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a b s t r a c t

Resistive screens, or perforated plates, are widely used upstream of porous materials. They can be used
either for protection or decoration, or for acoustic properties enhancement. This study points out the role
that a resistive layer can have upstream on a porous material. Based on numerical simulations, this work
gives the guidelines for rational use of high resistive layers in order to maximize the normal sound
absorption of porous multilayers. Two major results emerge: (i) the upstream resistive layer can control
the sound absorption of the porous multilayer, while nullifying the acoustic properties of downstream
layer and (ii) this upstream layer may be detrimental to sound absorption of porous multilayer. Experi-
mental validation on a porous multilayer, controlled by a woven textile, supports these findings. The
sound absorption of material with poor sound absorption performance can be enhanced with a conve-
niently designed resistive layer.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction models aim at calculating acoustic impedance of a perforated plate
Porous materials, used as sound absorbers, are often assembled
with a resistive layer. This layer can be used in order to increase
acoustic properties but it is generally used for protection or deco-
ration. Rock and glass wools, known as good sound absorbers, are
often mounted with a perforated plate. This plate keeps a rigid wall
while protecting the wool. Textiles (woven or non-woven) are
increasingly used upstream of acoustical porous materials.

Is it possible to control the sound absorption of a porous media
by adding an upstream resistive layer?

This question is addressed in this paper by focusing on a porous
multilayer made of an upstream resistive layer and a downstream
porous material (Fig. 1). This porous multilayer is excited by long-
wavelength acoustic plane waves on normal incidence. In this
work, the resistive layer is considered motionless.

After briefly describing the modeling of such resistive layers in
Section 2, a simple formula, used as a guideline for design, is
in Section 3. An experimental validation is finally achieved in
Section 4.
2. Modeling of perforated plate

Several models have been developed for modeling perforated
plates combined with air gaps or porous media [1–6]. These
All rights reserved.
backed or not by a cavity, which is filled or not with a porous med-
ia. Models have been specially formulated for unbonded and
bonded facings set on porous layers [6]. A periodic hole arrange-
ment is typically considered and the models are based on a single
hole. This implies that no coupling between holes is considered
and this is thus valid for low open area ratio (<10%). Circular holes
are usually considered. The thin thickness of the plates and the
simple hole shape allow to neglect thermal effects of acoustic en-
ergy dissipation. The main acoustic energy dissipation is due to vis-
co-inertial effects. The plate motion can also play a role but is not
taken into account in this study.

These models include a length correction due to the flow distor-
tion around the aperture (Fig. 2). This correction is also called
added length or added mass effect. One difference between the
models is the way that this correction term is considered. Allard
and Ingard use a modal approach in an elementary hole to calcu-
late it [1,2,5].

Recently, Atalla and Sgard introduce a simple and general mod-
el for modeling perforated plates using a rigid frame porous model
[7]. One can thus use the Johnson–Champoux–Allard (JCA) equiva-
lent fluid model [8,9] for modeling such a perforated plate. Note
that elastic parameters can be taken into account using transfer
matrix method [10].

Considering a perforated plate with a thickness L, a perforation
diameter Dperf and a fraction of open area /, the viscous and ther-
mal characteristic lengths K and K0, and the resistivity r can easily
be expressed as:
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Fig. 1. Example of multilayer made up of a downstream porous media (or air
cavity) and a resistive layer (screen or perforated plate).

Fig. 2. Scheme of an aperture with distorted flow.
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K ¼ K0 ¼ Dperf

2
; ð1Þ

and

r ¼ 32g
/D2

perf

; ð2Þ

where g is the air viscosity.
The method proposed by Atalla and Sgard is taking into account

the added length due to the flow distortion by modifying the tor-
tuosity a1, depending on the upstream and downstream surround-
ing media [7]. They show that a dynamic correction of the high
frequency limit of the tortuosity has to be taken into account when
considering a high resistive media combined with perforated plate.
This correction for a perforated plate combined with an air gap is
given by:

a1ðxÞ ¼ 1þ 2e
L
; ð3Þ

and
Table 1
Acoustical parameters of downstream porous media.

Porous
media

Porosity,
/

Airflow
resistivity, r
(N sm�4)

Viscous
carac.
length,
K (lm)

Thermal
carac. length,
K0 (lm)

Tort
a1

Glass wool 1 0.975 13,000 65 123 1.01
Glass wool 2 0.97 57,000 27 106 1.02
Polymeric foam 0.98 2600 348 545 1.06
a1ðxÞ ¼ 1þ ð1þRð~aÞÞ e
L
; ð4Þ

when considering a perforated plate upstream a porous media. ~a is
the dynamic tortuosity of the porous media filling the cavity. e is
calculated from the modal approach for circular apertures on a rect-
angular pattern and approximated for

ffiffiffiffi
/
p

< 0:4 by [5]:

e � 0:48
ffiffiffiffiffiffiffiffiffiffiffiffiffi
pR2

perf

q
ð1� 1:14

ffiffiffiffi
/

p
Þ; ð5Þ

with Rperf ¼ Dperf=2, the perforation radius.
This approach has been successfully compared to other models

and experimental measurements [7] and is consequently chosen.
Plates with square apertures on square pattern are still modeled

following the JCA model by replacing the perforation radius by the
hydraulic radius. The hydraulic radius is defined as twice the ratio
of the total perforation volume to its surface area. The added length
correction is estimated by a modal approach and approximate by
[2,5]:

e � 0:48
ffiffiffiffiffiffiffiffiffiffi
Aperf

q
ð1� 1:25

ffiffiffiffi
/

p
Þ; ð6Þ

where Aperf is the elementary surface of the square aperture. The
difference of the constant between Eqs. (5) and (6) is due to the dif-
ference between the radiation impedance of a circular aperture on a
rectangular pattern and a rectangular aperture on a rectangular pat-
tern [2,5].

For rectangular apertures, the added length correction should
be rigorously calculated from Table 1 and Fig. 4 of Ref. [2]. How-
ever, assuming a low porosity and a moderate aperture shape fac-
tor (width/length), Eq. (6) combined with the hydraulic radius can
be used.
3. Numerical simulations

3.1. Influence of perforation diameter

The perforation diameter is known as the main parameter con-
trolling the viscous dissipation of the energy carried out by acous-
tical waves since it controls the airflow resistivity. Fig. 3 shows the
influence of the diameter for a 1 mm-thick single uniform tube (/
= 1) of circular cross section backed by a 20 mm-thick plenum. As
shown for a single uniform tube backed by a rigid termination [11],
the overall sound absorption coefficient increases as the diameter
increases until it reaches a climax for a specific diameter Dspe,
and then decreases. If the diameter is too small, the resistivity is
too high, the fluid hardly penetrates the tube and acoustic waves
are thus reflected. Conversely, if the diameter is too high, the resis-
tivity is too low and the fluid easily penetrates the tube. Sound
absorption is still poor due to the weak viscous dissipations. Dspe

is the diameter for which the sound absorption coefficient reaches
100% at the first absorption peak. The frequency of this peak de-
pends on the perforation rate as explained in Section 3.2. A specific
diameter can be found for each sample thickness L and plenum
thickness Lc.
uosity, Thermal
permeability,
k00 ðm2Þ

Young
modulus,
(Pa)

Structural
damping

Poisson
factor

Volumic
mass,
(kg m�3)

12 � 10�10 1.14 � 106 0.1 0 77



Fig. 3. Effect of diameter of a single cylinder (/ = 1) of circular cross section on
sound absorption coefficient for 1 mm-thick cylinder combined with a 20 mm-air
plenum.

Fig. 5. Effect of perforated rate / (L = 1 mm and Lc = 20 mm).
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3.2. Influence of perforation rate

We are now considering a perforated plate backed by an air cav-
ity. Assuming that the dissipation through the perforated plate is
mainly controlled by its airflow resistance, the normal surface
impedance Zs of the perforated plate backed by an air cavity can
be approximated by:

Zs � rLþ Zb: ð7Þ

where Zb = �jq0c0/tan(k0Lc) is the surface impedance of the air cav-
ity of thickness Lc. q0, c0 and k0 are the density, the speed of sound
and the acoustical wavenumber of air, respectively.

The sound absorption coefficient a can be deduced from the
normal surface impedance,

a ¼ 1� j Zs � Z0j2

j Zs þ Z0j2
: ð8Þ

Using Eqs. (7) and (8), the sound absorption can be maximized
when the specific airflow resistance (rL)spe is equal to the charac-
teristic impedance of the air Z0:

ðrLÞspe ¼ Z0: ð9Þ

Using Eqs. (2) and (9), the corresponding specific diameter
writes:
Fig. 4. Relation between specific perforation diameter Dspe and thickness of
perforated plate L (valid for L � [0.1–20] mm and Lc � [2–200] mm). Comparison of
Eq. (10) to the simulated values.
Dspe ¼

ffiffiffiffiffiffiffiffiffi
32g
Z0

s ffiffiffiffi
L
/

s
¼ b

ffiffiffiffi
L
/

s
; ð10Þ

with b = 0.0012 (m1/2) for Z0 = 409 (Ns/m3).
Dry air conditions have been used (20 C, 101.3 kPa) but the typ-

ical atmospheric conditions do not significantly change the con-
stant b. Note that b differs from the case of rigid termination [11].

Simulations have shown that Eq. (10) is valid in the ranges [0.1–
20] mm and [2–200] mm for L and Lc, respectively. This formula is
compared, for different perforation rates, to the simulated values of
the specific diameter in Fig. 4 with L in the range [0.1–20] mm and
Lc = 50 mm. Note that an error can appear for very low perforation
rates.

A specific diameter can thus be found for each set of parameters
(L, Lc, /). However, the frequency of the peak fp reaching a maxi-
mum sound absorption depends on the perforation rate and the
plenum length. Sound absorption coefficients are plotted in Fig. 5
for perforation rates between 0.01 and 0.9. One can note two
behaviours of the multilayer (resistive layer – air cavity). For per-
foration rate over 0.2, the frequency of the peak is approximately
given by the quarter wave length which is constrained by the
thickness of the plenum:

fp �
c

4Lc
; ð11Þ

where c is the speed of the sound in the media filling the plenum.
For very low perforation rate, / < 0.1, the system acts as a Helm-
holtz resonator. The frequency of the peak is thus controlled by:
Fig. 6. Effect of media filling cavity (/ = 0.1, Dspe = 120 lm L = 1 mm and
Lc = 50 mm).



Fig. 8. Example of profiles used for characterizing textile apertures.
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fp �
c

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/

ðLþ 2eÞLc

s
: ð12Þ

Eq. (12) is linked to the classical formula of Helmholtz resonator
by using //Lc = Aperf/Vc, with Vc the volume of the cavity.

Note that in both cases, increasing the thickness of the plenum
enhances the low frequency sound absorption, however, the selec-
tivity is increased when plenum is filled with air.

3.3. Influence of downstream layer

Previous results have shown that it is possible to optimize a
perforated plate or a resistive screen upstream an air cavity.
Assuming two parameters among the three (Dperf, /, L) are known,
the third can be adjusted to maximize the sound absorption. Be-
sides, knowing / and Lc, the frequency of the maximum absorption
peak can be predicted. The case of a porous media filling the down-
stream cavity is now considered. Fig. 6 compares two 50 mm-thick
porous materials with and without an optimized perforated plate.
A glass wool, known as good sound absorber, and a polymeric
foam, with moderate acoustic performances, are used. Their
parameters are given in Table 1 (glass wool 1 and polymeric foam).
One can note that the addition of a perforated plate, conveniently
designed according to Eq. (10) upstream the porous material can
enhance mid frequency sound absorption. This phenomenon is
due to the bi-permeability of the multilayer screen + glass wool.
It has been already observed [6,12] and explained by Rebillard
et al. [6]. They explain that the main effect of the resistive screen
is to increase the real part of the impedance of the porous material
that is close to the airflow resistance rL of the resistive screen. Un-
til the first absorption peak, performances are similar regardless
the media filling the cavity (air, glass wool 1, polymeric foam). In
fact, under the frequency of the peak fp, the sound absorption is
controlled by the perforated plate (or resistive screen). This result
is valid while (rL)downstream < (rL)upstream, where rL is the airflow
resistance. For higher (rL)downstream, the multilayer is too resistive
and the sound absorption is thus deteriorated. However, for fre-
quencies upper than fp, the media filling the cavity plays a role
and reduces the sound absorption selectivity. A thick downstream
layer is not necessarily advantageous depending of the desired fre-
quency range.
4. Experimental validation

An experimental validation is now carried out on two multilay-
ers with an upstream woven textile screen. It is first combined
with a 20 mm-thick air cavity and then with a 20 mm-thick glass
wool (glass wool 2 from Table 1). The screen shows rectangular
apertures as depicted in Fig. 7a and has a 500-lm-thickness. The
perforation rate and the size of apertures are calculated from
Fig. 7. Woven textile screen (a) and
microscopic analysis by a basic image processing. The result of
the image processing is illustrated in Fig. 7b. The perforation rate
is obtained by dividing the open surface (black) by the total sur-
face. Length (a) and width (b) of rectangular apertures are mea-
sured from the profiles along x and y axis for each aperture and
then averaged. An example of aperture profiles are shown in
Fig. 8. The average on 12 apertures gives a = 367 ± 18 lm and b =
74 ± 12 lm. The hydraulic radius is thus K0 ¼ 2 ab

2ðaþbÞ ¼ 62� 8 lm.
The screen is still modeled with JCA model. Its thickness is consid-
ered equal to fiber thickness (250 lm) because the textile is woven
and the perforation length is equal to the fiber thickness instead of
the screen one. This microscopic characterization has been suc-
cessfully compared to two acoustical characterizations from
impedance tube measurements [13]. In this method, the static air-
flow resistivity and the fraction of open area are obtained from
analytical expressions and a single measurement of the normal
acoustic surface impedance of the screen backed by an air cavity
in a standing wave tube. Results are compared in Table 2. The
two acoustical characterizations have been carried out for the ac-
tual thickness of the screen (500 lm) and for the thickness used
in microscopic characterization (250 lm). There is a good agree-
ment for hydraulic radius and airflow resistance (rL) of the screen.
Perforation rate and airflow resistivity depend on the chosen thick-
ness but both of them could be used in a JCA model with the asso-
ciated thicknesses. The characterization method used for the glass
wool 2 relies on the direct measurements of the open porosity /
[14], the static airflow resistivity r [15], and the indirect determi-
nation of the viscous K and thermal K0 characteristic lengths, the
high frequency viscous tortuosity a1 and the static thermal perme-
ability k00 from impedance tube measurements using [16] and [17].
Johnson–Champoux–Allard–Lafarge (JCAL) [8,9,18] fluid equiva-
lent model is used. Note that elastic parameters have to be taken
into account in the modeling of glass wool. Acoustic and elastic
properties of the glass wool 2 are given in Table 1. Fig. 9 compares
experiments and simulations of the multilayer textile + air and the
associated image processing (b).



Table 2
Screen characterization.

Parameters Microscopic characterization Acoustic characterization 1 Acoustic characterization 2

Thickness L (mm) 0.25 0.5 0.25
Perforation rate / 0.0231 0.0490 0.0281
Airflow resistivity r (N sm�4) 1.66e6 0.79e6 1.49e6
Hydraulic radius K0 (lm) 62.0 61.4 59.0
Airflow resistance rL (N sm�3) 415 395 372.5

Fig. 9. Sound absorption coefficient of textile layer combined with glass wool and
air. Computations versus experiments.
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multilayer textile + glass wool 2. The simulation of a single layer of
glass wool is also shown. Air cavity and glass wool layer are still
20 mm thick. There is an excellent correlation between measure-
ments and simulations for the multilayers textile–air and textile–
glass wool 2. The global sound absorption performance of the
multilayer textile + air is similar to the one of textile + glass wool.
The low frequency enhancement of the sound absorption of the
glass wool combined with the textile screen is captured. Note that
the specific diameter for a 250 lm-thick screen with a perforation
rate of 0.0231 is Dspe = 125 lm (or K0 = 62.5 lm). The measured
hydraulic radius is very close to the specific one. Indeed, Fig. 9
shows that the configuration textile + air is close to the specific
configuration as defined in Section 3.
5. Conclusion

A study of multilayer with an upstream resistive layer (perfo-
rated plate, resistive screen, etc.) has been proposed. This work
highlights a specific perforation diameter for given perforation rate
and thickness, which maximizes the normal incidence sound
absorption at the first peak. A formula has been established for a
wide range of resistive layer parameters. This formula should be
a useful guideline for designing resistive layers.

An experimental validation has been successfully carried out on
two multilayers textile + air and textile + glass wool. The airflow
resistance, the perforation rate and the hydraulic radius of the
screen characterized by the microscopic characterization are in
good agreement with those of the acoustical characterization.

The main achievement of this work is to set a guideline for
designing resistive layer upon a porous media for increasing the
sound absorption performance. So, the sound absorption property
is easily added to a porous media showing other good properties
(thermal, mechanical, etc.). This concept can also be used to value
recycled materials.
Moreover, the addition of an upstream resistive layer enables to
enhance low frequency sound absorption of a good sound absorber
as glass wool. However, this resistive layer has also the effect of
decreasing high frequency sound absorption. A special attention
should be paid when adding this resistive layer to protect or deco-
rate porous media. Painting or bonding the layer may also have a
significant effect by modifying the perforation rate of the screen.

Finally, this study has shown that sound absorption selectivity
is increasing when the perforation rate decreases because the con-
sidered multilayer tends to act as a Helmholtz resonator. Non-wo-
ven textiles, allowing a large perforation rate, should enable wider
frequency band sound absorption.
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