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Abstract

During the compression of a ®brous mat, it is well known that the absorption properties are

decreasing. In order to predict this change, some heuristic formulae are proposed which take
into account the modi®cations of the physical parameters (porosity, resistivity, tortuosity and
shape factors) which enter the standard ``equivalent ¯uid'' model. Numerical predictions are
then discussed and compared to experimental data obtained on a ®brous material (uncom-

pressed and then compressed) used in the automotive industry. # 2000 Elsevier Science Ltd.
All rights reserved.

1. Position of the problem

There is an often asked question related to the engineering of the acoustical
properties of porous media, which is to predict their evolution versus the state of
mechanical compression of the ®brous mat. One should point out that during such
compression, the various ®bres are brought nearer from each others, while they do
not experience any deformation, i.e. their radius a remains unchanged. For instance,
in the ®eld of automotive acoustics, the seat padding, is subjected under the pas-
sengers weight to some compression/expansion cycles which end by squeezing down
the porous materials (®brous or cellular). For a given homogeneous porous layer,
such compression is followed by a decrease in terms of porosity as well as the same
trend on the characteristic lengths, and in the same time by an increase of tortuosity
and resistivity. The basic idea of the present work is to quantify these variations for
a uniaxial (1D) and a surface-like (2D) compression sollicitation, and to determine
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the in¯uence of such variations on those of the acoustical impedances and absorption
coe�cient. In Section 2, one introduces the standard Johnson±Allard ``equivalent
¯uid'' model which is used in this work, then Section 3 is devoted to the study of the
variations of the physical parameters versus the compression rate (as noted by n).
Next, Section 4 discusses some numerical predictions, and quantitative trends.
Finally, Section 5 provides some experimental results during a compression test
which clearly demonstrates that the computations and numerical predictions are
basically correct (at least for a moderate compression rate, in the range of 2).

2. Johnson±Allard ``equivalent ¯uid'' model

The general expressions for the e�ective ¯uid density �(!) and the e�ective com-
pressibility modulus of the ¯uid K�!� are given in the research monograph Allard
([1], p. 92) written a few years ago:
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In such expressions, g represents the adiabaticity constant (ratio of the speci®c
heat at constant pressure onto the same quantity at ®xed volume), P0 the ambient
pressure, B the Prandtl number, � the porosity, �1 the tortuosity, !=2 �f the
angular frequency, � the resistivity, �o the density of the ¯uid at rest �, the air vis-
cosity, � and �0 the viscous and thermal characteristic lengths (also called shape
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factors) [2,3]. The complex ``sound wavespeed'' inside the porous medium is then
provided by the classical relationship, c(!)=[K(!)/�(!)]1/2. The high frequency
asymptotic limit of that equation, which is very useful for low frequency ultrasonic
applications, is described elsewhere [4,5]. The characteristic acoustical impedance is
then de®ned by its usual form: Z(!)=[K(!)�(!)]1/2 The re¯ection coe�cient at nor-
mal incidence R can be easily deducted from the non-dimensional normalized
acoustical impedance z(!):

R�!� � z�!� ÿ 1

z�!� � 1
�6�

The absorption coe�cient A(!) is related to the re¯ection coe�cient R(!) as follows:

A�!� � 1ÿ R�!��� ��2 �7�

This last equation is often used in terms of practical applications. This quantity is
directly linked, through the various constitutive equations written above, to the ®ve
physical parameters (porosity, resistivity, tortuosity, and the two shape factors) of
the standard Johnson±Allard ``equivalent ¯uid'' model.

3. Variations of the physical parameters versus the compression rate

One can ask the question of predicting the changes in terms of the ®ve physical
parameters occuring during a 1D compression of a ®brous mat. The general and
rigorous answer to such question is not trivial for the parameters (tortuosity, resis-
tivity, viscous characteristic length, cf. their de®nition below) which include in their
de®nition some quantities related to ¯uid mechanics (mainly the microscopic ¯uid
velocities). On the other hand, such dependance is eventually much easier to predict
for the ``geometrical'' parameters [porosity, thermal characteristic length, as given
by Eq (8)]:
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In these expressions, the volume and surface integrals are calculated over an
``average'' pore inside an homogeneization domain having a volume V. The micro-
scopic velocity of the air particles is noted by u, while �p represents a pressure dif-
ference between both sides of a porous layer having a thickness h, for which a QV air
¯ow circulates through the surface S. Some tortuosity measurements have been
performed on compressed and uncompressed ®brous mats and are collected in Table 1
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below. The compression was done by using a special sample holder with a two grid
(one coarse and one ®ner) system on each side enabling to decrease the thickness of
the ®brous material (1D compression), with a ratio n � h0/h, ®xed to an arbitrary
value (n=2). These measurements done with ultrasonic techniques did show that the
tortuosity slightly increases, following a simple law of variation, as noted in Eq. (9).
In fact, the part over one of tortuosity is simply multiplied by the compression rate
factor.

��n�1 � 1ÿ n�1ÿ ��0�1 � �9�

This relation is di�cult to rigorously demonstrate. By contrast, an analogous equa-
tion exists for the porosity, that could easily be derived by some simple calculations.

��n� � 1ÿ n�1ÿ ��0�� �10�

Moreover, one could also derive the following relationships for the characteristic
lengths and the resistivity (cf. Appendix for further details):
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where a represents the mean ®bre diameter. The result for the thermal characteristic
length �0 can be approximately derived (cf. Appendix) for some simpli®ed geome-
trical con®gurations and distributions of the ®bres. The formulae dealing with the
resistivity � is obtained from the result of the 2D compression for which there exist a
few theoretical calculations made by Tarnow [6±8]. In the case of a 2D compression,
the above results can be generalized and one obtains the following equations (cf.
Appendix for detailed calculations and further explanations):
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Table 1

Uncompressed sample Compressed sample

Sample a1 �(�10ÿ4 m) a1 �(�10ÿ4 m)

Material 1 1.0226 2.610 1.0409 0.949

Material 2 1.0134 2.014 1.0370 0.941

Material 3 1.0088 0.948 1.0154 0.427

Material 4 1.0263 0.973 1.0615 0.446
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4. Numerical predictions for the absorption coe�cient

Some numerical predictions have been run in order to illustrate the above devel-
opments. In these simulations the thickness is varied but the global mass of the
material is kept unchanged (cf. Fig. 1). This case exactly corresponds to the real use
of materials which are simply compressed or expanded (when n<1).
The initial ®brous material has been selected with the following properties :

� � 0:99; � � 10 700 N mÿ4 s; �1 � 1:03; �=180 mm ; �0=510 mm. It is a material
mainly used in the automotive industry made with polyester ®bres by the company
3M. Its mass/unit area, is 220 g/m2, and the ®bres average diameter approximately is
a =15 mm.
The simulation related to that example (variable thickness and constant mass) is very

illustrative. When the ®brous mat experiences a compression, the absorption coe�-
cient has a strong decrease, which is somewhat due to a ``thickness e�ect''. Despite
the variations of the physical parameters which are all in the right direction (increase
of the tortuosity and resistivity, decrease of the porosity and both characteristic
lengths), it is mainly the drop in thickness which is responsible for the net diminution of

Fig. 1. Numerical simulations of the absorption coe�cient as a function of frequency for a compressed

®brous material, (a) compression rate n=17/15=1.133, as shown by continuous line ( Ð ). � � 0:988;
� � 12 127 N mÿ4 s; �1=1.034; �=169 mm; �0=479 mm; (b) compression rate n=17/8.5=2, as shown

by dashed line (.....); � � 0:98; � � 21 400 N mÿ4 s; �1=1.06; �=127 mm; �0=361 mm; (c) compression

rate n=17/18=0.944, as shown by dots line (.....) � � 0:991; �=10 106 N mÿ4 s; �1=1.028; �=185 mm;

�0=525 mm; (d) compression rate n=17/34=0.5, as shown by dashed-dot line (.....). � � 0:995; � � 5350

N mÿ4 s; �1=1.015; �=255 mm; �0=721 mm. The diamonds (^) represent experimental data for n=17/

15. For each curve of Fig. 1, the ratio n=h0/h, where ho and h respectively represent the original thickness

of the ®brous mat (h0=17 mm), and h the value of that parameter for the compressed con®guration. For

Fig. 1 the reference values of the physical parameters are the following : � � 0:99; � � 10 700 N mÿ4 s;
�1=1.03; �=180 mm; �0=510 mm.
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the absorption coe�cient. The opposite case of a 1D expansion of the ®brous
material is followed by reversed trends, and a signi®cant increase of the absorption
coe�cient. Again, this result is mainly due to a thickness e�ect which is prominent
in front of the variations of the physical parameters being all in the wrong direction.
One should notice that as close as n � 0:5, one observes a plateau in that improve-
ment. Following these simulations, one can think about the concept of an optimum
thickness for a given ®brous material, because of the signi®cant changes of the
absorption coe�cient occuring on both sides of the nominal reference thickness.

5. Experimental validation and conclusions

A simple experimental validation has been done for a ®brous material, by mea-
suring the coe�cient of absorption with a research Kundt tube working with the
TMTC (two microphones, three calibrations) method [9]. The measurements were
performed on a similar material, characterized without compression, having physical
parameters slightly di�erent from those outlined in Section 4 (see caption of Fig. 2).
Each of the ®ve physical-parameters were independently measured without any ®t-
ting [10]. The comparison between the experimental data on the absorption coe�-
cient and the corresponding predictions based on the Johnson±Allard ``equivalent
¯uid'' model (cf. Section 2) are presented in Fig. 2. The same ®brous material has
also been tested with a nominal compression rate ®xed to an arbitrary value n=50/
31. Fig. 3 shows the obtained results for that compressed con®guration. For the

Fig. 2. Experimental data compared to numerical simulations of the absorption coe�cient for an

uncompressed ®brous material. The nominal thickness is h0=50 mm and the physical parameters are the

following: � � 0:99; � � 16 950 N mÿ4 s; �1=1.032; �=107 mm; �0=216 mm. Experimental data: (^),

numerical predictions (Ð).
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modelling, we have used the transformation Eqs. (9)±(11) corresponding to a 1D
compression. The results exhibit an excellent agreement between theoretical predic-
tions and experimental data.
In this short report, some simple heuristic formulae have been proposed to take

into account some changes occuring due to the compression of the ®brous network
on the basic physical parameters describing the acoustical properties in terms of the
standard ``equivalent ¯uid'' model. A 1D unidirectional compression is quite useful
to describe the cramming down of ®brous materials occuring during their utiliza-
tion. Some extra clues could also be deduced from a systematical use of simulation
computer programs such as MAINE in order to model the in¯uence of the micro-
geometry of the materials. These trends could also be e�ciently used in order to
optimize some preliminary design in terms of some peculiar applications.

Acknowledgements

Professor Jean-FrancË ois Allard, who read a preliminary draft of that article, is
gratefully acknowledged for detecting a few mistakes. We also wish to thank the EC
NOCOMAT Thematic Network, BRRT-CT97-5024, for providing part of the
®nancial support related to that work and authorizing the present publication. A
special mention should also be given to the two reviewers who did an excellent
expertise work, allowing us to signi®cantly improve our contribution.

Fig. 3. Experimental data compared to numerical simulations of the absorption coe�cient for a com-

pressed ®brous material, with compression rate n=50/31=1.61. The physical parameters are the follow-

ing: � � 0:984; � � 27 339 N mÿ4 s; �1=1.052; �=84 mm; �0=171 mm. The reference values are given

for the uncompressed con®guration (i.e. Fig. 2). The compressed values of the physical parameters are

computed according to Eqs. (9)±(11). Experimental data: (^), numerical predictions (Ð).
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Appendix: Variations of some physical parameters during the compression of the pores

One consider the very simple geometrical con®guration of a ®brous mat where the
®bres are all in®nite in length, uncurved and parallel, lying in the surface of the
material. The incident acoustical ®eld is normal to the material surface, i.e. it is
orthogonal to the ®bres. Besides porosity which is possible to evaluate during a 1-D
compression, the thermal characteristic length is the most easy parameter to calcu-
late, as it is simply twice the ratio of the average pore volume divided by its surface.
The ®bres are supposed not being a�ected by the compression (i.e. they do not
experience any deformation during the compression of the material), and they keep
their radius a unchanged. For the 2D compression case, one should imagine an
uncompressed elementary ®bre of radius a, surrounded by an ``homogeneization''
volume in the form of a concentric cylinder of radius b, having the same length L
from those of the ®bre. The calculation of �0 provides:
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For the 1D compression case, calculations are less evident. One should instead use a
``homogeneized'' b�b square cell being compressed along one side, and similar cal-
culations provide:
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In the case where the compression rate is close to one,
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can be written down in the following approximate form:
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For most formulae, the ®rst term is amply su�cient because �0>> a. For instance,
for the materials described in this report a is approximately 15 mm.
The transformation relationship related to the viscous characteristic length should

be very close because there generally exists a relation between both characteristic
length (� and �0). For most ®brous materials, one observes �0>�, with �0/�=2 or
3. For the sake of simplicity, one can then consider the same law of transformation
for both characteristic lengths. Dealing with porosity, some elementary calculations
could also be done which easily lead to Eqs. (10) and (12). Similar expressions for
the tortuosity can also be derived for the 1D and 2D compression cases [cf. Eqs. (9)
and (12)]. These predictive equations are also approximately veri®ed by experi-
mental data as emphasized in Section 2 (cf. Table 1). These expressions cannot be
rigorously demonstrated, as the tortuosity contains in its de®nition the microscopic
velocity of the ¯uid inside the pores, and accordingly there should be considered
only as mere and crude approximations. Finally, for the resistivity �, some predic-
tions were made for several cases. For a granular material with spherical grains of
radius r, it is well known that the resistivity is proportional to the inverse of its
squared power r2 [11]. For a ®brous mat, Tarnow did a few basic calculations to
theoretically predict the resistivity [6,7]. These calculations show that for a regular
array of in®nite parallel uncurved ®bres having a constant �a2 section, the resistivity
can be written [8] in the case of the ¯ow being perpendicular to the ®bres:

� � 2��

b2 ln
b

a

� �
ÿ 1:310

� � ; �A6�

where b represents one side of the homogeneisation (in the form of a b�b�h paral-
lelepiped) and � the ¯uid viscosity. In fact, b is directly linked to the ratio of the
density of the ®bre �g and to those of the ®brous mat �w through the expression:

b � a

���������
�
�g

�w

r
�A7�

Because �g>>�w, this result being a direct consequence of the very high value of
the porosity of the ®brous materials (�>0.96), one veri®es that b>>a, which
allows some of the above approximations to be used. Moreover, the dependance on
the resistivity which appears in Eq. (A6) as a function of 1/b2, is directly related to a
2D compressed con®guration for which b2 is divided by n2, last result which con-
®rms the relation ��n� � n2��0�. For a 1D compression, one can retrieve by a similar
reasoning the qualitative dependance on the resistivity in the form ��n� � n2��0�.
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