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Abstract The objective of this habilitation thesis is to estimate the long-wavelength acoustical macro-behavior of real porous structures, namely solid foams, from a three-dimensional (3D) idealized periodic unitcell (PUC) representative of the random microstructure by means of multi-scale simulations. The methodology which is going to be employed comprises three steps. Firstly, the transport and acoustical properties of rigid-like solid foams are addressed. Secondly, the elastic properties of the solid matrix are determined. Thirdly, systematic calculations of all these macroscopic properties are performed to develop and manufacture acoustically effective foams. To begin with, the first part addresses the transport and acoustical properties of rigid-like solid foams supposed to be open cell. An important question relative to these random structures is whether it is possible to link the permeability to a characteristic length of the microstructure or not. An answer to this question follows from the percolation arguments of Ambegaokar, Halperin, and Langer [AHL] (1991). AHL suggest that permeability in a random system with a broad distribution of pore sizes is dominated by those pores with sizes larger than some characteristic length lc. Since the local permeability is a function of the pore size l, the characteristic permeability kc defines the characteristic length lc, kc being simply obtained from non-acoustical measurements. The way one would like to build a pore structure – acoustic properties relationship is to base the prediction for acoustic properties on easily measured single properties of the pore structure. Examples of such properties include porosity, specific surface area, or some kind of average pore diameter dc obtained from micrographs for example. The importance of dc for flow becomes obvious when one considers that a pore channel can only contribute significantly to flow when it is relatively large and connected all the way across the sample. The subset of pores with d > dc, being the set of the largest pores that can form a connected pathway for the flow, are then clearly the most important in



determining the permeability of a porous material. For sharply peaked pore size distributions, the average and critical pore size diameters coincide and a local geometry model follows from direct measurements of the microstructure. This is not the case in a random system with a broad distribution of pore sizes: the very large pores have an excessive weight in the computation of the predicted permeability. To circumvent this difficulty, the permeability is directly measured. When measurements of porosity are available, the unit cell aspect ratio L/2r (with ligament length L and radius r) of a basic three-dimensional periodic foam model can be identified from simple geometrical calculations and a non-dimensional periodic unit cell can be built. The non-dimensional cell has a unit side of squared faces. Finite element computations implemented on the non-dimensional cell produces the non-dimensional permeability kd by solving the Stokes equations. Let Dh be the side of square faces of homothetic periodic cells producing the permeability kc. It is straightforward that kc = Dh2 × kd such that comparing the non-dimensional permeability to the true permeability produces the size of the 3D PUC. Transport parameters of the foams are obtained by solving simple boundary value problems described by using the homogenization process. The acoustical macro-behavior of the foams is derived from the previously computed transport parameters using available “universal” functions, in a rather good agreement with standing wave tube measurements. An important result is that the local geometry model must be able to take into account membranes which were ignored in the study described in this part so that it can also be representative of the real microstructure itself. Then, the second part mainly deals with the mechanical behavior of the solid matrix and provides some results on the acoustics of real poroelastic foam samples. Though it does not belong to transport processes, the same techniques of homogenization as before are employed (Sanchez-Palencia, 1980). The equivalent macroscopic mechanical properties of three-dimensional structures which are solid foams are derived. The problem corresponding to the equations of linear elasticity, including the related boundary equations, are solved through the familiar finite element method. Equivalent elastic moduli are introduced for materials with cubic symmetry. Accordingly, three elastic constants are sufficient to fully characterize these cases; the constants under consideration are identified by two basic numerical stress-strain experiments. Computations are made for two solid foam samples. For instance, the local geometry models are made by polyhedral unit cells such as truncated cuboctahedron with an implementation of membranes. Computations were performed for a given porosity and a given permeability of the unit cell with an increasing closure rate of membranes, close to a critical cell for which the size is in agreement with scanning electron micrograph (SEM) measurements. The elastic properties of the base material are shown to play an essential role in macroscopic elasticity of solid foams, and they were identified as a crucial lever to improve sound insulation. The experimental characterizations of these foams are compared to the complete numerical results and discussed. The agreement is generally satisfactory, at both micro- and macro- scales. Finally, the last part shows that these techniques can be used for developing and manufacturing acoustically effective foams. A general conclusion ends this habilitation thesis.
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