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Abstract. Solid foams within open-cell structure have been used widely in me-
chanical, thermal and acoustical applications due to their functional properties
such as lightweight, high surface area-to-volume ratio. The present paper inves-
tigates numerically the effect of microstructural properties of anisotropic ran-
dom foams on the permeability. To this regard, we first employ molecular dy-
namics simulation to generate the Representative Volume Element (RVE) based
on Voronoi tessellation, the RVEs presenting the structure of random foams are
then used to compute the foam permeability behavior by solving the viscous
problem. The obtained results reveal that the finite element computations agree
well with both reference analytical model and experimental data. The anisotro-
py degree has a significant effect on the permeability of foams.
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1 Introduction

The problems raised in transport phenomena in natural and man-made media have
been attracted the growing attention of both industrialists and scientists from many
engineering disciplines (e.g., geophysics, acoustics, thermal engineering). In which,
understanding of permeability behavior of porous material provides the fundamentals
(i.e., fluid flow and heat transfer) for industrial and environmental processes [1].
From various studies over several decades, it can be stated that the permeability is a
highly variable parameter according to the basic morphological parameters such as
pore size and solid volume fraction [1-6]. Due to the importance of permeability, such
parameter of various porous media (e.g., foam [4-6], granular [1, 2], fibrous [7]) is
characterized by numerous approaches: analytical model [3], semi-empirical law [8],
experimental [4-6] or numerical [1, 2] curve-fitting.

Analytical models even for highly idealized morphologies often require adjustable
factors or limitations the range of geometrical parameters. Similarly, performing a
large number of experiments on various series of real samples is a hard task in terms
of the consumption. Contrary, numerical approach as testing on virtual material sam-
ples allows us to design structures having derived functional properties.

In this paper, we employ the numerical method for predicting permeability behav-
ior of isotropy and anisotropy open-cell foams.



2 Microstructure modeling of random open-cell foams

In a Voronoi pattern, the partitioning is based on a set of seed points distributed in
a model space where each cell is defined by all points that are closer to one particular
seed point than to any others. Mathematically, given a set S of N points in a three-
dimensional space, the process of associating all the locations of the space into poly-
hedral regions with the closest point of S is called Voronoi partitioning process. The
polyhedral regions are called cells. The union of all the cells is then referred to as a
Voronoi diagram. Theoretically, a Voronoi diagram may be constructed in any di-
mensional space. A cellular foam model based on Voronoi partitions of 3D space is
built as follows [9]. First, a set of N nuclei (seed points) is given in a three-
dimensional finite space R3. For each nucleus, let cell V; be the region consisting of all
locations in the space which are closer to P; than any other nucleus P; (with j = i), a
cell V. corresponding to seed point P; is defined as:

VL(Xi)z{XeR3‘||X—Xi||S||X—XJ-|| Vi;tj} (1)

where x; and x; are respectively the coordinates of seed points P; and P;j.

Fig. 1. Schematic diagram of major steps in the procedure for generating random open-cell
foam structures: SEM image of real foam (1); assembly of randomly close sphere packing (I1);
Voronoi cell pattern (I11.a) reconstructed structure of open foam with cylindrical structs (111.b)

and detail of a typical polyhedron (I11.c); various periodic REVs and the FE meshes (1V, V).

Each seed point is surrounded by a cell that contains all points in space that are closer
to this particular seed point than to any other. Consequently, cell walls will appear
centrally aligned on, and perpendicular to, lines that fictively connect two neighbor
seed points. Cell edges appear wherever cell walls intersect and cell vertices appear
where cell edges intersect (see Fig. 1(111)). The result is strictly convex cells with flat



faces. An ordered set of seed points can be used for creating ordered and regular
structures, for instance, structures made of Kelvin or Weaire-Phelan pattern. VVoronoi
algorithm generates around each seed a convex polyhedral unit cell made of vertices,
joined by edges delimiting planar faces, which connect neighbor cells. Finally, a foam
skeleton is completely established (see Fig. 1(l1l.a)). The corresponding finite mesh
models of skeleton and pore domain are graphed in Fig. 1(V.c) and 1(V.c). From this,
both isotropic and anisotropic foam material is studied by the virtual REV. The aniso-
tropic virtual REV is construction by elongating and compressing in x-directions and
z-direction by a factor Ra and 1/Ra respectively while the y-direction is kept (Fig. 2).
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Fig. 2. REV configuration with an introduction of the ratio of anisotropy Ra.

3 Permeability predicting of anisotropic foams

The low Reynolds number flow of an incompressible Newtonian fluid is governed by
the usual Stokes equations in the fluid phase [10]:

nAv—-Vp=-G with V.v=0 in Q, (2)

where G = Vp™ a macroscopic pressure gradient acting as a source term. v, p, and 7
denote respectively the velocity, pressure, and viscosity of the fluid. The velocity field
v satisfies the no-slip condition (v = 0) at the fluid-solid interface, oQ.

According to the Darcy law, fluid permeability tensor K is determined from the
average velocity vector over the whole microstructure and the macroscopic pressure
gradient as (v) = —(1/7) K-G, this could be expressed in three-dimensional space,

(x) K, K, K,|[G

XX Xy Xz X

1
(y)|=-=|K,, K, K, |G 3)

77 vy yz y

<Z> sz sz Kzz Gz
Finally, nine components (Kj) of the permeability tensor could be estimated by
solving Eq. (3) within three independent steps with a pressure gradient that is applied



only the considered direction (e.g., by applying the gradient G = [Gx 0 0]" in the x-
direction, three left coefficients Ku, Kyx and Ky of the permeability tensor is deduced,
see Fig .3 for the obtained solution fields of local permeability components).
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Fig. 3. The solution fields of local permeability components correspond to the applied gradient
G =[Gx 0 0]". The results are for: x7/Gx (upper), yn/Gx (lower, left) and z7/Gx (lower, right).

4 Results and discussion

In this section, a foam structure configuration proposed in Ref. [2] is used to vali-
date our numerical procedure (e.g., based the perfect Kelvin pattern with a cell size of
4 mm and a porosity of 0.786). At the same time, the effect of anisotropy level on the
regular foam permeability is investigated. Firstly, applying the numerical procedure
presented in Sec. 3, we obtain a fully symmetric permeability tensor of isotropy struc-
ture (Ra = 1) as K = diag(8.32, 8.32, 8.32)x108 (m?). As shown in Fig. 4, the numeri-
cal obtained results of the permeability tensor is in very good agreement with the
reference data proposed in Ref. [2], which validates our finite element model, the
present smooth curve shows also the better stable and convergence property of our
numerical model. In term of permeability, it is seen that (i) for Ra €[1, 1.6], within
increasing of Ra, the x-direction permeability increases, while the x-direction and y-
direction permeability decrease; (ii) for Ra €[1.6, 3], all permeability components
decrease due to the increase of the specific surface area or the effect of strut shape [2].
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Fig. 4. Permeability tensors diagonal components (left) and their relative ratio (right) versus

ratio of anisotropy.
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Fig. 5. Dependence of permeability on porosity and pose size of open-cell foams.

Fig. 5 compares the permeability of random foam materials obtained from different
approaches, it can be seen from the numerical present results (star makers) that our
computations are in good agreement both with analytical model [3] and experimental
data [4-6] of the static permeability in the whole porosity ranging from 0.70 to 0.99.
Interestingly, compared to the analytical law, our permeability predictions show a
better fitting with measurements for highly porous foams (i.e., with porosity > 96%).
By considering the anisotropic foam materials having the relative ratio (e.g., 15 %) of
their permeability components, as seen from the permeability zone created by two
dash lines (for +15 % and —15 %) that the proposed numerical modeling of random
open-cell foam within an anisotropic factor enables to capture the static permeability
behavior of real structures.



5 Conclusion

This paper presents the microstructure-based approach to characterize numerically
the relationship between local geometrical information and permeability behavior of
random anisotropic open-cell foams. The proposed method is validated by its accura-
cy and robustness in compared with existing experimental data and analytical model
in term of determining components of permeability tensors for both regular and irreg-
ular foam structures. As demonstrated, the fluctuation of experimental permeability of
real foams can be explained by the effects of the ratio of anisotropic. Our numerical
modeling of random open-cell foam within an anisotropic factor enables to capture
the static permeability behavior of real structures in a wide range of porosity.

The potential application of this work relies on not only modeling the foamy per-
meability parameter but also other important transport behaviors of mass and heat.
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