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ACOUSTIC PROPERTIES OF DOUBLE-LEAF MEMBRANES
WITH A PERMEABLE LEAF ON SOUND INCIDENCE SIDE

Kimihiro Sakagami , Masakazu Kiyama & Masayuki Moaito

ABSTRACT

Thedouble-leaf membrane with a permeable leaf onatsd incidence side are usually usedoass in
actual membrane-structure buildings. They are nhedebas of infinite extent, and their acoustic
properties are theoretically analysddhe theory is experimentally validated. The perniggbcan
significantly improve thesound absorption performance at high frequencies] @makes the
characteristics similar those of cavity-backed porous absorbents. At l@gdencies the permeability
also affects the sound absorption and insulatiofopeanceAt middlefrequencies, the characteristics
changed according to the permeability: a mass—ggeakappears if it is very high, and vanishes if
lower. These effects are strongly dependent upemihiss of leaves, flow resistivity, cavity deptic, &
detailed discussion is also given to shed some @iglthemechanism of these effects.
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INTRODUCTION

Recent growth of membrane-structure buildings magle membranes widely used as a
building material [1,2]. Membranes are usually uded the roofs and ceilings of the
membrane-structure buildings. In some cases, thelao used in interior spaces. There have
been reported some examples of the use of membraterials for acoustic reflectors in
multipurpose auditoria [3-5]. However, its most eentional use is a membrane-type absorber
[6].

On the other hand, there have been some attemges/elop a new acoustical material with
membranes. For example, Hashimoto et al. [7] prep@smembrane with additional weights to
improve its sound insulation performance. To inseecaound absorption, Koga [8] proposed a
composite sheet-type material in which a thin fitnsandwiched by two meshed metal sheets to
increase energy loss in the material by introduéiletjon between the film and meshes.

In the case of the membrane-structure building,gifeater part of the interior boundary is
occupied by the membrane surface. This implies tiratacoustics of the interior is governed
mainly by the properties of the membrane [2]. Bseathe conventional membrane usually
indicates little absorptivity [9], unless it hasoastical permeability, it often leads to poor
acoustics in the interior. Therefore, the acoystoperties of the membrane should be adjusted.

Double-leaf membranes, which are often employethen membrane-structure buildings,
however, can be acoustically adjusted. The authwse shown that the conventional
membrane-type absorption (membrane with a rigickipgcand an air-cavity in-between) also
occurs in the lightweight double-leaf membraneqd.[Tbis property can be used to control the
sound field of the interior.

An interior leaf of a double-leaf membrane is mareless permeable in many cases.
Takahashi et al. [11] show that the permeabilitréases the membrane’s absorptivity at high
frequencies. The present authors explored the acqusperties of a permeable membrane [12].
These studies suggest that the sound absorptidormpance of a double-leaf membrane should
greatly be improved at middle-high frequencies Bing a permeable interior leaf. This also
suggests that a new-type lightweight acoustic peaelbe used for interior partitions.

In this paper, the acoustic properties of a dolddé-membrane with a permeable leaf are
theoretically analysed. An experiment is perforniedsalidate the theory. A parametric study

through some theoretical results is carried owtlaofy the effect of parameters of the structure
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on the acoustic properties. The absorption mechargsalso discussed in the light of numerical

examples.
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ANALYSIS

Consider a double-leaf membrane consisting ofitiaite membranes (Fig. 1) on which a
plane wavepi(x, z) impinges at the angle of incidenée Only the first leaf (Leaf 1), at the
incident side of the two membranes, has permeglmhtracterised by its flow resistanih,
which is the product of the flow resistivirand the thickness of the leaf. The surface density
and tension of Leaf 1 and Leaf 2 ang T, and,mp, T, respectively. The depth of the air cavity
between the two leaves &6 The specific acoustic admittances of the Lealufases arefs
(incident side) ané (transmission side), respectively. The vibratispthcements of the leaves
arew;(x) for Leaf 1 andw,(x) for Leaf 2. The time factor is expét) (« angular frequency)
which is suppressed throughout.

The pressure on the both side surfaces of Leaé Hanoted ap(x, 2) (face: sound incident
side) andp,(x, 2) (back: transmitted side), and those for Leaf 2pge 2) (face) andhs(x, 2) (back).
The pressure difference between Leaf 1's face aokl furfaces iglp.

For Leaf 1 from the definition of its flow resistance [13]:

Ap
V, =V

Rh =

(1)

wherev is the velocity of the material, amdis a velocity of the flow near and inside the miate Thus,

the boundary condition on the either surfaces is:

®icipar, =12 @
an o o

wheren is the outward normal of the boundagy s the air density.
By a two-dimensional Helmholtz integréiie surface pressurgs(x, z) andpz(x, 2) are expressed,

as follows [11]:

p,(x,2) =2p; (x,0 +|§ j[powzwl(xo) +ik oAy Ap(X )] H P (Kol X = Xo)dXq (3)

— 224Co,(X) COSE + [ oC o 1 (X) — Ay Ap X)][(cosf - Ay B + (cog+ Ag §77 ] (@)
cosf[(cof - A, §¢ - (cof+ A, &7 ] '

P2(%,2) =

whereAy=Rh/ g Co.

For Leaf 2, the surface boundary pressure valpe&, z) and ps(x, z2) are expressed by a

two-dimensional Helmholtz integral as follows [8]:
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0.(x,2) = ZPoCo@o ()€ + ™) + 2ipieoan () ~ Ay Bp()] -
> (cos— Ay 7 — (cod+ A, 377 ’

Pa(x.2) = _iz J[powzwz(XO) ~ikoAspAXo Z)]Hc()l)(k0|x = Xo|)dXo (6)

—00

whereg = kyd cosi.

The force applied to the leaves equals to the presdifferences. The vibration displacements of

Leaf 1 and 2wy (X) andw,(x), are described with the membranes’ unit respaf(sg(j=1,2),

w(X) = [Ap(&)u,(x-&)dé, (7)
W (0= [[Ps(&:2) - Palé DM (x ~ e ®)

Using the Fourier transform technique, Egs. (3)d®ke the displacements of the leaves.
The reflected and transmitted sound pressyxesndp;, are obtained by the Helmholtz integral

as follows [8]:

Ncosd — A, (M + N) +ip,c,eoNI"; (K, Sing) — 2ip ,cowA, I, (K, SING)

P, (X,2) =
Ncos? - A, (M —N) 9
><eiko(xsin(f—zcosf)) ,
__TiPoCot i O\aikol(xsing+ (z-d) cosd |
P, (X,2) ot A, I, (k,sind)e , (10)

whereB(K)=(ko"—K)"2, andU;(K)=[2 7 (Tik*-m » )] * (j=1,2) is the transformed unit response of

the membranes, with

r(k) = Ri (K)y2(k) = Ry (k) By(K)

, (11)
B,(7(K) = Bo(K)y1(K)

(o = R0 (0 = Re(WB(K) 12)
B (K)y3(K) = By (K) Y »(K)

£,(K) = QK) - 27ipCotl KN cosd - B (<)M 1 4 (K), (13)

55(K) = =47 p,CoeB(K) cosU &), (14)

y1(K) =471 0,Coe[ B(K) + KoAJ{ QAR = Ay koNcos 6-B(KM}U £ K , (15)
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V>(K) = =NQ(K)[B(K) +k,A] (16)

+ 271 p,Coed KyNQ(K) —2cospQ(K)[B(K) +k, A, ] - 4A, B(K) co B(K) + A, J}U, (k),

R, (k) = 47B(k)N cos&U, k), (17)

R, (k) =87A B(k)N cosf[B (k) + ko A, U, (k), (18)

Q(k) = B(k)N cos8 + k,A,,N co® - B k MA,,, (19)

M =(cosf- A, B? +(cod+ A; &7, (20)
and

N = (cosf- A; B — (cog+ A, &'7. (21)

As a pressure amplitude of unity is assumed for theident plane wave, the

oblique-incident sound absorption coefficient af ttouble-leaf is derived from Eq. (9) as:

a=1-|p[, (22)
and the transmission coefficient is obtained frogn @0) as:
r=|p[* (23)
The sound reduction index is:
R= 10Iog{£] = 20Iogi : (24)
r P
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EXPERIMENTAL VALIDATION

Procedure

To validate the theory, an experimental study waased out and the results were compared
with theoretical ones. In the experiment four typéslouble-leaf membrane with a permeable
leaf on the incidence side were prepared. Theldeththe specimens are summarised in Table 1.
All specimens were made of typical membrane mdsefar building purposes. As both the
absorption and transmission coefficients need tankeasured under identical condition, each
specimen was installed in the aperture betweenleduwo reverberation chambers (See Fig. 2).
The following assumptions involved in the theoryevesalised:

(1) A double-leaf membrane of infinite extent divideés total space into two identical half

spaces,

(2) Sound energy in the source side can only be trategirthrough the membrane.

Apart from the installation of the specimens, theasurements were carried out by
conventional methods that are employed for the oreasent of absorption and transmission in
reverberation chambers. Five receiving points weset in both the source- and receiving-rooms
in order to minimise the effect of poor diffuseneddow frequencies. Both the reverberation
chambers had approximately the same volume (3@nd surface area (15%m

The tension of the leaves was not controlled, bsedat has a negligible effect on the

acoustic properties [9-11].

Results and comparison with theoretical results
Fig. 3 shows the measurement results of (a) abeargbefficient @), (b) transmission

coefficient (7), and (c) their differenceat-7). The value ofa-7 represents the energy actually
dissipated in the structure. In Fig. 3, the calmdaresults for four types of double-leaf
membranes used in the experiments are also showenspecific acoustic admittances for the
front and back surfaces of the impermeable Leak&wpreviously measured [10] and include in
the theoretical calculations. The admittances wegasured in a tube with two microphones, and
the specimens were tightly fixed to the rigid bacgkof the test tube [10]. The tension of the
leaves,T =1.0 N/m, was assumed in the calculations. THd-frecidence average (averaged over
0-78 degree of the angle of incidence) was employgatedict random incidence absorption and

transmission coefficients from Egs. (22) and (283pectively.
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Comparing the experimental results and the theatebnes in Fig. 3, the following

conclusions are obtained:

(1) For a, randa-r1in all cases shown in Fig. 3, the theoretical Itesare in fairly good
agreement with the experimental values. Thus, tleoryy seems to be useful for
predicting the acoustic properties of the doubéd-reembrane.

(2) The calculated peaks afanda—7 on the whole match those of experimental resthts:
shift between the experimental ones and theoretinak is approximately 1/3 ... 2/3
octave. Peak frequency is caused by a deviatigharcavity depth of the experimental
specimens from the designed value of 0.05 m:

(3) Both the theoretical and measured values afonotonically decrease with frequency,
and tend to zero. There are some discrepanciesvatréquencies; however, they are in
good agreement at middle and high frequencies. @ua low diffuseness of the
reverberation chambers and the specimens' finiteewsion, the theoretical and
experimental results af show somewhat different behaviour at low frequesici

(4) When the flow resistance of the permeable Leatflegmses, the peak frequencyaimand
a-r1is shifted towards low frequencies, and the pedllesrbecomes lower. The value of
7, however, does not change, even if the flow rasts changes.

(5) The theoretical and experimental valuesypt and a-7 show the same tendency, when
the surface density of Leaf 2 increases: at lowjUemcies,a and r decrease as the
surface density of Leaf 2 increases, however, theyot change at middle and high
frequencies. The value af-7 does not change at all in the whole frequencyeargen
if the mass of Leaf 2 changes. This means thav#nation ina due to change in the

surface density of Leaf 2 is caused by a decreafeitransmitted energy.

Typical examples of the measured and calculateddsceduction index are shown in Fig. 4.
The theoretical values are in fairly good agreemmtit the measured ones, especially at middle
frequencies. Comparing two figures shown in Figsgecimen No. 3, which has a permeable leaf
with a flow resistance (0.158 kPa s/m) lower tham M (3.300 kPa s/m), shows higher sound
reduction index at middle and high frequencies.dkding to our previous results [12], the flow
resistance around 1 kPa s/m maximises its intemailgy loss. Therefore, the flow resistance of

the permeable leaf in No. 1 is too much higher ttien optimal value, resulting in the lower
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sound reduction index, and that of No. 3 is ratlleser to the optimal value to give the higher

sound reduction index.
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PARAMETRIC STUDY

The field-incidence-averaged absorption and trasson coefficients,a and 7, are
calculated from Egs. (22) and (23). The differepee is used to describe the actual energy loss
occurring within the double-leaf membrane. In tbéofving examplesp=1.2 kg/ni, c;=340
m/s andh=0.05 m are assumed throughout unless otherwisedndétlso T;=T,=1.0 N/m is
assumed throughout because the effects of theotewsi the acoustic properties of membranes

have been found negligible [9-11].

Effects of Flow Resistance

The effect of the flow resistance (the productha tlow resistivity and the thickness of the
leaf) Rh on a-ris shown in Fig. 5WhenRh = o, a tendency similar to that of the conventional
membrane-type absorber with a rigid back wall ignsewhich is also similar to that of
impermeable double-leaf membranes [10]. WhefxBA<10" Pa s/m, the value af-7 at high
frequencies increases, making a plateau with sfigictuations, typical of porous absorbents.
The absorption reaches its maximum wiRbr10° Pa s/m. This suggests an optimal valu&tof
to maximise the value af-r, just as is the case for porous absorbentsRi\decreases more

and more, the characteristics approach those whpermeable single membrane.

Effects of Surface Density

Figs. 6 and 7 show the effect o7 of the surface densityy (Leaf 1) andm, (Leaf 2),
respectively. At the frequency below the dip at4fn@uencies, the value af-7 increases asy
increases. The dip frequency does not vary witingles inmy, but shifts to lower frequencies as

M, increases. At frequencies above 2 kHz, neithhemor m, affects the value af—r.

Effects of Cavity Depth

The effect of the cavity deptthon a-7is shown in Fig 8. The characteristic fluctuates a
mid-high frequencies as those of conventional peroaterials. The peak value @fr observed
near 3 kHz in the case @=0.05 m, moves to lower frequencies é&sncreases while its

maximum value decreases.
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Effects of Surface Acoustic Admittance
The effects of the surface admittances of Lea;qface) andA, (back), are shown in Figs.
9 and 10, respectively. The value @fr increases below 2 kHz &g increases. Increasingy,

makes slight increase m-7 below 500 Hz, which is almost negligible, though.
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ABSORPTION MECHANISM

At low frequencies wherd<<A (A: acoustic wavelength) holds, the sound pressutieirwi
the air cavity is nearly constant and the effectha cavity can be negligible. Therefore, the
impedance of the entire system can be approximated1/Rh-1/cm,)*~iamp,. Then the
difference of the absorption and transmission eaefits for normal incidencey,—7,, becomes,

poco
an—Tn= (25)

o e

This equation shows that,—7, increases asy increases, and decreasesnasincreases.

Whenm =, Eqg. (25) simplifies to the form,

4poco
a, -1, = Rh . (26)

n n 2
1+(C‘szj + {pocoj + 4/0000
Rh Rh Rh

At low frequencies@m,/Rh=0, and Eq. (26) agrees with, -1, calculated for the single-leaf

permeable membrane of infinite mass. It means #idgw frequencies, the characteristics tend
to those of a single-leaf permeable membrane, whieh governed byh only, whenm
increases [12]. On the other hand, with increasithe differencen, -1, tends to zero.

Typical examples ofr-7, calculated from Eq. (22) averaged over the rafg@ 78 of the
angle of incidencei g., ‘field-incidence’), for the following four extremeases of the surface
density are compared in Fig. 11:

(1) A permeable single-leaf membrane of infinitass,

(2) A permeable double-leaf membranergfm,=1.0 kg/nf,

(3) A permeable double-leaf membranergto, m,=1.0 kg/nf,

(4) A permeable double-leaf membranergf1.0 kg/nf, my=co.

The characteristics of the permeable double-letf my=c [case (3)] approach those of the
permeable single-leaf of infinite mass [case (B)]frequency decreases. This agrees with the
result of the theoretical consideration using E@%) and (26), which neglect the effects of
air-cavity. As frequency increases, the charadtesi®f the two cases (2) and (3), with the finite
mass of Leaf 2n(,=1.0 kg/nf) tend to be those of a double-leaf with the itéinhass of Leaf 2
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(my=), i.e., those of a permeable membrane backed by an yar {&ith a rigid back wall,
because the second leaf can hardly vibrate at fidgjuencies so that its characteristics tend to
those of a rigid walll.

The middle frequency range can be consideredtemnaient stage from the low frequency
characteristics to the high frequency charactegstit low frequencies, the effect of the cavity
disappears and the characteristics tend to be agimd those of a permeable single-leaf
membrane, and at high frequencies Leaf 2 has actesfmilar to a rigid-back wall so that the

characteristics tend to be those of a permeablevifaa rigid-back wall.
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CONCLUSIONS

In this paper the acoustic properties of a dolgdé-membrane with a permeable leaf on its
sound-incident side have been analysed. The thealregsults were found in good agreement
with the experimental ones. The theory, therefeemms to be useful for the prediction of the
acoustic properties of a double-leaf membrane isftifpe. The effects of the parameters of the
double-leaf membrane have been discussed in the digtheoretically calculated results. The
sound absorption performance was evaluated by ftiffereshce of the absorption and
transmission coefficients.

The permeability of the membrane improves the m@dtgm performances in the high
frequency range provided that the flow resistarfcth® membrane is suitably adjusted. At low
frequencies, the sound absorption performance gsawed when the mass of Leaf 1 increases,
while it decreases when the mass of Leaf 2 incee&®h the masses are found to have no effect
at higher frequencies than 2 kHz. The maximum effthctuation decreases and shifts to lower
frequencies as the cavity depth increases. Thedsalbsorption performance improves at lower
frequencies if the acoustic admittance of the ieetdside surface of Leaf 2 increases, whereas
that of the rear side has negligible effect.

The absorption mechanism of the permeable dogalerhembrane is also discussed. At
low frequencies the characteristics are indepenafeait cavity. At high frequencies, they tend to

those of a permeable membrane with an air backycand a rigid back wall.

ACKNOWLEDGEMENTS

The authors are indebted to Professor Daiji Takahas Kyoto University for his valuable

comments on this work. They also thank Toshiya @akeor his assistance in the numerical

calculations, and Kaoru Kato for her assistandéenexperimental study.



Sakagami, K et al, Acoustic properties of doubk-lmembranes... submitted Applied Acoustics
16

Tablel. Four types of double-leaf membrane used in exmerimThe dimensions of all

specimens are 2410 mm (height) and 2910 mm (watid)50mm (cavity depth).

No Leaf 1 (permeable) Leaf 2 (impermeable)
Surface density [kg i Flow resistance [kPa s Surface density [kg ifi

1 0.302 3.300 2.100

2 0.327 0.454 2.100

3 0.683 0.158 2.100

4 0.683 0.158 3.300
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Fig 1 Geometry of a permeable double-leaf membrane fofit@ extent: the surface densities
and tensions of the membranes mgeT; andny, T,, respectively. The flow resistance of Leaf 1
is Rh. Az andA, are the specific acoustic admittances of Leaf 2.

Fig. 2 Block diagram of experimental arrangement.

Fig. 3 Comparison of the theoretical (solid lines) anel éixperimental (dots) results: @)(b) r,

and (c)a-r.

Fig. 4 Examples of the theoretical (solid lines) and expental (dots) results of sound reduction

index for Specimen Nos.1 and 3 (See Table 1).

Fig 5 Effect of the flow resistance of LeafRh, ona—-7: Rh=1 (1), 16 (2), 16 (3), 1d (4),  (5)[Pa
s/m] :m;=m,=1.0[kg/n¥], d = 0.05[m],As = As = 0.026, throughou.

Fig 6 Effect of the surface density of Leafdy, ona—7: mz1 = 0.5 (1), 1.0 (2), 2.0 (3), 4.0 (4) [kgfin
Rh = 10°Pa s/m]m=1.0[kg/n"], d =0.05[m],As = A4 = 0.026, throughoui.

Fig 7 Effect of the surface density of Leafr®;, ona—7: m,=0.5 (1), 1.0 (2), 2.0 (3), 4.0 (4) [kgfih
Rh = 10%Pa s/m]m=1.0[kg/nt], d=0.05[m],As = A4 = 0.026, throughou.

Fig 8 Effect of the cavity deptid, ona-7:d = 0.05 (1), 0.10 (2), 0.20 (3), 0.40 (4) 0.80 (5).[Rh =
10° [Pa s/m]m=my=1.0 [kg/nT], As = As = 0.026, throughout.

Fig 9 Effect of the specific acoustic admittance onic&lent side of Leaf 2, ona-7: As=0.013 (1),
0.026 (2), 0.056 (3Rh = 10° [Pa s/m]m=m=1.0 [kg/nf], d = 0.05 [m],As = 0.026, throughoui.
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Fig 10 Effect of the acoustic specific admittance onttaasmitted side of Leaf 24, on a-1: A4 =
0.013 (1), 0.026 (2), 0.056 (F¢n = 10° [Pa s/m],m=m=1.0 [kg/nf], d = 0.05 [m],As = 0.026,
throughout.

Fig 11 Effect of the surface density of permeable mengsana—-7. Rh = 107Pa s/m],d=0.05[m],As
=A; = 0.026, throughout.
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Fig 1 Geometry of a permeable double-leaf membeduginite extent: surface densities and tensibmembranes
aremy, T; andmy, T,. The flow resistance of Leaf 1. Az andA, are the specific acoustic admittance of Leaf 2.
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Fig. 2 Block diagram of experimental arrangement.
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Fig. 3 Comparison of the theoretical (solid linasjll the experimental (dots) results: gafb) 7, and (c)a-r.
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Fig. 4 Examples of the theoretical (solid lines)l @&xperimental (dots) results of sound reductiaeinfor
Specimen Nos. 1 and 3 (See Table 1).
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Fig 5 Effect of the flow resistance of LeafRh, ona-7: Rh=1 (1), 16 (2), 16 (3), 1d (4), (5)[Pa s/m] :
m;=m,=1.0[kg/nT], d=0.05[m],As = A, = 0.026, throughout.
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Fig 6 Effect of the surface density of Leafrt;, ona—7: m;=0.5 (1), 1.0 (2), 2.0 (3), 4.0 (4) [kgfinkh = 10fPa s/m],
m=1.0[kg/nf], d=0.05[m],As = A, = 0.026, throughout.
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Fig 7 Effect of the surface density of Leafi®, ona—7: m,=0.5 (1), 1.0 (2), 2.0 (3), 4.0 (4) [kgflh Rh = 10fPa s/m],
m=1.0[kg/n¥], d=0.05[m],As = A, = 0.026, throughout.
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Fig 8 Effect of the cavity depth, ona-: d=0.05 (1), 0.10 (2), 0.20 (3), 0.40 (4) 0.80 (5) [Rh = 1C° [Pa s/m]m=m=1.0
[kg/m?], As = A, = 0.026, throughoi.
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Fig 9 Effect of the acoustic specific admittancdt@nincident side of Leaf 23, ona—7: A;=0.013 (1), 0.026 (2), 0.056 (3).
Rh =10 [Pa s/m]m=m=1.0 [kg/nf], d = 0.05 [m],A, = 0.026, throughout.
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Fig 10 Effect of the specific acoustic admittaneei® transmitted side of Leaf&, ona-r7: A,=0.013 (1), 0.026 (2), 0.056
(3).Rh=1C [Pa s/nh, m=m,=1.0 [kg/nF], d = 0.05 [m],As = 0.026, throughoui.
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Fig 11 Effect of the surface density of permeat#enbiranes onr—7. Rh = 10°Pa s/m],d = 0.05[m],As = A, = 0.026,
throughout.





