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1. 

Several experiments have indicated the presence of a surface wave above a comb-like
structure [1, 2], but setting in evidence a surface wave above a porous layer is less simple
[3]. Some information about the pole of the first kind of the reflection coefficient of a
porous layer, related to a surface wave, are briefly recalled in this introduction. In the next
section, experimental evidence of this pole is shown, and the main properties of the
corresponding surface wave are indicated. The reflection coefficient of a porous layer set
on a rigid impervious backing (see Figure 1) can be written in the context of equivalent
fluid models [4] as

R=
m cos u+jn cos u1f tg (k1l cos u1)
m cos u−jn cos u1f tg (k1l cos u1)

. (1)

In this equation, m and n are, espectively,

m= ref /r0, (2)

where r0 is the density of air and ref is the effective density of the fluid equivalent to air
in the porous medium, and

n= k1/(v/c), (3)

where k1 is the wavenumber in the porous medium, c is the sound speed in free air, and
v is the radian frequency. The porosity of the porous medium is f, the thickness of the
layer l, and u1 is the angle of refraction, related to the angle of incidence u by

n sin u1 = sin u. (4)

The time dependence is exp (−jvt) as in the book by Brekhovskikh and Godin [5]. The
direction of the z-axis normal to the surface of the layer, and the main notations are also
the same as in this book.

It has been shown previously that the poles of the reflection coefficient of a porous layer
can be classified in two categories, the pole of the first kind and an infinite number of poles
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Figure 1. A porous layer reflects an incident wave under an angle of incidence u. The angle of refraction is
u1.

of the second kind [4]. For =k1l =�1, the pole of the first kind is, at the fourth order
approximation, given by [4]

sin uq =1+
f2k2

1l2

2n2m2 (n2 −1)2$1+01−
1
n21k2

1l2 013−
f2

m21%
2

. (5)

The real part of sin uq is close to, and larger than one, and the imaginary part small and
positive. The poles of the second kind, for =k1l =�1 are far from the real sin u axis and do
not have a clear effect on the reflection coefficient measured on the real axis. As an
example, the trajectory of the pole of the first kind is represented in Figure 2 in the sin u

plane for a porous layer of thickness equal to 2·5 cm made of a fibrous material described
in a previous work [6]. The parameters that characterize the material are given in the
Appendix with a brief description of the modelling used to predict k1 and ref . The trajectory
of the pole is obtained by a method described in reference [4], and is compared with the
approximated trajectory obtained with the help of equation (5). There is a good agreement
for frequencies below 500 Hz between the exact and the approximated values of sin uq . The
pole is close to the real axis at low frequencies and will have an important influence on
the reflection coefficient measured on the real axis.

Figure 2. The trajectory of the pole of the first kind for the material described in the Appendix.
—W—W—W—, Exact location; ——Q ——Q ——Q , approximate location from equation (1).
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2.        



The near-field acoustical holography method (NAH) developed by Tamura [7, 8] can be
used to measure the reflection coefficient on the real sin u axis for sin uq 1. A sound source
is set above the porous layer. The method is based on the use of a two-dimensional Fourier
transform to measure the amplitude of the incident and the related reflected plane wave
components of the acoustics field created by the source. The method can be used for plane
waves having a projection of the wavenumber vector parallel to the surface of the layer
real and larger than the wavenumber in air. For such waves, which are created by a usual
source, sin uq is real and larger than one. The source, for the experimental set developed
in Le Mans, is a loudspeaker and the acoustic field is axisymetrical around a normal to
the surface of the layer. A simple mono-dimensional Hankel transform instead of the
two-dimensional Fourier transform is used. The reflection coefficient, measured and
predicted from equation (1), is represented in Figure 3 at 545 Hz. Fast variations appear
between sin u=1 and 1·1. The measured and predicted behaviors of the real and the
imaginary parts of R are very similar. The variations are faster at lower frequencies,
because the pole is closer to the real axis. The measured and predicted values of sin u at
which =R = presents a maximum are shown in Figure 4 as functions of frequency, and
compared to the predicted real part of sin uq . The predicted and measured locations of the
maxima are surprisingly close to each other. These maxima are close to Re (sin uq ) only
for low frequencies, when the distance between the pole and the real axis is sufficiently
small. It appears that at low frequencies, Re (sin u) for the pole of the first kind can be
evaluated from the location of the maximum of =R =.

Figure 3. The reflection coefficient for sin u real and close to the pole for the material described in the Appendix
at 545 Hz. ——, Measurement; ––––, prediction.
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Figure 4. Location of the maximum of the reflection coefficient modulus on the Re (sin u) axis and Re (sin u)
for the pole of the first kind versus frequency for the material described in the Appendix. ——, Measurement;
----, prediction; ———, Re (sin u) for the pole of the first kind, prediction.

3.         

Only the real part of sin uq can be evaluated, at low frequencies, from the measured
location of the maximum of =R =, but the agreement between the predicted and measured
real and imaginary parts of R suggests that equation (1) gives correct orders of magnitude
for the imaginary part of sin uq . As an example, for the material considered, sin uq and
cos uq , obtained from equation (1), and the maximum value for =R =, are given in Table 1
at 250 Hz and 500 Hz.

It has been shown that the reflected wave related to the pole of the first kind at low
frequencies is a true surface wave [9], but this wave is difficult to set in evidence over a
porous layer. This can be explained by the orders of magnitude of sin uq , cos uq and
Max =R =, in Table 1. The speed of the surface wave in the x direction, obtained from the
real part of sin uq , is very close to the speed of sound in free air at 250 Hz, and the damping
in the z direction is weak. The difference in velocity and the damping increase with
frequency but simultaneously the maximum of =R = decreases, so that the amplitude of the
surface wave created by a point source above a porous layer is much smaller than for the
case of a comb-like structure.

4. 

The NAH method can be used to measure the reflection coefficient of a porous layer
for waves evanescent in the direction normal to the surface of the layer. A pole of the

T 1

Values of sin uq , cos uq and Max =R = for a layer of thickness equal to 2·5 cm of the material
described in the Appendix

250 Hz 500 Hz

sin uq 1·0117+ j4·191×10−3 1·0391+ j3·129×10−2

cos uq −2·719×10−3 + j1·559×10−1 −1·0807×10−1 + j3·0085×10−1

=R = 11·5 5·7
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reflection coefficient, and the related surface wave, can be set in evidence with this method.
The measurements are in a good agreement with a previous description of the poles. It
appears that the surface wave above a porous layer is not easily detectable by simple
methods which can be used for the case of a comb-like structure, due to its weak amplitude
when it is noticeably different from a simple plane wave in free air.
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:       

Air in the porous material can be replaced by a fluid that occupies a volume f per unit
volume of porous material. The bulk modulus x1 of this fluid is calculated by taking into
account the thermal exchange between the air inside the layer and the frame. The concept
of thermal length [10] is used, and the thermal exchanges are modelled in a first
approximation as in circular cylinders of radius equal to the thermal length L'. The
effective density of the fluid is predicted by using the model worked out by Johnson et
al. [11]. The wavenumber k1 inside the layer is given by

k1 =v(ref /x1)1/2. (A1)

The parameters which characterize the porous material were determined in a previous
study. They are given in Table A1.

T A1

The parameters that characterize the porous material; the thickness of the layer is equal to
2·5 cm

Flow resistivity, Tortuosity, Porosity, Viscous length, Thermal length,
s (Nm−4 s) aa f L (m) L' (m)

33 000 1·1 0·98 0·5×10−4 1×10−4


