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The generation of the Biot's slow wave at a fluid-porous solid interface. 
The influence of impedance mismatch 

TE. GOMEZ-AWAREZ ARENAS and E. RIERA FRANC0 DE SARABIA 

UEI Ultrasonidos, Instituto de Achtica, CSIC, Serrano 144, 28006 Madrid, Spain 

Abstract: This paper will present a theoretical and an experimental work which deals with the 
phenomena relating to the interaction of an acoustic wave with an interface between a porous 
media and a fluid. It is well kown that two different longitudinal waves can propagate through a 
porous medium, the reflection, transmission and mode conversion in an interface of this kind will 
be studied in detail. The influence of the impedance of the porous media components on the 
generation of each mode will be analized and compared with the experimental results. 

1. INTRODUCTION. 

Recent published papers [I-31 on the acoustic wave propagation in porous materiais have shown 
not only the observation of two different longitudinal modes, but also the influence of solid and fluid 
properties on the generation of both modes at the interface between a porous media and a fluid. These 
modes where predicted by M. A. Biot [4,5] and should appear when an acoustic wave propagates through 
a porous material. Nevertheless this kind of observation is not easy, and there are only a few works on this 
subject in which a direct detection of the two longitudinal waves is presented. 

In particular, Biot's slow wave has been rarely observed, and the reason for this remains even today 
unclear. Usually, it is attributed to the high attenuation of this slow wave, but this is not enough to explain 
why in many experimental cases this wave could not be observed. Some previously published papers [6-81 
on the same topic have studied the fiecuency spectrum of the reflection and transmission power. The 
difference in our work lies not only in the treatment of the boundary conditions but also in the final 
objective. 

This paper, presents a theoretical work in which the amount of both modes generated at an 
interface between a porous media and a fluid is calculated. The influence of the properties of the porous 
media constituents on the generation of both modes will be andized. 

Finally, some experimental results will be presented, in which the influence of fluid properties on 
the generation of both slow and fast waves is clearly shown. 

2. REFLECTION AND TRANSMISSION PHENOMENA IN A FLUID-POROUS MEDIA 
INTERFACE. TaEORETICAL APPROACH. 

The conventional theories for studying the transmission and reflection phenomena between two 
elastic and continuum media are not valid when one of the two media is a porous material. In this case, 
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there are two different longitudinal modes whereas, in the first case, only one appears. The problem is how 
to consider the presence of these two different longitudinal-modes. As has been already mentioned, there 
are some theoretical works [6-81 where the problem is solved in terms of the displacement field on each 
phase of the porous media. In this work, the boundary conditions will be formulated for each phase 
separately, and expressed in terms of pressures and velocities. The interaction between the two diierent 
phases is considered in the relationship between the pressure field for each mode in each phase. This factor 
is provided by the equations governing the propagation of an acoustic wave in porous media. 

Let us imaging now that we have an interface between a fluid and a porous media, and that a plane 
wave travelling from the fluid to the porous media impinges on this interface at normal incidence. 

The pressure field in the fluid (PI) is: 
p - A ~(kx-01 t) + Be-z(kx+ru t )  

1 - le (1) 
where Ai and B are the amplitude of the incidence and the reflected pressure field respectively. 

The pressure field in the porous media (Pz) is: 

p - A 1 ( k ~ x - ~ t )  + A  e l ( k ~ ~ - m f )  
2 - ~e L (2) 

where AR and AL are the amplitude of the fast and slow longitudinal pressure field respectively, and kR and 
kL are the wave vectors for the two waves, fast and slow. 

To solve this problem, the fluid part of the porous media and the solid part will be considered 
separately. Then we obtain four boundary conditions at FO: 

for the solid 

for the fluid 

where Z is the acoustic impedance (Zo corresponds to the free fluid). The superscripts S and F correspond 
to solid and fluid, the subindexes L and R to the slow and fast longitudmal modes, and B' and B" are the 
amplitude of the pressure fields reflected by the solid and the fluid part of the porous media, respectively. 

It is clear now that some additional information is required (we have 4 equations and 6 unknowns). 
This information is provided by the equations of motions from which a relationship between the velocity 
fields for each mode in each phase is obtained. The equations of motion for a longitudinal plane wave in an 
isotropic porous solid are: 

d d 
V2(Qe +PE) = -(p12e+p,~)- b-(e - E) 

at2 d t 
where e and 6 are deformations in the solid and the fluid, respectively, b is the flux resistivity, pii are the 
density coefficients introduced by Biot, and P, Q and R are the Biot's elastic coefficients of the porous 
media. 

From these equations, a relationship between velocity fields for each mode in each phase is 
obtained: 



and now the relationships between the pressure fields are also obtained: A: = F ~ A ~  and A: = &A: 

where:FR = mR z : / z~  and 4 = @, z: /z~ 
The equations (4) with these last relations can be analitically solved, obtaining the amplitude of 

each mode as a function of solid and fluid properties and the couplings between the two different phases. 

3. EXPERIMENTAL RESULTS. 

Now we will briefly summarize the experimental works which gave rice to the theoretical work 
presented above. In the first one [I] a novel observation of the two different longitudinal modes in a 
porous media consisting of three different phases (fabrics, water and air bubbles) were presented. In 
addition, the effect of the variation of the air content inside the porous media on the observability of the 
different longitudinal modes was analyzed. It could be observed that as the samples were deaereated (the 
bulk modulus of the fluid changes: initially it could decrease but aRer a while it increases steadily up to the 
value of pure water ) the slow wave disappeared. 

In the second work [2], the evolution of the transmitted signals through the same materials as in [I] 
was studied in detail for the whole range of air bubble concentration inside the porous sample. Figure 1 
shows a part of this evolution (the initial stage). Initially (up) there is only transmission in relation to the 
fast wave (500 m/s). Finally (down) there is only transmission in relation to the slow wave (30 m/s). The 
transition between these two stages is associated with an increase in the reflection coefficient from 0.5 to 
0.7, which implies a change in the fast wave velocity from 500 m/s to 240 m/s. The increase in the 
reflection coefficient is related to an increase in the impedance uncoupling between solid and fluid. It could 
be established that, for these samples, the uncoupling should be higher than a 67% in order to generate the 
slow wave in a sdKciently quantity to be observed. 

In the third work [3], similar measurements were performed for the same porous materials but this 
time in air. In this case, and as a result of the large impedance mismatch between fluid and solid, the fast 
wave was completely reflected, and only slow wave, travelling at a velocity about 65 d s ,  was detected. 

4. THEORETICAL RESULTS. 

Now the developed theoretical model will be applied to explain the experimental observation 
discussed above. Therefore this theoretical procedure was applied to a finite thickness porous sample for 
different values of the bulk modulus of the fluid and for a wide frequency range. Finally, the transmited 
amplitude of each mode was computed by means of spectral techniques. These results are shown in figure 
2 together with experimental measurements from [I] and [2]. A good agreement can be observed. 

To explain the experimental measurements shown in the figure 1, first we have to calculate the 
bulk modulus of the fluid associated to the velocities of 500 m/s and 240 m/s which determine the 
transition between the no-transmission of the slow wave to the appearance of it. The result is a change of 
the bulk modulus of the fluid from 2x108 to 2x107. The theory predicts a change of the slow wavelfast 
wave amplitude from 0.002 to 0.8. This fact explains quite well the evolution of the slow wave shown in 
figure 1. The fact that the fast wave can not be observed at the botton (figure 1) is due to the attenuation 
of the air bubbles which is not considered in the model. It should be noted now that the measurements 
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presented in [1] and [2] were performed in a frequency range where the attenuation of the air bubbles on 
the fast wave was almost negligible. 
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Evolution of the transmitted signals through the Amplitude ratio of the fast wave to the slow wave 
porous sample as the deaereation process takes versus the bulk modulus of the fluid. (+), (•), (n) 

place. experimental results from [1] and [2], and 
theoretical predictions, respectively. 

5. CONCLUSIONS. 

A theoretical and an experimental work which studied in detail the influence of fluid properties on 
the generation of the different Biot's longitudinal modes has been presented. It has been shown that, for the 
employed samples, the impedance mismatch between solid and fluid must be high in order to detect the 
slow wave. Since as far as we know, this is the first theoretical and experimental work in which the 
influence of sample characteristics on the appearance of the Biot's slow wave has been demonstrated. In 
addition, it can be used not only to study another kind of porous materials and as a tool to predict when 
can be expected the observation of the Biot's slow wave, but also for explaining the reason because of this 
wave could not be observed in other type of porous materials. 
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