface the stress on the fibers is zero. The boundary condlnerefore, the diffraction is small and equal for the two mi-
tion for the derivative ofi and» can be found from Eq(7), crophones; and has no influence on the measured attenuation.

but because the volume density of fibers is small, one gets ~ 1Nne inside microphone is set between two glass wool
q slabs with thickness 100 mm; and the microphone cable is
u

au placed between the two slabs that touch each other. The glass
dx wool is soft so there is some deformation of it in a small
o volume about the microphone. The diameter of this deforma-
On the free surface the sound presspges given, from EAs.  yjon i about 25 mm. Considering the thickness of the glass

=0. (23

Xx=-L

(2) and(3) one gets becauseis small, wool slabs and the lateral dimensions of the slabs, it can be
dv assumed that the pressure measured by the microphone is
dx =—¢Cpy. (24) close to the undisturbed pressure in the glass wool.
x=-L The volume density of fiberd equals the mass density

Equations(20), (23), and (24) determine the constants;, of glass wool divided by the mass density of glass, which is
Uy, v1, v». The constantsi; and »; are connected by Eq. 2550 kg/ni. For glass wools of mass density 14 and 30
(20), where they shall be substituted fop and v,. The  kg/m®, one findsd=0.0056 and 0.016.

other two constants, and v, are treated in the same way. To compute the compressibility and resistivity of air as a
The air pressure inside the glass wool can be found from function of frequency, one must know the radius of fibers

237  J. Acoust. Soc. Am., Vol. 105, No. 1, January 1999 Viggo Tarnow: Fiber movements and sound attenuation in glass wool 237
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FIG. 5. Measured and computed attenuation of plane sound waves in glag§ . Measured and computed attenuation of plane sound waves in glass
wool of density 14 kg/m and elastic _modulus 2000 Pa. T_he_flbers are ool of density 30 kg/rh and elastic modulus 16 000 Pa. The fibers are
parallel to the wave front. The attenuation was found 0.20 m inside the glasgaaiel to the wave front. The attenuation was found 0.20 m inside the glass

wool sample of thickness 0.60 m. The dotted line is computed for a volume oo sample of thickness 0.60 m. The dotted line is computed for a volume
density of fibers of 0.0056 and fiber diameter @u®. The circles are mea- density of fibers of 0.016 and fiber diameter G The circles are mea-

surements. The full line is computed for a density of 0.0028. The dashedrements. The full line is computed for a density of 0.006. The dashed line
line is calculated with the same density but assuming the fibers do not moves .5iculated with the same density but assuming the fibers do not move.

and the distanck between fibers. The diameter of the fibers|v. DISCUSSION
was measured by a microscope to @ with a standard
variation of 2.7um. The mean distande is the square root The calculations of attenuation were based on a geo-
of the area per fiber. It can be calculated from the volumametrical model consisting of parallel cylinders placed ran-
density of fibersd, b=a\/w/d, because we assume parallel domly. However, the measurements show that this model
fibers. One find$=80 and 58um for low- and high-density cannot be used to predict the actual attenuation when the
glass wool. volume density of fibers is computed from the diameters of
A theoretical calculation of attenuation with moving fi- fibers and the mass density of glass and glass wool. The
bers requires the knowledge of the elastic moduli of the glasmeasured attenuation at all frequencies can be computed if
wool skeleton. It was measured by turning the chest so thaine fits the density of fibers. For the glass wool of density 14
the open side was up. A 22-mm thick chipboard plate with &kg/m®, the volume density based on mass densities was
clearance of 10 mm along the edge was put on the glass wo6l0056 and the density used to fit the data was 0.0028. For
and loaded with weights. Depression of the plate was meadensity 30 kg/m the volume density was 0.016 and 0.006,
sured as a function of the weight placed on the chipboardespectively. Apparently real glass wool is more open than
plate. The elastic modulus equals the gravity force per arethe model. A more complicated model is needed to compute
of the plate divided by the corresponding depression. Foall acoustic properties from the geometry of glass wool. One
glass wool of density 14 and 30 kginthe elastic moduli  important property of the glass wool is the direct flow resis-

were measured to be 2000 and 16 000 Pa. tivity that cannot be correctly computed from the model with
The attenuation of sound waves by 0.20 m glass wool ofandomly placed, parallel cylinders.
density 14 kg/m in a slab with a thickness of 0.60 m is The full line of Fig. 5 can be computed for frequencies

shown in Fig. 5. The dotted line shows the computed presabove 100 Hz if one neglects the reflection of waves from
sure for a fiber volume density of 0.0056, fiber diameter 6.8he rear because the sound wave reflected from the rear side
um, and elastic modulus 2000 Pa. The measured attenuatiari the glass wool stack is much attenuated. A curve for at-
is shown as circles. The full line is computed in the sametenuation without reflections is not shown in Fig. 5. The
way as the dotted one, but the density of fibers 0.0028 waw-frequency resonance would be absent if the fibers did
chosen to make the curve fit the measuring points. Th@ot move because the attenuation would be greater. The at-
dashed line was computed from the same density, but it watenuation is smaller when the fibers move, because the rela-
assumed that the fibers did not move. tive velocity between air and fibers is smaller, and the energy
Figure 6 shows the attenuation for the same depth, thickdissipation is smaller. In Fig. 6 for the heavy glass wool, the
ness of slab, and fiber diameter, but the mass density is 3@flections from the rear can be neglected for frequencies
kg/m®. For the dotted line the volume density is 0.016, fiberabove 100 Hz.
diameter 6.8um, and elastic modulus 16 000 Pa. The circles =~ Measurements and calculations show that the attenua-
are the measured attenuation. It is greater than in Fig. Sjon is smaller when the glass wool fibers can move. In Fig.
because the mass density is higher. The full line is the calé one can see that a propagating sound wave in glass wool of
culated attenuation, where the density 0.006 was chosen to fiensity 30 kg/mand frequency 100 Hz is attenuated 4 dB by
the curve to the measured points. The dashed line is tha layer of thickness 0.20 m if the fibers move and 12 dB if
calculated attenuation for fixed fibers with the same densitythey do not move. That means that one could increase the
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attenuation of glass wool by mechanical restriction of the = Then one computes a new value of the wave nurkher
movement of the glass wool. from

The author’s previous papéreported measurements of . -
the attenuation of glass wool samples, placed in a tube of _ /'wP—RL
diameter 102 mm, where they fitted tightly. These measure- v n (B2)
ments could be explained by assuming the fibers did not .
move. For glass wool of density 40 kgiran attenuation of A Néw value ofR| is computed from Eq(B1). After that, a
14 dB for a layer of 0.20 m was measured at the frequencf€W value ofk, is found from Eq.(B2). This procedure is

100 Hz. Apparently the tube prevented the movements of thEePeated until a stable value of the resistivity is obtained.
This takes about four iterations.

fibers.
APPENDIX A: CALCULATION OF THE DYNAMICAL APPENDIX C: FORMULAS FOR WAVE NUMBER AND
COMPRESSIBILITY ATTENUATION

The dynamic compressibility was computed from the  The solution of Eq(19) gives the wave numbers. The
temperature increase caused by the sound pressure by tbencentratiord of fibers is small, therefore the terms propor-
methods of the paper by Tarnd\ithe effective heat capac- tional tod can be neglected, when this is done, one gets the
ity of fibers per volume is calle,,. First setk,=0, then wave numbek, for the airborne wave,
compute the wave number of the heat wave in th&afrom

ke /'w(PC,ZJFKh)' (A1) k= N Z—Ba (C)

where p=1.20 kg/m at standard atmospheric pressure 10¥Vhere

kPa and temperature 20 °€,=1.00 kJ K * kgt is the spe- po’ ioR]

cific heat capacity of air at constant pressure, ame2.57 A=p¢Cw?+ ot TieRI+ieR(¢C, (C2)
x10"2 Wm 1K1 is the coefficient of thermal conduction " H
of air, both at 20 °CK,, is then computed from and
- ZWaKthi(kha)_ (A2) B=(puo*+pio°R| + piw’R)) ? (C3)
i wb2H}(Kna) H
] ) ] ] The wave numbek, for the mechanical mode is
herea is the radius of the fibers? the mean area per fiber,
and H3(z) and Hi(z) are Hankel functions. It is assumed A A2
that the heat capacity of the fibers is infinitely great. If it is k,= ——+\/——-B. (C9
finite, Eq. (A2) must be changed in the manner shown in an 2 4
earlier paper by the auth8rTo obtain self-consistency, the The attenuation is computed from the coefficients

value ofKy, computed by Eq(A2) is setinto Eq(Al) anda uy, u,, vy, v, of Egs.(21) and(22). Setv,=1, and use
new value ofky, is computed. This is set into E¢A2), etc.  Egs.(20) and(23) to find the rest. The pressure can be found
until the process converges to a valuekgf. This requires by setting Eq.(21) into (24). In this way

normally four iterations.

_The dynamic compr_essibility _of the air is computed by p(X)=— ﬁ [coskyx+D cosk,x], (C5)
settingK, into the following equation: ¢C
1 —1)pcC where
C=—1|1—- w : (A3)
P Y(pCptKp) (wR])? cosk,L

here y=1.40 andP is the atmospheric pressure, 101 kPaP= (— p®+ k¥ (HC) —iwR )(— pw?+C1k2—i wR! )cosk,L '

normally. (C6)
when the thickness of the samplelis

APPENDIX B: CALCULATION OF DYNAMIC The attenuation is the absolute value of the sound pres-

RESISTIVITY sure at the free surface divided by the pressure inside the

The dynamic resistivity was also computed by a self-Sample,
consistent procedure, which is in the paper by Tarfd@ne p(—L)
first chooses a value of the wave numigrof the viscous

, (C?

) . (X)
wave in the boundary layer, for example,=i/b, then one P
computes the resistivity from where —L<x<0.
27 k,a 2H1(k,a)
Ri =——| —-k,a+ ——|; (B1) M. D. Danhl, E. J. Rice, and D. E. Groesbeck, “Effects of fiber motion on
b2 H(l)(kva) the acoustic behavior of an anisotropic, flexible fibrous material,” J.
) ) ) Acoust. Soc. Am87, 54—-66(1990.

here »=1.86x10"° Pa s, the viscosity of air at 20 °C. 2J. F. Allard, C. Depollier, P. Guignouard, and P. Rebillard, “Effect of a
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